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Foreword

The Honorable Elsa A. Murano1

Over the last decade, food safety has emerged as a tremendously significant issue, not only
for consumers, regulatory agencies, and industry, but also for the research community. It is
the latter on which the others depend to identify and understand foodborne hazards and to
develop strategies to mitigate the risks associated with them. As such, there are many ques-
tions that have already been answered through the efforts of leading researchers in food
safety. For one, the last decade has seen great progress made in determining the prevalence
of certain microbial pathogens on foods. These data have been used by regulatory agencies
such as the Food Safety and Inspection Service to establish criteria to determine whether
food safety programs used in meat and poultry processing plants are sound and effective.
Second, the world of diagnostic microbiology has also benefited from the focus paid to
research in this area over the last few years. This is evident in the fact that health agencies
such as the Centers for Disease Control and Prevention have completely moved toward the
use of advanced methods such as pulsed field gel electrophoresis in identifying and typing
isolates during epidemiological investigations. Finally, we have seen an explosion in the
variety and sophistication of decontamination methods used by the food industry to reduce,
and even eliminate pathogenic bacteria. From organic acid rinses on beef carcasses, to vac-
uum-steam-vacuum application on ready-to-eat deli products, to ionizing radiation, signif-
icant effort and resources have been invested in research on intervention strategies to
improve the safety of our food supply.

In spite of these accomplishments, a simple perusal through the scientific literature sug-
gests that there are many questions yet to be answered. For example, although knowing the
prevalence of hazards in food is important, we have come to realize that elucidating how
various hazards interact with their environment, and with each other, can provide us with
even more essential information on how these factors can be manipulated to minimize food
contamination. Similarly, we know that even the sophisticated diagnostic methods of today
have limitations, lacking the ability to provide real-time results. In addition, the lack of non-
destructive sampling protocols, requiring that sample collection be based on statistical
probability of finding contaminants, limits its usefulness for ensuring the safety of individ-
ual production lots. Last, there remains a need for better intervention strategies capable of
achieving a greater degree of hazard reduction without adversely affecting product quality.
Such strategies are available to some extent at present, but they certainly are not applicable
to all products, nor are they available to be used at all stages of the farm-to-table continuum.

The authors of this book, all experts in their respective fields, have attempted to provide a
thoughtful treatise on the specific research questions that remain to be answered in food
safety. They have indeed succeeded in their task, having resisted the temptation to list all
possible areas of study, focusing instead on those key questions that are fundamental to
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advancing our knowledge and, therefore, that are the most important to answer. Chapters
dealing with specific pathogens are very useful, providing sound reviews of the state of the
knowledge regarding their prevalence and survival in the environment. Research needs
related to virulence of Escherichia coli O157:H7, for example, are discussed in various
chapters, including the need to characterize colonization and adherence factors using pro-
tein profiling and other molecular dissection methods. The need to determine the nature and
origin of antimicrobial resistance is also included, with suggestions for examining the fac-
tors that inhibit dissemination of plasmids, and that bring about point mutations that confer
resistance. In addition, the topic of resistance to biocides by pathogens, and how this may
engender cross-resistance to antibiotics, is also presented as a fundamental question in need
of further exploration.

The book is indeed thorough, also covering questions on topics that are of practical
importance, and through which great immediate benefits could be derived. For example,
there is a need to further study the effect of diet on carriage rate of human pathogens by food
animals. Similarly, examining how rearing practices, feed withdrawal, and transport stress
can be successfully manipulated by producers to effect a reduction in the presence of salmo-
nellae and other pathogens at the farm and feedlot, is presented as a topic deserving of sig-
nificant research focus. Development of better detection and identification methods for
pathogens such as Campylobacter is also identified as a topic worthy of attention, one that
can undoubtedly improve our knowledge of the distribution of this and other pathogens in
the environment, in foods, and in clinical samples. Excellent discussions on novel deconta-
mination systems are also included, with the development and standardization of process-
ing parameters with respect to the kinetics of microbial inactivation of various pathogens
and in various food matrices being identified as necessary for progress to continue in this
area.

There are also chapters that tackle the all-important topics of risk management and risk
communication. Food safety objectives and acceptable level of protection are discussed,
offering suggestions on how these can be used by regulatory agencies as public health tools.
However, the authors point out that before these can be applied, research is needed to deter-
mine the maximum correlation of microbial hazards that could be considered as acceptable
in achieving consumer protection. A presentation of the Health Belief Model is also includ-
ed, with suggestions on how research that provides information on the susceptibility, sever-
ity, and cost versus benefit of behavioral changes could help predict how consumers may
respond to food safety messages.

The authors of the book make the point that these, and many other important questions,
need to be addressed if we are to protect the public from foodborne hazards. Obviously, this
is no easy task. It will require our keenest scientific minds and most dedicated efforts. As
British essayist Samuel Johnson once said, “To expect that the intricacies of science will be
pierced by a careless glance, or the eminences of fame ascended without labor, is to expect a
peculiar privilege, a power denied to the rest of mankind; but to suppose that the maze is
inscrutable to diligence, or the heights inaccessible to perseverance, is to submit tamely to
the tyranny of fancy, and enchain the mind in voluntary shackles.”

This book is indeed a call to arms for the researcher in the field of food safety. It provides
a type of roadmap that can help us engage in the most rewarding work one could endeavor,
that of advancing knowledge that will ultimately enhance the health of our citizenry. As a
scientist, I can attest to the fact that a more rewarding challenge would be difficult to find. I
commend each and every author for their labor in compiling the necessary information in
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reviews of their individual topics and for the many hours of critical thinking that undoubted-
ly went into their excellent analysis of research questions yet to be answered. We all look
forward to the great scientific work that will emerge in the future as a result of their efforts.

Notes
1Dr. Elsa A. Murano currently serves as Undersecretary for Food Safety at the United States
Department of Agriculture, Washington, D.C.
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Preface

The purpose of this book is to present material on preharvest and postharvest food safety
issues, and it covers a wide range of food safety–related research. Food safety is so vast a
subject area that one certainly could compile an entire library on this subject alone. The
uniqueness of this book stems from an effort made by each author to not only review their
area of research but also to provide insights into important unanswered questions, newly
advanced theories, and future directions in their area of research.

The concept of the book originated from a brainstorming session that was chaired by Dr.
Elsa Murano when she was Director of the Center for Food Safety, a unit of the Institute for
Food Science and Engineering, at Texas A&M University. We were searching for ways to
bring together Texas A&M University faculty members and Agricultural Research Ser-
vice/U.S. Department of Agriculture research scientists located in College Station, Texas,
who were members of the Institute for Food Science and Engineering. An idea was put forth
that one way to catalyze interactions might be by writing short chapters that could later be
expanded into a marketable book. Each participant was asked not only to indicate the nature
of their personal research but to be creative and forward looking and to attempt to discuss
the future research needs and directions in each of their areas.

At the outset, we felt that this exercise would bring some cohesion and unity to the wide
array of scientists in College Station and also result in a book with some unique features.
Most food safety books are written as textbooks or subject matter reviews. We aimed for
something different, a book that points to the future; one that not only reviews the known but
that examines the unknown in each of the areas of research.

The six sections in this book were selected on the basis of research priorities identified
by an American Academy of Microbiology report (Doores 1999), and the specific areas are
the following: (1) Pathogen/Host Interactions; (2) Ecology, Distribution, and Spread of
Foodborne Hazards; (3) Antimicrobial Resistance; (4) Verification Tests; (5) Decontamina-
tion and Prevention Strategies; and (6) Risk Analysis.

We are positive that you will find that each of the chapters is well conceived and directly
relates to the scope of the book. We would also like to point out that some chapters are very
innovative for a book of this type. For instance, Chapter 7 discusses the potential for the
organism that may be responsible for chronic inflammatory bowel disease of ruminants
(Johne’s) to be transferred through the food supply to humans, potentially causing inflam-
matory bowel disease in humans (i.e., Crohn’s disease). We felt that though this is a highly
controversial issue, it is a contemporary one that was worthy of inclusion. Chapter 14 is also
quite contemporary, for it discusses transmissible spongiform encephalopathies, or prion
diseases, including BSE, and the risks to animal and human health from them. Chapter 20
nicely spans the breadth of the whole book with a superb discussion of “The Hazard Analy-
sis and Critical Control Point System and Importance of Verification Procedures.” This
chapter presents the nuts and bolts of hazard analysis and critical control point systems and
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would be useful to anyone involved in hazard analysis and critical control point systems,
from the technician to the quality control supervisor, or even perhaps the plant manager.
Chapter 29 is interesting because it discusses a new approach to controlling chemical and
microbial hazards in food by sorption of these contaminants on clays. Another example of
the uniqueness of this book is found in Chapter 30, which discusses both risk communica-
tion and consumer food-handling behavior. The author suggests that high schools may be an
important place for instructing young people about proper food-handling procedures and
food safety philosophies.

Though we could continue mentioning brief anecdotes about the other chapters, we will
leave further discoveries of the important concepts presented by each author to the reader.
We are confident that the broad range of material covered in this book, and the quality of the
material presented, will appeal to the reader.

As we began the task of finding authors for chapters, we realized that this book could not
be limited to only the Institute of Food Science and Engineering faculty. We reached out to
additional Agricultural Research Service scientists, to other government scientists, and to
faculty at other universities to bring quality, balance, and the broadest scope possible to this
book.

When we approached various prospective publishers, some felt that a contemporary
food safety book should contain a considerable amount of material on the subjects of food
biosecurity and bioterrorism. The editors discussed whether or not to include such material
and decided against including a section on food biosecurity or bioterrorism. Although we
were well aware of the topical nature and market enhancing value of such chapters, we
feared that publishing such material might somehow serve as a roadmap, guideline, or man-
ual for those who would misuse the information to harm us.

However, Neville Clarke, DVM, Ph.D., former Dean of the Texas Agriculture Experi-
ment Station, presently serving as the Director of the Texas A&M University Institute for
Counter Measures Against Agricultural Bioterrorism, who also serves in a key role in
Homeland Security for the state of Texas, has written some brief comments on the issues of
agricultural biosecurity and bioterrorism and these comments are found in the Afterword.

References

Doores, S. 1999. Food Safety: Current Status and Future Needs, pp. 1-29. A report of the
American Academy of Microbiology, Avaialble at : http://www.asmusa.org/acasrc/aca1.htm 
(click on “Food Safety: Current Status and Future Needs”).
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Part I

Pathogen/Host Interactions
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1 Foodborne Salmonella Infections

Andreas J. Bäumler

Introduction

Nontyphoidal Salmonella serotypes continue to be among the most prominent food safety
problems in the United States, as illustrated by the large annual numbers of human cases
and outbreaks with which these pathogens are associated. Between 1993 and 1997, Salmo-
nella serotypes were the leading cause of foodborne disease outbreaks in the United States,
accounting for 41% of outbreaks with known etiology (Olsen et al. 2000). A recent estimate
from the Centers of Disease Control and Prevention (CDC) suggests that Salmonella
serotypes cause approximately 1.4 million illnesses annually. This makes salmonellosis the
second most common cause of bacterial foodborne disease of known etiology in the United
States (Mead et al. 1999). In addition, nontyphoidal Salmonella serotypes are the single
most common cause of death from foodborne illness associated with viruses, parasites, or
bacteria in the United States, causing an estimated 550 fatal cases each year (Mead et al.
1999). The high morbidity and mortality resulting from foodborne infections with Salmo-
nella serotypes in the United States is associated with significant economic losses. The
CDC’s Foodborne Diseases Active Surveillance Network (Food Net) estimates the annual
cost of medical care and lost productivity caused by foodborne salmonellosis in the United
States to range from $0.5 billion to $2.3 billion (Frenzen et al. 1999).

Salmonella serotypes implicated in foodborne infections are commonly associated with
animal reservoirs, suggesting that infections in man result from animal-to-human transmis-
sion (St. Louis et al. 1988, Mishu et al. 1994). In outbreaks within the United States in which
the sources were identified, the food vehicles most commonly implicated were chicken,
beef, turkey, and eggs (Tauxe 1991, Olsen et al. 2000). Meat, meat products, eggs, or egg
products may contain Salmonella serotypes either because animals are infected or because
fecal contamination occurs during processing (Galbraith 1961). There are currently 2,449
known Salmonella serotypes (Brenner et al. 2000). Approximately 70% of the Salmonella
serotypes have been isolated from human cases of disease (Kelterborn 1967), but only five
Salmonella serotypes accounted for 61% of the human cases reported to the CDC between
1987 and 1997 (Olsen et al. 2000). These five serotypes include S. enterica serotype
Typhimurium (23% of isolations between 1987 and 1997), S. enterica serotype Enteritidis
(21%), S. enterica serotype Heidelberg (8%), S. enterica serotype Newport (5%), and S.
enterica serotype Hadar (4%). Collectively, these surveillance data illustrate that the persis-
tence of Salmonella serotypes in livestock and domestic fowl is directly responsible for
their subsequent introduction into the derived food products and that some Salmonella
serotypes are epidemiologically more successful than others. Both the preharvest occur-
rence of Salmonella in food animals and the epidemiological success of certain Salmonella
serotypes are of importance for food safety. However, the molecular mechanisms responsi-
ble for these phenomena are poorly understood. For the rational design of innovative pre-
vention strategies, research is needed on the basic mechanisms that enable certain Salmo-
nella serotypes to persist successfully in food animal reservoirs.
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Preharvest Occurrence of Salmonella Serotypes

Salmonella serotypes pose a threat to food safety in the United States by persisting in appar-
ently healthy animals, thereby leading to introduction of these pathogens into animal-
derived food products. Transmission between animals before harvest is therefore of prime
importance for food safety.

Horizontal Transmission

Between 1% and 6% of farm animals in the United States test positive for intestinal car-
riage of Salmonella serotypes (Ebel et al. 1992, Fedorka-Cray et al. 1998, Byrd et al. 1999,
Corrier et al. 1999, Dargatz et al. 2000, Fedorka-Cray et al. 2000, McKean et al. 2001,
Wells et al. 2001). Salmonella serotypes shed with the feces of livestock and domestic fowl
are largely responsible for persistence in these reservoirs. That is, Salmonella serotypes
spread horizontally between animals via the fecal–oral route through fecal contamination
of the environment (Wray et al. 1987, McLaren and Wray 1991, Wray et al. 1991, Hurd et
al. 2001a). In addition, fecal contamination by rodents has been proposed to play a role in
transmission of Salmonella serotypes on chicken farms (Sato et al. 1970, Krabisch and
Dorn 1980, Henzler and Opitz 1992, Kinde et al. 1996, Guard-Petter et al. 1997). In con-
trast, airborne transmission (Proux et al. 2001) and contamination of feed (Funk et al.
2001) do not appear to play important roles in the spread of Salmonella serotypes among
farm animals. Before slaughter, stress during transport and long periods with intermittent
feeding accelerate the spread of Salmonella serotypes by the fecal–oral route (Brownlie
and Grau 1967, Grau et al. 1968, Samuel et al. 1979, Moo et al. 1980, Samuel et al. 1981,
Corrier et al. 1999, Isaacson et al. 1999, Hurd et al. 2001b, McKean et al. 2001). As a
result, the prevalence of intestinal carriage among livestock and domestic fowl increases
above 10% before slaughter (Corrier et al. 1999, McKean et al. 2001, Wells et al. 2001).
Intestinal carriage may result in fecal contamination of hide and carcass surfaces at
slaughter (Gronstol et al. 1974), and in addition it may result in colonization of the drain-
ing lymph nodes, contaminating food products containing this material (Samuel et al.
1979, Moo et al. 1980, Samuel et al. 1981).

Given the importance of fecal–oral transmission, it is not surprising that control mea-
sures aimed at reducing fecal contamination of the environment have been shown to be
effective in lowering the preharvest occurrence of Salmonella serotypes (Dahl et al. 1997,
Davies et al. 1997). However, proper sanitation my not suffice to reduce fecal contamina-
tion to a level that would eliminate Salmonella serotypes from livestock reservoirs (Twiddy
et al. 1988).

Vertical Transmission

Vertical transmission (from an adult to its offspring) is important for the spread of Salmo-
nella serotypes in two food animal reservoirs, namely, chickens and cattle. In cattle, Salmo-
nella serotypes can persist in the udders of cows for up to 2.5 years, resulting in vertical
transmission of the organism through milk (Giles et al. 1989), which may contribute to per-
sistence of Salmonella serotypes in dairy herds (Richardson 1973, Giles et al. 1989). How-
ever, the widespread pasteurization of milk and dairy products has reduced the importance,
for human health, of this mode of transmission in the United States (Tauxe 1991).
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In chickens, eggs can become contaminated by transovarian contamination with Sal-
monella serotypes (Snoeyenbos et al. 1969). The importance of transovarian contamina-
tion for transmission of Salmonella serotypes among chickens has not been investigated.
However, transovarian transmission has been proposed to be a source of human infection,
primarily because of contamination of eggs with serotype S. enterica Enteritidis (St.
Louis et al. 1988). This represents a significant problem, as S. enterica Enteritidis
accounted for the largest number of outbreaks caused by foodborne pathogens in the Unit-
ed States during 1993-1997, and most of these outbreaks were attributed to eating eggs
(Olsen et al. 2000).

Mechanisms of Persistence

Mechanisms important for the acute phase of interaction between Salmonella serotypes and
their host are under intense investigation, and this work has significantly improved our
understanding of how these pathogens cause disease (for recent review articles, see Fierer
and Guiney 2001, Galán 2001, Groisman 2001, Brumell et al. 2002, Kingsley and Bäumler
2002, Zhang et al. 2003). In contrast, mechanisms important for persistent carriage in
apparently healthy animals, which may develop during subclinical infections or after signs
of disease have subsided, are poorly understood.

Salmonella serotypes encode a type III secretion system (TTSS-1) encoded by Salmo-
nella pathogenicity island 1, which allows these pathogens to alter host cell physiology
(Galán 2001). TTSS-1 is required by S. enterica Typhimurium for colonizing Peyer’s
patches of mice (Galán and Curtiss 1989) and for causing diarrhea and lethal morbidity in
calves (Watson et al. 1998, Tsolis et al. 1999). However, although the TTSS-1 is clearly a
major virulence factor required for the intestinal phase of infection, it is not required for
persistent fecal shedding of S. enterica Typhimurium from mice (Kingsley et al. 2000).

Work on Escherichia coli, a close relative of Salmonella serotypes, has implicated type 1
fimbriae in the bacteria’s ability to be transmitted from infected rats to their littermates
(Bloch et al. 1992). Type 1 fimbriae may promote communicability by mediating coloniza-
tion of the oropharyngeal mucosa, thereby enabling the organism to multiply before pas-
sage through the stomach, which increases the chances that a small inoculum is able to com-
plete the fecal–oral cycle despite the acid sensitivity of the organism (Bloch et al. 1992).
However, type 1 fimbriae are not required for intestinal persistence of E. coli (McCormick
et al. 1989, Bloch and Orndorff 1990). Type 1 fimbriae of S. enterica Enteritidis have been
shown to be required for intestinal colonization of the rat at 6 days (early) but not 21 days
(late) postinfection, suggesting that this adhesin is not required for long-term intestinal per-
sistence of Salmonella serotypes (Naughton et al. 2001).

The S. enterica Enteritidis wild type is recovered at higher numbers than a mutant unable
to elaborate flagella from the ceca of chickens 35 days post oral infection, indicating that
motility is required for intestinal persistence (Allen-Vercoe and Woodward 1999). S. enter-
ica Typhimurium lipopolysaccharide-deficient mutants are deficient in colonizing the
murine large intestine (Nevola et al. 1985), presumably because they possess a reduced
ability to penetrate the intestinal mucus layer (Licht et al. 1996). These studies suggest that
for Salmonella serotypes to persist in the intestine, they require the ability to reach their pre-
ferred site of colonization.

Recently, a nonfimbrial adhesin of S. enterica Typhimurium, termed ShdA, has been
shown to be required for chronic intestinal carriage in mice (Kingsley et al. 2000). The

Foodborne Salmonella Infections 5



reduced recovery of the ShdA mutant from the feces of mice appears to be the result of its
reduced ability to colonize the murine cecum (Kingsley et al. 2003). A ShdA fusion protein
binds to areas of the cecum that contain fibronectin, and binding of this extracellular matrix
protein to the bacterial surface depends on expression of this protein (Kingsley et al. 2002).
Furthermore, immunohistochemical analysis shows that S. enterica Typhimurium colo-
nizes the cecal mucosa at areas of epithelial erosion where the extracellular matrix is
exposed to the intestinal lumen (Kingsley et al. 2002). These data suggest that ShdA-mediated
binding of fibronectin in lesions of the murine cecal mucosa is a mechanism for intestinal
carriage of S. enterica Typhimurium. Further research on this and other molecular mecha-
nisms of intestinal persistence may identify targets for novel strategies to reduce the prehar-
vest occurrence of Salmonella serotypes in livestock.

Epidemiological Success of Salmonella Serotypes

S. enterica serotypes Typhimurium, Enteritidis, Heidelberg, Newport, and Hadar are isolat-
ed more frequently than other Salmonella serotypes from cases of human disease in the
United States (Olsen et al. 2000). A better understanding of the reasons for the epidemio-
logical success of these serotypes is thus highly relevant for food safety.

Reservoirs for Serotypes Frequently Associated with Human Disease

S. enterica Typhimurium is the serotype isolated most frequently from patients in the Unit-
ed States (Olsen et al. 2001). It is associated with a large number of animal reservoirs (Rabsch
et al. 2002), among which chickens, cattle, and pigs appear to be the most important for
food safety. Persistence in these reservoirs commonly leads to the introduction of S. enteri-
ca Typhimurium into carcasses and meat products. According to Food Safety and Inspec-
tion Service’s (FSIS’s) nationwide microbial baseline studies, S. enterica Typhimurium
represents 14% of total Salmonella isolations from beef carcasses, 10% of isolations from
chicken carcasses, 10% of isolations from swine carcasses, 18% of isolations from raw
ground pork, and 15% of isolations from raw ground beef in the United States (Schlosser et
al. 2000).

S. enterica Enteritidis is the second most frequently isolated serotype from patients in
the United States (Olsen et al. 2001), but this serotype is not a frequent isolate from meat or
meat products in the United States (Schlosser et al. 2000). Instead, the majority of S. enteri-
ca Enteritidis outbreaks in Europe and the United States can be traced back to foods con-
taining undercooked chicken eggs (Coyle et al. 1988, St. Louis et al. 1988, Cowden et al.
1989, Henzler et al. 1994). During experimental infection, S. enterica Enteritidis colonizes
the reproductive organs of chickens better than other Salmonella serotypes, which may be
one of the reasons why this serotype is associated with this food source (Okamura et al.
2001). The prevalence of S. enterica Enteritidis in eggs produced in the United States is esti-
mated to be 1 in every 20,000 (Ebel and Schlosser 2000).

S. enterica Heidelberg is a serotype commonly associated with poultry (Hird et al. 1993,
Riemann et al. 1998, Byrd et al. 1999). According to FSIS’s nationwide microbial baseline
studies, the organism represents 26% of total Salmonella isolations from chicken carcasses,
14% from turkey carcasses, and 30% from ground raw chicken in the United States
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(Schlosser et al. 2000), and S. enterica Heidelberg represents 6% of total Salmonella isola-
tions from raw ground pork in the United States (Schlosser et al. 2000).

The majority of human infections with S. enterica Newport in which a source is known
have been traced back to consumption of beef. These isolates commonly originated from
dairy cattle, thereby suggesting a bovine animal reservoir for this serotype (Spika et al.
1987, Zansky et al. 2002). According to FSIS’s nationwide microbial baseline studies, 
S. enterica Newport represents 2% of the total Salmonella isolations from raw ground beef
in the United States (Schlosser et al. 2000).

S. enterica Hadar is a serotype associated with turkey in the United States. According to
FSIS’s nationwide microbial baseline studies, the serotype represents 15% of the total Sal-
monella isolations from turkey carcasses and 24% of isolations from ground raw turkey
(Schlosser et al. 2000).

These data illustrate that a high incidence of human illness caused by a Salmonella
serotype commonly correlates with the serotype’s ability to persist in one or several animal
reservoirs and its frequent isolation from the derived food products. A better insight into the
factors that may allow one particular serotype to dominate within an animal reservoir is key
to understanding its epidemiological success revealed by human surveillance.

Emerging Problems

Although the animal reservoirs from which human infections with S. enterica serotypes
Typhimurium, Enteritidis, Heidelberg, Newport, and Hadar originate are well established,
factors contributing to the preponderance of these serotypes in the United States are poorly
understood. Our limited grasp of factors responsible for the epidemiological success of
these Salmonella serotypes represents a key gap in our knowledge of pathogens that are
important for food safety.

One serotype, S. enterica Enteritidis, has emerged only recently as an important food
safety problem in the United States (Angulo and Swerdlow 1998). The incidence of human
infections with S. enterica Enteritidis steadily increased from 1963 until 1990, when this
serotype became the one reported most frequently in the United States. (Aserkoff et al.
1970, Mishu et al. 1994). The epidemic peaked in 1995, and in 1997 S. enterica Typhimuri-
um replaced S. enterica Enteritidis again as the serovar most frequently isolated in the Unit-
ed States. (CDC 1999). The emergence of S. enterica Enteritidis in the second half of the
twentieth century provides a unique opportunity to identify factors important for its epi-
demiological success by determining what triggered the current human epidemic. The
emergence of S. enterica Enteritidis as an egg-associated pathogen in the United States and
Europe coincided with eradication of S. enterica serotype Gallinarum from poultry (Bäum-
ler et al. 2000, Rabsch et al. 2001). S. enterica Gallinarum is a chicken-adapted serotype
expressing an immuno-dominant antigen (lipopolysaccharide) that is identical to that of 
S. enterica Enteritidis (Kingsley and Bäumler 2000). As a result, birds previously exposed
to S. enterica Gallinarum are immune to organ colonization with S. enterica Enteritidis
(Sterner and Hein 1998, Witvliet et al. 1998). Mathematical models combining epidemiolo-
gy with population biology suggest that the presence of S. enterica Gallinarum in chicken
flocks provided population-wide immunity against S. enterica Enteritidis infection at the
beginning of the twentieth century (Rabsch et al. 2000). Eradication of S. enterica Galli-
narum resulted in the loss of population-wide immunity against its lipopolysaccharide,
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thereby opening an ecological niche that was subsequently filled by S. enterica Enteritidis
(Bäumler et al. 2000). According to this theory, the human S. enterica Enteritidis epidemic
was triggered by eliminating a competitor (i.e., S. enterica Gallinarum) from chicken
flocks, thereby allowing S. enterica Enteritidis to enter the human food supply through
chicken eggs. This example illustrates that future strategies for improving the safety of our
food supply should be based on a better understanding of the selecting forces acting on
pathogen populations.

Conclusions

Salmonella is the second most common cause of bacterial foodborne disease of known
etiology and the single most common cause of death from foodborne illnesses associated
with viruses, parasites, or bacteria in the United States. Although the majority of the
2,449 different Salmonella serotypes have been associated with human enterocolitis,
only five serotypes account for approximately 60% of the cases. Factors important for the
epidemiological success of these serotypes are largely unknown, which represents a key
gap in our knowledge of microbes that pose a threat to food safety. Research is needed to
elucidate the molecular mechanisms that allow Salmonella serotypes to persist success-
fully in food animals. These mechanisms would be logical targets for the development of
new and innovative approaches to improve food safety. Furthermore, research on the ori-
gins of the current S. enterica Enteritidis epidemic suggests that future intervention
strategies should be based on a better understanding of selective forces acting on
pathogen populations.
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2 Pathogenic Escherichia coli

Suryakant D. Waghela

Introduction

Escherichia coli was first reported as Bacterium coli commune by the German pediatrician
and bacteriologist Theodor Escherich, who observed a rod-shaped bacterium to be more
abundant in the fecal flora of infant babies that had suckled colostrum compared to the flora
in the meconium (Escherich 1885, Bettlheim 1988). For some 40 years this bacterium was
considered to be a ubiquitous commensal organism until it was suspected to be the cause of
an outbreak of neonatal diarrhea (Dulaney and Michelson 1935). Although most 
E. coli are still considered nonpathogenic, acquisition of certain virulence genes has made
increasing numbers of isolates capable of causing a variety of intestinal and systemic infec-
tions (Robins-Browne 1987, Clarke et al. 2002).

E. coli is the type species in the family Enterobacteriaceae—a group of facultative
anaerobic, nonsporing, Gram-negative rods that inhabit the gastrointestinal tract of
humans and animals. This family of about 30 genera, with approximately 100 species,
includes some natural pathogens such as Salmonella spp., Yersinia spp., Shigella spp.,
and others like Escherichia, Klebsiella, Citrobacter, Proteus, and Klebsiella, which are
usually commensals. However, some strains within each of the latter species may be asso-
ciated with the pathogenesis of a disease syndrome. Colonization of the newborns’gut by
the fecal–oral route occurs within 4–12 hours, as their birth environment is contaminated
with E. coli. However, only a few of the several hundred strains of E. coli that form nearly
1% of the total enterobacterial population of the gut may be capable of causing a disease.
The pathogenic E. coli are different from the nonpathogenic strains in that they have viru-
lence genes located either extrachromosomally or chromsomally. The circular chromoso-
mal DNA of E. coli is about 0.15 cm in length and consists of 4 � 106 base pairs. The vir-
ulence genes, which encode proteins for toxin activity, cellular adherence, and invasion,
were most likely transferred to the pathogenic strains from related enterobacteria. The
strains can be differentiated with antisera specific to the somatic lipopolysaccharide (O)
antigens, capsular (K) antigens, and flagellar (H) antigens (Kauffmann 1947). There are
nearly 700 different antigenic types based on the 100 different K groups, 180 O groups,
and more than 60 H antigens (Robins-Browne and Hartland 2002). In general, E. coli
causes three types of infections: enteric infections, urinary tract infections, and sep-
ticemic infections. The urinary tract infections can be asymptomatic bacteriuria or
urosepsis, whereas the septicemic infections lead to meningitis, pneumonia, cholecysti-
tis, and wound infection. Many serologically typed enteric E. coli isolates have been
broadly grouped into six different pathotypes: enterotoxigenic E. coli (ETEC), enteroag-
gregative E. coli (EAEC), diffuse-adherence E. coli (DAEC), enteropathogenic E. coli
(EPEC), enterohemorrhagic E. coli (EHEC), and enteroinvasive E. coli (EIEC). Howev-
er, certain isolates have been placed in a seventh group: necrotoxigenic E. coli (NTEC).
In this chapter, we will consider the above pathotypes (See Chapter 3 for EHEC) that
cause enteric infections.
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ETEC

De et al. (1956) established the pathogenicity of Bacterium coli (E. coli) from human cases
of gastroenteritis, using the ligated loop of rabbit intestine. Later, enterpathogenicity of sev-
eral E. coli isolates causing diarrhea and death in newborn cattle and pigs was demonstrated
as being caused by secreted toxins (Smith and Halls 1967). Similar ETEC strains express-
ing plasmid-encoded enterotoxins were associated with infantile diarrhea and traveler’s
diarrhea in humans (Sack 1975).

ETEC attach to the surface of the intestinal epithelial cells by colonizing factors (CFs),
multiply, and produce either a heat-labile toxin (LT) or a heat-stable toxin (ST) or both the
enterotoxins. The CFs are rigid 5–7-nm rodlike fimbriae, flexible 2–4-nm thin fibrillae, or a
very fine mesh of nonfimbrial fibrils. Biogenesis of CFs requires a cluster of genes, either
on a plasmid or the chromosome, that includes genes for the pilin subunit, chaperones for
transporting the subunits across the periplasmic space, ushers for the assembly of the fim-
bria on the outer membrane, and regulatory proteins. The adhesive moiety, which binds
specifically to a carbohydrate-bearing receptor on the epithelial cells, may be on the tip of
the fimbriae or spread out on the entire length of the fimbriae (Mol and Oudega 1996).
Because the receptor oligosaccharide will vary with the tissue as well as the host species,
ETEC colonization is host specific. ETEC strains isolated from piglets and calves possess
any of the following fimbriae: F1 (type 1), F4 (K88), F5 (K99), F6 (987P), F17, F18, F41,
F42, and F165. F4, for example, is encoded by an eight-gene operon (faeA-J) on a plasmid,
with the pilus primarily composed of the faeG gene product, and is the subunit responsible
for binding to the host receptor containing Gal �(1-3)Gal on porcine enterocytes. Expres-
sion of the F4 operon genes is tightly regulated by specific genes, including cyclic AMP
receptor protein (Crp) and leucine-responsive proteins (Lrp; Mol and Oudega 1996). Ani-
mal ETEC isolates express different CF from those of human ETEC and are not considered
zoonotic pathogens. About 20 different CF structures, designated colonization factor anti-
gens (CFAs), which can be either fimbriae such as CFA/I or fibrillae composed of two fib-
rils formed in a double helix such as CFA/II or CFA/IV, have been isolated from human
strains (Gaastra and Svennerholm 1996).

The structure and the mode of action of the LT enterotoxins are similar to the cholera
toxin. The 84–86-kDa holotoxin, encoded by elt genes on a plasmid, is a multimer protein
made up of an enzymatically active (A) subunit surrounded by five identical binding 
(B) subunits. The holotoxin is assembled for transport through the outer membrane by the
type II secretory pathway after the subunits containing a signal sequence are translocated
across the cytoplasmic membrane into the periplasmic space (Tauschek et al. 2002). LTs
have been classified into two subclasses, LT-I and LT-II, because of differences in the B sub-
units. LT-II is expressed primarily by ETEC isolates from animals, and LT-I is expressed by
both human (LTh-I) and animal (LTp-I) isolates (Sears and Kaper 1996).

Endocytosis of LT occurs when B units bind to surface ganglioside receptors on entero-
cytes, LT-1 to GM1 and LT-II to GD1 (Fukuta et al. 1988). Proteolytic cleavage of the A unit
following endocytosis yields disulfide bond conjoined A1 and A2 subunits. A1 catalyzes
ADP–ribosylation of the � subunit of GTP-binding-regulatory-protein Gs, causing an irre-
versible activation of the adenylate cyclase. The resulting cAMP (adenosine 3�,5�-
monophosphate) buildup activates protein kinase A to excessively phosphorylate the Cl�

channel, CFTR, thereby increasing the Cl� secretion across the crypt cells and also leading
to malabsorption of sodium chloride at the villus tips. Diarrhea results from water passively
drawn into the intestinal lumen by the increased ion content (Sears and Kaper 1996).
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The ST enterotoxins, classified as ST-I and ST-II, are a family of toxins whose 72–amino
acid preprotein, coded by estA gene on a plasmid, is processed to produce an extracellular
biologically active component of about 2 kDa that is rich in cysteine residues (Betley et al.
1986, Rasheed et al. 1990). ST-I causes an increase in cyclic GMP in host cell cytoplasm by
binding to an extracellular domain of the 120-kDa guanylate cyclase C (GC), found on the
apical membranes of host cells, leading to effects similar to those seen with the increase in
cAMP. ST-I binds competitively with guanylin, a natural hormonal peptide, that activates
GC and stimulates Cl� secretion (Sears and Kaper 1996) and with the inhibition of NaCl co-
transport in the villi cells resulting in diarrhea (Moon 1978). ST-II is mostly found in ETEC
isolates from pigs, although it is secreted by some human strains. The mature ST-II is about
5 kDa, processed from a 71-kDa preprotein encoded by estB gene on a plasmid, and causes
villi atrophy with loss of epithelial cells (Whipp et al. 1986). The mechanism of action of
ST-II is still unknown as there is no stimulation of either adenylate or guanylate cyclase;
however, activation of a GTP–binding protein–regulated calcium channel has been sug-
gested as a target of ST-II (Dreyfus et al. 1993). The mechanism may involve transport of
bicarbonate rather than Cl� ions in the increased intestinal secretion (Peterson and Whipp
1995).

ETEC cause a cholera-like syndrome with acute diarrhea in humans as well as animals,
especially in developing countries, where morbidity and mortality in the young can be high.
In developed countries, ETEC may be isolated from people who have recently visited coun-
tries where sanitation and hygiene are poor, and infections are acquired by ingestion of con-
taminated food and water.

EAEC

Recent epidemiological evidence from developing countries and studies in volunteers con-
firm the importance of some EAEC strains that cause diarrhea (Okeke and Nataro 2001,
Jiang et al. 2002). These E. coli strains, initially classified as EPEC, attach to epithelial cells
in a diverse aggregative pattern resembling stacked bricks. This attachment is accompanied
by the presence of thick mucus on the epithelium, which may have a role in the persistence
of infection (Tzipori et al. 1992). EAEC may adhere to the intestinal epithelium initially
through adhesins such as aggregative adherence fimbriae (AAF) I, II, or III, which are
expressed by some isolates and are coded by a gene cluster on an approximately 110-kb
EAEC virulence plasmid (pAA; Okeke and Nataro 2001, Bernier et al. 2002).

Most of these strains produce three toxins, which may likely stimulate intestinal secre-
tion. E. coli heat-stable enterotoxin (EAST), encoded by the gene astA, is a 38–amino acid
protein with 50% homology to ST-I (Sears and Kaper 1996). Although less potent than ST-I,
it increases cyclic GMP in the intestinal mucosa by activating GC-C, but does not produce
any microscopically visible changes (Uzzau and Fasano 2000). A few isolates other than
EAEC may either carry the gene for EAST as a transposon or express the toxin, but EAST’s
role in the pathogenesis of disease following infection with these E. coli is still unclear
(Savarino et al. 1996, Zhou et al. 2002). A 120-kDa heat-labile toxin related to the
hemolysin produced by uropathogenic E. coli strains has been identified in EAEC, but its
role in pathogenesis is unknown (Sears and Kaper 1996). Another protein, Pet, has been
identified as a putative cause of intestinal secretion resulting from acute inflammation. This
108-kDa protein, encoded by a gene on the plasmid pAA and a member of serine protease
autotransporters of Enterobacteriaceae (SPATE), causes rounding and detachment of HEp-2
cell monolayers probably because of the breakdown of fodrin, an isoform of spectrin—a
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protein that maintains red blood cell shape and flexibility by linking cytoskeleton to the
plasma membrane. Pet also cleaves Factor V and pepsin (Esalva et al. 1998, Villasenca et al.
2000, Henderson and Nataro 2001, Dutta et al. 2002). Another SPATE (Pic) present in some
EAEC strains and involved in intestinal colonization does not cleave spectrin but can cleave
mucin and Factor V (Henderson et al. 1999). Both Pet and Pic are related to elastases based
on specific activity on peptides and by phylogenetic analysis (Dutta et al. 2002).

Aggregated EAEC penetrate into mucus for dispersion in the intestine by releasing a
10.2-kDa protein, dispersin, that probably decreases the binding affinity of AAF by attach-
ing to the fimbriae at or near the site of attachment to host cell receptors (Sheikh et al. 2002).
Dispersin is encoded by the aap gene upstream of the AraC transcriptional activator (AggR)
necessary for AAF expression.

EAEC are associated with long-term watery diarrhea in young children, especially in
developing countries (Okeke and Nataro 2001), but unlike ETEC infections, the diarrhea
with concurrent increase in IL-8 can be inflammatory and sometimes bloody. However,
growth retardation in infants associated with EAEC infections may be more important than
diarrhea (Steiner et al. 1998, Nataro and Kaper 1998).

DAEC

Different from the localized (EPEC) and aggregative (EAEC) pattern of adhesion to cul-
tured HEp-2 cells, some isolates of E. coli exhibit a more diffuse attachment pattern, in
which the bacteria uniformly cover the entire cell surface, and hence are termed “diffuse-
adherence E. coli” (Scaletsky et al. 1984). Implicated in the diffuse adherence of DAEC
strains is a family of very fine fibrillar afimbrial adhesins and invasins (Afa), whose genes
are within a cluster either in an 11.6-kb chromosomal region or on a plasmid (Keller et al.
2002). The product of afa genes shows homology to the adhesins that bind to a Dr–blood
group antigen on decay-accelerating factor (Nowicki et al. 2001). E. coli strains expressing
this group of adhesions cause intestinal infections especially in children older than 2 years
(Nataro and Kaper 1998). E. coli strains possessing gene clusters related to the afa family
have been isolated from calves with diarrhea and septicemia (Lalioui et al. 1999). However,
the Afa of the bovine E. coli isolates bind to different receptors from those of the human
strains, indicating that such afa carrying isolates from animals may not be important in the
cause of disease in humans.

E. coli secretory protein homologues have been identified in the DAEC isolates, but
other genes for proteins such as type three secretion (TTS) system or effector proteins,
which subvert host cellular signaling for producing, attaching, and effacing lesions of
EPEC infections, may be missing (Beinke et al. 1998). However, a DAEC isolate from a
diarrheagenic child had part of a pathogenicity island nucleotide sequence that is usually
found in uropathogenic E. coli (Blanc-Potard et al. 2002). It is suggested that Afa/Dr
adhesin binding to the host cell surface receptor including decay-accelerating factor may be
the main mechanism by which enteropathogenicity of DAEC is initiated by induction of a
proinflammatory response. Contact between leukocytes and the epithelial cell basolateral
membrane may increase permeability by enhanced phosphorylation of myosin L chain at
the tight junctions of the epithelial cells (Edens et al. 2002).

Opinions on the virulence of DAEC as the cause of diarrheal disease tend to be con-
tentious (Le Bouguénec 1999). DAEC did not induce diarrhea in healthy adult volunteers,
suggesting that this heterogeneous group of E. coli may cause disease in immunosup-
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pressed individuals and malnourished children and may be an important cause of a persis-
tent diarrhea rather than an acute diarrhea in developing countries (Nataro and Kaper 1998).

EPEC

Several E. coli with certain O antigens first identified by Bray in 1945 are the most common
causes of infantile diarrhea in the developing countries of the world (Nataro and Kaper
1998). Such non-enterotoxigenic and non-invasive strains (Levine et al. 1978) are locally
adherent in vitro to epithelial cells in a distinctive pattern (Scaletsky et al. 1984). The severe,
sometimes fatal, watery diarrhea is caused by a characteristic “attaching and effacing”
(A/E) lesion in the intestinal epithelium (Moon et al. 1983). Microvilli disappear as EPEC
come into close—but loose—contact with the enterocyte surface to form microcolonies in
localized areas of the intestinal epithelium. This prerequisite for the formation of the A/E
lesion is associated with the expression of about 14 genes on the approximately 80-kb viru-
lence EPEC adherence factor (EAF) plasmid required for the biogenesis of the bundle-
forming pilus (BFP)—a type IV fimbria (Nataro and Kaper 1998). BfpA is the basic subunit
required to form BFP in association with a global regulatory protein Per and a periplasmic
enzyme encoded by dsbA (DeVinney et al. 1999). Tobe and Sasakawa (2001) showed that
BFP-expressing EPEC adhered directly to the cell surface instead of to preformed micro-
colonies on the cell surface. However, structures other than BFP, such as flagella, may be
involved in the initial loose attachment, and BFP solely contributes to the bacterial aggrega-
tion (Giron et al. 2002). BFP undergoes a structural transformation during the late log and
stationary phases of the bacterial growth, as the aggregates disperse, and it is associated
with the expression of a nucleotide binding protein, bfpF (Frankel et al. 1998, Knutton et al.
1999).

Once attached, EPEC start translocating onto or into the host cell several of its own pro-
teins essential in the induction of signal transduction for the formation of A/E lesions via a
specialized TTS system (Jarvis et al. 1995, Frankel et al. 1998). These proteins are
expressed by a gene cluster (locus of enterocyte effacement, LEE) within a 35-kb patho-
genicity island in the chromosome (Kenny 2002). This LEE of about 41 genes containing
three functional domains—the region for the E. coli secreted proteins (Esps) and their chap-
erones (Ces), the region containing translocated intimin receptor (Tir) and intimin for inti-
mate adherence, and the region of TTS pathway proteins—is presumed to have been trans-
ferred horizontally (Deng et al. 2001).

On bacterial attachment, EspA proteins form a tubelike conduit from the EPEC surface
to the host cell surface for translocating several correlated proteins, including EspB and
EspD chaperoned by CesD to create a pore (translocon) in the enterocyte membrane
(DeVinney et al. 1999, Daniell et al. 2001). Then the 78-kDa protein, Tir (EspE or Hp90), is
transported by CesT into host cells, where Tir may undergo some processing by a codeliv-
ered bacterial protein. Tir, which is phosphorylated at one or more of its tyrosines before
insertion into the host cell membrane (DeVinney et al. 1999), has two transmembrane
domains with an extracellular central fragment that acts as a docking unit for intimin, a 94-
kDa outer-membrane protein of EPEC encoded by the eae gene in the LEE locus (Jerse et al.
1990, de Grado et al. 1999). The intimin family of proteins binds to Tir with a disulfide
bond–bridged 76–amino acid loop of their C-terminus 280 amino acids (Kelly et al. 1998).
Part of this C-terminus of intimin may bind to other host cell–encoded intimin receptors
such as �1 integrins and nucleolin (DeVinney et al. 1999, Sinclair and O’Brien 2002). As
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the bacterium intimately adheres, an active cytoskeletal rearrangement is initiated within
the host cell for the pedestal formation and phospholipase C� activation in the cell signaling
cycle (Kenny 2002). The cytoskeletal arrangement is initiated with Tir binding to a host cell
protein, Nck, that starts a process of actin polymerization just below where the EPEC is
attached, which also involves other host cytoskeletal proteins such as �-actinin, ezrin, talin,
and villin that bind to actin, either directly or indirectly. This polymerization requires neur-
al Wiscott-Aldrich syndrome protein and Arp 2/3 complex mobilization (Thrasher 2002)
that is dependent on Tir phosphorylation, a distinct process separate from the one involved
in EHEC A/E lesions (DeVinney 2001, Kenny 2002). Tir associates directly with host 
�-actinin through its N-terminus that aids anchoring of EPEC to the pedestals. Other pro-
teins like BipA may play an enhancing role in this actin remodeling (Farris et al. 1998).

The bacterial adhesion triggers an increase in Ca2� within the enterocytes, Ca induced
by the release from inositol phosphatase–sensitive intracellular stores because of phospho-
lipase C�1 activation. This leads to decreased absorption of NaCl and an increase in the
chloride ion secretion, leading to diarrhea (DeVinney et al. 1999). The elevated Ca2� levels
activate calmodulin-dependent protein kinases by phosphorylation of myosin light chain,
which may increase the permeability of enterocyte tight junctions. This permeability is
related to a progressive shift of occludin—a major integral membrane protein component
localized primarily at tight junctions to an intracellular compartment (Frankel et al. 1998,
Simonovic et al. 2000).

EPEC strains initiate an inflammatory response during the formation of the A/E lesions
that is associated with increased levels of IL-8 because of NF-	B activation, which leads to
paracellular permeability and may also stimulate chloride ion secretion. There is interfer-
ence in the signal transduction within the damaged infected cells that also plays a role in the
diarrhea and other symptoms of EPEC infections (DeVinney et al. 1999).

Cultured epithelial cells show necrosis as well as apoptosis following attachment with
EPEC. This induction of cell death has been directly correlated with the expression of BFP
(Abul-Milh et al. 2001) and binding of phosphatidylethanolamine to BFP, which triggers
downstream events involving some of the key mediators of apoptosis. However, cell death
is considered multifactorial; for example, a gene upstream of tir encodes an additional
effector protein, Orf19 or mitochondrial-associated protein, whose delivery is dependent
on EspB, but whose target is the host mitochondria. This protein appears to interfere with
the mitochondrial membrane potential, which may impair either energy production or con-
trol of cell death. An alternate function of this molecule may involve cytoskeletal arrange-
ment (Kenny 2002). Orf30 in the LEE encodes a protein EspF, which has three almost iden-
tical repeats of a 19–amino acid proline-rich sequence, a motif present in other eukaryotic
signaling proteins. EspF could contribute to the disruption of tight junctions of the epithe-
lial cells (Crane et al. 2001, Kenny 2002) and not be involved in cell detachment (Shifrin et
al. 2002). EPEC also secrete a 110-kDa SPATE, which digests spectrin, Factor V, and pepsin
similarly to Pet of EAEC; however, unlike Pet, it does not cause any cytopathic effects
(Dutta et al. 2002). Recently, it was suggested that EPEC translocate proteins to effect
detachment of infected host cells by dephosphorylating a kinase in vinculin—a cytoskeletal
protein associated with actin binding proteins contained in the focal adhesions by which the
cells attach to the extracellular matrix (Shifrin et al. 2002).

Typical EPEC isolates, found only in humans, do not elaborate LT, ST, Shiga toxin,
Shiga-like toxin, or verocytotoxins, but they possess the EAF plasmid, whereas atypical
EPEC do not possess this plasmid but may produce a Shigella-like toxin. The majority of
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typical EPEC strains group into certain O:H serotypes and can be classified into two clono-
types based on sequence variation in the housekeeping genes (Frankel et al. 1998). Both
clonotypes may be of various O serotypes, but clone 1 mostly has flagellar antigen H6,
whereas clone 2 has H2 or is nonmotile. Atypical EPECs lacking the EAF plasmid have
been increasingly reported to occur both in humans and animals in developing countries
and may be emerging pathogens of significance (Trabulsi et al. 2002).

EIEC

EIEC closely resemble Shigella in their invasive nature and pathogenesis in producing
dysentery-like illness, which is sometimes fatal in young children. The first association of
EIEC with human disease was mistaken as shigellosis because of the similarities in the clinical
symptoms and the biochemical properties. It was only when a few isolates from patients did not
match biochemically to Shigella that they were termed Shigella-like (Ewing and Gravatti
1947). Later, a similar isolate was incriminated as the cause of an acute gastroenteritis that was
eventually typed as E. coli (Ewing et al. 1958). Conclusive evidence came from studies by
DuPont et al. (1971), when volunteers fed EIEC developed diarrhea. EIEC invade the intestinal
cells, especially those of the colon, where they multiply and cause severe inflammation, with
extensive damage. Membranous epithelial cells (M cells) in the intestinal epithelium are the
most likely targets for attachment and invasion by EIEC because of their resemblance to
Shigella (Sansonetti and Phalipon 1999). The invasion ability of EIEC is associated with the
presence of a 140-MDa plasmid that carries a cluster of virulence genes in a 20-kb region. This
plasmid (pINV) has sequence homology to plasmids found in certain strains of Shigella
flexneri, Shigella boydii, and Shigella dysenteriae (Lan et al. 2001). With Shigella, bacterial
invasion of epithelial cells is prevented if mutations are created in four of these plasmid encod-
ed genes (ipaA, ipaB, ipaC, and ipaD; Baudry et al. 1987), whose products bind to �5�1 inte-
grin on the enterocytes, inducing membrane ruffling and leading to bacterial internalization
(Watarai et al. 1996). Because EIEC do not possess any fimbriae, a nonfimbrial outer mem-
brane protein is considered likely to be an adhesin for the intestinal cells. These invasive E. coli
do not produce LT, ST, EAST, and unlike Shigella, the verocytotoxins (Shiga toxins). However,
in rabbit ligated loops, supernatants from EIEC cultures stimulate some degree of secretion,
which may be a result of an enterotoxin (EIEC enterotoxin or Shigella enterotoxin 2) of about
62 kDa, encoded by gene sen on the pInv plasmid (Nataro et al. 1995). The cause of diarrhea
could be the action of this enterotoxin, which alters expression or up-regulates the inducible
NO synthase and cyclooxygenase 2, leading to the modulation of Cl� secretion and barrier
function in the intestinal epithelial cells (Resta-Lenert and Barrett 2002). In addition, a small,
30-kDa protein that demonstrates a mild cytotoxicity for Vero cells has been identified, but its
activity is unknown (Sears and Kaper 1996).

Although EIEC infections still occur in developed countries, they are more common in
developing countries. The clinical syndrome usually includes vomiting, fever, and an initial
watery diarrhea, which can become mucoid and bloody in some cases.

NTEC

Several isolates of E. coli from cases of diarrhea in pigs, calves, and humans, and some-
times from healthy individuals, produce cytotoxic necrotizing factors (CNFs; De Rycke
et al. 1999). Two antigenic types of CNF—CNF-1 of about 115 kDa and CNF-2 of about
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110 kDa—cause the formation of giant cells in HeLa and Vero cell monolayers (Pohl et
al. 1993). CNF-1 is encoded by genes located on the chromosome, whereas CNF-2 is
encoded by a plasmid designated Vir (Oswald et al. 1989, Falbo et al. 1992). Experimen-
tal studies indicate that these toxins are associated with the pathogenesis of NTEC infec-
tions (Wray et al. 1993). CNF-2-producing E. coli (NTEC-2) are isolated mainly from
animals, and NTEC-1-producing CNF-1 have been isolated from humans and various pet
and food animals (De Rycke et al. 1999, Van Bost et al. 2001). Aside from diarrhea, other
syndromes associated with septicemia and urinary tract infections can occur. CNF-2
increases the activity of a GTP-binding-Rho protein (Oswald et al. 1994). Other toxins
such as LT-II, EAST1, and cytolethal-distending toxin type III (Oswald et al. 1991, Peres
et al. 1997, Bertin et al. 1998) may be produced by some isolates of NTEC. 
Cytolethal-distending toxin type III prevents the activation of cdc2 protein kinase by the
blocking of host cells in G2/M phase (Comayras et al. 1997, Peres et al. 1997).

Conclusions

The current research trend in trying to understand the pathogenesis of the various E. coli
isolates and to group them by a common factor relative to virulence is providing valuable
information on the results of the in vitro interaction between the host cell and enteric E. coli.
However, the elucidation of molecular mechanisms in the process of attachment of certain
pathotypes or downstream events in the host cells is incomplete. Characterization of molec-
ular interactions is necessary in the development of intervention strategies to prevent or
treat infections. This need can be addressed by the use of in vivo expression technology sup-
plemented by DNA array use to study differential transcription following attachment of
various E. coli pathotypes to the host cells (Merrel and Camilli 2000). For example, such
studies can provide information on the co-regulation of toxin production in vivo. However,
as there can be a weak correlation between the total mRNA transcribed and the levels of pro-
teins, a broad proteome analysis may identify relevant molecules that generate a detrimen-
tal response from the enterocytes (Washburn and Yates 2000). Protein profiling under con-
ditions conducive for infections adds an advantage in the study of bacterial protein–host
cell protein interactions either in yeast two-hybrid or in protein microarray screening sys-
tems (Kodadek 2001, Uetz 2002). These techniques can allow finding target proteins for
modulation, for example, inhibition of binding, by drugs or other proteins and for immuno-
logical studies. The assembly of virulence-associated pili, PapG, is blocked when an
octamer peptide representing the C-terminus of the pilus protein binds to the usher protein
PapD (Flemmer et al. 1995). Similar proteins including fimbria can be targeted for compet-
itive inhibition by identifying peptides using peptide phage libraries.

Supplements of specific antibodies to either whole E. coli or one of its components can
prevent or reduce infections by preventing the early but critical step of attachment of the
bacteria to the enterocytes (Morter 1984, Korhonen et al. 2000). However, this method is
not commonly used for prevention, most likely because of problems associated with the
means of production and storage of the antibodies. Antibody engineering techniques allow
identification and development of antibody binding sites (Fv) for an epitope (or its variants)
on fimbria, which may be the adhesive sites for the host cell receptor. The relevant Fv or a
cocktail of Fvs can be produced cheaply in several expression systems including plants
(Gavilondo and Larrick 2000). Similarly, other proteins can be targeted to reduce lesions;
for example, dispersin of EAEC (Sheikh et al. 2002). The ability of EAEC-Pet to degrade
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spectrin and fodrin is inhibited by monospecific polyclonal antibodies (Villasenca et al.
2000), indicating that an Fv directed against certain epitopes of Pet may prevent or reduce
cell death and associated pathogenesis.

Thus, molecular dissection with the state-of-the-art techniques will provide virulence-
related indicators that will be useful in identifying drugs or inhibitory molecules and
immunological relevant molecules for use as vaccines. The signature molecules may also
provide a basis for the development of diagnostic tests for relevant strains intended for epi-
demiologic analysis. These tests can be useful in reducing the contamination of food for
prevention of enteric E. coli infections.
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3 Foodborne Enterohemorrhagic 
Escherichia coli Infections

Vernon L. Tesh

Introduction

The vast majority of the Gram-negative bacteria classified as Escherichia coli are harmless
commensals found in the intestinal tracts of mammals and birds. Along with a number of
obligate anaerobic bacteria, E. coli are major components of the normal intestinal flora of
humans, commonly found in densities of approximately 106 E. coli per gram of fecal con-
tents. It has become apparent, however, that some strains of E. coli have acquired genes
encoding virulence determinants which confer to the bacteria the ability to cause disease
(Selander et al. 1987). Pathogenic E. coli may be characterized based on O:H serotypes, the
expression of specific virulence determinants, and the clinical presentation and epidemiol-
ogy of disease. E. coli capable of causing gastroenteritis are categorized as enterotoxigenic
E. coli (ETEC), enteropathogenic E. coli (EPEC), enterohemorrhagic E. coli (EHEC),
enteroinvasive E. coli (EIEC), and enteroaggregative E. coli (EAEC)(Levine 1987). This
chapter will focus on one subset of pathogenic E. coli, the EHEC. EHEC are the causative
agents of diarrhea, bloody diarrhea, or hemorrhagic colitis that may progress to deadly
complications such as acute renal failure and central nervous system damage. EHEC com-
prise a select group of E. coli serotypes that express virulence factors that allow the organ-
isms to attach to and alter the cellular morphology of intestinal epithelial cells. The bacteria
also produce potent cytotoxins. The remarkable potential of these bacteria to cause wide-
spread outbreaks of disease will be reviewed. Precisely how EHEC cause disease remains a
subject of intense research scrutiny, but both what is known about EHEC virulence determi-
nants and pathogenesis and future directions in research will be discussed.

The Sakai City Outbreak: A Case in Point

On the morning of Saturday, July 13, 1996, the Public Health Department of Sakai City,
Japan, received an unusual report from Sakai City Hospital. That morning doctors had
examined 10 children who had developed abdominal cramps and diarrhea on Friday night.
By the end of the day, there were 255 children receiving medical attention for the same
symptoms, and by Sunday morning, over 2,000 people had been treated. Within the next 24
hours, all hospital beds in the Sakai City area were filled with patients, mostly schoolchild-
ren, with the same chief complaints: abdominal cramping and diarrhea with blood frequent-
ly noted in the stool. Stool samples from the patients tested positive for E. coli O157:H7, an
EHEC serotype. Pulsed field gel electrophoresis analysis (PFGE) showed that the patient
isolates were identical, suggesting that the organisms were clonal in nature and may have
been acquired from a common source (Takatorige et al. 1997, Izumiya et al. 1997).

Because most of the patients were school children (first through sixth grade) and their
teachers, local health officials immediately suspected school lunches as a possible source of

27

Preharvest and Postharvest Food Safety: Contemporary Issues and Future Directions
Edited by Ross C. Beier, Suresh D. Pillai, Timothy D. Phillips

Copyright © 2004 by Blackwell Publishing and the Institute of Food Technologists



28 Chapter 3

the outbreak. Over 1,700 food and environmental samples were tested from 615 facilities.
E. coli O157:H7 was not detected in any sample. Water and milk were quickly ruled out as
possible sources. Most of the ill children attended a school in two of the six Sakai City
school districts. The only uncooked food items that were served in common in the two
school districts contained white radish sprouts (kaiware-daikon). The radish sprouts were
supplied to the school by a single producer. E. coli O157:H7 was not isolated from radish
sprouts, well water, or drainage water samples taken from the suspected farm. However,
while the E. coli O157:H7 outbreak at Sakai City schools was going on, another, smaller,
outbreak in a nursing home outside Sakai City was reported. Ninety-eight patients reported
symptoms including abdominal cramping and bloody diarrhea. The only meal shared
among the 33 nursing home residents with laboratory-confirmed E. coli O157:H7–positive
stool cultures was beef curry, pickled scallions, and a salad containing white radish sprouts.
The radish sprouts were supplied from the same farm implicated in the Sakai City school
outbreak. PFGE analysis showed that the isolates from the nursing home patients had the
same DNA pattern as the Sakai City strain (Michino et al. 1999). Thus, even though it was
not confirmed by culture of the organism, it is highly probable that radish sprouts served as
the vehicle for these outbreaks. In December 1997 the Task Force on the Mass Outbreak of
Diarrhea in Schoolchildren of Sakai City reported that the total number of confirmed and
suspected cases in this outbreak was 16,111 (Takatorige et al. 1997).

The Sakai City outbreak highlights the potential for EHEC to cause widespread out-
breaks of diarrheal disease. Although Sakai City was a particularly large outbreak, smaller
outbreaks of diarrhea caused by EHEC are consistently reported year after year in many
developed countries. In the United States, for example, between 1982 and 1996, there were
139 reported outbreaks of E. coli O157:H7. Approximately 22% of patients in these out-
breaks were hospitalized, 6% developed severe complications, and 0.6% died (Griffin
1998). EHEC also cause sporadic or individual cases of diarrhea or bloody diarrhea.
Between 1990 and 1992, 10 U.S. hospitals collaborated in a study to calculate the frequency
of enteric pathogens isolated from patients with diarrhea (Slutsker et al. 1997). From the
30,463 stool specimens evaluated in the study, E. coli O157:H7 was isolated from only
0.4% of the specimens, compared with Campylobacter (2.3%), Salmonella (1.8%), and
Shigella (1.1%). Even though E. coli O157:H7 was rarely isolated, the clinical disease was
more severe, resulting in a 47% hospitalization rate compared with hospitalization rates for
Campylobacter (21%), Salmonella (38%), and Shigella (21%) infections. Mead et al.
(1999) compiled data from multiple surveillance programs to estimate the annual numbers
of pathogen-related foodborne illnesses in the United States. In this study the investigators
factored in an estimated 20-fold underreporting of disease caused by EHEC. On the basis of
their calculations, Mead et al. (1999) estimate that there are 73,480 cases of bloody diarrhea
per year caused by E. coli O157:H7 and an additional 36,740 cases caused by EHEC other
than serotype O157:H7. These cases are estimated to result in about 4.3% of the total num-
bers of deaths per year caused by foodborne bacterial, viral, and parasitic pathogens.

The Sakai City outbreak emphasized two disturbing aspects of foodborne EHEC infec-
tions. First was the high incidence of secondary cases; that is, family members and acquain-
tances of schoolchildren infected by person-to-person transmission. Secondary transmis-
sion of the bacteria was associated with inadequate hand washing, sharing hand towels and
bath towels, and sharing bath water or pools. The second disturbing fact was that the
causative organism was not isolated from the implicated food source or from other samples
taken at the suspected farm. This indicates that the infective dose of EHEC causing wide-
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spread outbreaks may be very low. In 1993 an outbreak of bloody diarrhea associated with
the ingestion of undercooked E. coli O157:H7–contaminated hamburgers served by fast
food restaurants occurred in the Pacific Northwest of the United States (Bell et al. 1994).
Frozen hamburger patties from this outbreak contained less than 700 E. coli O157:H7 per
patty on thawing (Griffin 1998). If one considers that the numbers of bacteria would be
reduced by cooking (or partial cooking) and that patients were infected after only partial
consumption of hamburger patties, then the infectious dose that led to this outbreak (involv-
ing over 500 cases) may have been on the order of 100 bacteria. Indeed, in an outbreak of
bloody diarrhea in Australia linked to ingestion of contaminated mettwurst sausage pre-
pared from raw pork, beef, and lamb, less than one EHEC organism per 10 grams of meat
was detected (Paton et al. 1996). The low infective dose makes epidemiologic “trace-back”
investigations difficult. Detection of EHEC contamination in foods during processing is
also problematic because the sensitivities of detection assays must be sufficient to detect
small numbers of organisms in large quantities of foods.

The Organisms

How is it that EHEC are capable of causing such widespread outbreaks of diarrheal disease
that may progress to lethal complications? In 2001 Dr. Frederick Blattner and colleagues pub-
lished the genomic sequence of an E. coli O157:H7 strain and compared it with the genome of
a non-pathogenic E. coli strain (Perna et al. 2001). Although both strains possessed a 4.1-Mb
“backbone” of homologous DNA, the EHEC genome was larger, encoding an additional
1,387 EHEC-specific genes. Thus, as is often the case with pathogenic bacteria, the EHEC
have acquired a collection of additional genes, many of which encode virulence factors that
elevate the organisms from the obscurity of commensalism to the spotlight of the pathogen.

Attaching and Effacing Lesions

EHEC strains have acquired large (ca. 35 kb) DNA inserts called the locus of enterocyte
effacement (LEE) pathogenicity-associated island (McDaniel et al. 1995). The LEE 
pathogenicity-associated island usually integrates in the E. coli chromosome within a gene
encoding a selenocysteine tRNA, although exceptions to this rule have been documented
(Wieler et al. 1997). The LEE pathogenicity-associated island contains a cluster of genes that
confers on EHEC the ability to adhere to intestinal epithelial cells and to reorganize the nor-
mal cellular architecture of the brush border, a histopathologic change called attaching and
effacing (A/E) lesions. Following the relatively superficial attachment of EHEC to intestinal
epithelial cells, filamentous actin within microvilli begins to depolymerize. Actin provides
the structural support for microvilli, and its breakdown causes the effacement or loss of
microvilli. There subsequently appears, immediately adjacent to adherent EHEC, a single
large structure called a pedestal (Figure 3.1). The pedestal contains accumulated filamentous
actin (Knutton et al. 1989). Recent studies suggest that E. coli O157:H7 may initially bind
and cause A/E lesions on human epithelial cells associated with Peyer’s patches (Phillips et
al. 2000). Thus, EHEC are capable of mediating alterations in human intestinal epithelial cell
structure by the disassembly and reassembly of host cell cytoskeletal elements. The transfer
and expression of the E. coli O157:H7 LEE pathogenicity-associated island into a nonpatho-
genic E. coli laboratory strain failed to confer to the recipient the ability to cause A/E lesions,
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Figure 3.1 Electron micrograph (original magnification 
 3,450�) of A/E lesions in the intestinal
epithelium of a piglet fed Escherichia coli O157:H7. Note the loss of microvilli. The higher magnifi-
cation (15,870�) inset shows the characteristic pedestal formation. Reprinted from Donnenberg
et al. 1993, with permission.

suggesting that additional structural or regulatory genes may be important for expression of
the A/E lesion phenotype (Elliott et al. 1999).

The gene encoding the EHEC adherence factor intimin is found within the LEE 
pathogenicity-associated island, and the expression of intimin is essential for A/E lesion for-
mation. Also found within the LEE pathogenicity island are a number of genes encoding a
type III secretion apparatus. The secretion system is essential for transporting bacterial pro-
teins across bacterial membranes and into the host target cell (Jarvis and Kaper 1996). Many
bacterial pathogens use host cell proteins as receptors, and intimin has been shown to bind to
�1-integrins and cell surface–associated nucleolin. However, an additional receptor for
intimin on the surface of intestinal epithelial cells is, in fact, a LEE-encoded protein referred to
as Tir (translocated intimin receptor) that is transported by the type III secretion system. Why
EHEC translocate their own receptor into the target cell membrane is unknown. It may be that
host-derived receptors target EHEC for internalization, a deleterious event for an extracellular
pathogen. The advantages of injecting a specific receptor into the target cell membrane may
include blocking the internalization process, targeting adherence to a single cell type and the
triggering of cytoskeletal rearrangements which stabilize adherence (Frankel et al. 1998). The
structural changes orchestrated by EHEC are more complex than the disassembly and
reassembly of actin filaments, and it is becoming increasingly clear that a large number of
actin-associated proteins are recruited into the pedestal following EHEC adherence (reviewed
in Goosney et al. 2001). In addition, evidence suggests that many of the LEE-encoded translo-
cated proteins may alter host cell intracellular signaling cascades (Kresse et al. 2001). In the
future, the characterization of the molecular events occurring at the interface of the host cell
cytoskeleton and EHEC Tir-intimin complex will be the focus of intense interest, as effective
strategies to prevent colonization will require an increased understanding of EHEC adherence
mechanisms and the mucosal immune response to adherent bacteria.
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Shiga Toxins

In addition to the acquisition of the LEE gene cluster and the ability to cause A/E lesions,
EHEC have been lysogenized with one or more lambdoid bacteriophage that encode the
genes for a family of genetically and structurally related cytotoxins (Schmidt 2001). These
cytotoxins are called Shiga toxins (Stxs). The cytotoxic activities of Stxs are measured in
the laboratory using cultured Vero cells (African green monkey renal epithelial cells), and
the alternative designation of Stxs is verotoxins. The Stxs produced by EHEC can be cate-
gorized into two types based on their antigenic similarity to the prototypical Shiga toxin
produced by Shigella dysenteriae serotype 1. Shiga toxin type 1 (Stx1) differs by a single
amino acid from S. dysenteriae Shiga toxin, whereas Shiga toxin type 2 (Stx2) is approxi-
mately 56% homologous to Shiga toxin/Stx1 at the deduced amino acid sequence level
(Jackson et al. 1987). There are a number of Stx2 variant toxins with amino acid sequence
homologies ranging from 84% to 99% compared with Stx2 (Melton-Celsa and O’Brien
1998). EHEC may be lysogenized with multiple toxin-converting bacteriophage, and there-
fore, the bacteria may express Stx1, Stx2, Stx2 variants, or any combination of the toxins.
Epidemiologic studies of outbreaks have shown that E. coli producing Stx2, either alone or
in combination with other Stxs, are more likely to cause serious disease in humans.

Despite variability in genetic sequence, members of the Shiga toxin family share func-
tional and structural features. Stxs are AB5 toxins; that is, holotoxins that consist of a sin-
gle “A” subunit of approximately 32 kDa in noncovalent association with five identical
“B” subunits (Figure 3.2; Fraser et al. 1994). Each B subunit is about 7.7 kDa in size. The
Stx B subunits are responsible for binding the toxins to cells expressing the Stx receptor.
The toxin receptor is a neutral glycolipid called globotriaosylceramide (Gb3; galac-
tose�(1 B 4) galactose�(1 B 4) glucose�(1 B 1)ceramide), which may also be referred to
as CD77 or the Pk blood antigen (Figure 3.3; Lingwood 1996). One Stx2 variant toxin,
called Stx2e, is the causative agent of edema disease of swine. In contrast to the other
members of the Shiga toxin family, Stx2e appears to preferentially bind the glycolipid
globotetraosylceramide (Gb4). Once bound to the target cell via Gb3, Stxs are internalized
in endosomes via clathrin-coated pits and transported to the trans-Golgi network through
the stacks of the Golgi apparatus to the membranes of the endoplasmic reticulum and
nucleus (Figure 3.4; Sandvig and van Deurs 1996). This intracellular trafficking pattern is
referred to as retrograde transport, as the toxins appear to be transported against the nor-
mal trafficking pattern used to secrete correctly folded host-derived proteins. During the
intracellular translocation process, the A subunit is proteolytically cleaved by furin or a
furin-like protease, but the two fragments of the A subunit remain linked via a disulfide
bond. Following reduction of the disulfide bond, the A1 fragment (ca. 27 kDa) is thought
to translocate across the endoplasmic reticulum membrane, whereas the smaller (ca. 4
kDa) A2 fragment remains associated with the B pentamer. The A1 fragment possesses N-
glycosidic activity, which removes a single adenine residue found in a prominent loop
structure near the 3�-end of the 28S rRNA component of eukaryotic ribosomes (Endo et al.
1987, Saxena et al. 1989). Following the depurination reaction, elongation factor-1-
dependent binding of aminoacyl-tRNAs is blocked and protein synthesis is inhibited. The
mechanism of action of Stxs is identical to that of the plant toxin ricin, although the Stxs
and ricin do not share extensive genetic or structural similarities. Stxs are extremely effec-
tive protein synthesis inhibitors, being cytotoxic for cultured epithelial cell lines in quan-
tities of pictograms per milliliter.
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Figure 3.2 Ribbon diagram of the AB5 structure of the Shiga toxin molecule. The enzymatic A
subunit (gray) noncovalently associates with a pentameric ring (black) of receptor-binding B sub-
units. Following proteolysis by furin or a furin-like protease, a disulfide bond between cysteine
residues C242 and C261 links the A1 and A2 fragments. Reprinted from Fraser et al. 1994, with per-
mission from publisher and authors.

Crystallographic analysis of purified Stx1 B subunits showed that the pentamer forms a
symmetrical ringed structure with a central pore lined with � helices composed of neutral
and nonpolar residues (Stein et al. 1992). X-ray crystallography of the purified Shiga toxin
holotoxin molecule (A subunit plus five B subunits) revealed that the carboxy-terminus of
the A subunit interacts with the central pore of the B pentamers (Fraser et al. 1994). Interest-
ingly, a number of toxins produced by enteric pathogens have been shown to possess AB5
structures. Despite having very little amino acid sequence homology, heat-labile enterotox-
in produced by ETEC, cholera toxin produced by Vibrio cholerae, and the Stxs all have AB5
structures (Merritt and Hol 1995). Why the AB5 molecular organization should be favored
by organisms that deliver toxins across intestinal epithelial barriers remains to be fully elu-
cidated. The structures and enzymatic activities of the A subunits are extensively varied, yet
similar pentameric binding structures are used by the toxins to bind polysaccharide compo-
nents of membrane glycolipids. The structural similarity among the binding components of
the AB5 toxins would seem to suggest that they evolved from a common primordial protein
capable of binding carbohydrate residues. However, the lack of amino acid sequence
homology among the toxin B subunits does not support a divergent evolutionary relation-
ship. Alternatively, it has been suggested that the AB5 toxins arose by convergent evolution
(Sixma et al. 1993). Thus, EHEC, ETEC, and V. cholerae may have independently evolved
the capacity to express AB5 toxins to fulfill a number of requirements of enteric pathogens;
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Figure 3.3 Structure of the Stx-binding glycolipid receptor, Gb3. Reprinted from Lingwood 1996,
with permission.

namely, a means of delivery of an enzyme (A subunit) into intestinal epithelial cells using
glycolipids or glycoproteins as receptors, the formation of a stable “docking site” (the cen-
tral pore) for the enzyme, and a means for the dissociation of the activated catalytic subunit
from the cell-binding B subunits by limited proteolysis of the A subunit. Recent structural
studies of Stxs bound to Gb3 have revealed that there may be 12–15 receptor binding sites
per B pentamer, an observation that explains in part the high affinity (ca. 10�9 M) of Stxs for
Gb3 in cell membranes (Nyholm et al. 1996, Ling et al. 1998). Advances in our understand-
ing of the physical interactions of Stxs with their membrane glycolipid receptor have led to
the development of a number of interventional strategies to prevent the development of sys-
temic disease after the ingestion of EHEC (see Interventional Strategies, below).

Other EHEC Virulence Determinants

Although intimin is essential for the formation of A/E lesions, EHEC strains lacking
intimin are still capable of colonizing some portions of the intestinal tract and causing
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Figure 3.4 Retrograde transport of Shiga toxins from the cell membrane to the endoplasmic
reticulum. Reprinted from Sandvig and van Deurs 1996, with permission.

bloody diarrhea, suggesting that bacterial factors other than intimin may be involved in
EHEC adherence (Dytoc et al. 1994). Furthermore, it is unlikely that all EHEC serotypes
will necessarily use comparable adherence mechanisms.

Dr. Philip Tarr and his colleagues have identified a chromosomally encoded EHEC outer
membrane protein that may serve as an adhesin (Tarr et al. 2000). This adherence factor was
named the IrgA homologue adhesin (Iha) because of its homology to V. cholerae iron-regulated
gene A (IrgA). Although V. cholerae iron-regulated gene A is involved in iron acquisition by
the pathogen, it is known that V. cholerae irgA mutants are reduced in their ability to colo-
nize infant mice. Expression of the iha gene in a nonadherent E. coli laboratory strain con-
ferred on the recipient the ability to adhere to HeLa cells in vitro. An additional chromoso-
mally encoded adherence factor called EHEC factor for adherence (Efa1) expressed by 
E. coli O111:H� has been characterized. Efa1 facilitates the attachment of the bacteria to
CHO cells in vitro and is required for the efficient colonization of 4- and 11-day-old conven-
tional calves (Nicholls et al. 2000, Stevens et al. 2002). Examination of the E. coli O157:H7
genome reveals that this particular EHEC serotype lacks the full-length efa1 gene. However,
transposon mutagenesis studies suggest that truncated versions of Efa1 may still contribute
to EHEC adherence and intestinal colonization. The efa1 gene is 97.4% identical to the
EPEC gene encoding lymphostatin (lifA). Lymphostatin inhibits interleukin-2 (IL-2), IL-4,
IL-5, and interferon-� production by human lymphocytes, suggesting that EPEC may alter
the mucosal immune response in vivo. Future experiments will determine whether Efa1 and
truncated Efa1 products also possess immunomodulatory properties.

Many E. coli O157:H7 strains possess a large (ca. 93 kb) plasmid designated pO157.
Genes encoding a catalase-peroxidase, a secreted serine protease, four genes that make up
the hemolysin operon, and 13 genes encoding a type II (general secretory pathway) secre-
tion system have been mapped to pO157. The catalase-peroxidase is a periplasmic enzyme
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that presumably protects the bacteria from oxidative stress. The serine protease cleaves
human coagulation factor V and may contribute to pathogenesis by exacerbating vascular
damage and hemorrhage. The EHEC hemolysin is a pore-forming toxin that damages mam-
malian cells by disruption of cell membrane integrity. The pO157 plasmids from two E. coli
O157:H7 isolates were independently sequenced and shown to encode 100 open reading
frames (possible genes; Burland et al. 1998, Makino et al. 1998). An exciting discovery
from the analysis of the pO157 sequence was an open reading frame designated toxB with
homology to the genes encoding glucosyltransferase toxins of the enteric pathogen
Clostridium difficile. Recently, Tatsuno et al. (2001) showed that the expression of toxB by
EHEC may be necessary for the secretion of LEE-encoded proteins and for full bacterial
adherence to cultured intestinal epithelial cells. Interestingly, the EHEC ToxB and Efa1
proteins share approximately 40% amino acid sequence homology over 480 amino acids
found at the amino termini, suggesting that the mechanisms of adherence mediated by ToxB
and Efa1 may be similar. A cluster of six genes responsible for the expression of fimbriae
has been mapped to the large plasmid of sorbitol-fermenting E. coli O157:H� strains (Brun-
der et al. 2001). The gene encoding the major pilus subunit of E. coli O157:H� fimbriae
showed homology to P-fimbriae expressed by uropathogenic E. coli and Pmp fimbriae of
Proteus mirabilis. The E. coli O157:H� fimbriae mediate mannose-resistant hemagglutina-
tion, but their role in pathogenesis remains to be fully characterized. Finally, Dr. James
Kaper and his colleagues have identified a six-gene operon in the E. coli O157:H7 chromo-
some with operon organization and sequence similarity to the long polar fimbriae (lpf)
operon of Salmonella enterica serovar Typhimurium (Torres et al. 2002). Transfer of the 
E. coli O157:H7 lpf operon into a non-fimbriated E. coli laboratory strain conferred on the
recipient the ability to express fimbriae, as detected by electron microscopy, and the ability
to adhere to HeLa cells. E. coli O157:H7 lpf mutants displayed reduced adherence and
microcolony formation in vitro. Given the well-characterized role of Salmonella long polar
fimbriae in targeting the organisms to Peyer’s patches (Bäumler et al. 1996), and the recent
work indicating that EHEC may initially target Peyer’s patches for colonization (Phillips et
al. 2000), a comparable role for EHEC long polar fimbriae might be expected.

Pathogenesis

Following ingestion of contaminated foods or water containing small numbers of EHEC,
the bacteria travel to the stomach. The acidic environment of the stomach is known to be an
important and effective bactericidal barrier against infection with ingested microorganisms
(Peterson et al. 1989). However, EHEC have been shown to survive in acidic media (pH 

2.5–3.0) at 37°C for up to 5 hours, conditions that reproduce the gastric environment (Ben-
jamin and Datta 1995). The organisms pass through the stomach and colonize the distal
small intestine and large intestine, causing A/E lesions. The formation of A/E lesions may
result in the initial onset of watery diarrhea associated with increased intracellular perme-
ability, increased chloride secretion, and malabsorption caused by microvillus effacement.
The adherent bacteria also synthesize Stxs. Increased intestinal permeability caused by A/E
lesions and by inflammatory cells extravasating into the bowel may allow the toxins to gain
access to the lamina propria and colonic microvasculature. There are studies, however, sug-
gesting that the toxins may be actively transported across the gut epithelial cell barrier with-
out disruption of the cells (Hurley et al. 1999). In the submucosa, the toxins bind to cells
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expressing the glycolipid toxin receptor. Vascular endothelial cells express Gb3, so that Stxs
may damage capillaries serving the distal small bowel and colon, resulting in hemorrhage
and blood in the stool. The toxins may cause necrotic cell death by protein synthesis inhibi-
tion, but studies have also shown that Stxs and purified Stx B subunits induce apoptotic cell
death in vitro (Mangeney et al. 1993). Stx-mediated damage to blood vessels serving the gut
creates an entry site for Stxs and other bacterial products into the bloodstream. Once in the
bloodstream, the toxins may damage endothelial cells lining small blood vessels in many
organs, although the kidneys and the central nervous system (CNS) are the principal targets
of destruction. It has proven difficult to detect free Stxs in the circulation of patients, and it
was recently shown that the toxins bind to white blood cells and may be disseminated
throughout the body while “piggybacking” on these cells (te Loo et al. 2000). Finally, sever-
al studies have demonstrated that Stxs induce the expression of proinflammatory cytokines
from human monocytes and macrophage in vitro, indicating that the host innate immune
response may contribute to inflammation and tissue destruction (Ramegowda and Tesh
1996, van Setten et al. 1996).

The cytotoxic action of Stxs on glomerular capillaries leads to the development of the
hemolytic uremic syndrome (HUS). HUS is a disease that is clinically defined by the devel-
opment of hemolytic anemia, thrombocytopenia, and acute renal failure associated with the
deposition of fibrin microthrombi within glomeruli (Siegler 1995). Children and the elderly
are at an increased risk for developing HUS following diarrhea or bloody diarrhea caused
by EHEC. The median time interval between the onset of diarrhea and the diagnosis of HUS
is 5–7 days. HUS is now recognized as the major cause of pediatric acute kidney failure in
many developed countries. Stxs also damage blood vessels serving the CNS. Inflammation
that occurs in response to vascular damage may lead to increased cerebral edema and result
in strokes, seizures, coma, and death (Siegler 1994). With the increased awareness of the
association between EHEC infection and acute renal failure, physicians are instituting dial-
ysis and other measures of renal support early in the course of the disease. As a result, the
renal crises are being averted, only to find that neurologic complications following bloody
diarrhea are now a common cause of death in children. In a recent prospective study of HUS
in the United States, 25% of the patients developed neurologic complications (Banatvala et
al. 2001).

Interventional Strategies

Advances in our understanding of the interaction of Stxs with Gb3 led to the development of
synthetic toxin receptor analogues for use as potential therapeutic agents. Dr. Glen Arm-
strong and his colleagues covalently coupled the trisaccharide component of Gb3 to
diatomaceous silicon dioxide. This toxin receptor analogue, called Synsorb-Pk, was shown
to reduce cytotoxicity when Vero cells were co-treated with Synsorb-Pk and Stxs in vitro
(Armstrong et al. 1991). It was proposed that the indigestible Synsorb-Pk could be fed to
patients with diarrhea or bloody diarrhea who are at risk for progression to systemic com-
plications associated with EHEC infections. Unfortunately, although Synsorb-Pk was read-
ily tolerated by human volunteers, Phase II clinical trials have not demonstrated an effica-
cious trend in preventing progression to HUS (Armstrong et al. 1998). In light of recent
evidence indicating that Stxs may be actively transported across intestinal epithelial cells
and, therefore, may be unavailable to bind orally ingested toxin receptor analogues, the
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focus of efforts to intervene in disease has shifted to the development of injectable toxin
receptor analogues. A major advancement that came from the structural studies on the inter-
action of Stxs with Gb3 was the realization that effective toxin receptor analogues must be
“tailored” to engage multiple binding sites on the B pentamer (Kitov et al. 2000). Nishikawa
et al. (2002) developed carbosilane carrier molecules to which were coupled multiple Gb3
trisaccharides. Optimal binding to Stxs was detected with a molecule called SuperTwig
1(6), which contained six Gb3 trisaccharide units. Most importantly, it was shown that the
intravenous administration of SuperTwig 1(6) protected mice against lethality when the
animals were challenged with a lethal dose of purified Stx2 or fed E. coli O157:H7. The
mechanism of protection may involve the selective routing of toxin-SuperTwig complexes
to phagocytic cells in murine spleen and liver. Additional experiments will be required to
confirm that multivalent toxin receptor analogues will react with Stxs in association with
leukocyte or “carrier cell” membranes.

The passive administration of anti-toxin antibodies, and the induction of active humoral
immunity using toxoids or subunit vaccines, has been used to protect humans from numer-
ous toxin-mediated diseases. Both anti-Stx antibodies and subunit toxin vaccines are being
developed to treat patients with, or protect patients from, EHEC infections. Recently,
Mukherjee et al. (2002) developed a series of anti-Stx2 humanized monoclonal antibodies
derived from Stx2 toxoid-treated transgenic mice expressing human immunoglobulin loci.
Following oral feeding with a Stx2-expressing E. coli O157:H7 strain, anti-Stx2 humanized
monoclonal antibodies protected gnotobiotic piglets from the development of CNS signs
and pathology, although trends in prolonged survival in the animals were often not signifi-
cant when compared with controls. The development of Stx subunit vaccines for the induc-
tion of active acquired immunity against the toxins has been complicated by the finding that
purified B subunits induce apoptosis in some cell types in vitro. Nevertheless, Marcato et al.
(2001) purified Stx2 B subunits and showed that rabbits developed an anti-Stx2 B-subunit
humoral immune response following immunization and were protected from the Stx2-
mediated pathologic changes occurring in non-immunized rabbits. Future clinical trials to
assess the efficacy of passively administered anti-toxin antibodies and toxin subunit vac-
cines are clearly warranted.

EHEC and Foods

Cattle have emerged as the major reservoir of EHEC. Adult cattle and weaned calves are
asymptomatic carriers of EHEC; that is, cattle presented for slaughter do not appear ill. Ini-
tial attempts to calculate the prevalence of E. coli O157:H7 in cattle produced estimates in
the range of 0.2%–1.8%. More recently, Elder et al. (2000) employed sensitive bacterial iso-
lation techniques including immunomagnetic separation of E. coli O157 from bovine intesti-
nal flora and culturing the bacteria in enriched media containing antibiotics to screen for
EHEC carriage rates. These improved detection techniques for E. coli O157 were used in
sampling the feces, hides, and carcasses of cattle presented for slaughter at four Midwestern
meat-processing plants. Surprisingly, 27.8% of the animals had E. coli O157 in their feces,
10.7% had the organisms on hides, and the bacteria were detected on 43.4% of the pre-
evisceration carcasses. Even though this study was carried out during the summer, and sum-
mer is known to be the time of peak carriage and shedding of EHEC in herds, the prevalence
of E. coli O157 carriage was much higher than had previously been reported. On a more pos-
itive note, sampling of carcasses “postprocessing” (following steam pasteurization, hot
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water washes, or organic acid washes) detected E. coli O157 on only 1.8% of the carcasses,
suggesting that in-plant antimicrobial intervention strategies are effective. The study does
highlight, however, the need for improved techniques to lower EHEC carriage rates in cattle
before slaughter.

Although E. coli O157:H7 is the predominant EHEC serotype isolated in the United
States, over 200 different serotypes of Shiga toxin–producing E. coli have been identified in
animals or foods (Johnson et al. 1996). Approximately 60 of these serotypes have been
associated with disease in humans. Common non-O157:H7 serotypes causing disease in the
United States include O111, O26, O121, and O103. Dr. David Acheson used an enzyme
immunoassay to detect Stxs in ground beef samples purchased in cities throughout the Unit-
ed States and found that 15.6% of the samples contained Stx-producing E. coli (Acheson
2000). Interestingly, the serotypes detected in this screening were O133:Hu, O22NM,
O82:H8, O8:H9, and O13:Hu, indicating that by limiting the screening of ground beef to
the O157:H7 serotype, one may miss a significant fraction of contaminated and potentially
harmful beef. Given the large number of E. coli serotypes that have been shown capable of
producing Shiga toxins, screening cattle for specific O:H serotypes may be too labor inten-
sive and cost restrictive. The use of sensitive assays for the detection of Stx1 and Stx2 may
prove to be a more effective screening approach for cattle or beef products.

Outbreaks of bloody diarrhea caused by contaminated apple juice, apple cider, lettuce,
alfalfa sprouts, and well water have been reported. Manure used as a fertilizer or leaking
into irrigation water may be an important source of EHEC contamination of fruits and veg-
etables. E. coli O157:H7 has been shown to survive up to 21 months in nonaerated ovine
manure (Kudva et al. 1998), but survival rates in bovine manure appear to be on the order of
40–50 days (Wang et al. 1996, Kudva et al. 1998). The potential of EHEC to readily con-
taminate vegetables was shown in a study in which bovine feces containing low numbers
(1–10 cfu/g) of E. coli O157:H7 was applied to lettuce leafs. Even with storage at refrigera-
tor temperatures, the bacteria were cultivated from the lettuce for 15 days (Beuchat 1999).
The prolonged survival rates of EHEC in manure also indicate that in the absence of good
farm management practices, fecal matter is certainly sufficient for the infection of multiple
animals within a herd. Finally, it has been shown that insects may serve as vectors for the
transmission of EHEC to plants (Janisiewicz et al. 1999). E. coli O157:H7 has been shown
to survive for up to 6 days when introduced into bruised apple tissue (Dingman 2000).

Conclusions

The outbreak of bloody diarrhea in Sakai City, Japan, clearly indicates the potential of
EHEC to cause massive and disruptive outbreaks of debilitating disease. The available epi-
demiologic data suggest that these food- and waterborne organisms continue to pose a sig-
nificant health risk. Much has been learned about how EHEC cause disease. The key patho-
genic mechanisms described to date are the ability of the organisms to adhere to the
intestinal epithelium and cause A/E lesions and their ability to produce Stxs. Following
adherence, EHEC proteins are secreted into the host cell membrane and cytosol, resulting in
a complex array of changes in the target cell; these include major cytoskeletal rearrange-
ments and the activation or disruption of host cell intracellular signaling cascades. An
improved understanding of the cellular biology of bacteria–host cell interactions may lead
to effective strategies to disrupt secretion of bacterial virulence factors and to counteract
deleterious alterations in the host cell caused by EHEC. A number of putative adherence
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factors for EHEC have been characterized, and it is becoming clear that different EHEC
serotypes may possess different adherence factors. Thus, a major focus of future experi-
ments will be the characterization of the complete EHEC adherence armamentarium. The
recent genomic sequencing of an E. coli O157:H7 strain revealed that EHEC have acquired
additional genetic material lacking in non-pathogenic E. coli strains. It is likely that many of
the E. coli O157:H7 unique genes encode factors important in pathogenesis, and these
genes will serve as future targets for characterization. The Stxs are well characterized in
terms of their genes and structure and are thought to target vascular endothelial cells for
destruction. Although the toxin A subunit is essential for mediating protein synthesis inhi-
bition, there is evidence that purified toxin B subunits induce apoptotic cell death in some
cell types, suggesting that cross-linking membrane Gb3 may activate programmed cell
death in some cases. It has also become clear that different cell types may respond to the
toxins in a manner that does not necessarily lead to cell death. For example, intestinal
epithelial cells may actively transport the toxins across the gut epithelial barrier, neutrophils
may bind and disseminate the toxins in the blood, and monocytes/macrophages may
respond to toxins by producing inflammatory mediators. Initial attempts to protect patients
from developing disease by oral administration of toxin receptor analogues did not prove to
be effective. The development of injectable toxin receptor analogues containing multiple
toxin binding sites holds promise as an effective interventional approach. Future develop-
ment of antitoxin antibodies and toxin subunit vaccines also holds great promise. Advance-
ments in our understanding of the host response to Stxs will be necessary to develop opti-
mally effective therapeutic approaches to prevent and treat diseases caused by EHEC.
Finally, recent in-plant screening studies suggest that the carriage rate of EHEC in cattle
presented for slaughter may greatly exceed earlier estimates. These findings highlight the
need to develop means to prevent EHEC carriage in herds and to detect EHEC in cattle
before processing.
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4 Bacterial Hazards in Fresh and Fresh-Cut
Produce: Sources and Control

Alejandro Castillo and 
M. Ofelia Rodríguez-García

Introduction

Several outbreaks of foodborne disease linked to the consumption of fresh fruits and vegeta-
bles make clear that these commodities constitute a serious threat to public health. Unique fac-
tors complicate the ability to assure safe fruits and vegetables: first, they are usually consumed
without any previous antimicrobial treatment; second, they are highly perishable foods, usual-
ly providing no leftover food to test when an outbreak occurs; third, their consumption has
increased in recent years (Gillman et al. 1995, Brownson et al. 1996); fourth, this group of
foods includes a large variety of products with different physical structures, which makes it
difficult to develop standard control measures applicable to all types of fruits and vegetables;
and fifth, a large proportion of the produce consumed in the United States is grown and packed
in countries in which there is not yet a fully developed on-farm food safety program. Some of
these and other technical factors are also a burden in investigating produce-related outbreaks
(Tauxe et al. 1997). Pathogen control during growing, packing, and shipping of fresh fruits and
vegetables, as well as during processing and handling of fresh-cut produce, should have a pos-
itive effect on public health in the United States. Research on produce-related outbreaks has
suggested that the contamination occurs at the growing or packing step. However, most of the
time this contamination is superficial, and it is at the cutting step where the contamination is
introduced into the flesh, increasing the probability that the pathogen will reach the consumer.
This has been the case in different outbreaks in which contaminated fruits and vegetables were
linked to outbreaks in the United States and Canada (Centers for Disease Control 1991, Ackers
et al. 1998, Hedberg et al. 1999, Mohle-Boetani et al. 1999, California Department of Health
Services 2000, 2001, Campbell et al. 2001, Dentinger et al. 2001, Naimi et al. 2003).

Pathogen control includes the application of measures for preventing, eliminating, or
reducing pathogenic organisms from foods. However, different from processed foods,
where a terminal treatment is applied to the food product, antimicrobial treatments applied
to raw or fresh foods are not normally capable of totally eliminating microbial pathogens.
This also makes the application of the Hazard Analysis and Critical Control Point System
(HACCP) difficult to be successful in a production system in which significant pathogens
are identified but no effective control measure is yet available. Product disinfection, if
effective, can be used as a critical control point in a HACCP plan. However more research is
needed to develop effective treatments.

In this chapter, information is presented about control measures applied at different steps
from the field through fresh-cutting that may help reduce pathogens in produce. Research
experiences from the authors are also presented. The objective of this chapter is to discuss
the current status of research on pathogen control in fresh and fresh-cut fruits and vegeta-
bles as well as future trends in research in this area.
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Effect of Produce Contamination on Public Health

Fruits and vegetables are among the five types of food most frequently linked to outbreaks
of foodborne illness in the United States (Olsen et al. 2000). These outbreaks are associated
with both imported and domestic produce (Tauxe et al. 1997). From the information pre-
sented in different reviews (Beuchat 1996, Nguyen-the and Carlin 2000), it is evident that as
much as 80% of produce-related outbreaks have been caused by Salmonella, Cyclospora,
pathogenic Escherichia coli, calicivirus, and Shigella, and that these pathogens have been
associated with a variety of products.

Distribution of Pathogens in Produce

Fresh and fresh-cut produce have been reported to harbor different foodborne pathogens.
The list of pathogens isolated from produce includes bacteria such as Salmonella,
Aeromonas spp., Campylobacter, enterovirulent E. coli, Shigella, Staphylococcus aureus,
Listeria monocytogenes, and Yersinia enterocolitica (Callister and Agger 1987, D’Aoust
2000, Nguyen-the and Carlin 2000) and protozoa such as Cryptosporidium or Giardia spp.
(Monge and Chinchilla 1996, Nguyen-the and Carlin 2000). However, not all these
pathogens have been linked consistently with outbreaks associated with fresh and fresh-cut
produce.

The Food and Drug Administration (FDA) reported the incidence of Salmonella and
Shigella to be 3.5% and 1.0%, respectively, for imported produce and 0.6% and 0.5%,
respectively, for domestic produce (FDA/Center for Food Safety and Applied Nutrition
[CFSAN], 2001). A comprehensive review revealed that the prevalence of pathogens in 
produce varies between 0% and 50% (FDA/CFSAN 2001). Different surveys for L. mono-
cytogenes have shown incidences between 4.7% and 50% (Heisick et al. 1989, Prazak et al.
2002, Thunberg et al. 2002), whereas other pathogens, such as Campylobacter jejuni,
Bacillus cereus, or E. coli O157:H7, have been sporadically isolated from different prod-
ucts (Beuchat 1996).

Salmonella seems to be the pathogen most commonly associated with fresh and fresh-
cut produce. It has been isolated from artichokes, bean sprouts, beet leaves, broccoli, cab-
bage, carrots, cauliflower, celery, cilantro, endive, green onion, lettuce, parsley, pepper,
radish, salad greens, and spinach (Beuchat 1996, FDA/CFSAN 2001). In a collaborative
study between Texas A&M and the University of Guadalajara, Mexico, preharvest and
postharvest cantaloupe samples were collected from farms located in South Texas and in the
State of Colima, Mexico. Salmonella was isolated from five (0.5%) of 950 samples in South
Texas and from one (0.3%) of 300 samples in Colima State, Mexico (Mercado-Uribe 2002).
In Mexico, we have isolated Salmonella in 8% of various vegetables sampled at public mar-
kets (Rodríguez-García and Fernandez-Escartín 1993), and from 1% of cabbage samples
and 6% of radish samples collected at the field immediately after harvest (Sevilla-Zamudio
2002).

Sources of Bacterial Pathogens in Fruits and Vegetables

The presence of bacterial pathogens in produce may be the result of exposure to fecal
sources, either directly or indirectly through contaminated water, utensils, or field workers
(Beuchat 1996), or of other non-fecal sources such as the environment, infected wounds in
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field or packing workers, or improperly sanitized equipment and utensils (Nguyen-the and
Carlin 1994, De Roever 1998, Escartín 2000).

Different studies indicate that intestinal pathogens may be the organisms of greatest con-
cern in fruit and vegetables (Beuchat 1996, D’Aoust 2000). Produce are exposed to fecal
pathogens through contaminated water used to irrigate field crops, usually by using a poor
irrigation technique such as spraying, which deposits the contaminants onto the product.
Other mechanisms for bacterial contamination include fertilization of soil with untreated
sludge, cross-contamination of crops by infected wildlife, manual handling of fresh fruits
by workers with poor personal hygiene, washing of product by dumping it in contaminated
washbasins, or using ice made from nonpotable water for cooling the product (D’Aoust
2001).

Knowing the major sources of pathogens and the mechanisms by which these
pathogens contaminate fruits and vegetables enables the development of measures to pre-
vent this contamination.

Survival and Growth of Pathogenic Bacteria in Produce

Bacteria present in fruits and vegetables can survive for long periods of time, or even grow,
as there are enough nutrients and water available to support growth (Schena et al. 1999, Guo
et al. 2002). Some of these organisms are psychrotrophs and therefore can multiply at
refrigeration temperatures (Hotchkiss and Banco 1992, Bennik et al. 1995). This is espe-
cially important because under current commercial systems, produce may be shipped from
remote places, frequently from overseas. When the product arrives in the United States, it is
normally stored at warehouses until distribution. This system depends on refrigeration to
preserve the product’s freshness. Customs inspection may add to the storage time. The rela-
tively long time of storage for produce may promote growth of psychrotrophic pathogens
such as L. monocytogenes or Aeromonas spp.

Some reports demonstrate that Salmonella can multiply on the surface of fruits such as
tomatoes (Zhuang et al. 1995, Weissinger et al. 2000), cut watermelons (Escartín et al.
1989), cantaloupe, and honeydew melon (Golden et al. 1993, Del Rosario and Beuchat
1995). According to Wells and Butterfield (1997), produce that has been affected by soft rot
is more conducive to growth of Salmonella than non-diseased produce. These authors also
reported that retail produce with soft rot had a higher incidence of Salmonella than non-
damaged produce. Shigella has shown capability of growing when inoculated on fresh-cut
produce (Escartín et al. 1989, Wu et al. 2000). L. monocytogenes has been reported to grow
well on refrigerated avocado pulp (Arvizu-Medrano et al. 2001, Iturriaga et al. 2002), and
Castillo and Escartín (1994) reported the ability of C. jejuni to survive on fresh-cut water-
melon and papaya.

In sprouts, for which the major food safety problem seems to be the contamination of the
seeds, pathogens such as Vibrio cholerae O1, Salmonella Typhi, and E. coli O157:H7 grew
rapidly during the process of germination and sprouting, reaching counts of approximately
6.0 log CFU/g after 24 hours of incubation of the seeds, whereas no growth was observed
when inoculation occurred 24 hours after germination. Large numbers of natural microbio-
ta present after 24 hours probably prevented pathogen growth (Castro-Rosas and Escartín
1999).

Under favorable conditions, pathogens can be internalized in the product. Internalized
pathogens have water and nutrients more readily available. Internalized pathogens have
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been reported to survive or grow in products such as tomato or lettuce (Seo and Frank 1999,
Guo et al. 2002).

Pathogen Control

The control of bacterial hazards in fruits and vegetables was not given the importance that it
deserves until several outbreaks of foodborne illness showed that these commodities were a
common vehicle for pathogens. In addition, concerns were raised by the fact that a great
amount of produce was being imported from tropical countries, where hygiene conditions
during growth, harvest, and packing might not be optimal. This triggered different govern-
ment initiatives to improve the safety of domestic and imported produce as part of the presi-
dential Food Safety Initiative (Clinton 1997).

Control in the Field

The guidelines contained in the document “Guide to Minimize Microbial Food Safety Haz-
ards for Fresh Fruits and Vegetables” (FDA, U.S. Department of Agriculture, Centers for
Disease Control 1998) contain recommendations to reduce the risk for microbial hazards to
contaminated plant foods. These include the Good Agricultural Practices (GAP) that should
be followed during production, harvest, washing, selection, packing, and shipping of fresh
or fresh-cut fruits and vegetables to prevent such contamination. The concepts included in
the GAP are science based and can be applied by fruit and vegetable producers in the United
States as well as other countries. As a result of the application of the GAP, the incidence of
foodborne illness associated with fresh and fresh-cut produce is expected to be reduced.

Science-based procedures for reducing microbial pathogens in produce are not yet fully
configured, and more investigation is necessary to develop strategies leading to the control
of pathogens in fruits and vegetables. In fact, promoting and supporting research is one of
the areas of interest within the Food Safety Initiative. Areas that need to be addressed
include the detection of sources of pathogens in produce and the development of effective
intervention strategies for pathogen reduction. The guide mentioned above focuses on
reduction of microbial hazards, risk reduction instead of risk elimination, provision of sci-
entifically based principles for controlling microbiological hazards, and constant updating
or modification of the guidelines as new scientific information is available on detecting and
reducing the microbial hazard in foods.

Control at the Packing Plant

In comparison with contamination occurring in the field (preharvest), the mechanisms for
bacterial contamination occurring at the packing plant (postharvest) present slight differ-
ences. Human contamination gains greater importance as a source of pathogens posthar-
vest. Equipment may be poorly sanitized, if at all, and the type of pests that may be in con-
tact with the plant environment may be different from field fauna. The packing plant has
been identified as the place where the product is at the highest risk of contamination, main-
ly because of the failure to apply good manufacturing practices and the common practice of
dumping the product in a wash tank, where the contamination, if present in a few product
units, is spread over all the lot. In a sampling of cantaloupe farms in Mexico, Salmonella or
E. coli could not be detected in melons before or immediately after being harvested; howev-
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er, as much as 52% of the cantaloupes were contaminated with E. coli contamination after
being washed. E. coli was also found on the hands of the packing personnel, but on none of
the field workers tested (Ponce de León et al. 2000, Mercado-Uribe 2002). Because E. coli
is one of the organisms most commonly used as an index of fecal contamination, these
results suggest that fecal contamination seems to occur more frequently during postharvest
operations than during preharvest operations.

Pathogen Interventions

Several methods have been proposed for decontaminating fresh and fresh-cut fruits and
vegetables. Most of these treatments are designed to reduce bacterial pathogens on the sur-
face of the food product and are applied either by dipping or spraying an antimicrobial com-
pound. Beuchat (1998) described a list of treatments recommended for postharvest disin-
fection of horticultural products. Treatments include chlorine, bromide, iodine, trisodium
phosphate, quaternary ammonium compounds, acids, hydrogen peroxide, ozone, and ion-
izing irradiation. To avoid duplicating information that has been previously published, this
chapter will focus on comparing the advantages and disadvantages of chlorine (by far the
most common sanitizer used for fruit and vegetable disinfection) to other methods studied
recently.

Chlorine

Chlorine is widely used for surface disinfection of fresh fruits and vegetables (Beuchat and
Ryu 1997), usually by using chlorine gas or either sodium or calcium hypochlorite. Chlo-
rine is also used for sanitizing contact surfaces in the food industry. The antibacterial activi-
ty of chlorine depends on the amount of free or available hypochlorous acid (HOCl) that is
formed through a series of reactions between chlorine and the water. HOCl dissociation
depends on the pH and the temperature of the water. In addition, organic matter, light, and
metals interfere with the stability of chlorine and HOCl and therefore with the efficacy of
chlorine as a sanitizer. The concentrations commonly used by the industry for surface disin-
fection of fruits and vegetables range between 50 and 200 mg/L, with a contact time of 1–2
minutes (Beuchat 1998). Although the greatest solubility of chlorine is reached at tempera-
tures close to 4°C, adjusting the temperature of the solution 10°C higher than the tempera-
ture of the food product may create a positive pressure differential in the product. This min-
imizes the diffusion of wash water into the product tissues, which otherwise could affect the
quality and shelf-life of the product (Bartz and Showalter 1981, Zhuang et al. 1995).

Contact of chlorine with open wounds, crevices, or other tissues of the fruits and vegeta-
bles may result in a decrease of the effectiveness of this compound at reducing pathogens in
produce by exposure to increased amounts of organic matter, which consumes chlorine by
being oxidized (Seo and Frank 1999, Takeuchi and Frank 2000). If the product was contam-
inated before harvest, the waxy cuticle present in many fruits and vegetables may be cover-
ing the pathogens, thus protecting the microorganisms from contact with the chlorine solu-
tion as well as any other sanitizer that may be used.

Surfactants such as ethanol or certain detergents reduce the hydrophobicity of the sur-
face of fruits and vegetables. This enhances the contact of the sanitizer with the product sur-
face, thereby increasing bacterial reduction, but at the same time, the quality of the product
is sometimes affected during this process (Adams et al. 1989, Zhang and Farber 1996).



48 Chapter 4

Use of chlorine to wash broccoli resulted in a reduction of total aerobic counts and col-
iform bacteria of 1 log cycle (Albrecht et al. 1995). In contrast, Wei et al. (1995) did not find
a great reduction of Salmonella serovar Montevideo inoculated on the surface of tomatoes
after washing with 100 mg/L chlorine for 0.5, 1, and 2 minutes. In fact, these authors report-
ed that S. Montevideo survived for 20 hours on the tomato skin. This organism was able to
grow in wounds of the whole fruits and in tomato slices, but decreased on the intact surface.
These results underscore the great sensitivity of chlorine to inactivation by organic matter,
making the concentration of the free chlorine a key factor in adjusting a chlorine treatment
for pathogen reduction in fruits and vegetables.

Chlorine in the form of chlorine dioxide (ClO2) has also been used to disinfect fruits and
vegetables. Mason and Hicks (1985) reported that ClO2 may be a good preservative for
transport of packed fruits and vegetables. Reina et al. (1995) reported that total bacteria
counts and Enterobacteriaceae were reduced in cucumbers by 2 and 6 logs, respectively, by
washing the cucumbers with a solution containing 1.3 mg/L ClO2. The authors did not
observe any bacterial reduction after decreasing the ClO2 concentration to 0.95 mg/L,
whereas increasing the concentration to 2.8 or 5.1 mg/L was deleterious to product quality.

Organic Acids

Although widely used for decontamination of meat carcasses (Castillo et al. 2002), organic
acids have not been commonly used for reducing bacterial pathogens on fruits and vegeta-
bles. The antimicrobial properties of organic acids are well documented (Baird-Parker
1980). The antimicrobial effect of organic acids increases with the temperature (Sorrells et
al. 1989, Conner et al. 1990). Therefore, temperature adjustment is critical for achieving
reduction of microorganisms with high acid tolerance, such as E. coli O157:H7.

Delaquis et al. (1999) tested the effectiveness of gaseous acetic acid for disinfecting bean
seed inoculated with Salmonella Typhimurium, E. coli O157:H7 or L. monocytogenes
(3.0–5.0 log CFU/g). After treating with 242 �L of acetic acid per liter of air for 12 hours at
45°C, S. Typhimurium or E. coli O157:H7 were not detected on the seed, and L. monocyto-
genes was recovered on two out of 10 samples. Fumigation with acetic acid was also lethal
to natural microbiota on the bean seed, although no significant reduction in the sprouting
rate or any physical damage was observed.

Richards et al. (1995) tested p-aminobenzoic acid (PABA) versus other organic acids
against L. monocytogenes, S. Enteritidis, and E. coli. In their study, PABA showed greater
antimicrobial activity than formic, propionic, citric, acetic, or lactic acids. PABA was also
capable of reducing these pathogens at pH values higher than the values at which the other
acids showed any bacterial reduction.

The use of organic acids creates concerns among packers about the potential presence of
acid-adapted organisms. Ryu et al. (1999) compared different acids for their antimicrobial
activity against acid-adapted and non-adapted E. coli O157:H7. They did observe that acid-
adapted cells were able to survive and even grow in the presence of lactic (pH 3.9) or acetic
(pH 4.2) acids. However, the acid resistance can be overcome by combining other factors
such as the application of the acid at 55°C (Castillo et al. 2002).

Other Treatments

Several alternative treatments have been studied for reducing bacterial pathogens in fruits
and vegetables. Lin et al. (2000a) studied the antimicrobial effect of allyl isothiocyanate
(AITC) and methyl isothiocyanate against S. Montevideo, E. coli O157:H7, and L. monocy-
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togenes in lettuce. Treatment of lettuce and tomatoes with AITC reduced the pathogens by
2–8 logs, depending on the concentration, time of contact, and product characteristics.
These authors found that AITC was more effective against S. Montevideo and E. coli
O157:H7 than against L. monocytogenes, whereas methyl isothiocyanate was more effec-
tive against L. monocytogenes than against the two Gram-negative organisms. Apparently,
AITC antimicrobial activity is based on damage to the cell membrane, which is more exten-
sive on Gram-negative compared with Gram-positive bacteria (Lin et al. 2000b). In another
study, Ogawa et al. (2000) combined AITC (10–80 �g/mL) with hydrostatic pressure
(200–250 Mpa) to enhance the reduction of E. coli O157 in Asazuke, a low-salt vegetable.

Hot-water washes also have been studied and recommended for reducing pathogens on
fruits and vegetables. The key factor is to use a treatment that will increase the temperature
at the product surface above 75°C. E. coli O157:H7 populations were reduced by 5 logs on
apples by immersing in water at 80° or 95°C without significantly increasing the tempera-
ture in the interior of the fruit (Fleischman et al. 2001). Pao and Davis (1999) obtained a 5-log
reduction in E. coli inoculated on the surface of oranges by immersing in water at 80°C for
only 30 seconds. On the stem scar area, where microorganisms seem to be more difficult to
reach, a 5-log reduction was achieved after immersion for 2 minutes in water at 80°C.

Hot-water treatments may be useful for reducing pathogens on products that have a stem
scar or crevices where the pathogens may be confined and cannot be reached by a chemical
sanitizer. Some superficial damage may occur on the product after hot-water treatment.
Therefore, this treatment may be more appropriate for fruits or vegetables destined for fur-
ther processing such as juice extraction or cutting, and not for cases where product quality is
important, such as fresh or fresh-cut fruits and vegetables.

