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1

Introduction to foodborne illness: public
health impact, pathogens, and consumers
J. G. Morris Jr., University of Maryland, USA

1.1 Introduction

Food is a key element of life. We cannot live without it, yet it also serves as a
route by which we can become ill. It is a driver of much of who and what we are.
It is in many ways a reflection of social status and living standards: in the most
developed countries, we have supermarkets filled with foods from across the
globe, brought to our doorstep regardless of season or cost. Food choices are
driven by a desire to ‘cut carbs’ or other dietary concerns, with obesity a major
societal concern. In the less-developed world, in contrast, there are real concerns
about food availability/security, with children threatened by well-recognized
risks associated with protein-calorie malnutrition. Interwoven among all of this
is the ongoing role of food as a vehicle by which pathogenic microorganisms can
be introduced into human hosts, as modified by the evolutionary potential of
microorganisms, which allows them to take advantage of very different trans-
mission pathways in developed and developing countries, and today’s rapidly
changing environmental and host characteristics.

The public health impact of infectious foodborne illness is substantial. In the
classic paper by Mead and colleagues published in 1999, the US Centers for
Disease Control and Prevention (CDC) estimated that there were 76 million
illnesses, 325 000 hospitalizations, and 5000 deaths caused by foodborne disease
in the United States each year (Mead et al., 1999). While these estimates may be
high, similar ranges have been reported from other major developed countries.
For 2002, Australia estimated that there were between 4.0 and 6.9 million cases
of foodborne illness per year (OzFoodNet, 2003). England and Wales, for 2000,
came up with a much lower estimate of 1.3 million foodborne cases; however,
estimated rates of bacterial foodborne illnesses (for which the best data are
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4 Food consumption and disease risk

available) were comparable to those from the United States (Adak et al., 2002).
Rates of illness are much more difficult to estimate for the developing world.
WHO estimates that in 2000 alone 2.1 million people died from diarrheal
diseases (WHO, 2002). While it is not possible to say what percentage of these
deaths was due to foodborne illness or how many people were ill for each person
who died, in the mélange of transmission routes by which these illnesses and
their causative pathogens were acquired, food and water undoubtedly played a
major role.

These estimates, despite their uncertainties, are sufficient to place foodborne
illnesses among the major global public health problems. They also underscore
the ongoing difficulties that arise in both developed and developing countries in
trying to ‘count cases’. This is due in part to deficiencies in public health
infrastructure, which make case identification problematic, at best. In the United
States, the foodborne disease surveillance system known as FoodNet was
established, in part, to address these concerns, providing intensive, active (and
expensive) surveillance for foodborne pathogens in a limited number of defined
geographic areas. However, even with this intense surveillance, there is clear
undercounting of cases, as reflected in the continued use by CDC of multipliers
to come up with estimates of actual disease rates. An even more basic problem
arises in identifying the food(s) responsible for transmission of a foodborne
pathogen (or even saying that transmission was due to a food). Interventions
tend to be product- or food-specific, so development of rational control
strategies requires that we be able to attribute cases, and the pathogens that cause
them, to specific products or product lines (such as poultry, or produce). While
we have a basic idea of where pathogens originate, we are finding that there are
limits on the availability of quantitative data on ‘food attribution’, of the type
necessary to develop up-to-date risk rankings and risk assessment and
management models (Batz et al., 2005).

The recognition of the need for interventions to try to prevent foodborne
diseases is long-standing, and has led to ongoing efforts to establish regulatory
frameworks for disease prevention. Dietary laws, dictated, at least in part, by
empiric observations regarding ‘high-risk’ foods, date back to early civiliza-
tions, and are preserved today in a number of religious systems, including
Jewish Kosher and Moslem Halal law. In the more recent past, concerns about
foodborne illness paralleled the migration of increasing numbers of people from
rural to urban areas. In the United States, prior to the 1870s, almost all of the
food consumed was either made in the home or purchased from neighbors, with
the exception of a few staples such as flour. Gradually, however, more and more
food came from factories or was shipped long distances to market, so that
consumers were unaware of the source of the food, the ways in which it had
been processed and handled, or even what it contained (Alsberg, 1970; Roe,
1956). At the same time, ‘competition in sales and in the development of
products created incentives for illegal profits through the debasement of
manufactured foods and the mislabeling of those products’ (Roe, 1956). Con-
cerns that life expectancy was decreasing in the rapidly growing nineteenth-
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Introduction to foodborne illness 5

century cities led to demands for government intervention to control epidemics
of disease and assure safe food and water for a population that was increasingly
dependent on other people for their provision (Hutt and Merrill, 1991). These
demands, in turn, played an important role in the development of the modern
public health system, and the associated system of public health laws (including
food safety laws) that were put in place in the United States in the early part of
the twentieth century.

These approaches were guided by the best available science at that time, and
were effective in controlling what were perceived in the early 1900s as major
problems, including exclusion of dead, diseased, disabled, or dying animals
from the food supply; accurate labeling of food products; and monitoring of
shellfish growing areas for fecal contamination (NRC, 2003). However, in the
past 50 years there have been substantive increases in our understanding of
foodborne pathogens and their modes of transmission, which, when combined
with the emergence of new problems, have underscored the need for new
approaches to the control of foodborne illness. At a regulatory level, these
factors have led to the implementation of new, science-based regulatory
systems, including the US Department of Agriculture’s Pathogen Reduction:
Hazard Analysis and Critical Control Points (HACCP) System (in 1995) and the
US Food and Drug Administration’s Seafood HACCP system. While these
systems appear to have been effective in decreasing rates of some of the major
foodborne diseases, we are far from eliminating the problem and, based on past
history, we can fully expect that new pathogens will continue to emerge, or ‘old’
pathogens will re-emerge, moving through new transmission pathways that are
opened up by ongoing changes in food production practices.

As a classic example of this process, Escherichia coli O157:H7 impinged on
the awareness of the scientific and public health community for the first time in
1982, and, in a series of outbreaks in fast food restaurants (and school
lunchrooms) became an internationally feared cause of foodborne illness (Riley
et al., 1983; Bell et al., 1994; Watanabe et al., 1996). The reasons for its rapid
emergence as a major ‘developed world’ pathogen are still not completely clear:
contributing factors include its extremely low infectious dose (<10 micro-
organisms can cause illness), combined with evolutionary changes in the food
industry (Armstrong et al., 1996). The latter includes increasing reliance on
high-volume production of ground beef, providing greater opportunities for
spread of the microorganism from a single contaminated carcass to a large lot of
ground beef; changes in farm and feeding practices, with a greater concentration
of cattle in smaller numbers of feedlots; and, for the school outbreaks in Japan,
widespread dissemination of what appear to have been contaminated seed lots
used in the production of sprouts.

This same pattern of emergence of new or newly identified infectious agents,
facilitated by changing food production practices, has been seen multiple times.
In the early twentieth century, shellfish sanitation regulations in the USA were
effective in controlling typhoid fever in shellfish, the purpose for which they
were designed. However, the major shellfish-associated pathogens in the past
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several decades have been Vibrio species, including Vibrio vulnificus (a species
identified for the first time in the late 1970s), V. parahaemolyticus (which is
currently in the midst of a global pandemic associated with strains carrying a
unique set of genetic markers), and non-O1 V. cholerae (Morris, 2003). These
species are naturally occurring in shellfish harvest waters, particularly during
warm summer months, and their presence does not correlate with fecal coliforms
(i.e., current regulatory approaches are ineffective in their control). Economic
pressures that led to summer harvesting of oysters have resulted in major
increases in the incidence of Vibrio disease; there have also been recent
suggestions that increasing incidence is related to global warming and increases
in water temperatures in shellfish harvest areas (McLaughlin et al., 2005). As
another example: while scrapie in sheep has been known for more than 200
years, the presumed jump of the causative prion agent into cattle (resulting in
bovine spongiform encephalitis (BSE)), and from cattle into humans, was not
anticipated; indeed, a number of scientists expressed doubts initially about
whether prions even caused TSEs. Again, however, the emergence of the agent
was linked with changes in agricultural production practices, including changes
and consolidations in the rendering industry, combined with economically
driven procedures intended to maximize the recycling of animal protein, which
together permitted widespread dissemination of the infectious agent, prion or
not, to cattle in cattle feeds.

Paralleling the increasing commercialization of food production has been the
increasing globalization of our food supply, which has resulted in even further
separation of the consumer from food sources. This has resulted in raspberries
from Guatemala (Ho et al., 2002) and green onions from Mexico (Wheeler et al.,
2005) causing outbreaks thousands of miles from where they originated. The
economic drivers and public health consequences of globalization are discussed
in more detail in Chapter 3. In addition, food preparation patterns are changing.
Our great-grandmother is likely to have raised the chicken that was eaten for
Sunday dinner. Our mother and grandmother may have bought the raw chicken
from a supermarket, but made certain it was thoroughly cooked and was handled
properly. Families now are more likely to eat at restaurants, or mom will bring a
pre-cooked chicken (with raspberry glaze) home from the supermarket or local
take-out counter.

As is discussed in detail in Chapters 9 and 10, the demographics of our
population are changing. Increasing numbers of people are living longer, with the
elderly having greater susceptibility to infection with many foodborne pathogens.
Immunity to these pathogens may also be affected by cancer chemotherapy,
immunosuppression associated with organ transplants, or HIV. The developing
world is also changing, with increasing commercialization of food production,
and the development of new food production processes designed to feed
burgeoning (and, in some areas, increasingly affluent) populations, trends that
open the door to the emergence of a host of new problems.

Taken together, these observations underscore the highly dynamic nature of
foodborne illness as we enter into the twenty-first century. It is unquestionably a
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major public health problem, in both developed and developing nations. If we
are to optimally protect the health of the public, we need a continually updated
understanding of potential foodborne pathogens, the foods by which they are
transmitted, how these transmission routes are affected by economically driven
production practices, and host susceptibility to infection. This book provides
such an updated knowledge base. It is hoped that such knowledge can lead to the
development of new interventions, including new regulatory approaches, to
further reduce the age-old link between food and disease.
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Populations at elevated risk of foodborne
disease
L. C. Medeiros, The Ohio State University, USA

2.1 Introduction

Of the hundreds of pathogens transmitted to humans through foods, only a few
cause most of the foodborne illnesses when a pathogen is identified (Hillers et
al., 2003). The FoodNet system in the United States tracks the incidence of nine
pathogen species (Centers for Disease Control and Prevention (CDC), 2005) and
there are others that have public health significance to general or selected
population groups (Hillers et al., 2003, Kendall et al., 2003) (see Table 2.1).
There were almost 16 000 cases of laboratory-confirmed cases of foodborne
illness reported to FoodNet in 2004. Incidence per 100 000 persons was highest
for Salmonella (14.7), Campylobacter (12.9), and STEC 0157 (0.9) (Anon,
2005a). Encouragingly, since the inception of FoodNet in 1996, there has been a
decline in the incidence of reported cases of Campylobacter, Cryptosporidium,
Escherichia coli O157, Listeria, and Yersinia. On the other hand, the incidence
of Shigella did not change, and the occurrence of Vibrio increased (Anon,
2005a).

Reported and confirmed incidence rates of foodborne illness from
Campylobacter and Escherichia coli O157 are approaching public health goals
for the United States. This is mainly due to changes in regulatory requirements
for industry and education aimed at consumers and food handlers (Anon,
2005a). However, unreported cases may account for much more foodborne
illnesses in the general and susceptible population. For example, diarrheal
illnesses occur at the rate of 6% in the general population, but only 21% of these
individuals sought medical care (Imhoff et al., 2004). Thus, current data suggest
that the actual number of individuals affected by foodborne illnesses is much
greater than the number of cases reported. This discrepancy in numbers justifies
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Table 2.1 Pathogens responsible for the majority of foodborne illnesses in the United

States
Pathogen Susceptible populations Active Surveillance
by FoodNet

Bacillus cereus Elderly (Smith, 1998) No

Campylobacter jejuni Elderly (Gerba et al., 1996) Yes
HIV/AIDS (Gerba et al., 1996)

Clostridium perfringens Elderly (Smith, 1998) No

Cryptosporidium parvum Young children (Gerba et al., 1996) Yes
HIV/AIDS (Gerba et al., 1996)

Cyclospora ssp. Adults (FoodNet, 2005) Yes

Escherichia coli 0157 Young children (Kendall et al., 2003) Yes
Elderly (Gerba et al., 1996)

Hepatitis A General population (Gerba et al., 1996) No

Listeria monocytogenes Pregnant women (Kendall ez al., 2003) Yes

Neonates (Kendall et al., 2003)
Elderly (Kendall et al., 2003)

Nontyphoidal Salmonella ssp. Young children (Gerba et al., 1996) Yes
HIV/AIDS (Gerba et al., 1996)
Elderly (Gerba et al., 1996)
Norovirus General population (Gerba et al., 1996) No
Shigella ssp. Young children (Gerba et al., 1996) Yes

HIV/AIDS (Gerba et al., 1996)
Elderly (Gerba et al., 1996)

Staphylococcus aureus Elderly (Smith, 1998) No

Toxoplasma gondii Pregnant women (Kendall et al., 2003) No
HIV/AIDS (Kendall et al., 2003)

Vibrio ssp. Elderly (Kendall et al., 2003) Yes
Chronic disease (Kendall et al., 2003)

Yersinia ssp. Young children (Kendall et al., 2003) Yes

continued efforts to improve the safety of foods commonly consumed by
susceptible populations, and education to increase the awareness of risk by all
consumers.

2.2 Consumer groups at risk of foodborne illness

2.2.1 Infants and children

Certain consumer groups are at high risk for acquiring foodborne illnesses. For
example, infants and children are more highly susceptible to infections because
of their immunological naivety. Repeated exposure to pathogens or immuniza-
tions creates antigenic memory as adaptive immunity matures. Therefore, the
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Table 2.2 Incidence of foodborne pathogen infection in children 2003'2

Pathogen Less than 1 year of age 1-9 years of age
Campylobacter ssp. 27.2 15.5
Escherichia coli 0157 1.6 32
Salmonella ssp. 131.9 335
Shigella ssp. 9.8 332

! Cases per 100000 population.
2 FoodNet (2005).

younger the child, the less able it is to mount a productive immune response to
prevent illness from occurring. Even small doses of pathogen may be sufficient
to infect infants and young children. And, as expected, the propensity to be
exposed is greater for infants and young children who are cared for by providers
with poor hygiene habits or from cross-exposure to other children in
environments such as daycare centers. This is confirmed by FoodNet data
which show that incidence of foodborne illness from the fecal pathogens
Campylobacter, Salmonella, Shigella and Yersinia were common in children
aged 0 to 4 years (FoodNet, 2005) (see Table 2.2).

Neonates who are breastfed receive antibodies from the mother that provide
the baby with initial immunity (Strober and Fuss, 2001). Breast milk contains
IgA produced by B cells in the mammary gland and other immunological
compounds (e.g. lysozyme, lactoferrin, and cytokines) that provide some but not
complete protection in the first weeks of life. For example, protection against
sporadic salmonellosis was attributed to breast-feeding in a case-control study of
infants reported to have nontyphoidal Salmonella infections (Rowe et al., 2004).
Formula feeding does not provide the immunological protection of breast milk.
Infection from an emerging foodborne pathogen, Enterobacter sakazakii, has
been reported in very low birth-weight infants supplemented with powdered
formula in a hospital nursery (Anon, 2002b).

In 2002, bacterial sepsis was the eighth leading cause of infant mortality in the
United States (Kochanek and Martin, 2005). Pathogen infections in newborns
may occur by transplacental infection during pregnancy, by vaginal exposure
during the birthing process, or through environmental cross-contamination. The
influence of progesterone during pregnancy causes a switch in the type of T cell
in and around the placenta to prevent transplacental transfer of maternal cytotoxic
effectors and to prevent the rejection of the fetus as a foreign antigen (Piccinni et
al., 2000). This immunological state favors a humoral or antibody-mediated
immune response to maternal infection as opposed to a cell-mediated response.
Primary infection from Listeria monocytogenes (Genovese et al., 1999) or
Toxoplasma gondii (Dubey, 1986) is more likely to occur in this environment.
Either pathogen can cause the infant to be stillborn or congenitally infected with
poor developmental outcomes for the child (McLauchlin, 1996; Smith, 1997).
For Listeria monocytogenes, environmental contamination can occur and care
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providers who practice poor hygiene may cross-infect other healthy infants in
their care (Colodner et al., 2003). McLaughlin reported numerous cases of
hospital cross-infection of Listeria between the environment or care providers
and other infants (McLaughlin, 1996). Environmental contamination was also the
source of Yersinia enterocolitica in newborns in homes where chitterlings were
prepared (Anon, 2003a). Infants and children aged O to 4 years had the most
confirmed cases of yersiniosis in the 2003 FoodNet report (FoodNet, 2005).

In 2003, infection with Escherichia coli O157 was common in children up to
young adulthood and most common in young children 0 to 4 years of age
(FoodNet, 2005). Risk factors for infection are consumption of undercooked
hamburgers, foods likely contaminated with animal feces, and recent exposure
to farm animals (Kassenborg et al., 2004a). Michel et al. (1999) found that
frequency of verocytotoxigenic E. coli (VTEC) was clustered in rural areas of
Ontario, Canada, which also correlated with the density of cattle in the same
geographic areas. This raised the question of whether rural or urban residency
was a risk factor for infection. To investigate this, antibodies that indicated prior
exposure to VTEC have been found at higher concentrations in rural residents
than urban residents (Reymond et al., 1996). However, farm-residency was
found in another study to be associated with higher presence of antibodies to E.
coli O157:H7 and also Campylobacter jejuni and lower incidence of disease in
rural children (Belongia et al., 2003). Non-farm rural children showed less
evidence of exposure or the ability to mount an immunological response to an
infection. This may indicate that rural residency is a risk factor for exposure to at
least some zoonotic pathogens, and that frequent versus periodic exposure to
farm animals seems to provoke more protection against active infections.

Hemolytic uremic syndrome (HUS), one of the most common causes of
sudden, short-term kidney failure, may occur after infection by Shiga-toxin
producing Escherichia coli (STEC) (Bell et al., 1997). Risk for HUS seems to be
associated with: (1) young age (Noris and Remuzzi, 2005), (2) use of anti-
motility drugs and severity of disease (Bell et al., 1997), and (3) administration
of antibiotics (Wong et al., 2000). No treatment was associated with more
positive outcomes in both of these studies when the case was confirmed as
caused by Escherichia coli O157 or other STEC. This study recommended
prevention of pathogen infection as the most prudent means to prevent HUS in
young children (Bell et al., 1997).

2.2.2 The elderly

At the opposite age extreme of infants and children, the elderly are also highly
susceptible to foodborne illnesses. Hypochlorhydria from use of H,-receptor
antagonists, proton pump blockers or frequent use of antacids reduces the ability
to resist infection (Feldman et al., 1996; Klontz et al., 1997; Donskey, 2004).
Interestingly, histamine H, blocker therapy and antacid use, which is sometimes
advocated as a calcium source for women, were risk factors in a reported
outbreak of listeriosis in the elderly (Cobb et al., 1996).
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There is a decrease in intestinal motility (Bitar and Patil, 2004) and mucosal
immune function (Fujihashi and McGhee, 2004) with aging. Fecal impaction
may result from loss of smooth muscle contractility, but it is not clear if
prolonged exposure of pathogens to intestinal epithelium is a risk factor for
pathogen infection. However, studies have found that the elderly are at greater
risk of infection from the senescence of gut-related immune tissues (Fujihashi
and McGhee, 2004).

Systemic infections are more likely because of disruption in cell-mediated
immunity in the aging body (Cakman et al., 1996; Pahlavani and Richardson,
1996). Undernutrition, which is common in the elderly, may exacerbate immune
dysfunction because of nutrient deficiencies (High, 1999). Risk for under-
nutrition has been associated with eating alone, depression and dementia, dental
pain and poverty (American Dietetic Association, 2000). Deficiency of protein,
zine, selenium, iron, copper, vitamins A, C, E, B-6 or folic acid in the elderly
have been associated with decreased immune function (Lesourd, 1997).

2.2.3 Individuals with chronic disease

Chronic disease may increase risk of foodborne illnesses because of disease-
associated immune suppression or pharmacological immune suppression.
Advanced age and male gender were common descriptors of non-pregnancy
associated cases of listeriosis in France (Goulet and Marchetti, 1996). Of the
identified cases, the greatest risk of illness was found in patients who also had an
immunosuppressing condition, such as diabetes mellitus, malignancy, organ
transplantation, or AIDS.

Diabetes leads to susceptibility to infection in later stages of the disease
because of persistent hyperglycemia (Umpierrez and Kitabchi, 2003; Maldonado
et al., 2004) or loss of microcirculation efficiency (Dinh and Veves, 2005).
Salmonella (Acheson and Hohmann, 2001), Listeria monocytogenes (Nolla-Salas
et al., 2002; Chougle and Narayanaswamy, 2004) and Toxoplasma gondii
(Yamamoto et al., 2003) have been isolated from infected tissues of patients with
advanced diabetes. Elderly who are diabetic are especially prone to infections in
general (Rajagopalan, 2005), which may include foodborne infections.

Blood-borne cancers or those that are treated with chemotherapy or radiation
are immuno-suppressive conditions that lead to susceptibility to opportunistic
infections (Bow, 1998; Zinner, 2000). Neutropenia is the marker for infection
risk and may be constant or periodic, depending on the duration and intensity of
the cancer treatment regimen (Safdar and Armstrong, 2001). Again, the elderly
are particularly vulnerable to the toxic effects of cancer treatment and the risk
for infection is more pronounced (Repetto, 2003).

Transplant surgery, like all major surgeries, leads to short periods of immune
suppression during which the patient may be at increased risk for infection
(Cryer, 2000). Graft survival rate has greatly improved since the introduction of
cyclosporine. However, pharmacological suppression of the immune system can
lead to infection, a leading cause of mortality in kidney transplant patients
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(Tanphaichitr and Brennan, 2000). The elderly are especially vulnerable and are
thus poor candidates for transplant surgery (Meier-Kriesche et al., 2000). After
about 6 to 18 months post-transplant, immune suppression ameliorates and
infection risk becomes more similar to that of the general population
(Tanphaichitr and Brennan, 2000).

HIV infection is characterized by gradual loss of immune function because
of destruction of CD4 T lymphocytes. The onset of symptomatic AIDS results
in increased risk of opportunistic infections that may be life-threatening (Sneller
and Lane, 2001). Patients who are successfully receiving highly active
antiretroviral therapy (HAART) may not be at increased risk for foodborne
illnesses since severe immune suppression is not typical until the symptomatic
phase of HIV infection is marked by low T cell counts (Crowe and Mills,
2001).

2.3 Racial/ethnic or socioeconomic status and foodborne
illnesses

Because data on foodborne incidence in racial/ethnic groups are sparse and in
socioeconomic groups are unavailable, incidence of diarrhea is useful as a
surrogate for cases of foodborne illnesses. Health insurance coverage can
indicate which demographic groups are likely to seek medical care for
gastroenteritis. The percentage of persons in the United States without health
care insurance in 2002 was 16.1% and 15.4% had public health plan coverage;
most of those without health care insurance were categorized in the poor or near
poor socioeconomic strata (Cohen et al., 2005). Herikstad et al. (2002) reported
incidence of diarrhea by demographic descriptors and included data on medical
care, which provides some insight into which members of various racial/ethnic
groups and socioeconomic strata are seeking medical care for foodborne
illnesses.

2.3.1 Differences in foodborne illness by demographic group
Hispanics reported more cases of diarrhea, but Asians were significantly more
likely to seek medical advice for their illness (Herikstad et al., 2002). African
Americans were hospitalized for diarrhea more often than other racial/ethnic
groups. Females have been reported to have more cases of diarrhea and were
significantly more likely to be hospitalized for their illness. Foodborne illnesses
reported by FoodNet in 2003 were generally more common in Caucasians;
notable differences from this generalization were the incidences for Shigella and
Yersinia, where high incidence was reported for both groups for Shigella and for
Yersinia and African Americans (FoodNet, 2005).

Food handling knowledge and practices of racial/ethnic or socioeconomic
groups are rarely reported in the literature. Hand washing after using the rest
room or changing diapers was less frequently acknowledged as an appropriate
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behavior by low-income participants of all racial/ethnic or socioeconomic
groups (Meer and Misner, 2000; Wenrich et al., 2003). This may provide some
explanation for incidence rates for Shigella. Risk for yersiniosis has been
associated with consumption of pork products. In one study, incidence of
Yersinia enterocolitica illnesses occurred mostly in African American infants
(n =28) and one Hispanic infant who were exposed in households where
chitterlings were being prepared (Anon, 2003a). Incidence of listeriosis is more
common in Caucasians than other racial/ethnic groups, but a recent increase in
incidence in Hispanic populations has become a matter of public health concern
because of consumption of a specific high-risk food. An outbreak of listeriosis in
Hispanic women was associated with homemade fresh cheese, called queso
fresco, which is common to Latin American cultures and is frequently made
from raw milk (Anon, 2001a; Van Hekken and Farkye, 2003). Hispanics have
been reported to be more likely than other racial or ethnic groups to consume
unpasteurized milk (3% versus 1%) and soft cheese made from raw milk (28%
versus 10%) (Banerjee et al., 2002).

2.3.2 Medical insurance and likelihood of seeking medical care

Hispanics were more likely than other racial/ethnic groups to have no health-
care insurance coverage (24.2%) (Ni and Cohen, 2005). African Americans are
more likely to have public health plan coverage than other minority groups
(17.0%). Weighted prevalence of diarrheal illnesses and hospitalization for that
illness was higher for respondents without medical insurance. However, those
with insurance were significantly more likely to seek medical advice and to have
their illnesses diagnosed with stool sample analysis. In fact, none of the
respondents without medical insurance reported having laboratory confirmation
of their diagnosis. However, to say that insurance coverage is the determinant of
access to health care is an oversimplification. Individuals may refuse the health
care that is available if they do not perceive the need for the care, physical
barriers make access difficult, cultural beliefs cause doubt in the efficacy of
care, or refusal to cope with inefficient service (Gulliford et al., 2002). While
lack of health insurance has been found to be associated with poor health (Baker
et al., 2001), both public or private health insurance have been shown to have a
positive impact on health care outcomes (Quesnel-Vallée, 2004). Poor health
outcomes were more closely associated with poor health status and low
socioeconomic status in childhood.

2.4 Consumer awareness and knowledge about food safety

Consumers are the gatekeepers of food safety in their homes, since previously
safe food can be contaminated while being handled, prepared, or stored. To
explain the epidemiologic incidence of foodborne illnesses data gathered
through FoodNet and other means of passive surveillance, numerous studies of
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Table 2.3 Pathogens, control factors and foods frequently related to incidence of
foodborne illnesses’

Pathogens of concern Primary control factor Foods of concern

Norovirus Personal hygiene Food contaminated by infected food

Shigella spp. handler

Hepatitis A Food exposed to contaminated
water

Raw/undercooked vegetables, fruits,
eggs, meat, poultry or seafood

E. coli O157:H7 Adequate cooking Unpasteurized milk
Salmonella spp. and/or avoiding Raw/undercooked eggs, meat, or
Campylobacter jejuni cross-contamination poultry

Yersinia enterocolitica
Toxoplasma gondii

Vibrio spp. Avoid unsafe foods Unpasteurized milk
Listeria monocytogenes ~ and water Raw/undercooked meat, poultry or
Cryptosporidium parvum seafood

Contaminated water

Bacillus cereus Keep foods at safe Cooked foods
Clostridium perfringens  temperatures
Staphylococcus aureus

! Adapted from Medeiros et al. (2001b) and Hillers et al. (2003).

consumer food handling practices have been conducted. The result is a
confusing array of information that may or may not have an impact on public
health. Redmond and Griffith (2003) published a meta-analysis of 87 studies that
used a variety of research methodologies to gather information on consumer
food handling. These authors noted considerable differences in study outcomes
based on whether or not consumers were asked to respond to queries about food
safety or if their actual food handling behaviors were observed. To this end, self-
reported information tends to under-report risky behavior and generally presents
a more positive picture of consumer awareness, knowledge or behavior as
related to food safety.

Practice of safe food handling is related to the prevention of foodborne
illnesses and can be more directly linked to epidemiologic data on disease if the
relationship between the practice and likelihood of specific pathogen con-
tamination is validated. Medeiros ef al. (2001b) suggested that pathogens are
more effectively controlled when groups of related food handling behaviors are
practiced. These authors proposed five control factors that, when practiced, are
the primary means by which illness from specific pathogens can likely be
prevented (see Table 2.3). The same research group used an expert panel to
validate individual behaviors to the primary control factors (Medeiros et al.,
2001a), pathogens (Hillers et al., 2003), and population groups particularly
susceptible to foodborne illnesses (Kendall et al., 2003).

Copyright 2006, Woodhead Publishing Limited



Populations at elevated risk of foodborne disease 17

2.4.1 Personal hygiene practices of consumers

Personal hygiene includes cleanliness of the hands, hair, clothing, and body in
general. Hand washing is most frequently the sentinel behavior for assessment of
personal hygiene in consumer food safety studies. From a Hazard Analysis and
Critical Control Point (HACCP) perspective, the critical control point for
ensuring the safety of foods that are prepared to be served without heating is
personal hygiene. Controlling the transfer of pathogens from the hands to food is
important for almost all foodborne illnesses, but especially: (1) raw vegetables
and fruits; (2) some types of desserts; (3) raw or undercooked foods exposed to
polluted water; and (4) previously cooked foods handled by consumers and
served without additional heating. It is estimated that 5% of Hepatitis A cases
are foodborne, 20% of Shigella cases, and 40% of Norovirus cases are estimated
as being foodborne (Mead et al., 1999). Thus, hands contaminated with fecal
pathogens can be the source of pathogens in foods (Feachem, 1984).

Foods at risk

Numerous outbreaks of Norovirus infections were reported in 2000 by the CDC
that were associated with foods such as raw oysters, fruit or vegetable dip,
submarine sandwiches, butter cream frosting, pasta salad or chicken nuggets
(Anon, 2002a). Outbreaks of Hepatitis A were reported that were associated
with green onions, sushi or guacamole (Anon, 2005b). A Shigella outbreak
occurred due to contaminated parsley (Naimi et al., 2003). Surveys of food
safety practices have probed consumers for their habits regarding consumption
of high-risk foods, or foods likely to cause foodborne illnesses (Klontz et al.,
1995; Yang et al., 1998; Wenrich et al., 2003; Cody and Hogue, 2003). Raw
oysters, sushi or cerviche are not commonly consumed by consumers in the
United States (85-95% claming no consumption, depending on the study) and
may be more localized to specific populations or regions. For example, a study
completed in Arizona that reported higher consumption of raw fish or seafood
than other studies (30% of respondents) included 32% Hispanic respondents
(Meer and Misner, 2000). It is possible that cerviche consumption, which is
common to Central American cuisines, could account for this observation.
However, this was not discussed by the authors. Shiferaw et al. (2000) reported
in their survey that Hispanics were more likely than other racial or ethnic groups
to consume raw shellfish, as were respondents residing in coastal areas.

Consumer knowledge and practices of safe food handling

Consumer knowledge about the use of personal hygiene in food handling to
decrease the risk of illness does not always lead to good practice by the
consumer. For example, Altekruse et al. (1996) found that 86% of the
respondents to their survey believed that washing hands before preparing food
decreased risk for foodborne illnesses. However, Cody and Hogue (2003) found
that almost half of their respondents were likely to forget to wash their hands
before cooking food. Participants in a community education program for low-
income families knew they should wash their hands before preparing or handling
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food (over 90% correct), but fewer associated the need to wash after sneezing,
using the restroom, or touching pets (Wenrich et al., 2003). Thus, these studies
suggest that a gap exists between consumers’ knowledge about the impact of
personal hygiene on decreased risk for foodborne illnesses and their practices
during food preparation and handling.

Worsfold and Griffith (1997) conducted simulated food preparation studies
with consumers to actually observe their food handling behaviors. They found
that the participants washed their hands prior to handling food only 66% of the
time. Videotaping of consumers preparing foods verified that hand washing
before touching food is either sporadic or is performed in a manner that could
have little impact on the sanitation of the hands (Jay et al., 1999; Anderson et
al., 2004; Kendall et al., 2004). Health care providers were observed to have
poor hand washing compliance in patient care situations where they are likely to
have contact with fecal pathogens and responded only moderately to educational
efforts to improve hand washing rates (Pittet ez al., 1999; Bischoff et al., 2000).
Placement of alcohol-based sanitizer dispensers improved hand washing rates,
suggesting that in the health care setting convenience is primary to compliance
(Bischoff et al., 2000). The difficulty in convincing health care providers to
properly clean and sanitize their hands when they are very aware of the con-
sequence of not doing so could be predictive of poor educational outcomes when
the same skills are taught to consumers who do not have the same awareness,
motivation, or skill.

2.4.2 Cross-contamination and adequate cooking

In addition to transfer of pathogens by failure to wash hands prior to handling
foods, hands contaminated during food preparation also can transfer pathogens
to previously safe foods. This primary control factor differs from personal
hygiene because the immediate source of the pathogen is the food rather than
hands contaminated by non-food related routes. The critical control point for
foods at risk for causing foodborne illnesses is either cross-contamination of
foods eaten without additional heating (i.e. raw vegetables or salads), or food
that has been contaminated after cooking. The pathogens that can be controlled
by preventing cross-contamination also can be controlled by adequate heating,
provided re-contamination does not occur after pasteurization (see Table 2.3).
Any surface that is touched by contaminated hands or foods can transfer micro-
organisms to other foods.

Foods at risk

According to a survey conducted by FoodNet, examples of risky foods that are
sources of cross-contamination and that can be made safer by cooking are
undercooked eggs, undercooked hamburgers, and unpasteurized milk (Shiferaw
et al., 2000). Older adults (age 40 and up), Hispanics, and rural residents not
living on a farm report the greatest frequency of undercooked egg consumption.
Undercooked hamburger consumption is highest among males, college
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graduates, Hispanics, those with incomes above US$100000, and suburban
residents. Unpasteurized fluid milk consumption was found in the FoodNet
study to be more common among Hispanics, those with education levels less
than high-school graduation, and farm residents. Shiferaw et al. (2000) report in
their sample population that young adults (age 18-25) consumed unpasteurized
milk more frequently than other age groups, but this was not supported in
another study. The elderly are more likely to consume raw milk than younger
populations according to data used in the Listeria monocytogenes Risk
Assessment, which is based on nationally representative food consumption
surveys (US Department of Health and Human Services, US Department of
Agriculture, 2003).

Although typically controlled by heat pasteurization, foodborne illnesses
from E. coli O157:H7 have been associated with unpasteurized apple juices
made from fruit contaminated with fecal matter (Cody et al., 1999). Chicken,
typically a risky food for Campylobacter contamination (Friedman et al., 2004),
has also been identified as a risk factor for Sa/monella Enteritidis (Kimura et al.,
2004). Eggs, a risky food for Salmonella Enteritidis, are also a risk factor for
Salmonella Heidelberg (Hennessy ef al., 2004).

Other sources of infectious organisms

Touching farm animals has been identified as the source of STEC transferred
either directly to humans or food cross-contaminated without washing hands
(Belongia et al., 2003). Cats are the primary source of Toxoplasma gondii and
may contaminate humans directly or through human consumption of infected
food animals (Dubey, 1986).

Methods for controlling cross-contamination

Cross-contamination can be controlled by proper cleaning and sanitizing of food
preparation surfaces, hand washing after touching contaminated food or
surfaces, and by cooking foods to temperatures sufficient to destroy heat-labile
pathogens. Washing and/or sanitizing cutting boards after preparation of meat,
poultry, or seafood, or washing hands after touching raw meat or poultry are
common food handling behaviors included in food safety surveys. Anywhere
from 7% to 40% of the consumers self-reported they did not follow these
practices (Altekruse et al., 1996; Shiferaw et al., 2000; Yang et al., 1998; Cody
and Hogue, 2003). Klontz et al. (1995) reported that respondents to their survey
used contaminated cutting boards with little or no cleaning (26%), washed it
with soap or bleach or used another board (58%), or did not respond to the
question (16%).

Consumers have knowledge, but lack skill in prevention of cross-contamination
Worsfold and Griffith (1997) observed behaviors of consumers during food
preparation and found numerous factors that could lead to cross-contamination:
use of single cutting board for all tasks (60% of occurrences), use of unwashed/
sanitized cutting board (25% of occurrences), handler washes raw meat/poultry
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(33% of occurrences), not washing hands after handling raw meat/poultry (58%
of occurrences) or contaminated packaging in work area (18% of occurrences).
Kendall et al. (2004) verified self-reported behavior with direct observation of
consumers who were preparing food. Respondents first completed the food
preparation activity and then completed a self-reported interview of their
perceived food safety behavior. Eighty-four percent stated they wash food
contact surfaces during food preparation, and 88% were observed doing so.
However, only 63% followed a cleaning procedure that would adequately
prevent cross-contamination (e.g. hot, soapy water). Ninety-seven percent stated
they washed their hands after touching raw meat, chicken, or seafood, and 88%
were observed completing this behavior. Correct hand washing (e.g. soap and
warm running water) was not frequently observed (20% of occurrences). These
researchers concluded that behaviors that prevent cross-contamination are
typically practiced by consumers, but the skill of completing the task adequately
to prevent foodborne illnesses is lacking.

Reducing the risk of contamination and illness by adequate cooking
Contamination of food by heat-labile pathogens can be eliminated by adequate
cooking. The United States Department of Agriculture consumer education
materials advocate the use of a food thermometer to ensure that cooking is
complete and that food is safe to consume (Anon, 2001b). Color of food has not
been found to be a reliable indicator of adequate cooking of ground meat, a
known source of Escherichia coli O157:H7 (Anon, 2003b). About 37% of
respondents to a food safety survey used temperature as their indicator of
doneness of foods, but they also used touch, taste, sizzling, or appearance to cue
them to doneness (Wenrich ef al., 2003). Kendall et al. (2004) observed that
consumers do not rely on food thermometers to verify temperatures, but cooked
chicken and hamburger to at least 71.1°C (160 °F) (89% and 93% of occur-
rences, respectively). Worsfold and Griffith (1997) observed a slightly higher
percentage of failure to reach adequate cooking temperatures (15% of
occurrences).

2.4.3 Keep foods at safe temperatures

Mead ef al. (1999) reported that 100% of the cases of Staphylococcus aureus,
Clostridium perfringens, and Bacillus cereus illness are foodborne, but FoodNet
does not conduct active surveillance of foodborne pathogens that are primarily
controlled by storage temperature. Reported incidence of illnesses associated
with improperly stored foods currently is low, perhaps because illnesses caused
by these pathogens are largely self-limiting and medical treatment is infrequent
(Mead et al., 1999), or because of the emphasis consumer education programs
have traditionally placed on food handling behaviors that control these
pathogens (Medeiros ef al., 2001b). However, consumers frequently practice
behaviors that could lead to illnesses from these pathogens. For example, a food
safety survey of consumers found that almost half of the respondents were likely
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to consume food that had been left at room temperature for more than two hours
(Cody and Hogue, 2003). Only 48% of respondents to another survey knew that
leftovers should be stored in shallow containers (Wenrich et al., 2003). Another
example comes from Worsfold and Griffith (1997), who observed that cooked
foods were not properly cooled in 35% of the occurrences in their observational
study. In addition, 69% of participants in a community education program did
not know their refrigerator’s temperature (Meer and Misner, 2000). Clearly,
continued diligence in educating the public about properly stored foods is
justified.

2.4.4 Avoid unsafe foods and water

For certain population groups, consumption of foods and water that may be
sources of Vibrio species, Listeria monocytogenes, or Cryptosporidium parvum
should be avoided. These groups are immune compromised or suppressed
because of age, pregnancy or chronic disease, and/or medical treatments. Raw or
undercooked seafood, raw milk or milk products, improperly handled packaged
foods or polluted water can be contaminated with these pathogens. Even though
foodborne illnesses can be avoided by practicing behaviors to prevent cross-
contamination and ensure adequate cooking, it is prudent for individuals who are
susceptible to infection to avoid consumption of such risky foods (Kendall et al.,
2003).

2.5 Travel as a risk factor for foodborne illness

Gastroenteritis is a worldwide phenomenon shared by developing and developed
countries. Estimating the contribution of foodborne illnesses to the total
diarrheal burden is greatly complicated by the lack of medical or surveillance
systems to track illnesses (Flint et al., 2005). Incidence rates by specific
pathogens vary by country and could be influenced by diet and the possibility of
immunity among indigenous populations. A comparison of incidence of
foodborne illness in England and the United States shows higher population
rates in the United States for illnesses in general (Adak ef al., 2002). However,
both countries have high incidence of Escherichia coli, Salmonella, Yersinia,
and Norovirus infections, and England and Wales reported higher incidence of
Aeromonas and Rotavirus infections. Denmark reports increased mortality from
Salmonella, Campylobacter, Yersinia, and Shigella (Helms et al., 2003). There
are also literature reports on incidence of infection from Salmonella in France
(Gallay et al., 2000), Listeria monocytogenes in Israel (Siegman-Igra et al.,
2002), and Campylobacter in England (Rodrigues et al., 2001).

Non-native visitors to a country are prone to bouts of traveler’s diarrhea when
they are unaccustomed to water and food handling or preparation practices in
that country. Recent international travel by Americans has been identified as a
risk factor for illnesses from Campylobacter (Kassenborg et al., 2004b) and
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Salmonella Enteritidis (Kimura et al., 2004). Information about gastroenteritis
for the benefit of international travelers can be found on the Centers for Disease
Control and Prevention website (Anon, 2005c). Escherichia coli, Shigella,
Giardia, Cryptosporidium, and Norovirus are common causes of food-related
diarrhea. Travelers are at the greatest risk for developing illnesses if they fail to
take precautions to protect their health in international countries, such as prudent
selection of foods, prophylactic immunizations, or prompt and proper treatment
when diarrhea does occur, as suggested by health organizations. While travel-
associated enteric disease can occur anywhere, travel to developing countries of
Latin American, Africa, the Middle East and Asia has been identified as a
specific risk factor.

2.6 Future consumer trends

In the United States, there has been a trend away from at-home meal preparation
and consumption toward meals eaten out of the home, or more recently, meals
prepared away from home and consumed in home (Collins, 1997). The USDA
Economic Research Service predicts that consumer spending in full-service
restaurants will increase by 18% by 2020 and by 6% in the fast-food market
(Stewart et al., 2004). Changes in demographics will drive the increase to full-
service vendors because of the trend toward households consisting of a single
person or multiple adults without children, and a better educated population.
Elderly adults will continue to prefer full-service restaurants and the increase in
the older population is reflected in the slower growth of the fast-food industry.
Hispanic and African American households are less likely than Caucasian and
Asian households to spend money in full-service restaurants; however, spending
at fast-food restaurants will moderately increase for all racial/ethnic groups by
2020. Saturation in the food-eaten-away-from-home market in the United States
is causing the restaurant and food industry to look for growth in international
markets (Seid and Ainsley, 2005). Factors driving this trend are stronger
economies of some developing countries, changes in international lifestyles,
lower labor costs and greater disposable incomes internationally.

Concern for food safety has apparently given way to a greater desire for
convenience and time savings. The FoodNet Working Group surveyed con-
sumers about food handling practices and found that 85% of the interviewees
had eaten food outside the home in the previous week (Shiferaw et al., 2004).
Of those, 3.3% reported a gastrointestinal illness during the same week as
compared with only 2.4% in the group of respondents who did not eat a meal
away from home. Consuming chicken eaten at a restaurant has been identified
as a risk factor for sporadic cases of Campylobacter infection (Friedman et al.,
2004). A preference for undercooked hamburgers associated with high risk for
Escherichia coli O157:H7 was reported by 33% of consumers who eat in fast-
food or sit-down restaurants more than six times per week (Garman et al.,
2002).
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Consumers must rely on the training and diligence of commercial food
workers who have assumed the role of assuring the safety of foods during
preparation. Safe storage of foods prepared away from home then transported to
the point of consumption raises concerns that temperature abuse could lead to re-
emergence of some types of low-incidence foodborne illnesses, such as
Staphylococcus aureus or Bacillus cereus (Little ef al., 2002). These researchers
concluded that establishments where the manager had participated in food safety
training have less food contamination than those without trained managers.
Cohen et al. (2001) evaluated the efficacy of an in-house food safety training
program and learned that success was dependent on the motivation of the
workers to practice safe food handling behaviors. Workers in food establish-
ments in England, most of whom (95%) had received some type of food safety
training, were surveyed regarding their food handling practices (Clayton et al.,
2002). Surprisingly, 63% admitted they did not practice what they knew when
lack of time or insufficient staff interfered. In the United States, food workers
admitted they touched ready-to-eat foods without gloves (60% of occurrences),
handled food with potentially contaminated gloves (33% of occurrences), failed
to use thermometers to check adequate cooking of food (53% of occurrences), or
worked with active cases of vomiting or diarrhea (5% of occurrences) (Green et
al., 2005).

