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Chicken genetics and age affect resistance to enteric infection with Salmonella enterica serovar Typhimurium
and were used to identify the immune responses that may contribute to rapid clearance. When birds were
infected at 40 days of age, line 61 chickens cleared the infection more effectively than line N chickens, whereas
when birds were infected at 10 days of age, both chicken lines were highly susceptible to infection. Antibody
levels, T-cell responsiveness, and cytokine mRNA levels were all elevated during infection. A negative corre-
lation between resistance and antigen-specific antibody production was observed in older chickens. However,
this finding was not replicated for age-related resistance; we found that older chickens exhibited a stronger and
more rapid antibody response than younger chickens. The levels of interleukin-1� (IL-1�) and gamma
interferon (IFN-�) mRNA were similar in the spleens and cecal tonsils of both line 61 and line N chickens,
except for higher levels of IL-1� in the spleens of line 61 chickens at 6 days postinfection. Differences in the
levels of IFN-� and IL-1� 1� mRNA between the lines were more apparent in younger chickens, but while the
increases were greater than those observed in the older chickens, the clearance of enteric S. enterica serovar
Typhimurium was much slower. The level of antigen-specific proliferation of splenocytes was associated with
increased resistance in both experimental systems, and the strongest responses were observed in older and
genetically resistant chickens. The data presented here implicate T-cell responses in the clearance of S. enterica
serovar Typhimurium from the intestine of infected chickens.

Human food poisoning associated with the consumption of
Salmonella enterica-infected poultry food products (meat and
eggs) remains a major public health problem. The cases are
typically caused by S. enterica serovars Typhimurium and En-
teritidis, which colonize the alimentary tract of chickens (age,
�3 days) with little systemic infection and no obvious external
signs of disease. Commercially available vaccines used by the
egg-producing sector are either killed or noncharacterized live
attenuated vaccines (15, 35, 48). However, the degree of pro-
tection afforded by these vaccines is less than that conferred by
priming with nonattenuated Salmonella serovars (5).

The majority of immunological studies of chicken Salmo-
nella infections have concentrated on the humoral response,
and there have been well-documented increases in anti-Salmo-
nella immunoglobulin G (IgG) and IgA antibodies (reviewed
in reference 49). However, the functional importance of anti-
body in clearance of enteric Salmonella remains uncertain as a
result of conflicting evidence from bursectomized (B-cell-defi-
cient) chickens (1, 11, 16, 18). Cell-mediated immune re-
sponses to wild-type infections have been investigated less
extensively; however, increases in the antigen-specific delayed-
type hypersensitivity response and changes in the distribution
of T- and B-cell subsets have been reported (9, 25). In more

recent studies workers in our laboratory have monitored cel-
lular and humoral immune responses in chickens following
both primary and secondary infections with S. enterica serovar
Typhimurium (7). Strong cellular and humoral immune re-
sponses correlated temporally with clearance of S. enterica
serovar Typhimurium from the gut following primary infection,
although these responses were less intense following rechal-
lenge. Immediately prior to clearance of primary infection
significant increases in the levels of mRNA encoding interleu-
kin-1� (IL-1�), gamma interferon (IFN-�), and transforming
growth factor � (TGF-�) were observed. Increases in ex vivo
proliferation of splenocytes following stimulation with flagella
and outer membrane proteins have been demonstrated in
chickens infected with heat-killed or attenuated vaccine strains
(2, 3, 36).

The influence of host genetics in resistance to infectious
diseases is well established, and differences in disease suscep-
tibility are frequently associated with the effectiveness of the
immune response. Hence, the difference in relative resistance
between inbred host strains has been widely used as a tool to
identify components of the host immune response which are
important in resolution of disease in mice (17, 29, 41, 46) and
in chickens (12, 22, 43). Classical genetic mapping studies have
also identified a variety of genes associated with resistance in a
number of different murine disease models (reviewed in ref-
erence 14), including systemic salmonellosis, in which resis-
tance has been linked to Nramp1 (31), TLR4 (10, 38), and
TLR5 (42). Genetic loci in the chicken that are associated with
resistance to systemic salmonellosis have also been identified
(32). The evidence for the role of the major histocompatibility
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complex (MHC) locus in the ability of young chicks to resist
systemic infection differs according to the study (13, 28). Ad-
ditional candidate loci involved in resistance of chickens to
systemic salmonellosis include SAL1, Nramp1, and TLR4 (21,
26, 32). In contrast, genetic resistance of chickens to enteric
colonization by S. enterica serovar Typhimurium and S. enterica
serovar Enteritidis is not associated with the SAL1 or MHC
loci (4). In the present study, we examined the temporal pat-
terns of cellular and humoral immune responses in genetically
resistant and susceptible lines of chickens infected at 10 or
40 days of age. These ages were selected based on the age-
dependent susceptibility of chickens to enteric S. enterica se-
rovar Typhimurium (7). The combination of these experimen-
tal systems allowed identification of genetic or age-related
differences in the anti-Salmonella responses of inbred lines that
correlate with resistant or susceptible phenotypes.

