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Introduction

Salmonella causes considerable problems for the poultry industry in the United
States each year. Poultry companies are required to control Salmonella on their
raw and fully cooked products. The United States Department of Agriculture
(USDA) Food Safety Inspection Service (FSIS) requires that each year inspectors
sample poultry carcasses and send the samples to be tested for the presence of
Salmonella. Plants that do not meet the requirement are penalized; therefore, the
significance of this single bacterial genus is immense for poultry producers. The
purpose of this book is to describe sources of Salmonella on poultry during breed-
ing, hatching, grow out, and processing and to elucidate methods for controlling
it during these processes.
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Chapter 1

Salmonella:
The Organism

1.1 Introduction

Salmonella is a significant problem in poultry throughout the world. Most govern-
ments regulate its presence on poultry, and the poultry industry in each of these
countries is required to meet a “Salmonella standard.” No other pathogen is so
tightly regulated on poultry products.

1.2 Discovery and Origin of the Name

Salmonella was originally discovered by a technician named Theobald Smith in
1885; however, it was named after the technician’s research leader, Daniel Salmon,
who was a veterinarian. Daniel Salmon later became the founding director of the
Bureau of Agriculture under the Department of Agriculture (Salmon and Smith,
1884-1886).

Salmonellais the genus name for a bacterium that is responsible for causing illness
worldwide. Species in the genus Salmonella are categorized as facultatively anaero-
bic Gram-negative rods within the family Enterobacteriaceae. Most Salmonella are
able to move (are motile) using peritrichous flagella distributed uniformly over the
surface of each bacterial cell (Figure 1.1), except for S. pullorum and S. gallinarum,
which do not possess flagella (Holt et al., 1994). Salmonella species grow best at

—
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Figure 1.1 Peritrichous flagella on Salmonella. (Reproduced by permission from
Cuppels D A, and Kelman A, 1980, Isolation of pectolytic fluorescent pseudomo-
nads from soil and potatoes, Phytopathology, 70, 1110-1115.)

temperatures between 35°C and 42°C. For comparison, human body temperature
is 37°C and a chicken’s body temperature is 41.8°C, both well within the optimal
temperature range of growth for Salmonella. The maximum growth temperature
for Salmonella is 46.96°C (116.53°F; Juneja et al., 2009). Thus, Salmonella grow well
in the intestines of both humans and poultry species. Salmonella are able to ferment
carbohydrates into by-products such as acid and gas, and they use citrate as their
sole carbon source. Salmonella produce H,S as a by-product, do not produce the
enzyme oxidase, and are able to produce the enzyme catalase (Lund et al., 2000).

1.3 Phylogenetic Characterization and Serotyping

For many decades, scientists have sought to separate Salmonella based on a number
of phenotypic and genotypic characteristics in an effort to track the source of an
outbreak. Salmonellac possess three major antigens used to categorize them into
different serotypes; the H or flagellar antigen, the O or somatic antigen, and the
Vi or capsular antigen (Southern Illinois University Carbondale). Salmonellae also
possess the lipopolysaccharide (LPS) endotoxin characteristic of Gram-negative bac-
teria. This LPS is composed of an O polysaccharide (O antigen), an R core, and the
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endotoxic inner lipid A. These characteristics are important because endotoxins evoke
fever in infected people and can activate significant immune responses including
complement, kinin, and clotting factors (Southern Illinois University Carbondale).

Salmonella are unusual in that, unlike most other bacteria that are listed by their
genus and species names, such as Escherichia coli, Salmonella are more often charac-
terized by serotype. As early as 1938, scientists have sought to separate Salmonella
strains even further within a particular serotype. The serotype may be separated
into a number of phage types by their patterns of susceptibility to lysis by a series
of bacteriophages with different specificities for different strains of Sa/monella. The
determination of the phage type of strains isolated from different patients, carriers,
or other sources is valuable in the epidemiological study of infections as it helps to
link outbreaks. By identifying groups of people who have been infected with the
same strain from the same source, the source of an outbreak may be discovered.
A high correlation exists between the phage type and the epidemic source of a
Salmonella outbreak. The phage-typing method has become a well-established pro-
cedure in the routine epidemiological investigation of typhoid fever. Serotypes such
as S. typhi, S. paratyphi A, S. paratyphi B, S. typhimurium, and S. enteritidis can be
subdivided by phage typing. Approximately 106 different phage types of S. #yphi
and 232 different phage types of S. typhimurium have been distinguished using this
method (Southern Illinois University Carbondale).

In 1972, Ewing identified three main species of Salmonella: typhi, enteritidis,
and choleraesuis. As of the year 2000, Salmonella were separated into two distinct
species: enterica and bongori (Lund et al., 2000). Salmonella enterica was then
divided into six subspecies (enterica, salamae, arizonae, diarizonae, houtenae, and
indica). In 2000, Lund et al. reported that there were approximately 2,422 name-
bearing serovars of Salmonella belonging to the species enterica. There are addi-
tional serovars in the subspecies enterica and bongori that are not named but are
identified by their antigenic formulae (Table 1.1) (Lund et al., 2000). Currently,
most research publications use the genus name Salmonella and the serovar name
(i.e., kentucky) to identify the bacterium.

Pulsed-field gel electrophoresis (PFGE) has been used to further separate
Salmonella subtypes. The way that PFGE works is that, if the Salmonella cell is
broken down and its DNA is removed, electrophoresis is used to move the DNA
through a gel. The larger DNA fragments are less mobile than the smaller frag-
ments as the fragments move through the gel. A threshold length exists above
30 to 50 kb where all large fragments will run at the same rate and appear in a gel
as a single large diffuse band. However, with PFGE, there is a periodic changing of
field direction, which causes the various lengths of DNA to react to the change at
differing rates (Schwartz and Cantor, 1984). Larger pieces of DNA will be slower
to realign their charge when field direction is changed, while smaller pieces will be
more rapid. Schwartz and Cantor (1984) reported that over the course of time with
the consistent changing of directions, each band will begin to separate increasingly
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Table 1.1 Distribution of Serovars within the
Salmonella Genus

Species Subspecies | Number of Serovars

S. enterica enterica 1,427
salamae 482
arizonae 94
diarizonae 319
houtenae 69
indica 11

S. bongori 20

Total 2,422

Source: From Lund B M, Baird-Parker T C, and
Gould G W, 2000, in The Microbiological
Safety and Quality of Food, Volume 2,
Aspen, Gaithersburg, MD, 1233-1299.

even at very large lengths. Thus, separation of very large DNA pieces using PFGE
is possible. The PFGE procedure is similar to standard gel electrophoresis except
that instead of constantly running the voltage through the gel in one direction, the
voltage is periodically switched among three directions: one that runs through the
central axis of the gel and two that run at an angle of 120° on either side (Schwartz
and Cantor, 1984). Using PFGE, scientists have been able to further discriminate
subtypes of Salmonella in poultry.

