Sharma et al. Vet Res (2017) 48:5
DOI 10.1186/s13567-017-0414-9

m VETERINARY RESEARCH

RESEARCH ARTICLE Open Access

Correlating bacterial shedding with fecal

@ CrossMark

corticosterone levels and serological responses
from layer hens experimentally infected
with Salmonella Typhimurium

Pardeep Sharma, Vivek V. Pande, Talia S. Moyle, Andrea R. McWhorter and Kapil K. Chousalkar”

Abstract

Salmonella Enteriditis and Salmonella Typhimurium are commonly isolated during egg-related outbreaks of salmonel-
losis and represent a significant international public health issue. In Australia, Salmonella Typhimurium is the most
common serovar identified in egg product related foodborne outbreaks. While a number of studies have investi-
gated Salmonella shedding and host responses to infection, they have been conducted over a short time period. The
present study sought to characterise bacterial shedding and host responses to infection in hens infected with only
Salmonella Typhimurium or co-infected with both Salmonella Typhimurium and Salmonella Mbandaka over a 16 week
period. Salmonella shedding was quantified using the most probable number and gPCR methods and was highly
variable over the course of the experiment. On day 1, fecal corticosterone metabolites in birds infected with Salmo-
nella Typhimurium (674.2 £ 109.3 pg/mg) were significantly higher than control (238.0 & 12.62 pg/mg) or co-infected
(1754 £ 8.58 pg/mq) birds. The onset of lay occurred between weeks 6-8 post-infection (pi) and Fecal corticosterone
metabolite (FCM) concentrations increased in both control and co-infected birds. Antibody responses to infection
were monitored in both serum and yolk samples. Salmonella Typhimurium specific antibody was lower in co-infected
animals than monoinfected animals. Bacterial loads in internal organs were characterised to determine persistence.
Spleen, liver and caecal tonsils were positive for bacteria in both groups, indicating that Salmonella was not cleared
from the birds and internal organ colonization could serve as a reservoir for continued bacterial shedding.

Introduction

Commercial poultry are often persistently infected with
non-typhoidal serovars of Salmonella enterica. Eggs and
raw egg based food products are often identified as the
source of Salmonella during outbreaks of human gas-
trointestinal disease [1]. Thus, the zoonotic potential of
Salmonella represents a significant global public health
concern. In North America and Europe, the most com-
mon serovar isolated during egg-related outbreaks is
Salmonella Enteritidis followed by Salmonella Typhimu-
rium [2]. Strains of Salmonella Typhimurium, however,
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are most frequently identified during Australian out-
breaks of egg-related cases of salmonellosis [1].

Over the past several years, the incidence of human
cases of salmonellosis in Australia has been increasing. In
2011, the total number of food related disease outbreaks
had increased to over 150 and 38.4% were attributed to
Salmonella [1]. Over the same period, the number of
cases linked directly with eggs increased from 20.8 to
44.8% [1]. Despite improvements of on-farm control
strategies, Salmonella Typhimurium remains a signifi-
cant problem within the Australian layer industry [3].

Due to the public health importance of contami-
nated eggs, understanding the dynamics of Salmo-
nella Typhimurium shedding patterns and associated
host responses to infection is of critical importance.
Previous experimental infection trials have examined
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egg contamination and internal organ colonization of
layer hens. These studies, however, have infected birds
at different ages, using a variety of inoculation meth-
ods [4-7] limiting the degree to which the data can be
directly compared. Moreover, the data obtained from
these investigations was collected for 3—4 weeks pi. The
productive lifetime of a layer hen, however, can extend
beyond 50 weeks of age and few studies have investigated
extended bacterial shedding dynamics, egg contamina-
tion and host responses to infection.During productive
lifespan, layer hens may also experience many physiologi-
cal and environmental stressors, such as overcrowding,
extreme temperature variation and the onset of lay that
may lead to increased fecal shedding of Salmonella [8—
11]. Stress has also been linked with impaired immunity
[8, 9, 12, 13] which may increase intestinal colonization
by enteric pathogens such as Salmonella [14]. The host
immune response to Salmonella infection may also con-
tribute to increased corticosterone levels however, rela-
tionship between persistent Salmonella colonisation and
stress in birds is unclear.