MATERIALS AND METHODS

Experimental animals. Specific-pathogen-free inbred line N and line 61

(White Leghorn-derived) chickens were supplied as 1-day-old chicks by the
Poultry Production Unit of the Institute for Animal Health, Compton Labora-
tory. Line N chickens have been characterized as susceptible to intestinal infec-
tion and line 61 chickens have been characterized as resistant based on the
number and persistence of enteric Salmonella (4). The birds were reared in wire
cages at 30°C from the time that they were 1 day old, and the temperature was
decreased to 20°C at 3 weeks of age. They were given ad libitum access to
water and a vegetable-based protein diet (Special Diet Services, Witham,
United Kingdom). The birds were tagged with metal wing bands to allow
identification of individuals.

Bacterial strains. The infection studies were carried out using a spontaneous
nalidixic acid-resistant mutant of S. enterica serovar Typhimurium strain F98
(phage type 14) that has been used in previous studies (4, 6, 44). Bacterial
cultures were grown from stocks stored in glycerol at �70°C in Luria-Bertani

broth (BD Biosciences, Oxford, United Kingdom) at 37°C in an orbital shaking
incubator at 150 rpm.

T-cell proliferation assays. The T-cell proliferation assay was performed as
described previously (6). Briefly, assays were performed with 106 splenocytes/well
in U-bottom microtiter plates, and preparations were cocultured in RPMI con-
taining 5% fetal calf serum supplemented with either 8.1 �g/ml S. enterica
serovar Typhimurium F98 soluble antigen preparation (STAgP), prepared as
described previously (6), or 200 �g/ml phytohemagglutinin (PHA) or in RPMI
containing fetal calf serum alone by using a final volume of 200 �l/well. Micro-
titer plates were incubated at 41°C in an atmosphere consisting of 5% CO2 in air
for 24 h prior to addition of 1 �Ci/well [3H]thymidine (Amersham, Little Chal-
font, United Kingdom) and incubation for a further 18 h. Cells were harvested
with a Tomtec Mach IIIM cell harvester (Receptor Technologies, Banbury,
United Kingdom), and incorporation of [3H]thymidine was determined with a
1450 Microbeta Trilux scintillation counter (Perkin-Elmer, Beaconsfield, United
Kingdom).

ELISA. Levels of serum immunoglobulins (IgM, IgG, and IgA) specific for
STAgP were measured by an enzyme-linked immunosorbent assay (ELISA) as
described previously (7). As the levels of IgA in the serum have been shown to
be correlated with the levels secreted in the gut and bile duct (40), the IgA in the
serum was measured. Briefly, flat-bottom 96-well ELISA plates (BD Biosciences,
Oxford, United Kingdom) were coated with STAgP diluted to a concentration of
16.2 �g/ml in carbonate/bicarbonate buffer (pH 9.6) overnight at 4°C and then
washed with phosphate-buffered saline containing Tween 20 (0.05%). Following
blocking with phosphate-buffered saline containing 0.05% Tween 20 supple-
mented with 3% skim milk powder for 1 h, serum samples were diluted 1:400 in
blocking buffer (for detection of IgM and IgG) and 1:12.5 (for detection of IgA),
added to the plates, and incubated at 37°C for 1 h. The plates were washed, and
bound immunoglobulins were detected by incubation at 37°C for 1 h with horse-
radish peroxidase conjugated to either goat anti-chicken IgM (1:1,000; Serotec,
Oxford, United Kingdom), rabbit anti-chicken IgG (1:2,000; Sigma), or goat
anti-chicken IgA (1:20,000; Serotec) diluted in blocking buffer. The plates were
washed, and a solution containing 2,2-azino-di(3-ethylbenzothiazoline-6-sulfo-
nate) (ABTS) and a hydrogen peroxide solution (50 �l/well) was added as the
chromogen. The plates were incubated at room temperature in the dark for 30
to 60 min, and the reaction was stopped by addition of 1% sodium dodecyl

TABLE 1. Viable counts of S. enterica serovar Typhimurium in the cecal contents, spleens, and livers of line N and line 61 chickens infected
40 days after hatching

Day
p.i.