Fakhr et al. (2005) reported that PFGE is currently considered the “gold
standard” technique in typing Salmonella. These researchers conducted studies
to determine the discriminatory power of PFGE when compared to multilocus
sequence typing (MLST) for typing Salmonella enterica serovar Typhimurium
clinical isolates. MLST directly measures the DNA sequence variations in a set of
housekeeping genes and characterizes strains by their unique allelic profiles. The
principle of MLST is simple: The technique involves polymerase chain reaction
(PCR) amplification followed by DNA sequencing. Differences in the nucleotides
between strains can be checked at a variable number of genes (generally seven)
depending on the degree of discrimination desired (http://en.wikipedia.org/wiki/
Multilocus_sequence_typing). Fakhr et al. (2005) conducted a study with 85
Salmonella Typhimurium clinical isolates from cattle. The authors found that using
MLST lacked the discriminatory power of PFGE for typing Salmonella enterica
serovar Typhimurium.
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Boxrud et al. (2007) reported that current subtyping methods yielded less-
than-optimal subtype discrimination. The authors developed and evaluated a
multiple-locus variable-number tandem repeat analysis (MLVA) method for sub-
typing Salmonella serotype Enteritidis. In this study, the discrimination ability and
epidemiological concordance of MLVA were compared to the traditional PFGE
method and phage typing. Boxrud et al. (2007) found that MLVA provided greater
discrimination among nonepidemiologically linked Salmonella Enteritidis isolates
than did PFGE or phage typing. Epidemiologic concordance was evaluated by typ-
ing 40 isolates from four food-borne disease outbreaks. MLVA, PFGE, and, to a
lesser extent, phage typing exhibited consistent subtypes within an outbreak. MLVA
was better able to differentiate isolates between the individual outbreaks than either
PFGE or phage typing (Boxrud et al., 2007). The reproducibility of MLVA was
evaluated by subtyping sequential isolates from an infected individual and by test-
ing isolates following multiple passages and freeze-thaw cycles. PFGE and MLVA
patterns were reproducible for isolates that were frozen and passaged multiple
times. However, 2 of 12 sequential isolates obtained from an individual over the
course of 36 days had an MLVA type that differed at one locus, and one isolate had
a different phage type. Overall, the authors found that MLVA typing of Salmonella
serotype Enteritidis showed enhanced resolution, good reproducibility, and good
epidemiological concordance (Boxrud et al., 2007). Results from this study demon-
strated that MLVA may be a useful tool for detection and investigation of outbreaks
caused by Salmonella serotype Enteritidis.

Some researchers have lamented that separating and characterizing Salmonella
to this level is “splitting hairs.” However, these methods are necessary to identify
sources of outbreaks rapidly and when developing interventions to reduce them on
poultry. Different phenotypes and genotypes of Salmonella may vary with regard to
their susceptibility to specific disinfectants.

1.4 Contracting a Salmonella Infection

Salmonella live in the intestinal tracts of humans and other animals, including
birds. These bacteria are usually transmitted to people by consuming foods that
have been exposed to animal feces (htep://www.cde.gov/nczved/divisions/dfbmd/
diseases/salmonellosis). Contaminated foods cannot usually be distinguished visu-
ally from uncontaminated foods. Some contaminated foods are of animal origin,
such as beef, poultry, milk, or eggs; however, any food, including fruits, vegetables,
nuts, and chocolate, may become contaminated. Salmonella is easily killed by cook-
ing foods thoroughly, but in many cases, a food may become contaminated by the
hands of an infected food handler who did not wash his or her hands with soap
after handling raw meat or using the restroom (http://cdc.gov). Salmonella may
also be found in the feces of some pets, especially those with diarrhea, and people
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can become infected if they do not wash their hands after contact with pets or pet
feces. Reptiles, such as turtles, lizards, and snakes, are particularly likely to harbor
Salmonella. Moreover, many chicks and young birds carry Salmonella in their feces.

1.5 Salmonellosis

Salmonellosis is an infection with one of the Salmonella serotypes. Most people who
become infected with Salmonella develop diarrhea, fever, and abdominal cramps
within 12 to 72 hours after consumption of the organisms (http://www.cdc.gov).
The discase condition begins when a person ingests the bacterium, and the organism
then colonizes the lower intestine. Salmonella are capable of invading the mucosa
of the intestinal tract, which results in an acute inflammation of the mucosal cells
(htep://fwww.cde.gov). The inflammation causes activation of adenylate cyclase,
increased fluid production, and release of fluid into the intestinal lumen, resulting
in diarrhea (Southern Illinois University Carbondale). The illness generally lasts 4 to
7 days, and most people will recover without any medical treatment. However, in
some people, the diarrhea may be so severe that the patient needs to be hospital-
ized. In these patients, the Sa/monella infection may spread from the intestines to
the bloodstream and then to other body sites and can cause death unless the person
is treated promptly with antibiotics. The elderly, infants, and those with impaired
immune systems are more likely to have a severe illness (heep://www.cdc.gov). People
with diarrhea from salmonellosis usually recover completely, although it may be sev-
eral months before their bowel habits are entirely normal. A small number of people
with Salmonella develop pain in their joints, irritation of the eyes, and painful urina-
tion. This condition is called Reiter’s syndrome. It can last for months or years and can
lead to chronic arthritis, which is difficult to treat (http://www.cdc.gov). Antibiotic
treatment does not make a difference in whether the person develops arthritis.
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Chapter 2

The Social Cost of
Salmonella Infections

2.1 Introduction

Food-borne salmonellosis constitutes a major health problem in many countries
(Persson and Jendteg, 1992). During and immediately after World War I1, salmo-
nellosis first emerged as a public health problem in Britain, having been introduced
primarily via contaminated batches of dried egg from the United States. In 1990,
surveys of ready-to-cook broiler carcasses at retail outlets and hospitals have shown
Salmonella contamination rates varying between 45% and 80% (Sharp, 1990).
However, in the calendar year 2010, the U.S. Department of Agriculture, Food
Safety Inspection Service (USDA-FSIS, 2010) analyzed 29,734 verification samples
across eight meat and poultry product classes and found that only 6.7% of ready-to-
cook broiler chickens, just prior to packaging, were positive for Salmonella. Thus,
there has been a dramatic reduction in Salmonella prevalence on broilers from 1990
to 2010 in the United States.

The costs associated with human salmonellosis infections are considerable.
Because of these costs, strong arguments exist for preventing this bacterium from
entering the poultry production-and-processing system. Persson and Jendteg (1992)
stated that governmentsponsored programs aimed at preventing and controlling
salmonellosis in poultry production represent one alternative to assist in lower-
ing salmonellosis-related illness and economic costs. On the other hand, such com-
prehensive programs are resource demanding (Persson and Jendteg, 1992).

O
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Food-borne diseases cause approximately 76 million illnesses, 325,000 hospi-
talizations, and 5,000 deaths in the United States each year (Mead et al., 1999).
Rostagno et al. (2006) stated that Salmonella is the second most common cause of
bacterial food-borne diseases, and poultry products are implicated as a major source
of human food-borne salmonellosis. During slaughter and processing, Salmonella
from the gastrointestinal tract of carrier birds can contaminate carcasses and the
slaughter and processing line. Because of these concerns, in 1996, the USDA-ESIS
published the pathogen reduction/HACCP (hazard analysis and critical control
poing) final rule (USDA-FSIS, 2001). This rule required that poultry companies in
the United States control Salmonella and that the FSIS begin testing poultry car-
casses in all plants to determine Salmonella prevalence. The reasons given by FSIS
regarding why it considered Salmonella to be the appropriate organism to use as the
measure of performance in pathogen reduction include the following:

1. Salmonella is a problem pathogen that is among the most common causes of
food-borne illnesses associated with meat and poultry products.

2. Salmonella is relatively easy to find using current testing methodologies.

3. Salmonella is a useful indicator, meaning that interventions aimed at reduc-
ing Salmonella are likely to be beneficial in reducing contamination by other
enteric pathogens.

4. It is relatively easy to monitor Salmonella because it occurs at frequencies that
permit changes in its occurrence to be detected.

ESIS chose Salmonella as its target because it felt that it would provide a clear indi-
cation of whether sanitation standard operating procedures (SSOPs) and HACCP
systems were succeeding in controlling and reducing pathogens (USDA-FSIS,
2001). Therefore, Salmonella in poultry is considered an extremely important prob-
lem to the FSIS, the poultry industry, and consumers.