In the Australian egg industry, Salmonella Typhimu-
rium is frequently isolated from eggshell surfaces but it
is not the only serovar isolated from egg farms [15, 16].
The poultry farm environment is often contaminated
with multiple serovars [15-17]. Field epidemiological
investigations suggested that Salmonella Mbandaka was
commonly isolated along with Salmonella Typhimurium
in layer flocks without any clinical signs in chickens [16,
18]. Salmonella Mbandaka has not been associated with
any egg related outbreaks in Australia [19], although this
serovar has been associated with egg product related Sal-
monella outbreaks in the US [20].

Competition between co-infecting strains may affect
the dynamics of one or more serovars. Layer hens envi-
ronmentally infected with Salmonella Kentucky, for
example, mitigated Salmonella Enteritidis colonisation of
internal organs [21]. In addition, coinfection of layer hens
with Salmonella Enteritidis, Salmonella Gallinarum and
Salmonella Isangi has recently been shown to enhance
disease in infected birds [22]. To date, there have been
limited studies investigating how co-infection affects the
dynamics of Salmonella Typhimurium shedding as well
as host responses to infection.

Our hypothesis was that Salmonella Mbandaka
can affect the shedding of Salmonella Typhimurium
and internal organ colonization. We have conducted
a 16 week infection trial, using layer hens reared free
from exogenous Salmonella. Results from a compan-
ion study demonstrated that over the 16 week infection
period, bacterial shedding was variable and that vertical
transmission of Salmonella Typhimurium DT9 into egg
internal did not occur [23]. The aims of the present study
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were to correlate fecal shedding and egg contamination
patterns with host responses to infection (single and
mixed) including fecal corticosterone levels as a marker
of the host stress response as well as levels of Salmonella
Typhimurium specific antibodies in the serum and yolk.
A final aim of this study was to characterise persistence
of Salmonella infection in peripheral organs.

Materials and methods

Birds

Fertile eggs were obtained from a commercial brown
layer flock hatchery. Eggs were fumigated using formal-
dehyde and incubated for 21 days. A total of 32 pullets
were hatched and raised in floor pens in positive pres-
sure rooms within an animal housing facility located on
the Roseworthy Campus of the University of Adelaide.
The rooms within this facility, all animal cages, trays, and
feeders had previously been cleaned and decontaminated
using FoamCleanS and SaniGuard (Chemtall, Australia).
At 10 weeks of age, birds were divided into three treat-
ment groups: control (n = 4), Salmonella Typhimurium
(n = 14) and Salmonella Typhimurium + Salmonella
Mbandaka (n = 14) and housed individually in cages
in separate rooms. Fumigated feed and sanitised water
(Aquatabs, Ireland) were provided ad libitum to all birds.
Feed, water and fecal samples were screened for Salmo-
nella fortnightly by culture method as described previ-
ously [16]. This experiment was performed according to
the Australian Code for the Care and Use of Animals for
Scientific Purposes and was approved by the University
of Adelaide Animal Ethics Committee (approval number:
$-2014-008).

Bacterial isolates

Single isolates of Salmonella Typhimurium definitive
type 9 (DT9) and Salmonella Mbandaka were used in
this study. These Salmonella had been previously iso-
lated from samples collected from layer hen farms during
a previous epidemiology study [16] and serotyped at the
Salmonella Reference Laboratory, Institute of Veterinary
Medical Science (IMVS), Adelaide, South Australia.

Challenge experiment

At 14 weeks of age, just prior to lay, hens were orally inoc-
ulated with 1 x 10° colony forming units (CFU) of either
Salmonella Typhimurium DT9 or a combination con-
taining equal amounts of both Salmonella Typhimurium
DT9 and Salmonella Mbandaka (5.0 x 108 CFU of each
serovar) suspended in Luria—Bertani (LB) broth (Oxoid,
Australia). Serial tenfold dilutions of the inoculum were
prepared and plated onto nutrient agar to confirm the
total number of bacteria. Control birds received a sham
inoculum containing only sterile LB broth. Clinical signs
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of infection were recorded throughout the experiment.
At 30 weeks of age, [16 weeks post-infection (pi)] all
birds were euthanized with Lethabarb (Virbac, Australia).
Bone marrow, spleen, liver and caecal tonsils were col-
lected from each bird for bacteriological examination.

Enumeration of Salmonella in fecal samples

A total of 320 fecal samples from individual hens were
collected aseptically using sterile plastic bags on day
1 post-infection (pi) followed by 1, 2, 4, 6, 8, 10, 12, 14
and 16 weeks pi. Salmonella enumeration using the three
tube most probably number (MPN) method was per-
formed on all faecal samples as described previously [24].
Salmonella suspected samples were streaked onto xylose
lysine deoxycholate (XLD) agar plates (Oxoid, Australia)
and Salmonella Brilliance agar plates (Oxoid, Australia)
for confirmation of Salmonella spp.