Other treatments may include electrolyzed acid water washes; immersion in ozonated
water (Koseki et al. 2001); alkaline solutions such as sodium hydroxide, sodium bicarbon-
ate, or trisodium phosphate (Zhuang and Beuchat 1996, Pao et al. 2000); different deter-
gents and alcohols (Pao et al. 2000); ethanol (Martínez-Gonzalez 2003); pulsed electricity
(Iu and Griffiths 2001); and even natural treatments such as garlic juice (Unal et al. 2001) or
inoculation with lactic acid bacteria (Vescovo et al. 1996). All these treatments have been
effective at reducing pathogens on the surface of produce by 1–5 logs. However, in-plant
validations sometimes have indicated that surface treatments may not achieve bacterial
reductions greater than 1 or 2 logs (Alvarado-Casillas et al. 2000). A combination of treat-
ments may enhance the individual effect of different antimicrobials and should be further
studied (Jordan et al. 1999).

Current Research on Pathogen Interventions

Reports on side-by-side comparison of different sanitizers are necessary to decide which
sanitizers could be recommended to the produce industry for decontaminating fruits and
vegetables at the packing level. Research conducted in our laboratory includes projects on
the comparison of inexpensive treatments that would be attractive for packers. One of these
projects included the comparison of water wash alone and combinations of water wash with
waxing, disinfection with calcium hydroxide, hypochlorite, or lactic acid for reducing bac-
terial pathogens on cantaloupes (Alvarado-Casillas et al. 2000). These sanitizers were
applied by immersion or spraying. In this study, we found a treatment consisting of spraying
the product for 15 seconds with 2% L-lactic acid at 55°C to reduce populations of Salmonel-
la enterica serovar Typhimurium and Escherichia coli O157:H7 by 3 and 2 logs, respective-
ly. This treatment did not affect the sensorial characteristics or the shelf life of the product.



50 Chapter 4

Spraying with, or submerging in, a solution of 200 ppm sodium hypochlorite resulted in a
1.9 log reduction of S. Typhimurium and only 0.2–0.5 log reduction for E. coli O157:H7.
Bacterial reductions obtained by waxing or applying calcium hydroxide were no greater
than those obtained by water wash alone. These comparisons are shown in Figure 4.1.

Martínez-Gonzales (2003) evaluated the effectiveness of a water wash and of water wash
followed by hot water, 70% ethanol, 200 ppm hypochlorite, or 2% hot (55°C) L-lactic acid
treatments to reduce S. Typhimurium, E. coli O157:H7 and L. monocytogenes inoculated on
the surface of oranges. The water wash alone reduced these three pathogens by 0.9, 1.4, and
0.6 logs, respectively. When the water wash was followed by a sanitizing treatment, hot
water and lactic acid showed the greatest reductions. However, the lactic acid treatment
would need to be adjusted in a processing facility, as great variations were observed
between lactic acid concentrations (2% vs. 4%), method of application (spray vs. immer-
sion), and time of contact (1, 2, and 4 minutes by immersion and 15, 30, and 45 seconds by
spraying).

From these two studies on comparison of methods it appears that L-lactic acid sprays
may be a good alternative for fruit and vegetable disinfection. More work is needed to deter-
mine the type of products where this agent, as well as others, can be effectively applied.

Pathogen Internalization

Microorganisms can diffuse into the product through the water, especially during uncon-
trolled wash treatments, or through environmental contamination (FDA/CFSAN 1999).
Physical damage and type of product can also promote bacterial internalization in the prod-
uct. Microorganisms can become internalized by fruits and vegetables via different mecha-
nisms. The physical structure of the product is an important factor. Bacteria can be localized
in the stomata, the stem-scar, or the calyx areas of different fruits or vegetables (Annous et

Figure 4.1 Reduction (log/cm2) by treatment of S. Typhimurium and E. coli O157:H7 inoculated
onto the surface of fresh cantaloupes.
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al. 2001, Guo et al. 2002, Solomon et al. 2002). Product injury due to insect wounds, hail
damage, handling, etc., can promote bacterial diffusion (FDA/CFSAN 1999).

According to some studies, product washing before packing may contribute to the inter-
nal contamination of fruits and vegetables (Bartz and Showalter 1981, Janisiewicz et al.
1999, Merker et al. 1999). Washing with water at high pressure does not produce visible
damage to the product; however, if the product has been bruised during harvesting, microor-
ganisms can gain contact with the endocarp via different mechanisms. Product damage can
provide a place for increased bacterial growth, which then can be released during washing.
By this mechanism clean wash water can become contaminated, and then the microorgan-
isms can spread to non-damaged product. If the contamination is limited to a small number
of product units, dip washing can spread the contamination over the entire lot and even to
later lots if the water is not changed between batches. Nonbruised product can also experi-
ence microbial internalization if the wash water is contaminated (Buchanan et al. 1999,
FDA/CFSAN 1999, Merker et al. 1999).

The transmission of E. coli O157:H7 to apples by fruit flies was studied by Janisiewicz et
al. (1999). The authors inoculated fruit flies with E. coli O157:H7 as well as with a surro-
gate E. coli–producing green fluorescent protein and freed them in the presence of wounded
apples. All apples were contaminated with E. coli after 48 hours of storage. E. coli O157:H7
was able to grow by 3 logs inside the wounded apples in 48 hours of storage at 24°C. The
non-inoculated fruit flies were allowed to come in contact with wounded, inoculated, and
non-inoculated apples. E. coli was detected in the wounds of previously non-contaminated
apples exposed to contaminated apples and non-inoculated fruit flies, indicating that E. coli
could be transferred between apples by flies (Janisiewicz et al. 1999).

Current Research on Pathogen Internalization

If bacterial internalization of produce occurs, then sanitizing solutions can also penetrate
the product, and depending on the sanitizing solutions’ sensitivity to organic matter, the
sanitizers may remain active inside products. This hypothesis was tested by Ibarra-Sánchez
(2002), who studied the effect of product disinfection on populations of S. Typhimurium
and E. coli O157:H7 internalized in tomatoes. The treatments compared were a water wash
or water wash followed by lactic acid spray or a hypochlorite (200 ppm) spray. All treat-
ments were applied at 5° and 55°C. Figure 4.2 shows the recovery of internalized pathogens
from tomatoes. Water wash alone or chlorine spray did not significantly affect the internal
bacterial populations of the tomatoes, whereas L-lactic acid spray reduced both pathogens
to undetectable levels or, in one instance, to a level very close to the detection limit of the
counting method. In this case it was hypothesized that, even though the hypochlorite solu-
tion probably penetrates the internal regions of the product, the organic matter inside the
tomatoes might inactivate the free chlorine. In contrast, lactic acid is not as sensitive to inac-
tivation by organic matter; thus, it remains active inside the product.

Pathogen Control after Minimal Processing

Minimal processing includes washing, trimming, shredding, peeling, cutting, packaging,
and in general any treatment that does not modify the major structure of the food product.
Fresh-cut produce is an example of a minimally processed food, and it is partially prepared
so that no additional preparation is necessary for its use (Watada and Qi 1999). Because
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Figure 4.2 Detection of internalized pathogens in tomatoes after rinsing with different sanitiz-
ers. Bars with same letter are not significantly different (P � 0.05).

these products often involve tissue breakage resulting from cutting or peeling, fresh-cut
products are highly perishable. Nutrients and water are readily available, and therefore
these products need to be refrigerated. If present, pathogens can contaminate the product
from the surface of the raw commodity, as has occurred in different outbreaks (Beuchat
1996). In some outbreaks, poor storage might have played a role in permitting pathogen
multiplication.

Because fresh-cut produce is ready to use, the application of sanitizers is not always fea-
sible, as the sanitizer might affect the color, odor, or taste of the product. Consumers usually
rely on the level of food safety training among food handlers to follow good manufacturing
practices during preparing the food product. Some sanitizers have been tested for effective-
ness at reducing pathogens in fresh-cut produce. Zhang and Farber (1996) compared six
different sanitizers for reducing L. monocytogenes on fresh-cut lettuce and cabbage.
According to their results, chlorine compounds reduced the microorganism by 0.4–1.7
logs, depending on the food commodity as well as the concentration and temperature of the
sanitizer applied. Lactic or acetic acid produced only a 0.2–0.5 log reduction at their high-
est concentration (1%) and longest time of contact (10 minutes), whereas trisodium phos-
phate had almost no effect on the Listeria populations, and Salmide (Bioxy Incorporated,
Raleigh, NC), a chlorite-based halogenated disinfectant, led to maximum reductions of
0.6–1.8 logs.

Fresh-cut produce, especially greens that are not flavor sensitive, are usually treated with
chlorine before cutting for safety and quality purposes; sometimes a final wash is applied
after cutting to eliminate any chlorine residues. This final wash may change the flavor in the
product, therefore affecting product quality (Guerzoni et al. 1996).

Other common practices with fresh produce involve adding acids that will enhance fla-
vor. Some consumers add lime or lemon juice to the product before consumption. However,
this must only be seen as a practice to enhance flavor, as research shows that lime juice did
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not completely eliminate the risk of infection through consumption of contaminated fruit
(Escartín et al. 1989, Castillo and Escartín 1994).

Irradiation of Fresh-Cut Produce

There have been many articles published on irradiation of fruits and vegetables. However,
most of these reports deal with disinfestation and quality issues, and few reports address
food safety. Nevertheless, ionizing irradiation of fresh-cut fruits and vegetables seems to be
a promising technology for microbial safety and quality (see Chapter 28). Irradiation seems
to significantly reduce organisms that can grow on the product so that numbers do not
increase over time, thereby enhancing product quality and perhaps increasing shelf life by
reducing the amount of spoilage organisms (Nguyen-the and Carlin 1994). For example,
Hagenmaier and Baker (1998) reported a reduction of 1.8 logs in total plate counts from
shredded carrots stored for 2 days after irradiation with 0.5 kGy in comparison to non-
irradiated carrots. This reduction remained stable even 9 days after irradiating. In another
study, aerobic plate counts (APCs) from carrots irradiated with 1 kGy from a � source were
reduced by up to 3.5 logs after 1 day of storage; however, after 7 days the APCs were the
same on both irradiated and non-irradiated carrots (Zagory 1999).

Current Research on Irradiation of Fresh-Cut Produce

The quality of different irradiated fresh-cut produce products after electron beam irradia-
tion is under study in our laboratory to determine the effect on bacterial counts and sensory
characteristics. In fresh-cut cantaloupes, electron beam irradiation at 0.7 kGy reduced the
aerobic plate count by 2 logs in comparison with non-irradiated cantaloupe, and this differ-
ence remained after 9 days of storage at 4°C. After 13 days, the APCs were the same in irra-
diated and non-irradiated cantaloupe. When a chlorine wash of 200 mg/L (ppm) was
applied to the cantaloupes before cutting, and the cantaloupes were then irradiated at 0.7
kGy, the APCs were reduced by 3.3 logs, and the counts remained significantly lower than
those in the control during 15 days of storage. Increasing the dose to 1.4 kGy had a remark-
able effect on bacterial counts, with reductions of 5–6 logs, which remained low even after
21 days of storage. Combining irradiation at 1.4 kGy with a pre-cut chlorine wash increased
the log reduction by three more log cycles and did not significantly increase over 21 days of
storage at 4°C. In our study, objective color and firmness values were not affected by any of
the treatments applied, in contrast to the study referred by Zagory (1999). These results sug-
gest that the microbiological and sensory quality of fresh-cut cantaloupe can be enhanced
by low-dose electron beam irradiation and that applying effective sanitizing rinses such as a
chlorine wash to whole melons may enhance the bactericidal effect of electron beam irradi-
ation. These treatments may also reduce any bacterial pathogens present, and the safety of
fresh-cut produce may be enhanced by low-dose irradiation.

Conclusions

Pathogen interventions have shown some reduction of bacterial pathogens on fresh and
fresh-cut produce, some with less effect than others. In addition, the effectiveness of these
interventions may be product dependant, as there are so many differences among commodi-
ties. More research is therefore needed to identify specific decontamination methods that
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are effective, as well as the type of products for which these interventions are applicable.
After these treatments are designed, the implementation of HACCP plans may become a
reality.
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5 Campylobacter Species and Fresh Produce:
Outbreaks, Incidence, and Biology

Robert E. Mandrell and Maria T. Brandl

Introduction

Many consumers in the United States and other developed countries have an increasing
desire to eat fresh produce for the enhanced taste and healthful qualities it provides. 
Nevertheless, fresh produce and produce dishes have been implicated in 293 outbreaks
and approximately 18,000 reported cases of illness in the United States since 1990 (Cen-
ter for Science in the Public Interest 2002). Major recent outbreaks related to produce
have been associated with Salmonella enterica or Escherichia coli O157:H7; sprouts,
cantaloupe, lettuce, tomatoes, and cilantro have been implicated (Centers for Disease
Control 2000).

Thermophilic Campylobacter species, C. coli, C. lari, and C. jejuni, cause more cases of
human gastrointestinal illness in the United States, the United Kingdom, and other western
countries than any other bacteria (World Health Organization 1998, Frost et al. 2002); over
90% of the cases are caused by C. jejuni (Friedman et al. 2000). However, in these and other
countries that monitor for the etiology of diarrheal illnesses as part of public health surveil-
lance systems, foodborne outbreaks caused by Campylobacter species have been reported
infrequently compared to outbreaks caused by other enteric bacteria such as S. enterica or
pathogenic E. coli (Centers for Disease Control 2000). The fact that most cases of Campy-
lobacter infection appear to occur as sporadic illnesses emphasizes why point sources of
contamination associated with sporadic illnesses usually are not pursued or identified
(Friedman et al. 2000).

Campylobacter species are highly prevalent on both preharvest and postharvest chick-
ens (Jacobs-Reitsma 2000, Stern et al. 2001). Poultry and poultry products are considered
to be a major potential source for Campylobacter illness (Altekruse et al. 1999) and have
been associated with Campylobacter outbreaks (Istre et al. 1984, Allerberger et al. 2003).
Campylobacter species can also be prevalent in other animals such as cattle, swine, sheep
(Stanley et al. 1998), horses, rabbits, domestic pets, rodents, and wild birds (Jacobs-
Reitsma 2000).

Outbreaks of Campylobacter illness resulting from contaminated fruits, vegetables, or
other produce-related products have been reported, but they occur infrequently compared
with those associated with other enteric pathogens (Beuchat 1996, Jacobs-Reitsma 2000).
In this review, we have summarized data from reported outbreaks and incidence studies
related to Campylobacter species and produce. In addition, data from our laboratory on the
fitness of C. jejuni in the plant environment are presented and discussed.
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Table 5.1 Selected outbreaks of Campylobacter and selected produce-related and waterborne
outbreaks in the United States and other countries, 1990 to 2001.

Number of Total number of
Source outbreaksa cases Country

Seafood 5 123 United States
Poultry 8 69 United States
Miscellaneous, known 9 357 United States
Meat (beef, pork, other) 10 111 United States
Waterb 12 5,161 Multiple
Producec 18 961 Multiple
Dairy products 16 286 United States
Unknownd 43 646 United States

(a) Data were obtained from listings of U.S. outbreaks at the Centers for Disease Control (2000) and the Center for
Science in the Public Interest (2002).

(b) Data summarized from Koenraad et al. 1997, Population and Public Health Branch 2000, and Lee et al. 2002;
outbreaks occurred in the United States, Canada, New Zealand, Finland, and Norway.

(c) Data summarized from Centers for Disease Control Line Listings of outbreaks with a produce-related product
as source (Centers for Disease Control 2000) and from Kirk et al. 1997, Wight et al. 1997, Frost et al. 2002, and
Long et al. 2002; outbreaks occurred in the United States, Australia, United Kingdom, and France.

(d) Data summarized from Centers for Disease Control Line Listings of outbreaks with Campylobacter either
identified or suspected as the causative agent (Centers for Disease Control 2000).

Outbreaks of Campylobacter Illness Associated with Food

Table 5.1 lists outbreaks of Campylobacter species-associated illness occurring in the Unit-
ed States between 1990 and 1999, selected outbreaks of Campylobacter illness related to
water, and selected produce-related outbreaks of Campylobacter illness. The source of the
outbreaks in some cases has been difficult to identify and, therefore, may not be the actual
source for some outbreaks; nevertheless, these data provide a framework of information for
discussion of comparative aspects related to Campylobacter species and produce.

The numbers of outbreaks and cases reported between 1990 and 1999 in the United
States plus selected produce and waterborne outbreaks in other countries for dairy, produce,
water, meat, poultry, and seafood as source categories were 16 outbreaks (totaling 286
cases), 18 outbreaks (totaling 961 cases), 12 outbreaks (totaling 5,161 cases), 10 out-
breaks (totaling 111 cases), 8 outbreaks (totaling 69 cases), and 5 outbreaks (totaling 123
cases), respectively. Nine additional outbreaks causing at least 350 illnesses involving mis-
cellaneous or mixed food sources were reported. A review of the epidemiology of out-
breaks involving Campylobacter in water-related environments indicates that 12 major out-
breaks have been reported (Table 5.1; Koenraad et al. 1997, Lee et al. 2002). These
outbreaks reflect the ability of Campylobacter species to survive in aqueous environments,
possibly even in a viable, but nonculturable, state that could be important in the cycling of
Campylobacter species in the environment (Rollins and Colwell 1986). Campylobacter
species survival in water could have implications for the potential contamination of crops
with Campylobacter species by irrigation water.

Campylobacter species have been the most frequent bacterial cause of gastrointestinal
illness in England and Wales since 1981 (Frost et al. 2002). However, they accounted for
only 2.1% of the total number of outbreaks between 1995 and 1999 with an identified etio-
logic agent (50 of 2,374 total), a difference consistent with observations in the United States
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and other countries, indicating that Campylobacter species cause more cases of sporadic ill-
ness than do other food pathogens. In a recent survey in England and Wales between 1992
and 2000, five of 83 (6.0%) outbreaks of “infectious intestinal disease” associated with pro-
duce in England and Wales were caused by Campylobacter (Long et al. 2002). Most of the
83 outbreaks documented were associated with Salmonella (41%) or Norwalk-like virus
(15.7%).

It is noteworthy that, with the exception of water-related outbreaks, produce is associat-
ed with more cases of Campylobacter illness (961 cases) than any other food source and is
second only to “unknown” sources in the total number of outbreaks in the United States
(Table 5.1). Specific produce-related outbreaks caused by Campylobacter species are
shown in Table 5.2. However, it is probable that produce was not the original source of
Campylobacter contamination for most of these outbreaks; the food source listed for 12 of
18 outbreaks reported in Table 5.2 suggests that multiple ingredients may have been includ-
ed in the food source. Although it cannot be determined from the outbreak data, a possible
explanation for the relatively high number of outbreaks and cases associated with produce
is that produce became cross-contaminated by another contaminated food during prepara-
tion (e.g., raw poultry or other meat; Acuff et al. 1986, De Boer and Hahné 1990). Such a
scenario could result in sporadic illnesses caused by Campylobacter-contaminated produce
without the food source being identified. This is in contrast to the identification of the food
source and etiology occurring during an intensive traceback investigation during an out-
break. Therefore, an important area for consideration and study in determining the compar-
ative risks associated with Campylobacter species is their overall fitness for survival and
growth in preharvest environments and environmental conditions related to both pre- and
postharvest produce (Mandrell et al. 2002).

For most produce-related outbreaks, few epidemiological details are available. Informa-
tion is often difficult to obtain because of the perishable nature of the commodity, multiple
points where contamination could occur (pre- and postharvest), multiple types of produce
in servings or meals, and presence of other contaminated food during food preparation.
However, even when the etiology of a produce outbreak is clear, the predominant hypothe-
sis for Campylobacter contamination of produce is through cross-contamination by
Campylobacter on poultry or meat (De Boer and Hahné 1990, Centers for Disease Control
1998) or from food-preparers. Consistent with this hypothesis, a study by Castillo and
Escartín (1994) demonstrated that C. jejuni survived for 6 hours after inoculation onto
sliced watermelon and papaya incubated at 25–29°C, indicating that C. jejuni can survive
on these tissues for a period of time sufficient to pose a risk to the consumer if cross-
contamination occurs. The potential for cross-contamination of raw produce by the food
preparer is implied by a study reporting that C. jejuni on plates exposed to raw chicken
products could be transferred to five of 54 (9%) samples of raw vegetables placed on the
exposed plates (De Boer and Hahné 1990). C. jejuni was isolated also from 42 of 58 (72%)
hands that had held raw chicken products (De Boer and Hahné 1990).

It should be emphasized that it is not possible to attribute any of the outbreaks noted in
Table 5.2 to preharvest contamination of produce. The lack of any studies reporting the
incidence of Campylobacter on field produce (i.e., preharvest) and the limited number of
studies reporting the incidence of Campylobacter on postharvest produce obtained at mar-
kets (see next section) make it difficult to assess the potential risk of preharvest Campy-
lobacter contamination of produce to public health. Multi-state outbreaks related to a pro-
duce product could indicate major contamination of crops in the field, during transport, or
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Table 5.2 Produce-related outbreaks of Campylobacter in the United States and selected produce
outbreaks in other countries, 1990 to 2001.

Number
Produce source Species of cases Countrya Date Referencesb

Melon or strawberries jejuni 48 United States, September CDC, CSPI
Minn. 1993

Lettuce jejuni 5 United States, June CDC, CSPI
Wash. 1995

Lettuce/lasagna jejuni 14 United States, August CDC, CSPI
Okla. 1996

Lettuce jejuni 300 United States, June CDC, CSPI
Minn. 1998

Sweet potatoes NDc 17 United States, August CDC, CSPI
Conn. 1997

Dish, fruit salad jejuni 62 United States, August CDC, CSPI
Minn. 1994

Dish, salad jejuni 10 United States, June CDC, CSPI
Wash. 1994

Dish, salad jejuni 5 United States, July CDC, CSPI
Wash. 1994

Dish, salad jejuni 152 United States, June CDC, CSPI
Minn. 1998

Dish, saladd jejuni 70 United States, June CDC, CSPI
N.Y. 1996

Cucumber ND 78 Australia October Kirk et al.
1995 1997

Produce, salad/vegetablese/ jejuni 8 England/ December Frost et al.
meat fajitas Wales 1993 2002, Long

et al. 2002f

Produce, lettuce/tomato jejuni 16 England/ April Frost et al.
Wales 1996 2002, Long

et al. 2002f

Produce, salad vegetablese/ jejuni 61 England/ April Frost et al.
prawn/curred meat Wales 1996 2002, Long

et al. 2002f

Produce, jejuni 30 England/ April Frost et al.
lettuce/mayonnaise/garlic Wales 1996 2002, Long

et al. 2002f

Produce, lettuce jejuni 18 England/ April Frost et al.
Wales 1996 2002, Long

et al. 2002f

Produce, orange juice/pasta jejuni 30 England/ April Frost et al.
salad Wales 1996 2002, Long

et al. 2002f

Produce, Lettuceg jejuni 37 France November Wight et al.
1995 1997

(a) For U.S. outbreaks, the state is noted also.
(b) CDC, see Centers for Disease Control 2000; CSPI, see Center for Science in the Public Interest 2002.
(c) ND, not determined.
(d) Suspected source.
(e) Salad composed of vegetables plus meat or seafood; the original contaminated food item was not determined.
(f) S. Meakins, 2003, personal communication. Outbreaks of Camplylobacter illness in the United Kingdom asso-

ciated with salad/vegetables/fruit.
(g) Both Campylobacter and Escherichia coli O111 were associated with this outbreak.
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at a processing or distribution facility. Multi-state outbreaks of campylobacteriosis have
been few or nonexistent regardless of the food source (Friedman et al. 2000).

Incidence of Campylobacter Species in Fresh Produce or Produce-
Related Foods

Few studies have reported the incidence of Campylobacter species in fresh produce prod-
ucts. A summary of the results of 18 different studies, published between 1982 and 2003, of
produce-related products for which isolation of Campylobacter was achieved or attempted
is presented in Table 5.3. The cumulative data from these studies and the produce-associated
outbreak source data (Table 5.1) are useful for assessing the potential risks associated with
Campylobacter in produce relative to other foodborne pathogens.

Matsusaki and coworkers may have provided the first published report of the incidence
of Campylobacter in produce products (Matsusaki et al. 1982). A total of 345 different
foods obtained from markets, including 24 samples of vegetables, were tested for C. coli

Table 5.3 Studies of the incidence of Campylobacter in produce or produce-related food.

Samples
positive/total

Source Speciesa samples References

Vegetables, retail, 24 types Cc, Cj 0/NRb Matsusaki et al. 1982
Mushrooms, retail Cj 3/200 Doyle and Schoeni 1986
Vegetables, outdoor markets, and TC 9/1,564c Park and Sanders 1992

supermarkets
Salad TC 0/20 Karib and Seeger 1994
Preserved fruits, chutney, punch TC 0/NR Adesiyun 1995

drinks
Vegetables, unprocessed ND 0/65 Odumeru et al. 1997
Vegetables, freshcut ND 0/296 Odumeru et al. 1997
Mixed salad vegetables, MAPd ND 20/90 Phillips 1998
Salads TC 0/12 Mosupye and von Holy 1999
Vegetables, RTEe Cj 2/150f Federighi et al. 1999
Cut tomato and onion Cj 0/NR Mosupye and von Holy 2000
Cereals, nuts, dried fruits, herbs, ND 0/NR Candlish et al. 2001

spices
Vegetables, organic ND 0/NR McMahon and Wilson 2001
Vegetables Cj 2/56g Kumar et al. 2001
Vegetables, organic, multiple ND 0/2,883 Sagoo et al. 2001

countries, RTE
Vegetables, RTE ND 0/NR Moore et al. 2002
Fresh produce, retail ND 0/127 Thunberg et al. 2002
Vegetables, RTE ND 0/3,827 Sagoo et al. 2003

(a) Cc, C. coli; Cj, C. jejuni; TC, thermophilic Campylobacters; ND, Campylobacter species not determined.
(b) NR, not reported.
(c) Nine positives identified in samples of spinach, lettuce, radish, green onion, parsley, and potatoes.
(d) MAP, modified atmosphere packaged.
(e) RTE, ready-to-eat.
(f) Grated vegetables; carrots and coleslaw were positive.
(g) One sample each of spinach and fenugreek were positive.
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and C. jejuni. Campylobacter strains were isolated from 14 of 34 chicken meat samples
(41.2%) but not from any vegetable samples or other foods (e.g., beef, pork, frozen food,
shellfish, and milk). The first published report of the isolation of Campylobacter from a
“produce-related” product may be of the isolation of C. jejuni from fresh mushrooms
(Doyle and Schoeni 1986). C. jejuni was isolated from three of 200 retail fresh mushroom
samples (1.5%; Table 5.3). Even though mushrooms are not plants, but fungi, there are sim-
ilarities between mushroom and vegetable production and processing practices.

Only five of the 18 incidence studies listed in Table 5.3 reported any Campylobacter
species isolated from produce samples. In one of the most extensive and complete studies,
Park and Sanders (1992) tested for the incidence of thermotolerant Campylobacter in 1,564
fresh produce samples obtained from farmers’ outdoor markets (533 samples) and super-
markets (1,031 samples) in Ottawa, Canada. Of 10 different vegetables tested, Campy-
lobacter species were isolated from two of 60, two of 67, two of 74, one of 40, one of 42, and
one of 63 samples of spinach, lettuce, radish (with leaves), green onion, parsley, and pota-
toes, respectively (total incidence 1.7%). All of the positive samples originated from farm-
ers’ markets during the summer months. In contrast, summer and winter samples obtained
from the supermarkets (1,031 samples) all were negative for Campylobacter species. In
addition, all of the Campylobacter strains isolated from processed vegetable samples were
obtained only after enrichment culture methods; Campylobacter were not isolated from any
sample by direct plating. These results suggest that the culture methods are critical for accu-
rate testing of the incidence of Campylobacter species in produce samples (discussed fur-
ther later). Multiple species of Campylobacter were confirmed to be present in spinach 
(C. jejuni, C. lari, and C. coli), parsley (C. jejuni and C. lari), and radish samples. The pres-
ence of multiple species and strains of Campylobacter with different fitness levels in selec-
tive isolation media emphasizes the difficulty in obtaining accurate information for epi-
demiologic investigations of outbreaks. It also shows the need for developing methods for
identifying more of the strains of the suspect species that may be present in a sample at a
broad range of concentrations.

Campylobacter have also been isolated from modified atmosphere packaged (MAP)
mixed salad vegetables (Phillips 1998). Samples purchased from two large food chain super-
markets in the United Kingdom were tested either on the “date of purchase” (�2 hours at
4°C) or were stored at 4°C and tested on the “use-by date.” Campylobacter were isolated
from 12 of 36 and 8 of 54 of the date-of-purchase and use-by-date samples, respectively. The
difference in isolation rate from the two types of samples was significant, but the number of
colony-forming units isolated from the use by date samples was not significantly different
from the date of purchase samples. Nevertheless, the average rate of isolation of Campy-
lobacter from MAP salad vegetables (22.2%) is much higher than that reported for any other
study of produce or produce-related products. It is possible that the modified atmosphere
used for packaging the salad vegetables (5%–8% CO2:2%–5% O2:87%–93% N2) enhanced
the survival of Campylobacter in these samples (Phillips 1998). The effect of MAP on the
growth of different Campylobacter species is an important area for future studies.

In a study of 400 samples of ready-to-eat vegetable samples collected over a 2-year peri-
od in the Nantes region of France, two of 150 and zero of 250 grated ready-to-eat vegetables
and salad samples, respectively, were positive for C. jejuni (Federighi et al. 1999). Differ-
ences were noted in the efficiency of isolation of Campylobacter on two different selection
and three different plating media from all food samples tested, again indicating the impor-
tance of the media and culture methods for accurate estimates of Campylobacter incidence.
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Finally, a recent study on the incidence of Campylobacter in produce reported that two
of 56 vegetable samples collected in a local market in Northern India were positive: one of
nine spinach and one of nine fenugreek samples (Table 5.3). Campylobacter strains were
not isolated from cauliflower, cabbage, coriander, radish, or carrot samples in this study.
The remainder of the incidence studies listed in Table 5.3 failed to isolate Campylobacter
from a wide range of produce types and other plant-related foods.

It is worth noting that in the most recent Campylobacter-negative study, five strains of 
S. enterica were isolated from five of the 3,843 ready-to-eat salad vegetable samples tested.
More important, however, was the fact that one of the Salmonella strains isolated from four-
leaf bagged lettuce (S. Newport Phage Type 33) was the same type as that linked with a pos-
sible outbreak (19 cases) occurring in England and Wales at the same time (Sagoo et al.
2003). If this lettuce product was associated directly with the human cases, it could be the
first documented report of a ready-to-eat produce-related product linked with an outbreak.
The fact that Campylobacter species were not isolated from any of the ready-to-eat prod-
ucts, many of which were packaged presumably with modified atmospheres with CO2 con-
centrations favorable for Campylobacter growth (5%–10%; see Chapter 6), emphasizes the
need to determine whether there are differences in the methods used in studies of the same
product types that yielded very different results (Phillips 1998).

The Campylobacter outbreak data related to produce suggests that between 1990 and
1999, produce was the second most common cause of human illness (18 outbreaks, approx-
imately 800 illnesses; Table 5.1), even though incidence data demonstrate that Campy-
lobacter is seldom isolated from produce (four of 17 studies; Table 5.3). The lack of appro-
priate culture methods for produce samples may explain some of the reported
low-incidence data. The specific requirements of Campylobacter for growth and for isola-
tion from food (e.g., nutrients, atmosphere, temperature, and osmolarity) indicate that cur-
rent methods may need modification.

Comparison of Methods for Successful Isolation of Campylobacter
Species from Produce

Fresh produce samples may require modified methods for isolation of Campylobacter
species. Of the 18 studies reporting the incidences of Campylobacter species in produce
(Table 5.3), only five studies reported a Campylobacter-positive (C�) isolation of any
Campylobacter species from any sample. An examination of the major ingredients in the
media for isolating Campylobacter in the five C� studies suggested that each of the five iso-
lation protocols was different in the type of enrichment and plating media used. A few
trends were apparent in comparing the C� and Campylobacter-negative (C�) methods. For
example, the C� methods included an enrichment step (blood, four of five methods; antibi-
otics, four of five methods; and cycloheximide, five of five methods) and sodium pyruvate
(four of five methods) in the plating medium; these ingredients are used commonly in other
media described for isolation of Campylobacter (Corry et al. 1995). Two of the C� studies
tested a wide variety of ready-to-eat organic and salad vegetables obtained from retail shops
in the United Kingdom between May 1 and June 30 of 2000 (Sagoo et al. 2001) and 2001
(Sagoo et al. 2003), respectively. It is interesting that not a single positive sample was
detected from the 6,710 total samples tested by the procedure used in these two studies. In
addition, it is accepted that the commonly used methods for isolating C. coli and C. jejuni
will prevent the isolation of many of the other Campylobacter species, some of which are
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emerging as human pathogens (Corry et al. 1995, Labarca et al. 2002). These results suggest
the need to develop improved methods for isolating Campylobacter species from various
food sources to obtain accurate assessments of the risks to public health after exposure to
Campylobacter species.

A study of the effectiveness of a polymerase chain reaction method for detection of 
C. jejuni in foods involved testing both inoculated and noninoculated foods purchased from
a retail market, including 13 different varieties of raw fruits and vegetables (Winters and
Slavik 2000). This method failed to identify any C. jejuni in the noninoculated produce
samples even after attempts to enrich for C. jejuni by incubation for 24 hours in Brain Heart
Infusion medium overlaid on Brucella agar.

Campylobacter Species in the Plant Environment

The upper and lower surfaces of plants are considered hostile environments for microbes
because of the repetitive and rapid fluctuations in physicochemical conditions (Handels-
man and Stabb 1996, Hirano and Upper 2000). Ten different sugars and 25 amino acids, as
well as organic acids, fatty acids, sterols, growth factors (vitamins), hormones, and
nucleotides, have been detected in plant root exudates (Curl and Truelove 1986). Many of
the nutrients present in root exudates have been detected also in leaf exudates (Lindow and
Brandl 2003).

The ability of Campylobacter species to survive on and colonize plant tissue will depend
on the physical and chemical conditions that exist in the plant environment. Listed in Table
5.4 are plant substances that are detected commonly on the surfaces of leaves and roots and
that are also used by various strains of C. coli and C. jejuni on Biolog plates (Biolog Inc.,
Hayward, CA), either metabolically or for respiration. Alpha-hydroxybutyric acid, succinic
acid, glutamic acid, L-asparagine, L-aspartic acid, glutamine, proline, and serine are poten-
tial nutrient sources for Campylobacter cells exposed to plants, because they are used by 
C. coli and C. jejuni (Table 5.4) and are spatially or temporally abundant on plants. Fumaric
acid, which is present on the leaves and roots of many plant species (Morgan and Tukey
1964, Kraffczyk et al. 1984), can be used by some Campylobacter species as an electron
acceptor for anaerobic growth (Holt et al. 1994).

Campylobacter cells are unable to ferment or oxidize sugars; rather, they obtain energy
by metabolizing amino or organic acids (Elharrif and Megraud 1986). It was somewhat
unexpected, therefore, that in the Biolog system most strains of C. coli and C. jejuni were
respiring actively in L-arabinose and L-fucose, two sugars that are also present in plants
(Kraffczyk et al. 1984, Zablackis et al. 1996; Table 5.4). These results are intriguing, but the
nature of the responses of C. coli and C. jejuni species to these specific sugars remains
unclear.

C. jejuni Survival and Growth on Plants

The ability of C. jejuni to colonize plant surfaces was tested in our laboratory. The upper
parts of lettuce and spinach plants were inoculated by immersion in a suspension of C. jeju-
ni (strain RM1221) cells that had been grown in Brucella broth, washed, and resuspended in
0.5� phosphate buffered saline (pH 7.0). The plants were then incubated at 28° or 33°C in a
humid chamber that ensured the presence of a water film on parts of the leaf surface. C. jeju-
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Table 5.4 Carbon substrates used by Campylobacter coli and Campylobacter jejuni strains on
Biolog plates (Biolog Inc., Hayward, CA) and reported to be present on root or leaf surfaces.

Presence of
Activitya substrateb

Root Leaf
Substrate C. jejuni C. coli exudates Rinses

L-arabinose 382 � 33 191 � 43 � �

L-fucose 445 � 41 789 � 56 �c �c

�-D-glucose 74 � 22 5 � 4 � �

�-hydroxybutyric acid 871 � 47 43 � 9 � NRd

Succinic acid 196 � 20 68 � 9 � �

L-asparagine 300 � 33 46 � 13 � �

L-aspartic acid 231 � 27 47 � 9 � �

L-proline 68 � 11 16 � 5 � �

L-serine 62 � 21 3 � 3 � �

L-cysteine 564 � 90e 1409e � �

(a) C. coli and C. jejuni were assayed for respiration induced by carbon substrates present in GN2 Biolog plates
(Biolog Inc. Hayward, CA). The data are presented as the average � standard error of the mean of the normal-
ized optical density determined for all of the strains tested. Nine and 38 strains of C. coli and C. jejuni, respec-
tively, were tested at least twice. Bacteria were grown on the medium recommended by the manufacturer and
suspended in water, and the plates were incubated for 24 hours at 37°C.

(b) � or � indicates whether the compound was detected in soluble plant root exudates (Kraffczyk et al. 1984,
Curl and Truelove 1986) or rinses of leaves (Morgan and Tukey 1964, Derridj 1996).

(c) Present in plant cell walls (Zablackis et al. 1996).
(d) NR, not reported to be present.
(e) Cysteine was tested separately with two strains of C. jejuni and one strain of C. coli.

ni populations on both lettuce and spinach leaves decreased over 100-fold at 28° and 33°C
within the first 24 hours of incubation; populations on most lettuce and spinach leaves were
below the detection threshold of 100 or 15 cells per leaf, respectively, 48 hours after inocu-
lation (data not shown). In addition, enrichment in Preston broth (Uyttendaele and Debe-
vere 1996) failed to recover C. jejuni from leaves, suggesting that C. jejuni cells were dead
or nonculturable. C. jejuni survived for at least 6 days on the leaves of spinach plants incu-
bated at 10°C under the same conditions as above (Figure 5.1). Thus, although C. jejuni was
unable to grow on aerial plant surfaces, presumably because of the high levels of oxygen in
that environment, it remained viable on leaves at cold temperatures considerably longer
than at warm temperatures.

Campylobacter Species in Soil

Experiments were initiated in our laboratory to test the ability of C. jejuni to survive on
roots and in soil. Using population studies, we determined that 6 days after inoculation, the
population size of C. jejuni decreased 106-fold on spinach leaves but only 123-fold on
spinach roots of plants incubated under similar conditions of high humidity and at 10°C; 
C. jejuni was culturable from the spinach rhizosphere for at least 28 days (data not shown).
C. jejuni survived also at high levels and remained culturable for at least 23 days at 10°C on
radish roots exposed to it in soil (Figure 5.1). Thus, the results of our radish and spinach
experiments suggest that C. jejuni survives better in the root and soil environment than on
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Figure 5.1 Survival of C. jejuni strain RM1221 on leaves of spinach plants (triangles) and on radish
(circles). Spinach plants were inoculated by immersion of the upper plant part in a suspension of 
C. jejuni in 0.5� phosphte-buffered saline (5 mM sodium phosphate, 75 mM NaCl, pH 7.0). The
radishes were grown in soil inoculated with a suspension of C. jejuni in 0.5� PBS. The spinach and
radish plants were incubated at 10°C under humid conditions. Each data point represents the mean
of the log value of the population size on six leaves, or six radishes; bars represent the standard
error of the mean. The population size of C. jejuni was determined by plating onto selective agar.

leaf surfaces (Figure 5.1). To examine this further, we simulated the contamination of crops
by water and soil splashing during rain and irrigation by inoculating the upper part of
spinach plants with a suspension of C. jejuni mixed in organic soil. Four days after incuba-
tion of the plants under high humidity at 10°C, the population of C. jejuni was on average
1,000-fold higher on spinach leaves contaminated with both the pathogen and soil than on
those with the pathogen alone (data not shown). It is noteworthy that the vegetables from
which Campylobacter species have been isolated are either root crops or have a high proba-
bility of being contaminated with soil from the field (Table 5.3). Organic acids and chemi-
cals in soil could be used by Campylobacter species as energy sources or electron acceptors
(Elharrif and Megraud 1986). Humic acids, which are abundant in many soils, have been
reported to increase the isolation of Campylobacter species when supplemented in growth
agar, presumably because of their photo-protective effect (Weinrich et al. 1990). Conditions
of low oxygen and high osmolality in wet and fertilized soil also could provide a suitable
habitat for the enhanced survival of C. jejuni.

Although C. jejuni appeared to remain culturable at higher rates in the root environment
than on leaf tissue, it is clear that, under the conditions of our studies, C. jejuni was unable to
grow on plant surfaces at both cold temperatures and at temperatures that are conducive to
its growth in vitro. Unlike C. jejuni, other enteric human pathogens such as S. enterica,
E. coli O157:H7, and Listeria monocytogenes have been reported to survive well and to
even colonize the surfaces of seeds, roots, and leaves of crop plants (Brandl and Mandrell
2002, Charkowski et al. 2002, Wachtel et al. 2002, Gorski et al. 2003). This weak fitness of
C. jejuni on plants may explain the relatively rare campylobacteriosis outbreaks associated
with produce, compared with the numerous and large epidemics of foodborne illness linked
to the contamination of produce by S. enterica and pathogenic E. coli.
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Conclusions and Perspectives

Raw vegetables, fruits, and mixed salads have become an increasingly important food source
worldwide, and accordingly, outbreaks associated with consumption of contaminated pro-
duce continue to occur. However, outbreaks caused by Campylobacter species in produce
are less frequent relative to those caused by other enteric pathogens, such as Salmonella
enterica, even though Campylobacter species cause more total gastrointestinal illnesses in
the United States and many European countries than any other bacteria. The fastidious
growth characteristics and sensitivity of Campylobacter species in food and many food pro-
duction environments would limit the concentration of Campylobacter cells encountered by
humans consuming contaminated food. Low concentrations of cells in pre- or postharvest
produce would result in limited isolation and, thus, low incidence of Campylobacter species
in retail produce. Campylobacter association with sporadic rather than outbreak illness is
consistent with a low incidence in food. Nevertheless, the occasional outbreaks and inci-
dences of Campylobacter species associated with produce-related products, the prevalence
of Campylobacter species in a variety of animals raised for food, and the unexplained high
rates of sporadic human illness caused by Campylobacter all emphasize the need to assess
carefully whether pre- and postharvest produce products are important sources of food lead-
ing to campylobacteriosis. The very high incidence of Campylobacter species in MAP salads
(22%) noted in one study (Table 5.3) is an intriguing result and demonstrates the need for
additional surveys of MAP products and studies of the survival and growth of Campylobac-
ter species on produce under MAP conditions. It can be speculated, for example, that even
though Campylobacter species may be less fit than other bacterial enteric pathogens on pre-
harvest produce, certain processing and packaging conditions (e.g., 10–20°C, micro-
aerophilic atmosphere, organic acids, and soil contaminants) could enhance the survival and
perhaps growth of Campylobacter species, resulting in a limited number of produce items
contaminated with a potentially infectious dose. Our preliminary studies indicate that
Campylobacter species may find microsites with specific conditions that are conducive to its
survival on plants (M. Brandl and R. Mandrell, unpublished observations). However, the
limited number of sites available on plants for supporting survival of Campylobacter species
and the lack of significant growth at these sites are consistent with limited infectious poten-
tial of, and outbreak illness caused by, Campylobacter species on produce.

To address the potential risks from Campylobacter contamination of produce products,
including the increasingly popular ready-to-eat packaged salads, vegetables, and fruits, will
require careful studies of the incidence and biology of Campylobacter related to fresh pro-
duce. Although C. coli and C. jejuni are the most common pathogens, other species of Campy-
lobacter have been shown also to cause human disease (Klein et al. 1986, Goossens et al.
1990, Figura et al. 1993, Lastovica and Le Roux 2001). Many of these other species will not be
identified in most clinical laboratories from diarrheal samples because of the highly selective
media used for isolating thermophilic Campylobacter. The development of better culture;
detection and identification methods for a variety of Campylobacter species, including non-
thermophilic species; and careful analysis of the epidemiologic data are also needed. The
results of preliminary studies in our laboratory (see Table 5.4 and Figure 5.1) suggest the types
of nutrients and conditions that could be exploited to develop methods for better isolation and
growth of Campylobacter species from produce environments. Recent knowledge gained
from genomic and proteomic studies of Campylobacter species will provide information
valuable for epidemiological and fundamental studies related to source tracking, metabolism,
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and stress responses of Campylobacter related to food. Recent data demonstrating that some
enteric pathogens are relatively fit in the plant environment suggests that produce may be an
important source of both outbreak and sporadic diarrheal illnesses. This new paradigm, in
addition to an enhanced knowledge of the biology of Campylobacter species in non-animal
environments, as well as improved detection methods, may lead to a reassessment of the
importance of preharvest produce as a food source for campylobacteriosis.
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6 Campylobacter and Campylobacteriosis:
What We Wish We Knew

Richard L. Ziprin

Introduction

Campylobacteria are medically important enteropathogens of man and are responsible for
perhaps 2,000,000 incidents of enteritis per year within the United States (Smith 2002).
These organisms are often present in the gastrointestinal tracts of swine, poultry, and beef.
They are also recoverable from wild birds and field pests. From these sources, and some-
times from water, milk, fruit juice, or produce, they may find their way into the human gas-
trointestinal tract and cause a very unpleasant and often severe diarrhea. Sometimes infec-
tion with Campylobacter spp. can result in post-infection neurological damage, including
either Guillain-Barré syndrome or Miller-Fisher syndrome (Smith 2002). Yet campylobac-
teria are relative “newcomers” to the world of microbiologists. They were probably initially
isolated in the 1930s, and perhaps as early as the second decade of the twentieth century.
However, less than three decades have elapsed since campylobacteria were fully associated
with human illness and poultry were identified as a source of infection (Skirrow 1977, Skir-
row and Butzler 2000). Poultry, of course, are not the only source of campylobacteria.
Water, milk, fruit juice, and sometimes produce are all frequent sources. Poor hygiene or
poor sanitation and improper food storage and handling are also contributors to the spread
of infection.

Isolation and Cultivation

Campylobacters are perhaps the most fascinating microbes I have worked with throughout
my long career. Before working with them I had erroneously considered campylobacteria to
be obscure, even unimportant organisms. I had heard that campylobacteria were difficult to
grow, and difficult to work with. I had the notion that very special complex methods were
required for cultivation, but these preconceived notions were wrong.

In my laboratory we cultivate campylobacteria on “Campy-Cefex” agar plates (Stern et
al. 1992). These plates are made of Brucella Agar (Becton Dickinson, Cockysville, MD).
Lysed horse blood is added to the Brucella Agar, as are the antibiotics cefoperazine and
cycloheximide. I often add other antibiotics, such as rifampicin, trimethoprim, and van-
comycin, or omit cycloheximide. There is some art to deciding the appropriate mix of
antimicrobials for this particular use, but that is unimportant. When Campy-Cefex plates
have been inoculated with campylobacteria, the plates are then incubated in a gas mix con-
sisting of 85% Nitrogen, 5% Oxygen, and 10% CO2 (Stern et al. 1992). This gas is available
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from commercial suppliers of industrial gases (Messer MG Industries, Houston, TX). I
place inoculated plates in plastic storage bags, fill these with the gas mixture, and then incu-
bate the plates at 42°C. There are other products for culturing Campylobacter. Some work-
ers add tetrazolium salts to make the colonies more visible. Some use broth, such as Mueller
Hinton Broth, with whole bovine blood added as a supplement. There are also enrichment
broths that work reasonably well for isolating the organism from foods, but they are not as
effective when isolating from heavily contaminated materials such as fecal or cecal materi-
al. Yet there is plenty of opportunity for clever improvements to Campylobacter isolation
and cultivation methodology.

Identification

It is relatively easy to visually identify putative Campylobacter colonies on Campy-Cefex
agar plates. Some caution is needed, as non-campylobacteria organisms do sometimes
grow, notwithstanding the high-temperature and limited-oxygen growth conditions, but
these organisms usually do not have the clear translucent pink appearance of typical
Campylobacter colonies. Therefore, skill is required to visually identify typical Campy-
lobacter colonies. It is a more difficult task to confirm that isolated colonies are Campy-
lobacter and to determine which species has been isolated. In our laboratory we usually
screen isolated colonies with a latex agglutination test that will identify an isolate as one of
the following: C. lari, C. coli, or C. jejuni. The latex agglutination test does not respond to
other Campylobacter species, nor does it help to differentiate among them. There is clearly
room for improved secondary identification of putative Campylobacter isolates.

Biochemical tests can be used to determine the species isolated. Unfortunately, these
rely on a test for hippurate hydrolysis, which is a notoriously inaccurate test. Commercial
kits designed to identify Campylobacter are in my opinion equally unable to give fully reli-
able results. Thus, there is a need for improvements in the fundamental techniques of isola-
tion, characterization, and identification of Campylobacter, especially from nonclinical yet
heavily contaminated materials. Modern microbiology has some answers in the form of
molecular techniques such as pulsed field gel electrophoresis and ribotyping. However,
applicability of these tests are somewhat limited by cost, complexity, and the specialized
equipment and knowledge needed. We certainly wish we knew of better ways to accomplish
the basic tasks of Campylobacter microbiology.

The Organism

C. jejuni grows slowly, so at 18–24 hours after inoculation, it is often only possible to make
out a slight reddish area on the portion of the plate that was most heavily seeded. By 36–48
hours of incubation, though sometimes earlier, very distinctive small translucent pink
colonies appear. Once the microbiologist learns to recognize these colonies, particularly the
translucence, he or she can easily select Campylobacter colonies from among other organ-
isms that might also be growing on the plate. If the seeded plate is then regassed and placed
back into the incubator and reexamined again at 3 or 4 days after incubation, the colonies
will have lost their clear translucent appearance and will appear dark and opaque. Some-
times, distinct colonies are not seen. Instead, especially on freshly prepared plates, there are
large areas of growth the size of a fingertip or thumbprint. The perimeter is not uniform or
circular, but is somewhat irregular in appearance. The portion of the bacterial mass,
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between the perimeter and the center, appears to be a thin layer of growth that is sometimes
difficult to see without holding the plate at an angle to the light. The center is a slightly
thickened raised gray mass. The perimeter is slightly raised, with cells apparently piled on
each other, in a manner reminiscent of the rings formed by Bacillus circulans, except that
there are no concentric rings. Thus the organism can present itself in at least three different
colony formats: distinct translucent colonies, dark or opaque colonies, and diffuse, spread-
out colonies caused by motile swarming cells. The underlying bacterial physiology
involved in these colony morphology variations is something worthy of basic research
investigation.

The microbiologist will quickly want to make some microscopic observations in addi-
tion to noting the unusual growth characteristics and conditions that are typical of the
campylobacteria. These organisms are Gram negative, but they do not counterstain well
with safranin, as do most other organisms. Instead, it is best to counter stain with carbol-
fuchsin. With light microscopy, the organism appears as a small curved rod. The observer
can see “seagull” formations where two organisms lie side by side. However, the organism
is actually spiral shaped. This spiral form is not the only morphological form that can be
seen. In older cultures, the organisms appear coccoid, or round. These morphological
changes are apparent by electron microscopy, and the coccoid form clearly occurs as the
growth conditions worsen. Excellent photographs of these morphological variants have
been published (Rollins and Colwell 1986, Lazaro et al. 1999). These variant colonial and
cellular forms possibly play a role in transmission and spread through the environment. It is
also possible that they are involved in bacterial survival within adverse environments. Much
remains to be learned about them.

Survival and Spread in the Environment

Campylobacteria give the microbiologist a sense that they are temperamental and fragile,
but in truth, they are clever survivors. Otherwise, they would not be so widely distributed as
commensals in animals, nor would they be present in a wide variety of foods including
meats, milk, dairy products, fresh fruits, and vegetables. This wide distribution suggests
that contrary to the fragile nature of the organism in the laboratory, something quite differ-
ent is happening in nature. We wish we understood more about how Campylobacter sur-
vive, thrive, and spread in the general environment. These issues are especially vexing as
the organism seems so delicate in the laboratory, where desiccation or, conversely, suspen-
sion of the organism in water has rapid and profound effects on our ability to recover cells
by conventional culture methods.

The Viable but Nonculturable State

Rollins and Colwell (1986) described a viable but nonculturable coccoid (VBNC) form of
C. jejuni in natural aquatic environments. Coccoid cells form when campylobacteria are
suspended in water. Although the cells are viable, they are nonculturable. The morphologi-
cal change was thought to have been important for survival in aquatic environments. This
idea may have been in part caused by the appearance of the coccoid cells, which are slight-
ly reminiscent of bacterial spores. VBNC organisms are detected not by growth, but by
their ability to reduce tetrazolium salts (Cappelier et al. 1997). The cells are viable, main-
taining respiratory metabolism and DNA integrity (Lazaro et al. 1999), but they cannot be
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recovered when plated onto bacteriological media. The nature of the coccoid cells is
unclear, as it now seems likely that the VBNC state occurs in the spiral form as well (Lazaro
et al. 1999). Perhaps the coccoid cells are capable of elongation into a VBNC spiral form
and reverting to a culturable form, but it is equally plausible that the VBNC coccoid forms
are degenerative and not contributors to survival in the environment (Ziprin et al. 2003a).
We wish we knew more about the purposes of coccoid cell formation. We need to determine
whether the coccoid VBNC cells are indeed always degenerative or whether there are con-
ditions under which they can revert to a spiral infective form. A method is needed to physi-
cally separate spiral forms from coccoid forms so that we can definitively determine the
roles of each form in survival of campylobacteria within adverse environments. We should
better understand the amazing bacterial physiology that enables the coccoid cells to remain
viable for upward of 2 weeks while in nutrient deficient conditions, and also to remain
viable in conditions that present the cells with a very high osmotic gradient; that is, sus-
pended in reverse osmosis purified water.

The ubiquitous presence of campylobacteria among animals in nature indicates that the
organism is in fact hardy, a good survivor, while paradoxically the organism appears quite
delicate in the laboratory environment. We do not yet know whether either the morphologi-
cal variations or the VBNC state are part of Campylobacter’s approach to enhancing their
opportunity to survive in the environment and their opportunity to infect animals and man.
Manuscripts by Chan et al. (2001), Federighi et al. (1998), Lazaro et al. (1999), Stern et al.
(1994), and Tholozan et al. (1999) suggest that the VBNC state is part of the mechanism for
survival in aquatic environments and low temperatures and, thus, may enhance the spread of
campylobacteria. Other work (Medema et al. 1992, VAN DE Giessen et al. 1996, Hald et al.
2001, Ziprin et al. 2003a) demonstrates that VBNC cells may not recover from this state, are
“degenerative,” and are incapable of colonizing chickens. The biological purposes and
nature of VBNC campylobacteria remain to be fully established.

How Do Campylobacter Find Their Way into Chickens?

Many cases of human campylobacteriosis arise from contamination of water, dairy prod-
ucts, juices, and sea foods with campylobacteria. However, live poultry and retail poultry
products frequently are contaminated with campylobacteria, and contaminated retail poul-
try products are a major source of human infection (Jacobs-Reitsma 2000). It has been esti-
mated that 75% of live broilers and 80% or more of retail poultry meat is contaminated
(Jacobs-Reitsma 2000, Hiett et al. 2002). We do not yet fully understand how chickens
become contaminated with campylobacteria.

Some authors have reported that commercial broiler flocks seem to become contaminat-
ed with Campylobacter after 2–3 weeks in grow-out facilities (Jacobs-Reitsma et al. 1995,
Shane 2000). The reasons for the temporal lag between the time birds are placed into a rear-
ing facility and the time Campylobacter may be isolated are unknown. Efforts to understand
the apparent sudden appearance of campylobacteria within a broiler facility at approxi-
mately 2–3 weeks into the grow-out have proven futile. Some of the issues of source, time of
colonization, and prevalence have been reviewed (Gregory et al. 1997). The roles of carry-
over from previous flocks as new flocks are sequenced through broiler houses and the ade-
quacy of typical decontamination procedures are debatable (Petersen and Wedderkopp
2001, Shreeve et al. 2002). Numerous other hypotheses have been proposed to explain the
appearance of campylobacteria in production facilities. These include such obvious things
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as inadequate biosecurity, poor farm management practices, and Campylobacter-
contaminated feed or water (Stern et al. 2002). Poor insect or rodent control, the droppings
of wild birds (Stern et al. 1997, Craven et al. 2000), vertical transmission from the breeder
birds (Petersen and On 2000, Cox et al. 2002a, Cox et al. 2002b), and contamination of
chicks at the hatchery (Hiett et al. 2002) are potential sources of campylobacteria at the
farm. However, none of these possibilities is fully capable of explaining the “mystery”
appearance of campylobacteria within a grow-out facility at 2–3 weeks into the process.
Although each of the foregoing possibilities provides a reasonable hypothetical identifica-
tion of source, they do not adequately explain the timing. VBNC present in hatcheries,
water, or newly hatched chicks might appear to be an attractive explanation, as it can be
argued that it takes time for VBNC to recover and transform back into fully infective organ-
isms. However, although this is an attractive theory, it is neither supported nor refuted by
presently available information. Recent work has indicated that campylobacteria are able to
survive within biofilms in water supply plumbing, which also has been proposed as a source
of campylobacteria (Trachoo et al. 2002). There is a great deal more we need to learn about
how Campylobacter species sustain themselves in nature and become part of the gut ecolo-
gy of agricultural animals. A few citations of somewhat representative writings on this sub-
ject are Achen et al. 1998, Annan-Prah and Janc 1988, Berndtson et al. 1996, Evans 1992,
Gibbens et al. 2001, Refregier-Petton et al. 2001, and VAN DE Giessen et al. 1992.

Strain and Species Diversity

The ability of C. jejuni and C. coli strains to colonize poultry, other agricultural animals,
and humans is variable. Strains isolated from chickens do not necessarily colonize other
chickens (Glunder 1995, Stas et al. 1999), and C. jejuni strains have varying abilities to col-
onize chicks (Young et al. 1999, Ahmed et al. 2002). In addition to Campylobacter strain-
determined “host preferences,” each Campylobacter species shows some host specificity as
well. Swine are the “preferred” host for C. coli, whereas only a small percentage of human
campylobacteriosis incidents (in the United States) is caused by C. coli. Chickens in nature
are also colonized by C. coli, and we have shown (Ziprin et al. 2002a) that swine isolates of
C. coli have the ability to colonize chickens in the laboratory. Bovine isolates of 
C. jejuni will also colonize chicks in the laboratory (Ziprin et al. 2003b), but epidemiologi-
cal evidence developed from antimicrobial resistance patterns shows that there are host-
range preferences of bovine isolates for cattle (Aarestrup et al. 1997). Similarly, C. lari has
a “preference” for nondomesticated birds, especially gulls. C. lari can also colonize chick-
ens and then infect humans, especially immunocompromised individuals (Bezian et al.
1990, Chiu et al. 1995, Goudswaard et al. 1995, Krause et al. 2002, Werno et al. 2002).
Some seafoods are a source of C. lari human infections (Endtz et al. 1997). Thus, campy-
lobacteria move between animal species, from farm animals to humans, and probably from
humans to agricultural animals. Yet unknown bacterial factors and host factors, and proba-
bly environmental factors as well, control the dispersion and distribution of the organism in
nature. These factors are barely understood.

It is well known that there is a great deal of genetic diversity in Campylobacter isolates
from poultry production facilities (Nielsen et al. 1997, Hanninen et al. 2000, Petersen and On
2000, Hanninen et al. 2001, Petersen et al. 2001a, Petersen et al. 2001b, Ahmed et al. 2002,
Nylen et al. 2002). However, very little is known about the phenotypic properties and under-
lying bacterial genetics that enable the movement of campylobacteria between ecological
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niches in nature or among agricultural animals. Neither do we understand how campylobac-
teria are enabled to cause campylobacteriosis in humans, whereas the organism tends to be
an inconsequential commensal in poultry, swine, and cattle.

Colonization of Chick Ceca

We do not yet understand, and I think we need to learn much more about, the bacterial fac-
tors that control the distribution of Campylobacter species and serotypes in nature, particu-
larly with respect to colonizing ability. A recent review provides an excellent background
on bacterial factors affecting intestinal colonization of poultry (Mead 2002). Very little is
known about the genes and the gene products involved in colonization. Several studies have
identified four genes (ciaB, pldA, cadF, and dnaJ) that possibly have some role in coloniza-
tion. Strains containing mutations within these genes are rendered incapable of colonizing
the chick cecum (Konkel et al. 1998, Ziprin et al. 1999, Ziprin et al. 2001, Ziprin et al.
2002b). However, although the laboratory evidence identifying the genes seems com-
pelling, I still have some lingering doubts about the conclusions drawn from data reported
in some of my publications, as follows. Each of four successive mutations examined inter-
fered with cecal colonization. Mutant strains were chosen for colonization studies based on
reasoning and on an understanding of what is likely involved in the physical act of maintain-
ing campylobacteria within the gut environment (Konkel et al. 2000). It seems, however,
extraordinarily good luck that each of the four mutant strains examined were poor coloniz-
ers. Therefore, I have begun to wonder whether something else besides the mutated gene is
involved in the failure of these strains to colonize. Each strain carried a kanamycin resis-
tance gene, and though there is no reason to suspect that this property could affect coloniza-
tion, I still wonder whether introduction of the antimicrobial resistance gene is not some-
how interfering with colonization. In addition to this concern, there are some other concerns
I have that, though the organisms appear to be isogenic except for the mutated gene, there
might be other unrecognized damage to the cells or genome that render them incapable of
colonization. Others have also attempted to identify genes involved in colonization. Ahmed
et al. (2002) used subtractive hybridization between a colonizing and a non-colonizing
strain to identify 23 DNA inserts present in the colonizing strain that were absent from the
non-colonizer. From the sequence data, the authors were able to determine either the gene
or gene function for 17 of the sequences. It is, however, not clear how the putative genes
actually act to promote colonizing ability. Flagellin genes (Nachamkin et al. 1993), super-
oxide dismutase genes (Purdy et al. 1999), and temperature-dependent genes (Bras et al.
1999), have also been indicated as playing roles in colonization. Given the power of modern
molecular biology, there seems to be a lack of solid information on the molecular factors
involved in colonization. This is somewhat understandable because the talent and laborato-
ry facilities necessary for genetic manipulations are quite different from those needed for in
vivo assessment of the effects of genetic manipulation on colonization. Laboratories with
abilities to do live animal research need to better connect with microbiologists skilled in
modern molecular genetics so that the two types of research can be joined to answer the core
unknowns of Campylobacter colonization.

Just as we have too little knowledge of the bacterial factors needed for colonization, we
also lack knowledge of host factors that enable colonization. We have some understanding
of host barriers to colonization such as gastric acidity, but we do not have information about
the role that things such as luminal secretions and undigested or unabsorbed nutrients might
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play. We also have little knowledge of the role native luminal microflora may play in both
promoting and inhibiting colonization. There is a large body of literature on the general sub-
ject of competitive exclusion of Campylobacter (Achen et al. 1998, Hakkinen and Schneitz
1999, Chen and Stern 2001, Stern et al. 2001), but we do not know whether normal
microflora contribute in any way to the creation of a permissive environment for coloniza-
tion. Overall, our knowledge of the relevant gut microecology is relatively poor.

Campylobacteriosis, Disease in Humans

Human illness caused by Campylobacter jejuni and C. coli is usually an enteritis with acute
diarrheal disease. Several related toxins seem to play a role. There is a cytolethal distending
toxin (Hickey et al. 2000, Mooney et al. 2001, Hassane et al. 2003), and there is possibly an
enterotoxin (Suzuki et al. 1994, Kanwar et al. 1995). There are also C. jejuni chromosomal
sequences reported to hybridize with enterotoxin genes from Vibrio cholerae and
Escherichia coli (Calva et al. 1989); however, such genes have not been found in Campy-
lobacter laboratory strains after complete sequencing of the genome. The literature is
inconclusive on this issue, and a recent review indicates a skeptical view as to the existence
of C. jejuni enterotoxins (Pickett 2000).

The clinical aspects of campylobacteriosis in humans have been recently reviewed
(Skirrow and Blaser 2000, Smith 2002). The disease tends to be self-resolving within 1–5
days, and treatment generally is usually limited to supportive therapy to maintain hydration.
Deaths are rare, with an estimated death rate of 0.001%. Extraintestinal illness is rare and is
most common among patients over 65 or under 4 years of age. Individuals in all age groups
are susceptible to campylobacteriosis, but there may be an unusual bimodal age distribution
in which peak infection incidence rates tend to cluster in children under 1 year of age and
among older adolescents or young adults—people between 15 and 24 years old (Fenton et
al. 2002). Not all epidemiological studies show this distribution clearly. The reasons for this
age distribution are unclear. Certainly infants and toddlers are generally more susceptible to
disease, so this aspect of the age distribution of campylobacteriosis in the population is not
unexpected, nor is a higher incidence of extraintestinal infection and mortality among the
aged. However, the excess prevalence among older teens and young adults is not under-
stood. It has been suggested that the excess prevalence in young people might be a matter of
lifestyle and poor hygiene, as young people have their initial experiences living away from
home, or that institutional food hygiene issues on college campuses or nearby eateries
might play a role. It is also possible that there is an underlying physiological phenomenon
that is not understood.

We also do not know the answers to some fundamental questions about Campylobacter
epidemiology. For example, why are most incidents of human campylobacteriosis in the
United States caused by C. jejuni (95%), whereas a greater proportion of human infections
in other parts of the world are caused by C. coli? The answer may lie in different distribu-
tions of Campylobacter species and variants within agricultural animals or in other subtle
issues not yet discovered. I have often wondered whether perhaps the preponderant isola-
tion of C. jejuni from human campylobacteriosis cases in the United States may be an arti-
fact of clinical laboratory practice here in the United States.

Extraintestinal infections by Campylobacter and post-infection sequelae are rare, but
are often severe. There are reports of maternal death, abortion and stillbirth, premature
labor, diarrhea in newborn infants, and bacteremia in newborn infants. Appendicitis, colitis,
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toxic megacolon, intestinal hemorrhage, bacteremia, hepatitis, cholecystitis, pancreatitis,
renal and urinary infection—including prostatitis, focal infections, myocarditis, and
splenic rupture are among the occasional complications of campylobacteriosis. In addition,
as with other bacterial infections, sequelae may include reactive arthritis, Reiter’s Syn-
drome, and Guillain-Barré Syndrome (van Koningsveld et al. 2001).

Guillain-Barré Syndrome is an acute inflammatory demyelinating neuropathy that
affects both motor and sensory fibers. There is a very similar disorder, Miller-Fisher Syn-
drome, in which the clinical presentation involves paralysis of eye muscles, loss of reflexes,
and inability to coordinate voluntary muscle movement. The cell envelope of Gram-negative
organisms contains lipopolysaccharides that contribute to their virulence (Fry et al. 2000).
It is likely that C. jejuni lipopolysaccharides (and most Gram-negative cell envelope
lipopolysaccharides) contain structures that mimic the structures present in neural tissue.
Therefore, immunologic reaction to C. jejuni provokes an autoimmune-mediated attack on
neural tissue (Jacobs et al. 1997, Ang et al. 2000a, Ang et al. 2000b, Wassenaar et al. 2000,
Korzeniowska-Kowal et al. 2001, van Belkum et al. 2001). Unfortunately, there is no animal
model in which to study the molecular and immunological foundation for C. jejuni–induced
Guillain-Barré. An animal model of this disorder is desperately needed.

Guillain-Barré is certainly not the only demyelinating neuropathy, and as this chapter is
intended to point toward subject matter that needs investigation, and to stimulate new lines
of investigation, I will digress here briefly and talk about a seemingly unrelated viral dis-
ease, tropical spastic paraparesis. Then, I will return to campylobacteriosis and neuropathy
and attempt to relate the two diseases to each other in a very speculative way.

Tropical spastic paraparesis is a myeloneuropathy of some individuals infected by a
retrovirus, human T-cell leukemia (lymphoma) virus (HTLV) Type I, and possibly HTLV
Type II. Molecular pathogenic mechanisms underlying the causation of tropical spastic
paraparesis are probably from errant immune responses triggered by immunological
responses to viral antigens and molecular mimicry (Plumelle 1999, Buczynski et al. 2001,
Jacobson 2002, Levin et al. 2002a, Levin et al. 2002b, Osame 2002, Ribas and Melo 2002).
Because the HTLV virus is transmitted through intravenous drug use, by sexual contact, and
by blood transfusions, potential blood donors must be screened for antibodies to the virus.
Unfortunately, the serological tests often yield indeterminate results. That is, donor sera
react with some HTLV antigens in Western Blot Tests. Because the donated blood can not
be used, there is a resultant diminishment of the potential blood donor pool (Ownby et al.
1997). The cause of these aberrant serological results is unknown. At one time there was a
belief that influenza vaccination may have been a cause, but that theory probably is not valid
(Simonsen et al. 1995). One study of 674,000 donors detected antibodies to HTLV-1 in
0.13% of the population (870 donors). Of these 870, 15 were true positives, 201 were true
negatives, and 654 were indeterminate. A subsample of 234 seropositive individuals was
studied further with polymerase chain reaction methods, and 206 of the samples that had
been considered indeterminate by Western Blot immunoassays were negative by DNA
methodology (Zaaijer et al. 1994). Thus, many individuals who are not infected have anti-
bodies that react with HTLV antigens in Western Blot assays.

I was a blood donor during several years immediately before the time I initiated work
with Campylobacter. However, approximately 6 months after starting work with campy-
lobacteria I seroconverted to an “indeterminate” status and was appropriately asked to
refrain from donating in the future. Polymerase chain reaction investigation failed to detect
viral DNA, although additional studies clearly demonstrated that my serum contained anti-
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bodies that cross-react with tests specific for HTLV. As I have no relevant lifestyle issues,
and in fact I am not infected, it occurred to me that there may have been a relationship
between the onset of work with Campylobacter and seroconversion. I have been unable to
find any citations that would support or even suggest that campylobacteriosis might result
in such a seroconversion, and so far as I know I have never suffered a bout of campylobacte-
riosis. Nonetheless, I wonder whether molecular mimicry similar to that involved in reac-
tive arthritis or Guillain Barré Syndrome might not also be responsible for the production of
antibodies that recognize both neural tissue and HTLV. Recently, I stumbled on a report that
simian immunodeficiency virus glycoprotein gp120 is an enterotoxin in the mouse ileal
loop model (Swaggerty et al. 2000). This report has me wondering whether a Campylobac-
ter enterotoxin (assuming one exists) might be a molecular mimic that could provoke anti-
body production to some retroviral proteins; hence, exposure to Campylobacter might
account for the relatively large number of indeterminate Western Blot tests for retroviruses
in blood donors. I realize that this is a highly speculative notion with no direct support. Still,
I would like to see a study done to correlate incidents of indeterminate HTLV serological
results with known incidents of campylobacteriosis.

Because Campylobacter-contaminated foods of animal origin very frequently cause
human gastrointestinal illness, it would be desirable to have a means of vaccinating animals
that would reduce carriage of the organism within their gastrointestinal tract. Similarly, it
would be very advantageous to have a vaccine that could immunize humans against campy-
lobacteriosis. Unfortunately, attempts at developing a Campylobacter vaccine have been
unsuccessful. There have been a few good attempts, but little real success (Baqar et al.
1995a, Baqar et al. 1995b, Widders et al. 1996, Rice et al. 1997, Ziprin et al. 2002b). One
report hints at success with a killed oral vaccine intended for eventual human use in the mil-
itary (Scott 1997). There is also one report of successful vaccination of mice with a fusion
protein of Campylobacter FlaA and the maltose binding protein of E. coli. An E. coli entero-
toxin was used as an adjuvant (Lee et al. 1999). In any case, there are difficult practical and
regulatory issues that surround any attempt at human use of a Campylobacter vaccine
because of the potential for molecular mimicry and induction of autoimmunity, leading to
neuropathology (Kopecko 1997, Pace et al. 1998).

Difficulties encountered in laboratory immunization experiments are somewhat con-
founding. Several studies of populations in underdeveloped countries have shown that
maternal antibodies present in breast milk were somewhat protective. Also, studies conduct-
ed in geographic areas in which Campylobacter infections are endemic have shown that in
these populations the levels of anti-Campylobacter antibodies naturally present in human
sera increase with age; that is, with opportunity for exposure. The presence of antibodies to
Campylobacter in older children correlates with a milder form of campylobacteriosis than is
typically observed within the “developed” world (Oberhelman and Taylor 2000), and with
asymptomatic carriage. Therefore, it is clear that some protective immunity can be devel-
oped through in vivo exposure to viable cells and through actual clinical infection. We need
to find ways to translate that fact into a real-world efficacious vaccine that lacks any potential
for inducing autoimmune disorders such as arthritis and demyelinating neuropathy.

Conclusion

Prevention of human campylobacteriosis through control of the natural distribution of
campylobacteria within the farm and food production environment will require a much better
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scientific understanding of the organism than we presently have. There are many unan-
swered questions about the fundamental bacteriology of Campylobacter spp., about the
strategies used by the organism to survive and spread within the natural environment, and
about basic issues of host–pathogen interaction. There are many poorly understood aspects
of campylobacteriosis in humans, especially with respect to sequelae and neuropathy, but
also to the rare instances of frank extraintestinal systemic infection. Fortunately, although all
of these issues are of very great scientific interest, there is one single overriding public health
fact that needs mention and emphasis: Good food manufacturing practices, adequate plant
hygiene, and sanitation practices, coupled with similarly good practices in the home kitchen
(See Chapter 30), are the primary defenses available to food producers and consumers.
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7 Global Analysis of the Mycobacterium
avium subsp. paratuberculosis Genome
and Model Systems Exploring Host–Agent
Interactions

Thomas A. Ficht, L. Garry Adams, 
Sangeeta Khare, Brian O’Shea, and 
Allison C. Rice-Ficht

Introduction

The focus of this chapter will be on genetic and immunological methods to diagnose
Mycobacterium avium subsp. paratuberculosis (MapTb) infections. Discussion will be
limited to recent experimental results pertaining to the identification of infected animals,
inconsistencies in organism identification, development of animal models of disease, and
the genetic background of the host as a contributing factor to disease. We will also address
growing concerns and continuing debate on MapTb as a source of foodborne illness in the
human population, specifically Crohn’s disease. For a comprehensive description of the
organism and the disease it causes, the reader is referred to an earlier review (Harris and
Barletta 2001).

Johne’s is a chronic inflammatory bowel disease (enteritis) of ruminants caused by
MapTb (Johne and Frothigham 1895). According to the U.S. Department of Agriculture’s
National Animal Health Monitoring System’s (NAHMS) 1996 national dairy study,
Johne’s-positive herds experience an economic loss of almost $100–$200 per cow resulting
from reduced milk production and increased cow-replacement costs. When averaged across
all herds, Johne’s disease costs the U.S. dairy industry $200–$250 million annually in
reduced productivity (Ott et al. 1999).

Paratuberculosis in ruminants has a prolonged incubation period, and most animals
remain subclinical. Infection is typically acquired via the fecal–oral route. Because of poor
diagnosis, the progression from the subclinical to clinical state remains undefined, and sub-
clinical animals spread the disease to other animals in the herd. Reports of survival of
MapTb in pasteurized milk (Chiodini and Hermon-Taylor 1993, Sung and Collins 1998),
isolation of the bacterium from wildlife, and the possible relationship to human disease
(Crohn’s) underscores the need for more accurate diagnostic testing (Kanazawa et al. 1999,
Naser et al. 1999, Prantera and Scribano 1999, Suenaga et al. 1999, Collins et al. 2000).

The gold standard for diagnosis is detection of the organism, but the prolonged incuba-
tion period coupled with the extended in vitro growth rate complicates this form of diagno-
sis. The immune response is similar to other mycobacterial species in that protective immu-
nity is characterized by a strong Th1 response. Animals with minimal disease have reduced
antibody responses but elicit strong Th1-cell responses (Adams et al. 1996, Sweeney et al.
1998, Stabel 2000). Cell-mediated immunity is essential for protection and CD4� Th1
cells are presumed to play a dominant role (Bassey and Collins 1997). These responses are
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measured using the IFN-� enzyme immunoassay originally designed for diagnosis of
bovine tuberculosis (Stabel 1996, McDonald et al. 1999). Unfortunately, being an indirect
measure, this test has reduced specificity and may be confused by exposure to other
pathogens including environmental mycobacteria (Gwozdz and Thompson 2002, Wal-
ravens et al. 2002). Animals with fulminating disease develop strong humoral and weak cel-
lular responses (Bassey and Collins 1997). The progression of disease has been attributed to
the shift from Th1-like to Th2-like response (Clarke and Little 1996, Navarro et al. 1998). A
decrease in IFN-� producing CD4� cells has been reported (Bassey and Collins 1997,
Zhao et al. 1997, Begara-McGorum et al. 1998) and may explain the limited in vitro evi-
dence supporting antibacterial activity for IFN-�. The host’s defense mechanisms may be
misdirected to favor pathogen survival. Antigen processing may also be suppressed, as indi-
cated by the reduced presentation of exogenously added hemagglutin at a time when sur-
face expressed costimulatory molecules are unaffected (Valentin-Weigand and Goethe
1999).

Similarity between Johne’s disease in ruminants and Crohn’s disease in humans has
raised concerns regarding a causal relationship between the organism and human diseases.
Although this contention awaits confirmation, it must be remembered that other explana-
tions (autoimmunity) of Crohn’s disease also await verification. Furthermore, description
of the human disease is heterogeneous, so that correlation with and identification of the
organism (itself a difficult task) is exceedingly complex. Of primary concern in this context
are reports describing the resistance of MapTb to pasteurization as it is currently performed
(Chiodini and Hermon-Taylor 1993, Sung and Collins 1998). With the elevated level of
Johne’s disease in dairy cattle, consumption of dairy products becomes a primary source of
concern. There is a need to alter the pasteurization process as it is currently performed, but
without a cost-effective approach there may be a lack of necessary support. Without this
combined approach such decisions may be labeled alarmist in the absence of “proof,”
although proof against this contention might include the millions of people that have appar-
ently consumed dairy products without effect. For this reason, the research approaches
described aim to improve identification of infected animals as well as to characterize differ-
ences between isolates that may be related to the observed heterogeneity of the disease. Fur-
thermore, the genetic background of the host or environmental cues may be important con-
tributing factors to a disease that is most prevalent in well-developed nations.

Rationale for Current Research

Animal Health

The threat posed by MapTb to animal health originates with the prolonged incubation peri-
od associated with infection. Ruminants carry the organism for years without clinical
signs, often remaining subclinical for years. During this time, the organism may be shed
intermittently, resulting in intra-herd transmission, as well as vertical transmission to off-
spring via the fecal–oral route and transplacental infection of the fetus. The long-term
effects include profound chronic granulomatous enteritis with extensive mucosal thicken-
ing, which is the underlying cause of associated chronic wasting (Clarke and Little 1996,
Buergelt and Ginn 2000, Corpa et al. 2000). MapTb infection represents a problem to
longer-lived animals such as dairy cattle, but it usually has a reduced effect in the beef cattle
industry. The organism also infects other ruminant species including goats and bison. The
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disease in goats could represent a source of human infection worldwide, as such animals are
often maintained as household pets in underdeveloped countries. In the United States, the
disease has caused problems in conservation efforts to restore bison to pre–twentieth centu-
ry levels.

The disease is primarily characterized by a chronic wasting that occurs gradually over
several years. Disease progression is associated with a loss of T-cell mediated immune
function, but there is little information available concerning intestinal immune activity.
Experiments with severe combined immunodeficient mice have revealed increased infiltra-
tion of the lamina propria by mononuclear cells and significantly increased width of the vil-
lus (Mutwiri et al. 2001, Mutwiri et al. 2002). In vitro studies in Ussing chambers suggest
significant abnormalities in intestinal transport functions (Mutwiri et al. 2001), all of which
indicate that T-cell-independent mechanisms may be sufficient to produce clinical signs of
disease.

Although immune protection is the ultimate goal consistent with prevention of disease,
that possibility appears to be in the distant future at best. Hurdles include the lack of identi-
fied target immunogens, representing potential vaccine candidates, and the extended dura-
tion of the subclinical phase, which makes identification of strains with reduced virulence
nearly impossible.

As a result, immediate research is required to address the development of diagnostic
tests capable of identifying animals in the preclinical stages of infection, including tests to
directly detect the presence of the organism or to indirectly identify animals infected with
the organism based on changes in host gene expression. In the latter case, the use of bio-
markers or biosignatures in detecting infection in agriculturally important animals may be
impractical. However, because of the potential for human infection, characterization of
such biomarkers appears to be readily justified.

Human Health

There is currently a lack of consensus among scientists concerning the potential link
between Crohn’s disease in humans and MapTb. Yet concern persists, primarily because of
the unexplained increase in inflammatory bowel disease in developed countries and the
identification of the organism as an inhabitant of the lumen of humans and other species
(Beard et al. 2001a, Beard et al. 2001b). Recent isolations of the organism from individuals
with Crohn’s disease as well as from HIV-infected individuals (Mutwiri et al. 2001, Richter
et al. 2002) emphasize the need for concern. Although experimental evidence also supports
a link based on signs observed in MapTb-infected severe combined immunodeficient mice
(Mutwiri et al. 2001), the organism is not consistently identified in human cases. Evidence
indicating MapTb resistance to pasteurization as it is currently performed has also raised
concerns regarding a potential cause of some forms of inflammatory bowel disease (i.e.,
Crohn’s) in otherwise normal, healthy adults.

The link with human disease has and is still vigorously debated, and current consensus
indicates that there is little proof of a causal role for the organism in human disease. This
consensus is based on a lack of apparent adherence to Koch’s postulates that includes the
inability to demonstrate the presence of the organism in all cases of Crohn’s disease, the dif-
ficulty of isolating the organism in a pure form, and the inability to reproduce the disease in
healthy animals (Grimes 2003). However, this lack of adherence may be interpreted as a
failure of modern medical research rather than proof that the organism is not associated
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with the disease. Until there is a paradigm to explain Crohn’s disease that either excludes or
includes MapTb conclusively, research must continue to explore any potential link.

Goals of Current Research

Improved Culture Techniques

Direct detection of the organism, as always, remains the gold standard for demonstrating
infection status. Improvement to in vitro culture systems has been dramatic over the last few
years, reducing culture times from months to weeks. The most promising approach
employs the use of a modified substrate and indicator in conjunction with the Bactec sys-
tem; however, even these enriched systems require a minimum of 2 weeks for sufficient
growth (Eamens et al. 2000, Thornton et al. 2002). The practical use of such equipment in
identifying infected animals is limited by apparent shedding of the organism only during
the latter stages of infection (Pavlik et al. 2000).

Antibody-Based Detection Schemes

Enzyme-linked immunosorbent assay–based detection schemes have been evaluated in
other laboratories, and although effective with heavily infected or shedding animals, these
systems exhibit greatly reduced efficacy with preclinical or subclinical ruminant animals.

Lymphocyte blastogenesis in response to MapTb antigen has also been examined and
has provided improved sensitivity over other testing methods (Williams et al. 1985). This of
course gave rise to IFN-� testing, which is a measure of antigen-specific T-cell activation
(Stabel 1996, Gwozdz et al. 2000, Stabel and Whitlock 2001, Gwozdz and Thompson
2002). However, these methods are hampered by cross reactivity between antigens from
closely related non-pathogenic mycobacterial organisms present in the environment.
Increased specificity may be possible with the identification of specific antigens.

DNA-Based Detection Schemes

DNA-based detection schemes permit the detection of minimal numbers of organisms
through the amplification of target sequences selected to enhance sensitivity and specifici-
ty. Current approaches exhibit increased sensitivity through enhanced organism recovery
and elimination of impurities that may inhibit detection (Cavallini et al. 2000). Although all
three features are vital to increased sensitivity, they are dependent on consistent shedding of
the organism by the host. In the case of Johne’s disease, it is not clear whether preclinical or
even subclinical animals consistently shed the organism, and in fact, there is evidence to the
contrary (Pavlik et al. 2000).

DNA amplification may be performed using cultured samples or directly; however, the
latter typically requires removal of impurities. Polymerase chain reaction (PCR) amplifica-
tion may be performed following immunomagnetic bead separation, bead beating, and
DNA extraction. This technique offers the capacity to enrich the organism as well as remove
impurities that interfere with amplification to consistently detect �10 MapTb organisms.
An additional aspect of organism identification is the potential for variation among isolates.
Recent evidence suggests that a great deal of genetic variation exists within the species clas-
sically identified based on mycobactin J growth dependence in vitro (Lambrecht and
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Collins 1992, Aduriz et al. 1995). This variety could present difficulties in any detection
scheme and must not be overlooked.

IS900 has been employed as the definitive diagnostic amplicon for identification of
MapTb. Its presence in other mycobacterial species has complicated diagnosis, making it
necessary to examine sequence variation through restriction fragment polymorphisms with
the target amplicon (Englund et al. 2002). This has proven to be a valuable approach, but it
does not lend itself to identification of the source of the organism or to additional epidemio-
logical tracking. Additional loci have been identified that are unique to MapTb through
genomic scale comparison with M. avium (Bannantine et al. 2002).

Population Structure

Variation among MapTb isolates has been described for surface antigens, virulence, and
host range (Sugden et al. 1987, Roach et al. 1993). Sheep and bovine isolates exhibit varia-
tion that may reflect preferences for a particular host or differential gene expression in
response to the host. The ability to identify markers for each of these variables is the first
step in identifying the genes responsible for infection or persistence in a particular host.
Recent genomic analysis has confirmed that as a group, MapTb can be distinguished from
M. avium using several common genetic markers or globally based genomic comparisons
(Bannatine et al. 2003, Motiwala et al. 2003). However, these approaches did not explore in
detail differences between MapTb isolates that could reflect important genomic variability.

Our laboratories have explored the use of amplified fragment length polymorphisms
(AFLPs) to characterize the genetic diversity among MapTb isolates. Although it is also
possible to identify single nucleotide polymorphisms using this technique, AFLPs may be
used to analyze the entire genome at various levels of selectivity. Differences in sequence
appear as polymorphic bands during electrophoresis. This approach has been used to identi-
fy a number of genetic differences between MapTb and M. avium corresponding to deleted
sequences that may represent significant biological differences. In addition, this approach
has provided the added benefit of distinguishing between isolates of MapTb that could
prove useful in tracking the origin of infection.

Identification of Isolates

Isolates were obtained from our collaborators at the following facilities: Dr. Melissa Libal,
Texas Veterinary Medical Diagnostic Laboratory; Dr. Gilberto Chavez-Gris, Department of
Pathobiology, Universidad Nacional Autónoma de México, University of California,
Davis, and the University of Wisconsin Diagnostic Laboratory. DNA was extracted by bead
beating as described elsewhere (Khare et al. 2003).

AFLP-based fingerprinting requires only small amounts of DNA (500 ng or less), and
depth of analysis can be varied depending on primer design. AFLP technology is based on
digestion of DNA with two different restriction enzymes (i.e., EcoRI and MseI) followed by
ligation of different adapters to each type of restriction site (Vos et al. 1995). Subsequent
amplification of DNA fragments with primers complementary to the two different adapters
results in preferential amplification of DNAs containing both adapters because of suppres-
sion PCR (Siebert et al. 1995). Following this pre-amplification, a selective PCR is per-
formed in which different numbers of DNAs can be amplified using primers complemen-
tary to the adapters but containing additional selective bases (n � 1). For example,
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amplification of DNAs from complex plant genomes with primers containing three selec-
tive bases results in the amplification of approximately 50 different DNAs that are �1 kbp
different in size. This is an ideal number of DNA fragments for analysis on gels and pro-
vides a unique fingerprint of the source DNA. The number of selective bases used can be
adjusted depending on genome complexity, allowing fingerprints of bacteria, fungi, virus-
es, insects, animals, or plants to be collected using the same technology. Often, with bacte-
ria, the pre-amplification step provides an ideal 30–50 bands because of the small genome
size, and a second more definitive amplification step is not required. Examples of the suc-
cess of this approach in bacterial epidemiology include Vibrio cholera, Salmonella enterica
subsp. enterica, and Campylobacter spp. (de Boer et al. 2000, Jiang et al. 2000a, Jiang et al.
2000b, Lindstedt et al. 2000). The use of fluorescent labeled primers permits examination
of multiple fragments simultaneously (Lindstedt et al. 2000). In some cases a single, 
30-cycle PCR amplification may produce the ideal banding pattern; in other cases selective
PCR is necessary (de Boer et al. 2000).

Texas A&M University researchers have automated most steps in the AFLP-fingerprinting
procedure to allow rapid and reproducible collection of DNA patterns using double LI-COR
DNA sequencers (Lincoln, NE). Data from the DNA sequencers are directly downloaded
into the software program, Bionumerics (BioSystemactia, Devon), for analysis of images.
This system together with fingerprint analysis software from the Sanger Centre allows
rapid collection, archiving, and analysis of DNA fingerprints from any organism. The data
may be stored for comparison with other isolates.

Initial experiments established the efficacy of AFLP-based fingerprinting for distin-
guishing MapTb from M. avium and for distinguishing pathotypes and biotypes among
MapTb isolates. Fingerprints were determined using up to 200 different primer combina-
tions in an initial scan for DNA polymorphisms. Because each primer combination ampli-
fies approximately 50 DNA bands, this analysis had the potential to examine approximately
10,000 loci, and the data for one such analysis are collected on four gels in 4 hours. Each
DNA band scored represents a search for polymorphisms in 10–16-bp (two restriction sites
plus selective bases), plus insertions and deletions in each amplified DNA (averaging 250
bp). Once polymorphisms were identified with specific primer sets, subsequent analyses
were performed with these informative primer combinations.

Data have been collected on local isolates from the veterinary diagnostic laboratory,
and useful primer sets have been established for diagnostics and epidemiology of MapTb
outbreaks. This approach permits tracking of disease transmission in and between herds
and possibly to human populations. Reference databases will be collected containing
gene patterns from a variety of isolates collected from the field in a number of geographic
locations and will allow hypothesis-driven analysis of the data and graphical display of
results.

Comparison of M. avium and MapTb

Variation among MapTb isolates has been described for surface antigens, virulence, and
host range (Sugden et al. 1987, Roach et al. 1993). Sheep and bovine isolates exhibit varia-
tion in their lipoarabinomannan that may reflect preferences for a particular host or changes
in response to a host. The ability to identify markers for each of these variables is the first
step in identifying the genes responsible for infection or persistence in a particular host. We
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propose the use of AFLP and PFGE (pulsed field gel electrophoresis) to characterize the
genetic diversity among MapTb isolates.

Our labs have had extensive experience in the molecular fingerprinting of microorgan-
isms and have employed PFGE, restriction fragment length polymorphism, PCR, and
immunomagnetic bead separation techniques in our studies of M. bovis, the causative agent
of bovine tuberculosis (Perumaalla et al. 1996, Sreevatsan et al. 1996, Perumaalla et al.
1999). In the experiments described below we implemented the use of a relatively new
DNA fingerprinting method, AFLP, that provides greater genetic resolution and is less sen-
sitive to DNA quality than PFGE (Zhao et al. 2000). In collaboration with members of the
Johne’s working group at TAMU and the assistance of the diagnostic bacteriology lab at the
Texas Veterinary Medical Diagnostic Lab and their collaborators at the University of Wis-
consin at Madison and the University of California at Davis, we have access to isolates that
represent a broad geographic distribution. This analysis has the potential to identify useful
epidemiological markers.

Twenty-one MapTb clinical isolates were compared with M. avium isolates obtained from
the American Type Culture Collection (Manassas, VA) and from a human infection. A total of
six PstI- and 16 MseI-specific primers were employed for 2,300 AFLP reactions. Although
most of the PCR products are shared by these closely related organisms, several bands were
produced in most reactions that were unique to either MapTb or M. avium. Because the aim of
this work was the development of diagnostics capable of positively identifying MapTb-infected
animals, the bands specific for MapTb were excised and their DNA sequence was determined
(O’Shea et al. 2003). Diagnostic primers were designed for PCR amplification of four inde-
pendent regions based on the interior sequence of what was ultimately identified as deleted
segments. These primers were used with 20 MapTb field strain isolates positive for IS900 and
25 isolates obtained from NAHMS. The 20 MapTb field isolates were relatively homoge-
neous in their banding patterns. Three of the four amplicons applied were positive for all Wis-
consin-derived field isolates. A fourth amplicon divided the samples into two groups display-
ing four negative amplifications within the 20 samples. A very different result was observed
with the 25 isolates obtained from the USDA/NAHMS. The four amplicons delineated a num-
ber of genotypes within the National Veterinary Services Laboratory test set. For example,
one primer set produced an amplification product from 15 of 17 positive samples, whereas
another produced a product from only 11 of 17 samples. These results suggest that there are
differences among the isolates that are not identified using classical biotyping methods and
that may be used to epidemiologically track outbreaks.

Application of this approach to field isolates received at the Texas Veterinary Medical
Diagnostic Lab has already provided interesting results. Two isolates made from one bull
suffering from Johne’s and exhibiting a strong positive serum enzyme-linked immunosor-
bent assay for MparaTb exposure were identified by NVSL as fast-growing M. avium
subsp. avium. The isolates were distinguished by their mycobactin J growth requirement.
However, both organisms tested positive for the presence of IS900 including restriction
digestion. Using the four loci described above and in detail elsewhere (O’Shea et al. 2003),
only the mycobactin J–independent isolate had all four loci consistent with identification of
MparaTb. The mycobactin J–dependent isolate had only one of the four loci. One interpre-
tation of these results is that M. avium complex organisms represent a continuum of geno-
types exhibiting a spectrum of pathogenesis. Complete genomic characterization will be
necessary to reveal genes required for pathogenesis in specific hosts.
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Host Gene Expression in Response to MapTb Infection

Ligated Ileal Loops

The ligated ileal loop assay permits the study of early events in the pathogenesis of disease
(Frost et al. 1997). For this non-survival ligated ileal loop procedure, 4–6-week-old male Hol-
stein/Friesian calves are anesthetized and maintained analgesic for the course of the 12-hour
experiment. The abdominal wall is opened and the distal ileum exteriorized. Each calf has up
to 24 8-cm ileal and eight colonic loops, half of which are injected directly into the lumen with
media (negative time matched controls) MapTb, MapTb mutants, or M. avium (109 CFU per
ligated Peyer’s patch ileal loop). At 0.5, 1, 4, 8, and 12 hours post-inoculation, four 3-mm skin
biopsy punch disks from each loop of Peyer’s patch, colonic mucosa, and local drainage
mesenteric lymph nodes are collected directly into cold Tri-reagent (Molecular Research
Center, Inc., Cincinnati, OH) for mRNA extractions and subsequent microarray analysis,
using commercially available bovine chips. Enteropathogenesis is assessed by measuring
fluid accumulation and leukocyte infiltration compared with control loops inoculated with
sterile growth medium. Tissue samples from each loop are also examined ultrastructurally and
histopathologically for the location of organisms and development of lesions.

Presumably because of the slow progression of Johne’s disease, we have not observed
gross changes over the course of the experiment; however, we have detected the MapTb
organisms within macrophages and mononuclear infiltrates into the lamina propria at 1
hour post-infection. We also expect to detect changes in host gene expression, particularly
cytokines and chemokines, consistent with invasion. Thus, virulent MapTbs are expected to
stimulate a different set of genes than M. avium. Because M. avium is not known to cause
any disease in ruminants, one may expect that the organism is either cleared from this host
or that it is engulfed and destroyed by the ruminant immune system. The more critical step
lies with the interpretation of the differences between cytokine and chemokine expression
stimulated by MapTb and M. avium and their potential role in clearance of MapTb. Proba-
bly the most interesting potential outcome would be the identification of host genes activat-
ed in response to MapTb infection, which could serve diagnostically as cytokine and
chemokine expression for infection. Identification of such genes may provide additional
insight into Johne’s pathogenesis and natural disease resistance.

Initial experiments have focused on detection of differential gene expression in infected
(MapTb vs. M. avium) versus control (uninfected) cells. Controls for this analysis include
primers for amplification of cDNA of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), a gene expressed at constant levels, which is included in each PCR reaction as an
internal control for variation in template. Early experiments indicate that MapTb or M.
avium infection causes differential induction of cytokine expression in calves. We will cor-
relate the ability to elicit cytokine production with their ability to invade intestinal tissue
and cause tissue injury and diarrhea.

Host gene expression is evaluated in ileal Peyer’s patches and in the mesenteric lymph
nodes. We have had extensive experience with these host pathogen systems, mRNA extrac-
tions, and differential-display reverse transcription PCR analysis (Gutierrez-Pabello et al.
2002). In addition, the Peyer’s patches, colonic loops, and lymph nodes have been cultured
quantitatively and examined histopathologically for lesions and compared with samples
from uninfected tissues.

Reverse transcription PCR was performed on temporal samples from the Peyer’s patch
mucosa after intraluminal challenge. The ligated ileal loop assay measures intestinal fluid
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accumulation and transmigration of leukocytes as well as the histomorphogenesis of the
lesions. Early response to MapTb has not been documented, but it is presumed to be essen-
tial to the development of disease. Chemokines involved in the recruitment and activation
of leukocytes at the site of infection have been examined. During this 12-hour assay, there
was no apparent change in fluid accumulation, in contrast to observations with Salmonel-
la, and the level of bacteria inoculated into the loops did not change appreciably during
this time. Conserved cysteines separated by some other amino acid cytokines are involved
in chemoattraction and activation of neutrophils (family of growth-related oncogenes,
granulocyte chemotactic proteins), and CC (a chemokine subgroup in which cysteine
residues are contiguous) cytokines are involved in the chemoattraction of monocytes,
eosinophils, lymphocytes, and basophils (family of monocytes and macrophages chemo-
tactic proteins).

Real-time PCR was used to determine the cytokine expression level. Primers were
designed using Primer Express software (Applied Biosystems, Foster City, Calif.). Real-
time PCR was run on SDS5700, and the results were expressed as the fold increase in gene
expression in infected tissue over non-infected tissue. All results were normalized to the
GAPDH target mRNA. There was a 14-fold stimulation of growth-related oncogene
(GRO)-� transcription by 4 hours post-inoculation and a 12-fold increase in GRO-� tran-
scription by 8 hours post-inoculation. Increases in transcription of GCP1 (fourfold) and
GCP2 (sixfold) were also observed. Increases in MCP1 (sixfold) and MCP2 (11-fold) tran-
scription reached an optimum at 4 hours post-infection. These were accompanied by a 14-
fold increase in IL1� (14-fold) transcription as reported elsewhere (Lee et al. 2001).

A variety of signals may initiate the intestinal response to MapTb infection, including
the transient expression of chemokine genes. Expression of GRO may be under the control
of interleukin 1 or tumor necrosis factor �. Our results suggest involvement of interleukin 1
on GRO expression. These results support the contention that differential activation of
granulocyte and monocyte chemotactic cytokines may play a major role in the pathogenesis
of MapTb infection. It will be interesting to compare these results with that obtained using
the closely related organism M. avium.

Host Genetic Factors

Evaluation of differences between cattle is a potential pitfall of the ileal loop experiments
that may complicate interpretation of the host response. We have established techniques to
assay for differential gene expression from resistant and susceptible cattle to identify new
candidate genes; to quantify kinetic mRNA expression in Peyer’s patches stimulated by
infection; and to identify cognate families of activating nuclear transcription factors. Clear-
ly there are major genes in the host that control critical points in this complex network of
host antimicrobial defense. We propose to define the genetic mechanisms active in
host–agent interaction of MapTb-infected bovine ileal Peyer’s patches and macrophage.
Initial trials will employ the methods described in the previous section (i.e., real-time PCR
to characterize expression from target genes). However, long-term experimental goals
necessitate the use of more global analysis such as that provided by microarray technology
to better analyze the host pathogen interaction.

All cattle employed will be genotyped for resistance versus susceptibility (Nramp1) to
intracellular pathogens (Feng et al. 1996). The outcome of this research may also be used to
advise producers of the importance of selective breeding and the need for early diagnosis
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before the appearance of disease. These experiments also include an examination of mutant
MapTb constructed via transposon mutagenesis to identify individual gene products essen-
tial for disease progression.

Conclusions

Paratuberculosis in ruminants has a prolonged incubation period, and most animals remain
subclinical for prolonged periods. Infection is typically acquired via the fecal–oral route.
Because of poor-quality diagnostic tests, the rate of progression from the subclinical to clin-
ical state remains unknown, and subclinical animals spread the disease to other animals
within the herd. Perhaps more important, concern has arisen regarding the possible survival
of MapTb in pasteurized milk and a potential link between MapTb and Crohn’s disease or
ulcerative colitis. Improved pasteurization and detection systems are under investigation,
and this technology will rely on the development of diagnostic reagents that are specific for
MapTb. However, knowledge of the genomic structure of this group of organisms is incom-
plete, and evidence suggests that M. avium and MapTB may represent only two forms from
a diverse continuum of M. avium complex isolates.

Research regarding MapTb infection and disease has also been hampered by a lack of
suitable animal models. Recently developed animal models now offer the opportunity to
reproduce the symptoms of disease and to examine specific interactions between the host
and agent with the ultimate goal of defining interactions that represent potential targets for
improved diagnosis and therapeutic treatment (Beard et al. 2001b, Lee et al. 2001, Mutwiri
et al. 2001, Mutwiri et al. 2002). Toward this goal we have described a model system offer-
ing one way to explore host–agent interactions in situ and to establish the biological signa-
ture (bio-signature) of MapTb infection.
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8 Viruses in Food

Sagar M. Goyal

Introduction

Human enteric viruses are shed in the feces of infected individuals in large numbers and are
transmitted mainly by the fecal–oral route or by person-to-person contact. Fecal contami-
nation of food or water may also result in outbreaks of viral diseases. Essentially any virus
that is excreted in the feces has the potential to cause foodborne infections. The viruses that
can be transmitted via food include rotavirus, enteric adenoviruses, noroviruses (human
caliciviruses known previously as Norwalk and Norwalk-like viruses), hepatitis virus type
A (HAV), hepatitis virus type E (HEV), astrovirus, and small round structured viruses
(SRSVs; Bosch et al. 2001). As opposed to bacteria, viruses do not multiply in foods but are
capable of surviving for long periods of time in food and on food contact surfaces, which
may serve as vehicles of virus transmission to consumers.

Although a number of foodborne viral disease outbreaks are reported each year, the prob-
lem is much bigger because all foodborne outbreaks are not reported. For example, sporadic
cases of foodborne illness are sometimes treated as common stomach ailments and go unre-
ported for want of specific diagnostic tests. Often it is difficult to prove that a particular out-
break was caused by viruses because of the paucity of virus detection methods and because
of the inadequacy of epidemiological procedures. If the cause of a particular foodborne out-
break is not determined, the outbreak is labeled as “acute gastrointestinal illness” (AGI) of
unknown etiology. Of the 2,423 reported foodborne disease outbreaks in the United States
during 1988–1992, the causative agent was not determined in 1,422 (59%) outbreaks. It is
widely believed that a majority of the AGI outbreaks are actually caused by viruses (Hedberg
et al. 1994, Bean et al. 1996, Glass et al. 2000, Parashar and Monroe 2001).

Mead et al. (1999) compiled and analyzed data from multiple surveillance systems and
concluded that AGI of unknown etiology accounted for more than 81% of illnesses and hos-
pitalizations and 64% of deaths. Of the foodborne outbreaks for which an agent was known,
noroviruses accounted for more than 66% of cases, 33% of hospitalizations, and 7% of
deaths. The results of this study demonstrated that foodborne diseases cause more illnesses
but fewer deaths than previously reported.

Although proper handling and hygienic preparation of foods has resulted in the elimina-
tion of some diseases, new causes of foodborne illnesses have also been identified. During
the last three decades, more than 20 new bacterial, parasitic, and viral agents have been rec-
ognized as etiological agents of gastroenteritis (Glass et al. 2000). Epidemiologists, clinical
investigators, and public health officials were called on to classify and characterize new pat-
terns of disease outbreaks and to develop rapid and sensitive methods for the detection of
these new agents (Glass et al. 2000).

The purpose of this chapter is not to comprehensively review all the information avail-
able on the occurrence of viruses in food, but to point out gaps in our knowledge and to
make some recommendations for new research that can be helpful in prevention and control
of foodborne disease outbreaks.
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Pathogens

As mentioned above, many different viruses including HAV, HEV, noroviruses (NVs),
rotaviruses, adenoviruses, parvoviruses and astroviruses may be transmitted via foods
(Appleton 2000, Bosch et al. 2001). Of these, NVs are estimated to be the most common
causes of foodborne diseases in the United States, accounting for two-thirds of all food-
related illnesses (Bresee et al. 2002). In fact, NVs have been cited as the most frequent cause
of viral gastroenteritis in humans throughout the world (Monroe et al. 2000). Certain animal
enteric viruses may also cause human infections. Such viruses are known as zoonotic virus-
es and may include rotavirus, NV, and HEV (Enriquez et al. 2001). The most common set-
tings for NV-related outbreaks include nursing homes, hospitals, restaurants, summer
camps, conferences, cruise ships, and day care centers (Frankhauser et al. 1998,
Frankhauser et al. 2002). Noroviruses can cause repeated infections because they are anti-
genically diverse and provide short-lived immunity to infection (Glass et al. 2001). Infec-
tions with NV are reported throughout the year, but most outbreaks are seen in winter
months (Frankhauser et al. 1998, Mounts et al. 2000).

Foods Involved

A variety of food items and modes of transmission have been implicated in foodborne out-
breaks. Outbreaks have commonly been associated with foods that are served raw or only
lightly cooked, such as molluscan shellfish, fresh produce (fruits, vegetables, and salads),
and ice, or products contaminated after cooking, such as frosted bakery products
(Frankhauser et al. 1998, Richards 2001).

Produce

Fresh produce has been implicated in several foodborne viral disease outbreaks. The source
of contamination for fresh produce may either be sewage-contaminated irrigation water or
an infected food handler. The potential for water to serve as the vehicle of viral contamina-
tion of fresh produce is an emerging concern for the following reasons: first, produce is
grown and harvested in many areas of the world that lack adequate waste disposal and water
treatment facilities; second, untreated surface water is often used to irrigate produce; third,
current water treatment may be incapable of removing viruses; fourth, enteric viruses can
survive on produce for long periods of time; and fifth, no virological criteria exist for water
used in produce production (Ooi et al. 1997, Parashar et al. 1998, Deneen et al. 2000, Glass
et al. 2001, Grabow et al. 2001, Croci et al. 2002, Solomon et al. 2002).

Contaminated food-contact surfaces may also be an important source of viruses for food.
To reduce the risks of cardiac diseases and cancers, the public has increased their consump-
tion of fresh fruits and produce, which has resulted in increased international trade in these
commodities (Hedberg 2000). Most of the fresh fruits and vegetables are ready-to-eat,
field-grown commodities, with an inherent risk of contamination by irrigation water. As a
consequence, the incidence of outbreaks of foodborne diseases associated with fresh fruits
and produce has increased in the United States. The mean number of produce-associated
outbreaks tripled from 4.0 per year in 1973–1982 to 11.8 per year in 1993–1997. From 1973
to 1997, 164 foodborne outbreaks caused by fresh produce were reported to Centers for
Disease Control and Prevention (Tauxe et al. 1997). In addition to these 164 outbreaks, con-
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sumption of salads resulted in an additional 202 outbreaks, two-thirds of which were caused
by unknown agents, most probably by NVs (Hedberg 2000).

In a gastroenteritis outbreak aboard a cruise ship, consumption of fresh-cut fruit was
found to be significantly associated with illness, and a significant dose-dependent relation-
ship was evident between illness and number of various fresh fruit items eaten (Herwaldt et
al. 1994). Celery, a component of chicken salad, was responsible for a large outbreak of NV
affecting 48% of 3,000 cadets at the U.S. Air Force Academy. It was discovered that the cel-
ery had been exposed to nonpotable water and had acted as a vehicle for transmission
(Warner et al. 1991). Imported, frozen raspberries were responsible for an outbreak of gas-
troenteritis in Helsinki. In a retrospective cohort study, it was found that employees of the
company who had eaten raspberry dressing had an attack rate of 65% compared with 15%
for those who had not. Calicivirus was detected in stool samples of four affected employees
by reverse-transcriptase polymerase chain reaction (RT-PCR; Ponka et al. 1999). A com-
mon trend that can be followed from these episodes is that the implicated foods are cold,
have come in contact with water, or are handled by sick food handlers.

Seafood

Seafood is an important source for human nutrition. However, several human pathogens can
be transmitted by seafood, especially shellfish. Estuarine and costal marine waters are sub-
ject to human fecal contamination because of sewage discharges, and bivalve mollusks,
such as clams, cockles, mussels, and oysters, may bioaccumulate viruses from surrounding
polluted waters during the course of their filter-feeding activity and subsequently transmit
these to humans (Gerba and Goyal 1978). Although human viruses do not multiply in shell-
fish, they are harbored for days or weeks in the digestive tract of shellfish and are apparent-
ly more difficult to remove than bacteria during depuration (Grohmann et al. 1981), a
process by which shellfish cleanse themselves of microbial contamination when placed in
clean waters. Unlike other types of seafood, shellfish are usually eaten raw or lightly
cooked, along with their digestive tracts, thus increasing the risk of viral transmission (Sob-
sey et al. 1978). In rare instances, even cooking may not be able to prevent gastroenteritis
outbreaks. For example, in one particular outbreak, the attack rate among persons who had
eaten steamed oysters increased with the number of oysters eaten (Kirkland et al. 1996).

Several shellfish-associated outbreaks of viral diseases have been documented, and the
presence of human enteric viruses has been demonstrated in shellfish harvested from both
clean and polluted waters (Goyal et al. 1979). Recently, Formiga-Cruz et al. (2002) detected
human adenovirus, Norwalk-like virus, and enteroviruses in shellfish from Greece, Spain,
Sweden, and the United Kingdom. Similarly, Simmons et al. (2001) detected NV in two
batches of commercially farmed Pacific oysters from different growing areas that were
implicated in four different outbreaks.

From 1991 to 1998, more than 2,100 shellfish-related illnesses have occurred in the Unit-
ed States, of which 1,266 were attributed to enteric viruses, predominantly NVs. Almost
78% of the illnesses caused by NVs were associated with oysters harvested during the
months of November to January from the Gulf Coast in the 1990s (Burkhardt and Calci
2000). Oyster-related outbreaks can be widespread, may affect a large number of people over
many states, and may pose a great challenge for trace-back investigators (Berg et al. 2000). In
one such outbreak, 60 clusters (comprising of 493 persons from Alabama, Florida, Georgia,
Louisiana, and Mississippi) of gastroenteritis caused by SRSVs were reported following the
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consumption of raw oysters. In all clusters, ill persons had eaten oysters harvested from
Louisiana waterways. On inspection of eight oyster-harvesting boats, it was found that seven
boats had inadequate sewage-collection facilities and indulged in the practice of throwing
garbage overboard, which may have contributed to contamination of the oyster harvesting
areas (Berg et al. 2000). A similar outbreak occurred in southeast Queensland and northern
New South Wales over a 4-week period (Stafford et al. 1997). Ninety-two of the 97 cases
were confirmed as having consumed raw oysters within 3 days before developing the illness.
No other food items or beverages were significantly associated with the illness.

During 1982, outbreaks of gastroenteritis associated with eating raw shellfish reached
epidemic proportions in New York State. From May to December, 103 well-documented
outbreaks occurred in which 1,017 persons became ill. Of these, 813 cases were related to
eating clams and 204 to eating oysters. Norwalk virus was implicated as the predominant
etiologic agent on the basis of clinical features, seroconversion, and presence of anti-NV
IgM antibody in the sera of affected persons in some of the outbreaks. In addition, NV virus
was identified by radioimmunoassay in clam and oyster specimens from two of the out-
breaks. The magnitude, persistence, and widespread nature of these outbreaks raised ques-
tions about the safety of consuming raw shellfish (Morse et al. 1986).

