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ABSTRACT Several foodborne pathogens, including
Salmonella species and campylobacters, are common con-
taminants in poultry and livestock. Typically, these
pathogens are carried in the animal’s intestinal tract
asymptomatically; however, they can be shed in feces in
large populations and be transmitted by other vectors
from feces to animals, produce, or humans. A wide array
of interventions has been developed to reduce the carriage
of foodborne pathogens in poultry and livestock, includ-
ing genetic selection of animals resistant to colonization,
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INTRODUCTION

Each year an estimated 76 million Americans become
ill from consuming foods contaminated with pathogenic
microbes and their toxins (Mead et al., 1999). Since many
of the reported foodborne outbreaks have been linked to
meat products or to contact with food animals or their
waste, enteric pathogens in livestock and poultry are of
concern. In terms of those specific pathogens that contrib-
ute substantially to food-borne illnesses, Campylobacter je-
juni and Salmonella species are prevalent in poultry, cattle,
swine, and sheep, whereas enterohemorrhagic Escherichia
coli O157:H7 is a major concern in cattle and sheep and
Yersinia enterocolitica in swine. Unfortunately, sporadic
shedding and little to no effects by these pathogens on
the animal’s health or production have contributed to the
difficulty in diagnosing the presence of these enteric patho-
gens in the animal’s gastrointestinal tract on the farm.

In the United States, C. jejuni infections are estimated at
2.4 million cases/yr, Salmonella species infections at 1.4
million cases/yr, and E. coli O157:H7 infections at 73,000
cases/yr (Mead et al., 1999). Epidemiologic investigations
have been instrumental in identifying risk factors associ-
ated with infection of these enteric pathogens. In a large
population-based case-control study of 1,316 patients with
culture-confirmed Campylobacter infections and 1,316 con-
trol subjects, the most important food-specific risk factor
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treatments to prevent vertical transmission of enteric
pathogens, sanitation practices to prevent contamination
on the farm and during transportation, elimination of
pathogens from feed and water, feed and water additives
that create an adverse environment for colonization by
the pathogen, and biological treatments that directly or
indirectly inactivate the pathogen within the host. To
successfully reduce the carriage of foodborne pathogens,
it is likely that a combination of intervention strategies
will be required.

in individuals who had not traveled recently, based on the
largest population attributable fraction, was consumption
of chicken prepared at a commercial food establishment,
followed by eating other meats at a commercial food estab-
lishment (Table 1, Friedman et al., 2004). Other significant
risk factors included contact with farm animals, eating
turkey prepared at a restaurant, and eating undercooked
chicken. Epidemiologic studies conducted in New Zealand
and in the United Kingdom have similarly identified eating
poultry prepared outside the home as a risk factor for
Campylobacter infection (Eberhart-Phillips et al., 1997; Ro-
drigues et al., 2001). In the case of Salmonella infections,
consumption of egg products was identified as the major
food vehicle for both outbreaks (CDC, 2000) as well as for
sporadic infections (Hedberg et al., 1993; Morse et al., 1994;
Trepka et al, 1999). In addition to this risk factor, a recently
reported case-control study also found chicken consump-
tion to be a major risk factor for sporadic Salmonella enterica
serotype Enteritidis infections (Kimura et al., 2004),
whereas the primary food-associated risk factor for acquir-
ing Salmonella Typhimurium infections was eating fried
eggs prepared outside the home (Glynn et al., 2004). Stud-
ies that have been conducted specifically to address the
role of multidrug-resistant strains of S. Typhimurium in
foodborne illness have associated these infections with the
consumption of pork in Denmark (Mølbak et al., 1999) and
cheese made from unpasteurized milk in the United States
(Cody et al., 1999; Villar et al., 1999). Moreover, patients
receiving an antimicrobial agent, particularly an agent to
which Salmonella is resistant, during the 4 wk preceding
exposure to the antimicrobial agent, are at increased risk
for acquiring the infection (Glynn et al., 2004). With spo-
radic cases of E. coli O157:H7 infections, several risk factors

 by guest on July 26, 2014
http://ps.oxfordjournals.org/

D
ow

nloaded from
 

http://ps.oxfordjournals.org/


INVITED REVIEW: REDUCING THE CARRIAGE OF FOODBORNE PATHOGENS 961

Table 1. Risk factors for sporadic Campylobacter infections in the United
States (Friedman et al., 2004)

Population
attributable

Risk factor fraction

Ate chicken prepared at a restaurant 24
Ate nonpoultry meat prepared at a restaurant 21
Had contact with animal stool 6
Had pet puppy 5
Had contact with farm animals (persons ≥12 yr) 4
Ate turkey prepared at restaurant 4
Drank untreated water 3
Ate undercooked or pink chicken 3
Ate raw seafood 3
Had contact with farm animals (persons 2 to <12 yr) 2
Drank raw milk 1.5

were identified in a broad population-based case-control
study (Table 2; Kassenborg et al., 2004). Similar to case-
control studies with limited populations, this study identi-
fied eating undercooked meat as a significant risk factor.
In addition, E. coli O157:H7 infections were associated with
farm or cattle exposure, or both. Differences in disease risk
associated with exposures to farms and cattle by age group
were attributed to the higher frequency of acquired immu-
nity among adults who had E. coli O157:H7 or other Shiga
toxin-producing E. coli infections in childhood.

SIGNIFICANCE OF PATHOGEN CARRIAGE
IN LIVESTOCK AND POULTRY

Pathogen carriage in livestock and poultry leads to both
direct and indirect contamination of food products. In cat-
tle, fecal contamination of the hide is also often implicated
as a major source of microbiologic contamination of car-
casses (Elder et al., 2000; Arthur et al., 2004) with the brisket
and rump areas being the most and least contaminated
areas, respectively (Reid et al., 2002b). Subsequently, major
risks of hide-to-carcass transfer of the microbial contamina-
tion exist during de-hiding. Treatments designed to decon-
taminate hides during processing (chemical dehairing,
ozonated and electrolyzed washes) are therefore effective
interventions for reducing carcass contamination with
pathogens (Nou et al, 2003; Bosilevac et al., 2005). Skin
and feathers contaminated by feces, on the other hand,
serve as major sources of contamination of poultry (Kotula
and Pandya, 1995; Jorgensen et al., 2002; Franchin et al.,

Table 2. Risk factors for sporadic Escherichia coli O157:H7 infections in
the United States (Kassenborg et al., 2004)

Population
attributable

Risk factor fraction

Ate at table-service restaurant 20
Ate pink hamburger at home 8
Ate pink hamburger away from home 7
Visited farm with cows (persons ≥6 yr) 8
Lived on or visited farm (persons <6 yr) 6
Child <2 yr of age in household (persons <6 yr) 6
Used an immunosuppressive medication (persons ≥6 yr) 5

Table 3. Vehicles contributing to dissemination of foodborne pathogens
in animal production

Vehicle

Water
Troughs
Rivers, streams, ponds, etc.

Feed
Wildlife/pests
Housing/transportation apparatus
Manure/litter

2005). Despite the prevalence of pathogens on feathers, no
differences were observed in the recovery of salmonellae
or Campylobacter from featherless or feathered broilers sam-
pled after immersion chilling (Cason et al., 2004; Buhr et
al., 2005). Instead, increases in the recovery of Campylo-
bacter after defeathering are related to the escape of contam-
inated feces from the cloaca during defeathering (Berrang
et al., 2001). When leakage of digesta or feces from the
crop or cloaca occurs during processing or when the diges-
tive tract is torn or cut open, the contents escape onto
surrounding tissue and contaminate carcasses. In these
instances, the entire carcass must be either discarded or
trimmed, resulting in downgraded carcasses, yield losses,
and increased labor costs. During production, carriage is
also a problem when fecal shedding leads to the presence
of pathogens in manure (Barrow et al., 1988). When defeca-
tion occurs near produce, when produce is irrigated with
polluted water, or when manure is used as a soil amend-
ment, contamination of produce can occur (Islam et al.,
2004a,b). Such scenarios add to the pathogen’s impact on
public health. The development of more sophisticated mo-
lecular tools to track these pathogens to their sources may
lead to liability issues and economic repercussions for
farmers/producers. For example, in 1997, pulsed-field gel
electrophoresis patterns were indistinguishable between
an outbreak strain of E. coli O157:H7 and an isolate cultured
from a food processor’s ground beef sample (CDC, 1997).

TRANSMISSION OF ENTERIC PATHOGENS
TO LIVESTOCK AND POULTRY

Enteric pathogens can be disseminated to livestock and
poultry through a variety of sources (Table 3). Water is an
important vehicle; troughs can serve as a reservoir of E.
coli O157:H7 for cattle (LeJeune et al., 2001), and running
or standing environmental water (rivers, streams, ponds,
etc.) can be sources of Campylobacter species (Kemp et al.,
2005). The degree to which water in troughs can serve as a
pathogen vehicle can be affected by the presence of rumen
content, which influences the survival of E. coli O157:H7
(Table 4).

Several studies have linked contaminated feed to the
occurrence of pathogens in poultry (Primm, 1998) and cat-
tle (Jones et al., 1982). Analyses of commercially manufac-
tured feeds confirmed that both feed ingredients and dust
can be sources of Salmonella contamination in feed mills
(Jones and Richardson, 2004). Moreover, some pathogens
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Table 4. Fate of Escherichia coli O157:H7 in tap water with and without
rumen content at 21°C

Days to
inactivation1

(negative by
Treatment enrichment culture)

Tap water (TW), 1.25 ppm chlorine <1
Deionized water 14
10:1 TW:rumen content 119
25:1 TW:rumen content 189
50:1 TW:rumen content >336

1Starting concentration 1 × 106 E. coli O157:H7/mL.

such as Salmonella species can survive for long periods of
time in feed of low water activity (e.g. 16 mo at 25°C and
51% relative humidity (Williams and Benson, 1978).

Wildlife and pests also can be sources of pathogens on
the farm. Indistinguishable isolates of C. jejuni have been
obtained on the same farm from cattle, flies, and rodents
and from the feces of sparrows in a nearby urban area,
implying a common source of infection (Adhikari et al.,
2004). Studies by Strother et al. (2005) illustrate the impact
pests can have as vectors of enteric pathogens. They deter-
mined that 90% of chickens consuming a single adult- or
larval-infected beetle became infected by Campylobacter,
whereas 100% of birds became Campylobacter-positive
upon consuming 10 infected beetle adults or larvae.

Animal housing and transportation equipment can also
harbor pathogens and contribute to contamination of ani-
mals; however, a primary source of enteric pathogens
transmitted to livestock and poultry is manure. In 1997, it
was estimated that 1.36 billion tons of animal manure were
produced in the United States, with cattle contributing to
90% of the burden (Table 5; US Senate, 1997). The signifi-
cance of this statistic can be put into perspective by recog-
nizing that 5 tons of animal manure are produced annually
for every living person. Considering this statistic in combi-
nation with the high prevalence and high populations of
enteric pathogens in animal wastes (Table 6), it is apparent
that manure is a principal source of enteric pathogens on
the farm.