Since food handler behavior is dependent on motivation or skill, alternative
methods to ensure food safety may become necessary to have continuous
improvement in the incidence of foodborne illnesses. Irradiation will sterilize
foods and will present a safe product to the food preparer, but it is poorly
accepted by consumers (Sapp, 2003). Communication processes are key to
acceptance of new technologies. Consumer groups have called for food safety
labeling to warn of potential harm from consumption of foods considered to be
risky for some immune compromised or otherwise susceptible groups (Anon,
1999). A study was conducted to determine consumer opinions about food safety
labels in response to a required rule of the United States Department of
Agriculture to labels foods about processes used to prevent risk of infection from
Listeria monocytogenes (Anon, 2004). Respondents highly endorsed packages
(82%) as the place they desired to find food safety information. Shiferaw et al.
(2000) reported high consumer awareness of food safety information on package
labels, but poor compliance with basic practices such as hand washing. This
indicates that safety labels do not replace either motivation or education.

2.7 Sources of further information and advice

Information about incidence and protection from foodborne illnesses is available
from numerous public health sources. Information is readily available to
consumers through the World Health Organization. In the United States, the
Centers for Disease Control and Prevention and the FoodNet system public
websites, the Food and Drug Administration, and the Food Safety and Inspection
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Service of the Department of Agriculture also have consumer education
resources available through their websites. Educational materials for educators
and fact sheets for consumers or individuals with high risk for foodborne illnesses
are available through these sources. Links to other sites are an integral part of
most, if not all, of these sources of information. The World Health Organization
is recommended as a source of information for international information.
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Globalization of the food supply and the
influence of economic factors on the
contamination of food with pathogens

J. C. Buzby, Economic Research Service, USDA, USA

3.1 Introduction

Evidence is lacking on whether the globalization of the food supply increases or
decreases foodborne disease risks. As a first effort in understanding potential
linkages, this chapter takes a broad view of the economic factors that influence
human exposure to and infection with foodborne pathogens. As the foundation,
this chapter looks at some of the demand-side and supply-side factors that have
driven the substantial increase in international trade in agricultural products and
commodities. This increase in trade and changes in the composition of trade
have implications for human exposure to different pathogens.

Demand-side factors that support the increased globalization of the world’s
food supply include increases in income levels and urbanization. These factors
are important in that they affect the mix of food purchased and consumed
domestically and the composition of global food trade. Different foods have a
different mix of potential microbial foodborne illness hazards to consumers and
also vary in the risk of contamination. In turn, hazards in the different foods vary
in the likelihood and severity of acute illness and chronic complications (e.g.
mild illness from Sa/monella in cantaloupe, kidney failure from E. coli O157:H7
in ground beef). Additionally, wealthier nations tend to demand safer food.

Supply-side factors that support the increased globalization of the food
supply include changes in food production, processing, storage, transportation,
and distribution due to technological advances and other factors as well as
structural changes measured by the number, size, and organization of firms in a
particular food industry. Many of these supply-side factors have led to the mass
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production and distribution of food, which multiply potential opportunities to
disseminate foodborne pathogens more widely and to a greater number of
people. On the other hand, some of these advances and structural changes make
food safer.

Many of the economic factors affecting food safety risks are interrelated. The
food system is a complex network of food production, consumption, and trade
that is also heavily influenced by overarching factors such as countries’ and
multinational agencies’ food regulation and oversight (e.g. regulatory standards,
tariff and nontariff barriers to trade) as well as global macroeconomic condi-
tions, such as relative economic growth rates and currency exchange rates. For
example, the general income level of a country is a factor that can be viewed
from different perspectives, such as which foods the average citizen can afford,
which food safety technologies food companies can afford to implement, and to
what extent governments are willing and able to pay for food safety regulation.

To date, no one has systematically looked at all of the economic factors that
affect the global risks from microbial pathogens and no one has developed a
comprehensive framework. Therefore, this chapter aims to provide a starting
discussion of some of the key economic factors that need further research. The
chapter provides examples of untested and arguable hypotheses of how changes
in these economic factors might affect foodborne disease risks. The chapter also
provides examples of the magnitude of the problem in terms of adverse
economic consequences. Attention will be paid to differences between countries
with different levels of development, with a focus on high-income countries
such as the United States.

The key conclusion of this analysis is that although the globalization of the
food supply can amplify the consequences of foodborne pathogens by expanding
the reach of contaminated food to greater and more distant populations, some of
these economic factors, particularly the supply-side factors in the food industry,
can make food safer. In short, there is no clear-cut answer about whether
globalization of the food supply increases or decreases overall foodborne illness
risks because there are so many confounding effects and so little supporting
data.

3.2 Demand-side factors

In general, consumers benefit from increased trade through lower prices, year-
round supplies, and greater variety in the type and quality of food (e.g. off-
season produce, seafood from distant waters). International food trade also can
provide foreign exchange to food-exporting countries, which is important to spur
on economic development in many low-income level countries (WHO, 1998).
However, the globalization of the food supply means that new food safety risks
can be introduced into countries (e.g. emerging bacteria), previously controlled
risks can be reintroduced into countries (e.g. cholera), and contaminated food
can be spread across greater geographical areas and cause illness worldwide. For
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example, during 2000-02, outbreaks of Salmonella Serotype Poona infections
occurred in 12 states and Canada due to contaminated cantaloupe from Mexico
(Anderson et al., 2002).

International agricultural trade has increased from US$339 billion in 1993 to
US$522 billion in 2003 (FAO, 2005), though the rate of growth has slowed in
recent years. There are many reasons why agricultural trade has increased, but
one important factor is certainly the need for greater quantities of nutritious and
safe food to feed the ever-expanding world population, which is currently
growing by over 73 million people a year (US Census Bureau, 2005). Given
finite amounts of land, other limited resources, and climate and seasonal dif-
ferences among countries, international food trade is one avenue to match world
food demand with world food supply. Overall, human health risks from most
internationally traded food appear to be low, based on reported foodborne
outbreaks in the United States. Food safety incidents also are rare considering
the total volume of trade.

When talking about global food safety risks from internationally traded
foods, it is too simplistic to focus solely on the total quantity of food trade. It is
much more informative to focus on the mix of foods consumers demand in
countries with different levels of development and how the mix or composition
of international trade for the different commodity groups (e.g. meats, produce,
and grains) may change in response to changes in consumer demand. The
premise here is that the bundle of global foodborne disease risks is affected by
the types of foods traded internationally, which are in part determined by
consumer demand for the different foods. The premise is based on the view that
different food products are prone to different food safety hazards and that these
hazards vary in the likelihood and severity of acute and chronic health
complications. For example, mycotoxin risks are primarily associated with
consumption of grains, histamine risks are associated with consumption of
seafood, and risks from Trichinella are primarily associated with consumption of
raw or undercooked pork and meat from wild carnivores, such as bear or
crocodile.” This premise is by no means perfect as many pathogens, such as
Salmonella, can be found in a wide array of food vehicles.

To better understand how demand-side factors affect global foodborne
disease risks, the remainder of the section follows a two-step analysis. First,
dietary differences among countries with different levels of income and
urbanization are explored. This analysis alone is incomplete because it does not
take into consideration what foods are domestically produced or acquired
through international trade. Therefore, to put these countrywide differences in
consumption into perspective, the second step layers the analysis of what food

1. Mycotoxins are toxic byproducts of fungal infestations affecting as much as one-quarter
of the global food and feed crop output (Dohlman, 2003). If mycotoxin-contaminated
feed is fed to food animals, it can also contaminate animal products. Food contaminated
with mycotoxins, particularly the subcategory of aflatoxins, can cause fatal acute illness
and is associated with increased cancer risk (Dohlman, 2003).
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groups are consumed in countries with different levels of development with a
look at the composition of world agricultural trade.

3.2.1 Income and urbanization levels affect the mix of foods consumed in
different countries

According to a study on global consumers by Regmi and Pompelli of USDA’s
Economic Research Service (2002), income is the factor that has the greatest
influence on dietary changes. The analysis below updates the framework used
by Regmi and Pompelli (2002) with more recent and expanded data on the
food available for consumption in different countries from the United Nations
Food and Agriculture Organization. The World Bank’s country classifications
(2005) are used to help illustrate that the demand for particular food groups
depends on a country’s income level. The analysis below also extends Regmi
and Pompelli’s framework by discussing how global differences in consump-
tion may be associated with global differences in microbial foodborne disease
risks.

Regmi and Pompelli found that in low-income level countries, such as
Cambodia, Haiti, and Nicaragua, consumer food demand tends to be focused on
low-value staple food products to meet basic calorie requirements. Updated data
in Table 3.1 support this finding and show that low-income level countries have
a higher per capita consumption of cereal products and roots and tubers (e.g.
sweet potatoes, cassava) than countries with higher income levels. In general,
consumers in lower-income countries tend to spend a higher proportion of their
budget on food than other countries (Regmi et al., 2001, Seale et al., 2003).
They are also more responsive to changes in general food prices and income and
therefore, make larger adjustments to their diets when food prices and incomes
change (Seale ef al., 2003). This is particularly true for higher-value food items,
such as meat and dairy, while household budget allocations for staple foods tend
to undergo smaller changes (Regmi, 2001). Populations that predominantly rely
on cereal crops for nutrition may be more at risk from foodborne illness from
mycotoxins compared with populations that rely relatively more on other
commodity groups, such as meats, if they live in areas where grain production
and/or storage conditions are conducive to mycotoxins. For example, in the
United States, grain-consuming vegetarians are probably not at greater risk from
mycotoxins than non-vegetarians because mycotoxins are not particularly a
problem here compared with countries with warm and humid climates.

In middle-income countries, most consumers can easily meet their basic
caloric needs so food demand is often shaped by cultural trends, taste, and other
factors (Regmi and Pompelli, 2002). (To simplify the discussion, lower middle-
income level countries, such as Peru and South Africa, are combined here with
upper middle-income countries, such as Mexico and Saudi Arabia.) Consumers
in middle-income countries are the most responsive to price changes of staple
foods and often substitute staple foods with other more expensive sources of
nutrition, such as fresh food products like fresh fruits and vegetables, seafood,
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Table 3.1 Average supply of major food commaodities by country level of development
and percentage change between 1992 and 2002

1992 2002 Change
(Ibs per (Ibs per 1992-2002
capita) capita) (%)
Cereals (excluding beer)
Low-income countries 295.3 298.9 1.2
Lower middle-income countries 336.6 327.8 -2.6
Higher middle-income countries 274.6 276.2 0.6
High-income countries 247.2 261.3 54
Roots and tubers (dry equivalent)
Low-income countries 63.1 68.5 8.6
Lower middle-income countries 27.8 31.1 11.9
Higher middle-income countries 26.8 29.5 10.1
High-income countries 28.2 27.2 -3.5
Meat (livestock and fish primary equivalent)
Low-income countries 34.8 343 —-14
Lower middle-income countries 72.1 78.6 9.0
Higher middle-income countries 120.1 128.6 7.1
High-income countries 171.6 190.1 10.8
Fish, seafood (livestock and fish primary equivalent)
Low-income countries 214 20.3 —-5.1
Lower middle-income countries 323 39.2 214
Higher middle-income countries 50.0 50.7 1.4
High-income countries 64.9 70.9 9.2
Fruits (excluding wine)
Low-income countries 104.7 102.2 —2.4
Lower middle-income countries 143.0 160.0 11.9
Higher middle-income countries 225.5 243.5 8.0
High-income countries 232.4 2443 5.1
Vegetables
Low-income countries 82.9 90.2 8.8
Lower middle-income countries 158.1 204.0 29.0
Higher middle-income countries 145.0 164.3 133
High-income countries 247.4 258.9 4.6
Oils
Low-income countries 30.5 32.7 7.2
Lower middle-income countries 37.0 44.7 20.8
Higher middle-income countries 46.0 50.2 9.1
High-income countries 65.4 69.5 6.3

Source: Data calculated from the United Nations Food and Agriculture Organization Food Supply
Data, Aug. 27, 2004, http://faostat.fao.org/. Oils data include coconut, cottonseed, groundnut, maize
germ, oilcrops, palmkernal, palm, rape, mustard, ricebran, sesameseed, soyabean, sunflower, and
vegetable oils. This table uses the World Bank’s classification of member economies, and all other
economies with populations of more than 30000. Economies are divided among income groups
according to 2003 gross national income (GNI) per capita, calculated using the World Bank Atlas
method. The groups are: low income, $765 or less; lower middle income, $766-3035; upper middle
income, $3036-9385; and high income, $9386 or more.
http://www.worldbank.org/data/countryclass/countryclass.html For a similar table with 1961-1998
data and world estimates, see Regmi and Pompelli (2002).
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and meat (Regmi, 2001). Therefore, broadly speaking, the mix of food safety
hazards is different for consumers in low- and middle-income countries. For
example, consumers in middle-income countries are more likely to eat greater
quantities of relatively high-valued meat and poultry than consumers in low-
income countries, and these products are more likely to be contaminated with
certain foodborne pathogens, such as Sa/monella and E. coli O157:H7, than are
cereal products.

In high-income level countries, such as Canada, Japan, and the United States,
consumers, in general, are even more willing to pay extra income for a wider
variety of foods, particularly foods that are labor-saving or of higher quality.
Some consumers in developed countries also are willing to pay a premium for
foods they perceive to be in line with positive environmental effects and ethical
issues (e.g. farm worker safety, animal welfare).

In general, the demand for foods with higher food-safety levels (e.g.
pasteurized milk) has tended to increase with growing consumer affluence and
awareness of food safety issues. Accordingly, wealthier countries with more
information about food safety risks tend to demand more stringent food safety
standards on both domestically produced and imported food and generally also
are willing to pay more for higher levels of food safety. For example, wealthier
countries tend to buy higher-value, safer seafood products while less wealthy
countries tend to buy lower-value products with fewer food safety assurances
(Wessells, 2002). However, some technologies that reduce food safety risks may
not be universally accepted by consumers because consumers consider many
attributes in their decision making, not just food safety risks, and because
consumers vary in the bundle of attributes that they consider in their decision
making. For example, irradiated meat and poultry are not widely accepted in the
United States.

Consumers in many high-income countries have an increased demand for
uncooked foods with perceived enhanced nutritional value, such as fresh fruits
and vegetables, even though cooked or processed versions may pose lower food
safety risks. In the United States, per capita consumption of fresh fruits and
vegetables increased almost 26 per cent between 1980 and 2003 (256.5 pounds
to 322.3 pounds) (ERS, 2005). Meanwhile, over the past two decades, fruit and
vegetable imports have more than doubled by weight (Jerardo, 2004). Perhaps
partly as a result of dietary changes and increased imports, produce has taken on
a more prominent role in reported foodborne illness outbreaks in the United
States. An increasing proportion of all reported foodborne outbreaks with a
known food item have been linked to produce — increasing from 0.7% in the
1970s to 6% in the 1990s (Sivapalasingam et al., 2004).

Additionally, in higher-income countries and in more urbanized areas,
consumers tend to have more household amenities, such as microwave ovens and
refrigerators, that enable them to purchase, store, and safely prepare perishable
food products (Regmi, 2005). If properly used, these amenities should decrease
food safety risks. Consumers in high-income counties also have greater access to
processed ready-to-eat (RTE) products, such as factory-packaged lunch meat.
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RTE products are products that consumers should be able to safely consume
without further cooking or other treatment step that would kill any remaining
pathogens on the product. Therefore, if an RTE product is contaminated with
pathogens, illness may result. Risks of infectious foodborne diseases are likely to
be different for processed and unprocessed RTE foods. For example, RTE
processed foods likely pose lower food safety risks than unprocessed, street-
vended food in less-developed countries with little routine oversight by
governments. One example of microbial contamination in RTE foods is that 27
out of 100 samples of RTE roasted chicken in Mexico City tested positive for
contamination with Campylobacter (Quifiones-Ramirez et al., 2000).

In addition to income, changes in food consumption patterns are also driven by
other demographic factors (e.g. increased education levels) and lifestyle changes
brought about by urbanization, increased levels of information, and the away-
from-home employment of women (Regmi, 2005). These factors and others are
intertwined but here we will combine them as ‘urbanization’ for simplicity. If
current trends in population growth and migration continue, it is estimated that
two-thirds of the world’s people will reside in urban areas by 2030 (Saker et al.,
2004). Urbanization is important to global foodborne illness risks because it
affects the composition of foods consumed. Urban areas tend to have access to a
wider array of fruits and vegetables, meats, and processed food products.

Because of increased access, one could argue that urban consumers are more
likely to consume food away from home in restaurants, fast-food outlets, and
other outlets. In the United States in 1997, outbreaks outside the home accounted
for over 76% of outbreaks where the place of consumption could be identified
(Olsen et al., 2000). Although this proportion may be inflated because these
outbreaks are more likely to be recognized by health officials during outbreak
investigations, away-from-home venues could potentially contribute to food-
borne disease through practices such as the pooling of eggs, incomplete cooking
of certain foods (e.g. hamburgers), and the holding of hazardous foods at
temperatures that allow growth of certain pathogens (Altekruse et al., 1997). In
general, public health agencies in many developed countries appear to be getting
better at spotting foodborne outbreaks and quickly mitigating their impact.
These countries have the resources to take advantage of advances in molecular
biology and electronic communications. Data are unavailable on the proportion
of foodborne illnesses attributed to away-from-home food in developing
countries and these data are limited even in developed countries.

The greatest impact of away-from-home foods on foodborne illness is the
multiplier effect, whereby one cook or one restaurant chain with poor food
preparation practices can make dozens or thousands of people sick. For example,
over 550 people became ill with hepatitis A after working or dining at a
restaurant in Pennsylvania in 2003 (Dato et al., 2003). Preliminary analysis
implicated green onions as the likely food vehicle. When foods such as green
onions are contaminated during growing, harvesting, or packaging and distri-
bution (e.g. by unsafe irrigation or processing water), the contamination entering
home or commercial kitchens may be the same. However, even then, illnesses
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generated by food service, where a few contaminated onions will be spread
throughout a large batch of chopped onion, will potentially exceed the number
of illnesses generated by home preparation where illness from one contaminated
onion will be limited to members of that household. Although food from away-
from-home sources are not necessarily riskier in terms of foodborne disease than
food prepared at home, the possibility exists, particularly in outlets which are not
regulated or inspected. In many countries, effective food safety education and
control is not keeping pace with the increase in the number of food service
establishments (WHO, 2005).

Other changes in dietary habits and food demand, particularly in high-income
countries and urban areas, include the increased demand for so-called ‘ethnic’
foods. Ethnic foods are a niche market, bringing foods or cooking practices from
low- or middle-income countries to high-income countries. For example, a
cholera outbreak in 1992 in Thai immigrants living in the United States was
linked to consuming commercial fresh frozen coconut milk imported from
Thailand at a picnic (Taylor et al., 1993). This coconut milk was produced in a
plant in Thailand that was later determined to have violated several sanitary
standards. Additionally, as countries acquire a taste for new foods (e.g. sushi),
they may be less familiar with how to reduce any inherent foodborne illness
risks while preparing those foods.

3.2.2 Composition of world agricultural trade

The second step in understanding the impact of demand-side factors (income
and urbanization) on global foodborne disease risks requires a closer look at
actual changes in global food trade. In particular, how does global food trade
change as a result of changes in consumption, which are partly influenced by
global income levels and urbanization? If global incomes among developing
countries continue to rise, one would expect to see consumption trends that more
closely follow developed countries. If this happens, what are the implications for
foodborne disease risks? A simple schematic on the demand-side factors is:

Income — Consumption — Trade —  Food safety risks
(Increases (Dietary (Changes in (Changes in the bundle
in global upgrades food trade of global foodborne
income or changes) to support disease hazards)

levels and new consumer

urbanization) demand)

Consumption changes driven by changes in countries’ per capita income levels
are the most important factors explaining historical changes in the composition
of global food trade. Evidence of this was verified by simulating the individual
contribution of household income, changes in factors of production, policy, and
transportation costs on the changing composition of food trade from 1980 to
1995 (Coyle et al., 2001; Gehlhar and Coyle, 2001).
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Over the past 20 years, the composition of world agriculture trade (food and
nonfood, such as livestock feed) has changed. The share attributed to bulk goods
(e.g. wheat, corn, and coffee) has been declining while the share of processed
consumer goods (particularly chocolate products, pastry, and prepared foods)
has been increasing (Fig. 3.1). Although shares of intermediate processed goods
(e.g. soybean oil) and fresh horticultural goods have remained fairly steady, their
total quantities traded have kept pace with the increasing volume of total
agricultural trade (Gehlhar and Coyle, 2001).

Processed foods accounted for around three-quarters of all global food sales
(Regmi and Gehlhar, 2005). Processed foods are often differentiated by unique
labels and brands and help satisfy consumer demand for variety and labor-saving
products (Gehlhar and Coyle, 2001; Regmi and Pompelli, 2002). In wealthy,
developed countries, the growth in imports of processed consumer goods is
particularly notable. Meanwhile in developing countries, imports remain
dominated by bulk and intermediate products though processed consumer
goods are also making inroads (Coyle et al., 1998). International food trade is
highly asymmetric with respect to exports as well-developed countries are
mostly net exporters of more processed foods while developing countries mainly
export unprocessed products or products with a low level of processing
(Mathews, 1994).

If urbanization and income levels among developing countries continue to
rise, it is likely that consumption trends in these countries will more closely
follow the trends in developed countries. In particular, if developing countries
change their diets to incorporate more processed consumer goods and fresh-food
products, such as fresh seafood, fruits, vegetables, and meats, and international
food trade increases to reflect these dietary upgrades, then we might see a
greater share of global foodborne disease risks associated with these food
products. However, the analysis is by no means straightforward as consumption
trends may or may not be reflected in increased imports into a particular country.
The demand for imports depends on each country’s food production capacity.
For example, increased livestock demand may not be satisfied with greater
imports of livestock products when it is more economical to import feed and
expand domestic production (Gehlhar and Coyle, 2001).

Data from the US Food and Drug Administration (FDA) on import detentions
(i.e. imports detained for food safety or other technical violations) provide one
view of which food safety issues tend to arise for the different product
categories. In an analysis of January—May 1999 detention data, pesticide resi-
dues and microbial contamination were the most common reasons for food
safety detention for fruits and vegetables, while microbial contamination, drug

2. Intermediate processed products are essentially processed bulk commodities (e.g.
vegetable oil made from oilseeds) so part of the import demand for bulk commodities
has been satisfied with increased growth in intermediate processed products (Gehlhar and
Coyle, 2001).
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residues, parasites, and zoonotic diseases were issues for meat, poultry, and
fishery products (Unnevehr, 2000; Unnevehr and Hirschhorn, 2000). Mycotoxin
hazards were present on certain plant products. A shift in the composition of
imported foods into the United States will result in changes in the relative
proportions of the different food safety risks. Additionally, the detention data
show that the top three categories where sanitary issues occurred were
vegetables, fishery products, and fruits. This finding is particularly meaningful
if consumers in developing countries adopt diets similar to those of consumers in
developed countries and if international trade of these products increases to meet
consumer demand. Meats had few detentions, presumably because of USDA’s
pre-certification of inspection systems in exporting countries (Unnevehr, 2000;
Unnevehr and Hirschhorn, 2000).

In an examination of food safety issues and fresh food exports from less-
developed countries, Unnevehr (2000) speculates that fresh food products have
relatively higher food safety risks than other traded foods, such as bulk grains.
The foundation for this theory is that fresh food products have more
opportunities for food contamination because they are handled at all stages of
the food production and marketing chain and are then consumed in their fresh
form (Zepp et al., 1998; Unnevehr, 2000; Unnevehr and Hirschhorn, 2000).
Meanwhile, processed or manufactured foods are less likely to deteriorate during
shipping and handling and have more widely established and recognized
standards (Unnevehr, 2000). However, the consistent use of such standards is
less common in countries with lower levels of development. Better data and a
more comprehensive analysis are needed to provide supporting evidence that
fresh food products pose greater global food safety risks than bulk grains and
processed or manufactured foods.

3.3 Supply-side factors

The food production and marketing chain has changed notably over the past few
decades. Supply-side factors that support the increased globalization of the
world’s food supply and affect the mix of international agricultural trade
include: (1) changes in the food production, processing, storage, transportation,
and distribution resulting from technological advances and other factors, as well
as (2) changes in industry structure. These two changes contribute to a general
trend towards mass production and distribution of food. The impact on food-
borne disease risks as a result of these supply-side factors is unclear. Although
there is some anecdotal evidence or speculation that some technological
advances or increased consolidation or concentration of firms may increase
overall quality of a food product, there is no empirical evidence in the literature
about the impact on specific food safety risks. After a brief discussion of some
of these advances and changes, two sub-sections focus on how mass production
and mass distribution can affect global foodborne illness risks.
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3.3.1 Changes in the food production chain and food industry structure
There have been many changes in the food production and marketing chain (i.e.
food production, processing, storage, transportation, and distribution) over the
past century owing to technological advances and other factors that have
ultimately affected foodborne disease risks. Early improvements in food hygiene
and sanitation included pasteurization of milk, refrigeration, shellfish
monitoring, and chlorination of water (Altekruse et al., 1997). More recently,
other technologies have been implemented or are under consideration, such as
packing innovations, controlled atmosphere technologies, and fruit and
vegetable coatings. Technologies that reduce foodborne disease risks extend
beyond product, process, and transportation technologies to include advanced
information and communication technologies (e.g. Internet for E-commerce)
and quality management systems and standards that help ensure that quality
levels are reached and maintained.

Not all changes in the food production and marketing chain have resulted from
technological advances — some changes are due to other factors such as a
balancing of global supply and demand for certain food products. Additionally,
some changes in the food production chain may increase some food safety risks
or alter the mix of risks. For example, the use of aquaculture is becoming more
common as wild fisheries become increasingly over-harvested and less cost-
effective for some species and areas. US aquaculture production increased by
over 50% between 1990 and 2000 (NMFS, 2002) and the aquaculture share of the
world production also has increased (FAO, 2000). Farm-raised fish pose a
different set of food safety challenges from those of wild-caught fishery products.
Farm-raised fish are subject to contamination from residues by production inputs
(e.g. vaccines, feed additives, and antibiotics), whereas wild-caught seafood may
be more subject to histamine risks from poor temperature control.

In addition to changes in the food production chain, there have been several
important changes in the structure of the food industry, particularly in developed
countries that have supported the globalization of the food supply. In certain
food sectors, there is greater concentration of firms (i.e. fewer and larger firms)
resulting from industry consolidation (e.g. through mergers and acquisitions).
For example, the four largest beef processors in the United States supplied about
70% of the beef market on a value basis in 2002, up from 26% in 1967 (Stewart
and Martinez, 2002).

In addition to industry concentration and consolidation, there is also greater
vertical coordination in some industries whereby successive stages of the
production and marketing of a food product are synchronized with respect to
quality, quantity, and timing of product flows (Martinez, 2002a). One type of
vertical coordination that is becoming increasingly popular in the United States
and other developed countries is vertical integration in which a single firm
controls the flow of the commodity across two or more stages of production
(Martinez and Reed, 1996). It can better guarantee the safety and quality of a
firm’s inputs and enhance the ability to trace product ingredients or processes
back through the food production and marketing.
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Contracts are another type of vertical coordination. Food producers in
developed countries are increasingly engaging in long-term contracting with
their suppliers, and are carefully vetting those suppliers for compliance with
food safety principles or standards (Mitchell, 2003). In the United States,
vertical integration and production contracts now account for over 90% of
production in the poultry, egg, and pork industries (Martinez, 2002a). Food
safety specifications can be an important component of these contracts. For
example, after the large 1993 outbreak from hamburgers contaminated with E.
coli O157:H7, Jack in the Box, Inc. revamped its quality control programs,
suspended all existing contracts with hamburger patty suppliers, and designed
new and more stringent contract specifications (Salay et al., 2004).

To a lesser extent, developing countries also implement the same kinds of
technological advances in the food production and marketing chain and also see
the same kinds of changes in the food industry structure for certain industries. For
example, supermarkets in Thailand and Brazil have initiated total quality
management programs for perishable foods such as seafood, meat, and
vegetables (Trienekens et al., 2003). And just as in developed countries, the
supermarket sector has undergone rapid consolidation in Latin America and East/
Southeast Asia (Reardon et al., 2003). For example, the top five supermarket
chains in each country in Latin America make up 65% of the total supermarket
sector (Reardon et al., 2003). In general, improvements in food industry
infrastructure are often necessary to accompany demand-induced changes in the
food supply.

3.3.2 Mass production of food
But does mass production of food increase or decrease the risk of infectious
foodborne disease? The answer is not clear cut and data are insufficient to reach
an answer to which all can agree. Some claim that modern production methods
that result in mass production of foods can lead to reduced costs and production
efficiency but also can increase the chance of accidental contamination of foods
and amplify their consequences (Morse, 1995). Claiming that the chance of
accidental contamination is greater in mass-produced foods is certainly an
arguable point that would require more research to substantiate. But perhaps one
thing on which we all might agree is that mass production means larger batches
of food that may be fed to larger numbers of people, so simple mathematics
shows that if a batch is contaminated, the consequences could be amplified.
However, what also must be considered is that the food industry has developed
and implemented many critical control steps, processes, or checks to reduce food
safety risks in mass-produced foods. Therefore, one could also argue that mass-
produced food is actually safer (e.g. the probability of contamination may be
lower).

In the literature, there have been several well-cited examples of large food-
borne disease outbreaks linked to industry consolidation and mass distribution of
contaminated foods (Altekruse ef al., 1997). For example, an outbreak of
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salmonellosis affecting roughly 200 000 people was linked to pasteurized milk
from a large dairy plant in 1985 (Ryan et al., 1987). In 1994, another large
outbreak of salmonellosis occurred when pasteurized ice cream base (premix)
was transported in tanker trailers that had previously carried liquid raw egg
(Hennessy et al., 1996). In this outbreak, around 224 000 people developed S.
enteritidis gastroenteritis (Hennessy et al., 1996). In short, when products from
large centralized food processors are distributed to wide geographic areas, there
is the risk for dispersed outbreaks (Altekruse et al., 1997). Of course, outbreaks
that are prevented by industry action to minimize food safety risks are not
represented in the literature.

Those who support the theory that mass-food production increases food
safety risks often point to the increase in concentration of animal production
(particularly in developed countries) and claim that large-scale confinement
operations and higher densities of food animals increase risks of disease. For
example, in large-scale production units, infection of one animal can lead to
wider contamination through exposure of other animals (Unnevehr and Roberts,
2002). And in many developed countries, large poultry flocks are reared in
communal housing — a practice that leads to large numbers of birds having
common risk profiles (Saker et al., 2004). The implication is that flocks with
less genetic diversity may be more uniformily susceptible to certain diseases.
Higher densities of farm animals also may pose steeper challenges for disposal
of manure and other wastes to minimize the contamination of water, farm
animals, and agricultural land. Chapter 4 more fully discusses the trends in
agricultural management and land use that influence contamination of food with
pathogens.

On the other hand, looking more closely at hog production as an example,
there are many schemes that can limit the transfer of pathogens between groups
of pigs in large-scale operations and some of these schemes may also, in turn,
reduce food safety risks in pork (e.g. Salmonella). In particular, the risk of some
disease outbreaks may be reduced by the specialization in phases of production
(Martinez, 2002b), such as between breeding, nursery, and finisher production
stages. Also, separating baby pigs from the sow before her maternal antibodies
are depleted decreases the likelihood that they will contract any diseases that she
might carry (Bell, 1998). Other risk-reducing schemes include using multiple-
production sites with at least 200 yards between sites as well as biosecurity
measures, such as rodent control, foot baths for workers entering nursery rooms,
and limiting visitor and vehicular traffic between sites (Bell, 1998). The use of
antimicrobial agents may be easier to administer in large confinement operations
and may provide satisfactory protection from many diseases.

Additionally, in large-scale processing facilities, contaminants from a few
carcasses or produce items can contaminate larger amounts of food. Current
hamburger production methods make it possible for a single hamburger patty to
come from the meat of dozens or even hundreds of cattle (Armstrong et al.,
1996). Furthermore, all lots (e.g. one lot may be one hour’s worth of production)
of hamburger produced in a single day are often produced sequentially in a
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continuous throughput process in the same meat grinder, making it possible for
one lot to contaminate subsequent lots produced that day (Armstrong et al.,
1996). For example, an analysis of the largest E. coli O157:H7 outbreak to date
found that all the implicated hamburger patties sold to a chain in Washington
State were produced at a single patty-making plant in California (Bell et al.,
1994). This outbreak also caused illnesses in California, Idaho, and Nevada for a
four-state total of more than 700 illnesses and four deaths (AGA, 1995).

In general, arguments against the theory that mass food production increases
food safety risks point to the many critical control steps, processes, or checks
that the larger food firms have developed and implemented to reduce food safety
risks. Some contend that mass production of foods actually has made food safer.
There is no doubt that private system approaches to reduce food safety risks are
becoming more widespread and stringent (Caswell and Henson, 1997), par-
ticularly in developed countries. In addition to vertical integration, private
approaches fostering food safety include self-regulation, third-party certifica-
tion, and common approaches to risk identification, assessment, and manage-
ment such as Hazard Analysis and Critical Control Point (HACCP) systems and
voluntary guidelines or good agricultural practices (GAPs).?

Slaughter plants tend to use multiple interventions, which might include
washing hides, chemically removing hair, sanitizing carcasses through steaming
or washing them, and using electronic imaging to detect residual traces of
surface contamination (Maday, 2004). Smaller plants and plants in developing
countries may use a smaller set of these and other risk-reducing techniques.
According to USDA records, the percentage of ground beef samples testing
positive for E. coli O157:H7 has declined dramatically since its peak in 2001,
largely because of post-harvest interventions (Maday, 2004). Many producer
groups have instituted quality assurance programs, and firms often use a mix of
approaches.

Large food companies have a lot at stake so one might argue that they would
be even more diligent about minimizing the frequency and extent of pathogen
contamination in their food products. Firms that face a large public recall of
product or that are implicated in a foodborne illness outbreak may suffer
business losses, such as from lost reputation, reduced stock prices, plants closed
for cleanup or permanently shut down, food poisoning lawsuits, premiums raised
for product liability insurance, and demand for product reduced enough to
threaten entire markets or industries (Buzby et al., 2001). One example of a
whole industry being affected by a foodborne illness outbreak is the Guatemalan
raspberry industry. After repeated Cyclospora outbreaks in the United States and
Canada from contaminated raspberries, only 3 Guatemalan raspberry producers

3. Third-party certification provides assurances to consumers that the information supplied
by firms is correct (Golan et al, 2000) (e.g. the International Organization for
Standardization has its ISO 9000 series or ‘EN 29000’ in Europe). HACCP essentially
identifies, monitors, and controls hazards at critical points in food production and
processing.
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remained in business of the 85 prior to the outbreaks (Calvin, 2003). In short, the
private sector, both here and abroad, has incentives to prevent food safety crises
and to mitigate their impact if they arise.

3.3.3 Mass distribution of food

This century has seen new technologies in transportation and distribution,
particularly new developments in ocean shipping, which facilitate worldwide
distribution of food (i.e. mass distribution). For example, although container-
ization has reduced world transportation costs since the 1950s, it was not until
the 1960s, when refrigerated containers called ‘reefers’ were developed, that
perishables could be integrated into the flow of general cargo (Coyle et al.,
2001). Reefer containers have their own refrigeration units and use ship-
generated power for climate control (Coyle et al., 2001). These refrigerated
containers allow high-value, perishable products to reach distant markets while
maintaining product quality and reducing delivery times and costs (Coyle et al.,
2001). In particular, these and other advances, such as packaging techniques,
have helped high-volume processed products and fresh horticultural products
meet rising global demand in developed countries.

Combined, all the technological advances and changes along the food
production and marketing chain have increased the potential for distributing
pathogen-contaminated foods more widely. The geographical distribution and
incidence of an increasing number of foodborne illnesses has expanded
(Beuchat, 1998), alongside increased technical advances in food production
and distribution. For example, iceberg lettuce imports, possibly from Spain,
were implicated in Shigella sonnei infections in several North West European
countries in 1994 (Frost et al., 1995). Although dioxin is not a foodborne
pathogen, one glaring example of the potential reach of contaminated food and
feed through international trade occurred in 1999 when animal feed in Belgium
was contaminated with cancer-causing dioxin and polychlorinated biphenyls
(PCBs). This feed was subsequently fed to chicken, swine, and other food
animals. This incident affected a large array of agricultural industries and
temporarily interrupted trade with more than 30 countries for dozens of
products, such as the many different types of meat and milk-containing products
(Buzby and Chandran, 2003).

Some might speculate that the best evidence of an impact from changing
industry structure on foodborne disease it that there is increasing awareness that
a new kind of outbreak scenario is developing. Traditionally, most foodborne
illness outbreaks in the United States were acute and highly local with a high-
attack rate and a high-inoculum dose (Tauxe, 1997). Now, however, widespread
and diffuse outbreaks have been identified that may involve many states and
countries (Tauxe and Hughes, 1996). It is believed that widespread distribution
of commercial food products that are contaminated at low levels is responsible
for these outbreaks (Tauxe, 1997). However, it is also true that their detection
now is the result of advances in microbial detection methods (e.g. ‘genetic
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fingerprinting’) that have made it possible to recognize and link together
dispersed, seemingly unrelated sporadic cases. More research is needed to
determine the proportion of these outbreaks that represent the new, added
burden of foodborne disease rather than enhanced ascertainment.

As international food trade is increasing, more producers in more countries
(some of which have relatively low food safety standards and controls) are
exporting food. For example, an increasing number of countries are exporting
seafood and some of these countries have poor internal control systems and/or
are in tropical areas where some marine biotoxin and bacterial hazards are
intrinsically higher (Ahmed, 1991). The US Food and Drug Administration
detains and inspects samples of imported seafood at the port of entry and refuses
adulterated shipments. The FDA import detention data for seafood products
indicate that out of 130 countries represented, 86 had one or more shipments
detained in 2001 and 80 had violations for adulteration (safety, packaging
integrity, or sanitation problems) (Allshouse et al., 2003). In total, there were
4912 detentions for seafood products for 6405 violations (detentions can be for
multiple violations). Salmonella accounted for 34% of the 5356 adulteration
violations (other violations were for misbranding, etc.). Shrimp, by far the
largest volume seafood item imported into the United States, accounted for one-
quarter of all detentions. The three countries with the greatest number of
detentions for adulteration were Vietnam, Thailand, and Indonesia.

Additionally, to meet export demand, low-income countries may cultivate
non-indigenous crops that may be more susceptible to indigenous pathogens
(Saker et al., 2004). A prime example of this is when Guatemalan producers
grew non-native raspberries for commercial export (Saker et al., 2004). In 1996
and 1997, Cyclospora outbreaks in Canada and the United States were attributed
to Guatemalan raspberries (Calvin, 2003). In short, the globalization of the food
supply has the potential to create new agricultural and ecological challenges.

3.4 Discussion

Beyond the complexity of the world food supply, another reason for scarce
empirical evidence on whether increased international trade (and the demand-
side and supply-side factors behind this trade) increases risks from foodborne
pathogens is the issue of attribution. A main reason why so little is known about
the economic factors that affect foodborne illness is that little is known about
which foods cause foodborne illness. Only a few research groups are attempting
to attribute national pathogen incidence across all food categories and to
evaluate such incidence in terms of illness severity and economic burden. One of
the first groups to systematically study infectious diseases to determine which
foods have the greatest risk is the Health Protection Agency’s PHLS Com-
municable Disease Surveillance Centre in the United Kingdom (Adak et al.,
2005). Additionally, as part of the Foodborne Illness Risk Ranking Model
(FIRRM), the Food Safety Research Consortium in the United States is
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developing a computer model of the attribution of pathogen incidence and
valuation (FSRC, 2005). Earlier studies estimated the extent of foodborne
infections from particular pathogens at the national level but did not attribute
these infections to particular foods (i.e. Mead et al., 1999; Adak et al., 2002).
The lack of reliable epidemiological data in many countries has hindered the
public health community in recognizing the importance of food safety and has
limited the emphasis on food safety programs (Kéferstein et al., 1997).

Foodborne pathogens can impose a substantial financial burden upon
individuals, families and nations (WHO, 2005). Overall, costs of foodborne
illnesses are likely to be relatively higher in developing countries with larger at-
risk populations, while at the same time these countries lack the financial and
technical resources and the institutional framework to address these risks and
contend with their results. The lack of food safety systems in these countries not
only results in greater domestic foodborne illness, which in turn lowers produc-
tivity, but it also results in the loss of export markets, which in turn decreases
access to foreign currency and investments, inhibiting economic development.
Additionally, the lack of public health surveillance means that foodborne
illnesses and their economic impact are not documented — information important
to support the need for foreign aid. Therefore, it is essential for developing
countries to build capacity to identify and document domestic foodborne illness
and to respond to existing and emerging food safety problems.

Although, for the United States at least, there is no evidence that imported
food, as a whole, poses higher food safety risks than domestically produced food,
globalization of the food supply may be introducing new food safety risks,
reintroducing previously controlled risks, and spreading contaminated food more
widely. Risks from imported food sources are similar to the kind and extent of
risks from domestic sources, but the United States has limited food safety
oversight in countries from which we import, which are increasingly countries
with lower levels of economic development. The potential for increased food-
related illnesses from continued increases in internationally traded food will
challenge government food safety systems and private firms to develop and
implement improvements in prevention, inspection, and control systems.

3.5 Future trends

Global food trade will continue to increase owing to expected increases in global
income levels, improved transportation networks, and growing populations
requiring greater quantities of nutritious and safe food. Similarly, the demand for
a wide array of labor-saving processed food products and foods consumed away
from home is expected to increase alongside increasing incomes and urbaniza-
tion. As income levels of developing countries increase, we may well see food
consumption trends more closely match those in developed countries. In par-
ticular, consumption as well as imports of fresh horticulture products, processed
goods, and foods of animal origin likely will increase.
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With heightened awareness of food safety concerns and a rapidly changing
food system, food safety standards worldwide are becoming more stringent and
responsive to new hazards (Roberts and Unnevehr, 2003). Countries that trade
internationally may have different domestic food safety goals and food safety
regimes as well as different costs of complying with regulations. These dif-
ferences may lead to trade conflicts or reductions in trade (Mitchell, 2003). On the
other hand, these differences may lead to increased dialogue between countries
that could lead to elevated and harmonized food safety systems and goals.

Food safety, both domestically and internationally, is managed and assured
by both private and public sector efforts (Caswell and Henson, 1997). Some of
the private sector efforts have been discussed previously. New approaches to
food safety regulation emerged in industrialized countries during the 1990s
following advances in science, changes in markets, and increased awareness of
food safety risks. Roberts and Unnevehr (2003) identify seven main trends for
food safety regulation in industrialized nations. They find that regulatory
agencies are increasingly:

(1) organized into one agency that can focus on food safety;

(2) using risk analysis to design regulation;

(3) stressing a farm-to-table approach in addressing food safety hazards;

(4) adopting the HACCP system as a basis for new regulation of microbial
pathogens in food;

(5) adopting more stringent standards for many food safety hazards;

(6) adding new and more extensive regulation to handle newly identified
hazards; and

(7) improving market performance in food safety through provision of
information to consumers (e.g. safe food handling labels).

As countries become more industrialized, it is likely that their regulatory
agencies will follow the same trends. More international cooperation in iden-
tifying, controlling, and preventing foodborne disease is needed both because of
the globalization of the food supply and because of greater movements of
potentially contaminated or infected food animals, animal feed, and people (e.g.
international travel, refugees, and migration). International cooperation is
particularly important because human responses to diseases are conditioned by
jurisdictional boundaries whereas microbes are unhindered by international
borders but can rather move freely around the world (Fidler, 1998).

Additionally, intersectoral cooperation is also important, such as between
national public health and veterinary services in the case of the zoonotic agents
that cause foodborne diseases in humans (Abdou, 1998). One recent example of
a disease linking animals, food, and human health is bovine spongiform
encephalopathy (BSE) in cattle, which has caused regulatory changes affecting
production, imports, and market access worldwide (Mathews et al., 2003). In
short, the global food system is both complex and dynamic at all levels —
consumption, production, and trade — and therefore solutions to identify, control,
and prevent foodborne illness are also complex.
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3.6 Sources of further information and advice

An abundance of information on international food consumption and trade can
be obtained through USDA’s Economic Research Service. In particular, the
previously cited articles by Regmi, Gehlhar, Coyle, and other ERS economists
as well as many other related publications can be obtained at www.ers.usda.gov.
The Food and Agriculture Organization of the United Nations (www.fao.org)
and the World Health Organization (www.who.int/en/) are two other good
sources of information.

Further information on international trade and food safety for several
commodity sectors can be found in a US Department of Agriculture report
(Buzby, 2003, see http://www.ers.usda.gov/publications/aer828/). In general,
literature on the economic factors that influence human exposure to and
colonization with foodborne pathogens is limited. Therefore, the field is wide
open for further research. This research is needed because quantifying the
economic and health consequences caused by foodborne pathogens can help
policymakers better understand the costs and benefits of implementing new or
expanded food safety programs to protect public health.

