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Salmonella Enteritidis (phage type 13a in one trial and
phage type 4 in the other). At weekly intervals, samples
of voided feces were collected from beneath each cage
and cultured to detect Salmonella Enteritidis. Fecal
shedding of Salmonella Enteritidis was detected for up
to 8 wk post-inoculation by hens housed in enriched
colony cages and 10 wk by hens housed in conventional
cages. For both trials combined, the frequency of positive fecal cultures was significantly (P < 0.05) greater
for conventional cages than for enriched colony cages at
1 wk (84.7 vs. 71.5%), 2 wk (54.2 vs. 31.3%), 3 wk (21.5
vs. 7.6%), and 4 wk (9.7 vs. 2.8%) post-inoculation.
These results demonstrate that the susceptibility of
hens to intestinal colonization by Salmonella Enteritidis can differ between conventional and enriched cagebased production systems, although this effect does not
necessarily translate into a corresponding difference in
the longer-term persistence of fecal shedding.
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INTRODUCTION
The contamination of eggs by Salmonella enterica
subspecies enterica serovar Enteritidis continues to be
an important international source of human illness
(Jackson et al., 2013; Pires et al., 2014). A strong association between the prevalence of this pathogen in
commercial egg-laying chickens and the incidence of
human infections is indicated by both active disease
surveillance and retrospective epidemiologic analyses
(Havelaar et al., 2013; Arnold et al., 2014a). Sustained
participation in comprehensive testing and risk reduction programs for Salmonella Enteritidis in poultry
flocks has led to some reported declines in both egg
contamination and human illnesses in individual countries (Esaki et al., 2013; O’Brien, 2013). Nevertheless,
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despite a considerable investment of public and private resources in disease control efforts, the incidence
of Salmonella Enteritidis in the United States changed
very little during the first decade of the present century (Centers for Disease Control and Prevention, 2011;
Chai et al., 2012).
The deposition of Salmonella Enteritidis in the edible interior contents of eggs results from the colonization of reproductive tissues in systemically infected hens
(Gantois et al., 2009; Gast et al., 2011a). Prolonged
opportunities for hens to be exposed and infected are
created by persistence of the pathogen in the environment of poultry facilities (Davies and Breslin, 2003).
Because the presence of Salmonella Enteritidis in laying
houses is epidemiologically correlated with egg contamination (but occurs at a far higher frequency), environmental samples are tested as an initial screening step
in many protocols for identifying infected flocks (Gast,
2007). Fecal shedding of bacteria by infected hens can
be a prominent source of environmental contamination
with Salmonella Enteritidis (Trampel et al., 2014). The
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ABSTRACT Salmonella Enteritidis can be deposited
inside eggs laid by infected hens, so the prevalence of
this pathogen in commercial egg-producing flocks is
an important risk factor for human illness. Opportunities for the introduction, transmission, and persistence
of salmonellae in poultry are potentially influenced by
flock housing and management systems. Animal welfare
concerns have spurred the development of alternatives
to traditional cage-based housing. However, the consequences of poultry housing systems for food safety have
not been fully resolved by prior research. The present
study assessed the effects of two different housing systems (conventional cages and colony cages enriched
with perching and nesting areas) on the persistence of
fecal shedding of Salmonella Enteritidis by groups of experimentally infected laying hens. In each of two trials,
136 hens were distributed among cages of both housing
systems and orally inoculated with doses of 108 cfu of
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MATERIALS AND METHODS
Experimental Housing of Laying Hens
In each of two similar trials, 136 laying hens were
obtained from the specific-pathogen-free flock of Single
Comb White Leghorn chickens (negative for antibodies to Salmonella in periodic routine monitoring) at the
Southeast Poultry Research Laboratory in Athens, GA.
These hens (30 and 28 wk old at the beginning of the
first and second trials, respectively) were distributed
into four separately housed groups in different rooms
of a disease-containment facility containing cage systems designed to simulate commercial conditions. Hens
in two rooms (36 per room) were housed in conventional laying cages. Each of these cages housed six hens
and provided 648 cm2 of floor space per bird. Hens in
two other rooms (32 per room) were housed in enriched
colony laying cages. Each of these cages housed 16 hens
and provided 1,216 cm2 of floor space per bird, including access to two perches and a single enclosed nesting