INTERVENTION PRACTICES TO REDUCE/
PREVENT CARRIAGE AND

PROLIFERATION OF PATHOGENS

Mono-Species Farms

Enteric pathogens, such as C. jejuni, are harbored in
multiple animal species. Hence, one animal species could

Table 5. 1997 estimates of animal waste pollution in the United States
(US Senate, 1997)

Animal Solid waste (t/yr)

Cattle 1,229,190,000
Hogs 116,652,300
Chickens 14,394,000
Turkeys 5,425,000
Total 1.36 billion

serve as a reservoir for the other. In the case of broiler
farms, increased Campylobacter prevalence has been noted
when livestock other than poultry were present (Katsma
et al., 2005). Replacing the livestock with new broiler
houses to avoid lost income, however, actually led to an
increased Campylobacter prevalence at slaughter. Danish
investigators have also investigated the impact of mixed-
species farms and demonstrated that transmission of C.
jejuni between pigs and cattle or poultry in mixed produc-
tion herds occurred infrequently (Boes et al., 2005). How-
ever, molecular source tracking with pulsed-field gel elec-
trophoresis revealed low-level transmission of C. coli oc-
curred between pigs and cattle in 2 mixed production
herds (Boes et al., 2005).

Genetic Selection of Animals
Resistant to Colonization

Genetic variations were observed in chickens in response
to S. Enteritidis colonization or S. Enteritidis vaccination
(Malek et al., 2004). Selection of genetic lines targeting
genes that control response to S. Enteritidis by the host
have been suggested to exploit natural genetic resistance
to enteric pathogen infections. However, complicating this
goal is the identification of independent genetic mecha-
nisms that control bacterial load in the spleen and cecum
(Kaiser and Lamont, 2001).

Breeding Treatments

Vertical transmission of enteric pathogens from parent
flocks to progeny has been demonstrated for both Salmo-
nella and Campylobacter (Methner et al., 1995; Cox et al.,
2002b). Semen collection is predisposed to fecal contamina-
tion, and subsequent insemination of contaminated mate-
rial can infect hens and their eggs (Reiber et al., 1995;
Donoghue et al., 2004). Several antibiotics, including genta-
micin, have been effective at reducing bacterial cell num-
bers without negatively influencing fertility (Sexton et al.,
1980). Concentrations of antibiotics needed to prevent all
bacterial growth, however, were detrimental to fertility
(Donoghue et al., 2004).

Antimicrobial dips to sanitize egg surfaces have been
used to reduce pathogen contamination of newly hatched
chicks. Although single dip treatments in hydrogen perox-
ide and phenol have proven efficacious in reducing Salmo-
nella-positive eggs (Berrang et al., 2000), Salmonella was
eliminated from an additional 22% of the eggs when 3 dips
were used as compared to a single dip (Cox et al., 2002a).

Sanitation Practices to Prevent
Contamination of the Farm and
Transportation Environments

General sanitary guidelines are recommended to mini-
mize contamination on the farm and during transportation
(UK ACMSF, 2004). These include:
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Table 6. Prevalence and levels of pathogen contamination in animal manures (Hutchison et al., 2004)

Prevalence (%) Levels of pathogens (cfu/g)

Pathogen Cattle Poultry Cattle Poultry

Campylobacter 13 19 103 103

Salmonella 8 18 104 103

Escherichia coli O157:H7 13 nd1 106 nd

1nd = not determined.

• Clean housing and equipment between flocks includ-
ing disinfection of water supply system;

• Remove all manure between flocks;
• Minimize exposure of equipment, feed, and flock to

wild animals (birds, rodents, etc.)
• Restrict and minimize traffic onto the farm, into the

houses, and between flocks;
• Utilize vehicle and personnel sanitation stations

(change footware; boot dip disinfection); and
• Clean and disinfect transport crates and vehicles after

every use.

Decontamination treatments should be validated to be
effective. Ramesh et al. (2004) determined that high-pres-
sure jet spray treatments on poultry transport containers
were ineffective in reducing coliform populations. In con-
trast, both immersion in hot water (60 or 70°C for 0.5 min)
or in sodium hypochlorite solutions (1,000 ppm for 2 min)
reduced coliforms by an average of 1.6 and 4.2 logs, respec-
tively.

Choice of Bedding Material

One animal husbandry practice effective in reducing
pathogens in the environment is based on the composition
of bedding materials. For example, E. coli O157:H7 per-
sisted at higher cell numbers in used-sawdust cattle bed-
ding than in used-sand cattle bedding (LeJeune and Kauff-
man, 2005). Treatment of poultry litter with aluminum
sulfate or sodium bisulfate, on the other hand, significantly
reduced Campylobacter colonization in the ceca, but it had
no effect on Salmonella colonization (Line, 2001). However,
caution should be exercised with this type of treatment
because the desirable balance of intestinal flora can be
disrupted. For example, in another study where wood-
derived litter was sprayed with a mixture of sodium ligno-
sulfonate, formic acid, and propionic acid, chickens had
significantly lower Clostridium perfringens counts, a patho-
gen associated with necrotic enteritis, in the ceca and the
ileum than chickens raised on dry wood-derived litter
(Garrido et al., 2004). Moreover, Lactobacillus species popu-
lations were higher in the ceca but lower in the ileum. This
latter result is undesirable because of the role these bacteria
play in regulating the microflora and protecting against
undesirable microbes.

Prevent Wet Litter

In a well-managed broiler house, litter moisture nor-
mally averages between 25 to 35%. If litter is not kept at

an acceptable moisture content, very high bacterial cell
numbers and unsanitary growing conditions may result.
There are several causes for wet litter (Butcher and
Miles, 2000):

• excessive salt in the diet;
• poor quality or rancid fat in the diet;
• use of wheat, barley, rye, or cassava as feed ingre-

dients;
• use of moldy feed ingredients;
• bacterial infections caused by E. coli or C. jejuni;
• leaking watering systems; and
• use of bedding materials with low moisture absorp-

tion (straw, rice hulls, shredded cardboard).

To prevent wet litter, management practices should en-
sure that good quality feed ingredients and moisture ab-
sorbing bedding material (soft wood shavings) are used
and that heating and ventilation systems be continuously
monitored for proper operation (Butcher and Miles, 2000).

Elimination of Pathogens from Water

Many chemical treatments have been evaluated to con-
trol pathogens in water sources for livestock and poultry.
In cattle operations, treatments such as acidification of
water or addition of chemicals (chlorine, ozone, sodium
chlorate) have had limited success due to the continuing
presence of rumen content or manure in water troughs
(Callaway et al., 2002). Consequently, frequent cleaning of
troughs is needed to maximize those water disinfectant
treatments. Other chemical treatments, on the other hand,
can be effective even in the presence of manure or rumen
content. For example, treatment combinations containing
0.1% lactic acid, 0.9% acidic calcium sulfate, and either
0.05% caprylic acid, 0.1% sodium benzoate, or 0.5% butyric
acid killed > 5 log10 E. coli O157:H7, O26:H11, and
O111:NM/mL within 30 min in water containing rumen
content (Zhao et al., 2006). To avoid the substantial reduc-
tions by animals in their intake of treated water, it has
been recommended that application of chemicals be peri-
odic and that flushing be applied to remove or dilute the
chemicals after 30 min of exposure. To maintain drinking
water for chickens to be Campylobacter-free, on the other
hand, acidification of drinking water with a commercial
organic acid, prepared at concentrations recommended by
the company, is effective (Chaveerach et al., 2004). The
digestive epithelial cells of chickens drinking the acidified
water are not damaged, and total consumption of the water
is reduced. Consumption of 15 mM chlorate-treated drink-
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ing water, however, does not affect consumption, yet sig-
nificantly reduces the incidence of Salmonella in the crop
and ceca of broilers (Byrd et al., 2003).

Feed Withdrawal

Feed withdrawal is often applied prior to shipping to
clear the gastrointestinal tract of fecal content and thus
reduce the potential fecal contamination of carcasses. Un-
fortunately, feed withdrawal for 24 or 48 h periods can
increase the number of E. coli shed by cattle (Reid et al.,
2002a). Similarly, feed withdrawal causes a significant in-
crease in Campylobacter and Salmonella in the crops of mar-
ket age broiler chickens but has no effect in the ceca (Byrd
et al., 1998; Corrier et al., 1999). A pH increase in the crop
has been observed and suggested as an important factor
affecting the change in crop microflora (Hinton et al.,
2000a). To counter the undesirable effects of feed with-
drawal, broilers may be given a glucose-based treatment,
which results in fewer S. Typhimurium in the crop (Hinton
et al., 2000b). However, a commercial formulation con-
sisting of a D-glucose polymer (maltodextrin) with added
salts and vitamins had no effect on contamination of car-
casses with Campylobacter (Northcutt et al., 2003).

Feed deprivation is also practiced during molting to
stimulate multiple egg-laying cycles. At these times, hens
become more susceptible to S. Enteritidis infection (Macri
et al., 1997). To avoid increased infections during molting,
alternative dietary regimes containing wheat middlings
(Seo et al., 2001) or alfalfa (Woodward et al., 2005) have
been developed that induce molt and also limit Salmonella
colonization. Marginal success has also been demonstrated
with a zinc-containing (10,000 ppm) diet (Moore et al.,
2004).

Elimination of Pathogens from Feed

Feed producers have used a variety of treatments to
reduce pathogens in feed, including chemicals, heat, and
irradiation. Chemicals such as formic, hydrochloric, nitric,
phosphoric, propionic, and sulfphuric acids; isopropyl al-
cohol; formate and propionate salts; and trisodium phos-
phate have been evaluated. In determining their antimicro-
bial activity, consideration must be given to the effect of
organic matter on microbial reduction. In addition, the
chemical should not be corrosive and damage feed equip-
ment, nor should it be deleterious to the animal’s growth
or health. For these reasons, buffered organic acids rather
then unbuffered acids have generally been favored for use
in animal feed (Maciorowski et al., 2004).

Cooking and pelleting of poultry and swine feeds gener-
ally involves temperatures between 70 and 90°C. At tem-
peratures exceeding 83°C, Salmonella was eliminated dur-
ing pelleting (Cox et al., 1986). Consequently, a decreased
risk was associated with feeding chickens pelleted feed
compared with feed meal (Rose et al., 1999). Moisture
content of the feed, however, modifies the effectiveness of
the heat treatment. For example, Himathongkham et al.
(1996) reported a 4.5 log reduction in S. Enteritidis in poul-

try feed containing 15% moisture and held at 82.2°C for
2.2 sec but only a 1.5 log reduction in a similar treatment
of feed containing 5% moisture. When heat is used in
conjunction with propionic acid, on the other hand, the
combined treatment is more effective than heat alone (Mat-
lho et al., 1997). Partial inactivation of pathogens during
pelleting or recontamination during transport (Fedorka-
Cray et al., 1997) could account for the increased risk of
high Salmonella seroprevalence in swine fed pelleted diets
compared to nonpelleted (dry or wet) diets (Lo Fo Wong
et al., 2004). Alternatively, nonpelleted diets, consisting of
coarsely ground grain, may be conducive to creation of a
hostile environment in the large intestine through fermen-
tation of the carbohydrates.

The effectiveness of gamma-irradiation as a pathogen
intervention treatment for feed has been reviewed by Lee-
son and Marcotte (1993). They noted that a maximum dose
of 15 to 35 kGy would be sufficient to produce Salmonella-
free feed under commercial conditions, whereas lower
doses of 10 to 15 kGy would reduce salmonellae to levels
not likely detected by routine testing.