Line N Line 61

Cecal contents Spleen Liver Cecal contents Spleen Liver

Mean log10
CFU/g
(SEM)

No.
positive

Mean log10
CFU/g
(SEM)

No.
positive

Mean log10
CFU/g
(SEM)

No.
positive

Mean log10
CFU/g
(SEM)

No.
positive

Mean log10
CFU/g
(SEM)

No.
positive

Mean log10
CFU/g
(SEM)

No.
positive

6 4.38 (0.21) 5/5a 2.61 (0.27) 5/5 2.66 (1.44) 5/5 4.00 (0.45) 5/5 3.01 (0.269) 5/5 2.58 (0.25) 5/5
13 3.03 (0.48)b 5/5 1.4 (0.6) 3/5 0.9 (0.55) 2/5 0.4 (0.4)b 1/5 1.29 (0.79) 2/5 1.2 (0.49) 3/5
20 2.63 (0.75)b 4/5 0.89 (0.55) 2/5 0.9 (0.55) 2/5 0 (0)b 0/5 0 (0) 0/5 0 (0) 0/5
27 1.6 (0.4)b 4/5 0 (0) 0/5 0.87 (0.87) 1/5 0 (0)b 0/5 0 (0) 0/5 0.4 (0.4) 1/5

a Number positive/total number.
b There was a significant difference (P � 0.05) between line N and line 61 chickens at this time postinfection (as determined by Student’s t test).

TABLE 2. Viable counts of S. enterica serovar Typhimurium in the cecal contents, spleens, and livers of line N and line 61 chickens infected
10 days after hatching

Day
p.i.

Line N Line 61

Cecal contents Spleen Liver Cecal contents Spleen Liver

Mean log10
CFU/g
(SEM)

No.
positive

Mean log10
CFU/g
(SEM)

No.
positive

Mean log10
CFU/g
(SEM)

No.
positive

Mean log10
CFU/g
(SEM)

No.
positive

Mean log10
CFU/g
(SEM)

No.
positive

Mean log10
CFU/g
(SEM)

No.
positive

6 7.57 (0.14) 5/5a 3.98 (0.07) 5/5 3.46 (0.19) 5/5 7.43 (0.17) 5/5 4.29 (0.15) 5/5 3.35 (0.19) 5/5
13 6.75 (0.27) 5/5 2.42 (0.20) 3/5 0 (0) 0/5 7.19 (0.31) 5/5 2.83 (0.14) 5/5 2.06 (0.06) 1/5
20 5.83 (0.42) 5/5 0 (0) 0/5 0 (0) 0/5 5.36 (0.73) 5/5 0 (0) 0/0 0 (0) 0/5
27 5.13 (0.33) 4/5 0 (0) 0/5 0 (0) 0/5 4.43 (0.99) 4/5 0 (0) 0/0 0 (0) 0/5

a Number positive/total number.
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sulfate. Absorbance at 405 nm was determined with a Benchmark microplate
reader (Bio-Rad, Hemel Hempstead, United Kingdom).

Quantitative analysis of cytokine mRNA. Cytokine levels were quantified by
real-time reverse transcription (RT)-PCR using the ABI Prism 7700 sequence de-
tection system (TaqMan; PE Applied Biosystems, Warrington, United Kingdom) as
described by Kaiser et al. (23). Total RNA was extracted from samples stored in
RNA Later at �20°C (QIAGEN, Crawley, United Kingdom) using an RNeasy
mini kit by following the manufacturer’s instructions (QIAGEN). Primers and
probes for IFN-�, IL-1�, and 28S RNA-specific amplification have been de-
scribed previously (23). RT-PCR was performed using an RT qPCR Mastermix
kit (Oswel Research Products Ltd., Southampton, United Kingdom) as described
previously (7). Differences in cytokine mRNA levels between infected and un-
infected groups were calculated relative to reference 28S rRNA as described
previously (37).