Bacterial DNA extractions from fecal samples, egg shell
wash and internal organs

DNA was extracted from fecal samples using the Isolate
Fecal DNA Kit (Bioline, Australia) following manufac-
turer instruction. DNA extraction from eggshell washes
(enriched in RVS broth) collected from both infection
groups was performed using Chelex® (Bio-Rad, Sydney,
NSW, Australia) [25] The Wizard genomic DNA purifi-
cation kit (Promega, Australia) was used to extract DNA
from the tissue samples as per manufacturer instructions.

Standard curve and qPCR for fecal samples for Salmonella
Typhimurium and Salmonella Mbandaka

The PCR detection of Salmonella was performed using
the Quantifast® SYBER® Green qPCR kit (Qiagen, Aus-
tralia) in a total reaction volume of 10 pL containing 2 puL
sample (5 ng/pL), 5 pL of 2x Quantifast SYBER Green
Master Mix and 1 uM of reverse and forward primers.
Salmonella Typhimurium serovar specific primers TSR3
were used to detect Salmonella Typhimurium DT9. Fur-
ther, to differentiate Salmonella Mbandaka from Sal-
monella Typhimurium DT9 in the co-infection group,
primers for class 1 integron were used to specifically
detect Salmonella Mbandaka [26]. The qPCR condi-
tions were 5 min of denaturation at 95 °C, followed by
40 cycles of denaturation at 95 °C for 10 s and 60 °C for
30 s each. Rotor-gene 1.7.75 (Corbett Research, Qiagen,
Australia) software version was used for the data analy-
sis. A standard curve was generated to establish the limit
of detection and quantification of positive samples, by
determining a serial tenfold dilution of spiked fecal sam-
ples with known concentrations of Salmonella Typh-
imurium or Salmonella Typhimurium + Salmonella
Mbandaka.
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Fecal corticosterone analysis

Fecal samples collected at day 1 (pi) followed by 1, 2, 4,
6, 8, 10, 12, 14 and 16 weeks pi were thawed, mixed, and
dried at 103 °C overnight. After cooling to room tem-
perature, samples were ground to a fine powder. Corti-
costerone metabolites were extracted using methods
recommended by the DetectX Corticosterone EIA kit
manufacturer (Arbor Assays, Ann Arbor, USA). The con-
centration of fecal corticosterone metabolites (FCM) was
measured by DetectX Corticosterone EIA kit as per man-
ufacturer instruction.

Survey of egg shell and egg internal contents

for Salmonella contamination

Eggs laid daily during 6, 8, 10, 12 and 14 weeks pi were
collected and processed for Salmonella detection from
both the eggshell and internal contents (Total eggs: 892;
Control = 118, Salmonella Typhimurium only = 365,
Salmonella Typhimurium + Salmonella Mbandaka co-
infection = 409) using previously described methods
[16]. Eggshell wash enriched in Rappaport—Vassiliadis
broth (RVS; Oxoid, Australia) was stored in 80% glycerol
at —80 °C to differentiate between Salmonella Typhimu-
rium DT9 and Salmonella Mbandaka by standard PCR.

PCR for egg shell wash and internal organ samples

for Salmonella Typhimurium and Salmonella Mbandaka
Salmonella positive eggshell wash and internal organ
samples from both infection groups were screened for
the amplification of invA and TSR3 gene for detection of
Salmonella Typhimurium by multiplex PCR [26]. TSR3
gene was not amplified in Salmonella Mbandaka isolates
[26]. Samples from both groups were also tested for the
presence of Salmonella Mbandaka.

Bacteriology of internal organs

Bone marrow, spleen, liver and caecal tonsils were col-
lected at week 16 pi and processed for bacteriology.
Briefly, 0.1-0.2 grams of tissue sample were homogenised
and serial tenfold dilutions were prepared in phosphate
buffer saline (PBS). One hundred micro litre of each dilu-
tion was spread onto XLD agar plates and incubated
overnight at 37 °C. After 24 h, the bacterial colonies were
enumerated and the number of Salmonella in tissues was
expressed as mean log;, CFU/g of tissue.