Feed and Water Additives

Macronutrient Constituents. Finishing beef and lactat-
ing dairy cattle in the United States are often fed high
grain rations in order to improve performance and animal
production. Under these conditions, ruminal microbial
degradation of the starch is incomplete and some of the
starch passes to the colon, where it undergoes a secondary
microbial fermentation by microorganisms (Huntington,
1997), including E. coli O157:H7. Subsequently, fermenta-
tion acids accumulate in the colon, the pH decreases, and
the number of acid-resistant E. coli increases (Diez-Gonza-
lez et al., 1998). When the cattle’s diet is switched to hay
for a brief period (<7 d), however, acid-resistant E. coli
numbers decline dramatically. Because switching feedlot
cattle from grain to hay is not immediately practical, low-
starch or high-fiber rations have also been suggested as
an alternative method to reduce E. coli O157:H7 shedding
(Callaway et al., 2003). The effect of these diet changes
on fecal shedding of E. coli O157:H7, nevertheless, has
produced conflicting results. Hovde et al. (1999) reported
that hay-fed cattle shed E. coli O157:H7 for a longer period
of time (39 to 42 d) compared with corn-fed cattle (4 d).
In contrast, Tkalcic et al. (2000) reported no effect on the
duration of shedding for calves fed a high-concentrate or
a high-roughage diet; however, the calves that consistently
shed the highest cell numbers of E. coli O157:H7 were
fed a high concentrate diet. Further exploration has also
revealed that the type of grain used in the diet may affect
the fecal pathogen load. The number of cattle that were
E. coli O157:H7 culture-positive was significantly higher
for barley-fed animals (72 of 114) than those fed corn (44
of 114) and a cottonseed and barley-fed group (57 of 114;
Buchko et al., 2000). Moreover, under typical intensive
commercial production conditions, Berg et al. (2004) deter-
mined that the average E. coli O157:H7 prevalence in bar-
ley-fed cattle was 2.4% compared with 1.3% in corn-fed
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cattle. In addition, the average cell number of fecal E. coli
O157:H7 excreted was slightly greater in the barley-fed
cattle (3.3 log cfu/g) than in the corn-fed cattle (3.0 log
cfu/g). Surprisingly, total generic E. coli cell numbers did
not follow similar trends; more E. coli were found in the
feces of corn-fed cattle (6.24 log cfu/g) than in the barley-
fed cattle feces (5.55 log cfu/g). These latter data suggest
that the diet has different effects on generic E. coli and E.
coli O157:H7, and hence generic E. coli cell numbers in the
hindgut of cattle should not be considered predictive of
the population dynamics of E. coli O157:H7 in the same en-
vironment.

The type of grain used in broiler diets can also influence
intestinal colonization and proliferation of pathogens
through its effects on the microbial community profile.
Cecal samples from broilers fed a corn-based diet had more
low %G+C (guanine + cystosine content of DNA) microbes
(one or more of clostridia, enterococci, or lactobacilli),
whereas cecal samples from broilers fed a wheat-based
diet had more higher %G+C microbes (bifidobacteria; Apa-
jalahti et al., 2004). Support for these preferences was pro-
vided in a follow-up feeding study in which whole-wheat
addition to the diet stimulated low %G+C bacteria and
suppressed high %G+C microbes. Moreover, it has been
suggested that the type of processing applied to wheat
could ultimately affect the microbial profile in the intestine.
Feed from different compounders favored different bacte-
ria in the gastrointestinal tract of chickens despite the fact
that the 2 compounders used similar raw material (Apaja-
lahti et al., 2001).

To explore the potential that different diet formulations
may affect the prevalence of pathogens in poultry, different
diet formulations containing different protein sources (ani-
mal, plant, and a combination of animal and plant) have
been investigated. Chickens receiving plant protein-based
feed had significantly less colonization of C. jejuni in their
ceca than birds receiving the other types of feed, whereas
no significant differences in C. jejuni colonization of crops
were observed (Udayamputhoor et al., 2003).

Inclusion of nonimmunized egg yolk powder in poultry
feed can reportedly reduce Salmonella, C. jejuni, and E. coli
O157:H7 colonization of chickens. Feeding 10% egg yolk
powder to chickens reduced S. Typhimurium to undetect-
able levels after 2 wk and significantly reduced the coloni-
zation of C. jejuni and E. coli O157:H7 after 1 wk (Kassaify
and Mine, 2004).

Feed Fermentation and Acidification. Fermented feed
can also reduce enteric pathogen carriage by poultry; how-
ever, not all pathogens respond alike. For example, fer-
mented feed successfully reduced ceca colonization of Sal-
monella but inconsistently affected colonization of Campylo-
bacter (Heres et al., 2003). High numbers of lactic acid
bacteria, increased concentrations of lactic and acetic acid
(fermentation products), and a decreased pH to approxi-
mately 4 may be contributing factors to the reduction of
Salmonella colonization.

To provide greater control over the consistency of the
diet than occurs with fermented feed, acidification of feed
has been proposed as an alternative to reduce Campylo-

bacter and Salmonella colonization of broiler chickens. Feed
acidified with 5.7% lactic acid or 0.7% acetic acid com-
pletely reduced Campylobacter and Salmonella to undetect-
able levels in contaminated broiler feed within 20 min and
2 h, respectively (Heres et al., 2004). However, in vivo
studies with acidified feed revealed no effect on Salmonella
colonization and only a slight effect on Campylobacter colo-
nization. These findings suggest that additional factors,
other than the presence of these organic acids, are responsi-
ble for the pathogen reduction effects of fermented feeds.
Perhaps other acids produced during fermentation, such
as caprylic acid, could be a factor. Caprylic acid (50 and
100 mM) was highly effective in reducing by 5 log cfu/
mL S. Enteritidis cell numbers in autoclaved chicken cecal
contents within 1 min and complete inactivation within
24 h (Vasudevan et al., 2005).

Caprylic acid has also been explored for its antimicrobial
properties on E. coli O157:H7 in cattle. E. coli O157:H7
was reduced by 3.0 and 5.0 log cfu/mL at 8 and 24 h,
respectively, by 35 mM caprylic acid in rumen fluid (Anna-
malai et al., 2004). With 50 mM caprylic acid, E. coli
O157:H7 was reduced to undetectable levels after 1 min
of exposure.

Supplementation with Prebiotics. Research over the
last century has shown that lactic acid bacteria and certain
other microorganisms can increase resistance to infection
and that lactic acid bacteria can be enriched in the intestinal
tract by feeding specific prebiotic carbohydrates (Patterson
and Burkholder, 2003). Prebiotics are “non-digestible food
ingredients that beneficially affect the host by selectively
stimulating the growth or activity of one or a limited num-
ber of bacterial species already resident in the colon, and
thus attempt to improve host health” (Gibson and Rober-
froid, 1995). An example is lactose because chickens are
unable to enzymatically digest lactose. Inclusion of lactose
in the diets of chickens reduced cecal colonization of S.
Typhimurium and was dependent on the inability of the
pathogen to ferment lactose (Ziprin et al., 1991). Inhibition
was correlated with changes in cecal pH and increases in
undissociated volatile fatty acids, especially propionic acid.
Other potential prebiotics for reducing colonization of Sal-
monella in chickens include fructooligosaccharide (Fukata
et al., 1999), mannose-oligosaccharide (Fernandez et al.,
2002), and isomaltooligosaccharide (Chung and Day,
2004). An increased prevalence of Bifidobacterium species
and Lactobacillus species is generally associated with these
prebiotics in reducing Salmonella colonization (Fernandez
et al., 2002; Xu et al., 2003).

Prebiotic substrates have also shown potential in stimu-
lating beneficial commensal bacteria in cattle and swine.
Addition of sorbitol, L-arabinose, trehalose, and rhamnose
to cattle rumen medium displaced E. coli O157:H7 within
72 h (de Vaux et al., 2002), whereas mannose or commercial
nondigestible oligosaccharide supplements decreased E.
coli and salmonellae, respectively, in the jejunum of pigs
(Naughton et al., 2001).

Application of Probiotics and Competitive Exclusion
Bacteria. Application of competitive exclusion (CE) bacte-
ria is yet another strategy with potential to reduce patho-
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gen carriage by livestock and poultry. The CE bacteria are
nonpathogenic bacteria typically found in the gastrointesti-
nal tract of animals and may be composed of a single
specific strain or may be composed of several strains or
even several species of bacteria. In general, introduction
of CE bacteria occurs early in the animal’s life such that
the CE bacteria are preferentially established in the gastro-
intestinal system to become competitive or antagonistic to
opportunistic pathogens. The treatment may also be given
to older animals following therapeutic doses of antibiotics
in order to regenerate the intestinal microflora.

Several commercial CE products for controlling Salmo-
nella in chickens have been developed and include AviFree,
Aviguard, Broilact, MSC and Preempt, or CF-3 (Schneitz,
2005). They are all mixed anaerobic cultures derived from
the cecal contents or wall, or both, of domestic fowl and
have been screened for the absence of avian and human
pathogens. Most products are of undefined composition,
but several have been partially characterized and are
known to include the principal organisms that occur natu-
rally in the ceca of adult chickens. The protective microflora
are usually applied directly into the crop of the chick by
gavage in laboratory studies, whereas in the field, CE prod-
ucts have been administered in the drinking water, by
spraying hatching eggs or chicks in the hatching trays of
shipping boxes, within feed slurries, or sprayed on agar
plates for the chicks to eat. Disadvantages to application
via feed or water are the variable levels of protection
among the flock due in part to differential rates of feeding
or drinking by the birds. The numbers of viable CE bacteria
may also be reduced before the bird consumes the feed or
drinks the water. Spray application, on the other hand,
enables chicks to be treated at the earliest possible point
after hatching and ensures an even spread of the treatment
material. Attempts to apply a CE culture prior to hatching
(an in ovo method) have been unsuccessful to date due to
depressed hatchability or killing of the embryo (Cox et
al., 1992).

Several mechanisms to explain the efficacy of CE prod-
ucts have been proposed (Koenen et al., 2004; Schneitz,
2005) including:

• Physical obstruction of attachment sites for the patho-
gen by the native and CE flora lining the intestine
occurs;

• Competition for essential nutrients by the CE bacteria
limits the ability of the pathogen to grow;

• Production of volatile fatty acids or bacteriocins, or
both, limits the growth of the pathogen; and

• Modulation of the immune system occurs in the ani-
mal.

Factors reducing the efficacy of CE treatments in chick-
ens include the use of antibiotics, stress and disease, molt-
ing and feed withdrawal, and infected breeders and con-
taminated hatchery areas. Although individual differences
exist with respect to protective capability, CE material pre-
pared from adult birds of the same species protects chick-
ens against Salmonella independent of breed, strain, or sex

of the bird (Schneitz, 2005). In fact, chickens can also be
protected to some extent by the microflora of turkeys (Wei-
nack et al., 1982), and protection against Campylobacter has
been shown with 2 of the existing CE products (Hakkinen
and Schneitz, 1999; Stern et al., 2001). In the latter case,
improved efficacies are likely with a different composition
of protective bacteria than used for Salmonella due to the
different resident locations of these pathogens in the gas-
trointestinal system (Beery et al., 1988).