Statistics. Statistical comparisons of groups were carried out using Student’s
t test in Microsoft Excel or using a regression analysis (F test) with Genstat.
Differences between experimental groups were considered significant if the P
value was �0.05.

Experimental protocol. (i) Infections in 40-day-old chickens. Line N and line
61 chickens were given 0.1 ml of an adult gut flora preparation when they were
1 day old to minimize variation in the composition of the gut flora (4). Both lines
of chicken were randomly assigned to four groups (line N, groups 1 and 2; line
61, groups 3 and 4). At 40 days of age groups 2 and 4 were infected orally with
1.8 � 108 CFU of S. enterica serovar Typhimurium F98 Nalr, while groups 1 and
3 were not infected and were used as controls.

(ii) Infections in 10-day-old chickens. Line N and line 61 chickens were given
0.1 ml of an adult gut flora preparation when they were 1 day old. Both line N
and line 61 chickens were randomly assigned to four groups (line N, groups 1 and
2; line 61, groups 3 and 4). At 10 days of age groups 2 and 4 were infected orally
with 1.1 � 108 CFU of S. enterica serovar Typhimurium F98 Nalr, and groups 1
and 3 were not infected and were used as controls.

Postmortem analysis. Five birds from each group were killed at 6, 13, 20, and
27 days postinfection (p.i.) for analysis. Samples of spleen were used for assess-
ment of lymphocyte proliferation, and samples of spleen and cecal tonsils were
transferred into RNA Later (QIAGEN, Crawley, United Kingdom) for deter-
mination of cytokine mRNA expression. Samples of liver, spleen, and cecal
contents were taken and processed for bacteriological analysis as described
previously (8), before they were plated onto brilliant green agar supplemented
with 20 �g/ml sodium nalidixate and 1 �g/ml novobiocin and incubated at 37°C
for 24 h prior to enumeration.

RESULTS

Clearance of Salmonella in chickens infected at 10 and
40 days of age. In chickens infected at 40 days of age, signifi-
cantly higher numbers of viable Salmonella cells (P � 0.05)
were detected in the cecal contents of line N chickens at 13, 20,

and 27 days p.i. than in the cecal contents of line 61 chickens at
the same times (Table 1). Clearance of Salmonella from the gut
in line 61 chickens was more rapid than clearance from the gut
in line N chickens, and no Salmonella was detected in the cecal
contents at 13 days p.i.. By comparison, Salmonella was de-
tected in the cecal contents of four of five line N birds at
27 days p.i. The Salmonella counts for the systemic organs
(spleen and liver) were low in both lines throughout the study
and did not differ significantly at any time following infection,

FIG. 1. Antigen-specific proliferation of splenocytes from line N
and line 61 chickens infected with S. enterica serovar Typhimurium
40 days after hatching as measured by incorporation of [3H]thymidine.
The error bars indicate standard errors (n 	 5). Regression analysis
using the F test between the infected line N and line 61 chickens
resulted in a P value of 0.026. dpi, days postinfection.

FIG. 2. Antigen-specific serum IgM (A), IgG (B), and IgA (C) in
line N and 61 chickens infected with S. enterica serovar Typhimurium
40 days after hatching. The error bars indicate standard errors (n 	 5).
a and b indicate that there were significant differences between in-
fected and uninfected line N and 61 chickens, respectively (as deter-
mined by a t test). An asterisk indicates that there was a significant
difference between infected line N and line 61 chickens (P � 0.05). dpi,
days postinfection.
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although generally more of the line N birds than of the line 61

birds were positive for Salmonella in the spleen and liver at
13 days p.i. (Table 1). Salmonella was not detected in the ce-
cal contents, livers, or spleens of uninfected birds (data not
shown).

The number of Salmonella organisms in the cecal contents of
chickens infected at 10 days of age did not differ significantly
for the two lines at any of the times examined (Table 2). For
both lines the cecal contents of four of five birds remained
Salmonella positive at 27 days p.i., and the counts were approx-
imately 3 logs higher than those in chickens infected at 40 days
of age. The numbers of Salmonella organisms in the spleen and
liver were also higher in the chickens infected at 10 days of age
than in the chickens infected at 40 days of age (Tables 1 and 2),
although the rates of systemic clearance were similar regard-
less of the age.