Other Foods

Foods other than shellfish and fresh produce have also been implicated in foodborne viral
disease outbreaks. In one outbreak, 35 members of a wedding party developed gastroenteri-
tis following consumption of pasta and spring rolls. Descriptive epidemiology, based on
interviews of affected guests, suggested that the outbreak was caused by SRSVs (Hicks et
al. 1996), which were indeed identified subsequently by RT-PCR. Cream cakes were the
source of infection in an outbreak of acute gastroenteritis in a small Norwegian community
in which 250 persons were affected (Andersen et al. 1996). Earlier in 1984, two outbreaks
of gastrointestinal illness occurred in two parties attending banquets on consecutive
evenings at a large hotel. SRSVs resembling NV were demonstrated by electron
microscopy (EM) in the stools of affected persons. Food-history analysis showed that the
illness was significantly associated with eating cooked ham (Riordan et al. 1984).

Sources

Foods may be contaminated preharvest if they come into contact with sewage-polluted irri-
gation water. They may also be contaminated postharvest when handled by infected food
handlers or by contact with contaminated surfaces. Produce may be contaminated by
improper irrigation or fertilization practices, by the hands of infected pickers or processors,
or as the result of adulteration during any stage of handling (Richards 2001).

Infected Food Handlers

Ill or asymptomatic food handlers can very easily cause contamination of food and water. A
high proportion of gastroenteritis outbreaks has been associated with the consumption of
food items handled by ill food workers. Of the 120 confirmed foodborne outbreaks of viral
gastroenteritis, 53 were associated with consumption of cold food items handled by ill food
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workers. In an additional 21 (18%) outbreaks, food handlers denied being ill but confirmed
illness among their family members, suggesting person-to-person transmission (Deneen et
al. 2000).

In a restaurant-related outbreak of NV in Alaska, 191 of 343 persons attending a lunch-
eon became sick. Eating potato salad was associated strongly with illness. The potato salad
was prepared 2 days before the luncheon by two food handlers, one of whom was ill. The ill
food handler used bare hands to mix the ingredients in a 12-gallon plastic container. When
tested by RT-PCR, the virus from fecal samples of one luncheon attendee, one restaurant
patron, and the implicated food handler had identical nucleotide sequences (Monroe et al.
2000).

The food handler does not necessarily have to be sick to transmit viral infections. Even in
the presymptomatic phase of infection, the potential exists for contamination. In one out-
break, the implicated food handler prepared salad and appetizers 30 minutes before show-
ing symptoms of disease (Gaulin et al. 1999). Other preinfectious, asymptomatic episodes
of NV gastroenteritis have been documented (Hedberg and Osterholm 1993). Persons
recovered from a disease episode can also be responsible for food contamination (Patterson
et al. 1993, Parashar et al. 1998). During an outbreak of gastroenteritis among employees of
a manufacturing company, an association was found between disease and eating sandwich-
es prepared by food handlers, one of whom had recovered from gastroenteritis days earlier.
Norwalk-like viruses with a similar genetic sequence were detected in stool specimens of
several employees and the sick food handler 10 days after the resolution of the illness. This
indicates that virus can be shed for up to 10 days after illness while the infected person is
free from symptoms.

In an outbreak affecting students who had eaten at a cafeteria, NV RNA was detected in a
deli sandwich. A food handler who prepared the sandwiches for lunch reported that her
infant had been sick with diarrhea just before the outbreak. A stool sample from the infant
was positive for NV by RT-PCR, and the sequence of the amplified product was identical to
that amplified from deli ham and from the affected student’s stool (Daniels et al. 2000).

Person-to-person transmission of NV in an unusual manner was recently documented at
a football game. Members of a team who had eaten box lunches developed vomiting and
diarrhea, and on the next day some members of the opposing team developed similar symp-
toms without sharing any food or drinks. Norwalk-like virus of genogroup G I was detected
in stool specimens from both teams by RT-PCR (Becker et al. 2000), strongly suggesting
transmission through personal contact.

Water and Ice

Waterborne disease outbreaks are often reported separately from foodborne disease out-
breaks, but almost all food items come in contact with water at some point. If the water is
contaminated, it may contaminate foods that come in contact with it. In August 1994, 30 of
135 bakery plant employees and over 100 people from South Wales and Bristol in the Unit-
ed Kingdom were affected by an outbreak of gastroenteritis caused by SRSVs. Epidemio-
logical studies of employees and three community clusters that used a dried custard mix
may have inadvertently reconstituted the mix with contaminated water (Brugha et al. 1999).
Ice has also been shown to act as a vehicle for NVs. In 1987, NV outbreaks occurred among
persons who had attended a museum fundraiser in Wilmington, Delaware, and an intercol-
legiate football game in Philadelphia. Persons who consumed ice were 12 times more likely
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to experience vomiting or diarrhea than those who did not. Ice consumed at these events was
traced to a manufacturer in southeastern Pennsylvania whose wells became contaminated
when flooded by a nearby creek after a torrential rainfall (Cannon et al. 1991).

Surfaces

Environmental surfaces and other fomites may also act as vehicles of infection. In 1994, an
outbreak of SRSV occurred in a 28-bed long-stay ward for the mentally infirm. The out-
break lasted for 17 days. SRSV was detected by RT-PCR in feces, throat swabs, and vomitus
of patients. Viral RNA was also detected from 11 of 36 environmental swabs from lockers,
curtains, and commodes located in the immediate environment of symptomatic patients
(Green et al. 1998).

Methods

Although methods to detect viruses in clinical specimens have improved significantly over
the last 10 years, their application to detect viruses in food and environmental samples has
progressed more slowly (Sair et al. 2002). Based on methods for the concentration and
detection of enteric viruses from large volumes of water and shellfish (Gerba et al. 1978,
Sobsey et al. 1978, Gerba and Goyal 1982, Goyal and Gerba 1983), a few studies have been
undertaken to develop simple methods for virological examination of foods other than
shellfish (Leggitt and Jaykus 2000). Because of low-level contamination of food with virus-
es, it is important to have methods available that can detect small numbers of viruses in large
quantities of food. In most methods, viruses are first eluted from food in 5–7 volumes of a
suitable buffer at an alkaline pH. The volume of the eluate is then reduced by organic floc-
culation or polyethylene glycol (PEG) precipitation. The next step consists of virus detec-
tion in the processed concentrate by virus isolation or by molecular methods such as PCR or
RT-PCR.

Dix and Jaykus (1998) modified an adsorption-elution-precipitation method to extract
and concentrate human enteric viruses from hard-shell clams. Fifty-gram samples of clams
were seeded with poliovirus type 1 (PV1) or HAV. Seeded viruses were purified by fluoro-
carbon (Freon; DuPont, Wilmington, DE) extraction and concentrated by PEG precipita-
tion. Virus recovery ranged from 45% to 95% and was found to be dependent on PEG con-
centration and volume of the elution buffer. To further concentrate viruses, remove
inhibitors, and reduce sample volumes, the protein-precipitating agent Pro-Cipitate (CPG,
Lincoln Park, N.J.) was used in an adsorption-elution-precipitation scheme. RT-PCR and
subsequent oligoprobe hybridization detected as low as 450 RT-PCR amplifiable units of
Norwalk virus in 50-g samples of clams (Dix and Jaykus 1998).

An elution-concentration approach was used to extract and detect human enteric viruses
from lettuce and hamburger (Leggitt and Jaykus 2000). Samples of lettuce or hamburger
were artificially contaminated with PV1, HAV, or the NV virus and processed by sequential
steps of homogenization, filtration, Freon extraction, and PEG precipitation. To reduce
sample volume and remove RT-PCR inhibitors, a secondary PEG precipitation step was
included. Using this method, 50-g samples of lettuce and hamburger were concentrated to
final volumes of 3–5 mL, with virus recoveries ranging from 10% to 70% for PV1 and from
2% to 4% for HAV. Total RNA from PEG concentrates was extracted to a small volume
(30–40 �L) and subjected to RT-PCR amplification. In studies with NV, 1.5 � 103 PCR-
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amplifiable units per 50 g of sample were detectable and PV1 and HAV were consistently
detected at initial inoculum levels of �102 plaque-forming units (PFU) and �103 PFU per
50 g sample of food, respectively (Leggitt and Jaykus 2000).

Because of the importance of NVs in food, recent studies have focused on the develop-
ment of methods for the detection of caliciviruses in food. Attempts to develop methods
using NV have not been successful because human caliciviruses cannot be propagated in
vitro. Hence, feline calicivirus (FCV), which grows well in cell culture, producing distinct
cytopathic effects, has been used as a surrogate of human caliciviruses in methods develop-
ment and survival studies (Slomka and Appleton 1998, Doultree et al. 1999, Gulati et al.
2001, Taku et al. 2002, Bidawid et al. 2003). We have recently developed methods for the
concentration and detection of FCV from stainless steel bench tops, cutting boards, and
sinks. Recovery of FCV from artificially contaminated surfaces ranged from 60% to 100%
(Gulati et al. 2001, Taku et al. 2002).

Dubois et al. (2002) modified an elution-concentration method to detect PV1, HAV, and
NV from fresh and frozen berries and from fresh vegetables. The method consisted of virus
elution from fruit or vegetable surfaces by rinsing them with a buffer containing 100 mM
Tris-HCl, 50 mM glycine, 50 mM MgCl2, and 3% beef extract (pH 9.5) followed by volume
reduction by PEG precipitation. Viruses from 100-g portions of produce were recovered in a
final volume of 3–5 mL. The percentage of viral RNA recovery was estimated by RT-PCR
to be 13%, 17%, and 45%–100% for NV, HAV, and PV1, respectively.

An alternate method using zirconium hydroxide was described by D’Souza and Jaykus
(2002) to concentrate human enteric viruses from food. The recovery of PV1 ranged from
16% to 59%, with minimal loss to the supernatant (1%–5%). For both HAV and NV, RT-
PCR amplicons of appropriate sizes were detected and confirmed in the pellet fraction with
no visible amplicons from the supernatant. This rapid and inexpensive method was believed
to hold promise as an alternative means to concentrate enteric viruses.

Schwab et al. (2000) developed a method to detect NV and HAV in food samples. The
method involved washing of food samples with a guanidinium-phenol-based reagent,
extraction with chloroform, and precipitation with isopropanol. Recovered viral RNA was
amplified by RT-PCR, using a viral RNA internal standard control to identify potential sam-
ple inhibition. By this method, 10–100 PCR units (estimated to be equivalent to from 102 to
103 viral genome copies) of HAV and NV seeded onto ham, turkey, and roast beef were
detected. When this method was used in an actual NV-associated outbreak at a university
cafeteria, genogroup II NV was detected in sliced deli ham. Sequence analysis of a PCR-
amplified genome indicated that the sequence was identical to that detected in the stools of
ill students, thus proving the efficacy of the procedure under field conditions.

Virus Detection in Sample Concentrates

The classical method for the detection of viruses in a sample is by isolating the suspect virus
in cell cultures or embryonating chicken eggs. However, most of the foodborne viruses
(e.g., HAV, HEV, NV, and SRSV) cannot be propagated in vitro (Richards 1999). The pres-
ence of such viruses in foods and environmental samples, therefore, is detected by molecu-
lar biological tools (e.g., PCR and RT-PCR). Although molecular techniques have been
very useful in clinical and environmental virology, their limitations should be recognized.
These limitations may include the failure of molecular techniques to discriminate between
viable and inactivated viruses, lack of test sensitivity and specificity, high assay costs,
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potential presence of RT-PCR inhibitors in sample concentrates, and the need for a sophisti-
cated laboratory (Richards 1999).

In spite of these limitations, the use of molecular methods has permitted outbreak strains
to be traced back to their common source and has led to the identification of viruses in impli-
cated vehicles (e.g., water, shellfish, and foods) contaminated both at their source and by
food handlers (De Leon et al. 1992, Ando et al. 1995, Lees et al. 1995, Le Guyader et al.
1996, Glass et al. 2000, Le Guyader et al. 2000). Using nested PCR and DNA hybridization,
Schvoerer et al. (2000) studied environmental samples from bathing areas and sewage treat-
ment plants in southwestern France and found five of 26 bathing water samples to be posi-
tive for viruses although no bacterial contamination was detected in these samples.

A multiplex RT-PCR method was developed for the simultaneous detection of the
human enteric viruses. Three different sets of primers were used to produce three size-
specific amplicons of 435, 270, and 192 bp for PV1, NV, and HAV, respectively. When tested
on mixed virus suspensions, the multiplex method achieved detection of one infectious unit
(PV1 and HAV) or RT-PCR-amplifiable unit (NV) for all viruses (Rosenfield and Jaykus
1999). With the use of single-tube amplification and liquid hybridization, multiplex PCR has
potential advantages over monoplex PCR in terms of rapidity and cost effectiveness.

In an effort to improve the sensitivity and speed of virus detection from non-shellfish
food commodities by RT-PCR, Sair et al. (2002) compared multiple RNA extraction meth-
ods and NV primer sets. Hamburger and lettuce samples were artificially contaminated
with HAV or NV, followed by their concentration using a filtration-extraction-precipitation
procedure. The use of TRIzol (Gibco-BRL, Gaithersburg, Md.) with the QIAshredder (Qia-
gen, Valencia, Calif.) Homogenizer (TRIzol/Shred) yielded the best RT-PCR detection lim-
its (�1 RT-PCR amplifiable unit per reaction for NV), and the NVp110/NVp36 primer set
was the most efficient for detecting NV from seeded food samples. Subsequently, a one-
step RT-PCR protocol using the TRIzol/Shred extraction method and the NVp110/NVp36
or HAV3/HAV5 primer sets demonstrated improved sensitivity (10-fold) over the rou-
tinely used two-step method. The ability to detect viral RNA in food concentrates without
prior dilution was taken as evidence that RT-PCR inhibitors were effectively removed by
the use of the above method.

Many authors have addressed the problem of co-concentration of RT-PCR inhibitors
with sample concentrates. To remove RT-PCR inhibitors from oyster extracts, Burkhardt et
al. (2002) compared a compartmentalized tube-within-a-tube device for RT-PCR-nested
PCR with conventional RT-PCR-nested PCR. In the presence of 100 mg of shellfish tissue
extract, the tube-within-a-tube device was able to increase the sensitivity of calicivirus
detection 10-fold over that of conventional RT-PCR-nested PCR. Shieh et al. (1999)
demonstrated that changes in elution conditions (glycine buffer at pH 7.5 rather than pH
9.5) and RNA extraction (using a silica gel membrane rather than single-step RNA precipi-
tation) may aid in the removal of RT-PCR inhibitors from oyster extracts.

Often a single method is not sufficient to detect the presence of viruses. For example, the
role of NV in three successive gastroenteritis outbreaks in a Mediterranean-style restaurant
was evaluated by EM and RT-PCR. NV was detected in each of the three outbreaks. Howev-
er, RT-PCR failed to detect NV in a specimen that was found positive by EM.

Efforts have been made to develop enzyme immunoassays for the detection of NV.
Vipond et al. (2000) compared the performance of EM, RT-PCR, and an enzyme-linked
immunosorbent assay (ELISA) using recombinant capsid protein from an SRSV. Of the 213
SRSV positive outbreaks, 71% were identified by enzyme immunoassay, 63% with EM,
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and 84% by RT-PCR. Thus, SRSV ELISA may provide a simple cost-effective assay for the
detection of currently circulating SRSV strains and may allow rapid identification of
emerging SRSV strains (Vipond et al. 2000). Using recombinant capsid protein of NV and
its purified antisera in an ELISA test, Yoda et al. (2000) could detect both antibodies and the
virus from outbreak cases, suggesting that the immunologic detection of NV antigens is
possible.

Baculovirus-expressed capsid protein immunoassays have also been described to detect
both antigens and antibodies (Jiang et al. 1992). Whether such immunological tests will
detect all genetically diverse strains of human caliciviruses is not known, however.

Indicators

Routine virological monitoring of food and water would help improve the safety of food
(Barrett et al. 2001, Grabow et al. 2001, Beuret et al. 2002, Campos et al. 2002). However,
methods for routine detection of all viruses in all types of food are currently not available,
and even if they were available, they may be too expensive and time consuming to be used
on a regular basis. At present, the presence or absence of indicator bacteria (such as fecal
coliforms and Escherichia coli) in food and water is taken as evidence of the presence or
absence of fecal (and hence pathogen) contamination. Shellfish-growing waters are gener-
ally monitored for fecal contamination by testing for the fecal coliform group of bacteria.
Although these bacteria are good indicators for the presence of bacterial pathogens, they do
not adequately reflect the presence of human enteric viruses (Goyal et al. 1979, Dore et al.
2000, Kator and Rhodes 2001, Wait and Sobsey 2001, Duran et al. 2002). Hence, the use of
alternate indicators to determine the virological quality of food and water has been suggest-
ed. Among others, these alternate indicators include adenoviruses (Pina et al. 1998), enteric
viruses such as poliovirus, and bacteriophages (Zanetti et al. 2003).

Although many authors have advocated the use of bacteriophage as indicators of human
enteric viruses, Leclerc et al. (2000) pointed out that bacteriophage data collected by vari-
ous laboratories are not directly comparable because of lack of uniformity in bacteriophage
detection methods. Differences exist in bacterial hosts used, method of phage concentra-
tion, determination of endpoints, volume of sample used (varying from 1 to 400 L), type of
filter used for viral adsorption, types of beef extract used for elution, conditions of centrifu-
gation, and the delivery of the concentrate to the host cells. In addition, factors affecting the
ability of the host to continue to be receptive to the bacteriophage after continued subculture
may also influence test results.

Hsu et al. (2002) compared three different eluents for recovering F� RNA coliphage,
somatic coliphage, and Salmonella phage from ground beef and chicken breast meat. After
elution with glycine, threonine, or 3% beef extract, the eluates were concentrated by PEG
precipitation and assayed on appropriate bacterial hosts (E. coli Famp, E. coli C, and Salmo-
nella Typhimurium for F� RNA coliphage, somatic coliphage, and Salmonella phage,
respectively).

The highest recoveries of the three phage groups were obtained with 0.5 M threonine
(pH 9.0), and the overall detection sensitivity was 3 PFU per 100 g of meat. The authors sug-
gested that F� RNA coliphage, and perhaps other enteric bacteriophage, may be effective
candidate indicators for monitoring the microbiological quality of meat, poultry, and per-
haps other foods during processing.
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Dore et al. (2000) monitored the levels of F� RNA coliphage and E. coli over a 2-year
period in oysters (Crassostrea gigas) harvested from three polluted and one non-polluted
site. All of the shellfish tested were found to be in compliance with the mandatory European
Community E. coli standard of �230 organisms per 100 g of shellfish flesh. However, as
many as 1,000 PFU of F� RNA coliphage were frequently detected in 100-g samples of
shellfish, and their presence was found to be strongly associated with harvest area fecal pol-
lution and with shellfish-associated disease outbreaks. On the basis of these results, it was
suggested that F� RNA coliphage should be used as viral indicators for market-ready oys-
ters (Dore et al. 2000).

To determine whether F� RNA coliphage can be used as indicators of fecal contamina-
tion for fresh carrots, Endley et al. (2003) tested 25 samples each from a farm, truck, and
processing shed. The number of samples positive for E. coli, Salmonella, and F� RNA col-
iphage was 6, 3, and 19, respectively. It was suggested that F� RNA coliphage could be
used as a conservative indicator for feces-associated viruses on carrots.

One of the criteria for an ideal indicator is that it should survive longer than the pathogen
itself. The decay rates of F� RNA phage, enteric viruses, and coliform bacteria are known
to vary with salinity, pH, temperature, turbidity, and dissolved oxygen concentration (Sten-
ström and Carlandar, 2001, Wait and Sobsey 2001, Sinton et al. 2002). Despite this variabil-
ity, levels of F� RNA coliphage in seafood harvested from sewage-contaminated waters
have consistently been higher than those of fecal-indicator bacteria (Dore et al. 2000, Hern-
roth et al. 2002). In addition, F� RNA coliphage have been reported to survive for up to 30
days in groundwater (Yates et al. 1985).

In a recent study, we compared the survival of F� RNA coliphage, FCV, and E. coli in
water at different temperatures (Allwood et al. 2003). The results of this study suggested
that both E. coli and F� RNA phage would survive for as long as, or longer, than NV in
clean water free of disinfectants, and that the latter could be used as a conservative indicator
of NV in clean water. Because bacterial indicators are generally less resistant to disinfection
than enteric viruses, it is possible that in the presence of disinfectants such as chlorine, 
E. coli survival would likely differ from the two viral organisms (Dore et al. 2000, Sinton et
al. 2002). It is conceivable, therefore, that F� RNA phage may even be a better indicator for
monitoring food, water, and surfaces that have been sanitized/disinfected.

Although many authors have suggested the use of F� RNA coliphage as an alternate
indicator of enteric viruses (Havelaar et al. 1993, Hsu et al. 1995, Woody and Cliver 1995,
Dore et al. 2000), F� RNA coliphage proposed use as indicators is not without controversy.
For example, although a strong correlation has been observed between the seasonal accu-
mulation of F� RNA coliphage in oysters and the incidence of NV diseases associated with
oysters (Burkhardt and Calci 2000), some investigators have reported that F� RNA col-
iphage are rarely detected in human feces (F� RNA coliphage are present in the feces of
approximately 3% of human population), suggesting that the presence of these coliphage in
water does not necessarily indicate human fecal pollution (Havelaar et al. 1990, Schaper et
al. 2002a, Schaper et al. 2002b) and that Bacteroides fragilis HSP40 phage be considered as
an alternate indicator. However, Bacteroides is not an easy host for use in routine laboratory
analysis and, hence, has not gained much popularity.

Somatic phage, those that do not require the F� for attachment, have also been consid-
ered as indicators of viruses because the methods for the enumeration of somatic phage are
simpler and results can be available in 4–6 hours. Clearly, more data are needed on the ecol-
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ogy and lifespan of phage in the environment to ascertain their usefulness as potential viral
indicators in food and water.

Virus Survival, Disinfection, and Sanitization

In general, enteric viruses are much more resistant to environmental conditions than are
bacteria, including fecal-indicator bacteria. Kurdziel et al. (2001) conducted a series of
studies to ascertain the potential for survival of PV1 on various foodstuffs. The studies were
mostly performed using fresh produce stored at refrigeration temperature for 2 weeks or so,
which was considered to represent the maximum time elapsing between purchase and con-
sumption. Each food sample was inoculated with PV1, and samples were analyzed immedi-
ately and at intervals throughout the experiment. The decimal reduction times or number of
days after which the initial virus numbers had declined by 90% were as follows: lettuce,
11.6 days; green onion, no decline; white cabbage, 14.2 days; fresh raspberries, no decline;
and frozen strawberries, 8.4 days. These results demonstrated that enteric viruses may per-
sist on fresh fruit and vegetables for several days under conditions commonly used for stor-
age in households and may pose a risk of infection to consumers.

Petterson and Ashbolt (2001) constructed a model for virus decay on lettuce and carrot fol-
lowing irrigation with secondarily treated sewage. The presence of a very persistent subpopu-
lation of viruses was observed, as evidenced by an initial rapid phase of decay followed by a
very slow phase. Because virus counts fitted a negative binomial distribution rather than Pois-
son distribution, it was deduced that viruses were not uniformly distributed over the surfaces of
either lettuce or carrot. The presence of over-dispersion and a persistent subpopulation of
viruses contributed to a significant increase in the heterogeneity of the risk estimates. In addi-
tion, predicted infection rates were significantly underestimated if the presence of a persistent
subpopulation of viruses was not considered in the decay kinetics of the risk model. It was sug-
gested that both viral clumping and persistence should be accounted for in future risk assess-
ments of enteric viruses associated with wastewater reuse (Petterson and Ashbolt 2001).

To determine the mechanism of inactivation of enteric viruses in the environment, Nuan-
ualsuwan and Cliver (2003) studied the capsid functions of PV1, HAV, and FCV after
exposing them to ultraviolet light, hypochlorite, high temperature (72°C), and physiologi-
cal temperature (37°C). The viral RNA of 37°C-inactivated viruses was protected by their
capsids, but not that of the viruses inactivated at 72°C, suggesting that viral capsids play a
role in virus survival. Virus inactivation almost always resulted in the loss of virus attach-
ment further indicating that the primary target of ultraviolet light, hypochlorite, and 72°C
inactivation is the viral capsid.

Food such as salads, cold food items, and frosted confectionery items may either be con-
taminated by ill or asymptomatic infected food handlers (Blacklow et al. 1987, Ponka et al.
1999, Schwab et al. 2000) or be contaminated by coming in contact with contaminated sur-
faces during harvest, processing, or handling in restaurants. Chemical disinfection of food
contact surfaces and rinsing food items with sanitizers is generally relied on to prevent and
control foodborne outbreaks, but the efficacy of disinfectants for the inactivation of viruses
is generally not known.

Using FCV as a surrogate of NV, we conducted a study to determine the anti-FCV efficacy
of commonly used disinfectants and food sanitizers on artificially contaminated stainless steel
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surfaces and fresh produce (strawberry and lettuce). Discs of stainless steel, strawberry, and
lettuce were contaminated with known amounts of FCV. The disinfectants were applied at
one, two, and four times the manufacturer’s recommended concentrations for contact times of
1 and 10 minutes. The action of the disinfectants was stopped by dilution, and the number of
surviving FCV was determined by titration in cell cultures. An agent was considered effective
if it reduced the virus titer by at least 3 logs from an initial level of 107 TCID50. Only one of
seven disinfectants was found to be effective when used at the manufacturer’s recommended
concentration for 10 minutes, indicating that most of the sanitizing and disinfecting agents
used in restaurants are not capable of removing calicivirus contamination from work surfaces
or from produce at recommended use levels. Thus, preventing outbreaks of foodborne cali-
civirus depends on maintaining hand-washing practices and excluding ill food workers from
the establishment.

Conclusions

This brief review has attempted to highlight the importance of human enteric viruses in dif-
ferent foods. Foodborne viral infections are prevalent worldwide, and steps are needed to
contain or reduce their prevalence. Human enteric viruses can persist for a long time in the
environment and can contaminate growing shellfish or irrigation waters. The latter may
result in contamination of various foods such as fresh fruits and vegetables. Restaurants,
nursing homes, hospitals, cruise ships, and conferences are the likely starting points for
some of the foodborne disease outbreaks through meals prepared or handled by ill food
workers or through foods coming in contact with contaminated surfaces or water.

Control measures should focus on ensuring that food does not come in contact with con-
taminated water, food handlers, or surfaces. Contamination via food handlers can be mini-
mized by exclusion of ill food handlers and by the maintenance of strict personal hygiene.
In outbreak situations, not only should the source of contamination be removed, but
attempts should also be made to prevent further spread of infection by interrupting person-
to-person transmission. Viral disease outbreaks associated with shellfish can be controlled
by preventing contamination of shellfish growing waters.

The need for proper education of the food industry in this regard cannot be overempha-
sized. Food handlers and consumers should be made aware of the risks associated with con-
taminated food products and of the steps needed to minimize such contamination. Food
handlers should be not only educated but re-educated on a regular basis about the impor-
tance of practicing good personal and environmental hygiene, including correct food-
handling practices. Workers in countries from which food is imported should also be
included in such training. Random monitoring of food and water, especially of ready-to-eat
items, for the presence of viruses and their indicators should be mandated.

It is clear from this review that further research in food virology is badly needed. This
need has become more acute in light of the potential threats of agro-terrorism, in which food
commodities may be a target of miscreants. There is an urgent need for the development of
simple, sensitive, and rapid methods for the elution and concentration of small amounts of
different viruses in large amounts of food. Attempts should be made to develop easy-to-use
diagnostic methods for virus detection following elution-concentration from foods. Simple
methods to remove inhibitors of PCR and RT-PCR from food concentrates are also needed.
Because epidemiologic investigation and detection of viruses in food and water may be
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cumbersome and expensive, research on finding a suitable viral indicator should continue.
Research should also focus on developing and testing effective sanitizers/disinfectants for
food, food contact surfaces, and human hands. In addition, the role of worker immunization
on interruption of foodborne infections should also be studied.
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9 Microbial Ecology: Poultry Foodborne
Pathogen Distribution

J. Allen Byrd II

Introduction

In 1994, a report entitled “Foodborne Pathogens: Risk and Consequences” estimated that as
many as 9,000 deaths and 6.5–33 million cases of illness each year are caused by ingestion of
contaminated food products (Council for Agricultural Science and Technology 1994). In
2002, the Foodborne Diseases Active Surveillance Network (FoodNet) collected data within
the United States and found that Campylobacter (5,006 cases) and Salmonella (6,028)
accounted for over 66% of the confirmed foodborne-related diseases (Centers for Disease
Control 2003). New requirements from the U.S. federal government mandate stringent regu-
lations for the reduction of foodborne pathogens in commercially processed poultry in the
United States. Reasons for this include increasing pressure from public interest groups, eco-
nomic costs for the U.S. population, and restrictions for poultry export to some countries.
Control of foodborne pathogens continues to receive media attention and continues to influ-
ence research preformed by governmental agencies (U.S. Department of Agriculture-Food
Safety Inspection Service 1997). The initiation of the U.S. Department of Agriculture-Food
Safety Inspection Service hazard analysis and critical control point program (HACCP) has
renewed industry interest for the control of foodborne pathogens. The HACCP concept has
brought about intense record keeping and sampling programs and has influenced the devel-
opment of innovative reduction strategies across the nation (see Chapter 20). Although
implementation of new intervention strategies to reduce foodborne pathogens is the essential
goal, large numbers of variables and sources of foodborne pathogens may limit the ability to
produce pathogen-free broiler chickens. Therefore, to understand where these critical con-
trol points can be implemented, scientists and industry personnel must review the sites of
potential foodborne pathogen contamination within the poultry continuum.

The normal gastrointestinal microflora for an animal contains over 2,000 species and
over 1012 organisms per gram of digesta. These bacteria must adapt to survive in the harsh
environment of the gastrointestinal tract. Many pathogens can invade different animal
species and can be spread in a cyclic manner. Others may not be shed into the environment
by the host for days or weeks. Therefore, the best detection methods may not always
demonstrate whether an animal or sample is pathogen positive during a single sampling
period. These are only a few of the things that must be considered in evaluating a pathogen
detection program.

In the gastrointestinal tract, both beneficial and pathogenic bacteria compete for nutri-
ents, space, and intestinal attachment sites. If a bacterium does not compete well for its
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position in the ecosystem, then it will be eliminated from the gastrointestinal tract. Bacteria
undergo a constant battle for survival in the intestinal environment. Each organism must
maintain a constant internal homeostasis while being exposed to multiple environmental
factors such as pH, salt concentrations, or temperature changes (Montville and Matthews
2001). These external factors stimulate genetic coding mechanisms for up-regulation of
protective virulence factors that are influenced by gene expression (Montville and
Matthews 2001). Thus, environmental conditions play critical roles in organism survivabil-
ity in nature. Many organisms have specific mechanisms that help them to survive for many
years in adverse conditions. Such mechanisms include the formation of resistant spores by
bacteria, molds, fungi, and protozoa. Organisms without such protective mechanisms are
therefore frequently disadvantaged. There are several abiotic factors that may affect these
organisms, including relative humidity, pH, temperature, oxygen toxicity, ultraviolet radia-
tion, chemical pollutants, and many other environmental factors.

Relative humidity has different effects on different bacteria depending on their Gram-
staining characteristics. Gram-negative aerosol bacteria tend to survive longer at lower rel-
ative humidity, whereas Gram-positive bacteria tend to remain viable in higher relative
humidities (Theunissen et al. 1993). One possible reason for this difference is that as water
leaves the bacteria, the lipid bilayer undergoes structural changes to a gel phase, which ulti-
mately leads to inactivation of the cell (Maier et al. 2000). Another closely linked factor is
environmental temperature. High temperatures usually lead to cell inactivation and protein
denaturation, whereas lower temperatures increase the survival times of organisms. Many
organisms lose their viability when frozen because of intracellular ice crystal formation.
Ultraviolet radiation and ionizing radiation such as X-rays have detrimental effects on bac-
teria. These physiological disruptions usually cause inhibition or alteration of biological
activities such as transcription and translation.

Changes in pH can benefit particular bacteria, or they may be detrimental in certain cir-
cumstances. For example, a 1-pH unit change can cause death, cessation of growth, or a
reduced rate of bacterial growth, which may be advantageous to other bacteria with differ-
ent pH tolerance in terms of competition for a particular environment (Hill et al. 1995). For
any environmental extreme, there are groups of bacteria that have protective measures to
ensure their survival under specific harsh conditions. Acid-tolerant bacteria can adapt to
manage low-pH conditions quite effectively. There are a variety of responses possibly
elicited by Salmonella when faced with nutrient depravation. Many of these responses can-
not take place in a single generation, and to be phenotypically expressed, they may take sev-
eral generations for complete adaptation to occur. Bacteria placed in adverse conditions
show very significant die-offs until a few of the bacteria adapt to the environment (Morita
1997). Reduction in cell size is the first noticeable sign of starvation, and it has been shown
to occur within the first 2 days of food deprivation (Novitsky and Morita 1976). The cell size
depreciates in the magnitude of 10- to 100-fold reductions. However the intrinsic character-
istics of the cells are maintained, as can be seen following the addition of nutrients to the
environment. In this event, cells will regain there normal morphological and biological
activity (Morita 1997). All of these functions take place to ensure the survival of the species.
If bacteria were unable to perform some of these metabolic activities, then they would have
been eliminated from the environment long ago.

Campylobacter is an example of a foodborne pathogen that adapts very well to changing
environments. Campylobacter is a bacterium that is poorly understood. In several investi-
gations, poultry have been fed with Campylobacter with little or no recoverability (Shreeve
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et al. 2002). Still other investigators have recovered Campylobacter from experimental fed
chicks (Ziprin et al. 2002). An explanation for this observation was provided by Talibart and
co-workers (2000), who found that two-thirds of Campylobacter spp. were nonculturable
after 14–21 days in the laboratory. Campylobacter changes the type of protein synthesis
profile during starvation, which enhances heat resistance in starved cells and allows the
cells to survive under these conditions (Cappelier et al. 2000). These are important factors
that must be considered when reviewing the microbial ecology of the gastrointestinal tract
(see Chapter 6 and Chapter 17).

A good starting point in understanding the microbial ecology of the gastrointestinal tract
or external environment is through the use of competitive exclusion (CE) cultures. The con-
cept of CE was first demonstrated by provision of microflora from healthy adult chickens to
neonatal chickens for the prevention of intestinal colonization by Salmonella (Nurmi and
Rantala 1973). In the commercial poultry industry, beneficial bacteria (intestinal microflo-
ra) may be unavailable for young chicks to ingest from adult chickens because broiler pro-
duction is based on an all-in, all-out system. This process prevents or delays the transfer of
microorganisms from one batch of birds to the next (Nurmi et al. 1996).

The precise mechanisms used by CE cultures to exclude Salmonella are not fully under-
stood. It has been postulated that CE cultures provide protection against pathogens in sever-
al ways. One mechanism involves competition for intestinal attachment sites on the mucosa
of the intestine (Nurmi et al. 1992). If the bacteria of the CE culture can fill intestinal attach-
ment sites, it is believed that the pathogen will not have a site to bind and, thus, will pass
through the animal. Another method involves the competition for nutrients. Pathogens that
do not have the appropriate nutrients available for growth will not be established in the host
(Nurmi et al. 1992). Another method postulated to prevent pathogen establishment is
through the production of compounds that may be toxic to invading pathogens, such as
volatile fatty acids or bacteriocins. Regardless of mechanisms involved, some researchers
believe that CE cultures function as a bacteriostatic intervention strategy. Thus, pathogens
can increase in the intestines if the beneficial microflora are disrupted because of disease,
changes in nutrition, weather changes, and so forth (Lafont et al. 1983). This is the same
scenario that every bacterium must endure to survive in the animal’s gastrointestinal tract or
in the external environment.

Breeder Poultry

In an ideal situation, pathogen-free breeder birds would be placed into a pathogen-free envi-
ronment to produce pathogen-free eggs for commercial broiler production. In the United
States, poultry producers attempt to provide adequate biosecurity to maintain healthy par-
ent stocks. In 1996, Davies and Wray investigated Salmonella in three broiler breeder
flocks and found that no matter how much the animal caretakers cleaned and disinfected the
houses, no farm could totally eliminate this pathogen (Davies and Wray 1996). In another
investigation, in which 111 breeder flocks were surveyed, the study showed that a footbath
could reduce the incidence of Salmonella 46.1-fold (Henken et al. 1992). It has also been
shown that the feed mill is another possible source of contamination. A Dutch laboratory
found that feed ingredients were capable of contaminating a breeder farm (Veldman et al.
1995).

Normally, Campylobacter prevalence is lower in the spring of the year, when it is associ-
ated with breeder flocks (Berndtson et al. 1996). These researchers also found that the
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Campylobacter infection rate increases as the size of the flock increases. Their studies
showed that in 77 out of 287 flocks evaluated, it was possible to have a farm test negative for
Campylobacter throughout the entire 1-year study (Berndtson et al. 1996). Most flocks start
to become positive for Campylobacter after 2–3 weeks of age, and by 7 weeks of age 90% of
the flocks are positive (Evans and Sayers 2000).

With high biosecurity associated with breeder flocks, how does Salmonella or Campy-
lobacter enter these flocks? It is possible that chicks are contaminated at the hatchery or
through a contaminated environment. Jones and co-workers (1991b) found that 3.9% of the
environmental samples were contaminated with Salmonella, whereas feed samples were
only sometimes contaminated with Salmonella (Veldman et al. 1995, Jones et al. 1991b).
Salmonella has been found in the breeder fluff, eggshell, and feces of breeders, suggesting
that Salmonella can be transported to the hatchery via the eggs (Bailey et al. 2002). Campy-
lobacter has been difficult to detect in the environment. This is most likely because of desic-
cation of the bacteria or possibly because of bacterial assumption of a viable but noncultur-
able state. The most recent information suggests that Campylobacter may gain entrance
into a new breeder flock through the chicks. Buhr and co-workers (2002) found that essen-
tially all sections of the oviduct and the cloaca of hens could be contaminated with Campy-
lobacter. Similar studies have been performed in roosters, suggesting that Campylobacter
has the potential of entering the flocks at day of hatch but not being detected until the fowl
are 2–4 weeks of age (Cox et al. 2002).

Hatchery

Hatcheries are the first site at which most intervention strategies are implemented.
Although hatcheries are commonly fumigated with formaldehyde, studies have been per-
formed with ozone as an alternative fumigant (Whistler and Sheldon 1989). Ozone was
effective in reducing bacteria 4 to 7 logs, and greater than 4 logs for fungi. Although ozone
was effective, it still did not reduce bacterial counts to the same extent as formaldehyde.

Chicks undergo a series of stressors during the first few days of life. First, chicks must
hatch out of the “egg-friendly” environment into the new world, a world in which there is a
dramatic change in temperature and exposure to pathogens even before the chick has exited
the egg. Bailey and co-workers (1992) demonstrated that the presence of a single Salmonella-
contaminated egg inside a hatching cabinet can lead to a significant spread of the pathogenic
organism within the hatching cabinet. Further research has indicated that within the hatchery,
eggshells are the best indicators for Salmonella contamination (Bailey et al. 1994). A review
of the literature found that 5%–12% of paper pads were contaminated with Salmonella (Bai-
ley et al. 2001). On further examination it was found that 42% of the individual flocks were
positive for Salmonella. This finding is significant, because as little as 5% of the birds leaving
a hatchery may be exposed to 100 colony-forming units of Salmonella and may subsequently
infect over half of the uninfected birds leaving the hatchery. This leads to grower-house con-
tamination (Byrd et al. 1998). In this scenario, the entire grow-out house would be contami-
nated with Salmonella, providing a potential reservoir for future flocks. Little has been pub-
lished on Campylobacter regarding the hatchery because of the low level of detection. Broiler
hatcheries surveyed from 1984 to 1989 had Campylobacter-positive samples ranging from
17.6% to 42.9% (Pearson et al. 1996). The authors of this study reported that the most com-
mon mode of Campylobacter jejuni contamination occurs by vertical transmission rather than
hatchery contamination; this finding agrees with the work by Stern and co-workers (2001).
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Grow-Out Houses

In terms of time in production, the grow-out period is the longest time of potential pathogen
contact that directly affects the consumer; broilers are raised in this environment for 6–7
weeks. The environment is considered to be the primary source of contamination for many
different bacteria, including Salmonella (Blankenship et al. 1993). There are conflicting
reports regarding hatcheries versus environmental sources of Salmonella, some of which
have already been discussed. To further add to the debate, in 1988, an 8-million-bird survey
reported that Salmonella serotypes on processed carcasses were more closely associated
with the hatchery-related serotypes than with the feed-related serotypes (Goren et al. 1988).
A survey over the period from 1994 to 1996 reported that the Salmonella serotypes found
before and at the end of grow-out were sporadic and could not be directly attributed to either
the environment or the hatchery (Byrd et al. 1999). Workers surveying turkey brooder hous-
es found that box-liners, litter, and drinkers were all negative for Salmonella before place-
ment of a flock, with 53.8% of the poult’s ceca positive for Salmonella on entry to the house
(Hoover et al. 1997). The following flock had 39.1% of the feed pans positive for Salmonel-
la before poult placement. Similar to this study, a recent large-scale survey found that 
Salmonella-positive broilers within a grow-out house were followed by a second Salmonella-
positive flock in 26% of the flocks evaluated (Bailey et al. 2001). Moreover, houseflies
trapped on fly strips were the best indicator of Salmonella status of the broiler flock.

There are seasonal trends regarding the detection of both Campylobacter and Salmonel-
la (Skov et al. 1999, Stern et al. 2001). For example, Campylobacter is normally detected
more frequently in the spring and summer, with slight increases during the fourth week of
grow-out (Stern et al. 2001). Flocks are consistently high in Campylobacter positives
(approximately 76%) at the end of the grow-out period (Humphrey et al. 1993). These num-
bers do not correlate well with environmental samples taken from broiler houses, in which
5.8% of the total samples were positive for Campylobacter (Jones et al. 1991a). In grow-out
houses poultry tend to be Campylobacter positive before the appearance of positive drag
swabs, mouse carcass rinses, insects, wild bird feces, or domestic animal feces, indicating
that birds are positive as they enter farms or shortly after placement (Stern et al. 2001).
However, after each house is cleaned and disinfected, Campylobacter could not be recov-
ered (Shreeve et al. 2002). A possible explanation could be desiccation, as Campylobacter
enters the viable but nonculturable state to enhance survivability within a biofilm in water
lines (Cox et al. 2001, Tranchoo et al. 2002).

Both beneficial bacteria and pathogens must face a changing environment. Antimicro-
bials and diet continually shift the microflora within the gastrointestinal tract and the exter-
nal environment (Cox et al. 2003). The pH of the external environment, such as litter, can be
manipulated to a basic pH (12) or an acidic pH (3–4), which reduces both Salmonella and
Campylobacter (Line 2002, Bennett et al. 2003). There needs to be further investigation to
fully understand the benefits of litter treatment.

Rose and co-workers (1999) reviewed the literature regarding some known risk factors.
These risk factors were associated with Salmonella but may also apply to Campylobacter.
Some studies have shown that feed trucks that park near the entrances to feed mills or grow-
out facilities were at increased risk of contamination when the feed was unpelleted, as com-
pared with pelleted feed. Biosecurity should always be enforced with regard to grow-out
houses, with proper clean-up between flocks to reduce the spread of pathogens to new
flocks (Henken et al. 1992, Fris and van den Bos 1995). Contaminated day-old chicks and
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feed could affect the pathogen status of the entire farm (Vaughn et al. 1974, Oystein et al.
1996, Christensen et al. 1997, Davies et al. 1997). The number of houses on the farm (3)
increased the potential of positive Salmonella flocks (Oystein et al. 1996).

Conclusions

Reviewing the research and applying this information to an individual unique system is the
first step to controlling foodborne pathogens. The use of intervention strategies at specific
locations and time points may help to reduce foodborne pathogenic bacteria in the live ani-
mal. However, the use of these strategies to eliminate pathogens from live animals should be
part of a complete management program. Additional research is needed to understand how
strategies that alter the intestinal microbial ecosystem affect the health and productivity of
the host animal. Further research is obviously needed to determine which intervention
strategies in which combinations may provide synergistic effects in the reduction of food-
borne pathogens. Further areas for future study by microbial ecologists also include under-
standing the succession of pathogenic and non-pathogenic bacterial species in breeder ani-
mals and farm wastes.
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10 Microbial Ecological Principles Underlying
Preharvest Intervention Strategies

Todd R. Callaway, Robin C. Anderson, 
Thomas S. Edrington, Kenneth M. Bischoff,
Kenneth J. Genovese, Toni L. Poole, and 
David J. Nisbet

Introduction

The gastrointestinal tract of food animals is populated by over 2,000 known species of bac-
teria and can contain total bacterial populations 1012 cells per gram of digesta. Because of
the highly competitive nature of the intestinal microbial environment, a constant, intense
competitive pressure always affects members of this ecosystem. Changes in the environ-
mental conditions of the intestinal tract can profoundly alter the microbial community and
even result in the elimination of specific members of the consortium.

In spite of the resources devoted to ensuring the safety of the food supply, more than 76
million U.S. citizens are made ill each year by consuming foods contaminated with patho-
genic bacteria (Mead et al. 1999). Many of these food-associated illnesses have been linked
to consumption of meat products or to direct contact with animals, their feces, or fecal
runoff. Consumer confidence in a safe and wholesome food supply has been further dam-
aged following repeated large-scale recalls of meat products in recent years (Sanchez et al.
2002). Losses in productivity and health costs attributed to the five most economically
important foodborne pathogens (i.e., Campylobacter, Salmonella, Escherichia coli
O157:H7, non-O157:H7 Enterohemorrhagic E. coli, and Listeria) cost the U.S. economy
approximately $7 billion each year (Economic Research Service/United States Depart-
ment of Agriculture [ERS/USDA] 2001). All of these pathogenic bacterial species can be
found, possibly only as transient members, in the gastrointestinal microbial population of
food animals.

Although postharvest antimicrobial treatments do reduce carcass contamination levels
(Elder et al. 2000), some animals still carry potential foodborne pathogenic bacteria into the
slaughterhouse. These pathogens are frequently not detected on the farm because they often
do not affect animal health or production and are often shed sporadically or at low concen-
trations. Because fecal shedding levels are correlated with the incidence of carcass contam-
ination (Elder et al. 2000), it appears that the status of live animals is crucial to our safe and
wholesome food supply. Therefore, strategies that decrease foodborne pathogenic bacterial
populations in the live animal on-farm, or just before they enter the abattoir, could produce
“the most significant reduction in human exposures to organisms, and therefore reduction
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in related illnesses and deaths” (Hynes and Wachsmuth 2000). An additional benefit to
strategies that reduce pathogenic bacterial carriage in live animals could decrease the inci-
dence of outbreaks associated with exposure to pathogens via petting zoos and open farm
visits (Sanchez et al. 2002).

Pathogen Distribution

Pathogenic bacteria are fairly widespread in food animals, but the incidence of colonization
can vary dramatically. For example, the incidence of E. coli O157:H7 in cattle varies sea-
sonally, but it can be found in up to 80% of animals during the summer months (Elder et al.
2000). In addition, animals may shed pathogens in their feces on a given day, but not again
for days or even weeks. This sporadic shedding poses a severe limitation on detection
methodologies. Salmonella can be commonly found in poultry, cattle, swine, sheep, and
goats, and Campylobacter can be found in nearly all food animal species as well. The ubiq-
uitous nature of these pathogenic bacteria and the variability of shedding make detection of
“carrier” animals and their subsequent elimination from the food chain a non-viable tech-
nique. Therefore, methods to eliminate pathogens from all animals before they enter the
food chain might hold the most promise for food safety improvement.

Competitive Exclusion

One strategy for reducing foodborne pathogenic bacteria from the food chain directly uses
non-pathogenic enteric bacteria to prevent or reduce colonization by pathogenic species.
Competitive exclusion (CE) is the exclusion of enteric pathogens from the gastrointestinal
tract through preferential colonization with commensal or beneficial bacteria indigenous to
a particular animal species. The aim of this technology is to facilitate in the young animal
the natural succession of a healthy and protective gut microflora, which otherwise may take
up to a week (or longer) to become established (Schaedler 1973, Muralidhara et al. 1977).
The use and understanding of CE exemplifies the need for further understanding of the
microbial ecology of the gastrointestinal tract.

Early research reported that inoculating young chicks with gut bacteria obtained from
healthy Salmonella-free adult chickens resulted in an increased resistance of the young
chicks to subsequent colonization by Salmonella (Nurmi and Rantala 1973). Other research
has shown that similar treatments with defined or undefined mixtures of healthy gut bacte-
ria provide a measure of protection to newly hatched avian species (Lloyd et al. 1977,
Barnes et al. 1979, Weinack et al. 1982, Nisbet et al. 1994). The extensive use of CE outside
the United States to enhance colonization resistance of avian species to Salmonella has
been well documented (Stavric and Kornegay 1995). The effectiveness of CE in protecting
swine against Salmonella colonization has also been reported in recently developed CE
mixtures (Fedorka-Cray et al. 1999, Nisbet et al. 1999, Genovese et al. 2000).

Although weaning of suckling pigs has been proposed as a critical control point for Sal-
monella control (Fedorka-Cray et al. 1997), evidence suggests that other critical control
points may also exist during the grower and finisher phase of production (Davies et al.
1998). Because CE, at least in its present state, is less effective when applied to mature ani-
mals or to those harboring preexisting Salmonella infections (Corrier et al. 1998), strategies
that prevent enteric infections occurring in older animals are still needed. For example,
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development of a lactose-adapted CE culture for young poultry has shown great promise in
controlling Salmonella infections (Corrier et al. 1993, Corrier et al. 1997). Dietary lactose
enhanced resistance to Salmonella enteritidis colonization by stimulating growth of benefi-
cial anaerobes at the expense of the non-lactose-fermenting Salmonella in molting hens and
market-age broilers. Because Salmonella infections in U.S. poultry operations are asymp-
tomatic, the extra cost of providing dietary lactose made the complimentary use of lactose-
adapted CE cultures too costly for use in the poultry industry. However, Salmonella infec-
tions in swine often result in increased morbidity and mortality (leading to decreased
profitability), particularly those infections caused by the host-adapted serotype Cholerae-
suis (Schwartz 1991). Young swine diets often contain lactose; therefore, the use of lactose-
adapted CE cultures combined with effective quantities of small intestinal bypass-lactose
may likely be cost effective in controlling Salmonella infections of swine.

Several mechanisms have been proposed to describe how the indigenous flora excludes
pathogenic bacteria from the gut: competition for nutrients or attachment sites within the
gut, production of antibacterial substances or conditions (e.g., volatile fatty acids, bacteri-
ocins, or anaerobiosis), and immunostimulation (Stavric and Kornegay 1995). The ability
of enteric pathogens to persist within the competitive gut environment undoubtedly
depends on their ability to secure available nutrients against a highly competitive microbial
population and to survive inhospitable conditions (Falk et al. 1998). Although considerable
information is known regarding the nutritional physiology of E. coli and Salmonella in pure
culture, little is known regarding their ability to compete for specific nutrients within mixed
microbial ecosystems, and this area of research has only recently begun to be investigated
(Duncan et al. 1999).

Bacteriophage, Natural Predators of the Intestinal Microbial
Ecosystem

Other natural members of the microbial ecosystem can also be used to reduce foodborne
pathogenic bacteria. Bacteriophage are viruses that specifically affect bacteria and that are
common members of the intestinal microbial flora of food animals. Phage have been repeat-
edly isolated from the bovine and ovine rumen and intestinal contents, and they vary with
dietary changes (Klieve and Bauchop 1988, Klieve and Swain 1993). Phage play an impor-
tant role in ruminal nutrient cycling and appear to allow the intestinal microflora to quickly
adapt to dietary changes. In recent results, 46% of the sheep were found to be naturally
infected with E. coli O157:H7–specific bacteriophage (T. Callaway, unpublished data).

Bacteriophage are highly specific and can be active against a single strain of a certain
species (Barrow and Soothill 1997). Because phage have such a high degree of “target”
specificity, it has been suggested that selected bacteriophage could be introduced to the
intestinal microbial population to eliminate specific microorganisms from a mixed micro-
bial population (Merril et al. 1996, Summers 2001).

Experimentally induced diarrhea in calves, caused by enteropathogenic E. coli (EPEC),
was inhibited by treatment with a combination of EPEC-specific phage (Smith and Huggins
1983, Smith and Huggins 1987). Calves challenged with EPEC died, but phage-treated
calves remained healthy when challenged and contained no EPEC in their spleens com-
pared with high-EPEC concentrations in control calf spleens (Smith and Huggins 1987).
Phage were also successfully used recently to reduce respiratory infections (E. coli) in
broiler chickens (Huff et al. 2002).
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Some researchers have examined the use of phage to reduce E. coli O157:H7 in cattle
(Kudva et al. 1999). Several O157-specific phage were isolated but were only active under
highly aerated conditions. These highly aerated conditions could be easily achieved during
the treatment of foods (e.g., sprouts), but not within the gastrointestinal tract of food ani-
mals. Thus, it appears that a better understanding of the effects of phage in more gastroin-
testinal environmentally relevant conditions is crucial. With this consideration, the role of
phage in the intestinal tract of animals and the potential for using phage to remove specific
foodborne pathogens from animals before slaughter may be better understood (Lederberg
1996).

Dietary Effects on Pathogen Shedding in Food Animals

The microbial ecology of the ruminant gastrointestinal tract is well characterized; however,
in spite of this large base of knowledge, the effect of diet on intestinal microbial populations
is still not fully understood. In the last half-century, ruminants have been fed increasing
amounts of grain (an energy-dense feedstuff) to increase growth efficiency, instead of the
forage-based diet that they evolved to consume (Huntington 1997, Russell and Rychlik
2001). Feeding cattle high-grain diets results in more efficient growth but can cause serious
changes in the ruminal and intestinal microbial ecosystem and can lead to severe intestinal
dysfunction that impacts overall animal health and performance (Russell and Rychlik
2001). It has been demonstrated that abruptly switching cattle from a predominantly grain
diet to a hay diet for 5 days prior to slaughter reduces fecal E. coli populations (Diez-Gonzalez
et al. 1998), but this remains a highly contentious suggestion because of conflicting experi-
mental data (Hancock et al. 2000, Jarvis and Russell 2001).

Studies have demonstrated that altering either the forage-to-grain ratio or the type or
quality of forage used in cattle diets could alter E. coli populations. Early studies demon-
strated that reducing the amount of forage in a ration, inducing starvation, or switching from
high-quality forage to poorer-quality forage caused an increase in generic E. coli or
O157:H7 populations (Brownlie and Grau 1967, Allison et al. 1975, Kudva et al. 1996).
Experimentally inoculated calves that were fed a high-grain ration consistently shed more
E. coli O157:H7 in their feces (Tkalcic et al. 2000).

Cattle fed a high-grain (feedlot-type) ration contained generic E. coli populations that
were 3 logs higher than cattle fed only hay (Diez-Gonzalez et al. 1998). When cattle were
switched abruptly from a high-grain diet to a ration composed of 100% hay, fecal E. coli
populations declined 1,000-fold, and the population of E. coli resistant to an acid shock
similar to that of the human stomach declined more than 100,000-fold within a 5-day period
(Diez-Gonzalez et al. 1998). On the basis of these results it was suggested that feedlot cattle
might be switched from high-grain diets to hay for the 5 days immediately before slaughter
to help reduce E. coli populations before cattle enter the food chain (Diez-Gonzalez et al.
1998). Unfortunately, Diez-Gonzalez and coworkers only measured E. coli, and thus only
generalized inferences could be made about the effect of the diet on E. coli O157:H7 or
other EHEC. In a similar follow-up study, naturally colonized cattle were fed a high-grain
ration and were maintained on the high-grain diet or were abruptly switched to a hay diet;
52% of the cattle that continued to be fed grain were E. coli O157:H7–positive, compared
with only 18% of the hay-fed cattle (Keen et al. 1999). In other related studies, feeding cat-
tle conserved forages (e.g., hay) was hypothesized to potentially improve food safety by
reducing the risk of carcass contamination with intestinal/fecal bacteria (Jacobson et al.
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2002). However, other research groups have produced contradictory results that suggest
forage feeding had no effect or even increased E. coli O157:H7 shedding (Hovde et al.
1999, Buchko et al. 2000a, Buchko et al. 2000b). Therefore, although it appears that dietary
composition and changes in diet affect E. coli populations (Callaway et al. 2003), the debate
over this controversial concept is not settled.

Use of Bacterial Physiological Systems to Reduce Foodborne
Pathogenic Bacteria

Although pathogenic bacteria can be common members of the microbial ecosystem, many
of these species share physiological traits that the rest of the microbial population does not.
Certain bacteria (e.g., E. coli and Salmonella) can respire under anaerobic conditions by
converting nitrate to nitrite via a dissimilatory nitrate reductase (Stewart 1988). Interesting-
ly, the intracellular bacterial enzyme nitrate reductase does not differentiate between nitrate
and its analog, chlorate. In these bacteria, chlorate is reduced to chlorite in the cytoplasm,
which accumulates and kills the bacteria (Figure 10.1; Stewart 1988).

The addition of chlorate to the diet reduced the intestinal and fecal populations of Salmo-
nella and E. coli O157:H7 in experimentally challenged pigs (Anderson et al. 2001a,
Anderson et al. 2001b). Further studies demonstrated that chlorate administered in the
drinking water reduced ruminal, intestinal, and fecal populations of E. coli O157:H7 in both
cattle and sheep (Callaway et al. 2002). Initial work with chlorate in broilers and turkeys has
yielded promising results (J. Byrd, personal communication). Chlorate does not appear to
have any effect on the ruminal or cecal/colonic fermentation in ruminants or monogastrics
(Callaway et al. 2002). In addition, selection of chlorate-resistant bacteria is unlikely
because these bacteria are unable to compete effectively with the normal intestinal micro-
bial flora (Callaway et al. 2001). The ability of chlorate to quickly reduce pathogenic bacte-
rial populations in food-producing animals has led to the idea that chlorate should be given
to animals as a supplement immediately before shipment to the slaughterhouse (Anderson
et al. 2000). The use of chlorate in food animals is currently under review by the U.S. Food
and Drug Administration (FDA).

Figure 10.1 The mechanism of action of chlorate in bacteria equipped with nitrate reductase
(NR).
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Use and Effects of Antimicrobials on the Gastrointestinal
Microecology

For over 50 years, antimicrobials have been used in agriculture to manage clinically impor-
tant diseases in food animals. When individual animals display clinical symptoms, often the
entire herd is treated prophylactically to prevent spread of the disease and to treat asympto-
matic animals (Gustafson and Bowen 1997). This practice is essential to maintain herd
health and to increase animal productivity, but producers have increasingly relied on antibi-
otics to treat disease rather than to emphasize good animal husbandry and hygiene practices
that prevent disease. As a consequence, we are now seeing an increase in the incidence of
drug-resistant bacteria in animals (Coates and Hoopes 1980, Wondwossen et al. 2000).

Another controversial practice is the use of antimicrobials at sub-therapeutic levels for
growth promotion (Gustafson and Bowen 1997). The growth-promoting effects of antibi-
otics were first noted when streptomycin added to the diet of chickens improved their
growth (Moore et al. 1946). Shortly afterward, residual antibiotic in the spent by-products
of chlortetracycline fermentations was shown to improve weight gain and reduce the
amount of feed needed to bring chickens and other livestock to market weight (Stokstad et
al. 1949, Stokstad and Jukes 1950). Later, other antibiotics were shown to have similar
effects, and at present, there are at least nine antimicrobial classes that are approved for use
in feed as growth promoters. The mechanism of action behind growth promotion is not
clearly understood; however, antimicrobials may modulate the metabolic activity of certain
intestinal microorganisms or shift the balance of the microbial ecosystem in a manner that
promotes more efficient digestion (Chopra and Roberts 2001). There is also evidence that
animals fed antibiotics have increased serum levels of growth factors such as insulin-like
growth factor 1 (Hathaway et al. 1996, Hathaway et al. 1999). Both broad-spectrum and
narrow-spectrum antibiotics (see Chapter 17) have been shown to enhance growth perfor-
mance. For example, ionophores (monensin), ionophore-like compounds (flavomycin),
and macrolides (tylosin) generally target Gram-positive bacteria, but it is not clear that the
antibacterial action of antibiotics is solely responsible for the growth-promoting effect.

The public health community is deeply concerned that enteric bacteria resistant to the
growth-promoting antibiotics, particularly the foodborne pathogens Salmonella, Campy-
lobacter, and E. coli O157:H7, may enter the food chain via contaminated meat products
and produce. Although most cases of human illness are self-limiting, serious human infec-
tions caused by these pathogens may require treatment with antibiotics. In addition, there
are concerns about the selection of antibiotic-resistant bacteria that have the ability to read-
ily exchange genetic elements with many diverse microbial species. When food animals are
harvested and processed, commensal bacteria that carry antibiotic resistance genes may
contaminate meat products. Once in the human gastrointestinal tract, genetic transfer or
“deck shuffling” can occur. There is significant evidence that Bacteroides spp. are involved
in the transfer of tetracycline and erythromycin resistance genes among Bacteroides and
other genera in the human colon (Shoemaker et al. 2001).

The potential for antibiotic-resistant bacteria entering the food chain through contami-
nated meat has put pressure on the FDA to propose tighter controls on antibiotic use in food
animal production. Several political action groups are lobbying for the FDA to ban the sub-
therapeutic use of antimicrobials for growth promotion—actions that will affect current
production practices and that may have significant implications for animal health. Finally,
as many European nations are banning the use of antimicrobials in animal feed, the use of
such drugs in food animals may pose potential trade barriers.
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In spite of these potential drawbacks to antibiotic treatment, recent research has found
that some antibiotics do have the potential to improve food safety. Neomycin sulfate is
approved for use in cattle and has a 24-hour withdrawal period. Cattle fed neomycin sulfate
for 48 hours followed by a 24-hour withdrawal period shed significantly lower generic 
E. coli and E. coli O157:H7 populations in their feces, and this difference continued 5 days
after neomycin withdrawal (Elder et al. 2002). In other research, tilmicosin increased shed-
ding, whereas ceftiofur decreased the shedding of E. coli O157:H7 in calves (S. Price, per-
sonal communication).

Ionophores are growth-promoting antimicrobials unrelated to antibiotics used in human
medicine that are therefore unlikely to lead to an increase in antibiotic resistance. Monensin
is the most widely used ionophore in the livestock industry; it is used primarily to enhance
performance of growing ruminants and also as a coccidiostat in poultry (Russell and Strobel
1989). Because the physiology of some common pathogenic bacteria renders themselves
insensitive to the action of ionophores (the Gram-negative membrane structure prevents
ionophores from reaching the cell membrane), ionophores do not appear to have any direct
effect on gut populations of Gram-negative bacteria (Busz et al. 2002, Edrington et al.
2003a). However, because ionophores alter ruminal and intestinal microbial populations, it
was hypothesized that they could provide a competitive advantage to pathogenic bacteria.
In vitro and in vivo studies have demonstrated that the use of ionophores does not, in fact,
provide such a competitive advantage to E. coli O157:H7 or Salmonella species in rumi-
nants (Edrington et al. 2003a, Edrington et al. 2003b).

Water Systems as a Transmission Route?

In addition to foodstuffs, other recent human outbreaks of gastroenteritis caused by E. coli
O157:H7 have been linked to cattle manure or the runoff from dairies infiltrating municipal
water supplies (e.g., in Walkerton, ON; Population and Public Health Branch 2000). Cattle,
as humans, can be infected by pathogens via water (Jackson et al. 1998, Shere et al. 2002);
thus, water troughs can be reservoirs of pathogenic bacteria and are thought to be responsi-
ble for some of the dissemination of pathogenic bacteria (e.g., EHEC) within a herd 
(LeJeune et al. 2001). Although the actual significance of the water troughs in horizontal or
vertical transmission has not been definitively established, intervention strategies focused
on water troughs (e.g., ozonation and chlorination) offer potential to reduce the number of
animals colonized by recycling pathogenic bacteria between pen- or herd-mates.

In addition, water runoff from farms contaminated with pathogenic bacteria from feces
may be used to irrigate feed crops, where it can be consumed by animals or people (Maule
2000, Sanchez et al. 2002). Further research into reducing pathogen survival and reproduc-
tion in the water supply and runoff can potentially increase food safety by reducing the risk
of foodborne pathogen horizontal transmission via drinking water (see Chapter 13).

Conclusions

The use of several of the individual strategies described above to reduce foodborne patho-
genic bacteria in the live animal shows great promise. Furthermore, the use of these strate-
gies to eliminate pathogens from live animals could significantly reduce illnesses caused by
direct animal contact. However, additional research is needed to understand how these
strategies that alter the intestinal microbial ecosystem affect the health and productivity of
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the host animal. The implementation of several of these intervention strategies in tandem
(e.g., vaccination coupled with CE in the early phases of production, feeding a “pathogen-
reducing diet” during the grow-out phase, addition of chlorate or antibiotics targeted
against specific pathogens immediately before slaughter) could introduce “multiple hur-
dles” to the entry of foodborne pathogenic bacteria to the human food chain. Further
research is obviously needed to determine the complementarity of these strategies to
enhance synergistic effects. Further areas for future study by microbial ecologists also
include understanding the succession of pathogenic and non-pathogenic bacterial species
in water systems, farm wastes (manure), and water runoff from farms.
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11 Limiting Avian Gastrointestinal Tract
Salmonella Colonization by Cecal
Anaerobic Bacteria, and a Potential Role
for Methanogens
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Introduction

In the poultry chick, native adult microflora becomes established in the small intestine
within the first 2 weeks (Barnes et al. 1980), but it takes over 4 weeks to develop in the ceca
(Mead and Adams 1975). Natural resistance increases with age as the adult microflora
become more established. As a consequence, adult birds possess a stable gut microbial
ecosystem that is relatively resistant to infection by salmonellae. There are two circum-
stances in which the presence of an adult cecal microflora has been identified as a critical
factor required to limit colonization and spread of Salmonella spp. in poultry. The first cir-
cumstance involves newly hatched chicks and the addition of competitive exclusion cul-
tures consisting of adult avian cecal microorganisms capable of preventing Salmonella spp.
colonization. A second possible role for the cecal microflora derives from the fact that hens
undergoing feed deprived induced molt are more susceptible to intestinal infection by Sal-
monella enteritidis and shed more organisms (Holt and Porter 1992, Holt et al. 1994, Holt
1995). However, because the understanding of cecal microbial ecology is incomplete, there
is still considerable debate as to what mechanisms are involved.

Mechanistically, how avian gastrointestinal microbial populations serve as a barrier to
transient pathogen establishment will not be resolved until a more complete picture of
microbial ecology in the adult chicken gut is established. Although the microbial popula-
tions in the avian gastrointestinal tract have been periodically studied for over a half centu-
ry and an extensive number of organisms have been identified, little has been done to assign
ecological roles for groups of identified organisms. As a consequence, only minimal
understanding is possible regarding metabolic and functional niches that various indige-
nous microorganisms may occupy in the different gastrointestinal regions of both young
chicks and adult birds. It has become apparent that the less stable, but more transient, facul-
tative microbial population in the young chick does shift to a more stable strict anaerobic
fermentative population in certain sections of the gastrointestinal tract as the bird matures.
In particular, the formation of methane may be a key microbial fermentation process that
has been observed in adult birds and that therefore could be considered an indicator of the
stabilized mature cecal population in chickens. However, because of the difficulties associ-
ated with their isolation, methanogens have been overlooked when the cecal microflora
have been characterized. This review is focused on the importance of developing a better
general understanding of the avian gastrointestinal microbial population and why some
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subpopulations of organisms such as the methanogens may have an important role to play in
stabilizing that population.

Biological Additives and the Importance of Gut Ecology

The practice of supplementing prebiotic or probiotic biological additives to domestic ani-
mals during growth is becoming widespread in food animal production. Prebiotics involve
some sort of selective additive that is not usable by the host animal but that can be selective-
ly used, and therefore is stimulatory to a portion of the gastrointestinal population that is
then presumed beneficial to the host (Orban et al. 1997, Berg 1998, Patterson and Burkhold-
er 2003). A probiotic involves the supplementation of actual viable microorganisms that
potentially can establish in the gastrointestinal tract and elicit benefits to the host (Patterson
and Burkholder 2003). Reported beneficial effects, particularly in cattle, pigs and poultry,
include improved general health, more efficient food use, faster growth rate and increased
milk and egg production (Fuller 1992, Fuller 1997, Berg 1998). Obviously, these benefits
have fueled tremendous commercial growth in marketing such products, but considerable
controversy exists as to how direct the influence of addition of biological additives is in
exercising these benefits. Most mechanisms suggested to explain apparent success in ani-
mals are too simplistic ecologically when the complexities of the gastrointestinal tract are
considered. Thus, the problem remains that even when such biological additives are consis-
tently effective, the mechanisms remain elusive.

Probiotics have made their largest commercial inroads in poultry production. This is
because probiotic addition has been shown to be consistently successful in minimizing Sal-
monella colonization of the ceca in baby chicks (Stavric 1987, Stavric 1992). Competitive
exclusion by the normal bacterial flora is considered to be the main mode of prevention of
various enteropathogen colonizations in the intestinal tracts of man and animals (Freter et
al. 1983a, Freter et al. 1983b, Ushijima and Seto 1991). Natural infection of poultry by Sal-
monella occurs via the oral route, and salmonellae colonize the intestinal tract, with the ceca
being a primary site of colonization (Brownwell et al. 1970, Soerjadi et al. 1981, Stavric
1987, Impey and Mead 1989). The newly hatched chick has a nearly sterile cecum that lacks
competitive microflora and that therefore is quite susceptible to colonization by bacteria
such as foodborne Salmonella spp. (Stavric 1987). Modern hatchery practices that remove
the egg from the mature hen, plus the use of disinfection regimes in grower houses, ensure
further delay in the development of a protective cecal microflora and extend the window of
susceptibility to colonization by Salmonella spp. and other foodborne pathogens (Bailey
1987, Stavric 1987). This has been demonstrated in experimental housing, where chicks
introduced to environments without previous exposure to chickens exhibited a delay in the
appearance of intestinal lactobacilli until 3 weeks after feeding (Bare and Wiseman 1964).
However, several research groups demonstrated, by providing newly hatched chicks with
cecal microflora from Salmonella-free adult chickens, that the incidence of salmonellae
cecal colonization could be decreased (Nurmi and Rantala 1973, Schleifer 1985, Stavric
1987, Stavric 1992). Such results would suggest that probiotics are a means to accelerate
the establishment of a maximally protective microflora that approximates the pathogen col-
onization resistance observed in adult chickens.

The more effective probiotic cultures usually consist of mixtures of facultative and
anaerobic bacteria that require administration as intact metabolic consortia to be efficacious
(Nisbet et al. 1996a, Nisbet et al. 1996b). It also appears that the more successful probiotic



cultures tend to closely mimic the complex anaerobic microflora found in adult birds. As a
consequence, undefined cultures that have been taken directly from cecal or fecal extracts
are usually more effective at limiting colonization of pathogens than are probiotic cultures
consisting of combinations of defined microorganisms (Stavric 1992). This would suggest
that there are missing organisms in the defined cultures that may have not been isolated.
Simply put, relative success of various probiotic cultures in poultry may partially be the
consequence of their respective effectiveness in speeding up the establishment of the domi-
nant anaerobic microflora characteristic of the adult bird gastrointestinal tract. Thus, the
primary goal for assessing probiotic capabilities and in vivo potential for success may
require identifying the characteristics that signify complete establishment of a fully devel-
oped gastrointestinal microflora in the mature chicken.

Influence of Feed Removal on Cecal Microbial Ecology

Feed withdrawal is an additional circumstance in which the role of the fully developed cecal
microflora in the mature chicken is believed to be important in minimizing colonization and
spread of Salmonella spp. in poultry. Feed removal is commonly practiced in the poultry
industry in broiler production to minimize fecal contamination on carcasses during proc-
essing. Removal of feed is also the primary method used in the layer industry to induce
molting and stimulate multiple egg-laying cycles in hens (Brake 1993, Holt 1995). Invari-
ably, increased Salmonella contamination occurs during feed withdrawal in both laying
hens and broilers (Humphrey et al. 1993, Ramirez et al. 1997, Corrier et al. 1997, Corrier et
al. 1999, Durant et al. 1999). Emptying of the gastrointestinal tract by feed removal appears
to be a consistent factor favoring increased levels of Salmonella in a variety of animal
species including fasted chickens (Moran and Bilgili 1990, Humphrey et al. 1993, Corrier et
al. 1999), mice (Miller and Bohnhoff 1962) and ruminants (Brownlie and Grau 1967, Grau
et al. 1968). However in fasted birds, based on the cecal measurements taken and microbial
populations examined, the changes in the cecal microflora are not obvious (Holt et al. 1994,
Corrier et al. 1997). Consequently, what is really needed is an understanding of the key
processes during establishment of anaerobes in the avian gastrointestinal system that leads
to the subsequent fermentation characteristics and ecological balance exhibited by the
highly protective microflora (Ricke and Pillai 1999). This requires a much more complete
picture of cecal microbial ecology as well as application of molecular techniques to identify
microbial species that are difficult to cultivate (Ricke and Pillai 1999, Zhu et al. 2002).

Development and Characteristics of the Avian Cecal Microflora

All components of the avian digestive tract (crop, proventriculus, gizzard, small and large
intestine, and ceca) can serve as potential sites for microbial colonization, but in commer-
cially raised poultry, only the ceca can be considered a stable enough environment to serve
as the primary site for establishment of a complex microbial ecosystem consisting predom-
inantly of obligate anaerobes (Mead 1997). In domestic poultry, paired ceca are blind
pouches 15–18 cm in length, consisting of a narrow, constricted open end connected to the
colon and a dilated, thinner-walled blind component (McNab 1973). Fermentation is the
primary microbial activity, with CH4 and CO2 being the principal gases produced and
acetate the primary volatile fatty acid, along with some propionate and butyrate (Annison et
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al. 1968, Beattie and Shrimpton 1958, Shrimpton 1963, McNab 1973), and with some
isobutyric, valeric, and isovaleric acids (Hinton et al. 1990, Kubena et al. 2001). The ceca
are the primary site for microbial fermentation, with a lumen population estimated to be at
from 1010 to 1011 organisms per gram wet weight, thus representing the region of the gas-
trointestinal tract with the greatest concentration of intestinal microorganisms in mature
chickens (Johansson et al. 1948, Barnes and Shrimpton 1957, McNab 1973, Mead 1989,
Vispo and Karasov 1997).

A total count of organisms that approximates that found in mature birds can be reached
within 2 days after hatching and can remain similar thereafter (Lev and Briggs 1956,
McNab 1973). However, the complexity of the cecal microflora composition dramatically
changes as the bird ages. The majority of the organisms present during the initial few days
after hatch are usually facultatively anaerobic bacteria (Shapiro and Sarles 1949, Huhtanen
and Pensack 1965, Smith 1965, Mead and Adams 1975). At 24 hours posthatch, lactobacilli
begin to appear, and by the third day they are the predominant part of the cecal microflora
(Barnes et al. 1980, Mead and Adams 1975, Schleifer 1985). After this, many of the organ-
isms can only be cultured under anaerobic incubation laboratory conditions, and the overall
microbial diversity continues to increase for the next 5–6 weeks (Barnes et al. 1972, Fuller
and Brooker 1974). In the chick, gut microflora characteristic of adult birds become estab-
lished in the small intestine within the first 2 weeks after the chick has hatched out (Barnes
et al. 1980). However, in the ceca it takes over 4 weeks after the chick has hatched out for the
microbial population characteristic of adult birds to develop, and for establishment of the
predominant cecal microorganisms, it may require up to 6 weeks (Barnes et al. 1972, Mead
and Adams 1975).

Determining Cecal Microbial Composition

The microbial composition of the cecal microflora has been difficult to estimate not only
because of the changes that occur as the bird ages but because the isolation methods used in
some studies do not necessarily support the growth of the more oxygen-sensitive anaerobes
(Mead 1997). Anaerobic isolation methods and media developed for enumeration of the
rumen anaerobic microflora (Hungate 1950) have been shown to be the best for studying
predominant anaerobic chicken cecal microflora, and more than 200 strains of bacteria have
been isolated from the ceca (Barnes et al. 1972, Barnes et al. 1979). Several groups of anaer-
obic cocci, streptococci, and Gram-negative and Gram-positive nonsporeforming anaer-
obes, including species of Peptostreptococcus, Clostridium, Bacteroides, Fusobacterium,
Eubacterium, Propionibacterium, and Bifidobacterium, have been isolated from chicken
and turkey ceca (Barnes and Impey 1970, Barnes and Impey 1972, Bedbury and Duke 1983,
Salanitro et al. 1974a, Salanitro et al. 1974b).

Unfortunately, knowledge of the cecal ecosystem is incomplete because even when strict
anaerobic methodology is practiced, only a portion of the total viable counts can be recov-
ered (Mead 1997). Supplementation with rumen fluid supports optimal growth for some
cecal isolates (Salanitro et al. 1974a, Salanitro et al. 1974b, Salanitro et al. 1978). This has
been used as an indication of chicken cecal bacteria possessing nutritional requirements
similar to rumen organisms (Salanitro et al. 1974a, Salanitro et al. 1974b, Salanitro et al.
1978, Mead 1997). Based on approaches developed for rumen bacteria (Leedle and Hespell
1980), rumen fluid-based and non-rumen fluid-based carbohydrate differential selective
media for inoculation of plate media in an anaerobic glove box have been examined (Fan et
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al. 1995, Nisbet et al. 1994, Ricke et al. 1993, Shermer et al. 1998). Use of carbohydrate dif-
ferential media has allowed the enumeration of total anaerobes on plates and given us the
ability to distinguish specific bacterial populations based on energy and nutrient require-
ments that respond to specific dietary changes such as lactose.

Evidence for Methanogens in the Chicken Cecum

Most conventional anaerobic methods only account for the fermentative saccharolytic
microbial population; important components of the cecal microbial anaerobic consortium
may not be isolated and, therefore, may be overlooked (Barrow 1992, Mead 1989, Mead
1997). A primary example of this is methane gas, which was detected in chicken cecal con-
tents over 40 years ago, yet methanogens were not isolated until some 20 years later, when
the methanogenic bacterium (genus Methanogenium) was isolated from chicken and turkey
feces and identified as the primary type associated with chickens and turkeys (Beattie and
Shrimpton 1958, Shrimpton 1966, Miller and Wolin 1986, Miller et al. 1986, Miller 1991,
Jensen 1996, Mead 1997, Lin and Miller 1998). Only recently has a methanogen also been
tentatively isolated directly from chicken ceca (C. Woodward and S. Ricke, unpublished
data; L. Daniels, personal communication).

Methane formation in the avian cecum by indigenous methanogens is not surprising
because methanogens commonly inhabit the gastrointestinal tract of most food animals
including ruminants and a variety of nonruminant animals (Hungate 1966, Bryant 1979,
Lin and Miller 1998), and the ceca in hens should be sufficiently anaerobic (Corrier et al.
1997) to sustain methanogens as well. Even so, because retention time in the intestine is rel-
atively short, methane generated in the intestine is the product of a phylogenetically limited
range of H2-CO2-using methanogens (Bryant 1979, Miller and Wolin 1986). However, use
of H2 by methanogens is of central importance in the gastrointestinal ecosystem because
generation of methane maintains a very low partial pressure of H2 that thermodynamically
favors production of specific fermentation products (acetate, CO2, and H2), rather than
more reduced products (propionate, lactate, or ethanol), by the carbohydrate-using anaer-
obes (Hungate 1966, Thauer et al. 1977, Wolin and Miller 1982, Bryant 1979).

Ecology of Methanogens in the Chicken Cecum

The ecological importance of methanogens in chicken ceca is difficult to ascertain and may
be based on several factors including presence of other potentially competitive hydrogen
users, diet, and age of bird. The presence of H2- or CO2-using acetogenic bacteria (reductive
acetogenesis) has been demonstrated in other gastrointestinal ecosystems including in the
rumens of cattle, in the large intestines of pigs and humans, and in termites (Bernalier et al.
1993, Breznak and Switzer 1986, De Graeve et al. 1994, Genthner et al. 1981, Greening and
Leedle 1989, Le Van et al. 1998). In batch cultures of cecal microorganisms from laying
hens, Marounek et al. (1996) observed a shift from acetate and methane to propionate pro-
duction when salinomycin was added. However, when the specific methanogen inhibitor 2-
bromoethanesulphonic acid was added to these cecal cultures, hydrogen recovery was not
increased, suggesting possible H2 consumption by H2-dependent acetogenesis (Marounek
et al. 1996).

Dietary changes may also influence methane production in chickens. When dietary fiber
was increased in the diet in the form of wheat, barley, or oats, methane was increased nearly
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10-fold compared with corn-fed hens (Shrimpton 1966). However, when cecal contents of
7-week-old chickens were incubated as batch cultures in the presence of different carbohy-
drates including pectin, xylan, and cellulose, methane production was not significantly
changed, and an average of 11 moles of volatile fatty acid were produced per mole of
methane (Marounek et al. 1999). Such differences between in vitro and in vivo studies indi-
cate that some adaptation to diet by the cecal microflora is required and that age of the bird
may be a factor. Most studies have only involved detection of methane from hens (Miller
and Wolin 1986, Miller et al. 1986, Miller 1991, Shrimpton 1963, Shrimpton 1966), but in
preliminary experiments, Marounek et al. (1996) were unable to detect production of
methane in young chickens, although observing significant methanogenesis in laying hens.
However, when ceca from chicks were examined during their initial 4 weeks after hatch,
11% were positive for methane by week 2 (27 chicks total) and 100% (29 chicks) were
methane positive by week 3 (C. Woodward and S. Ricke, unpublished data).

The age at which methane becomes detectable in the cecum may be dependent on the
time course for establishment and stabilization of the adult anaerobic microflora. The com-
position and complexity of the cecal microflora is in a dynamic state for the first 5–6 weeks
of life (Barnes et al. 1972, Fuller and Brooker 1974, Fuller and Turvey 1971, Stavric 1987),
until the definitive microbial community is stabilized. Barnes et al. (1972) observed that the
types of predominant organisms continued to change up to 6 weeks after hatching. This
slow development of adult microflora has been attributed to the sanitary rearing conditions
of the hatcheries, which lead to the delay of normal gut flora establishment (Bailey 1987,
Stavric 1987). Chicks hatched by sitting hens would be considered much more likely to be
rapidly inoculated by contact with the adult hen, whereas no such contact is possible in the
relatively sterile hatchery (Bailey 1987, Stavric 1987). This isolation of hatched chicks
from potential contact with adult microflora is continued in the grower houses because the
houses are usually sanitized and fresh litter is frequently added to the floors before new
groups of chickens are brought in (Bailey 1987).

An understanding of the key processes during establishment of anaerobes in the avian
gastrointestinal system that lead to the subsequent fermentation characteristics and ecologi-
cal balances exhibited by the highly protective microflora is necessary. This requires a much
more complete picture of cecal microbial ecology. Only then can some of the variability of
experimental results for probiotic mechanisms and susceptibility during feed deprivation be
resolved. Although formation of methane may be a key microbial process that seems to be
present in adult birds, methanogens are generally overlooked when extensive studies on the
characterization of the chicken cecal microflora have been conducted. However, before this
can be proven, extensive in-depth studies are required to quantitatively detect fermentation
patterns and concomitant microbial profiles that are most likely to support methanogen colo-
nization. This includes experimental approaches that link specific microbial populations
with ecological characteristics that are thermodynamically favorable for methane formation.

Conclusions

Avian gastrointestinal microorganisms have received periodic interest over the past 40–50
years, with numerous isolations of individual organisms usually accompanied by identifi-
cation and characterization studies. Relating these findings back to the ecology of the avian
gastrointestinal tract and the potential effect on the nutrition and health of the bird has been
the focus of most of these studies. However, in commercial poultry production the success-
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ful development and application of effective competitive exclusion microbial cultures that
prevent colonization in the avian gastrointestinal tract by foodborne pathogens has resulted
in a renewed interest in understanding the key factors that influence the establishment of
indigenous microbial populations in chickens. The recent successful applications of these
competitive exclusion or probiotic cultures ensure continued commercialization and wide-
spread use of such cultures (Ricke and Pillai 1999).

It has become evident that the more effective probiotic cultures usually consist of mix-
tures of facultative and anaerobic bacteria that require administration as intact metabolic
consortia to be efficacious (Nisbet et al. 1996a, Nisbet et al. 1996b). It also appears that the
more successful probiotic cultures tend to closely mimic the complex anaerobic microflora
found in adult birds. Given that the fermentation response and ecological balance of the pro-
biotic consortium appears to be essential for the effectiveness of such cultures, an under-
standing of the microbial ecosystem in the cecum of the adult chicken is required. This
should provide an understanding of the key processes during establishment of anaerobes in
the avian gastrointestinal system that leads to the subsequent fermentation characteristics
and ecological balance exhibited by the highly protective microflora. However, this clearly
requires a much more complete picture of cecal microbial ecology than exists at present,
which may be accomplished using a variety of cultural and molecular approaches.

Any characterization of the cecal microbial profile must include methanogens. Specifi-
cally, there is a need to determine when methanogens become a part of the cecal microflora,
identify what characteristics in the cecal microenvironment are associated with establish-
ment of methanogens, and quantify the methanogen populations. In addition, the question
remains as to how stable the cecal methanogen populations are under these conditions.
Answering this question will require examining whether feed deprivation alters
methanogen activity while birds are undergoing fasting and whether key characteristics in
the chicken cecal microenvironment can be linked accordingly with increases and decreas-
es in methanogen populations.
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12 Distribution and Spread of Enteric
Pathogens in Swine: Outlook for 
the Future

Roger B. Harvey and H. Morgan Scott

Introduction

Consumers in the United States have become increasingly concerned about the safety of
their food supplies. They are bombarded daily by the media about new and dangerous dis-
eases that are associated with the food chain. A few examples would include O157:H7
Escherichia coli in ground beef; Listeria monocytogenes in dairy products; Salmonella in
beef, poultry, pork, fruits, and vegetables; Campylobacter jejuni in poultry; hepatitis A in
raw oysters; and hormone, antibiotic, and pesticide residues in meat. Yet the U.S. food sup-
ply is safer than it has ever been. A few short years ago, most food was prepared in the home,
and home cooks were aware of the necessity of proper food handling and storage. This
knowledge was obtained through home economic classes in public schools in addition to
mothers teaching their children that food safety was an important part of food preparation
(see Chapter 30). However, during the 1960s and 1970s, major changes occurred in Ameri-
cans’ lifestyles. Young families became more mobile, and many were far removed from the
previous generations. For the younger generation, this led to a loss in institutional memory
for cooking and food handling. Changes in the workforce, lifestyles, and demographics; the
advent of fast foods; and the increase in immunocompromised individuals have all com-
pounded the issue (Collins 1997, Morris and Potter 1997).

At present, few households cook meals on a regular daily basis, and knowledge of home
food safety is at low ebb. Because of the real and perceived danger of bacterial contamina-
tion in the home, consumers want assurances that their food is totally safe, even to the point
of food sterilization. This has led to increased pressure on food processors to produce, pack-
age, and deliver products free of bacterial contamination. To help resolve some of these
issues and maintain consumers’ confidence, most of the food industry processors have
adopted the Hazard Analysis Critical Control Point (HACCP) programs (see Chapter 20).
However, because the food chain is a long one, food processors are now looking farther “up-
stream” and are demanding quality assurance or on-farm HACCP programs for food-
producing animals (Tauxe 1997).

This chapter will discuss the past and present effects of selected enteropathogens on
pork production and the swine industry. On the basis of our present knowledge, future
trends and an outlook for the distribution, spread, and control of enteropathogens will be
discussed.
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Salmonella, Campylobacter, and E. coli in Swine

Historical Perspective and Present Control Efforts

Salmonellosis in swine (swine paratyphoid) caused by Salmonella serovar Choleraesuis at
one time was considered the only disease associated with salmonellae; however, now it is
known that Salmonella serovar Typhimurium may induce clinical disease (enterocolitis) in
young pigs (Schwartz 1991). Swine can be colonized by many of the serovars of Salmonel-
la but may remain as undiagnosed asymptomatic carriers of the organisms, thereby increas-
ing the risk of food chain contamination. With the exception of serovars Choleraesuis and
Typhimurium, the remaining serovars of Salmonella do not cause economic losses to the
swine industry, and other than food safety concerns, there are few economic incentives for
the industry to reduce carriage rates of the other Salmonella serovars in swine.

Most of the food safety research in the United States for Salmonella in swine has cen-
tered on identification of on-farm prevalence compared with slaughter prevalence,
improved sanitation/disinfection procedures on farms and at processing plants, and the
effects of feed withdrawal, transport, and lairage on carcass contamination. Commercial
and autogenous bacterins have been used with limited success on farms, with recurring clin-
ical disease induced by serovars of Choleraesuis or Typhimurium.

Denmark, however, has embarked on an ambitious plan for Salmonella reduction in
swine. In that country, there is a national serological (enzyme-linked immunosorbent
assay–based) program that monitors swine at slaughter. Salmonella-positive herds are iden-
tified, and farms are categorized with a numerical score as to the rate of infection. The farms
with the highest prevalence of Salmonella are required to cooperate in a Salmonella-
reduction plan. Salmonella-reduction procedures may include quarantine, farm depopula-
tion, restricted access to slaughter facilities, increased on-farm testing, improved biosecuri-
ty methods, increased disinfection procedures, and price reduction for pork products from
those farms. The use of this program has resulted in reduced numbers of Salmonella-
positive pigs presented at slaughter (Christensen et al. 1999, Dahl 1999).

In recent years, Campylobacter has emerged as one of the most common causes of
human enteric disease in developed countries. In the United States, Campylobacter is con-
sidered by many to be the primary cause of enteric disease (Tauxe 1992). The number of
cases of campylobacteriosis in Denmark was doubled from 1992 to 1996 (Nielsen et al.
1997), and Campylobacter was reported as responsible for 12% of all cases of acute gas-
troenteritis in the Netherlands (Weijtens et al. 1993).

Swine at slaughter may have an intestinal prevalence of 70%–100% of Campylobacter,
with the predominant species being C. coli. However, on some farms, swine can have a rela-
tively high prevalence of C. jejuni (Harvey et al. 1999). C. coli, C. jejuni, or C. lari do not
appear to cause clinical disease in swine but are of concern for foodborne disease risk.
Human campylobacteriosis in the United States is primarily caused by infection with 
C. jejuni, whereas in Europe both C. jejuni and C. coli are routinely isolated from human
cases. Present control procedures center on random bacteriological sampling of carcasses at
slaughter, on carcass washes with acidic solutions, on steam pasteurization of carcass sur-
faces, and on bacteriological monitoring of retail meats.

Colibacillosis is the most frequently reported condition of suckling pigs, and E. coli-
associated diarrhea is the number three reported disease of weaned pigs in the United States
(National Animal Health Monitoring System Report 2000). Enterotoxigenic strains of 
E. coli such as F18 and K88 can cause gut edema and mortality in nursery-age pigs.



Although these strains are not pathogenic to humans, they annually cost the swine industry
millions of dollars. Present control practices for E. coli disease include enhanced sanitation
and disinfection practices, increased biosecurity measures, feed additives such as spray-
dried plasma and zinc oxide, use of antibiotics to treat clinical disease, and vaccination with
autogenous bacterins.

E. coli O157:H7 is a human pathogen that has been associated with foodborne disease
linked to undercooked ground beef. Although not commonly isolated from pigs in the Unit-
ed States, E. coli O157:H7 has been isolated from pigs at slaughter in South America (Borie
et al. 1997, Rios et al. 1999). The U.S. pork industry is understandably very concerned
about the potential colonization of swine with O157:H7. As a measure of precaution in the
United States, swine and pork products are randomly sampled to monitor for the presence
of E. coli O157:H7.

Current Trends in the U.S. Swine Industry: Influence on
Enteropathogens

What are some of the factors and production practices in the U.S. swine industry that could
facilitate the increase of enteropathogens? First and foremost is the tendency of the industry
to become more vertically integrated. This has caused the average swine farm to increase
the total number of animals produced annually, yet farms have not increased dramatically in
acreage. The only way to achieve these increased production capabilities is through intense
confinement rearing. Although intense rearing can increase efficiency of facilities and
labor, it can initiate its own set of problems. In intense rearing, there is an increased likeli-
hood that bacterial populations, including enteropathogens, could become more prevalent.
Once a disease or infection begins, it can spread at an alarming rate throughout a nursery or
grower/finisher barn. Therefore, improved biosecurity and monitoring of herd health status
are essential.

Traditional methods of bacterial disease control have relied on the use of antibiotics;
however, enteropathogens are becoming resistant to many of our available antibiotics, and
it does not appear that new antibiotics are on the horizon. In fact, some regulatory agencies
have proposed that antibiotics (sub-therapeutic) be removed from animal production. In
Sweden, antibiotics in animal feeds have been outlawed, and there has been a subsequent
increase in bacterial disease conditions. Apramycin is a feed/water antibiotic that was
approved in the United States for treatment of coliform infections in pigs. Recently, the
manufacturer voluntarily removed it from the market because of regulatory issues and pres-
sures. It is unknown whether this removal will become a trend for other antibiotics.

In today’s atmosphere of environmental awareness, odor control and manure manage-
ment have become key issues and problems for large confinement operations. Because of
offensive odors, reduced air quality, and groundwater contamination associated with ani-
mal production, some states have enacted “no growth” restrictions for the swine industry.
Along with those problems are the public concerns about animal well-being and animal
welfare in confinement operations. To address these issues, some European countries have
banned confinement rearing for livestock and poultry and have gone to “free-range” rear-
ing. On the surface, this may appear to be an easy fix for welfare and well-being, yet these
practices can create another set of problems. For example, parasite loads, hypothermia, and
foot rot, although minimal in confinement rearing, can increase dramatically in animals
raised outdoors on dirt. Salmonella and E. coli organisms can survive for long periods in
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mud and damp soil, so free-range animals could actually have an increase in their bacterial
carriage rates compared with their confinement counterparts.

Future Directions and Potential Intervention Strategies to Reduce the
Prevalence of Enteropathogens

What changes are likely to occur, and what could be some mitigation/remediation strategies
to counteract antibiotic resistance of enteropathogens, carriage rates of enteropathogens in
swine, problems associated with intense confinement rearing, and the potential loss of sub-
therapeutic antibiotics? Let us address each of these issues individually.

Enteropathogen Carriage Rates

If enteropathogen carriage rates in swine could be reduced, overall health in live animals
would improve, and reduced bacterial loads at slaughter could potentially reduce risk of
carcass contamination. Carriage rates of enteropathogens are influenced by various produc-
tion practices in growing, rearing, and pre-slaughter. Neonatal pigs acquire their normal gut
microflora from the sow; however, they also can acquire enteropathogens from the sow. In
addition, improperly sanitized and disinfected farrowing barn facilities can lead to a carry-
over of pathogens from previous batches of pigs. To counteract these effects, high health
status of the sow and strict cleaning and disinfection procedures are mandatory. Coupled
with these procedures, an enforced biosecurity program can decrease disease exposure to
growing pigs. In an effort to counteract the exposure of young pigs to enteropathogens, sev-
eral innovative management techniques appear promising. It has been shown experimental-
ly that if Campylobacter-positive piglets are removed from the sow within 24 hours of birth,
they will revert to a Campylobacter-negative status within days (Harvey et al. 2000). Like-
wise, when piglets are weaned early (12–14 days of age) from their Salmonella-positive
sows and reared on farms separate from their dams, Salmonella in growing pigs will be sig-
nificantly reduced (Fedorka-Cray et al. 1997). It is possible that these findings will lead to
practical and cost-effective management practices for pathogen control.

Pre-slaughter handling procedures of market-age pigs can also affect pathogen shed-
ding. Salmonella, Campylobacter, and E. coli concentrations and shedding are reported to
increase following feed withdrawal and transport (Williams and Newell 1970, Berends et
al. 1996, Isaacson et al. 1999, Nattress and Murray 2000, Harvey et al. 2001, Hurd et al.
2002). Feed withdrawal is desirable to the processors because reduced intestinal fill
decreases the chance of gut rupture during the evisceration process. To counteract this
dilemma, it is possible that a high-calorie liquid diet could be fed up to the time for trans-
port. This would theoretically keep the gut microflora intact but would reduce the mass of
the intestinal tract presented at slaughter. Another procedure that anecdotally appears to
have merit is the addition of organic acids to drinking water to lower intestinal pH before
transport. Reduced intestinal pH should decrease intestinal pathogen loads. There are no
apparent remedies to the transport problem except that reduced intestinal concentrations
and shedding of enteropathogens are directly related to reduced transit times (i.e., dis-
tances). The obvious choice would be to select slaughter plants within a shorter transport
distance. Transport and feed withdrawal can act additively for bacterial shedding, so that
beneficially affecting one could positively affect the other.
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Other pre-slaughter factors that can increase the intestinal load of enteropathogens at
slaughter are contaminated transportation vehicles, time spent in holding pens at the
slaughter plant, and level of pen contamination at slaughter plants. Salmonella prevalence
was compared in swine from the same farms that were slaughtered either on-farm or at an
abattoir. The abattoir group had a sevenfold-higher S. enterica isolation rate compared with
the on-farm group. That study showed that rapid Salmonella infection occurred during
transport and holding and implicated the holding pen as an important S. enterica control
point for pork production (Hurd et al. 2002). The solution to these problems is to first deter-
mine the extent of the problem, then incorporate corrective measures. Obviously, increased
sanitation and disinfection efforts should be employed on the vehicles and at the slaughter
plant holding pens, and holding times in the pens should be reduced.

Antibiotic Resistance and Discontinuation of Sub-Therapeutic Antibiotics

It is generally perceived by the medical community that increased antibiotic resistance in
human infections has been generated by continuous use of sub-therapeutic antibiotics as
growth promoters in animal production. Although this might sound good in theory, no
definitive studies have established this as fact. Nevertheless, the impetus is there to remove
antibiotics from animal feeds. If this were to include therapeutic antibiotics, the swine
industry could see an increase in clinical disease from enteropathogens. The question aris-
es: What will happen if sub-therapeutic antibiotics are removed from all swine feeds? Will
enteropathogens increase in prevalence? If there is an increase in prevalence, will that
expansion lead to increased carcass contamination at slaughter? Answers to these questions
are unknown; however, there is a possibility that carcass contamination will increase. Will
removal of antibiotics in feeds change the resistance pattern of enteropathogens and pro-
mote more susceptible microorganisms? Maybe and maybe not. On one hand, the acquisi-
tion of resistance gives bacteria a competitive advantage for survival, and resistance pat-
terns are hard to reverse. On the other hand, a study showed that when sub-therapeutic
antibiotics were discontinued in swine and poultry feeds in Denmark, Enterococcus faeci-
um isolated from those species became less resistant to antibiotics within 5 years of the ban
(Aarestrup et al. 2001).

What are some alternatives to antibiotics for enteropathogen control? One way to
improve resistance to disease organisms is to enhance the immune system and increase its
response to pathogens. This can be done in a number of ways. For example, through
improved genetics, pigs could be produced that are naturally resistant to pathogens. This
could be done through traditional breeding programs, by selection for those traits, or it
could be done through genetic manipulation such as cloning or transgenic animals. Indeed,
in 2003 a major swine breeding firm (Pig Improvement Corp., Franklin, Ky.) is planning to
introduce a pig line that is genetically more resistant to enterotoxigenic E. coli. Another
method of increased immune response could be induced by the use of genetically modified
vaccines or bacterins or by development of new classes of adjuvants that could be adminis-
tered with vaccines or bacterins.

Several new developments hold great promise for alternatives to antibiotics in the con-
trol of enteropathogens of swine. One such alternative is the use of competitive exclusion
(CE) cultures. The theory of CE is to colonize the neonatal gastrointestinal tract with bene-
ficial/commensal bacteria that make up the normal flora of healthy adult animals (Nurmi
and Rantala 1973, Lloyd et al. 1977). The use of CE establishes a healthy adult gut flora in
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neonates sooner than would occur naturally, thereby reducing the window of opportunity
for pathogens to colonize the gastrointestinal tract (Smith and Crabb 1961, Schaedler
1973). An experimental, porcine-derived, continuous-flow CE culture has been developed
that inhibited Salmonella Choleraesuis and S. Typhimurium and E. coli O157:H7 and E. coli
strain F-18 colonization in vitro (Harvey et al. 2002a). On the basis of in vitro results, piglets
were treated with the CE culture within 24 hours of birth, and 7 days later (when they were 8
days old) they were challenged with virulent Salmonella or E. coli. CE-treated pigs had
decreased colonization, shedding, morbidity, and mortality associated with Salmonella and
E. coli compared with untreated controls (Anderson et al. 1999, Genovese et al. 2000, Gen-
ovese et al. 2001). Field trial experiments have demonstrated that CE treatments can signif-
icantly reduce mortality and medication costs associated with E. coli disease in nursery-age
pigs (Harvey et al. 2002b, Harvey et al. 2003).

A second experimental method of preharvest reduction of Salmonella and E. coli is the
addition of sodium chlorate to drinking water of swine within 24 hours of slaughter. This
concept is based on the fact that both Salmonella and E. coli, like most members of the fam-
ily Enterobacteriaceae, possess respiratory nitrate reductase activity that also catalyses the
intracellular reduction of chlorate, an analogue of nitrate, to cytotoxic chlorite (Anderson et
al. 2000, Anderson et al. 2001). Because most gastrointestinal anaerobes lack respiratory
nitrate reductase, sodium chlorate can be administered without affecting most of the benefi-
cial microbiota of the gastrointestincal tract. In vitro studies showed that sodium chlorate 
(5 mM) cleared E. coli O157:H7 and Salmonella Typhimurium DT104 from rumen con-
tents within 24 hours of treatment (Anderson et al. 2000). On the basis of these results, sodi-
um chlorate (100 mM) was administered to Salmonella-infected pigs. Significant 
(P � 0.05) reductions of cecal concentrations of Salmonella were observed within 16 hours
of treatment (Anderson et al. 2001). With the dosages used, there is a broad margin of safety
between the therapeutic dose and the published toxic dose of sodium chlorate to the animal.
Negligible intestinal absorption and residue accumulation of sodium chlorate occur; so
with these factors in mind, this compound could potentially be a safe, practical, and cost-
effective pre-slaughter treatment for reduction of Salmonella and E. coli in food-producing
animals.

If CE cultures and sodium chlorate become commercially available, it is possible that
they could become viable alternatives to antibiotics for preharvest reduction of Salmonella
and E. coli in swine. However, these treatments would be administered to swine at different
ages. For example, CE cultures would be administered to neonates, whereas sodium chlo-
rate would be used in market-age swine within 24 hours of slaughter.

Miscellaneous Factors that Influence Swine Production Procedures

Some additional factors come into play that could affect current methods of swine produc-
tion and enteropathogen control. Earlier in this chapter, it was mentioned that with HACCP
programs, there are tendencies for food processors to look farther “upstream” for quality
control. This could include a national animal identification program. In that way, if retailers
wanted to sell meat that came from organically grown animals, from animals raised under
strict animal-welfare conditions, or for a brand-name specialty product, they would have a
verification process. In addition, if there were major recalls because of meat contamination
problems, a trace-back process would be available for packers and processors. Unfortunate-
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ly, the cost of such programs falls directly on the swine producer, yet little or no incentives
such as premium sales price come into play. As can be seen in the scenarios above, product
liability may be another downside for the individual farmer. How all of this would affect
animal rearing procedures and enteropathogen prevalence is unknown at this time.

Although somewhat outside the objectives of this chapter, another major factor could
come into play for future animal production practices: bioterrorism (see Afterword). The
threat of a disrupted food supply in this country is unthinkable; however, if conditions were
right, it could happen. This chapter has focused on preharvest food safety, and if a bioterror-
ist incident occurred, it probably would not depend on postharvest adulteration of meat.
Instead, it would be disruption of animal agriculture as we know it; that is, the introduction
of exotic swine diseases. In that scenario, there could be high mortality and morbidity in
U.S. swine herds. The subsequent outcome would be reduced pork supplies, and the eco-
nomic impact would be tremendous. If anything like this should occur, biosecurity in swine
production would take on a whole new meaning. Current production practices of rearing,
transporting, and marketing would be dramatically changed forever.

Finally, one new aspect of food safety for meat products needs to be discussed. Although
it concerns postharvest rather than preharvest food safety, it could have major implications
on how we view control of enteropathogens in the future. That aspect is food irradiation (see
Chapter 28, Food Irradiation). If all of the packaging, regulatory, and organoleptic consid-
erations can be overcome, it appears to be a procedure that could dramatically improve food
safety. If retail meat products could be sterilized, then some of the preharvest control mea-
sures we have discussed may be of little consequence. Other than for animal health reasons,
enteropathogen control in swine may be a moot point, and very little will change in animal
production practices. However, rarely is there a “silver bullet” available, and food irradia-
tion should be viewed as just another management tool in the course of food safety. Only
time will tell whether food irradiation will have a significant effect on enteropathogens in
the pork food chain.

Conclusions

The job of protecting the pork chain from contamination with enteropathogens such as Sal-
monella, E. coli, and Campylobacter is daunting, but not an impossible task. In this chapter
we have discussed preharvest food safety and some of the past and present control proce-
dures for enteropathogens. However, our main focus has been to look forward and to antici-
pate some new intervention strategies and production practices that may aid in control of
these microorganisms. Furthermore, we have tried to envision how new procedures might
impinge on pork production. Topics discussed included biosecurity, sanitation and disinfec-
tion, early weaning, alternatives to antibiotics, pre-slaughter transport and holding, aug-
mentation of immune function, bioterrorism, and food irradiation. It is hoped that such dis-
cussions will stimulate readers to think “outside the box” and to enable them to design their
own novel intervention strategies for combating enteropathogens in the pork food chain.
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13 Environmental Reservoirs and
Transmission of Foodborne Pathogens

Scot E. Dowd, Jeanette A. Thurston-Enriquez,
and Mindy Brashears

Introduction

The interaction of livestock with their environment is a primary factor modulating the
health of the animal. Common sense dictates that a sanitary environment should promote
health and productivity. Thus, the importance of proper environmental control to reduce the
occurrence of pathogens as part of good production practices (GPPs) cannot be overstated.
An environment containing uncontrolled pathogen reservoirs promotes disease among
food animals and crops. Ultimately, environmental contamination can cause loss of produc-
tivity and higher production costs and, more important, may result in contamination of the
final food product. Research directed toward the development of GPP will be the founda-
tion and future of a good on-farm food safety system and will ultimately facilitate the devel-
opment of farm-specific Hazard Analysis Critical Control Point (HACCP) plans (see Chap-
ter 20). The development of production systems that use effective environmental controls
such as providing proper drainage, on-farm water treatment, sanitation, pathogen monitor-
ing, effective pest control, and appropriate animal and waste management will be para-
mount in preventing the accumulation, survival, and transmission of pathogens to and from
livestock.

The environment of a farm can be broken down into four primary components: air, water,
soil, and fomites. The impact of the environment on the occurrence, survival, and fate of
pathogens depends on biotic and abiotic factors such as temperature, competition, mois-
ture, and so forth. The environments of individual farms can vary tremendously, ultimately
affecting the occurrence, survival, and fate of pathogens. For instance, airborne transmis-
sion of certain potential foodborne pathogens in a warm humid climate may be more signif-
icant than that experienced in a hot, dry climate.

Air

The transport of pathogen-containing aerosols via air currents to other animals is a process
that can rapidly infect an entire farm. Airborne transmission can be one of the primary
modes of pathogen dispersal among livestock (Proux et al. 2001, Wathes et al. 1988, Holt et
al. 1998), and yet air is one of the most hostile environments from a microorganism’s per-
spective (Dowd 2002).
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The atmosphere is generally inhospitable to microorganisms because of environmental
stress factors. This results in a limited time frame in which microbes can remain biological-
ly active when airborne. Many environmental factors have been shown to influence the abil-
ity of microorganisms to survive. The most important of these factors are relative humidity
and temperature. Other factors such as oxygen content, specific ions, various pollutants,
and exposure to ultraviolet radiation are also associated with loss of biological activity.

There are various mechanisms that can be used to control bioaerosols, including ventila-
tion, filtration, ultraviolet treatment, biocidal agents, and physical isolation. Ventilation, for
instance, creates a flow of air throughout areas in which pathogen contamination or accumu-
lation occurs, resulting in a dilution-type effect. Ventilation can simply mean opening a win-
dow and allowing outside air to circulate into and out of a room. Compared to filtration, strict
ventilation is considered one of the least effective, but still most important, methods for con-
trolling airborne pathogens and reducing their effect on health (Dowd and Maier 1999). The
effectiveness as noted is an outcome of the influx of less contaminated air, resulting in dilu-
tion of air contaminants within the occupied area. The effectiveness of ventilation depends
on factors such as the quality of the input air and the turnover rate of air within the occupied
area in relation to the rate of contaminant production. However, ventilation used as the sole
method of control can result in the input of contaminated air to an occupied environment as
easily as it can act to dilute contaminants produced within this environment.

Ventilation combined with filtration is an effective method for control of airborne con-
tamination. Some filters, for example, high-efficiency particulate air filters, are reported to
remove virtually all infectious particles. Thus, outdoor air can be filtered as it passes into an
area, preventing contamination of the occupants with pathogens from other areas or build-
ings. Air that is removed from quarantine areas can be filtered as it is exhausted to prevent
contamination of other areas.

Biocidal control represents an added treatment that can be used in conjunction with fil-
tration to reduce or eliminate airborne microorganisms. Many methods of biocidal control
are available; for example, superheating, superdehydration, ozonization, and ultraviolet
irradiation. These systems, along with filtration, are used to treat air coming into or being
exhausted from indoor environments.

Control of the indoor airborne environment can be achieved through the use of positive
or negative pressurized air pressure gradients and airtight seals (Dowd and Maier 1999). Air
from negative-pressure units is forced out of a room through a single port and exhausted
into the atmosphere after passing through a high-efficiency particulate air filter and possi-
bly a biocidal unit. Thus, contamination does not escape these areas as long as the filtration
and airflow are maintained. This type of system is designed to protect the rest of the farm
from pathogens generated in the isolated area. Positive-pressure isolation chambers work
on the opposite principle by forcing filtered sterile air into the room through a single port,
thus protecting the animals in the area from outside contamination. Quarantine buildings
should be under negative pressure, and the rest of the buildings should be under positive
pressure to prevent spread of contamination.

Water

On-farm water environments range from freshwater distribution systems to waste-water
lagoons. They also include incoming sources such as rainwater, including runoff, ground-
water, rivers, and streams. The control of waterborne diseases depends on a multiple-
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barrier approach that takes into account source-water protection and physical (filtration,
sedimentation) and chemical (chemical and physical disinfection) treatment. In addition,
wastewater disposal and treatment, protection of distribution systems, flood and other types
of runoff control, and many other factors relating to pathogen transport and dissemination
within water are also vital.

Waste and wastewater control has arguably received more attention in the literature, yet
freshwater distribution systems are of obvious importance in maintaining livestock health.
Cattle, as an example, can require between 15 and 21 gallons of water per head per day. A
feedlot with 10,000 animals would require a well with continuous pumping capacity of
hundreds of gallons every minute. With this much demand for water from a single source, it
becomes vital to protect freshwater distribution from an abundance of potential sources of
contamination that may even originate in the farm itself. For example, drinking-water wells
should be located upstream of the farm so that the flow of groundwater passing under the
farm will not carry potential contaminants to the well. Similarly, it is important that water
runoff from a farm or surrounding area does not carry contamination to a well head.

Typically, source water would be pumped and stored in a water tower and then distrib-
uted throughout the farm. The farm’s freshwater distribution system itself must also be
maintained to prevent contamination, accumulation of biofilms, decay, or accidental breach
and subsequent contamination by wastewater. The water tower as a source or freshwater
should be chlorinated before distribution, just like domestic water towers.