Epidemiology, risk assessment, and economic analysis are tools that help us
better understand the hazards and impact of foodborne disease. These tools can
be used to estimate baseline incidence of disease risks, distribution of disease
severity, and economic impact, which can then be used to monitor progress of
risk reduction efforts. These tools also can help policymakers in priority setting
when allocating scarce resources among different intervention efforts. However,
better epidemiological data are needed to improve the accuracy of economic and
risk analyses that estimate the costs and benefits of different intervention
strategies.
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4

Trends in agricultural management
and land use and the risk of
foodborne disease

A. P. Manale, Environmental Protection Agency, USA

4.1 Introduction

In this chapter we discuss trends in agricultural management practices and land
use that may influence the contamination of food with pathogens. The
identification of the trends and their relationship to food markets today, or in
the future, is not intended to prove causal relationships between production
practices and food risks. Rather, it serves to point out changes in agricultural
production that can be scientifically argued either to possess elevated risk factors
or else have the potential to influence the transmission of foodborne disease.

We focus on the agricultural system in the United States to illustrate systems
elsewhere in the developed world and indicate the direction of future
development in the developing world. The relative extent of change may differ
in other developed countries, but the linkages between the trends in modern
agricultural management and land use and the risk of foodborne disease will not,
except where actions have been undertaken to reduce this risk.

The way that our foods are produced has undergone huge changes over the
past few decades. Government and private investment in the science of food and
food production practices has led to new technologies that alter not just how
food is produced, but also the nature of the food that is consumed. This
technology, and the management system it has spawned, has in turn enabled
greater economies of scales in production, greater consistency and uniformity in
consumer product quality, and greater top-down control over the attributes of
food (McDonald ef al., 2004). On the other hand, the system has led to less
efficient use of the by-products of animal agriculture, such as litter, dead
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animals and animal waste. It has led to greater reliance on regulation and
technology screening to reduce the risk of low-probability but high catastrophic
failure of the system with concomitant consequences for pathogen transmission
to food and ultimately to humans.

Key trends in agricultural management and land use are the following:

o Specialization of farms in the production of animals and animal products —
that is, the growing separation of crop from livestock agriculture across farms
and specialization in phases of animal production.

o Greater concentrations of animals of similar or identical genetic stock in
confined or open animal feeding operations (concentrated animal feed
operations, CAFO, and animal feeding operations, AFOs, respectively).

e Regional concentration of production of certain livestock, particularly of
CAFOs, often in association with granaries, feedgrain depots that supply the
feed or processing plants or slaughterhouses or meat processing plants to
convert the livestock into food products.

e Concentration of livestock production in the vicinity of population centers.

e Relocation of confined operations in areas where fresh water is increasingly
scarce.

e The economic transformation of manure and by-products of animal
production into waste products with little or no local value.

4.1.1 Separation and specialization of crop and livestock agricultures and
concentration of animal production on less land

As discussed in Chapter 3, the trend in the past 40 years has been for crop and
livestock agricultures to separate. Farmers previously grew crops that were fed
to their own or their neighbors’ livestock. The livestock, in turn, produced
manure and waste products that fertilized subsequent crop production on the
same farm or neighboring cropland. The trend has been away from dual
production farms and towards specialization in one type of agriculture. Farmers
who specialize in crop production generally produce only crops. Livestock
producers focus on the production of livestock and generally only one type of
livestock, such as dairy, poultry, or swine. In the latter case, the waste is spread
on the land and crops are grown primarily as the cheapest means of waste
disposal.

Even the geographic locations of these disparate activities have separated.
Large regional feed and grain dealers substitute for the traditional link between
crop and animal production. These dealers, in many developed nations, such as
the United States and member nations of the European Union, often buy
government-subsidized feedstock that is transported to locations advantageous
to the marketing or production of the livestock commodity. There is little direct,
short-term economic advantage to produce livestock and crops in the same
geographic vicinity. The caloric or nutritional value of grass or feedstocks
grown locally no longer constrains the production of livestock within an area.
Where primarily feed crops are grown, chemical fertilizers have largely
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Table 4.1 Live chicken exports and imports (2004)

Country Exports Imports

Romania 260000 16178 000
Russia 1351000 11724000
Turkey 4155000 1821000
Ukraine 1802 000 11827000

Source: FAO Stat, FAO, Rome 2005.

displaced manure as the source of nitrogen and phosphorus for the growing of
crops. This de-linking of crop and livestock agricultural production has allowed
them individually to move to where they have comparative economic advantage.

This geographic shift applies not only within a country, such as the United
States, but also across national boundaries. In a globalized economy, feed grain
is shipped halfway around the world to feed animals. The meat, the value added
product from this grain, can even be shipped back to the region or nation from
which the grain originated. But it is not just the process animal being shipped.
Large numbers of live animals grown in certain regions or countries are also
transported around the world, as evidenced by the export of live poultry (Table
4.1).

In the United States, there are fewer livestock operations where the feed is
grown and more in areas where crop production is marginal (NRCS, 2000). A
greater share of total livestock production occurs in operations where animals
are confined (CAFOs) and the availability of cropland is scarce. The size of
these operations has increased as well (see Table 4.2). Moreover, since the
1970s, the combined forces of population growth, i.e. new migration towards
urban centers and expansion of these centers into traditionally rural areas, and
re-location of operations closer to consumer markets and processing sectors
have resulted in more animal operations located near densely populated areas
(USGAO, 1995; McBride, 1997; Kohls and Uhl, 1998). This increases the

Table 4.2 Change in livestock farm size from 1982 to 1997.

Farm size category Percentage change
1982 to 1997

Farms with fewer than 25 animal units —64
Farms with 25 to fewer than 50 animal units —53
Farms with 50 to fewer than 150 animal units —43
Farms with 150 to fewer than 300 animal units —12
Farms with 300 to fewer than 1000 animal units 36
Farms with 1000 or more animal units 88

Source: NRCS (2000), Manure nutrients relative to the assimilative capacity of cropland and
pastureland to assimilate nutrients: spatial and temporal trends. December.
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possibility of broad human contact with animal operations either directly or
through contamination of water or air with animal waste.

Worldwide, such industrial livestock farming systems scarcely existed some
30 years ago (Holmes, 2001). They are now growing at twice the rate of
traditional mixed farming systems and six times as fast as grazing-based pro-
duction. Industrial systems account for 74% of the world’s poultry production,
40% of pork, and 68% of the egg supply (Delgado et al., 2003). More than half
of all poultry and pork occurring in confined feeding or ‘landless’ operations
occurs in the developed world. Intensification and concentration of livestock
production is particularly acute in East Asia (Wagner, 2002). The trend for beef
production is toward industrial systems, too, with these large-scale feedlots
common in the United States.

The situation in the United States regarding the amount of land available for
manure spreading illustrates the problem of excess manure. Land that is
controlled by CAFOs relative to the number of animals in CAFOs has increased
by 60% between 1982 and 1997, the latest date for which the US Department of
Agriculture provides complete data. The result is the generation of excess
manure and animal residuals (manure and other by-products, such as dead
animals or body parts) that cannot, with reasonable certainty, be accommodated
by crops through nutrient uptake.

4.1.2 Vertical integration of agricultural production

Production in livestock agriculture occurs more and more within the framework of
vertically integrated companies. These vertically integrated companies shift the
decisions of what, where, and how to produce away from farmers and landowners
and give the power to marketing entities. In vertical integration, a single firm
controls administrative operation of two or more successive stages of production.
In vertically integrated firms, management directives dictate the transfer of
resources across stages of production and marketing. Vertical coordination, which
refers to the synchronization of the successive stages of a production and
marketing system (Martinez and Davis, 2002), is achieved through contracting.

Vertical integrators tend to be large grain brokers with established marketing
links. They contract with independent growers or producers to farm the
livestock. Contracts generally spell out the technology to be used by contract
growers, the responsibilities of the growers in the use of that technology, and,
often by default, the ownership of animal waste. The vertical integrators provide
the feed, medicines, and livestock, the ownership of which they retain. The
contractees provide the housing in which the animals are grown, water, and the
production services.

Contract production is becoming more common as food processors and
distributors seek to gain greater control over their products and ensure market
outlets (Martinez, 2002). Contracts allow more information and control over
factors related to quality attributes, such as the genetics of the livestock and the
feed given to the animals.
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4.2 Trends within specific livestock categories

Dairy farms are becoming larger with continuing consolidation and concen-
tration in specific locations (Lakshminarayan et al., 1994). Nearly 50% of dairy
production occurred under contract in 1998. From 1950 to 1987, the number of
farms reporting milk cows declined by roughly 94%, with the average number of
cows per farm increasing from fewer than 6 to 50. Regional trends suggest a
shift of dairy production from the Midwest and Northeast to the West and the
southern regions of the United States to take advantage of more favorable
climate that contributes to lower financial outlays. The high cost of transporting
dairy waste to where it can be used in crop production partly explains the
transformation of manure from a valued commodity as fertilizer to a waste with
little or negative value (Manale and Narrod, 1994).

The swine industry has rapidly restructured over the past 15 years. From 1993
to 2001, contracts for total hogs sold increased from 10% to 72% (Martinez,
2001). Despite the roughly constant inventory of hogs, the number of farms or
operations producing swine decreased from some 200000 in 1994 to roughly
80000 in 2001. Hogs on farms with more than 1000 head represented 71% of the
swine population in 1997, 47% in 1992, and 37% in 1987. Farms with more than
2000 head accounted for 29% of hogs in 1992 compared with 55% in 1997.
Operations with 5000 or more head accounted for half of all hogs in 2001 with
an average of 16.7 hogs per 0.4 hectare (1 acre) of land (Martinez, 2001).

Operations have concentrated within certain regions, generally clustering
around feed granaries or slaughterhouses to reduce transportation costs. In contrast
to the traditional locus of swine production in the Midwest, where most crops for
feed originate, newer operations and expansion of existing operations occur in the
Southeast and Southwest. In these areas, less arable land is available for the
spreading of manure on crop and pasture land, the cheapest option for the disposal
of animal waste. In the Midwest, producers are more likely to use pit storage for
manure and slurry spreaders to deliver the fertilizer to fields and inject it into soils;
in the Southeast, producers generally use lagoons for manure storage and sprinkler
irrigation linked to the lagoons for delivery to fields (Ribaudo, 2003). The success
of lagoon technology in preventing environmental problems depends upon proper
siting and adequate storage capacity, particularly in the event of intensive storms.
Sprinkler irrigation leaves the manure on the surface of fields where, unlike being
injected in the soil, it can more easily wash off in intensive rain.

The poultry industry led the trend towards industrialization of livestock
production. Technology developed since the 1950s enabled the automation of
chicken and turkey production. Nearly all broilers and egg layers and more than
half of all turkeys are produced under contracts to large integrators, with most
poultry operations located within 32.19 km (20 miles) of the integrator (Ollinger
et al., 2000). This limits the amount of land available for spreading and hence
the ease and cost of disposal of the waste.

Even cattle production has undergone major changes. In 1998, some 25% of
cattle were produced under contract and, in 1999, 32% were bought under
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contracts or fed and owned by the beef packers. As the Congressional Research
Service points out, the largest 1% of the beef feedlots produces 71% of the fed
beef, yet control only 2% of the cropland on fed beef farms. The smallest 92% of
feedlots produce 10% of the total but control 75% of the cropland (CRS, 1998).

A great deal of research over the past 40 years has documented the potential of
large concentrations of farm animals adversely to affect water quality. The
pollution containing both pathogens and nutrients originate, not just from where
the animals are raised and the waste products stored, but also from the fields to
which the manure and by-products have been applied. Animal waste generated in
CAFOs is generally stored in storage pits or anaerobic lagoons until it can be
spread on fields (Sweeten, 1992). The lagoons have been known to fail, in part
because design specifications to accommodate 25-year storm events have faced
more frequent storms (Pagano and Abdalla, 1994). Excessive application,
inappropriate methods and timing of application, or poor selection of locations to
spread the manure can exceed the assimilative capacity of plants and contaminate
ground and surface waters used for drinking or washing of foods (Vanderholm,
1994; USEPA, 2004a). The United States Environmental Protection Agency
(USEPA, 2004b) has identified some of the pathogens contained in manure and
animal carcasses that can adversely affect human health, other livestock, aquatic
life, and wildlife when introduced into the environment. Several pathogenic
organisms found in manure can infect humans. Runoff from feedlots, the
generally open air space within which animals such as dairy and beef cows are
confined, also contains much higher levels of pollutants, including pathogens
(Novotny, 1999).

Growing livestock in close quarters, as occurs in CAFOs, increases the stress
level of animals and their susceptibility to disease. The possibility of disease
transmission within a facility is further enhanced with the low amount of genetic
diversity of the animals. Although this use of standardized animal attributes in
confined settings allows for efficient production of the animals, it also allows for
fast infection rates since the pathogen faces no or few genetic barriers.

On the plus side of the ledger, production of animals in confinement can
reduce the interaction and contact between humans and livestock. This
decreased interaction reduces the likelihood of transmission of pathogens from
animals to humans and vice versa. The retention of the ownership of the living
stock by the integrators creates the strong financial incentive to provide
whatever assistance, both diagnostic and therapeutic, necessary to ensure the
health of the animals until they are harvested.

In the developing world, the transmission of pathogens from animal to animal
and animal to human is a recurrent problem (Delgado et al., 2003). Stock
animals are raised in close contact with humans. Flocks and herds are mixed in
market settings and small landowner herds can come into contact with animals
in large concentrated operations. Infectious agents can become endemic in an
area through the reservoir of animals raised in small operations, and backyard
farms becoming re-infected through inadequate diagnostic and therapeutic
services since these producers typically lack access to diagnosis and control
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programs. Witness the recent concern regarding avian flu virus evolution and
progression in the developing regions of East and Southeast Asia.

To reduce the incidence of microbial infection, therapeutic or prophylactic
antibiotic and pesticide use in feed is commonplace and often standard practice
in large confined operations. Antibiotics and pesticides in feeds are also
commonly used as growth enhancers. An estimated 70-80% of all antibiotics are
used globally for non-therapeutic uses in livestock (Schreier, 2002). By reducing
the severity and occurrence of low-level infections, more of the animal’s energy
can be applied to growth rather than defending against disease. According to
Schreier, most of the excess winds up in water supplies and drainage systems,
the fate of which is largely unknown.

The inadvertent selecting of microbial strains for antibiotic or antiviral
resistance through prophylactic use can accelerate the natural evolution of newer
strains. Over-applying and spreading animal waste on crop or pasture land can
contaminate agricultural land with these newer strains. From there, these new
strains can be transported into surface or ground waters and introduced into
human settings (JETACAR, 1999). Pathogens originating within a confined
operation or inadvertently introduced into a confined operation (through human
contact, feed, contaminated implements, or other means) can be retransmitted
through the spreading or disposal of the waste on land.

Antibiotics are used in most phases of swine production, with their use
increasing between 1990 and 1995, the only years for which data are available.
For preventive purposes in feed, 39.1% of operations used antibiotics in 1990,
compared with 45.5% in 1995. The 1995 survey by the US Department of
Animal and Plant Health Inspection Service (APHIS) found that 92.7% of all
swine at the grower/finisher stage received antibiotics in their diet at some time
during this growth phase (APHIS, 1996). Virginia Cooperative Extension found
that 80-90% of all starter pig feeds, 70-80% of all grower pig feeds, 50-60% of
all finisher pig feeds, and 40-50% of all sow feeds are fortified with
antimicrobial feed additives (Harper, 2004). For disease prevention and the
promotion of growth, 91% of all operations used antibiotics in feed. In farrow-
to-finish phase, 89.5% received antibiotics. In cattle production, roughly 25% of
small feedlot operations and 57% of large operations used antibiotics. In dairy
operations, there are regional differences in antibiotic use. The Midwest has a
95.1% antibiotic use rate and the Southeast has an 80% use rate (APHIS, 2005).

Bacteria can become resistant to the antibiotics used in feed. The US Food
and Drug Administration (FDA) concluded in October 2000 that two antibiotics
used in poultry had spawned drug resistance (Consumer Reports, 2005b). Soil
and waterborne bacteria seem to be acquiring tetracycline resistance genes from
bacteria originating in pigs’ guts (Ananthaswamy, 2001). Prophylactic feeding
of antibiotics to animals can lead to the emergence of resistant strains of gut
bacteria, such as Salmonella and hence enhance pathogenic risks.

The developed world is not without its incubators of animal diseases that can
and do infect animal vectors that can serve as transmission vehicles. In the
United States, a trend is to growing of wild animals, such as elk, bison, and deer,
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in confined settings. These confined animals can serve as a reservoir and
amplifier of pathogenic diseases that can then be passed to domesticated animals
or other wild animals (Bulmer, 1989; Meagher and Meyer, 1994). The organ-
isms can thence be transmitted to humans through direct contact (CDC, 2005) or
through exposure to a contaminated wild animal.

4.3 Policies and decisions affecting location of livestock
production

The shift to vertical coordination of livestock production in poultry and swine
has led to changes in decisions that growers and landowners make affecting the
location of livestock production. To reduce transportation costs, integrators
generally contract within 30-50 kilometers (20-30 miles) of the plant, granary,
or processing facility. The volume of production within a watershed will depend
primarily upon the decisions of the integrator or integrators regarding animal
slaughter. This in turn determines how many animals are fed by growers within
the contracting area — the area within a certain number of kilometers of the
processing facility or feed grain elevator. Hence, the availability of non-grower
land upon which to spread excess manure can fall outside the control of the
landowner or grower if the landowner or grower must compete for available land
upon which to dispose or spread manure. The decisions of the vertical integrator
thereby also affect the ‘value’ of the manure (specifically by decreasing the
value) as an input in crop production. Hence the responsibility for the
consequences of the decision most critical for the environment has shifted away
from the person or entity with greatest control or influence over the decisions —
the integrator or processor — to the grower or producer with the least leverage or
set of options for managing the environmental risk other than land application of
the waste.

There is some evidence suggesting that large-scale operations with large
amounts of liquid animal waste, such as pigs and dairies, locate in certain areas,
such as the more arid areas of the southwest, to take advantage of lower
precipitation. Doing so enables large-scale operation, reduces unit costs, and
thereby achieves some cost savings for waste treatment (ERS, 2000).

With the globalization of food production, regulatory and policy decisions
affecting how food is produced by some trading partners become important for
all trading partners in the market. Locational decisions are but one example. The
European Union (EU) regulations for nitrate (nutrient) emissions from livestock
operations (the Nitrate Directive) influenced producers to curtail production in
the EU and locate facilities in the United States (ERS, 2000).

Another is the safety of the imported products since the share of imported
livestock products in the diet of the United States is increasing (Putnam and
Allshouse, 2001). The history of the transmission of mad cow disease illustrates
this point. Decisions made decades ago in Britain to use dead livestock as a
protein supplement for beef production led to the transmission of the disease to

Copyright 2006, Woodhead Publishing Limited



Trends in agricultural management and land use 63

other livestock not just within Britain, but also in its trading partners’ herds
(Kirby, 1999).

Agricultural policies in the developed world related to the production of grain
and oilseeds have also affected the location of livestock production. Support to
farmers and agricultural operators has often been in the form of direct and
indirect subsidies for the production of grain and other crops grown as feedstock.
The subsidies have lowered the effective cost of feedstock and hence helped
shift the competitive balance away from extensive, grass-fed or grazed livestock
production to confined production (Delgado et al., 2003).

4.4 Change in availability of land for waste disposal in the
vicinity of concentrated livestock operations

Excess manure nutrients, such as nitrogen and phosphorus, in quantities that are
not assimilated by crops and hence are available for transport from fields to
water bodies, have largely followed the shift in production location. More and
more counties in the US have faced the problem of excess nutrients since 1982
(Fig. 4.1). The occurrence of excess nitrogen and phosphorus is important in the
issue of pathogen transmission for the following reasons: not only do they
provide the medium in which pathogens may flourish when they contaminate
water supplies since both serve as ‘feed’ for microbial populations, but they also
indicate where excess manure may have been applied to the land in general, and
hence possible sources of greater pathogen loads.
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Fig. 4.1 Number of counties with county-level excess nutrients. Source: NRCS (2000).
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The situation in other parts of the world with large concentrations of animals
is not significantly different. World Resources Institute reports that ‘manure
quantities in East Asia are so great that capacity of plants to use the nutrients
provided is sometimes exceeded by 1000 kg of nitrogen per hectare’ (Fritschel
and Mohan, 1999). Taking into account cattle, sheep and goats, horses, water
buffalo, and camels, livestock densities globally range from less than 50 head to
over 50000 head of livestock per square kilometer. Some of the highest
densities in the world are in the Middle East, Asia, and Australia (Holmes,
2001).

4.5 Implications of land management on contamination of
animal- and plant-based foods

Where pathogen and nutrient contaminants run off from the land and into water
supplies, the nutrients in the water bodies can create the medium for microbial
growth. They can also contaminate shellfish beds and cause fish kills. The
nitrogen and phosphorus from runoff into water bodies can contribute (through
nutrient loading) to periodic algae blooms, especially of Microcystis aeruginosa
and Pfiesteria piscicida, which can adversely affect human health through direct
contact. The algae blooms of Chesapeake Bay and other estuaries of the United
States serve as examples (Magnien, 2001; Burkholder, 2001). It is harmful to
humans because contact with, inhalation, or consumption of water with
Microcystis and related blue-green algae blooms can cause illness in humans and
death in livestock or pets. Pathogen-contaminated water used in the irrigation of
crops can transfer the pathogens to plant-based products destined for raw
consumption.

A growing concern in the United States is the potential transfer of pathogens
from animal agriculture to crops through the use of untreated animal waste or
inadequately treated composted waste. In recent years, there have been a number
of reports on USDA recalls of fresh vegetables owing to their contamination
with pathogens from manure used as fertilizer (FDA, 1998; Cornell University,
2005).

Nevertheless, there are scant data on how manure is used on crops. A survey
published by USDA’s National Agricultural Statistics Service (NASS, 2001)
suggests that manure, treated (generally composted or other heat treatment) and
untreated (raw), is applied to a small but growing percentage of cropland used
for vegetable crops (see Fig. 4.2). In 1999, roughly 3% of cropland, upon which
vegetables are grown, was fertilized with manure, the latest year for which data
are available. However, some 6% of head lettuce, 2% of other types of lettuce,
and 12% of celery are grown with manure. The only national data that can
provide insight into trends are the data collected in 1998 and 1999 regarding the
percentages of farms applying manure in the growing of vegetable crops. As Fig.
4.3 indicates, there was a slight — 1% — increase in manure use on farms growing
vegetables from 1998 to 1999, which is consistent with anecdotal information.
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Fig. 4.3 Manure applied to cropland, 1998 versus 1999. Source: USDA NASS.

4.5.1 Recycling of animal products

The surplus of animal waste and by-products has led to innovative ways to
dispose of the excess. Poultry litter, floor wastes from coops, including feces and
plastic pellets, are permitted as roughage in feed (CFR Title 21, vol 6, revised as
of April 1, 2005. 21CFR589.2000). Meat and bone meal are also permitted. In
fact, 10-30% of feed for cattle and chickens can contain constituents other than
plant-based materials (Consumer Reports, 2005a).
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In Britain, poultry waste has been a legally permitted feed ingredient and was
extensively used until about ten years ago. About 25 years ago, both human and
animal waste — both liquid and solid — were used in feed in the United Kingdom
(Kirby, 1999).

Though proper treatment of the waste eliminates the possibility of
transmission of most pathogens, it does not suffice for prions, infectious protein
agents responsible for such diseases as BSE (mad cow disease). Composting, for
example, which destroys most pathogens in manure through the heat generated
in the composting process, does not destroy the heat-resistant prion. Moreover,
proper treatment of waste requires oversight to ensure compliance with stan-
dards for treatment. Hence, the possibility remains of the transmission of
pathogens through waste from one species to another and from animals in one
location to many animals throughout a region or even the world.

4.5.2 Implications for clean water supplies

Agriculture, with few exceptions, converts large amounts of clean water into
reduced quantities of lower-quality water. Contamination with pathogens is just
one by-product of agriculture, particularly in the conduct of intensively managed
animal agriculture. According to Schreier (2002), if livestock numbers globally
were translated into human waste equivalents, the total waste would be
equivalent to that produced by 18 billion people. With current trends in
management of animal production, the more intensive and concentrated the
operation within a watershed, the greater the local impact.

Yet the supply of fresh water worldwide for consumptive use is finite. The
more high-quality water that is used in livestock agriculture worldwide, the less
there is for humans, except at considerable expense of purification and decon-
tamination. As Fig. 4.4 shows, increasing global population is accompanied by a
commensurate increase in demand for fresh water.

As more people demand more meat and livestock-related products, the
transformation of fresh water to lower quantities of poorer-quality water can be
expected to grow at least linearly with this trend, if not exponentially.
Wastewater, particularly sewage waters, may already be used on a tenth of the
world’s irrigated crops (Pearce, 2004). Humans have already appropriated
approximately 50% of accessible global freshwater runoff and this could
increase to 70% by 2025 (Postel et al., 1996) with adverse environmental con-
sequences (Rosenberg et al., 2000). The US Geological Survey estimates that
during 1995, the last year for which data are available nationally, 20.75 billion
litres (5490 million gallons) per day were withdrawn for total livestock purposes
in the United States (USGS, 1995). This is 22% more than in 1990. The
consumptive use in 1995 was 58% of withdrawals.

The global supply of renewable fresh water per person has followed a
decreasing trend since the 1950s, with an expected overall decrease of 60% by
2030 (Postel et al., 1996). For every pound (0.45 kg) of milk produced per day,
24 to 52 gallons (91 to 197 litres) of water are consumed by the dairy cow, not
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Fig. 4.4 Trend in fresh ground and surface water withdrawals and population,
1950-1995. Source: USGS.

including water needs for cleaning and other purposes (Univ. of Nebraska,
1993). The Agri-Food Research & Development Initiative in Canada has
estimated the total daily water usage in the production of a sow from farrow to
finish, as 89.51 with a range of 71.3 to 1101 (ARDI, 2001). Of this, some 7.6—
30.11 of wastewater is generated per sow per day through gestation and
farrowing. Water needs for beef range from 15000 to 70 000 kg of water per kg
of food (Schreier, 2002). Compare these numbers to the US Environmental
Protection Agency estimated requirement of 21 of water per day for a person in
the United States. Moreover, because of the volumes of water needed by
livestock operations, especially fresh water, these operations will continue to be
located in areas where competition with human consumption is likely to occur.

4.6 Future trends

There has always been a tendency in the United States to look for technological
fixes for all social or economic problems. Often the political path of least
resistance from consumers who want cheap food to powerful agribusiness
interests who want cheap raw inputs (i.e. animals and crops) is to call for more
research and hope for the discovery of a new technology that solves the political
problem, at least for today. The future can find its own solutions.

In the United States and in most of the developed world, the human waste
generated in cities is treated. Animal waste, on the other hand, is believed to
merit different treatment and is allowed to be dumped on the land where it is
thought to be managed in a non-harmful manner. This assumption that animal
waste is a valuable commodity that will be handled in an environmentally sound
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manner — without government or other external pressure — because of its
importance as a crop fertilizer appears no longer to apply to animal waste from
industrialized agriculture.

New technologies are being developed to treat human-generated waste more
cheaply and efficiently to render it less harmful to humans and the environment
(USEPA, 1999). Despite the applicability of these technologies to animal-
generated wastes, the economics of doing so have been prohibitive until now.

Excess animal waste applied to not enough land as a source and pathway for
pathogens into the environment and ultimately to humans begets its own tech-
nological grail. The major hurdles to resolve the problem are posed by, among
others, large initial investment costs, the high shipping cost of transporting high
moisture-laden wastes, and the potential health and environmental hazards posed
by the movement of large quantities of wastes from where they are generated to
where they can be safely and properly disposed of. Options currently being actively
explored, though none appears to be the ‘silver bullet,” include the following:

e composting;

e burning;

e biotechnological changes to the feed that alters the characteristics of the
waste (CRS, 1998).

Composting, to eliminate the weight and volume of the waste, presumes a
market for the compost that facilitates transfer from the facilities where manure
is generated to the agricultural or forest enterprise that can utilize it. This
‘commoditization of compost’ requires a system of oversight to assure attributes
of consistent quality, just like every other commodity where buyers and sellers
are geographically disconnected. Such a system exists now almost exclusively
for organic fertilizers used in organic agriculture.

Burning to generate energy solves the pathogenic issue but does not solve the
problems of eliminating all the constituents of waste that do not combust, such
as phosphorus or nitrogen. Moreover, the economics of competing with conven-
tional fuels are unfavorable except at relative high fossil fuel costs.

Biotechnological fixes include enzymes in feed that reduce the phosphorus in
animal excrement. They do nothing for the pathogenic potential of the excrement,
however, nor do they do much to reduce the volume of waste that is spread on
land. On the other hand, they resolve one of the drawbacks of burning, which is
the volume of residual material after combustion. Other new biotechnologies,
such as anammox bacteria (Pilcher, 2005) may help in the future to fix some
remaining problems with residuals, assuming that there is regulatory or market
pressure to adopt such technologies by the livestock industry. The issue is not the
existence of the technology for treating the waste and rendering it into a less
harmful form, but rather the unfavorable economics of applying off-the-shelf
technology. Land application of untreated or at best combusted waste remains,
without strong regulatory pressure, the most effective option for disposal.

Precision agriculture, whereby new technologies such as global positioning
systems and geographic information systems aid decision-making promises,
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more accurately delivers manure and nutrients to plants on cropland. New
devices can keep precise records of where manure has been applied to prevent
over-application (Ess et al., 2005). These promising technologies work only if
the overall nutrient value of the manure applied does not exceed the potential for
uptake by the crops and incorporation into new soils.

Aseptic production of animals in a closed or largely closed system can serve
to minimize the likelihood of transmission between groups of animals, and to
control outbreaks of disease within production groups. The technological and
capital requirements would likely lead to considerable increases in the cost of
production, with implications for further consolidation of production and
concentration of production in certain regions, exacerbating the problem of what
to do with the waste. Moreover, the system is not closed until waste can also be
treated before it is returned to the environment. Combustion of animal waste
may reduce the likelihood of the release of pathogens into the environment, but
it carries its own set of environmental problems. These include contributing to
greenhouse gas emissions and, perhaps more importantly, reducing the supply of
carbon residuals that are important for rebuilding and replenishing cropland
soils. Composting of the residual waste can serve to control pathogens in the
residual and ensure the availability of organic matter for restoring and enhancing
cropland soils. However, strict regulation or other oversight may be required to
ensure control over the process of waste management and compliance with
guidelines.

Better siting of confined animal feeding operations is another option that can
be practiced without undue expense (Manitoba Agriculture, Rural and Food
Initiatives, 2005). New livestock operations are restricted in areas where there is
an abundance of animals and encouraged to locate where the waste generated
can be better assimilated by crops and other living matter and the risk of water
contamination by nutrients and pathogens is reduced. Siting requires planning
and assessment of the assimilative capacity of the landscape to absorb the
manure and an institutional structure to conduct these activities. This is certainly
possible in the developed world, but less so in developing countries where the
necessary institutional structures may be lacking.

Considering the vertical organization of much livestock production and who
makes key production decisions, the question of siting should not be limited to
individual livestock operations themselves, but also the grain depot and the
animal processing facility. As discussed earlier, the extent of production within a
watershed or region is determined to a large extent by the decisions of the
integrator or processor with regard to processing throughput. Engaging the
processors along with farmers and livestock managers and owners in the
question of proper management of livestock waste would simply reflect the
current reality of how key decisions are made related to livestock production
practices and location and who makes them.

Less intensive or extensive agriculture with more genetically diverse animals
can reverse the trends and the associated risks described in this chapter. There is
some indication that growing consumer concerns about the problems of
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industrial animal and crop production has led to niche markets in the agricultural
and livestock products of alternative agricultural or sustainable techniques. One
example is ‘organic foods’ in the United States which are grown under less
intensive production practices, without prophylactic use of pesticides and anti-
biotics and with a more genetically diverse living stock. Though representing
only a small portion of total food production in the United States, about 1-2%
(Dimitri and Greene, 2002), the share of consumer expenditure on ‘organic’
food continues to grow. Disease risks from pathogen transmission through raw
crops remain, however, through the inadvertent treatment of crops with poorly
composted manure or other inappropriately generated organic fertilizers. Hence,
even in the case of organic production of foods, prevention of pathogenic
transmission to humans requires guidance and oversight.

In 2003, the US Environmental Protection Agency (USEPA, 2003) issued a
final rule, effective April 14, 2003, for regulating discharges from confined
animal feeding operations to protect water quality. The rule strengthened
existing regulations on CAFOs by requiring all CAFOs to apply discharge
permits and implement a nutrient management plan. This regulatory action is
expected to lead to greater adoption of practices that better control emissions by
the estimated 15500 CAFOs and roughly 270 billion kg (300 million tons) of
manure EPA estimates they produce each year. How it will affect locational
decisions of livestock operations remains to be seen.

4.7 Sources of further information and advice

World Resources ‘Global Livestock Densities” (World Resources Institute,
2005) presents a global perspective on the problem of livestock densities. For a
closer look at structural changes in a particular animal sector in the United
States, 1 recommend Economic Research Service’s production, Economics and
Structural Relationships in U.S. Hog Production, AER-818 (Ribaudo, 2003). For
a glimpse into the future of consumer demand for meat globally, read Delgado et
al’s ‘2020 Vision for Food, Agriculture, and the Environment’ (Delgado ef al.,
1999). For a general overview of how agriculture and the nature of food
production has changed in the United States since the beginning of the twentieth
century, I suggest National Agriculture Statistics Service’s, ‘Trends in U.S.
Agriculture’ (NASS, 2005). United States Environmental Protection Agency’s
NPDES (National Pollutant Discharge Elimination System) website http://
cfpub.epa.gov/npdes/pubs provides a list of documents on the environmental
impacts of confined or concentrated livestock production from a US
Government perspective. There are also numerous documents presenting EPA’s
arguments for regulating discharges from confined animal feeding operations. I
also recommend EPA’s Proposed Rule Economic Documents for Concentrated
Animal Feeding Operations (CAFOs) (USEPA, 2001) for a presentation of
arguments for why CAFOs need to be regulated to protect public health and the
environment along with the evidence for pathogen loadings from animal feeding

Copyright 2006, Woodhead Publishing Limited



Trends in agricultural management and land use 71

operations. Finally, I suggest USDA’s report, ‘Waterborne Pathogens in Agri-
cultural Watersheds’ by Barry H. Rosen, for a discussion of how agricultural
livestock practices can cause pathogen contamination of water bodies, the
pathogens of concern, and control methods.
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Influence of food processing practices
and technologies on consumer—pathogen
interactions

V. N. Scott and P. H. Elliott, Food Products Association, USA

5.1 Introduction

All raw foods contain microorganisms that will eventually cause spoilage unless
they are controlled or destroyed. Many of the thousands of microorganisms that
have been discovered and identified perform some useful function, such as the
production of fermented foods (breads, cheese, wine, beer, sauerkraut, sausages,
olives, tea and chocolate, to name just a few). However, it is also true that many
raw foods contain pathogens that, if not controlled, can result in human illness.
Thus, there are two major roles of food processing — to preserve food against
spoilage and to render a food safe for consumption by eliminating or controlling
pathogens. Pathogen control in foods results from preventing contamination,
applying an inactivation treatment, preventing pathogen growth, or a
combination of these practices.

This chapter will cover the role of food processing in increasing or decreasing
contamination, growth and survival of pathogens in food. There is a long history
of preservation of foods; however, the science behind the safety of food
preservation is relatively new, as is noted in Section 5.2. Section 5.3 addresses
how science and technology have influenced production and manufacturing
processes, including the impact of the adoption of the Hazard Analysis and
Critical Control Point (HACCP) system in the food manufacturing sector.
Section 5.3 also describes how foodborne illness outbreaks and new surveillance
strategies have resulted in the development of new food safety control measures.
Section 5.4 describes how consumer preferences can sometimes have a negative
impact on public health, when preservation systems are reduced to meet
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consumers’ desires for fresher, more natural products. Future trends (Section
5.6) include better identification of risk mitigation strategies and use of on-farm
controls.

5.2 Historical perspective on food processing — Roman
sausage to canning to space food

Early humans were hunters and gatherers. Getting food was a daily process, and
food spoilage and foodborne illnesses must have been common. Agricultural
production of grains and animal husbandry followed the hunting/gathering stage,
although hunting and gathering remained common means of obtaining food.
Early forms of preservation such as salting, drying, smoking and fermenting
were practiced long before people understood why they worked, and were likely
discovered by accident. Although food safety was probably not at the forefront
of early man’s concern when they were just trying to get enough food to survive,
these food preservation techniques that inhibited food spoilage microorganisms
had the added benefit of inhibiting many pathogenic organisms. Early attempts
at fermentation were probably especially fraught with dangers. Clostridium
botulinum is derived from the Latin term botulus, meaning sausage. The
‘controlled spoilage’ under the specific conditions of fermentation allows yeast
and lactic acid bacteria to grow and prevents the growth of putrefactive bacteria.
Even today, there are outbreaks of botulism associated with Inuit meat fer-
mentation practices, probably because of variation from the traditional practices.
One can imagine the cases of foodborne disease that may have occurred during
the evolution of current technologies appropriate for safety.

In nontropical climates, where plant crops were seasonal, in order to have
some of the food last through the lean times of the winter, humans would apply
the techniques of drying, salting, and fermenting. Since there was a limited
amount of plant food and animal feed during the winter, it was necessary to
slaughter most of the livestock and apply these same preservation techniques to
their meat (Thorne, 1986). Cultures in warmer climates did not have to worry
about having enough food to last through the winter, but they had to deal with
rapid spoilage of fresh food year round. These cultures developed methods to
ferment milk and air dry other foods. Mesopotamians (3000 BC) used salt to
preserve meat and fish (Bottero, in CAST, 1997) and Cato (234-149BC)
described salting meats and vegetables to preserve them (CAST, 1997). Asian
cultures developed methods for fermenting soy products to preserve foods.

While early humans were probably more preoccupied with identifying the
source of their next meal than they were with food safety, it is easy to assume
that through observation they were able to figure out what foods or practices led
to acute illness or death. Illnesses due to the consumption of certain plants or
rotten flesh or observing foodborne outbreaks among groups of people that ate
certain foods such as shellfish or pork may have taught early humans to avoid
these foods. It is easy to go from these types of assumptions about early man’s
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food safety education to the conclusion that religious dietary laws were the first
food safety regulations. In a review of Jewish kosher and Muslim halal food
laws, Regenstein et al. (2003) state that this is not the case. Both Jewish kosher
and Muslim halal laws address specific animals that are prohibited from being
consumed, prohibition of blood and methods of slaughter. Halal further prohibits
consumption of carrion and intoxicants. While both sets of dietary laws may
seem to have their origins in food safety, Regenstein et al. (2003) state that the
laws are divinely inspired and are not to be questioned as to their origins. The
authors argue that while it may be commonly assumed that prohibition of pork
evolved from attempts to prevent trichinosis, this is not the case. While other
types of meat are sources of pathogens that can be controlled by fully cooking
the meat, there are no religious guidelines to do such. Trichinella has not been
isolated from samples of ancient mummified pork and the 10—14 day incubation
period was probably too long for early humans to associate consumption of pork
with onset of illness.

While vegetarianism is commonly practiced among Buddhists, Hindus and
Seventh Day Adventists, this is more of a cultural discipline than religious
doctrine. The exception is the prohibition of beef consumption by the Hindus.
Vegetarianism seems to have its roots more in the health of the practitioner and
in other ethical and spiritual ideals than in food safety.

5.2.1 Canning

The history of canning began with Nicholas Appert, a French confectioner, who
heated foods in wide-mouthed, corked glass bottles in boiling water to preserve
them for use by the French military. At the time, preservation was primarily
through drying or the addition of ‘a foreign substance for the purpose of impeding
fermentation or putrefaction’ (sugar, salt, vinegar), each process having specific
drawbacks (Appert, 1812). The French government, at war with several
countries, offered rewards for the development of means to use ‘indigenous
substances’ and ‘diminish the consumption of foreign commodities’ (specific-
ally, sugar). The French navy began using Appert’s ‘canned’ (bottled) meats,
vegetables, fruits and milk around 1806, which led to his reward of 12 000 francs
in 1809 for his process for preserving foods (Drummond and Lewis, 1939).
Although Leeuwenhoek had described bacteria viewed through his microscope in
1683, their role in food was unknown at the time. In 1810 Appert published the
first book on canning (translated into English in 1812), in which he provided
detailed descriptions of his methods for preserving a wide variety of products,
including meats, gravy, vegetables, fruits, eggs, milk, and how to prepare the
preserved products (Appert, 1812). He believed that the combination of heat and
the exclusion of air prevented decomposition, a view that was widely held for
most of the nineteenth century. Some 50 years later, Louis Pasteur showed that
certain microorganisms are responsible for fermentation and decay. He
conducted experiments on food preservation, and the term ‘pasteurization,” first
used to destroy undesirable microorganisms in wine, bears his name.
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August de Heine and Peter Durand patented the use of iron and tin containers
for preserving foods in 1810, and John Hall and Bryan Donkin applied Appert’s
process to food in metal containers beginning in 1811 (Drummond and Lewis,
1939). ‘Tinned foods’ became used frequently by the British navy and army and
on explorations for the Northwest Passage and on Arctic explorations in the first
half of the nineteenth century (Drummond and Lewis, 1939). Processes
achieving higher temperatures by addition of calcium chloride to the water were
introduced in the mid-nineteenth century (Downing, 1996; Drummond and
Lewis, 1939; Jackson, 1979). However, the introduction of large containers (9—
32 1bs) led to significant spoilage (Drummond and Lewis, 1939). Canning in the
United States was first used by William Underwood in 1819 and tin cans became
widely used in the United States in the mid-1800s; the containers were originally
known as ‘canisters,” which was shortened to ‘can’ (Jackson, 1979). The firm
Chevallier-Appert introduced the concept of pressure processing of canned
foods (Downing, 1996) and Shriver introduced the closed retort in the United
States in 1874 (Jackson, 1979). This, along with the mechanization of food
preparation and can manufacture led to mass production of canned foods, and
the number of canning plants and canned products increased during the
American Civil War and the years following it (Jackson, 1979). The develop-
ment of the open top, ‘sanitary’ double-seamed, three-piece can at the beginning
of the twentieth century permitted additional mechanization and the
development of the canning industry (Downing, 1996; Jackson, 1979).

Early canning processes were arbitrary — canning was more of an art than a
science — and there were frequent losses due to spoilage. Food safety scares were
abundant in the United States at the beginning of the twentieth century,
including numerous cases of botulism from canned foods. This resulted in
passage of the Pure Food and Drugs Act (and the Meat Inspection Act) and led
to the establishment of the Food and Drug Administration from the Bureau of
Chemistry of the US Department of Agriculture. It was the formation of the
National Canners Association in 1907 and the establishment of its first
laboratory in 1913 that led to science-based thermal processes for canned foods.
NCA scientists developed the use of thermocouples for heat penetration studies
to set processes for canned foods (NCA, 1920) and the thermal death time
(TDT) techniques for determining the heat resistance of spores (Esty and
Williams, 1924). Using this technique, Esty and Meyers (1922) established the
‘classic’ heat resistance of Clostridium botulinum, which served as the basis for
the ‘12D’ concept still used today. C.O. Ball (1923) pioneered the combination
of TDT and heat penetration data with mathematical calculations to establish
thermal processes, and the science was fully established for production of safe
canned foods.

5.2.2 Refrigeration and freezing
Canning was not the only method being developed for preservation of food. The
use of cold temperatures as a means of preserving foods had long been
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recognized. As long ago as 1000 BC, the Chinese used ice cellars to preserve
foods (Archer, 2004). In Egypt, Greece, Rome, and India evaporative cooling
was used to cool water in clay vessels at night (Tressler and Evers, 1943;
Woolrich, 1968). Packing foods in snow or in ice cut from lakes or ponds in the
winter was common in many countries until the development of mechanical
refrigeration in the 1800s. An entire industry developed around cutting large
blocks of ice from Northern lakes in the winter, transporting them to southern
parts of the United States, and using the blocks of ice as a means of holding
perishable products for extended periods of time. Natural methods of cooling
foods were supplemented with chemical solutions such as saltpeter in water or
calcium chloride in snow to reduce the temperature. Some of these solutions
were used commercially in machines to freeze foods, but were soon rendered
obsolete by mechanical refrigeration and freezing (Woolrich, 1968). Compres-
sion systems were developed in the early 1800s, leading to the development of
refrigeration machines in Texas and Louisiana in the United States and in
Sydney, Australia, by the middle of the century (Woolrich, 1968). Carl von
Linde, in Germany, patented an ammonia compressor in 1876 that demonstrated
the possibilities for ammonia refrigeration and led to systems with improved
condensers and evaporators and a variety of refrigerants (Tressler and Evers,
1943; Woolrich, 1968). These systems were used for both refrigeration and
freezing. Early uses included freezing of fish and meat and opened up distant
markets. In the 1870s frozen beef and mutton were successfully transported from
Australia to England (Lund, 2000).

Modern freezing technology began with Clarence Birdseye, who, based on
his experience with frozen seafood, developed rapid freezing technology that
better preserved the quality of foods. A significant percentage of foods sold
today are frozen (Lund, 2000). Although it was long held that refrigeration
prevented growth of pathogens, we now recognize there are a number of
pathogens capable of growth at refrigeration temperatures, including Listeria
monocytogenes and some strains of Clostridium botulinum. Nevertheless,
refrigeration significantly slows the growth even of those pathogens that can
grow at low temperatures. Freezing, on the other hand, prevents growth of
bacterial pathogens and sometimes kills them (Archer, 2004). Refrigeration and
freezing are of key importance in the safety of foods, and are thus commonly
used by the processing industry.