2.2 Calculating the Cost of Infection

Various agencies have attempted to estimate the social cost of salmonellosis to
U.S. citizens. In 1989, Todd reported that microbiological diseases (bacterial and
viral) represent 84% of U.S. foodborne costs, with salmonellosis one of the two
most widespread and economically important diseases. The authors estimated the
socioeconomic cost to be $4.0 billion based on approximately 2.9 million cases
annually, and this affects all sectors of the food industry. Later, the estimates were
reduced, with Bryan and Doyle (1995) reporting that estimates place the annual
incidence of human salmonellosis in the United States at approximately 1 million
cases. The authors noted that annual costs, including lost work time and medical
care of poultry-associated cases of salmonellosis, in the United States range from
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Table 2.1 Estimation of the Costs Associated with Salmonella Infections in
the United States by USDA-FSIS

Step in Information
Calculation Input for Salmonella Data Source
1 Incidence 14.4/100,000 FoodNet Annual
Report for 2003
2 Population estimate 2003 290,788,976 U.S. Census
Bureau
3 Underreporting multiplier 38 Mead et al.
4 Food-borne fraction 0.95 Mead et al.
5 Poultry attribution factor 0.3351 Food Safety
Research
Consortium
6 Young poultry fraction 0.838 ERS
7 Total illnesses 1,591,197 Step = (1)(2)(3)
8 Total food-borne illnesses 1,511,637 Step = (4)(7)
9 Total food-borne illnesses 498,840 Step = (5)(8)
from poultry
10 Total food-borne illnesses 424,389 Step = (6)(9)
from young chickens
11 Costs per illness $1,800 ERS
12 Total costs of illnesses from $759,000,000 Step = (10)(11)
product and pathogen

$64 million to $114.5 million. Voetsch et al. (2004), using a model they developed,
estimated that 1.4 million people contract nontyphoidal Sa/monella infections in
the United States each year, resulting in 168,000 physician office visits per year
during the years 1996-1999. Including both culture-confirmed infections and
those not confirmed by culture, the authors estimated that Salmonella infections
resulted in 15,000 hospitalizations and 400 deaths annually (Voetsch et al., 2004).

In 2007, Engeljohn of the USDA-FSIS presented a table describing how cost
estimates for Salmonella infections in the United States are calculated. The infor-
mation is presented in Table 2.1.

In 2008, Morbidity and Mortality Weekly Report (“Preliminary FoodNet Data,”
2008) reported that in 2007 a total of 6,790 cases of Salmonella were confirmed,
which equates to 14.92 cases/100,000 people, consistent with the USDA-FSIS
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estimate. These calculations indicate that the annual cost of Sa/monella infections
in the United States from poultry is enormous, at $759 million; however, this may
be refuted, as is discussed in Chapter 29.

2.3 Reasons for Underreporting Salmonellosis

Voetsch et al. (2004) stated that there are many reasons why salmonellosis may be
underreported. First, a person infected with Salmonella must develop symptoms
that are severe enough for him or her to seek medical care. Second, the physician
must request and collect a specimen from the patient and forward it to a microbiol-
ogy laboratory for bacterial culture. In many cases, physicians do not request cul-
turing, but instead use a broad-spectrum antibiotic as a “shotgun” approach. Third,
the laboratory must test the specimen appropriately for Sa/monella using a sensitive
method and, if Salmonella is identified, forward this isolate to a state public health
laboratory for serotyping. Fourth, the state laboratory, in turn, must report the
serotype result to the Centers for Disease Control and Prevention (CDC). Although
about 30,000 to 40,000 culture-confirmed cases of nontyphoidal Salmonella are
reported to the CDC each year through the national surveillance system, these
cases have been estimated to represent only 1-5% of the actual number of non-
typhoidal Salmonella infections that occur. Thus, it is difficult to estimate the total
number of cases of salmonellosis each year.

2.4 Cost to the U.S. Poultry Industry

Aside from the social costs associated with Sa/monella infections, there is a cost
that the U.S. poultry industry must pay to comply with USDA-FSIS regulations.
According to the USDA-FSIS (1996), Table 2.2 shows the estimate of costs to the
industry to remain in compliance with the HACCP and Salmonella performance
standard implemented by USDA in 1996.

Table 2.2 Summary of Annual Industry Costs to Comply with the USDA-
FSIS Salmonella Performance Standard

Cost Category | Year 1 Year 2 Year 3 Year 4 Year 5
Compliance No $5,472,000- | $5,353,000- | $5,811,000~ | $5,811,000-
with Salmonella | estimate | $16,899,000 | $25,753,000 | $25,956,000 | $26,079,000
standards
Cumulative $22,447,000—
total expense $94,687,000
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The cost is estimated at $5,472,000 to $16,899,000 in Year 2, increasing until
Year 5 (2001) on, which has an estimate of $5,811,000 to $26,079,000. These cost
estimates are quite low in that many plants spend a minimum of $500,000 per
year just for the online reprocessing (OLR) chemicals. Multiplying 160 processing
plants by $500,000 per year gives a figure of $80 million (more than three times
the maximum cost listed in the table). It should be noted that not all plants use
an OLR system, but the costs are far more than calculated. The 5-year cumulative
total is estimated at $22 to $95 million. These figures do not include chemicals or
interventions used during breeding, hatching, grow out, scalding, online applica-
tions other than OLR, chilling, or postchill dips. The costs also do not address
new processing equipment that many companies have had to purchase to achieve
acceptable Salmonella levels on their products, additional labor required to collect
and test samples for Salmonella, or the capital cost of the microbiological testing
equipment required for testing. Salmonella prevention and intervention on poultry
are expensive and becoming increasingly important as the USDA-FSIS implements
new and more difficult standards. Hence, the need for a cost-effective solution to
these poultry-borne human disease problems is apparent.
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Chapter 3

Risk Assessment
of Salmonella
from Poultry Sources

3.1 Introduction

In the United States, the authority for food safety oversight is divided between the
Food Safety and Inspection Service (ESIS) of the U.S. Department of Agriculture
(USDA) and the Food and Drug Administration (FDA) of the U.S. Department
of Health and Human Services, as reported by Guo et al. (2007). The ESIS regu-
lates the production of meat, poultry, and egg products under the authority of the
Meat Inspection Act, the Poultry Products Inspection Act, and the Egg Products
Inspection Act. The FDA regulates other foods under the authority of the Federal
Food, Drug, and Cosmetics Act.

Attributing  food-borne illness outbreaks to specific food types can assist
risk managers and policy makers in formulating public health goals, prioritizing
interventions, and documenting the effectiveness of prevention efforts for reduc-
ing illness and improving public health. To assess risk, the USDA-FSIS adapted
a Bayesian statistical model to quantify attribution of meat, poultry, and eggs as
sources of human salmonellosis in the United States (Guo et al., 2007). Assessment
of food product safety and attribution of food-borne illnesses requires extensive
data, originating from a number of different sources.
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3.2 Statistical Model Used for Risk Analysis

Hald et al. (2007) described a statistical model that combines epidemiologic sur-
veillance data, pathogen prevalence data, and food consumption data. The model
has been used to attribute cases of human salmonellosis in Denmark to specific food
commodities and has led to the implementation of food commodity-specific policies
that have reduced the incidence of food-borne salmonellosis. Human infections
caused by Salmonella subtypes found in multiple animal reservoirs are attributed
proportionally to the occurrence of each of the specific subtypes. Microbial sub-
typing provides a link between the source of infection and human food-borne
illnesses. The Danish Salmonella model uses a Bayesian framework that applies
Markov chain Monte Carlo simulation to estimate the expected number of human
Salmonella infections. The approach quantifies the contribution of each of the
major animal-food sources to human salmonellosis.

Hald et al. (2007) called for other countries to apply their model to Salmonella
surveillance data to promote integration of quantitative risk assessment and zoo-
notic disease surveillance. Guo et al. (2007) conducted such a risk assessment.

The key equation used by Hald et al. (2007) in the Danish Salmonella attri-
bution model was 17 = pijMjajqgi, where l7j is the expected number of cases for a
particular serotype i and product j, pi is the prevalence of Salmonella serotype i
in product j, Mj is the amount of product j available for consumption, j is the food
product-dependent factor for product j, and gi is the bacteria-dependent factor for
serotype 7. Attribution of salmonellosis cases to the specific food was estimated
using data for (1) the number of observed human salmonellosis cases; (2) the preva-
lence of Salmonella serotypes in seven food commodities (ground beef, intact beef,
chicken, turkey, pork, shell eggs, and egg products); and (3) human consumption
of these food commodities. The probable values of zj and ¢i were determined using
Bayesian inference given observational data for the total number of salmonellosis
cases of each Salmonella serotype and the prevalence of the serotypes in the seven
food commodities.