Surface waters such as ponds, lakes, rivers, and streams are also used as sources of fresh-
water for many farms. It is important to prevent unlimited access, organic accumulation,
microbial disturbances, and fecal contamination of surface waters. Surface water, especial-
ly nonflowing surface water such as lakes, water troughs, or ponds, can be a prime reservoir
for accumulation of pathogens. Even if this type of surface water is a flowing source such as
a stream or river, contamination from one farm can carry downstream to other farms and
communities. Geographical, hydrological, and physical isolation of source waters and the
use of watering and pump systems that carry surface water to disinfection and storage areas
is ultimately the best way to reduce the risk of disease transmission or fecal contamination
of freshwater supplies.

Water safety and quality is determined by analyses of water samples. A bacterial analysis
of a water source will determine whether the supply water contains microorganisms that
may be harmful. Water safety and quality tests should be conducted and documented at least
once per year, but possibly more often as demonstrated by previous history, water source,
and experience. For instance, simple coliform bacterial counts of over 1 per 100 mL are cor-
related with the occurrence of scours in calves, and a total bacterial count of over 20 per 100
mL is correlated with the occurrence of diarrhea in cows and with cows going off feed
(Rodenburg 1985).

Soil

The third environment that is significant from a microbiological standpoint is soil. Soil is
physically the most complex environment. Soil contains solid, liquid, and gas components
interacting to affect the fate of pathogens. Furthermore, once contaminated with certain
pathogens, soil is very difficult to disinfect compared to air and water. During rain events,
soils can become saturated, and runoff from these events can carry contamination to wells,
water supplies, or other environmental reservoirs. Another concern is the accumulation of
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water (e.g., stagnant water ponds produced by flood events), as amplification of the
pathogens themselves and insect propagation can occur and increase the risk of pathogen
transmission to livestock and humans.

Fomites

Fomites, for the purposes of this discussion, include any inanimate (non-soil or water) sur-
face found on a farm. Fomites include anything from ropes, gates, floors, walls, and pens to
the clothing of livestock workers. The wide variety of material and surface textures that
make up farm fomites make this a complex environmental topic. Thus, we must speak in
generalities and broadly painted examples.

The relative ability of fomites as an environment to sustain microorganisms is affected
by the material they are made of, the texture of this material, and its porosity. For example,
metal surfaces are typically very inhospitable for microorganisms. Metal is typically
smooth with no porosity, presenting no niches suitable for the survival of a microorganism.
Plastics used for livestock flooring, similar to metals, are smooth and non-porous and can
even be impregnated with antimicrobial substances. Wood and clothing, however, have
more texture and porosity.

In most cases, fomite environments are easily disinfected and pathogens are controlled
naturally through desiccation, temperature, sunlight, and oxygen-related stress. For
instance, the metal bars that make up holding pens or the metal panels of transportation
vehicles provide an inhospitable climate, effectively limiting the survival and amplification
of enteric pathogens. Microbial survival, however, is always a relative concept. Pathogens
that are associated with large deposits of organic matter—feces, for example—can remain
viable for many months and can be effectively “hidden” from disinfectants and natural inac-
tivation processes.

Environmental Occurrence, Survival, and Transport of Pathogens

The types and presence of pathogen carriers or hosts, characteristics of the host to propagate
and spread enteric pathogens, the ability of a particular pathogen to withstand conditions
outside of a particular host’s body, and characteristics of the pathogen and the outside envi-
ronment that allow pathogen transport are all important in maintaining pathogen occur-
rence and persistence within, and outside of, animal-feeding operations. Important factors
relating to the occurrence, survival, and transport of manure-borne pathogens associated
with the preharvest environment are listed in Table 13.1.

Environmental Fecal Contamination

Because zoonotic enteric pathogens are shed in feces, they can inevitably contaminate envi-
ronmental sources, including soil, water, air, and fomites, by many different routes. These
manure-borne pathogens can infect a variety of hosts, including wildlife, livestock, and
humans, and remain viable outside of their host for long periods. Feces and the pathogens
harbored in it can be widely disseminated in the environment as a result of human, animal,
and insect activity.

Several studies have shown that E. coli O157:H7 can survive in manure for several
weeks under a wide variety of conditions (Wang et al. 1996, Kudva et al. 1998, Fenlon and
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Table 13.1 Factors that affect the environmental occurrence and fate of manure-borne
pathogens.

Occurrence Survival/persistence Transport

Age, type, and numbers Individual pathogen traits Individual pathogen
of host Physical and chemical factors of traits: size, shape, charge,

Host’s immunological the environment: pH, motility
status temperature, water, oxygen, Soil transport factors:

Infectious dose sunlight, antimicrobial clay content, pore size,
Severity of illness substances water content, cations,
Pathogen Presence of predatory organisms plant roots, worms

concentrations shed in Ability of pathogen to form Air transport factors:
feces environmentally resistant forms wind speed, humidity,

Animal management Aggregation and adsorption of sunlight exposure
Proximity to and pathogen to particulate matter Water transport factors:

control of potential Pathogen amplification flow rate, land
contamination Pathogen survival in other topography, rainfall rate,
reservoirs organisms (algae, insects, etc.) water volume

Disinfection practices (water, Fomite transmission
pens, etc.) (shoes, equipment)

Vectors including
wildlife or insects

Wilson 2000). Campylobacter has been observed to survive up to 3 weeks in feces. In cattle
slurry, E. coli survived less than 10 days (Rasmussen and Casey 2001), and a 3.5 log reduc-
tion within 12 weeks (McGee et al. 2001) was reported by two separate studies. In the solid
fraction of swine slurry, Salmonella Typhimurium survived for 26 and 85 days during sum-
mer and winter conditions, respectively (Placha et al. 2001).

Factors that can affect microbial survival in slurry or other livestock waste are concentra-
tions of toxic chemicals such as ammonia, the presence of predatory or competitive
microorganisms, temperature, pH, aeration, and pathogen multiplication or regrowth.
Extremes in pH can be deleterious to pathogenic microorganisms. A large drop in pH, from
8.08 to 5.91, in solid livestock waste significantly decreased Salmonella concentrations
(Placha et al. 2001). Differences in pathogen reduction may be the result of the amount of
dry matter or solids (Jones 1980, Strauch 1991). Stanley et al. (1998) observed that bacteri-
al pathogens are reduced more quickly in an aerated compared with a nonaerated dairy farm
slurry when held in storage tanks throughout the year.

Pathogens in Livestock Feed and Water

Feed, water, facilities, and equipment have tested positive for E. coli O157:H7 and may con-
tribute to the spread of this organism through herds (Zhao et al. 1995, Hancock et al. 1998).
Shere et al. (1998) reported that 6% of feed samples from a dairy farm in Wisconsin tested pos-
itive for E. coli O157:H7. E. coli O157:H7 was demonstrated to have the ability to increase by
1,000- to 10,000-fold in feed (Hancock et al. 1998, Rasmussen and Casey 2001). It has been
suggested that fecal contamination of forage followed by inadequate ensiling may contribute
to an increased incidence of E. coli O157:H7 in cattle (Fenlon and Wilson 2000).

Several scientists have reported that E. coli can survive in sediments in water troughs for
up to 6 months (Hancock et al. 1998). Some evidence indicates that drinking-water troughs
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are contaminated via an oral rather than fecal route, as covered tanks that were unlikely to
be contaminated with manure contained E. coli O157:H7 (Shere et al. 1998). Growth and
survival of E. coli O157:H7 has also been discovered in trough water and detected after 4
months in trough water sediments (Hancock et al. 1998, Rasmussen and Casey 2001).

Environmental Vectors

Hancock et al. (1998) have suggested that cattle may not be the primary animal reservoir for
E. coli O157:H7 but, rather, a vehicle of transmission of the organism. A “reservoir” is typi-
cally defined as a place in which you can always find the organism. This definition is not
supported by the current E. coli O157:H7 occurrence data in cattle. Some cattle carry this
organism, and others do not. Those that do carry it may carry it only for certain amounts of
time. Other animals, insects, and birds carry the organism, and it is also found in a variety of
environmental sources that suggest that even though cattle are a major carrier of this
pathogen, some nonbovine reservoirs may exist. Transmission of other important food-
borne pathogens is also likely to occur by animals, birds, or insects that are not defined as
reservoirs.

It has been demonstrated that fruit flies can carry E. coli O157:H7 to the surfaces of
apples (Janisiewicz et al. 1999), and inoculated houseflies have also been shown to carry
and excrete E. coli O157 (Sasaki et al. 2000). Because flies are typically ubiquitous in
feedlots, they may transfer the organism from one animal to another or from environmen-
tal sources to the animals. Wild animals also have access to feedlots, and the presence of
wild deer has been shown to increase the risk of E. coli O157:H7 transmission to livestock
(Sargeant et al. 1999). Birds have also tested positive for E. coli O157:H7 (Wallace et al.
1997, Hancock et al. 1998), and Wesley et al. (2000) identified accessibility of birds to
animal feed as a risk factor for Campylobacter infection in cattle. Listeria Monocyto-
genes has also been isolated from insects and birds (Pell 1997). Because reservoirs of
infection outside of the farm environment can affect the occurrence of fecal pathogens
within the farm environment, on-farm control of fecal pathogens needs to account for
wildlife inputs.

Seasonal Environmental Factors

Although seasonal occurrence of foodborne pathogens has not been observed in some
reports (Stanley et al. 1998), in general there is a peak in occurrence seen during the
warmer months of the year in both animals and the environment. Increased insect and ani-
mal activity and livestock birthing usually occurs during the warmer months of the year,
so it is not surprising that peak incidence of Campylobacter and E. coli have also been
reported during these times. Conversely, the peak prevalence of Listeria, which is known
for its ability to grow at colder temperatures, occurs during winter months (Pell 1997).
Placha et al. (2001) reported increased survival of Salmonella Typhimurium and various
indicator microorganisms during winter compared to summer months (Natvig et al.
2002). Although host and vector activities can affect pathogen occurrence, factors of the
pathogen and the environment in which it resides greatly affect its survival and transport
to new hosts.
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Environmental Pathogen Survival

Many enteric pathogens are able to survive conditions outside their host for extended peri-
ods of time. Genetically acquired traits enable some microbial groups to be more resistant
to environmental conditions than others. Some bacteria alter their cellular morphology and
metabolic activity outside of the host or in response to adverse conditions such as extreme
temperatures and low nutrient conditions. For example, thermophillic Campylobacter
species possibly enter a dormant stage when exposed to colder temperatures, where their
cellular morphology changes from spiral to coccoid and their metabolic activities decrease
(Jones et al. 1991). Pathogenic strains of Salmonella and E. coli can also enter a dormant
state when introduced to suboptimal environmental conditions (Reissbrodt et al. 2002).
Another bacterial protective mechanism is the formation of endospores that are extremely
resistant to high temperatures and chemicals. Common spore formers include Bacillus and
Clostridium species.

As mentioned previously, pathogens may be contained within fecal material, which pro-
tects them from sunlight, predation, desiccation, oxygen availability, and the effects of dis-
infectants, surfactants, or other damaging chemicals. In addition to aggregation, uptake by
macro invertebrates (nematodes and amphipods) and protozoa can protect pathogens such
as E. coli O157:H7. In fact, the survival of E. coli O157:H7 in soil protozoa has been sug-
gested by Rasmussen and Casey (2001) to be a potential source of survival and subsequent
livestock reinfection. Table 13.2 provides information regarding biotic and abiotic factors
that affect pathogen survival in the environment.

Transport in Soil

Soil properties can limit or enhance microbial transport through the soil profile. There are
many factors that contribute to the potential for contamination of wellheads and subsequent
pollution of groundwater. The main factors are soil texture, depth to bedrock, and depth to
groundwater.

The texture of the soil is one of the most important determining factors influencing the
rate of wastewater movement through the soil to groundwater. Coarse-textured soils such as
sands have large pore spaces between soil particles, allowing water to quickly percolate
downward to the groundwater. Conversely, in fine-textured soils such as clays, movement
of water and contaminants are typically slower. These fine-textured soils can act as natural
filters, leaching out microbial contaminants before they reach ground water.

Open fractures in the bedrock are thought to enhance movement of wastewater and
microbial contaminants to groundwater. The depth and texture of soil over fissured bedrock
is thus a major issue, especially if this layer is very shallow. Shallow layers provide little
opportunity for the soil to filter contaminated water. As a consequence, once the water
reaches the bedrock, contamination of groundwater can be very swift through fissures or
fractures in the bedrock.

The natural “treatment” filtration of contaminated water primarily takes place in soil
above the water table (the unsaturated zone of soil). A high water table results in a short travel
time for water and contaminants to move through the unsaturated soil before reaching the
groundwater. Water table depths can also fluctuate dramatically depending on the season of
the year.
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Table 13.2 Biotic and abiotic factors affecting pathogen survival in the environment.

Environmental factors Pathogen effects

Sunlight Nucleic acid damage (ultraviolet radiation)
Heat Desiccation; denaturation of enzymes, nucleic acid and other
Freezing cellular components

temperatures Damage to cell wall, cell membrane, and other cellular
Oxygen components caused by ice crystal formation
Extremes in pH Presence of O2: Lethal to anaerobic microorganisms (lack
Salt enzyme systems for reducing lethal respiratory byproducts);
Organic and other required by strict aerobic microorganisms

particulate matter Microaerophillic conditions: Low oxygen and high carbon
Disinfectants dioxide conditions; required by some pathogens such as
Predators Campylobacter
Other microbes Enzyme denaturation; hydrolysis of cellular components
Water Hypotonic conditions can cause cells to burst; hypertonic

conditions cause cells to dehydrate
Protects or shields pathogens from predators, disinfectants,

sunlight, and other threats
Cell wall and membrane damage (chlorine, alcohols, ozone);

nucleic acid damage (ultraviolet light)
Pathogen uptake by other organisms (protozoa, algae, worms,

insects)
Competition for nutrients; Production of antimicrobial

substances
Saturated conditions produce anoxic conditions (detrimental to

strict aerobes); low water activity (amount of water available for
microbial use) is detrimental because it’s required for all
biochemical activities

Surface properties such as surface appendages, charge, cell size, and cell shape can
influence microbial transport in soil (Mawdsley et al. 1995). Bitton and Gerba (1984) pro-
vide reviews of data related to physical factors influencing the mobility of microorganisms
in soil. Knowledge of the factors that affect pathogen occurrence, survival, and transport
within an animal-feeding operation can enable producers to develop production practices
that limit transport within—or to—animals and other food products.

The Future of On-Farm Environmental Control Research

Good On-Farm HACCP Production Practice

Over the last several years, terms such as “farm to table” and “gate to plate” have cropped
up to describe a comprehensive process used to control food safety hazards. These con-
cepts support the idea that every segment of the food chain, from the producer to the proces-
sor to the supplier and distributor, from the grocery chain and restaurant all the way to the
consumer, plays a key role in keeping the food supply safe. One management system used
to control hazards is termed HACCP. HACCP has been implemented in food processing
and food service environments, but the use in preharvest or on-farm environment has been
limited because of a number of factors. Immediate and future research is needed to address
these factors.
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HACCP Principles 1 and 2—Conduct a Hazard Analysis and Identify Critical Control
Points

Microbial hazards pose a unique challenge when it comes to preharvest HACCP. U.S.
Department of Agriculture data, as well as that of several regional studies, report the preva-
lence of various pathogens in the production environment. However, the exact source or
“step” in the production process that contributes to the pathogen prevalence has not yet been
pinpointed, and research into this issue is vital to progress of on-farm systems for hazard
control. Valid contaminant tracking tools such as molecular methodologies will be vital to
this effort in the future.

Although we know that various pathogens originate in the production environment, we do
not necessarily know the source of the pathogens. The animal itself may carry the pathogen
in the intestinal tract or on the hide. However, various pathogens exist in the environmental
areas surrounding the animal. The water, soil, flies, and various other environmental sources
can all be potential sources of pathogens. This part of the process would make a hazard analy-
sis very difficult. Some important research questions that must be addressed in the future are
the following: What are the primary sources or reservoirs of pathogens? Should the primary
focus of HACCP be on the animal or the environment? At what step in the process can we
control the pathogen? When do pathogen loads really increase in the animal (e.g., following
dietary changes, mixing of groups, during shipping, or on arrival at processing)?

During hazard analysis, a particular point or step in the process should be identified so
that a control can be applied at this step to prevent, eliminate, or reduce the likelihood of
having the pathogen enter the environment. In addition, control measures are an essential
part of a hazard analysis. Once the problem has been identified, a control must be applied.
Although research in the area of preharvest interventions is growing, the application of
these methods is still limited. We currently do not have enough information to identify par-
ticular points in the process to apply interventions to reduce the pathogen load in a prehar-
vest environment. Research to identify these points and appropriate interventions will be
vital to improving GPPs. Some interventions (potential control measures) and potential
CCPs are summarized in Table 13.3.

HACCP Principles 3, 4, and 5—Identify Critical Limits, Monitoring, and Corrective
Actions

Critical limits could be applied to the production environment. For example, a beef proces-
sor may stipulate that no more than 20% (or any other number) of the animals shipped from

Table 13.3 Potential control measures and critical control points for
on-farm Hazard Analysis and Critical Control Point System.

Preharvest interventions Critical control points

Diet/prebiotics Animal receiving
Probiotics/direct-fed Animal shipping
Microbials Sick-animal care
Vaccination Water sources
Bacteriophage therapy Feed supplies
Antimicrobials Wild animals and insects
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his feedlot test positive for E. coli O157:H7. The drawback to this is that the animals must be
tested and held before shipping before we know whether the critical limit is met. Rapid
determinations such as visible hide contamination could be a more rapid assessment if these
factors are proven to cause subsequent contamination of the product.

Corrective actions must be taken if the animals exceed critical limits. Again, the follow-
ing questions are valid, and research to answer them is vital to improving the sustainability
of agriculture: Will the animals be held and tested? How will the producer prevent this from
happening again?

HACCP Principle 6—Verification

Verification activities will be required in the preharvest environment. Activities required
will vary based on the CCP and the monitoring methods associated with the CCP. Verifica-
tion activities will be based on currently available and future research that details how to
verify that a pathogen is controlled in the processing environment.

HACCP Principle 7—Recordkeeping

As with implementation of HACCP programs in a food processing environment, the
amount of recordkeeping required for HACCP implementation of the farms will be signifi-
cant. A management system must be in place to ensure that all critical limits are met and cor-
rective actions are taken to make sure that the product is safe. The development of such
recordkeeping systems will require development and continual improvement as HACCP
programs are implemented during production.

Conclusions

The future of on-farm research will certainly be directed at identification of the reservoirs,
sources, and fate of pathogens and at development and validation of methods to rapidly
identify contamination, track its sources, and control pathogen reservoirs. Identification of
all potential zoonotic vectors will also be prime research objectives. Ultimately, research
into the microbial ecology of farms, the development of HACCP plans, and implementation
of management practices to accomplish these tasks will be vital to the survival and sustain-
ability of the livestock industry. The answers provided by this research will lead us to new
safer and cost-effective on-farm production systems. Without this type of research, howev-
er, implementation of on-farm HACCP will be disastrous and detrimental to the producers
whom we are trying to protect.
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14 Do Animal Transmissible Spongiform
Encephalopathies Pose a Risk for Human
Health?

Mary Jo Schmerr

Introduction

Transmissible spongiform encephalopathies (TSEs) or prion diseases in humans and in
animals are rare fatal neurodegenerative diseases. TSEs have long incubation times with
relatively short clinical phases usually lasting for only a few months. The human TSEs
include Creutzfeldt Jakob disease (CJD), kuru (Gajdusek et al. 1967), Gerstmann-Sträussler-
Scheinker, and familial cases of CJD (Prusiner 2001). The human TSEs belong to a larger
group of amyloid diseases that include Alzheimer’s, amylotrophic lateral sclerosis (com-
monly known as Lou Gehrig’s disease), and Huntington’s disease. Common domestic and
wild animal TSEs include scrapie in sheep and goats (Pattison 1990), chronic wasting dis-
ease (CWD) in cervids (Williams and Young 1980), bovine spongiform encephalopathy
(BSE) in cattle (Wells et al. 1987, Hope et al. 1988), and transmissible mink encephalopa-
thy (Marsh et al. 1976). A list of the common TSEs is shown in Table 14.1. Other TSEs
have been transmitted experimentally to other species or by inadvertent contamination of
foodstuffs.
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Table 14.1 Major natural transmissible spongiform encephalopathies.

Suspected route
Name Species infected Place Date reported of infection

Scrapie Sheep and goats United 250 years Oral, vertical,
Kingdom ago iatrogenic,a

environmental
Bovine spongiform Cattle United 1986 Oral

encephalopathy Kingdom
Variant CJD Humans United 1996 Oral

Kingdom
Creutzfeld Jakob Humans Germany 1920s Oral, iatrogenic

Disease
Kuru Humans New Guinea 1967 Oral

Islands
Chronic wasting Cervids Colorado 1980 Oral, vertical,

disease environmental
Feline spongiform Domestic and big United 1991 Oral

encephalopathy cats Kingdom
Transmissible mink Mink Wisconsin 1976 Oral

encephalopathy

aIatrogenic 
 medical procedures, vaccines, and transplantation.
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Biochemical Characteristics of the Prion Protein

Most of the current evidence points to an altered protein, the prion protein (PrP), as the
agent that causes these diseases. Some controversy still remains about the agent and the
search for another source of the infection continues (Priola et al. 2003, Manuelidis and Lu
2003). The PrP is a normal host-surface glycoprotein that is changed in conformation so
that it aggregates, becomes insoluble, and forms amyloid or amyloid-like fibers in the
brains of the affected individuals. The deposition of these fibers formed from the abnormal
form of the PrP may be the cause of the neurological stage of the disease.

The normal PrP is required for the abnormal prion protein to establish a TSE infection.
This was shown by experiments with knockout mice for the prion gene (Brandner et al.
1996a, Brandner et al. 1996b). These mice could not be infected with a TSE. A dramatic
demonstration of this was when brain grafts expressing PrP were placed in brains of the
knockout mice and the mice were subsequently injected with abnormal PrP. Abnormal PrP
was found only in the grafts, not in the rest of the brain.

There are several theories that attempt to explain how the normal PrP undergoes a con-
formational change. The protein secondary structure is changed from approximately 30%
�-helix and approximately 3% �-sheet to approximately 30% �-helix and approximately
30% �-sheet, resulting in semi-resistance to proteases, aggregation, and insolubility in bio-
logical buffer systems. One of these theories suggests that the abnormal prion acts as a seed
for crystallization of the normal PrP (Lansbury and Caughey 1995). Another theory sug-
gests that chaperone-like proteins are involved in changing the conformation (Prusiner
2001). Another suggests that the acidic pH conditions provide the environment for the nor-
mal prion to become altered (Zou and Cashman 2002). The presence of prion peptides may
have an effect on conformational change (Kaneko et al. 1997, Chabry et al. 1998). Recent
studies have shown that the dimerization of the normal PrP may prevent the formation of the
abnormal prion protein (Meier et al. 2003).

Another feature of the PrP is that it binds Cu (II) in a region of octa-repeats near the
amino terminus of both the normal and abnormal form. Substitution of Cu (II) with man-
ganese causes normal PrP to become semi-resistant to proteases (Brown et al. 2000). This
suggests that Cu (II) may play a role in the course of the disease and may be required for the
function of the normal PrP (Brown 2001, Rachidi et al. 2003). Because large quantities of
protein are required to perform protein characterization, only recombinant derived prion
protein has been characterized (Billeter et al. 1997), and full elucidation of the three-
dimensional structure of the abnormal PrP has not been attained (Wuthrich and Riek
2001).

Paramithiotos et al. (2003) recently demonstrated that the abnormal prion protein has a
repeating motif of three amino acids, tyrosine-tyrosine-arginine, that are exposed and are
accessible to interactions with antibodies. In the normal prion protein these amino acids are
sequestered within the structure and are not available for binding. This is a major break-
through and provides the promise of a potential vaccine for these diseases. Other
researchers have shown that certain antibodies to the prion protein also delay the formation
of the abnormal form (White et al. 2003). These observations and information regarding
this mechanism will be helpful in establishing methods or potential drugs to prevent trans-
mission of TSEs (Demaimay et al. 2000).
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Strain Typing

There are primarily two biological systems used for strain typing. One, developed in Edin-
burgh, defines the length of incubation time in a strain of mouse, and the lesion profiles in
the brains of these mice are dependent on the prion strain that is used to inoculate the mouse
(Fraser and Dickinson 1973). In this model, the variations in incubation times and in lesion
profiles of the mice strains are used to determine the TSE strain. BSE has a definite pattern,
both for the incubation times and for the lesion profiles (Bruce et al. 1994). All of the differ-
ent species of animals inoculated with BSE showed the same profile in this strain-typing
scheme. The same profile was obtained for variant Creutzfeldt Jakob disease (vCJD) as
well, indicating that BSE caused the human disease (Bruce et al. 1997).

Another biological strain-typing method employs transgenic mice in which the mouse
prion gene is replaced with a gene for the prion protein of another species. When these mice
had the prion gene replaced with bovine or human genes, both the bovinized and humanized
mice had similar incubation times whether they were injected with BSE or vCJD. This is
strong evidence that BSE and vCJD have the same TSE characteristics (Hill et al. 1997,
Scott et al. 1999). Similar experiments have been done for CWD (Safar et al. 2002). Recent-
ly, it has been reported (Asante et al. 2002) that when transgenic mice expressing human
PrP are derived from different mouse strains, different forms of CJD are prevalent in each
mouse. This suggests that the genetic background of the mouse may also play a role in
defining the strains of TSEs. Although these experiments are useful, they are very expensive
and take several years to complete. It is clear that a much more rapid method is required to
resolve problems related to emerging TSEs.

Some biochemical methods for strain typing have been developed. The first break-
through occurred when it was demonstrated (Caughey et al. 1995, Caughey et al. 1997) that
the abnormal prion protein could convert the normal prion protein into a protease K resis-
tant form. Subsequently, it was demonstrated that conversion by the abnormal form is most
efficient when it converts normal prion from the same species and the same genotype
(Bossers et al. 1997).

Another strain-typing method is based on the amount of each isoform of the abnormal
prion protein and its migration patterns on Western blot (Somerville and Ritchie 1990,
Collinge et al. 1996, Somerville et al. 1997). The abnormal prion protein has three isoforms
that include di-glycosylated, mono-glycosylated, and non-glycosylated forms. The
amounts and the migration times vary for different TSEs. Collinge et al. (1996) showed that
the patterns are similar for BSE and vCJD but quite different for most strains of sheep
scrapie. CWD also displays a different pattern. One of the problems with this method is that
the patterns vary from one tissue to another and the resultant bands are quite large, suggest-
ing that more than one species of the protein is present within each band (Race et al. 2002b).

Other methods measure the conformational state of the prion protein (Caughey et al.
1998). A conformational dependent immunoassay (Safar et al. 1998, Bellon et al. 2003)
capitalizes on the differences in conformation of different strains of the abnormal prion pro-
tein. In this method, the amount of folding of the abnormal prion protein in its native state is
compared to the completely unfolded denatured states. The difference in the reactivity of
specific antibody with the native and denatured state is indicative of the strain. The explana-
tion is that some strains are more unfolded, exposing sites not available in other strains in
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the native state (Safar et al. 1998). Folding of the native abnormal prion protein also affects
the protease sensitivity of the protein. BSE and vCJD had similar reactivity in the confor-
mational dependent assay, indicating that these two TSEs have very similar structures. All
of the data—strain typing in mice, incubation times of transgenic mice, and biochemical
characterization—have clearly shown that BSE and variant CJD are the same TSE strain.

Because sheep in the British Isles and in Europe were given the same feed as the cattle, it
is possible that sheep were also infected with BSE. Although it is possible to distinguish
between BSE and scrapie in sheep by using distinct patterns of staining with a specific anti-
body by Western blot (J. Langeveld, unpublished data) and by histological methods (Jeffrey
et al. 2001a, Gonzalez et al. 2003), more rapid tests that use samples available from live
sheep need to be developed (Schreuder and Somerville 2003). The European Union has
mandated that efficient strategies be developed to differentiate between BSE and scrapie in
sheep because of the concern of possible transmission of vCJD to humans through BSE-
infected sheep. As a result, new rapid methods that can determine the signature for each
TSE are needed. The challenge for all of the technologies will be to develop a very sensitive
method in which a body fluid such as blood could be used as the sample.

Distribution in the Tissues

The abnormal PrP, the putative cause of TSEs, is distributed primarily in the central nervous
system in later stages of the disease when clinical disease is apparent. However, it is also
found in lymphoid and other tissues, including the eye (Head et al. 2003), in lesser amounts
earlier in the disease before it is found in the central nervous system (Hadlow et al. 1982,
van Keulen et al. 1996, van Keulen et al. 2000, Jeffrey et al. 2001b, Jeffrey et al. 2002).
Recent reports have established that the abnormal prion protein is present in the olfactory
epithelium of CJD patients (Zanusso et al. 2003b) and is present in the skeletal muscle and
the tongue of hamsters (Bartz et al. 2003, Thomzig et al. 2003). In earlier studies (Pattison
1990), muscle from a scrapie-infected goat was found to be infectious to mice. Deposits of
abnormal prion protein have been recently described in mouse skeletal muscle as well
(Bosque et al. 2002). It has been established that blood of scrapie-infected sheep and sheep
infected with BSE is infectious (Houston et al. 2000, Hunter et al. 2002). The donor sheep in
this study were approximately halfway through the incubation period when their blood was
transfused to another naïve sheep. The abnormal prion protein has also been found in the
blood using a new extraction and testing protocol by Schmerr et al. (1999). Urine contains
the abnormal prion protein, but it has not been found to be infectious (Shaked et al. 2001).

Experimental Transmission

Experimental transmission of sheep scrapie to other species has been accomplished in labo-
ratory rodents, cattle (Gibbs et al. 1990, Cutlip et al. 1994, Robinson et al. 1995), elk (Hamir
et al. 2001), mink (Marsh and Hadlow 1992), and primates (Gibbs and Gajdusek 1972).
Most of these transmissions have been done by intracranial injection, which is the most effi-
cient route of infection. Veterinary vaccines contaminated with scrapie-infected brain can
also be a source of infection (Caramelli et al. 2001, Zanusso et al. 2003a). Oral transmission
of scrapie is much less efficient and has been successful with only a few species (Cutlip et
al. 2001).
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BSE has been transmitted to laboratory rodents (Bruce et al. 1994), pigs (Wells et al.
2003), sheep, cats (Pearson et al. 1991), mink (Robinson et al. 1994), and lower primates by
intracranial injection (Bons et al. 1999, Lasmezas et al. 2001). BSE also will infect the same
species listed above, with the exception of pigs, by oral feeding. It also has inadvertently
infected additional species including several zoo ungulates, members of the cat family, and
humans (Ironside et al. 1996).

In addition to members of the cervid family, CWD has been experimentally transmitted
by intracranial injection to laboratory rodents and ferrets (Bartz et al. 1998), cattle (Hamir
et al. 2003), squirrel monkeys, and sheep (Williams 2002). Oral infection with CWD occurs
in the cervids and ferrets. To date, transmission to cattle and sheep from other species has
not occurred during the time that they are intermixed on the same grazing range with mule
deer and elk in the endemic area in Colorado and Wyoming.

Although intracranial injection of infectious material is the most efficient method of
transmitting TSEs, it is definitely not a natural route of infection. Transmission studies by
natural routes such as orally or by infusion are more significant in assessing the possible
risks for inter- and intra-species infections. It is important to document unambiguously the
tissues that contain sufficient abnormal prion protein to transmit the infection. This is espe-
cially true for muscle tissue of domestic animals, as this is the major part of animals used for
human consumption. Several other materials used from animals such as internal organs,
collagen, and gelatin have been under intense scrutiny for potential contamination of prod-
ucts intended for humans, such as cosmetics, biomedical devices (Doerr et al. 2003), vac-
cines, and medicines (Robinson 1996). Although much attention is paid to these experi-
mental transmission experiments, the information, especially if the studies are repeated
studies, still does not provide the answers to the questions that are crucial for TSEs; that is,
how are these diseases transmitted, and how can we test for them early in the infection?

Natural Transmission

The horizontal route for natural transmission of TSEs appears to be mostly oral but can
occur from infection in cuts (Bartz et al. 2003) or infusion in the eye. The mechanism of how
the abnormal prion protein travels from the digestive system or peripheral tissues to the cen-
tral nervous system is not completely understood. Temporal studies in sheep have shown
that the abnormal prion protein is first deposited in the lymphoid tissue, followed by deposi-
tion in the enteric nervous system, then in the central nervous system, and finally in brain,
which usually marks the onset of clinical disease (van Keulen et al. 2000). This pattern of
deposition of the abnormal prion protein is similar in variant CJD (Wadsworth et al. 2001)
and in CWD in cervids (Sigurdson et al. 2002). However, in BSE and sporadic CJD, the
deposition of the abnormal prion protein has not generally been detected in the lymphoid
tissues. Little or no deposition of the abnormal prion protein in lymphoid tissues is also
found in sheep that are heterozygotes for alleles of the prion protein that determines suscep-
tibility or resistance to sheep scrapie (Bossers et al. 1997).

In sheep scrapie, a large percentage of scrapie infection occurs through vertical trans-
mission from the ewe to the lamb. Again, as in horizontal transmission, the route is not com-
pletely elucidated. The placenta and the genotype of the fetus play a role in the transmission
of the infection (Tuo et al. 2002), and colostrum may also play a role in transmission.

Many of the characteristics of CWD are similar to sheep scrapie, including deposition of
the abnormal prion in lymphoid tissues in a pattern similar to that in sheep scrapie. Vertical
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as well as horizontal transmission probably plays a role in CWD transmission. In both
cases—sheep scrapie and CWD—the role of environmental contamination needs further
definition.

The origins of BSE are strongly linked to the consumption of TSE-contaminated ren-
dered meat and bone meal by cattle and by the subsequent recycling of dead animals (Wile-
smith 1988, Wilesmith et al. 1991). This contamination was attributed to a change in the
rendering practices (Taylor and Woodgate 2003). During the early 1980s, the organic sol-
vent trichloroethylene was removed from the rendering process because of its carcinogenic
properties. This solvent inactivates the infectious activity of TSEs. Extensive studies by
Taylor and Woodgate (2003) have demonstrated that BSE may remain infectious after heat-
ing the material on glass surfaces, which under ordinary circumstances, would inactivate
most pathogens.

Transmission to Humans

Although no formal studies have demonstrated that sheep scrapie has been transmitted to
humans, and there is a long history indicating that it has not, development of new methods
that can differentiate strains may be useful in producing scientific data that confirm these
anecdotal observations. Because there is still no known cause for sporadic CJD, it will be
informative to clearly define whether there is involvement of sheep scrapie with this disease.

Following the outbreak of BSE in the United Kingdom in the late 1980s and early 1990s,
there was a vigilant surveillance undertaken to determine if this “new” TSE would cross the
species barrier and infect humans. Previous experience with sheep scrapie strongly indicat-
ed that infection of humans was highly unlikely. In early 1996, an announcement was made
regarding the discovery of a new variant of CJD (Will et al. 1996, Collinge and Rossor
1996). Consumption of contaminated beef was considered to be the source of vCJD in the
United Kingdom. In 1997, it was clearly demonstrated by strain typing that the same agent
caused both BSE and the new variant of CJD (Bruce et al. 1997). A few cases of vCJD have
been reported in Europe (Deslys et al. 1997, Streichenberger et al. 2000), Asia, and North
America. Most, but not all, of these cases have occurred in individuals who resided in the
British Isles for extensive periods of time.

Because of the spread of CWD from the endemic area in Wyoming and Colorado to other
areas in the United States (Joly et al. 2003) and Canada, there is considerable concern about
the potential transmission of CWD to humans. Although there have been several anecdotal
accounts of persons consuming venison or meat from wild cervids and becoming ill with
CJD, there are no scientific experiments that would confirm this speculation. Although
Raymond et al. (2000) has demonstrated in vitro that the normal prion protein of cattle and
humans can be converted to the abnormal prion protein in the presence of abnormal prion
protein from CWD, it was considered a highly unfavorable reaction compared with a same-
species conversion. Scientific experiments have shown that it is very difficult to transmit
CWD to species of animals other than cervids by natural routes. Unlike other species, fer-
rets appear to be susceptible to CWD by oral infection. Surveillance in the United States for
a new variant of CJD caused by CWD is ongoing, and at this time, no case of a new variant
of CJD has been observed. Because CJD is probably somewhat under-reported in the United
States, the surveillance is not as rigorous as it could be. Both increased education of neurol-
ogists and medical staff to better help identify cases of CJD and increased reporting may
improve the reliability of the surveillance.
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Efforts to prevent infection of animals with TSEs have resulted in several regulatory
actions throughout a number of countries, especially in the British Isles, Europe, Asia, and
North America (Bradley 2001). One of the primary actions is to ban the practice of feeding
rendered ruminant materials back to ruminants. This action was taken in the United King-
dom in the late 1980s and then in North America in the late 1990s. In European countries,
feed bans are now seriously enforced after the discovery of BSE in native cattle in 2000.
Although generally speaking, these bans are effective, it does take some time to enforce
them (Gizzi et al. 2003). Once they are effectively enforced, the incidence of BSE appears
to be considerably reduced. Another action is to prohibit the importation of animals and
materials of animal origin from countries with BSE.

Many risk analyses in the British Isles (Bradley 2001) Europe (Morley et al. 2003), Asia
(Ozawa 2003), and North America (Cohen et al. 2001, Kellar and Lees 2003) have been
done to estimate the risk of BSE appearing in a country. One of the major factors used to
assess the risk is an examination of the regulations, especially those regarding feed bans. In
spite of regulations and a very low risk factor of one per million head of cattle, cases of BSE
still can occur, as demonstrated by the identification of a native cow with BSE in Canada in
April 2003. The risk assessments are still basically a combination of assumptions and esti-
mates, and they are dependent on complete compliance with regulations. This demonstrates
the necessity of a statistically significant testing program to ensure public confidence in the
safety of the food supply and to prevent the economic loss (ca. $11 million USD/day in
Canada) and hardship that ensues in the agricultural sector. This experience happened first
in the United Kingdom (Matthews 2003), then in Europe and Japan, and now in Canada. It
was only after an effective testing program was in place that public confidence was restored
in these countries. In several of these countries, the number of animals tested exceeds one
million per year. This includes cattle over the age of 30 months as well as high-risk animals
and cohorts of a BSE-infected animal. In Japan, every animal that is sent to slaughter is test-
ed for BSE. Even though the United States has a much larger population of cattle (100
million), only 19,990 animals in the high-risk category were tested in the year 2002. High-
risk animals are animals that show signs of neurological disease or that are not ambulatory.

Although there has been considerable attention from the popular media about the trans-
mission of BSE to the human population, the number of documented transmissions is very
rare. Approximately 135 cases of vCJD have been documented over a period of 8 years in a
population of 58.8 million people. The infection rate is potentially higher in the human pop-
ulation, but at this time, it is difficult to determine the rate with accuracy. Transmission from
one species to another through natural routes is a rather rare event. A more likely event is a
transmission that induces a subclinical infection similar to that which has been observed in
rodents (Race et al. 2001, Race et al. 2002a, Hill and Collinge 2002, Houston et al. 2003). In
these cases, the lifetime of the animal is shorter than the length of time needed to develop
clinical disease. The inherent danger in this situation is the possible intra-species transmis-
sion through organ transplant, blood transfusion, or blood products from a preclinical indi-
vidual. Contaminated products could be prevented by the use of a preclinical test to estab-
lish the TSE status of source animals or use of a test to analyze animal byproducts for TSE
contamination.

Data from experiments (Asante et al. 2002) demonstrate that abnormal prion protein from
BSE may contain more than one strain. This raises issues regarding the transmission of sheep
scrapie to humans, especially with regard to sporadic CJD, as its origins are unknown. At this
time, sheep scrapie is not considered to transmit to humans. This fact was primarily the basis
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Table 14.2 Published tests for the prion diseases.

Commercially
available (tissue

Test Sample used Time of testing specified)

Histology Brain Postmortem no
Immunohistochemistry Brain, Postmortem, no

Haritani et al. 1994 lymphoid preclinical
tissue, tonsil

Western blot Brain, Postmortem Prionics: For
Oesch et al. 2000, Shaked et al. 2001 lymphoid central nervous

tissue, urine system tissue
ELISA Brain, Postmortem EnferBio-Rad: For

Safar et al. 1998, Grassi 2003 lymphoid central nervous
tissue system tissue

Fluorescence immunoassay Blood, Postmortem, No
Schmerr et al. 1999 cerebrospinal preclinical

fluid, brain,
lymphoid
tissue

SIFTa CSF Clinical signs No
Bieschke et al. 2000

FTIRb Serum Clinical Signs No
Schmitt et al. 2002

14,3,3-Protein CSF Clinical Signs No
Hsieh et al. 1996, Zerr and Poser

2002

aSIFT 5 scanning for intensely fluorescent targets.
bFTIR 
 fourier transform infrared spectroscopy.

for the original statements of the British government that the new TSE, BSE, would not infect
humans. Nonetheless, there are some possible links to sheep scrapie as a source of infection
for familial forms of CJD. Sheep scrapie was shown to infect primates (Gibbs and Gajdusek
1972) through an oral route. To establish that sheep scrapie is transmitted to the human popu-
lation, better methods will be needed to distinguish strains of TSEs. Until this is accom-
plished, the link of sheep scrapie to sporadic CJD remains hypothetical.

Vaccines present a potential hazard for transmission of TSEs, as was found in sheep vac-
cines (Zanusso et al. 2003a). It has been determined that BSE was not transmitted by using
rabies vaccines. Because of the extensive use of animal products in vaccine production, there is
some concern that an animal TSE could be transmitted to humans by this route. (Arya 1996,
Cashman 2001). At this point, no TSE transmission from a vaccine has been demonstrated.

Tests

One of the major issues with prion diseases is the lack of a validated practical preclinical
test to identify infected animals and humans. In Table 14.2, there is a list of tests for prion
diseases. Most of these tests use postmortem samples, but some of the prion tests under
development make use of tissues and bodily fluids easily obtainable from live animals.
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In the tissue-based tests (Haritani et al. 1994), cellular changes are observed in slide
mounted tissue. In immunohistochemistry (IHC), specific antibodies are used to detect the
prion protein in the tissue. The IHC test is considered to be the most sensitive test for brain
material. It can also be used for lymphoid tissue (Schreuder et al. 1998, O’Rourke et al.
2000). However, there are two problems with the IHC test. It is not rapid, and it generates
considerable hazardous waste.

There are three commercially available validated tests for prion diseases (See Table
14.2). These tests are based on either Western blot (Oesch et al. 2000) or enzyme-linked
immunoassay technology (Deslys et al. 2001, Grassi et al. 2001, Grassi 2003).
Homogenates of the tissues are used, and specific antibodies for the prion protein are also
used. For these tests, the amount of abnormal prion protein that can be detected is in the
nanogram per milliliter range. These tests are rapid, with a 24-hour turnaround time, and are
very sensitive.

New approaches using microtechniques for detecting the abnormal prion protein are
under development. These tests use fluorescent dyes and cutting-edge instrumentation to
detect the abnormal prion protein. The tests are SIFT (scanning for intensely fluorescent
targets; Bieschke et al. 2000) and a fluorescence immunoassay (Schmerr et al. 1999). The
sensitivity of these tests is in the picogram per milliliter range and makes it possible to
detect the low amounts of abnormal prion protein found in blood and cerebral spinal fluid.
Other tests measure metabolic changes that occur as a result of a TSE infection. These tests
include Fourier transform infrared spectroscopy (Schmitt et al. 2002) that can detect the dif-
ference between normal serum and serum from TSE-infected hamsters. In cerebral spinal
fluid of TSE-infected individuals, metabolites are found that are identified as 14-3-3 pro-
teins (Hsieh et al. 1996, Zerr and Poser 2002).

The tests that analyze bodily fluids by analytical methods have the most potential for
automation and have the sensitivity to detect the abnormal prion in very low amounts. The
development and validation of a preclinical test are a top priority and are essential to prevent
the spread of the TSEs. Such tests may encourage drug companies to produce effective
drugs for treating these diseases. Because of the nature of analytical tests for TSEs, they can
be used to test both processed and manufactured materials intended for human use. Full
development of analytical tests will make it possible to eliminate TSEs from the domestic
animal population and, potentially, the wild animal population. This in turn will result in
considerably lowering the risk of transmission of these diseases to the human population.

Conclusions

To avoid the now-familiar scenarios in which it is announced that a case of BSE has been
found in a country, the subsequent quarantines and bans by other countries, assurances from
the government of the country in which BSE was found that beef is safe to eat, extensive
media coverage, public hysteria with regard to eating meat, and large economic losses to the
agricultural sector, it is necessary that statistically significant testing programs are put into
place as soon as possible. It has been clearly shown in Europe and in Japan that public confi-
dence is restored only after an extensive testing program using rapid validated tests is estab-
lished. Although an analytical blood assay has been developed, it needs further improve-
ments and validation before routine application (Schmerr et al. 1999). A validated
preclinical test that analyzes blood is the next step needed to ensure that animal products
destined for human use are free of TSEs.
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Introduction

Since the introduction of penicillin during the 1940s, numerous antibacterial agents have
been developed and marketed for clinical use. There are well over 100 antimicrobial agents
currently available in human and veterinary medicine. This large and growing number of
agents, along with the facility with which bacteria develop resistance to them, makes the
selection of an appropriate agent for therapeutic use an increasingly more difficult task.
This highlights the importance of in vitro antimicrobial susceptibility testing to help guide
the decision-making process in selecting a drug for the treatment of many bacterial infec-
tions.

In vitro antimicrobial susceptibility testing serves multiple purposes. In the research set-
ting, susceptibility testing provides a means for comparing the contribution of different
determinants (genes) to drug resistance in the cell and for developing new anti-infective
compounds. In clinical medicine, susceptibility testing can provide insight as to which
agents might be effective against a specific pathogen. When performed over time, the
results of susceptibility testing can also be used to help establish guidelines for empirical
therapy within a local hospital or community. When used in conjunction with well-designed
surveillance programs, the results from properly conducted susceptibility testing can serve
as a basis for documenting the emergence and dissemination of antimicrobial resistance on
a national or global basis. It is perhaps in the arena of food animal and retail food microbio-
logical surveillance that routine susceptibility testing is most relevant to issues of food safe-
ty. It is in part by monitoring trends over time that the potential effect of food animal antimi-
crobial use on human and animal health can be evaluated. In contrast, clinicians
infrequently request susceptibility testing of diarrhea pathogens and rely instead on empir-
ic treatment. As with other bacterial pathogens, this is changing as a result of the emergence
of some resistance phenotypes, particularly fluoroquinolone resistance in Campylobacter.

In vitro antimicrobial susceptibility testing methods were originally developed in clini-
cal microbiology laboratories within individual hospitals to help guide therapy. Because the
concept of susceptibility testing is relatively straightforward, initially many laboratories
developed their own testing methods. With an increasing number of laboratories generating
susceptibility data on an increasing number of antimicrobial agents, along with the evolu-
tion of bacterial resistance to these agents, it became necessary to establish standardized
susceptibility testing methods to facilitate communication and to ensure the quality of
results between and within laboratories and over time. In the United States the National
Committee for Clinical Laboratory Standards (NCCLS) has become the organization
responsible for standardizing in vitro antimicrobial susceptibility testing methods and for
communicating the criteria for interpreting the results of such tests. The NCCLS uses a 
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consensus-based approach to develop standardized testing methods, quality-control (QC)
ranges, and interpretive criteria that will ensure intra- and interlaboratory reproducibility of
data generated by antimicrobial susceptibility testing.

Standardization of in vitro antimicrobial susceptibility testing requires the use of specif-
ic testing methods, including media, incubation conditions and times, and identification of
appropriate QC organisms along with their specific ranges. Although the majority of bacte-
ria of clinical interest may be tested using the same in vitro testing conditions, bacteria that
require increased incubation times, different incubation temperatures or atmospheric con-
ditions, or a different growth medium may require the identification of specific testing con-
ditions. For some organisms, such as fastidious genera, it may be necessary to validate spe-
cific QC organisms and their QC ranges. For example, although Campylobacter jejuni may
inhabit the same in vivo environment as Escherichia coli, its in vitro cultivation requires a
different medium and different atmospheric conditions. As such, the in vitro antimicrobial
susceptibility testing methods for these two organisms are different.

Numerous articles dealing with the susceptibility of bacterial isolates to antibacterial
agents have been published over the years. Unfortunately, not all of these publications have
presented results generated from methods that have been standardized for the bacterium–
antimicrobial agent combination being studied. Results generated from non standardized
testing methods can be misleading, especially when trying to compare results between lab-
oratories or over time. The objective of this chapter is to describe the standardization of in
vitro antimicrobial susceptibility testing methods as defined by the NCCLS, including how
QC data are generated and how interpretive criteria are determined. It is through adherence
to standardized testing methods, such as those described by the NCCLS, that our under-
standing will grow of the contribution that the use of antimicrobial agents in humans and
animals has made to the selection for and dissemination of resistant bacterial pathogens and
commensal organisms.

Susceptibility Testing Methods

The selection of antimicrobial testing methods is dependent in large part on the data needs
of the testing laboratory and their clients. When performing in vitro antimicrobial suscepti-
bility tests, the results may be reported qualitatively or quantitatively. Qualitative results are
reported as susceptible, intermediate, or resistant, whereas quantitative results are reported
as minimal inhibitory concentrations (MICs) in micrograms per milliliter or milligrams per
liter. Results generated for most clinical applications are reported qualitatively, although
some clinical laboratories may also provide MIC values. For the surveillance purpose of
monitoring changes in susceptibility, methods that generate MIC values are required. When
surveillance tracks trends in the prevalence of resistance, only qualitative results may be
needed.

The most common methods that have been used for performing in vitro susceptibility
testing are disk diffusion, agar dilution, broth macrodilution, broth microdilution, and a
concentration gradient test (Etest, AB BIODISK, Piscataway, NJ). Of these, the disk diffu-
sion and broth microdilution methods, and to a lesser extent the Etest, are currently those
methods most commonly used for clinical purposes. Research laboratories and surveillance
programs may also use these methods. However, some organisms may only be amenable to
testing by specific methods. For example, Helicobacter pylori can only be tested by agar
dilution. Anaerobic bacteria may be tested by agar dilution or broth microdilution, but this



is organism dependent. At present the only NCCLS-standardized method for testing
Campylobacter is an agar dilution method. In the clinical laboratory, aside from the specific
requirements of the organism to be tested, the decision on which test method to use is based
on cost, ease of use, and flexibility as it relates to the needs of the laboratory’s clientele.
However, for surveillance and research purposes, the testing method used is frequently
determined by the experience of the laboratory personnel.

Diffusion Susceptibility Tests

The disk diffusion test has been most widely used because of its simplicity and relatively
low cost. In addition, it is the most flexible in terms of the types and number of drugs that
can be tested on a daily basis. The disk diffusion test is based on the diffusion of an antimi-
crobial agent from a paper disk into the surrounding agar medium. Commercially prepared
disks are available for all antimicrobial classes; however, they may not be available for
every agent within a class. For example, ampicillin is the class representative for the
aminobenzyl penicillins, so there are disks commercially available for ampicillin but not for
amoxicillin or hetacillin. In performing the test, an antimicrobial disk of appropriate poten-
cy is placed on an agar surface of standardized growth medium that has been seeded with
approximately 1.0 � 108 colony-forming units (CFU) per milliliter of a pure culture of the
bacterium to be tested. The bacterial culture may be obtained from either a broth culture or
by using a direct colony suspension method, which is the preferred method for many slow-
growing organisms. When the disk is applied to the seeded agar surface, a race is initiated
between the growth of the bacterium on the agar surface and the diffusion of the drug
through the medium. The diffusion of the drug results in a drug concentration gradient that
decreases with the distance the drug has diffused from the disk. When the concentration of
the antimicrobial agent becomes too dilute to inhibit the growth of the bacterium, a zone 
of inhibition is formed. Following incubation, agar plates are examined and the diameters of
the zones of inhibition surrounding the disk are measured. These zones of inhibition corre-
late inversely with the MIC of the test organism. In other words, the larger the zone of inhi-
bition, the smaller the concentration of drug required to inhibit the pathogen. Because of the
potential in variability in diffusion rates of the different drugs being tested, the zone diame-
ter for each drug is compared with established ranges for that antimicrobial agent to predict
whether the agent is likely to be effective in vivo.

Because the interpretive criteria for the disk diffusion test have been established under
standardized conditions, including inoculation density and composition and depth of the
agar, it is critical that the appropriate testing conditions be used. The use of too many bacte-
ria in the suspension used to inoculate the agar surface may result in smaller zones of inhibi-
tion, whereas the use of too few organisms, or inoculation with an organism that grows
slowly on the test medium, results in larger zones of inhibition and false resistant or suscep-
tible readings, respectively. Plates should also be inoculated within 15 minutes of preparing
the bacterial suspension to prevent an increase in the number of organisms from cell divi-
sion. The depth of the agar matrix is also critical. Variation in agar depth will influence the
lateral diffusion of the drug and, thus, the size of the zone of inhibition of the test isolate. For
example, agar depths that are less than the recommended 4 mm will result in increased lat-
eral diffusion and a corresponding increase in the size of the zone of inhibition, whereas an
agar matrix that is greater than the recommended depth will result in a downward diffusion
of the drug and a smaller zone of inhibition. The use of a medium other than that established
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in developing the reference method for that particular bacterium–antimicrobial agent com-
bination may result in increased or decreased diffusion of the antimicrobial agent through
the medium and, thus, altered zones of inhibition.

As indicated above, the disk diffusion test is often preferred because of cost, simplicity,
and flexibility. The disadvantage of the disk diffusion test is that the results are reported as
qualitative. This makes disk diffusion less useful for surveillance purposes where changes
in degrees of susceptibility are monitored for trend analysis. It would be challenging to
ensure data quality in a surveillance system based on reporting changes in zone sizes over
time. This is because the tolerated variability in zone sizes for QC purposes is relatively
large (9–12 mm) for many drugs assayed by disk diffusion. The lack of quantitative inter-
pretation also makes it difficult for an attending clinician to adjust a dose for an organism
that is uniquely susceptible (to reduce costs) or to increase the dose to maximize clinical
efficacy for those isolates that are less susceptible. To compensate for this deficiency, two
variations of the disk diffusion test have been developed. The first is a computerized caliper
or camera-based system (Korgenski and Daly 1998), and the second is the epsilometer test
(Etest). Both systems were developed for use in clinical medicine but could be applied to
research or surveillance programs if appropriate QC data are generated and if the testing
methods are properly calibrated. The computerized method for generating quantitative
results from a qualitative testing method has been found to be useful when testing human
clinical isolates but has not been validated for many of the bacterial pathogens isolated from
animals (Hubert et al. 1998).

The Etest is a modified diffusion test that generates quantitative results. The test relies on
the diffusion of an antimicrobial agent from a plastic strip that has been impregnated on one
side with a continuous concentration gradient of antimicrobial agent. It is placed onto the
surface of a seeded agar medium and incubated for a predetermined time. On the top surface
of the strip is imprinted an MIC interpretive scale. After incubation, the MIC is determined
by reading the value where the zone of inhibition intersects the strip. Because the Etest is a
proprietary technology provided by a single company, it has not received formal endorse-
ment from the NCCLS. However, it has been adapted for use with a variety of organisms
and is simple to perform. The major drawback of the Etest is cost per isolate, especially
when multiple antimicrobial agents are tested.

Dilution Susceptibility Tests

Dilution susceptibility tests generate quantitative data based on twofold serial dilutions of
antimicrobials. Dilution testing may be performed using agar dilution, broth macrodilution,
or broth microdilution. Among these, agar dilution is considered by many to be the “gold
standard” and is at present the only standardized testing method for some fastidious organ-
isms such as Helicobacter, Campylobacter, and certain species of anaerobes (NCCLS 2001,
NCCLS 2002c). The broth macrodilution method typically uses broth volumes of 1–2 mL.
For most uses, this method has been supplanted by semi-automated microdilution technol-
ogy, which typically requires only volumes of 50–100 �L. The microdilution methods per-
mit higher sample throughput with fewer laboratory supplies and less space.

The broth microdilution test is performed in microtiter plates, usually of the 96-well for-
mat, with round or truncated V-shaped well bottoms. The plate layouts are designed to con-
tain antimicrobials of known potency in progressive twofold dilutions that encompass con-
centrations similar to those obtained in serum and tissue at recommended doses. It is
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important that the dilution range for each agent also encompass the QC dilution range of the
QC organism that will be used. The microtiter trays may be prepared using a variety of for-
mats, but each tray usually contains several antimicrobial agents that are tested against a
single isolate. The microtiter trays may be prepared in house or obtained from a number of
commercial sources. Those obtained commercially may be purchased as dehydrated trays
or as frozen trays. Dehydrated trays generally have a shelf life of 1–2 years and may be
stored at room temperature, whereas frozen trays have a shelf life of 6 months and must be
stored at �10°C or �70°C, depending on the antibacterial agents contained in the tray.

Microdilution tests are more expensive to conduct than disk diffusion tests, and they lack
the day-to-day flexibility of disk diffusion in terms of changing antimicrobial agents to be
tested. This lack of flexibility may be compounded by buying trays in bulk to reduce cost and
the need to finish using a 2-year supply of plates before modifying the panel format. To
reduce the cost associated with microtiter dilution trays, some laboratories use breakpoint
formats. Breakpoint formats usually consist of the antimicrobial agent being tested over a
two or three dilution range. There is usually one dilution below the susceptible breakpoint,
the susceptible breakpoint itself, and sometimes one dilution above the susceptible break-
point. The use of this format allows for more compounds to be included in a single microtiter
tray. Alternatively, if few antimicrobial agents are used, then more organisms can be tested in
a single microtiter tray. A major limitation of the breakpoint approach is that it does not allow
for proper QC in that the dilution ranges used do not encompass those needed for testing the
QC organism. Results generated by the use of breakpoint panels are also qualitative and thus
similar (although more expensive) to those generated by disk diffusion. For research and sur-
veillance purposes, breakpoint panels are of limited value, as they do not generate data that
fully reflect changes in susceptibility and do not provide for proper QC.

To perform broth microdilution, a bacterial suspension is prepared to a density equiva-
lent to that of a 0.5 McFarland turbidity standard (approximately 1.0 � 108 CFU/mL). This
can be made from an overnight culture grown on an agar surface or broth culture in logarith-
mic phase of growth. This suspension is further diluted in sterile water, saline, or broth so
that the final concentration of bacteria is approximately 5 � 105 CFU/mL or 5 � 104 CFU/
well. Once inoculated, the trays are stacked two to four trays high, placed in an incubator
with the appropriate incubation atmosphere and temperature, and incubated for the stan-
dard time interval (usually 16–20 hours). As it is with agar dilution, the MIC is recorded as
the lowest concentration of antimicrobial agent that completely inhibits the growth of the
organism, as determined by the unaided eye (NCCLS 1999, NCCLS 2001, NCCLS 2002c).

Interpretation of Susceptibility Tests

Bacteria subjected to susceptibility testing are classified, where interpretive criteria are
available (see following), as susceptible, intermediate, or resistant. Susceptible implies that
when the tested drug is administered at the recommended dose, the serum or tissue concen-
tration will be high enough to inhibit the bacterium’s growth at the sight of the infection.
Intermediate breakpoints are those zones of inhibition or MICs that fall between the suscep-
tible and resistant breakpoints. Traditionally these have represented a “buffer zone” that
prevented resistant organisms from being categorized as susceptible, or resistant, because
of uncontrolled technical problems in the laboratory. However, this category may also rep-
resent susceptible organisms for antimicrobial agents with wide pharmacotoxicity margins,
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which allows the drug to be administered at the upper end of the dosage range. This is also
the case for agents that are concentrated at the site of infection, such as �-lactam agents and
some fluoroquinolones when used to treat urinary tract infections.

Numerous definitions have been applied to the term “resistant.” For bacteriologists
engaged in surveillance studies, resistance may be loosely used to describe an increase in
MICs over time of wild-type strains above what is seen with control strains of the same
species. In some cases, resistant breakpoints used to describe the activity of an antimicro-
bial agent against one isolate may be used as interpretive criteria for another bacterium. For
the molecular geneticist, resistance is often explained in terms of acquired resistance deter-
minants and whether they are present in certain isolates of a given species. The microbial
physiologist studies resistance from the standpoint of metabolic mechanisms that influence
the activity of antimicrobials on cells at the site of action. The pharmacologist considers
resistance in term of dose and achievable serum or tissue concentrations relative to toxicity.
For the clinician, resistance is important in terms of patient outcome and the therapeutic
effect of specific antimicrobials used to combat infection. The NCCLS defines resistance as
follows:

Resistant strains are not inhibited by the usually achievable systemic concentra-
tions of the agent with normal dosage schedules and/or fall in the range where
specific microbial resistance mechanisms are likely (e.g., �-lactamases) and
clinical efficacy has not been reliable in treatment studies. (NCCLS 2000, p. 14)

This definition, although encompassing the different perspectives mentioned above, pre-
supposes a standard process by which interpretive criteria are established.

Developing Standardized Methods and Establishing 
Interpretive Criteria

There are a number of standards and guidelines currently available for antimicrobial sus-
ceptibility testing and interpretive criteria. These include standards and guidelines pub-
lished by NCCLS, the British Society for Antimicrobial Chemotherapy (BSAC), the
Japan Society for Chemotherapy (JSC), the Swedish Reference Group for Antibiotics
(SIR), the Deutshes Institute für Normung (DIN), the Comite de L’Antibiogramme de la
Societe Francaise de Microbiologie (CASFM), and the Werkgroep richtlijnen gevoe-
ligheidsbepalingen (WRG System, NL), among others. The variations in diffusion and
dilution antimicrobial susceptibility testing methods (e.g., choice of agar medium, inocu-
lum size, and growth conditions) and the differing interpretive criteria (including break-
points) in different countries makes it difficult to compare susceptibility data from one
system with another. Several member countries in the European Union are contemplating
coordination of AST methods to facilitate resistance surveillance (Cotter and Adley 2001,
White et al. 2001).

The NCCLS approach to developing interpretive criteria (i.e., classifying isolates as sus-
ceptible, intermediate, or resistant) is based on four factors. The first is identifying the
appropriate testing method for the antimicrobial agent in question when tested against the
target pathogen, including the identification of the appropriate QC organism or organisms
and corresponding QC ranges. A standardized method is a prerequisite to the next step,
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which is to determine the in vitro activity of the antimicrobial agent against several hundred
clinical isolates against which the drug will be used in a clinical setting. This is usually
expressed as a scattergram, which plots the MICs versus the zones of inhibition for the same
bacterial population. Third is the generation of pharmacokinetic and pharmacodynamic
parameters (absorption distribution, elimination, and concentration) of the antimicrobial
agent in the target animal species, at the site of infection and at the proposed label dose or
doses. The forth component in developing interpretive criteria is the results of clinical trials
using the drug at label doses. Ideally, the first objective is met early in the drug development
process and may be submitted to the NCCLS long before the other data are generated. The
remaining information is usually submitted to the NCCLS shortly after the drug has
received Food and Drug Administration approval for clinical trials.

Standardization of In Vitro Testing Methods

It is important to keep in mind that the use of NCCLS interpretive criteria is only valid if sus-
ceptibility testing is conducted using appropriate NCCLS standardized methods for the
bacterium/antimicrobial in question. These include using a pure culture grown under the
appropriate conditions and inoculated at the correct cell density in conjunction with the use
of the appropriate QC organism or organisms, relevant dilution schemes or disk masses, and
the growth medium identified in the reference method. Identifying and controlling for these
various parameters is the goal of standardization. Even when these essential requirements
are met, several factors may alter the results. These include, among other things, the growth
rate of the bacterium being tested and the lot-to-lot variations in the growth medium used to
conduct the assay. The pH, oxygen tension, temperature, time of incubation, preparation of
the antimicrobial compounds, and storage of the antimicrobial compounds are all critical
variables that must be standardized to ensure repeatable and reliable results. The use of
standardized testing conditions along with the regular use of appropriate QC strains should
provide protection against variations in the testing procedures. Current editions of NCCLS
guidelines should be consulted for recommendations on how to correct testing procedures
when faced with aberrant QC results (NCCLS 2000, NCCLS 2002c).

The most important element of routine antimicrobial susceptibility testing is the use of
appropriate QC organisms. This critical factor is often overlooked in reports within the sci-
entific literature. As a rule, QC organisms are selected on the basis of their genetic stability
and reproducible MIC values within and between laboratories over time. QC strains should
be from a common source, such as the American Type Culture Collection to ensure easy
access. In identifying the QC organisms and ranges, the antimicrobial agent is tested against
the QC organism(s) under various growth conditions to determine the effect of different
variables (pH, atmospheric condition, etc.) on the test results. In addition, broth microdilu-
tion test results are compared with agar dilution test results to confirm correlation of the
methods. Once these basic parameters have been evaluated, expected QC ranges are gener-
ated for the antimicrobial agent for each applicable QC organism. When identifying the QC
organism and ranges for dilution testing the QC organism should be susceptible at drug con-
centrations (QC range) in the middle of the anticipated range encompassed by the suscepti-
ble clinical isolates. For disk diffusion the appropriate drug concentration in the disk must
be determined before QC zone ranges are ascertained. The ideal drug concentration in 
the disk should be that which consistently results in zones of inhibition of 15 mm but 
�45 mm for susceptible strains and small or no detectable zones for resistant strains.
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Once the aforementioned parameters have been determined, the antimicrobial agent and
the proposed QC organisms are tested in a minimum of seven different laboratories over a
period of 10 days on three different lots of medium. When possible, the NCCLS recom-
mends that a control drug, in the same class as the test agent that already has had QC guide-
lines established, be tested concurrently with the test agent. Obviously it is essential that QC
ranges are established for a new antimicrobial agent before testing can be performed on
clinical isolates for the purpose of developing interpretive criteria.

Population Distribution

Once a standardized susceptibility testing method is available, the second phase of testing
can be performed. This involves an examination of MICs and of zones of inhibition distrib-
utions among numerous representative isolates (NCCLS 2002a, NCCLS 2002b). To deter-
mine population distributions, disk diffusion and dilution tests are performed on 300–600
recent clinical isolates made up of geographically diverse isolates representing all species
of bacteria that are to be targeted by the antimicrobial agent in question. The susceptibility
of these isolates may be determined in a single laboratory. The population of bacteria tested
should include susceptibility as well as those that exhibit decreased susceptibility to the
drug if they are available. Once generated, the susceptibility data, zones of inhibition and
MICs, are plotted against one another to generate a scattergram or population distribution.
Tentative breakpoints are then determined on the basis of error rate bounding, pharmacoki-
netics, and verification of the breakpoints by clinical and bacteriological response rates.

Pharmacokinetic/Pharmacodynamic Parameters

Pharmacokinetic parameters are important for assessing the bioavailability of the drug in
the host species. Pharmacokinetic data include, but are not limited to, serum absorption,
distribution, and elimination. Serum kinetic values should be expressed relative to the free,
biologically active drug concentration, or the percentage protein binding should be mea-
sured. Closely associated with the pharmacokinetic parameters are the drug’s pharmacody-
namic parameters. Pharmacodynamic parameters are measurements of the biological and
toxic effect of the antimicrobial agent in the host and at the site of infection. These parame-
ters include such considerations as bacteriostatic versus bactericidal effects, first exposure
effect, a concentration-dependent killing effect, a post-antibiotic effect (PAE), a sub-MIC
effect (referred to as sub-PAE) and a post-antibiotic leukocyte enhancement effect (PALE).
These factors, along with the pharmacokinetic parameters in host species, provide insight
as to the dosing regimen that can maximize clinical efficacy of the drug. For example, with
the �-lactams it is the length of time the serum concentration exceeds the MIC that deter-
mines the efficacy of the dosing regimen. In contrast, for the aminoglycosides, the peak
serum concentration-to-MIC ratio is the relevant predictor of efficacy. For most other
antimicrobial agents it is the area under the serum–drug concentration curve-to-MIC ratio
that is used to assess potential efficacy.

Clinical Trials

The final piece of information that is evaluated in determining NCCLS interpretive criteria
is the results from clinical trials. Information evaluated from clinical trials includes, but
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may not be limited to, a description of the patient population studied, the dosage and dura-
tion of antimicrobial therapy, microbiological results including the identification and
antibiograms of bacteria isolated pre- and posttreatment, and clinical assessments. QC data
that are generated when testing clinical isolates are also evaluated to ensure the accuracy of
the susceptibility data of the clinical isolates.

For numerous pathogenic bacteria, not all of these data are available for all potentially
effective therapeutic agents. As resistance to antimicrobials increases, practitioners are
more frequently faced with selecting therapeutic agents for which the NCCLS process has
not been attempted or completed. This is especially true in veterinary medicine. In cases in
which no guidance is available from the NCCLS, the selection of antimicrobial therapy is
driven by clinical judgment and inferences from related drugs and similar pathogens. In
some cases, tentative interpretive criteria are proposed, often by adopting those established
for other organisms. This is the case for Campylobacter infections in humans, where the
distribution of MICs in the population, along with what is known about the pharmacody-
namic properties of the antimicrobials, has been used by some to set tentative breakpoints
for specific antimicrobials (e.g., ciprofloxacin and erythromycin; Danish Integrated
Antimicrobial Resistance Monitoring and Research Programme 2002, King 2001). These
breakpoints are sometimes used in surveillance studies as arbitrary threshold MICs for
reporting purposes. However, they should be evaluated in this context and viewed with cau-
tion as a guide to therapy, pending clinical efficacy studies.

Antimicrobial Susceptibility Testing of Animal Pathogens

Because many animal pathogens are common or similar to those of humans (e.g., Staphy-
lococcus, Salmonella, and E. coli), NCCLS M2 and M7 standards have been applied to
isolates of animal origin. To address testing issues unique to animal pathogens, the
NCCLS established the Subcommittee on Veterinary Antimicrobial Susceptibility Testing
in 1992. The subcommittee developed the M31 (NCCLS 1999) and M37 (NCCLS 2002a)
consensus documents. The M31 document contains QC information and interpretive cri-
teria for bacterium–antimicrobial agent combinations that have been adopted from the
standards developed for human isolates and that are specific for animal pathogens and vet-
erinary-specific antimicrobial agents. The M37 document is a guideline for drug sponsors
to follow in the development of QC information and interpretive criteria for veterinary-
specific drugs. The M31 document is updated on an annual basis as new information
becomes available (as of 2003, it is version M31-A2). Material in the M31 document that
is of particular interest to the veterinary diagnostic laboratories includes the testing proce-
dure for fastidious organisms such as Haemophilus somnus and Actinobacillus pleuro-
pneumoniae, as well as veterinary-specific antimicrobial agents such as ceftiofur,
danofloxacin, difloxacin, enrofloxacin, florfenicol, marbofloxacin, orbifloxacin, and
tilmicosin.

Conclusion

Although a variety of methods exist, the goal of in vitro antimicrobial susceptibility testing
is the same: to provide a reliable predictor of how an organism is likely to respond to antimi-
crobial therapy in the infected host. This type of information aids the clinician in selecting
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the appropriate antimicrobial agent, provides data for surveillance, and aids in developing
antimicrobial use policy. In vitro antimicrobial susceptibility testing can be performed
using a variety of formats. Because of the simplicity associated with incubating an antimi-
crobial agent with a bacterium, numerous laboratories have participated in generating
antimicrobial susceptibility (resistance) data. As the science of antimicrobial susceptibility
testing has progressed, a greater understanding of the multiple factors that could affect the
overall outcome of susceptibility testing has become clearer. Unfortunately, not all labora-
tories follow standardized methods for generating the values that are used to determine the
interpretive criteria. In addition, there are many instances in which interpretive criteria are
arbitrarily determined. Therefore, it is essential that testing methods provide reproducible
results in day-to-day laboratory use and that the data be comparable with those results
obtained by an acknowledged “gold standard” reference method. In the absence of stan-
dardized methods or reference procedures, susceptibility results from different laboratories
cannot be reliably compared.
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16 Antimicrobial Resistance in Food Animals

Kenneth M. Bischoff, Toni L. Poole, and 
Ross C. Beier

Introduction

Antimicrobials are used in animal feed to manage disease, to maintain herd health, and to
promote growth. When individual animals display clinical signs, drugs are often adminis-
tered to the entire herd to treat asymptomatic animals and to prevent the spread of disease
(Gustafson and Bowen 1997). As a result, the incidence of antimicrobial-resistant bacteria
in animals is increasing, and with the increase, there is heightened concern that drug-resis-
tant enteric bacteria may enter the food chain via meat products (Coates and Hoopes 1980,
Libal and Gates 1982, Aalbaek et al. 1991, Wray et al. 1993, Fairbrother 1999, Gebreyes et
al. 2000). This chapter will discuss the general mechanisms employed by bacteria to resist
the action of antimicrobial drugs, as well as the mechanisms responsible for the dissemina-
tion of resistance genes. Intervention strategies that are being developed to combat the
emergence and spread of antimicrobial resistance genes among enteric bacteria of food ani-
mals will also be presented.

Biochemical Mechanisms of Antimicrobial Resistance

Antimicrobial drugs generally target one of four essential cellular processes: protein syn-
thesis, cell wall synthesis, nucleic acid replication and synthesis, or folate metabolism
(Russell and Chopra 1996, Hooper 2001). Several classes of antibiotics including the
aminoglycosides, tetracyclines, macrolides, and chloramphenicol bind to one or both sub-
units of the ribosome to cause misreading or termination of translation, rendering protein
synthesis one of the most common targets for broad-spectrum antibiotics. Inhibition of cell
wall biosynthesis also is a common target for some broad-spectrum antibiotics. Members of
the �-lactam family (penicillins, cephalosporins) bind to enzymes called transpeptidases
and inhibit the formation of the essential cell wall component peptidoglycan. Vancomycin
inhibits formation of peptidoglycan by binding to peptidoglycan precursor molecules. The
quinolones and fluoroquinolones target DNA replication and synthesis by inhibiting DNA
gyrase or topoisomerase—enzymes involved in folding and supercoiling of DNA. Finally,
drugs such as trimethoprim and the sulfonamides target folate metabolism by competitively
inhibiting the synthesis of folic acid for de novo amino acid biosynthesis.

Bacteria have adapted either by mutation or by acquisition of extraneous genes to cir-
cumvent these drugs. The specific mechanisms employed are as varied as the types of
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antimicrobials and their modes of action. In general, bacteria use three strategies to resist
the action of antimicrobials: modification of the drug, alteration of the target, or decreased
accessibility of the drug to its target.

Modification of the Drug

Direct enzymatic modification of a drug results in a chemical that no longer functions as 
an effective antimicrobial agent, allowing the organism to survive in the presence of the
drug. Examples of this type of strategy include the mechanisms used for resistance to the 
�-lactams, the aminoglycosides, and chloramphenicol. �-lactamases are enzymes that
hydrolyze the lactam ring of penicillins and cephalosporins, inactivating the drug’s antimi-
crobial effect (Kono et al. 1983, Medeiros 1984). Aminoglycosides such as gentamicin,
kanamycin, neomycin, and streptomycin may be subject to several chemical modifications
that inactivate these drugs. These include O-phosphorylation catalyzed by an adenosine
triphosphate (ATP)-dependent phosphotransferase, O-adenylation catalyzed by an ATP-
dependent nucleotidyltransferase, and N-acetylation catalyzed by an acetyl-CoA-dependent
acetyltransferase (Davies and Wright 1997). Chloramphenicol may be modified at the 
3�-hydroxyl position by chloramphenicol acetyltransferase, the enzyme responsible for
most enzymatic resistance to chloramphenicol (Shaw 1983, Russell and Chopra 1996).

Alteration of the Target

A genetic or post-translational modification that alters the structure of an antimicrobial’s
target also can decrease the therapeutic effectiveness of a drug. Despite the high fidelity of
DNA replication under optimal growth conditions, point mutations still occur at a frequen-
cy of about one single base substitution for each 106 nucleotides (Kunkel et al. 1987). Under
times of stress, such as that induced by antimicrobial pressure, mutations may occur at an
even higher frequency (Boe 1992, Humayun 1998, Ren et al. 1999).

Cells with altered target proteins will have a selective advantage for clonal expansion under
antimicrobial selection pressure. Single–amino acid substitutions at position Gly81, Ser83, or
Asp87 of DNA gyrase reduce drug binding and consequently confer resistance to the fluoro-
quinolone antibiotics (Willmott and Maxwell 1993, Weigel et al. 1998). Substitution of
glycine for tryptophan at position 30 in Escherichia coli dihydrofolate reductase results in a
threefold increase in the inhibitory concentration for trimethoprim (Flensburg and Skold
1987, Huovinen et al. 1995). Similarly, a phenylalanine to isoleucine replacement at position
28 of dihydropteroate synthase confers resistance to sulfonamides (Huovinen et al. 1995).
Resistance to penicillins also can arise from mutations in penicillin-binding proteins that
decrease the affinity with which these proteins bind the drug (Hackbarth et al. 1995).

Alternatively, the target may be post-translationally modified through enzymatic action.
The erm family of erythromycin-resistance genes encode structurally similar methyltrans-
ferases that catalyze methylation of 23S ribosomal RNA (Weisblum 1995). These same
modifications may confer resistance to the lincosamides and the streptogramins—classes
of antimicrobials that are chemically distinct but functionally similar to the macrolides. The
resulting cross resistance has food safety implications, owing to the widespread use of the
streptogramin antibiotic virginiamycin and its capacity to select for resistance to the strep-
togramin B component of Synercid, a drug used to treat vancomycin-resistant enterococcal
infections in humans (Bozdogan and Leclercq 1999).



Decreased Accessibility of the Drug to Its Target

Resistance may be conferred by decreasing the accessibility of the antimicrobial to its tar-
get. Although changes in membrane structure may sometimes impede diffusion into the
cell, the primary mechanism for limiting access to intracellular antimicrobial targets is
through the expression of drug-efflux proteins (Nikaido 1996, Paulsen et al. 1996, Williams
1996). These integral-membrane proteins use energy derived from proton motive force or
ATP hydrolysis to actively pump the drugs out of the cytoplasm. Such drug efflux systems
have been reported in bacteria that are resistant to a broad spectrum of antibiotics including
tetracyclines, �-lactams, aminoglycosides, and phenicols.

Eighteen of 29 genes in the tet family of tetracycline-resistance genes code for efflux
pumps (Chopra and Roberts 2001). The Tet proteins are homologous in primary and sec-
ondary structure, share 41% to 78% amino acid sequence identity, two active domains, and
from 12 to 14 predicted transmembrane-helices (Rubin and Levy 1991, Chopra and Roberts
2001). Another example is the cmlA gene that confers non-enzymatic resistance to chloram-
phenicol. Although its mechanism has yet to be characterized, similarity in primary struc-
ture to bacterial transport proteins suggests that the CmlA protein functions as a drug efflux
pump (Bissonnette et al. 1991). Likewise, the flo gene, whose product shares 57% amino
acid sequence identity to cmlA, also encodes a putative efflux pump that confers resistance
to both chloramphenicol and florfenicol (Kim and Aoki 1996, Bolton et al. 1999).

Some efflux systems can handle a wide range of structurally dissimilar substrates and
consequently may confer multidrug resistance (Paulsen et al. 1996). For example, the
AcrAB-TolC system found in E. coli encodes an efflux transporter complex that confers
resistance to multiple antimicrobial agents including tetracycline, chloramphenicol, fluo-
roquinolones, �-lactams, erythromycin, ethidium bromide, and sodium dodecylsulfate (Ma
et al. 1995, Elkins and Nikaido 2002). This system has three structural components: the
AcrB pump, which is localized in the cytosolic membrane; the TolC outer-membrane chan-
nel; and the AcrA protein that links AcrB to TolC (Zgurskaya and Nikaido 1999). Other
examples of multidrug transporters include MexAB and EmrB in E. coli and QacA and
NorA in S. aureus (Neyfakh et al. 1993, Paulsen et al. 1996). Multidrug transporters present
a particularly serious clinical threat to public health because acquisition of a single resis-
tance determinant can confer resistance to a broad range of antimicrobial reagents.

Dissemination of Resistance Genes

Regardless of whether antibiotic resistance in a particular microorganism is intrinsic or has
emerged through chromosomal mutations, of particular concern is the spread of resistance
genes encoded on mobile DNA elements such as plasmids, transposons, and phage. Plas-
mids are covalently closed pieces of DNA that are self-replicating and independent of the
chromosome. They vary in size from a few thousand base pairs to over 100 kilobase pairs.
Genes for resistance to most classes of antibiotics have been found on plasmids, and larger
plasmids are capable of carrying multiple resistance genes. Some plasmids are self-
transmissible to other cells through a process called conjugation. Although originally
thought to be restricted in host range, bacterial conjugation is now known to occur frequently
and easily across species (Brisson-Noel et al. 1988, Bertram et al. 1991, Andrup and Ander-
sen 1999). In E. coli, genes for virulence factors such as enterotoxins and fimbrae are often
found on plasmids, which may compound the resistance problem through the potential 
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co-selection of plasmids encoding genes for both resistance and virulence (Franklin and
Mollby 1983, Gonzalez and Blanco 1985, Harnett and Gyles 1985, Blanco et al. 1991,
Mainil et al. 1998).

A second type of mobile DNA element is the conjugative transposon (Salyers et al. 1995,
Rice 1998). Transposons are discrete segments of the genome that are characterized by two
insertion-sequence elements that flank an intervening stretch of DNA (the “transposon”).
Transposons can integrate into non-homologous sequences of DNA and move from one
plasmid to another or between a plasmid and the chromosome. Similar to plasmids, trans-
posons have the capacity to carry multiple resistance genes. Transposition permits the
spread of resistance genes to an even wider range of bacteria, even between genera, than can
be achieved by plasmid vectors alone. Transposons permit integration of resistance genes
into the chromosome, where they are more stable than plasmids, and thus more difficult to
cure from the bacterium.

Transduction via bacteriophage is another vehicle for dissemination of resistance genes
(Davison 1999). When a phage enters its lytic cycle, small segments of the host chromo-
some are packaged with the virus’ genetic material. When the viral particle infects a new
cell and integrates into the new chromosome, transfer of chromosomal material from the
original host to the new recipient occurs. This mechanism has been considered less impor-
tant in the dissemination of resistance genes because the host range is generally narrow and
the size of transferred DNA is relatively small.

Integrons are genetic structures consisting of two conserved segments that flank a cen-
tral region where cassettes of resistance genes may accumulate (Hall and Collis 1995, Fluitt
and Schmitz 1999). The 5� segment consists of a site-specific integrase gene whose product
may facilitate the insertion of genes into the cassette. The 5� segment also has a promoter for
expression of genes in the cassette (Collis and Hall 1995). The 3� segment generally con-
sists of the sulI gene, which confers resistance to sulfonamides. Although they are not
mobile in and of themselves, integrons frequently reside within transposable elements or on
plasmids and have recently been implicated in the dissemination and persistence of multi-
ple drug resistance (Bass et al. 1999, Adrian et al. 2000).

Intervention Strategies to Combat Antimicrobial Resistance 
in Food-Producing Animals

In 1999, an interagency task force co-chaired by the Centers for Disease Control, the U.S.
Food and Drug Administration, the National Institutes of Health, and other federal agencies
including the Department of Agriculture developed the Public Health Action Plan to Com-
bat Antimicrobial Resistance (Centers for Disease Control and Prevention 1999). This plan
identified four focus areas to serve as a blueprint for federal actions needed to address the
antimicrobial resistance problem: surveillance, prevention and control, research, and prod-
uct development.

Surveillance

The National Antimicrobial Resistance Monitoring System (NARMS) was established in
1996 to monitor changes in antimicrobial susceptibility patterns of enteric bacteria isolated
from human and animal diagnostic specimens, healthy farm animals, and carcasses of food
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animals at slaughter (Tollefson et al. 1998). Data are currently collected on six bacterial
organisms: non-Typhi Salmonella, Salmonella Typhi, Campylobacter, E. coli O157:H7,
Shigella, and Enterococcus. The broad goal of the surveillance system is to provide useful
information about patterns of emerging drug resistance, which in turn can guide mitigation
efforts.

Prevention and Control

Prevention and control measures seek to promote the appropriate use of antimicrobial drugs
through educational and regulatory actions. National laws and regulations pertaining to
licensure and compliance may effectively limit the availability of antimicrobials, but regu-
latory action may not be sufficient to reduce the prevalence of resistance. In the mid 1980s,
concerns over toxicity resulting from potential trace exposure to chloramphenicol led the
U.S. Food and Drug Administration to ban its use in food animals. Yet a recent study of
antimicrobial resistance among enterotoxigenic E. coli from swine reported that 53% were
resistant to chloramphenicol (Bischoff et al. 2002). Interestingly, a statistically high level of
significance for co-selection was observed for kanamycin, sulfamethoxazole, and tetracy-
cline; agents currently used in swine production. The use of these agents may serve to main-
tain plasmids on which chloramphenicol resistance resides with other resistance genes. In
Denmark, the growth-promoting drugs avoparcin and virginiamycin were banned in 1995
and 1998, respectively, and the food animal industries voluntarily agreed to stop all use of
antimicrobial growth promoters in 1999. In 2000, a study on the prevalence of resistance
among enterococci from food animals reported a decrease in avilamycin, erythromycin,
vancomycin, and virginiamycin resistance from 1995 to 2000 (Aarestrup et al. 2001). The
authors of this study also report, however, that in cases in which vancomycin resistance was
linked to erythromycin resistance, the prevalence of resistance to either drug did not
decrease until the use of avoparcin and tylosin, agents chemically related to vancomycin
and erythromycin, respectively, was limited. Thus, simultaneous reductions in the selection
pressures of all co-selecting agents may be required to reverse the emergence, spread, and
persistence of antimicrobial resistance in the animal production environment.

Research Activities

The fundamental factors that govern the acquisition and spread of antimicrobial resistance
are the subject of continuing investigation. The scientific literature is replete with studies on
the ability of antibiotics to aid in the dissemination of resistance through clonal expansion
and through induction of conjugative transfer (Al-Masaudi et al. 1991, Doucet-Populaire et
al. 1991, Nijsten et al. 1995, Igimi et al. 1996, Heinemann 1999, Witte 2000, Carman and
Woodburn 2001). In contrast, the factors that inhibit the dissemination of plasmids have not
been scrutinized to the same degree. Several studies have suggested that flavomycin, a
growth-promoting antimicrobial agent approved for use in poultry and swine, inhibits the
growth of bacteria harboring resistance plasmids. Administration of this agent has been
observed to suppress the dissemination of multiresistant E. coli in the intestines of pigs
(Brana et al. 1973, George and Fagerberg 1984, van den Bogaard et al. 2002). Other reports
suggest that ascorbic acid can induce plasmid loss in Staphylococcus aureus (Amabile-
Cuevas 1988, Amabile-Cuevas et al. 1991). In addition, antimutagenic agents, such as
green-tea catechins, can reduce the prevalence of resistant bacteria either by preventing
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point mutations that confer resistance or by potentiating the actions of other antibiotics
(Shiota et al. 1999, Pillai et al. 2001). A more thorough investigation of the mechanisms by
which these agents inhibit the transfer of genetic material will facilitate the development of
new interventions that reduce the dissemination of resistance.

Product Development

Agents that inhibit mechanisms of resistance may be used clinically to combat antimicro-
bial resistance. Clavulanic acid irreversibly inactivates many �-lactamases by forming a
covalent complex that resists hydrolysis (Livermore 1993). Therapy that combines the �-
lactam antibiotic amoxicillin with clavulanic acid has been used successfully to overcome
�-lactamase-mediated resistance (Heinze-Krause et al. 1998, Chaibi et al. 1999). Other
inhibitors currently under development target drug-efflux pumps. Recent studies report the
use of inhibitors of the membrane-associated efflux protein NorA to restore the activity of
fluoroquinolones against drug-resistant strains of S. aureus (Aeschlimann et al. 1999).
Other reports suggest that synthetic efflux pump inhibitors can increase the efficacy of
plant-derived antimicrobials against Gram-negative bacteria (Tegos et al. 2002).

Although combination therapy is promising for human clinical medicine, its application
in food animal agriculture would likely suffer from the same criticisms lodged against cur-
rent agricultural antimicrobial practices (e.g., resistant bacteria will enter the food chain
and cause untreatable human illness). After decades of use in human medicine, inhibitor-
resistant �-lactamases are already being encountered. It would therefore appear that for
agriculture, particularly food animal production, the primary intervention strategy to com-
bat antimicrobial resistance will be to reduce the selection pressure that gives rise to and
sustains antibiotic resistance.

Because the maintenance of animal health and productivity is paramount to the produc-
er, the development of products for use in lieu of antimicrobials is essential. Such products
include probiotics (competitive exclusion), alternative feed additives, immune modulators,
and bacteriophage therapies that would replace antimicrobials for disease prevention and
control, thus reducing the reliance on antibiotics.

Competitive exclusion is a method of controlling gut colonization by Salmonella and
other enteric pathogens in chickens (Nisbet 1998, Nisbet et al. 1998). The treatment of
newly hatched chicks with suspensions of cecal bacteria obtained from healthy adult birds
has been shown to protect against Salmonella cecal colonization (Corrier et al. 1994). The
mechanism is thought to involve the blocking of potential attachment sites, production of
bacteriocins, maintenance of gut pH by volatile fatty acids, and competition for nutrients.
Defined competitive exclusion cultures are being developed for use in chickens (Nisbet et
al. 1998) and in swine (Genovese et al. 1999, Genovese et al. 2000).

Recent investigations of alternatives to antibiotics for the control of E. coli O157:H7 and
Salmonella Typhimurium in the rumen of cattle have focused on the exploitation of faculta-
tive metabolism. Facultative anaerobic enterobacteria possess a respiratory nitrate reduc-
tase that allows the coupling of anaerobic nitrate reduction to oxidative phosphorylation
(Stewart 1988). This enzyme also is capable of reducing chlorate, an analog of nitrate, to the
cytotoxic product chlorite. In vitro, chlorate has been shown to have a bactericidal effect on
E. coli O157:H7 and S. Typhimurium DT104 (Anderson et al. 2000, Callaway et al. 2001a).
Using experimentally infected animals, sodium chlorate supplementation has been demon-
strated to reduce E. coli O157:H7 populations in cattle and to reduce both E. coli O157:H7
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or S. Typhimurium populations in pigs (Anderson et al. 2001a, Anderson et al. 2001b, Cal-
laway et al. 2001b). The use of chlorate is currently being developed as a preharvest inter-
vention measure to reduce intestinal E. coli O157:H7 and S. Typhimurium levels in live-
stock immediately before harvest.

Stimulation of the immune system is another approach used to protect animals from
infectious disease. Vaccines stimulate the animal’s acquired immune defenses against spe-
cific pathogens, but “preventive activation” of the non-specific innate immune system may
be an effective alternative, particularly in neonates whose acquired system has yet to mature
(Toth et al. 1988). In chickens, one of the main effectors of innate resistance is the het-
erophil, a polymorphonuclear phagocytic cell that migrates to the site of infection, engulfs
the offending microbes, and kills them through a variety of antimicrobial mechanisms. 
T-cells from adult chickens previously immunized against Salmonella Enteritidis secrete
factors collectively called immune lymphokines (ILKs) that modulate the functional activi-
ties of heterophils in day-old chicks (Kogut et al. 1998). In addition, the activation of het-
erophils in ILK-treated chicks is strongly associated with protection against organ invasion
by Salmonella and with reduction of Salmonella-induced mortality (Tellez et al. 1993,
Kogut et al. 1996). Immune lymphokines derived from the T-cells of S. Enteritidis–
immunized pigs have been shown to protect weaned piglets from infection by Salmonella
choleraesuis as well as to enhance growth performance in the presence of an infection
(Genovese et al. 1999). Further research is necessary to fully define the ILK preparations, as
to date, only one active component of the chicken lymphokine has been identified and char-
acterized (Bischoff et al. 2001, Crippen et al. 2003).

The use of lytic bacteriophage for the prevention and treatment of bacterial infections
offers another attractive alternative to antimicrobials. In experimentally infected animals,
bacteriophage have been shown to prevent and treat E. coli–induced diarrhea in calves,
piglets, and lambs and to prevent E. coli respiratory infections in broiler chickens (Smith
and Huggins 1983, Smith et al. 1987, Huff et al. 2002).

Conclusions

This chapter has presented some of the intervention strategies that are being developed for
managing the spread of antimicrobial resistance among enteric bacteria of food animals.
Surveillance is a cornerstone of the research activities, but investigations that focus on the
prevalence of resistance phenotypes need to be expanded to include characterization of
resistance genotypes. These studies should focus on understanding the factors that govern
dissemination and persistence of antimicrobial resistance by characterizing the mobility
and genetic linkage of resistance genes. Integration of these data will help to develop pro-
grams that educate producers and veterinarians on how to maximize the therapeutic effec-
tiveness of drugs, while minimizing the selective pressure favoring resistance, through their
appropriate use.

Despite the best efforts to control and treat infectious disease with antimicrobials, bacte-
ria will continue to adapt and survive. The development of alternative products or treat-
ments for use in lieu of antimicrobials is therefore a top research priority. Promising areas of
research include the development of probiotics, alternative feed additives, immune modula-
tors, and bacteriophage therapies. Ultimately the application of these products will
decrease the need for antimicrobials and will likely have the greatest effect on reduction of
antimicrobial resistance among enteric bacteria in food animals.
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17 Antimicrobial Resistance and the
Microflora of the Gastrointestinal Tract

Toni L. Poole, Kenneth J. Genovese, 
Ross C. Beier, Todd R. Callaway, and 
Kenneth M. Bischoff

Introduction

To maintain a safe food supply, preharvest and postharvest management practices are
implemented to reduce bacterial contamination of animal products. This often includes the
use of antimicrobials. Preharvest food safety management starts on the farm and focuses on
practices that improve animal health and performance, and it benefits the producer by mini-
mizing economic losses resulting from disease. Unfortunately, the emergence of antimicro-
bial resistance in enteric pathogens of food animals is a by-product of these practices.

The fundamental tenet with regard to the emergence of antimicrobial resistant bacteria is
very simple: antimicrobial use selects for resistant bacteria. From that point on it becomes a
very complex field of study.

Antimicrobial Use in Food-Animal Production

Antimicrobials are used in three ways for food-animal production: clinical treatment, dis-
ease prophylaxis, and growth enhancement. There are broad arrays of protocols for use of
antimicrobials in poultry and livestock production (Lechtenberg et al. 1998, Anonymous
2002). Disease prophylaxis and growth promotion practices that use antimicrobials com-
monly used in human medicine are a source of controversy (Witte 2000, Teuber 2001). In
both instances, antimicrobials are applied in subtherapeutic concentrations and are given to
large numbers of animals regardless of their health status (Gustafson and Bowen 1997).
This type of exposure to antimicrobials has become a public health issue in recent years
because of the widespread emergence of multidrug-resistant pathogenic bacteria. Low-
level exposure to antibiotics over extended time periods is believed to increase selection for
antibiotic-resistant bacteria (Baquero et al. 1997, Zhao and Drlica 2002). Second, the treat-
ment of large herds or flocks with antimicrobials selects for resistance in thousands of
healthy animals that may not need treatment. Approximately 90% of the antibiotics used in
food-animal production are given as prophylactic agents or as growth promotants in feed
(Khachatourians 1998). It has become apparent that antimicrobial consumption needs to be
substantially reduced in all venues. However, decreasing antimicrobial use has health and
economic implications.
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The use of antimicrobials as nutritional supplements for food-animal production began
after the discovery that antibiotics promoted rapid weight gain in animals (Taylor 1957). In
addition, the incidence of bacterial diseases that result in large economic losses was
reduced. Antimicrobials provide a dual benefit to producers by improving animal health
and bringing animals to market weight earlier. The exact mechanism by which antimicro-
bials enhance animal growth is not understood and may differ for each antibiotic. It is
believed by many that antimicrobials exert their effect as a result of their effect on the gas-
trointestinal microflora (Taylor 1957, Gustafson and Bowen 1997). Early growth-promo-
tion studies addressed this issue in two ways: studies in germ-free animals devoid of gas-
trointestinal bacteria, and studies using inactivated antibiotics administered by various
means (Taylor 1957, Coates et al. 1972). The results from many of these early studies were
conflicting but suggested that some antimicrobials may also promote growth by mecha-
nisms apart from their antibacterial properties. Tylosin, for example, is known to enhance
immune function in the host and to inhibit bacterial virulence (Shryock et al. 1998).
Whether these attributes function separately from its antimicrobial activity is unknown.

Most oral antimicrobials used to promote growth are not well absorbed in the gut and act pri-
marily on Gram-positive microflora. Experimental evidence suggests that inhibition of
Clostridium perfringens significantly contributes to enhanced growth in poultry (Stutz et al.
1983, Stutz and Lawton 1984, Engberg et al. 1999, Knarreborg et al. 2002). Studies by Engberg
et al. (1999) and Knarreborg et al. (2002) suggest that impaired broiler growth may result from
bacterial production of enzymes that deconjugate bile salts. It is believed that deconjugation of
bile salts reduces fat emulsification and lipid absorption. On the basis of these data, ionophore
anticoccidials may be effective in suppressing necrotic enteritis without selecting for resistance
against important human antimicrobials. The ionophores, monensin, lasalocid, laidlomycin,
salinomycin and narasin, are commonly fed to ruminant animals to improve feed efficiency but
are not used in human medicine and are not known to confer cross-resistance to antimicrobials
currently used in human medicine. Although ionophores pose a low risk of adding new resis-
tance determinants to the environment, they have been shown to increase the carriage of Gram-
negative pathogens by ruminants (Chen and Wolin 1979, Newbold et al. 1993).

Alternatives to antibiotics for maintaining animal health are necessary because very few
antibiotics are in development and only oxazolidinones and cationic peptides represent new
classes of antibiotics (Copra 1998). Most new antibiotics are derivatives of established
antibiotic classes. Because the mechanism of action is the same for most members of an
antibiotic class, resistant isolates present in the environment will often be cross-resistant to
new drugs. Expanding molecular knowledge of resistance mechanisms and mechanisms of
growth promotion may provide new targets for antimicrobial drug development and
growth-promoting agents. At present there is pressure on the Food and Drug Administration
(FDA) to cease approval of new antibiotics for growth promotion if a chemically similar
antibiotic is used in human medicine. Growth-promoting antibiotics have not been banned
in the United States; however, stricter guidelines have been imposed for the approval of new
antibacterial drugs for use in animal feeds (FDA 2003). Under these guidelines most of the
antimicrobials currently on the market would not be approved for use.

Antimicrobial Action

To understand the manifestations of antimicrobial resistance, it is necessary to understand
the complex means by which antimicrobials exert their effect. Antibacterials differ in the



variety and number of bacterial species they inhibit, as well as in their mode of action (Yao
and Moellering 1999). The mechanism by which antimicrobials bind or interact with their
biochemical targets and the effect elicited depends on the drug class (see Chapter 16).

The spectrum of activity against bacterial species also differs between and within
antimicrobial classes. For example, the cephalosporins are categorized in “generations”
based on spectrum of activity (Yao and Moellering 1999). First-generation cephalosporins
are narrow-spectrum drugs that inhibit a narrow range of bacterial species. Second-
generation cephalosporins are expanded-spectrum drugs, third-generation cephalosporins
are broad-spectrum drugs, and fourth-generation cephalosporins are extended-spectrum
drugs. When the bacterial species causing a disease is unknown, treatment with broad-
spectrum drugs is beneficial. However, the lack of inhibitory specificity contributes to the
emergence of resistance by disrupting the natural ecological balance of microbial commu-
nities and selecting for resistance among non-pathogenic and opportunistic pathogens.

Antibiotics are also categorized according to their mode of inhibition. Bacteriostatic
antibiotics act by temporarily inhibiting growth of a bacterial cell. Depending on the length of
time growth is impaired and the ecological factors present, a cell may be able to resume
growth when the antibiotic is removed (National Committee for Clinical Laboratory Stan-
dards 2001). In an active mixed bacterial ecosystem, static cells may be competitively exclud-
ed from the niche by actively dividing cells (Poole et al. 2003). An animal’s immune system
may remove static cells before they can resume growth (de la Cruz and Garcia-Lobo 2002).

Bactericidal antibiotics kill susceptible cells. If the drug treatment kills 100% of the sus-
ceptible cells, growth will not resume. If a few resistant mutants were present in the popula-
tion at the time of drug exposure, they may remain viable; these cells have been termed
“persisters” (Gunnison et al. 1963), and under selective pressure they may predominate in
an ecological niche. The spectrum of activity and the mode of bacterial inhibition depend on
the drug’s mechanism of action, chemical structure, and the bacterial species. Vancomycin
inhibits cell-wall formation in Gram-positive bacteria (Yao and Moellering 1999). This
mechanism of inhibition is bactericidal for most Gram-positive bacteria; however, entero-
cocci are an exception in which case vancomycin is bacteriostatic (Storch and Krogstad
1981). Gram-negative bacteria are unaffected by vancomycin because the size of the drug
prevents it from penetrating the outer cell membrane. Gram-positive bacteria are also more
susceptible to chemical biocides and ionophores because they lack an outer cell membrane
(White and McDermott 2001, Callaway et al. 2003). Aminoglycosides are bactericidal:
They inhibit protein synthesis by irreversibly binding to the bacterial ribosome. Macrolide
antibiotics also inhibit protein synthesis but are bacteriostatic; they are sometimes bacteri-
cidal at high concentrations (Yao and Moellering 1999). It is clear that appropriate dose,
duration, and type of antibiotic are important clinical decisions. These decisions are best
made on a per case or per animal basis by clinicians who are trained in pharmacology. Here-
in lies one of the problems in food-animal production: It is simply not feasible or practical to
identify and treat individual animals. In addition, animals are infectious during the incuba-
tion period before clinical symptoms. By the time an outbreak occurs, the entire flock or
herd may have been exposed and will be in need of treatment.

Ecology of Antimicrobial Resistance

In nature, bacteria reside in complex ecological habitats. It is estimated that only 1% of
the bacterial species on earth are culturable. This factor alone has greatly facilitated the
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emergence of resistance and hampered scientists’ ability to fully understand the ecology
of resistance. The vast array of bacterial species in the environment and the correspond-
ing genomic diversity provide an infinite reservoir for the evolution of resistance. The
emergence of multidrug resistance exemplifies the genetic fluidity that exists within
microbial communities. Most experiments designed to study antimicrobial resistance are
done with pure cultures of bacteria removed from their natural habitats. There is a need
for experimental systems that model natural microbial niches so that we can gain a
greater knowledge of the ecology of antimicrobial resistance.

The emergence of microbial resistance has an ecological progression that can be
described in three stages. The first occurs at the molecular level and is genetic in nature.
This can be intrinsic to the cell or a newly acquired genetic element or mutation. During the
second stage, the population of resistant clones expands under selective pressure. The third
stage is dissemination of resistant bacteria. A great deal of focus has been applied to dissem-
ination of resistance genes (see Chapter 16); however, this would be a mute point if the bac-
teria that carried these genes were present in dead-end niches and could not be disseminated
to new hosts. Dissemination of resistant bacteria from the niche provides the greatest oppor-
tunity for the cycle to continue and for resistance determinants to accumulate on mobile
genetic elements. Fecal shedding, from both human and animal populations, is a significant
source of bacterial dissemination. If we are to curtail the global emergence of multidrug
resistance—while still using antibiotics—all three stages must be targeted for control.

The Genetic Reservoir

The reservoir for resistance is the bacterial genome. All mechanisms of antimicrobial resis-
tance have a genetic basis, including insensitivity to antibiotics caused by biochemical or
structural factors. Intrinsic resistance refers to the biochemical or structural composition of
the cell that naturally provides resistance to an antimicrobial. The genes that confer intrinsic
resistance are located on the bacterial chromosome and are vertically transferred as part of
cell division. For this reason intrinsic resistance is a characteristic of an entire species or, in
some cases, entire genera. Chromosomal genes are not transferred horizontally to other
bacteria via conjugation unless they are translocated to a mobile genetic element, such as a
plasmid or transposon. Integration of DNA segments into chromosomal or plasmid DNA
occurs by recombination and involves cutting and splicing of DNA. Recombination occurs
by three different mechanisms: recA-dependent recombination involves gene exchange
between two molecules of DNA and requires homology between both DNA strands; trans-
position involves excision and integration of a transposable element into heterologous
DNA, either plasmid or chromosomal; and site-specific recombination involves DNA that
contains the specific sequences that allow acceptance of heterologous DNA (Bennett
1999). The third mechanism has been characterized in bacteria in the form of genetic ele-
ments termed integrons that can accept foreign genes. Integrons cannot excise themselves
from DNA, but they have become localized on plasmids and transposons that are transfer-
able to other bacteria via conjugation. Localization of resistance genes on mobile genetic
elements facilitates horizontal transfer of DNA between bacteria, providing a rapid means
of dissemination at the molecular level. Moreover, many mobile genetic elements contain
clusters of genes that confer resistance. Salmonella enterica serotype Typhimurium DT104
represents a bacterial strain that possesses an integron containing metabolically unrelated
genes (Briggs and Fratamico 1999). This type of cassette confers resistance to multiple
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antibiotics, providing a common ecological advantage. Genetic elements of this nature are
believed to have resulted from successive recombination events and may be selected
because of consecutive exposure to antibiotics. Cycling of antibiotics has been suggested as
a means to curtail emergence of resistance; however, this concept may actually be the most
effective means to generate multidrug resistance.

A gene cassette may consist of different genes whose action is related to one metabolic
pathway subsequently conferring resistance to one antibiotic. This is exemplified by certain
types of vancomycin resistance. For example, VanA resistance results from a multigene
cassette that encodes seven proteins (Arthur et al. 1993). These proteins have coordinated
functions that provide an effective alternative pathway for Gram-positive cell-wall synthe-
sis. The origin of the VanA gene cassette is unknown. It is hypothesized that it may have
originated from vancomycin-producing or vancomycin-resistant bacteria commonly iso-
lated from soil (Rippere et al. 1998). Genes with homology to VanX and VanA have been
identified in two Gram-negative species, Salmonella and Escherichia coli (Daub et al.
1988, Zawadzke et al. 1991, Hilbert et al. 1999). These genes have a chromosomal location
and may be involved in peptidoglycan synthesis (Hilbert et al. 1999). Experiments in our
laboratory demonstrated that other genes with homology to vancomycin resistance were
present in field isolates of Salmonella, but these genes were not adjacent to one another on
the bacterial chromosome, as seen on the VanA resistance gene cassette (T. Poole, unpub-
lished data). Because Gram-negative microorganisms are intrinsically resistant to gly-
copeptide antibiotics as a result of their outer cell membrane, they would not need addition-
al genes to provide vancomycin resistance. It is generally accepted that bacteria do not
retain extraneous genetic material because it incurs a fitness cost (Andersson and Levin
1999, Spratt 1996). However, Sander et al. (2002) found that chromosomal drug resistance
incurs a very small fitness cost. In addition, gene products that confer antibiotic resistance
are present in the bacterial gene pool because their primary function is essential to cell
metabolism, although enzymes may have only one catalytic function that does not limit
them from performing multiple metabolic tasks. Furthermore, bacterial species that are
insensitive to antibiotics should not be discounted as a source of resistance genes. They may
serve as a source of entire operons that provide alternative biochemical pathways for other
bacteria. This demonstrates the stealthy nature of antibiotic resistance.

Point mutations in chromosomal genes can also confer resistance. Because these genes
are not present on mobile genetic elements, they do not represent a great risk for horizontal
gene transmission to new bacterial species. Instead, the risk of dissemination is from clonal
expansion and dissemination of resistant clones.

Competition and Selection in the Gastrointestinal Reservoir

The gastrointestinal tract is an open system that supports a high density of diverse microflo-
ra; it also represents an important reservoir for the emergence of resistance, but only under
selective pressure. In the absence of selection pressure, microbial diversity provides compe-
tition that prevents overpopulation of individual species. When antibiotics are used to eradi-
cate a pathogenic infection, the entire body is not sterilized, and the concentration of antibi-
otic may vary in different compartments of the body, resulting in selection of confined niches
(Baquero et al. 1997). Selection changes the profile of normal microflora in compartmental-
ized niches and reduces species diversity (Jensen 1998, Baggesen et al. 1999). Some species
may be eliminated, thus allowing the clonal expansion of resistant or tolerant species.
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As a bacterial niche, the gastrointestinal tract should be considered from an ecological
perspective. An ecological niche can support growth of a finite number of individuals, and
in the case of a mass extinction, as would occur with broad-spectrum antimicrobial treat-
ment, an evolutionary burst from surviving species would occur to refill the niche. The pop-
ulation that refills the gastrointestinal niche is the population that will subsequently be shed
and disseminated throughout the environment. This is significant when you consider the
extensive number of animals treated during food-animal production. The use of antimicro-
bials allows the clonal expansion of many intrinsically resistant microorganisms that are
also human enteric pathogens.

Our knowledge regarding the effect of antibiotic growth promoters on the ecology of the
gastrointestinal population is incomplete because many of the species present in the gut are
difficult to culture. Modern culture-independent molecular methods used to identify bacte-
rial strains are useful in expanding our knowledge of species diversity but are not as useful
for understanding ecological relationships among microflora. The diversity of gastroin-
testinal microflora differs among animal species, among individual animals, and along the
length of the gastrointestinal tract itself (Savage 1977, Brook 1999, Hooper et al. 1999,
Apajalahti et al. 2001, Gong et al. 2002, Knarreborg et al. 2002). Synergistic and antagonis-
tic interactions between the host and the bacteria entering the gut shortly after birth lead to a
succession of bacterial species until a stable consortium results (Savage 1977, Brook 1999,
Hooper et al. 1999). The bacteria that persist in the gut must tolerate or adapt to the condi-
tions present in the niche during the initial colonization. Many bacterial species produce
substances that are inhibitory to other bacterial species. These substances include bacteri-
ocins, organic acids, and hydrogen peroxide (Hinton and Hume 1995, Nisbet et al. 1996,
Brook 1999). Adaptation to such an environment may involve acquisition of specific genes
that encode immunity proteins against inhibitory substances. These adaptive processes are
the same as previously discussed for antimicrobial resistance. Immunity proteins confer
resistance against antagonistic factors present in the gastrointestinal niche. Production of
inhibitory substances maintains niche-specific selection pressure on the resistant clones
(Reeves 1992, Brook 1999, Lan and Reeves 2000). Coordination of nutrient use, attach-
ment site specificity, and host-specific factors also contribute to the selection process that
ultimately determines the species profile of the gut microflora (Hooper et al. 1999).
Autochthonous bacteria are those species considered to have evolved with the host and are
considered normal flora to the host (Savage 1977, Klaenhammer 2001). Allochthonous
species are those bacteria non-indigenous to a particular host species; however, they are
ubiquitous in the environment and can establish whether the competitive stringency of the
niche is disrupted (Savage 1977, Klaenhammer 2001). This is an important distinction
when considering issues of food safety and antibiotic resistance. The use of antimicrobials
not only reshapes the profile of established bacteria already present in the gut as discussed
above but also disrupts the inhibitory stringency of the niche, allowing allochthonous
species to persist that would normally be transient (Poole et al. 2001a, Poole et al. 2001b,
Poole et al. 2003). Disruption of the normal flora leads to an increase in susceptibility to
intestinal disease by microorganisms that are pathogenic to food animals (Collins and
Carter 1978, Klaenhammer 2001). Extended residence also increases opportunity for
allochthonous species to acquire resistance to antibiotics and niche-selective factors.