area. The stocking densities in both housing systems
represented 2/3 of the maximum levels recommended
by the cage manufacturer. All hens were provided with
water (via two automatic nipple-type drinkers in each
conventional cage and six in each enriched cage) and
feed (a pelleted, antibiotic-free layer-breeder ration) ad
libitum. All experimental protocols were approved by
the Institutional Animal Care and Use Committee of
the Southeast Poultry Research Laboratory.

Experimental Infection of Laying Hens with
Salmonella Enteritidis
In each trial, all hens were orally inoculated with
a measured dose of Salmonella Enteritidis. In Trial
1, hens were infected with a phage type 13a strain,
originally isolated from a contaminated egg yolk by
Dr. C. Benson at the University of Pennsylvania, Kennett Square, PA. In Trial 2, hens were infected with a
phage type 4 strain, originally isolated from the liver
of an infected chicken by Dr. D. Munro at the Scottish
Salmonella Reference Laboratory, Glasgow, UK. Two
different Salmonella Enteritidis phage types (both of
which are epidemiologically important) were included
in this study to minimize the strain-specificity of results. The inoculum strains were resuscitated by transfer into tryptic soy (TS) broth (Acumedia, Neogen
Corp., Lansing, MI) for two successive cycles of 24-h
incubation at 37o C. After cell numbers in each incubated culture were estimated by determining its optical density at 600 nm, further serial ten-fold dilutions
in 0.85% saline produced a desired final cell concentration in each oral dose of approximately 1.25 × 108 cfu
(confirmed by subsequent plate counts).

Fecal Samples
Immediately before inoculation and at intervals of 1,
2, 3, 4, 5, 6, 8, 10, and 12 wk post-inoculation, sterile
cotton swabs were used to collect samples of voided feces from polystyrene trays (food-grade but not sterile)
placed under each cage. A total of 36 samples per room
were collected on each sampling date, evenly distributed
among all occupied cages (six samples per conventional
cage and 18 samples per colony cage). Feces selected
for sampling were visibly moist (recently voided) and
dark in color (characteristic of cecal discharge). Each
collected sample was transferred into 9 mL of Rappaport Vassiliadis broth (Acumedia) and incubated for
24 h at 41.5o C. A 10-μl portion from each broth culture was then streaked onto brilliant green (BG) agar
(Acumedia) supplemented with 0.02 mg/mL of novobiocin (Sigma Chemical Co., St. Louis, MO) and incubated for 24 h at 37o C. The identity of presumptive
colonies of Salmonella was confirmed biochemically and
serologically (Waltman and Gast, 2008).
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frequency of positive results from testing fecal samples
has been reported to peak just before egg laying commences in commercial flocks and declines steadily thereafter (Li et al., 2007; Gole et al., 2014). Experimental
infection of highly susceptible young chicks can establish Salmonella Enteritidis colonization of the intestinal
tract that persists until maturity (Gast and Holt, 1998)
and the inoculation of adult hens with large oral doses
sometimes leads to fecal shedding for several months
(Gast et al., 2011b).
The various poultry housing systems used by the
contemporary commercial egg industry incorporate a
wide range of complex facility characteristics and management practices that can potentially affect the persistence and transmission of Salmonella infections in
laying flocks. Although the implications of these housing systems have been topics for widespread discussion
and inquiry in recent years (from perspectives as diverse
as animal welfare and economic viability), no definitive consensus about their consequences for food safety
has yet emerged from the published scientific literature
(Holt et al., 2011). Higher incidences of Salmonella detection have been attributed to either cage-based or
floor-based (cage-free) poultry housing systems in different studies, but no consistent advantage has been
convincingly shown for any one system regarding the
persistence of Salmonella Enteritidis in either infected
chickens or their environment (Holt et al., 2011). Enriched (furnished) colony cages and aviaries have been
developed as intermediate alternatives between conventional battery cages and cage-free systems. The objective of the present study was to determine the effects of
two different housing systems (conventional cages and
colony cages enriched with perching and nesting areas) on the persistence of fecal shedding of Salmonella
Enteritidis by groups of experimentally infected laying
hens.
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Table 1. Recovery of Salmonella Enteritidis phage type 13a
from voided fecal samples of experimentally infected laying hens
in different housing systems.1
Weeks post-inoculation
1
2
3
4
5
6
8
10
12
All