In general, attempts to use simpler defined CE mixtures
have been less successful than using undefined CE com-
plex mixtures (La Ragione et al., 2004). Recent studies,
however, have been promising in selecting competitive
isolates for reduction of Salmonella carriage in chickens
(Zhang et al., 2005). In these studies, isolates were obtained
from 9 adult Salmonella/C. jejuni-negative chickens and
confirmed by plating assays for inhibitory activity to 6
strains of Salmonella as well as to C. jejuni. Large clear
inhibitory zones were observed by 55 isolates of which 39
were inhibitory to both Salmonella and C. jejuni and typed
as Lactobacillus salivarius (6 strains), Streptococcus cristatus,
and Streptococcus mitis (2 strains). To evaluate the effective-
ness of these CE isolates in vivo, each isolate was fed (107

to 108 cfu/chicken) on day of hatch and the following day.
At 3 d of age, chickens were challenged with nalidixic
acid-resistant Salmonella (103 to 105 cfu/chicken). At 10
d, cecal contents were enumerated for Salmonella. With
Streptococcus isolates, prevalence decreased from 9 to 25%
compared with controls, whereas average S. Typhimurium
levels in positive chickens decreased 0.9 to 1.6 log cfu/g.
With L. salivarius isolates, prevalence decreased from 33
to 54% compared with controls, whereas average S. Typhi-
murium levels in positive chickens decreased 1.5 to 2.5 log
cfu/g. When mixtures of the isolates were investigated,
carriage reduction was greatest with S. Kentucky and S.
Typhimurium compared with S. Enteritidis; however, mix-
tures containing 2 to 3 isolates produced no further im-
provements in reduction compared with single isolates.

To reduce carriage and shedding of E. coli O157:H7,
CE cultures containing generic E. coli strains have been
successfully applied to adult cattle (Zhao et al., 1998). In
this study, 2 of 10 steers administered only E. coli O157:H7
harbored greater than 105 E. coli O157:H7 (super-spreader)
in their gastrointestinal tract and feces at necropsy (d 33).
In contrast, administering the CE bacteria 2 to 3 d prior
to challenge eliminated in most animals fecal shedding of
E. coli O157:H7 to undetectable levels within 9 d after
challenge. In a more recent study, effectiveness of CE treat-
ments for reducing E. coli O157:H7 in steers was conducted
on a larger-scale (Younts-Dahl et al., 2004). Cattle fed a
standard steam-flaked corn-based finishing diet containing
Lactobacillus acidophilus NP51 (109 cfu/steer/d) for 168 d
was 57% less likely to shed in feces detectable E. coli O157
compared with control steers.

Additives to Enhance Immune Response. In hens ex-
perimentally infected with Salmonella, antibodies (IgA, IgG,
and IgM) increased significantly compared to uninfected
hens and were followed by partial clearance of Salmonella
organisms from the oviducts (Withanage et al., 1999). In
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light of this finding, feed additives that would enhance
this innate immune response have been investigated. For
example, the antibody immune response was significantly
improved in chicks administered a selenium-enriched diet
(Hegazy and Adachi, 2000). Reduced incidence of S. Enter-
itidis organ invasion in immature chickens has also been
attributed to enhanced functional efficiency of heterophils
isolated from neonatal chickens fed a β-glucan ration
(Lowry et al., 2005). The mean number of S. Enteritidis
per heterophil was 2 times greater in the β-glucan-supple-
mented group when compared to heterophils isolated from
chickens fed the control ration, and this upregulation of
phagocytosis was attributed to a respiratory burst.

Another approach to enhance immune response through
dietary manipulation has currently only been suggested
and has arisen from the recent developments in the field of
antibody engineering. This approach involves the genetic
incorporation of therapeutic antibodies into crops rou-
tinely used as dietary components such as corn and soy-
beans (Berghman et al., 2005).

Chlorate and Nitro-Based Compounds. Chlorate
preparations and nitro-based compounds are additives
that act as selective toxic agents to enteric pathogens. In
the case of chlorate, the chemical is reduced intracellularly
to lethal chlorite by the enzyme nitrate reductase. Most
members of the family Enterobacteriaceae contain this en-
zyme, whereas beneficial gut bacteria do not. Chlorate
administered to broilers 24 to 48 h prior to slaughter re-
duced the incidence of Salmonella contamination in the
crop from 36.7% in the control to 20% in the treated and
reduced the numbers of Salmonella in the ceca by 1.5 log/g
(Byrd et al., 2003). Similarly, Salmonella and E. coli O157:H7
populations were reduced in chlorate-treated swine and
cattle, respectively (Anderson et al., 2000, 2005). In vitro
studies with buffered ruminal contents have demonstrated
that the bactericidal effect of chlorate on E. coli O157:H7
and S. Typhimurium is concentration dependent and
markedly affected by pH (more bactericidal at pH 6.8 than
pH 5.6; Anderson et al., 2001). Moreover, preadministra-
tion of sodium nitrite to broilers treated with chlorate led
to additional reductions in S. Typhimurium populations,
possibly through enhancement of nitrate reductase activity
(Jung et al., 2003).

Another additive, 2-nitropropanol, also has antimicro-
bial properties towards Salmonella and E. coli O157:H7
(Jung et al., 2004a). Administering 2-nitrophenol (13.5 mg/
bird) to broilers 1 d after they were challenged with Salmo-
nella reduced pathogen populations after 24 and 48 h by
approximately 2 log compared with controls (Jung et al.,
2004b). Additional studies are needed to elucidate the
mechanism of action, spectrum of activity, and toxicity of
this compound to animals, humans, and microorganisms.

Incorporation of Activated Charcoal. Dietary supple-
ments primarily designed to absorb various enteric patho-
gens from the gastrointestinal tract have been recently
investigated. When chickens were fed a basal diet con-
taining Nekka-Rich (activated charcoal containing wood
vinegar liquid), S. Enteritidis could not be isolated from
fecal samples 15 d after challenge (Watarai and Tana, 2005).

In vitro studies revealed adsorption of S. Enteritidis by
activated charcoal, whereas the binding capacity to a com-
mon intestinal bacterium, Enterococcus faecium, was much
less. In addition to the absorption mechanism, wood vine-
gar had an inhibitory effect on S. Enteritidis growth and
an enhancing effect on the growth of E. faecium and Bifido-
bacterium thermophilum.

Incorporation of Antimicrobials/Antibiotics. Continu-
ous application of antibiotics has been associated with
increasing prevalence of antibiotic resistance in microor-
ganisms. Short-term application of antibiotics, on the other
hand, reduces this risk and has been investigated as a
potential intervention tool to carriage of enteric pathogens
in animals.

In pure and mixed ruminal fluid cultures, growth rates
of 4 Salmonella serotypes (Dublin, Derby, Typhimurium,
and Enteritidis) and 2 strains of E. coli O157:H7 (ATCC
43895 and FDIU 6058) were not affected by the antimicro-
bial ionophore agents (monensin, lasalocid, laidlomycin
propionate, and bambermycin) at concentrations up to 10
times the concentrations found in rumen under normal
feeding regimens (Edrington et al., 2003a). The results sug-
gested that ionophore feeding would have little or no effect
on Salmonella or E. coli O157:H7 populations in cattle. Sup-
porting this conclusion, results from short-term feeding
studies indicated that short-term ionophore feeding had
very limited effects on E. coli O157:H7 and Salmonella shed-
ding in experimentally infected lambs (Edrington et al.,
2003b). Dietary application of neomycin sulfate, on the
other hand, did successfully reduce fecal shedding of E.
coli O157:H7 to nondetectable levels in cattle 72 h posttreat-
ment (Elder et al., 2002). Because neomycin sulfate is an
antibiotic approved for use in cattle and has a 24-h with-
drawal period, its use has the benefit of being readily
available to the industry at the present time until other
strategies become market ready. Its efficacy, however, may
depend on other unknown factors because another study
failed to reduce fecal shedding. In fact, the percentage of
Holstein calves shedding E. coli O157:H7 in the feces in an
antibiotic (oxytetracycline and neomycin)-fed group was
higher early in the study period (6 and 10 d) compared
with a control group fed no antibiotics (Alali et al., 2004).
Moreover, a comparison of the duration of fecal shedding
between treated and untreated calves showed no signifi-
cant differences between groups.

Bacteriophages

Viruses that infect and kill bacteria are referred to as
bacteriophages. Bacteriophages recognize specific recep-
tors on the outer surface of bacteria and inject their DNA
into the host bacterium. Upon insertion into the host chro-
mosome, the phage utilizes the bacterium’s biosynthetic
machinery to produce more phage. Once intracellular nu-
trients are exhausted, the host bacterium lyses releasing
thousands of new phage. Several characteristics of bacte-
riophages make them attractive as therapeutic agents for
control of carriage and proliferation of enteric pathogens
in animals (Sulakvelidze et al., 2001):
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• Effectiveness in killing their target bacteria;
• Specificity;
• Natural residence in the environment; and
• Self-replication and self-limitation

Studies have been conducted to explore the utility of
bacteriophages to control pathogens that affect production
efficiency or animal health. Chickens challenged with E.
coli serotype O2 that causes colibacillosis and administered
bacteriophages by intramuscular injections or aerosol
sprays had reduced mortalities (Huff et al., 2005). The level
of protection depended on the treatment dose; bacterio-
phage at an equal titer of E. coli O2 reduced mortality from
85 to 35% and provided complete protection when the
challenge culture (104 cfu of E. coli) was mixed with 108

pfu of bacteriophage. Moreover, protection was evident
even when the treatment was applied 3 d prior to the E.
coli challenge.

Bacteriophages are common natural members of the gas-
trointestinal microbial ecosystem of food animals (Klieve
and Bauchop, 1988; El-Shibiny et al., 2005). The presence
of bacteriophage in chickens became evident several days
after Campylobacter colonized and were more prevalent in
birds from an organic flock than from a free-range flock (El-
Shibiny et al., 2005). Interestingly, although bacteriophages
isolated from chickens toward the end of the rearing period
were capable of replication on other strains of Campylo-
bacter compared with those isolated earlier, none of the
bacteriophages was active against most C. coli strains.
Hence, the appearance of bacteriophages in the flock coin-
cided with the appearance of C. coli as the dominant species
instead of C. jejuni. Such a disruption to the microbial
environment of the chicken could ultimately be disadvan-
tageous because C. coli, compared with C. jejuni, is more
resistant to a variety of antimicrobials (i.e. macrolides) that
are useful for human therapy (Tam et al., 2003). Circum-
vention of bacteriophage treatments through succession
events is a likely scenario. For example, when a longitudi-
nal study of bacteriophages and their hosts in 3 flocks was
conducted, 3 genetically distinct C. jejuni types insensitive
to the resident bacteriophages became dominant in 2 of
the flocks, and C. jejuni isolates from the third batch of
birds were also insensitive to bacteriophages but geneti-
cally distinct from the first 2 flocks (Connerton et al., 2004).
The conclusion from this latter study was that the develop-
ment of bacteriophage resistance was not the obstacle but
rather the incursion of new genotypes that were inherently
resistant to the resident bacteriophages.