Although certain members of the gastrointestinal microflora may be responsible for
inhibiting rapid growth of the host animal, many provide a benefit by preventing coloniza-
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tion by enteric pathogens (Nurmi and Rantala 1973, Snoeyenbos et al. 1978, Barnes et al.
1979). The mechanisms that provide protection are thought to be the same as those that are
involved in the initial selection of the normal flora. The most efficient protection in chickens
is provided when healthy flora colonize the gastrointestinal tract immediately after birth
(Corrier et al. 1998). Modern food-animal production practices often prevent normal colo-
nization of the gut by bacteria in the environment (Jensen 1998, Gustafson and Bowen
1997). In addition to the use of antimicrobials, newborn animals may not have contact with
their mothers or natural environmental factors such as soil that contribute to the establish-
ment of healthy flora (Klaenhammer 2001). Nurmi and Rantala (1973) were the first to treat
day-old chicks with cecal contents from adult chickens in an attempt to provide the chicks
with normal flora. This technique provided effective protection against colonization by
enteric pathogens and was termed “competitive exclusion.”

Nisbet et al. (1993) further developed the technology of competitive exclusion by estab-
lishing an anaerobic continuous-flow culture of chicken caecal bacteria (CF3). Because the
bacteria in CF3 were obtained from the contents of an adult chicken cecum, the bacteria
were niche-adapted to the chicken intestinal tract before in vitro culture (Corrier et al.
1995). This may have contributed to their ability to maintain complex species diversity as
well as stable cell concentrations within the continuous-flow system. Attempts in our labo-
ratory to generate stable, diverse continuous-flow cultures by selecting bacterial isolates
that originated from different animals of the same or different species have failed. Defined
cultures of selected isolates have only been successful in continuous-flow culture if all of
the isolates originated from one animal. We have also noted that successful continuous-flow
cultures derived from gut contents of individual chickens or pigs differ in their inhibitory
stringency against enteric pathogens (Nisbet et al. 1996, Genovese et al. 2000).

A previously described derivative of the CF3 culture (CCF) was found to inhibit exoge-
nous Enterococcus spp. (Poole et al. 2001a). This was surprising because four enterococcal
species, E. faecium, E. faecalis, E. avium, and E. gallinarum, were naturally present in CCF.
Because the enterococci predominate in the CCF culture, it had been assumed that CCF
would easily support enterococci added exogenously. This was not the case, as all entero-
cocci added to the CCF culture were rapidly eliminated. Moreover, when 100 mL of CCF
was added to a 1,050-mL monoculture of vancomycin-resistant E. faecium (VRE), at 108

colony-forming units per milliliter, the CCF microflora displaced and completely eliminat-
ed the vancomycin-resistant E. faecium (Poole et al. 2001a). The question has been put
forth, If exogenous enterococci cannot survive in CCF, how do the enterococci that are pres-
ent in CCF survive? We believe, in part, that CCF enterococci coadapted to inhibitory fac-
tors in the chicken ceca during the initial microbial colonization or niche-adaptation
process. It is likely that multiple-resistance determinants are involved and that exogenous
enterococci are unable to acquire all of these resistance determinants before their demise in
the CCF culture.

The initial CCF studies that used exogenous enterococci may have elucidated a signifi-
cant role for niche adaptation in the establishment and stability of gastrointestinal microbial
ecology (Poole et al. 2001a, Poole et al. 2001b, Poole et al. 2003). This may have relevance
to the ecology of antibiotic resistance. Instead of cycling antibiotics and allowing bacteria
to consecutively adapt, it may be preferable to hit them with multifaceted inhibitory cock-
tails, as occurs during niche selection. The multiple-attack approach is analogous to treat-
ment of HIV. This approach is believed to decrease the generation of resistant mutants by
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inhibiting more than one of the viral enzymes necessary for viral replication (Kaufmann
and Cooper 2000).

Niche selection pressure may explain why most probiotic preparations fed to animals are
not maintained after oral administration is discontinued (Netherwood et al. 1999). Wagner
et al. (2002) developed an assay on short-term mixed-batch cultures to assess the efficacy of
competitive exclusion cultures. They compared PREEMPT, the FDA product derived from
CF3, to a similar batch culture derived by selecting similar species from American Type
Culture Collection (ATCC). Use of a short-term culture of selected ATCC isolates provides
no data on the survivability of these isolates in a long-term culture. Our experience suggests
that 29 ATCC isolates would be reduced to two or three isolates in a week’s time in a contin-
uous-flow culture. Although selected probiotic cultures may be strongly inhibitory to
enteropathogens in vitro, they are of little value if they cannot become stable inhabitants of
the gut. The health benefits of probiotic cultures may be greatly increased if cultures are
derived from niche-adapted mixed cultures of bacteria.

Dissemination

No single source of bacterial contamination is to blame for the resistance problem; however,
fecal shedding from man and animals should be considered a major facilitator of bacterial dis-
semination. Control of fecal shedding into the environment represents a significant control
point for bacterial dissemination. Disposal of human and animal fecal waste has been a long-
standing problem for society. Sewage sludge from human sanitation plants and fecal waste
from animal production facilities are routinely spread on crops as fertilizer. The practice of
spreading human sewage sludge has been an environmental concern from its inception
because heavy metals and other pollutants collect in sludge and are transferred through the
food chain via uptake in plants (Atlas and Bartha 1981). Such sources of fertilization also pol-
lute many surface water and groundwater sources in this country (Colwell 1980, Hagedorn et
al. 1999, Chee-Sanford et al. 2001). Similar concerns have arisen with regard to dissemination
of antibiotic-resistant bacteria. Antibiotic resistance profiles of fecal coliforms and fecal
streptococci are used to monitor fecal contamination of water sources (Hagedorn et al. 1999).

Bacteria are ubiquitous and mobile in the environment: As long as antibiotics are in use,
bacteria will adapt, and resistant species will pervade all of their natural habitats. A greater
risk comes not from food products we cook but from the viable flora in the environment to
which humans and animals are exposed on a daily basis. The ability of bacteria to dissemi-
nate throughout the environment as a result of fecal shedding is exemplified by a 1996 
E. coli O157:H7 outbreak. The epidemiological investigation suggested the source of cont-
amination was apples, collected from the ground, that had been contaminated with E. coli:
O157:H7-infected deer feces (Parish 1997). The fact that wildlife carries pathogens such as
E. coli O157:H7 illustrates the pervasive nature of bacteria throughout the environment.

Public health officials often overlook the benefit gained by the food safety measures
already in place to reduce dissemination of foodborne pathogens into the food supply. Many
postharvest food safety measures are in place to prevent fecal contamination of meat prod-
ucts post-slaughter. As these measures continue to improve, the risk of resistant bacterial
isolates entering the food chain will also be reduced. Public awareness as to the health risks
of undercooked meat has increased significantly as a result of well-publicized outbreaks of
E. coli O157:H7.

220 Chapter 17



Reduction of Antibacterial Consumption

Many public forums have been convened to discuss the problem of antibiotic resistance.
Prudent use of antimicrobials has been called for to decrease consumption of antimicro-
bials; this implies antibiotics be used only for individuals clinically diagnosed with bacteri-
al infections. It excludes antibiotic treatment for viral infections, disease prophylaxis, and
growth promotion (van den Bogaard and Stobberingh 1999). Although most agree that
unnecessary use of antimicrobials should be eliminated, few agree on what constitutes
unnecessary use. Both modern medicine and modern food-animal production practices
have contributed to the current problem, and more than cessation of antimicrobial use for
prophylaxis and growth promotion is necessary to reduce the incidence of multidrug-
resistant pathogens in hospitals and the environment.

A significant proportion of both human and animal infections that require treatment are
caused by opportunistic pathogens—organisms that cause disease only when an underlying
condition predisposes the host to infection and pathogenesis. In both human and animal
populations, immune status and viral diseases predispose the host to secondary bacterial
infections. Demographic studies of human populations have shown an increase in groups
with compromised immunity over the last 50 years (Altekruse et al. 1998). This corre-
sponds with increased use of antimicrobials. Alternative treatments are needed for the
immunocompromised human and animal populations if we are to substantially reduce con-
sumption of antimicrobials. This will require technological advances that will reduce the
incidence of infectious disease. Two approaches already in use include vaccines and
immunomodulators. There are over 2,000 vaccines approved for use in domestic animals;
they include modified-live, killed, DNA, and subunit vaccines (Roth and Henderson 2001).
Immunomodulators include cytokines, pharmaceuticals, probiotics, nutraceuticals, and
medicinal plant products (Blecha 2001). It is important that products in both of these cate-
gories elicit an appropriate immune response without inducing immune-mediated tissue
damage. In addition to clinical efficacy, technologies for food-animal producers must pro-
vide an application protocol suitable for large numbers of animals without overdue stress on
the individual animals. Many new technologies that have been developed require changes
in management practices that introduce significant additional expense to the producer and
are therefore not considered practical.

Newer, more controversial technologies include genetic modification and in vitro tech-
nologies. In human medicine, new cancer treatments that specifically target tumor cells
without injuring other host cells or organs are promising. These types of treatments dramat-
ically reduce or eliminate damage to the patient’s immune system. The ability to reproduce
an individual’s own organs for transplant would eliminate waiting lists and the post-
operative need for immunosuppressive drugs. Crops and food animals that are bred or
genetically modified to resist disease could have a huge effect on the need for antibiotics.
Although at present some technologies are controversial, many technologies that are now in
everyday use were at one time also controversial.

Advances in molecular biology have allowed us to elucidate many specific genetic
mechanisms that confer resistance to antimicrobials. From this we have a better under-
standing of the metabolic processes that provide resistance. This may allow the develop-
ment of pathogen-specific inhibitors, as have been achieved with a few antivirals that target
viral proteins without inhibiting essential host cell proteins. It is more difficult in bacterial
systems because pathogens are so closely related to important normal flora. Ideally, drug
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design would target only certain pathogenic strains. The technologies mentioned above
should not affect the normal microflora of the human and animal gastrointestinal tract and,
therefore, would not select for resistance in the gastrointestinal reservoir.

Conclusions

We cannot eliminate the genetic reservoir that provides antimicrobial resistance to bacteria,
but we may be able to make vast improvements over the current situation. To curtail the emer-
gence of multidrug-resistant bacteria, several approaches need to be pursued. New manage-
ment strategies must be used that reduce clonal expansion and dissemination of resistant bac-
terial isolates into the environment. These may include nutritional supplements that promote
growth without affecting the bacterial flora in the gut. Such supplements should not select for
resistance, nor should they increase fecal shedding of enteric pathogens. Combination therapy
should also be considered for clinical therapeutics. This approach has been successful in
reducing the emergence of resistant HIV mutants (Kaufmann and Cooper 2000) and appears
to be similar to the mechanism used in nature to competitively exclude enteric pathogens from
the gut. Strategies that maintain competition in the gut may reduce the ability of pathogens to
disseminate. Finally, improved health care treatments that reduce the susceptibility of humans
and animals to opportunistic pathogens are necessary.
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18 Disinfectants (Biocides) Used in Animal
Production: Antimicrobial Resistance
Considerations

Ross C. Beier, Kenneth M. Bischoff, and 
Toni L. Poole

Introduction

There is ongoing and increasing concern over antibiotic and biocide resistance. Does cross-
resistance between antibiotics and biocides occur (Lambert et al. 2001)?

Antibiotics are chemicals produced by microorganisms and other living systems that are
capable of inhibiting growth or killing other microorganisms. There is also a group of
chemicals that are referred to as antibacterial agents, but these are not strictly antibiotics.
These antibacterial agents are produced by synthesis and not by a living system. Some of
these are nalidixic acid, quinolone carboxylic acids, nitrofurans, and sulfonamides
(Grayson 1982). Biocides are chemicals that usually inhibit or kill a broad spectrum of
microorganisms (White and McDermott 2001). Biocides also are not produced by living
systems and are used as disinfectants and antiseptics. An antiseptic prevents or arrests the
growth or action of microorganisms on living tissue. A disinfectant frees from infection by
destroying disease-producing microorganisms on inanimate objects (Boothe 1998).

Much work is needed to determine the extent and significance of the cause-and-effect
relationships between biocide use and antibiotic resistance. This chapter attempts to bring
together and put in perspective the information on this issue that is available at this time, to
identify research gaps, and to propose useful research directions for the future.

Antibiotic Resistance

Since the middle to late 1990s, a widespread concern has developed over the possibility that
the use of antimicrobial agents in food animal production might select antibiotic- resistant
bacteria that could in turn compromise antimicrobial therapy in humans. In 1997, a group
from Denmark published an exhaustive study on this issue (Seyfarth et al. 1997). The ani-
mal- and human-derived bacterial strains evaluated were tested against 22 antimicrobial
agents used in both veterinary and human medicine. They were phage-typed, all resistant
strains were evaluated for plasmid content, and ribotyping was performed. The investiga-
tors concluded that although Salmonella Typhimurium isolated from animals and humans
showed antimicrobial resistance, multiple resistance was most often acquired outside of
Denmark (Seyfarth et al. 1997).
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The zoonotic nature of Salmonella (the transmission of Salmonella infections under nor-
mal conditions from animals to humans; Acha and Szyfres 1987) is well established. It is
clear that with increased antibiotic use in animals there was a similar increase in the number
of isolated antibiotic-resistant bacterial strains (Levy et al. 1987). An increase in human
cases of antimicrobial-resistant salmonellosis in Denmark was associated with increasing
levels of infection in pigs and poultry in Danish animal husbandry (Baggesen and Wegener
1994, Wegener et al. 1994). Workers in other countries have also demonstrated high levels
of S. Typhimurium resistance to antimicrobial agents in animal and human isolates (van
Leeuwen et al. 1979, Threlfall 1992, Threlfall et al. 1993, Espinasse 1993), and antimicrobial-
resistant S. Typhimurium was demonstrated to be associated with the use of antimicrobial
agents in animal herds (van Leeuwen et al. 1979, Threlfall 1992).

In the foodborne zoonoses, the gastrointestinal tract of an animal serves not only as a
reservoir of bacterial propagation but also as the primary spot for exchange of genetic infor-
mation (van den Bogaard 1997) and amplification of organisms within the animal popula-
tion (Teale 2002). The dependence on large amounts of antibiotics for disease control in
animal production provides a favorable environment for the development and spread of
antimicrobial-resistant bacteria. Aarestrup and Wegener (1999) stated in their review that
“There is an urgent need to implement strategies for prudent use of antibiotics in food ani-
mal production to prevent further increases in the occurrence of antimicrobial resistance in
foodborne human pathogenic bacteria such as Campylobacter and E. coli” (p. 639) and “the
stage is set for the occurrence of noncurable zoonoses” (p. 641). Before Aarestrup and
Wegener’s review was published, their concerns became reality. A variant of S. Typhimuri-
um strain DT104, resistant to quinolones, was responsible for the death of two people in
1998 (Ferber 2000). Researchers traced the strain of Salmonella from the outbreak, which
included 25 culture-confirmed cases and nine hospitalized patients in addition to the two
deaths, back to a single Danish swine herd that had been treated with quinolones (Mølbak et
al. 1999). The investigations carried out in the DT104 outbreak clearly documented the
spread of zoonotic bacteria from animals to humans (Mølbak et al. 1999).

Biocide Resistance

In addition to the use of antibiotics, strategies to control infection include the use of bio-
cides in the form of antiseptics and disinfectants. The Royal Pharmaceutical Society of
Great Britain (1997) proposed a link between antibiotic and biocide resistance. Since the
first use of a chlorinated lime hand wash by Semmelweiss 150 years ago, these agents have
become indispensable in infection control and biosecurity programs (White and McDer-
mott 2001). Biocides do play an important role in infection control and appear to be effec-
tive, but there is a growing concern about the increasing use of biocides and potential resis-
tance development, including cross-resistance to clinically important antibiotics (Heath et
al. 1998, McMurry et al. 1998a, Russell et al. 1998, Heath et al. 1999, Levy et al. 1999, Tat-
tawasart et al. 1999, Levy 2000, Levy 2001). The development of antibiotic resistance may
ultimately influence the efficacy of antimicrobial therapy in humans (Donnelly et al. 1996,
Piddock 1996, Das et al. 1997, Wegener 1998, Aarestrup and Wegener 1999, Mølbak et al.
1999).

Some researchers have focused on the possibility that the use of biocides will select for
resistant bacteria, which may also have antibiotic resistance. In some cases, this is already



known to occur. Bacterial resistance to biocides was described in the 1950s and appears to
be increasing (Russell 2002). The cationic agents, quaternary amine compounds (QACs),
chlorhexidine, diamidines, and acridines along with the antimicrobial agent triclosan have
been implicated as possible causes for selection of bacterial strains with low-level antibiot-
ic resistance (Russell 2002).

Triclosan

Triclosan is an antiseptic with broad-spectrum antibacterial and antifungal activity (Furia
and Schenkel 1968, Bhargava and Leonard 1996). It has been used in underarm deodorants
and deodorant soaps since the 1960s, it was first used during 1972 in surgical scrubs, and it
was used in a toothpaste in Europe during 1985 (Jones et al. 2000). Triclosan is used today
in a large number of products including deodorants, deodorant soaps, hand creams, hand
lotions, hand soaps, hand washes, mouthwashes, shower gels, surgical scrubs, toothpastes
(Bhargava and Leonard 1996, DeSalva et al. 1989), body washes, dish soaps, and facial
cleaners. A review by Jones et al. (2000) presents an overview of the effectiveness and safe-
ty of triclosan in health care settings. The review states that triclosan has demonstrated
broad-spectrum antimicrobial effectiveness and utility in the health care setting (Jones et al.
2000). However, the use of triclosan in soap decreases triclosan’s effectiveness against 
E. coli (Levy 2001).

Triclosan was long thought to be a nonspecific biocide that disrupted cell membranes,
leaving bacteria unable to assimilate nutrients and proliferate (Regös and Hitz 1974, Visch-
er and Regös 1974, Regös et al. 1979). The view of triclosan as a nonspecific biocide is what
propelled its use in consumer products, with the understanding that the emergence of resis-
tant bacterial strains was unlikely (Heath et al. 1998). Despite its widespread use, triclosan
was previously known to readily cause E. coli isolates to become resistant (Furia and
Schenkel 1968). Recent research demonstrates that triclosan acts at specific targets: the fabI
gene (Heath et al. 1998, McMurry et al. 1998a, Heath et al. 1999, Hoang and Schweizer
1999, McMurry et al. 1999, Heath et al. 2000) and the fabK gene (Heath and Rock 2000).
These studies reveal that resistant E. coli strains do arise from missense mutations. The
basis of triclosan activity has been shown to be as an inhibitor of fatty acid biosynthesis
(Heath et al. 1998, Heath et al. 1999, Levy et al. 1999).

Triclosan is a substrate of a multidrug efflux pump in Pseudomonas aeruginosa
(Chuanchuen et al. 2001) and in laboratory and clinical strains of E. coli (McMurry et al.
1998b). Efflux is one of the common mechanisms resulting in antibiotic resistance. Efflux
systems are responsible for bacterial resistance to macrolides (Ma et al. 1993, Sanchez et al.
1997, Aires et al. 1999, Moore et al. 1999, Zarantonelli et al. 1999, Li et al. 2000, Masuda et
al. 2000a), �-lactams (Masuda et al. 1999, Srikumar et al. 1999, Masuda et al. 2000b, Maz-
zariol et al. 2000), aminoglycosides (Aires et al. 1999, Moore et al. 1999, Rosenberg et al.
2000), tetracycline (Nikaido 1998, Masuda et al. 2000a) and fluoroquinolones (Poole
2000a, Poole 2000b). Susceptibility studies on 186 isolates of methicillin-resistant
(MRSA) and methicillin-sensitive (MSSA) Staphylococcus aureus determined that 14 iso-
lates (7.5%) had an elevated minimal inhibitory concentration (MIC) for triclosan (Bamber
and Neal 1999). It was suggested that susceptibility testing of the Staphylococci against tri-
closan might be indicated, especially in the assessment of treatment failure (Bamber and
Neal 1999). Triclosan will select for resistance to itself, but it also will select for multidrug-
resistant bacteria (Chuanchuen et al. 2001).
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Chlorhexidine

Chlorhexidine, 1,1�-hexamethylenebis[5-(4-chlorophenyl)biguanide], was first described
by Davies et al. (1954). Chlorhexidine is a biguanide that is widely used in medical and vet-
erinary applications as a topical antiseptic and disinfectant (Nicoletii et al. 1993). Antimi-
crobial activity of chlorhexidine and its mechanism of action have been reviewed (Hugo
1992, Russell 1986, Carlotti and Maffart 1996). Briefly, chlorhexidine interferes with cellu-
lar membrane function by introducing alterations in bacterial cell membranes (Boothe
1998); this seems to occur primarily on the cytoplasmic membrane. The binding of
biguanide groups to membrane phospholipids induces structural modifications with con-
comitant leakage of intracellular components (Carlotti and Maffart 1996).

A hand-washing study on the effects of pathogenicity of S. Typhimurium showed that the
amount of pathogen reduction by the use of chlorhexidine compared with soap or alcohol
was negligible (Rotter et al. 1988). This result leads one to look further in an attempt to eval-
uate the effectiveness of biocides and how they affect the resistance characteristics of vari-
ous bacteria. Cytological observations on chlorhexidine-sensitive and chlorhexidine-
resistant Pseudomonas stutzeri by various microscopy analyses suggest that changes in the
outer membrane are involved when P. stutzeri becomes resistant to chlorhexidine (Tat-
tawasart et al. 2000).

Researchers also have evaluated the resistance of other clinical isolates to chlorhexidine.
Unstable resistance to chlorhexidine was induced in Proteus mirabilis (Prince et al. 1978).
During attempts to induce resistance in E. coli and S. aureus isolates to chlorhexidine, a few
resistant colonies were isolated, but the resistance was not stable and the cells quickly
reverted to their natural sensitivity (Fitzgerald et al. 1992). However, stable resistance to
chlorhexidine was developed in Serratia marcescens and Pseudomonas cepacia (Prince et
al. 1978), in P. stutzeri (Russell et al. 1998, Tattawasart et al. 1999), and in P. aeruginosa and
S. marcescens isolates (Nicoletti et al. 1993). Both P. aeruginosa and S. marcescens
chlorhexidine-resistant strains were also resistant to cetyl trimethyl ammonium bromide.
The P. stutzeri strains that developed stable resistance to chlorhexidine also showed
reduced sensitivity to triclosan (Tattawasart et al. 1999). With the ability to develop stable
resistance among different bacteria to chlorhexidine, and with some of these same resistant
isolates showing reduced sensitivity to other biocides, it would be beneficial to compare
results obtained from evaluating clinical isolates and animal-derived isolates for chlorhexi-
dine resistance.

Clinical Isolates and Chlorhexidine

Clinical isolates of P. mirabilis, S. marcescens, and P. cepacia were shown to display
increased resistance to chlorhexidine gluconate (Prince et al. 1978). Prince et al. found that
the development of drug resistance may be an important factor in the choice of a skin anti-
septic. During studies of 30 strains of S. aureus, resistant to both methicillin and gentamicin
(MGRSA), Brumfitt et al. (1985) demonstrated that resistance to chlorhexidine was
increased in the isolates of S. aureus resistant to MGRSA. In another study of hospital-
derived clinical isolates of S. aureus that were MSSA and MRSA, the MRSA isolates exhib-
ited low-level resistance to chlorhexidine with MICs of up to threefold over controls (Suller
and Russell 1999). Suller and Russell tried to select for increased resistance with staphylo-
coccal strains against chlorhexidine but observed only unstable resistance. In studies using
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patient-unique clinical isolates, however, chlorhexidine was significantly less active
against MRSA isolates compared with MSSA isolates (Block et al. 2000). Mengistu et al.
(1999) showed that a significant number of clinical Gram-negative bacterial isolates were
not growth inhibited by chlorhexidine at concentrations used for disinfection of wounds or
instruments.

Since the early 1990s, there has been concern that antiseptic resistance in MRSA may be
an emerging problem (Cookson 1994). There was a quantifiable reduction in killing of
MRSA isolates dried on stainless steel surfaces by chlorhexidine compared with that
observed for MSSA isolates (Block et al. 2000). Various European approaches for testing
surface disinfectants have been reviewed (van Klingeren 1995). The AOAC (Association of
Analytical Chemists) hard-surface carrier test (Hamilton et al. 1995) is widely accepted and
used in the United States to evaluate surface contamination. A hybrid of these techniques
was used by Block and coworkers. It was shown that surface-dried S. aureus is not fully
inactivated even after prolonged exposure to chlorhexidine (Block et al. 2000).

Studies on antibiotic and chlorhexidine susceptibility of 70 clinical isolates showed that
Gram-negative bacteria resistant to antibiotics also had increased chlorhexidine resistance
(Kõljalg et al. 2002). This suggests a common resistance mechanism operating on these two
groups of chemicals. Continuing surveillance is needed to detect chlorhexidine-resistant
bacteria and to compare antibiotic resistance in these bacteria.

Animal-Derived Isolates and Chlorhexidine

There is very limited information concerning chlorhexidine and animal-derived isolates.
However, a link between the development of resistance to antiseptics and antibiotics has been
shown in animal-derived isolates (Maris 1991). The in vitro efficacy of chlorhexidine was
higher against American Type Culture Collection (ATTC) strains of S. aureus and P. aerugi-
nosa than it was against isolates obtained from cases of canine and feline soft-tissue diseases
(Odore et al. 2000). That same trend was observed between ATCC strains and the human clin-
ical isolates discussed in the section above. We need to examine any chlorhexidine-resistance
similarities between animal and human isolates and antibiotic resistance patterns.

In our laboratory, we have evaluated 89 �-hemolytic enterotoxigenic E. coli strains iso-
lated from neonatal pigs with diarrhea obtained from five farms in Oklahoma during 1998
(Bischoff et al. 2002). Of the 89 E. coli isolates tested, 43.8% showed low and stable resis-
tance to chlorhexidine digluconate in comparison with the laboratory control strain 
(R. Beier, K. Bischoff, and D. Nisbet, unpublished data). These chlorhexidine-resistant iso-
lates also have multiple antibiotic resistance, many are highly correlated to one ribogroup,
and they correlate to multiple virulence factors (R. Beier, K. Bischoff, and D. Nisbet,
unpublished data). These data are further evidence that the trend seen in human clinical iso-
lates is also seen in animal-derived isolates. Based on these results, further surveillance is
needed to detect bacteria that demonstrate decreased susceptibilities to chlorhexidine in
animal production. Emphasis also is needed on the comparison of other biocide resistant
organisms and their susceptibilities to antibiotics used in human medicine.

QACs

QACs have been used as biocides since the 1930s (Russell 2002). A survey of the disinfectants
used in the U.K. food industry acknowledged the persistence of Listeria monocytogenes and
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E. coli throughout the industry (Holah et al. 2002) and documented that QACs were the most
popular of all the disinfectants used in the United Kingdom. However, these workers felt that
the observed L. monocytogenes and E. coli persistence was not the result of disinfectant use.

The observation that certain strains of S. aureus possess a plasmid that carries genes for
resistance to both gentamicin and antiseptics of the QAC class was very important (Brum-
fitt et al. 1985). It was postulated that strains possessing the qac genes may have enhanced
survival in the clinical environment (Russell et al. 1998). Ninety-seven epidemiologically
unrelated strains of L. monocytogenes were investigated for sensitivities to QACs
(Mereghetti et al. 2000). These isolates were obtained from both the environment and
foods. None of the isolates was obtained from humans or animals. Seven strains were QAC-
resistant. The intrinsic resistance seen here was not plasmid associated and was not caused
by the qacA and smr genes (Mereghetti et al. 2000). We can see that the use of these QAC
compounds may be just as important in developing enhanced survival of microorganisms in
the food industry setting as they are in the clinical or animal production environments.

Clinical Isolates and QACs

Clinical isolates of P. cepacia were resistant to QAC and benzalkonium chloride (BC). Clini-
cal isolates of P. mirabilis and S. marcescens developed resistance to chlorhexidine gluconate
and also show cross-resistance to BC (Prince et al. 1978). Prince et al. (1978) confirmed the
previous work of others and suggested that the significance of their findings should not be
underestimated. Work on MGRSA clinical isolates also confirmed earlier work showing that
S. aureus possesses a plasmid that carries genes for resistance to both gentamicin and antisep-
tics of the QAC class (Brumfitt et al. 1985). Pseudomonas stutzeri strains showed stable resis-
tance to the QAC, cetyl pyridinium chloride, and P. aeruginosa NCIMB 8626 showed a high
level of resistance to cetyl pyridinium chloride (Tattawasart et al. 1999).

Clinical isolates of S. aureus (n 
 61) and coagulase-negative staphylococcal strains 
(n 
 177) were obtained from blood and skin of both cancer and human immunodeficiency
virus–positive patients (Sidhu et al. 2002). MIC analyses demonstrated that 50% of these
isolates were resistant to the QAC BC. The work pointed out that qac resistance genes are
common and that cross-resistance to disinfectants and penicillin is frequent in Norway clin-
ical isolates. It was also noted that the presence of either resistance determinant (i.e., antibi-
otic or biocide resistance) selects for the other based on the frequency of antibiotic resis-
tance among the BC-resistant strains (Sidhu et al. 2002).

Animal-Derived Isolates and QACs

A S. aureus strain, designated I. 24, was isolated from broiler flocks and characterized by
pulsed-field gel electrophoresis (McCullagh et al. 1998). This strain was the predominant
type recovered from broilers showing disease signs in Northern Ireland (McCullagh et al.
1998). I. 24 and other S. aureus strains obtained from the poultry industry were used to eval-
uate the efficacy of 18 commercial disinfectants (Rodgers et al. 2001). In the presence of
hatchery organic matter, one of the six commercial QACs tested was not effective against 
I. 24 when tested at the manufacturer’s recommended concentration (Rodgers et al. 2001).
The results emphasized the importance of proper usage and application areas.

Recently, we evaluated the QAC susceptibility of �-hemolytic enterotoxigenic E. coli
strains isolated from neonatal pigs with diarrhea (R. Beier, unpublished data). The commer-
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cial QACs tested comprised a number of different individual QAC components. Of the 89
E. coli isolates tested, approximately 29% showed low resistance to the individual QAC
components, and approximately 8% showed low resistance to the commercial QACs tested.
The resistance of these isolates to the QAC components and commercial QACs was not as
stable as seen with chlorhexidine. At times high resistance to the QACs was observed, but it
was unstable, and on regrowth, the isolates reverted back to their natural sensitivity.

Disinfectant Resistance Mechanisms

Mechanisms of bacterial resistance to antibiotics have been widely studied, but mecha-
nisms of resistance to biocides are less well understood (Tattawasart et al. 1999). Resistance
to biocides had been thought to be less common compared with antibiotic resistance and,
therefore, have been studied less. Researchers today are finding that biocide resistance is
more common. For instance, the work by Sidhu et al. (2002) shows that 50% of the clinical
isolates (S. aureus and coagulase-negative staphylococcal strains) they studied were resis-
tant to QACs. Molecular and genetic studies demonstrated that qac resistance genes were
common in their isolates. Mechanisms of resistance typically involve one or more of the fol-
lowing: alteration of the target in the bacterial cell, enzymatic modification or destruction of
the chemical, or limitation of the chemical accumulation as a result of exclusion or efflux
(Poole 2002). Resistance to biocides is considered to be mostly caused by intrinsic cellular
mechanisms rather than acquired resistance (Russell 1998, White and McDermott 2001).
The intrinsic resistance of P. aeruginosa to inhibitors of fatty acid biosynthesis is caused by
efflux (Schweizer 1998). However, acquired resistance mechanisms are important in some
cases (Russell 1998), as plasmid-carrying genes have been shown to be important in some
biocide resistance (Brumfitt et al. 1985, Russell et al. 1998, Sidhu et al. 2002). Certainly,
acquired resistance plays a larger role than expected and is important in resistance to QACs
and cross-resistance to antibiotics in clinical isolates from Norway (Sidhu et al. 2002).

Resistance caused by efflux is very common with many antibiotics and biocides (Levy
2002, Poole 2002), but target alteration and impermeability are also important mechanisms
in bacterial resistance (Poole 2002). Some clinical isolates with QAC resistance possess
cross-resistance to certain antibiotics (Sidhu et al. 2002), and it is reported that triclosan
will select for multidrug-resistant bacteria (Chuanchuen et al. 2001). There appears to be a
link between the development of resistance to antiseptics and antibiotics in animal-derived
isolates (Maris 1991). Sidhu et al. (2002) indicated that the frequency of antibiotic resis-
tance among benzalkonium chloride-resistant S. aureus isolates suggests that the presence
of either resistance determinant selects for the other.

Summary and Conclusions

The investigations carried out in the S. Typhimurium DT104 outbreak in Denmark well
document the spread of zoonotic bacteria from animals to humans. Clearly this shows that
bacteria can develop antibiotic resistance in food animals and can be a problem for humans.
There is documented concern about the increasing use of biocides and potential resistance
development, as well as cross-resistance to clinically important antibiotics. It was shown
that the biocide triclosan will select for resistance to itself, as well as selecting for multidrug
resistance in bacteria. This suggests common resistance mechanisms between the biocides
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and antibiotics. A common mechanism for resistance is efflux, and bacteria have been
shown to use efflux for resistance to both antibiotics and biocides, thereby opening the door
to cross-resistance.

Since the early 1990s there has been concern that antiseptic resistance in MRSA may be
an emerging problem. A number of clinical Gram-negative bacterial isolates are not inhibit-
ed by chlorhexidine at concentrations used for disinfection of wounds or instruments. What
is also troublesome is that surface-dried S. aureus is not fully inactivated after prolonged
exposure to chlorhexidine. In studies using patient-unique clinical isolates, chlorhexidine
was significantly less active against MRSA isolates when compared with MSSA isolates. In
addition, P. stutzeri strains that develop stable resistance to chlorhexidine show reduced
sensitivity to triclosan. With the ability to develop stable resistance among different bacte-
ria to chlorhexidine, and with some of these same resistant isolates showing reduced sensi-
tivity to other biocides, it would be prudent to look at a wide array of isolates for biocide
resistance, using appropriate surveillance methods.

The in vitro efficacy of chlorhexidine has proven to be higher against ATCC strains of 
S. aureus and P. aeruginosa than it is against isolates obtained from cases of canine and
feline soft-tissue diseases. A link between the development of resistance to antiseptics and
antibiotics has been shown in animal-derived isolates, as is seen with clinical isolates. A
high percentage of �-hemolytic enterotoxigenic E. coli strains isolated from neonatal pigs
shows low but stable resistance to chlorhexidine. This suggests that further surveillance is
needed to detect bacteria that demonstrate decreased susceptibilities to chlorhexidine in
animal production.

The use of QAC compounds may be just as important in developing enhanced bacterial
survival in the food industry as they are in clinical or animal production environments. In
Norwegian clinical isolates, qac resistance genes are common, and cross-resistance to dis-
infectants and penicillin is frequent. In addition, the presence of either resistance determi-
nant (antibiotic or biocide resistance) selects for the other based on the frequency of antibi-
otic resistance among benzalkonium chloride-resistant strains.

We need to develop much more data derived from animal isolates to follow the apparent
trend of increased resistance to chlorhexidine and the QACs. Continuing and improving
surveillance is needed to detect biocide-resistant bacteria. Research on these isolated resis-
tant bacteria should be carried out to evaluate and understand any cross-resistance they may
have to antibiotics.

We also should conduct biocide-resistance surveillance on opportunistic pathogens that
commonly evolve in animal production. There should be a strong program for evaluating 
E. coli O157:H7 and S. Typhimurium DT104 in animal production environments for resis-
tance to biocides and for evaluating their cross-resistance to antibiotics. This is an important
issue that is currently not being adequately investigated. The biocide resistance issue may
be almost as important as the antibiotic resistance issue because today we are using large
amounts of a wide array of biocides in animal production, in the clinical environment, and
in the food industry. Many of the biocides used are the same or are chemically very similar
throughout the spectrum of different applications, whether they are used in animal produc-
tion, clinical applications, or as sanitizers in food processing plants. We already see cross-
resistance between biocides and antibiotics. Significant outbreaks of one or more multidrug
resistant pathogens, aided by concomitant biocide resistance, would appear to be possible if
not likely in the near future. Therefore, it is of prime importance to understand biocide resis-
tance patterns to predict problems in food animals and humans. To this end there is a need
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for future research to be directed at surveillance, epidemiology, resistance mechanisms,
cross-resistance patterns, and improving the knowledge base of biocides implicated in
resistance.
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Introduction

Foodborne microbial illnesses are an important public health issue worldwide. Each year in
the United States, it is estimated that there are 76 million foodborne illnesses, resulting in
economic losses of approximately $6.5–$34.9 billion (1995 US$) (Buzby and Roberts
1997, Mead et al. 1999). Although these illnesses are usually a mild to moderate self-
limiting gastroenteritis, invasive diseases and complications may occur. For example,
Campylobacter infection has been identified as the predominant cause of Guillain-Barré
syndrome, whereas Listeria can frequently invade the central nervous system, leading to
meningoencephalitis, cerebritis, and brain abscesses (Blaser 1997, Lorber 1997). Systemic
salmonellae infections can be life threatening, and Shiga toxin–producing Escherichia coli
(STEC), particularly E. coli O157:H7, can cause hemorrhagic colitis (HC) and hemolytic
uremic syndrome (HUS; Schroeder et al. 2002).

Campylobacter, Salmonella, and E. coli (pathogenic and commensal varieties) all colo-
nize the gastrointestinal tracts of a wide range of wild and domestic animals, especially ani-
mals raised for human consumption (Meng and Doyle 1997). Listeria monocytogenes is an
opportunistic pathogen widely distributed in the environment, and its transmission via food
has been associated with poultry, dairy products, prepared or processed meats, seafood, and
fresh vegetables (Kathariou 2002). Food contamination with these pathogens can occur at
multiple steps along the food chain, including production, processing, distribution, and
preparation. An additional concern is the growing incidence of antimicrobial-resistant
foodborne bacterial pathogens. This chapter will focus on the prevalence of antimicrobial-
resistant phenotypes among four of the most relevant foodborne bacterial pathogens: Sal-
monella, Campylobacter, E. coli, and Listeria.

Salmonella

The genus Salmonella currently includes more than 2,400 different serotypes. Salmonella
serotypes are ubiquitous in the environment and can colonize and cause disease in a variety
of animals. Non-typhoidal Salmonella gastroenteritis in humans usually manifests as a self-
limiting diarrhea that does not require antimicrobial therapy. The length of time between
ingestion of the pathogen and onset of clinical disease depends on the infecting dose of the
bacterium. Symptoms of nausea, vomiting, cramping, and diarrhea typically begin 12–48
hours after ingestion and usually resolve within 2–7 days. There are occasions, however,
when salmonellosis can lead to life-threatening systemic infections (enteric fever) that may
be fatal if antimicrobials are not promptly administered (Lee et al. 1994). The drugs of
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choice are fluoroquinolones (e.g., ciprofloxacin) in adults and extended-spectrum
cephalosporins (e.g., ceftriaxone) in children (Hohmann 2001).

In the United States it is estimated that approximately 1.4 million cases of salmonellosis
occur each year, 95% of which are attributed to foodborne transmission (Mead et al. 1999).
The most common animal reservoirs are chickens, turkeys, pigs, and cows, although a num-
ber of wild and domestic animals can also harbor the organisms. S. Typhimurium, one of the
most prevalent serotypes in animals, is also the most common etiology of human infections
in the United States, Canada, and Europe (Glynn et al. 1998, Poppe et al. 1998).

Antimicrobial resistance among Salmonella isolates is increasing on a global scale
(Threlfall et al. 1993, Lee et al. 1994, Yang et al. 1998, Yildirmak et al. 1998). A recent 7-year
study in Spain revealed that ampicillin resistance in Salmonella species has increased from
8% to 44%, tetracycline resistance from 1% to 42%, chloramphenicol resistance from 1.7% to
26%, and nalidixic acid resistance from 0.1% to 11% (Prats et al. 2000). Similarly, in Great
Britain, the reported rates of antimicrobial resistance for S. Typhimurium more than doubled
between 1981 and 1989 (Threlfall et al. 1993). In the United States, resistance to tetracycline
has increased from 9% in 1980 to 24% in 1990, and ampicillin resistance increased from 10%
to 14% (Lee et al. 1994). Fluoroquinolones and expanded-spectrum cephalosporins, the pri-
mary antimicrobials used for treating human infections caused by multidrug-resistant strains
(Cherubin and Eng 1991, Fey et al. 2000), are also showing decreased activity against Salmo-
nella isolates (Mølbak et al. 1999, Fey et al. 2000, Winokur et al. 2000).

An important factor in this increase in resistance over the last 10 years has been the epi-
demic spread through food animals and humans of multidrug-resistant S. Typhimurium
DT104 (Threlfall et al. 1993, Glynn et al. 1998). DT104 is characterized by resistance to
five agents: ampicillin, chloramphenicol or florfenicol, streptomycin, sulfonamides, and
tetracycline (ACSSuT). This strain type was first isolated from sea gulls, then cattle, and
later from humans in England. Since then, it has been isolated from multiple animal species
including poultry, cattle, pigs, sheep, and nondomestic birds (Besser et al. 2000, Hudson et
al. 2000). Some strains in Great Britain have acquired additional resistance to trimethoprim
and aminoglycosides, as well as decreased susceptibility to fluoroquinolones (Threlfall et
al. 1996, Low et al. 1997). The majority of resistant DT104 isolates has a unique multidrug-
resistance chromosomal gene cluster encoding the complete ACSSuT phenotype (Threlfall
et al. 1996, Ridley and Threlfall 1998, Arcangioli et al. 1999, Briggs and Fratamico 1999).
This gene cluster typically consists of a chromosomal locus 12.5 kb in size with flanking
integrons (Arcangioli et al. 1999, Briggs and Fratamico 1999). The first integron possesses
the aadA2 gene, conferring resistance to streptomycin and spectinomycin; the second con-
tains the �-lactamase gene blaPSE-1 encoding resistance to ampicillin. A gene encoding sul-
fonamide resistance (sul-1) is present within conserved sequences of both integrons.
Flanked by these two integron structures are the flo efflux gene, conferring cross-resistance
to chloramphenicol and florfenicol, and the tetracycline-resistance genes tetR and tetA
(Arcangioli et al. 1999, Briggs and Fratamico 1999). The DT104-like resistance gene clus-
ter has also been described in poultry strains of S. Agona (Cloeckaert et al. 2000), indicating
that it is transmittable between serotypes. It has been shown experimentally that the DT104
MDR cluster can be efficiently transduced by P22-like phage (Schmieger and Schicklmaier
1999). Upstream of the first integron in the MDR locus is a gene encoding a putative
resolvase enzyme, which demonstrates greater than 50% identity with the Tn3 resolvase
family (Arcangioli et al. 1999). This indicates that the MDR antibiotic-resistance gene clus-
ter could be part of a much larger transposon or pathogenicity island.



The presence of resistant Salmonella in retail meats has been assessed in numerous stud-
ies. In a pilot survey by White et al. (2001), 200 ground meat samples (51 chicken, 50 beef,
50 turkey, and 49 pork) were purchased from retail stores representing three different super-
market chains in the greater Washington, D.C., area between June and September of 1998.
Products were fresh, prepackaged meats coming from four poultry and one pork processing
plants, and store-ground and packaged beef. Salmonellae were recovered from 41 of 200
(21%) ground meat samples. Salmonella was isolated more frequently from poultry (33%
of chicken and 24% of turkey samples) than red meats (18% of pork and 6% of beef sam-
ples). All salmonellae were susceptible to amikacin, apramycin, ciprofloxacin, and nalidix-
ic acid. Eighty-four percent (38 of 45) of the isolates displayed resistance to at least one
antibiotic. The most common resistance observed was to tetracycline (80%), streptomycin
(73%), sulfamethoxazole (69%), and to a lesser extent, ampicillin (27%). In addition, 16%
displayed resistance to amoxicillin/clavulanic acid, cephalothin, ceftiofur, and ceftriaxone.
Ceftiofur- and ceftriaxone-resistant Salmonella were isolated from ground turkey, chicken,
and beef.

Antimicrobial-resistant Salmonella have also been reported from imported foods. Zhao
et al. (2003) reported the antimicrobial susceptibilities of 187 Salmonella isolates, repre-
senting 80 serotypes, recovered from imported foods by Food and Drug Administration
field laboratories in 2000. Fifteen (8%) were resistant to at least one antimicrobial, and five
(2.7%) were resistant to three or more antimicrobials. Nine isolates exhibited resistance to
tetracycline. Four isolates also demonstrated resistance to nalidixic acid—all were isolated
from imported catfish or tilapia from Taiwan or Thailand. All four nalidixic acid–resistant
Salmonella isolates possessed amino acid substitutions at the Ser83 or Asp87 position in
DNA gyrase. One S. Derby isolated from frozen anchovies imported from Cambodia was
resistant to six antimicrobials including ampicillin, amoxicillin/clavulanic acid, chloram-
phenicol, trimethoprim/sulfamethoxazole, sulfamethoxazole, and tetracycline.

Studies conducted outside the United States have also examined foods for the presence
of antimicrobial-resistant salmonellae. One study from Spain determined the extent of
antimicrobial resistance among 112 Salmonella isolates recovered from 691 samples of
frozen and fresh chicken meat (Hernandez et al. 2002). Almost half of the isolates tested
(46%) were susceptible to all antimicrobials tested. However, resistance was commonly
seen to chloramphenicol (45%), ampicillin (35%), and tetracycline (34%). Resistance to
multiple antimicrobials was observed in 44% of the isolates. S. Typhimurium isolates tend-
ed to be more resistant than other serotypes tested. Another study from Europe, authored by
Mammina et al. (2002), investigated the distribution of serotypes and patterns of drug resis-
tance of 206 strains of Salmonella isolated in southern Italy. Salmonellae were obtained
between 1998 and 2000 from 172 samples of raw foods of animal origin, 22 fecal samples
from food animals, and 12 animal feed samples (Mammina et al. 2002). Salmonellae resis-
tant to three or more antimicrobials were considered multi-resistant. Among non-
Typhimurium isolates tested, 46 of 122 (38%) strains were categorized as multidrug resis-
tant. S. Typhimurium was the predominant serotype recovered, with 35 of 67 (52%) isolates
displaying multidrug resistance. The characteristic DT104 antimicrobial resistance pheno-
type of ACSSuT was identified in 17 of these isolates.

Recently there has been a national emergence of strains of S. Newport in the United
States, known as Newport-MDRAmpC, which are resistant to at least nine antimicrobials,
including extended-spectrum cephalosporins. In the United States, the prevalence of
Newport-MDRAmpC among S. Newport isolates from humans increased from 0% during
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1996–1997 to 26% in 2001. At least 26 states have isolated these strains from humans, cat-
tle, or ground beef. Similar to DT104, these strains were resistant to ampicillin, chloram-
phenicol, streptomycin, sulfamethoxazole, and tetracycline. In addition, Newport-
MDRAmpC isolates were resistant to amoxicillin/clavulanic acid, cephalothin, cefoxitin,
and ceftiofur and exhibited decreased susceptibility to ceftriaxone (minimal inhibitory con-
centration [MIC] � 16 �g/mL). In 2001, Newport-MDRAmpC strains were responsible for
2.6% of the more than 1 million estimated Salmonella infections in 2001 (Centers for Dis-
ease Control 2002b).

Prevention and control of Newport-MDRAmpC infection in humans and cattle requires
an understanding of how this strain is introduced onto farms and disseminated among cattle.
The management practices that promote its spread are unknown, so it is essential that fur-
ther research in this area continues. It has been suggested that the use of tetracycline-
containing milk replacer as well as other antimicrobials commonly used to treat diseases in
dairy cattle may contribute to the dissemination of Newport-MDRAmpC (Quigley et al.
1997, Hornish and Kotarski 2002). Non-antimicrobial management practices also may con-
tribute to the spread of resistant strains. For example, dairy cattle are frequently moved
between farms and transported over long distances to abattoirs in other states. This move-
ment of cattle may provide ample opportunity for dissemination of Newport-MDRAmpC
among animals. The emergence of Newport-MDRAmpC, and increasing resistance among
other foodborne Salmonella strains, is an unfavorable development with considerable
implications for the future treatment and prevention of Salmonella infections in both ani-
mals and humans. Although much scientific information is available on this subject, many
aspects of the development and dissemination of antimicrobial resistant Salmonella remain
undecided. As more is learned about the ecology of this important foodborne pathogen,
interventions can be developed to limit the transmission of resistant salmonella through the
food supply.

Campylobacter

Campylobacter was first recognized as an important enteric pathogen in the 1970s, when
improvements in isolation methods linked this bacterium to diarrheal disease. Today it is
recognized as one of the leading causes of acute bacterial diarrhea worldwide (Mead et al.
1999). It affects people of all ages, but is most common in young adults. The majority of
Campylobacter infections in humans are caused by C. jejuni (90%–95%), followed by 
C. coli (5%–10%). Other species such as C. lari, C. upsaliensis, and C. consisus also have
been recovered from humans. The relevance of these species in human disease is unclear.

Although large outbreaks do occur, campylobacteriosis is usually sporadic and is most
often associated with ingestion of contaminated food (Friedman et al. 2000). Among food-
borne sources in developing countries, raw poultry has been identified as the largest poten-
tial source of human infection (Friedman et al. 2000). Travel to certain countries is another
known important risk factor (Smith et al. 1999). Intestinal illness typically manifests within
24–72 hours after ingestion of contaminated food and is characterized by fever, abdominal
pain, and diarrhea with or without blood (Blaser 2000). The diarrhea usually resolves spon-
taneously within a few days. However, in some patients, diarrhea may last more than 
1 week, whereas others (5%–10%) may suffer relapsing illness (Blaser 2000). In patients
with prolonged, severe, or relapsing disease, antimicrobial therapy may be required. It is
also recommended in cases of extra-intestinal disease (e.g., bacteremia, meningitis, and
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endocarditis) and for infections in pregnant women, the immunocompromised, and those at
the extremes of age.

In those relatively few cases of gastroenteritis in which the etiologic agent is known to be
Campylobacter, a macrolide such as erythromycin is the drug of choice. Because stool cul-
tures are rarely done in cases of gastroenteritis, a fluoroquinolone such as ciprofloxacin is
often used as empiric therapy to manage diarrhea of unknown etiology, including traveler’s
diarrhea (Adachi et al. 2000). There are indications that fluoroquinolone resistance in
Campylobacter has risen dramatically, making these agents less attractive for therapy
(Nachamkin et al. 2002).

Campylobacter has been recovered from the intestinal tracts of both wild and domestic
animals. In food-producing animals such as cattle, poultry, and swine, fecal C. jejuni and 
C. coli can be regarded as a commensal organism. As a result of fecal contact during pro-
cessing, enteric bacteria frequently contaminate foods derived from animals. This is the
case with Campylobacter (C. jejuni), which are present in high numbers in the poultry intes-
tine (Corry and Atabay 2001). As a consequence, Campylobacter can be readily cultured
from most retail chicken carcasses.

Several surveys have addressed the prevalence of Campylobacter in retail meats without
regard to their susceptibility profiles. One of the earliest such studies was conducted in 1986
by the Washington State Department of Health and showed that 57% of poultry processing
plant samples and 23% of retail chickens carried C. jejuni (Harris et al. 1986).

The U.S. Department of Agriculture (USDA) Food Safety Inspection Service (FSIS)
periodically analyzes samples of raw meat taken from slaughter plants for the prevalence of
certain bacteria, including Campylobacter. A 1996 FSIS report approximated that 88% of
chicken broiler carcasses (n 
 1,297) were contaminated with Campylobacter species
(USDA 1996a). FSIS conducted a similar study of young turkey carcasses processed from
August 1996 to July 1997 (n 
 1,221) and recovered C. jejuni and C. coli from 90% of ana-
lyzed samples (USDA 1998). In 1996, FSIS published The Nationwide Ground Raw Chick-
en Microbiological Survey (USDA 1996b) and The Nationwide Raw Ground Turkey
Microbiological Survey (USDA 1996c). In the survey of raw ground chicken samples 
(n 
 285), FSIS estimated the national prevalence of C. jejuni and C. coli on raw ground
chicken to be around 60%. The Nationwide Raw Ground Turkey Survey estimated approxi-
mately 25% of the ground turkey samples to be contaminated with Campylobacter.

In a Minnesota survey, 91 chicken meat products were purchased in the Minneapolis–St.
Paul area from September to November 1997 (Smith et al. 1999). These products came
from 15 poultry-processing plants in nine states. All chicken meat products were tested for
Campylobacter, and recovered isolates were tested for susceptibility to nalidixic acid and
ciprofloxacin. Campylobacter was isolated from 88% of the meat samples tested; C. jejuni
was isolated from 74% of chicken samples, and C. coli was recovered from 21% of samples
tested. Ciprofloxacin-resistant Campylobacter (MIC  32 �g/mL) were recovered from
20% of tested chicken samples (n 
 18). Using molecular subtyping methods (fla-RFLP),
the researchers further identified six of seven subtypes among Campylobacter isolates from
both retail chicken products and quinolone-resistant C. jejuni isolates from humans. These
data demonstrated that domestic chicken obtained from retail markets had high rates of con-
tamination with ciprofloxacin-resistant C. jejuni. Furthermore, the authors identified an
association between molecular subtypes of quinolone-resistant C. jejuni strains that were
acquired domestically in humans and those found in retail chicken products (Dudley and
Ambrose 2000).
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Another study of retail chicken meats was conducted by the Centers for Disease Control
and Prevention in 1999 (Rossiter et al. 2000). Between January and June 1999, public
health laboratories in Georgia, Maryland, and Minnesota each tested 10 retail samples per
month. One-hundred eighty retail meats, making up 23 domestic brand names, were pur-
chased from 25 grocery stores. Eighty (44%) retail chicken meat samples were found to
carry Campylobacter. Among the 80 Campylobacter isolates tested, 19 (24%) were resis-
tant to ciprofloxacin. Overall, 19 of 180 (11%) retail chicken meats yielded ciprofloxacin-
resistant Campylobacter.

Zhao et al. (2001a) examined 719 retail raw meat samples (chicken, turkey, pork and
beef) obtained from 59 stores of four supermarket chains during 107 sampling visits in the
Greater Washington, D.C., area, from June 1999 to July 2000. Campylobacter was detected
in 71% of 184 chicken samples, and a large percentage of the stores visited (91%) had
Campylobacter-contaminated chicken. Approximately 14% of the 172 turkey samples
were culture-positive, whereas few pork (1.7%) and beef (0.5%) samples were positive.
Approximately one-half (53.6%) of the isolates were identified as C. jejuni, 41.3% were
identified as C. coli, and 5.1% were identified as other species. Campylobacter coli were
recovered more often from retail turkey samples than were C. jejuni. The most common
resistance observed among the Campylobacter poultry isolates was to tetracycline (82%),
followed by erythromycin (54%), nalidixic acid (41%), and ciprofloxacin (35%) (Ge et al.
2003). C. coli isolates displayed higher resistance rates to ciprofloxacin and erythromycin
than did C. jejuni. Turkey isolates, regardless of species, showed elevated resistance rates to
ciprofloxacin and erythromycin compared with Campylobacter isolates recovered from
retail chickens. Eighty-seven percent of samples were contaminated with Campylobacter
resistant to at least two antimicrobial agents, and 22% to at least five antimicrobials. Co-
resistance to ciprofloxacin and erythromycin was found in Campylobacter from 26% of the
meat samples. Multidrug resistance, including co-resistance to fluoroquinolones and eryth-
romycin, has been reported previously in Campylobacter isolated from retail meat prod-
ucts (Sáenz et al. 2000) and from humans (Engberg et al. 2001). The finding of co-resistance
to fluoroquinolones and erythromycin in Campylobacter is undesirable, as these two
antimicrobials are generally advocated as first-line drugs for treatment of human campy-
lobacteriosis.

In 2001, the Food and Drug Administration Center for Veterinary Medicine began a
study to assess the prevalence of resistant foodborne pathogens in retail raw meats (Carter et
al. 2002). Chicken breast, ground turkey, ground beef, and pork chops were sampled from
March 2001 to March 2002 from 300 supermarket grocery locations throughout the state of
Iowa. The objective was to assess the prevalence of Salmonella, Enterococcus, and Campy-
lobacter and to determine their antimicrobial susceptibility patterns. Preliminary data
revealed that 20% of 654 retail samples tested for Campylobacter were positive, with chick-
en accounting for most of these (73%). Campylobacter was less frequently recovered from
turkey (6%) and pork (1%) and was not recovered at all from ground beef. Overall, 27% of
C. jejuni isolates, 27% of C. coli isolates, and 21% of nonspeciated Campylobacter isolates
exhibited resistance to ciprofloxacin (MIC � 4 �g/mL).

In 2002, The National Antimicrobial Resistance Monitoring System (NARMS) expand-
ed into surveillance of retail meats to determine the prevalence of antimicrobial resistance
among Salmonella, Campylobacter, E. coli, and Enterococcus. As of January 2003, nine
FoodNet sites were participating (California, Colorado, Connecticut, Georgia, Minnesota,
New York, Tennessee, Maryland, and Oregon). Each FoodNet site purchases a total of 40
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food samples per month, consisting of 10 samples each of chicken breast, ground turkey,
ground beef, and pork chops. Preliminary data show that 58% of 356 chicken breasts, 8% of
372 ground turkey, 3% of 373 ground beef samples, and 2% of 343 pork chop samples cul-
tured positive for Campylobacter (D. White, unpublished data). This surveillance is ongo-
ing and being expanded to include additional state labs.

Campylobacter have been recovered from many foods of animal origin. Numerous sur-
veys of raw agricultural products provide epidemiologic evidence that implicates poultry,
meat, and raw milk as sources of human infection (Altekruse et al. 1999). It is therefore nec-
essary to readdress hygienic practices at every step in the food production continuum, from
farm to consumer, in preventing and reducing the incidence of Campylobacter infections.

Escherichia coli

Escherichia coli are widely distributed in the intestine of humans and warm-blooded ani-
mals and are the predominant facultative anaerobe in the intestinal tract (Conway 1995).
However, there are many pathogenic E. coli strains that can cause a variety of diseases in
animals and humans. Pathogenic types of E. coli differ from those that predominate as the
normal enteric flora of healthy animals in that they are more likely to express certain viru-
lence factors (Donnenberg and Whittam 2001). Pathogenic types of E. coli are classified by
their specific virulence mechanisms (e.g., toxins, adhesins, and invasiveness), serotypes,
and pathogenesis. At present, pathogenic E. coli are divided into at least six distinct classes:
enteropathogenic E. coli (EPEC), enterotoxigenic E. coli (ETEC), enteroinvasive E. coli
(EIEC), diffuse-adhering E. coli (DAEC), enteroaggregative E. coli (EAEC), and
enterohemorrhagic E. coli (EHEC; Nataro and Kaper 1998, Wasteson 2001).

Consumption of contaminated foods is a documented route by which pathogenic E. coli
infect humans. This is most likely because E. coli is present throughout the food production
continuum, where they may contaminate meats through various routes, including post-
evisceration processing, handling, and packaging of finished products (Jackson et al. 2001).
The spectrum of E. coli types colonizing animals and humans has not been fully explored.
However, there are numerous reports in the literature indicating that O-serogroups com-
monly isolated from food animals and humans are similar (Orskov and Orskov 1992, Aare-
strup and Wegener 1999). In addition, specific antimicrobial-resistant E. coli have been
traced from the gut contents of pigs, calves, and chickens to carcasses at slaughter and ulti-
mately shown to colonize the gut of a human volunteer handling and eating the meat (Linton
1986).

Antimicrobial-resistant E. coli have been recovered from a variety of foods, including
minced meat (Osterblad et al. 1999a), vegetables (Osterblad et al. 1999b), cakes and con-
fectionary (Pinegar and Cooke 1985), custards and desserts (Persson et al. 1980), and milk
and milk products (Chang 1975, Johnston et al. 1983). However, most data describing
antimicrobial-resistant phenotypes in foodborne E. coli have come from isolates recovered
from retail meats (Meng et al. 1998, Zhao et al. 2001b, Schroeder et al. 2003).

A number of studies outside the United States from the early 1980s looked for the pres-
ence in foods of antimicrobial-resistant Gram-negative bacteria, including E. coli (Bensink
et al. 1981, Khor et al. 1982, Wood et al. 1983). One of the first studies was described by
Persson et al. (1980). E. coli was the predominant bacterium identified and was most often
isolated from raw meat and egg products. All isolates were considered susceptible to strep-
tomycin, neomycin, and trimethoprim-sulfamethoxazole. Fifty-four percent (166 of 308)
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of bacteria tested, however, were resistant to at least one of the nine antibiotics tested, with
40% displaying multidrug resistance. Thirty percent of the bacteria were resistant to nitro-
furantoin, and 25% were resistant to sulphaisodimidine. The lowest numbers of resistant
strains identified were recovered from custards and desserts (42%) and from raw meat prod-
ucts (46%), and the highest from ice-cream (89%). Multidrug-resistant strains were record-
ed most frequently from pasteurized milk products, custards, and desserts.

Bensink et al. (1981) examined Australian beef and pig carcasses, meat products, and
frozen chickens for the presence of antibiotic resistant coliforms. E. coli was isolated from
18 of 50 beef carcasses, and only resistance to tetracycline was detected. However, the situa-
tion was different with E. coli recovered from pig carcasses, meat products, and chickens,
where numerous resistance phenotypes were observed, including multidrug-resistant
strains. A later study by the same researchers investigated antibiotic resistance in coliforms
isolated from poultry carcasses immediately after slaughter and at retail (Bensink and Both-
am 1983). Approximately 85% of a total of 13,858 isolates examined were found to be resis-
tant to at least one antibiotic. Highly significant differences were found in the levels of antibi-
otic resistance from the two sources: Ampicillin, chloramphenicol, and sulphonamide
resistances were found more frequently in isolates from poultry at retail, whereas resistance to
streptomycin and neomycin occurred more frequently in isolates from poultry at slaughter.

Wood et al. (1983) investigated the prevalence of antibiotic-resistant, Gram-negative
bacteria from foods in Mexico. Of 235 Gram-negative organisms recovered from frozen
food samples, 34 isolates were resistant to trimethoprim, 15 were resistant to trimethoprim-
sulfamethoxazole, and 33 demonstrated multidrug-resistant phenotypes.

Several more recent studies have investigated specifically the prevalence of antimicro-
bial resistant E. coli in retail foods. Meng et al. (1998) determined antimicrobial suscepti-
bilities of 118 E. coli O157:H7 and seven O157:NM isolates from animals, foods, and
humans in the United States. Among the 125 isolates tested, 30 (24%) were resistant to at
least one antibiotic and 24 (19%) were resistant to three or more antibiotics. Cattle strains
were more often resistant than other isolates tested (34%). The seven resistant food E. coli
isolates were all recovered from ground beef. Two E. coli O157:NM isolates from cattle
were resistant to six antibiotics: ampicillin, kanamycin, sulfisoxazole, streptomycin, tetra-
cycline, and ticarcillin. Streptomycin was the most common antibiotic to which E. coli
O157:H7 and O157:NM were resistant (29 of 30 isolates), followed by tetracycline (26 iso-
lates). Overall, the most frequent resistance phenotype observed was to streptomycin-
sulfisoxazole-tetracycline, which accounted for over 70% of the resistant strains.

Sáenz et al. (2001) investigated the prevalence of antimicrobial-resistant E. coli from
animals, foods, and humans in La Rioja, Spain. Food products of animal origin sampled for
the presence of antimicrobial-resistant E. coli included hamburger, sausage, chicken, and
turkey. Using disk diffusion, they reported that among 47 E. coli isolates recovered from
foods, 53% were resistant to nalidixic acid, 47% to ampicillin, and 40% to kanamycin.
Resistance was also observed, but to a lesser extent, to gentamicin (17%), ciprofloxacin
(13%), and amoxicillin-clavulanic acid (Sáenz et al. 2001).

Schroeder et al. (2003) reported antimicrobial susceptibilities among 472 generic E. coli
isolates recovered from ground and whole retail beef, chicken, pork, and turkey obtained
from greater Washington, D.C., during the years 1998 and 2000. Isolates displayed resis-
tance to tetracycline (59%), sulfamethoxazole (45%), streptomycin (44%), cephalothin
(38%), and ampicillin (35%). Lower resistance rates were observed for gentamicin (12%),
nalidixic acid (8%), chloramphenicol (6%), ceftiofur (4%), and ceftriaxone (1%). Sixteen
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percent of the isolates displayed resistance to one antimicrobial, followed by 23% to two,
23% to three, 12% to four, 7% to five, 3% to six, 2% to seven, and 2% to eight.

Other studies demonstrate that E. coli recovered from foods are not necessarily resistant
to multiple antimicrobials. Zhao et al. (2002) tested 404 fresh ground beef samples obtained
at retail stores from New York, San Francisco, Philadelphia, Denver, Atlanta, Houston, and
Chicago for the presence of Salmonella and E. coli. Among the 102 generic E. coli isolates
obtained, only three were resistant to multiple antibiotics.

There is still debate about the public health implications of the presence of antimicrobial-
resistant E. coli in foods. Nevertheless, the numerous reports that have documented 
the presence of antimicrobial-resistant E. coli in retail foods highlights the public health
value of continuing efforts to educate consumers in proper food handling and preparation
practices.

Listeria monocytogenes

Listeria monocytogenes is an opportunistic pathogen that was recognized as an important
foodborne pathogen in the early 1980s. The organism is widely distributed in nature and can
be found in soils, animal waste, sewage, and water. Listeria is frequently present in the gut
of humans and animals including cattle, poultry, and pigs (Meng and Doyle 1997). Listeria
monocytogenes grows well in cold temperatures with minimal nutrients and is able to sur-
vive and multiply in the environment. Its ubiquity in the environment allows it ample oppor-
tunity to reach food products during various phases of processing and distribution. Listeria
monocytogenes has been found in a variety of foods, including fresh fruits and vegetables,
fresh and frozen and processed meats, dairy products, eggs, and seafood (Meng and Doyle
1997, Kathariou 2002). The prevalence of L. monocytogenes contamination of raw and
processed meat products ranges from �1% to 70%. It has been estimated that approximate-
ly 25% of raw and ready-to-eat seafood and fish products are contaminated with Listeria
(Meng and Doyle 1997). Outbreaks largely have been attributed to ready-to-eat foods,
which are typically consumed without prior cooking or reheating (Schuchat et al. 1991).
Examples of high-risk ready-to-eat foods are coleslaw, pasteurized milk, soft cheeses, pate,
pork tongue in jelly, shrimp, smoked mussels, hot dogs, and salami (Meng and Doyle 1997).

The global incidence of listeriosis has increased over the last two decades. A number of
large foodborne outbreaks have been reported in different countries, including England,
Germany, Sweden, New Zealand, Switzerland, Australia, France, and the United States
(Rocourt and Cossart 1997). Listeriosis is one of the most severe foodborne infections
(causing meningitis, septicemia, and abortion), with low morbidity (annual incidence rate
ranging from two to 10 cases per million population) but high lethality (30%) and a high
predilection for people with impaired T-cell immunity (pregnant women and neonates,
immunocompromised patients, and the elderly; Rocourt et al. 2003). Although surveillance
studies from the Centers for Disease Control have shown that the incidence of Listeria
infection in the United States has decreased, several large U.S. outbreaks have occurred in
recent years. One outbreak associated with hot dogs involved more than 50 cases in 11
states (Centers for Disease Control 1999). Six adults died and two pregnant women had
spontaneous abortions. Two multi-state outbreaks of listeriosis, one in 2000 and another in
2002, were both linked to turkey deli meat (Centers for Disease Control 2000, Centers for
Disease Control 2002a). The 2002 outbreak consisted of 46 confirmed cases, seven deaths,
and three miscarriages in eight states.
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The spectrum of listeriosis is broad and includes an asymptomatic carrier state, cuta-
neous lesions, flu-like illness, miscarriage, stillbirth, septicemia, encephalitis, and menin-
gitis. Foodborne infection with L. monocytogenes also can cause febrile illness with gas-
troenteritis in immunocompetent persons (Aureli et al. 2000). Although listeriosis can
occur in otherwise healthy adults and children, immunocompromised individuals, includ-
ing the immunosuppressed, the elderly, newborns, pregnant women, and persons suffering
a ranging of underlying diseases, are at higher risk.

The degree and prevalence of antibiotic-resistant L. monocytogenes in food is not clear.
Few studies report the frequency of antimicrobial resistance in L. monocytogenes isolated
from foods. In addition, there is no standardized in vitro susceptibility testing method for
this organism, making the comparison of results difficult. Ampicillin, penicillin, or
rifampin, plus gentamicin is the treatment of choice for most Listeria infections. Cotrimox-
azole is considered to be a second-choice therapy (Jones and MacGowan 1995, Charpentier
and Courvalin 1999). Vancomycin and erythromycin, respectively, are used to treat Listeria
bacteremia and infections in pregnant women.

Regardless of the source of isolates, Listeria is generally susceptible in vitro to the
antimicrobials active against Gram-positive pathogens. Poulsen et al. (1988) reported that
156 strains of L. monocytogenes from human cerebral spinal fluid and blood between 1958
and 1985 were susceptible to 12 antimicrobials throughout the 25-year sampling period.
However, several subsequent studies indicate that multidrug-resistant L. monocytogenes
have emerged. The first L. monocytogenes strains resistant to antimicrobials were reported
in 1988 (Charpentier and Courvalin 1999). Since then, Listeria spp. isolated from foods and
the environment, or in sporadic cases of human illness, have displayed resistance to one or
several antimicrobials.

In the United States, Prazak et al. (2002) determined antimicrobial susceptibilities via
disk diffusion of 21 L. monocytogenes isolates recovered from cabbage farms and packing
sheds in Texas. Ninety-five percent (20 of 21) of the isolates tested were resistant to two or
more antimicrobial agents, with eighty-five percent (17 of 20) of the multi-resistant strains
showing resistance to penicillin. Safdar and Armstrong (2003) reported antimicrobial sus-
ceptibilities of 84 clinical L. monocytogenes isolates recovered from 1955 to 1997. During
this time frame, susceptibilities to penicillin (97.6%), ampicillin (90.7%), erythromycin
(98.8%), tetracycline (96.9%), and gentamicin (98.0%) remained virtually unchanged;
however, only 4% of isolates were considered susceptible to clindamycin (Safdar and Arm-
strong 2003). All isolates were susceptible to amikacin, ciprofloxacin, imipenem, rifampin,
trimethoprim-sulfamethoxazole, and vancomycin.

A survey for listeriae in retail poultry in Porto, Portugal, identified L. monocytogenes in
41% of 63 samples, with a high percentage (73%) resistant to one or more antimicrobial
agents of different classes. Using disk diffusion, the most prevalent resistances were to clin-
damycin (54%) and enrofloxacin (43%), followed by tetracycline (15%), streptomycin
(7%), erythromycin (2%), and ofloxacin (2%). This study suggested a high incidence of 
L. monocytogenes on Portuguese poultry products at retail and that poultry could be a vehi-
cle for resistant foodborne Listeria infections.

Charpentier et al. (1995) screened 1,100 Listeria spp. (60 from human patients and 1,040
from food and the environment) collected worldwide and found many of them were resis-
tant to antimicrobials. Of the 61 tetracycline- and minocycline-resistant strains (37 
L. monocytogenes), 57 harbored the tetracycline-resistance determinant encoded by tet(M),
and four non-L. monocytogenes isolates contained tet(S). Three clinical isolates of L. mono-
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cytogenes were resistant to low levels of streptomycin, and one strain of L. monocytogenes
was trimethoprim resistant.

Study of the trimethoprim-resistant strain showed that the trimethoprim-resistance gene
dfrD was present on a 3.7-kb plasmid (pIP823) of staphylococcal origin (Charpentier et al.
1999). It was found that pIP823 had a broad host range, including L. monocytogenes, Ente-
rococcus faecalis, S. aureus, Bacillus subtilis, and E. coli. The emergence of trimethoprim
resistance in L. monocytogenes is noteworthy because the trimethoprim–sulfamethoxazole
combination is a second-line drug for treating human listeriosis.

Erythromycin-resistant strains of L. monocytogenes isolated from food have also been
reported (Roberts et al. 1996). The resistance gene ermC was identified and was transfer-
able by conjugation to recipient strains, of L. monocytogenes, Listeria invanovii, and E. fae-
calis but did not appear to be associated with conjugative plasmids. In addition, van-
comycin resistance (vanA) has been successfully transferred from Enterococci to
L. monocytogenes and other Listeria spp. in vitro (Biavasco et al. 1996).

Resistance to other antibiotics in L. monocytogenes has also been reported, primarily
from human clinical strains. A strain resistant to gentamicin, streptomycin, chlorampheni-
col and clindamycin was isolated from a neonate who developed meningitis in Greece
(Abrahim et al. 1998). Analysis of 98 L. monocytogenes isolates in Italy revealed that two
strains were resistant to streptomycin, sulfamethoxazole, and kanamycin: one was resistant
to streptomycin, sulfamethoxazole, kanamycin, and rifampin, and one was resistant to the
latter four drugs plus erythromycin and chloramphenicol. Resistance to ciprofloxacin has
also been reported (Oethinger et al. 2000) and has recently been attributed to expression of
an efflux pump termed lde (Godreuil et al. 2003).

With the exception of tetracycline resistance, antibiotic resistance among Listeria spp.
from clinical, food, or environmental sources remains low. Nevertheless, antibiotic-resistant
L. monocytogenes variants have emerged. This pathogen is capable of acquiring antibiotic-
resistance genes from other bacterial genera, both Gram-positive and Gram-negative (Aureli
et al. 2000). Emergence and dissemination of drug resistance in L. monocytogenes, such as
resistance to trimethoprim, sulfamethoxazole, gentamicin, and erythromycin, may influence
the selection of antimicrobial agents for treating listeriosis in the future.

Conclusions

Microbial food safety is an important public health concern worldwide. In response to an
increasing number of food safety problems and rising consumer concerns, industry and
government agencies from numerous nations are intensifying their efforts to improve food
safety (Tollefson et al. 1998, Torrence 2001, Bull et al. 2002, Rose et al. 2002). Although
the sanitary standards of meat production are quite high in most developed countries, they
cannot completely prevent fecal contamination of animal-derived food products. 
Antimicrobial-resistant bacteria from animals, both commensal and pathogenic variants,
can reach the general public via exposure to contaminated food products of animal origin
if they are improperly cooked or otherwise mishandled (Witte 2000, Sáenz et al. 2001). 
It has been theorized that these resistant bacteria have the potential to colonize humans 
and to transfer their resistance determinants to resident constituents of the human
microflora, including pathogens. Therefore, it is necessary to continue work to advance
food processing technologies while emphasizing hygienic food handling at all stages of

Prevalence of Antimicrobial-Resistant Bacteria in Retail Foods 249



food production. There is also a continuing need for education programs aimed at improv-
ing food-safety behaviors of consumers of all ages (see Chapter 30). Finally, surveillance
programs designed to detect emerging antimicrobial resistance phenotypes among food-
borne pathogens in retail foods will continue to be a foundational tool for helping to ensure
a safe food supply.
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20 The Hazard Analysis and Critical Control
Point System and Importance of
Verification Procedures

Jimmy T. Keeton and Kerri B. Harris

Introduction

The Hazard Analysis and Critical Control Point (HACCP) system is a preventative food
safety management system that is recognized internationally as the most effective way to
produce safe food (Stevenson and Bernard 1999, Mortimore and Wallace 2001). This sys-
tem is a methodical and systematic application of scientific and technological principles
designed to control and document the safe production of foods. Its primary objective is to
make a product safe to consume and to be able to prove it (Stevenson and Bernard 1999). Its
premise is based on the prevention of hazards by identifying food safety problems during
processing and thus reducing or eliminating the need for finished-product inspection and
testing. Hazards are categorized as microbiological, physical, or chemical, with microbio-
logical hazards posing the greatest threat to public health.

This chapter provides a general overview of the basic principles of HACCP with an
emphasis on meeting the current requirements specified by the U.S. Department of Agricul-
ture Food Safety Inspection Service (USDA-FSIS) in Title 9 of the Code of Federal Regula-
tions Part 304 et al. (USDA-FSIS 2002). Application of the HACCP system to the food
industry requires that periodic reviews be conducted because of changes in regulatory
requirements, development of new and innovative technologies, emergence of new hazards
(especially microbial pathogens), or failure in part of the system. Special emphasis will be
given to critical verification procedures that provide confirmation that the HACCP system
is reliable and effective for reducing, removing, or preventing hazards in our foods.

A Brief History

HACCP concepts were developed in 1959 by the Pillsbury Company in conjunction with the
U.S. Army Natick Laboratories and the National Aeronautics and Space Administration
(NASA) to meet the safety requirements imposed by NASA primarily to both prevent crumbs
and water in a zero-gravity environment that could interfere with space capsule electrical sys-
tems and to prevent a food poisoning outbreak in an enclosed space environment. The con-
cepts were based on the engineering system of Failure, Mode, and Effect Analysis (FMEA),
which considers what potentially could go wrong at each step of an operation and then places
controls at critical points in the operation to prevent hazards. Three basic HACCP principles
were first presented at the National Conference on Food Protection in 1971 (U.S. Department
of Health, Education and Welfare 1971). In 1985, a Subcommittee of the Food Protection
Committee of the National Academy of Sciences issued a report on the establishment of
microbiological criteria for foods and recommended that regulators and the food industry
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adopt the HACCP system as the most effective means of protecting the food supply. In 1988,
the National Advisory Committee on Microbiological Criteria for Foods (NACMCF), an
expert scientific advisory panel, was established by the Secretaries of Agriculture, Com-
merce, Defense, and Health and Human Services to encourage the adoption of the HACCP
system by the food industry (NACMCF 1997, NACMCF 1998). Seven HACCP principles
were identified along with a systematic approach for establishing HACCP programs in the
food industry.

The U.S. General Accounting Office, in a series of reports between 1992 and 1994,
endorsed HACCP as an effective, scientific, risk-based system for protecting the public
from foodborne illness. On December 18, 1995, the U.S. Food and Drug Administration
published the final rule requiring the adoption of HACCP systems in seafood processing
plants. Other international and governmental bodies such as the United Nations World
Health Organization (WHO)/Food and Agriculture Organization (FAO) Codex Alimentar-
ius Commission also advocated adoption of HACCP systems in the food industry and
worked in concert with the NACMCF to revise the HACCP principles.

As part of its overall food safety strategy to reduce the risk of foodborne illness associat-
ed with pathogens such as Salmonella, Escherichia coli O157:H7, and Listeria monocyto-
genes, the USDA-FSIS issued a final rule on July 25, 1996 (Federal Register 1996), requir-
ing meat and poultry establishments to adopt a science-based HACCP system and to
develop plant- and product-specific HACCP plans. According to Title 9 of the Code of Fed-
eral Regulations Part 304 et al. (USDA-FSIS 2002), the regulations require that each estab-
lishment develop and implement written sanitation standard operating procedures; that
generic E. coli testing be performed by slaughter establishments to verify the adequacy of
the establishments’ process controls for the prevention and removal of fecal contamination
and associated bacteria; that slaughter establishments and those producing raw ground
products meet pathogen-reduction performance standards for Salmonella; and that all meat
and poultry establishments develop and implement a system of preventative controls
designed to improve the safety of their products. Thus, these regulations require that all
meat and poultry plants under federal or state inspection develop, implement, and maintain
a HACCP program.

Basic Principles

Seven HACCP principles provide a framework for identification, evaluation, and control of
food safety hazards. The seven principles (NACMCF 1998) are applied to the development
of an effective HACCP plan and require the HACCP team to conduct a hazard analysis,
determine the critical control points (CCPs) in a processing sequence, establish critical lim-
its (CLs) for the CCPs, establish monitoring procedures for the CCPs, establish corrective
actions when monitoring indicates a CCP is out of control, establish verification procedures
to ensure that the HACCP system is working, and establish effective record keeping and
documentation procedures.

Briefly, HACCP system plans are developed by first accomplishing five preliminary
tasks (Stevenson and Bernard 1999, NACMCF 1998) before application of the principles.
These tasks require assembling a HACCP team (usually from in-plant personnel);
describing the food products produced and their distribution; detailing the intended use
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and potential users of the food products described; developing a flow diagram listing 
all of the steps in the food production process to include receipt of raw materials, receipt
of ingredients, receipt of packaging, handling of rework, handling of shipping/distribu-
tion, and handling of product returns; and verifying the flow diagram for accuracy and
completeness.

Application of HACCP principles in the development of a HACCP plan can be summa-
rized in the following steps (Stevenson and Bernard 1999, NACMCF 1998, Mayes 2001,
Federal Register 1996):

(1) Conduct a hazard analysis—Each step of the flow diagram is evaluated to identify
hazards (microbiological, physical, or chemical) that are reasonably and likely to
occur. Consideration should also be given to the severity of a potential hazard, its mag-
nitude for harm, and the duration or aftereffect of a disease or injury.

(2) Determine CCPs—A CCP is a point, step, or procedure in the process at which control
can be applied and a food safety hazard prevented, eliminated, or reduced to accept-
able levels. If a hazard cannot be controlled at a particular step, that processing step
cannot be a CCP.

(3) Establish CLs—A CL is a maximum or minimum value to which a hazard must be
controlled at a CCP to keep food safe. CLs are usually established on the basis of sci-
entific studies or regulatory requirements/guidelines that reduce the risk of or elimi-
nate a hazard.

(4) Establish monitoring procedures—Monitoring is a planned sequence of observations
or measurements to assess whether a CCP is under control, to indicate a trend toward
loss of control, and to produce an accurate record or log for future use in verification.
Monitoring must accurately and rapidly measure the CL in real time at a specified fre-
quency or interval (continuous would be ideal) and should be performed by a desig-
nated individual trained in monitoring procedures. Results should be recorded,
signed, and dated by the person monitoring the CL. These records are legal documents
and provide evidence that the process is under control or that corrective action is war-
ranted. Examples of monitoring activities are given in Table 20.1.
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Table 20.1 Examples of real-time monitoring methods used in a Hazard Analysis and Critical
Control Point plan.

Methods for Monitoring Critical Limits

Physical Chemical Biological

Temperature indicators Water activity (aw) Rapid pathogen
Continuous chart recorders pH screens/detection
Equipment alarm systems Nitrite methods
Metal detectors Chlorine
Magnets Enzyme-linked
X-ray devices immunosorbent assay tests
Sifters/sieves for allergens
Bone/object removal devices Titratable acidity
Direct observation to remove Moisture

visible contamination Moisture:protein ratio



(5) Establish corrective actions—Corrective actions are taken any time a process deviates
from its CLs. The HACCP Final Rule requires the following four corrective actions to
be taken and documented: determine the cause of a deviation and correct or eliminate
the cause, bring the CCP under control after corrective action or actions are taken,
document that corrective measures were taken and procedures implemented to pre-
vent recurrence, and ensure that no product that is injurious to health or otherwise
adulterated as a result of the deviation enters commerce. A sample worksheet for a
HACCP plan summary is shown in Table 20.2.

(6) Establish verification procedures—Verification procedures are those activities (other
than monitoring) that determine the validity of the HACCP plan and verify that the
system is operating as intended (Table 20.3). Validation is an important and often
overlooked component of this principle. Validation is required to ensure that the
process will accomplish what it is designed to do. To fulfill the USDA’s HACCP regu-
lation, the ongoing verification procedures include, but are not limited to, the calibra-
tion of process-monitoring instruments, direct observations of monitoring activities
and corrective actions, and a review of records generated and maintained during proc-
essing events.

(7) Establish record-keeping and documentation procedures—Documentation for each plan
should include, first, a written hazard analysis (including all supporting documentation);
a listing of the HACCP team and assigned responsibilities; all materials that describe the
food, its ingredients, distribution, and intended use; and potential consumers of the prod-
uct. Second, the written HACCP plan, including decision-making documents associated
with the selection and development of CCPs and CLs, documents supporting both the
monitoring and verification procedures selected, and the frequency of those procedures.
Third, monitoring of CCPS (and their CLs) such as times, temperatures, quantifiable val-
ues, corrective actions taken, calibration of monitoring instruments, verification proce-
dures accomplished, and appropriate product, lot number, or production date codes.
Entries onto records or into computers should be made in real time (as an event occurs)
and dated, signed, or initialed by the person monitoring the process.

Hazard Analysis and Critical Control Points

One of the most difficult parts of developing a HACCP plan is conducting the hazard analy-
sis. Every step of the process must be considered to ensure that food safety hazards are prop-
erly identified. It is appropriate to identify a food safety hazard at the step that it is being
introduced into the process flow and to have subsequent steps in the process at which it will
be controlled. For example, the hazard analysis for a fully cooked product may identify
pathogens as reasonably likely to occur as biological food safety hazards at the point of
receiving the raw material, and yet, the CCP may be at the subsequent step for fully cooking
the product. It is important to remember that the identification of the food safety hazard
does not have to be at the same step as the control measure.

After the food safety hazards are identified, it is crucial that the appropriate points of
control are established. By definition (NACMCF 1998), CCPs are steps at which control
can be applied and are essential to prevent or eliminate a food safety hazard or reduce it to an
acceptable level. During the production of raw foods, such as raw, ground products, it is
argued that as of today there is no scientifically validated CCPs that can be applied during
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the production process that will prevent, eliminate, or reduce to an acceptable level biologi-
cal food safety hazards, such as E. coli O157:H7. (It is noted that irradiation is a process that
can be applied to the finished product to reduce microbial contamination.) Producers of raw
products often rely on the programs in place by their suppliers to reduce the likelihood of
occurrence of pathogenic microorganisms. Therefore, the HACCP in a raw process may
focus on minimizing the potential growth of biological food safety hazards rather than on
reducing them. Although the control of pathogen growth may not meet the true definition of
a CCP because one cell of E. coli O157:H7 may cause illness, it is one of the only points of
control that can be applied in raw-food processing establishments. It is unrealistic to expect
that raw food products, such as ground beef and poultry, will be pathogen free; therefore,
optimal food safety must include all sectors of the food production process as well as the
end-users and consumers.

To be successful, the HACCP system must clearly identify the food safety hazards that
are reasonably likely to occur and the points of control for each. Every establishment must
be able to support their decisions in the hazard analysis and in the selection of the CLs for
each CCP.

Verification

Verification procedures are ongoing activities performed to ensure that the HACCP plan is
being implemented or functioning properly through regularly scheduled activities and
reviews or audits of records. These activities are done to confirm the accuracy of the
records, to observe that procedures are being performed, to determine whether monitoring
activities and corrective actions are effective, and to ensure the reliability of process-
monitoring devices by calibration. Verification activities also include auditing the entire
HACCP plan or performing an in-depth review and analysis of specific records, logs, or
data to ensure compliance with CLs (i.e., review of microbiological/chemical tests of prod-
uct or ingredient samples, calibration charts, sanitation schedules, or equipment mainte-
nance records, and even evaluation of consumer complaints to understand potential prob-
lems with a product; Compliance Manual for Food Quality and Safety 2002).

Records review includes verifying correct dates on forms, having an appropriate signa-
ture or initials of the responsible individual, having a description of monitoring results, per-
forming the corrective actions, and ensuring that missing data do not imply deviations from
a CL. Direct observation of a person performing a monitoring function on a periodic basis is
an additional method for providing evidence that the HACCP plan is effective. Calibration
of instruments used to monitor temperature, pressure, flow rate, pH, or water activity at
CCPs is another means of process verification.

Verification audits or reviews should be carried out on a routine basis but also may be
unannounced. Events that may necessitate verification of the HACCP plan include

• Identification of deficiencies through random sampling

• Deviations between monitoring records and the corrective actions taken

• Emergence of new pathogens

• Adaptation of new technologies in the plant

• Foods similar to those manufactured in the plant being implicated in a foodborne dis-
ease outbreak (Center for Disease Control summaries/Morbidity and Mortality Weekly)
or product recall (USDA-FSIS)
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• When foods similar to those manufactured in the plant have been implicated in a food-
borne disease outbreak or a product recall, information regarding these foods, other
related disease outbreaks, or the status of similar recalls may be found at the following
Web sites: http://www.cdc.gov/mmwr//weekcvol.html; http://www.fsis.usda.gov/

• New lines or equipment being installed or ingredients/formulations changed.

Additional events might include

• Adoption of new testing methods

• Changes in pathogen predictive models

• Changes in product distribution or the target consumer

• Regulatory agency alerts and new scientific information

• Changes in training procedures

• Modifications in the existing HACCP plan.

Comprehensive audits of the HACCP plan are typically conducted by personnel internal
or external to the food operation. Often these are third-party experts or regulatory personnel
that serve as an independent authority (i.e., food safety consultants, customer audits, or
USDA-FSIS Consumer Safety Officers).

Verification versus Validation

Once a HACCP plan has been developed, it must be validated before implementation to
determine whether all hazards have been identified and will be effectively controlled. An
initial validation includes evaluating activities or providing evidence that the plan is func-
tioning as intended. This may include repeated tests of the CCPs, CLs, monitoring and cor-
rective action procedures, and record keeping. Other determinants of plan effectiveness are
to provide scientifically valid and technically sound evidence that all hazards have been
identified and that they can be controlled. This may include advice from food safety experts,
scientific studies, regulatory mandates, in-plant observations, and company-generated
data. Examples of validation procedures that might be performed to establish control crite-
ria for a CL include performing a study to determine the “cold spots” in a processing oven
that can then be monitored to ensure that products have received sufficient heat to destroy
human pathogens; performing a study to show that the combined effect of drying, acidifica-
tion, and mild heat treatment controls pathogens of concern for a particular food product; or
providing a controlled scientific study that proves that a newly approved decontamination
agent is effective for reducing, inhibiting, or eliminating L. monocytogenes on the surfaces
of ready-to-eat (RTE) meat products postcooking.

Validation is required to ensure that the CLs in place will actually control the identified
hazards as designed. In one instance, a plant could implement a HACCP system that is not
valid, and the identified hazards would still be likely to occur. In another, a plant could have
designed a valid HACCP system but failed to properly implement it, and the identified haz-
ards would still be likely to occur. Therefore, proper validation and verification activities
are needed to ensure that the HACCP system will control the identified food safety hazards
and that the plan is consistently implemented.
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Regulatory Verification Methods and Testing

In the United States, the USDA-FSIS issued a directive (FSIS 2002) that established a more
intense stratified sampling plan for plants that produce RTE meat products depending on
the risk of L. monocytogenes contamination (high, medium, and low risk) for a specified
product category (not heat treated—shelf stable, heat treated—shelf stable, fully cooked—
not shelf stable, and product with secondary inhibitors—not shelf stable) and on the size of
the operation. Regulatory actions are described for incidents in which a sample tests posi-
tive for Salmonella or E. coli O157:H7. These verification procedures are in addition to a
processor’s verification tasks and were established on the basis of product contamination
risk and the agency’s goal of further reducing microbial hazards.

Further regulatory changes by the USDA-FSIS now mandate that for some categories of
products (i.e., RTE) meat and poultry establishments must specifically address the control of
Listeria through a written program such as their HACCP systems, sanitation standard operat-
ing procedures, or other prerequisite programs as well as verifying the effectiveness of these
actions through testing, and then share the results with FSIS (Federal Register 2003). Under
the rule, processing establishments must choose one of three alternatives to control L. mono-
cytogenes and verify the treatment’s effectiveness: first, employ both post-lethality treatment
(i.e., post-heating pasteurization in a sealed package) and a growth inhibitor (i.e., sodium
diacetate, potassium lactate, sodium citrate). Establishments will still be subject to FSIS ver-
ification sampling procedures (directed sampling by inspection personnel as described previ-
ously) and must validate the post-lethality treatment’s effectiveness. Second, employ either a
post-lethality treatment or a growth inhibitor for the RTE product; more frequent sampling
will occur by FSIS than in the first alternative. Third, employ sanitation measures only. Plants
choosing this option will incur the most frequent sampling by FSIS, especially those produc-
ing hot dogs and deli meats, as these were identified by FSIS and the U.S. Food and Drug
Administration as being high-risk products for listeriosis. The procedures described indicate
the regulatory agency’s move toward a more risk-based verification testing program especial-
ly for large-volume processors. As a consequence of increasing verification methods and test-
ing protocols to reduce the risk of Listeria contamination, product manufacturers will now be
allowed to identify products with enhanced safety specific to this pathogen.

Improvements in HACCP

The HACCP system, as viewed from either a regulatory or non-regulatory perspective, has
some inherent pitfalls and could be improved. The following points are intended to identify
some of the critical issues that reduce the effectiveness of the HACCP system, allow for cre-
ative changes in the system to enhance the safety of our food supply, and foster innovative
research to address the problems identified.

First, HACCP systems could be more effective if HACCP concepts were applied to the
entire food chain (producer, processor, distributor, food service, and retailer or commercial
end user).

Second, effective HACCP systems and food safety programs must have a high priority
and financial support at the corporate level to allow optimum development and implementa-
tion of plant-specific plans.

Third, HACCP must be science-based for effective application and should focus on con-
trol and prevention of food safety hazards whether applied from the regulatory or non-

266 Chapter 20



regulatory perspective. Science-based HACCP initiatives are foundational to systems oper-
ations and regulatory monitoring.

Fourth, regulatory HACCP needs greater uniformity of interpretation and enforcement
across the meat and poultry industry. Education and retraining of the inspection force are
needed to increase uniformity of regulatory enforcement in addition to accountability for
the enforcement decisions made.

Fifth, sufficient numbers of scientifically trained inspection personnel are not available
to provide comprehensive risk assessment and interpretation of effective intervention pro-
cedures. An increased number of scientifically trained personnel in the inspection force is
needed.

Sixth, adequate education and training of non-regulatory employees and management
can be a weak link in the HACCP system. Food safety education and training of employees
must be continuous.

Seventh, co-training of regulatory and non-regulatory personnel could balance HACCP
expectations and enhance understanding of food safety requirements.

Eighth, testing programs employed by regulatory and non-regulatory entities that are not
science-based give a false sense of security and do not truly reduce the risk of foodborne
disease. An independent commission such as one established by the National Academy of
Sciences should have a mandate to critically review the scientific basis of regulatory testing
programs.

Ninth, application of HACCP may engender unrealistic consumer expectations with
regard to food safety risks. Consumer education to prevent foodborne disease must be vigi-
lant (see Chapter 30).

Tenth, scientific guidelines for optimal use of standardized testing methods to validate
hazard interventions are neither available nor codified. A standardized sampling and testing
manual is needed for regulatory and non-regulatory entities.

Eleventh, HACCP principles were designed to eliminate end-product testing for food
safety, and current regulations that require testing for the presence of pathogens actually
may be detrimental to or discourage further testing

Twelfth, meat and poultry industries need to aggressively develop and implement new
pathogen interventions. Research support is needed for the development of new technolo-
gies that prevent and detect pathogen contamination of foods.

Thirteenth, pathogen-detection sensitivity may exceed the limits of scientific control of
pathogens in foods. Critical analysis of pathogen outbreaks and a thorough understanding
of pathogen incidents and infectivity are needed to assess disease risks and perhaps estab-
lish tolerable limits for certain pathogens.

Fourteenth, use of pathogens for validation and verification of process effectiveness may
not be scientifically sound, as statistical frequencies of occurrence can limit microbial
detection in foods.

Finally, regulatory approval within and between federal agencies of new hazard preven-
tion innovations or pathogen interventions needs to be expedited.

Conclusions

HACCP is a dynamic process control system that can be applied throughout all sectors of
the food industry, including the end-user and consumer, to produce safe food and protect
public health. Verification procedures performed before the initiation of a HACCP plan in a
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food processing facility, or on an ongoing basis, are designed to ensure that the food safety
system is operating effectively and that appropriate safeguards (identification of hazards,
establishment of CLs, monitoring procedures, and corrective actions) are in place to pro-
duce a food product safely and to be able to prove it. Ongoing verification consists of a
series of audits that include, but are not limited to, periodic review of the HACCP plan, cali-
bration of process-monitoring instruments, random sampling, direct observation of moni-
toring activities and corrective actions, and review of records generated by the HACCP sys-
tem. These audits may be conducted internally or externally and often involve third-party
experts or regulatory personnel that serve as an independent authority (i.e., food safety con-
sultants, International HACCP Alliance or USDA-FSIS Consumer Safety Officers). Effec-
tive verification procedures should reduce or eliminate the need for end-product testing.

Validation provides evidence that the HACCP system and components of the HACCP
plan have adequate control measures in place for preventing hazards and that they have a
sound scientific basis. Regulatory agencies have increased pathogen sampling of RTE meat
and poultry establishments through a risk-based verification testing program to reduce the
incidence of listeriosis from high-risk products. This program should be used in addition to
a plant’s HACCP verification program and provides an external means of evaluating a
plant’s HACCP program effectiveness.

HACCP development and implementation is an evolving process, and the food industry
is constantly striving to use new technologies and scientific information to strengthen the
existing food safety programs. Everyone, from the producer and processor to the consumer,
must accept responsibility for food safety.
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21 Are They Vibrios? How Do You Know?

Sam W. Joseph

Introduction

Attention is usually drawn to the disease cholera on hearing or seeing the term “Vibrio,”
which is not surprising, as the prevalence of cholera goes back into antiquity (McNicol and
Doetsch 1983, Barua 1992). For our purposes, however, real knowledge of this disease
dates back to Pacini and his study of cholera in the mid 1800s (Pacini 1854). In fact, he was
the first to view the comma-shaped bacillus microscopically. On the basis of his diverse
study of the disease, he concluded that it was the cause of an epidemic, intestinal, mucous-
damaging, diarrheal-type disease in human hosts. His work chronologically paralleled that
of John Snow, who was performing his pioneering epidemiologic studies in cholera-rav-
aged London, England. Snow essentially discovered the link between cholera and a source
of drinking water in Central London (the infamous Broad Street Pump; Snow 1936).

After Pacini’s work was largely forgotten, Robert Koch revived those studies in 1884
while investigating an epidemic of cholera in Cairo, Egypt. He was the first to actually cul-
ture and macroscopically view the organism on the surface of an artificial, solid medium
and to demonstrate that the cause of the disease was bacterial (Koch 1884). Since those
early studies, nations almost globally have been involved with pandemic cholera. The emer-
gence of cholera as a pandemic disease seemed to occur with the advent of travel over trade
routes (Lacy 1995). Eventually, spread of the disease was associated with pilgrimages
(hajjs) to Mecca from various points of the Islamic world. There have been seven pan-
demics, with the seventh originating in Indonesia in 1961. According to Pollitzer (1959),
the dates of the recognized pandemics are as follows: first pandemic 1817–1823, second
pandemic 1829–1851, third pandemic 1852–1859, fourth pandemic 1863–1879, fifth pan-
demic 1881–1896, and the sixth pandemic 1899–1923. The United States was affected by
four of the seven pandemics. There were over 150,000 deaths after two outbreaks during the
second pandemic in the mid-1800s and 50,000 more during the fourth pandemic in 1866
(Morris and Black 1985).

The disease was essentially not detected in the United States after 1900. The only report-
ed cases thereafter were either imported or the result of laboratory accidents. There was one
case of a longshoreman dying of cholera in 1941 that was unexplainable. The next reported
case of native cholera occurred in 1973 in Port Lavaca, Texas, where a shrimp fisherman
was diagnosed, and a cholera toxin (CT)-producing Vibrio cholerae O1 Biotype El Tor was
isolated from his stool (Weissman et al. 1974). Since the report of that case, there continue
to be sporadic and erratic occurrences of apparently indigenous cholera mostly occurring
around the Gulf Coast area of the United States (Blake 1994).

Until the seventh pandemic, the primary biotype of V. cholerae, the actual cause of pan-
demic cholera, was the so-called “classical” biotype. With the advent of the seventh pan-
demic, a new biotype, “El Tor,” emerged out of Indonesia (Table 21.1).

The particular V. cholerae agent (either biotype) that was responsible for causing pan-
demic cholera is characteristically serogroup O1 and CT positive. There are presently over
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Table 21.1 Differentiation of V. cholerae biotypes.a

Test Classical El Tor

Susceptibility to polymyxin B �b �c

Hemolysis (sheep erythrocytes) � Vd

Voges-Proskauer � �

Susceptibility to El Tor phage V � �

Susceptibility to Classical phage IV � �

Hemagglutination (chicken erythrocytes) � �

(a) Adapted from Elliott et al. 1992
(b) �, positive.
(c) �, negative.
(d) V, variable.

200 serogroups of V. cholerae, some of which rarely produce CT and are sometimes associ-
ated with human disease, but none that are associated with pandemic cholera. Neither is O1,
non-CT producing V. cholerae. These non-O1 V. cholerae organisms are generally termed
non-Cholera-Vibrios.

In fact, there are presently over 20 species described for the genus Vibrio, approximately
10 of which have been associated with diseases of humans (Table 21.2). The species most
frequently isolated after V. cholerae O1 is V. parahaemolyticus. Therefore, the isolation,
identification, and verification of V. cholerae and V. parahaemolyticus organisms will be
primarily featured here.

Vibrio cholerae

Cholera is one of the few diseases that commands the attention of people from all walks of
life, especially professionals in the medical field, because of its capacity to spread rapidly

Table 21.2 Association of Vibrio spp. with different clinical conditions.a,b

Clinical condition

Wound Ear Primary Secondary
Species Gastroenteritis infection infection septicemia septicemia

V. cholerae O1 ��� �

V. cholerae non-O1 ��� �� � � �

V. mimicus �� �

V. fluvialis ��

V. parahaemolyticus ��� � � �

V. alginolyticus (�) �� �� �

V. cincinnatiensis �

V. hollisae �� �

V. vulnificicus � �� �� ��

V. damsela ��

V. carchariae �

(a) Adapted from Elliott et al. 1992.
(b) ���
 frequent, ��
 less common; �
 rare, (�) extremely rare.
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and globally. The epidemic in South America in 1991 is an excellent example of the sponta-
neous and rapid nature of this feared disease. In 1991, cholera began in Peru and quickly
spread to other parts of the continent, eventually reaching Central America as far North as
Mexico. By 1994, over one million people had contracted the disease, resulting in approxi-
mately 10,000 deaths (Centers for Disease Control [CDC] 1995). Cholera is still prevalent
in Lima, Peru, and people, in particular those who are forced to live in low sanitary condi-
tions, are mostly at risk.

A sudden increase in cholera occurring first in Madras, India, in 1992 spread soon there-
after, approaching epidemic numbers, to 11 other countries in southern Asia, primarily
Bangladesh and Burma (Cholera Working Group 1993). The cause was found to be a pre-
sumably new strain of V. cholerae, designated “O139 Bengal.” Thus, the prevailing notion
that only Group O1 V. cholerae could cause epidemic cholera appeared to be purely dogma.
This epidemic soon led investigators to believe that the world was on the verge of the eighth
pandemic of cholera. Fortunately, the epidemic subsided, although the disease caused by
this organism continues to persist. Interestingly, it was discovered through molecular analy-
ses that O139 Bengal was essentially the same organism as V. cholerae O1 except that it has
certain unique features including a different somatic antigen, the capacity to survive and
spread in the environment, and a potential for capsule expression (Morris and the Cholera
Laboratory Task Force 1994).

The discovery that a non-O1 V. cholerae, that is, O139 Bengal, could cause disease of
epidemic proportions was almost iconoclastic. In fact, since the discovery of the organism
by Koch in 1884, all other vibrios had been essentially regarded as so-called nonagglutinat-
ing vibrios (Hugh and Feeley 1972). They were deemed ordinary, unimportant aquatic
organisms. In 1970, a large group of O1 and non-O1 V. cholerae strains was assembled for a
polyphasic study in which the organisms were examined phenotypically for a large number
of biochemical characteristics and were also examined genotypically by DNA–DNA
hybridization analysis (Citarella and Colwell 1970, Colwell 1970). The majority of the
strains were found to be essentially the same organism. These early findings and further
confirmatory findings established that the nonagglutinating vibrios were definitively V.
cholerae. In 1977, V. cholerae other than O1 was discovered in the Chesapeake Bay, and
although they were considered a very low risk for the inhabitants of the region, the experi-
ence in Southern Asia with the O139 Bengal strain suggested that the finding may have been
a portend that, in fact, a non-O1 strain might eventually challenge a human population (Col-
well et al. 1977).

After the discovery of non-O1 V. cholerae in the Chesapeake Bay, other estuarine studies
were performed with similar findings (Colwell et al. 1981, Desmarchelier and Reichelt
1981, Davey et al. 1982, Hood and Ness 1982, Lee et al. 1982, Madden et al. 1982, Roberts
et al. 1982, Hood et al. 1983, Bradford 1984, Garay et al. 1985, Kaysner et al. 1987, Bravo
Farinas 1991, Yamai et al. 1997). Cholera is transmitted through contaminated drinking
water and can be isolated from household drinking water containers. The organism has also
been isolated from surface-water reservoirs (Grizhebovskii et al. 2001, Ziatdinov 2002).

Microscopic and Culture Characteristics

Vibrio cholerae is the type species of the genus Vibrio. Members of the genus Vibrio are fac-
ultatively anaerobic, asporogenous, motile, curved or straight, Gram-negative rods
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1.4–2.5 �m in length. They may require either minimal or larger amounts of salt. Some are
enhanced by the addition of larger amounts of NaCl, whereas others are mainly halotoler-
ant. Vibrio cholerae can grow optimally with as little as 0.2% Na� added to its growth medi-
um (Baumann et al. 1984, Huq et al. 1984). It grows well at a pH of 9.0 and even at pH 10 but
is inhibited at pH 6.0 or lower (Pollitzer 1959, Huq et al. 1984).

Sources of Vibrio cholerae

Water in the Transmission of Cholera

It is now established that the occurrence of V. cholerae in the aquatic environment is not
dependent on recontamination via human excrement (Kaper et al. 1979, Colwell et al. 1981,
West 1992). Vibrio cholerae is a component of the common microbiota in the aquatic envi-
ronment and is frequently found to be associated with phytoplankton and copepods (Huq et
al. 1983). The relative numbers isolated (colony-forming units [CFU]/mL) are a reflection
of the optimal combination of water temperature, pH and salinity (Aw; Kaper et al. 1979,
Singleton et al. 1982, Huq et al. 1984, Miller et al. 1984, Eyles and Davey 1988, Dalsgaard
et al. 1995).

In less-than-optimal conditions, V. cholerae may reside in a viable-but-nonculturable
stage until the return of favorable circumstances for cell growth and multiplication (Xu et
al. 1982, Colwell and Huq 1994, Huq and Colwell 1996, Lipp et al. 2002). This cycle of the
lifespan of the organism dictates their detection when aquatic samples are cultured for V.
cholerae (Lipp et al. 2002). In the absence of direct isolation in culture media, fluores-
cence microscopy has been used to detect V. cholerae (Huq et al. 1990). Although non-
detectable, these viable-but-nonculturable V. cholerae are still capable of resuscitation in
the human intestine and causing disease, as shown by Colwell et al. (1996) in a study of
human volunteers.

Cholera is caused primarily by drinking water or food contaminated by V. cholerae–con-
taining water. Cholera is not believed to be transmitted from human to human. Water conta-
minated with V. cholerae is usually the primary source of the organism during epidemics
and pandemics. Small outbreaks and sporadic cases are usually associated with various
types of foods—especially seafoods. In one instance bottled water was responsible for a
small outbreak of cholera in Portugal in 1974 (Blake et al. 1977a, Blake et al. 1977b).
Migration of cholera as suspected in the South American outbreak has been investigated in
several studies. The Latin American strain of V. cholerae O1 (El Tor, Inaba) was isolated
along the coast of Alabama, leading to suspicion that bilge water dumped as ballast might be
a means of importation of particular strains from one region to another (DePaola et al.
1992). Furthermore, analysis of bilge water from ships traveling from South America to the
Northern Hemisphere provided additional credence for this hypothesis (McCarthy et al.
1992). In another study, ballast water of vessels arriving to the Chesapeake Bay from for-
eign ports was examined to estimate the abundance of total bacteria, virus-like particles,
and V. cholerae (O1 and O139) in water and plankton samples. Vibrio cholerae O1 was
found in plankton samples taken from the ballast tanks of all ships, and V. cholerae O1 and
V. cholerae O139 were found in 93% of the ships. Furthermore, there were 100� more V.
cholerae (O1 and O139) in the water samples than were found in the plankton samples
(Ruiz et al. 2000).
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Foods in the Transmission of Cholera

Seafoods, especially oysters, are high on the list of foods that can harbor V. cholerae O1 and
transmit cholera, especially after inadequate cooking or recontamination after preparation.
Various shellfish have been implicated in outbreaks including mussels (Dutta et al. 1971,
Baine et al. 1974), cockles (Blake et al. 1977a), oysters (Weissman et al. 1974, Cameron et
al. 1977, Klontz et al. 1987, Pavia et al. 1987, CDC 1989), crabs (Lin et al. 1986, CDC
1990), crab salad (CDC 1992a, CDC 1992b), and shrimp (Joseph et al. 1965). Other foods
have been implicated including coconut milk imported from Thailand to Maryland in the
United States (CDC 1991), fin fish (Merson et al. 1977, Tamplin and Parodi 1991, Epstein
1992), uncooked beef (Swaddiwudhipong et al. 1992), uncooked pork (Swaddiwudhipong
et al. 1990), peanut sauce (St. Louis et al. 1990), and vegetables (Glass et al. 1992). Food
contaminated with V. cholerae O1 and left unrefrigerated provides improved conditions for
surviving organisms to grow and multiply, as described in the report of an outbreak on an oil
rig off the coast of Texas. A potable water system was contaminated because of spill-over
from a sewage line. Rice prepared with water from this source was left standing after prepa-
ration and was consumed several hours later. Apparently there was V. cholerae O1 in the
sewage, because consumption of the rice led to contraction of cholera by 15 workers on the
rig (Johnston et al. 1983). Ironically, this isolated situation in the United States provided a
microcosm of a much more frequent occurrence of foodborne cholera in endemic and epi-
demic areas of Asia, South America, and Africa that harbor V. cholerae O1 in large numbers.

Outbreaks have occurred in passengers on flights originating in countries in which
cholera is either epidemic or endemic. There were several instances of flights from South
America arriving with passengers who, soon after landing, began having cholera-like dis-
ease. In one instance, the food served on a flight to the United States from Argentina with a
stopover in Peru was suspected of causing 75 cases of cholera and one death. Other cases
have involved isolated instances in which passengers have brought food (such as succulent
crabs) from the originating country to share with family only to have the diners contract
cholera.

Interestingly, V. cholerae O1 can survive refrigerated and frozen conditions in foods
shipped internationally (CDC 1991). The increasingly cosmopolitan appetites of citizens in
developed countries raise the possibility that contaminated foods may enter the market-
place from distant cholera-endemic shores, thus increasing the challenge to food safety reg-
ulators and inspectors.

The majority of outbreaks occur during the warmer months of the year, corresponding to
the higher prevalence of V. cholerae in the water column (Kaper et al. 1979). Additional
information on this subject can by found in reviews by DePaola (1981), Rippey (1991) and
Lipp et al. (2002).

Non–Group O1 Vibrio cholerae

Non-O1 V. cholerae are ubiquitous in aquatic environments worldwide. Occasional cases of
gastrointestinal infection occur in the United States, most frequently after eating oysters.
Intestinal illness is usually accompanied by blood in the stool and fever. Unlike O1 V.
cholerae, non-O1 V. cholerae can also cause skin and ear infections among other extra-
intestinal infections. It can be invasive following intestinal infection, leading to sepsis,
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which may result in death, but not because of volemic shock as observed with traditional
cholera. Non-O1 V. cholerae very rarely produces the cholera toxin of O1 V. cholerae (Mor-
ris 1990).

Isolation of Vibrio cholerae

Procedures for the isolation and identification of vibrios are well described in the Bacterio-
logical Analytical Manual (BAM) of the U.S. Food and Drug Administration (FDA; Elliott
et al. 1992). This section will provide an overview of the methods described therein, with
supplementary information from other sources. The materials for the methods described
and their sources, as well as equipment and reagent formulae, are thoughtfully provided in
the BAM (Elliott et al. 1992).

Processing Water Samples for Isolation of Vibrios

Because V. cholerae are usually present in very low numbers in water samples, in contrast to
other members of the microbiota, they are difficult to culture. As a consequence, inability to
detect the organism does not guarantee that the aqueous environment is free of cholera or,
for that matter, other vibrios.

In an attempt to optimize the opportunity for growth, conditions are established to take
advantage of the rapid growing and multiplication time of the organism and its tolerance to
an elevated pH of 9. So the presumptive broth used for initial isolation is alkaline peptone
water, which provides an advantage to the vibrios.