Serum and egg yolk sample collection and serologic
examination by ELISA

OndayOandatl,2,4,6,8, 10, 12, and 14 weeks pi, 2 mL
blood samples were collected from each bird and placed
into serum clot activator tubes (Vacuette® tube, Greiner
Bio-One, Australia). A total of 145 (Control; n = 20,
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Salmonella Typhimurium only; n = 57, Co-infection
group; n = 68) egg samples collected at weeks 6, 8, 10,
12 and 14 pi were processed for the antibody extrac-
tion from the yolk samples. Egg yolk antibodies were
extracted as described previously [27]. Dilutions of chlo-
roform-extract egg yolk antibody were prepared from the
pools of known positive and known negative eggs from
control birds. Samples were tested in duplicate for the
following dilutions; 1:10, 1:50, 1:100, 1:500 and 1:1000.
From the curve produced, the linear part was expanded.
Readings of known positive and negative samples indi-
vidually at the selected dilution produced a cut-off value
for the test. Threshold value were determined by plotting
sensitivity and specificity against the cut off value using
two graph receiver operating characteristics (TG-ROC)
analysis as described [28]. A dilution factor of 1:100 was
selected because it was on the linear part of the standard
curve.

Antibody detection from both serum and egg yolk sam-
ples was tested using the Chicken Salmonella Typhimu-
rium Antibody Kit LPS Group B (BioChek, Holland) and
antibody titres were calculated according to manufac-
turer instruction.

Statistical analysis

The data for average log,, CFU/qPCR, corticosterone
level, and serum and egg yolk was analyzed using a two
way analysis of variance (ANOVA) followed by a Tukey’s
multiple comparison of the mean. Significance between
bacterial titres in organs was tested using a Mann—Whit-
ney test. The correlation between MPN/g fecal count and
Salmonella positive eggshell wash, average log,, CFU/
qPCR and corticosterone concentration was determined
by Pearson correlation test (r* value). All data was ana-
lysed using either by GraphPad Prism version 6 software
or IBM®SPSS Statistics® version 21. p values <0.05 were
considered statistically significant. A D’Agostino-Pear-
son omnibus normality test was conducted for all data.
Serum and egg yolk antibody titres were normally dis-
tributed. MPN data were not normally distributed. MPN
data was analysed by a Kruskal-Wallis with a Dunn’s
comparison of the means.

Results
Shedding and viable bacterial counts of Salmonella in fecal
samples
Bacterial shedding varied significantly over time

(p < 0.01) in both experimental treatment groups (Fig-
ure 1). The greatest number of viable bacteria observed
in birds infected with only Salmonella Typhimurium
occurred during week 1 pi, with a mean MPN/g of
48.53 £ 16.55. Samples collected from the Salmonella
Typhimurium infection group in week 10 exhibited the
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Figure 1 Enumeration of Salmonella in feces using most prob-
able number (MPN) method. Fecal samples were collected from
birds orally infected with 1 x 10° CFU of Salmonella Typhimurium
(Black line) or a combination of both Salmonella Typhimurium + Sal-
monella Mbandaka (5 x 108 CFU of each serovar) (Red line) on day 1
and weeks 1, 2,4, 6,8,10,12, 14 and 16 pi. Data is presented as mean
MPN/gram feces =+ standard error of the mean. Bacterial shedding
in both infection groups varied significantly over the course of the
experiment (p < 0.01). At week 6 pi, bacterial shedding was signifi-
cantly higher in birds infected with only Salmonella Typhimurium
group (*p < 0.05).

lowest mean MPN/g, 1.535 £ 1.05. For birds infected
with both Salmonella Typhimurium and Salmonella
Mbandaka, the greatest number of viable Salmo-
nella was detected on day 1 pi with a mean MPN/g of
44.80 + 18.30. The lowest mean MPN/g, 0.78 & 0.27, was
observed in the multi-serovar infection group at week 6
pi.

Over the entire experiment, no significant effect of
time or treatment was detected between single and
multi-serovar treatment groups (p > 0.05). At week 6 pi,
however, birds infected with only Salmonella Typhimu-
rium exhibited a significantly greater mean MPN/g than
birds infected with both Salmonella Typhimurium and
Salmonella Mbandaka (p < 0.05). This difference corre-
lated with the onset of lay. No Salmonella was detected in
uninfected birds over the course of the experiment.