3.3 Adaptation of the Risk Model

Next, the Danish model of attribution had to be adapted to be used with data from
the United States. In the adapted model, as in the original version, a simplistic
assumption was made that all of the human cases of salmonellosis addressed by the
model were associated with a defined set of food commodities, either directly by
the patient consuming that food or indirectly through the commodity’s contami-
nation of other foods (Guo et al., 2007).

The data on human cases used in the adapted model were all cases of salmonel-
losis reported through the Public Health Laboratory Information System (PHLIS)
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during the 6-year period 1998-2003. This reporting system covers all 50 states of
the United States. For each of the FSIS-regulated commodities, steers and heifers
(i.e., young fed cattle), cows and bulls (i.c., older cattle), ground beef, ground tur-
key, pork, broiler chickens, and pasteurized egg products, Salmonella test results
of the hazard analysis and critical control point (HACCP) monitoring program
were used to estimate the prevalence of Salmonella, by serotype, in each of product
categories except for shell eggs during the 6-year period 1998-2003. Shell egg data
were taken from the Pennsylvania Sa/monella Enteritidis Pilot Project, 1993-1995
(Guo et al., 2007).

Per capita food consumption data were obtained from the Food Consumption
Data System of the Economic Research Service (http://www.ers.usda.gov/Data/
FoodConsumption/). Yearly data for 1998 through 2003 were obtained for each of
the seven food categories included in this study. For U.S. data, Salmonella serotypes
differ in their likelihood of association with outbreaks and with travel. Because this
model was designed to focus on the attribution of sporadic disease, the initial task
was to estimate the number of human cases, by serotype, that were due to domesti-
cally acquired sporadic cases.

3.4 Attribution Data

Figure 3.1 shows the preliminary results of relative percentage of estimated culture-
confirmed salmonellosis cases from intact beef, ground beef, chicken, turkey, pork,
eggs, egg products, and other sources for the period 1998-2003 in the United
States. Of all cases of salmonellosis estimated for this period, the largest proportion
of cases (19% of all cases) was attributed to ground beef, followed by those attrib-
uted to chicken (18% of all cases), eggs (12% of all cases), turkey (8% of all cases),
pork (2% of all cases), intact beef (<1% of all cases), and egg products (<1% of all
cases). About 41% of all cases of salmonellosis for this period were not attributed to
any of the seven food categories in the model (Guo et al., 2007).

These data indicate that 38% of food-borne infections of Sa/monella were due
to consumption of a poultry product (chicken, turkey, or eggs). However, it should
be noted that 41% of illnesses were due to other foods, such as vegetables and nuts,
and there are currently no laws regarding testing and controlling Sa/monella on
these products. These foods represent a huge risk to consumers.

3.5 Expert Elicitation of Public Health Risks

Guo et al. (2007) reported that the FSIS recently conducted an expert elicitation to
rank the public health risks posed by bacterial hazards and to attribute food-borne
illnesses to specific pathogens as a result of consuming or handling processed meat
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Figure 3.1 Estimated percentage distributions of human salmonellosis cases,
1998-2003. (From Guo C, Schroeder C, and Kause ], 2007, Challenges in data
needs for assessment of food product risk and attribution of foodborne illnesses
to food products in the United States, Food Safety and Inspection Service, Office
of Public Health Science, Washington, DC. http://www.stats.gov.cn/english/ICAS/
papers/P020071114301170316028.pdf.)

and poultry products. The expert elicitation ranked the public health risks posed by
bacterial hazards in each of the 25 categories of processed meat and poultry prod-
ucts for healthy adults and for vulnerable consumers, respectively. It also ranked the
confidence level on a scale of 1 to 3, with 1 indicating “little or no confidence,” and
3 indicating “very confident.” The results of the expert elucidation are presented in
Tables 3.1 and 3.2.

The results of the 2007 expert elicitation-attribution of food-borne illness of
Salmonella to meat and poultry products are presented in Figure 3.2.

The researchers found that to assess food product risk and attribute illnesses
to food products adequately, they needed to obtain data concerning pathogen
prevalence and distribution in a wide variety of potential food vehicles and for
other important sources of human exposure, such as indirect sources of contami-
nation and nonfood sources. Another variable that was encountered was the need
to ensure that existing data sources continue to adequately represent the burden
of food-borne illnesses in the U.S. population and the distribution of the associ-
ated pathogen in food vehicles and exposure sources of interest. Finally, Guo et al.
(2007) expressed the need to refine existing data so that the comparisons between
data from various sources were based on similar units of observation at the neces-
sary levels of discrimination for defined points along the farm-to-table continuum.
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Table 3.1
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Top Seven Product Types and Their Likelihood of Causing lliness

among Healthy Adults as a Result of Consuming or Handling Finished

Product Types

Median Score

Level of

turkey

Finished Product Type (1-10) Confidence (1-3)
Raw ground or otherwise nonintact chicken 10 2.6

Raw ground or otherwise nonintact turkey 9 2.3

Raw ground or otherwise nonintact, not 8.5 1.8
chicken or turkey

Raw intact chicken 8 2.6

Raw intact turkey 8 2.5

Raw intact poultry, other than chicken or 8 1.9

Source: From Guo C, Schroeder C, and Kause J, 2007, Challenges in data needs for
assessment of food product risk and attribution of foodborne illnesses to
food products in the United States, Food Safety and Inspection Service,
Office of Public Health Science, Washington, DC. http://www.stats.gov.cn/
english/ICAS/papers/P020071114301170316028.pdf.

Table 3.2 Top Seven Product Categories and the Likelihood of Causing
lliness among Vulnerable Consumers as a Result of Consuming or Handling

Finished Product Types

Median Score

Level of

turkey

Finished Product Type (1-10) Confidence (1-3)
Raw ground or otherwise nonintact chicken 10 2.6

Raw ground or otherwise nonintact beef 9.5 2.5

Raw ground or otherwise nonintact turkey 9 25

Raw ground or otherwise nonintact, not 9 2.0
chicken or turkey

Raw intact chicken 8.5 2.6

Raw intact turkey 8 2.6

Raw intact poultry, other than chicken or 8 2.1

Source: From Guo C, Schroeder C, and Kause ], 2007, Challenges in data needs for
assessment of food product risk and attribution of foodborne illnesses to
food products in the United States, Food Safety and Inspection Service,
Office of Public Health Science, Washington, DC. http://www.stats.gov.cn/
english/ICAS/papers/P020071114301170316028.pdf.
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Figure 3.2 Attribution of food-borne illness of Salmonella to meat and poultry
products. (From Guo C, Schroeder C, and Kause ], 2007, Challenges in data needs
for assessment of food product risk and attribution of foodborne illnesses to food
products in the United States, Food Safety and Inspection Service, Office of
Public Health Science, Washington, DC. http://www.stats.gov.cn/english/ICAS/
papers/P020071114301170316028.pdf.)

3.6 European Food Safety Authority Findings

In 2008, the European Food Safety Authority (EFSA) published, “Quantitative
Microbiological Risk Assessment on Salmonella in Meat: Source Attribution for
Human Salmonellosis from Meat,” which was based on a scientific opinion of the
Panel on Biological Hazards in Europe (Scientific Opinion of the Panel, 2008).
Food vehicles linked to outbreaks of Sa/monella have been summarized previously
by D’Aoust (2000), Scientific Committee on Veterinary Measures Related to Public
Health (2003), O’Brien et al. (2006), and Hughes et al. (2007). Eggs, egg prod-
ucts, broiler meat, and some red meat, especially pork, are consistently identified
as a source for Salmonella in meat food-borne outbreaks of salmonellosis. Of 3,406
Salmonella outbreaks reported in the European Union, meat products were only
implicated as vehicles 5.3% of the time, with a total of 179 occurrences, but in the
largest category (meat and offal unspecified) the animal origin of meat/offal impli-
cated was unknown (Table 3.3).