5.2.3 Milk pasteurization

One of the most significant advances in food processing impacting the safety of
the food supply was the development of processes to pasteurize milk. Although
the heating of milk was recommended to extend shelf-life as early as 1824 by
William Dewees, its role in microbial destruction was not recognized until the
work of Pasteur (Westhoff, 1978). Early proponents of heating milk supported
its use for infant feeding, but its popularity grew because of the increase in shelf-
life. Commercial pasteurization was a common practice in Denmark and
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Sweden in the mid-1880s to prevent spread of tuberculosis (Westhoff, 1978).
There was much debate over the benefits and disadvantages of milk pasteuriza-
tion. Even medical authorities, who recognized the treatment as a means of
preventing milkborne diseases, were opposed to milk dealers heating milk owing
to the potential for recontamination. Many were skeptical about the methods,
particularly high temperature, short-time (HTST) treatments, because of the
great variability of flow rate, temperature, and holding time (Westhoff, 1978). In
the 1920s a major research effort established not only the appropriate time and
temperature that would inactivate microorganisms of concern in milk (human
and bovine tubercle bacilli, typhoid and paratyphoid bacilli, diphtheria bacilli
and hemolytic streptococci) but also uncovered the defects in the then available
pasteurization equipment. These studies led to improvements in engineering,
construction, and controls of milk pasteurizers to ensure proper safeguards for
public health (Westhoff, 1978). Based on these studies, the first federal standard
for milk pasteurization (61.7°C (143 °F) for 30 minutes), was established in
1924 based on destruction of Mycobacterium tuberculosis (Meanwell, 1927;
Westhoff, 1978). In the 1950s pasteurization processes were increased to 63 °C
(145 °F) for 30 minutes when it was recognized that Coxiella burnetii (the agent
of Q fever) was more resistant than M. tuberculosis (Westhoff, 1978). An HTST
pasteurization (72 °C (161 °F) for 15 seconds) process also was established.

5.2.4 Irradiation

One of the newer methods of food processing is irradiation — the exposure of
foods to ionizing radiation such as gamma rays, X-rays, or electron beams.
Radiation extends shelf-life by delaying ripening of fruits and vegetables or
destroying spoilage microorganisms; it inhibits sprouting of vegetables such as
potatoes and onions; and, most importantly for public health, it inactivates many
pathogens. Although the benefits of irradiation in making food safer and more
plentiful have been studied extensively and the safety of the treated foods has
been well established, this process has generated significant negative consumer
reaction (WHO, 1988), as will be noted later. The lack of public acceptance has
limited the use of an effective food safety tool.

5.2.5 Foods for special uses

Food processors are aware of the special needs of consumers such as infants, the
elderly (http://nutritionandaging.fiu.edu/downloads/Med Fds Background
final.doc), and immunocompromised patients. In addition to providing foods
that are highly nutritious and meet physical requirements for chewing and
swallowing, the foods may be produced with an extra degree of safety for these
especially sensitive groups. Recently, Enterobacter sakazakii was recognized as
a potential pathogen in powdered infant formula for infants under 2 months old
(WHO, 2004). Processors of powder infant formula use special precautions in
monitoring of ingredients, the processing environment, and finished product for
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this organism, as well as applying a lethal step of pasteurization to the wet
formula prior to drying. Nevertheless, since absence of E. sakazakii cannot be
guaranteed, proper use by the consumer is important to prevent illness.

Military food and foods for space travel represent areas with specialized
needs. They share requirements of high levels of nutrition, portability, stability
without refrigeration, possible compaction and ease of rehydration. For the
military, the food has to be organoleptically desirable to ensure that soldiers will
consume enough to replace calories used under extreme physical demands such
as battle. The history and current state of development of military food can be
found at http://www.militaryfood.org/ and http://www.usariem.army.mil/nutri/
milrat.htm. Space food has additional challenges, such as minimizing crumbs or
enhancing aromas in a zero gravity environment, being lightweight, and having
packaging that is easily disposed of. There will be additional requirements on
extended lunar and Mars missions in the future. More can be found on the
development of space food at http://spaceflight.nasa.gov/living/spacefood/, http://
advlifesupport.jsc.nasa.gov/Food/index.html and http://www.ag.iastate.edu/
centers/ftcsc/pages/insig.htm. Obviously, since outbreaks of foodborne disease
on the battlefield or in the confines of outer space would be highly undesirable,
processing and packaging of these foods to destroy pathogens and prevent
recontamination are always in the forefront of their development.

A recent trend is toward the consumption of ‘functional foods,” which are
foods or dietary components designed to support health and reduce the risk of
chronic, diet-related illnesses and conditions, including cardiac disease, osteo-
porosis, and cancer (Hasler, 1998). Most examples of functional foods are plant
based, such as oats, soy, flaxseed, garlic, tomatoes, broccoli and other
cruciferous vegetables, citrus fruits, grapes, olive oil, and cranberries. Fatty
fish and eggs from chickens fed flaxseed are good sources of omega-3-fatty
acids. Fernandez-Gines et al. (2005) reviewed meat products that are formulated
with additional plant products and have reduced or modified lipid content as
functional foods.

Dairy products have long been known to be a functional food, as a good source
of calcium. Additionally, fermented dairy products such as yogurt and kefir are a
source of probiotics, live microbial food ingredients that are beneficial to human
health (Roberfroid, 2000). Some probiotics are not part of a fermented milk
product but are added to the milk as freeze-dried cultures. Intestinal microflora
play an important role in the maintenance of health. Consumption of these live
bacterial cultures are thought to affect the microbial ecology of the intestinal tract
by colonization and replacement of non-beneficial bacteria (see also Chapter 8).
Proposed benefits of the consumption of high levels of certain exogenous bacteria
such as strains of Lactobacillus and Bifidobacterium include resistance to enteric
pathogens, anti-colon cancer effect, strengthening of the immune response and
alleviation of lactose intolerance (Sanders, 1999). Prebiotics are inulin-type
fructans, i.e. carbohydrates that are indigestible by humans but are available in
the lumen of the gut to stimulate the growth, activity, and colonization of
probiotic and resident organisms in the intestinal tract.
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5.3 Influence of science and technology on production and
manufacturing processes

Science and technology have always influenced production and manufacturing
processes, resulting in higher-quality and safer food products, as well as the
development of new types of products. In the development of new products and
processes, the effect of the new technology on pathogens has been investigated
to ensure that technologies are effective in producing safe products and do not
create new safety issues. Many of the recent scientific and technological
developments that have been investigated with respect to reduction of foodborne
illness from pathogens during production and manufacturing are the result of
implementation of HACCP by the food industry.

5.3.1 The role of HACCP in the production of safe food

HACCP is a systematic framework for identifying hazards of concern in a
product, determining the points critical to control the hazard during production,
applying appropriate controls, and documenting delivery of the control
parameters. The successful application of HACCP depends on understanding
the hazards (e.g. a pathogen), the sources of contamination, and the effects of
processing steps on the hazard.

HACCP was developed by the Pillsbury Company, the US Army Natick
Laboratories and the National Aeronautics and Space Administration (NASA) in
response to the food safety requirements imposed by NASA for ‘space foods’
produced for manned space flights. It was recognized that existing methods for
quality control, including microbiological testing of raw materials and finished
products, did not provide sufficient assurance of safety. A concept known as
‘modes of failure’ was adapted to foods — by determining what could go wrong
(hazard analysis) and selecting specific points in the process to assess process
control (critical control points), manufacturers would be able to prevent hazards
from occurring (Stevenson and Bernard, 1999). The HACCP concept was
presented at the 1971 National Conference on Food Protection and gained
considerable interest. However, the time and expertise to set up a HACCP
program limited its use to a few large companies until interest was rekindled in
1985 by a report from a Subcommittee of the Food Protection Committee of the
National Academy of Sciences (NAS, 1985). As a result of this expert group’s
strong endorsement of HACCP as the most effective and efficient means of
assuring the safety of the food supply, the National Advisory Committee on
Microbiological Criteria for Foods was established as an expert scientific
advisory panel to the Secretaries of Agriculture, Commerce, Defense and Health
and Human Services. One of their first charges was to develop the HACCP
concept and provide guidelines for its use. They developed a document in 1989,
revised in 1992 and 1997, which serves as the basis for the application of
HACCP in industry throughout the United States (NACMCF, 1997). The
document served as the basis for US regulations mandating the application of
HACCEP to the production of seafood, meat and poultry, and juices. A similar
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document was prepared by the Codex Alimentarius Committee on Food
Hygiene that serves as an international basis for application of HACCP.

The meat and poultry and juice HACCP regulations contained performance
standards related to pathogen reduction that have had a significant impact on the
use of science and technology in the production and manufacturing of safe food.
Requirements for reduction of pathogens on raw meat and poultry have been
somewhat controversial, especially when the presence of pathogens has served
as the basis for regulatory enforcement. Nevertheless, it is recognized that such
requirements have spurred the development of interventions to reduce pathogens
on animal carcasses.

Interventions at meat and poultry slaughter

The USDA Pathogen Reduction/HACCP regulation requires slaughter (and
grinding) establishments to meet performance standards for Salmonella based on
prevalence of the organism as determined in nationwide baseline studies. Each
establishment is required to at least meet these percentages consistently over
time. The performance standards are expressed in terms of the maximum
number of Salmonella-positive samples that are allowed per specified number of
samples (sample set). The number of samples in a sample set varies by product,
and the maximum number of positive samples allowed in a set provides an 80%
probability of an establishment passing when it is operating at the standard. The
assumption was made that reducing the prevalence of Salmonella on carcasses
will reduce the risk of foodborne illnesses and that a clear standard, coupled with
implementation of HACCP, will lead to significant reductions in contamination
rates (USDA FSIS, 1996).

Even prior to implementation of the regulation, establishments were con-
ducting studies on technologies to determine their ability to reduce pathogens on
the surface of carcasses. A variety of methods were developed long before the
implementation of HACCP to decontaminate bacteria, including pathogens, on
carcasses (Dickson and Anderson, 1992). These included rinsing with water
containing chlorine, organic acid rinses (e.g. acetic and lactic acids) and hot
water rinses. With the renewed emphasis placed on reducing pathogens on raw
meat and poultry, industry continued the search for new and better means of
removing pathogens from carcasses at slaughter. Castillo et al. (2002), Dorsa
(1997), and Huffman (2002) have reviewed some of the more widely researched
post-slaughter intervention strategies that are in use today, including the studies
demonstrating the effect on microbial populations. One of the most common
interventions used by industry is a hot water rinse (70-96 °C), which has been
shown to be superior to ambient water sprays used in the past. Steam
vacuuming, in which a spray nozzle delivers hot water (88-94 °C) to a targeted
area of the carcass while simultaneously vacuuming the area, is used for removal
of fecal and ingesta contamination from small areas. Whole carcass steam
pasteurization systems have been demonstrated to result in lower micro-
biological counts and have been successfully employed in many large beef
slaughter facilities in the United States. Chemical treatments, generally solutions
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of organic acids such as lactic and acetic, are commonly used on beef carcasses.
Trisodium phosphate (TSP) sprays and chlorine in the chill water are used for
poultry decontamination. New proprietary chemical solutions such as Mionix’s
Safe,0" containing acidified calcium sulfate and Sanova (acidified sodium
chlorite) from Alcide (now part of Ecolab) show promise for carcass
decontamination (among other applications) and are being used by industry.
The limitations of individual interventions, as indicated by in-plant data, have
demonstrated the importance of using a multiple hurdle approach. Thus, many of
these interventions are being used in combinations to effect control of pathogens
and achieve the highest possible reduction. However, the use of these products
may be limited by cost, the extensive testing needed to demonstrate efficacy,
and the occasional lack of consistent results, probably owing to the variability in
microbial populations associated with the live animal and the lack of under-
standing of all the factors that impact efficacy of the treatments.

Although there is much debate about the validity of the performance
standards (CAST, 2004), the result of industry’s implementation of HACCP and
other controls to comply with the performance standards and requirements from
customers for better control of pathogens is a reduction in the prevalence of
pathogens in raw meat and poultry. FSIS verifies that establishments are
meeting the Salmonella performance standards by having federal inspection
personnel collect randomly selected product samples for analysis at FSIS
laboratories. FSIS provides periodic progress reports on its testing results (see
http://www.fsis.usda.gov/Science/Progress Report Salmonella Testing/
index.asp). In 2005, FSIS tested 40 714 non-targeted samples for Salmonella
(over 47% were ground beef). Table 5.1 shows the data from samples collected
across all sizes of plants during 2005 for ‘A’ sample sets (an initial sample set or
one that follows a passed set) compared with the baseline prevalence. Although
the data are not strictly comparable (FSIS verification sampling was designed to
track establishment performance rather than to estimate nationwide prevalence
of Salmonella in products), in all product categories, Salmonella prevalence was

Table 5.1 Prevalence of Salmonella in FSIS verification samples from 2004 compared
with baseline (pre-HACCP) levels

Prevalence of Salmonella in raw meat and poultry

Product Baseline prevalence 2005 FSIS verification
(%) percent positive
Broilers 20.0 16.3
Market hogs 8.7 3.7
Cows/bulls 2.7 1.3
Steers/heifers 1.0 0.6
Ground beef 7.5 1.1
Ground chicken 44.6 324
Ground turkey 49.9 23.2
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lower than in the baseline studies conducted before the implementation of the
Pathogen Reduction/HACCP regulation. New baseline studies are needed to
demonstrate reduction in prevalence compared to the original baseline studies.

The presence of Salmonella does not render raw meat and poultry
adulterated, as does the presence of Escherichia coli O157:H7 in raw ground
beef (and trim for grinding) or other non-intact beef products (e.g. injected beef
products and mechanically tenderized steaks). FSIS requirements to address the
risk from E. coli O157:H7 in HACCP plans for such products has resulted in the
search for interventions that can reduce this pathogen on raw materials. This
resulted in major changes in operations, including installation and validation of
new technologies at slaughter to specifically control this organism. The multiple
hurdle approach (Huffman, 2002) is being employed for beef carcasses, and
chemical treatments (e.g. organic acid washes) are being employed for beef trim
to be used for grinding. Many plants have also increased their testing for E. coli
0157 to verify their food safety systems, diverting products that test positive for
E. coli O157:H7 to further processing (cooking or canning).

These efforts seem to be paying off. Positive E. coli 0157 regulatory (FSIS)
ground beef samples declined more than 80% from 2000 to 2004 (Fig. 5.1).
Between 1996 and 2002 illnesses from E. coli O157 varied but showed only a
limited decline. However, in April 2004, the Centers for Disease Control and
Prevention (CDC), in its annual report on foodborne illness in selected sites in
the US (CDC, 2004a), reported a 36% reduction in illnesses from E. coli
O157:H7 in 2003 compared with 2002. There was a further decline in 2004 to a
level that exceeded the public health goals for 2010 (CDC, 2005b). The number
of FSIS recall actions related to E. coli O157:H7 also continued to drop. There
were five recalls related to E. coli O157:H7 in each of 2005 and 2004, compared
with 12 in 2003 and 21 in 2002.
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Fig. 5.1 Positive E. coli O157 regulatory ground beef samples 2000-2004.
Source: FSIS HACCP Verification Program
http://www.fsis.usda.gov/Frame/FrameRedirect.asp?main=http://www.fsis.usda.gov/
OPHS/ecoltest/tables1.htm.
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We are unaware that the treatments applied to reduce pathogens on raw meat and
poultry have selected or created microorganisms resistant to the treatment or that
have enhanced virulence. Nevertheless, this is an area that warrants monitoring.

Pre-harvest interventions for animal production

It has become increasingly clear to industry that interventions at slaughter can
reduce microbial pathogens but not eliminate them. To further reduce the risk
from pathogens in raw meat and poultry, strategies to control pathogens at the
farm level will be needed. Research has been conducted on a number of inter-
vention strategies to reduce pathogens in animal production (CAST, 2004;
Huffman, 2002; IFT, 2002). These include animal husbandry practices,
competitive exclusion, and vaccines.

Feed withdrawal and diet alteration may affect the presence of pathogens in
the feces of food animals (CAST, 2004). Significant research has been con-
ducted on the effects of dietary modification on the shedding of pathogens by
animals; however, there have been no proven husbandry methods that effec-
tively reduce pathogenic bacteria in animals destined for slaughter (Huffman,
2002). Other animal production practices that have been investigated relate to
feed additives (e.g. sodium chlorate) and treatments (e.g. pelletizing, heating);
water additives (e.g. organic acids, sodium chlorate) and treatments (e.g.
cleaning and disinfecting water troughs, chlorination); and poultry litter
treatment (addition of antimicrobials) (CAST, 2004).

Competitive exclusion (CE), sometimes called the ‘Nurmi concept,” is the
introduction of microbial cultures that outcompete pathogens. The concept was
introduced by Nurmi and co-workers, who determined that exposing newly hatched
chicks to cecal or fecal bacterial flora from adult chickens could prevent
colonization with Salmonella (Nurmi and Rantala, 1973; Nurmi et al., 1992).
Commercial competitive exclusion products have been developed (e.g. Preempt™™,
Broilact®, Aviguard®, Mucosal Starter Culture (MSC™)) using defined and
partially characterized, or undefined, cultures and are usually administered by
spraying the chicks during hatching or in the first drinking water. Although CE
does not provide complete protection against Sa/monella, it has been shown to
significantly reduce the number of Salmonella-positive birds (Bailey et al., 2000;
Ferreira et al., 2003). This reduction in Salmonella on the birds was carried through
processing to the final processed carcass, thus potentially reducing consumer
exposure to Salmonella (Bailey et al., 2000). Undefined cultures have been
reported to be most effective in preventing Salmonella colonization (O’Keefe,
2004). MSC™, developed by the US Department of Agriculture’s Agriculture
Research Service (USDA ARS), is currently being used in Japan and Brazil, and
other undefined CE cultures are being used successfully in Europe; however, no
undefined CE cultures are licensed for use in the United States at this time
(O’Keefe, 2004). Competitive exclusion products that make pathogen-reduction
claims are classified as drugs under the Federal Food, Drug, and Cosmetic Act and
thus subject to approval by FDA, a process that requires the products to be
characterized and can take many years (CAST, 2004).
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In addition to their use in humans, probiotics have been used in food-
producing animals to maintain a healthy gut flora and enhance health (IFT,
2002). CE cultures are probiotics that specifically claim to reduce pathogen
colonization. While CE is associated most often with poultry, the use of
probiotics has expanded to many food-producing animals (IFT, 2002). Zhao et
al. (1998) found that selected E. coli isolates reduced carriage of E. coli
O157:H7 in cattle. Lactic acid bacteria (LAB) have been fed as probiotics to
cattle to improve animal performance. Recently Brashears et al. (2003) isolated
a strain of LAB considered appropriate for treating cattle to reduce E. coli
O157:H7. According to the National Cattlemen’s Beef Association, a probiotic
called Bovamine, which was shown by researchers at Colorado State University
to be effective (http://www.fass.org/2004/abstracts/125.PDF), is being used
commercially to reduce E. coli O157:H7 in cattle.

It has been hypothesized that vaccination may reduce colonization of animals
with pathogens such as E. coli O157:H7 and Salmonella. One approach has been
to develop vaccines against the proteins involved in attachment to the intestinal
mucosa (CAST, 2004; Judge et al., 2004; Huffman, 2002). Studies have
demonstrated that vaccination of broiler breeder flocks (Feberwee et al., 2000)
and laying chickens (Woodward et al., 2002) reduces infection with Sa/monella
Enteritidis, resulting in decreased excretion of the pathogen and reduced
horizontal spread (Holt et al., 2003). Vaccination of breeder flocks of chickens
using either live, genetically altered or killed cells (or both) is being used by
industry to reduce the percentage of birds that are positive for Salmonella
(O’Keefe, 2004). Vaccination has been successfully used in the United Kingdom
to reduce Salmonella Enteritidis in layer chickens (CAST, 2004), and has been
correlated with a substantial decrease in cases of human salmonellosis (Van den
Bosch et al., 2003).

5.3.2 The role of foodborne disease outbreaks in changing production and
manufacturing processes

Unfortunately, in many instances it is an outbreak of foodborne illness that first
alerts us to production and manufacturing processes that may be inadequate to
control a foodborne pathogen. This can result in changes to the production or
manufacturing process for specific products.

llinesses from E. coli O157:H7 in sausages

In 1994 an outbreak of illnesses due to E. coli O157:H7 was attributed to dry-
cured salami, a product produced by fermentation and drying (CDC, 1995a).
USDA Food Safety and Inspection Service (FSIS) and industry representatives
met to discuss ways to ensure that the production process adequately controlled
the pathogen. Scientific studies to validate the efficacy of salami processes led to
the inclusion of heating steps for many fermented sausages (Calicioglu et al.,
1997; Hinkens et al., 1996; Luchansky et al., 1996).
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Outbreaks from pathogens in juice

Foodborne outbreaks from juice led to changes in the production of juices that
emphasized controls for enteric pathogens such as Salmonella and E. coli
O157:H7. In 1995 there were 62 cases of salmonellosis in 21 states associated
with unpasteurized orange juice sold at a Florida theme park (CDC, 1995b). This
was the first orange juice outbreak associated with a commercial processing
facility (others had been associated with food service). Outbreaks from
Salmonella Typhimurium in Australia in 1999 (Anonymous, 1999) and from
Salmonella Muenchen in 1999 (CDC, 1999b) and Salmonella Enteritidis in 2000
(Anonymous, 2000) in the United States further alerted us to the risk of illness
from unpasteurized orange juice. In 1996 in the United States, 66 cases of illness
and one death from E. coli O157:H7 were associated with unpasteurized apple
juice (CDC, 1996). That same year, outbreaks from apple cider due to E. coli
0157:H7 and to Cryptosporidium also occurred (CDC, 1997). Outbreaks such as
these ultimately led to US regulations mandating that juice be produced under
HACCP (FDA, 2001). The regulation included a performance standard (a 5-log
reduction of the most resistant pathogen of public health significance in the
juice) to assure juice safety. Because it had previously been thought that
pathogens were not a concern in products such as fruit juices with low pH (they
do not grow, and it was expected that the acid pH would result in microbial
death) there were no data on inactivation of pathogens in these products.
Research was conducted to determine the thermal resistance of bacterial
pathogens in juice and establish criteria for 5-log reduction processes (Mazzotta,
2001). When it was determined that Cryptosporidium was slightly more heat
resistant than bacterial pathogens (Harp et al., 1996; Deng and Cliver, 2001), the
recommended process time was increased for apple juice by the FDA (FDA,
2004).

The regulation also led to investigation into alternative technologies that
produced juice with characteristics similar to fresh, unprocessed juices but at the
same level of safety as that achieved by thermal processes. The use of ultraviolet
(UV) irradiation to inactivate E. coli O157:H7 and Cryptosporidium in apple
cider has been demonstrated and the process has been used commercially to
pasteurize apple cider (Basaran et al., 2004; Hanes et al., 2002; Quintero-Ramos
et al., 2004). High-pressure processing of juices also has been commercialized.
Other novel processes with potential application include pulsed electric fields
and pulsed light (IFT, 2000).

In spite of all these efforts to control pathogens in juices, in May and June
2005 an outbreak of illnesses due to Salmonella Typhimurium was epidemio-
logically linked to one brand of unpasteurized orange juice. An estimated 126
cases in 22 states occurred (Jack Guzewich, FDA, personal communication).
The US regulations that require juices to be produced under HACCP and to be
subject to procedures that provide a 5-log reduction of the pathogen of concern
in the juice have a provision that citrus juices can receive a cumulative 5-log
reduction all or in part through treatments of the surface of the fruit prior to
extraction. Such processes may be more difficult to control and do not provide a
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large safety margin. They are highly dependent on stringent adherence to good
manufacturing practices (GMPs) and have little margin for error.

Outbreaks from pathogens in produce

In recent years a number of foodborne illness outbreaks have been associated
with fresh produce such as tomatoes (CDC, 2005a), melons (Tamplin, 1997),
lettuce (Ackers et al., 1998), and green onions (CDC, 2003). Outbreaks have
also been associated with sprouted seeds (NACMCF, 1999) and raw almonds
(CDC, 2004b; Isaacs et al., 2005). Products that do not receive a kill step for
pathogens present significant challenges for the food industry. One approach has
been the development of ‘best practice’ documents such as the FDA’s ‘Guide to
minimize microbial food safety hazards for fresh fruits and vegetables’ (FDA,
1998) and Cornell University’s Good Agricultural Practices document
(Rangarajan et al., 2000). United Fresh Fruit and Vegetable Association, along
with the National Food Processors Association (now the Food Products
Association) and the International Fresh-cut Produce Association, developed
‘Field cored lettuce. Best practices’ (UFFVA, 2001). Commodity-specific best
practices for produce such as lettuce, tomatoes, and cantaloupes have been
developed. Best practice guidelines generally follow a HACCP-like approach
but do not provide the same assurance of safety, in part because they are often
applied to products for which there is no definitive control step that can assure
the removal or inactivation of pathogens.

Decontamination procedures for produce have been investigated and, in some
instances, applied commercially. Chlorinated water is routinely used when
washing produce. The National Advisory Committee on Microbiological Criteria
for Foods (NACMCF) reviewed the safety of sprouted seeds and made
recommendations for interventions, including the pre-soaking of seeds for
sprouting in 20000 ppm calcium hypochlorite. FDA published guidance for
production of sprouts recommending the use of such treatment (FDA, 1999).
However, the treatment does not guarantee total elimination of pathogens (FDA,
1999) and outbreaks implicating sprouts from treated seeds have occurred
(Brooks et al., 2001). Because of a lack of antimicrobials that can eliminate
pathogens from seeds for sprouting, the FDA also recommended testing spent
irrigation water from each production lot for Sa/monella and E. coli O157:H7
(FDA, 1999).

As a result of two outbreaks of salmonellosis from consumption of con-
taminated raw almonds (in 2001 and 2004), the Almond Board of California
developed an Action Plan to ensure that all almonds entering the marketplace
have undergone a treatment to reduce the potential for pathogen contamination
(5-log reduction of Salmonella recently changed to 4-log) without compromis-
ing quality and flavor (http://www.almondboard.com/). The Almond Board is
researching technologies to achieve this goal, including working with private
companies who are developing appropriate technologies. Blanching, oil
roasting, and treating with propylene oxide have been validated with respect
to achieving a 5-log reduction, but an acceptable technology that achieves the
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reduction while providing all the organoleptic characteristics of a raw almond
requires additional research.

Outbreaks of listeriosis from dairy, meat, and poultry products
Probably no other pathogen has had a bigger impact on processing practices in
the food industry than Listeria monocytogenes. The first major outbreak
associated with food occurred in Nova Scotia in 1981; coleslaw was identified as
the vehicle (Schlech ef al., 1983). However, it was a large outbreak in 1985
associated with Hispanic-style cheese (Linnan et al., 1988), along with several
other outbreaks associated with milk and cheese and numerous recalls of dairy
products (e.g. ice cream) contaminated with L. monocytogenes, that focused the
industry’s attention on this organism and resulted in major efforts to determine
how to control it. Case control studies associating listeriosis with meat products
(Schwartz et al., 1988) and a single case of listeriosis associated with a turkey
frank (CDC, 1989) alerted the meat industry that this organism was likely a
concern in meat products as well as dairy products. This concern was justified
by a major outbreak of listeriosis associated with hotdogs and luncheon meats in
1998-1999 (CDC, 1998, 1999a). Extensive research was conducted by industry,
academia, and government research laboratories to determine sources of con-
tamination; incidence, growth, and inactivation of L. monocytogenes in food
products; effect of antimicrobials and sanitizers; virulence; and detection and
isolation methodology. Guidelines for controlling environmental contamination
were developed (FDA et al., 1988; Tompkin et al., 1999) that recognized the
limitations of trying to eradicate L. monocytogenes from the processing environ-
ment to totally eliminate the potential for contamination of finished products.
Through attempts to control L. monocytogenes contamination, industry
developed an awareness that product contamination with L. monocytogenes
occurs at some very low frequency in a haphazard manner without apparent
illness among consumers. However, a substantial risk of foodborne illness
occurs when the organism has become established in a niche or harborage site in
the production environment where it can persist and grow (Tompkin et al., 1999;
Tompkin, 2002). When this happens, routine cleaning and sanitizing become
ineffective, and during operation the organisms can work their way out of the
niche and contaminate food contact surfaces and product (Tompkin et al., 1999).
With the emphasis on control of L. monocytogenes, the production of ready-
to-eat (RTE) foods has changed considerably. Control of L. monocytogenes has
been addressed through properly designed lethality treatments (as appropriate to
the product), attention to design of equipment to prevent harborage sites,
stringent GMPs (including control of product flow and traffic patterns in the
plant and sanitation practices focused on L. monocytogenes) and environmental
monitoring for Listeria spp. or Listeria-like organisms to identify problem areas,
locate contamination sources in the plant, and to confirm that problem solving
procedures have been effective (Scott et al., 2005; Tompkin et al., 1999).
Also, the meat industry has determined that it cannot completely prevent
contamination with L. monocytogenes, even in the best managed plants
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Fig. 5.2 Percentage FSIS samples of ready-to-eat meat and poultry products positive for
Listeria monocytogenes.

(Tompkin, 2002). Therefore, many establishments such as those producing
hotdogs and luncheon meats have made changes to formulations (e.g. addition of
lactate and diacetate; Legan ef al., 2004; Seman et al., 2002) to minimize growth
of L. monocytogenes and are using new technologies such as high-pressure
processing of packaged product (Hayman et al., 2004) and other post-packaging
lethality treatments such as heat (Muriana et al., 2002, 2004; Murphy et al.,
2005) to enhance safety of these products. As a result of these efforts, the
percent of meat and poultry regulatory samples positive for L. monocytogenes
has dropped from 1.91% in 1999 to 0.55% in 2004 (Fig. 5.2). Much of the
impetus to implement such controls is a result of an FSIS interim final rule
(FSIS, 2003) on control of L. monocytogenes that imposes the most stringent
requirements on manufacturers of RTE products that rely solely on sanitation
practices to minimize the risk from recontamination with L. monocytogenes and
lesser requirements on manufacturers that use post-lethality treatments and/or
antimicrobial agents or processes, as well as sanitation, to reduce the risk.

5.3.3 The impact of new foodborne illness surveillance strategies in
changing food safety control measures

We noted above the role of foodborne disease outbreaks in changing production
and manufacturing processes. In 1996 the CDC established the Foodborne
Diseases Active Surveillance Network (FoodNet) as the foodborne disease
component of its Emerging Infections Program (EIP). FoodNet is a collaborative
project of the CDC, ten EIP sites, USDA, and the FDA. Its active surveillance
for foodborne illness, combined with complementary epidemiologic studies, has
resulted in more precise estimates of the burden of foodborne illness associated
with specific pathogens in the United States, as well as data on trends. Another
objective is to determine the proportion of foodborne diseases attributable to
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specific foods and settings in the United States. These data have been used to
assess where additional food control measures may be needed. For example, the
lack of a decline in illness from E. coli O157:H7 prior to 2003 suggested the
need for implementation of more stringent control measures, as noted previously
under interventions for meat and poultry slaughter.

The combination of enhanced quantitative data on the incidence of foodborne
disease from active surveillance and improved outbreak detection and food
attribution that results from the molecular subtyping of clinical and food isolates
has led to a better understanding of the role of certain foods in foodborne illness.
In investigating an outbreak of illnesses due to Escherichia coli O157:H7 in
hamburgers from a fast food chain in 1993, the utility of applying pulsed field gel
electrophoresis (PFGE) to characterize food and clinical isolates and the potential
for its use in other outbreak investigations became apparent to CDC. As a result,
CDC developed standardized PFGE typing and pattern analysis technology for
specific pathogens, standardized pattern nomenclature, and a means of electronic
transfer of patterns to a national database at CDC. Designated PulseNet, this
national molecular subtyping network for foodborne disease surveillance, uses
pulsed-field gel electrophoresis (PFGE) to characterize foodborne pathogens (e.g.
E. coli O157:H7, nontyphoidal Salmonella serotypes, L. monocytogenes,
Campylobacter, and Shigella) and to detect clusters of foodborne illness
(Swaminathan et al., 2001). The value of this network has clearly been demon-
strated through the early recognition of foodborne illness outbreaks and the rapid
identification of their sources. Outbreaks that would have gone unrecognized in
the past because cases were not clustered in space and time have been detected by
PulseNet. For example, PulseNet detected the 1998 outbreak of listeriosis from
meat products. This led in part to the many changes noted previously in how
industry controls L. monocytogenes, including the use of environmental
monitoring to detect Listeria in the plant environment, formulation of products
to prevent growth of the organism and the use of in-package lethality treatments.

PulseNet also was responsible for determining that an outbreak of 75 cases of
Salmonella Newport in 13 states was from a common (and unusual) source —
mangos (Sivapalasingam et al. 2003). It has been responsible for the detection of
numerous outbreaks of illness from contaminated produce such as illnesses from
Salmonella in tomatoes. PulseNet is now widely recognized for its ability to
assist in the early detection, rapid investigation, and effective intervention in the
control of local, state, national, and even international outbreaks of foodborne
disease as it has expanded to cover not only all the United States but also has
gone international — PulseNet Canada, PulseNet Europe, PulseNet Asia Pacific,
and PulseNet Latin America are all in various stages of development.

The identification of outbreaks from specific pathogens associated with
specific food types through PulseNet has resulted in a focus on the need for new
control measures for pathogen/food combinations. The identification of fresh
produce outbreaks has resulted in controls targeted at the farm level, through use
of good agricultural practices. It has resulted in the investigation of numerous
disinfectants for washing fresh produce, including chlorine, chlorine dioxide,
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acidified sodium chlorite and hydrogen peroxide, as well as the use of hot water.
It has been determined that immersion of warm produce in cool washing
solutions can result in infiltration of the wash solution and any contaminating
microorganisms into the product through cuts, stomata, stem-end tissue, etc. A
negative temperature differential of 15°C allowed Sa/monella Montevideo to
infiltrate the core of tomatoes (Zhuang et al., 1995). An understanding that
washing and sanitizing steps are key mitigation strategies to be controlled has
gained widespread recognition in the fresh produce industry in recent years.

In an earlier section, we discussed outbreaks of illness attributed to juices
largely through PFGE-related improvements in investigations, and the resulting
development of alternative technologies such as UV irradiation and high-
pressure processing for ensuring the safety of juice products. Juices treated with
these technologies are commercially available.

The control measures for L. monocytogenes noted above have been driven in
large part by new foodborne illness surveillance strategies. PulseNet has identi-
fied outbreaks and led to their sources, as noted above. FoodNet has provided
estimates of the incidence of listeriosis and trends over time that have prompted
actions to effect greater control. For example, the rate of listeriosis in the United
States declined from around 0.5 per 100000 population to 0.3 per 100000
between 1998 and 2000. The rate then did not decline further for several years,
and even appeared to increase slightly in 2003 (Fig. 5.3). The lack of progress in
achieving the Healthy People 2010 public health goal of reducing listeriosis
from 0.5 in 2001 to 0.25 in 2010 was one of the factors motivating FSIS to take a
more risk-based approach to control of L. monocytogenes in its interim final rule
(FSIS, 2003). The availability of FoodNet data on incidence and PulseNet for
identifying outbreaks, coupled with regulatory pressure, prompted industry
efforts to develop control strategies, including the use of antimicrobials such as
lactate and diacetate, treatments such as high-pressure processing, and environ-
mental monitoring, that have been described in various L. monocytogenes
control guidelines.
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Fig. 5.3 Rate of listeriosis in the United States (from FoodNet).
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5.4 Consumer preferences and public health

The twentieth century saw dramatic changes in the way food was consumed. In
the early years of the twentieth century, meals were primarily prepared at home
from locally produced raw ingredients. Many items were seasonal. The processed
food industry changed all that — consumers could enjoy seasonal fruits and
vegetables year round as a result of the widespread availability of canned and
frozen items and the development of improved transportation and refrigeration.
Food markets changed also, from commodity-specific butcher shops, fruit and
vegetable stands, and dry-goods stores to the modern supermarket. Continuing
cultural evolution is replacing supermarkets with warehouse stores and mega-
marts. Lifestyles have changed as well. The stereotypic middle-class US family
of the mid-twentieth century — a working father, stay-at-home mother and two
children — exists at present in only a small percentage of US households (Senauer
et al., 1991). According to the US Census Bureau, the average household in 2000
was about 2.59 people; this can be compared with 4.8 persons in 1900 and 3.8 in
1940 (Senauer et al., 1991). Marriages are delayed until later in life, and there are
more divorces than previous times, resulting in more single person households.
Single parent households also are expected to rise another 7% between 2005 and
2010 (Sloan, 2005). One of the most significant changes with respect to food
buying habits is the result of the increased participation of women in the US labor
force. The number of working women is projected to rise from 65 to 77 million by
2010 (Sloan, 2005). Families also are busier than ever with work, school, sports,
and other activities. Singles often do not want to prepare extensive meals for one,
and working couples often are faced with time constraints. As a result,
convenience is now one of the most important attributes of food products
(Senauer, et al., 1991; Sloan, 2005). Convenience is reflected in more meals
consumed outside the home and in the purchase of prepared foods (cooked or
ready-to-eat fresh food). Processors are developing foods for these markets — the
store applies a minimal heat treatment and sells the item hot — and stores have
become food processors, manufacturing specialty items such as sausage, sushi,
and smoked seafood. Many consumers want meals prepared for them rather than
having to cook a meal. For the years 1999 through 2002, consumers spent an
average of over 40% of their food expenditures on food consumed away from
home (US Department of Labor, 2004). The percentage was even higher for
single consumers and households with two earners. These consumer preferences
pose food safety challenges for the food industry.

Consumers are more concerned about nutrition and health implications of
food than ever before. In recent decades consumers have changed their eating
patterns because of health concerns (Senauer et al. 1991; Zink, 1997). This has
resulted in increased consumption of produce, from 287 1b per capita in 1990 to
an estimated 332 1b per capita in 2004 (Produce Marketing Association, http://
www.pma.com/Content/ContentGroups/Fact_Sheets/Produce_Statistics/FS-
Consumption2005.pdf). Consumers in general are looking for natural, fresher
preservative-free foods with reduced salt, fat, and sugar (Zink, 1997). ‘Gen
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Y-ers’ (persons born between 1977 and 1994) in particular are looking for
healthier, fresher, more natural foods (Sloan, 2005). Although they are unwilling
to give up convenience, consumers prefer food that has been subjected to
minimal chemical treatment, both preharvest and postharvest (Senauer et al.,
1991), and they understand less than people once did about potential naturally
occurring hazards and proper preparation methods. Reformulation of foods to
meet consumer demands may result in foods that are more likely to support
growth of pathogens. Food additives are used to enhance the safety and shelf-life
of foods, which should be viewed as desirable from the perspective of the
consumer. Yet these additives are frequently perceived as unnatural and unsafe,
in part because of controversies that have arisen over the years about potential
harmful effects of additives such as cyclamates, saccharin, food dyes (e.g. red
no. 2), and nitrite, and an apparent distaste for and distrust in science and
technology.

5.4.1 Reduction of preservatives

As a result of concerns about the potential for formation of carcinogenic
nitrosamines in products containing nitrite, there have been numerous studies,
reports, and debates about safe levels. However, nitrite serves as a means of
preventing growth of Clostridium botulinum and is thus an important safety
component of these products; restricting its use presents an increased risk of
botulism from cured products (Marriott et al., 1981; Tompkin, 1980). The
residual level of nitrite in today’s cured meats is five times lower than in the
1970s (CAST, 1997), as a result in part of introducing other compounds such as
ascorbates in the curing system to allow reduction of nitrites while maintaining
the ability to inhibit C. botulinum (Marriott et al., 1981). Similarly, salt plays a
key role in the safety of many products. Salt levels decreased considerably
during the twentieth century, from levels greater than 6% in the first half of the
century to around 2% today (CAST, 1997). Much emphasis has been placed on
reducing levels of sodium in foods to decrease hypertension. Reduction of
sodium in meat products has been investigated, including the substitution of
potassium and magnesium chloride for sodium chloride. However, one study
determined that sodium chloride was better than potassium chloride or mag-
nesium chloride for inhibiting botulinum toxin production in turkey frankfurters
(Barbut et al., 1986). Thus, the food industry recognizes the need to take caution
in changing the formulation of products to meet consumer desires, as the
reformulated product may not have the same microbial stability.

Consumers have also become more conscious about calories, and as a result,
manufacturers have responded with products containing low-calorie sweeteners.
Manufacturers must evaluate the impact of such changes on the safety of the
products being produced. In at least one instance such a change resulted in an
outbreak of botulism. Canned hazelnut purée sweetened with aspartame instead
of sugar was used in yogurt produced in the UK (O’Mahony et al., 1990). The
process given the hazelnut purée (pH 5.0-5.5) was inadequate to destroy spores
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of C. botulinum. Apparently, the manufacturer of the hazelnut purée neglected
to consider the effect that changing sugar to aspartame would have on factors
such as water activity, and the process delivered was thus inadequate.

5.4.2 Concerns about refrigerated foods

While consumers focus on the convenience of prepared foods, they still want
‘fresh’ foods. And while they want ‘fresh’ foods, they want to keep the foods
longer. The consumer demand for high-quality convenient meals that require
minimal preparation has resulted in an increase in refrigerated foods that are
lightly processed to preserve flavor, texture, nutrients, and other quality factors.
This has often been combined with packaging in a vacuum or modified
atmosphere to help extend shelf-life. One such process is known as ‘sous vide:” a
food is vacuum packaged, given a minimal heat treatment, quickly chilled and
then reheated just before serving. The process retains many of the flavor,
nutritional and texture aspects of fresh product. Concerns have been raised about
the potential for growth of psychrotrophic strains of C. botulinum, since the
packaging provides an anaerobic environment, competing microflora have been
destroyed by the heat treatment, and the shelf-life might provide the time needed
for growth and toxin production (Conner et al., 1989; Juneja, 2003). Moreover,
surveys of commercial storage and distribution systems and home refrigerators
indicate that, at some point during its shelf-life, a refrigerated product is likely to
be exposed to temperatures in excess of the manufacturer’s recommendations.
Historically, mild or transient temperature abuse of refrigerated foods has not
led to a loss of food safety, and concerns about botulism from these products
have been unrealized, likely owing to control measures over the quality of raw
materials, refrigeration temperatures, and processes that have been imple-
mented. More recently, the focus has been on the risk from L. monocytogenes in
refrigerated products that have been exposed to the environment after a heat
treatment or in ready-to-eat refrigerated foods that are not given a heat
treatment.

To respond to these microbiological concerns, industry developed guidance
and has implemented a variety of controls (ECFF, 1996; FSA, 2004; NFPA,
1989). These controls have included heating product to inactivate spores of the
non-proteolytic strains of C. botulinum, using time/temperature integrators to
indicate when product should no longer be consumed, and the addition of
secondary barriers to growth (sometimes called hurdles) in the event of exposure
to abusive storage temperatures.

5.4.3 The hurdle concept

Reducing the negative impact on the quality of food by a single physical (e.g.
thermal processing) or chemical (e.g. salt) preservation method can be achieved
by combining two or more methods to provide an equivalent level of safety. This
approach is not a new concept and has been used empirically for years to
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preserve foods; for example, in smoking of salted meat, some microbial cells are
destroyed by the heat while survivors are inhibited by chemicals present in the
smoke that are deposited on the meat and by reduced water activity due to both
heat and the presence of salt. Thus, using multiple hurdles can inhibit microbial
growth or, in some cases, even enhance inactivation of microbes associated with
food (Leistner and Gorris, 1995; Leistner and Gould, 2004).

An advantage of applying hurdle technology is that foods can be produced
that meet the consumer requirement for being less heavily processed, fresher,
and more natural. While some factors may not be effective or practical when
used independently, two or more factors may interact in an additive or
synergistic manner to enhance the safety of the product. Hurdles include, but are
not restricted to: (a) pH; (b) type of acidulent; (c) controlled moisture or water
activity; (d) competitive microbial flora; and (e) preservatives. To fully take
advantage of hurdle technology, the inhibitory mechanism of each preservation
method and how microorganisms react to this stress must be understood. Com-
bining methods that disturb multiple homeostasis mechanisms simultaneously
are the most effective and can possibly prevent adaptive responses by the target
microorganism(s) to a single method.

In using predictive models to describe the effect of combinations of
temperature and water activity, McMeekin et al. (2000) found that these factors
acted independently (additively) on growth rate but at the juncture of growth/no
growth, they acted synergistically. This implies that slight changes to combina-
tions of hurdles can be more effective at the growth/no growth interface than
under conditions where the combined hurdles are merely slowing microbial
growth. The combination of known inhibitory factors is not always more effec-
tive than a single factor. Casey and Condon (2002) demonstrated that sodium
chloride in combination with acidic pH was less effective in destroying E. coli
O157:H45 than acidic pH alone. These studies point to the importance of
understanding the underlying antimicrobial mechanisms that the various
inhibitory methods employ to take full advantage of their combinations.