Immune responses in chickens infected at 40 days of age.
Antigen-specific proliferation of splenocytes in response to
STAgP was minimal with uninfected chickens, indicating that
the antigen preparation caused little nonspecific proliferation.
After infection, STAgP-specific proliferation was detected with

splenocytes of both chicken lines, and the levels peaked at
20 days p.i. (Fig. 1). Of note, the proliferative response of line
N splenocytes at 27 days p.i. was comparable to the response of
uninfected birds despite the continued presence of Salmonella
in the guts of four of five chickens and the continued presence
of Salmonella in the liver of one of five chickens. Although
the magnitude of STAgP-specific splenocyte proliferation in
line 61 chickens was reduced at 27 days p.i. compared with the
magnitude at 20 days p.i., the proliferative response remained
higher than that in uninfected controls at the same time (P �
0.05). When proliferation data for infected line N and 61

splenocytes were compared over the course of infection by
regression analysis (F test), a significant difference was ob-
served (P 	 0.026). Chickens in all groups responded similarly
to stimulation with PHA (data not shown).

Significantly increased levels of STAgP-specific serum anti-
bodies (IgM, IgG, and IgA) were associated with infection of
both chicken lines (Fig. 2). For both IgM and IgG, elevated
levels were detected more rapidly following infection (and
peaked at higher levels) in line N chickens. The level of anti-
gen-specific serum IgG remained higher in line N chickens

FIG. 3. Changes in expression of IFN-� (A and B) and Il-1� (C and D) mRNA as determined by quantitative RT-PCR in the spleens (A and
C) and cecal tonsils (B and D) of chickens infected with S. enterica serovar Typhimurium 40 days after hatching. The data are expressed as fold
increases compared to uninfected control chickens. The error bars indicate standard errors (n 	 5). An asterisk indicates that there was a significant
difference in mRNA expression between infected chickens and uninfected controls (as determined by a t test). dpi, days postinfection.
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than in line 61 chickens throughout the experimental period
(27 days p.i.). The levels of STAgP-specific serum IgA were
elevated at 13 days p.i. in both chicken lines and remained
significantly higher than the levels in uninfected chickens for
the duration of the experiment (Fig. 2C).

Changes in the expression of IFN-� and IL-1� mRNA were
measured by real-time quantitative RT-PCR by using splenic
or cecal tonsil RNA during the course of infection. The levels
of splenic IFN-� mRNA were significantly increased at 6 days
p.i. in both chicken lines (Fig. 3A). Following the initial in-
crease, the IFN-� mRNA levels returned to the preinfection
levels at 20 days p.i. in line N chickens and at 13 days p.i. in line
61 chickens. Increased IFN-� mRNA levels were detected in
the cecal tonsils, but the changes compared to uninfected
chickens from the same line were not statistically significant
(Fig. 3B). The splenic levels of IL-1� mRNA were elevated
transiently in line 61 chickens at 6 days p.i., whereas they were
not elevated in line N chickens at any time (Fig. 3C). As
observed with IFN-� mRNA, there was great variability in the
levels of IL-1� mRNA between individuals; no statistically
significant differences between groups were detected. How-
ever, for both lines of chickens some individuals expressed
elevated levels of IL-1� mRNA (spleen and cecal tonsils) at 6
and 13 days p.i. (Fig. 3C and D).

Immune responses in chickens infected at 10 days of age.
The proliferation of splenocytes in response to STAgP was low
in both chicken lines following infection at 10 days of age; no
significant differences between the two lines were detected
(Fig. 4). Similarly, the level of responsiveness to the T-cell
mitogen PHA was low in young birds (10 to 27 days old). In
comparison, the response in older chickens (�40 days) was
much greater (data not shown). The response of splenocytes to
PHA was not affected by infection with Salmonella.

Increased levels of STAgP-specific IgM were detected from
13 days p.i. in line N chickens and from 22 days p.i. in line 61

chickens, although there were no significant differences in the
magnitudes of the responses after 22 days p.i. (Fig. 5a). Simi-
larly, when STAgP-specific IgG (Fig. 5B) and IgA (Fig. 5C)

were studied, line N chickens responded more rapidly than line
61 chickens.

