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ABSTRACT Concerns regarding the welfare of laying
hens have led to the ban of conventional battery cages
in Europe from 2012 onward and to the development of
alternative housing systems that allow hens to perform
a broader range of natural behaviors. Limited informa-
tion is available about the consequences of alternative
housing systems on transmission of zoonotic pathogens
such as Salmonella Enteritidis. However, Salmonella
enterica serovar Enteritidis continues to be one of the
leading causes of bacterial foodborne disease worldwide
and this is mainly attributed to the consumption of
contaminated eggs. A transmission experiment was
performed to quantify the effect of the housing sys-
tem on the spread of a Salmonella Enteritidis infection
within a group of layers and on internal egg contamina-
tion. At the age of 16 wk, 126 birds housed on the floor

were inoculated with Salmonella Enteritidis. Three
weeks later, the inoculated hens were housed together
with equal numbers of susceptible contact animals in 4
different housing systems: a conventional cage system,
a furnished cage, an aviary, and a floor system. Trans-
mission and egg contamination were followed during
a 4-wk period. A trend toward increased bird-to-bird
transmission was detected in the aviary and floor sys-
tem compared with the cage systems. Also, significant-
ly more contaminated eggs were found in the aviary
compared with the cage systems and the floor system.
These results suggest that there is a clear need to op-
timize and maintain Salmonella surveillance programs
when laying hens will be moved from conventional cage
systems to alternative housing systems.
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INTRODUCTION

In response to public awareness about the welfare of
laying hens, the European Commission has issued the
Council Directive 1999/74/EC, which prohibits con-
ventional battery cages for laying hens from January
1, 2012 onward (European Communities, 1999). From
then on, furnished cages and alternative noncage sys-
tems, such as aviaries and floor systems, will replace
conventional cage housing to improve the welfare of
layers (Tauson, 2005). Yet, limited information is avail-
able about the consequences of alternative housing sys-
tems on transmission of zoonotic pathogens, such as
Salmonella enterica serovar Enteritidis, in hens housed
in these systems. Concerns were raised about the de-
creased hygienic status found in alternative housing
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systems, which could result in an easier spread of in-
fectious agents (Duncan, 2001; EFSA, 2005). Studies
have been carried out to determine the prevalence of
Salmonella in laying hens housed under different sys-
tems. Most epidemiological data showed a higher prev-
alence of Salmonella in layer flocks housed in conven-
tional cages compared with flocks housed in alternative
systems (Methner et al., 2006; EFSA, 2007; Snow et
al., 2007, 2010; Namata et al., 2008; Huneau-Salatin et
al., 2009; Van Hoorebeke et al., 2010), with some ex-
ceptions (Schaar et al., 1997; Mollenhorst et al., 2005;
Pieskus et al., 2008). These findings may have been in-
fluenced by farm and flock size, age of the housing sys-
tem, and geographical distribution of the housing sys-
tems. To assess the specific role of the housing system
in shedding and colonization of Salmonella Enteritidis,
controlled infection trials were performed in laying hens
housed in different housing systems (De Vylder et al.,
2009). In these trials, environmental conditions (such
as temperature and humidity), strain, sampling meth-
od, and detection method were identical for the differ-

1391



1392

ent groups. It was concluded that moving hens from
conventional battery cages to the more welfare-friendly
furnished cages and aviaries would cause no additional
risk for Salmonella colonization of the gut and internal
organs (De Vylder et al., 2009). In this model, however,
all birds were inoculated with high doses, most likely
not reflecting the field situation. Moreover, no field or
experimental studies have addressed the effect of the
housing system on transmission of Salmonella Enter-
itidis within a flock. Differences in direct bird-to-bird
contact and in the behavior of birds in the different
housing systems might affect the dissemination of infec-
tion within a flock.

The purpose of the present study was to quantify
the effect of the housing system on transmission of a
Salmonella Enteritidis infection within groups of lay-
ing hens housed in different systems under controlled
conditions, using an infection model in which low level
shedders or Salmonella-positive nonshedders were in-
troduced in a group of fully susceptible laying hens.

MATERIALS AND METHODS
Birds

A total of 252 commercial, non-Salmonella-vaccinat-
ed, floor-reared ISA Brown laying hens of 14 wk of
age were used. The Salmonella status of all hens was
tested by bacteriological analysis of cloacal swabs and
by serological testing. All hens had free access to drink-
ing water and were fed ad libitum. A 16:8 L:D lighting
scheme was applied.