In two reviews of 1,426 food-borne general outbreaks of infectious intestinal
diseases in England and Wales between 1992 and 1999, 20% were associated with
the consumption of poultry (Kessel et al., 2001), and 16% were linked with the con-
sumption of red meat (Smerdon et al., 2001). For the poultry-associated outbreaks,
chicken was implicated in almost three-quarters of these outbreaks, turkey in over
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Table 3.3 Salmonella Outbreaks Reported
in the European Union in 2005 Related
to Meat and Meat Products

Number of
Animal Species Reported Outbreaks
Meat and offal unspecified 78
Unspecified 54
Hot dog 1
Salami 1
Mixed meat 2
Mixed meat product 1
Minced meat 6
Minced meatballs 1
Raw meat 2
BBQ 1
Kebab 8
Liver 1
Broiler/chicken 69
Unspecified 45
Roast 10
Product 5
Kebab 2
Soup 2
Pepper chicken 2
Nuggets 1
Breasts 1
Chicken and bowels 1
Turkey 12
Unspecified 9
Roast 1

continued
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Table 3.3 (continued) Salmonella Outbreaks
Reported in the European Union in 2005
Related to Meat and Meat Products

Number of
Animal Species Reported Outbreaks
Cutlets 1
Sausage 1
Pig 11
Unspecified 8
Meat preparation 1
Shashlik 1
Roast hog 1
Beef 6
Unspecified 3
Steak 1
Raw/carpaccio/tartare 2
Lamb 2
Duck 1
Total 179

Source: Scientific Opinion of the Panel, 2008, A
quantitative microbiological risk assessment
on Salmonella in meat: Source attribution for
human salmonellosis from meat, European
Food Safety Authority Journal, 625, 1-32.

Note: Bold indicates total.

a fifth, and duck in 2% of outbreaks. The organisms most frequently reported were
Salmonella (30% of outbreaks), Clostridium perfringens (21%), and Campylobacter
(6%). In these reviews, over 7,000 people were affected, with 258 hospital admis-
sions and 17 deaths. In the red meat—associated outbreaks, over 5,000 people were
affected, with 186 hospital admissions and 9 deaths. Beef (34%) and pig meat
(32%) were the most frequently implicated red meat types, with lamb implicated in
11% of outbreaks. Salmonella was the second most frequently identified organism

in these outbreaks (34.3%).
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3.7 Estimated Risk Associated with Specific
Meat Types in England and Wales

Adak et al. (2005) used data from outbreaks to attribute food-borne disease to its
source in England and Wales. Table 3.4 shows the risks associated with a variety of
meat types. The authors reported that the most important cause of U.K.-acquired
food-borne disease was contaminated chicken (398,420 cases, risk = 111, case-
fatality rate = 35, deaths = 141).

Red meat (beef, lamb, and pork) contributed heavily to deaths, even though
there were lower levels of risk associated with its consumption (287,485 cases, risk =
24, case-fatality rate = 57, deaths = 164). The authors made note that, in these
analyses, it was impossible to determine whether the contaminated meat had been
ground up.

Table 3.4 Estimated Risks Associated with Types of Meat,
England and Wales, 1996-2000 for All Pathogens

Disease | Risk | Hospitalization | Risk
Food Group/Type Risk Ratio Risk Ratio
Poultry 104 947 2,063 4,584
Chicken 111 1,013 2,518 5,595
Turkey 157 1,429 645 1,433
Mixed/unspecified 24 217 852 1,893
Red meat 24 217 102 227
Beef 41 375 153 339
Pork 20 180 93 208
Bacon/ham 8 75 39 86
Lamb 38 343 128 285

Source: Adak G K, Meakins S M, Yip H, Lopman B A, and O’Brien S J,
2005, Disease risks from foods, England and Wales, 1996-2000,
Emerging Infectious Diseases, 11, 365-372.

Note: Bold indicates total.
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3.8 The Risk of Extrapolating Information
from Outbreak Datasets

The EFSA opinion (Scientific Opinion of the Panel, 2008) reported that extrapo-
lating information from outbreak datasets in an attempt to describe food-borne
Salmonella burden is not straightforward. A major limitation is investigation
bias. Large outbreaks, outbreaks associated with food service and institutions,
and outbreaks that have short incubation times or cause serious disease are more
likely to be investigated and reported (O’Brien et al., 2002). As a result of this
bias, the data may not reflect what occurs in sporadic cases. Another major limita-
tion identified by the committee is that it is assumed that the relative pathogen-
specific contribution of each food type to both sporadic and outbreak-associated
disease is similar and, therefore, that outbreak experience can be generalized to
sporadic disease. However, certain vehicles may be more likely to be implicated in
outbreaks than others, especially if investigators preferentially collect data on the
types of food perceived as high risk or when laboratory methods vary in sensitiv-
ity according to food type. An excellent example of this situation is when a per-
son goes to a doctor with a food-borne illness and symptoms that are consistent
with salmonellosis. The doctor will often ask, “When was the last time you had
chicken to eat?” This type of approach significantly biases data that are gathered
for risk assessments.

The EFSA opinion (Scientific Opinion of the Panel, 2008) also found that a
third limitation is that, in many outbreaks, it is not possible to find an etiologi-
cal agent or identify a source of infection. In a detailed overview of Salmonella
outbreaks published by D’Aoust (2000), he found that the published outbreaks
represent a biased fraction of all outbreaks.

3.9 Microbial Subtyping

As mentioned, microbial subtyping is extensively used for tracking outbreaks to
source and to identify diffuse outbreaks but has been applied as an attribution
method only in the Netherlands (Van Pelt et al., 1999) and in Denmark (Hald
et al., 2004). Although the basic idea behind the two methods is similar, the
approaches differ with regard to the statistical methods applied and the number of
parameters in the model. The Dutch approach compares the number of reported
(domestically acquired, sporadic) human cases caused by a particular Salmonella
type with the relative occurrence of that type in the animal-food sources. Results
of attribution modeling for the Netherlands are shown in Table 3.5. Van Pelt et al.
(1999) reported that throughout 1994-2005, eggs and pork were the two most
important sources of human salmonellosis in The Netherlands, accounting for up
to two-thirds of all cases in 2003.
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Table 3.5 Estimated Contribution (%) of Different
Reservoirs to Laboratory-Confirmed Salmonellosis
in the Netherlands

Reservoir 1994-98 | 2007-2 | 2003 | 2004 | 2005 | 2006
Pig 24 25 26 23 24 21
Cattle 10 14 12 il 11 13
Chicken 19 15 M 13 14 14
Layers 37 35 37 37 32 36
Travel/other 9 11 13 15 19 16

Source: From Van Pelt W, Van De Giessen AW, Van Leeuwen W J,
Wannet W, Henken A M, and Evers E G, 1999, Oorsprong,
omvang en kosten van humane salmonellose, Deel 1.
Oorsprong van humane salmonellose met betrekking tot
varken, rund, kip, ei en overige bronnen, Infectieziekten
Bulletin, 10, 240-243; and Valkenburgh S, Van Oosterom R,
Stenvers O, Aalten M, Braks M, Schimmer B, Van De
Giessen A W, and Llangelaar M, 2007, Zoonoses and
Zoonotic Agents in Humans, Food, Animals and Feed in the
Netherlands 2003-2006, Centrum Infectieziektebestrijding,
Bilthoven, The Netherlands.

Included in the EFSA opinion (2008) is Figure 3.3, depicting the estimated
major sources of human salmonellosis in Denmark in 2005 (Anon., 2000).

In this study, regionally produced and imported poultry products were esti-
mated to be responsible for 29.45% of Salmonella outbreaks in Denmark.

3.10 Trends in Attribution of Salmonellosis
from Broilers and Table Eggs

In another study (Anon., 2006), trends in attribution were made from data for
broilers and table eggs. The data are presented by year in Figure 3.4.