Quantification of Salmonella in fecal samples using a
serovar specific qPCR

A quantitative PCR was developed to detect total Sal-
monella Typhimurium in single infection fecal samples
and differentiate between Salmonella Typhimurium and
Salmonella Mbandaka co-infection samples. A standard
curve was generated by spiking uninfected, control feces
spiked with known quantities of Salmonella Typhimu-
rium. A cut-off Ct of 32 was used to exclude the detec-
tion of false positives and corresponded to 100 CFU of
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Salmonella. For fecal samples spiked with both Sal-
monella Typhimurium and Salmonella Mbandaka, a
cut-off Ct of 33 was used to exclude the detection of
false positives. A Ct of 33 represented 1000 CFU of Sal-
monella. Data are presented as mean log;, CFU/gram
feces & standard error of the mean.

The number of Salmonella detected by qPCR varied
significantly in both treatment groups over the course of
the experiment (Figure 2). The greatest amount of Sal-
monella detected in all groups was observed at week 1 pi
(Figure 2) with Salmonella Mbandaka in the co-infection
group exhibiting the highest mean log;, CFU/gram feces
(8.13 £ 0.65). Interestingly, Salmonella Mbandaka had
the highest mean log;, CFU/gram feces between weeks 1
through 14 pi, though this difference was not significant
than Salmonella Typhimurium. After week 1, Salmo-
nella detection was relatively stable and consistent and
did not vary significantly. No significant correlation was
observed between MPN counts and qPCR results.

Fecal corticosterone metabolites in dried fecal extracts

Measuring fecal corticosterone metabolites (FCM) is a
non-invasive method enabling the measurement of one
stress parameter [29, 30]. It has been previously shown
that during point of lay, birds experience increased physi-
ological stress and are thought to be immunocompro-
mised [31]. Infection, however, has also been shown to
affect plasma corticosterone levels [12]. Therefore, it was
hypothesized that corticosterone should increase in all
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Figure 2 Quantification and differentiation of Salmonella by
qPCR. Bacterial loads of fecal samples collected from birds infected
with Salmonella Typhimurium only (black line) or co-infected with
Salmonella Typhimurium (red line) and Salmonella Mbandaka (red
hashed line) were quantified using a serovar specific gPCR. Salmo-
nella Typhimurium was detected using a primers designed to the
TSR3 gene while Salmonella Mbandaka was detected using the dhrfV

gene. Data are presented as mean log,, CFU/gram feces £ SEM. The
amount of bacteria varied significantly over time (p < 0.01).
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chickens around the onset of lay, and infection may lead
to further increase in level of corticosterone.

Fecal samples collected for enumeration of bacte-
ria were also processed for FCM. A significant effect of
time (p < 0.05) and treatment (p < 0.001) were observed
between FCM concentrations (Figure 3). At day 1 pi, the
FECM in birds infected with Salmonella Typhimurium
(674.2 £ 109.3 pg/mg) was significantly higher than
the FCM observed for control birds (238.0 + 12.62 pg/
mg) or birds infected with a mixed inoculum of both
Salmonella Typhimurium and Salmonella Mbandaka
(175.4 + 8.58 pg/mg) (p < 0.001).

At week 6 pi, the mean FCM (625.2 £ 113.2 pg/mg)
increased in birds co-infected with both Salmonella
Typhimurium and Salmonella Mbandaka. At this time
point, no significant difference between the two infection
groups was detected. The mean FCM in control birds
(268.7 £ 24.19 pg/mg), however, was significantly less
than both treatment groups (p < 0.01). At weeks 8, 12, 14
and 16 pi, the mean FCM obtained for all groups varied
but did not differ significantly (Figure 3).

No significant correlation was detected between the
mean FCM concentration and MPN counts in singly or
co-infected birds (r* = — 0.036, p = 0.699). A significant
but weak positive correlation (r* = 0.26, p = 0.02) was
observed between the mean log copy number/gram and
FCM concentration in birds infected with Salmonella
Typhimurium only.
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Figure 3 Measurement of fecal corticosterone metabolites
(FCM). FCM concentrations were measured at day 1 and weeks
1,2,4,6,8,10,12,14,and 16 pi. Data is presented as mean pg/mg
feces £ SEM. A significant effect of time (p < 0.05) and treatment
(p < 0.001) was detected for FCM concentrations. At day 1 pi, the
mean FCM in birds infected with Salmonella Typhimurium (black line)
was significantly higher than either control (black hashed line) or co-
infected birds (red line) (a; p < 0.001). At week 6 pi, the mean FCM in
co-infected birds increased. At this time point, both infection groups
were exhibited significantly higher FCM concentrations than control
birds (b; p < 0.01).




