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ABSTRACT Contamination of eggs by Salmonella
has often been identified as a source of food-borne
human illness. S. Enteritidis is deposited inside devel-
oping eggs when invasive infections of laying hens
reach the reproductive organs. The susceptibility of
hens in cage-based housing systems to S. Enteritidis
has been associated with their stocking density, but
the applicability of this information to extensive
(cage-free) systems is uncertain. The present study
assessed internal organ colonization by S. Enteritidis
in egg-type pullets reared at 2 different stocking densi-
ties in cage-free housing. Pullets were reared at either
374 cm2 or 929 cm2 of floor space per bird. At 16 wk of
age, 4 groups of 72 pullets were moved into isolation
rooms simulating commercial cage-free barns; 1/3
of the pullets in 2 rooms were orally inoculated with S.
Enteritidis immediately after transfer and pullets in 2
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rooms were similarly infected at 19 wk. At 6 and 12 d
postinoculation, the pullets were euthanized and sam-
ples of liver, spleen, and intestinal tract were removed
for bacteriologic culturing. No significant differences
(P > 0.05) in S. Enteritidis isolation frequencies from
any tissue were observed between high and low den-
sity rearing groups following infection at either age.
However, S. Enteritidis was found significantly (P <
0.05) more frequently among pullets infected orally at
19 wk than at 16 wk in spleens and intestines. Like-
wise, the frequency of S. Enteritidis isolation from all
birds (inoculated plus contact-exposed) at 19 wk was
significantly higher than at 16 wk in livers and spleens.
This increased susceptibility to invasive S. Enteritidis
infection at reproductive maturity emphasizes the
importance of risk reduction at a critical stage in the
egg production cycle.
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INTRODUCTION

Eggs contaminated by Salmonella have been impli-
cated as prominent sources of human illness for many
years, a problem which poses a continuing challenge to
public health agencies and poultry industries on several
continents (Chousalkar et al., 2018). The incidence of
human Salmonella enterica serovar Enteritidis infec-
tions is directly related to the prevalence of this organ-
ism in commercial laying flocks, and isolates from
poultry sources are often genetically identical to those
responsible for human disease outbreaks. Epidemiolo-
gists have identified eggs and egg products as the most
common food vehicles for transmitting human salmonel-
losis in Europe and as the animal product most often
linked to human S. Enteritidis infections in the United
States. The reported incidence of human S. Enteritidis
infections in the United States in 2018 had not declined
for more than a decade, despite the implementation of a
comprehensive national risk reduction and flock testing
program for commercial egg production in 2010.
Oral ingestion of S. Enteritidis by chickens can lead to

colonization of the gastrointestinal tract and invasion to
reach the liver and spleen within hours of exposure. In
mature laying hens, further dissemination of the patho-
gen to the ovaries and oviducts sometimes results in bac-
terial deposition inside the edible portions (yolk and
albumen) of forming eggs prior to enclosure within the
shell and oviposition (Gantois et al., 2009). This process
has been variously ascribed to intracellular survival in
chicken macrophages, adherence to reproductive tract
mucosa, and invasion of ovarian granulosa cells.
Although S. Enteritidis is typically cleared from the
internal organs of hens within a few weeks after expo-
sure, continuing fecal shedding into the laying house
environment by a few persistently infected individuals
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can perpetuate horizontal transmission of Salmonella
within a flock.

The prevalence of food-borne pathogens such as Sal-
monella in commercial laying flocks depends on both
the physical design characteristics of poultry housing
facilities and the management practices employed to
operate them. Commercial egg production in much of
the world is currently undergoing a transition from
conventional cage-based hen housing systems toward
less space-intensive alternatives such as indoor cage-
free aviaries or outdoor free-range systems. This trans-
formation is intended to address animal welfare con-
cerns regarding traditional caging but its food safety
consequences are not yet entirely clear. Understanding
how housing and management decisions affect the
presence and levels of Salmonella in laying hens and
their environment (and ultimately the production of
contaminated eggs) is vital for ensuring a safe transi-
tion of the industry into cage-free systems. Stocking
density (floor space per bird) is an important parame-
ter with relevance across all housing systems.
Although prior research has established a relationship
between the stocking density at which laying hens are
held and the observed outcomes of Salmonella infec-
tion (Gast et al., 2016), the available data do not indi-
cate whether stocking densities utilized during pullet
rearing could subsequently affect susceptibility to Sal-
monella infection when exposure to the pathogen
occurs after transfer to laying facilities and at or near
the age of sexual maturity. The objective of the pres-
ent study was to assess horizontal transmission and
invasion of internal organs by S. Enteritidis in pullets
reared at 2 different stocking densities in cage-free
housing and experimentally infected at either 16 or 19
wk of age.
MATERIALS AND METHODS