In another study in Denmark (Anon., 2006), human salmonellosis attributed
to consumption of broiler chicken meat decreased dramatically from 1988 (1,600
cases) to 2005 (40 cases). However, salmonellosis attributed to consumption of con-
taminated eggs increased significantly from 1988 (300 cases) to 1997 (3,000 cases)
and then decreased by 2005 (200 cases). The authors reported that the reason for
these decreases by 2005 was that salmonellosis was found to decrease in response to
interventions in the broiler meat chain (1988) and the egg chain (1997) (Wegener
etal.,, 2003).
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Figure 3.3 The major sources of human salmonellosis in Denmark in 2005.
(From Anonymous, 2006, Annual report on zoonoses in Denmark 2005, Ministry
of Family and Consumer Affairs, Copenhagen, Denmark. Available from http://
www.food.dtu.dk.)
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Figure 3.4 Trends in the attribution of major sources of human salmonellosis
in Denmark 1988-2005. (From Anonymous, 2006, Annual report on zoonoses in
Denmark 2005, Ministry of Family and Consumer Affairs, Copenhagen, Denmark.
Available from http:/www.food.dtu.dk.)
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In a study in the United States (Hoffmann et al., 2006, 2007), 44 experts from
different backgrounds (government, industry, academia) and different scientific dis-
ciplines (medicine, food science, public health, microbiology, and veterinary medi-
cine) met to estimate food category attribution to a variety of food products. Expert
estimates were compared with estimates based on outbreaks, as published previously
on the basis of data from the Centers for Disease Control and Prevention (CDC).
Data for Salmonella spp. are shown in Table 3.6. The experts considered poultry
to be the main source of salmonellosis, whereas outbreak data suggested eggs to be
the dominant source. Pork appears to be a relatively small source of salmonellosis
in the United States, based on outbreak data and in particular on expert estimates.

In Table 3.7, the food category attribution data for salmonellosis in the
Netherlands are presented.

Table 3.6 Food Category Attribution (% of cases) of
Salmonellosis in the United States Based on Structured
Expert Judgment and Outbreak Data

Food Category Expert Estimate | Outbreak Data
Poultry 35 18
Eggs 22 37
Produce 12 17
Beef 11 6
Dairy 7 7
Pork 6 3
Seafood 2 —
Luncheon and other meats 2 —
Beverages 2 —
Game 2 —
Breads and bakery <1 —

Source: Hoffmann S, Fischbeck P, Krupnick A, and McWilliams M,
2006, Eliciting information on uncertainty from heteroge-
neous expert panels attributing U.S. foodborne pathogen
illness to food consumption, Resources for the Future,
Washington, DC. http://www.rff.org/rff/Documents/RFF-
DP-06-17.pdf; and Hoffmann S, Fischbeck P, Krupnick A,
and McWilliams M, 2007, Using expert elicitation to link
foodborne illnesses in the United States to foods, Journal
of Food Protection, 70, 1220-1229.
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Table 3.7 Food Category Attribution (% of cases) of Salmonellosis
in the Netherlands Based on Structured Expert Judgment

Expert Range
Food Category Estimate | 5-95th Percentile
Eggs and egg products 22 11-54
Chicken meat and other poultry meat 15 5-47
Pork 14 6-36
Beef and lamb 13 5-28
Dairy products 7 0-25
Fruit and vegetables 6 0-20
Other foods, including composite foods 6 0-18
Infected humans and animals 6 0-18
Fish and shellfish 4 0-10
Bread, grains, pastas, and bakery products 4 0-12
Beverages <1 —

Source: Vargas-Galindo, 2007.

3.11 Trend in Food-Borne lliness Due to Salmonella
and the Serotypes Involved

Henao (2007) with the CDC presented a graph (Figure 3.5) depicting how
Salmonella infections in people have changed in comparison to the baseline level
established between 1996 and 1998.

It is interesting to note that, while Salmonella prevalence on raw poultry
increased significantly between 2000 and 2005 and decreased dramatically between
2005 and 2010, no real impact on human salmonellosis was observed. This means
that the introduction of the HACCP/Salmonella performance standard had a slight
impact on relative rates of infection 4 years after its implementation, but the effect
was short-lived. In 2002, even with the incredible expense associated with imple-
mentation and operation of the new inspection program, Sa/monella infection rates
in the United States were identical to the baseline 6 years after its introduction.
Overall, very little impact has been made in human salmonellosis rates due to this
performance standard, even though billions of dollars have been spent by the poul-
try industry to comply with this standard.

Figure 3.6 indicates that human infections with Sa/monella Typhimurium have
decreased steadily over the last decade. However, human infections with Salmonella
Enteritidis have been variable, with an overall trend upward.
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Figure 3.5 Relative rates compared with baseline data from 1996 to 1998 of
laboratory-diagnosed cases of infection with Salmonella by year. (From Henao O,
2007, Foodborne diseases active surveillance network, Centers for Disease Control
and Prevention, Atlanta, GA. http://www.fmi.org/foodsafety/presentations/CDC_
Data-Henao-April_2007.pdf.)

iz

Figure 3.6 Relative rates compared with baseline data from 1996 to 1998 of labo-
ratory-diagnosed cases of infection with Salmonella typhimurium and Salmonella
enteritidis by year. (From Henao O, 2007, Foodborne diseases active surveillance
network, Centers for Disease Control and Prevention, Atlanta, GA. http://www.
fmi.org/foodsafety/presentations/CDC_Data-Henao-April_2007.pdf.).
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3.12 Model to Assess the Risk of Acquiring
Salmonellosis from Consumption
or Handling of Chickens

In 1998, Oscar developed a simulation model to assess the risk of acquiring sal-
monellosis from consumption and handling of chickens. The model simulated the
distribution, preparation, and consumption of 1,000 chickens and was designed
to determine the relationship between the level of Salmonella contamination on
chickens at the processing plant exit and the risk of salmonellosis for consumers of
the chickens. Using a scatterplot of the probability of acquiring salmonellosis from
consumption of the chickens simulated versus the Salmonella load on the chickens
at the processing plant exit, the author was able to demonstrate that highly con-
taminated (i.e., >100 Salmonellalcarcass) carcasses at the plant exit did not neces-
sarily pose greater risk of salmonellosis when compared to carcasses that had low
levels (i.e., <10 Salmonellalcarcass) at the plant exit. Instead, Oscar (1998) found
that a greater risk of salmonellosis was realized from carcasses with low levels of
contamination when they were temperature abused, undercooked, and consumed
by someone from the high-risk population. These findings shift the responsibility
from the government inspection agencies and the poultry-processing companies to
the shoulders of the consumer. This means that food preparers and consumers play
a larger role in food safety than the government or processors.

3.13 Effect of the Finnish Salmonella Control Program

To study the public health effects of the Finnish Salmonella control program
(FSCP), Maijalaa et al. (2005) developed a quantitative risk assessment model of
Salmonella being transferred from slaughtered broiler flocks to consumers. Based
on this model, in Finland, approximately 0.21% of domestically produced broiler
meat was contaminated with Salmonella (95% probability interval 0.05-0.48%).
Using this method, the effect on public health of eliminating breeder flocks from
production that have tested positive for Salmonella and heat treating the meat of
detected positive broiler flocks could be simulated. Based on the entire model, if
detected positive breeder flocks were not removed, 1.0- to 2.5-fold more human
cases would occur when compared to the expected number of cases under the cur-
rent FSCP (95% predictive interval). Without heat treatment of meat, the increase
would be 2.9- to 5.4-fold, and without both interventions, Sa/monella infections in
humans would increase 3.8- to 9.0-fold. The authors found that this model sug-
gested that with a higher infection level, inclusion of both interventions would be
more effective than either of the interventions alone. Replacement of half of the
current retail broiler meat by meat with 20-40% contamination could result in
33 to 93 times more human cases compared to the expected value under current
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Finnish regulations (Maijalaa et al., 2005). Thus, on the basis of this model, the
interventions applied in FSCP significantly protect the public health.