Strain

The nalidixic acid-resistant Salmonella Enteritidis
phage type 4, strain NIDO 76Sa88, was used. This
well-characterized strain was isolated from an outbreak
of salmonellosis at a poultry farm (Van Immerseel et
al., 2004; Bohez et al., 2008; De Vylder et al., 2009).
The strain was cultured aerobically in Luria Bertani
broth (Sigma-Aldrich, St. Louis, MO) supplemented
with 20 pg/mL of nalidixic acid (Sigma-Aldrich) for
20 h at 37°C while shaking. The number of colony-
forming units per milliliter was determined by plating
6 x 20 pL of a 10-fold dilution series of the culture
on brilliant green agar (BGA; LabM, Lancashire, UK)
supplemented with nalidixic acid. The suspension was
stored overnight at 4°C before use in the experiment.
The appropriate inoculation dose was obtained by fur-
ther diluting the suspension with PBS.

Housing Systems

Four housing systems, a conventional battery cage
system, a furnished cage, an aviary, and a floor sys-
tem, were used. The housing systems were installed in
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separate rooms with the same environmental condi-
tions (feed, water, temperature, air humidity, lighting
scheme). All rooms were provided with a high efficiency
particulate air filter. All systems fulfilled the stocking
density requirements of the European legislation.

Conventional Cages. Each cage in the conventional
battery cage system (Big Dutchman, Vechta, Germany)
had a width of 44 cm and a depth of 50 cm. Height
varied between 38 and 42 cm. In each cage 4 hens were
housed with an area of 550 cm?/hen. The conventional
cage system consisted of 3 columns of 3-tier cages at
both sides.

Furnished Cages. The furnished cage [Eurovent
EV625a-EU60 (Kleinvoliere), Big Dutchman] measured
125 cm x 361.8 cm. The height varied between 45 and
52.5 cm. The cage was designed for 60 hens and pro-
vided an area of 750 cm?/hen. Perches were available
on 1 level, resulting in 15 cm of perch/hen. A litter mat
(0.57 m?) was available at the front of the cage. A nest
(0.57 m?), obscured by curtains, was installed at the
back of the cage.

Aviary. The aviary (Natura-Nova, Big Dutchman)
consisted of a platform of 120 cm x 190 cm. The height
varied between 148 and 156 cm. A laying nest, with tilt-
ing nest floor and obscured by curtains, was installed
at the back of the platform. The nest measured 46.8
cm x120 cm and was closed at night. Perches of a total
length of 9.6 m were available on 3 levels. A ground
floor area, measuring 185 cm %255 c¢m, was provided
at the front side of the platform and was covered with
wood shavings. The hens had no access to the floor
under the platform. The system provided an area of
1,166 cm?/hen.

Floor System. Layers were housed on a floor covered
with wood shavings. A surface of 1,142 cm?/hen was
provided. Five double nest boxes were available for 60
hens. The nests, measuring 63 cm x 47 cm and 34 cm
high, were placed on 2 levels.

Experimental Setup

The experimental protocol was approved by the Ethi-
cal Committee of the Faculty of Veterinary Medicine,
Ghent University (Merelbeke, Belgium). On the day of
arrival, all hens were marked individually by means of
a leg tag and were housed on the floor in a single isola-
tion unit for 2 wk to adjust to the new environment.
After the 2-wk acclimatization period, the hens were
randomly divided into 2 groups. A total of 126 non-
inoculated contact animals were housed in 4 different
housing systems: 1) 36 hens in battery cages, 2) 30 hens
in a furnished cage, 3) 30 hens in an aviary, and 4) 30
hens in a floor system. The remaining 126 hens, called
seeder hens, stayed on the floor and were individually
inoculated orally with approximately 109 cfu of a nali-
dixic acid-resistant Salmonella Enteritidis strain. They
were kept separate from the contact animals until 3 wk
after inoculation. This was done to mimic field condi-
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tions in which only a relatively small number of hens
in a flock are found to be shedding (Van Hoorebeke et
al., 2009).