Conventional cages Enriched colony cages
Salmonella Enteritidis-positive/total (%)
60/72 (83.3)a,A
36/72 (50.0)a,B
16/72 (22.2)a,C
9/72 (12.5)a,C,D
6/72 (8.3)a,D
4/72 (5.6)a,D
1/72 (1.4)a,D
1/72 (1.4)a,D
0/72 (0)a,D
133/648 (20.5)a

52/72 (72.2)a,A
26/72 (36.1)a,B
5/72 (6.9)b,C
3/72 (4.2)a,C
2/72 (2.8)a,C
1/72 (1.4)a,C
1/72 (1.4)a,C
0/72 (0)a,C
0/72 (0)a,C
95/648 (14.7)b

Table 2. Recovery of Salmonella Enteritidis phage type 4 from
voided fecal samples of experimentally infected laying hens in
different housing systems.1
Weeks post-inoculation
1
2
3
4
5
6
8
10
12
All

Conventional cages Enriched colony cages
Salmonella Enteritidis-positive/total (%)
62/72 (86.1)a,A
42/72 (58.3)a,B
15/72 (20.8)a,C
5/72 (6.9)a,D
2/72 (2.8)a,D
1/72 (1.4)a,D
0/72 (0)a,D
0/72 (0)a,D
0/72 (0)a,D
127/648 (19.6)a

51/72 (70.8)a,A
19/72 (26.4)b,B
6/72 (8.3)a,C
1/72 (1.4)a,C,D
1/72 (1.4)a,C,D
0/72 (0)a,D
0/72 (0)a,D
0/72 (0)a,D
0/72 (0)a,D
78/648 (12.0)b

1
After oral inoculation of all hens with approximately 108 cfu of
Salmonella Enteritidis.
a,b
Values in rows that share no common lower-case superscripts are
significantly (P < 0.05) different.
A–D
Values in columns that share no common upper-case superscripts
are significantly (P < 0.05) different.

Statistical Analysis

For all sampling dates combined, Salmonella Enteritidis
was detected significantly (P = 0.0069) more frequently
in feces from conventional cages (20.5%) than from enriched colony cages (14.7%).
In Trial 2, Salmonella Enteritidis (phage type 4)
was isolated from 86.1% of fecal samples collected at
1 wk post-inoculation from hens housed in conventional
cages and from 70.8% of samples from hens in enriched
colony cages (Table 2). The frequency of Salmonella
Enteritidis recovery from feces in conventional cages
declined significantly (P = 0.0003) to 58.3% at 2 wk
post-inoculation, to 20.8% at 3 wk post-inoculation
(P < 0.0001), and then to 6.9% at 4 wk postinoculation (P = 0.0282). In samples from colony
cages, Salmonella Enteritidis isolation decreased significantly to 26.4% at 2 wk post-inoculation (P <
0.0001), to 8.3% at 3 wk post-inoculation (P = 0.0074),
and again to 1.4% at 4 wk post-inoculation (P =
0.0282). The last positive detections of Salmonella Enteritidis from feces in this trial were at 5 wk postinoculation in enriched cages and at 6 wk in conventional cages. The frequency of Salmonella Enteritidis
recovery from fecal samples was significantly higher
(P = 0.0002) from conventional cages than from colony
cages at 2 wk post-inoculation, but no differences between the two treatment groups were observed on
other sampling dates. For all sampling dates combined, Salmonella Enteritidis was found significantly
(P = 0.0002) more often in feces from conventional
cages (19.6%) than from enriched colony cages (12.0%).
The overall frequency of Salmonella Enteritidis recovery from samples of voided feces did not differ significantly (P > 0.05) between hens inoculated with
the phage type 13a strain and hens inoculated with
the phage type 4 strain in either conventional cages
(20.5% vs. 19.6%) or in enriched colony cages (14.7%
vs. 12.0%), nor did these values differ significantly at
any individual sampling interval. For both trials (and
thus for both Salmonella Enteritidis strains) combined,