3.14 Salmonella Enteritidis Surveillance

In 2006, Marcus et al. reported that active surveillance for laboratory-confirmed
Salmonella serotype Enteritidis (SE) infection revealed a decline in incidence in the
1990s, followed by an increase starting in 2000. The authors conducted a popu-
lation-based case-control study of sporadic SE infection in five of the Foodborne
Diseases Active Surveillance Network (FoodNet) sites during a 12-month period in
2002-2003. A total of 218 cases and 742 controls were enrolled. Sixty-seven (31%)
of the 218 case-patients and six (1%) of the 742 controls reported travel outside the
United States during the 5 days before the illness onset for the case. Of SE phage
type 4 cases, 81% traveled internationally. Among persons who did not travel inter-
nationally, eating chicken prepared outside the home and undercooked eggs inside
the home were associated with SE infections. Contact with birds and reptiles was
also associated with SE infections. Interestingly, chicken prepared inside the home
were not associated with SE infections.

3.15 Proper Handling Labels

The U.S. National Academy of Sciences (NAS) committee recommended that
warning labels be required on poultry slaughtered and sold in the United States
to alert consumers to the possible risk from Sa/monella and other bacteria pres-
ent in more than 33% of poultry in the U.S. food system (Anon., 1987). The
committee also urged that the labels describe proper cooking and handling pro-
cedures to avoid food poisoning from contaminated poultry. However, the NAS
committee could not recommend specific steps for the poultry industry to take
to reduce bacterial contamination. The committee recommended that the USDA
adopt a new technique of risk assessment but would not support USDA’s desire to
eliminate federal inspectors that USDA feels are unnecessary since they cannot
see bacterial contamination.
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Chapter 4

Sources of Salmonella
in the Breeder Flocks,
Hatchery, and Grow-

Out Operations

4.1 Introduction

When considering a practical approach to preventing Salmonella from entering the
preharvest poultry production system or eliminating Sa/monella in the preharvest
operation once it has been detected, companies have a difficult time because there
are so many potential sources for the organism (Bryan and Doyle, 1995). These
sources include the baby chicks (vertical transmission), feed, rodents or wild birds
that enter the breeder or grow-out house, insects (including darkling beetles or
flies), transportation coops, tractors or vehicles entering the grow-out house during
clean out, and cows that graze near grow-out houses. Bailey et al. (2001) conducted
a landmark study to characterize the potential sources of Salmonella regarding
their relative level of importance. These authors identified variables that contrib-
ute to Salmonella contamination, such as (1) age of the chicken, (2) survival of
the Salmonella through the gastric barrier, (3) competing bacteria in the intestinal
tract, (4) availability of a hospitable colonization site, (5) the nature of the chick-
en’s diet, (6) physiological status of the chicken, (7) health and disease status of

35
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the chicken, and (8) medication effects that influence the potential colonization
of the chickens with Salmonella (Bailey et al., 2001). As far back as 1952, Milner
and Shaffer discovered that the ability of Sa/monella to colonize baby chicks was
dependent on the amount of Salmonella they were exposed to, and at 1 day of age,
chicks could be colonized by as few as five Salmonella cells, whereas after that time,
colonization became irregular and required higher doses. Cox and others (1990)
demonstrated that day-old chicks could be colonized with only two Salmonella cells
if administered to their cloaca, as might occur in the hatchery or grow-out house if
a baby chick were to sit down on contaminated litter. However, after the chick
reaches 2 weeks of age, the chickens have competent gut flora and are much more
resistant to colonization by Salmonella (Barnes et al., 1972).

4.2 Seasonal Variation

Bailey et al. (2001) reported that Sa/monella prevalence on chickens varies by the
season of the year (Figure 4.1). These data demonstrated that Sa/monella prevalence
in fall is far greater than summer.

4.3 Sources of Salmonella in Turkey Flocks

In turkeys, Hoover et al. (1997) conducted an ecological survey from March 1995 to
February 1996 to determine the sources of Salmonella colonization in two flocks of
turkeys reared consecutively in a newly constructed facility. Sampling was conducted
prior to placement of poults, at Day 0, and again after 2, 10, 14, or 18 weeks. Samples
were collected at comparable times for the second flock except that final sampling
occurred after 22 weeks instead of 18 weeks. Samples included poult box liners, the

10
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Summer Fall Winter Spring

Figure 4.1 Salmonella prevalence plotted by season of the year.
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birds themselves, new litter, drinkers, and air. Feed was collected from each truck-
load as it arrived at the facility. Feeders, drinkers, and used litter were monitored
to evaluate potential horizontal transmission. Before placement of the first flock
of poults, the litter, drinkers, and air samples were all negative for the presence
of Salmonella, whereas the drinkers were positive for Salmonella before the place-
ment of the second flock. After poults were placed on the litter, 51.1%, 63.8%,
and 22.8% of all litter, drinker, and air samples, respectively, became positive for
Salmonella (Hoover et al., 1997). Salmonella was also isolated from 13.6% of the
poult box liners, 25.0% of yolk sac samples, and 53.8% of ceca, excluding Day 0.
Moreover, Salmonella was isolated from 14.8% of feed shipments and 39.1% of
feeder contents. Frequency of Salmonella detection was higher (p < 0.05) in Flock 1
than Flock 2 for cecal and air samples. Salmonella colonization of turkey flocks
and the spread of Salmonella within the environment were extensive once initial
contamination of the production house occurred. Drinkers, feeders, litter, and air
were critical sources of horizontal transmission within each pen as well as between
pens (Hoover et al., 1997). In the following chapters, each of the processes, includ-
ing breeding, hatching, and grow out, are examined in detail, and the sources of
contamination within these operations are identified.

4.4 Vertical Transmission

Numerous investigators have implicated breeders as vehicles for vertical transmis-
sion of Salmonella from the breeder chickens to the fertile egg. In 1991, Cox et al.
evaluated egg fragments, paper pads from chick boxes, and chick fluff (from the
bottom of the cabinet) samples from six commercial broiler breeder hatcheries for
the presence and level of salmonellae. Overall, 42 of 380 samples (11.1%) from
those hatcheries were contaminated with salmonellae. Salmonellae organisms were
detected in 22 of 145 (15.2%), 5 of 100 (4.6%), and 15 of 125 (12%) samples of egg
fragments, chick fluff, and paper pads, respectively. The percentage salmonellae-
positive samples from each of the six hatcheries were 1.3%, 5.0%, 22.5%, 11.4%,
36.0%, and 4.3% (Cox et al., 1991). Of the 140 samples randomly selected for enu-
meration, salmonellae were found in 11 samples. Four of these 11 samples had greater
than 10° salmonellae per sample, 3 others had greater than 10% but less than 103,
and the remaining 4 had less than 10%. Sa/monella serotypes isolated were S. berta,
S. california, S. give, S. hadar, S. mbandaka, S. senftenberg, and S. ryphimurium,
all of which have previously been isolated from poultry. The authors found that
the incidence and extent of salmonellae-positive samples in the breeder hatcheries
were much less than that previously found in broiler hatcheries. Cox et al. (1991)
concluded by stating that the cycle of salmonellae contamination will not likely be
broken until contamination at these critical points is eliminated.
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4.5 Feed Implicated

A survey of contamination with Salmonella was done in the breeder/multiplier
and broiler houses, feed mills, hatcheries, and processing plants of two integrated
broiler firms (Jones et al., 1991). Samples of insects and mice were also collected
at each location. Of the meat and bone meal samples collected at feed mills, 60%
were contaminated. Sa/monella was isolated from 35% of the mash feed samples
tested. The pelleting process was able to reduce Salmonella isolation contamination
by 82.0%. In this study, Jones et al. (1991) concluded that feed was the ultimate
source of Salmonella contamination in breeder houses. Salmonella was found in
9.4% of the yolk sac samples collected from day-old chicks in hatcheries coming
from these breeders.

