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ABSTRACT The Campylobacter jejuni-host interaction may be affected by the host’s
gut microbiota through competitive exclusion, metabolites, or modification of the
immune response. To understand this interaction, C. jejuni colonization and local im-
mune responses were compared in chickens with different gut microbiota composi-
tions. Birds were treated with an antibiotic cocktail (AT) (experiments 1 and 2) or
raised under germfree (GF) conditions (experiment 3). At 18 days posthatch (dph),
they were orally inoculated either with 104 CFU of C. jejuni or with diluent. Cecal as
well as systemic C. jejuni colonization, T- and B-cell numbers in the gut, and gut-
associated tissue were compared between the different groups. Significantly higher
numbers of CFU of C. jejuni were detected in the cecal contents of AT and GF birds,
with higher colonization rates in spleen, liver, and ileum, than in birds with a con-
ventional gut microbiota (P � 0.05). Significant upregulation of T and B lymphocyte
numbers was detected in cecum, cecal tonsils, and bursa of Fabricius of AT or GF
birds after C. jejuni inoculation compared to the respective controls (P � 0.05). This
difference was less clear in birds with a conventional gut microbiota. Histopathologi-
cal gut lesions were observed only in C. jejuni-inoculated AT and GF birds but not in
microbiota-colonized C. jejuni-inoculated hatchmates. These results demonstrate that
the gut microbiota may contribute to the control of C. jejuni colonization and pre-
vent lesion development. Further studies are needed to identify key players of the
gut microbiota and the mechanisms behind their protective role.
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Campylobacter jejuni is one of the most frequent causative agents of human food-
borne gastroenteritis in the world. Chickens, especially meat-type birds, are re-

garded as the main reservoir for C. jejuni, which may colonize the chicken intestine
asymptomatically without significant macroscopical and microscopic lesions (1–3).

The endogenous intestinal microbiota exhibits a high phylogenetic diversity of
distinct bacterial species (4–6). The commensal gut microbiota contributes to numerous
physiological processes in the host, such as protection of intestinal epithelial cells,
digestion of food components, fat and vitamin synthesis, and stimulation of intestinal
angiogenesis (4, 5). An additional critical function of the intestinal microbiota is the
effective inhibition of colonization and overgrowth of potentially pathogenic microor-
ganisms via competitive exclusion or stimulation of the development of host immune
defenses (6).

The role of the gut microbiota in the control of C. jejuni infection has been shown
in mice, where it acts as a physical barrier against C. jejuni colonization (7, 8). Germfree
(GF) mice and gnotobiotic mice were more susceptible to C. jejuni colonization than
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mice with a conventional intestinal microbiota. Consequently, ampicillin treatment led
to successful C. jejuni colonization of mice (9). Antibiotic-treated (AT) mice showed,
indeed, a significantly lower diversity of operational taxonomic units (OTUs) than
nontreated mice. Interestingly, mice colonized by a human microbiota were success-
fully colonized by C. jejuni, in contrast to mice given a mouse microbiota (7). In addition,
in Salmonella infection in chickens, it was demonstrated that significantly higher
numbers of CFU of Salmonella enterica serovar Typhimurium were detected in 4-day-
old birds, after inoculation with S. Typhimurium, that were fed with antimicrobial feed
additives than chickens that had received a standard diet (8).

The immune system plays an important role in the mucosal defense against
bacterial infections. T-cell-mediated immunity was demonstrated in the control of C.
jejuni colonization in mice and humans, but little is known about the role of T cells in
the control of C. jejuni infection in chickens (10–12). It has been suggested that C. jejuni
infections in avian species are associated with Th1 polarization of the immune response
(3, 13). It is not fully clear how the gut microbiota may alter the colonization pattern of
C. jejuni and may influence the development of local immune responses to C. jejuni
colonization.