5.4.4 Increasing demand for fresh-cut produce

Consumer demand for healthy foods such as fresh produce, combined with their
desire to minimize food preparation time, has resulted in a segment of the food
processing industry that barely existed 20 years ago — the fresh-cut produce
industry. These products are trimmed, peeled, cut up and packaged to provide
convenience and freshness for consumers. Chemical dips, modified atmosphere
packaging and high-pressure processing have been used to extend shelf-life.
However, research has shown, that without proper controls, the potential exists
for pathogens to survive and, in some cases, to grow. Thus, much research is
being conducted to find washing or other processes to reduce or inactivate
pathogens while retaining a fresh product. As noted in an earlier section, the
produce industry has focused on the implementation of ‘good agricultural
practices’ and the development of commodity-specific guidance to minimize the
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potential for pathogens to be present on raw produce. Nevertheless, with limited
controls available and increasing consumption, produce is likely to continue to
be identified as a vehicle for foodborne illness.

5.5 Influence of emerging technologies and potential negative
impacts

We have over 80 years of experience in the development of safe processes for
thermally processed canned foods. The increasing desire by the consumer for
fresh-like, convenient foods has spurred research in the development of non-
thermal, or ‘cold pasteurization,” processes to minimize organoleptic changes
but inactivate pathogens of concern. High pressure processing, ultraviolet
radiation, pulsed electric fields, and chemical treatments (e.g. ozone, chlorine
dioxide) have been shown to effectively reduce the most resistant micro-
organism(s) of public health significance to a level that is not likely to present a
public health risk under normal conditions of distribution and storage
(pasteurization) (NACMCEF, 2006). In general, these new technologies do not
appear to result in unique microbiological hazards. For new technologies we will
need to determine the most resistant pathogen of public health concern that is
likely to be present in the product, determine the level of inactivation needed,
and define the critical operating parameters to ensure the process is adequately
delivered to the food.

In addition to new physical processing technologies, manufacturers are
exploring novel food preservation systems, including the use of natural
preservatives such as bacteriocins, competitive microflora, lysozyme, chitinases,
lactoferrin, and lactoperoxidase, to name a few. By combining physical processes
with these novel food processing systems, it may be possible to design processes
for the precision destruction (or inhibition) of pathogenic and/or spoilage
organisms, yet allow the desired fresh-like characteristics of the food to remain.

As with any new food processing technology, these emerging technologies
will need to be evaluated to determine their impact with respect to eliminating
competitors such that surviving or recontaminating pathogens become a con-
cern; selecting for more resistant microorganisms such as pathogenic spore-
formers; or sublethal injury resulting in pathogens that can repair themselves and
cause foodborne illness (NACMCF, 2006). We must consider and conduct
surveillance to determine whether a new technology may have unintended
consequences on any surviving microorganism, such as potentiating adaptive
responses and cross-protection against food-associated stresses, or impacting the
expression of virulence genes.

5.5.1 Impact of injury and stress
Exposure of microorganisms to sublethal stresses has long been known to injure
them. This could have the effect of allowing an overestimation of the lethality of

Copyright 2006, Woodhead Publishing Limited



Influence of food processing practices and technologies 99

the process when viable, injured cells are not recovered and are presumed dead.
Microorganisms are also known to adapt to stressful environments and even
become more resistant to the stress. Exposure to physical and chemical stresses
encountered during food processing, such as heat, pressure, increased osmolarity,
or weak organic acids can cause an adaptive response. Exposure to one stress (e.g.
low pH) may induce cross-protection to another stress (such as heat). This is
particularly true for microorganisms stressed due to starvation in the stationary
phase of growth. This phenomenon is a concern because parameters for minimal
processes that are based on the response of non-resistant microorganisms may be
inadequate for these microorganisms once their stress response mechanisms have
become activated by the process. Davidson and Harrison (2002) reviewed the
potential for antimicrobials and sanitizers used in food processing to impart
resistance to microorganisms. There has not been much evidence generated to
demonstrate acquired resistance to food antimicrobials or sanitizers. However,
since the stress response is known to occur in the laboratory, more research is
needed into the frequency and mechanism of resistance, mechanisms of action of
antimicrobials and development of strategies to prevent the acquisition of
resistance to stresses in the microbial ecology of food.

Archer (1996) stated that traditional food preservation systems work well to
inhibit the growth of toxin-producing bacteria such as S. aureus or C. botulinum
that require relatively high numbers for the toxin to cause disease. However, he
expressed concern that infectious bacteria such as E. coli O157:H7 and strains of
Salmonella may increase in virulence during stressful conditions of food
preservation. Stresses such as starvation and extremes of temperature, pH, and
osmolarity cause adaptive responses, one of which may be to potentiate expres-
sion of virulence genes or, even worse, create unpredictable mutations in the
virulence genes. To date there is little evidence that this occurs in food
production, but it warrants vigilance.

5.5.2 Impact of technologies that reduce competitive microflora

One potential disadvantage of new technologies may be the impact they have on
reducing microorganisms that would compete with pathogens. Jay (1997) has
proposed the idea that new technologies for extending the shelf-life of foods not
only reduce the targeted pathogens but also that the numbers of spoilage micro-
organisms may be creating foods with a greater risk of causing foodborne illness
because of the removal of the normally harmless bacteria that are antagonistic to
pathogens. He suggested that since there are now fewer food producers and that
foods may require longer shelf-lives for distribution, the appearance of large
foodborne disease outbreaks may be due to the destruction of the natural microbial
interference that once held the growth of pathogens in check over a relatively short
shelf-life of the product. Processes that reduce all microorganisms in a product can
significantly increase product shelf-life. However, if pathogens remain in the
product or recontaminate the product and the product is exposed to temperatures
that allow the pathogen to grow, the absence of competitors can provide an
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environment with no means of blocking growth (similar to when the player
carrying the football gets beyond the final defensive player of the other team, and
nothing stands between him and the goal).

Jay (1996, 1997) uses beef to illustrate his argument, but the more recent
outbreaks in fresh-cut produce may also support this hypothesis. Manufacturers
of fresh-cut fruits and vegetables employ good agricultural practices to reduce
contamination of the produce by pathogens. Since fresh-cut produce has a short
shelf-life and will be consumed without any other intervention step by the
consumer, the processors thoroughly wash the produce and possibly apply
sanitizing agents or use surface pasteurization to eliminate the offending
spoilage bacteria and pathogens. In some cases they may use clean room
techniques to prevent recontamination of the clean produce. While cleaner is
definitely better in the world of food processing, products such as fresh-cut fruits
and vegetables that are ultra-clean may be providing an environment that is
conducive to the growth of pathogens, particularly if the produce is temperature
abused during distribution. Koseki and Isobe (2006) found that the bacterial
growth on lettuce treated with sanitizers (ozonated water or sodium hypo-
chlorite) grew at a faster rate than on the unwashed lettuce, possibly due to the
reduction of competing microorganisms. Delaquis (2005) stated that destruction
by heat of a substantial portion of the native microflora on fresh-cut produce
could provide a competitive advantage to surviving microorganisms. One
possible lesson that may be learnt from this is that the closer one gets to
complete sterilization of the food, without actually reaching it, the greater the
risk that a surviving or recontaminating pathogen would have free rein to grow
and produce foodborne disease. This is not meant to suggest that we should not
clean our food, but rather to point out there may be an advantage of treatments
targeted at a specific pathogen rather than a ‘broad spectrum’ approach.

An example of a new food preservation technology that presents a potential
concern is the use of vacuum packaging and modified atmosphere packaging of
foods to extend shelf-life. This would seem to be a very useful technology for
packaging fresh fish, which is highly perishable. Greater shelf-life could
increase consumption of what has become recognized as a very healthy food.
However, a natural concern would be to question whether this technology would
create conditions that would allow neurotoxin to be produced by non-proteolytic
C. botulinum sooner than in fish stored in non-oxygen-reduced environments. In
one study, not only was neurotoxin produced faster in modified atmospheres, it
was produced before the fish was considered spoiled (Post et al., 1985).
Therefore, a technology that provides a longer shelf-life for this very perishable
food may suppress the natural warning system for consumers by suppressing the
growth of the natural spoilage microorganisms.

5.5.3 Active packaging
Packaging of food has traditionally been used to contain the product, to protect it
from contamination by microorganisms and insects, and to maintain quality by

Copyright 2006, Woodhead Publishing Limited



Influence of food processing practices and technologies 101

reducing the rate of oxidation and moisture loss or pickup. In addition to this
passive role of packaging in food preservation, a new breed of packaging being
developed is known as active or smart packaging. Active packaging interacts
with the food and the atmosphere surrounding the food to create an environment
that extends shelf-life by inhibiting the growth of spoilage and pathogenic
microorganisms, maintaining desirable quality attributes, and indicating
migration of contaminants (Ozdemir and Floros, 2004; Tewari, 2002). Examples
of some of the types of active packaging include material that absorbs oxygen,
carbon dioxide, ethanol, moisture, ethylene, and flavors from the atmosphere
within the package. Some systems may release carbon dioxide, ethanol or
flavors, depending on needs of the product. Gas-permeable films used to
maintain the quality of fresh-cut produce, incorporation of time—temperature
integrators, and susceptors (metalized package materials used to intensify
microwaves to provide browning and crisping of foods) for microwave heating
are also examples of active packaging.

Although absorbing oxygen and moisture or emitting carbon dioxide in a
package can affect the growth of microorganisms, there are packaging schemes
that are specifically designed to inhibit foodborne microorganisms. These fall
mainly into two categories, packaging materials and edible films/coatings that
contain antimicrobial agents that interfere with microbial growth on the surface
of the food (Cha and Chinnan, 2004). A variety of antimicrobials can be
incorporated into packaging material or applied to the interior surface of the
material, ranging from weak organic acids such as acetic, benzoic, lactic,
propionic, and sorbic acids; enzymes such as lysozyme; bacteriocins such as
nisin or pediocin; triclosan; chitosan; and fungicides. The selection depends on
the target organism and the food. Many of these same agents can be incorporated
into edible coatings made from polysaccharides such as starch, cellulose, or
gums. Proteins films are based on corn, soy, milk, collagen, and gluten while
lipid coatings include waxes and glycerides (Cha and Chinnan, 2004). To date
there are no specific active packaging regulations in the United States. Migration
of the antimicrobial agents out of the package or film and into the food must be
treated as food additives (Appendini and Hotchkiss, 2002).

5.5.4 Negative consequences of not using a technology

One technology that is only ‘emerging’ because of its limited application in the
market is that of irradiation. Treatment of foods with ionizing radiation has been
researched for decades. A report by the World Health Organization concluded
that food irradiated to any dose to achieve the intended technological objective is
safe to consume and nutritionally adequate (WHO, 1999). However, consumers
associate the process with the negative effects of radiation on humans resulting
from atomic bombs and the fear of nuclear war and accidents at nuclear power
facilities such as those at Chernobyl and Three Mile Island. Activists have
viewed the process as a way to mask contamination, and they claim it destroys
nutrients and creates harmful chemicals. Consumer misconceptions about the
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effects of irradiation on the safety and nutritional composition of foods and the
belief it will be used to make unwholesome foods saleable have severely limited
the use of a technology that can truly enhance the safety of foods, particularly raw
foods in which contamination with microbial pathogens cannot be prevented. The
use of this technology could eliminate enteric pathogens such as Salmonella,
Campylobacter, and E. coli O157:H7 from raw meats, preventing not only
foodborne illness from undercooked meats but also from cross-contamination in
the home. Irradiation offers a practical means of inactivating parasites such as the
tapeworms Taenia saginata and T. solium and the larval forms Cysticercus bovis
and C. cellolosae (Monk et al., 1995), which are still major foodborne problems
in developing countries. Thus, with this technology, the potential food safety
problem results not from its use, but from not using it.

5.5.5 New technologies must be carefully evaluated

New technologies continue to be developed to meet consumers’ demands for
fresher, natural (no preservatives), and convenient foods and to respond to other
pressures and changes in the food industry. Products derived from new
technologies provide numerous challenges to food safety professionals who
must assess and control potential hazards that may not have been recognized in
foods derived from older technologies. Research continues at a brisk pace to
describe conditions of novel processing technologies, antimicrobials, packaging,
and combinations of these technologies that will provide a desired inhibition/
destruction of pathogens or spoilage microorganisms in food. The potentially
negative impact of the extension of refrigerated shelf-life from new processing
and packaging technologies on public health demands that there should be
parallel research to investigate the biological mechanisms of inhibition and the
effect on microbial ecology, adaptation, and virulence.

5.6 Future trends

Just as HACCP revolutionized how the food industry focused its food safety
efforts, new concepts on how to manage the risk of microbiological hazards in
food are developing. Most significantly the application of risk analysis, which
consists of risk assessment, risk management, and risk communication, is
becoming the accepted approach in evaluating and controlling microbial hazards
in food (Codex Alimentarius Commission, 2005). The process begins with the
identification of a food safety issue and a microbiological risk profile. If there
are sufficient data, a formal risk assessment is conducted, generally at the
governmental level. This can be used in the selection of microbial risk manage-
ment options, which may involve establishing a food safety objective (the
maximum frequency and/or concentration of a hazard in a food at the time of
consumption that provides or contributes to the appropriate level of protection),
a performance objective (essentially a food safety objective at a point in the food
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chain prior to consumption) or a performance criterion. Performance criteria
may be established to provide a target for industry that is considered appropriate
to control the hazard, and should be based on public health goals. Process
criteria or product criteria are established by industry to achieve the performance
criteria. Microbiological criteria may be established to verify adherence to the
criteria or objectives. Through applying these concepts, controls used by the
food industry are directly tied to public health outcomes, which can be measured
through active surveillance systems such as FoodNet.

The use of these new concepts impacts industry in several ways. Risk
assessments may be used to assess the relative risk of specific foods, such as was
done in an FDA/FSIS risk assessment on L. monocytogenes (FDA/FSIS, 2003).
This identified for both industry and regulatory agencies those foods that pose
the greatest risk for listeriosis, and thus the foods for which stringent Listeria
controls should be implemented. Risk assessments can be used to evaluate
intervention strategies. For example, the risk assessment clearly highlighted that
for foods that support growth of L. monocytogenes, refrigeration temperature has
a major impact on risk, since growth to high numbers significantly increased
risk. Risk assessments underpin many new regulations that impact the food
industry, such as proposed USDA FSIS regulations for lethality and cooling of
ready-to-eat meat and poultry products and those for egg products, which will
establish performance standards that industry must meet.

Meeting new consumer expectations while achieving new levels of microbial
control for raw, as well as processed, products assures the continued develop-
ment of new technologies for processing, as well as new packaging concepts and
materials. There will be more convenience foods, processed with technologies
that are increasingly able to match the attributes of freshly made products. We
will also see an increasing development of foods that enhance performance and
prevent illness, possibly including foods that help prevent foodborne illness
through the use of probiotics.

Without entirely new processing technologies, we are fast approaching the
limits of what can be achieved in terms of food safety at the processing level. As
a result, there will be an increasing need to develop more on-farm controls and
renewed consideration of acceptable and ‘fail safe’ preparation technologies that
can be applied easily immediately before consumption. Increasing emphasis will
be placed on strategies to reduce or eliminate pathogens on incoming live
animals. This will require changes in farm management practices based on
scientific research (IFT, 2002). Technologies being investigated include
vaccines (e.g. to immunize cattle against intestinal colonization with E. coli
O157:H7), the administration of bacteriophage active against targeted
pathogens, manipulating feed ingredients and/or practices (e.g. feed additives
that prevent colonization of cattle with E. coli O157:H7), and control of
pathogens in livestock drinking water (Huffman, 2002).

There is an increasing trend to put brand names on fresh foods, including
produce, meat, and poultry. This is primarily a marketing device whereby the
name ‘personalizes’ the product and distinguishes it from the competitors.
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Branded products may be perceived as ‘value added’ by the consumer. Branded
products are promoted for their high quality and specific characteristics (e.g.
leaner meats, organic vegetables, pasteurized shell eggs, free-range chickens). In
many instances such branding is viewed as providing a product with enhanced
safety because of an implied commitment to taking responsibility for the safety
and quality of the product. Branding also can enhance traceability, thereby
providing a real food safety attribute to this marketing strategy.

Regardless of where the future leads in terms of new products and processes,
food safety will be a focus of the food industry. Consumers expect their food to
be safe, and to the extent that food processing practices and technologies can
deliver a safe product that is acceptable to the consumer, the industry will
implement such practices and technologies.

5.7 Sources of further information and advice

The most comprehensive series of books on food safety is that produced by the
International Commission on Microbiological Specifications for Foods. The
Commission’s most recent books include:

Microorganisms in Foods 5: Microbiological Characteristics of Food
Pathogens (1996)

Microorganisms in Foods 6: Microbial Ecology of Food Commodities, 2nd
edition (2005)

Microorganisms in Foods 7: Microbiological Testing in Food Safety
Management (2002)

A number of trade/professional bodies also provide food safety information. The
foremeost of these is the International Association for Food Protection. For more
information, go to http://www.foodprotection.org/main/default.asp.

The Partnership for Food Safety Education (PFSE), a nonprofit organization
formed in 1997, is dedicated to educating the public about safe food handling to
help reduce foodborne illness. PFSE members represent all aspects of the food
and consumer industry from meat and produce to marketers, and allied trade as
well as government and consumers. The PFSE developed the Fight BAC!®
campaign, a public education campaign focused on safe food handling. More
information can be found at http://www.fightbac.org/main.cfm.

Other useful food safety websites include:

The gateway of US government food safety information: www.foodsafety.gov
FDA: http://www.cfsan.fda.gov/

USDA FSIS: http://www.fsis.usda.gov/

World Health Organization Food Safety: http://www.who.int/foodsafety/en/
Food and Agriculture Organization Food and Nutrition: http://www.fao.org/
es/esn/index_en.stm

e US Centers for Disease Control and Prevention: http://www.cdc.gov/
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e FoodNet: http://www.cdc.gov/foodnet/
e PulseNet: http://www.cdc.gov/pulsenet/
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Exposure assessment for foodborne
pathogens

N. Tran, A. J. Miller and N. Rachman, Exponent, USA

6.1 Introduction

Foodborne illnesses have declined over much of the last century as the result of
advances in processing and storage technologies such as pasteurization, canning,
packaging and refrigeration, coupled with strong regulation of the food industry,
increased hygiene and sanitation. The globalization of agriculture and food trade
has also led to many benefits, including lower food prices for American con-
sumers and year round access to a huge variety of fresh foods. However, the
emergence of microbial pathogens such as Campylobacter and Escherichia coli
O157:H7, protozoan parasites, enteric viruses, and prions such as those that
cause bovine spongiform encephalopathy (BSE) have prompted new food safety
concerns in recent years. Further, new food safety concerns have arisen owing to
global sourcing of ingredients and distribution of foods, a larger proportion of
the diet consumed outside the home, higher consumer expectations, and re-
emergence of established pathogens, which exhibit enhanced persistence and
virulence, and a growing sub-population of immune-deficient or immune-
suppressed individuals.

To effectively manage these food safety issues, business and government
leaders have been turning to the burgeoning discipline of microbial risk
assessment. Risk assessment for foodborne pathogens is rooted in the chemical
risk assessment methodologies. A 1983 National Academy of Sciences National
Research Council (NRC) document ‘Risk Assessment in the Federal Govern-
ment: Managing the Process’, also known as the ‘Red Book’, established a four-
part risk assessment paradigm consisting of Hazard Identification, Dose—
Response, Exposure Assessment, and Risk Characterization. Since the US
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Department of Agriculture’s Food Safety and Inspection Service (USDA-FSIS)
publication of the first microbial risk assessment for a foodborne pathogen-
product combination ‘Salmonella Enteritidis Risk Assessment: Shell Eggs and
Egg Products’ in 1998, several food safety risk assessments have been
conducted in the United States (e.g. assessment of fluoroquinolone-resistant
Campylobacter in chickens conducted by FDA-Center for Veterinary Medicine
(CVM), assessment of Listeria monocytogenes among select categories of
ready-to-eat foods by FDA-FSIS, and an assessment of Vibrio parahaemolyticus
in raw molluscan shellfish by FDA-CFSAN). A microbial risk assessment
framework for food safety was developed jointly by the World Health
Organization (WHO) and the Food and Agriculture Organization (FAO) and
has been adopted by the Codex Alimentarius." The structure is similar to the
NRC framework including Hazard Identification, Exposure Assessment, Hazard
Characterization (Dose—Response), and Risk Characterization.

Microbiological risk assessment shares much in common with its chemical
forbear. The organizational elements of the risk assessment and computer
simulation models are, in both instances, designed ultimately as a decision-
making tool for risk management. There are significant differences as well.
Chief among these is the difficulty of determining microbial exposures, because
of the sporadic and dynamic nature of bacterial contamination on foods. On the
other hand, compared with chronic chemical exposure, microbiological risk
assessment can link exposures to fairly robust epidemiological data on acute
adverse health outcomes, including illnesses and deaths.

Microbial exposure assessments characterize the prevalence or likelihood of a
pathogen’s presence and the expected numbers present in food at the time it is
consumed by an individual. A key difference between chemical and microbial
exposure assessment is the multiple sources and pathways by which the hazard
could enter the food production system in the latter case. In fact, microbial
contamination can be introduced at any point, including on-farm production,
during processing, distribution to retail or food service, consumer storage and
handling, or final meal preparation. Identification of which sources and
pathways contribute to pathogen infestation is part of an exposure assessment
process. In addition, the dynamic nature of microorganism levels complicates
exposure assessments. Most bacterial and fungal pathogens are capable of
exponential growth when provided with proper nutrients and conditions of
favorable pH, temperature, water activity, and oxygen tension. Conversely, all
pathogens are susceptible to the effects of interventions that could reduce or
eliminate them, including: cooking, freezing, desiccation, fermentation, anti-
microbial agents, or acidification. Another confounding feature of microbial
exposure assessment is the sporadic nature and uneven distribution of pathogens
on foods. Exposure models are sometimes developed with the sole purpose of
examining how prevalence and concentration change at points along the food
chain. An exposure assessment describes the pathways through which a
pathogen population is introduced, distributed, and grows, or is challenged in the
production, distribution, and consumption of food.”
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The relationship among the presence of a pathogen on food, human exposure
from consuming that contaminated food, and estimation of the nature, likelihood
and severity of the resulting human illness is a complex interaction of many
factors. These include: pathogen factors (virulence potential and population
level as influenced by growth, reduction, or elimination along the entire food
chain); food factors (food choice, frequency eaten, and amount consumed); and
human host factors (immune status, gastrointestinal tract status, age, disease
status, medical or pharmaceutical treatments). Data for these factors, which are
necessary for complete characterization of human exposure to foodborne
pathogens and characterization of risk of illness, are often unavailable.
Therefore, exposure assessments are usually conducted using models that
represent a simplified version of this complex reality. More often, risk assessors
adopt specific conventions (default values or assumptions, either implicit or
explicit) to bridge missing or incomplete data’knowledge. All assessments are
embedded with assumptions and this limitation should be disclosed within the
risk assessment document and then recognized by risk managers when making
food safety policy decisions. By describing the components, approaches, and
applications of microbiological exposure assessment, this chapter provides
context for exposure within a broad risk assessment and risk analysis
framework. The following areas are discussed:

e Characteristics of foodborne pathogen exposure factors that need to be
considered for developing exposure assessment models.
Exposure assessment modeling approaches.
Challenges and limitations in exposure assessment.

e Policy implications and future considerations.

6.2 Foodborne pathogen exposure factors

6.2.1 Pathogen characteristics and microbial ecology
The biological and pathogenesis characteristics and microbial ecology of a
specific pathogenic microorganism must be considered in the risk assessment
design. Foodborne pathogens are classified as infectious or toxigenic and these
distinctions influence how modeling is approached. The former group (including
Salmonella, norovirus (formerly Norwalk-like virus), and protozoan parasites)
must first adhere to the gastrointestinal epithelium after oral ingestion and then
replicate to form colonized foci. In turn, these infections stimulate localized
disturbances, typically causing inflammation, upsetting electrolyte balances, and
damaging the muscosal lining. This results in vomiting, watery or bloody diarrhea
or other symptoms. Many infectious agents (e.g. Listeria monocytogenes,
Hepatitis A virus) can penetrate the intestinal epithelium and invade the
physiology, resulting in systemic or selective organ disease.

Toxigenic microorganisms, such as Staphylococcus aureus, produce protein
toxins, pre-formed in foods, or formed post-ingestion in vivo. For risk assess-
ment purposes both infectious and toxigenic (chemical-like) characteristics must

Copyright 2006, Woodhead Publishing Limited



116 Food consumption and disease risk

be evaluated. Likewise, some pathogens have inactive and environmental stress-
resistant life-cycle stages, such as bacterial spores (e.g. Clostridium botulinum),
which render many processing technologies ineffective in reducing numbers or
eliminating them from foods.

Considerable genetic distance exists within most microbial species, which
influences the potential for a pathogen to survive in a food environment and to
cause disease. These sub-type differences result from the presence or absence of
virulence genes and polymorphism within a single gene. Likewise, phenotypic
differences resulting in the switching on or off of virulence genes influence each
strain’s response to specific environmental stimuli. Sub-typing is performed
using genotypic and phenotypic tools, including: serotyping, phagetyping,
ribotyping, and pulsed field gel electrophoresis (PFGE). These techniques
classify the relatedness of isolates beyond the species level. In recent years sub-
typing has been used to link geographically disparate foodborne illness
outbreaks and to associate bacterial, viral, and parasitic isolates from clinical
cases with those from foods, contributing to the establishment of cause and
effect. For risk assessment purposes, however, there is a pressing need to relate
those molecular epidemiological classifications to the environmental persistence
and virulence potential of those microorganisms.

Microbial levels vary significantly through growth or inhibition as food
transitions through the segments of the production, processing, distribution, and
meal preparation chain. This characteristic necessitates consideration during
exposure modeling. Although viral and parasitic pathogens cannot grow in
foods, bacteria and fungi are capable of exponential growth in the environment
if favorable conditions exist. Similarly, most foods undergo some level of
cleaning or processing that can reduce or eliminate pathogen loads. Extrinsic
factors, such as nutrient density and balance, pH, temperature, water activity,
and oxygen tension contribute to growth or inhibition.

Exposure assessment is dependent upon an estimation of levels of pathogens
on specific foods, yet this information is frequently lacking. The customary
approach to the microbiological analysis of foods has been the determination of
presence or absence typically at a level of sensitivity at 0.04 colony-forming
units per gram of food. Exposure assessment is limited by time, cost, and lack of
validated methods for conducting enumeration analysis.

Microbial ecology needs be considered for exposure assessments. Microbial
contamination on foods that results from human hand contact, animal waste, or
contaminated tools or equipment, is frequently unevenly distributed on products.
Similarly, natural pathogen reservoirs are sometimes unknown. For example, the
recent emergence of Enterobacter sakazakii in infant formula and resulting
fatalities has sparked a search to identify its environmental reservoir. Further-
more, multiple possible routes of contamination, such as food, water, or air may
limit or make more complex product pathway analysis. Finally, microbial
contamination may occur at any point of food production or handling and
contamination patterns may be temporally, seasonally, or geographically
uneven.
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6.2.2 Food handling
Despite increasing automation of food production, some forms of human food
handling occur at all stages of food production (e.g. hand-harvesting perishable
produce, cooking meals). Improper food-handling practices have been
associated with outbreaks of Salmonella sp., Campylobacter jejuni, norovirus,
and Escherichia coli O157:H7.7°

Food preparation hygiene and cooking practices may have the greatest impact
on the risk of foodborne illness. Of the 2751 foodborne disease outbreaks
reported between 1993 and 1997, the Centers for Disease Control and
Prevention (CDC) identified the following six categories of contributing factors
to foodborne outbreaks (listed in the order of highest and lowest number of
outbreaks (in parentheses)):’

1 improper holding temperatures (938);
2 poor personal hygiene (623);

3 contaminated equipment (400);

4 inadequate cooking (274);

5 other causes (222); and

6 food from unsafe sources (133).

Failures in the refrigeration process provide an opportunity for the growth of
pathogens in contaminated food products. While cooking at high temperatures
eliminates most live bacterial pathogens, cooking at low temperatures may allow
pathogens to multiply and increase. Cooking behaviors, time, temperature,
method and quantity of food cooked are variables of interest when assessing
pathogen exposures. The frequencies with which these behaviors occur, and the
effect of each behavior on live microbial pathogen levels are also important
factors in exposure assessment. Cross-contamination from contaminated
surfaces (i.e. other carcasses, equipment, tabletops, utensils, containers, and
hands) during processing or in the consumer kitchen may be an important
potential source of exposure. Data on cross-contamination are limited or non-
existent and thus this important variable is rarely addressed in exposure and risk
assessments.

6.3 Environmental antecedents

The CDC National Center for Environmental Health (CDC-NCEH) has defined
environmental antecedents as ‘variables in the environment that, in the absence
of control, may create contributing factors that lead to adverse health outcomes.’
There are five categories of environmental antecedents.®

6.3.1 Category 1: Food and its inherent properties
Inherent properties of foods influence the extent to which pathogens can survive
and grow. They include pH, water activity, specific heat, and density. Con-
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sideration of these factors can help to focus on foods that are more likely to be
impacted by pathogens given their intrinsic properties.

Food sourcing is another important variable. Globalization reduces traditional
geographic barriers to emerging and traditional pathogens.” The international
food trade, ease of worldwide shipment of foods, development of new food
industries, altered production methods, environmental and demographic shifts in
developing countries, degradation of sanitation and the immediate human
environment, and mass tourism present opportunities for pathogen introduction
into foods.'%!!

6.3.2 Category 2: The people factor

Knowledge, beliefs, attitudes, skills/education, background (culture), super-
vision, and management structure are all factors that influence how people handle
food at work and at home. This human variable may be the most important
environmental antecedent factor that contributes to foodborne illnesses. Studies
that examined the beliefs of food handlers toward food safety have identified a
number of barriers to implementing safe food-handling practices, including lack
of time, staff, and resources.'>!> It has also been noted that self-reported
practices did not correspond to observed behaviors with regard to consumer food-
handling in the home.'*'® Studies have also identified a number of high-risk
food-handling behaviors, including eating raw or undercooked food products,
and not washing hands or food preparation implements with soap and water after
handling raw meat or chicken.”'®!’

6.3.3 Category 3: Equipment

Equipment type, materials, capacity, maintenance, and location are environ-
mental variables that can create factors contributing to foodborne pathogens. The
equipment used during food production or processing is susceptible to con-
tamination. For example, machines used to defeather chickens may incorporate
present contaminants into the carcasses of the chickens, which are then put into a
‘fecal bath of chilled water’ where Aeromonas hydrophila, an antibiotic-resistant
bacterium, may be present.'® Food processing equipment is vulnerable to
‘biofouling’ or the accumulation of biofilms on the surfaces of the equipment.
Biofilms occur when microorganisms ‘form a slime layer upon a surface and
provide an environment for pathogens to proliferate.”'® Some common
microorganisms that form biofilms on various food processing equipment are
Staphylococcus aureus (with poultry), Listeria monocytogenes (with meat and
dairy), and Bacillus cereus (dairy).'® However, biofilms and other sources of
cross-contamination can be avoided with the use of cleaning agents and
disinfectants in addition to using machines with a sanitary equipment design (i.e.
antimicrobial coatings) and performing routine/preventative maintenance on the
food processing equipment.'’
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6.3.4 Category 4: Process

Various stages of the food production continuum from farm to table, including
growing, harvesting, slaughtering, processing, packaging, transport, and storage
are variables belonging to this category of environmental antecedents. Food
types, such as ready-to-eat, cook/serve, and their preparation steps, are also
included here.

6.3.5 Category 5: Economic factors

Economic changes in the food industry, particularly economies of scale, and
changing incentives have resulted in a rise in foodborne illnesses. As the food
distribution has become more centralized, contamination becomes a bigger
danger in large distribution centers where one contaminated food item can come
into contact with edibles destined for geographically disparate locations, causing
a widespread epidemic.”® Economic incentives in the food industry have
changed recently encouraging companies to engage in dangerous behaviors that
previously would not have been economically profitable. For example, infec-
tions with Vibrio vulnificus, an oyster pathogen, have increased as oystermen
increasingly harvest from the Gulf of Mexico during the summer when V.
vulnificus is active. This change in source occurred because the Chesapeake Bay
oyster population has plummeted in recent years making the slightly riskier Gulf
of Mexico population an attractive summer option.”° The final economic
influence on the food industry is the Government. Through uneven appro-
priations to regulatory agencies at the federal level and inconsistent funding to
food illness monitoring at the local level, the Government allows certain
pathogens to persist in the food supply far longer than others.?!

6.4 Farm-to-table continuum

During the food production process, there are many opportunities for pathogens to
enter the food supply chain, such as improper food handling, that can lead to food
contamination. Once food contamination occurs, when control measures are not
applied to mitigate and/or to prevent further food contamination, the pathogens
remain in the food supplies and potentially grow until time of consumption.
Depending on pathogen virulence and host immunity status, consumption of such
foods may lead to foodborne illnesses. Clearly, there are many factors involved
along the continuum, from growing, producing, processing and packaging, trans-
portation and storage, food preparation and consumption, that influence exposure
and must be considered (Table 6.1). Unless actual measurements are taken at each
of these stages, they must be modeled based on the knowledge that already exists.

6.4.1 Pre-harvest

Food production from plants and animals begins on a farm, orchard, ranch, or
other facility. This earliest stage in the food production process is generally
referred to as ‘pre-harvest.” A complete exposure assessment starts at this stage
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Table 6.1 Farm-to-table continuum — foodborne pathogen exposure factors
Food Exposure factors

production

stages Pathogen sources Control failures
Pre-harvest 111 workers Failures to isolate, treat, or

Post-harvest
(production and
processing)

Transportation
and storage

Preparation and
food handling

Contaminated water supply for
plants and animals

Unsanitary handling of animal
wastes

Poor animal health

Unsanitary or careless farming
practices

Human or other wastes in fields

111 workers

Crowding

Slaughter practices
HACCP practices
Improper processing
Cross-contamination and
introduction of extraneous
matter to foods

Improperly cleaned trucks can
introduce pathogens from
previous shipments to
subsequent shipments
(Salmonella and ice cream)
Storage: temperature/conditions
may favor contaminants and/or
growth of pathogens

Health of food preparer: sick
individuals can introduce viral,
bacterial and other pathogens to
foods

Cleanliness of plant, kitchen:
leaking vent and air
conditioning systems can
contaminate food products
Heating, refrigeration
capabilities

Improper handling can
introduce pathogens from foods
that will be cooked to foods
that will not be cooked

remove infected animals

Failure to exclude workers
exhibiting vomiting, diarrhea, or
jaundice

Contaminated irrigation water
Failure to use latrines

Failure to exclude children from
fields

Use of contaminated water or
inadequate rinsing
Inadequate processing or
heating

Packaging failures

Failure to exclude ill workers
Poor GMPs

Poor temperature control
Poor transporter sanitation
Unsecured transporters

Inadequate heating and/or
cooking can fail to kill
pathogens

Inadequate heating or
refrigeration can allow
pathogens to multiply
Failure to exclude ill food
handlers

Inadequate storage

Poor sanitation
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so that the effect of the environment can be included. For example, green
vegetables or berry crops may be affected by contamination from soil, manure,
irrigation, or silage. Insects may also play a role in the spread of pathogens to
crops. Pathogens may survive in manure, soil,”>* or inside protozoa®>® for
long periods of time. Some may also penetrate the vasculature of leafy plants
such as lettuce, alfalfa, and mung bean.

Exposure assessment at this stage aims to identify areas in which pathogens
are introduced and the likelihood for such introduction. There are a number of
factors that could lead to the introduction of pathogens during this stage:

o [Indigenous factors: during production, animals, fruits, and vegetables are
exposed to natural hazards such as viruses, bacteria, molds, and parasites as part
of the environment. The natural prevalence of any given pathogen will vary with
geography, climate conditions, and season. Although L. monocytogenes does not
occur naturally in oceans, some aquatic environments may become contaminated
with L. monocytogenes from human or animal sewage or from soil, such as from
cultivated and uncultivated fields carried in rainwater runoff. In such cases, L.
monocytogenes may contaminate fish, shellfish, and vegetables.

e Food handling: the process of pre-harvest food production requires handling
of the potential food product as well as the environment around it. The food-
handling practices used during production can play a major role in the type
and amount of hazards that follow the food into processing, that is, post-
harvest. Some sources of ‘microbial contamination in foods include: improp-
erly cleaned hands, lack of hygiene, dirty clothes, hair, as well as the presence
of minor cuts and infection in hands and face and mild generalized diseases
(e.g. flu, strep throat, and hepatitis A) may amplify the situation.’?’

o FEquipment cleanliness/maintenance: equipment used in the ‘harvesting,
transportation, processing, and storage of foods’ is another source of micro-
bial contamination in foods.?” These microorganisms enter the equipment
‘from the air, raw foods, water and personnel’.?’ Also, continuous use of
equipment without cleaning and maintenance increases the risk for microbial
contamination of food. The rate at which microbial contamination occurs in
foods depends on the environment and time.

e Hygiene and sanitation practices: practices on the farm can be a determinant
for pathogen introduction. Poor hygiene and sanitation at production
facilities, animal housing, and production equipment may foster growth of
microbial agents. Poor rearing practices such as inadequate cleaning of
facilities between flocks or herds of new animals may lead to the spread of
pathogenic microorganisms. Spread of pathogens among livestock can occur
from direct contact between animals, drinking from shared water sources, or
eating contaminated feces (chickens are notorious for doing this).

e Farming inputs: farming inputs such as sources and quality of irrigation water
supplies, sources and types of feed, and quality and sources of seeds may
provide opportunities for introduction of pathogens into this stage of food
production.
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o Wildlife: proximity to wildlife harboring pathogens can infect domestic herds
and flocks.

After harvest, preliminary washing or cleaning of the product will remove
some of the initial contamination. Transport may introduce additional or new
pathogens. At each of the succeeding stages of production, changes in preval-
ence and concentration are likely to occur. However, unless actual measure-
ments are taken at each of these stages, they must be modeled based on the
knowledge that already exists.

6.4.2 Post-harvest (food processing and packaging)

Food processing occurs after food products are harvested from a farm or other
production facility and transported to another facility for additional steps in
preparing the food item for consumption. For example, processing includes
turning apples into cider, milk into cheese, corn into a microwaveable dinner, or
cattle into steaks. Food processing ranges from only a few steps in a small
building, such as making apple cider, to complex processes conducted in several
separate buildings and requiring many steps, such as producing steaks from a
live steer. Different types of food products have different packaging and
processing challenges.

The likelihood for contamination to occur during food processing is also
related to economic factors. This includes processing/producing a product in
large quantities ‘at a faster rate in a centralized plant’.?’ Other sources of
microbial contamination are packaging materials (wrapping materials and con-
tainers) used in ready-to-eat (RTE) foods, as well as flies and rodents that may
enter food processing facilities.”’

Meat processing

Cross-contamination is a key process enabling exposure during this stage of
food production. This is in addition to the contamination that may have been
introduced during pre-harvest. In poultry processing where hundreds of birds are
simultaneously processed in de-feathering machines and the same water-filled
tanks for scalding and chilling, cross-contamination is a major consideration.
Although large livestock such as cattle and swine are usually processed on a
singular basis, cross-contamination could also occur from using shared equip-
ment for processing. The most likely vehicles for spreading pathogens among
carcasses during processing are the surfaces in the slaughter or processing plant,
machinery, tools such as scalding and chilling tanks and the accompanying
solutions, packaging machinery, or carcass-to-carcass contact.

Holding, mixing and aggregation, fermentation, heating, pasteurization, brin-
ing, smoking, and pickling are the processing steps to decrease the prevalence
and concentration of pathogens in RTE meats. Environmental contamination
such as aerosols from cleaning water and dirty equipment may be the sources of
L. monocytogenes contamination in processing plants. Cooked products such as
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processed RTE meats may become recontaminated during handling and contact
with equipment before final packaging. Slicing operations are common sources
of re-contamination of cooked products.?**°

Fruit and vegetables
Fruits and vegetables can arrive at the dinner table in two forms: processed or
fresh. The most likely source of contamination for both types is on the farm.
Contaminated fertilizer (untreated manure), contaminated irrigation water, and
field workers with poor personal hygiene are the most likely sources of
contamination. Contamination can also occur through water used to wash the
produce after leaving the field if the pH is too high or it is not properly
chlorinated. Listeria monocytogenes is the biggest concern in fruit and vegetable
processing facilities owing to the cold wet conditions under which it thrives.*
Fresh fruits and vegetables are far more likely to carry pathogens than their
processed counterparts because fresh produce does not undergo a kill step.
Therefore, if contamination has occurred at the field, it is best controlled through
keeping temperatures within safe ranges, typically below 4 °C (40 °F). Processed
fruits and vegetables tend to undergo kill steps including acidifying, brining,
freezing, cooking, blanching, and irradiation. Although these steps are likely to
kill many pathogens, unclean machinery, contaminated employees, or contact
with other contaminated produce can still infect processed fruits and vegetables
after undergoing a kill step.

Transportation and storage of food

The process of shipping animals to slaughter facilities stresses the animals and
can increase the shedding of pathogenic organisms into feces. Transfer of
pathogens from the digestive tract of some livestock, usually via feces, to the
hide or feathers of non-colonized livestock and processing equipment presents
the greatest risk to uncontaminated carcasses and the final meat product.
Hazards can spread from animal to animal during transportation because of
cramped shipping conditions or via pathogen-contaminated feces that can smear
onto the feathers or hides of other livestock. Smaller livestock, especially
poultry, are often shipped in stacked cages with wire flooring that allow feces
from upper cages to contaminate the feathers of animals in lower cages — a
process that can spread pathogens to uninfected animals. Although the
uninfected animal has little time to acquire infection, the feathers or hide can
contaminate slaughterhouse equipment and carcasses during processing. Similar
factors apply to transportation and storage of processed food as to post-harvest
production food destined for processing.

6.4.3 Process control systems

Process control is part of a systems approach to assuring the quality of products
or services. Through process controls fewer pathogens would be introduced
during production, hence, fewer of these hazards would be transported with the
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food to processing, storage, preparation, and consumption. In process control
systems (PCS) actions are taken on a number of steps in the process (i.e. critical
control points) to ensure quality of the product. Hazard Analysis and Critical
Control Points (HACCP) is an example of a PCS.

HACCP includes seven principles:*’

1 Conduct a hazard analysis to determine risks associated at all stages, from
growing raw materials and ingredient to final product ready for consumption.

2 Identify critical control points (CCPs) to control this hazard. Examples of

CCPs in the farm-to-table process are cooking ready-to-eat foods,

refrigerating processed foods, or irradiating fresh produce.

Implement conditions to control hazards at each CCP.

4 TImplement effective procedures to monitor the control conditions for each
point.

5 Implement corrective measures to be taken if a deviation occurs at a point.

Implement effective record-keeping systems for HACCP activities.

7 Implement procedures to verify that the plan is working effectively.

w

[o)

However, poor design and/or improper implementation of the HACCP
system can lead to unsafe food products. Exposure assessment of foodborne
pathogens must take into consideration whether CCPs are properly identified
and controls are properly used. Guidelines are available in the published
literature and from governmental and non-governmental food safety organiza-
tions, but no blanket approach is possible because every operation is different.*!
Exposure assessment can be employed as a tool in the development of HACCP
plans to help assess hazards, potential consumer exposure levels for specific
formulations or processes, and to determine the potential to reduce or eliminate
the exposure.

6.4.4 Food preparation and consumption

Whether inside or outside the home, food preparation is the combining of foods
to prepare meals. Combinations of menus, culinary approaches, and ethnic and
cultural preferences determine the likelihood of introduction and/or growth of
pathogens.

Outside the home
There is no clear definition of ‘retail food services.” In general, these are places
where food is prepared for immediate consumption by consumers. For the purpose
of this chapter, these establishments include grocery stores (including bakery, deli,
butcher shops), convenience stores, restaurants (quick service, full menu, off-site
catering, etc.), and institutional food (hospitals, nursing homes, schools, etc.)
There are a number of food preparation scenarios outside the home that can
lead to the presence of pathogens in foods. If pathogens are already present in
foods at low levels when they are delivered to retail establishments, levels of
microorganisms can increase during storage and display. Pathogenic levels may
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also increase through recontamination or cross-contamination from portioning
opened packaged products through slicing or chopping and then repackaging.
Ambient temperatures can permit the growth of pathogens on contaminated
slicing equipment, cutting boards, etc., increasing the pathogenic population in
food.

At home

An understanding of consumer variables concerning food selection, handling,
preparation and consumption habits are critical in an exposure assessment.
Culture, ethnicity, lifestyle, age, and gender have significant influence on
consumers’ food behaviors.

Cultural identity and ethnicity

Food preparation can be influenced by cultural practices. For example, native
subsistence communities in Alaska have had outbreaks of botulism owing to
their practice of fermenting and putrefying food rather than thermally processing
it. Indigenous communities in northern and southeastern Alaska have the highest
rates of botulism, reflecting their dietary dependence on marine mammals and
salmon, respectively.*?

Ethnicity has been shown to be the most important predictor of food selection
and frequency of food consumption.>*>® For example, an outbreak of Salmonella
in several western states in late 1999 associated with Brazilian mangos most
affected people of Asian or Latino backgrounds.®’

Lifestyle

Studies have found that changing consumer lifestyles can affect food behavior.
For example, the increasing number of women in the workforce, limited
commitment to food preparation, and a greater number of single heads of
households have been identified as contributing factors.*®

Geography

Geographic differences have been observed in the patterns of exposure and
foodborne illness. As part of the Foodborne Diseases Active Surveillance
Network (FoodNet), CDC and its federal and state partners have conducted a
population survey and produced an Atlas of Exposures. The observed
geographic differences in consumption of high-risk foods from the Atlas are
shown in Table 6.2.