Within each trial, between the two trials, and for
both trials combined, significant differences (P < 0.05)
between housing systems, Salmonella Enteritidis
strains, or sampling dates in the mean frequencies of
Salmonella Enteritidis isolation from voided fecal samples were determined by Fisher’s exact test. Because
the two replicate groups of hens for each housing system did not differ significantly within either trial in
the frequency of Salmonella Enteritidis recovery from
fecal samples, their results were combined for analysis and presentation. Data were analyzed with Instated
biostatistics software (GraphPad Software, San Diego,
CA).

RESULTS
In Trial 1, Salmonella Enteritidis (phage type 13a)
was recovered from 83.3% of voided fecal samples collected at 1 wk post-inoculation from hens housed in conventional cages and from 72.2% of samples from hens
in enriched colony cages (Table 1). The frequency of
Salmonella Enteritidis isolation from feces in conventional cages decreased significantly (P < 0.0001) to
50.0% at 2 wk post-inoculation, further to 22.2% at 3 wk
post-inoculation (P = 0.0009), and decreased again to
8.3% at 5 wk post-inoculation (P = 0.0353). In samples
from enriched cages, Salmonella Enteritidis recovery declined significantly to 36.1% at 2 wk post-inoculation
(P < 0.0001) and then to 6.9% at 3 wk post-inoculation
(P < 0.0001). The last positive results for Salmonella
Enteritidis detection from feces in this trial were at 8 wk
post-inoculation in colony cages and at 10 wk in conventional cages. Salmonella Enteritidis was found in fecal
samples significantly (P = 0.0166) more often from conventional cages than from enriched cages at 3 wk postinoculation, but no differences between the two treatment groups were observed at any other sampling date.
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1
After oral inoculation of all hens with approximately 108 cfu of
Salmonella Enteritidis.
a,b
Values in rows that share no common lower-case superscripts are
significantly (P < 0.05) different.
A–D
Values in columns that share no common upper-case superscripts
are significantly (P < 0.05) different.
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the frequency of positive results from fecal samples
was significantly greater for conventional cages than
from enriched colony cages at 1 wk (84.7% vs. 71.5%;
P = 0.0099), 2 wk (54.2% vs. 31.3%; P = 0.0001), 3 wk
(21.5% vs. 7.6%; P = 0.0013), 4 wk (9.7% vs. 2.8%;
P = 0.0259), and for the total of all sampling dates
(20.1% vs. 13.3%, P < 0.0001). None of the fecal samples collected before inoculation in either trial were positive for Salmonella.