The goal of this study was to investigate the influence of the intestinal microbiota
on C. jejuni colonization in chickens. Birds with a conventional gut microbiota were
compared with AT and GF hatchmates. We also investigated and compared the local
and systemic immune reactions in C. jejuni-inoculated and C. jejuni-free chickens.
Previous studies had suggested a genotype and feed composition influence on the
outcome of Campylobacter colonization and immune responses (14, 15). Broiler-type
birds, independent of feed composition, mounted a stronger immune response to
Campylobacter inoculation than layer-type birds, in which feed composition had a more
significant influence on the outcome of pathogen-host interaction (14). But both
genotypes were successfully colonized and did not show significant lesions (14). On the
other hand, Humphrey et al. (15) and others have shown that different genotypes of
meat-type birds varied in colonization pattern and lesion development in experiments
using a different dose and strain of Campylobacter from that used in our studies. For
this study, we neglected these possible genotype differences because they were not in
the focus of our investigations, although AT broiler-type birds were used for experi-
ments 1 and 2, and due to experimental constraints layer-type birds had to be used for
experiment 3. Independent of the different genotypes used, our data clearly demon-
strate that a conventional intestinal microbiota influences the outcome of C. jejuni
colonization as well as the local and systemic immune responses. The mechanisms
behind this influencing effect have to be further elucidated, for which these GF and AT
chickens may be used as suitable animal models.

RESULTS
Reduction of the gut microbiota. To confirm the antibiotic effect on the intestinal

microbiota, we assessed the diversity of the intestinal bacterial community between AT
and untreated broilers at the time of necropsy. At this point, C. jejuni-free control birds
had been inoculated with an antibiotic cocktail for 10 days and were exposed to the
flora of the housing environment for 14 days (experiment 1) (Fig. 1). Antibiotic
treatment of broilers did not lead to a decrease of the overall taxonomical complexity
characterized by chao1, equitability, Shannon, or Simpson indices. Despite this, there
were 130 OTUs that were differently abundant in control and antibiotic-treated chick-
ens. Moreover, 27 differently abundant OTUs in antibiotic-treated and control chickens
ranked among the top 100 most frequent OTUs (data not shown). The sterility of GF
chickens in experiment 3 was confirmed weekly by taking fresh fecal droppings, which
were incubated under aerobic and anaerobic conditions in tubes containing 10 ml of
either sterile brain heart infusion broth or thioglycolate broth with Resazurin. No
bacteria, fungi, or yeasts were detected before infection.

Effect of reduced gut microbiota on C. jejuni colonization. Significantly higher
numbers of CFU of C. jejuni were observed for C. jejuni-inoculated AT (Fig. 2A) and GF
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(Fig. 2B) birds than for birds with a “more conventional” gut microbiota. Overall C. jejuni
colonization rates of other tissues, including spleen and liver as well as ileum, were
higher in AT and GF birds after C. jejuni colonization than in the respective control
groups (Table 1).

C. jejuni elicits a more vigorous immune response in birds that have a reduced
or no detectable intestinal microbiota. The colonization with a gut microflora slightly
influenced the numbers of local T- and B-lymphocyte populations in the cecal lamina
propria, cecal tonsil (CT), and bursa of Fabricius. Cell numbers were higher in the cecum,
CT, and bursa of Fabricius of birds with a conventional flora than in those of the
antibiotic-treated or germfree chickens even in the absence of C. jejuni (Fig. 3 and 4; see
also Fig. S2 and S3 in the supplemental material).

C. jejuni-inoculated untreated broilers and specific-pathogen-free (SPF) birds
showed, as expected, an increase in the number of T and B lymphocytes in cecum, CT,
and bursa of Fabricius compared to the respective control groups, but this increase was
not significant (P � 0.05) (Fig. 3 and 4; see also Fig. S1 to S3 in the supplemental
material).

In all three experiments, significantly higher numbers of cecal CD4�, CD8�, and B
cells were observed in AT and GF birds after C. jejuni inoculation than in AT and GF C.
jejuni-free birds, respectively (Fig. 3). This observation for T and B lymphocytes was also
found in CT in experiment 3 (Fig. S1 and S2) (CD8� T cell data not shown). Due to the
high number and the uneven distribution of immune cells in CT, we did not further
quantify the cell populations.

C. jejuni-inoculated AT birds showed in the bursa of Fabricius a clear increase only
in the number of CD4� T cells (Fig. 4) and not in the number of CD8� T cells. A
significant increase of both the CD4� and CD8� T lymphocytes was observed in the
bursa of Fabricius of GF birds after C. jejuni inoculation (Fig. 4 and S3).