Experimental Housing of Layer Pullets

In each of 2 similar trials, 288 female Tetra Brown
chicks (a strain used by the commercial egg industry)
were obtained from a breeding company and reared on
floors covered with wood shavings in cage-free barns at
Purdue University (West Lafayette, IN) without vacci-
nation against Salmonella infection. Pullets in one trial
were reared at a stocking density of 374 cm2 of floor
space per bird (high density rearing) and pullets in the
other trial were reared at a stocking density of 929 cm2

of floor space per bird (low density rearing). At 16 wk of
age, the birds in both trials were transferred to the U.S.
National Poultry Research Center (Athens, GA), dis-
tributed evenly (72 per room) between four separate iso-
lation rooms in a disease-containment facility, and
housed on wood shavings at a density of 1,710 cm2 of
floor space per bird with a lighting schedule typical for
commercial egg production. Each isolation room simu-
lated a commercial cage-free barn with community kick-
out nest boxes and perches. Water was supplied ad libi-
tum via automatic nipple-type drinkers and feed
(antibiotic-free, ground-mash layer ration) was provided
according to standards for commercial egg production.
The experimental protocol (USNPRC-2019-001) was
approved by the Institutional Animal Care and Use
Committee of the U.S. National Poultry Research
Laboratory.
Preinoculation Cloacal Swab Samples

Immediately before pullets in each containment room
were inoculated, sterile cotton swabs were used to collect
cloacal swab samples from 60 randomly selected birds
per room. Each sample was transferred into 10 mL of
buffered peptone water (BPW; Acumedia, Neogen
Corp., Lansing, MI) and incubated for 24 h at 37℃. A
0.1 mL portion of each culture was then transferred into
10 mL of Rappaport-Vassiliadis broth (Acumedia) and
incubated for 24 h at 41.5℃. A 10-mL portion from each
of these broth cultures was then streaked onto brilliant
green (BG) agar (Acumedia) supplemented with
0.02 mg/mL of novobiocin (Sigma Chemical Co., St.
Louis, MO). These plates were incubated for 24 h at
37℃ and then examined for the presence of typical Sal-
monella colonies.
Experimental Infection of Layer Pullets With
S. Enteritidis

After transfer to the containment facility in each trial,
24 of the 72 pullets in 2 replicate isolation rooms were
orally inoculated with a measured dose of a 2-strain mix-
ture (phage types 4 and 13a) of S. Enteritidis at 1 d after
placement into the containment facility at 16 wk of age.
An identical proportion of pullets in the other two repli-
cate rooms were similarly orally inoculated at 21 d post-
placement (19 wk of age). Both Salmonella strains were
originally isolated from internal organs of naturally
infected chickens in commercial settings. Each inoculum
strain was resuscitated by transfer into tryptic soy broth
(Acumedia) for two successive cycles of 24-h incubation
at 37℃. After cell numbers in each incubated culture
were estimated by determining its optical density at
600 nm, equal numbers of the two inoculum component
strains were combined, and further serial dilutions in
0.85% saline were performed to achieve the desired final
cell concentration. Plate counts on BG agar confirmed
that the final cell concentration in each 1.0-ml oral inoc-
ulum dose was 5.3 £ 107 cfu (equalized for both trials).
Orally infected pullets were identified by colored leg
bands.
Internal Organ Samples

At 6 d postinoculation in each trial, 36 pullets per
room were randomly selected (12 orally infected birds
and 24 uninoculated birds) and humanely euthanized
for bacteriologic culture of internal tissues. Portions
(approximately 5−10 g) of the liver, spleen, and intesti-
nal tract (including the ileocecal junction and adjacent
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regions of both ceca) from each pullet were aseptically
removed, transferred to 20 mL of BPW, and mixed by
stomaching for 30 s. After incubation for 24 h at 37℃, a
1-mL portion of each culture was transferred to 9 mL of
tetrathionate broth (Acumedia) and incubated for 24 h
at 37℃. A 10-mL aliquot of each culture was then
streaked onto BG agar plus novobiocin. Following incu-
bation of these plates for 24 h at 37℃, typical S. Enteri-
tidis colonies were subjected to biochemical and
serological confirmation (Gast et al., 2019). This sam-
pling procedure was repeated for the remaining 36 pul-
lets in each isolation room at 12 d postinoculation. The
two sampling dates were chosen to represent peak and
post-peak intervals for the frequency of systemic dissem-
ination of infection following oral exposure (Gast et al.,
2020).
Statistical Analysis