On d 1, 4, 7, 14, and 21 postinfection, cloacal swabs
were taken from all seeder hens to evaluate the fecal
shedding. On d 21 postinfection, serum samples were
taken of all seeder hens for the detection of anti-Sal-
monella antibodies. On d 22 postinfection (d 0 post-
socialization), the seeder hens were randomly divided
into 4 groups and housed together with the noninfected
contact hens in the different housing systems such that
in each housing system 50% seeders and 50% contact
animals were present. Seeders and contact animals were
housed together for 4 wk.

On d 3, 7, 14, 21, and 28 postsocialization, cloacal
swabs were taken of all hens to follow shedding. On d
28 postsocialization, all layers were killed with an in-
travenous injection of T61 (Intervet, Brussels, Belgium)
and whole organ samples of ceca, spleen, liver, ovary,
and oviduct were taken for bacteriological analysis.
From d 1 postsocialization, eggs were collected at the
egg belts of all systems on a daily basis.

Bacteriological Analysis

Cloacal swabs were preenriched in 2 mL of buffered
peptone water (Oxoid, Basingstoke, UK) for 20 + 1
h at 37 + 1°C, followed by selective enrichment (1:10
dilution) in tetrathionate brilliant green broth (Merck,
Darmstadt, Germany) for 20 + 1 h at 37 £ 1°C. A
loopful of this suspension was plated on BGA supple-
mented with nalidixic acid and incubated for 20 + 1 h
at 37 £+ 1°C.

Samples of ceca, spleen, liver, ovary, and oviduct
were homogenized and preenriched in buffered peptone
water (1:10 dilution). Enrichment was performed by
adding 1 mL of the preenrichment suspension to 9 mL
of tetrathionate brilliant green broth for 20 + 1 h at
37 + 1°C. A loopful of this suspension was streaked on
BGA supplemented with nalidixic acid and incubated
for 20 + 1 h at 37 + 1°C.

To analyze the internal contents of the eggs for the
presence of Salmonella Enteritidis, the previously de-
scribed method of Gantois et al. (2008) was used. Fe-
ces and dirt were each removed with a scalpel from
the surface of the eggs at the time of collection. The
egg shell was decontaminated by first dipping in Lugol
solution (Sigma-Aldrich) followed by dipping in 70%
ethanol. Eggs were broken aseptically and the contents
of 5 eggs were pooled in sterile plastic bags. Forty mil-
liliters of buffered peptone water was added to the
pooled egg contents and this solution was homogenized
with a stomacher for 3 min. After approximately 48 h
of incubation at 37 + 1°C (Humphrey and Whitehead,
1992), further enrichment in tetrathionate brilliant
green broth (1:10 dilution) was performed for 20 + 1 h
at 37 + 1°C. To detect Salmonella bacteria, a loopful
of broth was streaked onto BGA supplemented with
nalidixic acid and incubated for 20 + 1 h at 37 + 1°C.
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Serology

On d 21 postinfection, blood samples were collected
from the brachial vein of all seeder hens using a 21-Ga
needle and a 1-mL syringe. Samples were expelled in
a blood collection tube. The tubes were centrifuged at
1,800 x ¢ for 10 min to obtain the sera. Serum samples
were stored at —20°C before the analysis. The sera were
analyzed in duplicate using an indirect ELISA, based
on the detection of antilipopolysaccharide antibodies
(Desmidt et al., 1996).

Statistical Analysis

An adjusted reproduction number (R) was used to
quantify the effect of the housing system on the trans-
mission of Salmonella Enteritidis within a group of lay-
ing hens. This R reflects the average number of sec-
ondary infections generated by 1 infected animal in a
totally susceptible population for the duration of the
experiment (4 wk).

For the analysis, the process of transmission of Sal-
monella Enteritidis between hens was assumed to be in
accordance with the susceptible—infectious model. As a
consequence, we assumed that once an animal was in-
fected it did not recover before the end of the trial and
remained infectious (Meyns et al., 2006). The infectious
status of the hens was determined based on the results
of the bacteriological analysis of the ceca and internal
organs. A hen was considered infectious if 1 or more
organ samples were colonized with Salmonella.

Using the algorithm described by De Jong and Kim-
man (1994), we calculated the probability distribution
of the final size for the given parameters and start con-
ditions. The probability distribution of the final size
was represented by F(X; | Rp, N, S, Iy), with X; the
number of contact infected hens, N the population size,
So the number of susceptible hens at the start of the
experiment, and Iy the number of infectious hens at the
start of the experiment. Subsequently, the R value
was numerically estimated by means of the maximum
likelihood estimator: Rt = max II F (Xj, Rq|N, Sq, Ip).