Detection of mRNA expression levels. To confirm the immunohistochemical data,
we determined mRNA expression levels of CD4 and chB6, which relate to T and B cell
numbers. To better understand the level of local humoral immunity, we also deter-
mined the mRNA expression levels of IgA. C. jejuni-inoculated untreated broilers
showed only a slight or no increase in the cecal expression levels of CD4, chB6, and IgA,

FIG 1 Gut microbiota composition. Taxonomy summary and microbial diversity of operational taxonomic
units (OTUs) from cecal samples collected at 25 days posthatch from antibiotic-treated (A) and untreated
(B) C. jejuni-free birds in experiment 1 (n � 5/group). Charts were generated from raw data, but when we
produced them from normalized data, these were essentially the same. We therefore used the maximal data
available for each sample.
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respectively, compared to noninoculated birds (Fig. 5). C. jejuni-inoculated SPF birds
showed significant differences in the cecal expression levels of CD4 and IgA compared
to the respective control group (P � 0.05) (Fig. 5A and F). Significantly higher levels of
CD4 and chB6 as well as IgA mRNA expression were observed in the cecum of C.
jejuni-inoculated AT broilers and GF birds than in their C. jejuni-free control groups (P �

0.01) (Fig. 5).
Clinical signs, histological lesions, and goblet cell numbers in the intestines of

AT and GF birds after C. jejuni inoculation. In both experiment 1 and experiment 2,

FIG 2 Average CFU of C. jejuni in the cecal content of birds at 7 days after C. jejuni inoculation. (A) CFU
of C. jejuni in the cecal content of untreated and antibiotic-treated (AT) C. jejuni-inoculated broilers in
experiments 1 and 2 (n � 5/group). (B) CFU of C. jejuni in the cecal content of SPF C. jejuni-inoculated
birds and germfree (GF) C. jejuni-inoculated birds in experiment 3 (n � 8/group). Asterisks indicate
significant differences between two C. jejuni-inoculated groups at the indicated days following C. jejuni
inoculation: *, P � 0.05; **, P � 0.01.

TABLE 1 Qualitative detection of C. jejuni in different tissuesa

Expt
no.

Bird
groups

No. of C. jejuni-positive tissue samples/total
no. tested in:

No. (%) of positive
samples/total no. testedSpleen Ileum Liver Liver-h* Heart Blood

1 Conv-Lior 6 0/5 4/5 0/5 0/5 0/5 ND 4/25 (16)
AT-Lior 6 3/5 5/5 3/5 3/5 0/5 ND 14/25 (56)

2 Conv-Lior 6 0/5 5/5 0/5 0/5 0/5 ND 5/25 (20)
AT-Lior 6 3/5 5/5 2/5 4/5 0/5 ND 14/25 (56)

3 SPF-Lior 6 0/8 3/8 1/8 ND ND 0/8 4/32 (12.5)
GF-Lior 6 2/8 8/8 5/8 ND ND 2/8 17/32 (53.2)

aAbbreviations: Conv, conventional broiler; AT, antibiotic-treated broiler; SPF, specific-pathogen-free birds; GF,
germ-free birds; Liver-h*, liver sample was collected and homogenized in 3 ml of PBS; ND, not done.
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C. jejuni-inoculated AT broilers showed diarrhea, while no clinical signs were observed
in C. jejuni-inoculated GF birds in experiment 3.

Microscopically, gut tissue lesions and heterophil infiltration were detected in AT
broilers as well as in GF birds after C. jejuni inoculation (Fig. 6). C. jejuni-free birds (Fig.
6A and C) showed low numbers of heterophils (�5/microscopic field; score, 2 [see
Materials and Methods for explanation of scores]). We observed moderate and marked
(�10/microscopic field; score, 4) infiltration of heterophils in C. jejuni-inoculated AT
broilers and GF birds, respectively (data not shown).

FIG 3 Immunohistochemical detection of T and B lymphocytes in the cecum of birds that were inoculated at 18 dph with
either C. jejuni or C. jejuni-free medium. Immunohistochemical detection of CD4� (A and B), CD8�� (C and D), and Bu1�

(E and F) lymphocytes in cecal lamina propria. Antibiotic-treated (AT) or untreated commercial broilers in experiment 1 as
a representative experiment are presented in panels A, C, and E (n � 5/group). Specific-pathogen-free (SPF) and germfree
(GF) birds were used in experiment 3 (B, D, and F) (n � 8/group). Different lowercase letters (a, b, c) indicate significant
differences between groups within the same experiment at the indicated days following C. jejuni inoculation (P � 0.05).
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In addition, we also detected higher numbers of goblet cells (score 4) in the cecum
of GF birds following C. jejuni inoculation (Fig. 7C and D), but to a lesser extent in SPF
birds (score, 2) than in the cecum of C. jejuni-free birds (score, 1) (Fig. 7A and B).