Significant differences (P < 0.05) between rearing den-
sities, postplacement infection intervals, or postinfection
sampling intervals in the mean frequencies of S. Enteriti-
dis isolation from internal organs were determined by
Fisher’s exact test. Because the 2 replicate rooms within
each trial never differed significantly in Salmonella
recovery from any of the 3 sampled tissues, their results
were combined for analysis and presentation. Data were
analyzed with Instat biostatistics software (GraphPad
Software, San Diego, CA).
RESULTS AND DISCUSSION

No preinfection cloacal swab samples were Salmo-
nella-positive in either trial. After pullets were infected
with S. Enteritidis at either 16 or 19 wk of age (1 d and 3
wk, respectively, following transfer from the rearing
facility) and sampled for internal organ colonization 6 d
later, the pathogen was recovered from at least 54.2% of
livers, 58.3% of spleens, and 83.3% of intestines from
groups of orally inoculated birds and from at least 14.6%
of livers, 16.7% of spleens, and 64.6% of intestines from
groups of contact-exposed birds (Table 1). When sam-
ples were collected 12 d postinfection, S. Enteritidis was
isolated from at least 29.2% of livers, 25.0% of spleens,
and 75.0% of intestines from groups of orally inoculated
pullets as well as from at least 14.6% of livers, 14.6% of
spleens, and 54.2% of intestines from groups of contact-
exposed pullets (Table 1). There were no significant dif-
ferences (P > 0.05) in S. Enteritidis isolation frequencies
between high and low density rearing groups associated
with either of the 2 postplacement infection intervals or
with either of the 2 postinfection sampling intervals. For
both sampling dates (6 plus 12 d postinfection) and both
rearing densities (high and low) combined, S. Enteritidis
was found at significantly higher frequencies among pul-
lets infected orally at 19 wk than at 16 wk in spleen
(68.8% vs. 49.0%; P = 0.0081) and intestinal (96.9% vs.
84.4%; P = 0.0051) samples. Similarly, for both routes
of pathogen introduction (orally inoculated plus
contact-exposed) combined, the frequency of S. Enteriti-
dis isolation after infection at 19 wk was significantly
higher than at 16 wk from livers (38.9% vs. 29.2%;
P = 0.0175) and spleens (39.9% vs. 28.1%; P = 0.0037).
The introduction, transmission, and persistence of

Salmonella and other food-borne pathogens in poultry
are influenced by numerous characteristics of their hous-
ing environment, including levels of dust and moisture
and the presence of vectors such as rodents and insects.
These environmental risk factors can vary substantially
according to flock biosecurity and sanitation practices,
but design elements inherent to poultry housing systems
can also play important roles. A considerable body of
published work has extensively described the progres-
sion of S. Enteritidis infections in caged laying hens, but
the corresponding documentation for more extensive
systems is not as thorough. The intestinal microbiota of
hens in cage-free systems has been reported as less
diverse than that of caged birds (Wiersema et al., 2021),
implying a possibility for different responses to pathogen
exposure in different systems.
Studies comparing housing systems have generated

diverse and often contradictory results about their asso-
ciated frequencies of Salmonella environmental preva-
lence, hen infection, and egg contamination (Whiley and
Ross, 2015). Variations within and between housing sys-
tems in bird stocking densities, levels of exposure to con-
taminated dust and feces, and populations of biological
vectors often confound the dependability of comparative
conclusions. In a large field study conducted under com-
mercial management conditions, the prevalence of Sal-
monella in egg shell and environmental samples was
similar for hens in conventional cages, enriched colonies,
and cage-free aviaries (Jones et al., 2015), although
unique pathogen risk factors were identified in each type
of housing. One specific observation from prior research
with broad potential significance is that high hen stock-
ing densities were linked to more frequent invasion of
internal organs by S. Enteritidis in experimentally
infected hens housed in either conventional cages or
enriched colonies (Gast et al., 2016, 2019), perhaps
attributable to immunologically suppressive stress.
However, the possibility that the stocking densities at
which egg-type pullets are reared might affect their sus-
ceptibility to S. Enteritidis infection in a manner that
persists until exposure at or near sexual maturity has
not been previously explored.
In the present study, rearing pullets at 2 different

stocking densities did not affect the susceptibility of
birds to internal organ colonization by S. Enteritidis,
either when they were infected immediately after trans-
fer into cage-free containment rooms or 3 wk later. As
all pullets were reared in cage-free facilities, one possible
explanation for the absence of a significant rearing den-
sity effect on infection outcomes is that any stress associ-
ated with higher stocking densities in conventional cage
or enriched colony systems in prior experiments was not
caused at similarly high stocking densities in a cage-free
environment. Alternatively, any stress-induced increase
in infection susceptibility that occurred during rearing



Table 1. Recovery of Salmonella Enteritidis from internal organs of orally infected and contact-exposed pullets in cage-free housing after
rearing at different stocking densities.1