A retrospective, case-control study into risk factors of salmonellosis was under-
taken using data from 111 broiler breeder flocks assembled during a 5-year period
(Henken et al., 1992). Many different Salmonella serotypes were detected. The
authors concluded that the following variables appeared to be the most relevant to
determining whether birds would be contaminated with Sal/monella: disinfection
tubs, biosecurity, and feed mills. The final model indicated that flocks housed at
farms without an egg disinfection tub, with poor hygiene barriers, and receiving
their feed from a small feed mill had a 46.1 times greater risk of being Salmonella
positive than flocks housed at farms with an egg disinfection tub, with good bio-
security, and if the breeder farm received its feed from a large feed mill.

4.6 Semen Implicated

In 1995, Reiber et al. conducted three experiments to determine the bacteriologi-
cal quality of rooster semen. Semen was collected from donor males, diluted, and
surface inoculated onto seven different bacteriological media, from which ran-
domly selected colonies were identified. The most frequently isolated genera from
rooster semen included Escherichia, Staphylococcus, Micrococcus, Enterococcus, and
Salmonella. Most of the bacteria that were isolated were endemic to poultry and
were commonly found in the environment of chickens (Reiber et al., 1995). Thus,
during mating, female breeders may become inoculated with Salmonella during
semen transmission.

4.7 Rodent Transmission Implication

In a study to determine the effect of disinfection on Sa/monella in breeders, three
broiler breeder houses at three different locations were sampled before and after
cleansing and disinfection (Davies and Wray, 1996). None of the farms was able
to achieve total elimination of Salmonella Enteritidis from the poultry house
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environment; however, substantial improvements were observed when errors
in the cleansing and disinfection protocol in the first house had been corrected.
Fundamental errors such as overdilution and inconsistent application of disinfec-
tants were observed despite supervision of the process by technical advisors. The
authors concluded that, in each of the three breeder houses, failure to eliminate mice
from the house that was infected with Sal/monella Enteritidis was likely to be the
most important hazard for transmission to the next flock (Davies and Wray, 1996).

4.8 Eggshell Penetration Studies

Studies were conducted to determine how well Salmonella was able to penetrate the
eggshell and membranes in hatching eggs from a commercial broiler breeder flock
(Berrang et al., 1998). Figure 4.2 shows an electron micrograph of an egg shell pore.
It is easy to see how Salmonella can penetrate the shell.

Egg weight, specific gravity, conductance, and ability of Sa/monella to penetrate
the shell and membranes were determined. Thirty unsanitized eggs were sampled
on Weeks 29, 34, 39, 42, 48, 52, and 56 of flock age for specific gravity and conduc-
tance. An additional 10 intact eggs were inoculated with Salmonella using a tem-
perature differential immersion method for 1 minute. Eggs were then emptied of
contents and filled with a selective medium that allowed visualization of Salmonella
growth on the inside of the shell and membrane complex. The authors reported
that, over the 27-week sampling period, egg weight increased from 56 to 66 g and
was positively correlated with hen age (r = 0.96, p < 0.05). However, neither spe-
cific gravity (ranging from 1.077 to 1.082) nor eggshell conductance (ranging from
14.7 to 17.9 mg weight loss/day) showed any clear trend throughout the life of the

Figure 4.2 A pore ina chicken eggshell. (Used with permission from Jim Ekstrom.
From http://cumberlandmuseum.net/jekstrom/SEM/SEM.html.)
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flock, despite the increase in egg weight. Conductance values were not correlated
with specific gravity. The number of eggs positive for Salmonella penetration after
24-hour incubation showed a general upward trend with flock age; however, pen-
etration frequency and hen age were not significantly correlated (p > 0.05). There
was no relationship between egg specific gravity, conductance, or egg weight and
the likelihood of Salmonella to penetrate the eggshell. Because shell characteristics
did not change over time and the penetration patterns did vary, it is likely that fac-
tors other than specific gravity and conductance were involved in the penetration
of eggshells by Salmonella.

4.9 Breeder Implication in Vertical Transmission

Cox et al. (2000) reported that numerous publications showed that Salmonella-
contaminated eggs can be produced by artificially inoculating breeding chickens
(Figure 4.3). Timoney et al. (1989) reported that oral inoculation of laying hens
resulted in infection of the reproductive tract. Challenging the breeder hen with
106 Salmonella cells caused the ovary and oviduct to become infected. Cox et al.
(2000) observed that the egg production rate for infected chickens was unaffected,

Figure 4.3 Breeder chicken flock.
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and Salmonella was not detected in all fecal samples; therefore, breeders infected
with salmonellae may not always be easily detectable on the farm. For the con-
taminated breeder hens, the yolks of 10% of the eggs laid were contaminated with
S. enteritidis. However, when hens were inoculated with Salmonella at levels of 108
cells, a noticeable drop in egg production and signs of pathogenesis occurred (Cox
etal., 2000).

Shivaprasad et al. (1990) confirmed Timoney et al’s (1989) findings that inocu-
lation with lower numbers did not cause noticeable signs in the hens but resulted in
contaminated eggs. Using different routes of inoculation, Miyamoto et al. (1997)
examined the location of contamination in the oviduct. The authors found that
intravenous inoculation caused colonization of the ovary and contamination of
eggs while in the oviduct. When the inoculum was placed into the vagina, coloni-
zation of only the lower portions of the oviduct occurred, but eggs were produced
with internal contamination. Therefore, some internal contamination of eggs may
result from the lower oviduct and may actually be due to penetration of the shell in
the oviduct, not colonization of the ovary.

In 1995, Keller et al. reported that lower oviduct contamination was important
in the production of infected eggs. The authors discovered that while forming,
eggs may be contaminated due to the colonization of an inoculated hen’s ovary.
This contamination sometimes decreases as the egg progresses through the ovi-
duct; however, on entering a contaminated lower oviduct, the egg can then be
recontaminated (Keller et al., 1995). These studies indicated that the egg is subject
to challenge in both the upper and lower oviduct. Gast and Beard (1990) found
that noninoculated hens can become contaminated and lay infected eggs just by
being exposed to inoculated penmates. This fact raises the question of how birds
may be contaminated under farm conditions and makes it difficult to distinguish
between vertical and horizontal transmission of Salmonella. It has been shown that
the hen’s ovary can be colonized with S. enteritidis through airborne inoculation
(Baskerville et al., 1992). Humphrey et al. (1992) suggested that Salmonella may
enter the chicken through the conjunctiva when airborne Salmonella is prevalent.
The authors found that delivery of about 100 cells to the eye of laying hens pro-
duced Salmonella infection of the ovary and oviduct. Thus, the reproductive tract of
a laying hen can be colonized experimentally. Numerous reports detailed a variety
of methods to detect low numbers of Salmonella that may be present in a few eggs
(Gregory, 1948; Gast and Beard, 1992; Gast, 1993). When examining naturally
contaminated hens, the prevalence of S. enteritidis in eggs is low. In 1992, Poppe
and others observed that less than 0.065% of eggs tested (two positive samples
from 16,000 eggs) were positive. In two separate studies, Humphrey et al. (1989,
1991) found very few S. enteritidis-contaminated eggs when sampling naturally
contaminated flocks; however, these researchers also found eggs with other strains
of Salmonella.
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Sander et al. (2001) investigated Salmonella contamination at a U.S. com-
mercial quail operation. Pulsed-field gel electrophoresis (PFGE) was used to type
Salmonella isolates to trace them throughout this production environment. During
a 6-month survey, Salmonella serotypes hadar, typhimurium, typhimurium vari-
ant Copenhagen, and pararyphi were encountered within this poultry operation.
Ninety-four percent of the Salmonella isolated from breeder and production houses
and from carcass rinses belonged to Salmonella serotypes typhimurium variant
Copenhagen and hadar. There were six distinct S. typhimurium variant Copenhagen
genetic types, as identified by PFGE, present within this particular poultry opera-
tion. Seventy-nine percent of S. #yphimurium variant Copenhagen identified from
the environment of the breeder and production house