Effect of antibiotic treatment on gut microbiota composition of commercial
broilers after C. jejuni inoculation. UniFrac analysis followed by principal-coordinate
analysis (PCoA) showed that both antibiotic treatment and C. jejuni colonization
affected microbiota composition (Fig. 8). The effect of antibiotic treatment was of a
greater consequence than C. jejuni colonization, but there was also a cumulative effect
of the treatment and C. jejuni (Fig. 8).

DISCUSSION

The intestinal microbiota has been considered one of the key factors influencing the
host response and outcome of C. jejuni colonization (9, 16, 17). The intestinal microbiota
provides opportunistic commensal bacteria that may prevent colonization by enteric
bacterial pathogens through activation of the innate and adaptive immune responses
as well as antimicrobial defensin production (18). Intestinal microbiota can also con-
tribute to the host defense in multiple ways, such as adjusting the intestinal pH value
or changing the limited oxygen level to generate a competitive acidic or unfavorable
environment to exogenous pathogens and inhibiting pathogens’ attachment to their
target sites, as well as limiting fundamentally required nutrients for pathogens (19–21).

It has not been clear to what extent the gut microbiota may affect the C. jejuni
colonization in chickens. It was speculated that the gut microbiota may directly or
indirectly affect the outcome of C. jejuni colonization through immune modulation. The

FIG 4 Immunohistochemical detection of T and B lymphocytes in the bursa of Fabricius of birds that had been
inoculated with either C. jejuni or C. jejuni-free medium. Immunohistochemical detection of CD4� (A and B) and
CD8�� (C and D) T cells in the bursa of Fabricius of birds that had been inoculated with either C. jejuni or C.
jejuni-free medium. Antibiotic-treated (AT) or untreated commercial broilers were used in experiments 1 and 2
(experiment 1 used as a representative experiment) (A and C) (n � 5/group). SPF and GF birds were used in
experiment 3 (B and D) (n � 8/group). Different lowercase letters (a, b, c) indicate significant differences between
groups at the indicated days following C. jejuni inoculation (P � 0.05).
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goal of this study was to compare birds with different gut microbiotas in their C. jejuni
colonization pattern and immune responses, which had not been investigated under
comparable experimental conditions in chicken before. Three experiments were con-
ducted. In all three experiments, birds were inoculated at the same age (18 days

FIG 5 CD4 (A and B), chB6 (C and D), and IgA (E and F) mRNA expression levels in cecum samples of AT or untreated birds (A, C, and D; n �
5/group) (experiment 1 used as a representative experiment) and SPF or GF birds (B, D, and F; n � 8/group) (experiment 3). Birds were C. jejuni
inoculated at 18 dph. Comparison of cytokine mRNA expression levels between C. jejuni-free control and C. jejuni-inoculated birds at 7 dpi. Data
are presented as the mean mRNA expression (40-CT) normalized to 18S. Asterisks indicate significant differences between C. jejuni-inoculated and
C. jejuni-free control groups at the indicated days following C. jejuni inoculation: *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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posthatch [dph]) and with the same C. jejuni strain. Due to experimental constraints,
some genotype effects cannot be excluded because broiler-type birds were used in
experiments 1 and 2, to be able to more closely relate to the field situation, and
layer-type birds were used in experiment 3, because this was the available genotype in
this germfree system (14, 15), but with respect to the objectives of this study these
genotype effects can be neglected.