Food consumption patterns will likely differ based on population demo-
graphics (age, gender, ethnicity, socioeconomic group) and seasonal and
regional (both national and international) differences in food availability. For
exposure assessment, considerations of food consumption patterns for sensitive
subpopulations (e.g. young children, pregnant women, the elderly, and the
immunodeficient) and of high-risk consumer behavior (e.g. consuming
unpasteurized dairy products or undercooked meat products) are also
particularly important.
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Table 6.2 Percentage reporting consumption of high-risk foods in the past seven days by state®®

Foods California  Colorado Connecticut Georgia  Maryland Minnesota New York  Oregon  Tennessee
Lettuce in the home 76.2 74.8 75.8 68.5 71.7 70.6 75.8 74.9 65.1
Raw uncooked sprouts 13.1 9.2 7.5 53 7.7 6.9 6.8 10.7 5.6
Uncooked mangoes 14.8 8.6 7.5 6.3 7.9 4.4 3.8 7.0 4.7
Raw fresh fish 9.8 4.1 3.9 2.5 34 1.9 29 3.0 1.9
Unpasteurized milk 2.8 44 3.6 3.9 3.0 34 34 32 3.6
Unpasteurized juice 13.8 11.1 10.8 10.9 11.6 7.2 10.3 10.0 7.7

Source: http://www.cdc.gov/foodnet/surveys/pop/2002/2002Atlas
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6.5 Exposure assessment models

As previously discussed, microbial hazards in foods can arise at any stage in the
food chain, and can be affected by subsequent processing and handling steps.
Therefore, a continuum of the entirety of the food production system, from the
point of production (farm) to the point of consumption, must be considered. The
exposures and risks posed by the pathogens at one point in the food chain are not
treated in isolation from the system as a whole. Hence, creating a flow chart to
show the origin of pathogens and the relationships and operations that can
change the level and prevalence of the pathogen in the food along the continuum
from farm to table is the simplest way to begin an exposure assessment. An
example of a generic flow chart for microbial food safety exposure assessment is
shown in Fig. 6.1.

Although much attention has been paid to modeling risk from farm to fork, it
is not always necessary to include the entire food chain. To date, as part of most
food microbiological risk assessments, the exposure assessments have been
conducted beginning from either production stages or retail stages. Some
assessments have modeled prevalence and concentration at the time of con-
sumption by allowing for the effects of time and temperature on growth and
survival of a pathogen from an earlier point in the chain (such as the FDA-FSIS
Listeria monocytogenes in RTE foods). A few have started the exposure
assessments as far back in the food chain as the farm (e.g. USDA-FSIS E. coli
O157:H7 in ground beef). The scope of the risk assessment will typically
influence the breadth of the exposure assessment.

In general, an assessment of exposure to foodborne pathogens requires two
types of information:

1 the amount of food consumed and by whom, and

2 where in the food chain the microbiological hazards arise, and what factors
affect the prevalence and concentration of the pathogen in the food at the
time of consumption.

The key desired outputs of an exposure assessment for foodborne pathogens are
prevalence, concentration, and, if possible, the physiological state of pathogens
in foods at the point of consumption. However, since not all pathogens and food
contamination carry the same severity of public health implications, a gradation
of exposure assessment approaches, from qualitative to quantitative assessments,
can be applied, and the resulting exposure metrics can include:

e a qualitative expression, e.g. high, medium, low exposure;

e an estimate relative to some known or existing level of exposure, e.g. risk to
consumers of a particular food;

e a single numerical estimate based upon a series of point estimates, e.g.
average or the worst case;

e a set of estimates that describes the range of possible outcomes, e.g. average,
minimum, maximum, and most likely;

e an estimate derived by combining the frequency distributions of individual
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Fig. 6.1 A generic exposure assessment model for pathogens in foods.*’

variables in the assessment, characterized by a frequency distribution of
possible outcomes. This approach provides the range of possible outcomes
and the probability of each outcome. It requires the greatest amount of

information and mathematical modeling techniques.

6.5.1 Conceptual and mathematical models

Conceptual exposure models

A conceptual exposure model describes the variables and their interactions that
result in an exposure to foodborne pathogens. For example, the numbers of
ingested L. monocytogenes by consumers are usually unknown. However, an

Copyright 2006, Woodhead Publishing Limited



Exposure assessment for foodborne pathogens 129

estimate can be derived based on models of the effect of physical processes and
conditions that the food undergoes through the farm-to-table chain. Empirical
data from studies conducted on products or their ingredients at different stages
throughout the chain and/or modeled data are used to quantify and combine
these variables.

Typically in an exposure model, the various steps in the food production
continuum are broken down to several components or steps (e.g. pre-harvest,
post-harvest, transportation and storage, and preparation and food handling) and
the behavior of the pathogen is either measured or modeled (increase, reduction,
or no change) throughout each of the steps. The concentration at the conclusion
of one step is the initial concentration for the next step. For example, a slaughter
model for a risk assessment of beef might include modeling pathogen prevalence
and concentration at the end of the following steps: stunning, sticking, head
removal, dehiding, evisceration, splitting, chilling, washing, fabrication, and
packaging of meat cuts for further processing or retail establishments.*'-*?

Mathematical approaches such as predictive microbiology models, which
predict the growth of pathogens in foods, can also help provide necessary
information and fill some of the data gaps. Predictive models for microbial
growth, survival or inactivation could be developed for each step in an exposure
model, from production up to preparation and prior to consumption. Predictive
microbiologists have determined that temperature, pH, and water activity can
account for almost all fluctuations in bacterial growth and death rates in food.
Temperature is the most powerful determinant of the three and the only one that
the bacteria themselves cannot influence. Predictive microbiology begins by
creating a primary model, an empirical model of bacterial growth with respect to
time. This growth curve is then modified into a secondary model by introducing
a key variable such as temperature. Large databases of empirical data and the
resulting models are maintained by joint effort between the USDA and UK Food
Standards Agency.*

Mathematical models, variability, uncertainty, and sensitivity analysis

A mathematical model explicitly defines the mathematical relationship of the
variables described in the conceptual exposure model. By assigning values (i.e.
data) to the variables in the model (i.e. model inputs), the equations describing
the origin and amount of a pathogen in the food and its activity level can be
solved to yield a numerical estimate of exposure.*” In a probabilistic exposure
assessment (PRA), the equations are solved stochastically and model inputs
(assumptions) and outputs (results) are specified as distributions. PRA models
can be built for the whole farm-to-table food production and processing chain.
Alternatively, several models could be built for segments of the food chain and
then linked together.

A distribution that describes an input or output of a model is composed of two
components: uncertainty and variability. Variability refers to temporal, spatial, or
inter-individual differences (heterogeneity) in the value of an input.** Variability
is an inherent property of all physical, chemical, and biological systems.
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Uncertainty refers to the incompleteness of one’s knowledge or information.
Random and systematic measurement errors, as well as reliance on models or
surrogate indicators, are all sources of uncertainty.** Often uncertainty exists
when assumptions have to be made about the ranges of an unknown quantity and
their probabilities of occurrence. The degree of uncertainty can be reduced by the
acquisition of new data or knowledge, whereas additional data will not decrease
variability.

Sensitivity analysis is used to measure the potential importance of model
inputs as contributors to variation in model outputs. Such an analysis can
provide insight into how a real world system is sensitive to perturbation of some
of its components or processes, assuming that such relationships are adequately
represented in the model.**

In recent years, with increasing computational capabilities and modeling
software, the development of computer models capable of complex calculations
and simulations using sophisticated mathematical techniques, such as Monte
Carlo, has been expanding. Computer simulation modeling software such as
@Risk, Crystal Ball, and Analytica can provide a means to calculate the results
for complex food systems. These software programs calculate all of the possible
combinations of factors by calculating exposure many times (i.e. iterations). For
each iteration, these programs select a random value from each variable range
according to the probability distribution describing that variable. The outcome is
then calculated for that specific iteration. Values from all iterations are collated
to generate a probability distribution of possible outcomes.

Model validation

Validation is a process by which a computer simulation model is evaluated for
its accuracy in representing a system. The type of validation that is needed
depends on the purpose of the model. For models that are developed for the sole
purpose of defining the functional relationships between input quantities and
overall behavior of a system, evaluating relative changes in model predictions as
a function of changes in input is more appropriate than attempting to validate
whether the model prediction is true. For example, for an exposure model
constructed to examine the impact of various intervention strategies on the
prevalence and levels of Listeria monocytogenes in deli meat, evaluating the
impact of model prediction by changing model inputs would be an appropriate
validation approach. It is only when a model will be used for making predictions
that it should be subject to a full validation process.**

One of the ways microbiological risk assessments have been validated is to
compare model prediction of illness with epidemiological data. For example, in
the USDA-FSIS risk assessment for Escherichia coli O157:H7 in ground beef,
the public health risk estimates derived from the risk assessment model were
compared with estimates of foodborne illness derived from the CDC epi-
demiology data, and adjustment to the dose—response/hazard characterization
was made until the public health risk estimates were similar to the epidemiology
data.** An underlying assumption with this validation approach is that the
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exposure model (and its inputs) component of the risk assessment is correct and
that only the dose-response/hazard characterization aspect of the risk assess-
ment was anchored to the epidemiology data. While this approach is not ideal, a
full validation of a risk assessment of this scope and scale would be difficult, if
not impossible.

As a practical matter, for large and complex models, validation for the entire
model may be impossible, but evaluation of some components of the model
might be feasible. This is referred to as partial validation.** For instance,
predictive microbiology models that are used to fill in data gaps in the full
exposure model could be validated using products of similar microbial ecology
to the product of interest. An example would be models that have been
developed for growth, survival, and inactivation of L. monocytogenes in
laboratory broth media and some foods. The most reliable of these models are
the ones developed from systematic studies under carefully controlled condi-
tions, which include temperature, water activity (4,,), sodium chloride (NaCl)
concentration, pH, and levels of preservatives (i.e. organic acids and nitrite).
These conditions are known to exert a major influence on L. monocytogenes
growth. Nevertheless, these models may have to be modified for specific foods
and their full complement of ingredients.*°

6.6 Challenges in exposure assessment

Significant challenges exist in exposure assessment for foodborne illness. Often
the lack of data prevent adequate quantification of the long list of input
variables in an exposure model, such as the prevalence and concentration of a
pathogen in foods, the composition of the food, serving sizes and frequency of
consumption. Knowledge about the food system, from farm to fork, is also
often incomplete and poses great challenges in modeling such a system.
Further, assumptions that may be made in the incorporation of data and
information about the food system into an exposure model may lead to
significant sources of model uncertainty.

6.6.1 Model uncertainty

Simple reflection of reality

Models are often a simple reflection of the real world. Thus, the structure of
mathematical models employed to represent scenarios and phenomena of
interest is often a key source of uncertainty.** There are four major sources of
model uncertainty in microbial risk assessment. The first is the simplification of
complex processes into mathematical models for physical processes. Second, the
exact point at which any given pathogen becomes inactive or begins to grow is
very difficult to predict. Third, the process of extrapolating from small sets of
scenarios to all scenarios of importance necessarily introduces some uncertainty.
Finally, assumptions are often made dealing with the operation of complex
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processes based on readily observable components of those processes that
encounter the same extrapolation difficulties as the scenario sets.

The results of an exposure assessment that employs computer simulation
modeling techniques will depend on the model, the data ranges and distributions
that are used, and on the assumptions made in setting up the model. While it is
easy to develop spreadsheet models, it is also easy to make mathematical and
logical errors in the construction of the model. There is a need to verify both the
accuracy of the mathematical model as a description of the system being
assessed (model validity) and its mathematical reliability (the ability to produce
consistent results upon repetition).**” The many potential pitfalls in simulation
modeling have been well-documented in general references and guidelines for
their use in risk assessment.**™*

6.6.2 Data limitations
An assessment of exposure to a foodborne pathogen typically requires data that:

e describe the prevalence of the pathogen in food ingredients, or specific
finished products of interest, or both;

e describe the concentration of the pathogen in ingredients, specific finished
products of interest, or both;

e describe the amount of the product eaten at each meal or serving, the
frequency of consumption, and if possible, the consumption characteristics of
subpopulations that are particularly susceptible to the pathogen;

e allow the determination of the prevalence and concentration of the pathogen
at one or more points in the food chain, e.g. data about storage times and
temperatures, pathogen growth potential in the food;

e help to simplify and prioritize the assumptions and process model to be
included in the exposure assessment, since it is impossible to include in a
model all of the situations that a food may experience.

The information on which exposure estimates rely is often limited. A number
of different types of data are used, including microbiological sampling data,
food consumption data, epidemiological surveillance data, outbreak data, and
survey data. Often, the only data available are from studies intended for other
purposes (e.g. regulatory compliance) and are not ideally suited for the objec-
tives of exposure assessment. Population characteristics are usually inferred
from observations made on a sample drawn from the population at a specific
point in time, and observed phenomena are extrapolated to the situation under
study.

The source, quality, and amount of data can vary considerably. Sources
include books, published studies, government reports, and unpublished data.
While generally accepted data quality guidelines have not been developed for
microbial risk assessment, data sources may be excluded for many reasons,
including poor quality, small sample size, non-English language, unpublished
sources, and publication prior to a given date, etc. In some cases where there is
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no current information, data that were collected and analyzed decades ago may
be used. Any change in practices, such as the implementation of HAACP or
technological advances, would not be reflected in exposure assessments using
these old data. Arguments have been made in favor of unpublished data,
including the fact that published data are likely to be biased away from the null.
The following sections discuss several key data limitations.

Microbiological sampling
Information on the extent of contamination (prevalence) and level of a pathogen
contamination in the food product or material (i.e. concentration or enumera-
tion) in the production steps are necessary to conduct an exposure assessment.
Flock or herd prevalence data can be obtained from on-farm samples such as
fecal samples or internal swabs (e.g. rectal swabs). The USDA-FSIS periodic
baseline sampling of carcasses from various livestock, which tests for various
pathogens and surrogates of public health concern such as E. coli, Salmonella,
Listeria, Campylobacter, is a major source of microbiological sampling data
(see Table 6.3).%°

Ideally, the prevalence and enumeration studies used in exposure assessment
should be comprehensive national surveys of the specific foods in question.
However, these are rarely available. Furthermore, in a farm-to-table analysis
microbiological enumeration data covering several points in the production
continuum are needed to verify that modeled estimates are in realistic value
ranges. However, these data are often lacking. For example, based on a review
by the WHO, it was noted that smaller surveys within several countries often
have to be used to estimate the contamination of RTE foods by L. mono-
cytogenes and enumeration data are often not available from these studies.*® The
zero-tolerance regulatory approach adopted by many authorities towards L.
monocytogenes in RTE foods and other foodborne pathogens and the time and
cost associated with collecting enumeration data have both contributed to this
lack of data.>" Zero tolerance implies regulations that require that the hazard not
be detectable in a test sample of specified size. Many countries specify the
absence of L. monocytogenes in a 25 gram test sample in RTE foods as the
tolerable limit.>?

Table 6.3 Prevalence of microorganisms on cattle, chicken, and swine carcasses as
measured by USDA-FSIS

Cattle, n = 1881 Chicken, n = 1225 Swine, n = 2127

Microorganisms n % n % n %
E. coli 312 16.6 1167 95.3 937 441
Salmonella 23 1.2 107 8.7 147 6.9

Sources: http://www.fsis.usda.gov/PDF/BaselineData  Cattle.pdf, accessed 21 June 2005; http://
www.fsis.usda.gov/PDF/Baseline_Data_Young_ Chicken.pdf, accessed 21 June 2005; http:/
www.fsis.usda.gov/PDF/Baseline_Data_Swine.pdf, accessed 21 June 2005.
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Cross-contamination

Data detailing pathogen transfer and cross-contamination are limited. Models
usually rely on assumptions about cross-contamination based on expert
opinions. This adds to the uncertainty of subsequent exposure estimates.

Food preparation and handling

Food preparation involves the combination of different food products to make a
dish or a complete meal. Combinations of menus, culinary approaches, ethnic
and cultural preferences determine the likelihood for introduction and/or growth
of pathogens. Time and temperature are the two most important factors in food
preparation, followed by hand washing, and cleaning utensils and cooking sur-
faces properly. Since food preparation and handling information are not always
available, assumptions about food preparation and handling practices are
assumed for various scenarios in an exposure assessment, contributing to
additional uncertainty.

Food consumption®

Food production statistics, food consumption surveys, retail food purchase data
and household surveys are useful in providing data regarding food production
and food consumption. Data from the US Department of Agriculture (USDA)
and the National Center of Health Statistics (NCHS) nationwide food
consumption surveys, including the USDA Continuing Survey of Food Intakes
by Individuals (CSFII) 1985-86, Nationwide Food Consumption Survey
(NFCS) 1987-88, CSFII 1989-90, 1990-91, 1994-96 and 1998, the NCHS
3rd National Health and Nutrition Examination Survey (NHANES III), and now
NHANES 1999+ have been and continue to be relied upon for exposure
assessment in risk assessment.

Food consumption surveys for individuals are frequently conducted to assess
the nutritional status of a population rather than to characterize consumption of
specific foods. Although these surveys may provide information about
consumption by specific age and gender groups, they may not describe foods
in sufficient detail, include enough participants from sensitive subpopulations or
even collect the information necessary to identify these subpopulations. The
food description may not indicate whether foods such as milk or juices are
pasteurized or the degree to which foods such as eggs or ground beef are cooked.
Raw data from the surveys are not always available, requiring the exposure
assessor to rely on aggregated data, which may not be sufficiently detailed or
targeted to the foods of concern.

Information on consumer behavior that may increase or decrease the risk of
foodborne illness is absent from most food consumption surveys. The ability to
link food consumption data to information about an individual’s propensity for
consuming high-risk foods (e.g. eating undercooked hamburgers, raw shellfish,
or temperature-abused foods) would be extremely useful in estimating exposure
to microbiological hazards in foods.
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6.7 Prioritizing data needs

The lack of adequate data to fill in key variables will lead to uncertainty in the
exposure estimates. Reducing this source of uncertainty will increase
confidence in the exposure estimates. One type of data that is much needed
for quantitative exposure and risk assessment is enumeration data. Often these
data are limited or unavailable. Depending on the organism and analytical
laboratory, the enumeration cost per sample could range from $30 to $175 (see
Table 6.4). Coupling the typically high per sample cost with large sample sizes
that may be necessary given the typical lack of homogeneity of organisms in
the food matrix, the cost of enumeration could run very high. Clearly, as a
practical matter, data needs must be prioritized based on potential for reducing
uncertainty and balanced against the costs and difficulties of developing more
and better data.

Table 6.4 Samples of microbiological enumeration costs

Microorganisms Bio Research Biosan Colorado Dept.
Laboratories  Laboratories of Public
lab/cost lab/cost Health & Env.
(US$) (US$) lab/cost
(US$)

Campylobacter confirmation 90
Campylobacter culture 35
Campylobacter, Shigella

Salmonella culture 100
E. coli 40
E. coli (food) 85
E. coli (petrifilm) 30
E. coli O157:H7 50 65
Listeria monocytogenes 60 75
Listeria (food) 75
Salmonella sp. 65
Salmonella (TECRA) 45
Salmonella (FDA BAM) 40
Yersinia enterocolitica culture 35
Yersinia pestis confirmation 90
Yersinia pestis culture 35

General food pathogen screen (S.

aureus, Salmonella, E. coli, total

bacteria, yeast and mold count) 175
Food poisoning/standard food pathogen

includes: E. coli, Salmonella, aerobic

plate counts (APC), total coliform,

yeast/mold, S. aureus) 125
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6.8 Policy implications and future direction

The ultimate target audience for a pathogen exposure assessment is the policy
maker whose concern is safeguarding public health. The primary purpose of a
pathogen risk assessment is to inform decisions by government regulators,
policy makers or food producers about whether and how exposures should be
reduced (i.e. risk management). Several issues arise concerning exposure
assessment in this context:

The assessment must address a set of focused risk management questions,
e.g. the selection of scenarios to be modeled must parallel the risk
management tools available.

The exposure estimate should not be taken literally. Sophisticated models
produce a false sense of confidence in the accuracy of the predicted outcome
and can give the impression that the modeled exposures and illness outcomes
are real.

The propensity of the public sphere to prefer certainty and simplicity should
not be allowed to obscure the uncertainties and limitations of the model used
and the resulting estimates.

If clearly articulated and explained, the sensitivity and uncertainty analyses
that are included in a scientifically sound exposure assessment are as
informative to the risk manager as the exposure estimate itself. These
analyses tell the decision maker when risk management intervention may be
premature and more study of a specific variable is a better option.
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Using surveillance data to characterize
and analyze risk factors for foodborne
illness

P. Cowen, L.-A. Jaykus and C. M. Moore, NCSU, USA,
R. Morales, USDA, USA and A. Vicari, Pan American Health
Organization, USA

7.1 Introduction

Over the past decade, intensified public health efforts have reduced the
incidence of foodborne illness in the United States. Nevertheless, with ever-
changing food industry practices, consumer eating habits, and sociodemographic
patterns, new pathogenic agents emerge and known agents take on new
importance. In this chapter, we will discuss the role that epidemiological
surveillance takes in helping to measure and control the burden of foodborne
illness within the United States.

In the first half of the chapter, we introduce the basic concepts of surveillance
for foodborne illness. Surveillance is critical to identifying disease trends and is
also an important element in evaluating the effectiveness of new food safety
interventions. However, its accuracy and usefulness are often limited by case
reporting failures, biased reporting, and the inability to link cases to specific
foods and/or agents. Current, ‘active’ approaches to surveillance, coupled with
web-based reporting and improved laboratory methods have enhanced the
reliability and usefulness of surveillance data.

Unfortunately, surveillance data are commonly thought of as simply report-
ing what has been observed. In the latter half of the chapter, we demonstrate
how active surveillance, because of its increased accuracy, holds the possibility
of generating new information beyond traditional trend data. Finally, we extend
our discussion to global foodborne disease surveillance efforts. It is clear that
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monitoring the burden of foodborne disease across the world’s nations and food
chains will allow us not only to prioritize public health efforts, but also to
identify new foodborne disease challenges.

7.2 Surveillance data

7.2.1 Foodborne illness surveillance

Systems for monitoring foodborne illness

Foodborne diseases are commonly regarded as one of the most widespread health
problems (Motarjemi and Kaferstein, 1997). An estimated 76 million illnesses,
325 000 hospitalizations, and 5000 deaths annually are associated with foodborne
illness in the United States alone (Mead et al., 1999). Within the framework of
the US National Food Safety Initiative, it has been recognized that the availability
of reliable epidemiologic data on foodborne disease is an important prerequisite
to assessing food hazards and evaluating the cost-effectiveness of prevention
programs (Binder ef al., 1998). As such, surveillance data ultimately provide the
grounds for purposeful changes to food safety regulations.

Historically, evaluating the magnitude of foodborne disease in developed
countries relied on statistics on foodborne illness from ‘passive’ surveillance.
Passive surveillance methods require clinical microbiology laboratories and
physician’s offices to report cases of foodborne disease to state, provincial, and/
or regional health departments which in turn communicate to a national entity
such as the US Centers for Disease Control and Prevention (CDC). Several
systems based on this principle exist at the national level in the United States
(CDC, 1997; Mead et al., 1999): the National Notifiable Disease Surveillance
System (NNDSS), the Public Health Laboratory Information System
(Salmonella and Shigella), and the Foodborne Disease Outbreak Surveillance
System. The Foodborne Disease Outbreak Surveillance System contains data on
more than 20000 US foodborne disease outbreaks reported to the CDC since
1973 (Batz et al., 2005). Perhaps most importantly, the Foodborne Diseases
Active Surveillance Network (FoodNet) maintains an ‘active’ surveillance of
illnesses caused by nine pathogens that frequently are foodborne agents.
National surveys of health care agencies provide information on patient
symptoms, diagnoses, and length of hospital stays (Mead et al., 1999). For
instance, the National Sa/monella Surveillance System (NSSS) received 5000
reports of Salmonella isolations from state health departments (CDC, 2003).
More than 6000 cases of salmonellosis were reported to FoodNet in 2002 (CDC,
FoodNet, 2004). The Foodborne Outbreak Response and Surveillance Unit
indicates that 29 outbreaks of Salmonella enterica serovar Enteritidis were
reported to the CDC in 2002. These outbreaks resulted in 840 reported illnesses,
52 hospitalizations, and no deaths among residents of 23 states (CDC, 2002).

In most US counties, doctors and clinical laboratories notify a local health
department when a nationally notifiable disease is diagnosed. Botulism, crypto-
sporidiosis, cyclosporiasis, listeriosis, shigellosis, salmonellosis, and infections
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caused by E. coli O157:H7 are several foodborne diseases that are among the
nationally notifiable diseases. At the local level, staff members implement
appropriate control measures and forward the information to the state level.
Next, state health departments forward the information to the CDC. Core
surveillance data include date, county, age, sex, race/ethnicity, and disease-
specific information. Surveillance data may be reported either as individual
cases or as aggregated data for a group of cases.

Surveillance has been defined as an ongoing and systematic collection,
analysis, interpretation, and dissemination of descriptive information on health
events (Declich and Carter, 1994). Essentially, surveillance systems focus on
describing when and where health problems are occurring and who is affected,
i.e. the quintessential epidemiologic triad information of time, place, and person
(Buehler, 1998). In this process, a key constraint is the balance between
information needs and the feasibility of data collection. As a continuous process,
the long-term sustainability of a surveillance system relies on the participation
of the involved health professionals upon whom only a proportionate burden can
be put. Surveillance data are thus generally less specific or precise than those
from research studies, and their analysis and interpretation impose caution.

Limitations to surveillance data

Surveillance data are useful for analyzing disease trends and determining
relative disease burdens. However, it is commonly accepted that their absolute
figures result in large underestimates of the actual incidence of foodborne
illnesses. Surveillance of foodborne illnesses is complicated by several factors
(Mead et al., 1999). While diarrheal diseases can be severe or even fatal, milder
cases usually do not require medical care and thus go unreported. Second, the
role of foodborne transmission is obscured by the fact that many pathogens
transmitted through food also are spread through water or from person to person.
Food attribution, or the capacity to attribute cases of foodborne disease to a food
vehicle, may be determined either epidemiologically or microbiologically (Batz
et al., 2005). However, in the period from 1993 to 1997, a specific food was not
identified in 20-40% of reported cases associated with outbreaks (Olsen et al.,
2000). Finally, the infectious etiology of foodborne illness often remains
undefined. In 1993-97, approximately 40% of reported outbreak cases were
associated with an unknown agent (Olsen et al., 2000). In fact, some proportion
of foodborne illness is likely to be caused by microorganisms whose role as
foodborne pathogens has yet to be recognized — the role of Campylobacter
Jjejuni, Escherichia coli O157:H7, Listeria monocytogenes, and Cyclospora
cayetanensis as causes of foodborne illness was unrecognized just two decades
ago.

Additionally, surveillance data are susceptible to external influences. Reports
may be influenced by varying diagnostic and reporting procedures, as well as
varying resources and priorities of state and local officials. New methods for
public health surveillance and new detection methods may also cause changes in
disease reporting that are independent of the true incidence of disease.
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FoodNet active surveillance

Statistics on foodborne illnesses have historically relied on ‘passive’
surveillance. The Foodborne Diseases Active Surveillance Network (FoodNet)
was established in 1996 as a collaborative effort by the CDC, the US Depart-
ment of Agriculture, the US Food and Drug Administration, and selected state
health departments. FoodNet records laboratory-confirmed cases associated with
seven bacteria (Campylobacter spp., Escherichia coli O157, Listeria mono-
cytogenes, Salmonella spp., Shigella spp., Vibrio spp., Yersinia enterocolitica)
and two parasitic protozoa (Cryptosporidium spp., Cyclospora spp.). In 2006,
the system covered regions in ten US states (California, Connecticut, Georgia,
Minnesota, Oregon, Maryland, Tennessee, Colorado, New Mexico, and New
York) for a population of 44.1 million inhabitants (equivalent to 15.3% of the
national population).

FoodNet has four main objectives: (1) to measure the frequency and severity
of foodborne diseases; (2) to establish the relative importance of specific food
items; (3) to describe the epidemiology of new and emerging foodborne
pathogens; and (4) to monitor temporal trends (CDC, 2000d). The core com-
ponent of FoodNet is a population-based active surveillance with participation
of over 300 clinical microbiology laboratories distributed in several states. The
word ‘active’ essentially means that FoodNet investigators contact these
laboratories either weekly or monthly to collect information on all laboratory-
confirmed cases of diarrheal and listeriosis infections. Specific information such
as possible vehicle and demographic characteristics also are collected for each
case. As the type of reporting implies, most specimens are obtained for
diagnostic purpose from ill persons.

The results of the FoodNet active surveillance are viewed as a comprehensive
and timely database of foodborne illness in a well-defined population (CDC,
1997). They are presented in yearly reports (CDC, 2000a,b,c,d; 2001a). Table
7.1 summarizes the infection rates per 100 000 individuals at the five original
FoodNet sites (i.e. California, Connecticut, Georgia, Minnesota, and Oregon) for

Table 7.1 Incidence per 100000 inhabitants of selected pathogens detected by
FoodNet, 1996-1999

Pathogen 1996 1997 1998 1999
Campylobacter 23.5 25.2 21.4 17.3
Salmonella 14.5 13.6 12.3 14.8
Shigella 8.9 7.5 8.5 5.0
Cryptosporidium n/a 3.0 34 2.9
Escherichia coli 0157 2.7 2.3 2.8 2.1
Yersinia 1.0 0.9 1.0 0.8
Listeria 0.5 0.5 0.6 0.5
Vibrio 0.2 0.3 0.3 0.2
Cyclospora n/a 0.3 <0.1 <0.1
Total 51.3 53.6 50.3 43.6
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the period from 1996 to 2000 (CDC, 2001a). These data show that the relative
importance of the individual pathogens has remained relatively constant over the
5-year period. In particular, Campylobacter spp., Salmonella spp., and Shigella
spp. have been — in decreasing order — the three most frequently reported
agents. Important year-to-year and regional fluctuations complicate the
identification of secular incidence trends (CDC, 2001a). For instance, an
enlargement of the area under surveillance can explain annual variations for
some sites. Further, the occurrence of large outbreaks also has an important
impact. For instance, the spike in shigellosis cases registered in 2000 was
attributed to outbreaks in California and Minnesota. When the 1996 and 2000
data are compared, the incidence of both Campylobacter and Salmonella
infections declined. While Salmonella rates were fewer in all five original sites,
Campylobacter declined in only four sites. Nevertheless, fluctuations in the
years between 1996 and 2000 could also suggest that the decline is merely part
of a random process. Especially in the case of Shigella infections, the incidence
varies substantially from year to year and from site to site. Overall, these few
points clearly show that, based solely on a descriptive analysis, the identification
of temporal trends is challenging and cannot be established with reasonable
certainty.

Besides contrasting the results of different surveillance years, the annual
FoodNet reports describe the influence that select demographic characteristics
have on the number of reported cases. The reports for the years 1997, 1998, and
1999 discuss age and gender effects, and conclude that, especially for
Campylobacter and Salmonella infections, the annual incidence of foodborne
illness varies by age and gender. However, from the text of the FoodNet reports,
it is not clear whether the highlighted differences are the result of statistical
analysis. The reports also present data on ethnicity and race, i.e. number of cases
and percentage of population distribution for each pathogen/site. Unfortunately,
absence of information on these traits’ distribution in the surveyed population
makes a more detailed analysis impossible.

In addition to measuring the incidence of disease associated with these
foodborne pathogens, surveys on the frequency of diarrhea in the general
population, the proportion of ill persons seeking care, and the frequency of stool
culturing by physicians and laboratories for selected foodborne pathogens are
investigated within the framework provided by FoodNet. In the context of food
safety initiatives, FoodNet can be used to help evaluate the efficacy of enacted
regulatory measures, such as the USDA Food and Safety Inspection Service’s
1996 Pathogen Reduction and Hazard Analysis and Critical Control Points
(HACCP) Rule, in decreasing the number of cases of foodborne diseases in the
United States. To illustrate this point, the incidence rates of foodborne disease
per 100000 inhabitants estimated through FoodNet are presented in Table 7.1.
While Campylobacter spp. and Salmonella spp. remain the leading causes of
foodborne diarrheal illnesses, these figures indicate that the total burden of
disease and particularly the incidence of campylobacteriosis have diminished
between 1996 and 1999. Regulatory and policy officials note that this coincides
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with the staggered implementation of HACCP in poultry and beef slaughter
plants, which occurred over the same period. Among its key findings, the 1999
FoodNet report mentions that Campylobacter incidence decreased by 18%
between 1998 and 1999, and by 26% between 1996 and 1999 (CDC, 2000d). As
poultry is the most common source of Campylobacter, the decline is linked to
changes in poultry processing plants required by the implementation of the
HACCP Rule. This example shows that inferences drawn from FoodNet
surveillance data have implications that reach into the core of the food safety
policy-making process. Understanding the limitations of the surveillance tool
has to be viewed as an important element in safeguarding the scientific
soundness of that process.

The main limitations of the FoodNet surveillance have been discussed (CDC,
2001a). Currently the system encompasses nearly one-fifth of the US popula-
tion, although the data may not be entirely representative of the national
situation. Secondly, FoodNet does not completely eliminate underreporting.
Since most foodborne illnesses will not require in-depth medical investigation,
data still merely reflect the fraction of cases that are laboratory-confirmed. Even
if an illness case becomes the object of a laboratory work-up, procedural and
performance differences among laboratories may influence the isolation
outcome. For instance, while stool specimens are routinely tested for Sa/monella
and Shigella and often for Campylobacter, testing for E. coli O157 is only
carried out half the time, and other pathogens even less frequently. Importantly,
some reported cases may be the result of an exposure not linked to food, such as
drinking water or person-to-person contact, and the source of infection on a
population basis generally only is established during sporadic case-control
studies. Finally, cases are recorded by site of occurrence, but exposure may well
have occurred at another location.

Estimating the burden of foodborne illnesses in the United States

Several attempts have been made over the years to estimate the total burden by
foodborne diseases in the United States based on surveillance data (see Table
7.2). Although inevitably flawed by a paucity of data and thus requiring a large
number of assumptions, such estimates have had a critical role in setting public
health priorities. A closer look at the processes used to generate such estimates is
thus warranted.

By coupling information on the underreporting of salmonellosis with data on
other foodborne pathogens, Archer and Kvenberg estimated in 1985 that 24 to
81 million foodborne illnesses, inclusive of all pathogens, occurred in the
United States each year (Archer and Kvenberg, 1985). Illnesses due to known
pathogens were estimated at 8.9 million. In 1987, Bennett et al. computed
incidence figures for all known infectious diseases and for different
transmission modes. It was concluded that foodborne transmission of known
pathogens caused 6.5 million illnesses and up to 9000 deaths. Todd (1989)
employed a combination of methods, including extrapolation from Canadian
surveillance data, to derive an estimate of 5.5 million foodborne illnesses and
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Table 7.2 Estimated number of illnesses and deaths due to foodborne hazards in the
United States

Source Number of illnesses Number of deaths
(in millions)

Archer and Kvenberg (1985) 24 to 81 -

Bennett ef al. (1987) 6.5 8980
Todd (1989) 12.5 520
CAST (1994) 6.5 to 33 9000
Mead et al. (1999) 76 5200

170 related deaths in the United States. A group of experts convened by the
Council for Agricultural Science and Technology concluded in 1994 that illness
cases likely ranged between 6.5 and 33 million and that deaths might be as high
as 9000 (CAST, 1994).

Most recently, Mead ef al. (1999) compiled and analyzed information from
multiple surveillance systems, including FoodNet. The analysis entailed three
basic assumptions that concerned the degree of underreporting, the proportion of
foodborne transmission for the individual pathogens, and the frequency of acute
gastroenteritis in the general population. These investigators concluded that
foodborne diseases cause approximately 76 million illnesses and 5200 deaths
annually. Known pathogens were estimated to account for 14 million illnesses
and 1800 deaths.

The same authors recognized two limitations in these estimates (Mead et al.,
1999). First, separate calculation methods were necessary for estimates specific
to bacterial, parasitic, and viral pathogens because of different surveillance
information. Second, some rare infectious agents, such as Plesiomonas,
Aeromonas, and Edwardsiella, as well as noninfectious agents, such as
mushroom or marine biotoxins, metals, and other inorganic toxins, were not
considered because of a lack of surveillance data. Mead et al. (1999) also
discussed possible explanations for the discordance among estimates obtained
by different authors. First, it is noted that the various figures often refer to
different groupings of pathogens, i.e. either to known pathogens or to all causes
of foodborne illnesses (known and unknown, infectious and noninfectious).
Second, the single analyses used data from different sources. Finally, different
rates of foodborne transmission were assumed in all cases.

7.2.2 Analytical methods for surveillance data: a Salmonella case study
Outbreak versus sporadic cases

While the cause of the majority of foodborne outbreaks is unknown, the number
of outbreaks with definitive etiology remains relatively constant (Fig. 7.1).
Although outbreaks are often the newsworthy effect of foodborne diseases, the
number of cases that they cause is merely a fraction of all foodborne illnesses
that occur each year. Hence, ‘sporadic’ cases — that is, cases of foodborne
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illnesses that are not or cannot be linked to an outbreak — make up the majority
of foodborne illnesses. This point is illustrated in the case of Salmonella isolates
(Fig. 7.2). In the period from 1988 to 1997, more than two-thirds of the
Salmonella isolates that were reported to CDC were from sporadic cases (range:
68% in 1996 to 93% in 1988). The proportion of sporadic cases for other
foodborne pathogens is even higher than the one observed with Salmonella.
Although the distinction between outbreak and sporadic cases is somewhat
artificial, given the working definition of an outbreak used by CDC (i.e. two or
more linked cases), the observation is meaningful in the context of microbial
dose—response assessment. In fact, a high proportion of sporadic cases may be
suggestive of a small attack-rate and thus of low-dose exposure. This conclusion
is consistent with the postulate that the actual dose ingested in sporadic cases of
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Fig. 7.2 Total Salmonella isolates and percent distribution between outbreak and
sporadic cases in the United States, 1988—1997.
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human salmonellosis frequently may be the 1% infective dose (ID;) (Blaser and
Newman, 1982).

Host factors

The findings of epidemiologic studies probably offer the best opportunity to
identify host factors that influence the risk of foodborne disease. A review of
two dozen analytical studies, i.e. case-control and cohort studies, related to
Salmonella infection is presented below (Table 7.3).

Age

A common observation is that age of patients with Salmonella infections is
distributed according to a bimodal distribution with peaks in children and the
elderly. In a Belgian hospital-based study covering isolates for a 20-year period
(1973-1992), S. Typhimurium and S. Enteritidis were mainly isolated in
children of less than 5 years of age (Le Bacq et al., 1994). The age distribution
was, however, less accentuated for S. Enteritidis than for S. Typhimurium. Both
serovars were more likely to lead to bacteremia in middle and older age groups
than in those younger than 5 years of age (Le Bacq ef al., 1994), confirming a
previous observation made in the United States (Blaser and Feldman, 1981).
Another study reported on Salmonella isolates obtained by a Hong Kong
hospital for the period 1982—-1993 (Wong et al., 1994). Among both intestinal
and extraintestinal isolates, S. Typhimurium, S. Derby and S. Saintpaul
predominated in infants. In patients older than 1 year of age, S. Derby and S.
Typhimurium remained the most common intestinal isolates, while S. typhi, S.
Typhimurium, and S. Enteritidis were the most common extraintestinal isolates.
In a British population-based study, the highest age-specific isolation rates for S.
Enteritidis were observed in children aged less than 2 years, and for S.
Typhimurium, in those under 1 year (Banatvala ef al., 1999).

Table 7.3 Risk factors for foodborne non-typhoidal salmonellosis reported in case-
control and cohort studies

Factor category Reported factors
Demographic and socioeconomic factors Age
Gender

Race and ethnicity

Nutritional status
Social/economic/environmental factors
Travel abroad

Genetic factors HLA-B27 gene

Health factors Immune status
Previous exposure
Concurrent infections
Underlying diseases
Concurrent medications
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In children younger than one 1 year of age, the peak incidence is generally
observed in the second and third months (Ryder et al., 1976; Davis, 1981; CDC,
1983). The study from Hong Kong showed, however, a peak at 12 months of age
(Wong et al., 1994). In a study on Peruvian children, the IgG and IgM titers
against Salmonellae serogroups AO, BO, and DO were higher at 12 months of
age than at 2 or 3 months of age, which was interpreted as an indication of
acquired immunity (Minh et al., 1998).

It should be pointed out that association with age might be spurious. It is
likely that children and the elderly with diarrhea are more frequently cultured
than other age groups (Banatvala et al., 1999). Further, age influences the
relative exposure to specific serovars. This may explain an increased risk of
infection with resistant Salmonella serovars, which has been observed in infants
(Lee et al., 1994). Moreover, age association may reflect behavioral
characteristics. For instance, eating snow, sand, or soil — a behavior more
likely in children — was found to be associated with S. Typhimurium O:4-12
infection (Kapperud et al., 1998b).

Gender

In terms of number of isolates, men seem to be more likely to become infected
with Salmonella than women. A male-to-female ratio of 1.1 has been reported
on various occasions (Blaser and Feldman, 1981; Le Bacq ef al., 1994; Wong et
al., 1994). The significance of such a finding does not appear to have been
addressed. Several factors, such as proportion of the two genders as well as
different age distributions for males and females within a country or hospital
catchment area may play an important role. In the evaluation of single studies, it
should be pointed out that the occurrence of other factors, e.g. use of antacids or
pregnancy, tend to be gender specific, and gender may thus have the effect of a
confounder.

Race and ethnicity

The potential role of race and ethnicity has seldom been considered. An asso-
ciation with black race and Hispanic origin was reported for resistant Sa/monella
infections (Riley et al., 1984; Lee et al., 1994). In the former case, the
association was explained by differences in the distribution of infecting serovars
among ethnic groups, which in turn depended on varying food preferences or
methods of food preparation.

Nutritional status

An association between altered nutritional status and acute gastroenteritis has
been shown in AIDS patients (Tacconelli ef al., 1998). Apart from this report, no
direct reference to the role of nutritional status was found in the recent literature.

Social/economic/environmental factors

Isolation rates of several Salmonella serovars have been compared among
groups of different socioeconomic strata on the basis of the Townsend score, an
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index for deprivation (Banatvala et al., 1999). While isolation rates for S.
Typhimurium were not related to the Townsend score, highest isolation rates of
S. Enteritidis were observed in less-deprived areas. It was hypothesized that
populations living in the less-deprived areas more frequently ingested vehicles,
such as raw eggs, harboring S. Enteritidis.

Sanitation deficiencies have been associated with high rates of enteric
disease, but direct reference to the potential role of Salmonella spp. is scarce. In
the 1950s, lack of sanitation, poor housing, limited water supply, and poor
personal hygiene were associated with high Shigella rates in Guatemala (Beck et
al., 1957). A similar observation was made in the United States where, in areas
of inadequate sanitary facilities, poor housing, and low income, Shigella
infections were the major causes of diarrheal diseases. In particular, there were
nearly twice as many cases of diarrhea among persons living in dwellings having
outhouses than among those whose houses had indoor toilet facilities
(Schliessmann et al., 1958). In certain Guatemalan villages, the habits of the
people and the density of the population were found to be more important
determinants of diarrheal disease than the type of housing (Bruch ef al., 1963).
In a study conducted in Panama, six representative types of dwellings were
considered as an index of social and economic influences on the prevalence of
specific enteric pathogens among infants with diarrheal disease (Kourany and
Vasquez, 1969). Each dwelling type differed characteristically from one another,
but five of the six types were considered substandard and their occupants were
of low socioeconomic status. Infection rates for enteropathogenic Escherichia
coli, Shigella, and Salmonella among infants from the various groups of
substandard dwellings ranged from 6.0 to 10.2%, in contrast to the zero infection
rate observed in infants from the better housing type. It is worth noting that the
literature on sanitation and housing was mainly published in the 1950s and
1960s. It is possible that improved waste-water management and drinking water
quality consequent to economic development has diminished the importance of
those factors in some countries.

A French study on sporadic S. Enteritidis infections in children investigated
the influence of diarrhea in another household member in the 3—10 days before a
child showed clinical symptoms. The strength of the association with such a
factor appeared stronger for cases in infants (1 year of age or less) as compared
with cases in children between 1 and 5 years of age (Delarocque-Astagneau et
al., 1998). On the basis of this observation as well as other results of the study, it
was postulated that S. Enteritidis infection in children of less than 1 year of age
is mainly related to exposure to a household contact, while children between 1
and 5 years of age are more likely to contract infection by consuming raw or
undercooked egg products or chicken.

A seasonal pattern in isolations, which generally shows increased rates during
warmer months, has been documented. For instance, in a British study, increased
isolation rates for S. Enteritidis, S. Typhimurium, S. Virchow, and S. Newport
were observed in summer (Banatvala ef al., 1999). The French study mentioned
above noted that the association between S. Enteritidis infection and prolonged
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storage of eggs was stronger during the summer (Delarocque-Astagneau et al.,
1998).