Sharma et al. Vet Res (2017) 48:5

Detection of Salmonella from eggshell wash and internal
contents

Eggs were collected at weeks 6, 8, 10, 12, and 14 pi and
tested for the presence of Salmonella on the shell surface
and within the internal contents. Salmonella was iso-
lated throughout the experiment from the eggshell wash
of experimentally infected hens. In birds infected with
only Salmonella Typhimurium, the percentage of egg-
shell contamination ranged from 9.52 to 21.74%. Birds
infected with both Salmonella Typhimurium and Salmo-
nella Mbandaka exhibited a similar level of eggshell con-
tamination, 10.89-33.33% (Table 1). By culture methods,
the percentage of eggshell contamination was highest in
both the groups at week 6 pi (onset of lay). No signifi-
cant difference in eggshell contamination frequency was
detected between Salmonella infection treatment groups.
PCR results of egg shell samples indicated that the recov-
ery rate of Salmonella Typhimurium (11.74%) was higher
than Salmonella Mbandaka (6.60%) in co-infection group
(Table 1).

No linear correlation was observed between the Salmo-
nella MPN count in feces and eggshell contamination of
infected birds (r* = 0.001, p = 0.99). Salmonella was not
detected in egg internal contents of either infection treat-
ment group at any point during this experiment. Egg-
shells and internal contents from control hens were also
negative for Salmonella.

Salmonella Typhimurium antibody titres in serum and egg
yolk samples

The titres of Salmonella Typhimurium specific serum
and yolk antibodies were measured over the course of the
experiment (Figures 4A and B). The lowest mean anti-
body titre (antilog) in birds infected with only Salmonella
Typhimurium was observed at week 1 pi (1286 + 168.1)
and peaked at week 6 pi (2678 £ 179.5). After week 6 pi,
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antibody titres remained constant during the remainder
of the experiment. A similar pattern was observed for
Salmonella Typhimurium antibodies measured from the
co-infection group. In birds infected with both Salmo-
nella Typhimurium and Salmonella Mbandaka, the mean
titre was lowest at week 1 pi (997.7 & 170.5) and highest
at week 6 pi (1949 + 239.1). Mean antibody titres of birds
infected with Salmonella Typhimurium only were sig-
nificantly higher than those obtained for the co-infection
group at weeks 6, 8, 10, 12, and 14 pi (p < 0.01). Control
birds were negative for Salmonella Typhimurium anti-
bodies over the course of the experiment.

Eggs collected from both infection groups tested posi-
tive for Salmonella yolk antibodies (Figure 4B). A sig-
nificant effect of treatment was detected between the
experimental groups (p < 0.01).

Persistence of Salmonella in internal organs
At 30 weeks of age (week 16 pi), the experiment was ter-
minated and birds were euthanized. Spleen, liver, bone
marrow and caecal tonsils from all hens were collected
and processed for Salmonella to characterise the per-
sistence of the bacteria in these organs. All samples col-
lected from control hens were negative for Salmonella.
Bacteria were detected in all tissues except for the bone
marrow samples. The total number of positive samples
was greatest in the spleen, followed by the liver and cae-
cal tonsils (Figure 5). The mean splenic bacterial load
observed in birds infected with only Salmonella Typh-
imurium (757.4 £ 301.1 CFU/g tissue) was significantly
greater than the mean titre observed for birds inoculated
with both Salmonella Typhimurium and Salmonella
Mbandaka (236.0 £ 54.51 CFU/g tissue) (p < 0.01).

Birds infected with both Salmonella Typhimurium
and Salmonella Mbandaka exhibited the highest num-
ber of individuals positive for Salmonella in the liver

Table 1 Percentage of isolation of Salmonella and Salmonella Typhimurium by culture and PCR method respectively from
eggshell samples of orally infected birds at different weeks of pi

Weeks pi  Salmonella Typhimurium only group Co-infection group
Salmonella detection Salmonella Typhimu- Salmonella detection Salmonella Typhimu- Salmonella Mbandaka
by culture method rium detection by PCR by culture method rium detection by PCR  detection by PCR

Week 6 21.74° (5/23) 17.39 (4/23) 3333 (8/24) 833 (2/24)° 833 (2/24)°

Week 8 9.52 (8/84) 8.33(7/84) 10.89 (11/101) 891 (9/101) 0.00 (0/101)

Week 10 15.85 (13/82) 15.85 (13/82) 15.22 (14/92) 10.87 (10/92) 543(5/92)

Week 12 1348 (12/89) 12.36 (11/89) 2292 (22/96) 14.58 (14/96) 13.54 (13/96)

Week 14 11.49 (10/87) 10.34 (9/87) 88 (21/96) 13.54 (13/96) 7.29 (7/96)

Total 5 (48/365) 12.05 (44/365) 13.20 (54/409) 74 (48/409) 6.60 (27/409)

? Number of positive eggs/total number of eggs tested.
b Results confirmed by PCR.