Consistent with previous investigations (13, 22, 23), none of the C. jejuni-inoculated
birds that had a conventional gut microbiota showed clinical signs or pathological or
histopathological lesions. Interestingly, diarrhea and marked heterophil infiltration
were found in C. jejuni-inoculated AT broilers and GF birds, in contrast to the respective
control groups. This is probably related to the fact that intestinal colonization by C.
jejuni was higher in AT and GF birds. In poultry, it was demonstrated that the cecal
microbiota contributes to the stability of gut health, to host defense, and to pathogen
antagonization (24, 25). Following C. jejuni infection, birds may show a higher intestinal
permeability and a disrupted intestinal physical barrier allowing translocation of bac-
teria colonizing the intestine (26). We may speculate that the limited diversity or lack
of the cecal microbiota of the AT and GF birds, respectively, may contribute to the
higher number of CFU of C. jejuni in the cecum and an enhanced disruption of the
intestinal barriers, as indicated by the presence of diarrhea in AT-inoculated birds.
The loss of gut integrity and/or the higher bacterial loads may subsequently allow more
C. jejuni organisms to cross the intestinal barrier and finally colonize to higher rates
other tissues in the AT and GF birds.

This is the first study in chickens with a modified gut flora demonstrating the role

FIG 6 Development of histopathological lesions in the cecum of C. jejuni-free (A and C) and C. jejuni-inoculated (B and D) broilers (A and
B) (experiment 1 used as a representative experiment) and SPF birds (C and D) (experiment 3) at 7 days postinoculation. Birds were either
AT (experiment 1) or kept under germfree conditions (experiment 3). Shown is the infiltration of heterophils (arrows) in the crypt and villus
region of the cecum at 7 days following C. jejuni inoculation.
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of the microbiota on the outcome of C. jejuni colonization. This study reinforces other
C. jejuni studies that addressed the role of gut microflora in disease development and
pathogenesis in mice (27, 28). Mice with a conventional intestinal microbiota were,
indeed, less susceptible to C. jejuni colonization than GF or gnotobiotic ones (7, 9).

The gut microbiota has also been suggested to play a vital role in host immunity
(25). In our experiments, we analyzed different immune parameters (CD4, CD8, and B
cells) and C. jejuni colonization patterns between birds with conventional and limited
gut microbiotas. C. jejuni induced a more vigorous immune response in birds with
limited gut microbiota than in conventional birds. In both experiment 1 and experi-
ment 2, C. jejuni-inoculated AT broilers showed higher numbers of T and B lamina
propria in the cecum than did untreated birds. The numbers of T lymphocytes in the
bursa of Fabricius in C. jejuni-inoculated broilers were also higher than in the C.
jejuni-free group. These observations were confirmed in germfree birds (experiment 3),
where the differences between C. jejuni-inoculated and noninoculated chickens were
even more significant. However, these clear differences were not detected in conven-
tional birds after C. jejuni inoculation. These experiments confirm that independent of
the genotype, the gut microbiota may interfere with C. jejuni colonization and also the
extent of the subsequent immune response.

To further confirm our immunohistochemical results, we investigated the mRNA
expression levels of CD4 and chB6 in the cecum. Consistent with the numbers of cecal
lamina propia T and B lymphocytes, significantly lower expression levels of CD4 and
chB6 were observed in the cecum of AT and GF birds than in their respective control
groups, which were colonized with a microflora after hatch. The expression level of CD4
and chB6 in AT-untreated and SPF birds after C. jejuni inoculation showed no significant

FIG 7 Staining of goblet cells in control (A and C) and C. jejuni-inoculated (B and D) birds at 7 days postinoculation (experiment 3). Cecum
section from SPF (A and B) and GF (C and D) birds.
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or only minor differences compared to the respective control groups. Inoculation of AT
and GF birds with C. jejuni led, on the other hand, to a strong increase in gene
expression levels compared to the C. jejuni-free controls, supporting the immunohis-
tochemical observation.

C. jejuni can induce circulating IgA in both commercial broilers and SPF birds (29).
Significantly higher IgA mRNA expression levels were detected after C. jejuni inocula-
tion of SPF birds as well as AT and GF birds than in the corresponding C. jejuni-free
control groups. This observation strengthens the possible controlling role of the gut
microbiota on the humoral immune response to C. jejuni colonization. The mechanisms
behind this are not clear and have to be elucidated further.