Vaccines

Vaccines can be used to exploit an animal’s own immune
system to reduce pathogen loads. For example, inactivated
vaccines have been explored as an intervention treatment
for S. Enteritidis infection in chickens. While the incidence
of intestinal colonization was reduced, the degree of pro-
tection afforded by vaccination was only partial, as more
than half of the vaccinated hens still shed substantial num-

Table 7. Prevalence of Escherichia coli O157:H7 fecal shedding in nonvac-
cinated cattle and cattle vaccinated with type III-secreted proteins (Potter
et al., 2004)

Prevalence (%)

Vaccine-treated Nonvaccinated
pens pens

Throughout study (0 to 106 d) 8.8 21.3
On day of marketing (104 to 106 d) 18 27

bers of S. Enteritidis (Gast et al., 1993). In an observational
study of vaccinated and unvaccinated flocks housed on
farms with S. Enteritidis-infected chickens, application of
a commercial killed vaccine (Salenvac; Intervet), adminis-
tered according to the manufacturer’s instructions, elimi-
nated detectable S. Enteritidis infection in 15 of 17 free-
range flocks (Davies and Breslin, 2003). In the same study,
this vaccination treatment produced similar results in 4
barn egg production flocks, but infection persisted in 7
flocks on other farms. The investigators attributed the poor
performance of the vaccine in most of these cases to severe
rodent control problems and a poor standard of cleaning
and disinfection. Inefficient protection by inactivated vac-
cines, however, has also been ascribed to poor inducement
of cell-mediated immunity despite the inactivated vaccines
eliciting acceptable levels of humoral activity (Collins,
1974). In support of this concept, chickens treated with
live vaccine prior to S. Enteritidis challenge had reduced
fecal shedding of S. Enteritidis compared with unvacci-
nated birds or those that received the killed vaccine prior
to challenge (Babu et al., 2004). At the same time, live
vaccine had enhanced cell-mediated immunity, whereas
killed vaccine enhanced the humoral immune response
but significantly inhibited cell-mediated immunity.

More specific targets have also been sought for vaccines
including proteins involved with adherence and coloniza-
tion of enteric pathogens. For example, Salmonella outer
membrane proteins of 75.6 and 82.3 kDa were effective in
reducing colonization of S. Enteritidis on the intestinal
mucosa of chickens (Khan et al., 2003). The age of birds
at the time when vaccine is administered can be critical
for a vaccine’s success. In a study investigating persistence
of infection of S. Typhimurium in chickens of more than
3 d of age, infection at a young age was less effective in
producing protective immunity than in older chickens
(Beal et al., 2004).

The levels of maternally derived antibodies in young
broiler chickens and onset of C. jejuni infection in chicks
have been studied to determine the role antibodies have
in C. jejuni infections (Sahin et al., 2001). Sera from 1-d-
and 7-d-old chicks had high titers of antibodies to C. jejuni;
however, the titers decreased substantially and were not
detected during the third and fourth weeks of age, coincid-
ing with the appearance of C. jejuni infections. From these
data, it could be surmised that maintenance of antibodies
to C. jejuni throughout the grow-out period phase would
impede infection of chickens. Hence, 2 immunogenic pro-
teins of C. jejuni have been considered as candidates for
vaccines. Variability of the surface-exposed domains of the
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flagellin gene, FlaA, and its glycosylation product, how-
ever, complicate the use of flagellin for vaccination (Szy-
manski et al., 1999). The CjaA antigen, on the other hand,
is a substrate-binding protein component of the ABC trans-
port system. It has high immunogenicity and conservation
among multiple Campylobacter serotypes of different ori-
gins. Therefore, the gene encoding this protein was
knocked out from C. jejuni and inserted into an attenuated
Salmonella strain (Wyszyńska et al., 2004). The C. jejuni
colonization of ceca was greatly reduced in chicken orally
immunized with this vaccine. Salmonella, rather than atten-
uated Campylobacter, was used as the vector because no
attenuated Campylobacter strain could persist long enough
in the birds’ gut-associated tissues to induce protective im-
munity.

In cattle, type III-secreted proteins have been attractive
targets for vaccine development in reducing fecal shedding
of E. coli O157:H7. Tir, which is a type III-secreted protein
that is integrated into the host cell membrane whereupon
binding to the bacterial outer membrane protein, intimin,
provides bacterial adherence to host cells, is one such target
(DeVinney et al., 1999). Cattle vaccinated with type III-
secreted proteins Tir and EspA shed significantly less E.
coli O157:H7 in feces with less animals shedding the patho-
gen for a shorter period of time (Potter et al., 2004). In a
clinical trial, vaccination of cattle with these type III pro-
teins also significantly reduced the prevalence of E. coli
O157:H7 in a feedlot setting (Table 7), whereas under com-
mercial feedlot trials the vaccine was ineffective (Van
Donkersgoed et al., 2005). Several potential factors were
suggested as contributory differences in the clinical and
commercial trials, including treatment of antigens with
formalin in the commercial trial; different adjuvant used
for the 2 trials; 3 versus 2 doses in clinical and commercial
trials, respectively; number of animals per pen 30 times
greater in commercial than clinical trial; and different
methodologies used for fecal sampling.

CONCLUDING COMMENTS

Poultry and livestock are important vehicles of several
foodborne pathogens, including Salmonella species and
campylobacters. Recent case-control studies have identi-
fied chicken or egg consumption as major risk factors for
acquiring Campylobacter and S. Typhimurium and S. Enter-
itidis infections. These pathogens are typically asymptom-
atically carried in the animal’s intestinal tract and can be
shed in large populations in feces. Many vectors such as
birds, vermin, insects, human handlers, contaminated feed
and water, and direct contact with manure transmit patho-
gens from feces to animals. A variety of promising inter-
vention practices has been developed that includes genetic
selection of animals resistant to pathogen colonization,
effective sanitation practices for the farm and transporta-
tion environments, feed or water treatments to reduce
pathogen contamination, and animal treatments to reduce
pathogen colonization. For such treatments to be useful
they must fulfill 3 criteria: 1) be efficacious, 2) be practical,
and 3) be safe and not interfere with animal growth and

development. With increased regulatory pressure being
placed on poultry and livestock processors to reduce
pathogen contamination of processed poultry and meat,
more emphasis is likely to be placed on reducing pathogen
contamination on the farms. Effective reductions of patho-
gen loads will likely require the application of a combina-
tion of intervention strategies.

REFERENCES

Adhikari, B., J. H. Connolly, P. Madie, and P. R. Davies. 2004.
Prevalence and clonal diversity of Campylobacter jejuni from
dairy farms and urban sources. New Zealand Vet. J.
52:378–383.

Alali, W. Q., J. M. Sargeant, T. G. Nagaraja, and B. M. DeBey.
2004. Effect of antibiotics in milk replacer on fecal shedding
of Escherichia coli O157:H7 in calves. J. Anim. Sci. 82:2148–2152.

Anderson, R. C., S. A. Buckley, T. R. Callaway, K. J. Genovese,
L. F. Kubena, R. B. Harvey, and D. J. Nisbet. 2001. Effect of
sodium chlorate on Salmonella typhimurium concentrations in
the weaned pig gut. J. Food Prot. 64:255–258.

Anderson, R. C., S. A. Buckley, L. F. Kubena, L. H. Stanker, R.
B. Harvey, and D. J. Nisbet. 2000. Bactericidal effect of sodium
chlorate on Escherichia coli O157:H7 and Salmonella typhimu-
rium DT104 in rumen contents in vitro. J. Food Prot.
63:1038–1042.

Anderson, R. C., M. A. Carr, R. K. Miller, D. A. King, G. E.
Carstens, K. J. Genovese, T. R. Callaway, T. S. Edrington, Y.
S. Jung, J. L. McReynolds, M. E. Hume, R. C. Beier, R. O.
Elder, and D. J. Nisbeta. 2005. Effects of experimental chlorate
preparations as feed and water supplements on Escherichia
coli colonization and contamination of beef cattle and car-
casses. Food Microbiol. 22:439–447.

Annamalai, T., M. K. M. Nair, P. Marek, P. Vasudevan, D.
Schreiber, R. Knight, T. Hoagland, and K. Venkitanarayanan.
2004. In vitro inactivation of Escherichia coli O157:H7 in bovine
rumen fluid by caprylic acid. J. Food Prot. 67:884–888.

Apajalahti, J. H. A., A. Kettunen, M. R. Bedford, and W. E. Holben.
2001. Percent G+C profiling accurately reveals diet-related
differences in the gastrointestinal microbial community of
broiler chickens. Appl. Environ. Microbiol. 67:5656–5667.

Apajalahti, J., A. Kettunen, and H. Graham. 2004. Characteristics
of the gastrointestinal microbial communities, with special
reference to the chicken. World’s Poult. Sci. J. 60:223–232.

Arthur, T. M., J. M. Bosilevac, X. Nou, S. D. Shackelford, T. L.
Wheeler, M. P. Kent, D. Jaroni, B. Pauling, D. M. Allen, and
M. Koohmaraie. 2004. Escherichia coli O157 prevalence and
enumeration of aerobic bacteria, Enterobacteriaceae, and Esche-
richia coli O157 at various steps in commercial beef processing
plants. J. Food Prot. 67:658–665.

Babu, U., R. A. Dalloul, M. Okamura, H. S. Lillehoj, H. Xie, R.
B. Raybourne, D. Gaines, and R. A. Heckert. 2004. Salmonella
enteritidis clearance and immune responses in chickens follow-
ing Salmonella vaccination and challenge. Vet. Immunol. Im-
munopathol. 101:251–257.

Barrow, P. A., J. M. Simpson, and M. A. Lovell. 1988. Intestinal
colonization in the chicken by food-poisoning Salmonella sero-
types: Microbial characteristics associated with faecal excre-
tion. Avian Pathol. 17:571–588.

Beal, R. K., P. Wigley, C. Powers, S. D. Hulme, P. A. Barrow,
and A. L. Smith. 2004. Age at primary infection with Salmonella
enterica serovar Typhimurium in the chicken influences persis-
tence of infection and subsequent immunity to re-challenge.
Vet. Immunol. Immunopathol. 100:151–164.

Beery, J. T., M. B. Hugdahl, and M. P. Doyle. 1988. Colonization of
gastrointestinal tracts of chicks by Campylobacter jejuni. Appl.
Environ. Microbiol. 54:2365–2370.

Berg, J., T. McAllister, S. Bach, R. Stilborn, D. Hancock, and J.
LeJeune. 2004. Escherichia coli O157:H7 excretion by commer-

 by guest on July 26, 2014
http://ps.oxfordjournals.org/

D
ow

nloaded from
 

http://ps.oxfordjournals.org/


DOYLE AND ERICKSON970

cial feedlot cattle fed barley- or corn-based finishing diets. J.
Food Prot. 67:666–671.

Berghman, L. R., D. Abi-Ghanem, S. D. Waghela, and S. C. Ricke.
2005. Antibodies: An alternative for antibiotics? Poult. Sci.
84:660–666.

Berrang, M. E., R. J. Buhr, J. A. Cason, and J. A. Dickens. 2001.
Broiler carcass contamination with Campylobacter from feces
during defeathering. J. Food Prot. 64:2063–2066.

Berrang, M. E., N. A. Cox, J. F. Frank, R. J. Buhr, and J. S. Bailey.
2000. Hatching egg sanitization for prevention or reduction
of human enteropathogens: A review. J. Appl. Poult. Res.
9:279–284.

Boes, J., L. Nersting, E. M. Nielsen, S. Kranker, C. Ene, H. C.
Wachmann, and D. L. Baggesen. 2005. Prevalence and diver-
sity of Campylobacter jejuni in pig herds on farms with and
without cattle or poultry. J. Food Prot. 68:722–727.

Bosilevac, J. M., S. D. Shackelford, D. M. Brichta, and M. Kooh-
maraie. 2005. Efficacy of ozonated and electrolyzed oxidative
waters to decontaminate hides of cattle before slaughter. J.
Food Prot. 68:1393–1398.