€ Valuesin %.
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Figure 4 Quantification of Salmonella Typhimurium specific antibodies in serum and yolk. Sa/monella Typhimurium specific antibody
titers (antilog antibody titres 4+ SEM) were characterised over the course of the experiment in both serum (A) and yolk (B) in control birds (black
hashed line) as well as hens infected with only Salmonella Typhimurium (black line) or a combination of both Salmonella Typhimurium and Salmo-
nella Mbandaka (red line). In the serum, the amount of Salmonella Typhimurium antibody was significantly higher in singly infected birds compare
with co-infected birds from week 6 pi till the end of the experiment (*p < 0.01). Mean antibody titres detected in yolk samples collected from
Salmonella Typhimurium infected birds were only significantly different from co-infected birds at week 14 pi (*p < 0.01).
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group (*p < 0.01). No significant difference was detected in bacterial loads from the caecal tonsils.

(92.9%) (Figure 5). The mean bacterial titre for the co-
infection group was 197.1 £+ 34.17 CFU/g tissue and
was significantly higher than the mean titre observed
for birds infected with Salmonella Typhimurium,
68.46 £+ 46.97 CFU/g tissue (Mann—Whitney, p < 0.01).
The lowest overall level of Salmonella colonisation was
observed in the caecal tonsils with 35.7% positive individ-
uals in the single infection group and 14.3% positive birds
in the multi-serovar group (Figure 5). Bacterial titres in
caecal tonsils collected from birds infected with only Sal-
monella Typhimurium ranged from 0 to 4.2 x 10> CFU/g
tissue with a mean titre of 485.7 £ 321.9 CFU/g tissue.
Birds infected with both Salmonella Typhimurium and
Salmonella Mbandaka ranged from 0 to 1.2 x 10°> CFU/g

tissue with a mean of 107.1 £ 85.79 CFU/g tissue. No sig-
nificant difference was detected between the two infec-
tion treatment groups.

The culture positive internal organs were further
tested by PCR to differentiate Salmonella Typhimurium
and Salmonella Mbandaka in the co-infection group
(Table 2). In splenic samples, 1 of 14 was positive for
Salmonella Typhimurium while 4/14 samples were posi-
tive for Salmonella Mbandaka. Three of 14 liver samples
from the co-infection group were positive for Salmonella
Mbandaka, however, no Salmonella Typhimurium was
detected. In the caecal tonsils, 1/14 samples were positive
for Salmonella Typhimurium and 1/14 tested positive for
Salmonella Mbandaka.
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Discussion

This study indicated that layers infected with Salmonella
Typhimurium DT9 became persistently infected caus-
ing intermittent bacterial shedding in faeces. At week 6
pi, the MPN count in Salmonella Typhimurium infected
group was significantly higher than multi-serovar infec-
tion group. Week 6 corresponded to the onset of lay
in experimental birds and it was postulated that this
increase could be related to physiological stress induced
by onset of lay [16].

FCM levels in the Salmonella Typhimurium group
were higher than either the control or multi-serovar
treatment groups from day 1 until week 6 pi. Bacterial
lipopolysaccharide (LPS) can induce inflammation within
a host and has been associated with increased serum and
corticosterone [12]. The LPS of Salmonella enterica is
variable, serovar dependent and contributes to different
degrees of virulence. This may account for lower mean
FCM concentrations in the multi-serovar group. Increase
in FCM in all treatment groups between 6-8 weeks could
be attributed to the onset of lay, and infection may lead
to further increase in level of FCM. However, it impor-
tant to note that no positive correlation was observed
between bacterial shedding and FCM levels in this study.

During this study, higher rates of eggshell contamina-
tion at the onset of lay could be attributed to increased
Salmonella shedding in feces at that point [5, 16]. There
was no linear correlation between Salmonella shedding
in feces and egg shell contamination of infected birds and
this is in agreement with earlier reports [32]. Of note, in
this study Salmonella was not detected from egg internal
contents.