Filtration

The following method is used in the author’s laboratory. Other methods are described in
“Standard Methods for the Examination of Water” (Anonymous 1989). Because of the low
numbers usually present in the water column, filtration using large volumes of a water sam-
ple (2.0–4.0 L) is passed through a 0.45-�M filter attached to a sterile 1.0-L bottle. The fil-
ter is then cut into small pieces using sterile scissors and placed in a 50-mL conical tube
containing 25 mL of alkaline peptone broth. The tube is vortexed vigorously for 2–3 min-
utes, and then the contents are deposited in 250 mL of sterile alkaline peptone broth con-
tained in a 500-mL Erlenmeyer flask. The suspension is incubated for 6–8 hours at
35°–37°C and processed as described later.

Quantification

In some instances it is desirable to enumerate the number of vibrios in the sample. Proce-
dures are described to examine the filtered sample using the “Most Probable Number”
(MPN) method for quantification. The procedure is statistically based, using a set of numer-
ical codes based on the number of positive tubes out of five tubes inoculated to estimate the
CFU per milliliter (Anonymous 1989).

Moore Swabs

Because of the difficulty in isolating vibrios, some investigators prefer to use the Moore
swab, which is simply a bundle of sterile gauze swabs attached to a wire or strong cord that
is lowered into a stream, river, sewer, and so forth. The swab is left in the sampling site for a
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prolonged period of time (at least 24 hours). The working principle here is that organisms
will attach to the cotton material, eventually concentrating the organisms from the environ-
ment. Although this is not a quantitative method, it has proven effective over the years
(Moore 1948).

Processing Food Samples for Isolation of Vibrios

Dice 25 g of a food sample and place it into 225 mL of alkaline peptone broth in a 500-mL
Stomacher bag or blender jar. Process and then transfer the blended contents to a sterile
500-mL Erlenmeyer flask. For samples suspected of containing large numbers of other
organisms, dilution (1:100 and 1:1,000) of the blended suspension is recommended.

Incubate the flask 6–8 hours at 45°–37°C except when processing oysters, which should
be incubated at 42°C (Elliott et al. 1992). After this presumptive incubation, plate inocula
from surface growth to a selective or selective/differential agar (e.g., thiosulfate-citrate-bile
salts-sucrose [TCBS] agar) for isolation. Continue incubation of the alkaline peptone broth
for 24 hours. Then once again inoculate selective/differential agar. On TCBS, colonies of V.
cholerae (EL Tor and Classical) appear large, smooth, yellow (sucrose�), and slightly flat-
tened with opaque centers and translucent peripheries. A sucrose-negative variant of V.
cholerae, V. mimicus, produces green colonies on TCBS.

Alternatively, mCPC agar can be used; it contains modified cellobiose, polymyxin B,
and colistin (see Table 21.3). The disadvantage of this medium is that polymyxin B inhibits
the growth of the Classical Biotype of V. cholerae. Another alternative agar is Monsur’s agar
consisting of tauro-cholate, tellurite and gelatin (Monsur 1961). This medium is not com-
mercially available but has the advantage that oxidase and agglutination tests can be per-
formed on colonies directly on the plate.

Identification of Genus

First, streak at least three suspect colonies onto two Trypticase soy agar (TSA) plates con-
taining 1% and 2% NaCl, respectively.

Second, perform an oxidase test on an 18–24-hour growth from TSA (not blood agar).
Soak a piece of filter paper with oxidase reagent. Using a platinum loop, remove growth
from the agar plate and apply it to the filter paper. A purple or blue color within 10 seconds,
eventually turning black, is an indication of a positive reaction. Please note that all members
of the genus Vibrio are oxidase positive except V. metschnikovii and V. gazogenes.

Third, subculture to triple sugar iron agar, Kligler iron agar, and arginine glucose slants
to enable partial differentiation from Aeromonas and Plesiomonas.

Finally, inoculate two tubes of either Hugh–Leifson glucose broth or oxidation fermen-
tation medium. These media should separate Vibrio and Pseudomonas. Vibrio can use glu-
cose oxidatively and fermentatively, whereas Pseudomonas is limited to oxidative use only.

Confirmation of Genus

The genus Vibrio is confirmed by the following reactions: oxidase-positive, Gram-negative
rods (straight or curved), sucrose positive (yellow) on TCBS agar, green (negative) for V.
mimicus, acid/acid in triple sugar iron agar slants, produces acid from glucose oxidatively
and fermentatively in oxidation fermentation glucose medium.
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Table 21.3 Biochemical reactions of V. cholerae in comparison to less frequently isolated Vibrio
spp.a

V. V. V. V. V. V. V.
alginolyticus anguillarum carchariae choleraeb cincinnatiensis damsela fluvialis

TCBS agar Y Y Y Y Y G Y
mCPC agar NG NG nd P nd NG NG
AGS medium KA nd nd Ka nd ng KK
NaCl:

O% �c � � �d � � �

3% � � � � � � �

6% � � � � � Ve �

8% � � � � � � V
10% � � � � � � �

Growth at 42°C � � nd � � � V
Acid produced from:

Sucrose � � � � � � �

D-Cellobiose � � � � � � �

Lactose � � � � � � �

Arabinose � V � � � � �

D-Mannose � � � � � � �

D-Mannitol � � � � � � �

Oxidase � � � � � � �

ONPG � � � � � � �

Voges-Proskauer � � � V � � �

Arginine � � � � � � �

dihydrolase
Lysine � � � � � V �

decarboxylase
Ornithine � � � � � � �

decarboxylase
Sensitivity to:

10 �g 0/129 Rf Sg R S R S R
150 �g 0/129 S S S S S S S

Gelatinase � � � � � � �

Urease � � � � � � �

(a) Adapted from Joseph et al. 1982 and Elliott et al. 1992.
(b) Includes both O1 and non-O1 serogroups.
(c) �, negative.
(d) �, positive.
(e) V, variable.
(f) R, resistant.
(g) S, susceptible.

Confirmation of Species

Pick individual colonies and inoculate onto TSA with no salt added and on one other TSA
plate emended with 3% NaCl. Vibrio cholerae and V. mimicus will grow on both types of
plates. Halophilic Vibrio spp. will grow only on the 3% NaCl–supplemented plate.

Then, inoculate the biochemical media listed in Table 21.4. For specific directions for
the biochemical tests, refer to the FDA BAM manual (Elliott et al. 1992). All of the media
should contain 2% NaCl in their formulations. If API strips (API 50 CH; bioMérieux, Inc.,
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Hazelwood, MD) are used, 0.85% NaCl is recommended as the diluent. See Table 21.4 for
typical characteristics of V. cholerae as compared with V. parahaemolyticus and V. vulnifi-
cus. Table 21.3 provides the distinguishing features to differentiate V. cholerae frequently
isolated vibrios. The minimal characteristics for identification of Vibrio cholerae are:

Table 21.4 Biochemical Characteristics for the Differentiation of the Most Frequently Isolated Vib-
rios.a,b

Vibrio choleraeb Vibrio parahaemolyticus Vibrio vulnificus

Triple sugar iron agar A (K rare)/A K/Ac A (K rare)/Ad

H2S production �e � �

Motility �f � �

Growth in:
0% NaCl � � �

3% NaCl � � �

6% NaCl � � �

8% NaCl � � �

10% NaCl � � �

Acid produced from:
Arabinose � � �

Cellobiose � Vg �

Glucose � � �

Lactose � � �

Mannose V � �

Sucrose � � �

Gas from glucose � � �

Decarboxylase:
Arginine � � �

Lysine � � �

Ornithine � (�)h (�)
Growth at 42°C � � �

Hugh-Leifson:
Oxidation � � �

Fermentation � � �

Gelatinase � � �

Indole � � �

ONPG � � �

Oxidase � � �

Susceptibility to O/129:
10 �g Si Rj S
50 �g S S S

Voges-Proskauer V � �

(a) Adapted from Stavric and Buchanan 1995.
(b) Includes both 01 and non-O1 serogroups.
(c) K, alkaline slant.
(d) A, acid butt.
(e) �, negative.
(f) �, positive.
(g) V, variable.
(h) (�), weak response.
(i) S, susceptible.
(j) R, resistant.



• Glucose fermentation, positive

• Cytochrome oxidase, positive

• Arginine dihydrolase, negative

• Lysine decarboxylase, positive

• Voges-Proskauer: El Tor biotype, positive

• Voges-Proskauer: Classical biotype, negative

• Growth at 42°C, positive

• Halophilism: 0%, positive

• Halophilism: 3%, positive

• Halophilism: 6%, negative

• Acid from arabinose, negative

• Acid from sucrose, positive

• 0129 susceptibility: 10 �g, susceptible

• 0129 susceptibility: 150 �g, susceptible

Differentiation of Biotypes of V. cholerae

The specific tests for differentiation of El Tor and the Classical biotypes are listed in Table
21.1. Methodologies for performing the tests are described in the FDA BAM manual
(Elliott et al. 1992).

CT Assay

There are at least two very reliable tissue culture methods for assaying CT: the Y-1 mouse
adrenal cell (Maneval et al. 1980) and the Chinese Hamster Ovary cell assay. If performed
carefully, they are very reproducible and accurate. Typically, CT causes a rounding and
enlargement of the cells after overnight incubation. Cytotoxicity causes obvious death,
lysis, or detachment of the cells.

Serological Agglutination Test

Use diagnostic antisera of Group O1 and subgroup Inaba (factors AC) and Ogawa (factors
AB) to serotype the O1 antigen and antisera or monoclonal antibodies to serogroup with the
O139 antigen.

Vibrio parahaemolyticus

Vibrio parahaemolyticus was first isolated, identified, and described as the cause of gas-
troenteritis in Japan in 1951 but at the time was placed in the genus Pasteurella, then in a
new genus Oceanomonas, and finally was designated as Vibrio by Sakazaki et al. (1963). In
1968, it was first isolated from the acquatic environment in the United States (Baross and
Liston 1968, Joseph et al. 1982). Vibrio parahaemolyticus is a halophilic, sucrose-negative,
Gram-negative rod found primarily in estuaries but that has been isolated in marine waters
as well (Baross and Liston 1968, Barrow and Miller 1972, Binta et al. 1982, Urdaci et al.
1988, Levine and Griffin 1993, DePaola et al. 2003). It has been reported nearly worldwide
from the environment and from human outbreaks and sporadic cases (Binta et al. 1982,
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Doyle 1990). In the United States, there were approximately 15 outbreaks involving shell-
fish in the early 1970s (Barker 1974). Although the numbers of V. parahaemolyticus in
fresh-caught seafood are quite low (�1 to 100 per gram), the numbers rise through delivery
to restaurants, markets, and finally, to the kitchen. Thus, their ability to multiply rapidly
under favorable circumstances enables them to establish infection. The infectious dose for
human hosts ranges from 105 to 107 CFU (Joseph et al. 1982).

In a large outbreak involving crabs in Maryland, investigation revealed that the crabs had
been recontaminated after steaming (Powell 1999). Improper cooking, under-refrigeration
and cross-contamination also account for food-related V. parahaemolyticus infections. In
Japan, infection is thought to arise primarily from consuming raw seafood, especially shira-
su. Although this disease continues to rank as the second largest cause of gastroenteritis in
Japan, it rarely causes outbreaks in the United States. However, isolated, sporadic cases
continue to be reported. The reduction of cases in the United States probably reflects the
successful consumer educational program on recontamination of seafood established by
the FDA.

Most cases of disease occur in the summer months, corresponding to the rise in numbers
in the aquatic environment; thus, in Japan the disease is commonly called “summer diar-
rhea” (Joseph et al. 1982). In tropical countries, such as Indonesia, the organism can be iso-
lated year-round from aquatic sources, and similarly, the prevalence of V. parahaemolyticus
in association with human diarrheal disease remains rather constant (Joseph 1973). Rather
interestingly, clinical isolates of V. parahaemolyticus demonstrate hemolysis on a blood
containing medium Wagatsuma agar (Kanagawa phenomenon), which is attributed to a
thermostable direct hemolysin (TDH). Strangely, the large majority of environmental iso-
lates, when tested for TDH, are phenotypically and genotypically negative for TDH. There
have also been reports of atypical urease-positive V. parahaemolyticus isolated from
patients (Abbott et al. 1989) and from the aquatic environment on the West Coast of the
United States (Kaysner et al. 1990). In Mobile Bay, Alabama, the majority of the strains iso-
lated were urease positive (DePaola et al. 2003). Similar urease-positive strains have also
been isolated in Japan, where the relative virulence to typical V. parahaemolyticus has not
yet been determined (Honda et al. 1992).

Isolation of Vibrio parahaemolyticus

The challenge of isolating V. parahaemolyticus in low numbers from aquatic areas and from
seafoods led investigators to devise many types of isolation media, striving for greater sen-
sitivity and selectivity. An excellent review of many of these media is provided by Twedt
(1989). The agar medium preferred by most laboratory scientists is TCBS agar combined
with pre-enrichment in either peptone salt, glucose-salt-Teepol or, salt polymyxin broth.

One of the preferred procedures for the isolation of V. parahaemolyticus from water and
seafoods is very similar to those described for V. cholerae above, with the following modifi-
cations (Elliott et al. 1992). Homogenize 50 g of seafood in 450 mL of 3% NaCl in phosphate
buffered saline, pH 7.2–7.5, in a sterile blender jar or Stomacher bag and then add the con-
tents to a 1.0-L Erlenmeyer flask and incubate at 35°–37°C. At this point, MPN quantifica-
tion can be performed on the blended suspension immediately after preparation and before
incubation. Inoculate either three or five tubes containing alkaline peptone salt media (1 mL
inoculum into 10 mL of broth). Then incubate 10–18 hours at 35°–37°C and observe for
growth. Streak each positive tube to TCBS agar for confirmation of V. parahaemolyticus.



282 Chapter 21

Otherwise, return to the original 1.0-L Erlenmeyer flask and inoculate TCBS agar for
isolation and incubate at 35°–37°C for 24 hours. Pick three colonies and streak for purity on
gelatin salt agar. Then perform biochemical and other tests as described for V. cholerae
above.

Identification of Vibrio parahaemolyticus

The following characteristics provide presumptive identification of V. parahaemolyticus:

• Morphology, Gram-negative, asporogenous

• Triple sugar iron, alkaline slant and acid butt (no gas production)

• Hugh-Leifson, oxidation and fermentation positive

• Cytochrome oxidase, positive

• Arginine dihydrolase, positive

• Lysine decarboxylase, positive

• Voges-Proskauer, negative

• Growth at 42°C, positive

• Halophilism: 0%, positive

• Halophilism: 3%, positive

• Halophilism: 6%, positive

• Halophilism: 8%, positive

• Halophilism: 10%, �

• Acid from arabinose, usually positive

• Acid from sucrose, negative

• 0129 susceptibility: 10 �g, resistant

• 0129 susceptibility: 150 �g, susceptible

Refer to Tables 21.3 and 21.4 for other tests to identify and confirm V. parahaemolyticus.

Subtyping of V. parahaemolyticus

Kanagawa Phenomenon

The Kanagawa reaction indicates the presence of TDH when V. parahaemolyticus is inocu-
lated onto Wagatsuma agar. Although the significance of TDH in clinical disease is still
questionable, a positive reaction caused by this toxin seems to correlate with pathogenicity.
A zone of Beta hemolysis around a colony is considered positive.

Serotyping

Serology typing kits for V. parahaemolyticus usually contain 50–100 combinations of
somatic (O) and capsular (K) antigen serotypes. The kits are expensive and usually are
not necessary for the routine diagnostic laboratory. If serotyping is requested, the isolates
should be forwarded to a reference laboratory either in the United States or Japan. For
epidemiological purposes, serotyping is desirable and can contribute to investigations of
outbreaks.



Are They Vibrios? How Do You Know? 283

Other Readings

Further information on V. parahaemolyticus can be obtained in general reviews (Joseph et
al. 1982, Morris and Black 1985, Doyle 1990) and in reviews of pathogenesis (Iida 1975,
Cabassi and Mori 1976, Craun 1977, Blake et al. 1980, Lima 2001), as well as in a review of
isolation and enumeration (Donovan and van Netten 1995).

Conclusions

Because of a continuing annual incidence of V. cholerae and V. parahaemolyticus in the
United States and even higher frequencies in many nations of the world, the ability to isolate
and identify these organisms is necessary. The migration of V. cholerae O1 into U.S. waters
as well as the continuing presence of non O1 strains and V. parahaemolyticus in estuarine
waters constitutes a threat to the health of target populations in nearby areas. With increas-
ing travel to epidemic and endemic areas and the import of foods from some of those areas,
food regulators and inspectors must be constantly vigilant.

Ongoing research will contribute to the efficiency of detection and identification by
enabling incorporation of more molecular methods such as DNA probes, polymerase chain
reaction, immunofluorescence microscopy, enzyme-linked immunosorbent assays, and
ribotyping (Wong 2003).
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Suresh D. Pillai

Introduction

The ability to detect microorganisms in foods is one of the cornerstones of food microbiolo-
gy, and of food safety in particular. The past century has seen significant strides in our abili-
ty to not only detect specific microorganisms but also accomplish this task in an efficient,
specific, and sensitive manner. It all started with the period when microbial identification
involved primarily microscopic methods. It evolved into the current technologies, which
not only identify the specific microorganisms but also provide a rather comprehensive
understanding of the genetic and metabolic characteristics of the organisms in question (Ye
et al. 2000, Endley et al. 2001, Wei et al. 2001, Bopp et al. 2003). These revolutionary
advancements have provided diagnostic tools for the research and food industry communi-
ties to obtain answers to very specific questions regarding microbial contamination scenar-
ios, and have afforded us a better understanding of the characteristics of the contaminant in
question.

This chapter provides an overview of contemporary issues that surround molecular
detection of microbial pathogens. Because nucleic acid–based methods (as a result of their
overall sensitivity and specificity compared to other methods) have been the target of exten-
sive investigations over the last number of years, they will form the basis of discussion in
this chapter. This chapter will also attempt to provide a “road map” for the development of
detection and characterization tools for the future. The suggested improvements are pre-
sented in the context of benchmarking specifications that are required to keep pace with the
evolution and re-emergence of microbial pathogens, the global distribution of foods, and
the global movement of people.

Background of Microbial Detection

When one attempts to chart the evolution of microbial detection technologies, whether it is
in food safety, clinical microbiology, or environmental microbiology, it is evident that
major improvements in techniques closely mirror the groundbreaking developments in the
basic disciplines of microbiology, molecular biology, and immunology. There are a number
of reasons for the quick adoption of new detection technologies. The primary reason is the
need to detect pathogens rapidly, sensitively, and specifically. The ability to rapidly detect
specific organisms is critically important in clinical medicine, food, and environmental
industries. A key driving force in the development of new-generation detection tools is the
extraordinary amount of genomic and proteomic information that is now available. We now
have a better understanding of the molecular pathogenesis of many enteric pathogens. Reg-
ulatory pressures on the food industry, such as the “zero tolerance” of Listeria monocyto-
genes and Escherichia coli O157:H7 in ready-to-eat meat products, for example, have
spurred or “forced” the food industry to adopt some of these technologies. In 1999, the U.S.
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food industry performed as many as 144.3 million microbiological tests (Strategic Consult-
ing 2000). Out of these, 26.3% (23.5 million) were pathogen-specific tests. This was a 23%
increase in microbiological tests over the 1998 estimates. The importance of regulatory
pressure in catalyzing the commercialization of molecular detection tools is evident when
one compares the availability of commercial kits for the food industry with those of the
drinking water industry. At present, the Association of Official Analytical Chemists
(AOAC)-certified DNA and polymerase chain reaction (PCR)-based kits to detect L. mono-
cytogenes and E. coli O157:H7 are available for the food industry (Table 22.1). This is in

Table 22.1 Association of Official Analytical Chemists–Approved pathogen detection kits.

Detection
Organism Commercial name technology Manufacturer

Escherichia coli BAX Polymerase chain Qualicon, Wilmington, Del.
O157:H7 reaction

E. coli O157:H7 TECRA Visual TECRA International, Pty
immunoassay Ltd, Australia

E. coli O157:H7 Detex System MC-18 Electro- Molecular Circuitry, Inc,
E. coli immunoassay Scranton, Penn.

E. coli O157:H7 EiaFoss E. coli Enzyme Foss Electric A/S, Denmark
immunoassay

E. coli O157:H7 PATHATRIX E. coli Magnetic- Matrix MicroScience, Ltd.,
O157 Test system immunoassay United Kingdom

Campylobacter spp. Detex System MC-18 Electro- Molecular Circuitry, Inc.,
Campylobacter immunoasssay Scranton, Penn.

Salmonella spp. GENE TRAK DNA hybridization Neogen, Lansing, Mich.
Salmonella spp. Reveal Enzyme-linked Neogen, Lansing, Mich.

immunosorbent
assay

Salmonella spp. Bioline Enzyme-linked Bioline ApS, Denmark
immunosorbent
assay

Salmonella spp. BAX Polymerase chain Qualicon, Wilmington, Del.
reaction

Salmonella Reveal Enzyme-linked Neogen, Lansing, Mich.
enteriditis immunosorbent

assay
Listeria spp. VIDAS Immunoassay bioMérieux, Inc.,

Hazelwood, MD
Listeria spp. GENE TRAK DLP DNA hybridization Neogen, Lansing, Mich.

assay
Listeria spp. PATHATRIX Immunoassay Matrix MicroScience, Ltd,

United Kingdom
Listeria spp. EiaFOSS Enzyme-linked Foss electric A/S, Denmark

immunosorbent
assay

Listeria spp. ListerTest Immuno-magnetic Vicam, Watertown, Mass.
assay

L. monocytogenes BAX Polymerase chain Qualicon, Wilmington, Del.
reaction

L. monocytogenes Automated BAX Polymerase chain Qualicon, Wilmington, Del.
reaction
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contrast to the complete absence of any validated molecular kit for any of the bacterial,
viral, or protozoan pathogens that are of concern to the drinking water industry. This is sur-
prising given that conventional foods are normally cooked or heated, compared with drink-
ing water, which (at least in the United States and in other developed countries) is “con-
sumed as is.” Because there are no current regulations requiring mandatory testing of
drinking water for specific pathogens, there is no financial incentive for diagnostic kit man-
ufacturers to invest resources developing kits for the drinking water industry.

Molecular Pathogen Detection

At present, the numbers of microbiological tests being performed in the U.S. food industry
and around the developed world are evenly divided between traditional tests (such as isola-
tion of selective/differential culture media) and rapid screening methods (Strategic Con-
sulting 2000). Pathogen detection methods for foods can be broadly divided into quantita-
tive and qualitative methods. Culture-based quantitative estimation of pathogens is still
limited for the most part to Most Probable Number (MPN)-based methods, as a majority of
pathogens such as Salmonella require an enrichment step before detection and enumera-
tion. A majority of the molecular detection methods, however, only provide qualitative
information about the presence or absence of specific pathogens. For example, the BAX-
PCR (Qualicon, Wilmington, Del.) assay requires overnight enrichment before PCR ampli-
fication of the targets. Studies have shown that molecular methods involving DNA:DNA
hybridization or PCR amplification are prone to interferences from background (sample)
matrix components (Pillai et al. 1991, Pillai et al. 1993, Kreader 1996, Wilson 1997, Peña et
al. 1999). These inhibitory substances, which in many instances have not been completely
identified, inhibit the enzymatic reactions to varying degrees. The current molecular meth-
ods (e.g., BAX-PCR, designed for pathogen detection in foods) include an enrichment step
that serves two purposes: first, it dilutes out the interfering substances in the food matrix,
and second, it provides some assurance that the DNA sequences that were being detected
were from viable cells. The inclusion of the enrichment steps, however, led to these assays
being only qualitative in nature.

Nucleic acid–based detection methods can be either amplification based or probe based.
The primary difference between these two categories of methods is whether or not the target
sequence is enzymatically amplified. A recurring theme, however, in some of the newer meth-
ods is the integration of both the amplification and probe technologies into the same method
(e.g., the TaqMan-PCR assay [Applied Biosystems, Foster City, Calif.] and Scorpion primer
technology [DXS Ltd., Manchester, United Kingdom]; Lakowicz 1999, Thelwell et al. 2000).

Conventional PCR technology has undergone numerous and significant improvements,
and detection kits based on PCR methods are now commercially available (Table 22.1). A
salient feature of these kits is their ease of use, as all the necessary reagents are often
lyophilized into a tablet form within the reaction tube. All that is now required is the addi-
tion of a known volume of an adequately enriched sample into the reaction tube and place-
ment in a temperature cycling instrument. Current versions of the assays and instrumenta-
tion include automated gel electrophoresis modules, which reduce the potential for human
errors and laboratory-based contamination issues. Self-contained portable PCR instru-
ments are also available for field use (Belgrader et al. 2001).

In addition to the PCR-based amplification protocols, there are amplification protocols
that do not involve the use of the proprietary Taq DNA polymerase technology. Kwoh et al.
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(1989) developed one of the first non-PCR amplification protocols, termed the transcrip-
tion-based amplification system. It involves the sequential use of reverse transcriptase (for-
mation of cDNA), followed by RNA polymerase, which catalyzes the synthesis of multiple
copies of the original RNA template. Further improvements in the transcription-based
amplification system protocol resulted in the development of the 3SR (self-sustaining
sequence replication) amplification technology (Guatelli et al. 1989). Because heat denatu-
ration is typically not involved in 3SR, this amplification can be conducted under isother-
mal conditions, thereby alleviating the need for specialized temperature cycling instru-
ments. However, these methods require extensive post-amplification steps, which can be
cumbersome and can potentially lead to contamination errors.

Quantitative (Real-Time [RT])-PCR

The need to detect single-base substitutions within discrete regions of genomes was one of
the factors that accelerated the development of quantitative PCR-based methods. Quantita-
tive PCR methods have a variety of terminologies, including TaqMan-PCR, fluorogenic 5�
nuclease assay, and “real-time” (RT)-PCR. The primary difference between the quantitative
technique and the conventional PCR method is that specifically labeled oligonucleotide
probes along with conventional primers are used in the process. More important, the PCR
product formation is detected during the course of the reaction, in contrast to the conven-
tional assay. Thus, in this method the PCR product is detected in real time, as opposed to
“end-point” detection in the conventional PCR assay. Because the fluorescence measure-
ments take place during the exponential or logarithmic phase of the amplification, it is pos-
sible to quantify (in a relative sense) the formation of a specific PCR product. Appropriate
standard curves need to be prepared using the sample matrix and to run alongside the exper-
imental samples for absolute quantification. The primers and the TaqMan probes confer
additional specificity as compared to the conventional PCR assay. Because the assay relies
on real-time detection of product formation and it involves the detection of fluorescence,
this assay is more sensitive than the conventional end-point assay. More important, as this
assay does not involve any post-PCR handling, there is reduced potential for PCR contami-
nation. Some of the instrumentation available for RT-PCR analyses permits analysis of up
to 384 samples, thereby significantly enhancing the throughput. Even though the assay cur-
rently requires relatively expensive instrumentation, there is a fairly large selection of RT-
PCR–related instruments to suit different budgets and needs. In addition to improvements
in instrumentation, enhancements and modifications of the basic technology, using the spe-
cialized primers Amplifluor (Gaithersburg, Md.), Scorpion, and LUX (Invitrogen, Carls-
bad, Calif.) fluorogenic primers, has also occurred (Thelwell et al. 2000, Nazarenko et al.
2002). These specialized primers and probes are significantly more expensive than conven-
tional PCR reagents. However, prices have significantly dropped over the last couple of
years partly because of increased demand. None of the RT-PCR methods has been AOAC
approved for detecting pathogens in foods.

DNA Microarrays

There has been considerable progress in the use of DNA microarrays as detection tools
(Gilles et al. 1999, Wei et al. 2001, Cho and Tiedje 2002). There are two basic types of
microarrays: those that are prepared by spotting DNA probes on glass or membranes, and
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those that have oligonucleotides synthesized in situ on DNA chips. A majority of the current
microarray-based studies are aimed at understanding the global gene expression patterns of
microbial genes. These so-called gene expression assays rely on the immobilization of
DNA probes that would be complimentary to the mRNA targets of interest. The hybridiza-
tion patterns or signals of the different target genes thereby provide information on the dif-
ferent gene expression patterns. The primary advantage of microarrays is that thousands of
specific sequences can be simultaneously screened. Though the underlying principle is
based on Watson–Crick base-pairing rules, thousands of specific DNA sequences can be
immobilized or synthesized on extremely small platforms. This provides a significant
breakthrough in the number of samples that can be analyzed and the number of target
regions that can be screened in the different samples. Hybridization patterns obtained after
presenting the microarray to a sample are detected and analyzed using advanced bioinfor-
matics tools. Issues such as use of appropriate experimental controls, normalization
approaches, and independent verification of microarray data using alternate approaches are
extremely critical (Bowtell and Sambrook 2003). As expected, microarray approaches for
interpreting microarray data are current areas of intense research. There are a number of
published studies documenting the use of microarrays for pathogen detection, pathogen
characterization, and microbial pathogen gene expression patterns (Chizhikov et al. 2001,
Call et al. 2003, Stintzi 2003).

Critical Issues Surrounding Molecular Methods for 
Food Safety Applications

Sample Volumes

At present, pathogens in foods are primarily detected by conventional culture-based meth-
ods. The reliance on culture-based methods results from a variety of factors including cur-
rent mandatory federal and state regulations (which require use of culture-based methods)
as well as the level of acceptance of molecular methods by the industry. The generalized
protocol for the initial steps in processing food samples is that a defined amount of sample is
homogenized in a suitable buffer and that an aliquot of the homogenized sample is enriched
using specialized selective media. A sub-sample of the enriched culture is then plated for
isolation and detection of the pathogen or pathogens of interest. Serology procedures are
often used to confirm the identity of the isolated organisms. The basic concept of homoge-
nizing or “stomaching” a large portion of the sample is advantageous because it increases
the likelihood of detecting pathogens that may be at low concentrations or irregularly dis-
tributed on the sample. The use of large sample volumes for the initial homogenization also
increases the likelihood that larger amounts of the potential inhibitory compounds will get
co-purified with the target organisms. These inhibitory components can exert variable
effects on the enzymatic reactions. Thus, using reduced volumes of the original
homogenate for plating or molecular analysis can be counterproductive. This is primarily
because the detection sensitivity of the overall assay is proportionally reduced. For exam-
ple, let us assume that 100 gm of a meat sample contains 10 target organisms. If this sample
were homogenized in 200 mL of buffer, the buffer will theoretically contain only 0.05
organisms per 1 mL. This will result in “non-detects” because the assays employed �20 mL
of the original sample. In other words, only assays (molecular or conventional) that employ
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20 mL or more will be capable of detecting the contaminants. To avoid significant confu-
sion regarding the sensitivity thresholds, the detection sensitivity of the assay and the over-
all sensitivity of the method have to be clearly specified and understood. Very often the sen-
sitivity threshold of an assay is erroneously calibrated by determining the lowest number of
organisms that can be detected in the sample that is analyzed. The ultimate detection sensi-
tivity of an assay should be based on the minimum number of organisms that need to be pre-
sent on the sample before sample processing.

The issue of detection sensitivity is of significant importance in comparing detection
assays as well as in identifying the true applicability of an assay for monitoring food safety.
A closely related issue is the volume of sample that is assayed by a particular method.

As illustrated in the above example, only assays that use 20 mL of the homogenized sam-
ple would be capable of detecting the contamination. Assays that use only 1 mL or 10 mL
have inadequate sensitivity and could often result in misleading “non-detects.” This raises
serious questions about the validity and reliability of using methods such as the 3M Petri-
Film (3M Corp., St. Paul, Minn.) which uses only 1 mL of the sample to detect contamina-
tion indicators. These methods can thus only perform if there are significant levels of a con-
taminant in a sample or if multiple 1-mL aliquots of the same sample are analyzed. As
would be expected, current protocols for use with molecular methods are significantly ham-
pered by this sample volume limitation. This is because most of the molecular assays such
as PCR and RT-PCR assays use sample volumes ranging between 2 and 10 �L/assay. As
seen from the example below, microarrays and other technologies such as biosensors that
are thought to be breakthrough technologies for detecting pathogens are at present signifi-
cantly limited because of their “maximum sample volume” limitations. Assume a virulence
gene expression (microarray-based) biosensor (which employs 50 �L sample volume for
analysis) has been developed that can detect one cell of the specific pathogen. If this biosen-
sor is to be used to detect that specific pathogen in 500 gallons of processed orange juice, it
requires that either the 500 gallons be concentrated down to 50 �L or that the 500 gallons
volume contain a total of 3.6 � 107 cells of the pathogen. Only under these circumstances
would the biosensor detect the organism (if the 50-�L aliquot of the sample is used for the
biosensor analysis). Pathogen concentrations below this threshold would be below the
detection sensitivity of the biosensor and result in a false-negative result. Thus, for biosen-
sors or microarrays or any other molecular methods to be of any practical value, the sample
has to be adequately concentrated so that the contaminants in the concentrated samples are
within the sensitivity thresholds of the assay. At present, rapid molecular methods are avail-
able for pathogens such as Salmonella and Listeria spp. The diagnostic kits will perform,
provided a suitable sample is available. The Achilles heel of this system, however, is the
inability to obtain suitable samples for analysis. The current lack of effective microbial cap-
ture and concentration methods to recover low numbers of potential targets from food and
water samples into a suitable sample for analysis is a key hurdle.

Sample Concentration and Purification

Pathogen capture and concentration protocols can also present challenges for molecular
assays. A number of studies have shown that when food samples are homogenized and con-
centrated, components that are inhibitory to molecular assays are also co-purified. These
need to be removed to prevent false-negative results. Commercial products such as the Soil-
DNA kit (MoBio, Solano, Calif.) and the PrepMan (Applied Biosystems, Foster City,
Calif.) are available for cleaning or purifying samples. These kits are effective at reducing
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or removing inhibitory components (Roe 2002). It is important to note that whenever such
sample purification kits are employed there is a very high likelihood for potential target
nucleic acids also to be reduced. This is not of a particular concern in clinical samples that
contain a large number of potential targets. However, it can be a significant problem when
working with food and environmental samples (Pillai et al. 1991, Pillai and Ricke 1995).
Given the variety in terms of food samples and the variability in pathogen numbers on the
different types of food and food ingredients, additional research in sample processing is
needed. The possible research areas include efficient sample capture and concentration
methods and efficient sample purification methods. The ability to capture multiple target
organisms without concentrating potential inhibitory components is a key benchmark of
technologies for the future.

Regulatory Acceptance of Molecular Methods

Molecular methods, such as direct PCR assays, have often been cited as not being relevant
for food safety applications because they do not provide any indication of whether the
pathogen is viable or not. There is validity to both sides of the argument as to whether or not
direct molecular methods are reliable indicators of the presence of viable, infectious organ-
isms. Current AOAC-approved PCR-based methods such as BAX-PCR assays solve the
issue of viability by incorporating an enrichment step before gene amplification. The AOAC
Research Institute has certified more than 40 commercial pathogen and toxin test kits since
1991, when the Performance-Tested Methods Program was created (Vasavada 2001). The
Performance-Tested Methods Program was initiated to provide an independent third-party
verification of a detection kit’s capabilities (AOAC 2003). Table 22.1 is a partial listing of the
commercial kits that have been through the AOAC Performance Testing Program.

The applicability of a particular molecular method for detecting pathogens in food sam-
ples, however, also depends on the question being asked. If the question is whether or not
the sample harbored specific pathogens (irrespective of their current viability) at some
point in time, then it is difficult to argue against the use of molecular methods. Even though
positive PCR results signify the presence of a specific microbial contamination, this does
not, however, indicate any particular measure of health risks. Conversely, negative PCR
results do not prove that there is a lack of contamination, nor do they provide any indication
of the health risks. A negative result is very difficult to interpret without a clear delineation
of the detection sensitivity of the assay (Loge et al. 2002). Detection limit is, in turn, influ-
enced by factors such as the efficiency of target recovery, the presence of inhibitory com-
pounds, and the volume of sample that is analyzed.

Loge et al. (2002) have recently proposed a risk-based framework for providing biologi-
cal relevance to PCR assays. The framework not only provides a means of assessing the
health risks associated with PCR results but also provides a tool to identify the effects of
future improvements in PCR-based assays. The framework is based on a method for quanti-
fying the detection limits of any PCR-based assay. The detection limit can be quantified
using the following relationship:

Detection limit 
 �

Where R 
 1/Re (unit less), Re 
 recovery of organisms from the sample, I 
 inverse of the
dilution factor necessary to remove compounds that inhibit PCR (unit less), Vf 
 volume of

S
%Vp

RI
Vf
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sample, S 
 sensitivity of the PCR-assay (colony-forming units) and %Vp 
 fraction of the
concentrated sample analyzed by PCR.

For pathogens currently in the zero-tolerance status such as E. coli O157:H7 and 
L. monocytogenes, the use of direct PCR results to institute effective disinfection programs
or voluntary recalls can be justified. Given the number of unknowns surrounding pathogen
distribution on and within food samples, food sampling, and sample processing, it is risky to
assume that PCR results are of insignificant value because positive results can originate
from non-viable cells. Opponents of molecular methods often use the argument that there is
a lack of significant correlation between the results of the molecular assays and the conven-
tional assay when samples are analyzed. This lack of correlation is not surprising, as the
assay results depend on the sample volumes being employed, the distribution of organisms
within the original sample (thereby dictating the presence or absence of the organisms in the
sample aliquots), and the detection sensitivity of the different assays. This lack of correla-
tion is also observed when the presence or absence of indicator organisms is compared.
When Endley et al. (2003) compared the presence of E. coli and male-specific coliphage as
indicators of fecal contamination, there were differences in the occurrence level (Table
22.2). These differences could be attributed to the differences in the persistence patterns of
the different fecal organisms and pathogens. These results suggest that relying only on a
single indicator organism can significantly underestimate the actual presence of fecal con-
tamination. There is a need to be able to detect specific pathogens because quantitative risk
estimations are based on pathogen concentrations and not indicator organism levels. These
results also highlight the point that no one method or approach is better than the other.
Rather, it illustrates the complexities of how the distribution, number, and attachment of
organisms within the original sample can influence different assay results. Thus, it would be
erroneous to explain increased detection of target organisms by molecular methods to be a
result of only naked nucleic acids or non-viable cells. A significant number of unknowns, in
terms of the nonviability of infectious organisms in food samples and the factors that con-
trol the potential for these organisms to cause infection in humans, still exists.

Table 22.2 Occurrence of male-specific coliphage in relation to a bacterial indicator and a bacteri-
al pathogen (modified from Endley et al. 2003).

Positive samplesa,b

Total
positive

Organism Field Truck Processing shed samplesc

MS2 coliphage F25d T3,T4,T5, T6 P5, P8, P12–P14, 19 of 75
4% (1 of 25) 16% (4 of 25) P17–P25

56% (14 of 25)
Escherichia coli None T9, T21, T22, T24 P8, P18 6 of 75

0% 16% (4 of 25) 8% (2 of 25)
Salmonella F16 T17, T18 None 3 of 75

4% (1 of 25) 8% (2 of 25) 0%

(a) Detection limit 
 10 organisms per carrot sample.
(b) n 
 25.
(c) n 
 75.
(d) Refers to sample ID.
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Risk Assessment and Molecular Methods

From a regulatory standpoint, there is a growing demand that molecular methods be given
serious consideration. This is partly because U.S. regulatory agencies are attempting to
base all regulatory decisions on a risk-based framework. For some human viral pathogens
such as Noroviruses (Norwalk-like viruses), which are responsible for over 66% of all food-
borne human illnesses, culture-based methods are currently unavailable (Mead et al. 1999).
Given the public health risk importance of some specific pathogens such as Noroviruses,
(which are currently unculturable) in terms of foodborne illnesses, it would not be surpris-
ing that regulatory agencies accept the use of molecular methods for such pathogens in the
near future. The U.S. Environmental Protection Agency has already started exploring the
feasibility of adopting molecular methods for the detection of viruses in drinking water
(U.S. Environmental Protection Agency 2003). Regulatory approval of molecular methods
imply that strict QA/QC (quality assurance/quality control) controls have to be developed
for the various techniques, as well as for the calibration of method performance and inter-
laboratory validation. At present, for PCR-based methods the QA/QC procedures include
the integration of internal spiked sample controls and the sequencing of PCR products.

A number of studies have shown that changing demographics, inherent changes in the
pathogens themselves, and changes in food preparation, distribution, and consumption
have the potential to adversely affect human health (Smith and Fratamico 1995, Alterkruse
et al. 1997). Quantitative risk assessment, which ultimately will help in reducing these
risks, is a possible framework for designing programs to reduce foodborne diseases (Lam-
merding and Paoli 1997). Hazard identification and exposure assessment are key compo-
nents of quantitative microbial risk assessment. Molecular methods can be used in both haz-
ard identification and exposure assessment.

Molecular methods will find increasing applications in risk assessment in the future.
Regulatory agencies such as the U.S. Department of Agriculture and Food and Drug
Administration will have to deal with the issue of emerging and re-emerging infectious
organisms and agents such as Cyclospora, enteric viruses, and prions in foods. These agen-
cies have the responsibility to identify the critical contaminants and adequately assess the
potential risks involved. Regulatory agencies will have to ultimately prioritize these infec-
tious organisms for regulatory purposes. At present, there is a tendency toward the estab-
lishment of a zero-tolerance goal for certain microbial contaminants. Indicator organisms
such as E. coli are also used to show the possible presence of fecal contamination, thereby
indirectly indicating the possible presence of pathogens. However, a number of studies have
shown that using indicator organisms can be fraught with limitations because fecal col-
iforms and E. coli do not exhibit the same resistance to disinfectants and decontamination
approaches as do protozoa and viruses.

Identifying the virulence function activity relationships (VFAR) of foodborne
pathogens is possible with molecular methods. The National Research Council (NRC) in
their study on drinking water contaminants has proposed the use of VFAR as a method to
predict the ultimate virulence of microbial contaminants (NRC 2001). The concept of using
a multitude of characteristics (to prioritize the contaminants in terms of virulence) rather
than relying on a few characteristics has significant advantages. Because the ultimate viru-
lence of a pathogen depends not only on the organism’s virulence attributes but also on the
host susceptibility, making use of multiple “descriptors” provides a science-based risk cate-
gorization process. The concept of using VFAR in the hypothetical relationship between the
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Figure 22.1 The virulence function activity relationship between pathogen “descriptors” and
“outcomes” adapted from National Research Council (2001).

“descriptors” and “outcomes” is shown in Figure 22.1. The NRC has recommended that the
process of identifying the critical contaminants (microbial and chemical) follow a stepwise
process. The NRC recommends that the process of selecting the critical contaminant list
from a preliminary critical contaminant list be based on neural network analysis of all avail-
able genomic, proteomic, and epidemiological databases. Current culture-based methods
are seriously limited in their ability to provide the type of information needed for such an
endeavor. Molecular methods for the detection and genetic/molecular characterization can
be expected to fill this niche.

Current molecular methods, such as probe technology and gene amplifications, will get
integrated into biosensor technologies in the future. A significant amount of research is cur-
rently underway in the use of gold nanoparticle probes, nanopores, signaling aptamers, and
signaling DNA enzymes such as catalytic DNAs for chip-based biosensors (Authier et al.
2001, Howorka et al. 2001, Rajendran and Ellington 2002). Pathogen detection based on
flow cytometry, evanescent wave technology, matrix-assisted laser desorption/ionization-
time of flight mass spectrometry, immuno-magnetics, and neural networks have been pub-
lished (Hutchinson 1995, Bernardo et al. 2002, Widmer et al. 2002, Chandler and Jarrell
2003, Liu et al. 2003). Biosensors and microarrays will find increasing applications in iden-
tifying the presence of specific pathogens and specific cellular components such as cell sur-
face receptors, ribosomal RNA molecules, and DNA molecules (Bavykin et al. 2001, Call et
al. 2001, Chandler and Jarrell 2003). Biosensors will be used in the future for either real-
time detection of specific organisms or confirmatory purposes. A number of potential tar-
gets for biosensors have been identified. These include cell surface proteins such as porins
or siderophore molecules (of which there are approximately 200,000 copies per cell), cell-
surface polysaccharides such as lipopolysaccharides (approximately 2,000,000 copies per
cell), ribosomal proteins and RNA in rapidly dividing cells (20,000 copies per cell), non-
ribosomal RNA molecules (100–1,000 molecules per cell), and non-ribosomal proteins
(3,000 molecules per cell). These rather spectacular developments have occurred at the
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interfacial fields of traditional scientific disciplines such as microbiology, biochemistry,
and electrical engineering. These technologies have provided a plethora of choices for
detecting and characterizing pathogens. It must be emphasized that many of the recent
developments in detection technologies have been spurred on by the recent interest in pro-
tecting against deliberate pathogen contamination.

Personnel and Laboratory Infrastructure Needs for 
Molecular Methods

There is no doubt that many of the current molecular methods of pathogen detection have
significant advantages over conventional microbiology methods. However, the reality is
that over 90% of the current microbiology tests used in the food industry still rely on con-
ventional agar plating techniques. Some of the concerns that the food industry has about
accepting emerging molecular methods are the cost, the regulatory acceptance of the new
methods, the level of technical expertise (required to perform the tests and interpret the test
results), and the laboratory infrastructure required. Laboratory-based contamination very
often can invalidate PCR results (Baselski 1996). Accidental human-induced cross contam-
ination of reagents and samples is still a very serious problem facing many laboratories that
employ molecular methods, especially PCR-based methods. Specific laboratory personnel
training and the sample flow-through patterns in the laboratory, as well as the actual physi-
cal layout of the laboratory, can be instrumental in reducing the potential for cross contami-
nation. As the detection methods become more specialized and sophisticated, the equip-
ment needs and the expertise levels of a molecular/microbiology QA/QC laboratory will
undoubtedly increase. Molecular methods will not totally replace conventional microbiolo-
gy methods. Although molecular methods will allow for faster, sensitive, and more in-depth
detection and characterization capabilities, they will carry with them an increased need for
internal quality control and personnel who are adequately trained to ensure accuracy and
proper interpretation of their results. In the final analysis, however, regulatory and liability
pressures will ultimately dictate whether or not, and to what extent, the food industry will
adopt molecular methods.

Conclusion: Strategies for the Future

With the global adoption of HACCP principles, the number of end-product tests that a typi-
cal food microbiology laboratory conducts will generally decrease. However, issues such as
globalization of the food supplies, alternative processing technologies, increase in organic
food consumption, increase in at-risk subpopulations, re-emerging pathogens, pathogen
evolution, and an increase in consumer awareness dictate that specific pathogen tests will
continue or even increase in the future. Under these scenarios, it is critical that rapid
pathogen detection and characterization tools should not be allowed to languish in research
laboratories. Rather, there should be a concerted effort to validate the performance charac-
teristics of these assays in multi-laboratory round-robin trials (Pillai and Ricke 1995).
There should be a close interaction between the food industry and the research communities
to ensure that the molecular methods are rigorously field tested. The commercial food
industry can play a significant role by providing naturally contaminated samples for assay



300 Chapter 22

development. This will overcome the need to rely on artificially spiked samples, which are
very often used by the research community. Artificially spiked samples cannot accurately
simulate naturally contaminated samples in terms of the distribution and the attachment of
the contaminants within the food matrix. To cater to the industry needs for trained person-
nel, there is a need for appropriate college-level courses and training programs that provide
hands-on experience in molecular methods. This is imperative so that the next generation of
microbiologists and food scientists is adequately trained and comfortable in working with
these technologies and interpreting the results of these molecular assays.
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23 Methods for Differentiation among
Bacterial Foodborne Pathogens

Steven L. Foley and Robert D. Walker

Introduction

Knowledge of how bacterial foodborne pathogens disseminate through the food chain is
important in understanding how food animals and food processing procedures contribute to
foodborne illness. To track these pathogens through the food production environment, it is
necessary to identify and determine their source and spread at the different stages of food
production and processing. The ability to characterize the relatedness of strains and to
determine the primary sources of contamination provides valuable insights into the epi-
demiology and natural history of foodborne pathogens and provides important tools to
improve public health.

There are many ways in which specific foodborne pathogens can be differentiated with-
in a given species of bacteria. This chapter will explore the various phenotypic and genotyp-
ic typing methods that are used to differentiate bacterial pathogens. To evaluate the use of
particular typing methods, three key factors must be considered. These include discrimina-
tory power, type-ability, and reproducibility. Discrimination is the ability of a technique to
separate between non-related strains. Type-ability refers to the capacity of the technique to
generate an interpretable result for each strain typed. Reproducibility is the ability of the
typing technique to return the same result each time the process is repeated (Busch and
Nitschko 1999). In addition, issues such as the cost of the typing method, the ease of use and
interpretation, and the time required to return a result are important considerations when
examining the various typing methods.

Phenotypic Methods

Historically, identification and classification of bacterial pathogens have been based on
phenotypic features of the organism. Phenotypic characteristics include biochemical pro-
files based on the bacterium’s metabolic activity, serotyping, phage typing, antimicrobial
susceptibility profile, and multilocus enzyme electrophoresis. These phenotypic typing
techniques are based on the expression products of particular genes that may be present in
the different strains of bacteria. In contrast, genotypic techniques exploit differences in the
nucleotide sequence of the genome to type bacteria and are largely independent of gene
expression (Arbeit 1995). Phenotypic techniques have been in use for decades and are
widely used as methods to speciate specific bacterial isolates.

Serotyping

One of the most common ways to differentiate pathogens such as Salmonella and
Escherichia coli isolates is by serotyping. For example, there are over 2,400 identified
serotypes of Salmonella. Historically, serotyping was used to divide the Salmonellae into
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distinct species, with one species per serotype. However, with recent advances in molecular
microbiology, some microbiologists believe that the genus Salmonella is now divided into
only two species, S. enterica and S. bongor (Brenner et al. 2000). Even with the species
changes, the serotype name remains the main descriptor of the Salmonella isolate. For
example, in reporting cases of Salmonella infections in the United States, the Centers of
Disease Control (CDC) separates out isolates based on their serotypes; for example, Salmo-
nella Typhimurium (CDC 2000). Serotyping uses differences in the somatic (O) and flagel-
lar (H) surface antigens to separate strains into distinct serotypes (Voogt et al. 2002). For
serotyping, the suspension of bacteria is mixed and incubated with a panel of antisera spe-
cific for a variety of O and H epitopes. Specific agglutination profiles are used to determine
the serotype of the isolate being tested. Serotyping is also common in a number of other bac-
terial genera including Campylobacter and E. coli (Frost et al. 1999). For example, E. coli
O157:H7 is defined by its agglutination profiles: O157 and H7.

Antimicrobial Susceptibility Testing

Another phenotypic technique that is used to characterize foodborne pathogens is antimi-
crobial susceptibility testing and the generation of antimicrobial resistance profiles. To
ensure that the results are properly interpreted and are reproducible, antimicrobial suscepti-
bility testing must be carried out using standardized testing methods such as those
described by the National Committee of Clinical Laboratory Standards (NCCLS), includ-
ing the appropriate use of quality control organisms (National Committee of Clinical Labo-
ratory Standards 2002). When properly performed, the results from antimicrobial suscepti-
bility testing can provide insight as to the relatedness of bacteria associated with an
infectious disease outbreak. In addition, because there are different antimicrobial use pat-
terns in certain production environments, geographic locations, and healthcare settings, the
occurrence of resistance to certain antimicrobials may provide insight as to the animal
source of particular bacterial pathogens. However, antimicrobial resistance profiles alone
do not typically provide adequate discrimination for use as a single typing method. Isolates
with different serotypes and from different sources may share common resistance profiles
(White et al. 2001). Therefore, the use of antibiotic susceptibility profiles to characterize
strains of bacteria is important for use in clinical settings for choosing the appropriate ther-
apy and for tracking large-scale trends in antimicrobial resistance. However, an antibiotic-
resistance profile is often not sufficiently discriminatory to be used as a stand-alone method
to determine the relatedness of isolates.

Phage Typing

Phage typing is an additional phenotypic method that is often used to discriminate between
closely related bacterial isolates. This technique, which uses the selective ability of lytic
bacteriophage to infect certain strains of bacteria, has been in use for many decades
(Schmieger 1999; see Chapters 8 and 27). The ability of bacteriophage to infect bacteria is
the result of the molecular characteristics of the phage and phage receptor present on the
surface of the bacteria (Snyder and Champness 1997). If the appropriate phage receptor is
present, the phage will infect the bacterium and lyse the cell. Lysis is observed as a plaque
on a lawn of bacteria growing on an agar plate. The particular phage type that is assigned to
the specific strain of bacteria is dependent on whether or not specific typing phage are able
to lyse the cells and form plaques in the bacterial lawns (Hickman-Brenner et al. 1991).
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Phage typing schemes are available for a number of different foodborne pathogens
including Salmonella, E. coli, and Campylobacter (Barrett et al. 1994, Frost et al. 1999,
Humphrey 2001). Phage typing has been shown to be useful in the description of pandemic
clones of Salmonella, such as S. enterica serovar Typhimurium definitive type 104
(DT104), which causes severe gastrointestinal illness and is typically resistant to multiple
antibiotics (Humphrey 2001). In addition, phage typing has been used to differentiate 
E. coli O157:H7 isolates associated with a disease outbreak from non-outbreak strains
(Barrett et al. 1994). A major drawback of phage typing is that the limited number of avail-
able phage means that many strains are untypeable. This limits the technique’s capacity to
distinguish among the strains (Amavisit et al. 2001). In addition, phage typing is technical-
ly demanding and requires the maintenance of multiple biologically active phage stocks.
Therefore, phage typing is typically performed by reference labs with well-maintained
phage stocks and specially trained personnel (Arbeit 1995).

Multilocus Enzyme Electrophoresis

Multilocus enzyme electrophoresis (MLEE) is a phenotyping technique that produces a
characteristic electrophoretic profile based on variations in conserved cellular enzymes.
The genes that encode many of these enzymes are housekeeping genes and are therefore,
highly conserved within a genus. Differences in enzyme mobility are the result of variations
in amino acid sequences leading to a change in the protein’s net electrostatic charge and
migration in an electric field. Therefore, MLEE provides a means to detect genetic differ-
ences in the genes encoding the enzymes. The water-soluble enzymes are separated on
starch or cellulose acetate gels and visualized by the use of enzyme-specific stains, and then
their gel migration patterns are compared (Selander et al. 1986). Variation in the migration
patterns of multiple enzymes creates a unique profile for distinct strains that is referred to as
an electrophoretic type. By comparing the electrophoretic type profile of different strains,
statistical inferences can be made about their genetic relatedness.

Because the technique examines conserved gene products, MLEE is most often used for
evolutionary rather than epidemiologic studies. Results obtained for bacterial typing with
MLEE have demonstrated that the technique worked well to determine the relatedness of
bacterial isolates (Boyd et al. 1996, Cox et al. 1996, Gordon and Lee 1999). MLEE has been
used to distinguish among enteric bacteria from distinct geographic locations and, in some
cases, to determine the host species in which the bacteria originated (Gordon and Lee
1999). Although MLEE has gained acceptance as a subtyping method for bacteria in gener-
al (Boyd et al. 1996, Cox et al. 1996), it is being replaced by multilocus sequence typing
(MLST), a molecular typing method based on similar principles that uses DNA sequencing,
making it less time consuming, more reproducible, and more portable.

Genotypic Methods

Restriction-Based Methods

Plasmid Typing

Plasmids are one of the means by which bacteria may readily share genetic material. The
ease with which plasmids may be transferred from one bacterium to another makes them
important elements in bacteriology and in human health (Summers 1996). Plasmids typi-
cally contain nonessential genes that impart some selective advantage to the host, such as
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virulence or antimicrobial resistance (Johnson et al. 2002, Tenover 2001). Thus, examining
bacteria for the presence of plasmids, including the number and size of the plasmids, may be
a means of detecting differences in strains of foodborne pathogens and also may provide
insight into the source of the pathogens. To perform plasmid typing, plasmid DNA is isolat-
ed using a procedure that restricts the isolation of chromosomal DNA. The plasmid DNA is
then separated using agarose gel electrophoresis, the gel is stained, and the profile is
viewed. The number and size of the plasmids present provide a plasmid-typing profile to the
strains (Nauerby et al. 2000).

Alternatively, isolated plasmid DNA can be cut with restriction enzymes to create
restriction-fragment profiles that can be compared with one another to differentiate the iso-
lates (Nauerby et al. 2000). This restriction analysis mitigates one of the major drawbacks
of using plasmids for typing bacteria. The topography of a plasmid affects its electrophoret-
ic mobility. If a plasmid is nicked or unwound, its electrophoretic migration is altered, pos-
sibly resulting in multiple bands for the same plasmid, thus confounding the analysis (Sum-
mers 1996). Other problems in using plasmid profiling as a typing method are that some
strains lack plasmids and that plasmids can be mobile elements (Kumao et al. 2002). The
gain or loss of plasmids can lead to problems trying to determine the relatedness of food-
borne bacterial isolates. The plasmid content of a given strain is subject to changing envi-
ronmental selective pressures as the pathogens spread from their original host to cause
human disease.

Pulsed-Field Gel Electrophoresis (PFGE)

Electrophoresis to separate DNA fragments by size is a common technique in molecular
biology and is commonly used as a means to assess strain relatedness in bacteria. Typing by
standard electrophoresis using agarose or acrylamide gels is limited in that the largest frag-
ment size that can be efficiently separated using these matrices is approximately 50 kb. In
PFGE, fragments are separated in alternating electric fields. This approach can resolve
DNA fragments up to 800 kb in size (Schwartz and Cantor 1984). When used in conjunction
with rare-cutting restriction enzymes, PFGE profiles provide a DNA “fingerprint” that pro-
vides a more complete assessment of the entire bacterial genome. PFGE is considered by
many to be the gold standard molecular typing method for bacteria (Olive and Bean 1999).
It is used by public health monitoring systems such as the U.S. CDC and Prevention’s
PulseNet, a program to track the spread of foodborne pathogens and assist in determining
sources of foodborne disease outbreaks (Swaminathan et al. 2001).

To perform PFGE, an optimal number of cells are embedded in an agarose matrix. The
agarose plugs are treated with detergents or enzymes, such as sarcosine and proteinase K, to
lyse the embedded cells and release the DNA. The plug is washed thoroughly to remove cel-
lular debris and treated with a rare-cutting restriction enzyme (see Table 23.1). Following
restriction enzyme treatment, the plugs are inserted into the wells of an agarose gel and the
DNA separated under conditions of switching polarity. Following electrophoresis, the pat-
tern of DNA separation is visualized by staining the gel with a fluorescent dye (Gautom
1997). The gel banding pattern from one isolate can be compared with those of other iso-
lates, and information about the relatedness of the strains can be resolved. The determina-
tion of genetic relatedness based on PFGE banding patterns has been standardized by Ten-
over et al. (1995). Standardization of the technique has allowed PFGE to become a widely
accepted method for comparing the genetic identity of bacteria during a disease outbreak
(Swaminathan et al. 2001).
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Table 23.1 Common enzymes used for pulsed-field gel
electrophoresis subtyping (PulseNet).a

Bacterial species Enzyme(s)

Escherichia coli (O157:H7) XbaI, BlnI, SpeI
Salmonella enterica XbaI, BlnI, SpeI
Campylobacter spp. SmaI
Listeria monocytogenes AscI, ApaI, SmaI
Shigella spp. XbaI, BlnI, SpeI
Clostridium spp. SmaI

aSource: Centers for Disease Control 2002.

A major advantage of PFGE typing is that the method is highly reproducible for the vast
majority of strains. In part, this reproducibility is the result of the lysis and of isolation of the
DNA within the agarose plug. The isolated DNA is not pipetted, therefore the banding pat-
terns generated are a result of restriction enzyme digestion, not non-specific mechanical
shearing (Birren and Lai 1993). In addition, the genetic profile generated is based on the
entire genome. This is an improvement over some of the PCR-based typing techniques that
rely on amplification of DNA from a limited number of sequence targets to develop a genet-
ic profile (Millemann et al. 2000, Swaminathan and Barrett 1995). If PFGE is used to com-
pare results with other laboratories, it is important to follow standardized methods (Tenover
et al. 1995), such as those proposed by groups like PulseNet (Swaminathan et al. 2001). A
drawback of PFGE is that it is labor intensive, often requiring a few days to perform the pro-
cedure and interpret the results (Swaminathan and Barrett 1995). Most researchers have had
good success using PFGE in molecular typing schemes for foodborne pathogens.

Restriction Fragment Length Polymorphism (RFLP) Analysis

RFLP profiles are generated by restriction-enzyme DNA digestion and visualization of
banding patterns produced following gel electrophoresis. By itself, this method generates a
very large number of DNA fragments that are difficult to distinguish in standard gel elec-
trophoresis. When coupled with southern blotting using probes for repeated DNA elements,
RFLP can be very informative. This is the case with ribotyping and insertion sequence (IS)
RFLP typing.

IS typing has been widely used as an epidemiological tool for investigating the
Mycobacteria (IS6110) (Cousins et al. 1998). For many enterics, genetic elements such as
IS200 sequences can be used for RFLP analysis. IS200 are insertion sequences that are pre-
sent in many Salmonella, as well as in some E. coli and Yersinia. These sequences are
approximately 700 bp in length and are found randomly around the genome (Beuzon and
Casadesus 1997). The results of IS200 typing are varied. Some strains lack IS200
sequences; therefore, IS200 typing would not be effective in differentiating these isolates
(Millemann et al. 2000). Among foodborne pathogens, IS typing has widely been superced-
ed by other methods such as IS200 repetitive element-PCR (Rep-PCR).

Ribotyping is based on the number and location of the ribosomal RNA (rRNA) gene
sequences (Ling et al. 2000). Total cellular DNA is cut with frequent-cutting restriction
enzymes. Common enzymes that have been used for many of the foodborne pathogens
include PstI, PvuII, HindIII, and EcoRI (Gendel and Ulaszek 2000, Wassenaar and Newell
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2000, Ling et al. 2000). For blotting, the restriction fragments from the gel are transferred to
a nylon membrane and incubated with a probe homologous to the highly conserved regions
of rRNA or other genes (Chisholm et al. 1999). Sequence differences in the regions flanking
the rRNA lead to variability in the size of the junction fragments. This produces distinct pat-
terns that can be used to discriminate between related strains (Gendel and Ulaszek 2000,
Snipes et al. 1989).

A major advantage of ribotyping is that it can be highly reproducible. This is especially
true when ribotyping is automated using the RiboPrinter Microbial Characterization Sys-
tem (Qualicon, Inc., Wilmington, Del.), where most of the procedure is robotically con-
trolled. Ribotyping also generates relatively few bands, which makes analysis easier. If
more information is needed, isolates can be treated with additional enzymes to increase the
discriminatory value of the method (Gendel and Ulaszek 2000). A potential drawback of
ribotyping arises from the limited number of rRNA genes in some bacterial groups. Also, if
there is modification of the genome by methylation or other factors, it can lead to problems
with DNA restriction, which in turn leads to poor band pattern resolution (Olive and Bean
1999).

Amplification-Based Methods

Amplified Fragment Length Polymorphisms (AFLP)

In addition to the techniques that rely on restriction fragment analysis, there are a number of
other typing methods that use PCR to differentiate between pathogens. One of these meth-
ods is AFLP, which uses a combination of restriction digest analysis and PCR amplification
to determine the relatedness of bacterial strains. The discriminatory power of AFLP is based
on variability in restriction enzyme recognition sites within a portion of the genome. Fol-
lowing digestion with one or more enzymes, linker polynucleotides are ligated to the free
DNA ends. These linkers serve as targets for PCR primers to bind and allow selective ampli-
fication of the restriction fragments. The amplified fragments are subjected to electrophore-
sis, and characteristic separation profiles are generated and compared with other strains
(Mueller and Wolfenbarger 1999).

Often AFLP is carried out using fluorescent-labeled PCR primers, which allow detection
of the fragments using an automated DNA sequencer. Because of the large number of
restriction fragments that are generated, the PCR primers are designed to contain one to
three additional nucleotides on their 3�-end. These interact with an unknown sequence in
the restriction fragment. Thus, for each additional nucleotide that is added to the primer, the
number of amplicons is reduced by about a factor of four (Savelkoul et al. 1999). Following
amplification, the resulting bands are separated on a DNA sequencing gel. Following sepa-
ration, an elution profile is generated using the fluorescent intensity associated with the
incorporated labeled primers. The elution profiles of the isolates are compared with other
profiles to determine the relatedness of each strain.

AFLP combines beneficial qualities of other typing techniques, restriction analysis, and
PCR amplification. This combination amplifies the signal of the restriction fragments, and
thus only a small amount of DNA is required for analysis.

Because the PCR primers are directed at the linkers, a prior knowledge of the organism’s
DNA sequence is not required for amplification. The fragments generated represent a wide
range of different locations throughout the bacterial genome, giving a relatively good cov-
erage of the genome to identify differences. In addition, through the use of an automated
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DNA sequencer, a large number of isolates can be screened fairly rapidly, making AFLP an
attractive typing technique (Desai et al. 2001). A drawback of AFLP occurs with distantly
related organisms: phylogenetic inferences can be difficult to make, therefore, the tech-
nique is best suited for more closely related strains (Mueller and Wolfenbarger 1999).

Random Amplified Polymorphic DNA PCR (RAPD-PCR) and Arbitrarily Primed PCR
(AP-PCR)

Other PCR-based typing methods rely on amplification profiles without DNA restriction to
separate between bacterial isolates. Two of these techniques are RAPD-PCR and AP-PCR,
which are similar methods of PCR subtyping. These techniques use PCR primers of random
sequence. When two of the primers bind in close enough proximity to one another, they
amplify the intervening portion of the genome, creating variably sized amplicons. During
amplification, annealing of primers is done at low temperature because the primers have
incomplete homology to the genomic binding sites. For RAPD-PCR, the primers are typi-
cally 6–10 base pairs in length, whereas for AP-PCR they are usually 20–34 bases in length
(Welsh and McClelland 1990, Williams et al. 1990). In addition, for AP-PCR, a second set
of primer annealing temperatures is used. The first few cycles of amplification use a lower
annealing temperature (thus, lower stringency or level of sequence homology between the
primer and template required for primer binding) followed by a higher temperature and
stringency for the subsequent amplification cycles (Welsh and McClelland 1990). Ampli-
cons are subjected to agarose gel electrophoresis, and characteristic banding patterns are
generated that are used to subtype the strains of the bacteria.

As with other PCR-based typing methods, the results are obtained in a relatively short
period of time, and only a small amount of DNA is required to perform the tests. Because of
the use of random primers for electrophoresis, a prior knowledge of the DNA sequence is
not required. Multiple sets of PCR primers can be used to increase discrimination of the
strains (Franklin et al. 1999). Although RAPD- and AP-PCR have been used in molecular
typing of foodborne pathogens, there can be difficulty in reproducing the same result over
time and from one operator to the next. Because PCR reactions are done under conditions
with low stringency, minor differences in reaction conditions or reagent concentrations can
alter the amplification profile produced, making it difficult to interpret and compare results
(Swaminathan and Barrett 1995).

Repetitive Element PCR

Typically there are a number of repeated DNA sequences throughout the genome of most
bacterial species. PCR primers have been designed for many of these repetitive elements
that allow for the amplification of the flanking regions of DNA. When two of these repeated
elements are located in close proximity to one another, the region will be amplified (Versa-
lovic et al. 1991). Following PCR, the amplicons are separated by gel electrophoresis and
the banding patterns are then compared to one another. Differences in the sizes of the ampli-
fied fragments produce different banding patterns (Georghiou et al. 1994). A number of
types of Rep-PCR techniques have been developed using various repetitive sequences;
these include enterobacterial repetitive intergenic consensus PCR (ERIC-PCR) and repeti-
tive extragenic palindromic PCR (REP-PCR). Enterobacterial repetitive intergenic consen-
sus sequences are highly conserved repetitive sequences found in enteric bacteria, whereas
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repetitive extragenic palindromic elements are relatively short sequences of DNA that have
highly conserved regions of palindromic DNA. Each of the elements serves as a good PCR
primer target (Hulton et al. 1991, Versalovic et al. 1991). In addition, insertion sequence
typing (discussed earlier) such as that done using IS200 can also be performed as a type of
Rep-PCR (Millemann et al. 2000).

One of the major advantages of this set of techniques is that the results can be obtained in
a relatively short time with relatively good discrimination (Swaminathan and Barrett 1995).
The techniques are fairly easy to perform and can be adapted to run on an automated DNA
sequencer to facilitate analysis of the separation profiles and increase reproducibility of the
results (Del Vecchio et al. 1995). Because of the utility of Rep-PCR for typing microorgan-
isms, commercial enterprises such as Bacterial Barcodes have begun marketing semi-
automated proprietary Rep-PCR systems (Bacterial Barcodes Inc., Houston, Tex.).

The results of Rep-PCR can be stored in a database library and can be available to com-
pare with the results of other researchers (Garaizar et al. 2000). With Rep-PCR and some of
the other typing techniques, the use of large databases could provide a valuable tool for
characterizing foodborne pathogens. For example, if an isolate has a similar pattern to those
of known geographical or host origin, it can provide potential evidence about the source of
the pathogen. A drawback of Rep-PCR is that the strains being typed need to have a suffi-
cient number of repetitive elements in close proximity to one another to generate a discrim-
inatory profile. In addition, variations in amplification or separation conditions can cause
problems with the reproducibility of results, which can cause difficulty in making relational
inferences about isolates (Swaminathan and Barrett 1995).

Amplification Profiling

Amplification profiling or the amplification of a series of genes that is associated with fac-
tors such as virulence, antimicrobial resistance, and nutrient use may provide a mechanism
to differentiate organisms. PCR, using sets of primer pairs, is used to assay for the presence
or absence of specific genes and to measure strain relatedness. Primer pairs can be com-
bined in multiplex PCR assays to reduce the number of reactions required. The benefit of
the amplification profiling approach is that in addition to distinguishing between bacterial
strains, specific genes of clinical importance can be detected (Gordon 2001). Johnson et al.
(2001) used amplification profiling of virulence genes to genotype E. coli isolates. This
technique requires sequence information on genes being examined for primers to be gener-
ated. This is becoming less of a hindrance as the number of genomes sequenced continues to
rise. Examination of genes that encode products that are responsible for virulence and
antimicrobial resistance may provide discrimination among strains, as these genes are often
acquired to allow bacteria to survive in different environments (Conner et al. 1998).
Because of environmental selective pressures, the presence of these genes may provide
insight into the natural history of foodborne pathogens and may be helpful in determining
the source of bacterial foodborne isolates.

Sequence-Based Methods

MLST

MLST is a relatively new molecular typing method. The foundation of this technique is
dependant on different strains of bacteria having variability in the sequence of particular
genes, because of mutation or recombination events, that can be used to determine the relat-
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edness of bacteria. With MLST, multiple genes with conserved sequences are compared for
nucleotide base changes. Housekeeping genes (genes required for basic cellular functions)
are most often sequenced because they are present in all isolates and are not subject to
strong selective pressures that can lead to relatively rapid sequence changes. However,
housekeeping genes typically have sufficient variability to develop distinct alleles for dif-
ferent strains (Maiden et al. 1998). The alleles from each of the genes sequenced are looked
at as a group, and the strain is assigned a specific sequence type. The genetic relatedness of
the strains is determined by comparing differences in allele profiles that make up the
sequence type. In cases in which all alleles are the same, the sequence types are identical
and the two strains are defined as clonal (Enright and Spratt 1999).

MLST has a number of attractive features for use in molecular epidemiology. The tech-
nique uses specific nucleotide base changes rather than DNA fragment size to determine the
genetic relatedness. Therefore, there is good reproducibility of the results, which are easily
shared with others electronically. For a number of bacterial species, internet-based MLST
databases have been set up to facilitate the rapid exchange of MLST results (Enright and
Spratt 1999). As additional databases come on-line, they should allow public health offi-
cials to track trends in the distribution of pathogens of interest, similar to what is currently
being done with the PulseNet system. This potential ability to track the distribution of iso-
lates could be used to provide information about the sources of bacteria implicated in a
foodborne infection.

An important consideration in MLST is the selection of gene targets. Genes with varying
degrees of genetic difference, bracketed by stable sequences, are required. In some cases,
only a few loci provide adequate discrimination among non-clonal isolates. In addition,
housekeeping genes, with their low rate of genetic variability, provide a desirable sequenc-
ing target for global phylogenetic studies but may not provide enough variability to distin-
guish among strains involved in short-term outbreak investigations (Maiden et al. 1998).
Table 23.2 lists many of the genes that have been used for typing different foodborne
pathogens.

Conclusions and Future Directions

Each typing technique has strengths and weaknesses that will affect its usefulness for dif-
ferentiating among non-clonal bacterial foodborne pathogens. Most of these techniques are
best applied in disease outbreaks, where temporal associations and other epidemiological
data are available. In surveillance systems, where information is gathered on strains from
different geographical regions over extended periods of time, making inferences on ecolog-
ical links between human and environmental isolates is a greater challenge. For maximal
effectiveness, the typing method needs to generate highly discriminatory and reproducible
results that prevent calling non-clonal strains identical.

Table 23.2 Reported gene targets for Multilocus Sequence Typing.

Bacterial species Genes Reference

E. coli O157:H7 arcA, aroE, dnaE, mdh, gnd, gapA, pgm, espA, ompA Noller et al. 2003
Salmonella enterica glnA, manB, pduF, 16sRNA gene Kotetishvili et al. 2002
Campylobacter jejuni aspA, glnA, gltA, pgm, tkt, uncA Dingle et al. 2001
Listeria monocytogenes abcZ, dat, ldh, sod, cat, dapE, pgm, bglA, lhkA Salcedo et al. 2003
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Often, multiple methods are required for effective differentiation between isolates. The
order in which the methods are employed can help improve the efficiency of pathogen dif-
ferentiation. The phenotypic techniques such as serotyping and antimicrobial susceptibility
testing may be appropriate methods to use first. The use of genotypic techniques such as
amplification profiling and sequence typing will further differentiate among the different
strains. Finally, more laborious techniques such as AFLP and PFGE, which work well to
distinguish between more closely related isolates, can be employed to finely differentiate
between apparently clonal isolates that may be responsible for the foodborne illness. Table
23.3 provides a comparison of the important attributes for typing and how the methods
compare to each other.

In addition to discriminatory ability, other factors such as the time to obtain results, the
cost of the supplies, and the cost of the equipment to perform the typing method may be
important for choosing methods to differentiate foodborne pathogens. Some techniques,
although very discriminatory, require specialized equipment that is expensive, and thus,
they are not feasible for every investigator. For example, to use MLST or AFLP as a high-
throughput typing method, an investigator needs access to an automated DNA sequencer.
Purchasing such equipment can be quite costly. In contrast, techniques such as RAPD-PCR
and Rep-PCR require a standard thermal cycler and gel electrophoresis equipment, tools
common to the molecular microbiology laboratory. In addition, some procedures require
considerably more time than others to get the desired result. Techniques such as PFGE are
quite discriminatory but can take a few days or longer to get results, whereas many of the

Table 23.3 Comparison of characteristics important for differentiation of bacterial foodborne
pathogens.

Typing method Discrimination Reproducibility Difficulty Relative cost Relative time

Serotyping Low High High Moderate Moderate
Resistance profiling Low High Moderate Moderate Moderate
Phage typing Low High High Low Moderate
Multilocus enzyme

electrophoresis Moderate High High Moderate High
Plasmid profiling Low High Low Low Low
Pulsed-field gel

electrophoresis High High High Moderate Moderate
Restriction fragment

length polymorphism
analysis /ribotyping Moderate High Moderate Moderate Moderate

Multilocus sequence
typing Moderate/high High High High Moderate

Amplified fragment
length polymorphisms High High High Moderate Moderate

Arbitrarily
primed/random
amplified polymorphic
DNA polymerase chain
reaction High Low Moderate Low Low

Repetitive element
polymerase chain
reaction High Low Moderate Low Low
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PCR-based tests can be performed in less than a day. If a rapid turnaround time is needed,
time-consuming techniques, although typically more discriminatory and reproducible,
may not be the best choice. With each typing technique there are trade-offs. The methods
that are most time consuming and expensive tend to be the most discriminatory and provide
the most accurate and reproducible measure of relatedness. Therefore, the choice of the
most appropriate molecular typing method will rely on the level of differentiation needed
and the resources available to perform the typing.

In the future, there may be typing methods that will allow us to differentiate among non-
clonal isolates in a rapid, reproducible way with little ambiguity of results. In the interim
there will likely be a trend in the development of new typing methods to improve on existing
technology through further automation and standardization of techniques. A prime example
of how automation has enhanced typing is through the use of the Riboprinter for ribotyping
of isolates. The ribotyping steps have been automated, and the manufacturer prepares the
media and chemicals required to limit the amount of user variability with the typing. The
typing results are readily analyzed, and relational inferences can be drawn. A key example
of how standardization can improve typing is with PFGE and the PulseNet system. Stan-
dardized methods have allowed for data generated at one location to be compared with data
from others, facilitating national surveillance of foodborne diseases. Increased standardiza-
tion and automation should help to reduce some of the problems that are encountered with
current typing methods.

Another trend in molecular typing is the advancement of sequence-based typing
methodologies. At present, MLST is in its infancy. Further advances in the selection of
genes to be sequenced and the establishment of additional on-line databases to share infor-
mation will help facilitate global sequence typing. As the cost of DNA sequencing is
reduced, this technology will be more accessible for a wider typing audience. In addition,
the sequencing of many bacterial genomes has spawned additional sequence-based typing
methods. One such new method is multilocus variable number tandem repeat analysis. This
analysis uses repeated sequences that can use variable copy numbers to differentiate iso-
lates. By examining multiple repeat regions, a discriminatory pattern can often be deter-
mined. This technique shows a great deal of promise with some of the strains that appear
homogeneous with PFGE, such as E. coli O157:H7 isolates. Multilocus variable number
tandem repeat analysis is able to distinguish among many of these isolates and will prevent
non-clonal strains from being called identical, which is very important in trace-back studies
(Keys et al. 2002).

There will also likely be a push to reduce the amount of time it takes to go from the col-
lection of a sample until the results of typing are obtained. Typing results will be ready in
hours instead of days or weeks. Technologies such as real-time PCR and DNA microarray
assays may be developed that allow for very rapid identification and differentiation of
pathogens. DNA microarrays could be developed that assay for multiple virulence or other
discriminatory genes. The presence/absence profiles of the various genes can be used to dif-
ferentiate among isolates in a relatively short amount of time. In addition, real-time PCR
could be used to screen isolates and develop presence/absence profiles to separate isolates.
These rapid methods may not be as discriminatory as some of the tried and true typing
methods, but they could serve as a sort of gateway to other more intensive methodologies if
needed. The rapid methods could, for example, rule out potential sources in a disease out-
break and allow the investigator to focus on a more limited number of sources. Today we
have a number of choices to differentiate between bacterial foodborne pathogens, with each
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of the methods having strengths and weaknesses. The future push in molecular subtyping
will likely involve trying to overcome the current weaknesses of the available techniques to
provide a more comprehensive means to differentiate foodborne pathogens.
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24 Chemical Methods for Decontamination of
Meat and Poultry

Jimmy T. Keeton and Sarah M. Eddy

Introduction

The safety of meat and poultry products is a primary societal concern in the United States,
and during recent years, reports of foodborne illnesses have intensified the public’s interest
for ensuring a safe food supply. In 1999, an estimated 76 million illnesses, 325,000 hospi-
talizations, and 5,000 deaths were attributed to foodborne diseases (Mead et al. 1999). As
part of its overall food safety strategy to reduce the risk of foodborne illness associated with
pathogens such as Salmonella spp., Campylobacter, Escherichia coli O157:H7, Listeria
monocytogenes, Clostridium botulinum, Clostridium perfringens, Staphylococcus aureus,
Aeromonas hydrophila and Bacillus cereus, the U.S. Department of Agriculture Food Safe-
ty Inspection Service (USDA-FSIS 2002a) issued a final rule on July 25, 1996 (Federal
Register 1996), requiring meat and poultry establishments to adopt a science-based Hazard
Analysis Critical Control Point (HACCP) system and to develop plant and product specific
HACCP plans (see Chapter 20). The meat and poultry industries responded by implement-
ing HACCP systems, with their primary objective being to make products demonstrably
safe to consume.

The incidence of pathogens in the meat and poultry food supply has been influenced by
several factors. Some of the more important are

• Livestock production practices that may inadvertently foster pathogen contamination;

• The emergence of “new” and antibiotic resistant pathogens in the environment;

• Increased manipulation and handling and accelerated processing of carcasses and raw
materials;

• Modification of traditional processing practices and greater complexity of manufactur-
ing procedures and equipment;

• A more complex distribution and food preparation system that increases the risk of
foodborne disease;

• More discriminate and selective pathogen detection methods to improve confirmation
and trace-back of contaminated product; and

• Consumer habits that represent inappropriate food handling and preparation practices.

In response to the USDA-FSIS mandate to increase the safety of meat and poultry prod-
ucts, numerous chemical compounds have been evaluated as ante- and postmortem decon-
tamination agents. To be classified as an “antimicrobial,” compounds must be proven effec-
tive and approved for use by the U.S. Food and Drug Administration (FDA) and the
USDA-FSIS (Davidson 2002). Once proven to be safe, antimicrobials may be applied to
carcass or product surfaces or, if appropriate, incorporated into the product as an ingredient.
These compounds may be naturally derived or manufactured and must not conceal

319

Preharvest and Postharvest Food Safety: Contemporary Issues and Future Directions
Edited by Ross C. Beier, Suresh D. Pillai, Timothy D. Phillips

Copyright © 2004 by Blackwell Publishing and the Institute of Food Technologists



spoilage, but they may extend shelf life and prevent pathogen growth as a consequence of
their bactericidal or bacteriostatic activity.

This chapter provides an overview of the current chemical decontamination methods
used by the meat and poultry industries to prevent or reduce the incidence of microbial
pathogens on animal carcasses and meat products. These antimicrobial treatments are often
used in combination with other technologies to provide multiple interventions (also known
as hurdle technology; Leistner 2002) for pathogens and to reduce the risk of foodborne dis-
ease. Emerging chemical decontamination methods are also presented, as these may be
approved for use in the future.

Preharvest Chemical Interventions

Because of the continued outbreaks of foodborne illness resulting from the consumption of
cross-contaminated, undercooked, or mishandled meat and poultry products, there is a need
to develop strategies to control and eliminate these foodborne pathogens. Cattle are the pri-
mary reservoir for E. coli O157:H7, with feces and the hide being the most likely sources of
contamination for beef (Park et al. 1999, Bacon et al. 2000, Elder et al. 2000). The incidence
and level of E. coli O157:H7 vary with the season of the year, type of animal, anatomical site
on the carcass, stage of processing, and fabrication sequence (Sofos et al. 1999). Contami-
nation levels of E. coli O157:H7 have been reported to be 0.2% on steer and heifer carcasses
(USDA-FSIS 1994), 0.87% in ground beef from federally inspected facilities and super-
markets (surveyed since 1995), 1.01% in ground beef purchased for the school lunch pro-
gram (data obtained from the Ag Marketing Service by FSIS in 2001), and 1.8% on carcass-
es from four major Midwestern packing plants (Elder et al. 2000). Bacon et al. (2000)
surveyed 12 beef slaughter facilities and found the incidence of E. coli O157:H7 to be 3.6%
and 0.4% on beef hides and carcasses, respectively, before washing and 0.0% on carcasses
after final decontamination. One important conclusion by Elder et al. (2000) was that the
existing in-plant processing practices appeared to reduce the level of E. coli O157:H7
(Huffman 2002).

Salmonella spp. have been found to contaminate beef feces at levels up to 14.2%, and
carcasses at levels from 0.3% to 2.6% before final decontamination (Sofos et al. 1999). Sal-
monella, however, do not pose the same degree of disease severity as E. coli O157:H7, but
must be controlled to reduce the risk of foodborne illness. This pathogen also has been
reported to reside primarily in the intestinal tract and lymph tissue of market pigs (Anderson
et al. 2001), but its presence on carcasses also can vary (Currier et al. 1986). Up to 30% of
market pigs may shed Salmonella, and this may increase during transport and holding
before slaughter (Berends et al. 1996). A survey of pork carcasses in 12 slaughter plants
(Zerby et al. 1998) found the incidence of Salmonella to range from 3.2% to 5.5% when two
carcass sampling sites were combined for analysis.

Salmonella contamination of broilers entering the slaughter plant was reported to range
from 3% to 5% (Lillard 1989), but the prevalence of Salmonella-positive broilers after pro-
cessing has been observed to be as high as 36% (Green 1987). In the United States,
processed poultry carcasses are often contaminated with Salmonella or Campylobacter
jejuni (Park et al. 2002) by cross-contamination from carcasses following scalding,
defeathering, evisceration, or post-evisceration chilling. The chiller is of particular concern
as the birds are submerged in a circulating water (ca. 4°C) medium containing variable lev-
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els of chlorine (20–50 ppm; Kemp et al. 2000). Some scientists note that chlorine has limit-
ed effectiveness against Salmonella spp. as a result of uptake by organic matter in the chiller
and of variable concentration levels throughout the daily processing cycle. Chlorine is cor-
rosive on machinery and also may combine with organic materials to generate potential
mutagens.

Rose et al. (2002) evaluated HACCP’s effectiveness from 1998 to 2000 by collecting
98,204 samples and 1,502 sample sets for Salmonella analysis from large, small, and very
small establishments. These plants produced at least one of seven raw meat and poultry
products: broilers, market hogs, cows and bulls, steers and heifers, ground beef, ground
chicken, and ground turkey. Salmonella prevalence in most product categories was lower
after implementation of HACCP when compared with the pre-HACCP baseline surveys
conducted by the USDA-FSIS. When survey data from all establishments were combined,
they showed that 80% of the sample sets met the following Salmonella prevalence perfor-
mance standards: 20.0% for broilers, 8.7% for market hogs, 2.7% for cows and bulls, 1.0%
for steers and heifers, 7.5% for ground beef, 44.6% for ground chicken, and 49.9% for
ground turkey. This decrease in Salmonella prevalence may be partially explained by indus-
try improvements through HACCP implementation, improved process control, incorpora-
tion of antimicrobial interventions, and increased microbial-process control monitoring.

Consistent application of physical and chemical interventions to decontaminate carcasses
in a multiple-hurdle manner has been effective for reducing or eliminating most pathogens
on carcasses during the harvesting process (Bacon et al. 2000). However, because some
pathogens survive decontamination procedures, additional or better intervention processes
are needed to decrease the incidence of pathogens on animals before slaughter.

Feed Additives and Competitive Exclusion

Reducing pathogens in or on live animals would intuitively reduce the level of product con-
tamination and, in turn, reduce the risk of foodborne disease (Huffman 2002, Leistner
2002). Work by Anderson et al. (2000) has demonstrated that both E. coli O157:H7 and Sal-
monella Typhimurium DT104 are reduced in buffered ruminal contents by approximately
1,000,000 colony-forming units (CFU)/mL when exposed to 5 mM sodium chlorate. Use of
chlorate apparently is bactericidal only to microorganisms such as E. coli O157:H7 and 
S. Typhimurium DT 104 that possess respiratory nitrate reductase, which reduces chlorate
to cytotoxic chlorite ion. Most other harmless anaerobes lack nitrate reductase and are not
affected, thus preserving beneficial bacteria. Oral administration of 100 mM sodium chlo-
rate to experimentally infected pigs also has been shown to reduce cecal concentrations of
S. Typhimurium and may provide a means of significantly reducing pathogens before
slaughter (Anderson et al. 2001).

Another method for reducing pathogen colonization of the intestines of animals, and
thus reducing the level of fecal contamination, has been the use of bacterial strains that pro-
duce probiotics or grow sufficiently to exclude harmful bacteria through competitive exclu-
sion. Probiotics are typically non-pathogenic bacteria that inhibit the growth or attachment
of strains of pathogenic bacteria. Probiotic bacteria, when administered to weaned beef
calves, have been shown to reduce the levels of E. coli O157:H7 (Zhao et al. 1998). Subse-
quent research with calves less than 1 week of age and pretreated orally with probiotic 
E. coli has demonstrated that fecal shedding of enterohemorrhagic E. coli serotypes E. coli
O111:NM and O26:H11, but not E. coli O157:H7, is reduced. Colicins are specific proteins
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produced by strains of E. coli that are inhibitory against some strains of pathogenic E. coli.
Murinda et al. (1996) identified the specific colicin, Colicin E2, and found it to inhibit 11
strains of E. coli O157:H7 in vivo. Further studies with this compound may offer a potential
means for controlling pathogenic E. coli in the animal. Additional work with other feed
additives such as seaweed extract is continuing and may ultimately result in a feed ingredi-
ent that excludes pathogens from the intestinal microflora.

A competitive exclusion spray for young chicks, Preempt (MS Bioscience, Dundee, Ill.),
was approved by the FDA in 1998 and consists of a mixture of 29 unique bacteria common-
ly found in the gastrointestinal tract of mature chickens. When applied to young chicks
shortly after hatching, the treated chick ingests the bacteria as it preens, seeding its ceca
with beneficial microorganisms. The competitive bacteria then cover niches in the cecal
surface so quickly and heavily that intestinal pathogens are excluded from attachment.
After colonization with Preempt organisms, the prevalence of Salmonella declines signifi-
cantly (Hume et al. 1998), thus reducing the potential for fecal contamination early in the
production process.

Vaccines

An E. coli vaccine, originally developed by Dr. Brett Finlay at the University of British
Columbia, stimulates production of antibodies to prevent E. coli O157:H7 from attaching to
the intestinal wall of cattle. This impedes replication and reduces the number of pathogens
that can be shed from the feces into the environment. Escherichia coli O157:H7 achieves
molecular attachment to intestinal cells in cattle by embedding a protein known as Tir into
the host cell membrane (Finlay 2003, Moxley et al. 2003). The pathogenic cell then joins to
the intestinal cells by attaching intimin, an outer membrane protein, to the cell-embedded
Tir proteins. A study conducted by Dr. Rod Moxley found that feedlot cattle vaccinated with
the Canadian-developed vaccine showed a significant decline in the incidence of E. coli
O157:H7 shedding in manure. Among the 384 cattle included in the trial, the pre-treatment
prevalence of E. coli O157:H7 averaged 31%. Over the trial period, the average proportion
of cattle shedding the bacterium after vaccination was 8.8%. The E. coli vaccine used in the
trial is being developed by an alliance composed of the University of British Columbia, the
Alberta Research Council, Saskatchewan’s Vaccine and Infectious Disease Organization,
and Bioniche Life Sciences Inc., which is responsible for commercialization of the vaccine.

Postharvest Decontamination

Live animals are contaminated with non-pathogenic and pathogenic microorganisms that
serve as a subsequent source of carcass and meat/poultry contamination. No one method of
decontamination is suitable for removing pathogens from raw materials and products
(Bacon et al. 2000, Kang et al. 2001) because of surface geometries, protected sites of con-
tamination, and inherent inefficiency of specific decontamination processes. Because of the
likelihood of cross-contamination from the animal to equipment, personnel, or the build-
ing/facility surfaces through direct contact or aerosols, decontamination strategies are
needed that are bactericidal and bacteriostatic. Several thermal and non-thermal systems
for decontamination of carcasses are currently in use and may be classified as physical,
chemical, or a combination of the two. Examples of physical systems include dehairing,
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spray-washing, blanching, hot water pasteurization, steam pasteurization, steam-vacuuming,
atmospheric steam application, singeing, and ultrahigh pressure. Others that have been or
are being considered include countercurrent scalders; electrolyzed water; pulsed electric
fields; ultrasonic energy; high-energy ultraviolet light; pulsed light; sonic, infrasonic, and
ultrasound; x-rays; linear accelerators; and irradiation. Some of the more important com-
mercial technologies are covered in Chapter 25. Chemical interventions that are most often
used in combination with physical systems are discussed below and include chlorine-based
derivatives, organic acids, organic and inorganic compounds, bacteriocins, and emerging
technologies.

Pre-evisceration

Strategies to reduce the initial pathogen load on beef animals have been to apply a bacterici-
dal spray, such as an organic acid, to the hide just before slaughter, washing the animal, or
dehairing the hide surface post-exsanguination (Sofos et al. 1999). Antimicrobial sprays
and washing of the hair surface have not been studied extensively as an effective means of
pathogen decontamination, but in some cases they are practiced commercially. Wetting the
hair surface can result in simply spreading pathogens and is often compounded by excess
feces caked into the hair. According to regulatory guidelines, animals are required to be dry
or at least not dripping when slaughtered.

Chemical dehairing is a patented process (Bowling and Clayton 1992) that removes hair,
dirt, and feces from the hides of beef carcasses immediately before exsanguination and
evisceration. The process consists of a sequential application of 10% sodium sulfide, a
water rinse at 40.5°C (3.45 bar), a second application of 10% sodium sulfide at 5.52 bar, a
3% hydrogen peroxide rinse at 3.45 bar (17 seconds) to neutralize excess sodium sulfide, 
a second water rinse at 40.5°C (8.28 bar), and a final 3% hydrogen peroxide rinse followed
by a water rinse to reduce the pH of the hide. Evaluations of the process found that dehairing
removed visible contamination from carcasses but did not reduce the overall counts of aero-
bic bacteria (aerobic plate count, total coliform count, E. coli biotype I) or the presence of
Salmonella spp. or L. monocytogenes (Schnell et al. 1995). Subsequent work (Castillo et al.
1998a) did find that the chemical dehairing process applied to artificially contaminated beef
hides reduced the initial numbers of S. Typhimurium and E. coli O157:H7 (5.1 and 5.3
Log10 CFU/cm2, respectively) to levels below the detection limit (0.5 Log10 CFU/cm2).
Chemical dehairing may prove to be beneficial, but the process may only injure bacterial
cells, which in turn could be a potential food safety hazard should they repair themselves
(Delmore et al. 1997). Because dehairing would obviously generate considerable amounts
of hydrolyzed hair and chemical residues (sodium sulfide and hydrogen peroxide), safe dis-
posal or recycling of the waste material may become both an environmental and economic
issue if this process is adopted.

Post-evisceration of Carcasses

Beef decontamination processes may include animal cleaning or disinfecting of the hide
before stunning, spot-cleaning of carcasses by steam vacuuming, knife trimming of observ-
able surface contamination, rinsing or deluging of carcasses with water (160°F at the car-
cass surface), and the use of chemical sanitizing agents (e.g., organic acids, trisodium phos-
phate, etc.) or steam before evisceration. Subsequent post-evisceration procedures consist
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of applications of hot water, steam, or chemical treatments to carcass surfaces immediately
before chilling. Most processes are applied at various concentrations or intensities, pres-
sures (2–20 bar), temperatures (15°–80°C), and lengths of time (5–20 seconds; Sofos et al.
1999). Pork and poultry decontamination, however, may involve singeing, the application
of hot water, organic acids, chlorine compounds or trisodium phosphate (TSP), and rapid
chilling. Castillo et al. (2002) provides a comprehensive review of various cleaning and san-
itizing methods for reducing microorganisms on beef carcasses, and they also note some
potentially negative aspects of carcass interventions.

Organic Acids

An organic acid spray, in combination with steam vacuuming, hot water washing, or steam
cabinets, is the most commonly used means of chemical decontamination of beef carcasses
(Huffman 2002). Under the HACCP system, Bolton et al. (2001) recommended that the
critical limits for an organic acid spray be the application of at least 500 mL of a 2.5%–10%
(v/v) acid (to allow for dilution when applied to the carcass) maintained at a pH of �2.8 and
temperature of 25°–55°C and sprayed for 35 seconds at 13.8–27.6 Pa. Acetic and lactic
acids ranging in concentration from 1.5% to 2.5% are the most widely used commercially,
but others approved for use by the USDA-FSIS include glucono delta lactone (D-gluconic
acid �-lactone), phosphoric acid, tartaric acid, citric acid, buffered sodium citrate (pH 5.6,
citric acid), and a combination of peroxiacetic acid � octanoic acid � acetic acid � hydro-
gen peroxide � peroxyoctanoic acid and 1-hydroxyethylidene-1,1-diphosphonic acid
(HEDP; sold by Ecolab [St. Paul, Minn.] as Inspexx; Code of Federal Regulations 2003,
USDA-FSIS 2002b). Acidified calcium sulfate � an organic acid (sold by Mionix [Rocklin,
Calif.] as Safe2O) is approved for ready-to-eat (RTE) products and is being considered as
another potential carcass decontamination agent. Under the European Union regulations,
organic acids are not permitted for beef carcass decontamination because they are perceived
as concealing or compensating for poor hygiene practices during slaughter (Bolton et al.
2001). Rather, they employ a non-intervention system such as the Hygiene Assessment
Scheme, which is in operation in the United Kingdom and focuses on a hygienic audit of
five main categories during the slaughter process. Other European non-intervention
HACCP systems use on-line monitoring at four critical control points: dehiding, eviscera-
tion, removal of the spinal cord, and chilling.

The mechanism by which organic acids work is not completely known, but it is general-
ly believed that the undissociated form of the acid, or its ester, is responsible for antimicro-
bial activity (Castillo et al. 2002). Weak acids that penetrate the bacterial cell membrane
accumulate in the cytoplasm, and if the intracellular pH is higher than the pKa of the acid,
then the protonated acid will acidify the cytoplasm, resulting in cell injury or death (Booth
1985). However, the primary mechanism or mechanisms of the organic acids’ bactericidal
and bacteriostatic effects have yet to be totally elucidated.

The antimicrobial activities of organic acids at equal pH were ranked by Sorrells et al.
(1989) as acetic  lactic  citric  malic  hydrochloric, whereas activities based on
equimolar concentration of the acids were citric  malic  lactic  acetic  hydrochloric.
Thus, concentration of the acid and pH are essential components determining antibacterial
activity. They also noted that heating acids to 37°C versus 10°C increased their inhibitory
effect on bacteria and partially explained why organic acids are more effective on warm car-
casses immediately after hide removal. Additional studies demonstrate that lactic or acetic
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acid sprays applied at 55°C on warm carcasses are more effective for reducing Salmonella
and E. coli O157:H7 (Hardin et al. 1995, Castillo et al. 1998b). Castillo et al. (2002) notes
that reductions in counts of different pathogens on beef, as reported by different authors,
vary between 2 and 4.3 logs after spraying with 2% acetic acid. Hardin et al. (1995) found
lactic acid to be more effective than acetic acid for reducing E. coli O157:H7, and equally as
effective as acetic acid at inhibiting S. Typhimurium on beef carcasses. Spraying post-
chilled E. coli O157:H7– and S. Typhimurium–contaminated beef rounds with L-lactic acid
(500 mL, 30 seconds, 55°C) taken from warm carcasses that had been previously decontam-
inated with L-lactic acid spray (250 mL, 15 seconds, 55°C), has been shown to have an addi-
tive effect by reducing counts an additional 2.0–2.4 and 1.6–1.9 logs, respectively (Castillo
et al. 2001). These counts were in addition to the 3.3–5.2 log reductions caused by the pre-
chill, warm-carcass treatments. Ground beef produced from the post-chill-decontaminated
rounds had significantly lower levels of the pathogens than did ground beef from the pre-
chill treatment alone. Similar results were reported by Dorsa et al. (1998) when 2% acetic or
2% D,L-lactic acid treatments were applied to pre-chilled neck tissues contaminated with
pathogens. Their results suggest that pre-chilling treatment of carcasses with organic acids
will lower bacterial counts in ground beef produced from the trimmings. Thus, the com-
bined application of pre-chill and post-chill organic acid treatments to beef trimmings is
effective for lowering pathogen levels in ground beef.

Van Netten et al. (1995) concluded that the application of a 2% lactic acid spray at 37°C,
pH 2.3 for 30 seconds to freshly slaughtered pork carcasses could effectively eliminate Sal-
monella. Additional work has shown that a 2% lactic acid spray applied for 5 seconds in
combination with a hot-water wash at temperatures of 65° and 80°C will reduce mesophilic
and E. coli bacteria on pork carcasses by approximately 2 logs (Eggenberger-Solorzano et
al. 2002). As a result of the ease of an organic acid spray application, this process could be
easily adapted by both small and large processing plants that wish to add additional inter-
vention procedures to enhance the microbial safety of pork carcasses.

A comparative study of acetic, citric, lactic, malic, mandelic, propionic, and tartaric acids
against S. Typhimurium attached to broiler skin found that, in general, acid concentrations
of �4% were required to kill �2 log CFUs of the pathogen (Tamblyn and Conner 1997).
Adaptation of organic acid washing of poultry carcasses, however, will require further work
to overcome cost and quality obstacles for application of high acid concentrations.

A residual antibacterial effect on beef carcasses and meat cuts has been observed after
spraying with lactic or acetic acid solutions. When beef carcasses and retail steaks were
treated with lactic or acetic acid, E. coli, E. coli O157:H7, Listeria innocua, and Clostridi-
um sporogenes aerobic plate counts increased more slowly than on untreated samples
(Kotula and Thelappurate 1994, Dorsa et al. 1997), thus slowing pathogen growth and
potentially reducing the risk of foodborne disease.

At low concentrations of an acid treatment (1%–2%), discoloration of the meat tissue
surface is minimized; however, with applications of �3% of an organic acid, a noticeable
decline in meat color and acceptability may become apparent. Control of the acid concen-
tration is therefore critical with regard to both safety and product quality.

A combination of peroxyacetic acid, octanoic acid, acetic acid, hydrogen peroxide, per-
oxyoctanoic acid, and 1-hydroxyethylidene-1,1-diphosphonic acid is being used commer-
cially in both poultry and beef processing plants to reduce microbial pathogens. The patent-
ed mixture (Inspexx) contains two biocides and creates oxidizing conditions in an acidic
environment to effectively reduce E. coli O157:H7, Salmonella, and L. monocytogenes on
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red meat and poultry carcass surfaces (Mermelstein 2001). The mixture can be used up to a
maximum concentration of 220 ppm peroxyacetic acid and 75 ppm hydrogen peroxide.
Peroxyacetic and peroxyoctanoic acids also have lipophilic surface activity, enabling them
to better “wet” fatty tissue and effect decontamination. The composite blend does not con-
tain halogens and has �4 ppm phosphorous, making it more compatible with waste treat-
ment systems because it rapidly breaks down into water, oxygen, octanoic acid, and acetic
acid. Immersion and pressurized spray applications are USDA-FSIS approved for poultry
processing and for decontamination of both hot and cold beef and pork carcasses. The com-
posite solution at normal use levels has been observed to be non-corrosive to stainless steel,
aluminum, and nickel, but it may corrode brass. Validation studies involving laboratory-
contaminated samples and in-plant processing conditions are currently underway to estab-
lish the effectiveness of the technology for reducing pathogens.

Safe2O is a patented, very acidic (pH 1.0–1.5) organic acid–calcium sulfate complex that
has been shown to reduce pathogens on the surfaces of beef, poultry, and RTE meat prod-
ucts when used as a spray or a 30-second dip. All ingredients are affirmed as generally rec-
ognized as safe (GRAS) under the FDA code. Beef carcasses treated with acidic calcium
sulfate (ACS) to determine its efficacy showed an average of 0.7 log CFU of aerobic bacte-
ria on the surface in comparison to 3.4 logs CFU for carcasses treated with a chlorine rinse
(Huffman 2002). In a study conducted by the USDA-ARS (Dickens et al. 2001), plant-run
poultry carcasses were treated with water, TSP (pH 12), or ACS (pH 1.3) at 1.2 L per carcass
for a simulated pre-evisceration rinse and 1.3 L per carcass for an inside/outside washer.
Microbial counts (log10 CFU/mL) for the untreated carcasses were total aerobes, 3.99; 
E. coli, 2.68; Salmonella, 1.98; and Campylobacter, 2.47. The water spray lowered all
counts to 3.11, 1.28, 0.60, and 1.38 for the respective organisms. TSP and ACS treatments
reduced counts even lower for E. coli (0.64 and 0.52), Salmonella (0.24 and 0.15), and
Campylobacter (0.15 and 0.08), respectively. Total aerobes for the TSP and Safe2O were
2.31 and 2.30, respectively. The ACS poultry wash was effective as an antimicrobial treat-
ment and reduced counts slightly more than TSP without the problems associated with
phosphate disposal.

In a separate study, L. monocytogenes was inoculated onto the surface of frankfurters, at
log 8 CFU per frank, which were then dipped for 30 seconds in ACS (Nuñez de Gonzalez et
al. 2002). Listeria monocytogenes counts were reduced by 5.8 logs and remained at the min-
imum level of detection for 12 weeks of vacuum-packaged refrigerated storage. Thus, ACS
was not only bactericidal but also bacteriostatic for 12 weeks. Some concerns have been
raised regarding changes in the flavor of ACS-treated RTE products, but reformulation of
the complex has been undertaken to lessen this effect. On the basis of the pathogenic effec-
tiveness of ACS on raw and precooked products, this compound appears to offer potential as
an antimicrobial treatment in a multiple-intervention system.

Chlorine-Based Compounds

Use of chlorinated water (20–50 ppm) to reduce the pathogen load on poultry carcasses at
the pre-chill washer or in the chill tank have had mixed results (Kemp et al. 2000). Likewise,
chlorine sprays or rinses rapidly applied to beef carcasses are ineffective for pathogen con-
trol because the chlorine becomes bound by organic matter and loses its antimicrobial prop-
erties (Siragusa 1995). Although approved for use by the USDA-FSIS, chlorinated water is
less effective than other compounds such as hypochlorite, chlorine dioxide, acidified sodi-
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um chlorite (ASC), and cetylpyridinium chloride (CPC). In many instances, chlorinated
compounds have been combined with organic acids, ozone, and other antimicrobial treat-
ments to enhance their efficacy for destroying pathogens on meat surfaces.

Beef carcasses treated with 200 ppm hypochlorite (Chlorox, Clorox Company, Oakland,
Calif.) have been shown to have lower bacterial counts, with some residual effect noted dur-
ing refrigerated storage. Other chemicals (e.g., organic acids), however, are more effective
against pathogens than hypochlorite, limiting its use as a carcass decontamination agent.

Chlorine dioxide is used to disinfect public water supplies and has been studied as a
potential decontamination agent for carcass surfaces. This strong oxidant causes irre-
versible damage to fatty acids and proteins in the bacterial cell membrane, resulting in the
loss of permeability and the destruction of the transmembrane ionic gradient. It has been
used as a bactericide in poultry chill water at concentrations of �20 ppm and was shown to
be as effective as chlorine at 20 ppm (Lillard 1979, Lillard 1980). Chlorine dioxide also
has been patented as a spray treatment for pork carcasses (Cutter and Dorsa 1995), but when
used at 20 ppm on beef, it was no more effective than water washing for reducing fecal con-
tamination. Stivarius et al. (2002) applied 200 ppm chlorine dioxide to ground beef trim-
mings inoculated with E. coli and S. Typhimurium but noted declines of only 0.44 and 0.82
log CFU/g, respectively, in ground beef manufactured from trimmings. Application of 1%
ozonated water to the trimmings was no more effective than chlorine dioxide, and both
compounds caused the ground beef to become lighter in color. The oxidizing effect of chlo-
rine dioxide and similar oxidizing agents may limit their usefulness because of quality
changes in treated products.

Acidified sodium chlorite (Sanova, Alcide Corporation, Redmond, Wash.) is a broad-
spectrum, acid-activated antimicrobial approved by the FDA and Environmental Protection
Agency for non-food uses such as sterilization and disinfecting hospitals, dental labs, phar-
maceutical clean-rooms, and teat antisepsis. It is approved by the USDA-FSIS as an antimi-
crobial agent for use on poultry and beef carcasses, trimmings, and organs and on
processed, comminuted, or formed meat products at levels of 500 to 1,200 ppm. It must be
used in combination with any GRAS acid at a level sufficient to achieve a pH of 2.3 or 2.9
depending on the meat or poultry product (USDA-FSIS 2002b). ASC has been shown to be
effective against pathogens (E. coli O157:H7, Listeria, Campylobacter, Salmonella), virus-
es, fungi, yeast, molds, and some protozoa. Acidification of NaClO2 forms HClO2 (ASC),
which reacts with organic matter to form a number of oxychlorous intermediates that are
broad-spectrum germicides. It is these compounds that break oxidative bonds (sulfide and
disulfide linkages) on the bacterial cell membrane surface and kill the cell. The reaction
residue that remains is primarily chloride and chlorate salts. Because of the non-specific
oxidative reactions, acquired resistance by pathogens is thought to be minimized (Kemp et
al. 2000).

Kemp et al. (2000) found that a 5-second dip in 500–1,200 ppm ASC reduced total aer-
obes by 82.9%–90.7%, E. coli by 99.4%–99.6%, and total coliforms by 86.1%–98.5% on
poultry carcasses before chilling. At the 1,200-ppm level, they observed ASC to cause a
transient whitening of the skin surface that is lost during hydrochilling. No organoleptic
changes in raw or cooked product were noted because of ASC application. In-plant testing
of a water-wash procedure for poultry carcasses combined with a 1,100-ppm rinse of ASC
at pH 2.5 resulted in a 99.2% reduction in Campylobacter from post-evisceration levels on
fecal and ingestia contaminated carcasses (Kemp and Schneider 2002). Castillo et al.
(1999) inoculated various regions on hot-boned beef carcasses with E. coli O157:H7 and 
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S. Typhimurium followed by a spray treatment (140 mL, 10 seconds, 69 kPa) of 1,200 ppm
ASC acidified with citric acid. ASC reduced both pathogens by 4.5–4.6 logs CFU/cm2,
whereas water-wash reductions were only 2.3 logs CFU/cm2. It was also noted that beef car-
casses treated with ASC had lower pathogen levels in the areas beyond the initial site of con-
tamination. For a direct comparison of antimicrobials, Ransom et al. (2003) applied 2%
acetic acid, 0.001% acidified chlorine, 2% lactic acid, 0.02% ASC, 0.5% cetylpyridinium
chloride, 1% lactoferricin B, or 0.02% peroxyacetic acid to the surface of beef carcass tis-
sues (BCT) and beef lean pieces (LTP) inoculated with a five-strain composite of E coli
O157:H7. Overall, they found that CPC was the most effective for reducing bacterial popu-
lations by 4.8 (BCT) and 2.1 (LTP) log CFU/cm2, respectively. Of the commonly used
antimicrobials, lactic acid was the most effective, reducing E. coli O157:H7 by 3.3 (BCT)
and 1.3 (LTP) log CFU/cm2. Overall, the authors of this study concluded that lactic acid and
ASC were the most effective antimicrobial solutions currently approved for use (Ransom et
al. 2003).

Applied as spray or dip at ambient temperature to whole beef or poultry carcasses, fresh
beef trimmings, and formed and RTE products, ASC is considered a processing aid and, as
its residue levels are considered insignificant, it does not require labeling. Poultry opera-
tions most often apply ASC at the end of the evisceration line before or after carcass chill-
ing, whereas red meat operations typically applied ASC as a carcass rinse after evisceration
or to trimmings immediately before grinding.

CPC (cetylpyridinium chloride) [1-hexadecylpyridinium chloride] is a water-soluble,
colorless, neutral pH, quaternary ammonium compound used in oral mouthwash products,
toothpastes, and throat lozenges as a bactericide. Levels of 0.05%–0.5% in mouthwashes
reduce or inhibit gingivitis and biofilm and plaque formation (Cutter et al. 2000). CPC is
effective because of its ability, wet, to penetrate tissue as a result of its low surface tension
and hydrophillic and lipophilic properties. This enables CPC to penetrate and destroy bac-
terial cell walls and cell membranes. CPC kills bacteria by the interaction of basic cetylpyri-
dinium ions reacting with the acid groups of bacteria to form weakly ionized compounds
that inhibit bacterial metabolism (Kim and Slavik 1996).