Humphrey and colleagues recently demonstrated that C. jejuni may induce diarrhea,
a prolonged inflammatory response, and induction of lymphocyte activation in a
specific broiler line (15). The mechanisms behind these differences are not known.
Clinical signs were observed only in C. jejuni-inoculated AT broilers (experiment 1 and
experiment 2). We may speculate that GF birds did not show any clinical sign due to the
breed effect (14). In addition, in all three experiments, AT and GF birds developed
histopathological gut tissue lesions and heterophil infiltrations after C. jejuni inocula-
tion, but the respective control groups with a conventional gut microbiota (AT-
untreated broilers and SPF birds) did not. Our observations may support others
suggesting that C. jejuni is not a commensal but a bacterial pathogen in the chicken
gut, but the gut microbiota may prevent lesion development in conventional healthy
birds in the field (15, 30). Under field conditions, this delicate balance between gut

FIG 8 Microbiota diversity. Microbiota diversity in the cecum of antibiotic-treated (red) and untreated (blue) broilers that had been inoculated
with either C. jejuni-free medium (small dots) or C. jejuni (big dots) (experiment 1). Images were generated from raw data, but when we produced
the images from normalized data, these were essentially the same. We therefore used the maximal data available for each sample.
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microbiota, host, and pathogens may easily be disturbed, though, and subsequently
subclinical disease may occur and even clinical signs may develop.

It has been demonstrated that the mucus and mucins of the goblet cells provide the
first defense line of the gastrointestinal tract and interact with the immune system (31).
Interestingly, changes in intestinal microbiota can affect the mucin biosynthesis. A
reduction of mucin production has been described for germfree birds (32). In addition,
purified chicken mucin was reported to attenuate C. jejuni binding and internalization
into HCT-8 cells (33). Another study reported that chicken mucin can reduce the
invasion of C. jejuni into intestinal epithelial cells. Furthermore, motility is known to be
important for C. jejuni colonization, and binding to chicken mucin has an effect on DNA
supercoiling, which alters motility levels of C. jejuni (34). In our study, higher numbers
of goblet cells were detected in C. jejuni-inoculated AT and GF birds than in the
respective C. jejuni-inoculated control birds, while the effect was more significant in GF
chickens. C. jejuni colonization did not affect goblet cell numbers in conventional birds.
However, C. jejuni induced an increased number of goblet cells in AT and GF birds,
which may subsequently produce mucin as a defense. Further studies should be
conducted to investigate mucin composition or production between conventional
birds and birds with a limited or absent gut microbiota.

Overall, this study demonstrates that a reduced diversity and population number in
the gut microbiota or even the lack of a gut microbiota modulates the pathogenesis of
C. jejuni. AT and GF birds are suitable in vivo models to identify the role of the intestinal
microbiota in C. jejuni colonization in chicken. Our results show a protective role of the
gut microbiota on C. jejuni colonization in chickens and contribute to the better
understanding of C. jejuni-host interaction. Future studies need to elucidate which
bacteria may be the key players in this scenario and further identify possible probiotics
candidates to reduce C. jejuni colonization of chickens in the field. Crossover studies
using both layer- and meat-type birds in these in vivo models may further help to
elucidate possible genotype-based differences with respect to microbiota composition,
immune responses, and Campylobacter-host interaction.

MATERIALS AND METHODS
C. jejuni inoculum preparation. The C. jejuni strain of serogroup Lior 6 was isolated from a chicken

at the Clinic for Poultry, University of Veterinary Medicine Hannover, Hannover, Germany, and was stored
in skim milk at �70°C (12).

The cryopreserved bacteria were thawed and plated on charcoal cefoperazone deoxycholate agar
(CCDA; Oxoid, Basingstoke, England). The plates were incubated for 48 h under microaerophilic condi-
tions (10% CO2, 5% O2, 85% hydrogen) at 38°C. After 2 days, one C. jejuni colony was transferred into 3
ml Standard-I-Bouillon (Merck, Darmstadt, Germany) and incubated for another 48 h under microaero-
philic conditions at 38°C.

One milliliter of the bacterial suspension was diluted with sterile phosphate-buffered saline (PBS) to
achieve approximately 104 CFU/ml for oral inoculation. To confirm the CFU of C. jejuni in the inocula, the
bacterial suspension was serially diluted in a 10-fold dilution series, spread on CCDA plates, and
incubated for 48 h at 38°C. After incubation, the colonies were counted to calculate the CFU (35).