Travel abroad

Travel abroad is a risk factor for Salmonella gastroenteritis that has been
consistently demonstrated in both North America and northern Europe. For
California residents, Kass er al. (1992) demonstrated an association between
sporadic salmonellosis and travel outside the United States within 3 weeks prior to
the onset of illness. Possible variations in sporadic salmonellosis were cited in a
Swiss study (Schmid et al., 1996) where travel abroad within 3 days prior to
disease onset was found to be associated with both S. Enteritidis and serovars other
than Enteritidis, although to a greater extent for the latter case. While most
patients with S. Enteritidis infection were more likely to have traveled within
Europe, the majority of non-Enteritidis infections might have originated outside
Europe. Individuals of a British region with Salmonella infection were more likely
to have reported travel abroad in the week before the onset of illness (Banatvala et
al., 1999). Frequency of overseas travel between patients with S. Enteritidis or S.
Typhimurium infection was no different, but it was among patients with other
serovars. Indication of how travel abroad may lead to increased risk of
salmonellosis was reported in a study of Norway residents (Kapperud et al.,
1998a). This study suggested that about 90% of the cases from whom a travel
history was available had acquired their infection abroad. The study failed to show
an association with either foreign travel among household members or
consumption of poultry. However, consumption of poultry purchased abroad
during holiday visits to neighboring countries was the only risk factor considered
in the study that remained independently associated with disease. Only cases of S.
Typhimurium allowed for a separate analysis, which showed an association with
both poultry purchased abroad and foreign travel among household members.

Genetic factors

As far as acute gastroenteritis caused by Sal/monella is concerned, no genetic
factors related to the host have been reported. Reports concerning race and
ethnicity probably should be considered in light of eating habits. There are,
however, genetic determinants for chronic disease sequelae associated with
Salmonella exposure. For example, a putative association of the gene Human
Leukocyte Antigen B27 (HLA-B27) for patients with spondyloarthropathies, in
particular reactive arthritis and Reiter’s syndrome, has been described. The
HLA-B27 gene has a very high prevalence among the native peoples of the
circumpolar arctic and sub-arctic regions of Eurasia and North America, and in
some regions of Melanesia. In contrast, it is virtually absent among the
genetically unmixed native populations of South America, Australia, and among
equatorial and southern African Bantus and Sans (Bushmen) (Khan, 1996). Fifty
percent of Haida Indians living on Queen Charlotte Islands of the Canadian
province of British Columbia have the HLA-B27 gene, which is the highest
prevalence ever observed in a population. The prevalence among Americans of
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African descent varies between 2 and 3%, while 8% of the Americans of
European descent possess the gene (Khan, 1995).

Immune status

The host immune status is, as in any other infectious disease, a very important
factor in determining both infection and clinical illness. In general terms, its
importance does not seem to have been the direct subject of any formal work,
and has thus to be indirectly assessed though other factors, e.g. age and
underlying conditions.

Concurrent infections and underlying conditions

Persons infected with Human Immunodeficiency Virus (HIV) tend to have
recurrent enteric bacterial infections. Such infections are often severe and
associated with extraintestinal disease (Smith et al., 1988; Angulo and
Swerdlow, 1995). The following six risk factors for enteric salmonellosis have
been identified in HIV-infected patients: increasing value on the prognostic
scoring system Acute Physiology and Chronic Health Evaluation (APACHE II);
altered nutritional status; previous antibiotic therapy; ingestion of undercooked
poultry/eggs or contaminated cooked food; previous opportunistic infections;
and stage C HIV infection (Tacconelli et al., 1998).

The risk represented by other underlying conditions was evaluated in a large
nosocomial foodborne outbreak of S. Enteritidis that occurred in 1987 in New
York (Telzak et al., 1991). Gastrointestinal and cardiovascular diseases, cancer,
diabetes mellitus, and alcoholism, as well as use of antacids and antibiotics, were
the factors considered. Of these, diabetes was the only condition that was
independently associated with infection after exposure to the contaminated meal.
Although people with diabetes were more likely to develop symptomatic illness
than those without, the difference was not statistically significant. Decreased
gastric acidity and autonomic neuropathy of the small bowel (which leads to
reduced intestinal motility and prolonged gastrointestinal transit time) are the two
biologically plausible mechanisms for the increased risk of S. Enteritidis
infection among diabetics. Among patients with sporadic salmonellosis in
Northern California, diabetes mellitus and cardiac disease were the only two
health conditions (out of a total of 14) that were associated with clinical illness
(Kass et al., 1992). Nongastrointestinal medical conditions and, to a larger extent,
a recent history of gastrointestinal disorder, were associated with sporadic S.
Typhimurium O:4-12 infection in Norway (Kapperud et al., 1998b). It was,
however, noted that physicians are more likely to recommend a stool culture for
patients with preceding illness. In a British epidemiologic study, cases of
Salmonella infection were more likely to report a long-term illness (including
gastroduodenal conditions) than controls (Banatvala et al., 1999).

Concurrent medications

Although the use of gastric acidity reducers and antimicrobial medication are
often considered risk factors for enteric diseases, the evidence found in the
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literature concerning their association with human salmonellosis is inconsistent.
While some studies have shown an association with antacid use (Banatvala et
al., 1999), others have failed to do so (Telzak et al., 1991; Kapperud et al.,
1998a,b). A similar situation is found for the use of antibiotics in the weeks/days
preceding the infection or disease onset: some studies have demonstrated an
association (Pavia et al., 1990; Kass et al., 1992; Bellido Blasco et al., 1998) but
other have not (Telzak et al., 1991; Kapperud et al., 1998a,b; Banatvala et al.,
1999). Having a resistant Sa/monella infection has been associated with previous
antibiotic use (Lee ef al., 1994). An association between serovars other than S.
Enteritidis and intake of medications other than antacids was shown in
Switzerland (Schmid et al., 1996). Regular use of medications was a risk factor
for S. Typhimurium O:4-12 infection in Norway (Kapperud et al., 1998b). In the
same study, use of antacids and antibiotics were not risk factors.

Application of analytical methods to FoodNet surveillance data to explore
typical risk factors for salmonellosis

Surveillance data have essentially been the object of descriptive rather than
analytical investigations. For instance, annual FoodNet reports describe the
temporal trend of foodborne diseases by contrasting yearly rates and interpreting
the potential effect of demographic covariates through frequency tables (CDC,
2000a,b,c,d). A more analytical approach would harness the multivariate and
longitudinal characteristics of the FoodNet data and could provide additional
epidemiologic insights.

Common goals of surveillance data are to estimate incidences (rates of illness
or infection per population at risk) and to establish the potential relationship
between incidence and a set of available explanatory variables (e.g. site, age). In
applying higher-order statistical methods to these goals, specific challenges are
likely to emerge. First, surveillance data are less specific or precise than those
from controlled research studies (Buehler, 1998), and may not be amenable to
the assumptions constraining statistical analyses. For example, a quantitative
approach would have to respect two constraints specific to surveillance data: (1)
the discrete (rather than continuous) count characteristic of the dependent
variable; and (2) the likely correlation among measurements repeated annually
(i.e. autocorrelation). Additionally, exposure may not be well characterized by
the available explanatory variables (place, time, covariate). Finally, the
interrelationship among these effects may be complex.

Surveillance data often come in the form of discrete counts of events, in this
case, the number of cases of infections that often are foodborne. When
frequencies are counted, an adequate assumption is that the counts follow a
Poisson distribution (Stokes et al., 2000). Such an approach has previously been
applied in epidemiology. For instance, Shahpar and Li (1999) performed an age—
period—cohort analysis to characterize the temporal trends and birth cohort
patterns of death rates from homicide in the United States. Other recent
examples are the analyses of (1) mortality trends for multiple sclerosis in Italy
(Tassinari et al., 2001); (2) age-incidence relationships in cervical cancer in
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Sweden (Hemminki et al., 2001); and (3) age, sex, geographic and socio-
economic effects in hospital admissions for anaphylaxis in the United Kingdom
(Sheikh and Alves, 2001). A useful characteristic of the Poisson log-linear
model is that, similar to logistic regression, the exponentiation of the parameter
coefficients leads to measures of relative risk, i.e. the incidence rate ratio (IRR).

In capturing the temporal trend of health events, most surveillance systems
collect data over consecutive time periods. Similar to time-series data, observations
within a specific site (one cluster) are likely autocorrelated. Therefore, drawing
valid statistical inferences requires respecting the longitudinal structure of the data
in the analysis (Diggle et al., 1994). If ignored, inefficient estimates of the
regression coefficients (i.e. imprecise estimates) and incorrect inferences about
those coefficients would result. The Generalized Estimating Equations (GEE)
method is an extension of the Generalized Linear Model that provides a semi-
parametric approach to longitudinal analysis (Liang and Zeger, 1986).

In this study, we seek to extend the usefulness of surveillance data by
applying an investigative analytical method to FoodNet data or other active
surveillance data sets. We use Poisson regression analysis as an analytical tool to
model rates of foodborne illnesses as a function of age, gender, site, and year.
Parameters are estimated through the GEE method. Specific outcomes are
incidence rate ratios of salmonellosis for the different levels of two covariates
(age and gender). Such relative risks can be employed to characterize inter-
individual variability in susceptibility which is useful within the framework of
microbial risk assessment.

Methods

Counts of Salmonella infections corresponding to the years 1996, 1997, 1998,
and 1999 were extracted from the relative annual FoodNet reports (CDC,
2000a,b,c,d). Specifically, the frequency tables describing the distribution of age
and gender stratified by site were consulted.

FoodNet surveillance does not necessarily cover an entire state and not all
states were covered for the entire 4-year period. Data for the whole 4-year period
were available for five sites: California, Connecticut, Georgia, Minnesota, and
Oregon. Data for the years 1998 and 1999 were available for Maryland and New
York. The level of data aggregation was not only different for the seven sites,
but it also changed over the 4-year period. The 1996 data cover the entire states
of Minnesota and Oregon, and selected counties in California, Connecticut, and
Georgia (CDC, 2001a). Twelve Georgia counties and one county in Connecticut
were added in 1997. In 1998, the surveillance became statewide for Connecticut,
and selected counties in Maryland and New York were added. Finally, the
remaining counties in Georgia and eight counties in New York were added in
1998. From 1996 to 1999, the total population in catchment areas went from
14.3 to 25.9 million.

State- and year-specific censuses stratified by age and gender were obtained
from the US Census Bureau (US Census Bureau, 2002). As counties under
surveillance are not specified in the FoodNet reports, state censuses were
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reduced proportionally to the site-specific populations listed in those reports. It
was thus assumed that the age and gender distribution in each site was equal to
that at the state level. By combining infection counts and census figures, two
data sets — one with counts stratified by eight age categories, the other with
counts stratified by gender — were obtained.

After calculation of the annual incidence rates, data were explored qualita-
tively using graphs in which two of the three explanatory variables (age, gender,
and site) were contrasted. Poisson regression was implemented in SAS/STAT
version 8.01 (SAS Institute, Cary, NC) with the PROC GENMOD software
procedure. The GEE method was used to estimate model parameters. Specifi-
cation of the REPEATED statement in which the variable identifying clusters
was the crossing of age group and site resulted in the implementation of the GEE
method (independent covariance structure). Since there are no readily specified
procedures to assess goodness-of-fit within the GEE framework, goodness-of-fit
of the final model was investigated through analysis of Anscombe residuals
(Cameron and Trivedi, 1998). Plots of the Anscombe residuals against the
observed number of cases and levels of the explanatory variables were used to
assess the goodness-of-fit of the final models. The normality of the residual was
checked through the Kolmogorov—Smirnov test and normal probability plots.

Univariate analyses were used to screen explanatory variables to be included
in the multivariate models. Specifically, only those variables with a significance
level smaller than 0.25 were considered further. This arbitrary threshold was
chosen in accordance with standard epidemiological practices (Hosmer and
Lemeshow, 1989).

Multivariate analyses started with the model specifying, in addition to the
three main effects, all first-order interactions of the retained variables. Through
backward selection, the interaction or main term that was the least significant (at
a >0.05 level) was subsequently eliminated. The procedure stopped when no
term or effect in the model exceeded the 0.05 significance level. Incidence rate
ratios were calculated through exponentiation of the parameter estimates.
Additional, more technical discussion of the analytical framework used in this
study is provided in the Appendix.

Results

Graphical results: Graphical representation of the incidence rates offers insight
into potential interactions among covariate (age/gender), place (state), and time
(year). Figures 7.3-7.7 systematically contrast two variables by stratifying for
the third one. In each figure, the upper and lower series of graphs essentially
show the same information, where the levels of the x-axis variable in the upper
series become the lines in the lower set of graphs, and vice versa. Horizontal
lines imply that the x-axis variable has no influence on the infection rates;
vertical distance among the lines reflects the effect of the other variable. Lines
that are parallel between two subsequent levels of the x-axis variable suggest a
lack of interaction between the two variables. Such parallelism should be
evident in both series of graphs. If a similar pattern of lines emerges within each
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Fig. 7.3 Age and state effects on Salmonella isolation rates. Each line connects the rates
of age category (upper set of graphs) or a specific state (lower set of graphs).

series of graphs, one would infer that infection rates do not change at different
levels of the stratifying variable. The effect of age is presented first.

Age: Rates of Salmonella infection are the highest for children less than 1 year
of age (Fig. 7.3). Frequencies for the age groups 1-9 and 20-29 appear to be
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Fig. 7.4 Age and year effects on Sa/monella isolation rates. Each line connects the rates
of age category (upper set of graphs) or a specific year (lower set of graphs).

higher than those of the remaining age categories. The lower series of graphs
shows that infection rates vary among states only for infants. For each of the
four surveillance years, Georgia has the highest rates among infants, followed by
Maryland and California. For the other age groups, the infection rates are fairly
constant across sites. Figure 7.4 confirms the highest risk is for infants, but also
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Fig. 7.5 State and year effects on Salmonella isolation rates. Each line connects the
rates of a state (upper set of graphs) or a specific year (lower set of graphs).

suggests that such risk can vary across surveillance years in an unpredictable
manner (lower set of graphs, e.g. constant decline for California, decline and
surge for Georgia, increase for New York). The dependence of Salmonella
infection rates in infants on the variable state and — to a lesser extent — year is
again evident in Fig. 7.5. However, this figure clearly shows that, for all other
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Fig. 7.6 Gender and state effects on Salmonella isolation rates. Each line connects the
rates of gender (upper set of graphs) or a specific state (lower set of graphs).

age groups, the frequencies are largely unaffected by those two variables. In
summary, Figs 7.3 to 7.4 show that Salmonella infection rates are higher in
infants than in other age groups. However, location (state) and time (year of
surveillance) influence the specific risk in infants, which would suggest
interaction between the considered variables.
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Fig. 7.7 Gender and year effects on Sa/monella isolation rates. Each line connects the
rates of gender (upper set of graphs) or a year (lower set of graphs).

Gender: Figure 7.6 displays the influence of gender on Salmonella infection
rates. The influence of gender on Salmonella rates does not follow a clear
pattern. Depending on the state, the frequencies for females can either be higher
than, equal to or lower than the frequency in males. The same consideration is
true when the combined effects of age and surveillance year are combined (Fig.
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Table 7.4 Annual incidence per 100000 for reported cases of infections with

Salmonella
Crude rate Age-state adjusted rate
(model with year effect) (model with all main effects)
Observed Estimate LCL UCL Estimate LCL UCL
1996 14.5 14.5 12.1 17.3 11.3 8.4 152
1997 13.7 13.7 11.4 16.5 10.6 7.8 14.3
1998 13.7 13.7 11.4 16.4 10.2 7.6 13.6
1999 15.2 152 11.9 19.4 11.3 8.4 15.1

Observed, calculated from FoodNet Reports 1996 to 1999 based on number of cases with known age;
LCL, lower 95% confidence limit; UCL, upper 95% confidence limit.

7.7). Of the four variables considered in this study (age, gender, state, year), the
influence of gender appears to be the least important.

Analytical results: The first analytical results are incidence rates for each
surveillance year estimated from the age-stratified data (Table 7.4). The second
column of Table 7.4 presents ‘observed’ crude rates, i.e. rates that were
calculated based on the number of reported cases of known age and the
population in catchment areas as reported in each FoodNet report for the years
1996 through 1999. (These figures differ from those reported in Table 7.1, where
rates for only the five original sites are reported and cases with unknown age
also are included.) ‘Estimated’ crude rates were determined using a model
specifying only year as the explanatory variable, and can be directly compared
to the observed rates. As one would expect, the point estimates are equal.
However, the analytical approach has advantages in that it delivers confidence
limits (columns 4 and 5 of Table 7.4), and allows one to formally compare the
single point estimates. Statistical comparison of Salmonella incidence by year
indicated no significant difference (p > 0.119).

By fitting a model with all three main effects (age, state, and year), ‘age-state
adjusted rates’ were obtained (columns 6—8 of Table 7.4). While these rates are
abstract (they can no longer be compared with the observed crude rates), the
adjusted rates reflect the specific impact of time since age and state effects are
controlled. The adjustment leads to minor rectification of the previous
conclusions — the Salmonella rates for 1998 become lower than those of 1996
and 1999 (p = 0.012 and p = 0.019, respectively), but the other contrasts are
statistically indistinguishable (p > 0.064).

Age: The incidence rate ratios for the univariate and multivariate analyses of the
age-stratified data set are reported in Table 7.5. In these tables, the reference
levels of each variable are an age between 20 and 29 years, site Oregon, and
surveillance year 1999. (Note that the incidence rate ratio for the year effect
from the univariate analyses reported in Table 7.5 is equivalent to the ratio of the
rates listed in Table 7.4.) Where the confidence interval does not include the
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Table 7.5 Incidence rate ratio for Sal/monella (Poisson model with generalized
estimating equations, independent correlation structure)

Parameter Univariate analysis Multivariate analysis

IRR LCL UCL IRR LCL UCL
Age
<1 9.16 5.71 14.70 9.15 5.83 14.34
1-9 1.98 1.40 2.80 1.97 1.43 2.72
10-19 0.71 0.53 0.94 0.71 0.53 0.96
20-29 1.00 - - 1.00 - -
30-39 0.78 0.59 1.04 0.78 0.58 1.06
40-49 0.66 0.50 0.89 0.67 0.50 0.90
50-59 0.63 0.47 0.84 0.63 0.47 0.86
>60 0.70 0.54 0.91 0.70 0.54 0.92
State
CA 1.50 0.99 2.29 1.42 1.17 1.73
CT 1.48 0.97 227 1.49 1.23 1.79
GA 1.38 0.68 2.80 1.32 0.97 1.80
MD 1.62 1.00 2.65 1.62 1.37 1.93
MN 1.20 0.82 1.75 1.19 0.98 1.45
NY 1.34 0.88 2.03 1.32 1.10 1.57
OR 1.00 - - 1.00 - -
Year
1996 0.95 0.82 1.10 1.00 0.91 1.09
1997 0.90 0.79 1.02 0.94 0.86 1.02
1998 0.90 0.79 1.02 0.90 0.84 0.97
1999 1.00 - - 1.00 - -

value 1.00, there is a suggestion that the given level differs statistically from the
reference level. In the univariate analysis, an age of 9 years or younger is linked
to a statistically greater infection risk when compared with the reference age
group 20-29. With the exception of the age group 30-39, the remaining age
groups are at lower risk than the 20-29 age group. In contrast, all levels of the
variables state and year appear to represent indistinguishable risk of Sa/monella
infection.

The overall age and year effects are statistically significant at a level <0.25 in
the univariate analysis (p = 0.038, p = 0.202, respectively) and so are included
in the multivariate analysis. The state effect largely exceeds that threshold
(»p = 0.567), and was excluded from the multivariate analysis. Completion of the
backward selection procedure led to a final model that contains age as the only
explanatory variable. This is equivalent to a univariate analysis with that
variable.

The graphical representations of the Anscombe residuals (data not shown)
suggest that, although the fit is not particularly good for the variables excluded
from the model (state and year), a pattern is absent for age, i.e. the main variable
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of interest. Specifically, the residuals seem to be normally distributed with mean
—0.047 and standard deviation 2.367 (Kolmogorov—Smirnov statistics
p > 0.15). Refitting the model after deletions of all observations that generate
Anscombe residuals greater than 2.6 does not notably change the values of the
parameters (data not shown). It is thus concluded that outliers did not have
particular leverage on parameter estimates.

Gender: In the univariate analysis of the gender-stratified data, the gender effect
resulted in significance levels greater than 0.25 (p = 0.868) and were not
considered further in a multivariate analysis. The relative incidence rate ratio
was 0.98 (0.81-1.20).

Discussion

Children, the elderly, pregnant women, and immunocompromised persons are
commonly thought to be at the greatest risk of illness and mortality from food-
and waterborne enteric microorganisms (Gerba ef al., 1996; Smith, 1998, 1999).
Analogously, a main interest of this study was to investigate the potential
influence of the covariates age and gender on the incidence rates of Sal/monella
infection recorded through the FoodNet surveillance system for its first 5 years.
The justification for carrying out an analysis that also considers the effects of
location and time is that the obtained estimates are covariate-specific. By
controlling for state and surveillance year, one more efficiently assesses the
underlying effect of age or gender.

Generally speaking, indications obtained from the graphical representation of
the rates (Figs 7.3—7.7) find confirmation in the statistical analysis (Table 7.5).
Specifically, analysis of Salmonella rates show that infants (<1 year) have a 9-
fold greater risk of infection than young adults. Rates for the age group 1 to 9 are
twice those of the reference age groups. In contrast, individuals between 10 and
19 years of age and those older than 40 years display comparable, lower rates.
These results are consistent with available literature. For instance, in a Belgian
hospital-based study covering isolates for a 20-year period (1973-92), S.
Typhimurium and S. Enteritidis were mainly isolated from children of less than
5 years of age (Le Bacq et al., 1994). The highest age-specific isolation rates for
S. Enteritidis were observed in children under 2 years of age and for S.
Typhimurium in those under 1 year in a British population-based study
(Banatvala et al., 1999). The association of age with increased salmonellosis
rates might have several explanations including more frequent culturing than
other age groups and behavioral characteristics as mentioned above (Banatvala
et al., 1999; Kapperud et al., 1998a,b).

Graphical analysis suggests a slightly lower infection risk for females than for
males; however, the differences were not statistically significant. When numbers
of Salmonella isolates are compared, a male-to-female ratio of 1:1 has been
reported on various occasions (Blaser and Feldman, 1981; Le Bacq et al., 1994;
Wong et al., 1994). Seemingly, the significance of such a finding has not
previously been addressed. Several factors, such as proportion of the two
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genders as well as different age distributions for males and females within a
country or hospital catchment area, may play an important role. Unfortunately
using these methods, we were unable to test for the compounded effect of gender
and age.

The results of this study are subject to limitations in both data and methods.
In the food safety arena, a commonly held perception is that, among others,
children and the elderly are more susceptible to foodborne pathogens (Gerba et
al., 1996; Smith, 1998). It is not always made clear whether that statement
implies greater susceptibility to illness, infection, or both, or increased risk of
exposure. Within the context of FoodNet surveillance, a similar ambiguity
exists. A case is defined as the first isolation of an enteric pathogen from a given
person (CDC, 2001a). While this definition would only reflect infection, it is
also thought that, since data are collected through clinical laboratories, most
cases also represent a clinical illness. There is ambiguity as to what extent
calculated rates represent risk of illness over and above risk of infection. While
our results (and, in general, the literature) point to a higher risk in children, no
specific increased risk for the elderly was evident from our analysis of FoodNet
data. Mims et al. (1995) point out that the evidence for a general reduction in
resistance to infectious disease in elderly people is weak. Children could be
more susceptible to both infection and illness (because of a naive immunity),
while the elderly could merely be more likely to incur a serious illness (for
physical and physiological reasons). As the considered data do not differentiate
among degrees of illness severity, our analysis could not have identified the kind
of risk typical for the elderly. Furthermore, it has been advanced that case
ascertainment in children and, possibly, the elderly is relatively more efficient
than that of other age groups (Tauxe, 1992; Banatvala et al., 1999). If this is the
case, the result could be an overestimate of infection rates for children and the
elderly.

A further limitation of our analysis arises from the age classification used in
the FoodNet reports. In particular, the age groups comprising children of 1 to 9
years of age and adults older than 60 years may reflect greater heterogeneity in
susceptibility to enteric infection/illness than the remaining age groups. Under
these conditions, grouping into a unique age category essentially implies an
averaging of the risk over the respective age span. Within the age group >60,
this issue is potentially greater because increasing age is associated with a
diminishing statistical weight of the relative age stratum. That is, even if older
people (e.g. older than 80 years of age) had a much increased risk, their
numerical proportion would be too limited for the effect to become apparent.
This phenomenon alone could explain why, contrary to expectations, no
increased rates for the elderly were found in our analysis.

Another limitation of this analysis is that, since cross-tabulated data for age
and gender are unavailable, the joint effect of age and gender cannot be tested.
As the influence of age seems to be relatively large, this shortcoming could
possibly affect the interpretation of the gender effect. Our results suggest that
males are overall at a higher risk than females, but that the increased risk is not
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statistically significant; however, the possibility that a decreased risk for males
in specific age categories is balanced by an increased risk in other age groups
cannot be excluded.

The GEE method has theoretical appeal when it comes to the analysis of
surveillance data. Nonetheless, some practical aspects of its implementation are
less well established when compared with the MLE framework. Our analysis
required making choices regarding the inference and goodness-of-fit tests to be
employed. Specifically, the score statistic was used to assess variable
significance in Type III contrasts. This statistic tends to be more conservative
than the Wald statistic (Stokes et al., 2000). Had the latter statistic been chosen,
more complex models, i.e. models that would contain more interaction terms,
would have resulted (data not shown). The graphical representation of the
infection rates seem to indicate that such interactions are present. Rather than
being predictive, the intent of our study was explanatory, i.e. the emphasis was on
revealing underlying influences on the modeled variables. This justifies having
opted for the less sensitive, yet more specific test. Nonetheless, the model
building strategy used in this study did not always lead to well-fitted models.

In conclusion, the FoodNet surveillance system is expected to provide
epidemiological information important to the food safety policy-making process
(Binder et al., 1998). While FoodNet undoubtedly represents a qualitative
improvement upon previous passive surveillance systems, it would seem most of
the emphasis has been on data generation rather than data analysis. For instance,
the 1999 FoodNet report concluded that a decline in Campylobacter infection
rates observed for the period from 1996 to 1999 was likely related to changes in
poultry processing plants because of implementation of the HACCP Rule (CDC,
2000d). Nonetheless, in 2000, Campylobacter rates surged from the low of 1999
(CDC, 2001a). The extent to which core facts — whether temporal trends or host
characteristics — are teased out from a noisy, multifaceted background largely
depends on the availability of an adequate analytical framework. This study
proposed and investigated the application of the Poisson regression model
estimated by means of GEE. From a theoretical perspective, such a statistical
approach permits a multivariate analysis while respecting the intrinsic charac-
teristics of the FoodNet data. In practical terms, however, its implementation,
such as establishing a model’s goodness-of-fit, is not yet well established and
still requires judgment from the analyst. The question is not so much whether the
identified, underlying findings are in accordance with the expectations; our
results are generally consistent with available literature. Rather, the main issues
are whether the quantitative estimates are sufficiently reliable and specifying the
bounds of confidence we have in our findings.

7.3 Future trends

In this chapter we have demonstrated how epidemiologic surveillance methods
have been used to estimate and monitor the burden of foodborne disease in the
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United States. Additionally, classic epidemiologic study designs such as case-
control studies can be combined with surveillance data to identify risk factors for
various diseases. However, little effort has been applied toward validating the
apparent trends or developing analytical rather than descriptive methods to
identify risk factors.

We expect that with increasing emphasis on risk-based decision making,
there will be a concomitant increased need for rigorously established epidemio-
logic data sets. We will need to identify subpopulations at greater risk, whether
because of exposure or susceptibility, and we will need to establish vehicles of
illness, especially in newly emerging illnesses. Some of these data needs can be
answered by using advanced statistical methods to evaluate the surveillance data
that have already been collected, as demonstrated in this chapter. Additionally,
once the power of such analytical methods is recognized, surveillance
approaches may be refined to facilitate greater and more detailed analyses.
Perhaps the greatest benefit of using advanced statistical techniques in the
analysis of observational data is for more rigorous characterization of trends.
This, in turn, can be used to develop hypotheses that can be tested using
carefully designed analytical epidemiological approaches. This last point cannot
be overemphasized. While descriptive epidemiological studies on foodborne
disease have been an important development over the last decade, targeted
analytical, field-based epidemiological studies will remain a critical component
in the identification of disease risk factors.

7.4 Sources of further information and advice

The focus of our discussion has been surveillance of foodborne disease within
the United States; however, one of the many implications of the globalization of
the food supply is the requirement for better surveillance information on a global
scale. Currently, the WHO is mobilizing a global network of surveillance
networks. With full participation from member nations, this global network will
be able to monitor the endemic incidence of foodborne disease across the world,
as well as identify spikes and emerging diseases. This global approach offers
three key advantages. First, with knowledge of the worldwide burden of
foodborne illness, relief agencies will be able to prioritize efforts to areas that
most need aid. Second, ongoing observation of endemic levels of illness
provides a baseline understanding of the nature and level of foodborne disease in
an area. If a new agent emerges or an outbreak threatens, the global surveillance
network can quickly identify the new hazard so that control efforts may be
rapidly implemented. Finally, a global network promotes the concept of
harmonization among nations that should facilitate and stabilize international
trade efforts. We encourage interested readers to visit the WHO and European
websites listed below for further information.

o WHO Network-of-Networks on Foodborne Diseases: a global network of
existing networks involved in the surveillance of foodborne diseases.

Copyright 2006, Woodhead Publishing Limited



Using surveillance data to characterize risk factors for foodborne illness 167

e WHO Global Burden of Disease Project: ongoing global incidence and
mortality data for over 130 specified causes.

e Enter-net and Salm-gene: surveillance of foodborne pathogens inter-
nationally, predominately within Europe, coupled with the Salm-gene
molecular typing network.
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7.6 Appendix: Analytical framework for surveillance data

Surveillance data often come in the form of discrete counts of events. When
frequencies are contained, an adequate assumption is that the counts follow a
Poisson distribution (Stokes et al., 2000). Computational implementation of the
Poisson regression is carried out within the framework of Generalized Linear
Models (GLM) (Stokes et al., 2000). One assumes that the dependent variable Y
is Poisson-distributed with mean and variance . If only a single explanatory
model is considered, the base GLM regression model for p is written as

glp) =a+x8

where g is the link function. The Poisson regression model applies the log
function as g, and results in the loglinear model:

log() = a+xp

When the interest lies in modeling rates, one needs to define an exposure
variable N (e.g. population at risk, time at risk). The rate is then Y/N. The
expected value becomes p/N, which is modeled as

log (%) =a+x0

This model can be rearranged as follows
log(p) = a+ x3 + log(N)

where the term log(N) is called an offset and needs to be considered in the
estimation process. For multiple explanatory variables, the model is written as

log(u;) = log(N;) + X}

With real-life data, the observed variance of counts usually exceeds the
nominal variance (i.e. the mean) of a Poisson distribution (McCullagh and
Nelder, 1989). This situation is called overdispersion. When Poisson regression
is estimated by maximum likelihood (MLE), overdispersion has an important
impact on hypothesis testing. Specifically, while the parameter estimates are still
consistent (provided that the conditional mean is correctly specified), their
standard errors will be underestimated (Cameron and Trivedi, 1998). This
eventually leads to an overly optimistic conclusion on the statistical significance
of the considered parameter. As long as outliers and a misspecified regression
model can be excluded, overdispersion in MLE can be accommodated by
adjusting the variance of the Poisson distribution with a scaling factor or by
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applying a more flexible model, such as the negative binomial model (Stokes et
al., 2000). Alternatively, other estimation approaches could be applied.

To capture the temporal trend of health events, most surveillance systems
collect data over consecutive time periods. Similar to time-series data,
observations within a specific site (one cluster) are likely autocorrelated. In
drawing valid statistical inferences, the longitudinal structure of the data needs
to be respected in the analysis (Diggle et al., 1994). If ignored, imprecise
estimates of the regression coefficients and incorrect inferences about those
coefficients would result. The generalized estimating equations (GEE) method is
an extension of GLM that provides a semi-parametric approach to longitudinal
analysis (Liang and Zeger, 1986). In contrast to GLM, the GEE approach
accounts for the structure of the response covariances through its specification in
the estimating process. By defining a common link and variance function, the
analyst describes the random component of the model for each marginal
response. The method then manages the covariance structure as a nuisance
parameter, and models the function of the marginal expectation of the response
variable as a linear function of explanatory variables. Although the specification
of a working correlation matrix is required, the approach is robust to
misspecification of this matrix. Even when the assumed correlation structure
is incorrect, the GEE method relies on the independence across clusters to
consistently estimate the parameter variances.

GEE are ideal for repeated, discrete response data such as binary outcomes
and Poisson count (Stokes ez al., 2000). In addition to modeling the correlation
structure, they are inherently resilient to overdispersion. Further, because of the
method’s flexibility, it can handle continuous explanatory variables, a moderate
number of explanatory categorical variables, time-dependent explanatory
variables, and randomly missing data. Similar to MLE, GEE rely on asymptotic
theory, and a sufficiently large number of clusters is needed to produce
consistent estimates. With a limited number of explanatory variables, 25 clusters
may be enough. With 5-12 explanatory variables, more than 100 clusters
(possibly 200) are preferred. This issue also has implications when it comes to
assessing the significance of an explanatory variable through Type 3 contrasts.
The Z statistics and the Wald statistics require about 200 clusters to be reliable at
the 0.05 confidence level. The score statistics are often more conservative in the
presence of small numbers of clusters. Finally, unlike MLE, there are no readily
specified procedures to assess goodness-of-fit within the GEE framework.
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Nonspecific host defenses against
foodborne pathogens

J. M. Green-Johnson, University of Ontario Institute of
Technology, Canada

8.1 Introduction

Foodborne pathogens face a wide array of host defenses that they must survive
and overcome to cause infection. These defenses range from biochemical and
physical host factors including saliva, gastric acid, peristalsis, intestinal mucous
and the barrier formed by enterocytes or intestinal epithelial cells (IEC), to the
different levels of immune responses mounted by the host at the level of gut-
associated lymphoid tissue (GALT). Successful foodborne pathogens have
strategies to defy and evade many of these defenses, allowing them to establish
infection in the host and inflict damage on host tissues. The focus of this chapter
is on the nonspecific host defenses used against foodborne pathogens and how
these defenses are evaded by foodborne pathogens. The potential for bolstering
host defenses through the use of probiotics to improve the ability of the host to
deal with foodborne pathogens is also considered.

8.2 A look at nonspecific host defenses

8.2.1 Physical barriers

Initial access of foodborne pathogens into the body is barred by physical
barriers established by enterocytes, by the mucous layer coating the intestinal
mucosal surface, and by the continual motion of the gastrointestinal tract
provided by peristalsis. While these physical barriers provide a highly effective
defense against foodborne pathogens, microbial mechanisms of evasion have
evolved.
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Enterocytes or intestinal epithelial cells (IEC) form a cohesive barrier
preventing ready access of pathogens and many other agents to the internal tissues
beyond. These multifunctional cells are active in nutrient transport, exchange of
water and electrolytes, hormone production, and also form a protective barrier at
the gastrointestinal mucosal interface. In addition to all these roles, [EC are now
acknowledged as interactive participants in the mucosal immune response,
mediating crosstalk between bacteria in the gut and cells of the gut-associated
lymphoid tissue (reviewed in Lu and Walker, 2001; Nagler-Anderson, 2001;
Sansonetti, 2004). IEC are polarized cells, with an apical surface covered in
microvilli, providing an absorptive surface adapted for nutrient uptake and
digestion, yet resisting ready entry by bacteria. Tight junctions composed of
specialized junctional transmembrane proteins (claudins and occludins) seal each
IEC to its neighbor, rendering the epithelial barrier ‘leak proof’ by inhibiting
diffusion across the epithelium, and impeding the ability of foodborne pathogens
to invade between IECs. Tight junctions also act to restrict movement of
membrane proteins within the IEC membrane, creating a clear separation between
apical and basal surfaces, and so maintaining IEC polarity. Microvilli also play a
role in further reinforcing and regulating the physical barrier formed by IEC, with
their dense actin filament network forming links between IECs through adherens
and tight junctions (Sansonetti, 2004).

Turnover of IEC is continual and frequent, making the epithelial lining a
dynamic barrier that is readily repaired, justifying the energy cost to the body of
such rapid turnover. Crypt cells, located at the base of intestinal crypts, divide at
a high rate, and migrate upwards to renew the IEC layer. Since microbes
attached to the surface of epithelial cells are also shed along with the IEC, a
strategy of many successful foodborne pathogens is to have mechanisms
allowing IEC entry and invasion, usually involving dramatic rearrangements of
the host cell cytoskeleton (Goosney et al., 1999a). For example, Sa/monella
Typhimurium produces a specialized structure, the type III secretory pathway
apparatus, which extends from the cytosol of the bacteria into the IEC
membrane. This hollow tube allows S. Typhimurium to deliver virulence
proteins directly into the IEC, which then trigger cytoskeletal rearrangements by
promoting actin polymerization and depolymerization. These rearrangements
manifest as a ‘ruffling’ effect on the IEC surface, resulting in uptake of the
S. Typhimurium and their successful invasion into the cell (Galan, 1996).

Shigella flexneri uses a similar tactic, triggering membrane ruffling and
secreting proteins that induce colonic microfold cells (M cells) to endocytose
this pathogen (Raupach er al., 1999). Both enteropathogenic and entero-
hemorrhagic E. coli use the Tir protein to insert into the host cell membrane and
bind to the host cell intimin protein. This process recruits host cell signaling
proteins and drives host cell cytoskeletal rearrangements, resulting in the
formation of actin-based ‘pedestal’ structures that form attaching and effacing
lesions (Goosney et al., 2001). Bacillus cereus has also recently been reported to
induce F actin disruption and necrosis of intestinal epithelial cells (Minnaard et
al., 2004). Yersinia enterocolitica uses a different approach, binding to Bl
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integrin proteins on the IEC surface using invasin, an outer membrane protein.
This interaction between Y. enterocolitica and TECs stimulates morphological
changes in the enterocyte cell membrane which then surrounds the bacteria,
facilitating their internalization (Finlay and Cossar, 1997).

How do foodborne pathogens cross the IEC barrier?

The key route for foodborne pathogens and antigens into and through the TEC
barrier has long been considered to include binding to M (microfold) cells,
specialized epithelial cells located in the follicle-associated epithelium, resulting
in transport into the subepithelial dome of the Peyer’s patches. The Peyer’s
patches (PP) are lymphoid follicles located mainly in the small intestinal ileum.
PP provide a microenvironment ideally suited for generating an immune res-
ponse, allowing for close contact of antigens with cells of the immune system.
Certain foodborne pathogens, including Yersinia enterocolitica, Salmonella
Typhimurium, Shigella flexneri, and enteropathogenic E. coli readily bind to M
cells, and enteropathogenic E. coli can bind to IEC (Donnenberg et al., 1997)
leading to their uptake across the epithelial layer through a transepithelial
vesicular transport pathway (Kraehenbul and Neutra, 2000). Listeria
monocytogenes has also been reported to be rapidly translocated across the
epithelial barrier after invading IEC, rather than showing a requirement for
uptake via M cells (Daniels et al., 2000).

Recently, however, additional routes of entry across the IEC barrier have
been detected. In addition to M cells in PP, uptake of gut bacteria by distinct M
cells located in the epithelial layer of intestinal villi has recently been reported
(Jang et al., 2004). Dendritic cells (DC) may also participate in uptake of antigen
and pathogens through a ‘direct sampling’ process. DCs extend their dendritic
processes through epithelial tight junctions, and ‘sample’ bacteria from the GI
tract by bringing them across the IEC barrier (Rescigno et al., 2001). Antibody
produced by the specific immune response may participate in assisting antigens
— and potentially foodborne pathogens — in crossing the epithelial barrier by
binding to bacteria and facilitating transport via M cells (Rey et al.., 2004).

The mucous layer covering the intestinal surface contains a complex
polymeric mix of polysaccharides and glycoproteins whose role is to trap
microbes and block attachment of bacteria to the intestinal epithelial cells. This
continuous mucous gel varies in thickness from the stomach to the colon, and is
at its thinnest in the small intestine, with minimal or no covering of the Peyer’s
patches, allowing them to effectively sample the luminal contents (Forstner et
al., 1995). Mucins secreted by goblet cells (specialized columnar epithelial
cells) effectively reduce the numbers of microbes (and of toxin molecules)
which come into direct contact with the intestinal epithelium. Lactoferrin,
lysozyme, and defensins are also present in mucin, providing an extra arsenal of
defenses. Since mucin is continually expelled and the mucin layer renewed,
foodborne pathogens trapped in the mucous layer are shed from the body, owing
to the action of peristalsis (Hecht, 1999). Intestinal mucus is now known to act
as a ‘dynamic defensive barrier’, rather than simply a static physical defense,
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potentially due to interactions of intestinal microbes with goblet cells
(Deplancke and Gaskins, 2001). Mucin granules are constitutively released
from goblet cells through the process of baseline secretion, while the response to
various mucin secretagogues (such as inflammatory mediators, hormones and
neuropeptides) stimulate the release of centrally stored mucin granules through
the process of compound exocytosis (Forstner et al., 1995).

Motility and mucin-degrading ability may be assets for the successful
foodborne pathogen at this point, allowing movement through the mucous layer
to make contact with the underlying epithelium. V. cholerae is able to readily
penetrate through the mucous layer using mucinases (Schneider and Parker,
1982). For certain other bacteria, such as Yersinia enterocolitica, the presence of
flagella appears to be essential for infectivity (Young ef al., 2000). In contrast,
nonmotile foodborne pathogens such as Shigella spp. still manage to reach and
invade the epithelium without expressing flagella or exhibiting motility (Butler
and Camilli, 2005). Foodborne pathogens that retaliate against the mucous
barrier by producing mucinases are able to degrade mucin in a multistep process
that usually involves several bacterial enzymes, clearing a pathway to the
intestinal epithelium (Corfield et al., 1992). Correlations between the type of
mucin glycoconjugate bound by certain pathogens and the type of mucin-
cleaving enzymes they produce have been noted. For example, sialidase-
producing S. Typhimurium binds well to mucin glycoproteins that contain sialic
acid, suggesting that when these pathogens adhere to mucus, they are stimulated
to produce sialidase in order to escape being trapped in the mucous layer
(Deplanke and Gaskins, 2001).

The mucin layer varies in thickness, with low-viscosity layers interspersed
between thicker layers recently secreted from goblet cells, and it has been
suggested that foodborne pathogenic bacteria may take advantage of this lack of
homogeneity, moving through low-viscosity layers to gain access to the
epithelial surface. While mucus has protective properties, it should be noted that
it also serves as a nutrient source for bacteria. The foodborne pathogens Vibrio
cholerae and Listeria monocytogenes can trigger mucin exocytosis at the
intestinal epithelium, presumably benefiting from the release of this rich source
of carbohydrates, peptides, vitamins and minerals (Coconnier et al., 1998;
Lencer et al., 1990). Notably, the normal enteric microflora also breaks down
mucin to utilize as a nutrient source (Simon and Gorbach, 1986), providing
mucin with yet another potential role in host defense, through the ability to
promote maintenance of and colonization by non-pathogenic commensal
bacterial (reviewed in Hecht, 1999).

Attachment to the intestinal epithelium is important from the perspective of
the foodborne pathogen, not only to initiate the infection process, but also to
evade the outward flow of peristalsis. Peristalsis is a process of hydrodynamic
flow driven by intestinal muscle contractions designed to keep intestinal
contents moving along the gastrointestinal tract and to spread chyme along the
surface of the intestinal mucosa. Ingestion of food stimulates a gastroenteric
reflex leading to increased rates of peristalsis, especially in the small intestine.
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Food moves from duodenum to jejunum to ileum, allowing for nutrient
absorption through active and passive transport processes. Bacteria colonizing
the gastrointestinal tract must attach to the intestinal epithelium to avoid being
swept away through peristalsis, whether they are foodborne pathogens or are
part of the normal gut microflora. Mucins also aid in the process of removal of
pathogens by trapping bacteria for removal by peristalsis.

8.2.2 Digestive tract secretions

Saliva is the initial host defense encountered by an ingested foodborne pathogen.
Salivary flow itself has a flushing effect, contributing to the removal of bacteria
from oral mucosal surfaces. Saliva is relatively neutral (pH 6.0 to 7), but it
contains several antimicrobial components (reviewed in Walker, 2004). While
salivary IgA is involved in preventing microbial adherence, other nonspecific
factors in saliva are also active. Saliva contains complement component C3,
which is required for initiating the alternative complement cascade, a process
leading to bacterial destruction through formation of channels in the cell wall.
Saliva also contains lysozyme, lactoferrin and lactoperoxidase, all of which have
antimicrobial activity.