Statistical differences in internal egg contamination
were determined by Fisher’s exact test. The P-values
below 0.05 were significant. Data analysis was per-
formed using GraphPad software (GraphPad Software
Inc., La Jolla, CA).

RESULTS

During the experiment, 1 seeder hen died in a con-
ventional battery cage as a consequence of egg binding,
a potentially fatal disorder caused by the inability of
the hen to expel an egg. In the furnished cage, 4 hens
were euthanized before the end of the trial, 1 with a
traumatic injury and 3 with injuries attributed to se-
vere feather pecking and cannibalism. Injuries attribut-
ed to severe feather pecking and cannibalism were also
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Table 1. Results of the transmission experiment

Positive egg

Hens positive in >1
organ samples at end

Organs positive at necropsy, n

Hens killed/
died before end
of experiment, n

R value!

pools, n
(laid eggs, n)

Hens at

Housing

(95% CI)

02

(0-1.678)

of experiment, n

Oviduct

Liver Spleen Ovary

Ceca

start, n

Group

System

5/368

(1,778)

36
36
30

Seeder

Conventional cage

system

0.2012
(0.047-1.736)

3/302

(1,461)

Contact
Seeder

Furnished cage

0.464%
(0.159-2.161)

17/301P

(1,439)

— 0

[eniiaN]

[}

oo

Contact
Seeder

Aviary

0.966%
(0.491-2.688)

[arl i

30
30

Contact
Seeder

5/281°

(1,357)

Floor system

10

30

Contact

abValues within a column with different superscripts are significantly different (P < 0.05).

Rt = adjusted reproduction number reflecting the average number of secondary infections generated by 1 infected animal in a totally susceptible population for the duration of the experiment (4 wk).
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present in 2 hens in the aviary that were euthanized
before the end of the trial.

Salmonella Screening Before the Start
of the Experiment

Shedding of Salmonella was not detected. All birds
were found to be negative for antibodies against Sal-
monella Enteritidis before the start of the experiment.

Cloacal Swabs

Postinfection. On d 1 postinfection, 104/126 seeder
hens shed Salmonella. Over time the number of posi-
tive cloacal swabs decreased, and on d 21 postinfection
only 5/126 seeder hens had a Salmonella-positive cloa-
cal swab. Over the whole period postinfection, 9/126
seeder hens tested negative for Salmonella on all sam-
pling days.

Postsocialization. On d 3 postsocialization, shed-
ding of Salmonella was detected in 3/252 hens. All ex-
creting hens were seeder animals. Two hens were housed
in the conventional cage and 1 hen was housed on the
floor. On d 7, only 1 hen was shedding Salmonella. This
hen was also housed on the floor. No shedding was re-
corded on d 14, 21, and 28 postsocialization.

Serology

On d 21 postinfection, antibodies against Salmonella
Enteritidis were detected in the sera of all inoculated
hens, including the 9 seeder hens with negative cloacal
swabs. This indicated that the inoculation was success-
ful in all 126 seeder hens.

Necropsy

At the end of the trial, all chickens were killed and
samples of ceca, spleen, liver, ovary, and oviduct were
taken for bacteriological analysis. A hen was considered
to be Salmonella-positive if 1 or more organ samples
were colonized (Table 1). Four hens were found positive
in 1 or more organ samples in the conventional bat-
tery cage. All positive hens were seeder animals. In the
furnished cage, 6 hens were found positive in 1 or more
organ samples. One positive hen was a contact animal
and the other 5 hens were seeders. Eight layers of the
aviary tested positive in 1 or more organ samples. Five
of them were seeder animals and the other 3 were con-
tact animals. For the floor system, 15 hens were found
to be colonized in 1 or more organ samples. Five Sal-
monella-positive hens were seeder hens and the other 10
positive hens were contact animals.

Adjusted Reproduction Ratio

The R values (95% CI), based on the results of the
bacteriological analysis of the internal organs, were
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0 (0-1.678) for the conventional battery cage, 0.201
(0.047-1.736) for the furnished cage, 0.464 (0.159-
2.161) for the aviary, and 0.966 (0.491-2.688) for the
floor housing system (Table 1). No statistically signifi-
cant differences were detected for the transmission of
Salmonella Enteritidis between hens housed in the dif-
ferent housing systems.