Histology. Samples of the middle region of the cecum, a cecal tonsil, and the bursa of Fabricius were
collected, fixed in phosphate-buffered formalin (4%) for 24 h, and further processed for histological
examination with standard procedures. The different tissue sections of 2 �m were investigated micro-
scopically for histopathological lesions such as edema in the lamina propria of the cecum, crypt
abscesses, and cell ballooning as previously described for mice and chickens after C. jejuni inoculation
(22, 36). After the rehydration, sections were stained with 1% alcian blue 8GS (Sigma Co.) for 15 min.
Slides were rinsed for 5 min with distilled water, dehydrated with 95% alcohol and 100% alcohol for 2
min each, cleaned with xylene, and then mounted with neutral gums. The goblet cells were counted in
five fields per microscopic field (magnification, �200). Tissue sections were examined in a blinded
manner. Lesions were scored by the degree of heterophil infiltration or goblet cell numbers: 1 for a slight
increase compared to the respective noninoculated controls, 2 for a mild level of infiltration or low
numbers, 3 for moderate levels, 4 for marked levels, and 5 for severe levels of infiltration or high numbers
in comparison to the respective noninoculated controls (15).

Immunohistochemical staining of immune cells. Frozen sections of middle cecum, cecal tonsil,
and bursa of Fabricius were processed as previously described (37, 38). Sections were stained with one
of the following mouse anti-chicken unlabeled monoclonal antibodies: anti-CD4, anti-CD8�, and anti-Bu1
(0.05 �g/ml; Southern Biotech, provided by Biozol, Eching, Germany). The secondary anti-mouse IgG
biotinylated antibodies and ABC reagent (Vectastain Elite ABC kit; Vector Laboratories Inc., provided by
Linaris, Wertheim-Bettingen, Germany) were applied according to the manufacturer’s instructions. The
enzyme-linked ABC complex was visualized by the reaction with 3.3=-diaminobenzidine (DAB) chromo-
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gen substrate and hydrogen peroxide (DAB peroxidase substrate kit; Vector Laboratories Inc.). Sections
were examined by light microscopy. The different lymphocyte populations were evaluated by counting
the number of stained cells per 3 crypts in the cecal lamina propria and in 5 representative microscopic
fields at an optical magnification of �200 in the bursa of Fabricius of each animal (38).

qRT-PCR. For real-time quantitative RT-PCR (qRT-PCR), total RNA was isolated from the middle region
of the cecum samples with 1,000 �l Trifast-GOLD reagent (PeqLab, Biotechnologie GmbH, Erlangen,
Germany) according to the manufacturer’s instructions. RNA quality and concentrations were determined
using the NanoDrop ND-1000 system (PeqLab, Biotechnologie GmbH).

All details of the specific primers for the detection of expressed chB6 and IgA as well as the
housekeeping gene 18S are described in Table 2. The specific primers for CD4 were obtained from
Qiagen Quantitect primer assays. qRT-PCR was performed using the 7300 real-time PCR system (Applied
Biosystems, Warrington, UK) with SYBR green as a double-stranded-DNA-specific fluorescent dye. The
following cycle profile was applied: 1 cycle at 95°C for 2 min and 40 cycles at 95°C for 15 s, 59°C for 30
s, and 72°C for 30 s, followed by 1 cycle at 95°C for 15 s, 57°C for 30 s, and 95°C for 15 s.

The results were normalized to the housekeeping gene 18S (39); its expression was comparable
between birds of C. jejuni-inoculated and noninoculated groups. Data are expressed as 40 delta threshold
cycle (40-CT) of mRNA expression in the tissues of C. jejuni-inoculated birds and C. jejuni-free controls.