DISCUSSION

been an inconsistent predictor of the likelihood of systemic infection and egg contamination by Salmonella
Enteritidis (Gast and Holt, 2000; Gast et al., 2005).
The prevalence of fecal shedding by infected hens in
commercial laying flocks can fluctuate over time (Wales
et al., 2007; Schulz et al., 2011). Nevertheless, persistent shedding of Salmonella Enteritidis by even a small
proportion of hens in a flock could prolong opportunities for horizontal transmission to other birds and ultimately the production of contaminated eggs. In the
present study, oral infection with doses of 108 cfu of
Salmonella Enteritidis led to detectable fecal shedding
for up to 8 wk by hens housed in enriched colony cages
and 10 wk by hens housed in conventional cages. These
results paralleled those of a prior study in which inoculation with ≥106 cfu led to fecal shedding for at
least 8 wk (Gast et al., 2013b). The frequency and duration of fecal shedding of Salmonella Enteritidis are
directly correlated with the oral exposure dose (Gast
and Holt, 2000; Gast et al., 2011b; Gast et al., 2013a).
However, horizontal contact transmission of naturally
occurring infections in commercial flocks typically involves relatively low exposure doses and accordingly
results in correspondingly infrequent infection and egg
contamination (Gast and Holt, 1999; DeWinter et al.,
2011; Esaki et al., 2013). The two Salmonella Enteritidis phage types used to infect hens in the present
study were recovered from fecal samples at similar overall frequencies, although the phage type 13a strain
was shed in feces for a longer post-inoculation interval
(10 wk) than the phage type 4 strain (6 wk). The phage
typing scheme for Salmonella Enteritidis has been epidemiologically useful for establishing relationships between strains from different sources, but it does not
delineate consistent differences in the potential of individual strains to cause egg contamination (Gast and
Holt, 2000; Gantois et al., 2009; Guard et al., 2011).
The management systems and facilities used to house
laying hens can exert powerful influences on the sources,
transmission, and persistence of pathogens such as
Salmonella Enteritidis within flocks (Carrique-Mas
et al., 2009a). However, diverse and sometimes contradictory results have emerged from prior research
comparing the effects of the various housing systems
on the prevalence of Salmonella infection and environmental contamination. For example, cage-free housing systems have been associated with higher levels of
Enterobacteriaceae on egg shells (Jones and Anderson,
2013), more frequent Salmonella isolation from environmental samples, and a greater likelihood of horizontal transmission of Salmonella infection within flocks
(De Vylder et al., 2011; Hannah et al., 2011; Watanabe
et al., 2012). Access of poultry to outdoor areas vulnerable to pathogen introduction from external sources
can be a particularly significant Salmonella risk factor
(Mollenhorst et al., 2005). In other studies, cagebased housing systems were associated with a higher
probability of Salmonella infection in flocks, especially in the presence of large populations of rodents
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The persistence of environmental contamination in
egg production facilities creates an important potential
reservoir for introducing Salmonella Enteritidis infection into successive laying flocks (Dewaele et al., 2012a,
b; Lapuz et al., 2012). Distributed widely throughout laying houses in association with dust and feces
(Garber et al., 2003; Kinde et al., 2005), Salmonella
Enteritidis contamination can be magnified by severe rodent or insect infestations to levels that will
survive standard cleaning and disinfection procedures
(Carrique-Mas et al., 2009b; Snow et al., 2010). A variety of risk factors have been linked to elevated environmental Salmonella prevalence, including larger flock
size, greater flock age, and housing in older facilities
(Huneau-Salaün et al., 2009; Van Hoorebeke et al.,
2010a; Pitesky et al., 2013). Following introduction
from environmental sources, horizontal transmission of
infection can disseminate Salmonella Enteritidis rapidly
and extensively throughout flocks (Gast et al., 1998;
Thomas et al., 2011). Stress associated with feed or
water deprivation or with environmental heat can increase the susceptibility of hens to horizontally transmitted Salmonella Enteritidis infection (Humphrey,
2006; Okamura et al., 2010). Fecal shedding of
Salmonella by infected hens can be a major contributor to overall environmental contamination levels, but
the magnitude of fecal shedding does not always correlate strongly with the probability of pathogen detection
by environmental sampling. (Wales et al., 2006). Dust
samples have been reported to provide both a higher
frequency of Salmonella Enteritidis isolation (Arnold
et al., 2014b) and a longer duration of positive results (Gole et al., 2014) than fecal samples. The sensitivity of Salmonella detection from chicken feces (70
cfu) has been found to be lower than the comparable value for poultry house dust (Martelli et al., 2014).
Combinations of feces and dust are sometimes recommended for optimal detection of environmental contamination (Carrique-Mas and Davies, 2008; Arnold et al.,
2010).
Fecal shedding of salmonellae is a product of their
ability to adhere to cells of the avian intestinal tract.
Intestinal colonization by Salmonella usually declines
steadily following experimental infection of mature
chickens (Gast et al., 2005, 2011b), but can sometimes
persist for an extended period (Li et al., 2007; Gast
et al., 2009). However, persistent fecal shedding has
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