Increased levels of antibodies specific for STAgP were ob-
served at later times following infection in birds infected at
10 days of age (Fig. 5) than in birds infected at 40 days of age
(Fig. 2). Compared to chickens infected at 40 days of age,
chickens infected at 10 days of age produced relatively low
levels of IgG at all of the times tested, although the levels
continued to rise until termination of the experiment (27 days
p.i.), at which point S. enterica serovar Typhimurium was still

FIG. 4. Antigen-specific proliferation of splenocytes from line N
and line 61 chickens infected with S. enterica serovar Typhimurium
10 days after hatching as measured by incorporation of [3H]thymidine.
The error bars indicate standard errors (n 	 5). No statistical differ-
ences were observed between any groups, as determined by regression
analysis. dpi, days postinfection.

FIG. 5. Antigen-specific serum IgM (A), IgG (B), and IgA (C) in
line N and 61 chickens infected with S. enterica serovar Typhimurium
10 days after hatching. The error bars indicate standard errors (n 	 5).
a and b indicate that there were significant differences between in-
fected and uninfected line N and 61 chickens, respectively (as deter-
mined by a t test). An asterisk indicates that there was a significant
difference between infected line N chickens and infected line 61 chick-
ens (P � 0.05). dpi, days postinfection.
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present in the cecal contents of four of five birds sampled in
both infected groups. Induction of STAgP-specific IgA in line
61 chickens following infection was slower in chickens infected
at 10 days of age than in chickens infected at 40 days of age (22
and 13 days p.i., respectively). In contrast induction of antigen-
specific IgA production in line N chickens occurred at 13 days
p.i. regardless of the age at infection.

Significant increases in the amount of IFN-� mRNA were
detected in the spleens of line N chickens at 6 days p.i., and the
levels remained significantly higher than those in uninfected
controls up to 21 days p.i. (Fig. 6A). Similarly, the levels of
splenic IFN-� mRNA were also elevated in line 61 chickens,
although to a lesser degree than that observed in line N chick-
ens at 6 days p.i. In contrast, the magnitude of the increase in
the IFN-� mRNA level detected in the cecal tonsils was greater
in line 61 chickens than in line N chickens following infection
at 6 days p.i. (Fig. 6B). The increased level of IFN-� mRNA
was transient in both chicken lines.

The levels of IL-1� mRNA increased in the spleens and
cecal tonsils in both chicken lines following infection (Fig. 6C
and D). In the spleen, increases in IL-1� mRNA levels were
observed in lines N and 61 at 6 days p.i. A large increase in the
IL-1� mRNA level was detected at 6 days p.i. in the cecal
tonsils of line 61 chickens, and there was a more modest in-

crease in line N chickens, following which the levels dropped
back to those observed in uninfected controls.

DISCUSSION

In this study we focused on B-cell (antibody), T-cell, and cyto-
kine (IL-1� and IFN-�) responses induced by enteric infection in
resistant and susceptible chicken lines at different ages.

Previous studies of genetic resistance either have examined
immune correlates with disease outcome or have employed
genetic mapping approaches. Resistance to systemic salmonel-
losis in chickens is associated with the MHC (28, 50), Nramp1
(21), and TLR4 loci (26). Using a candidate gene approach,
Kramer et al. (24) found that resistance to enteric S. enterica
serovar Enteritidis was associated with polymorphisms in
9 of 12 candidate genes examined. These genes included
genes encoding inducible nitric oxide synthase, IFN-�, IL-2,
NRAMP-1, caspase 1, TGF-�2, and TGF-�4 and genes in-
volved in antibody kinetics (24). In the present study we ex-
amined the association of immune responses with resistance to
enteric S. enterica serovar Typhimurium infection according to
host genetics (two different chicken lines) and the age at the
time of infection (10 and 40 days). To date, the study of
immune correlates with enteric salmonellosis in the chicken

FIG. 6. Changes in expression of IFN-� (A and B) and Il-1� (C and D) mRNA as determined by quantitative RT-PCR in the spleens (A and
C) and cecal tonsils (C and D) of chickens infected with S. enterica serovar Typhimurium 10 days after hatching. The data are expressed as fold
increases compared to uninfected control chickens. The error bars indicate standard errors (n 	 5). An asterisk indicates that there was a significant
difference in mRNA expression between infected chickens and uninfected controls (as determined by a t test). dpi, days postinfection.
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has been limited to ex vivo studies of heterophils, which
showed an increased capacity to respond to S. enterica serovar
Enteritidis when they were derived from resistant chickens
(45). A wide range of immune responses are induced by expo-
sure of chickens to the human food-borne serovars of Salmo-
nella (S. enterica serovars Typhimurium and Enteritidis), in-
cluding antibody, T-cell, and cytokine responses measured in
this study and reported previously (6, 7, 9). The combination of
genetic and age-related resistance as test phenotypes provided
a much more stringent test of association with disease outcome
than the use of a single phenotype.