Buchko, S. J., R. A. Holley, W. O. Olson, V. P. J. Gannon, and D.
M. Veira. 2000. The effect of different grain diets on fecal
shedding of Escherichia coli O157:H7 by steers. J. Food Prot.
63:1467–1474.

Buhr, R. J., D. V. Bourassa, J. K. Northcutt, A. Hinton, K. D.
Ingram, and J. A. Cason. 2005. Bacteria recovery from geneti-
cally feathered and featherless broiler carcasses after immer-
sion chilling. Poult. Sci. 84:1499–1504.

Butcher, G. D., and R. D. Miles. 2000. Causes and prevention of
wet litter in broiler houses. University of Florida Extension
publication VM99. http://edis.ifas.ufl.edu/pdffiles/VM/
VMO2000.pdf Accessed Apr. 18, 2006

Byrd, J. A., R. C. Anderson, T. R. Callaway, R. W. Moore, K. D.
Knape, L. F. Kubena, R. L. Ziprin, and D. J. Nisbet. 2003.
Effect of experimental chlorate product administration in the
drinking water on Salmonella Typhimurium contamination of
broilers. Poult. Sci. 82:1403–1406.

Byrd, J. A., D. E. Corrier, M. E. Hume, R. H. Bailey, L. H. Stanker,
and B. M. Hargis. 1998. Effect of feed withdrawal on Campylo-
bacter in the crops of market-age broiler chickens. Avian Dis.
42:802–806.

Callaway, T. R., R. C. Anderson, K. J. Genovese, T. L. Poole, T.
J. Anderson, J. A. Byrd, L. F. Kubena, and D. J. Nisbet. 2002.
Sodium chlorate supplementation reduces E. coli O157:H7
population in cattle. J. Anim. Sci. 80:1683–1689.

Callaway, T. R., R. O. Elder, J. E. Keen, R. C. Anderson, and D.
J. Nisbet. 2003. Forage feeding to reduce preharvest Escherichia
coli populations in cattle, a review. J. Dairy Sci. 86:852–860.

Cason, J. A., A. Hinton, and R. J. Buhr. 2004. Impact of feathers
and feather follicles on broiler carcass bacteria. Poult. Sci.
83:1452–1455.

Centers for Disease Control and Prevention (CDC). 1997. Esche-
richia coli O157:H7 infections associated with eating a nation-
ally distributed commercial brand of frozen ground beef pat-
ties and burgers—Colorado, 1997. Morb. Mortal. Wkly. Rep.
46:777–778.

Centers for Disease Control and Prevention (CDC). 2000. Out-
breaks of Salmonella serotype Enteritidis infection associated
with eating raw or undercooked shell eggs—United States,
1996–1998. Morb. Mortal. Wkly. Rep. 49:73–79.

Chaveerach, P., D. A. Keuzenkamp, L. J. A. Lipman, and F. van
Knapen. 2004. Effect of organic acids in drinking water for
young broilers on Campylobacter infection, volatile fatty acid
production, gut microflora and histological cell changes. Poult.
Sci. 83:330–334.

Chung, C. H., and D. F. Day. 2004. Efficacy of Leuconostoc mesen-
teroides (ATCC 13146) isomaltooligosaccharides as a poultry
prebiotic. Poult. Sci. 83:1302–1306.

Cody, S. H., S. L. Abbott, A. A. Marfin, B. Schulz, P. Wagner, K.
Robbins, J. C. Mohle-Boetani, and D. J. Vugia. 1999. Two
outbreaks of multidrug-resistant Salmonella serotype Typhi-

murium DT104 infections linked to raw-milk cheese in North-
ern California. JAMA 281:1805–1810.

Collins, F. M. 1974. Vaccines and cell-mediated immunity. Bacte-
riol. Rev. 38:371–402.

Connerton, P. L., C. M. L. Carrillo, C. Swift, E. Dillon, A. Scott,
C. E. D. Rees, C. E. R. Dodd, J. Frost, and I. F. Connerton. 2004.
Longitudinal study of Campylobacter jejuni bacteriophages and
their hosts from broiler chickens. Appl. Environ. Microbiol.
70:3877–3883.

Corrier, D. E., J. A. Byrd, B. M. Hargis, M. E. Hume, R. H. Bailey,
and L. H. Stanker. 1999. Presence of Salmonella in the crop
and ceca of broiler chickens before and after preslaughter feed
withdrawal. Poult. Sci. 78:45–49.

Cox, N. A., J. S. Bailey, J. M. Mauldin, and L. C. Blankenship. 1992.
In ovo administration of a competitive exclusion treatment to
broiler embryos. Poult. Sci. 71:1781–1784.

Cox, N. A., M. E. Berrang, J. S. Bailey, and N. J. Stern. 2002a.
Bactericidal treatment of hatching eggs. V: Efficiency of repeti-
tive immersions in hydrogen peroxide or phenol to eliminate
Salmonella from hatching eggs. J. Appl. Poult. Res. 11:328–331.

Cox, N. A., D. Burdick, J. S. Bailey, and J. E. Thomson. 1986.
Effect of the steam conditioning and pelleting process on the
microbiology and quality of commercial-type poultry feeds.
Poult. Sci. 65:704–709.

Cox, N. A., N. J. Stern, K. L. Hiett, and M. E. Berrang. 2002b.
Identification of a new source of Campylobacter contamination
in poultry: Transmission from breeder hens to broiler chickens.
Avian Dis. 46:535–541.

Davies, R., and M. Breslin. 2003. Effects of vaccination and other
preventive methods for Salmonella Enteritidis on commercial
laying chicken farms. Vet. Rec. 153:673–677.

de Vaux, A., M. Morrison, and R. W. Hutkins. 2002. Displacement
of Escherichia coli O157:H7 from rumen medium containing
prebiotic sugars. Appl. Environ. Microbiol. 68:519–524.

DeVinney, R., M. Stein, D. Reinscheid, A. Abe, S. Ruschkowski,
and B. B. Finlay. 1999. Enterohemmorhagic E. coli O157:H7
produces Tir, which is translocated to the host cell membrane
but is not tyrosine phosphorylated. Infect. Immun. 7:2389–
2398.

Diez-Gonzalez, F., T. R. Callaway, M. G. Kizoulis, and J. B. Rus-
sell. 1998. Grain feeding and the dissemination of acid-resis-
tant Escherichia coli from cattle. Sci. 281:1666–1668.

Donoghue, A. M., P. J. Blore, K. Cole, N. M. Loskutoff, and D.
J. Donoghue. 2004. Detection of Campylobacter or Salmonella in
turkey semen and the ability of poultry semen extenders to
reduce their concentrations. Poult. Sci. 83:1728–1733.

Eberhart-Phillips, J., N. Walker, N. Garrett, D. Bell, D. Sinclair,
W. Rainger, and M. Bates. 1997. Campylobacteriosis in New
Zealand: Results of a case-control study. J. Epidemiol. Com-
munity Health 51:686–691.

Edrington, T. S., T. R. Callaway, K. M. Bischoff, K. J. Genovese,
R. O. Elder, R. C. Anderson, and D. J. Nisbet. 2003b. Effect of
feeding the ionophores monensin and laidlomycin propionate
and the antimicrobial bambermycin to sheep experimentally
infected with E. coli O157:H7 and Salmonella typhimurium. J.
Anim. Sci. 81:553–560.

Edrington, T. S., T. R. Callaway, P. D. Varey, Y. S. Jung, K. M.
Bischoff, R. O. Elder, R. C. Anderson, E. Kutter, A. D. Brabban,
and D. J. Nisbet. 2003a. Effects of the antibiotic ionophores
monensin, lasalocid, laidlomycin propionate and bamber-
mycin on Salmonella and E. coli O157:H7 in vitro. J. Appl.
Microbiol. 94:207–213.

Elder, R. O., J. E. Keen, G. R. Siragusa, G. A. Barkocy-Gallagher,
M. Koohmaraie, and W. W. Laegreid. 2000. Correlation of
enterohemmorhagic Escherichia coli O157 prevalence in feces,
hides, and carcasses of beef cattle during processing. Proc.
Natl. Acad. Sci. USA 97:2999–3003.

Elder, R. O., J. E. Keen, T. E. Wittum, T. R. Callaway, T. S.
Edrington, R. C. Anderson, and D. J. Nisbet. 2002. Intervention
to reduce fecal shedding of enterohemorrhagic Escherichia coli
O157:H7 in naturally infected cattle using neomycin sulfate.

 by guest on July 26, 2014
http://ps.oxfordjournals.org/

D
ow

nloaded from
 

http://ps.oxfordjournals.org/


INVITED REVIEW: REDUCING THE CARRIAGE OF FOODBORNE PATHOGENS 971

Page 602 in Am. Soc. Anim. Sci./Am. Dairy Sci. Assoc. Joint
Meet., Quebec, Canada.

El-Shibiny, A., P. L. Connerton, and I. F. Connerton. 2005. Enu-
meration and diversity of Campylobacters and bacteriophages
isolated during the rearing cycles of free-range and organic
chickens. Appl. Environ. Microbiol. 71:1259–1266.

Fedorka-Cray, P. J., A. Hogg, J. T. Gray, K. Lorenzen, J. Velasquez,
and P. von Behren. 1997. Feed and feed trucks as sources of
Salmonella contamination in swine. Swine Health Prod.
5:189–193.

Fernandez, F., M. Hinton, and B. van Gils. 2002. Dietary mannan-
oligosaccharides and their effect on chicken caecal microflora
in relation to Salmonella Enteritidis colonization. Avian Pathol.
31:49–58.

Franchin, P. R., K. E. Aidoo, and C. R. V. Batista. 2005. Sources of
poultry meat contamination with thermophilic Campylobacter
before slaughter. Braz. J. Microbiol. 36:157–162.

Friedman, C. R., R. M. Hoekstra, M. Samuel, R. Marcus, J. Bender,
B. Shiferaw, S. Reddy, S. D. Ahuja, D. L. Helfrick, F. Hardnett,
M. Carter, B. Anderson, and R. V. Tauxe. 2004. Risk factors
for sporadic Campylobacter infection in the United States: A
case-control study in FoodNet sites. Clin. Infect. Dis.
38:S285–S296.

Fukata, T., K. Sasai, T. Miyamoto, and E. Baba. 1999. Inhibitory
effects of competitive exclusion and fructooligosaccharide, sin-
gly and in combination, on Salmonella colonization of chicks.
J. Food Prot. 62:229–233.

Garrido, M. N., M. Skjervheim, H. Oppegaard, and H. Sørum.
2004. Acidified litter benefits the intestinal flora balance of
broiler chickens. Appl. Environ. Microbiol. 70:5208–5213.

Gast, R. K., H. D. Stone, and P. S. Holt. 1993. Evaluation of the
efficacy of oil-emulsion bacterins for reducing fecal shedding
of Salmonella Enteritidis by laying hens. Avian Dis. 37:1085–
1091.

Gibson, G. R., and M. B. Roberfroid. 1995. Dietary modulation
of the human colonic microbiota– Introducing the concept of
prebiotics. J. Nutr. 125:1401–1412.