Lysozyme enzymatically degrades the bacterial cell wall component peptido-
glycan by cleaving linkages between n-acetylglucosamine and n-acetyl-muramic
acid. Lactoferrin, a high-affinity iron-binding protein, acts to bind up available
iron, keeping it sequestered from bacteria, and so inhibits bacterial growth. Most
pathogenic bacteria require free iron concentrations that are 10''-10'? fold
higher than physiologically available iron concentrations (Andrews et al., 2003).
This situation drives many pathogens to have siderophores, specialized systems
for acquiring iron (Shaible and Kaufmann, 2004). The foodborne pathogen
Listeria monocytogenes produces a transferrin-like siderophore, and E. coli has
three iron uptake systems (reviewed in Andrews et al., 2003; Shaible and
Kaufmann, 2004). Both E. coli and Vibro cholerae express cytolysins that
release iron from host cell intracellular iron complexes, allowing them to
scavenge host iron (Andrews et al., 2003). Lactoperoxidase is a bactericidal
peroxidase utilizing thiocyanate/halide-H,0O,, and generating toxic superoxide
radicals, which then damage bacterial membranes. Lactoperoxidase is most
effective against Gram-negative bacteria. In an interesting new application, the
lactoperoxidase system is currently being assessed for its activity as a
biopreservative effective against foodborne pathogens when it is applied
directly to a food surface (Elliot et al., 2004).

Once they are swallowed, foodborne pathogens encounter the hostile environ-
ment of the stomach. Here, the acidic pH (typically about pH 2) provided by
hydrochloric acid present in gastric juice, and the activity of digestive enzymes,
such as pepsin, act to further attack invaders. Food composition can influence
survival of bacteria during passage through the stomach; for example high fat
foods tend to protect microorganisms from gastric acid. Rapid passage through
the stomach when it is full can also act to protect foodborne pathogens from
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prolonged exposure to the stomach defenses. Evidence of the role played by
gastric acid in dealing with foodborne pathogens is seen in situations where
individuals with impaired gastric acid secretion (achlorhydria) show increased
susceptibility to foodborne infections (Cook, 1985; Holt, 1985) and in reports of
associations between excessive antacid intake and increased vulnerability to
foodborne pathogens (Banatvala ef al., 1999; Noriega et al., 1994).

Bacterial pathogens best able to cause foodborne infections also tend to be
more acid tolerant than their more ‘innocent’ counterparts. For example, the low
infective dose of Shigella spp. relative to Enteroinvasive E. coli (10° cells vs 10°
cells) is believed to reflect the higher acid resistance of Shigella, allowing it to
more effectively survive passage through the stomach. E. coli O157:H7 (which
also has a very low infective dose) and Shigella spp. both use specialized acid-
resistance systems that can protect them from pH values as low as 2.5 (Foster,
2004). Gastric digestive enzymes include proteases such as pepsin and lipases,
and these may contribute to damage to foodborne pathogens.

Bile is released from the gall bladder and reaches high concentrations in the
small intestine and colon. While the primary role of bile is in fat digestion, bile
also provides an additional defense against bacteria owing to its detergent-like
ability to disrupt bacterial cell membranes and to break down endotoxin from
Gram-negative bacteria into non-toxic components (Bertok, 2004). Bile
deficiency may thus be linked to endotoxic shock, a potential pathogenic
outcome of infection with Gram-negative foodborne pathogens.

8.2.3 Resident gut microflora: a dynamic role in host defense

The resident gut microflora contains an impressively diverse array of bacteria,
many of which have not yet been fully characterized. Commonly detected
bacteria in the human colon include Bacteroides, Bifidobacterium, Clostridium,
Eubacterium, Fusobacterium, Lactobacillus and Peptostreptococcus. Anaerobic
niches in the gastrointestinal tract provide unique opportunities for obligate
anaerobes to thrive, and aerobic and facultative bacteria are present in high
numbers. Total microscopic counts exceed counts obtained as CFU/gram,
suggesting that many of the 6 x 10'3 bacteria present in the average human
colon are not culturable by traditional methods, and so remain unidentified
(Tannock, 2000). Colonization of the gastrointestinal tract increases in density
proceeding down the tract. Duodenal counts are typically in the range of 10° to
10°/mL, 10° to 10*/mL in the jejunum, increasing to 10°/mL in the upper ileum
and 10° to 10’/mL in the lower ileum, and 10'%mL in the colon (Adams and
Moss, 2000). Location also influences the composition of the microbial
population present at different intestinal locations. Lactobacilli and Streptococci
are present in high numbers in the small intestine, while the large intestine
harbours high numbers of Bacteroides and Bifidobacterium, obligate anaerobes
that may account for as much as 99% of the large intestinal flora. Other residents
of the small intestine include E. coli and other Enterobacteriaceae, enterococci,
Clostridium and Fusobacterium species.
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Several benefits arise from our intensive colonization with the resident gut
microflora. One beneficial outcome is competitive exclusion, a process whereby
the normal gut microflora acts to prevent the adherence of pathogens to the
epithelial surface, and to compete with them for available nutrients. In addition,
certain members of the Gram-positive microflora, such as the Lactobacilli,
produce bacteriocins, peptides that can kill susceptible target bacteria (reviewed
in Cotter et al., 2005). Bacteriocin production by Lactobacilli is thought to be a
means of decreasing competition by killing susceptible bacteria and thus
preventing colonization of the intestinal surface by competitors. An alternative
role for bacteriocins has recently been revealed. Lactacin F production has been
shown to promote intestinal colonization by its producer L. johnsonii VPI
11088, suggesting that it may be acting as a communication signal between
bacteria to promote colonization of the gastrointestinal epithelium (Tannock,
2000).

The protective role of the resident gut microflora is illustrated by cases of
outgrowth of Clostridium difficile leading to pseudomembranous colitis follow-
ing antibiotic therapy. Clostridium difficile can be present in the gut microflora,
but is normally held in check by its competition. Disturbances of the microflora
due to antibiotic treatment give C. difficile a competitive advantage, to the
detriment of the host. Prolonged antibiotic treatment has also been reported to be
associated with increased susceptibility to foodborne infections, further
illustrating the beneficial impact of the resident gut microflora (Vanden Eng
et al., 2003; Salminen et al., 1995).

GALT faces challenges unique to its location in the body. Owing to the
continual barrage of stimuli in the form of food components, normal gut
microflora and pathogens, the GALT must distinguish between signals it should
mount a response against and those to which it should remain nonresponsive
(Smith and Nagler-Anderson, 2005). Immunity and tolerance are two very
different outcomes of the initial contact of GALT with antigens. Oral tolerance
is a state of selective nonresponsiveness of the immune system that is seen for
certain stimuli contacted at the gastrointestinal interface. Gut microflora tend to
induce oral tolerance, and this is also often the response to antigens from foods,
an outcome that prevents unnecessary and detrimental immune reactivity in the
gastrointestinal tract. Several mechanisms have been proposed as participants in
establishing oral tolerance (recently reviewed in Mowat, 2003; Nagler-
Anderson, 2001). Normal gut microflora are essential for development of the
mucosal immune system, and the intimate contact between gut microflora and
cells of the intestinal epithelium and GALT also plays a role in the development
of oral tolerance (Sudo ef al., 1997). In recent studies examining the effects of
human normal microflora in a murine model, development of oral tolerance was
shown to require colonization with more than one strain, and it has been
suggested that sequential colonization of the gastrointestinal tract may be
required (Gaboriau-Routhiau ez al., 2003). Interactions between specialized DCs
in the GALT with resident gut microflora are currently believed to be the driving
force in establishing oral tolerance (Stagg et al., 2004).
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Recent evidence also shows that IEC respond differentially to nonpathogenic
and pathogenic enteric bacteria, and this has been linked to different patterns of
intracellular signaling, providing a potential mechanism for some of the
beneficial effects of the normal gut microflora on the gut epithelium (Neish et
al., 2000). Commensal enteric microbes, including certain Salmonella strains (S.
Typhimurium PhoP® and S. Pulloram), are able to attenuate inflammatory
responses through their ability to inhibit, rather than activate, the DNA-binding
protein NFkB (Neish et al., 2000). An outcome of this is that these commensal
Salmonella strains are able to block epithelial IL-8 secretion in response to
various pro-inflammatory stimuli, reflecting their ability to interfere with the
intracellular activities that normally lead to NFkB activation, and so inhibiting
acute inflammatory responses. This anti-inflammatory effect of the resident gut
microflora is believed to be crucial in maintaining the state of ‘tolerance’ or
hyporesponsiveness of the gastrointestinal epithelium to the continual barrage of
stimuli the microflora provide.

8.3 Mucosal immune responses

Foodborne pathogens encounter the gastrointestinal mucosal surface, and must
face the mucosal immune system as well as the physical barriers the location
presents. The mucosa-associated lymphoid tissues (MALT) includes the GALT,
a location reported to contain more lymphocytes than are found in the total
content of all other secondary lymphoid organs (Nagler-Anderson, 2001). The
GALT is composed of lymphoid aggregates, including the Peyer’s patches
(located mainly in the small intestinal distal ileum), where induction of immune
responses occurs (Fig. 8.1). The lamina propria serves as a homing location for
mature effector B and T cells; these cell types are essential for the specific
adaptive immune responses of the GALT. Several cell types involved in the
innate immune response are present in the PP microenvironment, including
macrophages and dendritic cells.

Intraepithelial lymphocytes (IELs) are a T-cell subpopulation located above
the basement membrane and in between intestinal epithelial cells, below the
intercellular tight junctions connecting the IEC. IEL are cytolytic, and also have
immunoregulatory activity. IEL are activated in response to infection by
pathogens, but use a limited T-cell receptor (TCR) repertoire to recognize
invaders (Hayday et al., 2001). IELs have been reported to originate from
cryptopatches, cell clusters located in the crypt lamina propria (Suzuki et al.,
2000), and their development is assisted by secretion of the cytokine IL-7 by
IEC (Laky et al., 2000), further illustrating the extent of cell—cell interaction
essential for efficient GALT activity. IELs express v TCR rather than of
TCRs. The y6 TCR repertoire is oriented toward more conserved antigens than
is the a8 TCR repertoire, recognizing such stimuli as heat shock proteins and
phospholipids. A key difference between the v6-TCR-expressing IEL and more
‘conventional’ T cells with a5 receptors is that IELs do not require that antigen
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Fig. 8.1 GALT: Gut-associated lymphoid tissue. Intestinal epithelial cell (IEC),
Dendritic cell (DC).

be associated with MHC molecules. Owing to their unique properties, IEL are
often viewed as a cell type that is midway between the innate and adaptive
immune systems. The extent and nature of their role in defense against
foodborne pathogens still remains to be clearly elucidated.

In contrast, the role of IEC has been the focus of much recent attention and
their importance in defense is becoming increasingly clear. IEC are multi-
talented cells with several roles necessitated by their location at the mucosal
interface. In addition to carrying out the uptake of dietary nutrients, IEC face a
continual barrage of dietary components, gut microflora, and potential
pathogens. In their role as ‘sentinels of the intestinal mucosa’ (Jobin and
Sartor, 2000), IEC are uniquely placed to sense and respond to foodborne
pathogens, and to interact and communicate with the GALT (Philpott et al.,
2001). Interaction with pathogens stimulates IEC to produce several defensive
mediators. In addition to producing and releasing pro-inflammatory cytokines,
IEC also express inducible nitric oxide synthase (iNOS), leading to nitric oxide
release. IEC can also respond to the presence of pathogenic stimuli by COX
activation and subsequent prostaglandin production (Philpott et al., 2001). The
unique location of IEL gives them the ability to interact directly with cells of the
innate immune system, including macrophages and DCs. DCs can be found in
the intestinal epithelium, as well as in the underlying lamina propria (reviewed
in Nagler-Anderson, 2001). Cytokine production by IEC is a key means of
communication with cells of the GALT, and provides IEC with a means to
choreograph the resulting immune response (Pitman and Blumberg, 2000).
Cytokines are proteins that carry out communication between cells of the
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immune system, and are essential in stimulation and regulation of the immune
response. When IEC respond to certain microorganisms in the gastrointestinal
tract by producing cytokines, they become active participants in the mucosal
immune response and part of a mucosal cytokine network that regulates
responses to pathogens (Hedges et al., 1995).

Which cytokines are produced by IEC in response to challenge by foodborne
pathogens? Pathogenic bacteria have been shown to induce the production of
several different cytokines by IEC (Chae-Jung et al., 1995; Hedges et al., 1995;
Stadnyk, 1994). Certain of the chemokines are IEC products. Chemokines are a
subfamily of chemoattractant cytokines that act as key mediators in controlling
the attraction and migration of different cells of the immune system (Baggiolini,
2001). IL-8 is a chemokine secreted by IEC that is integrally involved in the
inflammatory response (Baggiolini et al., 1995). Another chemokine produced
by IEC is RANTES. IL-8 is a C-X-C chemokine that acts as a potent chemo-
attractant for neutrophils (PMNs), and frequently is secreted by IEC following
entry of various bacterial pathogens, where it promotes transendothelial
migration of neutrophils to sites of infection (Eckmann et al., 1993; Hersh et
al., 1998). RANTES, a C-C chemokine, chemoattracts monocytes and T cells to
sites of infection, and may be involved in IEC activities in later stages of
mucosal inflammation (Yang et al., 1997). Other cytokines produced by IEC
include tumor necrosis factor o (TNFc), interleukin-1 g (IL-13), and the
immunoregulatory cytokine transforming growth factor 3 (TGF() (Jiang and
McGee, 1998). TGF3 can down-regulate production of several cytokines,
control DC, monocyte and macrophage activity, inhibit IEC division, and
promote IEC differentiation (Stadnyk, 1994). TGF also participates in tissue
repair through control of collagen, fibronectin, and connective tissue growth
factor production (Letterio and Roberts, 1998). TNFa production is usually
associated with pro-inflammatory responses (Barbara et al., 1996), while TGFj3
plays a varied role, reflecting its activity as an immunoregulatory cytokine
(Letterio and Roberts, 1998).

Enteric pathogens such as E. coli stimulate IEC to produce pro-inflammatory
cytokines, including IL-8 and TNFq, a talent associated with the ability of these
pathogens to cause host damage. For example, TNF« release by IEC can
increase IL-8 secretion by endothelial cells, in turn leading to increased
neutrophil chemoattraction and activation at the site of infection (Baggiolini et
al., 1995). Pro-inflammatory cytokine production stimulates the innate immune
system to respond to the presence of invaders such as foodborne pathogens.
However, excessive production of such pro-inflammatory cytokines as IL-8 and
TNFa can also play a role in the damage these pathogens wreak on host tissues.
Elevated IL-8 levels promote bacterial attachment to epithelial cells by up-
regulating expression of adhesion proteins on the IEC surface (Baggiolini et al.,
1995). Helicobacter pylori can induce IL-8 production at the gastric epithelium,
an attribute reported to be linked to its ability to produce peptic ulcer disease
(Hersh et al., 1998). Induction of macrophage apoptosis by Shigella flexneri
leads to extensive release of pro-inflammatory cytokines (including IL-6 and
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TNFa) as the macrophages die. These cytokines trigger an inflammatory
response that in turn causes destruction of gastrointestinal mucosal tissue (Hersh
et al., 1998; de Silva et al., 1993). Cytokine production by IEC is thus both a
boon and a bane — it is necessary for effective communication of IEC with the
rest of the immune system, and allows for stimulation of responses. If, however,
production of pro-inflammatory cytokines is excessive, it plays a part in the
overall pathogenesis of lesions inflicted by foodborne pathogens on the host.

8.4 Innate cellular responses: front-line defenders

The immune system includes a complex array of cells and biomolecules, which
interact to provide protection from challenge by pathogenic microbes, and
impaired immune function leads to increased risk of infection by foodborne
pathogens. Antigens — substances that induce an immune response — are often
components of invading microbes. The immune system can be divided into two
branches — the innate (or nonspecific) and the adaptive (or specific) immune
response. The innate response (the focus of this chapter) includes certain cell
types and molecules able to react to the presence of invading microorganisms
and their components, but without a high degree of specificity. Innate immunity
is characterized by the speed of its response, and by a lack of memory. Rapid
response speed is essential for initial host protection, and reflects the ability of
cells in the innate immune system to react rapidly to contact with pathogens, a
property enhanced by their pre-positioning at the luminal interface. Lack of
memory of such contact, however, means that the efficiency and effectiveness of
the innate immune response does not improve with repeated exposure, unlike the
adaptive immune response.

Cells of the innate immune system include neutrophils, monocytes, and
macrophages, all of which are phagocytes. Phagocytic cells ingest invading
pathogens, with the goal of digesting and destroying the invader, using an array of
enzymes, reactive oxygen intermediates, and nitric oxide. Macrophages are the
key phagocytic cell type in tissues. Monocytes, their precursors, are present in the
blood, as are neutrophils. Macrophages recognize invading microorganisms
through receptors that detect non-self components, including carbohydrates such
as mannose (Delves and Roitt, 2000). Macrophages and neutrophils both interact
with complement (a protein component of the innate immune response) and
antibodies (components of the adaptive immune response) to improve their rates
of phagocytosis of invading microbes through the process of opsonization. Once
foodborne pathogens are phagocytosed, they are exposed to an impressive
intracellular array of defenses, including lysozyme, antimicrobial peptides, and
nitric oxide, and the respiratory burst-derived mediators superoxide anion,
hypochlorous acid and hydroxyl radicals. Neutrophil killing of pathogens is now
believed to be mainly due to the activity of destructive enzymes within
intracellular vacuoles, rather than to the direct actions of reactive oxygen species
(Segal, 2005).
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Neutrophils play an essential role in defense at the intestinal epithelial layer.
IEC respond to foodborne pathogens, such as Salmonella Typhimurium, by
producing IL-8, a chemoattractant cytokine, which is then secreted from the
basolateral side of the epithelial layer, stimulating neutrophil migration to sites
of infection (Gewirtz ef al., 1999). S. Typhimurium challenge leads to release of
a second chemoattractant (pathogen-elicited epithelial chemoattractant, or
PEEC) from IECs in the apical direction. PEEC release stimulates neutrophil
translocation across the epithelial lining to the lumen. From this vantage point,
neutrophils can actively phagocytose and destroy bacteria (reviewed in
Sansonetti, 2004).

Some foodborne pathogens succeed in invading the host and causing disease
owing to their ability to counteract macrophage activity. Shigella flexneri
initially infect IEC and multiply inside them, inducing actin nucleation into
comet-like tails that propel the bacteria through the cytoplasm. The resulting
cellular extensions can penetrate into neighbouring IEC and other cell types, and
allow Shigella to infect adjacent cells without being seen by cells of the immune
system. Shigella flexneri is then able to defeat macrophages by binding to
caspase | and inducing programmed cell death (apoptosis) following macro-
phage infection (Zychlinsky et al., 1992). It has been suggested that entero-
invasive E. coli (EIEC) use this host evasion strategy as well (Kaper et al.,
2004), allowing both Shigella and EIEC to evade macrophages and cause serious
illness. Listeria monocytogenes also induces actin polymerization and ‘comet
tail” formation, causing it to be projected through the IEC and directly into the
membranes of adjacent cells, thus escaping detection by phagocytes (Daniels et
al., 2000). Enteropathogenic E. coli use their ability to signal host cell cyto-
skeletal rearrangements to inhibit phagocytosis through a process involving
tyrosine dephosphorylation of infected macrophage proteins (Goosney et al.,
1999b). Yersinia enterocolitica is also able to inhibit phagocytosis, using certain
of its Yersinia outer-protein (Yop) components (such as YopJ), to effectively
paralyze macrophages. Y. enterocolitica inhibits host inflammatory responses by
both macrophages and IEC through inhibition of MAP kinases and NFkB
signaling (reviewed in Boyer and Lemichez, 2004).

Natural killer (NK) cells are also participants in the innate immune response.
NK cells are closely related to T cells, and use a range of cell surface receptors
to recognize their targets and regulate their cytolytic activity (reviewed in
Lanier, 2005). Their key role is to respond to virus-infected cells in the early
stages of infection by killing infected target cells. NK cells are capable of
detecting and killing certain types of malignant cells. They can recognize targets
through antibody-dependent cellular cytotoxicity, or through unique NK
receptors that respond to certain molecules present on all cell types. The killing
ability of NK cells is kept in check by killer-inhibitory receptors (KIRs), which
recognize (major histocompatibility) MHC class I molecules. Down-regulation
of Class I MHC molecules following certain types of virus infection or on
malignant cells releases NK cells from KIR-mediated inhibition, allowing them
to kill infected or transformed target cells (reviewed in Hamerman et al., 2005).
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Target cell killing involves the insertion of perforin (a pore-forming protein) into
the target cell membrane, and injection of granzymes, cytotoxic molecules that
trigger target cell apoptosis. Owing to their mode of action and target
recognition, NK cells are involved in innate defense against intracellular
bacteria such as Listeria monocytogenes and Salmonella (Chin et al., 2002;
Wick, 2004). NK cells also provide a source of interferon ~y, which then acts to
activate the adaptive immune response and promote the activation of T helper 1
cells (Chin et al., 2002).

NKT cells are a recently identified cell type expressing a semi-invariant
TCR « chain, which allows them to recognize glycolipid antigens from Gram-
negative bacteria (Kronenberg, 2005). This ability suggests NKT cells also play
a role in responses to foodborne pathogens. For example, NKT cells have been
shown to respond to Salmonella Typhimurium by producing interferon v, a
cytokine that promotes antimicrobial host defenses (Kinjo et al., 2005). Recent
studies suggest that NKT cells may be most important as a defense against
bacteria that lack such TLR stimuli as lipopolysaccharide, and their precise role
in defense against other foodborne pathogens remains to be determined (Mattner
et al., 2005).

Dendritic cells (DCs) provide a ‘bridge’ or interface between the innate and
adaptive immune systems. Like other cells in the innate immune system, DCs
react to the presence of pathogens using relatively nonspecific receptors. DCs
are able to process and present antigens to the central participants in the adaptive
immune response: T cells. Macrophages and monocytes can act as ‘antigen-
presenting cells’ (APCs) and carry out a bridging role between innate and
adaptive responses. Since T cells do not respond to ‘free’ antigen — only to
antigen that is presented by APCs — this ability of DCs, monocytes and
macrophages is crucial in bridging the transition from innate to adaptive
immunity. DCs, macrophages and monocytes also exert their influence over the
adaptive immune response through cytokine production, discussed in the
preceding section. Interdigitating dendritic cells continually endocytose antigen,
becoming activated when certain of their cell surface receptors recognize
pathogen-associated molecular patterns (PAMPs). PAMPs include such
microbial components as lipopolysaccharide, mannans, teichoic acids, and
CpG motifs in DNA (reviewed in Akira and Takeda, 2004). Receptors for
PAMPs, often referred to as pathogen recognition receptors (PRRs), include the
toll-like receptors (TLRs), the LPS receptor CD14, and the Nod receptors.

TLRs are an evolutionarily conserved family of cell surface receptors that
play a central and essential role in innate immunity through recognition of
certain key microbial determinants (reviewed in Vasselon and Detmers, 2002).
TLR-2 is involved in recognition of components of Gram-positive bacteria,
including lipoteichoic acid (LTA), peptidoglycan and lipoproteins. TLR-4
recognizes LPS from Gram-negative bacteria, TLR-5 recognizes bacterial
flagellin, TLR-9 recognizes unmethylated CpG dimers from bacterial DNA and
TLR-3 recognizes viral double-stranded RNA (Akira and Takeda, 2004). Nod
receptors are nucleotide-binding oligomerization proteins located in the cell
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cytoplasm rather than on the cell surface, and are also able to recognize
peptidoglycan (Mumy and McCormick, 2005). Nod 1 recognizes D-Glu-meso-
DAP, a degradation product of peptidoglycan that is naturally released by Gram-
negative bacteria. Nod 2 recognizes muramyl dipeptide, which is essentially the
minimal peptidoglycan unit, giving Nod 2 the ability to detect both Gram-
negative and Gram-positive bacteria (Carneiro et al., 2004). Their intracellular
location allows the Nod proteins to play a key role in detection of invasive
enteric pathogens, such as Salmonella and Shigella. Overall, the recognition
array composed of PRRs allows cells of the innate immune system to detect a
broad range of invaders such as foodborne pathogens without requiring a high
degree of specificity.

8.4.1 How do cells participating in the innate immune response recognize
pathogens?

IECs and other cell types involved in the innate response react to foodborne and
other pathogens detected through the TLR and Nod systems by activating the
pro-inflammatory pathway controlled by nuclear factor kB (NFkB) (Mumy and
McCormick, 2005). NFkB is a DNA-binding protein that acts as a central
control point for expression of several genes encoding pro-inflammatory
cytokine production following TLR activation (Medzhitov et al., 1997). NFkB is
present in the IEC cytoplasm in an inactive form, in a complex with a member of
the inhibitory IkB family, IkBa. Pro-inflammatory signals, including those sent
by many PAMPs through TLR binding, lead to phosphorylation, ubiquitination
and subsequent proteolysis of IkBa, releasing NFkB. In this free state, NFkB
moves into the nucleus, and binds to regulatory control sequences in DNA,
activating transcription of genes encoding pro-inflammatory cytokines (Thanos
and Maniatis, 1995). Several enteric pathogens such as enteroinvasive E. coli,
enteropathogenic E. coli, Salmonella Dublin and Yersinia enterocolitica
stimulate the production of pro-inflammatory cytokines by IEC, including IL-
8 and TNFa, through NFkB activation (Elewaut et al., 1999; Savkovic et al.,
1997). In this way, the IEC response to infection with enteroinvasive foodborne
pathogens is coordinated through activation of a common signaling pathway,
leading to a pro-inflammatory response.

8.5 Other nonspecific host defenses

Defensins are antimicrobial peptides of 3—4 kDa in size that provide one of the
key defenses at mucosal surfaces such as the intestinal epithelium (Sansonetti,
2004). Owing to their amphipathic structure, defensins insert into cell mem-
branes of bacteria causing membrane lysis and cell death (White et al., 1995).
Two classes of defensins, o defensins and (3 defensins, are active in defense at
the gastrointestinal epithelium. Alpha defensins or cryptidins are produced by
Paneth cells, present in the crypts of the small intestine, and are released into the
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intestinal crypts when pathogens are encountered. The two main « defensins are
human defensin 5 (HDS) and HD6 (Ouellette and Bevins, 2001). HDS has been
reported to provide protection from Salmonella Typhimurium in mice transgenic
for this human « defensin (Ouellette, 2005).

Beta defensins are expressed by several cell types, including IEC and
phagocytic cells (macrophages and neutrophils). High defensin concentrations
accumulate within phagosomes inside phagocytes, and neutrophils contain high
defensin levels, even though they cannot produce defensins after maturing past
the promyelocyte stage (Mumy and McCormick, 2005). In IEC, [-defensin
production is constitutive, and is also upregulated in response to pathogens
(Ganz, 2003). More specifically, human ( defensin 1 (hBD1) is expressed
constitutively, while hBD2 shows low level expression, and is upregulated
following infection (O’Neil et al., 1999). Both LPS and peptidoglycan have been
reported to act through TLRs to stimulate §-defensin-2 expression in intestinal
epithelial cells (Vora et al, 2004). Upregulation of human [ defensin-2
expression and release by epithelial cells in response to Nod-2 ligand-recog-
nition has recently been reported (Voss et al., 2005). Both plants and animals
produce defensins in response to microbial challenge, and these highly con-
served peptides are believed to be one of the most primitive innate host defences
(reviewed in Lehrer and Ganz, 2002a; Selsted and Ouellette, 2005). Defensins
are differentially expressed throughout the gastrointestinal epithelium, and it has
been suggested that they may have distinct roles in innate defense against enteric
bacteria at the gastrointestinal mucosa (Eckmann, 2004).

Another antimicrobial peptide constitutively expressed at the intestinal
epithelium is CAMP or LL37, a cathelicidin (Lehrer and Ganz, 2002b). The
cathelicidins are believed to play additional roles in coordinating the innate
immune response, as they are involved in communication between cells and can
stimulate neutrophil chemotaxis and recruit mast cells (Di Nardo ef al., 2003). It
has also been reported that certain of the defensins have chemotactic activity,
acting on macrophages, T cells and dendritic cells (Ganz, 2003). Defensins may
also play a signaling role, stimulating a pro-inflammatory response and inducing
IL-8 production — a role that may thus have both protective and potentially
damaging outcomes for the host (Lin et al., 2004).

8.6 Modulating host nonspecific defenses to foodborne
pathogens

8.6.1 Can innate host defenses against foodborne pathogens be enhanced?
Strategies for bolstering defenses at the gut mucosal level that are currently
receiving attention are the inclusion of probiotics and prebiotics in foods,
including both traditional applications and nontraditional innovations. Yoghurt
is perhaps the best-known traditional approach to the use of probiotic bacteria in
foods, and much research has focused on the immunomodulatory actions of
lactic acid bacteria as a result of interest in the potential health benefits of
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yogurt. Development of new food products containing prebiotics and probiotics
and using the synbiotic approach are intriguing new avenues in food science.
The term functional food science has been used to describe the branch of food
science that focuses on claims dealing with proposed health benefits of
functional foods, and the development of new food products incorporating
functional ingredients (Roberfroid, 2002). Future directions will potentially
include development of new functional food products targeted at specific health
issues, such as improvement of gastrointestinal health (Johnson, 2001; Salminen
et al., 1996), or countering the effects of atopy and allergy (Laiho et al., 2002).

Prebiotics are defined as ‘non-digestible food ingredients that beneficially
affect the host by selectively stimulating the growth and/or activity of one or a
limited number of indigenous bacteria’ (Gibson and Roberfroid, 1995). Pre-
biotics act by selectively stimulating growth of certain intestinal microbes with
potential health-promoting effects, and they are used with the aim of controlling
the gut microflora in a beneficial manner (reviewed in Roy, 2004). Prebiotics in
the form of nondigestible oligosaccharides, which are resistant to digestion in
the upper gastrointestinal tract but are broken down and fermented in the large
intestine, are used to promote the growth of Bifidobacteria and Lactobacilli.
This increases the production of short-chain fatty acids, which can then provide
energy for the host and alter fecal pH (reviewed in Farnworth, 2001). An
additional mechanism through which prebiotics may act to reduce host
susceptibility to infection is to act as ‘decoys’ for pathogen binding, by
mimicking the host receptors, and so preventing pathogen binding to the host
(Gibson et al., 2005).

Dietary substrates used as prebiotics must meet three key criteria: they must not
be broken down in the stomach or small intestine, they must selectively enhance
the growth of beneficial colonic bacteria such as the Bifidobacteria, and their
fermentation should have beneficial effects for the host (Roy, 2004). Oligo-
saccharides with potential prebiotic activity include the inulin-like fructans, soy
oligosaccharides, trans-galactooligosaccharides, lactulose, raffinose, stachyose,
and the sugar alcohols sorbitol and xylitol (Farnworth, 2001; Roberfroid, 1999).
Naturally occurring sources of some of these oligosaccharides are fruits,
vegetables, and beans; however, some prebiotics, such as fructo-oligosaccharides,
are also produced commercially by polysaccharide hydrolysis or enzymatic
synthesis from simpler sugars. The efficacy of prebiotics in improving innate
immune defences against pathogens is currently an area of investigation; however,
studies that produce clear and reproducible results have been difficult to design
and conduct. Recent studies indicate that prebiotics may be effective in managing
certain gastrointestinal conditions and in modulating the immune response
(Manning and Gibson, 2004; Saavedra and Tschernia, 2002; Schley and Field,
2002). Use of prebiotics in the elderly has been suggested as a strategy to improve
not only immune responses, but also nutritional and gastrointestinal issues, such as
calcium absorption and constipation (Hamilton-Miller, 2004). Lack of an
immune-enhancing effect of specific prebiotic treatments in the elderly has also
been reported, with raftilose treatment showing no improvement of the response to
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influenza or pneumococcal vaccines (Bunout et al., 2002). Such variations in
reports of the effectiveness of prebiotics underscore the need for further study in
this area. Many factors come into play in incorporating prebiotics into the diet, and
it is not surprising that not all approaches will be equally effective in every
subpopulation.

Probiotics are defined by the FAO/WHO as ‘live microorganisms which when
administered in adequate amounts confer a health benefit on the host’. Recent
research has examined the potential ability of probiotics to reduce the impact of
infection by pathogens, and to improve host defenses. Several mechanisms have
been suggested for protective effects of probiotics at the mucosal interface.
Competitive exclusion, through mechanisms including inhibition of adhesion,
competition for nutrients, and release of bacteriocins and other antimicrobial
factors could provide a strategy for interfering with the infection process of
foodborne pathogens (Coconnier et al., 1998; Lu and Walker, 2001). Strength-
ening of the epithelial barrier through effects of probiotics on tight junctions has
also been reported, an effect that would prevent the translocation of foodborne
pathogens across the intestinal epithelium (Blomberg ef al., 1993; Salminen et
al., 1996). Certain probiotic strains have been shown to ameliorate pathogen-
induced decrease in transepithelial resistance of human intestinal epithelial cells,
suggesting a mechanism through which probiotics can counter pathogen-induced
damage at the intestinal epithelial cell level (Sherman et al., 2005). It has been
suggested that probiotics may be involved in protection of the intestinal
epithelium from damage through the prevention of cytokine-induced apoptosis of
IEC (Yan and Polk, 2002). Enhanced intestinal mucin release is triggered by
Lactobacillus plantarum 299v and Lactobacillus rhamnosus GG through
increased gene expression of certain mucins (MUC2 and MUC3) (Mack et al.,
1999). Strains of Lactobacilli able to adhere well to IEC also show the ability to
induce MUC3 expression, suggesting mucin-inducing activity underlies the
ability of these probiotic bacteria to prevent attachment of enteropathogenic E.
coli to IEC (Mack et al., 2003).

Probiotic bacteria can occupy the gastrointestinal microenvironment, and
rapidly accumulating evidence supports their ability to influence the mucosal
immune response and to interact with IEC, thus influencing innate host response
at the ‘mucosal frontier’. A wide array of effects on the immune system have
been reported for the lactobacilli, and effects on all of the innate immune
defenses have been observed, with considerable variation between strains
(reviewed in Clancy, 2003; Cross, 2002; Gill, 2003; Green-Johnson, 2004;
Isolauri et al., 2001; Vaarala, 2003). Probiotic bacteria have been reported to
induce production of the defensin hBD-2 by IEC (Wehkamp et al., 2004), to
enhance the activity of human NK cells (Chiang et al., 2000; Sheih et al., 2001),
and phagocytic cells (Chiang et al., 2000; Donnet-Hughes, 1999), and to induce
macrophage nitric oxide production (Korhonen et al., 2001). Most recently,
probiotic bacteria have been shown to interact with dendritic cells (Christensen
et al., 2002; Stagg et al., 2004). Certain probiotic bacterial preparations (VSL#3)
have been reported to upregulate the expression of cell surface markers asso-
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ciated with DC activation, and also to promote release of the immunoregulatory
cytokine IL-10 (Drakes et al., 2004). Certain species of Lactobacilli have
recently been shown to prime monocyte-derived DCs to promote the develop-
ment of regulatory T cells, leading to increased IL-10 production (Smits et al.,
2005). The surface molecule through which these probiotics interact with DC
have also been identified as the DC-specific intercellular adhesion molecule 3-
grabbing non-integrin (DC-SIGN), and it has been suggested that probiotic
bacteria able to bind to DC-SIGN may be those best able to exert anti-
inflammatory effects. Interactions of probiotic bacteria through DC-SIGN
leading to DC activation may be responsible for anti-atopic activity and anti-
inflammatory effects of probiotics in inflammatory bowel disease. Interactions
between resident gut bacteria and specialized DCs in the GALT are essential in
establishing oral tolerance, and it is possible that probiotics could also act
through this route (Stagg et al., 2004).

Probiotic lactobacilli have also been shown to influence cytokine production
profiles by IEC, providing another potential route for probiotics to improve
innate immune defenses. Induction of COX-2 expression by IEC, an action that
would influence prostaglandin production, has recently been reported
(Korhonen et al., 2004). In their interactions with IEC, probiotics tend to
counter the strong pro-inflammatory effects of gastrointestinal pathogens, and
several strains of lactobacilli have been shown to downregulate both
constitutive and pathogen or LPS-induced IL-8 production (Bai et al., 2004;
McCracken et al., 2002; Wallace et al., 2002). This downregulatory effect has
also been reported with isolated lipoteichoic acid (LTA), suggesting LTA in
lactobacilli may be able to interfere with the effects of LPS on IEC (Korhonen
et al., 2004). Probiotic lactobacilli have been reported to act through TLR-2 on
macrophages and through TLR-2 and TLR-4 on human cord blood mono-
nuclear cells (Karlsson ef al., 2002; Matsuguchi et al., 2003). It has also been
suggested that IEC and other cells of the innate immune system could recognize
probiotics by using TLR-9 to detect bacterial CpG DNA motifs (Jijon et al.,
2004; Lammers et al., 2003).

While lactobacilli have been shown to induce NFkB activation in both human
and mouse macrophages (Miettinen et al., 2000; Korhonen et al., 2002), their
interactions with IEC may have a different effect, leading to the downregulation
of the pro-inflammatory response normally seen with NFkB activation in
response to foodborne pathogens. It has been suggested that the ability to block
NFkB activation, observed with commensal enteric bacteria, may also be a mode
of action used by probiotic bacteria to inhibit acute inflammatory responses
(Neish et al., 2000), a hypothesis that is in keeping with the anti-inflammatory
effects reported in several studies. A recent study by Bai et al. (2004) found that
both B. longum and L. bulgaricus inhibited NFkB activation in a human IEC
line, further supporting this route for anti-inflammatory activity by probiotic
bacteria. This observation also suggests that the impact of probiotics on cells of
the innate immune system may vary with the responding cell type.

Copyright 2006, Woodhead Publishing Limited



Nonspecific host defenses against foodborne pathogens 201

8.7 Using probiotics and prebiotics in functional foods: issues
to consider

Several issues must be addressed in the process of developing probiotics and
prebiotics for use in improving host defenses, and these are outlined in Fig. 8.2.
Strain variation, host condition and genetic makeup, and the pre-existing
resident gut microfloral populations all have the potential to influence the
actions of probiotics and prebiotics. Different species and strains of probiotic
bacteria show varied effects on the immune system, probably reflecting
variation in the efficiency of their interactions with specific cell types, such as
macrophages versus intestinal epithelial cells. Certain strains have been reported
to induce very different profiles of cytokine production (Perdigon et al., 2002;
Cross et al., 2002). For this reason it is unlikely that one strain of probiotic
bacteria will be suited for all immunomodulatory purposes — different strains are
best suited to different activities. Differences in host condition can also con-
tribute to variation in the effect of probiotics between individuals, and effects of
probiotics on the immune system will probably be most evident in recipients
with underlying health problems.

Strain variation is a consistent finding with regard to the effects of probiotic
bacteria on the immune response, so strains must be chosen carefully for
particular applications. Mixing combinations of probiotics is another strategy
that may allow optimal growth and activity, for example in fermented food
products. Recent studies have shown that certain interactions between strains
occur, and can influence their immunomodulatory activity, a factor that will
need to be considered in designing approaches for use of mixtures of probiotics
(Christensen et al., 2002). This capacity for strain interactions could also occur
when probiotics interact with resident gut microflora, potentially contributing to
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Fig. 8.2 Overview of factors influencing activity of probiotics.
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individual variation in the host response to probiotics. Combining prebiotics and
probiotics as synbiotics is another approach that aims to enhance the growth and
colonization potential of the probiotics, and maximize their potential benefits to
the host. Synbiotics are combinations of prebiotics and probiotics (reviewed in
Holzapfel and Schillinger, 2002). This combined approach aims to both
stimulate endogenous bacteria and to promote the growth of the co-delivered
probiotics, which ideally will be able to use the prebiotics as substrates, resulting
in selective growth promotion of the probiotic. This approach has not yet been as
widely used, and relatively little information about the impact on human
immunity is available to date, although studies such as the SYNCAN project
have recently examined the effects of synbiotics on human volunteers in terms
of modification of intestinal flora and probiotic survival of gastrointestinal
transit (Van Loo et al., 2005).

A key issue to consider in the functional food context is the implication of
including probiotics and prebiotics from the perspective of food processing.
Processors will need to consider the impact of conditions within foods, such as
pH, substrate utilization ability, and storage temperatures, all of which could
influence the growth and activity of added probiotics. Stabilizing prebiotics and
probiotics in complex food mixtures has been identified as an issue that food
science needs to address in the development of functional foods (German ef al.,
1999). Strain selection based on the growth, survival and stability of probiotics
in specific types of food products is also essential (Champagne, 2004). Food
processing steps such as freezing and spray-drying can also have an impact on
probiotic viability (Knorr, 1998). The ability of lactobacilli to influence IEC has
been reported to vary with the growth stage, with bacteria collected in exponen-
tial phase showing different properties from those collected in stationary phase
(Haller et al., 1999). This will be an added issue for food processors to consider
in determining optimal growth conditions for probiotics added to foods.

The efficacy of probiotics may also vary with the mode of delivery. For
example, certain foods may provide added protection from the gastric
environment, and allow for more effective delivery of probiotics to the intestine.
Encapsulation of probiotics is one strategy that has been investigated to give
additional protection during transit into the intestine. A related issue is the
efficacy of digestion of the components used for encapsulation and the extent of
the subsequent release of probiotics into the large intestine (Champagne, 2004).
An added layer of complexity in the incorporation and utilization of probiotics
in foods arises from studies showing that some probiotics produce or release
bioactive components (Coconnier et al., 2000; Fiander et al., 2005; Leblanc et
al., 2002; Menard et al., 2004; Prioult et al., 2004) and the impact of food
processing on such bioactive components is another consideration for the food
processor (Korhonen et al., 1998).

Probiotics hold promise as a strategy for modulating the innate immune
response and bolstering host defenses against foodborne pathogens. Additional
factors to consider are ensuring safety and standardizing efficacy. Lactobacilli
have a long tradition of safe use in the context of fermented foods, and have
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rarely shown the ability to cause disease. Recent studies examining the effects of
live probiotics ingested in infant formula (Saavedra et al., 2004), or delivered
orally to HIV patients (Salminen et al., 2004) support this view. However, the
targeted use, in immunocompromised persons for example, of probiotic strains
that have been associated with sepsis requires that approaches for screening and
verifying safety for intended use be developed and consistently applied (Cannon
et al.,2005; Land et al., 2005; Salminen et al., 2006). Several factors to consider
in safety assessment have been identified, including binding ability, metabolic
activity, translocation ability, mucosal effects, dose-response effects, and
immunomodulatory ability — an issue that reflects the overall balance that must
be maintained by the immune system in dealing with challenges (reviewed in
Ishibashi and Yamazaki, 2001; Salminen et al., 1996). Mouse model systems
have been used to evaluate translocation ability and persistence of certain strains
such as L. reuteri (Wagner et al., 1997) and L. plantarum (Pavan et al., 2003),
and a rabbit endocarditis model has been used to assess several strains of
Lactobacilli for safety and pathogenicity (Asahara et al., 2003). In vitro testing
approaches including adhesion characterization have also been proposed as a
means of ‘quality assurance’ for probiotics, a step that will be important
especially for probiotics delivered in different formulations and products
(Tuomola et al., 2001). Adding to our knowledge about the mechanisms these
bacteria use to interact with host cells will increase our ability to tailor their use
and optimize their delivery in food products and other forms in a safe manner.

8.8 Sources of further information and advice

Further information about the innate immune system and intestinal epithelial
cells:

e Man the barrier: Strategic defences in the intestinal mucosa. Cathryn Nagler-
Anderson. 2001. Nature Reviews Immunology 1. 59—67.

e The Immune System: Part 1. P.J. Delves and I.M. Roitt. 2000. N. Engl. J.
Med., 343: 37-49. Part 1 of this set of two comprehensive reviews dealing
with the actions and participants in the immune system covers the different
levels of defense and the cell types involved in the immune response.

o [Instant Notes in Immunology, 2nd edition, by P. Lydyard, A. Whelan, and
M.W. Fanger. 2004. BIOS Scientific Publishers, Taylor and Francis Group.
This concise text covers key cell types, interactions and organization of the
immune system.

Further information about foodborne pathogens and their interactions with the
infected host:

e Food Microbiology by M.R. Adams and M.O. Moss. The Royal Society of
Chemistry. 1995. This textbook provides an excellent overview of commonly
encountered foodborne pathogens, their physiological characteristics, and a
concise description of basic host defenses in the gastrointestinal tract.
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o Bacterial Pathogenesis: A molecular approach, by A.A. Salyers and D.D.
Whitt. 1994. ASM Press, Washington, DC. This textbook gives additional
details about the interactions of several foodborne pathogens with the host
and the immune system.

Further information about probiotics and prebiotics:

e Trends in Food Science and Technology, 1998. Vol. 9. Special issue:
Functional food science in Europe. This special issue covers several topics
related to food processing and functional foods, including probiotics.

e Functional Dairy Products, 2003, edited by T. Mattila-Sandholm and M.
Saarela. CRC/Woodhead Publishing Ltd.

e Handbook of Nutrition and Immunity, 2004, edited by M.E. Gershwin, P.
Nestel and C.L. Keen. Humana Press.

e Handbook of Nutraceuticals and Functional Foods, 2000, edited by R.E.C.
Wildman. CRC Series in Modern Nutrition.
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