Since S. enterica serovar Typhimurium resides primarily in
the lumen of the gut of 10- and 40-day-old chickens, an obvious
potential clearance mechanism is the activity of specific se-
creted IgA. There was no association between levels of specific
antibody and outcome of infection, although there were ge-
netic differences in the levels of all antibody classes.

The capacity of T cells to respond to challenge is dependent
upon age, as determined by mitogen- and antigen-driven pro-
liferative assays (30; this study), which are associated strongly
with the age-related changes in susceptibility to enteric salmo-
nellosis. The mechanisms that underpin age-related T-cell re-
sponsiveness in young birds are unknown, but they may involve
structural and compositional changes in the enteric lymphoid
system (20, 27, 47). In murine systems dendritic cell immaturity
has been proposed to be a major mechanism of neonatal hy-
poresponsiveness (39); unfortunately, dendritic cell biology in
the chicken is poorly understood, and at present it is not
possible to examine the role of these cells.

Substantial antigen-specific class-switched antibody was de-
tected (IgG and IgA) in the young chickens (albeit it was
slower than that with older birds), which is indicative of gut-
associated TCR
�� CD4� T-cell involvement (although clas-
sical antigen-specific proliferation was not detected in the
spleen). Genetic differences in susceptibility to infection be-
came apparent in older birds, and this was associated with
more robust antigen-induced proliferation of splenocytes in
resistant birds. Interestingly, single nucleotide polymorphism
analysis identified the autocrine growth factor IL-2 as a can-
didate locus associated with resistance to S. enterica serovar
Enteritidis in 3-week-old chickens (along with 8 of 12 other
chickens tested) (24).

In murine salmonellosis, control of bacterial numbers at
systemic sites can be attributed to the coordinated activity of
innate and T-cell populations (33), with B cells playing a role
during secondary challenge (34). IFN-� is well established as a
central mediator of immunity to S. enterica serovar Typhi-
murium in mice and is induced by challenge of chickens with
S. enterica serovar Typhimurium despite the largely enteric
nature of the infection (6). However, the level of IFN-� mRNA
and the timing of induction were not associated with the out-
come of infection in young chickens (10 days) or older chickens
(40 days). Indeed, the highest levels of IFN-� mRNA were
observed in the spleens of young line N chickens and in the
cecal tonsils of young line 61 chickens, which did not display
differential susceptibility to infection with S. enterica serovar
Typhimurium. Similarly, the levels of IL-1� mRNA were not
associated with susceptibility or resistance to infection of either
young or older line N or line 61 chickens. The highest levels of
splenic IL-1� mRNA were present in young chickens, which

probably reflected the larger numbers of bacteria in the guts of
these chickens than in the guts of older birds having either
genetic background. Nonetheless, our data for IL-1� mRNA
do not preclude a role in resistance since substantial posttrans-
lational modification is required for activity (19) and polymor-
phisms in caspase-1 (also known as IL-1 converting enzyme)
are associated with resistance to enteric S. enterica serovar
Enteritidis (24).

Stringent assessment of immune responses that are associ-
ated with resistance to infection, using host genetics and age,
revealed that only T-cell responsiveness was associated with
disease outcome. Some immunological changes, such as in-
creased antibody production, were associated with host genet-
ics but not with the resistance phenotype. Similarly, other fea-
tures of the immune response, such as increased IFN-� and
IL-1� production in the cecal tonsils, differed according to age,
but they were not associated with genetic susceptibility in older
birds. These studies support the hypothesis that S. enterica
serovar Typhimurium clearance from the chicken gut is T cell
dependent and indicate the usefulness of multiple-phenotype
strategies for identifying features that are strongly associated
with resistance.
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