Glynn, M. K., V. Reddy, L. Hutwagner, T. Rabatsky-Ehr, B. Shif-
eraw, D. J. Vugia, S. Segler, J. Bender, T. J. Barrett, F. J. Angulo,
and the Emerging Infections Program FoodNet Working
Group. 2004. Prior antimicrobial agent use increases the risk of
sporadic infections with multidrug-resistant Salmonella enterica
serotype Typhimurium: A FoodNet case-control study, 1996–
1997. Clin. Infect. Dis. 38:S227–S236.

Hakkinen, M., and Schneitz, C. 1999. Efficacy of a commercial
competitive exclusion product against Campylobacter jejuni. Br.
Poult. Sci. 40:619–621.

Hedberg, C. W., M. J. David, K. E. White, K. L. MacDonald, and
M. T. Osterholm. 1993. Role of egg consumption in sporadic
Salmonella enteritidis and Salmonella typhimurium infections in
Minnesota. J. Infect. Dis. 167:107–111.

Hegazy, S. M., and Y. Adachi. 2000. Comparison of the effects
of dietary selenium, zinc, and selenium and zinc supplementa-
tion on growth and immune response between chick groups
that were inoculated with Salmonella and aflatoxin or Salmo-
nella. Poult. Sci. 79:331–335.

Heres, L., B. Engel, H. A. P. Urlings, J. A. Wagenaar, and F.
van Knapen. 2004. Effect of acidified feed on susceptibility of
broiler chickens to intestinal infection by Campylobacter and
Salmonella. Vet. Microbiol. 99:259–267.

Heres, L., B. Engel, F. van Knapen, J. A. Wagenaar, and B. A. P.
Urlings. 2003. Effect of fermented feed on the susceptibility
for Campylobacter jejuni colonization in broiler chickens with
and without concurrent inoculation of Salmonella enteritidis.
Int. J. Food Microbiol. 87:75–86.

Himathongkham, S., M. D. Pereira, and H. Riemann. 1996. Heat
destruction of Salmonella in poultry feed: Effect of time, tem-
perature, and moisture. Avian Dis. 40:72–77.

Hinton, A., R. J. Buhr, and K. D. Ingram. 2000a. Physical, chemical,
and microbiological changes in the crop of broiler chickens

subjected to incremental feed withdrawal. Poult. Sci.
79:212–218.

Hinton, A., R. J. Buhr, and K. D. Ingram. 2000b. Reduction of
Salmonella in the crop of broiler chickens subjected to feed
withdrawal. Poult. Sci. 79:1566–1570.

Hovde, C. J., P. R. Austin, K. A. Cloud, C. J. Williams, and C.
W. Hunt. 1999. Effect of cattle diet on Escherichia coli O157:H7
acid resistance. Appl. Environ. Microbiol. 65:3233–3235.

Huff, W. E., G. R. Huff, N. C. Rath, J. M. Balog, and A. M.
Donoghue. 2005. Alternatives to antibiotics: Utilization of bac-
teriophage to treat colibacillosis and prevent foodborne patho-
gens. Poult. Sci. 84:655–659.

Huntington, G. B. 1997. Starch utilization by ruminants: From
basics to the bunk. J. Anim. Sci. 75:852–867.

Hutchison, M. L., L. D. Walters, S. M. Avery, B. A. Synge, and
A. Moore. 2004. Levels of zoonotic agents in British livestock
manures. Lett. Appl. Microbiol. 39:207–214.

Islam, M., M. P. Doyle, S. C. Phatak, P. Millner, and X. P. Jiang.
2004a. Persistence of enterohemorrhagic Escherichia coli
O157:H7 in soil and on leaf lettuce and parsley grown in fields
treated with contaminated manure composts or irrigation wa-
ter. J. Food Prot. 67:1365–1370.

Islam, M., J. Morgan, M. P. Doyle, S. C. Phatak, P. Millner, and
X. P. Jiang. 2004b. Persistence of Salmonella enterica serovar
Typhimurium on lettuce and parsley and in soils on which
they were grown in fields treated with contaminated manure
composts or irrigation water. Foodborne Pathogens Dis.
1:27–35.

Jones, F. T., and K. E. Richardson. 2004. Salmonella in commer-
cially manufactured feeds. Poult. Sci. 83:384–391.

Jones, P. W., M. Aitken, G. T. H. Brown, and P. Collins. 1982.
Transmission of Salmonella mbandaka to cattle from contami-
nated feed. J. Hygiene 88:255–263.

Jorgensen, F., R. Bailey, S. Williams, P. Henderson, D. R. A.
Wareing, F. J. Bolton, J. A. Frost, L. Ward, and T. J. Humphrey.
2002. Prevalence and numbers of Salmonella and Campylobacter
spp. on raw, whole chickens in relation to sampling methods.
Int. J. Food Microbiol. 76:151–164.

Jung, Y. S., R. C. Anderson, J. A. Byrd, T. S. Edrington, R. W.
Moore, T. R. Callaway, J. McReynolds, and D. J. Nisbet. 2003.
Reduction of Salmonella Typhimurium in experimentally chal-
lenged broilers by nitrate adaptation and chlorate supplemen-
tation in drinking water. J. Food Prot. 66:660–663.

Jung, Y. S., R. C. Anderson, T. R. Callaway, T. S. Edrington, K.
J. Genovese, R. B. Harvey, T. L. Poole, and D. J. Nisbet. 2004a.
Inhibitory activity of 2-nitropropanol against select food-borne
pathogens in vitro. Lett. Appl. Microbiol. 39:471–476.

Jung, Y. S., R. C. Anderson, T. S. Edrington, K. J. Genovese, J.
A. Byrd, T. R. Callaway, and D. J. Nisbet. 2004b. Experimental
use of 2-nitropropanol for reduction of Salmonella typhimurium
in the ceca of broiler chicks. J. Food Prot. 67:1945–1947.

Kaiser, M. G., and S. J. Lamont. 2001. Genetic line differences
in survival and pathogen load in young layer chicks after
Salmonella enterica serovar Enteritidis exposure. Poult. Sci.
80:1105–1108.

Kassaify, Z. G., and Y. Mine. 2004. Nonimmunized egg yolk
powder can suppress the colonization of Salmonella typhimu-
rium, Escherichia coli O157:H7, and Campylobacter jejuni in lay-
ing hens. Poult. Sci. 83:1497–1506.

Kassenborg, H. D., C. W. Hedberg, M. Hoekstra, M. C. Evans,
A. E. Chin, R. Marcus, D. J. Vugia, K. Smith, S. D. Ahuja, L.
Slutsker, and P. M. Griffin. 2004. Farm visits and undercooked
hamburgers as major risk factors for sporadic Escherichia coli
O157:H7 infection: Data from a case-control study in 5 Food-
Net sites. Clin. Infect. Dis. 38:S71–S278.

Katsma, W. E. A., A. A. de Koeijer, W. F. Jacobs-Reitsma, E. A. Egil
Fischer, and J. A. Wagenaar. 2005. Campylobacter prevalence
in broiler flocks in the Netherlands. Modeling transmission
within and between flocks and efficacy of interventions.
Campylobacter Risk Management and Assessment (CARMA).
AGS-Report: ASG05/I00113. Wageningen University. http://

 by guest on July 26, 2014
http://ps.oxfordjournals.org/

D
ow

nloaded from
 

http://ps.oxfordjournals.org/


DOYLE AND ERICKSON972

www.rivm.nl/carma/resultaten/ASG%20rapport%2005_
I00113.pdf Accessed Feb. 6, 2006.

Kemp, R., A. J. H. Leatherbarrow, N. J. Williams, C. A. Hart, H.
E. Clough, J. Turner, E. J. Wright, and N. P. French. 2005.
Prevalence and genetic diversity of Campylobacter spp. in envi-
ronmental water samples from a 100-square-kilometer pre-
dominantly dairy farming area. Appl. Environ. Microbiol.
71:1876–1882.

Khan, M. I., A. A. Fadl, and K. S. Venkitanarayanan. 2003. Reduc-
ing colonization of Salmonella Enteritidis in chicken by tar-
geting outer membrane proteins. J. Appl. Microbiol. 95:142–
145.

Kimura, A. C., V. Reddy, R. Marcus, P. R. Cieslak, J. C. Mohle-
Boetani, H. D. Kassenborg, S. D. Segler, F. P. Hardnett, T.
Barrett, and D. L. Swerdlow. 2004. Chicken consumption is a
newly identified risk factor for sporadic Salmonella enterica
serotype Enteritidis infections in the United States: A case-
control study in FoodNet sites. Clin. Infect. Dis. 38:S244–S252.

Klieve, A. V., and T. Bauchop. 1988. Morphological diversity of
ruminal bacteriophages from sheep and cattle. Appl. Environ.
Microbiol. 54:1637–1641.

Koenen, M. E., J. Kramer, R. van der Hulst, L. Heres, S. H. M.
Jeurissen, and W. J. A. Boersma. 2004. Immunomodulation
by probiotic lactobacilli in layer- and meat-type chickens. Br.
Poult. Sci. 45:355–366.

Kotula, K. L. and Y. Pandya. 1995. Bacterial contamination of
broiler chickens before scalding. J. Food Prot. 58:1326–1329.

La Ragione, R. M., A. Narbad, M. J. Gasson, and M. J. Woodward.
2004. In vivo characterization of Lactobacillus johnsonii F19785
for use as a defined competitive exclusion agent against bacte-
rial pathogens in poultry. Lett. Appl. Microbiol. 38:197–205.

Leeson, S., and M. Marcotte. 1993. Irradiation of poultry feed.
I. Microbial status and bird response. World’s Poult. Sci. J.
49:19–33.

LeJeune, J. T., T. E. Besser, and D. D. Hancock. 2001. Cattle water
troughs as reservoirs of Escherichia coli O157. Appl. Environ.
Microbiol. 67:3053–3057.

LeJeune, J. T., and M. D. Kauffman. 2005. Effect of sand and
sawdust bedding materials on the fecal prevalence of Esche-
richia coli O157:H7 in dairy cows. Appl. Environ. Microbiol.
71:326–330.

Line, J. E. 2001. Campylobacter and Salmonella populations associ-
ated with chickens raised on acidified litter. Poult. Sci.
81:1473–1477.

Lo Fo Wong, D. M. A., J. Dahl, H. Stege, P. J. van der Wolf, L.
Leontides, A. von Altrock, and B. M. Thorberg. 2004. Herd-
level risk factors for subclinical Salmonella infection in Euro-
pean finishing-pig herds. Prev. Vet. Med. 62:253–266.

Lowry, V. K., M. B. Farnell, P. J. Ferro, C. L. Swaggerty, A. Bahl,
and M. H. Kogut. 2005. Purified β-glucan as an abiotic feed
additive up-regulates the innate immune response in imma-
ture chickens against Salmonella enterica serovar Enteritidis.
Int. J. Food Microbiol. 98:309–318.

Maciorowski, K. G., F. T. Jones, S. D. Pillai, and S. C. Ricke. 2004.
Incidence, sources, and control of food-borne Salmonella spp.
in poultry feeds. World Poult. Sci. J. 60:446–457.

Macri, N. P., R. E. Porter, and P. S. Holt. 1997. The effects of
induced molting on the severity of acute intestinal inflamma-
tion caused by Salmonella enteritidis. Avian Dis. 41:117–124.

Malek, M., J. R. Hasenstein, and S. J. Lamont. 2004. Analysis
of chicken TLR4, CD28, MIF, MD-2, and LITAF genes in a
Salmonella enteritidis resource population. Poult. Sci. 83:544–
549.