The Salmonella Typhimurium IgG antibody titres
increased after week 1 pi and peaked at week 6 pi. Birds
were seropositive till the end of the trial at week 14 pi but
the immune response did not result in complete clear-
ance of Salmonella spp. It is also important to note that
the antibody response contributes to the clearance of
extracellular bacteria, intracellular bacteria can persist in
the host thus cell mediated immune response is essential
for clearance of Salmonella Typhimurium (reviewed in
[33]). Overall decreased IgG antibody response in multi-
serovar infection group could perhaps be due to the com-
petitive and immunoprotective mechanism between both
Salmonella strains. However, the absence of an infection
treatment with only Salmonella Mbandaka in this study
limits this conclusion.

In the multi-serovar group, a low MPN was obtained
at week 6 yet qPCR results revealed similar loads of both
Salmonella Typhimurium and Salmonella Mbandaka.
The discrepancy may be due to the detection of both
live and dead bacteria using PCR method. However it is
unclear why that has happened specifically at week 6 pi.
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Laying hens mounted immune response to invasive strain
of Salmonella Typhimurium DT9 without inducing clini-
cal signs. Variation in qPCR and MPN results could be
attributed to the sensitivity of the tests used. Several
factors such as heterogeneous distribution of the patho-
gen in sample, number of stressed cells, sample matrix,
enrichment time and enrichment media can influence
the accuracy of quantitation [34].

In Salmonella Typhimurium infected group there were
increased levels of FCM concentrations, antibody titres
and bacterial shedding (as detected by MPN method) at
week 6 pi (onset of lay) which supports the theory that
the presence of stress hormones can stimulate Salmo-
nella growth and enhance bacterial colonisation in the
intestine [35]. However present data suggests that this
theory may not apply when host is infected with multi-
ple Salmonella serovars. Concentration of corticoster-
one levels in sera can increase or decrease the antibody
response [36]. In this study the high corticosterone levels
did not suppress the humoral immune response against
Salmonella Typhimurium.

Stress can stimulate the recrudescence of bacteria
from internal organs resulting in high bacterial load
in feces [37]. Our findings indicated that Salmonella
Typhimurium persisted in internal organs despite high
levels of circulating specific IgG antibody. Previous stud-
ies reported Salmonella Typhimurium clearance from
liver and other internal organs due to Th-1 dominated
responses and high levels of interferon-y expression at
around 14-28 days pi [38]. Some studies reported low
frequency of Salmonella Enteritidis in liver and other
internal organs for up to 22 weeks pi [39]. It has also been
suggested that age at exposure did not affect recovery
of Salmonella Typhimurium from liver [40]. Our obser-
vations could not be compared with previous reports
because such studies were performed using broilers for
short period of time. It could be hypothesised that per-
sistence of Salmonella Typhimurium in internal organs
including liver could be due to the timing of challenge
(prior to lay in this case). Sexual maturity can induce
immunosuppression by altering cellular and humoral
immune response [33]. This could ultimately cause bac-
teria to avoid clearance and dominate host leading to a
recrudescence of infection. However further studies
are required to confirm this hypothesis. It is interesting
to note that in mixed infection group, only Salmonella
Mbandaka was detected from liver.

Previous literature stated that intestinal persistence of
Salmonella Typhimurium in chickens was longer when
birds were challenged at day old compared to day 7 and
that older birds are considerably more resistant to salmo-
nellae than are young chicks [41, 42]. Our study indicated
that infection of adult birds (14 weeks old in this study)
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can also result in continued harbouring of the Salmonella
Typhimurium and intermittent faecal shedding. This
shedding can be associated with the stress event such as
onset of lay. However interplay between stress, immune
response and Salmonella Typhimurium shedding in sin-
gle or mixed infection group at the onset of lay is more
complex to understand.

To conclude, Salmonella Typhimurium DT9 persis-
tently infected hens causing intermittent bacterial shed-
ding in faeces. At the onset of lay shedding of Salmonella
Typhimurium was affected in mixed infection group.
Increased immune response did not result in clearance
of Salmonella spp (except for Salmonella Typhimurium
at week 6 pi). There was no correlation between FCM and
Salmonella shedding. This long term Salmonella Typh-
imurium infection model provided useful insights on
the continued persistence and or recrudescence of Sal-
monella Typhimurium, although further investigation is
necessary to understand the immunobiology of long term
and systemic Salmonella Typhimurium infection.
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