Internal Egg Contamination

Over the entire postsocialization period, 1,778 eggs
were laid in the conventional cage, 1,461 in the fur-
nished cage, 1,439 in the aviary, and 1,357 in the floor
system. Throughout this period, 5/368 pools were
found positive for Salmonella Enteritidis in the con-
ventional cage. No significant differences were found
in the frequency of internal egg contamination in the
furnished cage (3/302) and in the floor system (5/281)
compared with the conventional cage. However, in the
aviary 17/301 pools were found positive, which was
significantly different (P < 0.005) compared with the
battery cage system, the furnished cage, and the floor
system (Table 1). The last positive egg pool, obtained
from birds housed in the aviary system, was detected
on d 19 postsocialization.

DISCUSSION

Transmission between birds is expected to be higher
in floor-raised birds and in groups of birds that are
able to have contact with all other animals in the flock.
Our data show that a trend confirms this statement.
The adjusted reproduction ratios obtained in our ex-
periment reflect the average number of animals that
became infected by 1 seeder animal during the obser-
vation period. For the conventional battery cage no
transmission was observed, whereas for the furnished
cage it was found that 1 seeder bird infected on aver-
age 0.201 contact animals. A slightly higher Rt value
of 0.464 was obtained for the aviary. The highest R
value was estimated in the floor system, where 1 seeder
bird infected on average 0.966 contact birds. It needs
to be emphasized that these values were obtained for a
4-wk observation period. Therefore, for a full produc-
tion cycle, which might take 40 to 50 wk, a much higher
number of secondary cases originating from 1 infectious
animal might be expected, especially because the infec-
tion is not cleared from infected animals and excretion
may flare up at any time during production.

The slightly higher transmission ratio noted for the
aviary and to a higher extent for the floor system com-
pared with the cage systems might be explained by
differences inherent to the housing systems. These in-
clude the hygienic status, air quality, and large group
housing, allowing intensive contact between birds. One
of the major advantages of cages is the better hygien-
ic status this system offers compared with alternative
systems. In cage systems, hens have limited contact

1395

with feces (Duncan, 2001). In contrast, in the aviary
and even more in the floor system, intensive contact
with litter contaminated with droppings is possible
and could increase the risk for enteric diseases (EFSA,
2005). A study of Ellen et al. (2000) showed the lowest
air dust concentrations in cage systems, whereas other
housing systems, such as percheries and aviaries, had
a 4 or 5 times higher dust concentration in the air.
This may also have had an influence on transmission
of the infection (Gast et al., 1998). Differences in the
induction of stress in the housing system may have also
influenced transmission of Salmonella. Indeed, previous
studies showed that stress can increase the susceptibil-
ity of chickens to horizontal transmission of Salmonella
Enteritidis infection (Nakamura et al., 1994; Holt, 1995;
Holt et al., 1998). Although alternative housing sys-
tems were implemented to improve the welfare of layers
by allowing birds to express more natural behaviors,
they also may lead to more feather pecking and stress
attributable to the large group housing (El-Lethey et
al., 2000; Rodenburg et al., 2005).

The bacteriological analysis of the egg contents
showed significantly more internally contaminated eggs
in the aviary system compared with the cage systems.
Although differences were found in the number of con-
taminated eggs, no relation could be established to the
internal colonization or the fecal shedding status of the
hens. This is in accordance with the results of a previ-
ously performed experiment in which nonshedding hens
still produced contaminated eggs. But correlation be-
tween the intestinal colonization and the production of
internally contaminated eggs could not be established
either (Gast and Beard, 1990). The higher number of
internally contaminated eggs in the aviary is difficult
to explain. Increased stress could play a role. Accord-
ing to Humphrey (2004), stress induces some changes
to the chemistry of the oviduct, which might create
an environment that is more susceptible for Salmonella
survival and also might affect the survival of Salmo-
nella in egg albumen.

In conclusion, a trend toward increased bird-to-
bird transmission of Salmonella was observed in layers
housed in the aviary and floor system compared with
the cage systems. Moreover, significantly more inter-
nally contaminated eggs were laid by hens kept in an
aviary compared with birds in the cage systems and
the floor system. This implies that, after moving laying
hens to alternative housing systems, Salmonella control
plans need to be maintained and additional care needs
to be taken to minimize within-flock transmission.
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