Matlho, G., S. Himathongkham, H. Riemann, and P. Kass. 1997.
Destruction of Salmonella enteritidis in poultry feed by combi-
nation of heat and propionic acid. Avian Dis. 41:58–61.

Mead, P. S., L. Slutsker, V. Dietz, L. F. McCaig, J. S. Bresee, C.
Shapiro, P. M. Griffin, and R. V. Tauxe. 1999. Food-related
illness and death in the United States. Emerg. Infect. Dis.
5:607–625.

Methner, U., S. Alshabibi, and H. Meyer. 1995. Experimental oral
infection of specific pathogen-free laying hens and cocks with
Salmonella Enteritidis strains. J. Vet. Med. Ser. B 42:459–469.

Mølbak, K., D. L. Baggesen, F. M. Aarestrup, J. M. Ebbesen, J.
Engberg, K. Frydendahl, P. Gerner-Smidt, A. M. Petersen,
and H. C. Wegener. 1999. An outbreak of multidrug-resistant,
quinolone-resistant Salmonella enterica serotype Typhimurium
DT104. New Engl. J. Med. 341:1420–1425.

Moore, R. W., S. Y. Park, L. F. Kubena, J. A. Byrd, J. L. McReynolds,
M. R. Burnham, M. E. Hume, S. G. Birkhold, D. J. Nisbet, and
S. C. Ricke. 2004. Comparison of zinc acetate and propionate
addition on gastrointestinal tract fermentation and susceptibil-
ity of laying hens to Salmonella enteritidis during forced molt.
Poult. Sci. 83:1276–1286.

Morse, D. L., G. S. Birkhead, J. Guardino, S. F. Kondracki, and
J. J. Guzewich. 1994. Outbreak and sporadic egg-associated
cases of Salmonella enteritidis—New York experience. Am. J.
Pub. Health 84:859–860.

Naughton, P. J., L. L. Mikkelsen, and B. B. Jensen. 2001. Effects of
nondigestible oligosaccharides on Salmonella enterica serovar
Typhimurium and nonpathogenic Escherichia coli in the pig
small intestine in vitro. Appl. Environ. Microbiol. 67:3391–
3395.

Northcutt, J. K., R. J. Buhr, M. E. Berrang, and D. L. Fletcher.
2003. Effects of replacement finisher feed and length of feed
withdrawal on broiler carcass yield and bacteria recovery.
Poult. Sci. 82:1820–1824.

Nou, X., M. Rivera-Betancourt, J. M. Bosilevac, T. L. Wheeler, S. D.
Shackelford, B. L. Gwartney, J. O. Reagan, and M. Koohmaraie.
2003. Effect of chemical dehairing on the prevalence of Esche-
richia coli O157:H7 and the levels of aerobic bacteria and en-
terobacteriaceae on carcasses in a commercial beef processing
plant. J. Food Prot. 66:2005–2009.

Patterson, J. A. and K. M. Burkholder. 2003. Application of prebi-
otics and probiotics in poultry production. Poult. Sci.
82:627–631.

Potter, A. A., S. Klashinsky, Y. Li, E. Frey, H. Townsend, D.
Rogan, G. Erickson, S. Hinkley, T. Klopfenstein, R. A. Moxley,
D. R. Smith, and B. B. Finlay. 2004. Decreased shedding of
Escherichia coli O157:H7 by cattle following vaccination with
type III secreted proteins. Vaccine 22:362–369.

Primm, N. D. 1998. Field experiences with the control of salmonel-
lae introduction into turkey flocks via contaminated feeds.
Proc. Western Poult. Dis. Conf. 47:27–29.

Ramesh, N., S. W. Joseph, L. E. Carr, L. W. Douglass, and F.
W. Wheaton. 2004. A prototype poultry transport container
decontamination system. II. Evaluation of cleaning and disin-
fection efficiency. Trans. ASAE 47:549–556.

Reiber, M. A., D. E. Connor, and S. F. Bilgili. 1995. Salmonella
colonization and shedding patterns of hens inoculated via
semen. Avian Dis. 39:317–322.

Reid, C.-A., S. M. Avery, P. Warriss, and S. Buncic. 2002a. The
effect of feed withdrawal on Escherichia coli shedding in beef
cattle. Food Control 13:393–398.

Reid, C.-A., A. Small, S. M. Avery, and S. Buncic. 2002b. Presence
of food-borne pathogens on cattle hides. Food Control
13:411–415.

Rodrigues, L. C., J. M. Cowden, J. G. Wheeler, D. Sethi, P. G.
Wall, P. Cumberland, D. S. Tompkins, M. J. Hudson, J. A.
Roberts, and P. J. Roderick. 2001. The study of infectious
intestinal disease in England: Risk factors for cases of infec-
tious intestinal disease with Campylobacter jejuni infection. Epi-
demiol. Infect. 127:185–193.

Rose, N., F. Beaudeau, P. Drouin, J. Y. Toux, V. Rose, and P.
Colin. 1999. Risk factors for Salmonella enterica subsp. enterica
contamination in French broiler-chicken flocks at the end of
the rearing period. Prev. Vet. Med. 39:265–277.

Sahin, O., Q. J. Zhang, J. C. Meitzler, B. S. Harr, T. Y. Morishita,
and R. Mohan. 2001. Prevalence, antigenic specificity, and
bactericidal activity of poultry anti-Campylobacter maternal an-
tibodies. Appl. Environ. Microbiol. 67:3951–3957.

 by guest on July 26, 2014
http://ps.oxfordjournals.org/

D
ow

nloaded from
 

http://ps.oxfordjournals.org/


INVITED REVIEW: REDUCING THE CARRIAGE OF FOODBORNE PATHOGENS 973

Schneitz, C. 2005. Competitive exclusion in poultry—30 years of
research. Food Control 16:657–667.

Seo, K. H., P. S. Holt, and R. K. Gast. 2001. Comparison of Salmo-
nella enteritidis infection in hens molted via long-term feed
withdrawal versus full-fed wheat middling. J. Food Prot.
64:1917–1921.

Sexton, T. J., L. A. Jacobs, and G. R. McDaniel. 1980. New poultry
semen extender. 4. Effect of antibacterials in control of bacterial
contamination in chicken semen. Poult. Sci. 59:274–281.

Stern, N. J., N. A. Cox, J. S. Bailey, M. E. Berrang, and M. T.
Musgrove. 2001. Comparison of mucosal competitive exclu-
sion and competitive exclusion treatment to reduce Salmonella
and Campylobacter spp. colonization in broiler chickens. Poult.
Sci. 80:156–160.

Strother, K. O., C. D. Steelman, and E. E. Gbur. 2005. Reservoir
competence of lesser mealworm (Coleoptera: Tenebrionidae)
for Campylobacter jejuni (Campylobacterales: Campylobactera-
ceae). J. Med. Entomol. 42:42–47.

Sulakvelidze, A., Z. Alavidze, and J. G. Morris, Jr. 2001. Bacterio-
phage therapy. Antimicrob. Agents Chemother. 45:649–659.

Szymanski, C. M., R. Yao, C. P. Ewing, T. J. Trust, and P. Guerry.
1999. Evidence for a system of general protein glycosylation
in Campylobacter jejuni. Mol. Microbiol. 32:1022–1030.

Tam, C. C., S. J. O’Brien, G. K. Adak, S. M. Meakins, and J.
A. Frost. 2003. Campylobacter coli—An important foodborne
pathogen. J. Infect. 47:28–32.

Tkalcic, S., C. A. Brown, B. G. Harmon, A. V. Jain, E. P. O. Mueller,
A. Parks, K. L. Jacobsen, S. A. Martin, T. Zhao, and M. P.
Doyle. 2000. Effects of diet on rumen proliferation and fecal
shedding of Escherichia coli O157:H7 in calves. J. Food Prot.
63:1630–1636.

Trepka, M. J., J. R. Archer, S. F. Altekruse, M. E. Proctor, and J. P.
Davis. 1999. An increase in sporadic and outbreak-associated
Salmonella enteritidis infections in Wisconsin: The role of eggs.
J. Infect. Dis. 180:1214–1219.

Udayamputhoor, R. S., H. Hariharan, T. A. van Lunen, P. J. Lewis,
S. Heaney, L. Price, and D. Woodward. 2003. Effects of diet
formulations containing proteins from different sources on
intestinal colonization by Campylobacter jejuni in broiler chick-
ens. Can. J. Vet. Res. 67:204–212.

UK Advisory Committee on the Microbiological Safety of Food
(ACMSF). 2004. Second report on Camyplobacter. http://www.
food.gov.UK/multimedia/pdfs/acmsfcampylobacter.pdf
Accessed April 18, 2006.

US Senate Agriculture Committee, Democratic Staff. 1997. Ani-
mal waste pollution in America: An emerging national prob-
lem. Report compiled by the Minority Staff of the United States
Senate Committee on Agriculture, Nutrition and Forestry for
Senator Tom Harkin (D-IA). http://www.senate.gov/
∼agriculture/animalw.htm Accessed Sept. 6, 2001.

Van Donkersgoed, J., D. Hancock, D. Rogan, and A. A. Potter.
2005. Escherichia coli O157:H7 vaccine trials in 9 feedlots in
Alberta and Saskatchewan. Can. Vet. J. 46:724–728.

Vasudevan, P., P. Marek, M. K. M. Nair, T. Annamalai, M. Darre,
M. Khan, and K. Venkitanarayanan. 2005. In vitro inactivation
of Salmonella Enteritidis in autoclaved chicken cecal contents
by caprylic acid. J. Appl. Poult. Res. 14:122–125.

Villar, R. G., M. D. Macek, S. Simons, P. S. Hayes, M. J. Goldoft,
J. H. Lewis, L. L. Rowan, D. Hursh, M. Patnode, and P. S.
Mead. 1999. Investigation of multidrug-resistant Salmonella
serotype Typhimurium DT104 infections linked to raw-milk
cheese in Washington State. JAMA 281:1811–1816.

Watarai, S., and Tana. 2005. Eliminating the carriage of Salmonella
enterica serovar Enteritidis in domestic fowls by feeding acti-
vated charcoal from bark containing wood vinegar liquid
(Nekka-Rich). Poult. Sci. 84:515–521.

Weinack, O. M. G. H. Snoeyenbos, C. F. Smyser, and A. S. Soer-
jadi. 1982. Reciprocal competitive exclusion of Salmonella and
Escherichia coli by native intestinal microflora of the chicken
and turkey. Avian Dis. 26:585–595.

Williams, J. E., and S. T. Benson. 1978. Survival of Salmonella
Typhimurium in poultry feed and litter at three temperatures.
Avian Dis. 22:742–747.

Withanage, G. S. K., K. Sasai, T. Fukata, T. Miyamoto, and E.
Baba. 1999. Secretion of Salmonella-specific antibodies in the
oviducts of hens experimentally infected with Salmonella enter-
itidis. Vet. Immunol. Immunopathol. 67:185–193.

Woodward, C. L., Y. M. Kwon, L. F. Kubena, J. A. Byrd, R.
W. Moore, D. J. Nisbet, and S. C. Ricke. 2005. Reduction of
Salmonella enterica serovar Enteritidis colonization and inva-
sion by an alfalfa diet during molt in leghorn hens. Poult. Sci.
84:185–193.
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