Orally inoculated Contact-exposed

Liver Spleen Ileum/Ceca Liver Spleen Ileum/Ceca
______________Salmonella-positive/total (%)______________

Infected at 16 wk of age
Sampled 6 d postinfection

High density 17/24 (70.8)a 16/24 (66.7)ab 24/24 (100)a 11/48 (22.9)ab 8/48 (16.7)a 35/48 (72.9)ab

Low density 13/24 (54.2)ab 14/24 (58.3)ab 20/24 (83.3)ab 7/48 (14.6)a 9/48 (18.8)a 31/48 (64.6)ab

Sampled 12 d postinfection
High density 9/24 (37.5)b 11/24 (45.8)ac 19/24 (79.2)b 11/48 (22.9)ab 7/48 (14.6)a 35/48 (72.9)ab

Low density 7/24 (29.2)b 6/24 (25.0)c 18/24 (75.0)b 9/48 (18.8)ab 10/48 (20.8)a 32/48 (66.7)ab

Infected at 19 wk of age
Sampled 6 d postinfection

High density 23/24 (95.8)c 22/24 (91.7)d 24/24 (100)a 18/48 (37.5)b 15/48 (31.3)a 39/48 (81.3)b

Low density 19/24 (79.2)ac 17/24 (70.8)bd 24/24 (100)a 18/48 (37.5)b 15/48 (31.3)a 35/48 (72.9)ab

Sampled 12 d postinfection
High density 9/24 (37.5)b 14/24 (58.3)ab 23/24 (95.8)ab 7/48 (14.6)a 8/48 (16.7)a 28/48 (58.3)a

Low density 9/24 (37.5)b 13/24 (54.2)abc 22/24 (91.7)ab 9/48 (18.8)ab 11/48 (22.9)a 26/48 (54.2)a

a,b,c,dValues in columns that share no common superscripts are significantly (P < 0.05) different.
1Pullets were reared in cage-free housing at stocking densities of either 374 cm2 (high density) or 929 cm2 (low density) of floor space per bird and placed

into 4 rooms of a cage-free disease containment facility at 16 wk of age. 24 of 72 pullets in each of 2 rooms were orally inoculated with approximately 5.3 £
107 cfu of a two-strain mixture of S. Enteritidis at 1 d post-placement. Pullets in the other 2 rooms were similarly inoculated at 21 d postplacement. The
remaining pullets in each room were exposed to infection by horizontal contact. 1/2 of the orally inoculated birds and 1/2 of the contact-exposed birds in
each room were sampled for the presence of S. Enteritidis in internal organs at 6 d postinfection and the other 1/2 at 12 d.
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at a higher stocking density may not have persisted after
the pullets were transferred into cage-free containment
housing at a lower density.

In a study conducted using the same cage-free housing
system as the present investigation, widespread horizon-
tal dissemination of S. Enteritidis was reported during
the first 2 wk after the pathogen was introduced into
groups of laying hens, and high frequencies of invasion
to internal organs were observed in both orally infected
and contact-exposed hens (Gast et al., 2020). The exten-
sive access of birds to each other and to feces-contami-
nated flooring substrate in cage-free systems may
facilitate horizontal transmission of salmonellae and
thereby prolong the production of contaminated eggs by
newly infected hens. In the present study, the frequen-
cies of S. Enteritidis isolation from internal organs of
both orally inoculated and contact-exposed pullets
infected at 19 wk of age were similar to previously noted
values for laying hens infected at 24 wk (Gast et al.,
2020). However, the overall frequencies of S. Enteritidis
recovery from all 3 sampled tissues of pullets infected at
16 wk in the current study were significantly lower than
for the birds infected 3 wk later (even though the youn-
ger group potentially experienced transport stress from
being moved between facilities just before Salmonella
inoculation). Prior data have shown in several instances
that the Salmonella load in the tissues of infected birds
can increase at the point of sexual maturity, perhaps
due to temporarily decreased immunological responsive-
ness. For example, Wigley et al. (2005) determined that
the loss of T-cell activity at the point of lay was associ-
ated with S. Pullorum infection of the reproductive tract
and deposition in eggs. Moreover, the frequency of egg
contamination by Salmonella has been found to be
greater at the onset of laying than at any later time dur-
ing egg production (Crabb et al., 2019). Additional accu-
mulation of dust and feces over time might also facilitate
horizontal transmission of infection in older birds. The
increased susceptibility to invasive S. Enteritidis infec-
tion at sexual maturity observed in the present study
may represent a significant risk factor for this food safety
pathogen in young hens and thus calls for attentive risk
reduction efforts at this critical stage in the life cycle of
laying flocks.
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