At this time, CPC is neither approved for food use by the FDA nor by the USDA-FSIS for
direct food contact. However, several studies have demonstrated its antimicrobial effective-
ness when applied to poultry and beef carcasses. Kim and Slavik (1996) found that spraying
contaminated poultry skin with 0.1% CPC reduced Salmonella by 0.9–1.7 logs CFU/cm2,
which was similar to reductions (1.0–1.6 logs CFU/cm2) when the poultry skin was
immersed in CPC. Reductions of 4.87 logs CFU/cm2 of S. Typhimurium also have been
observed when CPC (0.4%) was applied to chicken skin for 3 minutes in a model system
(Breen et al. 1997). When chicken carcasses were sprayed with 10% trisodium phosphate,
2% lactic acid, 0.5% CPC, or 5% sodium bisulfate in a modified inside/outside bird washer,
CPC was the most effective antimicrobial spray, reducing total aerobes by 2.16 log
CFU/cm2 and Salmonella by 2 log CFU/cm2 (Yang et al. 1998). Cutter et al. (2000) com-
pared the effectiveness of a 1% CPC, 15-second spray with that of a water wash to reduce
pathogens on lean- and fat-tissue beef surfaces. On lean beef, S. Typhimurium and E. coli
O157:H7 were immediately reduced by a 1% CPC solution from 5–6 logs CFU/cm2 to
undetectable levels; whereas on fat tissues, pathogen counts were reduced to �2.5 logs
CFU/cm2. After 35 days of storage at 4°C, pathogen counts on lean tissue were unde-
tectable, but counts on fat tissue remained at �1.3 log CFU/cm2. Although CPC levels
exceeded those for human consumption, CPC was proven to effectively reduce pathogenic

328 Chapter 24



bacteria. As noted previously, during a comparison of CPC and other antimicrobials CPC
was the most overall effective for reducing bacterial populations (Ransom et al. 2003),
whereas lactic acid and ASC were the most effective among the solutions currently
approved for use.

Inorganic Compounds

TSP is a very alkaline (pH 12–13) antimicrobial ingredient approved for use as a spray or
dip for raw, unchilled poultry carcasses and giblets (USDA-FSIS 2002b) and as a hog scald-
ing agent. An 8%–12% solution may be applied to poultry carcasses within a temperature
range of 65°–85°C for up to 15 seconds. Giblets do not have a temperature requirement, but
they must be sprayed or dipped for a minimum of 30 seconds. TSP’s antimicrobial effect is
apparently the result of bacterial cell membrane disruption and of an increase in the water
solubility of the bacterial DNA at high pH (Mendonca et al. 1994).

Trisodium phosphate is used commercially to decontaminate poultry carcasses and has
been shown to reduce Salmonella by 1.6–1.8 logs when applied as a 10% solution at 50°C
for 15 seconds (Slavik et al. 1994). In a companion study, Campylobacter on TSP-treated
carcasses declined by 1.5 and 1.2 logs when stored for 1 and 6 days, respectively, at 4°C.
TSP also has been shown to be effective for removing and inactivating attached 
S. Typhimurium on cooked chicken breast patties after refrigerated and frozen storage
(Yoon and Oscar 2002).

A few studies have investigated the potential use of TSP solutions as a decontamination
treatment for beef carcasses. Kim and Slavik (1994) rinsed fat and fascia surfaces inoculat-
ed with E. coli O157:H7 and S. Typhimurium with a 10% TSP (10°C) solution for 15 sec-
onds. They found that the TSP treatment reduced E. coli O157:H7 levels by 1.35 and 0.92
logs on fat and fascia surfaces, respectively. Salmonella Typhimurium showed reductions
of 1.39 and 0.86 logs on the same tissues. In a similar study, S. Typhimurium and E. coli
O157:H7 were reduced by 1–1.5 logs on lean beef tissue previously immersed in 8%–12%
solutions (25°–55°C) for up to 3 minutes (Dickson et al. 1994). Listeria monocytogenes was
also reduced, but to a lesser extent. The concentration of TSP did not affect reductions in
bacterial populations, but higher temperatures seemed more effective. Greater reductions in
pathogen populations were observed on fat tissue than on lean tissue. Cutter and Rivera-
Betancourt (2000) found spray treatments with 10% TSP to be the most effective for reduc-
ing S. Typhimurium, S. Typhimurium DT104, E. coli O157:H7, and E. coli O111:H8 on
prerigor beef surfaces. TSP resulted in reductions of 3 logs CFU/cm2, followed by 2%
lactic and 2% acetic acid at 2 logs CFU/cm2. Previous work by Dorsa et al. (1997) showed
a 12% TSP wash to have the same degree of effectiveness for controlling E. coli O157:H7
and C. sporogenes in comparison with 3% lactic or acetic acids, but TSP was less effective
for reducing aerobic plate counts, L. innocua, and lactic acid bacteria.

A TSP spray or dip used alone, or in concert with other pathogen interventions, is an
effective means of reducing pathogens on poultry and beef carcasses. However, disposal of
the highly alkaline treatment water and excessive corrosion of equipment and facilities with
continuous exposure to the decontamination agent are two issues that affect the use of TSP.

High-pH treatment of beef trimmings with ammonia gas is a patented process (Roth
2002) used in the production of lean boneless beef trim (previously referred to a lean finely
textured beef) to reduce pathogens in the product (Beef Products Incorporated, Dakota
Dunes, S.D.). Desinewed beef trim is processed through a centrifugal separator, rapidly
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frozen on a drum freezer, and then chipped into 1 � 1 � 0.3-cm pieces. The frozen chips are
compressed (4,000 lb/in2) into blocks and packed into boxes. A step in the process involves
rapidly raising the pH of the beef to approximately 9.5 by the injection of ammonia gas into
the product. Evaluation of gaseous ammonia–treated beef trim inoculated at 6 log CFU/g of
Salmonella, L. monocytogenes, and E. coli O157:H7 showed that after the product has been
frozen and compressed into blocks, no Salmonella or E. coli O157:H7 were detectable by
enumeration or enrichment and isolation (Niebuhr and Dickson 2003). Listeria monocyto-
genes strains in the blocks were reduced by approximately 3 logs CFU/g from the initial
inoculation levels. When the ammonia-treated frozen beef trim (15%) was then combined
with inoculated ground beef, pathogen populations in the ground beef were reduced by
approximately 0.2 logs. No detrimental changes in the ground product color, odor, or flavor
were reported. Because ammonia-treated beef trim is used as a component in numerous
products destined for further processing, this gasification and pH enhancement process
offers an added measure of safety to those products and has the potential to retain more
juices in the cooked product.

Activated Lactoferrin

Lactoferrin is a bioactive glycoprotein derived from cheese whey and skim milk that has
been designated GRAS by the FDA, and is approved for use on beef carcasses and beef parts
up to 2% (65.2 mg/kg beef tissue) of a water-based spray (USDA-FSIS 2002b). Naidu
(2002) states that the activated form of lactoferrin (ALF), blocks foodborne pathogens such
as E. coli O157:H7, Salmonella spp., Campylobacter spp., Vibrio spp., A. hydrophila, and
S. aureus, as well as food spoilage microorganisms like Bacillus spp., Pseudomonas spp.,
and Klebsiella spp. In its patented activated form, ALF blocks the attachment of pathogens
onto the meat surface by interacting with the pore-forming outer-membrane proteins of
Gram-negative enteric pathogens, thereby reducing their growth and colonization (Naidu
2001, Naidu 2002). Because of ALF’s binding ability, it can displace attached bacterial
cells. It is believed to bind to the same receptor sites (e.g., collagen) as bacteria, but with
greater affinity, thus displacing the bacteria. Kawasaki et al. (2000) found that lactoferrin
inhibited the adhesion of E. coli and reduced counts by 1–2 logs along the intestinal wall of
mice. This reduction was sustained up to 30 days following exposure to the organism. ALF
also has the ability to strongly bind iron, thereby depriving bacteria of an essential nutrient
and inhibiting growth.

Naidu (2002) reported reductions of 2.5 logs of E. coli O157:H7 on beef steaks treated
with a 1% ALF spray, and removal of 99.9% E. coli O157:H7 from samples passed through
a digitally simulated spray system consisting of six spray-wash steps: cold water (10 sec-
onds), 2% lactic acid (10 seconds), hot water (180°F, 30 seconds), cold water (10 seconds),
and 2% lactic acid (10 seconds), followed by a 20-second spray with 1% ALF. Venkita-
narayanan et al. (1999) compared the antibacterial activity of an amino acid peptide, lacto-
ferricin B (100 �g/g) (not ALF), in ground beef samples stored at 4° and 10°C and found 
E. coli O157:H7 to be reduced by approximately 0.8 log CFU/g, which was not of sufficient
magnitude to merit its use in ground beef.

Sensory studies on beef steaks treated with ALF, packaged in 80% O2 and 20% CO2 for
up to 35 days, and displayed under cool white fluorescent light at 32°–36°C showed no dif-
ferences when compared with the data from nontreated steaks (Naidu 2002).
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Limited information is available in the literature regarding challenge and comparative
studies with activated lactoferrin and other approved antimicrobial treatments. Because
activated lactoferrin is a milk-derived protein, it may induce immunoallergic reactions in
some milk-protein-sensitive individuals. The number of individuals that might be affected
by exposure to activated lactoferrin is unknown.

Bacteriocins

Bacteriosins are microbial metabolites that have a bacteriostatic or bactericidal effect on
other microorganisms. Nisin, a small, hydrophobic peptide produced by Lactococcus lactis
subsp. lactis is most effective against Gram-positive bacteria, because Gram-negative
microorganisms have an additional outer cell membrane for protection. The antibacterial
mechanism appears to involve inhibition of murein synthesis and disintegration of the cyto-
plasmic membrane, resulting in inhibition of DNA, RNA and protein synthesis. Nisin has
received GRAS status by the FDA and is allowed in meat products as a component of
sauces, soups, or fully cooked meat or poultry products. It may be used in sauces at no more
than 600 ppm or used where meat or poultry does not exceed 50% of the product formula-
tion (USDA-FSIS 2002b). Nisin is considered to be non-toxic and non-immunoallergenic
and has been approved by the World Health Organization as a food preservative.

Nisin has been shown to inhibit growth of spoilage bacteria in several foods including
milk, cheese, cottage cheese, yogurt, eggs, and canned soups and vegetables (Tu and
Mustapha 2002). Meat products such as ham, bacon, frankfurters, and other cured meats
have also been evaluated. Surface decontamination of beef and poultry carcasses with 5,000
Activity Units(U)/mL of nisin by Cutter and Siragusa (1994) showed reductions of
1.79–3.54 log CFU/cm2 of Bronchothrix thermosphacta, Carnobacterium divergens, or 
L. monocytogenes. They concluded that nisin might be a useful sanitizer for meat surfaces.
Treatment of vacuum-packaged beef with nisin or a combination of nisin and EDTA reduced
L. monocytogenes by 2.01 and 0.99 log CFU/cm2, respectively, when stored at 4°C and eval-
uated over a 30-day period (Zhang and Mustapha 1999). Reductions of E. coli O157:H7 on
inoculated beef under the same conditions were marginal. Subsequent work by Tu and
Mustapha (2002) found that surface treatment of nisin and EDTA on beef completely inhib-
ited B. thermosphacta but did not reduce S. Typhimurium. Mustapha et al. (2002) did not find
the combination of Nisaplin (nisin) (400 U/mL) and 2% lactic acid to be any more effective
for reducing E. coli O157:H7 on vacuum-packaged beef than lactic acid alone.

Overall, the use of nisin, and perhaps other bacteriocins such as pediocin, does not
appear to be as effective as other decontamination treatments against Gram-negative
microorganisms, unless used in combination with other antimicrobials, for reducing these
pathogens on carcass surfaces or raw meat products. In addition, limited information is
available regarding the potential development of resistance by organisms exposed to nisin.

Postharvest Product Decontamination (Fresh, Frozen, RTE)

A host of chemical preservatives, antimicrobials, and ingredients with antimicrobial prop-
erties are currently approved for use in meat and poultry products (Code of Federal Regula-
tions 2003, USDA-FSIS 2002b), but a discussion of their effectiveness is beyond the scope
of this chapter.
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Emerging Technologies

Decontamination of carcasses, meat trimmings, and poultry parts through the application of
multiple-intervention technologies and through chemical agents (applied to carcass sur-
faces immediately post-slaughter) has been the most widely used approach to preventing
pathogen contamination of meat and poultry foods.

Other related chemical treatments are emerging that may add additional hurdles in the
HACCP system and improve food safety. Antimicrobial food packaging and edible films
(including casings) are concepts being studied to simultaneously extend shelf life and
improve food safety. Because the package surface is in intimate contact with a potentially
contaminated product surface, treatment of package surfaces with bacteriostatic or bacteri-
cidal agents may reduce the risk of foodborne illness. Edible antimicrobial films would
offer more convenience and perhaps residual antimicrobial activity for the life of the prod-
uct. Current limitations for the use of antimicrobial packaging and edible films include:

• Methods used to incorporate antimicrobial agents into a packaging film or coating
remain under development;

• Most studies have focused on model systems with a few tests performed on actual food
systems;

• Limited information is available about the commercial ability to produce antimicrobial
films;

• Even if technology were available, packaging and films may be cost prohibitive;

• Legal issues must be resolved before investment in the technology;

• Pathogens could become resistant to antimicrobial agents;

• Use of antimicrobial films may be perceived as covering up contamination at the pro-
cessing plant level;

• Some compounds are not approved for food use by FDA or USDA-FSIS and would
require extensive testing; and

• If an outbreak of foodborne illness occurred, who would be liable—the producer or the
user of the packaging/film?

A number of basic chemistry and bioengineering laboratories (Massachusetts Institute
of Technology, Northeastern University, Pace University, Long Island University, Queens
College of the City University of New York, Tokyo Institute of Technology, Rensselaer
Polytechnic Institute, University of Pennsylvania, University of Massachusetts–Amherst,
University of Wisconsin, and Scripps Research Institute) are actively developing bonded
polymer surfaces for a host of potential military, medical, or food applications. Much of the
research is focused on porous materials that are carbohydrate based that could potentially
lead to antibacterial surface treatments on everything from clothing to paper, glass, plastics,
wood, cellulose, and possibly metals. Researchers at MIT have found that N-alkylated
poly(4-vinyl pyridine) groups (or N-alkyl PVP groups) are lethal to both Gram-positive and
Gram-negative bacteria when bonded to glass, polypropylene, nylon, polyethylene, and
poly(ethylene terephthalate) plastics. Some compounds also have been bound to magnetic
iron oxide nanoparticles. The potential offered by these new antimicrobial agents not only
includes packaging but food contact surfaces such as equipment, conveyor belts, boxes,
institutional uniforms, gloves, hairnets, and similar items used in the food industry. Coat-
ings could potentially target a specific category of microorganisms or be designed to elimi-
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nate biofilm formation and build-up of microorganisms with acquired resistance to other
modes of decontamination (i.e., sanitizers, and disinfectants).

Other technologies under development include silver surface bonding to stainless steel
that would eliminate microbial growth on stainless steel and equipment manufactured from
the coated metal. This would allow for walls, doors, equipment, and other metal-coated
items to be essentially bacteria free and provide a recyclable resource.

Potential Concerns

Potential concerns with existing or developing decontamination technologies are:

• Generalized microbial reductions may reduce beneficial microorganisms such as lactic
acid bacteria;

• Spraying or rinsing may cause bacterial penetration into the tissue or redistribution of
the microflora depending on the application pressure;

• Pathogens may become irreversibly attached to carcass or meat surfaces because of
insufficient treatment or a delay in treatment application;

• Without sufficient sanitation of equipment contact surfaces in concert with decontami-
nation, biofilms may develop and serve as pathogen reservoirs;

• Pathogens may develop adaptive resistance with constant exposure to a specific treat-
ment, chemical intervention, or a sublethal concentration of a decontamination agent; and

• Reductions in beneficial microflora that are antagonistic to bacterial pathogens may
allow the pathogens to become more established in plants.

Conclusions

Pathogen-free meat and poultry products cannot be guaranteed, but the risk of contamina-
tion can be greatly reduced through the application of multiple-intervention decontamina-
tion systems and the development of new technologies that kill pathogens on multiple
fronts. The advantages, disadvantages, and limitations of various chemical decontamina-
tion procedures have been discussed along with emerging methods for reducing or elimi-
nating pathogens in our meat and poultry supply.
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25 Decontamination Systems

M. Elena Castell-Perez and Rosana G. Moreira

Introduction

The increased occurrence of pathogens that cause major foodborne disease outbreaks (e.g.,
Listeria monocytogenes, Escherichia Coli O157:H7, Salmonella) and the presence of chem-
ical residues in foods are the main concern of food producers and processors worldwide.
These challenges have led to increased global demand for actions to improve the safety of
raw and manufactured foods. One consequence of this effort is the active participation of
food processors in the application of intervention strategies to decontaminate their products.

An efficient decontamination system should reduce bacterial numbers or eliminate
harmful chemicals without any detrimental changes to the appearance or nutritional value
of the product. There are a number of technologies currently available for use as food
decontamination systems. Some of these technologies are already widely implemented in
the industry. Others need additional research before commercial industrialization occurs.
Some of these technologies are more promising than others regarding their effectiveness for
reducing pathogens, enhancing food quality, and reducing costs. Some are concerned with
preventing contamination, whereas others are designed with the goal of reducing the num-
bers of microorganisms in the final product (inactivation regimes) by destroying pathogens
(thermal and non-thermal methods) and removing pathogens (e.g., by washing or spray-
ing). The nature of the inactivation regime depends on the target organism and the physical
properties of the food system (Stewart et al. 2002).

Decontamination systems are classified as conventional heat-based (thermal) methods
and non-thermal methods. Each type of technology has its advantages and disadvantages.
However, there is no single technology that will allow the high-quality production of every
food product while ensuring safety. Research continues to evaluate and refine those
processes that are most effective for each type of product. Scientific evidence suggests that
the greatest potential may fall on decontamination systems consisting of a combination of
two or more technologies, sometimes with limited thermal heating.

This chapter describes the current and future technologies for use in pathogen decontam-
ination of the food supply. Emphasis is given to antimicrobial intervention systems,
although some of the technologies may also ensure chemical safety. The primary focus is on
the equipment and theoretical mechanisms behind these decontamination methods and pro-
cessing criteria and their overall effectiveness.

Thermal Technologies

The use of heat is by far the most common technology used to ensure microbial safety of
foodstuffs. Several technologies have been developed and applied to reduce bacteria on the
surface of products such as meat and poultry carcasses and fresh produce. These include
water washing, chemical washing, blanching, and steam or hot-water pasteurization.
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Hot-Wash Spraying Systems

Washing is a fundamental unit operation in the processing of meat and produce. In practice,
carcasses are decontaminated with hot water via spray-washing cabinets through which
carcasses are passed automatically (Sofos and Smith 1998). Spray washing is mainly used
to remove soil residue and chemical or biological contaminants from the surface of the
product. The advantages of spray washing over washing by dipping, soaking, or gravity
rinse are the increased energy efficiency, the reduced volume of water use and wastewater
generation, and the reduced water uptake by produce (Belk 2000).

Spray washing is usually considered to be a control point—even a critical control
point—by many meat and produce packers. There are reports of small but significant reduc-
tions in bacterial numbers after washing the products. However, a reason for concern is that
the use of inappropriate equipment or excessive spray pressures may lead to bacterial pene-
tration into the food or to spreading and redistribution on the product. These issues can be
addressed by properly selecting and controlling the key processing factors, including water
temperature, water pressure, method and duration of application, and the interval between
the contamination occurring and washing (Belk 2000). Studies on meat indicate that opti-
mal water pressures should range from 1,379 to 2,070 kPa to be effective in reducing micro-
bial counts. A water flow rate of 7.5 liters per minute is usually recommended. It is standard
procedure to use water at temperatures greater than 74°C to reduce bacterial counts (2–3 log
CFU/cm2) on carcass tissue. Effectiveness of the treatment increases as temperatures
approach 80° to 85°C (Belk 2000). It must be noted that these operating parameters may be
too high for decontamination of fresh produce, and modifications should be made (Pordesi-
mo et al. 2002).

An alternative method to destroy bacteria in the interior of produce is to use mild heat
treatments (such as blanching) to penetrate the tissue of the produce. A typical procedure is
to place the produce inside a wire basket, submerge the basket in water (55°–95°C, 15 sec-
onds), and quickly cool the produce (Breidt et al. 2000). Similar blanching procedures may
be developed to reduce bacteria cell counts on a wide variety of fruits and vegetables with-
out greatly affecting quality.

Hot-Water Pasteurization Systems

Several technologies have been developed for surface decontamination of meat products
using hot water. Gill et al. (1995) developed an apparatus for pasteurizing polished, unevis-
cerated pig carcasses using water at 85°C. A fully commercial version of the apparatus was
tested in the dressing line of a pork packing plant. However, adaptation to treat fully dressed
carcasses may not be a commercially viable option because of the risk of damage to the
appearance of the carcasses by the heat treatment (Gill et al. 1997).

At present, there is available an effective and economical method for microbial decontam-
ination of animal carcasses before chill storage in a commercial slaughter operation
(Anderson and Gangel 1999). The technology consists of placing the carcass in a hot-water
pasteurization chamber and spraying it with recirculation water at a minimum temperature
of 74°C over its entire surface for a minimum time sufficient to kill bacteria (at least 5 sec-
onds). Recirculation water is collected and then delivered with a pump to a filtering step to
remove any particulates. The filtered water is combined in a storage vessel with fresh water
and then heated with a heat exchanger. Incoming water should be at least between 82° and



91°C. Typical water flow rates range within 560 to 1,324 L/min. The entire carcass surface
is then subjected to acid application with a pressure pump and spray system (3.8–7.6 L/min
of 1.5%–2.5% v/v of lactic or acetic acid at 43° to 54°C). The microbiological effectiveness
of the technology has been confirmed (Anderson and Gagel 1999).

Advantages of this technology are the use of recirculated water and treatment of the
complete carcass, as opposed to other methods that provide only “spot” treatment for spe-
cific areas of the carcass, such as the steam-vacuum carcass spot system developed by Kent-
master (Kentmaster Manufacturing Company, Inc., Monrovia, CA; Avens et al. 2002).

Steam Technology

A heat-based decontaminatiom system is successful when it can raise the food surface tem-
perature rapidly to a value greater than 70°C, at which temperature pathogens are killed
(James et al. 2000a). The heat must then be quickly removed to prevent it from penetrating
into the food and cooking it. One such method of rapidly heating surfaces is the application
of steam. The main advantage is the large amount of heat transferred to the food when steam
condenses, increasing the surface temperature rapidly. Steam pasteurization is suitable for
decontamination of food products because it does not require the application of chemicals
or disposal of waste products. The development and commercial applications of surface
decontamination methods for meat products using steam are well documented (Sofos and
Smith 1998, Avens et al. 2002).

Steam Pasteurization Systems

This technology consists of the application of a controlled treatment of saturated or super-
heated steam to the surface of the product, instantaneously raising the surface temperature
to 88°C for 10 seconds. Immediately following the steam treatment, the products are chilled
using cold water. A specific application of this decontamination method is the exposure of
animal carcasses to pressurized steam. A patented process, the Frigoscandia (Frigoscandia
Equipment, Bellevue, WA) steam pasteurization system, is currently used by several pack-
ers (Wilson et al. 2000).

Commercially, steam pasteurization reduces bacterial counts by applying pressurized
steam to the surface of carcasses for about 6 seconds (longer exposure periods may cause
discoloration). The method destroys pathogens on meat carcasses in three steps: removal of
surface water from the meat, passage through a steam-heating chamber to quickly heat the
exterior of the meat, and rapid chilling the surface of the meat. A meat conveyor carries the
meat throughout the three steps. Steam is continually pumped into the steam chamber
through a pipe such that a positive pressure is created within the chamber (pressure differ-
ential is about 489 Pa). Heat is drawn into the surface of the meat through steam contact.
The condensation of steam onto the surface of the meat produces a transfer of heat energy
(latent heat), which causes rapid heating of the meat surface, effectively destroying any
pathogens. It is recommended that the meat be kept within the steam chamber for 2.5 to 30
seconds, with 10 seconds being optimal (Wilson et al. 2000). The surface of the meat is
heated 1–5 �m deep at about 71°–92°C during this time. These conditions are sufficient to
reduce coliform bacteria, Salmonella, and other pathogens. The time within the steam
chamber is set by the speed of the conveyor combined with the length of the steam chamber
(Wilson et al. 2000).
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Advantages of this system include reduced water and energy requirements. Some draw-
backs are the high capital outlay required for installation and the fact that only a few units
have been installed in large U.S. plants (Wilson et al. 2000).

Vacuum-Steam-Vacuum System

Application of steam to the surface of meat, poultry, and fresh produce can be optimized if
the process is very rapid. The principle behind this idea is the removal of the thin layer of air
and water present on the surface of the product. A new process, called the vacuum-steam-
vacuum surface intervention process, consists of an apparatus that surrounds the product
with a vacuum to withdraw all interfering layers of air and water, then flushes it with a quick
burst of 143°C steam, and then cools it with a vacuum (Goldberg et al. 2001). The reapplica-
tion of the vacuum cools the food surface, preventing any thermal damage. The apparatus is
capable of evacuating the surface, applying steam, and evacuating the surface again in less
than 1 second. This technology has been successful for eliminating Listeria inocua from hot
dogs and raw catfish and has been adapted to inactivate bacteria on the surface of fruits and
vegetables (Morgan et al. 1996, Kozempel et al. 2001).

The simplest design is one chamber in one rotor. A cylindrical chamber, used for a broil-
er carcass, should be about 200 mm in diameter and 240 mm deep. The steam generator is
charged with deionized water and the water boiled for 30 min to remove air. The vacuum
receiver is adjusted to 7 kPa and its condenser coil cooled to 4°C. Process time is between 
1 and 1.1 seconds (Kozempel et al. 2001). Advantages include the ability to follow high-
speed process lines and low processing cost. This technology kills Salmonella and other
harmful pathogens very quickly (in 25 milliseconds, the machine kills 99.99% of bacteria).
However, the unit has not been suitable for on-line treatment.

Atmospheric Steam Systems

Modern poultry processing lines run at very high speeds—up to 12,000 birds in an hour.
Such high speeds make the implementation of pressurized steam decontamination systems
difficult because they do not easily integrate in continuous lines. An alternative is the use of
atmospheric steam systems. The basic principle is to use a vessel, with an open base, perma-
nently filled with steam. The steam remains in the vessel because it is less dense than the
surrounding air (James et al. 2000b). Potential benefits over pressurized steam are simplici-
ty, lower capital cost and ease of maintenance, reduced safety risk, and shorter processing
time. However, operation is at one condensation temperature (10°C), and there is no inte-
grated cooling following heat treatment.

Although numerous studies have been conducted to establish the efficacy of steam treat-
ment as an antimicrobial intervention system (James et al. 2000a, James et al. 2000b, James
et al. 2002), there is still no evidence that these systems are superior to the pressurized steam
systems. More research is needed to determine the efficiency of this technology as a food
decontamination system.

Non-Thermal Technologies

Most new technologies are considered non-thermal because their antimicrobial action does
not require the use of a heat treatment. Non-thermal treatments are currently regarded as
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promising alternative decontamination systems by the food industry. These emerging tech-
nologies have been researched and applied to a broadening array of food processes and
products.

Some non-thermal techniques are gaining in popularity and have emerged as full-blown
commercial processes, such as high-pressure processing (HPP), pulse-electric field pas-
teurization (PEF), ozone-treatment, and irradiation (gamma and electron beam). Other
technologies are at various developmental stages, including sonication, ultraviolet light,
active packaging, and surface coatings (Majchrowicz 1999, Tiller et al. 2001).

HPP Systems

Over the last 20 years, use of HPP as a food preservation method has been pursued in an
effort to produce safe foods with a reasonable shelf life. Typically, the food is submerged in
a liquid (usually water) contained in a vessel that generates pressure by pumping more liq-
uid into the pressure vessel or by reducing the volume of the pressure chamber. This expo-
sure of foods to high pressures lasts for a short period of time, usually ranging from a few
seconds to several minutes (Institute of Food Technologists 2000).

Decontamination is the major application for which this technology is known and
accepted in the food industry. The use of HPP as an antimicrobial method has been shown to
yield good-quality foods from an economically viable process (Ludwing et al. 1992, Erk-
men and Karatas̨ 1997).

In an excellent overview of the technology, Tewari et al. (1999) described the basic prin-
ciples of HPP and critically evaluated the major research done on various applications of the
technology around the world. The mechanism of action is simple: microorganisms are
killed by damage of the membrane, as high pressure (100–1,000 MPa) disrupts secondary
and tertiary structures of macromolecules (e.g., proteins and polysaccharides) and alters
their structural and functional integrity. For most foods, 10-minute exposures to pressures
in the range of 250–300 MPa result in “cold pasteurization.” This “non-thermal” process
reduces the losses in sensory quality (texture and flavor) and nutrient content while ensur-
ing a significant reduction in microbial populations (Institute of Food Technologists 2000).
Very high pressure (709–911 MPa) is necessary to damage bacterial spores. However, pres-
sure higher than 500 MPa can inactivate food enzymes and alter texture, color, and physio-
chemical properties of foods (Kalchayanand et al. 1998). In contrast, this technology can be
a powerful tool in the study of protein folding and prion inactivation similar to that respon-
sible for bovine spongiform encephalopathy (see Chapter 14) from foods. Pressure alters
the equilibrium of the interactions that stabilize the folded three-dimensional shape of pro-
teins. The extent of denaturation by pressure depends on the structure of the protein, the
pressure range, and other external parameters such as temperature, pH, and solvent compo-
sition (Casolari 1998).

In HPP systems, the food can be treated by direct and indirect methods, using water as a
pressure-transmitting medium. For prepackaged foods, the technology is a batch process.
For pumpable liquids, semi-continuous or continuous systems are used. In both cases, the
pressure treatment is achieved in cycles. An initial time is needed to reach the desired work-
ing pressure (come up time), after which the pressure is maintained for the required pro-
cessing time (holding time). Finally, the pressure is released, taking only a few seconds
(release time) to complete (Barbosa-Cánovas and Gould 2000). The major suppliers of HPP
equipment are ABC Pressure Systems (Sweden) and Flow International Corp. (Kent, WA).
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The units supplied by both companies have differences in capacity, achievable pressures,
and capital costs.

Batch production ensures product integrity by placing it in a final flexible consumer
package before the application of ultrahigh pressure (UHP; Avomex; Sabinas, Mexico).
The packages are loaded into a handling basket that is then placed inside the pressure vessel.
The pressure vessel applies water pressure of 689 MPa and temperatures as high as 70°C.
Batch processing can accommodate both liquid or solid products. However, its low
throughput capacity may be a disadvantage.

A patented concept of HPP compatible with in-line production methods for pumpable
foods such as sauces, juices, and purées is available. This continuous method uses a device
called an isolator, inside which a separator partitions the food from the UHP water source.
Pumping of the food into each isolator is performed under computer control. The food is
then pressurized with UHP water, held for a short period of time, and then pumped out of the
isolator into a clean or aseptic filling station. Increased system production rate is achieved
through the use of additional isolators. The isolator system also provides continuous auto-
mated monitoring of critical points to assure product sanitation. The choice of packaging
material for the in-line process is virtually unlimited because filling is performed after pres-
surization (Tewari et al. 1999). The energy requirement for production is comparable to
conventional process technologies. Because the food product is not discharged under pres-
sure, the product departs the system at the same temperature as it entered.

For some products, a combined moderate initial temperature and UHP are used to
achieve the desirable effect. This combination treatment has been shown to be important in
the inactivation of spores for shelf-stable low-acid foods. This is an area of emphasis and
new research for the food industry.

Some advantages of HPP over traditional thermal processes include reduced process
times; minimal heat damage problems; retention of freshness, flavor, texture, and color; and
minimal undesirable functionality alterations (Tewari et al. 1999). However, spore inactiva-
tion is a major challenge for HPP technology. Methods used to achieve full inactivation of
spores using HPP are yet to be developed. In addition, there is a need to develop and stan-
dardize HPP process parameters with respect to microbial inactivation, because none exist
(Tewari et al. 1999).

Electric Field Systems

Three preservation technologies in food processing use electricity: ohmic heating, oscilla-
tory magnetic fields, and high electric field pulses/pulsed electric fields. Ohmic heating is
an “old” new technology. Unilever has patented a method for ohmic heating of muscle
foods. It does inactivate microorganisms, but it also reduces food quality because of the
presence of chemical products from electrolysis of the food. Oscillatory magnetic fields are
applied to foods sealed in plastic bags. Frequencies between 5 and 100 pulses for a total
duration of 25–100 milliseconds are typically used (Jones et al. 1998).

PEF technology is one of the most promising non-thermal methods to prevent microbial
contamination of liquid foods. The process consists of the application of high electric field
strengths (10–70 kV/cm) applied in pulses (10–50) of short duration (1–30 ms) to liquid and
pumpable foods placed between two electrodes. The result is a membrane potential across
the bacterial cell wall of more than 1.0 V, which is sufficient to lyse or damage the cell
irreparably. The inactivation of various microbes, including E. coli, Lactobacillus brevis,
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P. fluorescens, and Bacillus cereus spores, has been found to be dependent on field strength
and treatment times that are unique to each species. Because this method has little effect on
proteins, enzymes, or vitamins, it is perfectly suited for food processing applications 
(Barbosa-Cánovas et al. 1998).

The application of PEF to a fluid food may be a static (batch) or continuous operation, of
which the latter is the most attractive for the food processing industry. A PEF continuous
system may be operated by passing the food through the treatment chamber once, multiple
times (stepwise), or in recirculation. The typical components of a PEF processing equip-
ment are a high-voltage generator for power supply (ca. 30 kV); an energy storage capaci-
tor; a pulse generator; a switching system; a treatment chamber through which food is
pumped between two electrodes; a unit for control and monitoring of voltage, current, and
field strength; a cooling system; and product delivery and packaging systems (Barbosa-
Cánovas et al. 1998). The major function of the treatment chamber is to provide uniform
field strength throughout the cell so that there is no cold spot as well as no electric break-
down of food caused by low or high electric field enhancement. Some systems use multiple
treatment chambers to eliminate these problems.

A batch system was developed for microbial inactivation in solid and semi-solid foods
(Zhang et al. 1996). The apparatus comprises a detachable processing vessel held within a
supporting electrifier, which applies pulsed electric fields to the processed food. The pro-
cessing vessel encloses the treatment chamber, and two electrodes face both sides of the
chamber, separated at a specific distance. Modifications of the described features are also
possible. The number of pulses applied will vary depending on the system and the type of
food product being treated. Treatment sessions having 2–100 positive and negative pulses
will typically provide adequate inhibiting effects on microbes. Temperature of the process-
ing vessel should be controlled within the range of 4°–40°C.

Mittal et al. (2000) patented a method for electrically treating foodstuffs flowing through
a treatment chamber with low-energy (0.21–25 Joules/pulse), high-voltage instant-charge-
reversal electrical pulses (up to 120 kV/cm, 1–5 ms). This type of pulse was more effective
in terms of microbial inactivation than other commonly used pulse waveforms.

Process parameters of importance when selecting a pulse field system include critical
electric field strength, treatment times, and desired inactivation of particular microorgan-
isms (Zhang et al. 1995). Advances in PEF technology are one step behind HPP decontami-
nation, but they are catching up as a result of the process being continuous. The capital and
running costs are also lower than HPP. One of the limitations of this technology is the pauci-
ty of commercial systems. Some manufacturers are PurePulse Technologies, Inc., and
Thomson-CSF, both in the United States. In addition, application is restricted to foods that
can withstand high electric fields (they should be homogeneous liquids with low electrical
conductivity for the continuous systems). The presence of bubbles in the liquid product may
lead to a nonuniform treatment as well as operational and safety problems. This method
may be combined with other methods to enhance its efficacy.

Ozone Systems

The U.S. Food and Drug Administration recently approved the use of ozone in the process-
ing of food. The potential utility of ozone to ensure safety in the food industry lies in the fact
that ozone is 52% stronger than chlorine and has been shown to be effective over a much
wider spectrum of microorganisms than chlorine and other disinfectants. In addition, unlike
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other disinfectants, ozone leaves no chemical residue and degrades to molecular oxygen on
reaction (Kim et al. 1999b).

Ozonation has been proven to be effective for the inactivation of bacteria (E. Coli
O157:H7, Salmonella Typhimurium) on several muscle foods and fish (Kim and Yousef
2000) and fresh produce (Kim et al. 1999a). At present, meat, poultry, and seafood process-
ing plants are considering ozonation as a food safety measure, and fresh produce and mini-
mally processed food producers are looking at ozonated washing systems for decontamina-
tion. However, inactivation of bacteria by ozone does depend on the type of microorganism
and the tested food.

Ozone effectively kills microorganisms through oxidation of their cell membranes. Bac-
teria are more susceptible to ozone than viruses, followed by vegetative fungi and bacterial
spores. Not only are there varying levels of susceptibility to ozone among organisms if
exposed to ozone under the same conditions, but these conditions by themselves or in con-
cert together exert a wide range of effects on ozone activity, which subsequently influences
ozone treatment effectiveness. Some of the more common factors include pH, metallic ions
in water, chemical oxidation demand (COD), and total organic carbon (TOC). Therefore,
before ozone can be applied successfully as a decontamination system in the food process-
ing industry, patterns of microbial inactivation by ozone should be elucidated (Kim and
Yousef 2000).

There are several available commercial ozone generator units (Ozonia, Duebendorf,
Switzerland; Lynntech, Inc., Bryan, TX). Ozone can be generated by irradiating an oxygen-
containing gas with ultraviolet light or corona discharge. Ultraviolet-light ozone generators
have limited application because of their minimal ozone generation capacity. Corona dis-
charge units have significant space requirements. An alternative, the electrochemical ozone
generator, was developed by Lynntech, Inc. (Denvir et al. 2001). The only requirements of
this technology are sources of electrical power and water, and it eliminates the gas drying
process. In addition, it does not form gaseous toxic byproducts (i.e., NOx). The ozone is
generated on site and on demand, thus eliminating ozone waste. Direct current is applied
between the anode and cathode, which are positioned on either side of a Nafion (E. I.
Dupont de Nemours and Co., Inc., Old Hickory Tennessee, TN) 117-proton-exchange
membrane. When deionized water is fed to the anode side, where the electrode is coated
with lead dioxide, two water oxidation reactions take place: oxygen evolution and ozone
formation. The electrochemical ozone generator consists of several cells stacked in series,
with the cell components positioned between two titanium endplates that incorporate ports
for liquids and gasses to enter and leave the cell. Typically the geometric area of each elec-
trode is 100 cm2 (Denvir et al. 2001). Audy et al. (2002) recently developed a method to
decontaminate raw meat using ozone.

Although ozonation shows great potential for use as a food decontamination technology,
many of the developed technologies require additional research before they are ready for
commercial application.

Irradiation

The effectiveness of ionizing and electron beam irradiation on food microbial inactivation
is well documented (Murano 1995, Molins et al. 2001). This technology will not be dis-
cussed here as it is the main subject of Chapter 28.
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Other Decontamination Systems

Totally new technologies are beginning to be tested. For example, there is tremendous
opportunity for use of intense pulsed-light systems as decontamination systems for the food
industries. This technique is currently used for tumors and other medical applications; how-
ever, it may have the potential to sterilize surfaces of food items just before they are pack-
aged. Advantages include high processing speed, cost-effectiveness, and ability to be incor-
porated into future production lines (Wekhof 2002).

The feasibility of using electric fields (alternating current) to inactivate E. coli and bacte-
rial spores in media such as saline water and orange juice has been demonstrated (Uemura
2000, Uemura and Isobe 2002, Uemura and Isobe 2003). This technology can be applied to
any other liquid food because the system is able to run continuously and is easy to scale up
for commercial use, compared with high electric field pulses.

The synergistic effect of combined technologies has been and continues to be evaluated.
Potentially successful combinations include combining heat treatment with high pressure;
combining electric fields with high temperature; combining ultrasound/pressure/heat treat-
ment; combining ozone with ultraviolet light; supercritical fluid extraction; and combining
vacuum-steam-vacuum and ionizing radiation.

Microbial pathogens could be weakened or even inactivated through sonication treat-
ment. Ultrasound technology consists of the transmission of mechanical waves through a
food material at frequencies above 18 MHz. A transducer transforms electrical energy into
mechanical energy, which in turn is amplified and transmitted through the material to gen-
erate traveling sonic energy waves.

Microbiological inactivation has been tested in continuous flow using a 1-kW pilot-scale
ultrasonic system operating at 20 kHz and a maximum amplitude of 35–45 m. Studies have
shown that inactivation of vegetative organisms (e.g., E. coli spp. or Lactobacillus spp.) is
increased when ultrasound is used in combination with heat (Zenk 2002). For the bacterici-
dal effect, the applied ultrasonic intensity was 50 W/cm2, which corresponds to a specific
energy input from 70 to 80 kJ/kg (19–22 kWh/t).

The toxicity of prion peptides responsible for bovine spongiform encephalopathy is
closely related to their aggregation state. Once the aggregation state is disrupted, their
infectivity is affected. Although ultrasound lacks the power and versatility to inactivate
microorganisms, the technique can be used in combination with ozone and ultraviolet light
primarily to enhance prion inactivation in foods (Casolari 1998, Dealler and Lacey 1990).

Recent developments in materials science may be of great promise for new food decon-
tamination methods. An example is the impregnation of the surface of food contact surfaces
such as plastics and glass with antimicrobial agents (Tiller et al. 2001). Research on modifi-
cations of stainless steel surfaces may also prove to be useful for food industry applications.

Conclusions and Future Needs

The future of alternative food decontamination technologies is promising. However, technical
and regulatory barriers need to be overcome to achieve successful industrial implementation.

Whether the new decontamination technologies contribute significantly to the improve-
ment of safety of food products will be gradually determined as surveillance data on micro-
bial foodborne illness are collected. However, to be considered successful, the technologies
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have to achieve at least the same food safety standards as those of conventional thermal
processes. Understanding the mechanism of microbial inactivation involved on each tech-
nology would allow using them in the most suitable conditions. Each of these technologies
could be used alone or in combination with other technologies to optimize product quality,
processing time, and microbial inactivation.

The challenge for the future is not only to develop more effective decontamination meth-
ods. There is still quite a need to develop and standardize process parameters with respect to
kinetics of microbial inactivation or elimination. This assessment must be carried out for all
foodborne pathogens in a wide variety of food products. Results will allow for improved
suitability of the technologies to specific food types (e.g., solid vs. liquid).
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26 Control of Listeria monocytogenes in
Ready-to-Eat Foods

Douglas L. Marshall

Introduction

The Gram-positive bacterium Listeria monocytogenes is ubiquitous in nature, being found
frequently in both raw and ready-to-eat (RTE) foods. It is also comparatively resistant to
harsh environmental conditions such as heat, cold, and chemicals. Therefore, consumption
of the bacterium is a frequent occurrence. Despite this exposure, human disease caused by
the bacterium is very rare (Notermans et al. 1998). Listeriosis outbreaks are almost always
associated with consumption of either raw or cooked RTE foods by high-risk individuals
(immunocompromised, elderly, pregnant women and their fetuses, and newborns).

There are eight factors that contribute to listeriosis outbreaks: inadequate thermal pro-
cessing, refrigeration temperature too high, inadequate cleaning and sanitation, inadequate
product flow through the processing plant, inadequate personal hygiene, shelf life too long,
inadequate environmental monitoring and control, and inadequate end-product testing.
Foods associated with listeriosis outbreaks have one major contributing factor that makes
them high risk as a vehicle; namely, the ability to support growth of the bacterium during
extended refrigerated shelf life. Foods with short chill shelf life (�5 days) are generally not
considered at risk because the bacterium will grow slowly under proper refrigeration. That
said, improper refrigeration, where temperatures above 5°C can allow proliferative growth
of the bacterium, could lead to infectious doses within a short period of time. An example of
the importance of proper refrigeration is shown in Figure 26.1, where small increases in
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Figure 26.1 Effect of storage temperature on growth of Listeria monocytogenes on ready-to-eat
chicken nuggets (from Marshall et al. 1991).
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chill temperature had dramatic influence on proliferative ability of the bacterium (Marshall
et al. 1991). Retail display units are notoriously poor at keeping product adequately chilled.

Inadequate thermal processing is caused by using too low of a heat treatment or using too
short of a process time. Poor cleaning and sanitation is usually traced to a constant battle
between production managers and sanitation managers. Sanitation takes time and expense,
both of which rob productivity. Often overlooked are point sources of contamination. Inad-
equate product flow can compromise food safety through a failure to segregate raw from
cooked products and a failure to limit flow of personnel within the processing environment.
Inadequate personal hygiene is linked to improper husbandry of garments and outerwear,
including gloves. Maintenance personnel also can be a source of contamination. Thus,
equipment should be resanitized after contact. Proper hand washing followed by alcohol-
based wipes can be a valuable control measure. Likewise, use of iodophor-containing hand-
dip stations can reduce contamination.

As mentioned previously, product shelf life can be frequently too long, resulting in pro-
liferative growth of L. monocytogenes. It is suggested that product shelf life be based on
food safety concerns rather than food quality concerns. Processors are encouraged to con-
duct inoculated pack studies to assess the potential for outgrowth of L. monocytogenes dur-
ing normal and abusive temperature storage of each product.

Inadequate environmental monitoring is a contributing factor in many listeriosis out-
breaks. Routine failure to detect and control hot spots is risky behavior. Floors, drains, and
food-contact surfaces (conveyors, slicers, and peelers) are recommended locations for
monitoring. In addition, end-product testing can be useful to detect gross contamination but
is of limited value in detecting sporadic contamination.

To control the potential for the bacterium to either grow slowly in long–shelf life foods or
to grow rapidly during temperature abuse, three main points of control are discussed in this
chapter. These points are hereafter referred to as the 3E approach (exposure, exclusion, and
elimination), which can provide food processors with the necessary arsenal to deal with 
L. monocytogenes contamination of foods. The first control method is to monitor the pro-
cessing environment and foods in exposed areas likely to contribute to L. monocytogenes
contamination. The benefit of rapid detection methods becomes evident for processors, as
they are able to either quickly recall contaminated product or to reevaluate processing con-
ditions when positive samples are indicated. The second control method, exclusion, is used
to prevent contamination of the food product. Exclusion involves both environmental con-
trol to prevent cross contamination of Listeria free foods and processing control to elimi-
nate contamination in the food. Food processing plants can produce raw products with low
L. monocytogenes incidence levels (ca. 2%), but the same product sampled from retail out-
lets might show substantially higher incidence of contamination (ca. 70%). The last control
method is to build elimination barriers into products that have a history of causing listeriosis
outbreaks. These barriers can be either biological, chemical, or physical hurdles or a combi-
nation of these.

Future efforts in product and process development should greatly affect the safety of our
food supply in regard to L. monocytogenes. Because substantial archival material is avail-
able at present on the characteristics of the bacterium (Ryser and Marth 1999) and post-
processing controls (Tompkin et al. 1999), the focus of this chapter is on presenting recent
advances that may provide a snapshot of future 3E approaches to control this deadly
pathogen in RTE foods.
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Listeria monocytogenes Incidence and Survival in Foods

Listeria monocytogenes incidence in foods is well described (Ryser and Marth 1999). More
recently, 5% of Belgian retail cooked meats were contaminated with L. monocytogenes
(Uyttendaele et al. 1999). They found higher incidence levels (6.6%) on sliced ham and
bacon than on their unsliced counterparts (1.6%), which implicates meat slicers as a possi-
ble cross contamination source. Likewise, minced meats had higher incidence levels (6.1%)
than did whole cooked products (4%). Even higher incidence levels were found on dry fer-
mented sausages (12%). RTE foods available at retail shops and restaurants had a 9% 
L. monocytogenes contamination rate (de Simon and Ferrer 1998), with 1% of the samples
containing high levels of contamination (100 colony-forming units [CFU]/g). Cheese
products, particularly soft-style cheeses, are frequently contaminated with L. monocyto-
genes. For example, fresh soft cheese produced in Brazil had a L. monocytogenes contami-
nation rate of 41% (da Silva et al. 1998). Smoked seafoods also can carry a high L. monocy-
togenes incidence rate (14%), with incidence levels usually higher in cold smoked fish
rather than hot smoked products (Heinitz and Johnson 1998). Methods to control L. mono-
cytogenes in cold smoked salmon have been reviewed (Huss et al. 1995, Duffes 1999). 
Uyttendaele et al. (1999) found a high incidence of L. monocytogenes in mayonnaise-based
salads (21%) and in prepared vegetarian meals (12%).

In most studies, all L. monocytogenes isolated from foods contain at least one, but more
frequently more than one, pathogenicity property. These pathogenic markers include pro-
duction of hemolysin, phospholipase, and the ability to be cytotoxic. Most studies demon-
strate that 99% of isolates are hemolysin and phospholipase positive (Amoril and Bhunia
1999). Most hemolysin positive cultures are also cytotoxic. According to the U.S. Centers
for Disease Control and Prevention, the number of reported L. monocytogenes cases for
2000 and 2001 were 755 and 613, respectively (Centers for Disease Control 2002, Centers
for Disease Control 2003a).

The ability of L. monocytogenes to survive and grow in foods is key to its ability to cause
human infections. One important factor that enhances its ability to tolerate acid stress in
foods is the ability to mount an acid-tolerance response (Gahan et al. 1999). This response
enables the bacterium to both survive high acid challenges in certain foods (fermented
milks, meats, and vegetables) and to survive the high acid shock experienced during stom-
ach transit of potential human victims. The importance of low-temperature storage of RTE
peeled oranges was demonstrated by Pao et al. (1998). Listeria monocytogenes was able to
grow on the surface of peeled oranges (surface pH  6.0) stored at 24°C but not at 4°C. Sim-
ilarly, the bacterium was unable to grow on a variety of packaged fresh cut vegetables when
stored at 4°C, but it was able to multiply at higher temperatures (Farber et al. 1998).

Rapid Detection Methods

Methods to rapidly and specifically expose contaminated foods and food-contact surfaces
are important for reactive responses by food processors and regulators. Elimination therefore
depends on identifying areas needing remediation. Environmental monitoring within food
processing environments can be valuable to detect contamination sites that harbor L. mono-
cytogenes. In fact, floor-drain incidence correlates well with product contamination and has
been suggested as a useful indicator site for overall plant hygiene (Rorvik et al. 1997).
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Improved culture techniques have focused on a better ability to inhibit close relatives of
L. monocytogenes and yet increase recovery levels and speed. Addition of nalidixic acid,
acriflavine, and fosfomycin to selective media increases time to recovery by 24 hours but
improves selectivity (Jacobsen 1999). Listeria monocytogenes blood agar improves differ-
entiation of �-hemolytic L. monocytogenes from other Listeria spp. (Johansson 1998). A
rapid colony lift immunoassay has been described that allows detection and quantification
within 24 hours (Carroll et al. 2000). This method was more accurate than a most probable
number method for quantification.

Rapid detection of L. monocytogenes from enrichment cultures can be accomplished
using polymerase chain reaction (PCR) methods (Cox et al. 1998, Manzano et al. 1998,
Stewart and Gendel 1998, Norton and Batt 1999) and antibody antigen reactions such as
enzyme-linked immunosorbent assays (ELISA) or latex agglutination assays (Matar et al.
1997). An automated ELISA coupled with a nonradioactive DNA probe specific for 
L. monocytogenes was able to detect 96% of high-inoculum (10–100 CFU/25 g sample) and
89% of low-inoculum (1–10 CFU/25 g sample) spiked raw and partially processed foods
(Kerdahi and Istafanos 2000). Others have reported similar results using PCR-ELISA
(Scheu et al. 1999) and immunomagnetic separation followed by PCR techniques (Hudson
et al. 2001).

A multiplex DNA PCR reaction based on the iap gene was described that allows for
simultaneous detection and differentiation of all Listeria species (Bubert et al. 1999). The
method may be useful to track contamination trends within food processing environments,
where non-monocytogenes listeriae may be a contamination problem. A novel quantitative
PCR method to rapidly detect and enumerate L. monocytogenes was described by Wang and
Hong (1999). Duffy et al. (1999) developed a surface-adhesion PCR method targeting the
listerolysin O gene for rapid confirmation of the presence of L. monocytogenes in enriched
meat samples.

Typing L. monocytogenes isolates allows public health investigators the ability to link
outbreak strains with food and environmental strains and allows processors the ability to
track contamination events within the food processing environment (see Chapter 23). Sev-
eral typing methodologies are available and include amplified fragment length polymor-
phism (AFLP; Aarts et al. 1999) and serotyping coupled with pulsed field gel electrophore-
sis (PFGE; Johansson et al. 1999, Miettinen et al. 1999). PFGE was used to track the source
of L. monocytogenes contamination in a fish-processing plant (Autio et al. 1999). Effective
control procedures were implemented once the contamination sources were identified.
Serotyping and PFGE were used to link smoked mussels as a cause of a New Zealand liste-
riosis outbreak (Brett et al. 1998). Phage typing and PFGE were used to link human listerio-
sis strains to salmon and rainbow trout consumption (Loncarevic et al. 1998; see also Chap-
ter 23). A comparison of five typing methods (serotyping, zymotyping, ribotyping, random
amplified polymorphic DNA, and PFGE) revealed that ribotyping and PFGE were most
discriminating and thus probably more useful for epidemiological investigations (Kerouan-
ton et al. 1998).

Biopreservative Control Methods

Several naturally occurring lactic acid bacteria were found that inhibited L. monocytogenes
growth in vacuum-packed cooked, sliced meats (Bredholt et al. 1999) and modified atmo-
sphere stored mungbean spouts (Bennik et al. 1999). Similarly, a Lactococcus lactis subsp.
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diacetylactis strain was able to prevent growth of L. monocytogenes during storage of a
Spanish-style soft cheese (Mendoza-Yepes et al. 1999).

A novel approach to colonize food-contact surfaces with “good” bacteria as a method to
control L. monocytogenes colonization was studied by Leriche et al. (1999). Their approach
used a nisin-producing L. lactis strain to preinoculate stainless steel before exposure to 
L. monocytogenes. Results demonstrated that low L. monocytogenes populations could be
adequately controlled on surface biofilms but that high inoculum levels resulted in survival.
It remains to be seen how such a surface preconditioning could be implemented in food pro-
cessing plants. Presumably surfaces would be cleaned and sanitized using usual techniques
followed by a surface spray of a desirable preconditioning agent such as L. lactis before pro-
cessing startup.

Non-monocytogenes listeriae are capable of producing bacteriophage and bacteriocins
that are inhibitory to L. monocytogenes (Kalmokoff et al. 1999). Use of these strains as bio-
control agents either as direct microbial competitors or as a source of active agents remains
underexploited (see Chapter 27). Interestingly, Bal’a and Marshall (1998) previously found
that a mixed strain culture of L. monocytogenes failed to grow on inoculated catfish. Their
explanation for this observation was that perhaps there was strain-to-strain antagonism
occurring that prevented proliferation of the entire culture. This presumption was con-
firmed by Kalmokoff et al. (1999), who revealed the presence of bacteriocin-like sub-
stances produced by some L. monocytogenes strains that were inhibitory to other L. mono-
cytogenes strains.

Nisin has been shown to reduce heat resistance of L. monocytogenes in liquid whole egg
(Knight et al. 1999) and in cold packed lobster (Budo-Amoako et al. 1999). Some strains of
L. monocytogenes are resistant to nisin; however, when nisin is combined with heat, inacti-
vation of these strains happens faster than when heat is used alone (Modi et al. 2000). Fur-
ther combination of nisin with other naturally occurring antimicrobials may defeat the abil-
ity of nisin-resistant strains to grow. For example, nisin combined with ALTA 2341 was
shown to inhibit L. monocytogenes growth in vacuum- or modified atmosphere–packaged
smoked salmon (Szabo and Cahill 1999). Likewise, lactate combined with ALTA 2341
extended the lag phase of L. monocytogenes on cooked poultry but did not prevent growth
(Barakat and Harris 1999). Schillinger et al. (1998) showed that nisin-resistant L. monocy-
togenes was sensitive to other bacteriocins (sakacin and enterocin) and their bacteriocin-
producing cultures (Lactobacillus sake and Enterococcus faecium). Synergistic inhibition
of L. monocytogenes was seen in skim milk treated with the nisin and lactoperoxidase sys-
tem (Zapico et al. 1998). Nisin combined with high CO2 headspace atmosphere delayed but
did not prevent growth of L. monocytogenes on cold-smoked salmon in a manner greater
than when nisin was used alone (Nilsson et al. 1997). Thus, the combination of more than
one biopreservative appears warranted to prevent outgrowth of resistant variants.

Enterocin was claimed to be bactericidal to L. monocytogenes in yogurt (Laukova et al.
1999) and soy milk (Laukova and Czikkova 1999). Another Enterococcus bacteriocin from
E. mundtii appears to be bactericidal to L. monocytogenes (Bennik et al. 1998). The bacteri-
ocin Lacticin has activity against L. monocytogenes in infant milk formulations, resulting in
at least a 99% population reduction (Morgan et al. 1999). Lacticin is also active in cottage
cheese (McAuliffe et al. 1999). Both the lantibiotic bacteriocins nisin and lacticin have
decreased activity against acid-adapted L. monocytogenes (van Schaik et al. 1999). There-
fore, the question is raised whether or not the use of such hurdles is appropriate when there
is high potential of acid-adapted L. monocytogenes being a food contaminate.
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In a comparative study, Meghrous et al. (1999) demonstrated that pediocin was more
effective than two nisin preparations. Pediocin was found to prevent growth of L. monocyto-
genes during Cheddar cheese manufacturing and aging (Buyong et al. 1998). Others have
found that pediocin and enterocin were more active against L. monocytogenes than were
nisin and lacticin (Cintas et al. 1998).

Reuterin, a bacteriocin produced by Lactobacillus reuteri was able to reduce L. monocy-
togenes populations on cooked pork (El-Ziney et al. 1999) and in milk and cottage cheese
(El-Ziney and Debevere 1998). The inhibitory property of Carnobacterium piscicola and
its bacteriocin may be useful to prevent growth of L. monocytogenes on vacuum-packaged
meat (Schobitz et al. 1999) and smoked fish (Duffes et al. 1999, Nilsson et al. 1999).

Chemical Control Methods

One of the critical factors controlling the ability of L. monocytogenes to cross-contaminate
RTE foods is the ability of the bacterium to establish residence on food-contact surfaces, lead-
ing to the formation of biofilms (Oh and Marshall 1995a, Oh and Marshall 1996). Therefore,
chemical disinfection of these surfaces becomes important as an in-plant control method
(Fatemi and Frank 1999). Most current sanitation practices are able to control the pathogen if
properly employed. Sanitation crew laziness, ignorance, and negligence can be significant
factors contributing to lack of L. monocytogenes control in processing environments.

The virulence properties of L. monocytogenes are affected by presence of iron in the growth
medium (Fisher and Martin 1999). This suggests that chelation of iron in foods or on environ-
mental harborages may be able to decrease the virulence of contaminating L. monocytogenes.

The bacteriostatic properties of sodium lactates and acetates in preventing growth of 
L. monocytogenes on extended-shelf-life RTE meats are well known (Bedie et al. 2001).
Slices of luncheon meat surface treated with sodium benzoate, sodium propionate, potassi-
um sorbate, or sodium diacetate were unable to support growth of L. monocytogenes during
refrigerated storage (Islam et al. 2002). An edible film was impregnated with lauric acid or
nisin and was found to prevent growth of L. monocytogenes on turkey bologna slices (Daw-
son et al. 2002).

The outer surfaces of RTE fresh produce can be decontaminated using high levels (2,000
ppm) of chlorine (Beuchat et al. 1998). It is known that L. monocytogenes can grow in
refrigerated precooked RTE vegetables. As such, additional barriers are needed to prevent
proliferative growth during storage and during abused temperature conditions. Addition of
citric acid may be one such barrier (Thomas et al. 1999). Likewise, the outer surfaces of
meat animals can harbor L. monocytogenes. Examples of chemical treatments using trisodi-
um phosphate dips (Figure 26.2) and lactic acid dips (Figure 26.3) demonstrate the utility of
carcass decontamination to reduce the population of attached L. monocytogenes. The
importance of combined chemical treatments was demonstrated in smoked salmon, where
salt and smoke combine to inhibit the bacterium (Niedziela et al. 1998). Smoke products of
high phenolic content are more effective at controlling L. monocytogenes than are low-
phenolic smokes.

Physical Control Methods

Freezing is generally ineffective at inactivating L. monocytogenes (Chou et al. 1999). An
obvious control method such as heating that is improperly applied can lead to contamina-
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Figure 26.2 Effect of trisodium phosphate concentration on inactivation of Listeria monocyto-
genes on catfish skin after 10 minutes of exposure (from Kim and Marshall 2002).

Figure 26.3 Effect of lactic concentration on inactivation of Listeria monocytogenes on catfish
skin after 10 minutes of exposure (from Kim and Marshall 2001).
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tion of finished product, where the source of contamination was raw materials. Inadequate
cooking (core temperature below 70°C) was confirmed as the primary reason for contami-
nated processed meats (Samelis and Metaxopoulos 1999). Heating packaged RTE deli
meats to 90°C for 2 minutes can provide a 2 log L. monocytogenes reduction (Muriana et al.
2002). Likewise, low heating temperatures (55°C) used in mozzarella cheese stretching
may allow for survival of contaminating L. monocytogenes (Kim et al. 1998). However,
when the stretching temperature was higher (66°C) cell counts decreased during moz-
zarella cheese manufacturing. Thus, simple changes in thermal processing parameters,
using either higher temperatures or longer times, may be sufficient to inactivate the
pathogen during manufacturing.

An example of the importance of proper refrigeration as a control parameter was provid-
ed by Juneja et al. (1998), who showed that L. monocytogenes was able to grow prolifically
on vacuum-packed fresh, peeled potatoes stored at 15° and 28°C but was unable to multiply
during storage at 4°C. In an apparent contradiction, fermented dry sausages that were stored
at room temperature had more rapid die-off of L. monocytogenes than sausages stored at
4°C (Nissen and Holck 1998). Therefore, to ensure product safety, inoculated pack studies
are recommended to define growth/death kinetics for individual foods.

High-energy pulsed light has been considered for control of L. monocytogenes (Mac-
Gregor et al. 1998). Questions remain of whether such treatments have sufficient penetrat-
ing power to inactivate cells in cracks and cavities on food or food-contact surfaces. High
pressure (345 MPa) combined with moderate heat (50°C) can achieve greater than 8 log
reductions of L. monocytogenes within 5 minutes of exposure (Alpas et al. 1999). Likewise,
high pressure combined with bacteriocins can have from 1 to 5 logs greater bacterial count
reductions than pressure alone (Kalchayanand et al. 1998). High-voltage pulsed electric
fields combined with moderate heat (50°C) were able to achieve a 5 log reduction of 
L. monocytogenes in milk with different fat contents (Reina et al. 1998). Manothermosoni-
cation is the combination of high pressure (200 kPa), ultrasonication (117 micrometer wave
length), and heat (40°C). This treatment combination was able to inactivate L. monocyto-
genes, with D values of 1.5 minutes (Pagan et al. 1999).

RTE foods packaged in modified atmospheres rich in carbon dioxide not only have
extended refrigerated shelf life but also have an antiproliferative effect on the growth of 
L. monocytogenes (Marshall et al. 1991, Marshall et al. 1992, Oh and Marshall 1995b,
Pothuri et al. 1996). Although the bacterium is usually able to grow in high-CO2 environ-
ments, its growth rate is significantly slower than in vacuum or oxygen-containing atmo-
spheres. Conversely, the presence of oxygen in the package headspace increases effectiveness
of thermal (Dorsa and Marshall 1995, George et al. 1998) and irradiation (Thayer and Boyd
1999) inactivation treatments. Irradiation doses of 3 kGy are sufficient to inactivate moder-
ate populations of L. monocytogenes on RTE meats (Thayer et al. 1998). Like all inactivation
methods, the effectiveness of irradiation is population-size dependant (Andrews et al. 1995).

Use of predictive models to evaluate growth and survival trends of L. monocytogenes is
becoming increasingly valuable for food processors. Recent examples include an inactiva-
tion model for combined temperature, pH, salt, and phosphate barriers (Juneja and Eblen
1999). A unique approach for studying various combinations of factors was described by
Bal’a and Marshall (1996). Their approach used the double-gradient plate technique to ana-
lyze the combined interaction of pH, salt, monolaurin, and temperature on growth of 
L. monocytogenes. Results of their work are shown in Figures 26.4–26.7, where monolaurin
activity is clearly seen to increase with high salt and low pH. A simple graphic display of
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Figure 26.4 Growth profile of Listeria monocytogenes on two-dimensional salt and pH gradient
plates incubated at 35°C for 48 hours in the presence of 0 �g of monolaurin per milliliter (from
Bal’a and Marshall 1996).

growth domains of the bacterium was produced showing the combined effect of the four
variables (Figure 26.8). A central composite model was used to evaluate growth parameters
as affected by salt, sodium lactate, sodium diacetate, and product moisture of RTE meats
(Seman et al. 2002).

Conclusions

To maintain an adequate L. monocytogenes control program, processors should continually
reevaluate their hazard analysis critical control point programs (see Chapter 20). This eval-
uation should include an assessment of L. monocytogenes contamination of source materi-
als, efficacy of kill steps, postkill controls, the ability of cross-contaminating L. monocyto-
genes to proliferate on products, and examination of testing records. A number of on-line
resources are available to provide information to consumers, from the Centers for Disease
Control (2003b), the Food and Drug Administration (2003), and the U.S. Department of
Agriculture Food Safety Inspection Service (2003b). An on-line guideline for processors is
also available from the U.S. Department of Agriculture Food Safety Inspection Service
(1999). Two computer-based modeling programs are available: Food Micromodel
(Leatherhead, Surrey) and Pathogen Modeling Program (Eastern Regional Research Cen-
ter, Agricultural Research Service, U.S. Department of Agriculture, Wyndmoor, Penn.).
Care should be taken when considering outputs of computer models because real-world
naturally contaminated pack studies rarely give the same growth/death kinetics as the com-
puter models (Dalgaard and Jorgensen 1998). Computer modeling can be a useful starting
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Figure 26.5 Growth profile of Listeria monocytogenes on two-dimensional salt and pH gradient
plates incubated at 35°C for 48 hours in the presence of 2 �g of monolaurin per milliliter (from
Bal’a and Marshall 1996).

Figure 26.6 Growth profile of Listeria monocytogenes on two-dimensional salt and pH gradient
plates incubated at 35°C for 48 hours in the presence of 4 �g of monolaurin per milliliter (from
Bal’a and Marshall 1996).
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Figure 26.8 Effect of salt (g/L) and pH on growth domains of Listeria monocytogenes with mono-
laurin concentrations of (A) 8 �g/mL, (A�B) 4 �g/mL, (A�B�C) 2 �g/mL, (A�B�C�D) 0 �g/mL, and
(E) area of no growth at 0 �g/mL (from Bal’a and Marshall 1996).

Figure 26.7 Growth profile of Listeria monocytogenes on two-dimensional salt and pH gradient
plates incubated at 35°C for 48 hours in the presence of 8 �g of monolaurin per milliliter (from
Bal’a and Marshall 1996).
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point to assess risk and to gauge safety of current and new product formulations; however, it
is recommended that inoculated pack studies be performed to confirm safety.

Abundant L. monocytogenes control methods are available to food processors. Failure to
either use these methods or to use them incorrectly sets the stage for listeriosis outbreaks.
The wide variety of methods available suggests to this commentator that no high-risk food
should be processed and stored in a manner that allows for growth of the pathogen during
the expected shelf life of the product. That the rate of listeriosis has declined over the last
two decades implies that most prudent processors have heeded this advice.
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Introduction

Bacteriophage are ubiquitous viruses that infect and kill bacteria, giving them tremendous
potential to prevent and treat bacterial diseases and to eliminate foodborne pathogens on
agriculture products. Bacteriophage were discovered in the early 1900s independently by
both Twort (1915) and d’Herelle (1917). Early after the discovery of bacteriophage, their
potential to prevent and treat bacterial diseases was investigated with mixed results. The
inconsistency of bacteriophage in treating bacterial infections, coupled with the discovery
of antibiotics, led to diminished interest in bacteriophage therapy. At present, there is
renewed interest in this therapy as a result of concern over the consequences of antibiotic
resistance in the treatment of human and animal bacterial infections. In addition, there is
growing concern that the use of antibiotics in animal production poses a threat to human
health through the emergence of antibiotic-resistant bacteria in animal production systems
that make it difficult to treat human infections. The relative importance of antibiotic use 
in animal production versus human medicine in respect to the emergence of antibiotic-
resistant bacteria that present a threat to human health is a long and continuing debate. How-
ever, there is serious consideration being given to restricting the use of antibiotics in animal
production, which could have serious consequences to animal health and could increase
foodborne pathogen levels on animals coming to the processing plants. Therefore, there is a
real need to find alternatives to antibiotics that can be used to effectively control and treat
animal diseases and to reduce the levels of foodborne pathogens on animal products. For the
last several years we have been investigating the concept that bacteriophage can provide an
effective alternative to antibiotics in animal production.

Bacteriophage Biology

Bacteriophage are typical viruses that have a protein coat that encloses a nucleic acid,
which can either be DNA or RNA. There are two general types of bacteriophage, virulent
and temperate, that differ in their life cycle. Virulent bacteriophage kill bacteria through a
multistep process. First they adsorb to bacteria through recognition of specific attachment
sites (receptors) on the surface of the bacteria (Figure 27.1). Their nucleic acid (either
DNA or RNA) is then injected into the bacterium and viral replication is then achieved in
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the bacterium. The bacteria are destroyed through lysis, resulting in an average release of
50–200 daughter particles. Temperate bacteriophage do not immediately replicate in the
bacterium they infect but coexist within the bacterium as a prophage (viral nucleic acid
inserted into the bacterial genome) that is replicated along with the bacterium, thereby
converting the bacterium to a lysogenic strain. When lysogenic bacteria are stressed, the
prophage can become activated, resulting in replication of the virus and in killing of the
bacteria through lysis.

Bacteriophage are ubiquitous in nature, presumably co-evolving with bacteria, and it is
thought that all bacteria can be infected with bacteriophage. Bacteriophage only infect bac-
teria and not plant or animal cells. Bacteriophage are generally very specific, often infecting
only a single strain within a species of bacteria, although some bacteriophage do have a
larger host (target) bacterial range that can cross generic boundaries; these are characterized
as polyvalent bacteriophage. An excellent general text on bacteriophage was published by
Adams (1966).

Bacteriophage Therapy and Food Safety Research

Almost immediately after the discovery of bacteriophage there was interest in using them to
prevent and treat bacterial infections. There were successful applications of bacteriophage
therapeutics, but therapeutic efficacy of bacteriophage was inconsistent, and research and
product development was for the most part discontinued with the development of antibi-
otics. There were exceptions to this trend, mainly in Eastern Europe. The Eliava Institute in
Tblisi, Georgia, of the former Soviet Union, has continued bacteriophage research to the
present. The Eliava Institute was established in 1923 by Giorgi Eliava, a former student of

Figure 27.1 Electron micrograph of a bacterium from a mixed culture of intestinal organisms
with attached bacteriophage. Multiple bacteriophage (arrowheads) are attached to the outside
of the cell. The electron micrograph was provided courtesy of Robert E. Drolesky, U.S. Departmet
of Agriculture, Agricultural Research Service, Southern Plains Agricultural Research Center, Col-
lege Station, Tex. Bar 
 100 nm.



Felix d’Herelle. The Russian research on bacteriophage in human medicine was reviewed
by Alisky et al. (1998). In addition to the continued research on bacteriophage conducted at
the Eliava Institute, there are a number of papers on work done in Poland using bacterio-
phage therapy in human medicine (Ślopek et al. 1981, Ślopek et al. 1984, Ślopek et al. 
1985, Ślopek et al. 1987, Weber-Dąbrowska et al. 1987).

There is a growing interest in the use of bacteriophage to control bacterial infections.
The ability of bacteriophage to control Escherichia coli–induced diarrhea in calves, piglets,
and lambs was demonstrated by research conducted by H. W. Smith (Smith and Huggins
1983, Smith et al. 1987), who also demonstrated the ability of phage to treat E. coli infec-
tions in mice (Smith and Huggins 1982). Barrow et al. (1998) demonstrated the ability of
bacteriophage to protect chickens from an intramuscular challenge by E. coli when bacte-
riophage were simultaneously injected at different sites. Soothill (1992) found that bacte-
riophage would protect mice from infection with Acinetobacter baumanii and
Pseudomonas aeruginosa. Vancomycin-resistant Enterococcus faecium is a serious and
growing nosocomial infection. Biswas et al. (2002) demonstrated that bacteriophage could
rescue mice from a lethal challenge with vancomycin-resistant Enterococcus faecium. Bac-
teriophage provided effective control of a disease in the ayu, a fish raised in Japan, caused
by Pseudomonas plecoglossicida (Park et al. 2000). Matsuzaki et al. (2003) was able to pro-
tect mice from a lethal injection of Staphylococcus aureus.

Vibrio vulnificus is an opportunistic pathogen of humans that can result in septicemia
and that is often associated with the consumption of oysters. Cerveny et al. (2002) were able
to demonstrate that bacteriophage had therapeutic value in the treatment of both localized
and systemic infections with Vibrio vulnificus in a mice model.

Colibacillosis is a serious problem in poultry production, characterized by airsacculitis,
pericarditis, and perihepatitis. This severe respiratory infection in poultry is one of the
major reasons for the use of antibiotics by the poultry industry. We have been able to use
bacteriophage to both prevent and treat this severe E. coli respiratory infection in poultry
(Huff et al. 2002a, Huff et al. 2002b, Huff et al. 2003).

The above discussion clearly demonstrates that bacteriophage have tremendous poten-
tial and proven efficacy as therapeutic agents, proven in both human clinical settings and
animal disease research models. We believe the research strongly supports the concept of
bacteriophage therapy being developed as an alternative to antibiotics. There are a number
of excellent reviews on this subject (Carlton 1999, Duckworth and Gulig 2002, Summers
2001, Barrow and Soothill 1997).

There is significant research on the use of bacteriophage to control foodborne pathogens
such as Salmonella, Listeria monocytogenes, E. coli O157:H7, and Campylobacter on
agricultural products. Research demonstrating the efficacy of bacteriophage to reduce 
L. monocytogenes on fresh-cut produce was demonstrated by Leverentz et al. (2003). Lytic
bacteriophage have been shown to decrease Salmonella and Campylobacter contamination
on chicken skin (Goode et al. 2003). There is a significant research effort being conducted
on controlling Salmonella on poultry products (Higgins 2002, Higgins et al. 2002).
Research on E. coli O157:H7 is being conducted in cattle and swine at a number of loca-
tions including Auburn University (S. Price, personal communication) and the U.S.
Department of Agriculture, Agricultural Research Service, Laboratory in College Station,
Texas (T. Callaway, personal communication). Campylobacter is a significant contaminant
of poultry products, and research on the use of bacteriophage to reduce Campylobacter
contamination of poultry products is being pursued at the U.S. Department of Agriculture,
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Agricultural Research Service, Russell Research Center in Athens, Georgia (G. Siragusa,
personal communication).

Bacteriophage Methods

The first step in establishing a bacteriophage research program is to isolate bacteriophage to
the bacteria of interest. Bacteriophage are ubiquitous and plentiful in nature and are rela-
tively easy to isolate. However, there are a few basic concepts to keep in mind in a bacterio-
phage discovery program. The choice of where to look for bacteriophage to any given bac-
teria is directed by where the bacteria exist in nature. The traditional environmental sources
to explore for bacteriophage have been the primary settling tanks of municipal wastewater
treatment plants, soil, hospital wound dressings, animal beddings, and surface waters.

The adsorption of bacteriophage to bacteria is a critical step in the bacteriophage replica-
tion cycle. Bacteriophage adsorption is random, driven by probability, sensitive to the ionic
environment, and fragile. Therefore, when working with bacteriophage, gentle agitation is
necessary to facilitate chance bacteriophage/bacteria meetings, but vigorous agitation may
disrupt adsorption. It appears that the divalent cation concentration in this process is impor-
tant, and in all the work we do, we incorporate a 5 mM concentration of MgSO4 into our
media.

Another important consideration is that bacteriophage replicate best in actively growing
bacterial cultures; all of our work is conducted with fresh, actively growing cultures.

Our research interests have been to isolate bacteriophage to enteric bacteria associated
with poultry diseases and contamination of poultry products (Huff et al. 2002a, Huff et al.
2002b, Huff et al. 2003). Therefore, the environmental sources we have used in our bacte-
riophage discovery research have been water samples taken from the primary settling tanks
of municipal wastewater treatment plants and poultry-processing plants. The water samples
are filter sterilized by initial filtration through coarse filter paper followed by filtration
through 0.2-�m membrane filters. Because bacteriophage can bind to membrane filters, the
membrane filters are protein coated with 10% fetal calf serum before filtration. These water
samples can be stored at refrigeration temperatures, but bacteriophage activity in these
samples does diminish with time. The targeted bacteria are grown in a double-strength
nutrient-rich medium to the mid- to late log phase of its growth cycle. The water sample sus-
pected of containing bacteriophage is then added to the actively growing culture and incu-
bated with gentle agitation for 24 hours to expand the bacteriophage titers. These bacterio-
phage enrichment cultures are then centrifuged to sediment the bacteria and then filter
sterilized. The bacteriophage enrichment cultures are serially diluted and plated using the
soft agar overlay plating technique (Huff et al. 2002b). We have tried different plating tech-
niques in our laboratory for bacteriophage, but the soft agar overlay technique works best
for us. We tried simply dropping suspected bacteriophage preparations onto a lawn of bac-
teria. In our hands, this technique does not work well because of the disruption of the bacte-
rial lawn with the application of the sample.

We perform the soft agar overlay technique by first making Petri plates that contain our
base medium. Before making the soft agar plates, the base medium plates are heated at 45°C.
Soft agar overlay tubes are prepared with a 0.2% agar medium and 5 mM MgSO4 at a volume
of 1.5 mL, adjusting the concentrations and allowing for the addition of 1 mL of the sample.
These tubes are maintained at 50°C, inoculated with 0.1 mL of the target bacteria and 1 mL of

368 Chapter 27



the suspected bacteriophage solution, mixed, and evenly poured onto the base medium
plates. These plates are then incubated overnight and examined for plaques, which are clear
zones created by the replication of the bacteriophage and consequent killing of the bacteria.

This method of bacteriophage isolation has worked very well for us. There are a few
things we have learned using this procedure that might be helpful. It is important that the
enrichment cultures are diluted over a wide range. We routinely make 10-fold dilutions of
our enrichment tubes out to 10�8, and plate the four highest dilutions. A control plate should
be made that contains only the bacteria. After the incubation period, if plaques (clear zones)
are not observed, but the plates look grainy or different than the control plate, the plates may
contain bacteriophage at high concentrations such that distinct plaque formation is not
observed. We characterize these plates as grainy or diffuse plates. If this is observed, we go
back to the original environmental enrichment culture and further dilute the sample, plating
these more dilute samples. If the original plates look identical to the control plates at the
original dilutions plated, the enrichment culture may contain bacteriophage at titers below
those that were originally plated. In this case, we go back to the original enrichment culture
and plate the lower dilutions.

Once clear distinct plaques can be seen, we isolate the bacteriophage by stabbing the
plaque with an inoculation needle, rinse the needle in phosphate buffered saline, make dilu-
tions of this rinse, and plate the dilutions using the soft agar overlay technique. Bacterio-
phage are purified this way by repeating this procedure for at least three passages.

After bacteriophage are isolated, they can be stored for short periods of time refrigerated
or for longer periods of time frozen. However, some bacteriophage that we have isolated
lose activity when stored in phosphate-buffered saline at refrigeration temperatures.

Once bacteriophage have been isolated it is usually necessary to amplify the bacteriophage
to obtain high titers and larger volumes of the bacteriophage to be used in a research program.
We have used two methods of bacteriophage amplification, and the one that works best for us
is amplifying bacteriophage in liquid cultures. We initially amplified our bacteriophage by
taking a high-titer bacteriophage solution, which gave us diffuse plates when plated using the
soft agar overlay technique. These diffuse plates were flooded with 10–12 mL phosphate
buffered saline. The plates were allowed to stand for 2–4 hours with periodic gentle agitation.
The liquid was then removed, centrifuged, and filter sterilized. The resulting liquid obtained
from these flooded plates is a good storage liquid to maintain bacteriophage at refrigeration
temperatures, and our bacteriophage titers can be maintained in this liquid for a couple of
months. However, this procedure is cumbersome, and we have abandoned it, replacing it with
amplification performed in liquid cultures. Basically, we inoculate a broth culture that is incu-
bated to mid-log phase growth, which is then inoculated with the bacteriophage that we want
to amplify and incubated overnight. As in any fermentation-type procedure, inoculation lev-
els, incubation conditions, and incubation duration must be optimized to maximize bacterio-
phage amplification. After the incubation period is complete, the broth is centrifuged and filter
sterilized. Bacteriophage activity in this broth is stable at refrigerated temperatures for a cou-
ple of months, at least for the bacteriophage that we have isolated to date.

Bacteriophage Potential and Limitations

Bacteriophage kill bacteria; therefore, their potential to be used as therapeutic agents and to
improve food safety appears to be obvious. Why this potential of bacteriophage has not
been realized is not at all clear to these authors.
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Although polyvalent bacteriophage can be found that infect bacteria across genera, in
general, bacteriophage are very specific, with activity to strains within species of bacteria.
This is often cited for the inconsistent results obtained by early researchers as they attempt-
ed to develop bacteriophage therapeutics. In comparison, most antibiotics have broad
specificity. This allows them to be used without isolating the causative agent. Although in
theory, the causative agent of a disease should be isolated and antibiotic sensitivities con-
ducted before antibiotic therapy, in practice, this is only done when antibiotic therapy has
not been effective.

Early researchers developing bacteriophage therapeutics may not have had a full appreci-
ation for the specificity of bacteriophage and did not realize that the disease for which they
were trying to develop a bacteriophage treatment could be caused by many serotypes or,
more appropriately, phage types of the species of bacteria targeted. Today we understand that
not all members of a species of bacteria are the same, and therefore, treatment of a disease
with bacteriophage requires a cocktail of bacteriophage effective against most if not all the
phage types of bacteria that are known to cause the disease. Alternatively, the disease agent
may be isolated, and the bacteriophage treatment can then be customized to the specific bac-
teria causing the disease on a case-by-case basis. If a disease is caused by a few phage types
of the bacteria, it would seem to be practical to develop a bacteriophage therapeutic product
that contained a number of bacteriophage that were lytic to all of the known strains of the
bacteria that cause the disease, a cocktail of bacteriophage. This would decrease the need to
isolate the bacteria from the infection and perform bacteriophage-sensitivity assays before
treatment. If the number of phage types that cause a disease is large, a therapeutic bacterio-
phage cocktail may not be feasible. However, a library of bacteriophage to all of the known
pathogenic strains of bacteria could be established and treatment could be customized to the
phage type of the bacteria involved in the infection. This would require isolation of the bacte-
ria and phage-sensitivity assays performed before treatment.

Regulatory or product approval is also a major consideration in the development of bac-
teriophage therapeutic products. If a single bacteriophage product can not be developed that
would effectively treat all of the pathogenic strains of the bacteria of interest, then it might
be necessary to have each bacteriophage in the library approved for use, which would be
costly and cumbersome. Because not many bacteriophage therapeutic products have gone
through the regulatory process, it is uncertain how bacteriophage therapeutic products
would be regulated. Certainly this issue would be greatly simplified if polyvalent bacterio-
phage could be discovered with efficacy to treat most if not all of the high-profile pathogen-
ic strains of bacteria.

The issue of bacteriophage specificity does present challenges to the development of
effective bacteriophage products. However, specificity of bacteriophage is also an advan-
tage of bacteriophage over antibiotics. Because antibiotics have broad specificity, pro-
longed use of antibiotics can disrupt the natural bacterial flora, with serious health conse-
quences. Bacteriophage specifically target the pathogenic bacteria of interest without harm
to the beneficial bacteria.

Bacteria develop resistance to bacteriophage just as they do to antibiotics. However,
resistance to bacteriophage does not occur at a faster rate than resistance to antibiotics
(Carlton 1999). The development of effective bacteriophage products does have an advan-
tage over antibiotics with respect to the development of bacterial resistance. It is possible,
and in fact relatively easy, to develop bacteriophage therapeutics that may prevent or delay
bacterial resistance. This can be done by isolating the resistant bacteria to a single bacterio-
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phage and finding bacteriophage that infect the resistant bacteria. This can be done repeat-
edly, with the resulting bacteriophage therapeutic product a cocktail of bacteriophage
developed to anticipate and be effective against any resistant strains that emerge.

Bacteriophage can act as a vehicle for bacterial genes in a process known as transduc-
tion. General transduction can occur at random when bacterial genes are packaged inside
virulent (lytic) bacteriophage. After a bacterium is infected with a bacteriophage, the bacte-
ria’s DNA is broken into pieces by the bacteriophage. These pieces of the bacteria’s DNA
can then be mistakenly packaged within a bacteriophage. If the pieces of the bacteria’s
DNA are functional genes and the lytic bacteriophage is able to infect, but not kill, a subse-
quent bacterial cell that it infects, then the second bacterium can be transformed by the
genetic material delivered to it by the bacteriophage. In this way bacteriophage may deliver
virulence or antibiotic resistance determinants to bacteria it infects, transforming the infect-
ed bacterium from a non-virulent to a virulent strain, or from a cell sensitive to antibiotics to
a cell that is resistant to antibiotics. An additional type of transduction is called specialized
transduction. Specialized transduction occurs when temperate (lysogenic) bacteriophage
are excised from the bacteria’s genome and adjacent bacterial genes on either side of the
bacteriophage may be attached to the bacteriophage genome, replicated, and packaged into
the intact bacteriophage. This bacteriophage will deliver the genes to the bacterium it
infects, which then can transform the infected bacterium.

This ability of bacteriophage to transport bacterial genes from one bacterium to another
and consequently transform bacteria is a major issue in the development of any bacteriophage
product. Because virulent (lytic) as opposed to temperate (lysogenic) bacteriophage would
appear to be the likely bacteriophage to be used in bacteriophage products, generalized trans-
duction would be the major concern with these products. It would be necessary to ensure that
bacteriophage therapeutics would either not be capable of or unlikely to be able to transform
bacteria with considerable concern over virulent and antibiotic-resistance traits. This could be
accomplished through the genetic characterization of bacteriophage products to ensure that
they do not contain bacterial genes. Another, less analytical, approach would be to amplify
bacteriophage to be used in bacteriophage products in strains of bacteria that were non-
virulent and antibiotic sensitive. This would increase the chances that virulence traits and
antibiotic-resistance genes would not be transferred by bacteriophage because they were not
traits of the strain used to develop the bacteriophage product. This would require the ability to
isolate bacteriophage that could be amplified in non-pathogenic, antibiotic-sensitive strains of
bacteria and still be effective against the virulent bacteria to be targeted by the bacteriophage
product. Bielke et al. (2003) has demonstrated that this is a viable approach in bacteriophage
used to control Salmonella.

Bacteriophage are diverse with respect to their environmental fragility, but in general, they
may be inactivated by the digestive process. This presents a problem with the development of
bacteriophage products to be used to target enteric bacteria of food safety concern in prehar-
vest animals. There are at least three approaches that can be used to solve this problem. It may
be possible to isolate bacteriophage that are resistant to the digestive processes. This can be
accomplished by giving bacteriophage orally and by reisolating the bacteriophage from ex-
creta. If this method of bacteriophage isolation is repeated, it may be possible to isolate bacte-
riophage that can survive the digestive processes to reach its targeted enteric bacteria. Another
approach would be to coat the bacteriophage, allowing them to reach their enteric targets. The
third approach to deliver bacteriophage to targeted enteric bacteria would be to precondition
the animal through the use of antacids before the oral administration of bacteriophage.
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A single bacteriophage infects a targeted bacterium, amplifies within the bacterium, and
thus, when the bacterium is lysed, it may release 50–200 active bacteriophage, which in turn
can infect 50–200 more bacteria. Because of the exponential growth of bacteriophage, it
would be anticipated that bacteriophage used as therapeutics would continue to amplify
until all the targeted bacteria were killed, which would cause the phage to stop producing,
thus creating a self–regulating system. This undoubtedly has contributed to the success of
bacteriophage therapeutics demonstrated over the years. However, the success of bacterio-
phage therapeutics is titer dependent, and normally 109 to 1012 bacteriophage per mL are
administered to obtain maximum therapeutic value. It is not understood why relatively high
in vivo levels of bacteriophage are required to demonstrate disease treatment efficacy in
light of the exponential growth of bacteriophage. There are many possible explanations that
include sequestering of the bacteria within tissues, thus limiting the chance meeting with
the targeted bacteria; nonspecific protein binding of bacteria or bacteriophage that might
inhibit bacteriophage adsorption to the bacteria; inactivation of bacteriophage by the ani-
mal’s immune system; and the physical dynamics of the physiology of an animal may
reduce the opportunity for the chance meeting of bacteria with bacteriophage.

Another issue with bacteriophage is the efficacy of repeated use of bacteriophage to treat
a chronic disease. It would be anticipated that an immunological response would occur
directed at the systemic administration of bacteriophage. If an immunological response to
bacteriophage inhibited the virus’s activity, it could diminish the efficacy of bacteriophage
therapy with repeated treatment with the same bacteriophage. However, there is little pub-
lished research on this potential limitation of bacteriophage therapy.

Bacteriophage represent a natural way to control bacteria and can be considered as inte-
grated pest management on a microscale. It would be anticipated that this natural process
would be more acceptable to the general public than use of chemicals to control bacteria.
However, the fact that bacteriophage are natural viruses does present issues with protection
of capital investment in the development of bacteriophage therapeutics through the patent
process. One potential of bacteriophage lies in the relatively simple genome. Genetic engi-
neering of bacteriophage to improve their therapeutic value would appear to be a real oppor-
tunity (Bernhardt et al. 2001). One possibility is to use bacteriophage as a vector to target
specific pathogenic bacteria delivering the genetic information that would kill these bacte-
ria without bacteriophage replication. This would solve several problems with bacterio-
phage. It would greatly reduce the risk of bacteriophage transduction and the consequent
transformation of bacteria and would allow patent protection of the genetically modified
bacteriophage. However, it would be anticipated that genetically modifying bacteriophage
would reduce the general public acceptance of this technology.

Conclusions

It has been known since the early 1900s that bacteriophage kill bacteria. The potential of
bacteriophage to treat diseases and control foodborne pathogenic bacteria appears obvious.
With the continued emergence of pathogenic bacteria resistant to antibiotics, and restric-
tions on the use of antibiotics in animal production systems, there is renewed interest in the
use of bacteriophage as an alternative to antibiotics. There are a number of issues that must
be solved before bacteriophage products can be practical alternatives to antibiotics. Some
of the issues addressed in this chapter include the specificity of bacteriophage, emergence
of resistance to bacteriophage, transduction of bacterial genes and consequent transforma-
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tion of infected bacteria, uncertainty over the efficacy of repeated bacteriophage therapy,
unknown regulatory requirements of bacteriophage products, and how to protect propri-
etary rights to bacteriophage products. The advantages of bacteriophage compared with
antibiotics include their specificity, exponential growth, cost of development, lack of
effects on plant or animal cells, ease in solving the emergence of resistance, potential for
genetic modification to improve bacteriophage efficacy, and ubiquitous and plentiful
nature. There is a real need for concerted research to determine how we can take nature’s
own way to control bacteria and make it a tool to use in our continuing efforts to control
pathogenic bacteria. The concept that bacteriophage can be used to control bacteria has
been examined for over 90 years. The real challenge is in developing practical bacterio-
phage products to control pathogenic bacteria of interest in agriculture products both pre-
and postharvest. Bacteriophage will not replace antibiotics, but they have potential to pro-
vide a viable alternative to antibiotics.
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Suresh D. Pillai

Introduction

Foodborne infections cause over 76 million cases of human illness in the United States
alone. This translates to an estimated $7 billion annual impact on the U.S. economy. It is
also estimated that over 5,000 people die each year in the United States from foodborne ill-
nesses. As a point of reference, the number of foodborne associated deaths in the United
States per year exceeds the number of those who died as a result of the terrorist activities on
September 11, 2001. Even though major advancements have taken place to improve food
safety across the proverbial “farm-to-fork” continuum, the current level of human illness
and the resulting economic effect from pathogen-contaminated foods is unacceptable for a
country such as the United States. Obviously, the effect of foodborne illnesses in develop-
ing and underdeveloped regions of the world, if tallied, would be at near catastrophic levels.

Foodborne illness is preventable. It can be prevented by improved food production meth-
ods, improved food processing technologies, and improved food preparation and consump-
tion habits within the home. A number of food processing technologies have been devel-
oped and employed in recent years. However, none of the technologies has had the same
level of promise and, unfortunately, the level of criticism as food irradiation. The aim of this
chapter is to highlight the salient features of the technology, identify some of the current
technical challenges in using this technology, and attempt to provide a “science-based
roadmap” into the future to help harness this technology. The discussion does focus to some
extent on electron beam (E-beam) irradiation primarily because of its potential to gain
widespread acceptance. This chapter does not attempt to discuss the politics or the econom-
ics of food irradiation.

Food Irradiation Technology

Food irradiation involves the use of ionizing radiation to destroy pests and pathogens on
food and agricultural products. There is probably no other food processing technology that
has been so extensively researched as food irradiation. The finding that ionizing radiation
could destroy bacteria occurred in 1904, and the technology was evaluated as early as 1921
for destroying trichinae in pork (Josephson 1983). Today, in 2003, we have federally
approved irradiation protocols for a variety of food products including uncooked meat and
poultry products. Federal approvals permitting the use of irradiation for ready-to-eat (RTE)
products are anticipated soon.

Ionizing radiation, as the name implies, can be defined as radiation that has enough ener-
gy to remove electrons from atoms, thereby leading to the formation of ions. There are 
different types of ionizing radiation such as X-rays, gamma-rays, and beta-rays. The irra-
diation sources that have been internationally approved for food processing are gamma-
rays produced from the radioisotopes cobalt-60 (1.17 and 1.33 MeV) and cesium-137 
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(0.662 MeV), machine-generated electron-beams (maximum energy 10 MeV), and X-rays
(maximum energy 5 MeV; Codex Alimentarius Commission 1984). The facilities that pro-
vide ionizing radiation share common features such as the irradiation source or sources,
shielding, product handling systems, and safety/control systems (Olson 1995). However,
there are unique aspects to the construction and the engineering specifications of the facili-
ties themselves, depending on the type of ionizing radiation that is produced. For example,
gamma facilities such as those employing cobalt-60 have specific characteristics to protect
workers and the surrounding environment from the radioactive isotopes and for storing the
isotope material under water when not in use. Electron (E-beam; beta-ray) and X-ray facili-
ties do not have the same shielding requirements as cobalt-60 facilities. However, they still
contain a significant amount of electrical circuitry, cooling systems, and ozone attenuation
capabilities. It must be kept in mind that irradiation facilities basically “sell” irradiation
doses. They do not sell or guarantee pathogen kill. It is incumbent on the customer to inde-
pendently develop methods and verify and validate the necessary irradiation doses that can
achieve the desired levels of pathogen inactivation for their respective product.

Irrespective of the source and the facility providing the irradiation, all types of ionizing
radiation destroy biological entities by essentially the same process. Ionizing radiation
causes “breaks” in RNA or the DNA double helix. It is believed that ionizing radiation dis-
rupts normal cellular activity by damaging the nucleic acids by “direct” and “indirect”
effects. Specifically, single- or double-stranded breaks occur on the DNA or RNA. Ionizing
radiation does not discriminate between pathogens and non-pathogens, and so both the
indigenous normal flora and pathogens on a food product can be inactivated. The evidence
that RNA is also a target for ionizing radiation is the lethal effects observed when RNA-
containing viruses are subjected to these types of irradiations.

The accelerated electrons during E-beam irradiation damage the nucleic acids by direct
“hits.” In addition, damage to the nucleic acids can also occur when the radiation ionizes an
adjacent molecule, which in turn reacts with the genetic material. Water is very often the
adjacent molecule that ends up producing a lethal product. Ionizing radiation causes water
molecules to lose an electron, producing H2O

� and e�. These products react with other
water molecules to produce a number of compounds including hydrogen and hydroxyl rad-
icals, molecular hydrogen, oxygen, and hydrogen peroxide (Arena 1971). These products
in turn react with other water molecules, with nucleic acids, and with other biologically sen-
sitive molecules. The most reactive by-products arising from the hydrolysis of water are the
hydroxyl radicals (OH•) and hydrogen peroxide (H2O2). These molecules are known to
react with nucleic acids and the chemical bonds that bind one nucleic acid to another in a
single strand as well as with the bonds that link the adjacent base pair to an opposite strand.
Because the precise locations of where the ionization of water occurs and where the direct
DNA hits occur are random, the location of DNA damage from direct and indirect effects is
also random. The indirect effects can also cause single- and double-stranded breaks
between the nucleic acid molecules. Studies have shown that direct-ionization strand break-
ages are not related to the nucleic acid sequence (Razskazovskiy et al. 2003). Even though
biological systems do have a capacity to repair both single- and double-stranded breaks of
the DNA backbone (Bartek and Lukas 2003), the damage occurring from ionizing radiation
is probably so extensive that bacterial repair of radiation damage at doses used in food irra-
diation is nearly impossible.

Microbial cells, depending on their physiological state, can exhibit varying resistance to
ionizing radiation. Bacterial cells in logarithmic growth phase have multiple copies of their
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genomes in one cell. This is an important point to consider, because the presence or absence
of multiple genome copies and the physiological status of the cell can dictate whether the
cell can ultimately reproduce; that is, the probability of “survivors” in a pathogen popula-
tion exposed to ionizing irradiation. Similarly, the formation of bacterial endospores can
enhance the radiation resistance of these organisms.

Irradiation Sensitivity of Specific Pathogens on Selected Foods

Red Meat

Time and temperature abuse in conjunction with under-cooking of products are the primary
causes of human infections. The pathogens that are of primary concern in meat and meat
products are the toxigenic Escherichia coli, Salmonella spp., and Yersinia spp., as well as
parasites such as Toxoplasma gondii, Taenia spp., and Trichinella spiralis. Red meat can be
irradiated at low doses to eliminate bacterial pathogens and parasites. The D10 values for
selected bacterial pathogens in various meats are shown in Table 28.1. The D10 value is the
irradiation dose required to destroy 90% of the organisms. Mathematically, it is the recipro-
cal of the slope of the inactivation curve and is a measure of the inactivation rate. The Food
and Drug Administration (FDA) has already approved the use of irradiation for microbial
control on fresh (chilled) and frozen meat and poultry products (Table 28.2).

Poultry, Turkey, and Egg Products

Studies show that a very high percentage of fresh and frozen poultry products sold at retail
harbor Campylobacter jejuni. Both Salmonella and Campylobacter are the primary
pathogens of concern in fresh and frozen poultry either because of under-cooking or cross-
contamination events. Irradiation is probably the only physical process for removing

Table 28.1 D10 values for selected bacterial pathogens in meat products under specified tempera-
ture conditions (adapted from Molins 2001).

Product Temperature (°C) Organism D10 value References

Ground beef 5 Escherichia coli 0.27–0.38 Lopez-Gonzalez et
patties O157:H7 al. 1999

Ground beef �15 E. coli O157:H7 0.32–0.63 Lopez-Gonzalez et
patties al. 1999

Ground beef 3 Salmonella enteritidis 0.55–0.78 Tarkowski et al.
1984

Beef 5 E. coli O157:H7 0.30 Thayer et al. 1995
Beef 3 Yersinia enterocolitica 0.10–0.21 Tarkowski et al.

1984
Beef 5 Staphylococcus aureus 0.46 Thayer et al. 1995
Ground beef 5 Campylobacter jejuni 0.16 Lambert and Maxcy

1984
Deboned meat 5 Bacillus cereus spores 2.56 Thayer and Boyd

1994
Beef 5 Listeria 0.45 Thayer et al. 1995

monocytogenes
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Table 28.2 Food and Drug Administration–approved
irradiation doses for meat and poultry.

Product Maximum dose (kGy)

Uncooked chilled meat 4.5
Uncooked frozen meat 7.0
Uncooked chilled poultry meat 3.0
Uncooked frozen poultry meat 3.0

Table 28.3 D10 values for specific pathogens on poultry, turkey, and egg products (adapted from
Molins 2001).

Product Temperature (°C) Organism D10 value (kGy) References

Turkey breast 5 Staphylococcus 0.45 Thayer et al. 1995
meat aureus

Ground turkey 5 Campylobacter 0.19 Lambert and Maxcy
jejuni 1984

Ground turkey 30 Campylobacter 0.16 Lambert and Maxcy
jejuni 1984

Ground turkey �30 Campylobacter 0.29 Lambert and Maxcy
jejuni 1984

Turkey breast 5 Salmonella spp. 0.71 Thayer et al. 1995
meat

Poultry (air 0 Salmonella 0.24 Licciardello et al. 1970
packed) Heidelberg

Poultry 0 Salmonella 0.39 Licciardello et al. 1970
(vacuum Heidelberg
packed)

Egg powder 5 Salmonella 0.6 Matic et al. 1990
enteritidis

pathogens from poultry meat other than heat treatment. Table 28.3 is a listing of the D10 val-
ues of selected pathogens on poultry meat under fresh and frozen conditions. The FDA has
already approved the use of irradiation to destroy pathogens in chilled and frozen raw poul-
try products.

Seafood

Irradiation doses that have been approved for poultry can achieve at least a 3-log reduction
of pathogens that are relevant to seafood such as Vibrio parahaemolyticus (see Chapter 21)
and Aeromonas hydrophila. There is significant interest in developing E-beam irradiation
protocols for shellfish such as oysters to eliminate pathogens such as Vibrio vulnificus.
However, significant challenges still remain in developing appropriate dosimetry of oysters
because of the “half-shell” and “full-shell” configuration at the retail level. Because irradia-
tion can interact with fats in foods, sensory characteristics of the irradiated seafood is also
another area that needs to be thoroughly investigated. Table 28.4 is a listing of the D10 values
of selected pathogens in prawns.
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Table 28.4 D10 values of selected
enteric bacteria in prawns (adapted
from Murano 1995).

Pathogen D10 value (kGy)

Vibrio spp. 0.11
Staphylococcus sp. 0.29
Salmonella spp. 0.48

RTE Foods

The presence of enteric pathogens in RTE products have resulted in product recalls totaling
millions of dollars. A number of disease outbreaks have been attributed to the direct inges-
tion of pathogen-contaminated RTE foods. The key pathogens that are of concern in RTE
foods are Listeria monocytogenes and Salmonella spp. A cumulative 10-year (1990–1999)
prevalence of L. monocytogenes and Salmonella spp. in RTE foods was conducted by the
USDA-FSIS (Table 28.5). None of the samples tested during the survey were positive for 
E. coli O157:H7 or staphylococcal enterotoxins. A final ruling by the FDA on the applica-
tion to use ionizing radiation for RTE foods is anticipated.

Fruits, Vegetables, Herbs, and Sprouts

The early work on the use of irradiation on fruits and vegetables was to extend shelf life and
as a quarantine treatment for export/import purposes. Even though quarantine-based irradi-
ation is widely used (e.g., to export fruits from Hawaii onto the United States mainland),
there is considerable interest at this time in using ionizing radiation to eliminate human
enteric pathogens on these products. Fruits and vegetables become contaminated with
enteric pathogens at various stages of production, beginning at the farm-level (Endley et al.
2003). Recent studies have also documented the internalization of enteric pathogens into
fruits and vegetables. There have been foodborne outbreaks associated with the consump-
tion of contaminated apples, mangoes, and tomatoes. Under this scenario, it is evident that
conventional intervention strategies will not be able to address internalized pathogens. Ion-
izing radiation is probably one of the few technologies that can be used to eliminate
pathogens in fruits and vegetables once they are internalized. However, significant research

Table 28.5 Cumulative prevalence of Listeria monocytogenes and Salmonella spp. in selected
ready-to-eat foods (1990–1999; Levine et al. 2001).

Product L. monocytogenes Salmonella spp.

Jerky 0.52% 0.31%
Cooked, uncured poultry products 2.12% 0.10%
Large-diameter cooked sausages 1.31% 0.07%
Small-diameter cooked sausages 3.56% 0.20%
Cooked beef/roast beef/cooked corned beef 3.09% 0.22%
Salads/spreads/pates 3.03% 0.05%
Sliced ham/luncheon meat 5.16% 0.22%
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related to preserving the sensory attributes of fruits and vegetables under such treatment
conditions still remains to be done. Herbs and sprouts such as cilantro, parsley, and bean
sprouts, which are very popular, are extremely vulnerable to enteric organisms such as 
E. coli O157:H7. Bari et al. (2003) have reported that an irradiation dose of 2.0 kGy in com-
bination with dry heat eliminated E. coli O157:H7 completely from alfalfa and mung bean
seeds, whereas a 2.5-kGy dose of irradiation was required to eliminate the pathogen com-
pletely from radish seeds. While studying broccoli seeds and sprouts, Rajkowski et al.
(2003) reported that the germination percentage decreased at a dose level of 4 kGy, whereas
the yield ratio, sprout length, and thickness decreased at the 2-kGy dose level. The radiation
doses required to inactivate Salmonella spp. and strains of E. coli O157:H7 were different
than previously reported values and depended on whether the strains were originally isolat-
ed from vegetables. The D10 values for the vegetable and non-vegetable Salmonella spp.
isolates were 1.10 kGy and 0.74 kGy, respectively, whereas the D10 values for the vegetable
and non-vegetable strains of E. coli O157:H7 were 1.11 kGy and 1.43 kGy, respectively.
Thayer et al. (2003) reported that 2 kGy is capable of eliminating Salmonella spp. and 
E. coli O157:H7 while still retaining satisfactory yields of alfalfa sprouts.

Detection of Irradiated Foods

The detection of irradiated foods is an important issue both from the regulatory and con-
sumer points of view. For many years, the detection of irradiated foods was not a high prior-
ity because it was assumed that all irradiation would be performed under regulated and
licensed facilities and that appropriate documentation would follow each and every irradi-
ated product. However, current regulations, especially in Europe, have driven the need for
specific “tools” to detect irradiated products. Some key criteria for irradiation detectors
include the ability to “discriminate” irradiated from non-irradiated foods; they should be
specific to irradiation treatments, dose-dependant, and accurate. Some of the practical crite-
ria include cost, simplicity, speed, and the ability to detect nondestructively (Stewart 2001).
The currently available methods are based on physical, chemical, biological, and microbio-
logical changes. The physical methods include electron spin resonance (ESR) spectroscopy
(Raffi and Stocker 1996), luminescence measurement (Heide et al. 1989), viscosity mea-
surement (Hayashi et al. 1996a), and electrical impedance measurement (Hayashi et al.
1996b). The ESR spectroscopy detects species with unpaired electrons or free radicals.
Studies have been conducted demonstrating that ESR can be used to detect a variety of irra-
diated foods, especially those containing cellulose and crystalline sugars. The technique is
specific, rapid, simple, and nondestructive. Instrumentation costs are still a major hurdle.
Even though chemiluminescence and thermoluminescence have both been studied as tools
for detecting irradiated foods, thermoluminescence has become a preferred method. This
method is based on the principle that electrons in the excited state return to the ground state
when thermally stimulated. There is a requirement that food samples are carefully prepared
for thermoluminescence analysis. There have been major improvements in this technology,
especially in the use of light rather than heat to release radiation-induced trapped energy.
The development of photostimulated luminescence has matured and is considered a vali-
dated method in Europe. Viscosity measurement-based irradiation detection is based on the
principle that molecular structures of polymers are changed under irradiation conditions
and that, as a result, there is a change in viscosity. In addition to the physical methods, there
are some reliable chemical methods for detecting irradiated products such as measurements
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of hydrocarbons (Schulzki et al. 1995) and 2-alkylcyclobutanones (Lembke et al. 1995).
DNA-based detection methods include the DNA “Comet Assay” (Cerda 1998), agarose
electrophoresis of mitochondrial DNA (Marchioni et al. 1992), and immunologic detection
of modified DNA bases (Deeble et al. 1994).

Current Technical Challenges

Low-Dose Irradiation and Dosimetry

Under E-beam irradiation conditions, the amount of dose delivered to a product is con-
trolled by adjusting the amount of time the product is in the “beam.” This is controlled by
adjusting the speed of the conveyor belt that transports the product through the beam. There
are practical limits to the conveyor belt speeds for achieving low doses of irradiation (L.
Braby, personal communication). Achieving low doses of irradiation will become very
important when RTE products and multicomponent foods are irradiated to eliminate any
trace of microbial contamination and retain sensory qualities.

In conjunction with low-dose irradiation capabilities, dosimeters that can measure such
low doses are urgently required. Reliable dosimeters that can measure from 10 to 1,000 Gy
are currently a serious technical limitation (Braby 2003). Dosimetry at these levels is criti-
cally important for quarantine treatments and for RTE foods. A scenario can be envisioned
in which a particular food product may only need to be irradiated at low doses to guarantee
elimination of potential pathogens and to retain sensory attributes. Without an accurate
means of measuring and validating low doses, definitive conclusions about the received
dose and the thresholds causing sensory changes cannot be made.

Detection of Irradiated Foods

The ability to detect irradiated foods will be important not only for regulatory purposes but
also as an assurance of the irradiation process itself. Though there are promising methods
such as ESR spectroscopy, photostimulated luminescence, and 2-alkylcyclobutanone-
based methods, the ability to detect irradiation especially at low levels is critically impor-
tant for the reasons mentioned earlier.

Future Research Directions

Inactivation Kinetics of Pathogens in Naturally Contaminated Foods

A number of studies have been published documenting the D10 values for specific
pathogens in a variety of foods. Many of these studies have used pathogenic strains that
have been previously implicated in disease outbreaks. This is important because studies
have shown that there are intrinsic differences in the resistance of strains depending on the
environment from which they were isolated. In addition, irradiation studies to determine the
D10 values should be conducted using food products that have been naturally contaminated
rather than relying on artificial contamination in the laboratory. This is critically important
because the association of pathogens to the food matrix, and the potential “shielding” of the
organisms by the food components, cannot be accurately simulated in the laboratory using
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normal inoculation methods. The food manufacturing facilities should be the source of such
samples for validation purposes. It is incumbent on researchers that they employ such types
of samples for irradiation experiments. Only then will the results be truly applicable and rel-
evant. Failure to use naturally contaminated samples for developing molecular pathogen
detection tools is partly responsible for the present situation: Even a decade or more after
the introduction of molecular tools, we are still faced with issues such as “inhibitory com-
pounds,” “inability to detect naturally contaminated samples,” and so forth. There are dif-
ferences in the dose rate of E-beam radiation as compared with gamma radiation. Hence,
the differences in the inactivation kinetics of the various enteric pathogens under E-beam
irradiation as compared with gamma-ray irradiation should also be elucidated. This will
permit the customization of irradiation protocols depending on the source of ionizing radia-
tion that is available to a particular food processor.

Inactivation Kinetics of Foodborne Viruses

Chapter 8 provides an overview of the significance of viral contamination of foods. It is
obvious that a variety of enteric viruses including rotavirus, enteric adenoviruses,
noroviruses (human caliciviruses known previously as Norwalk and Norwalk-like viruses),
hepatitis virus type A, hepatitis virus type E, and astrovirus can be transmitted through
foods (see Chapter 8). Recent studies suggest that even viruses are sensitive to E-beam radi-
ation at levels significantly lower than those observed under cobalt-60 irradiation (Pillai
and Espinosa 2003). More studies are needed to identify the conditions that can eliminate
viral pathogens in RTE foods and in foods that are minimally processed and yet highly vul-
nerable to human contamination sources.

Direct and Indirect Effects of Ionizing Irradiation

E-beam irradiation is assumed to inactivate microorganisms by either direct damage or
indirect damage to their nucleic acids. However, there are still lingering questions regarding
the actual contribution of direct versus indirect damage to nucleic acids. The importance of
indirect damage to nucleic acids is evident when one analyzes the inactivation of viruses.
Studies in our laboratory and those of others have shown that viruses, even though they are
very small, are quite sensitive to E-beam irradiation. Studies in our laboratory using
Poliovirus type 1 in different matrices have shown that the D10 value ranges between 1.83
and 2.82, depending on the matrix. Peptone was found to shield the viruses from rapid inac-
tivation. These studies were conducted using suspensions containing approximately 10,000
virus particles per milliliter, which in reality is a relatively small number of targets for direct
attacks. The “shielding effects” or “scavenger activity” exhibited by peptone suggests that
in some situations, the indirect effects of irradiation may be the primary mode of action.
This, however, needs to be further studied and verified. Additional research to delineate the
precise mechanisms of irradiation-induced inactivation is needed because this can allow the
incorporation of specific “quenching” molecules placed directly in the food, the matrix, or
the packaging materials to attain or prevent a certain desired level of nucleic acid damage.
This can be particularly important when attempting to develop low-dose irradiation proto-
cols on multicomponent foods that may contain these scavenger molecules, which may
inadvertently reduce the desired dose.
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Microbial Stress Conditions and Irradiation Sensitivity

Irradiation sensitivity of organisms in a particular food depends on the irradiation dose, the
numbers and type of organisms in the food, the composition of the food, the food preserva-
tion methods that have been used, and the temperature at which the food is stored. The D10
values of enteric bacteria such as Salmonella, L. monocytogenes, and E. coli O157:H7 are
different depending on whether the food is fresh or frozen and on the suspending matrix.
This difference is caused by the presence of frozen water molecules in frozen foods, which
are not as effective at exchanging their energies with adjoining molecules compared with
water molecules in the unfrozen state. In addition to these parameters, recent studies have
shown that understanding the physiological state of the cell is critically important when
evaluating its radiation resistance. Buchanan et al. (1999) have reported that acid-resistant
E. coli O157:H7 can withstand higher levels of ionizing irradiation compared with non-
acid-resistant E. coli strains. They also report that different strains of the same pathogen can
exhibit significant differences in radiation sensitivity, which is presumably a reflection of
the physiological status of the different strains.

Microbial cells in starvation mode can also exhibit increased resistance to irradiation.
Because starved or moribund cells have a significantly reduced number of DNA replication
forks, the potential targets for DNA damage are subsequently reduced. Stress-induced pro-
teins and other cellular components such as lipid- and protein-rich foods may either protect
the cells or enhance DNA repair under optimal conditions. Studies have also shown that car-
bon monoxide in modified atmosphere packaging (MAP) and hydrogen peroxide treat-
ments can also protect microorganisms against ionizing irradiation to varying degrees. The
precise mechanism of protection or repair needs to be elucidated so that appropriate strate-
gies could be adopted when irradiating such foods. A number of other stress factors such as
osmotic stress, heat stress, and alkali stress can also enhance radiation resistance. It is thus
essential that, when D10 values are developed on foods, the possibility of the factors influ-
encing the behavior of pathogens and indigenous organisms be taken into consideration.

Potential Pathogen Regrowth

The potential for pathogen regrowth in a food matrix in which the background (indigenous)
microbial population is reduced because of irradiation can be an issue depending on the
food matrix, the pathogen in question, and the storage conditions. Thayer and Boyd (2000)
have reported that L. monocytogenes did not multiply any faster during storage at 7°C on
irradiated raw ground turkey compared with the growth exhibited on the non-irradiated
product when packaged under MAP conditions. Further research using more-sensitive
quantitative methods is needed to accurately identify whether survivors within an irradiated
population have increased multiplication rates in the absence of normal indigenous
microflora or whether they undergo any sort of competitive advantage.

Low-Dose Irradiation and Dosimetry

Methods for setting accelerator current to lower values to achieve lower dose rates in the
conventional belt-speed range need to be explored. The minimum current that can be
achieved by typical linear accelerators should also be determined. Because capital cost of
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the facility is a major consideration in terms of the cost of radiation processing, a study of
the net cost of processing using beam-current reduction and X-ray irradiation should be
conducted (L. Braby, personal communication). If X-ray irradiation is significantly more
efficient when low doses are required, the relative biological effectiveness of X-rays rela-
tive to electrons for bacterial inactivation and other relevant endpoints must be determined.

Improved dosimeters, more sensitive and reproducible radiochromic film, an increase in
the sensitivity of ESR measurements, or a variation of thermoluminescent dosimetry that
could measure radiation doses in the range of 10–1,000 Gy will be needed as the range of
products and the objectives of irradiation expand. A dosimeter certification service, similar
to that currently existing for radiation protection dosimeters, will be needed to ensure con-
sistent results at different processing and research facilities. This will require development
of standardized techniques for placing dosimeters and also development of standard meth-
ods for reading dosimeters (Braby 2003)

Organoleptic Attributes

There is an urgent need for standardization in terms of sensory changes or organoleptic
attributes of irradiated product as it relates to irradiation sources, irradiation conditions,
dosimetry, and product profiles. Without such standardization, it would be difficult to com-
pare and analyze irradiation results. There is also a need to objectively characterize and
quantify adverse or positive changes in these attributes analytically. There are significant
costs associated with employing trained sensory panels. The use of multidimensional gas-
chromatography (Microanalytics, Round Rock, Tex.) for analytical determination of the
formation of specific odoriferous compounds in irradiated foods needs to be explored.

Multicomponent Foods

Once federal approvals for RTE foods are obtained, there will be a significant set of oppor-
tunities to use food irradiation for multicomponent foods such as RTE meals and dishes.
The issues of dosimetry, pathogen reduction, and sensory issues will be extremely signifi-
cant in these types of foods because of the anticipated differences in the food matrix, the
potential varying pathogen loads, the types of pathogens that could be encountered, and the
critical need to retain the sensory attributes of the packaged meals.

Product Packaging

Research is needed on the next generation of packaging materials that can retard possible
negative changes in sensory attributes or enhance desired sensory attributes during irradia-
tion. Song et al. (2003) reported that MAP in combination with irradiation can improve the
chemical (nitrosamine concentrations) and microbiological safety of cooked sausage. Ahn
et al. (2003) reported that irradiation in an optimal combination with MAP can enhance
desirable color characteristics in sausage. Recent studies have also shown that MAP in
combination with a hot-water treatment can reduce undesirable changes in fresh-cut ice-
berg lettuce (Fan and Sokorai 2002, Fan et al. 2003). Research in antimicrobial coatings and
antioxidant additions can provide avenues that could potentially extend the product lines
for which irradiation becomes a viable option. The development of packaging material that
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can visually denote an irradiated product or dose range, or that can detect adverse changes
in a product, can also find commercial application.

Conclusions

Food irradiation will become a mainstay of food processing similar to pasteurization. Con-
sumers are going to demand pathogen-free poultry meat and poultry products and RTE
foods. Given that many of the foodborne pathogens originate within farm animals, and as
these organisms are almost a part of the normal flora of these animals, it is quite unlikely
that we can totally eradicate these pathogens at the preharvest stage. Postharvest pathogen
reduction is probably the only reliable solution. However, irradiation should only be used as
the final step of a validated HACCP protocol within the food industry. Using irradiation to
circumvent currently employed disinfection and intervention strategies within the food pro-
cessing plants would be disastrous. We should anticipate and plan for the use of food irradi-
ation similar to our use of milk pasteurization, where only Grade A milk is pasteurized for
human consumption. This will guarantee a microbiologically safe product in which the
society at large believes and that it supports.
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Introduction: The Problem in Perspective

Food and water supplies destined for human consumption can contain complex and highly
variable mixtures of chemicals and microbes that have been linked to disease in humans and
that have been targeted as significant food safety and environmental concerns (Moore et al.
1979, McConnell 1980, Smith et al. 1982, Stalling et al. 1983). These foodborne and water-
borne contaminants encompass a highly diverse family consisting of bacteria, viruses and
other microbes, molds and mycotoxins, exogenous aromatic and polynuclear aromatic
hydrocarbons (PAHs), halogenated aromatic hydrocarbons, polychlorinated dibenzo-p-
dioxins, chlorinated phenols, heavy metals, pesticides, herbicides, fungicides, insecticides,
nematocides, phthalates, and so forth (Bievenue and Beckman 1967, McConnell and
Moore 1979, Exon 1984, Donnelly et al. 1987, Harvey et al. 1991a, Harvey et al. 1991b,
Mueller et al. 1989, Mueller et al. 1991, United States Environmental Protection Agency
1997, Gevao and Jones 1998). The problem in water is further complicated by the necessary
(and federally mandated) treatment with chlorine to destroy bacteria and to maintain ade-
quate disinfection throughout the distribution system. During the conventional processing
of drinking water (especially from surface water supplies), a variety of toxic byproducts
known as trihalomethanes are formed when dissolved organic matter reacts with chlorine
(Bull et al. 1995). These endogenous contaminants in drinking water have been shown to be
toxic and potentially carcinogenic (Bull et al. 1995, Doyle et al. 1997, Lilly et al. 1997,
Swan et al. 1998). It’s well-established in toxicology that “the dose makes the poison”
(Deichmann et al. 1986, p. 210), therefore, interventions that decrease exposure levels of
humans and animals to toxins and microbes in the environment are credible strategies for
diminishing risk and preventing disease.

The frequent and widespread occurrence of chemical and microbial contaminants in
food and water underscores the critical need for interventions to control endogenous and
exogenous chemicals and microbes (before and after processing of food and consumable
water). One type of intervention that is practical, sustainable, and cost-effective is the use of
clay-based materials for the remediation of food and water.

Since earliest recorded history, the unique properties and beneficial uses of clay minerals
have been well-documented. In many instances, animals and humans have been reported to
eat clay (geophagy), purportedly for various reasons, including detoxification of foodstuffs
and the prevention of illness (Phillips et al. 1995). Many of these clays vary considerably in
their molecular structure and in their ability to sequester toxic chemicals and microbes.
Recent clay-based interventions for the control of chemical and microbial hazards in food
and water are discussed in this chapter.
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Clay-Based Interventions for the Control of Aflatoxins

Dietary Inclusion of Aflatoxin Enterosorbents

The aflatoxins are a group of carcinogenic mycotoxins, produced primarily by Aspergillus
flavus and Aspergillus parasiticus fungi, that are often detected in foods and agricultural
commodities. These compounds are heat stable and can survive a variety of food processing
procedures; thus, aflatoxins can occur as “unavoidable” contaminants of most foods and
feeds (particularly those derived from maize and peanuts). Of the four naturally occurring
aflatoxins (B1, B2, G1, and G2), aflatoxin B1 (AfB1) is the most toxic and has been shown to
disrupt genes involved in carcinogenesis (McMahon et al. 1986, McMahon et al. 1987) and
tumor suppression (Aguilar et al. 1993). In addition, several studies suggest that low-level
exposure to aflatoxins may cause suppression of the immune system and increased suscep-
tibility to disease (Richard et al. 1978, Pestka and Bondy 1994).

Many strategies are available for managing aflatoxins in agricultural commodities, the
simplest of which requires isolation and destruction of the contaminated source. This
approach, however, is often not practical because alternative food supplies may not be avail-
able or replacement supplies may not be affordable. As a result, the use of detoxification 
and decontamination procedures has become a viable option for remediating aflatoxin-
contaminated foodstuffs. Optimally, remediation procedures should effectively destroy,
inactivate, or remove the mycotoxin from the commodity; should not result in the deposition
of toxic substances, metabolites, or by-products in the commodity; should retain nutrient
value and feed acceptability of the product or commodity; should not cause significant alter-
ations in the physical properties of a commodity; and should destroy fungal spores, if possi-
ble (Park et al. 1988). Importantly, detoxification or decontamination procedures should be
readily available, easily used, and inexpensive (Council for Agricultural Science and Tech-
nology 2003).

One of the most practical approaches for the prevention of aflatoxicoses in livestock
involves the incorporation of clays or various “binding agents” into diets contaminated with
these toxins. These additives reduce the bioavailability of the toxin in the gastrointestinal
tract; that is, they serve as sequestering agents (enterosorbents) of the toxins, thus reducing
uptake and distribution to the blood and target organs. Early studies using phyllosilicate
minerals as sorbents have shown that certain clays could bind AfB1 in solution (Masimango
et al. 1979). Bleaching clays that had been used to process canola oil were also shown to
lessen the effects of T-2 toxin, a trichothecene mycotoxin (Carson and Smith 1983, Smith
1984).

In the first enterosorbent studies with aflatoxins, NovaSil (a processed calcium montmo-
rillonite clay from Engelhard Corporation, Cleveland, Ohio) was shown to bind AfB1 with
high affinity and high capacity in vitro and in vivo. When added to the diet, NovaSil (NS)
significantly protected broiler and Leghorn chicks from the toxic effects of dietary aflatox-
in exposure (Phillips et al. 1987, Phillips et al. 1988).

Following these initial findings, the efficacy of NS and certain hydrated sodium calcium
aluminosilicates clays for aflatoxins has been confirmed in a variety of young animals
including rodents, chicks, turkey poults, ducklings, lambs, pigs, and mink (Colvin et al.
1989, Harvey et al. 1989, Kubena et al. 1990a, Kubena et al. 1990b, Phillips et al. 1990,
Bonna et al. 1991, Harvey et al. 1991a, Harvey et al. 1991b, Kubena et al. 1991, Phillips et
al. 1991, Jayaprakash et al. 1992, Kubena et al. 1993, Lindemann et al. 1993, Voss et al.
1993, Harvey et al. 1994, Phillips et al. 1994, Smith et al. 1994, Marquez and de Hernandez
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1995, Phillips et al. 1995, Abdel-Wahhab et al. 1998, Ledoux et al. 1999). NS has also been
shown to decrease the bioavailability of radiolabeled aflatoxins and reduce aflatoxin
residues in poultry (Davidson et al. 1987), rats (Sarr et al. 1995) and pigs (Beaver et al.
1990). Importantly, aflatoxin M1 (an oxidative metabolite of AfB1) in the milk of lactating
dairy cattle and goats was reduced when NS was incorporated into the contaminated diets
(Ellis et al. 1990, Smith et al. 1994, Harvey et al. 1991a).

Numerous in vitro studies have assessed the sorption of aflatoxins onto the surface of NS
and other hydrated sodium calcium aluminosilicate clays (Ellis et al. 1990, Ellis et al. 1991,
Sarr 1992, Phillips et al. 1995, Ramos and Hernández 1996, Grant et al. 1998, Grant and
Phillips 1998, Phillips 1999, Phillips et al. 2002). NS, in aqueous solution, has been shown
to tightly and preferentially sorb AfB1 and similar analogs of AfB1 that contain an intact �-
dicarbonyl system in their molecular structure (Phillips et al. 1988, Sarr 1992). Equilibrium
isotherms for the sorption of AfB1 and similar ligands onto NS indicated high affinity, high
capacity, regio- and stereo-specificity, and favorable thermodynamics (Grant 1998, Phillips
et al. 2002). For mechanistic details, the reader is referred to a recent review by Phillips et al.
(2002).

Similar to the in vitro results, animal studies also indicated a preference of NS for aflatox-
ins. When included in the diet of animals, NS did not significantly prevent the toxicity of
other common (and structurally diverse) mycotoxins (e.g., zearalenone, deoxynivalenol, T-2
toxin, ochratoxin A, cyclopiazonic acid, ergotamine, and fumonisins). For example, the use
of clay in mink fed zearalenone helped to alleviate some of the fetotoxicity but did not reduce
the hyperestrogenic effects (Bursian et al. 1992). In addition, supplementing swine diets
with clay at 0.5% and 1.0% w/w did not influence the average daily weight gain of pigs
exposed to deoxynivalenol. In poultry studies, the inclusion of NS clay in the diet as an
enterosorbent did not significantly prevent the adverse effects of T-2 toxin (Kubena et al.
1990a), ochratoxin A (Huff et al. 1992), diacetoxyscirpenol (Kubena et al. 1993), cyclopia-
zonic acid (Dwyer et al. 1997), and fumonisins (Lemke 2000). Other studies have shown that
clay (2.0% in the diet) did not protect rats or sheep from fescue toxicosis (Chestnut et al.
1992), although in vitro experiments demonstrated favorable sorption characteristics of a
predominant ergot alkaloid, ergotamine, for NS (Huebner et al. 1999).

A variety of physical, chemical, and biological interventions for the remediation of 
aflatoxin-contaminated food and feed is available. Clay-based enterosorbents that are
selective for aflatoxins (i.e., NS) offer a practical and economically feasible solution to the
problem: NS is unique in that it diminishes the bioavailability of aflatoxins from the gas-
trointestinal tract, thus minimizing exposure and health risks to the consumer. Importantly,
all enterosorbents should be routinely evaluated to confirm their efficacy and ensure their
safety. In addition, clay-based sorbents (and other sorbent materials) added to the diet
should be rigorously tested in sensitive animal models to determine their potential for nutri-
ent interactions and toxicity.

Affinity Probes for Aflatoxin Testing

The health risks associated with chronic exposure to aflatoxins, particularly AfB1, have fos-
tered considerable interest in the occurrence of aflatoxins in foods and feeds and the extent to
which they pose elevated hazards. In response to this problem, governmental agencies world-
wide have instituted detection and monitoring programs and set contamination limits for afla-
toxins in grains and food products to ensure the safety and health of humans and animals.
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Effective monitoring and surveillance of aflatoxins in foods and agricultural products is
dependent on the use of specified analytical procedures for identifying and measuring these
mycotoxins. Aflatoxin analysis typically involves three steps: extraction of aflatoxins from
a test sample, cleanup of the sample extract to remove co-extracted compounds that inter-
fere with the determination of aflatoxins, and detection and quantification of aflatoxins in
the purified sample extract (Jaimez et al. 2000).

Extract cleanup procedures are important not only for reducing interfering compounds
but also for concentrating aflatoxins from a large sample volume. Although extract cleanup
methods serve to facilitate aflatoxin analysis in many applications, they become mandatory
when modern sensitive analytical methods are used for detecting very low levels of aflatox-
ins (Scott and Trucksess 1997, Jaimez et al. 2000).

One of the most common extract cleanup methods available (i.e., immunoaffinity col-
umn cleanup) offers specificity, reproducibility, speed, and simplicity (Scott and Trucksess
1997). At present, immunoaffinity cleanup procedures offer many advantages over other
methods of purification; however, higher costs (because of the preparation and require-
ments of monoclonal antibodies) may prohibit their use in repeated analyses and surveil-
lance of food and feed for aflatoxins, especially in developing countries.

The unique chemical characteristics and high affinity of NS clay for aflatoxins have been
recently applied in the development of an NS-based inorganic affinity probe (IAP-NS) for
aflatoxins (Huebner and Phillips 2003). In these studies, nanostructuring techniques were
employed to construct inorganic (clay-based) affinity media for the cleanup and purifica-
tion of AfB1 from aqueous solutions and grain samples. In this research, thin films of NS
clay differing in arrangement were electrostatically anchored onto the surface of quartz par-
ticles using a cationic polyelectrolyte to produce multiple formulations.

Initial studies using prototypical affinity columns suggested that IAP-NS with larger NS
aggregate sizes and increased NS layer coatings enhanced AfB1 sorption capacities. In con-
trast, average recoveries of AfB1 bound onto IAP-NS decreased in formulations with larger
NS aggregate sizes and increased NS layer coatings. Similar trends were observed in break-
through studies in which IAP-NS formulated with larger NS aggregate sizes and multiple
layer coatings also exhibited increased breakthrough capacities for AfB1. Experimental
results showed that 50% breakthrough capacities for AfB1 using a single-layer coating ranged
from 13 to 78 �g, whereas breakthrough capacities for AfB1 using a triple-layer coating
ranged from 16 to 140 �g. These studies demonstrated that IAP-NS columns can be formu-
lated to offer narrowly defined, reproducible capacity ranges that are ideal for use in analyti-
cal applications. Additional experiments showed that recoveries of AfB1 from spiked rice and
corn followed linear trends that were highly correlated with the range of spike levels. AfB1
recoveries from rice samples spiked at 10, 50, 100, 200, and 400 ng/g averaged 43%, 43%,
56%, 61%, and 63%, respectively. Similarly, AfB1 recoveries from corn samples spiked at 10,
50, 100, 200, and 400 ng/g were determined to be 43%, 34%, 41%, 45%, and 49%, respec-
tively. Importantly, the recoveries of AfB1 from both series of spiked grains exhibited a good
correlation with the range of spike levels (r2 
 0.9991 and 0.9974, respectively).

In other studies, commercially available immunoaffinity columns and IAP-NS columns
were compared for total aflatoxin recoveries using an aflatoxin positive corn sample. On the
basis of LC analysis of column eluate residues, AfB1 was the only congener detected in any
of the eluates from either cleanup procedure. IAP-NS columns provided approximately 1/2
the average recovery of AfB1 (8.4 � 0.5 ng vs. 15.7 � 0.3 ng) from naturally contaminated
corn under the experimental conditions of the tests. Although IAP-NS offered lower recov-
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eries for AfB1 as compared with immunoaffinity columns, the recoveries were consistent
and purified extracts were void of interfering compounds as determined by liquid chro-
matography with fluorescence detection.

Biological-based cleanup methods are typically characterized by a high affinity (selec-
tive) and low capacity (saturable) for target analytes. In contrast, IAP-NS methods are
selective and offer both high affinities and high capacities for AfB1. These materials may
provide an alternative and cost-effective approach for the selective cleanup, purification
and concentration of aflatoxins in contaminated grains. Additional research may optimize
extract cleanup and elution procedures for use with IAP-NS columns and further assess
aflatoxin recoveries from a variety of contaminated media.

Clay-Based Interventions for Water Purification

Chemical Contaminants

The occurrence of complex mixtures of toxic chemicals in drinking water constitutes a sub-
stantial environmental and public health hazard. In the United States, PAHs and chlorinated
phenols originating from the uncontrolled release of wood-preserving wastes extensively
contribute to groundwater and aquifer contamination. Because of their persistence in the
environment, the removal of trace, yet biologically significant, levels of PAHs and chlori-
nated phenols from water continues to be an active area of research.

An important strategy offering potential for groundwater remediation is the use of chem-
ically modified clay minerals to sorb contaminants from aqueous media. This area of
research has focused largely on the use of quaternary ammonium compounds to modify
clay, resulting in hydrophobic clay minerals (organoclays) with increased affinities and
capacities for a variety of organic compounds (Boyd et al. 1988, Srinivasan and Fogler
1990a, Srinivasan and Fogler 1990b, Brixie and Boyd 1994, Smith and Jaffe 1994, Dentel et
al. 1995, Li et al. 1996, Sheng et al. 1996, Xu et al. 1997).

To date, the widespread application of clays as filtration media has been severely limited
because of the poor hydraulic conductivity associated with clay minerals (i.e., most clays
are not amenable to large-scale processing of groundwater via in-line columns or fixed-bed
filtration systems). To address this problem, research in our laboratory has focused on meth-
ods whereby natural and chemically modified clays can be immobilized onto solid sub-
strates. The porous nature of these clay-based composites enhances their overall water per-
meability and flow characteristics in filtration applications and facilitates the movement of
organic contaminants through the matrix (Phillips 1999, Huebner et al. 2000, Ake et al.
2001).

The efficacy of porous organoclay composites for the remediation of pentachlorophenol
and PAHs in groundwater has recently been investigated at an active Superfund site (Ake et
al. 2003). Effluent from both an oil–water separator and a bioreactor (BIO) were passed
through fixed-bed filtration columns containing either an organoclay composite or granular
activated carbon (GAC). Samples of treated water were collected over time and extracted,
and target contaminants were quantified via gas chromatography/mass spectrometry.
Results indicated that organoclay composites (i.e., cetylpyridinium-exchanged montmoril-
lonite immobilized onto sand) were able to reduce the contaminant load from the oil–water
separator effluent stream by 97%. Concentrations of pentachlorophenol and
benzo[a]pyrene were significantly decreased (i.e., 99% decrease). Additional studies
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involved the filtration of BIO effluent through columns containing composite or an equiva-
lent amount of GAC. Results showed that the organoclay composite reduced the majority of
BIO contaminants, although it was less effective in remediating lower–molecular weight
PAHs. In contrast, GAC was more effective in removing the lower–molecular weight PAHs
from BIO effluent, with the exception of naphthalene and pentachlorophenol. Overall,
these findings have delineated differences between organoclay- and GAC-based sorbents
for groundwater remediation and suggest that combinations of immobilized organoclay and
GAC may be more effective for the treatment of contaminated water than either sorbent
used alone.

These organoclay-based composites, used in column filtration systems, will facilitate
the “field-practical” purification of water contaminated with a wide variety of hazardous
organic chemicals. These materials have several advantages: fixed-bed filtration columns
can effectively use high-affinity organoclays for the sorption of PAHs and chlorophenols
without the need for sophisticated batch remediation systems; depending on the type of
organic contaminant or mixture of contaminants, multisorbent columns can be tailor-made
for the remediation of a particular source of groundwater; and water purification columns
can be easily installed into existing water treatment facilities. Preliminary research clearly
demonstrates the effectiveness and potential of sand-immobilized organoclay for the
cleanup of creosote-contaminated water.

Microbial Contaminants

Clean water is essential in many aspects of food production, including washing, heating,
cooling, and cooking of food products. In the poultry processing industry, water is used in
scalding baths to facilitate the removal of feathers, to wash carcasses, and to chill carcasses
in preparation for refrigeration (Hagstad and Hubbert 1986). Because potable water is
scarce, the cost of obtaining usable water and disposing of wastewater represents a substan-
tial economic expenditure. As a result, considerable interest has been focused on the poten-
tial of using recycled or reconditioned water in carcass production processes (Hamza et al.
1978, Chang and Sheldon 1989, Chang et al. 1989, Palumbo et al. 1997). Of primary con-
cern to poultry processors who use reconditioned water is the removal of bacteria, especial-
ly the Salmonella species, from water used in scalding and pre-chilling stages where poten-
tial cross-contamination of uninfected carcasses can occur.

The physical and chemical properties of montmorillonite clays, including high surface
areas and high cationic exchange capacities, make them ideal sorbents for multiple applica-
tions; however, these types of clays are less than ideal for removing bacteria from water.
Under physiologic conditions, the surfaces of many silicate minerals as well as bacteria are
negatively charged, representing a large energy barrier to the adsorption of bacteria onto clay
surfaces (Stotzky 1980). This problem can be resolved by altering the surface chemistry of
montmorillonite clays by exchanging predominant interlayer cations with positively
charged organic compounds (Koh and Dixon 2001). For example, the exchange of cations
within the gallery (interlayer) of montmorillonite clays with quaternary amine surfactants
having long alkyl chains results in the production of hydrophobic organoclays. As the con-
centration of organic cations exchanged onto the clay increases, hydrophobic interactions
between the alkyl chains attract more organic cations to the clay surface. Further addition of
organic cations, in excess of the exchange capacity of the clay, results in an organoclay with a
positive (instead of negative) surface charge (Xu et al. 1997). Organoclays have proven use-
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ful in the sorption of aromatic and halogenated hydrocarbons as well as other organic conta-
minants that the parent (hydrophilic) clays would not normally sequester.

Previous research has shown that exchanging montmorillonite clays with quaternary
amine compounds, such as cetylpyridinium chloride (CP), increases their ability to sorb and
inactivate Salmonella in aqueous solution (Herrera et al. 2000). In studies with Salmonella
enteritidis concentrations as high as 4.0 � 108 colony forming units (CFU)/mL, various CP-
exchanged montmorillonite clays were shown to significantly reduce bacterial loads in test
solutions as measured by colony plate counting methods (Figure 29.1A). To determine
whether the antibacterial activity of the modified clays was the result of CP dissociating from
the surface and affecting bacteria in suspension, CP desorption studies were performed.
Washed organoclay pellets retained their antibacterial properties by 90%–95%, whereas
supernatants from the washed pellets showed very little antibacterial activity. These findings
suggest that the antibacterial activity of CP-exchanged clays is mainly localized on the sur-
face of these clays and is not the result of the release of CP into solution. For confirmation,
CP-exchanged clays treated with Salmonella were visualized by electron microscopy to
characterize the interaction of bacteria at the surface of the clay particles. Figures 29.1B and
29.1C show electron micrograph images of parent and CP-exchanged clays after treatment
with Salmonella suspensions. The micrographs show that bacterial sorption is strongly
favored by CP-exchanged clay surfaces as opposed to surfaces of parent clays. In further
studies, the effect of CP exchange rates on the antibacterial activity of modified clays was
determined. Bacterial binding studies were performed using clays exchanged with amounts
of CP that were from 0.5 to 3.0 times the estimated cation exchange capacity of the parent
clay (i.e., 90 cmolcharge/kg). Results showed that as the exchange rate of CP on clay increased,
the reduction of bacterial counts also notably increased.

Overall, experimental results demonstrated that Salmonella sorption to CP-exchanged
clays reached a plateau within 12 hours and remained stable and irreversible for up to 24
hours. Organoclays were also evaluated at varying pHs, temperatures, and concentrations
of organic material to delineate optimal antibacterial activity. It was determined that pH did
not significantly influence the antibacterial activity of the modified clays. Conversely, as
temperature decreased the rate of bacterial reduction also decreased.

In column filtration studies, various organoclays were immobilized onto the surface of
sand (as a solid support) to produce a porous composite media for the sorption and removal
of bacteria from aqueous solution. Immobilization techniques produced composite sor-
bents that displayed a heterogeneous distribution of organoclay. Depending on the type of
clay and exchangeable cation, the immobilized organoclays were shown to significantly
reduce Salmonella colony plate counts by levels ranging from 17% to 84%. Importantly, in
studies conducted with Salmonella concentrations ranging from 3.0 � 104 to 3.0 � 108

CFU/mL, it was determined that sorption or filtration efficiency was dependent on bacterial
concentration of the suspension being treated.

The affinity of bacteria for organoclays may involve both electrostatic attraction and
hydrophobic interactions. Under physiologic conditions, bacterial cell walls are negatively
charged because of functional groups such as carboxylates present in lipoproteins at the sur-
face (Breen et al. 1995). At physiological pHs, montmorillonites exhibit a net negative
charge (Stotzky 1980). Under these conditions, bacteria would not normally be significant-
ly attracted to these clays. However, by exchanging clays with CP at rates greater than the
cation exchange capacity, a material that is both hydrophobic and positively charged is pro-
duced. The positive charge of these exchanged clays may enhance their ability to attract
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Figure 29.1 (A) Illustration of the percentage reduction in Salmonella enteritidis plate counts by
parent and cetylpyridinium chloride (CP)–exchanged materials. Sorbents included silica, low-pH
montmorillonite (LpHM), hydrated sodium calcium aluminosilicate (HSCAS), the calcium montmo-
rillonites STx-1 and SAz-1, the sodium montmorillonite SWy-2, and acid activated montmorillonite
(AAM). Electron micrographs of parent clay STx-1 and CP*STx-1 after treatment with Salmonella
are shown in (B) and (C). The image of the parent clay STx-1 (B) shows no sorption of bacteria on
clay surfaces, whereas numerous rod-shaped bacteria are evident on the surface of the
CP–exchanged STx-1 clay (C). Modified from Herrera et al. (2000).
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bacteria through electrostatic interactions. In addition, there may be hydrophobic attrac-
tions between the hydrophobic alkyl chains of CP and lipophilic components of the bacteri-
al cell walls, such as lipoproteins, liposaccharides, and phospholipids.

The preliminary findings of these studies suggest that both hydrophobic and electrostatic
interactions may be important factors in the attraction of bacteria to modified clay surfaces.
These studies suggest that CP-exchanged clays could facilitate the removal of bacteria from
various water sources and that the antibacterial activity of the organoclay sorbent may be
enhanced by increasing the amount of cationic surfactant exchanged into the gallery of the
parent clay. The antibacterial efficacy of immobilized organoclays is dependent on the con-
centration of bacteria suspended in the filtrate; thus, filtration columns may be best suited for
water-polishing applications with low to moderate bacterial loads. Although this research
focused on remediating S. enteritidis in wastewaters produced during meat processing,
future work should address other infectious agents and diverse chemical applications.

Conclusions

Clays have been used for a variety of agricultural, industrial, and medicinal purposes for
centuries. Since earliest recorded history, the Chinese, Egyptians, Greeks, and Romans
were well aware of the numerous beneficial properties of clay minerals. As time progresses,
scientific advances in our understanding of clay-based sorption processes will help to facil-
itate the development of novel molecular applications whereby clay minerals can be used
advantageously.

For example, clay-based enterosorbent technologies may ultimately be applicable and
sustainable for the protection of human foods in developing countries by decreasing afla-
toxin exposure and by improving human health. From an analytical standpoint, clays may
be instrumental in the development of rapid diagnostic tests for the detection and monitor-
ing of exposure biomarkers present in urine, blood, or body tissues. In addition, the sorptive
and selective properties of clays could be harnessed for the manufacture of organic/inorgan-
ic microarrays or biochips useful for the detection of genetic polymorphisms, gene identifi-
cation, bacteria and virus identification, or cell immobilization.

In environmental settings, multifunctional composite sorbents based on hydrophilic clays
or hydrophobic organoclays may eventually have widespread acceptance for the filtration
and clarification of hazardous chemicals, heavy metals, and bacteria/viruses from contami-
nated drinking water. Similarly, the application of organoclays as dietary enterosorbents/
sanitizing agents in poultry and other livestock before slaughter may effectively reduce the
number of gastrointestinal microorganisms including S. enteritidis and E. coli. As a result,
bacterial contamination during processing may be significantly minimized.

The research presented in this chapter clearly demonstrates that clay-based technologies
offer innovative, field-practical, and economical solutions to contemporary issues and
future challenges attributed to chemical and microbial contamination in our environment
and food supplies.
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30 Food Safety Risk Communication and
Consumer Food-Handling Behavior

Wm. Alex McIntosh

Introduction

Although consumers are increasingly aware that foodborne illnesses are a problem, they
continue to blame others for the problem, unaware of the major role they themselves play in
spreading foodborne pathogens. Surveys continue to show that �20% of consumers believe
that unsafe foods result from unsafe food-handling practices in the home (Food Marketing
Institute 2002, Williamson et al. 1992). This perception results from the consumer’s lack of
knowledge, particularly regarding safe food-handling procedures at home, and from the
consumer’s exposure to mass media stories that tend to focus on industry-associated food
safety miscues. Some stories focus on a particular event such as a recall of contaminated
meat; others are more in-depth exposés of food mishandling in restaurant kitchens. Stories
about mishandling food in the home are much rarer. In general, consumers have a high level
of awareness and some knowledge, but they lack a more basic understanding of food safety
principles that might be used to protect them. Furthermore, it is well known that increased
knowledge does not automatically translate into behavior change (Bennett and Murphy
1997, Rogers 1983). Most food-handling practices are habitual; changing those practices is
difficult and requires breaking old habits. To change habits, people must be highly motivat-
ed. The purpose of this chapter is to discuss a number of issues associated with the con-
sumer’s food-handling practices, in particular the knowledge/awareness distinction, the
lack of connection between knowledge change and behavior change, the problem of habit,
and the need for motivation for behavior change to take place. Mechanisms for improving
the consumer’s food-handling practices are also discussed.

Awareness Knowledge and Its Problems

Rogers (1983) suggested that knowledge comes in several forms, including awareness,
knowledge of principles, and how-to knowledge. These forms of knowledge have a particu-
larly useful application in the study of consumer food behavior (Guthrie et al. 1999). Aware-
ness of a food problem (e.g., the existence of Escherichia coli) can be thought of as a pre-
cursor to knowledge of principles (e.g., E. coli is associated with undercooked hamburger)
and knowledge of how to deal with the problem (e.g., deal with E. coli by properly handling
and cooking hamburger meat). Given the mass media’s close attention to nutrition and food
safety (Woodburn and Rabb 1997), we should expect a high percentage of consumers to
express awareness of foodborne microbes. In fact, some studies of awareness bear this out.
For example, The Food Marketing Institute (2002) found that 83% of people polled believe
that bacteria/germs constituted a health risk.

Less than 15% of Californians were found to be completely confident in the food safe-
ty practices of supermarkets, but only 50% of these respondents considered bacterial 
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contamination a “major concern”(Bruhn and Schutz 1999). Fein et al. (1995) found that less
than half of their pooled sample believed that foodborne illnesses were common, and only
29% of those who thought that they had experienced a foodborne illness in the past recog-
nized the names of five to eight pathogens; 20% of those who believed that they had never
had a foodborne illness also were aware of the names of five to eight pathogens. Ninety-nine
percent of Oregonians had heard of Salmonella Typhimurium (Woodburn and Raab 1997),
but only 7% had heard of Campylobacter. A national telephone survey conducted in
1992–1993 found that 80% of respondents had heard of Salmonella Typhimurium, 75%
heard of Clostridium botulism, and 4.7% heard of Campylobacter jejuni or C. coli
(Altekruse et al. 1996). Fewer respondents, however, were able to connect these pathogens
to specific foods. Only 23% knew of Clostridium botulism’s food vehicle.

Forty-six percent of Texans indicated awareness of the dangers associated with the
degree of cooking hamburger patties (McIntosh et al. 1994). However, only about half of
the respondents identified undercooking as the reason for this danger; nearly one-third
associated danger with overcooking, believing that overcooking increased their chances of
cancer. The Texas study did find that the more aware respondents were of the various types
of foodborne illnesses, the more aware they were that there are dangers associated with
cooking hamburger meat. In addition, in many of these studies, awareness of foodborne ill-
ness or problematic cooking practices were not associated with either principle or how-to
knowledge.

Furthermore, awareness does not always lead to proper behavior. McIntosh et al. (1994)
found that awareness of the dangers associated with cooking hamburger was only moder-
ately associated with how the respondents currently cooked hamburger. Awareness of the
dangers had no association with the willingness to cook hamburger to a greater degree of
doneness. Those most willing to change already preferred well-done hamburger meat.
Altekruse et al. (1996) found that although 80% of their respondents were aware of the need
to wash their hands or to change/wash their cutting boards after cutting raw meat, only two-
thirds of those respondents actually did so. Despite mistrust in the food safety record of
supermarkets, the respondents in the Bruhn and Schutz (1999) study were more likely to
minimize the health risk by reducing the amount of fat in their diets (73%) rather than
potential bacterial contamination (58%). Nineteen percent of these respondents dealt with
concerns about the safety of poultry by buying less of this food item.

The lack of relationship between awareness on one hand, and principles, how-to knowl-
edge, and behavior on the other, suggests that consumers may retain only superficial levels
of knowledge. However, there may be methodological reasons for this lack of observed
relationships as well.

Methodological Issues in Studying Knowledge

Studies vary in terms of the degree to which respondents are found to be knowledgeable
about foodborne pathogens and related issues. Part of the lack of similarity may be the result
of differences in sampling design; part has to do with the timing of the survey (surveys con-
ducted during those times in which the mass media has devoted a greater than average fre-
quency of reporting on food safety tend to demonstrate a greater knowledge of the respon-
dents); and part may be related to differential wording of the surveys themselves. One such
difference is the use of questions regarding awareness of foodborne illnesses as proxies for
questions regarding principles or how-to knowledge. Having heard of E. coli is not the same
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thing as knowing the origins of E. coli in food or how to deal with it. In addition, awareness
questions may be more prone to social-desirability biases than knowledge questions
(Fowler 1995). Research on “psuedo attitudes” has demonstrated that as many as one-third
of the respondents in a survey may express an attitude toward something about which they
have never heard (Bishop et al. 1989). Less prone to social desirability are knowledge ques-
tions that deal with principles or practices, for these questions are usually framed in terms of
a set of answer choices, only one of which is the correct answer. Awareness questions tend
to have “yes-no” response formats and there is no right or wrong answer involved. Thus
respondents may claim to be familiar with a number of foodborne illnesses while actually
possessing no real knowledge of them.

Principle and Practice Knowledge

In a study of low-income Arizonans, Meer and Misner (2000) found that although 67% cor-
rectly identified cross-contamination as a potential source of problems (principle knowl-
edge), a substantial percentage believed that they could determine the safety of a food by
either smelling or tasting it (practice knowledge). Oregonians appeared to have greater
principle knowledge than residents of other states in terms of the kinds of foods that posed a
risk of foodborne illness: 88% identified meat, fish, poultry, milk, eggs, and salads. Fifty-
six percent knew that “thorough cooking” was the way to avoid Salmonella, and 59% knew
that such cooking was also the means for dealing with E. coli (Woodburn and Raab 1997).
However, a few respondents believed that either thorough washing or freezing would effec-
tively deal with Salmonella or E. coli, and nearly one-third believed that “food could not be
made safe.” Those who were concerned about food safety possessed more principle knowl-
edge. Williamson et al. (1992) studied people’s knowledge of food typically associated with
various foodborne illnesses. Fifty-eight percent of the individuals interviewed knew that
infectious cuts could be caused by Staphylococcus; 75% correctly associated Salmonella
with raw poultry and eggs. Knowledge of the correct food-handling procedures was less
widespread; only one-third could identify the proper way of storing leftover stew, and only
54% knew that knives and cutting boards used to cut raw meat should be washed with soap
and water before using them to cut vegetables.

In a recent study by Anderson et al. (2000) only 55% correctly identified that eating a
foil-covered potato left out overnight was risky and 54% acknowledged that thawing chick-
en 24 hours in advance was risky. The same study found that respondents believed that the
amount of time needed to properly wash one’s hands was 56 seconds (as opposed to the rec-
ommended 20 seconds). Gettings and Kiernan (2001) found that many of their elderly
respondents believed that sight or touch were sufficient indicators of doneness in foods.

Finally, we can not assume that consumers’ knowledge of all aspects of food safety is
consistently high simply because those consumers have adequate knowledge of some
aspects of food safety issues.

The Link Between Knowledge and Behavior

Of course our interest in knowledge is not for knowledge’s sake, but because we believe that
it will lead to improved behavior. Numerous studies have found that existing knowledge as
well as efforts to increase knowledge often have little effect on behavior. This is true in the
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areas of nutrition knowledge and nutrition behavior. One problem associated with this
area of research has to do with the reliance on self-reported behavior. In studies that
include questions about food safety knowledge, respondents may alter their answers to
food safety behavior questions to show greater consistency of their answers to the knowl-
edge questions. Research by Anderson et al. (2000) not only asked consumers questions
regarding such issues as the length of time food preparers should wash their hands before
handling food, they also asked these consumers how often they washed their own hands
on average. The researchers then videotaped those consumers’meal preparation behavior
in the consumers’ kitchens. The results of comparing the answers to the questions and the
behavior observation demonstrate that respondents claims about the length of time they
usually spent washing their hands greatly exaggerated their actual behavior (respondents
indicated that they should wash their hands for 56 seconds, and 89% indicated they
exceeded that amount; however, on average they actually spent less than 5 seconds wash-
ing their hands).

Years of effort to change knowledge and attitudes have often ended without having much
effect on behavior (Rogers 1995, Gochman 1997). In fact, consumers’ awareness of, and
knowledge about, foodborne illnesses have increased considerably over the last decade,
although concomitant changes in their food-handling behavior have not occurred (Anony-
mous 2001). What appears to be most effective is the change in particular beliefs that may
hinder or facilitate behavior change such as perceptions of costs and benefits of change or
the seriousness of the consequences of non-change. In addition to knowing, consumers
must also be motivated. Motivation will be needed to overcome the inertia of habit. The
Health Belief Model, which has a long history of use in studies of health behavior change,
accounts for such beliefs and motivations.

Uses of the Health Belief Model

The Health Belief Model was developed by researchers in the Public Health Service as a
means of investigating the source of “widespread failure of people to participate in pro-
grams to prevent or detect disease” (Strecher et al. 1997, p. 73). The model was developed
around several assumptions, including first, that people value health, and second, that they
believe that their actions may affect their well-being. The latter, however, was said to be a
function of the seriousness of a given threat to their health, the perception of personal sus-
ceptibility to the threat, existing “courses of action” enabling them to reduce their risk, or
the benefits outweighing the costs of action (Strecher et al. 1997). As Gochman (1997)
adds, “the individual must also be aware of the risk” (p. 5). This awareness as well as efforts
to reduce the risk may occur because of a cue or trigger factor. This could include exposure
of an individual to a risk that has led to an unwanted outcome (e.g., an illness) and to gener-
al information about the risk and its consequences (e.g., through a newspaper article).

Seriousness of the Threat

A number of studies have included measures of seriousness, usually in the form of ques-
tions about how concerned the respondents are about food safety issues. The results of such
surveys show that the consumer indeed perceives food safety as a serious issue and that
many perceive “food spoilage” the reason for that concern. However, many studies indicate
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that equal proportions of respondents perceive “chemical residues” and “fat content” as
equally serious problems. More sophisticated studies have been done in which the serious-
ness of foodborne illnesses has been compared with the seriousness of other threats. For
example, it would appear that other food safety concerns involving food production and
food processing, such as worries about hormones in meat, food additives, pesticide
residues, and irradiation, are perceived to be more threatening than is microbial contamina-
tion (Brewer et al. 1994, Sparks and Shepard 1994). Schafer et al. (1993a) used a measure of
the degree of seriousness that consumers lend to food safety; however, their scale of ques-
tions included consumer fears about food processing. They found that respondents who per-
ceived serious threats to health from microbial contamination or from chemical residues
engaged in more food safety behaviors.

Susceptibility

In addition to seriousness of the threat, consumers also must believe that they themselves
are at risk. Many people view particular conditions or behaviors as particularly risky yet
discount the risk to themselves. This is often the case because the individual perceives that
they infrequently find themselves in risk-taking conditions or behaviors. They also may
indicate that the risk is created by others rather than themselves. This is the case with risky
food behaviors; despite efforts to educate the consumer regarding the importance of food
safety practices in the home, many continue to claim that either the food industry or restau-
rants are the primary cause of foodborne illnesses (Food Marketing Institute 2002).

Schafer et al. (1993a) investigated the effects of perceived risk (situational stress—
threat, loss, and challenge) of the health threat of unsafe food. People generally cope with
threats with irrational approaches such as “faith, wishful thinking, fatalism, avoidance, or
rational action such as learning more about food safety” (Schafer et al. 1993a, p. 387). Sus-
ceptibility to foodborne illnesses was measured by the degree to which respondents felt per-
sonally threatened by unsafe food. Schafer et al. (1993a) found that those who felt personal-
ly threatened by foodborne illnesses were more likely to report that they would use rational
means for coping with the threat of foodborne illness.

Personal Experience

The Health Belief Model does not take into account the possibility that the individual may
have already experienced the very health problem that behavior change was meant to avoid.
This is most likely the result of the nature of the health problems to which the Health Belief
Model has been applied. Many of the health problems are chronic in nature, such as cardio-
vascular disease. However, a person can contract and recover from a foodborne illness mul-
tiple times. It is not unreasonable to suggest that those with prior experiences with a given
illness are likely to perceive that disease’s seriousness and their susceptibility to that disease
differently from those who have not experienced the ailment. Those who believe that they
had recently contracted a foodborne illness are more aware and somewhat more knowl-
edgeable. For example, Fein et al. (1995) found that 42% of those who perceived that they
had experienced a foodborne illness perceived that food poisoning was very common; only
28% of those who had not had a foodborne illness felt this way.

We must be cautious about people’s claims of having had a foodborne illness. Fein et al.
(1995) suggested that apparently many who believe that they had such an illness probably
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had not. Such reports should not be a surprise given that lay perceptions often differ from
those of medical professionals (Lau and Hartman 1983).

Finally, there is some evidence that suggests that those with a perceived previous experi-
ence with a foodborne illness actually engage in fewer food safety practices than those
reporting no such experience (Fein et al. 1995). This suggests that although the perceived
risk of contracting a foodborne illness may increase for having experienced what was
believed to be a foodborne illness in the past, those who reported mild or inaccurate symp-
toms may have concluded that the consequences of such an illness are not very severe.

Benefits/Barriers to Change

Few studies have actually investigated perceptions of benefits consumers would obtain
from changing their food-handling practices. However, several studies have included barri-
ers to change in the form of perceived costs of such change. Schafer et al. (1993b) measured
barriers to change with an item that inquired about the respondents’willingness to sacrifice
food safety in return for lower food costs. The study found that individuals who were will-
ing to sacrifice food safety for lower food prices were more likely to cope irrationally with
the threat of unsafe food (they perceived that food safety was out of their control, tried not to
think about the safety of the food eaten, and felt that concerns about food safety are overre-
actions). Other studies show that some consumers would be willing to pay more in
exchange for safer food (Fox et al. 1995), whereas others are not willing (Lin and Milon
1995, Frenzen et al. 2000).

Safe food preparation does not necessarily significantly increase the amount of time
needed to prepare food. However, people’s perceptions of time expenditures are often
grossly out of touch with actual time expenditures. It may seem to consumers that taking the
additional time to wash their hands, clean cutting boards and cutting instruments, and so
forth, may be too inconvenient. A study of elderly food preparers found that time expendi-
ture was perceived as a barrier to practicing safer food-handling procedures (Gettings and
Kiernan 2001). Mothersbaugh et al. (1993) found, however, that persons with more nutri-
tion knowledge were less likely to let perceptions of time constraints interfere with the prac-
tice of recommended dietary practices.

Finally, a cost often overlooked in behavior change models is the effort involved in mak-
ing the change. Such effort involves changing established habits and is often considerable.

Habits

“A habit is a behavior that has been performed repeatedly so that it is performed automatical-
ly without necessity for a conscious decision that involves the consideration of at least one
other alternative course of action” (Maddux and DuCharme 1997, p. 145). Most behaviors
began as intentional and later become habits. Tooth brushing and wearing seatbelts tend to
become part of automatic cognitive processes that are set in motion by situational cues. The
problem habits suggest that once they have become automatic, they are far less amenable to
changes in beliefs, attitudes, or intentions. McIntosh et al. (1994) found that consumer habits
include preferred modes of cooking meats and that knowledge of foodborne risks may be
insufficient to overcome those habits. The recent Research Triangle Institute report on food
safety points out that forgetfulness lies behind people’s failure to properly wash their hands
before preparing food (Anonymous 2001). This forgetfulness may be simply habit.
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Cues to Behavior: Food Scares

Health belief researchers suggest that behavior change is often assisted by a cue or trigger.
This can come in the form of a warning from a physician about the seriousness of a health
problem and the patient’s susceptibility to that problem. For many others, cues come from
the mass media. When news outlets report a foodborne illness outbreak or the endemic pres-
ence of Salmonella in chicken is published, “food scares” are said to have occurred. Under
these circumstances, consumer perception of risk may outstrip actual risk, with the mass
media acting as a catalyst in the process (Beardsworth 1990). As the consumer becomes
sensitized to a high degree, a “moral panic” ensues; in other words, there becomes a “spiral
of rising public concern and intensifying media attention which accompanies these events”
(Beardsworth 1990, p. 11). Once sensitized, an audience reacts, leading to further media
attention, and thus further reaction. However, as other social problems appear on the hori-
zon, the media switches attention, as does the audience. Thus, perceived risk and panic
regarding problems such as foodborne illnesses may lessen as the public turns its attention
to a more recent crisis. The problems of food scares are made worse by the fact that the sci-
ence of nutrition, at least in the mind of the consumer, sometimes produces conflicting
advice regarding topics such as dietary recommendations (Guthrie et al. 1999). In addition,
the wide variety of food items available to consumers may inadvertently contribute to fear
because there are more things to be worried about. Woodburn and Raab (1997) suggest that
knowledge of foodborne illnesses is greater immediately after an outbreak of foodborne ill-
ness. From May to July 1995, nutrition and food safety was the eighth most frequent topic in
national/local news outlets (Woodburn and Raab 1997). Furthermore, consumers frequent-
ly report that their chief source of information about food safety is the mass media (Wood-
burn and Raab 1997, McIntosh et al. 1994).

Issues Related to Amplification

Some have argued that journalists exaggerate risks associated with new food technologies
(Maney and Plutzer 1996). These researchers found that newspaper editors were generally
no more concerned with “levels of pesticide use in American agriculture, genetically engi-
neered fruits and vegetables, or meat products whose shelf life has been extended due to
exposure to radiation” than were Congressional staffers or scientists/engineers (Maney and
Plutzer 1996, p. 46). However, 79% of the scientists rated irradiation as safe, whereas only
slightly over half of the journalists did so.

Despite the tendency to exaggerate risks associated with food technologies on the part of
the mass media, research supports the hypothesis that messages about the seriousness of a
condition such as a foodborne illness that induce fear in the receiver will more likely lead to
behavior change (Rogers and Prentice-Dunn 1997).

Improving Knowledge and Changing Behavior

Given the discussion of the Health Belief Model presented above, any intervention aimed at
changing food safety behavior at home must first change beliefs about the seriousness of
foodborne illnesses, susceptibility to foodborne illnesses, and benefits and costs of behav-
ior change to avoid a foodborne illness.
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Some have suggested that food labels might serve as a vehicle for messages about how to
handle the food item safely. Hunter (1994) claimed that because many people do not read
current food labels at point of purchase, such labels may be ineffective. She also notes that
the consumer most likely needs proper cooking or storage information after the food has
been purchased. There is little research that supports product labeling as an effective means
of behavior change. This is supported by the fact that warning labels on cigarette packages
have made little headway toward reducing smoking (Bennett and Murphy 1997). Effective
food labeling would have to emphasize susceptibility to and the seriousness of foodborne
illness and the benefits and costs of changing food-handling practices at home. The ele-
ments of such a message would undoubtedly need a great deal of space, making the size of
such food labels unacceptably large from the food manufacturers’point of view.

Another approach that has demonstrated some success is group discussions. Trained
group leaders organize consumers into groups to discuss food safety. Some researchers
have found that such group discussions lead to increased knowledge and expressions of a
willingness to change food-handling practices at home (Reicks et al. 1994). Others have
found that such group discussions increase consumers’ favorability toward the use of food
irradiation (Sapp and Herrod 1992). However, organizing small groups from large numbers
of consumers to discuss changing personal food safety behavior is not feasible in terms of
logistical and economic costs.

The most practical and cost-effective means of reaching the consumer would appear to
be public information campaigns. These campaigns might consist of news releases and
extended articles in widely read magazines. They should include information aimed at
increasing perceptions of the seriousness of foodborne illnesses, people’s susceptibility to
such illnesses, and behaviors that lessen the risk of such illnesses. The development of such
an information campaign could involve a cooperative effort on the part of the food industry
and the federal government, as consumers have expressed trust in both industry and govern-
ment as sources of food safety information (Peters et al. 1997).

Another less expensive intervention with perhaps long-term consequences is to use the
public school system as a vehicle for change. Many states require students to take a health
education class into which information regarding food safety could be inserted. A further
advantage of this strategy is that children and adolescents are in the process of forming food
habits that will carry over into adulthood.

Increasing trust in information sources may be another way to influence consumers.
“Perceptions of trust and credibility of environmental risk communications depended on:
(1) perceptions of knowledge and expertise; (2) perceptions of openness and honesty; and
(3) perceptions of concern and care” (Peters et al. 1997, p. 44). Recent focus group research
indicates that the consumers’ level of trust in the food industry has increased (Anonymous
2001). This suggests that the food industry could potentially play a role in disseminating
information about safe food-handling practices. Consumers trust government in terms of its
commitment to the health and safety of the public and because of the knowledge of its food
safety experts (Peters et al. 1997).

Conclusions

Consumers are aware of food safety problems and are concerned about them, yet are not
making improvements in their food-handling behavior. The following recommendations
are made to ameliorate this situation:
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(1) Studies that continue to explore knowledge need to distinguish between awareness
knowledge and principles and how-to knowledge. Researchers should consider mea-
suring only principles and how-to knowledge, given the biased nature of awareness
questions.

(2) Studies of self-reported safe food-handling behavior may also be biased, as respon-
dents overestimate the extent of their efforts. Observations of actual food-handling
behavior are recommended.

(3) These studies should employ theoretical models that provide the basis for predicting
food safety behavior. The Health Belief Model, with its emphasis on perceptions of
susceptibility, severity, and costs versus benefits of behavior change, has shown
promise in predicting food safety behavior.

(4) Efforts to increase safe food-handling by the consumer needs not only to increase
knowledge but also to change unsafe behaviors. This means a greater focus on suscep-
tibility and severity of foodborne illnesses, using the public school system as well as
public health messages that emphasize the threat that foodborne illnesses pose to the
average person.

(5) Efforts should be made by the food industry and the federal government to work coop-
eratively in the development and dissemination of these public health messages. As
the mass media is a frequent source of information for many adults, these messages
could be presented in the form of public service announcements.
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Introduction

The occurrence of foodborne illnesses in the United States has increased in recent years,
although the continued underreporting of such events makes it difficult to fully realize the
associated public health impact. It is estimated, however, that 76 million illnesses occur in
the United States each year, resulting in as many as 325,000 hospitalizations and 5,000
deaths (Mead et al. 1999). Greater than 200 types of foodborne illnesses are caused by
either microorganisms such as bacteria, viruses, and protozoan parasites or by metals, tox-
ins, and prions. This diversity of types and causative agents of foodborne disease con-
tributes to the difficulty in identifying preventative strategies, especially as each foodborne
disease agent can be transmitted through different routes. In addition, the lack of reporting
of foodborne illness cases as well as the impact of foodborne pathogens yet to be identified
makes surveillance difficult at best.

A systematic approach to addressing food safety issues has become necessary to unravel
the complicated and intertwined factors that contribute to foodborne disease. Risk assess-
ment is an approach that was developed by the National Research Council (NRC) in the
1970s as a method to evaluate hazards in the environment and to form a partnership between
science and government that would educate the government on current scientific issues
(NRC 1983). Risk assessment is the first component of the risk analysis process, followed
by risk management and risk communication (NRC 1994; see also Figure 31.1). The goal of
developing a risk analysis framework was to have an objective process available that used
scientific information to evaluate the human health risks associated with exposure to envi-
ronmental hazards; this evaluation would then lead to risk management decisions that
would minimize the risks (such as the development of hazard analysis critical control point
progams).

This methodology has proven to be a useful tool in interpreting and critically analyzing
data obtained from environmental epidemiological studies conducted in the United States
and throughout the world that address the occurrence of microorganisms and chemicals in
the environment, including the food and water environment (Regli et al. 1991, Rose et al.
1991, Rose et al. 1995, Jaykus 1996, Lammerding and Paoli 1997). Many governmental
agencies and organizations, such as the Codex Alimentarius Commission (1999), have
adopted this process to address microbial food safety risks. In addition, enthusiasm for
using risk assessment in the food safety arena has increased as a result of the Sanitary and
Phyto-Sanitary Agreement (SPS) of the World Trade Organization (WTO) and the General
Agreement on Tariffs and Trade (GATT; Marks et al. 1998). Microbial risk assessment 
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Figure 31.1 The risk analysis framework.

provides the opportunity for microbial standards that are developed and endorsed to be 
science-based rather than (perhaps) arbitrary and subjective.

The risk assessment paradigm involves four basic steps: hazard identification, dose-
response assessment, exposure assessment, and risk characterization (NRC 1983).
Research-based information is incorporated in the risk assessment process and, where data
are lacking, assumptions are made and applied. Each of the first three steps is an integral
part of the fourth step, risk characterization. The process is dynamic, making this approach
applicable to specific hazards or to populations. The following sections discuss how food
safety issues are addressed within each of the four steps of the paradigm.

Quantitative Microbial Risk Assessment: Its Components and
Application for Foodborne Pathogens

Identifying the Hazard

This first step in the risk assessment framework provides qualitative information regarding
the microorganism and the host–microorganism interaction to be used in the other steps.
Available laboratory and field data as well as information from epidemiological studies are
reviewed and evaluated to determine the role of the microorganism as a hazard, or in other
words, its capability of causing adverse harm. In most cases, evidence of a microorganism
as a hazard is already apparent, which is what initiated the risk assessment. (Traditionally
with chemical agents, the hazard identification is an exploratory step at which the risk
assessment may stop if it is determined that the chemical poses no human health threat.) The
hazard identification step encompasses a broad spectrum of characteristics regarding the
microorganism, including a complete description of the range of human illnesses (both
acute and chronic) associated with exposure, severity ranges of those health outcomes, a
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description of the populations affected. Morbidity, mortality, and hospitalization ratios are
also determined here as well as information on endemic and epidemic disease.

Completing the hazard identification step can be challenging if there are limited data
available regarding the microorganism and its interaction with hosts, particularly if epi-
demiological studies are lacking. It is also imperative that the risk assessor critically ana-
lyze such studies, which include surveillance studies and outbreak investigations, for
appropriateness for inclusion in a risk assessment. Establishing causality (regarding a
microorganism’s responsibility in initiating infection and disease) when evaluating epi-
demiological investigations can be difficult, particularly during foodborne outbreak inves-
tigations that take place after the event has occurred. Often, food samples are not available
for testing, and illness cases are not always identified or specifically diagnosed.

Even with the challenges in identifying etiological agents of foodborne disease, the doc-
umentation of foodborne illness cases in the United States is increasing; in particular, ill-
nesses associated with the consumption of fresh produce. This may be the result of several
factors: consumer awareness of healthy eating, changes in food production and processing
practices, increased awareness of outbreak events, and the emergence of new foodborne
pathogens.

Table 31.1 provides a list of some microorganisms that have been implicated as causative
agents of foodborne disease. In most cases the associated illnesses involve the gastrointesti-
nal tract (diarrhea, dysentery, vomiting, and nausea), but other health outcomes may result,
such as botulism, listeriosis, hepatitis, and even death in the immunocompromised.

Identifying emerging pathogens as foodborne agents of disease before a significant pub-
lic health effect is challenging. This is particularly important when considering foodborne
pathogens within the international trade market. As mentioned earlier, risk assessments of

Table 31.1 Examples of foodborne pathogens.

Bacteria

Bacillus cereus
Campylobacter jejuni
Clostridium botulinum
Escherichia coli O157:H7
Listeria monocytogenes
Salmonella typhi (and non-typhoid)
Shigella spp.

Viruses

Astrovirus
Hepatitis A
Norwalk and Norwalk-like 
Rotavirus

Protozoa

Cryptosporidium parvum
Cyclospora cayetanensis
Giardia lamblia
Toxoplasma gondii
Trichinella spiralis
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microorganisms are usually initiated after the microbe has been observed as a hazard. One
approach to overcome this challenge has been termed “structure-activity relationship
analyses,” where the aim is to conduct a comparison between a particular disease agent
whose associated health outcomes are yet to be determined and those agents that may be
similar in other ways (Jaykus 1996). The author emphasizes the need and importance of the
hazard identification step to be “proactive” rather than “reactive” to better protect public
health, particularly when considering emerging pathogens (Jaykus 1996). Some foodborne
pathogens posing the greatest public health risks today (e.g., Escherichia coli O157:H7 and
Cyclospora cayetanensis) were only relatively recently identified as causative agents of
foodborne disease.

Assessing Exposure

In its simplest definition, exposure assessment determines the intensity and frequency of
human exposure to a hazard. The goal is to generate a probability of exposure, and when
considering microbial foodborne hazards, there are many factors to consider when conduct-
ing an exposure assessment. These factors include source of exposure, population exposed,
event or events leading to exposure, magnitude of exposure, and duration of exposure.
Information regarding source (what type or types of food) and population characterization
as well as exposure frequency may be obtained from the hazard identification step. The phe-
nomenon of secondary transmission that is characteristic of microbial hazards needs to be
considered here as well.

To address and describe the event or series of events that would need to take place for a
particular outcome to occur (e.g., exposure to a foodborne pathogen or a resultant adverse
human health outcome), scenarios are built with regard to food production, processing, and
preparation pathways. These “scenario trees” can be built regarding specific microbial haz-
ards and have been employed to address the likelihood of certain endpoints of interest
occurring (Jaykus 1996, Marks et al. 1998).

Factors related to the food vehicle, the population exposed, and the survivability of the
microorganism determine the magnitude (How many organisms are ingested?) and dura-
tion (How often?) of exposure. Food processing, distribution, and preparation influence the
potential for and outcome of a microorganism–host interaction. Specifically, the shelf life
of the food product, the distribution practices, and the consumption patterns within and
among populations all contribute to the magnitude and duration of exposure to a foodborne
pathogen. Population demographics and sociocultural factors (food preparation practices
and consumption patterns) also play a role in the likelihood of exposure to a microbial haz-
ard and the likelihood of a resulting adverse health outcome.

Quantitative data on the occurrence of specific pathogens in food are needed to fully
address the question of magnitude of exposure. These data may be obtained from surveil-
lance studies or perhaps outbreak investigations when possible; however, quantitative data
for specific pathogens are lacking because of the complexities of investigating outbreak sit-
uations as described previously in this chapter. Furthermore, data would need to be obtained
using sensitive and specific laboratory techniques to detect a potentially low number of a
specific pathogen present in a food sample.

Predictive microbiology is an approach to estimate—or predict—the growth or death of
microorganisms because of environmental factors (Walls and Scott 1997). This is a very
active research area within the food microbiology field, particularly with bacteria. The
numbers of microorganisms present can change throughout the food production and pro-
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cessing pathways. In predictive microbiology, mathematical models are developed that
incorporate variables that (may) influence microorganism survivability to predict microbial
growth or die-off. Mathematical models are developed from laboratory-based research,
where microorganisms are grown and observed under different conditions (variables) and
the data are then fit to a mathematical equation. The complex array of variables includes the
composition of the food product itself, the microbial flora of the food, and effects of food
processing and preparation, which can introduce different pH and temperature environ-
ments, to list a few.

As discussed above, quantitative data are needed on the occurrence of specific microor-
ganisms in food. Sensitive laboratory methods to detect low numbers of microorganisms in
food need to be developed or modified to be quick, cost-effective, and capable of detecting
specific infectious microorganisms of interest.

The applicability of microbial survivability models developed using predictive microbi-
ology also needs to be assessed and further investigations of variables that influence micro-
bial growth, survival, and inactivation to be performed. This type of research will encom-
pass an assessment of production, processing, and preparation practices that influence
microbial food quality. Furthermore, research needs to not only address the characteristics
of specific microorganisms of interest but also evaluate the unique conditions present
resulting from particular types of foods and how those foods are processed (e.g., produce
vs. meat, etc.).

Emerging Issues Associated with Dose–Response

One of the key steps in quantitative microbial risk assessment is defining the outcome asso-
ciated with a specific exposure. The dose–response assessment is the relationship between
the magnitude of the exposure (dose) to the biological agent and the frequency of associated
effects. This assessment is accomplished via the development of a dose–response curve
based on experimental data. A mathematical characterization of the relationship between
the dose administered and probability of infection or disease in the exposed population can
be determined. Therefore, in general terms one may answer the question of how likely an
infection is, based on the numbers of microorganisms ingested.

For foodborne microorganisms, most of the data sets have been developed in humans,
although animal data have been used on occasion. The microorganisms were measured in
doses that are routinely used to count the specific microbes in the laboratory, such as colony
counts on agar media for bacteria, plaque counts in cell culture for viruses (often underesti-
mating the dose), and direct microscopic counts of cysts/oocysts for the protozoa (poten-
tially overestimating the dose). Numerous subjects were given a range of doses, and the out-
comes were determined in each group at each dose. The outcomes were “colonization,”
which defines infection, disease, or symptoms, or “antibody response” in the individual
exposed. In many studies both disease and infection were measured as endpoints. In many
cases, however, less-virulent strains of the microorganisms and healthy human adults were
used. Despite these limitations in estimation of the dose, the methods used were similar to
those used to detect these same microorganisms in food samples, and natural routes of
exposure were used; that is, direct ingestion, inhalation, or contact.

Numerous dose–response data sets now exist for foodborne pathogens (Haas et al.
1999a). Most have focused on the bacteria, and several other issues have remained unre-
solved, including (Haas 2002) types of models and the suggestion of a threshold, low-dose
extrapolation, and validation of the models.
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Issues Surrounding Model Selection

One of the more controversial areas surrounding microbial modeling is the choice of the
model that is used to fit the data. There are a number of alternative models that can be used to
model the dose–response data including exponential, beta-Poisson, probit, logistic, and
Gompertz (Coleman and Marks 1998). The beta-Poisson model or the exponential model
(Table 31.2) has been used predominantly. The exponential or the beta-Poisson models pro-
vide a statistically significant improvement in fit over the log-normal model when predict-
ing a no-threshold effect (Haas 1983, Haas et al. 1999a, Teunis and Havelaar 2000).

The mechanistic features of a dose–response model should capture several features asso-
ciated with the infection process: first, there is heterogeneity in the dose in a population at
low doses; second, the distribution of microorganisms between doses is random; third, each
organism has an independent and identical survival probability; and fourth, the minimum
dose possible is 1. In the simplest form this was shown to be the exponential dose–response
relationship:

Pi 
 1 � exp(�rN),

Table 31.2 Some dose–response models for foodborne pathogens.

Microorganism Model Animal Reference

Bovine spongiform Exponential Mice Gale 1998
encephalopathy r 
 129

Campylobacter beta-Poisson Humans Haas et al. 1999a
� 
 0.145
N50 
 896

Cryptosporidium Exponential Humans Haas et al. 1996
r 
 0.0042

Escherichia coli beta-Poisson Humans (included Haas et al. 1999a
� 
 0.1952 enteroinvasive,
N50 
 3.01 � 107 enterotoxigenic and

enteropathogenic
strains)

E. coli O157:H7 beta-Poisson Infant rabbits Haas et al. 2000
� 
 0.49
N50 
 5.96 � 105

Listeria beta-Poisson Mice (two assessments Haas et al. 1999b
� 
 0.25 and showing two fits)
0.14
N50 
 270 and 410

Salmonella beta-Poisson Humans (nontyphoid, Haas et al. 1999a
� 
 0.3126 multiple strains)
N50 
 2.36 � 104

Shigella beta-Poisson Human flexnerri and Haas et al. 1999a
� 
 0.21 dysenteriae (pooled)
N50 
 1.12 � 103

Rotavirus beta-Poisson Human Haas et al. 1993,
� 
 0.2531 Rose and Sobsey
N50 
 6.17 1993
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where Pi equals the probability of infection from a single-dose exposure, N is the expo-
sure—as measured in number of organisms—and r equals a constant associated with the
organism’s probability of causing infection.

The beta-Poisson distribution assumes that there is some variation in terms of the
pathogen–host survival probability (r factor in the exponential formulation). The model
also assumes that there is some diversity in the microbial population and the ability to sur-
vive and transcend the host defenses as well as variation in the host–response to the micro-
bial insult. The beta-Poisson model is defined as:

Pi 
 1 � (1 � N/�)��

� and � are two parameters that define this variability in the dose–response curve, and
they are organism-specific. Pi equals the probability of infection from a single-dose expo-
sure, N is the number of organisms ingested, and � can be further defined as:

� 
 N50/(2
1/� � 1),

which results in the following equation for the beta-Poisson model:

Pi 
 1 � [1 � N/N50 (21/� � 1)]��.

These have often been described as single-hit models, which predict the potential for a
single organism to initiate an infection (known as non-threshold). The choice of these mod-
els has been shown to be critical, particularly as these are used to extrapolate risks to low
levels of exposure. Teunis and Havelaar (2000) have suggested that the beta-Poisson is not a
single-hit model and that discrepancies are greatest at the low-dose level and in evaluating
the upper confidence level of the dose–response. This becomes important in uncertainty
analysis and in decision-making.

The beta-Poisson is empirical in the sense that it is based on data, yet it is mechanistic in
that it has underpinnings based on mechanism. Other empirical models include the log-
logistic, log-probit, and Weibull. These have the same mathematical form as a cumulative
probability distribution function and have been explored as dose–response models but do
not have an underlying mechanistic basis. Best-fitting techniques such as maximum-
likelihood methods (Haas et al. 1999a) have shown that these are inferior to the beta-
Poisson model.

Low-Dose Extrapolation

Most of the data sets for microorganisms, particularly for bacteria, did not test low doses.
The lowest dose evaluated for non-typhoid Salmonella, for example, was between 103 and
104 colony-forming units (Haas et al. 1999a). When comparing the data from the Weibull,
beta-Poisson, probit, and logistic models at low doses (1–10 colony-forming units) the dif-
ferences were about three orders of magnitude, with the beta-Poisson providing the lowest
risk and with Weibull providing the highest risk. Data for viruses and protozoa do have low
doses in the data sets, and thus the extrapolation to the single exposure and likely outcome is
not as problematic.

Buchanan et al. (2000) have described microbiological factors, host factors, and food
matrix factors that need to be considered in the establishment of a mechanistic model for
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Table 31.3 Factors for consideration in the development of dose–response models (Buchanan et
al. 2000).

Factor Influences an increase or decrease in probability of infection

Host Genetic backgrounds, general health, nutritional status, age, immune
status, stress levels, and prior exposures

Microorganism Class of the organism (infectious, toxico-infectious and toxigenic),
attachment factors, and virulence factors

Food matrix Buffering capacity, liquids rapid transit from the stomach, emulsified
factors foods with fat droplets, e.g., ice cream (all increasing the potential

probability of infection)

dose–response and infection (Table 31.3). They evaluated the gastric acidity barrier and
attachment/infectivity process associated with E. coli. They were able to predict an increas-
ing survival of bacteria with increasing pH of the stomach and, therefore, the increase in risk
of attachment and infection.

Validation of the Models

The plausibility of the various dose–response models requires testing in some type of
framework. Fazil (1996) found that outbreak data, if well investigated, could be used to pro-
vide a scenario for evaluation of the models. This type of validation was accomplished for
Listeria and E. coli O157:H7 (Haas et al. 1999b, Haas et al. 2000). In foodborne outbreaks
the exposure often takes place during a single meal; thus, adequate information can be
obtained on attack rates, exposures, and consumption rates. If properly sampled, the con-
centration of the microorganism can be determined and the probable inoculum size can be
used to determine the doses. Uncertainties will remain; often asymptomatic cases are not
investigated or reported, the food sample is consumed and there is no record of the contam-
ination level, or the levels were determined in a raw product and the outbreak took place
after improper cooking.

Development of New Data

Dose–response data sets are not exhaustive in terms of answering questions regarding the
host–microbe interaction. More research using human and animal studies will be needed to
further address the mechanisms of dose–response, including virulence, strain variation,
immunity, and multiple exposures. Animal dose–response data have been reported for 
E. coli O157:H7 and Listeria. New risk estimates have been made for bovine spongiform
encephalopathy prions associated with mad cow disease (Gale 1998; see Chapter 14).
Foodborne viral disease has received little attention (see Chapter 8), although risks associ-
ated with consumption of raw shellfish have been estimated as high as 1 in 10 (Rose and
Sobsey 1993). Cryptosporidium dose–response models exist (Haas et al. 1996), and more
recently, the potential application of cell culture has been used to examine variability in
dose–response (Slifko et al. 2002), but this protozoan is not often seen in foodborne out-
breaks (Slifko et al. 2000). The more important foodborne protozoa are Cyclospora and
Toxoplasma, and data on dose–response are needed for these parasites. Thus, more atten-
tion will need to be paid to the data, estimates, types of models, and validation of those mod-
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els in the future. Given the interest globally in using the risk assessment framework and the
large differences between models, it will be important to address these issues surrounding
dose–response modeling.

Characterizing Risk

The risk characterization step combines all of the information learned from the first three
steps and, in a quantitative risk assessment, computes a numerical estimate of risk. This
estimate of risk reflects both the likelihood that a microorganism will cause adverse health
outcomes within a population and the severity of those outcomes. Different human health
endpoints of interest can be addressed. Not only can probability of infection resulting from
exposure to a pathogen be determined but also risks of illness and death can be calculated by
incorporating morbidity and mortality ratios in the model. The information presented in this
step of the risk assessment framework is actually both qualitative and quantitative in nature,
as it reflects the information gathered in the previous steps including (but not limited to) the
factors that affect the growth and survivability of the pathogen and the variability in the
human response to exposure.

Computed risk estimates may provide a distribution of risk that represents a range of
exposures (contamination of a food) or may be that presented as a point-estimate of risk that
was calculated based on worst-case exposure scenarios to provide a risk estimate that is pro-
tective of populations, particularly vulnerable populations.

An ultimate goal of a risk assessment is to provide the foundation for science-based deci-
sion making in the regulatory arena. Risk managers can evaluate the information obtained
from a risk assessment to determine the appropriateness for use. A risk manager may deem
it appropriate to compare calculated point estimates of risk, or distributions of risk, to other
such risk estimates for other microbes when considering regulatory options; however, this
should be conducted with caution. Because the risk assessment process is dynamic and can
be applied to many types of foods, microorganisms, and populations, making such compar-
isons may not be meaningful or appropriate.

Uncertainty, Variability, and Assumptions

A degree of uncertainty and variability exists in all risk assessments. Uncertainty can result
because of lack of data or unknown parameters. Variability refers to parameters that are
changeable or that have much heterogeneity. In either situation, this leads to parameters in a
risk assessment that are either not precisely defined because of the lack of data or that are
difficult to define because of variation. A risk characterization may include a sensitivity
analysis that determines how a computed risk estimate is influenced by altering a value used
in the risk assessment process. This allows a risk manager to identify which risk values (be it
a dose–response parameter or an exposure parameter) contribute the greatest influence on
the risk estimate.

Monte Carlo analysis is a tool that enables a risk assessor to address uncertainty and vari-
ability in a risk estimate (Burmaster and Anderson 1994). The risk assessor is able to devel-
op a distribution of risk from point estimates. This is accomplished through many simula-
tions that input random values for each exposure variable; for example, based on a defined
probability distribution (i.e., realistic values) for each exposure within the risk assessment
model. This results in a final probability distribution of the risk. This final probability distri-
bution computed from many iterations (deterministic calculations), which sampled many
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distributions, reflects the possible input combinations. Monte Carlo analysis has improved
the confidence and value placed on computer risk estimates within a risk characterization.

It is imperative that any assumptions made throughout the risk assessment process
(because of lack of or limited data) be acknowledged and considered during the risk charac-
terization. A risk manager needs to understand the assumptions that were incorporated
throughout a risk assessment as well as how those assumptions influenced the risk charac-
terization to appropriately interpret the risk estimate or estimates.

Escherichia coli O157:H7 in Hamburger: A Case Study

Many quantitative microbial risk assessments have been conducted for specific pathogens in
specific food products. Marks et al. (1998) conducted a risk assessment of E. coli O157:H7
involving different exposure scenarios. The following four sections are a brief summary of
their endeavor to provide an example of such an assessment. The aim of this risk assessment
of E. coli O157:H7 was to determine the probability of adult illness per meal.

Hazard Identification

Escherichia coli O157:H7 was already identified as a hazard before this risk assessment.
This type of E. coli is classified as an enterohemorrhagic E. coli (EHEC) from which infec-
tions can result in diarrhea (bloody and non-bloody), hemolytic uremic syndrome (HUS),
and thrombotic thrombocytopenic purpura (TTP). This pathogen has been implicated in
outbreaks in the United States involving ground beef, resulting in severe illnesses and
deaths among children. Escherichia coli O157:H7 has also been associated with illness
cases caused by exposure to contaminated apple juice and cider, lettuce, and recreational
waters.

Exposure Assessment

For the exposure assessment step, the investigators created three scenarios to evaluate: a
“baseline” scenario (assumes adequate refrigeration after grinding of hamburger), an
“abuse” scenario (involves two periods of time at which adequate temperature was not
maintained—one prior to cooking, one after cooking), and an “intervention” scenario
(assumes imposed processing procedures reduced the occurrence and density of the
pathogen in raw hamburger patties). Three different internal cooking temperatures were
employed within each scenario to represent rare, medium, and well-done hamburgers. The
investigators used data by Juneja et al. (1997) to model the change of microbial populations
during cooking.

Estimates were made regarding the percentage occurrence of E. coli O157:H7 in 25-g
portions of raw hamburger, the density of E. coli O157:H7 per gram in positive samples, and
the number of E. coli O157:H7 microorganisms in a serving. The investigators relied on
existing data for these estimations.

Dose–Response Assessment

Quantitative data regarding dose–response assessment for E. coli O157:H7 was not avail-
able. The investigators selected Shigella data (based on certain criteria related to genetics,
pathogenesis, and transmission) to be used as a surrogate. The beta-Poisson (non-threshold)
model was applied to determine the illness probability as well as a threshold model.
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Risk Characterization

The investigators calculated mean, median, and 95% probability intervals for probability of
illness for the three scenarios. The 95% probability intervals for the baseline scenario cov-
ered five orders of magnitude for the models evaluated. It was also observed that assuming
even a small threshold significantly changed the calculated risk estimates. The authors
acknowledged the assessment as an example of what could be conducted. The investigators
concluded that some of the input parameters may not be representative and that more data
were needed in some areas, including data regarding E. coli O157:H7 occurrence in ham-
burger meat and on the farm, the survivability of E. coli O157:H7 during cooking, and the
ability to model disease severity.

Conclusions

Quantitative microbial risk assessment has many useful applications for the food industry.
As described above, it can provide quantitative information regarding human health risks
associated with pathogens, which will provide a science-based approach to formulating
regulations. This interdisciplinary process initially helps define a (potential) problem
whether it is directed at a particular microorganism or food product or food-processing
practice. The framework provides a standardized process for addressing food production
and processing procedures, which is particularly important when considering international
trade. Perhaps more important, quantitative microbial risk assessment provides an opportu-
nity for identifying information gaps that can then direct future research.

Traditionally, good manufacturing practices (GMPs) and hazard analysis critical control
point systems (see Chapter 20) have effectively addressed microbial food-quality issues.
However, they do not provide the proactive approach needed to combat evolving issues
such as the adoption of new food production and processing practices, the emergence of
foodborne pathogens, and the ever-changing global food market. Quantitative microbial
risk assessment provides the approach necessary to predict the public health significance of
such trends before an effect is observed.
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32 How to Manage Risk—The Way Forward

Ewen C. D. Todd

Introduction

Managing risk has always been done on an intuitive basis, with recommendations being
made by individuals or ad hoc teams. With an increasing demand for science-based deci-
sions, there is a need for a more structured approach to management. In addition, within this
more complex environment, it is essential to establish clear risk management goals along
with agreement on the definitions used. This will avoid misunderstandings on what is being
requested and who is involved at the different stages in the management process. Different
agencies within a country and between countries may use similar but not identical defini-
tions. The Codex Alimentarius Commission (CAC 2002) recommends definitions for inter-
national use. The following chapter material is derived from a variety of sources as well as
from the author’s thoughts (Food and Agriculture Organization [FAO] 1997, the Presiden-
tial/Congressional Commission on Risk Assessment and Risk Management 1997, CAC
1999, World Health Organization [WHO] 1999, International Commission on Microbio-
logical Specifications for Foods 2002, Krewski et al. 2002; Health Canada, unpublished
data).

Risk Analysis Framework

There should be an overall framework that helps managers make decisions. This is impor-
tant for regulatory authorities to better balance risks and benefits across a society in an
acceptable way and to make the decision-making process more explicit by being more open
and consistent (Krewski et al. 2002).

The prime objective of any food safety management strategy is to maintain or improve
the safety of the public from exposure to contaminants in food. Several components are key
to achieving this goal, including focusing on the specific problem or issue; involving all
interested parties (stakeholders) at all stages in the process; using a collaborative and inte-
grated approach for managers, assessors, and stakeholders to work together for increased
efficiency, consistency of decisions, avoidance of duplication of effort, and identification of
gaps in the data and policies; being creative and flexible in responding to different issues;
having clearly defined roles and responsibilities to ensure that all involved in the process
know what is expected and what commitments have been made; making the best use of
sound science for an evidence-based approach to decision making; making the process
thorough but transparent; considering a precautionary approach to take timely and appro-
priately preventative measures, even if there is not enough information to clearly identify
and control the risks; and having a communications strategy prepared before final decisions
are made.

The risk assessment and risk management teams should play a role in issue identification
and in the need to exchange information throughout the entire decision-making process, but
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their roles are distinct. The risk assessment team assesses risk based on the science and
identifies potential risk management options or strategies that are related to the level of risk
considering its probability and severity. The risk management team considers the results of
risk assessments, together with economic, social, political, and ethical considerations, and
uses this information to make risk management decisions. Thus, their roles are different
enough that the managers should not affect the risk assessment process although it is neces-
sary to maintain some flexibility throughout the decision-making process.

Structure of the Framework

A risk management decision-making framework requires more than conducting a risk
assessment and communicating the results. The Framework for Environmental Health Risk
Management (Presidential/Congressional Commission on Risk Assessment and Risk Man-
agement 1997) consists of a series of six interconnected and interrelated steps. These
include the following:

(1) Defining the problem and putting it into proper context: characterization of a food-
borne disease problem or a potential problem caused by microorganisms or their tox-
ins (this also would apply to chemical hazards); and identification of the appropriate
risk managers with the authority and the involvement of stakeholders.

(2) Analyzing the risks associated with the problem in context: this is the risk assessment
stage with hazard identification, dose response assessment, exposure assessment, and
risk characterization steps; risk perceptions and local or regional information need to
be considered if the problem is specific to one area; and this process should generate
enough information for managers to make decisions.

(3) Examining options for addressing the risks: these are considering regulatory or other
options for managing the risk; the feasibility to carry out these options; analyzes for
cost-effectiveness and cost distributions among the affected parties; and determina-
tion of any possible new risks that might arise from the proposed management actions.

(4) Make decisions about which options to implement: decisions are based on the best sci-
entific, economic, and other technical information; actions take into account all the
sources of the hazard and effects of the problem to be solved; management options are
chosen that are feasible and that have benefits that are reasonably related to costs; pri-
oritization of options preventing or reducing risks not just controlling them; alterna-
tives to the command and control approach to regulation are important to consider;
political, social, legal, and cultural considerations have to be carefully weighed; and
incentives for innovation, evaluation, and research are long-term options.

(5) Take actions to implement the decisions: decision implementation is carried out by
one group of managers in one agency, but they are required to coordinate decision
implementation with other agencies; and compliance will be better if all the stake-
holders agree with the decision-making process and the actions taken.

(6) Conduct an evaluation of the action’s results: this should determine whether the deci-
sions resulted in the intended actions and whether the cost–benefit estimates were
accurate; what information gaps prevented full implementation of the actions;
whether new information has emerged during the process that would be helpful to
improve the decision-making process; whether the risk management framework and
policy were effective or needed changing; how stakeholders reacted to the process and
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how valuable was their input; and what overall lessons were learned to help other risk
management decisions.

If new information becomes available, the framework is revisited and may change the
need for or the nature of the risk management. Health Canada has based its framework on
this Presidential/Congressional Commission approach, but it also uses some other steps,
such as cost-benefit analysis, to assess risks along with possible benefits or negative effects.

It is not the purpose of this chapter to go into detail concerning the whole risk framework
but to focus on the assessors and managers and to see how they address a problem, decide on
what assessment step to take, and integrate this information into the management decision-
making process. Such a framework involves interested and affected parties throughout the
process. Each step involves a decision point as to whether to proceed to the next step, revisit
a previous step, or end the process. The process is flexible in that one may move back and
forth between steps or revisit steps based on available information.

Risk Evaluation

A risk evaluation is the formative stage of risk management. This involves several steps,
such as identifying a food safety problem, establishing a risk profile, ranking the hazard for
risk assessment and risk management priority, establishing the scope and risk assessment
policy, commissioning the risk assessment, and considerng the risk assessment results. At
the outset of a microbiological risk management activity, the managers and assessors
should be clearly identified. However, the urgency with which the work should be done, and
the resources available, are the risk manager’s responsibility; however, they are often
beyond the control of the individual manager.

Identification of a Food Safety Problem

Risk managers take the initiative to identify a food safety problem, although assessors and
others may alert managers to new or emerging issues. Most assessments so far have been in
response to pressure for some kind of public health action to reduce illness or in response to
a change in policy if major stakeholders see it as being ineffective. An example is Listeria
monocytogenes, where a total zero-tolerance policy has been questioned both by industry
within the United States and by other countries that import ready-to-eat (RTE) foods into
the United States. The FDA has finalized its relative risk ranking for L. monocytogenes in
RTE foods with additional exposure data (Food and Drug Administration, Center for Food
Safety and Applied Nutrition, U.S. Department of Agriculture, Food Safety and Inspection
Service, Centers for Disease Control and Prevention 2003.). In addition, FAO/WHO has
initiated a quantitative risk assessment process for L. monocytogenes in four RTE foods in
response to requests by member countries of the Codex Alimentarius Commission (WHO
1999, see International Issues). A major reason for both types of risk assessments is to
improve ways of controlling the pathogen in RTE products without overburdening industry
for foods where there is little or no history of illness.

Establishing a more proactive approach with assessments to manage potential problems is
new to microbial issues. It is done for plant and animal diseases and pests so as to restrict or min-
imize the risks of diseases being transported across borders. The Harvard risk assessment for
risks of products containing protein from bovine spongiform encephalopathy (BSE)-infected
cattle coming into the United States (Cohen et al. 2001) is an example of preparing for an event
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that has not occurred but that potentially could happen in the next few years, as it has in other
countries. These examples are as much trade issues as they are national public health concerns.

The primary goal of any risk management strategy must be to choose the best measures
or options that ensure an appropriate level of health protection. Because measurable public
health goals relating to a food safety problem have rarely been attempted, managers usually
have to make choices on a case-by-case basis as they relate to a general policy. Risk man-
agement goals may be risk-related (e.g., to reduce the incidence of adverse health effects),
may involve public values (e.g., protecting the most sensitive subpopulation), and may con-
sider economic effects (e.g., achieving an acceptable level of health protection without
causing loss of jobs). Risk management goals may also be determined by legislative
requirements, policy, or national or international obligations, or they may be influenced by
priorities that have previously been established or by priorities dictated by limited
resources. Goals may be revised as new information is obtained. One of the first steps is
normally compiling a risk profile of the problem.

Establishment of a Risk Profile

A risk profile is developed to gather preliminary information to guide further action and to
clarify risk management questions and goals. For this process, the risk manager needs to
involve a team, including risk assessors and other scientific specialists who have detailed
knowledge of the specific problem, as well as of food safety issues in general. Some govern-
ments keep participation in the whole risk analysis process confined to government employ-
ees or contractors. Others bring in outside groups to represent a broader stakeholder interest. A
risk profile is more than an accumulation of scientific data on agents and foods. It looks at how
the food in question is produced and distributed, prepared, consumed, and regulated. It con-
siders distribution of risk to the commodity producers and consumers and considers those
who would benefit and those who would not if new management steps are taken. It looks at
human health and cultural, esthetic, economic, and other values. It anticipates risk perceptions
of the public for both current and future management programs. It notes any contractual,
national, or international agreements that may affect any management decisions. It summa-
rizes the description of the issue and recommends the next steps to be taken.

Hazard Ranking for Priority of Risk Assessment and Management

A risk profile should be documented in such a way that risk managers can use it to prioritize
a food safety issue in relation to other issues. Ranking of issues depends on a number of cri-
teria including the human disease burden and its costs, severity of illnesses arising from
consumption of the agent, political or international pressure, stakeholder concerns, time
elapsed since the problem was first identified, and public perceptions of the issue. The pro-
file may look at one specific hazard or at a range of likely hazards expected in a particular
food product. These hazards may be ranked on the basis of frequency and severity as to
which one should be studied first. For instance, although many pathogens can grow in shell
eggs, the main organism of concern is Salmonella (Todd 1996).

Risk Assessment Scope and Risk Assessment Policy Development

A result of a risk profile may be a recommendation that no further control is required.
Another choice is strengthening an existing program, such as through stricter hygienic
practices, or recommending an enhanced educational program without requiring any more
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data or an assessment. If an assessment is to be done, the scope, range, and policy of the risk
assessment need to be determined in collaboration with the risk assessors and, preferably,
stakeholders. The scope of the risk assessment is dependent on the reason for doing the
assessment and the risk management goals that were identified. Traditionally, risk assess-
ment has often been considered simply as a means to provide an estimate of risk of the haz-
ard, but it also can estimate the relative value of different mitigation strategies in reducing
risks to consumers. The scope of the risk assessment will define the parts of the food chain
considered and will provide the necessary focus for the scientific work involved in risk
assessment. It is important to have a risk assessment policy so that assessors know how they
must work with managers. This policy is a series of steps written down that should be fol-
lowed to give guidance to the assessment team. It is often generated as an assessment is
being done, and modified as more experience is obtained for subsequent teams.

Commissioning the Risk Assessment

Detailed discussion of conducting a risk assessment lies outside the scope of this chapter,
but there are four generally recognized steps: hazard identification (what can go wrong),
exposure assessment (information on the likelihood and level of the pathogen being in the
food along a production, processing, transportation, home storage, and cooking pathway
ending with meal servings), dose–response assessment (probability of illness resulting
from different doses in the food), and risk characterization (combining exposure and dose
response assessment data to estimate the level of risk in a meal serving or in a population).
From this, the acceptability of risk can be ascertained (management decision) and modeling
of mitigation strategies required to reduce the risk (assessor action). Commissioning of a
risk assessment implies agreement that this is a project worth supporting with resources
until its completion. Full quantitative risk assessments take time to implement and should
not be started if there are limited data and if results are required within a few days or weeks.
The establishment of a risk assessment team is an important part of the commissioning, and
its composition will vary with each assessment. The team should clearly understand the risk
management goals and, after the scope of the assessment, prepare a plan with a timeline for
its completion. Collecting data can take a long time, and modeling may be difficult if there
are no preexisting models. As microbial risk assessments develop and become more stan-
dardized, however, there may be ways to use existing assessments and to substitute new
databases or do partial studies, such as an exposure pathway from retail to consumer rather
than all the way from environment or preharvest to the consumer.

The risk manager is responsible for a review process using external independent review-
ers to ensure risk assessment validation. The review process should involve experts who can
assess the technical aspects of the work, as well as those who understand food production,
storage, cooking, consumption practices, and disease implications.

Consideration of Risk Assessment Results

Risk assessors must communicate risk estimates effectively to be able to evaluate different
risk management options. These options may indicate that the current level of risk is accept-
able or indicate the need to consider one or more interventions. An extreme situation would
be to ban the food product altogether because no intervention strategy would be acceptable.
Risk assessors must attempt to communicate the results of the assessment appropriately, for
both scientific and non-scientific audiences. If a quantitative risk assessment has been done,
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the assumptions, uncertainties, and outcomes have to be made clear enough that risk man-
agers and stakeholders can comprehend them. In the written report, much of the detail can
be put into appendices. Visual presentations with varying degrees of detail may be useful for
helping different audiences understand the issue and the results. How well the results fit into
existing knowledge of the issue and the peer review results will give a degree of confidence
in the risk assessment process. However, any unexpected results, such as estimating a 10-
fold greater increase in the number of cases arising from infection by a foodborne pathogen
than was expected, needs to be explored thoroughly before the assessment is released to the
public. It is recognized that risk assessments are never complete, and as new data and new
mathematical models become available, they should be incorporated into the assessment. If
the new additions result in substantial changes to the outputs, there may be necessary modi-
fications to an existing management action such as a recommended change in a regulation.

Implementation of the Management Option

Once one or more options are considered to be scientifically valid to bring the risk down to
an acceptable level, a plan has to be introduced to actually achieve this. This may be in the
form of a specific regulation or other options. Non-regulatory options include published
advisories, economic and technological incentives, educational programs, or general
improvements to hygiene such as voluntary hazard analysis and critical control point sys-
tem, and upholding the current management strategy. A process has then to be set up to
implement the strategy, and this is where stakeholder input is critical. If it does not happen
before implementation, there will likely be challenges to the process after it becomes obvi-
ous to those most affected; that is, the industry or the consumer. Therefore, any major
change in strategy to reduce pathogen levels in foods needs to be accepted by all sectors,
which will take much consultation and time. The plan will have to incorporate measures and
resources to bring about change (new equipment and training by industry and increased
inspection by government). It is important to determine the pathogen baseline in the food of
interest before changing a monitoring method. Continuing to monitor the food following
the introduced change will determine how effective the new strategy has been in reducing
the risk to an acceptable level. An independent audit process to ensure that the desired safe-
ty standards are being achieved may also be required. Cost–benefit analyses need to be done
ahead of any changes to determine whether the management option is viable from an eco-
nomic point of view. Any costs to industry may eventually lead to an increase in the price of
the product, or to some industries stopping production of the product because of lower prof-
it margins, meaning that the consumer has less choice than before. The burden to govern-
ment for implementing regulatory policy, political fallout, and consumer education may
also be unacceptably high.

Evaluation of the Risk Management Policy

Once a management decision has been made and the process set up to carry it out, an evalu-
ation should be built into the overall management framework. This should be planned for a
specific period of time such as 1 or 2 years after the announcement of the policy. This will
show whether the goals were achieved; e.g., a reduction of a foodborne disease or a lower
contamination of targeted food items. There may be regional differences and certain areas
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identified in which the policy could be made more effective. Unexpected implementation
costs, reallocation of resources, or resistance by some stakeholder groups may have
reduced the policy’s effectiveness. It may also generate new information from an industry
or consumer reaction that may either point to having a new assessment done or reconsider
the management option selected. Thus, the correct management option may result from an
iterative process encompassing many years, with improvements to reflect better approaches
and changing demands by stakeholders.

International Issues

FAO, WHO, Office international des épizooties, and CAC have shown an increasing inter-
est and commitment to cooperating in international food safety issues, although each has its
own mandate within the larger food safety area. The future is not clear, however, because
these agencies or commissions have not been given enough resources to move forward in a
major way to reduce foodborne and waterborne illness. They have only been able to hold
meetings and consultations and organize small projects within some countries. A good
example is the Joint FAO/WHO Expert Meetings on Microbiological Risk Assessment for
putting together a number of pathogen-food risk assessments by world experts, with the
summaries to be delivered to the CAC (WHO 1999). It is unclear how these minimal actions
are going to help developing countries understand or use the assessments (which must be
modified for each specific country) to improve management strategies. These assessments
are complex enough that only a very few people would be able to grasp their complexities
and tailor-make them for the needs in each developing country. International aid agencies,
such as World Bank and USAID, could fund pilot projects to see how these strategies could
be used effectively. The issue, however, is more than adapting existing risk assessments; it is
putting together a comprehensive program that deals with both reducing domestic food-
borne disease and producing fewer contaminated food products for overseas trade. These
are rarely considered together within one governmental department and rarely have suffi-
cient political input or have accessible resources because of perceived higher priorities.

A recent evaluation of the CAC program identified improvements in four key areas
(FAO/WHO 2002b): greater speed in Codex and expert scientific advice especially for risk
assessments; increased inclusiveness of developing-member countries in the Codex stan-
dard development process; Codex standards, which are of greater usefulness to Member
Nations in terms of relevance to their needs and timeliness for consumer protection; and
more effective capacity building for development of national food control systems. Recom-
mendations in the area of risk are substantial:

(1) In Codex there should be a clearer distinction between risk assessment and risk man-
agement; Codex committees should concentrate on risk management and not confuse
it with assessment; questions of assessment should be referred to scientific expert
committees or ad hoc consultations.

(2) In light of the growing importance of microbiological hazards, Joint FAO/WHO
Expert Meetings on Microbiological Risk Assessment should be ratified as a perma-
nent committee and resources allocated to increase its output.

(3) The increased funding of risk assessment is a top priority.
(4) A high priority for WHO and FAO is to support data collection covering a much wider

range of diets and production processes, including building essential capacity.
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Future Directions at National and International Levels

Microbiological risk evaluation requires a more sophisticated approach than simply deter-
mining an acceptable level of risk. Many terms and concepts are currently used to describe
the decision-making process of risk managers in the risk evaluation step (FAO/WHO
2002a, International Commission on Microbiological Specifications for Foods 2002, WHO
2000). These terms include: As Low As Reasonably Achievable (ALARA), Tolerable Level
of Risk, Appropriate Level of (Sanitary or Phytosanitary) Protection (ALOP), and Food
Safety Objectives (FSOs).

The ALARA approach, which balances risks and benefits, lies somewhere between pre-
cautionary principle and a program built entirely on the science of prevention and assump-
tion of worst-case scenarios. ALARA divides risk into three categories—acceptable,
acceptable only if a compensatory benefit is available, and unacceptable—in contrast to a
“bright-line” approach (above which the risk is unacceptable and below which the risk is
acceptable). Tolerable Level of Risk is similar to ALARA, and some managers prefer the
word tolerable to acceptable, as no risk is really acceptable but, rather, one they are willing
to live with until better ways of managing risks are found. The Proposed Draft Principles
and Guidelines for the Conduct of Microbiological Risk Management under development
in the Codex Committee on Food Hygiene refer to tolerable risk that is determined primari-
ly by human health considerations (CAC 2001). This approach assumes a bright-line level
of tolerable risk, unlike ALARA.

The agreement on the application of sanitary and phytosanitary measures (SPS) Agree-
ment of the World Trade Organization refers to the ALOP, which is defined in the agreement
as the level of protection deemed appropriate by the member establishing a sanitary or phy-
tosanitary measure to protect human, animal, or plant life or health within its territory (SPS
agreement; World Trade Organization 1994). This approach recognizes that there will be
differences between countries but assumes there will be agreement within a country on the
ALOP. It also assumes that there is a single level (a bright line) above which the risk is unac-
ceptable. An ALOP could be reduction of an enteric disease by a certain percentage in a cer-
tain number of years; for example, 50% reduction of listeriosis cases per 100,000 people in
a country from 2000 to 2010. This is measurable, but it is unclear what happens if the goal is
not met. Presumably goals are adjusted along the timeframe to better reflect progress and
respond to roadblocks.

FSO is a term used in Codex documents, although its final definition remains to be
agreed on by members. The International Commission on Microbiological Specifications
for Foods (2002) defines a FSO as a statement of the frequency or maximum concentration
of a microbiological hazard in a food considered acceptable for consumer protection. An
ALOP is an overall public health goal. FSOs are related to ALOPs by translating them into
specific objectives that can be carried out by the food industry. FSOs are expressed as a
maximum concentration or probability of occurrence of a pathogen, toxin, or metabolite in
a food. The availability of quantitative information on risks (e.g., dose response data)
allows the identification of a FSO. Once there is agreement what a FSO should be, either for
a domestic market or for trade, criteria to achieve this can be set. Process criteria have been
in place a long time; for example, for canning or pasteurization. Thus, a time/temperature
process criterion could be set to achieve the desired kill step to satisfy a FSO. However, this
does not give the industry any options to implement improved or less expensive approaches
for control. Ideally, a FSO allows industries to use different technologies to achieve the
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same level of consumer protection because as long as the objective is achieved, the means of
getting there is acceptable. This approach is consistent with the SPS agreement for harmo-
nization of microbiological criteria for foods in international trade with equivalency of food
standards. This is best achieved with a performance criterion, such as a reduction in the
number of a pathogen per gram, or prevention of any increase in numbers. Because a FSO is
set at the consumer stage, it has to allow for some consumer practices; for instance, use of an
improper storage temperature or a heating step. Thus, the performance criterion will be
more stringent than the FSO if growth in the stored product is expected, but less stringent if
the product is to be cooked.

Conclusion: Future Areas for Improving Management Practices

Managing risk will continue to evolve as more agencies attempt new approaches to achieve
safer food products. At the same time, there will be attempts to harmonize these. In princi-
ple this can occur at the international level, but specific management steps will still be inde-
pendent in the immediate future, depending on the problem and expertise available. Some
areas in which improvement can be made are listed here:

(1) Early detection and surveillance of foodborne disease to speed up responses to out-
breaks and improving risk assessments; e.g., next generation of FoodNet and Pulsenet
and with expansion to Europe, Canada, and Mexico; and understanding antibiotic and
biocide resistance patterns to predict emerging problems in food animals and humans.

(2) Identification and characterization of emerging pathogens; e.g., parasites, viruses,
and opportunistic bacterial pathogens, as well as prions, for susceptible populations,
and changing profiles of antimicrobial resistance in bacteria.

(3) Characterization and support of the increasing numbers of those who are susceptible
to foodborne disease, including the normal aging population as well as those who
have underlying conditions.

(4) Encouragement of research to support food safety by using both cooperative agree-
ments and competitive grants to address data gaps in microbial food safety.

(5) Development of quantitative and qualitative risk assessment models for different
management purposes.

(6) Focus on better ways to integrate risk assessment, risk management, and risk com-
munication to produce timely recommendations for the specific problem areas.

(7) Creation of a better compliance environment by more effectively coordinating the
various agencies (federal, state/province/local) responsible for food safety.

(8) Improvement of food worker behaviors and food preparation practices that directly
relate to foodborne illnesses in retail food/foodservice establishments.

(9) Improvement of public educational programs by building on existing campaigns,
more effective labeling, coordination of different communication media with the
same types of messages, tailor-making the kind of information to each audience, and
understanding risk perception and ways of changing opinions.

(10) More monitoring of imported food by targeting foods of greatest concern both in the
importing and exporting countries.

(11) The encouragement and monitoring of new food processing and packaging tech-
nologies to reduce risks.
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(12) The understanding and simplification of food laws and regulations both within a
country and between trading nations.

(13) Partnering with academia in multidisciplinary projects to understand and reduce
risks of foodborne disease.

(14) More Member Country support of international harmonization for managing risk
and improving trade.

(15) Adapting existing and future management and assessment approaches for food safe-
ty to respond to real and potential bioterrorism attacks using food as a vehicle.
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Afterword

Agricultural Biosecurity: An Important
Component of Homeland Security

Neville P. Clarke

The Threat

Federal and state governments now clearly recognize and are reacting to the threat of delib-
erate acts of terrorism by rogue nations, terrorist organizations, or individuals. The agents
of terrorism may be drawn from the technology that contributes to weapons of mass
destruction—radiological, chemical, and biological. The capacity to use these materials is
exemplified by the discovery of the major offensive biological weapons program that had
been underway in the Soviet Union from 1969 onward, despite the Soviets’ having signed
the international treaty banning such development. Before and after the collapse of the for-
mer Soviet Union, rogue nations and terrorist groups were and still are actively involved in
developing agents for bioterrorism. The provision of biological agents by rogue states to
terrorist groups either intentionally or otherwise is one plausible mechanism for their gain-
ing access to these materials.

In the former Soviet Union, the efforts of 10,000 of the 60,000 workers engaged in offen-
sive biological weapons development were directed at agriculture. Multiple organisms
affecting both livestock and crops were collected—their potency enhanced through
biotechnology—and methods for delivery in various munitions were developed. Before
and after the former Soviet Union program, there have been plans and attempts to use bio-
logical agents against food and agriculture.

The ability and will of terrorist groups to independently develop and use chemical or bio-
logical agents against civilian populations was well demonstrated by the nerve gas attack in
Tokyo’s subways by the Aum Shinriyko in 1995 and by the earlier use in 1984 of Salmonel-
la organisms against local citizens in restaurants in Oregon by the Rajneeshees cult. In the
latter instance, the purpose of the attack was political—to alter election results in a small
community. The use of the postal service to distribute anthrax is illustrative of the overall
vulnerability of the United States to such attacks, whether by individuals or by organized
groups. It is clearly not necessary to postulate the use of missiles and bombs as delivery
mechanisms. Simpler delivery methods and means are readily available, especially for
attacks against the agricultural sector.

The catastrophic events of September 11, 2001, increased public awareness of the threat
of and will to engage in acts of terrorism and set in motion a set of broad national and state
initiatives aimed at homeland defense to prevent, protect, and mitigate such attacks. In the
case of bioterrorism, the focus was initially preponderantly on people. Now, increasing
concern and effort is being directed to food and agriculture.
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Vulnerability

The Texas Agricultural and Natural Resources Summit Initiative conducted a summit meet-
ing on “Biosecurity: Safeguarding Our Agriculture and Food Supply” in May 2002 in
Austin, TX. Some 130 leaders from the food and agricultural sector, consumer groups, 
and state and federal agencies were involved. They discussed the threat, the current state–
federal capabilities and responsibilities to protect the food and agriculture system, the relat-
ed issues facing Texas agricultural and food industries, and recommendations on enhancing
preparedness through improved policies, procedures, science, and communication. The
report provides a sobering assessment of the current vulnerability of the food and agricul-
ture system. It particularly highlights the vulnerability of Texas agriculture because of the
more than 1,200 miles of international border, the high volume of agricultural goods flow-
ing through its several major ports, the diversity and complexity of Texas agriculture, and
the particular vulnerability related to intensive and concentrated poultry, cattle, and swine
operations in the state. It included concerns about the substantial processing and manufac-
turing industries, all of which are currently highly vulnerable to intentional acts of bioter-
rorism or are even vulnerable to unintentional or accidental introductions of exotic disease
into the state.

Both livestock and crop species are highly susceptible to exotic diseases that have been
successfully excluded from the United States over the last 50 years. Breeding programs to
achieve improved yield and quality, especially in crops, have narrowed the genetic base of
these species and made them more vulnerable to exotic diseases. The presence of wildlife
that are also susceptible to exotic diseases, intermingled with livestock in many parts of
Texas, enhances the vulnerability and complicates the prevention and mitigation following
a successful attack.

The ease of access by terrorists to multiple organisms capable of creating rapidly spread-
ing disease in crops and livestock and the relative ease of dissemination in the U.S. food and
agriculture system suggests that an attack would be simple and relatively inexpensive and
that the consequences could be very substantial.

The existing systems for protecting against and reacting to accidental introduction and
outbreaks of exotic disease have worked well in the past. New emergency management pro-
cedures and application of modern biology and information technology are bringing a new
generation of capacity to deal more effectively with both the accidental introduction and
deliberate use of biological agents that create foodborne illness and threaten animal and
plant health. These systems, based on the concept of dual use for either situation, are com-
ing on line. However, it is recognized that an intentional attack may involve multiple loca-
tions, rather than a single point, and organisms that may be more virulent than those occur-
ring naturally and that may also spread more rapidly. Multiple organisms could be used to
confound and complicate the detection, identification, and response. Existing response
capacities could likely be overwhelmed in the event of an attack involving such multiple
foci. This means that a “surge capacity” will be needed to apply the new capacity for emer-
gency response in case of broader introductions.

Attacks on the food chain after harvest would tend to threaten public health, not crops or
animals. The postharvest industry has already aggressively pursued steps to reduce their
vulnerability to intentional introduction of biological agents or contaminants after harvest.
Despite this, the overall vulnerabilities remain very substantial.



Consequences

Attacks on livestock and crops would primarily have economic consequences. Attacks
involving the food chain after harvest would involve human pathogens and have their pri-
mary effect on public health. In the case of plant or animal diseases that also affect humans,
preharvest attacks would also have human health implications. Attack on any part of the
food and agriculture system would have immediate ramifications on all other parts. Eco-
nomic destabilization would result from the chain of events, beginning with loss of product,
followed by loss of markets, then hitting the industries involved in providing inputs and pro-
cessing products. The price of food could increase very substantially, especially on a
regional basis.

The cost of containment and destruction of crops and animals, using present strategies,
would be staggering, as would the cost of compensation for destroyed property. The public
reaction to the current draconian methods of containment would be very substantial. Dis-
posal of a large number of carcasses of destroyed animals poses very serious environmental
concerns and costs. The magnitude of the economic impact is illustrated by the recent out-
break of foot-and-mouth disease in the United Kingdom, where compensation paid to farm-
ers for slaughter of their animals amounted to more than $14 billion. The multiplier effect of
this on the total economy of the country was at least a factor of five. The total industry
affected in the United Kingdom is small relative to even the size of the industry in just the
state of Texas.

The threat to human health would have consequences far beyond the economic impact.
In addition to the potential loss of life and sickness, loss of public confidence in the safety of
the food supply—and even the government’s ability to govern—would be a serious prob-
lem, as demonstrated by public reaction after the recent outbreaks of animal disease in
Europe. In extreme situations, this could result in substantial social instability and panic if
human lives are threatened or lost.

What’s the likelihood that any of this will actually occur? Our national leadership obvi-
ously believes that terrorism is going to be around for a long time—hence the major empha-
sis on homeland security. Other forms of terrorism may be more likely. Explosions, chemi-
cal or nuclear materials or cyberterrorism are viable candidates. However, bioterrorism is
regarded by experts as being a credible threat—some refer to it as “a poor man’s nuke”—
and most people believe that bioterrorism directed at the food, agriculture, and water sys-
tems of this country is achievable and attractive to terrorists because of the relatively high
vulnerability of the sector and the consequences that substantially contribute to the achieve-
ment of the objectives of those who would create terror. If one balances the combination of
the probability of attack and its consequences, if successful, agricultural bioterrorism
seems to be a threat that cannot be disregarded. Because of its geographic position, the size
of its agriculture and its position in international and national trade, Texas is a state that
requires special attention.
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