DNA purification and sequencing of the V3/V4 variable region of the 16S rRNA genes.
Microbiotas were characterized by next-generation sequencing of the V3/V4 variable region of the 16S
rRNA genes. Cecal samples were homogenized using zirconia silica beads (BioSpec Products) in a
MagNAlyzer (Roche Diagnostics). Following homogenization, the DNA was extracted using the QIAamp
DNA Stool minikit according to the manufacturer’s instructions (Qiagen). The DNA concentration and
quality were determined spectrophotometrically, and the DNA was stored at �20°C until use. Prior to
PCR, DNA samples were diluted to 5 ng/�l and used as a template with the forward primer 5=-TCGTC
GGCAGCGTCAGATGTGTATAAGAGACAG-MID-GT-CCTACGGGNGGCWGCAG-3= and reverse primer 5=-GTCT
CGTGGGCTCGGAGATGTGTATAAGAGACAG-MID-GT-GACTACHVGGGTATCTAATCC-3=. The sequences in
italics served as an index and an adapter ligation, while underlined sequences allowed an amplification
over the V3/V4 region of the 16S rRNA genes. MIDs represent different sequences of 5, 6, 9, or 12 bp in
length designed to differentiate samples. PCR amplification and clean-up were done with the Kapa Taq
HotStart PCR kit (Kapa Biosystems). In the next step, the DNA concentration was determined fluoro-
metrically and the DNA was diluted to 100 ng/�l. Groups of 14 PCR products with the same MID
sequence were indexed with a Nextera XT Index kit according to the manufacturer’s instructions
(Illumina). Prior to sequencing, the concentration of differently indexed samples was determined using
a Kapa Library Quantification Complete kit (Kapa Biosystems). All indexed samples were diluted to 4
ng/�l, and 20% of phiX DNA was added. Sequencing was performed using the MiSeq Reagent kit v3 and
the MiSEQ apparatus according to the manufacturer’s instructions (Illumina).

Sequence analysis. Fasta and qual files generated after Illumina sequencing were uploaded into the
Qiime software (40). Reverse reads were shortened to a length of 250 bp, and forward and reverse
sequences were joined. Quality trimming criteria were set to a value of 19 and no mismatch in the MID
sequences. In the next step, chimeric sequences were predicted by slayer algorithm and excluded from
subsequent analysis. The resulting sequences were then classified by RDP Seqmatch with an OTU
discrimination level set to 97% followed by UniFrac analysis (41). Principal-coordinate analysis (PCoA) was
used for data visualization.

Animals and experimental design. (i) Animals and housing conditions. For experiments 1 and 2,
embryonated eggs from commercial Ross-308 broiler-type chickens were obtained from the BWE
Hatchery Weser-Ems GmbH & Co. KG, Visbek, Rechterfeld, Germany. Eggs were incubated and hatched
at the Clinic for Poultry, University of Veterinary Medicine Hannover, Hannover, Germany. Chickens were
housed and raised at the Clinic for Poultry, University of Veterinary Medicine Hannover.

The birds were assigned randomly to different groups, which were kept in different isolation units to
avoid cross-contamination. All units had comparable management conditions. To eradicate the com-
mensal gut microbiota, birds of the AT groups were treated with a cocktail of ampicillin (550 mg/liter;
Bela pharm), doxycycline (100 mg/liter; Albrecht), and enrofloxacin (0.3 ml/liter; Bayer) to the drinking
water starting at 1 day of life. Antibiotic treatment was maintained for 10 days. At 10 days posthatch,
cloacal swabs were collected from each bird/group and spread on Columbia sheep blood agar and
cystine lactose electrolyte-deficient agar to confirm the clearing effect of the antibiotic treatment. All
samples from birds of the antibiotic-treated group showed no or hardly any bacterial growth after 48 h

TABLE 2 Real-time quantitative RT-PCR primers and probes

Target Sensea Probe/primer sequence (5=–3=)
18S F CATGTCTAAGTACACACGGGCGGTA

R GGCGCTCGTCGGCATGTATTA

chB6 F GATCGCCTGCCCTCCAAT
R TGGCTTTCCACGTCAGCTATC

IgA F CGCCCCTTCCGTCTACGT
R CGAAATCGGTTGGTTTTGTTG

aF, forward primer; R, reverse primer.
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of incubation under standard protocols, while those of birds of the untreated group showed vigorous
growth of different bacterial species, which were not further differentiated, on either agar. From 11 to
18 days dph, birds received water without antibiotics to allow clearance of the substances from the
intestinal tract. Feed and water were autoclaved and provided ad libitum, and the birds were observed
daily for the presence of clinical signs throughout the experiments.

For experiment 3, all White Leghorn chicks (PA12) originated from the same specific-pathogen-free
(SPF) flock reared at the infectiology platform PFIE (INRA Val de Loire). The germfree (GF) chickens were
obtained by hatching and rearing chickens under sterile conditions as described in reference 42 with
some modifications. The surface of the clean eggs, collected just after laying, was sterilized by immersion
in 1.5% Divosan (Diversey) for 5 min and for an additional 3 min just before the eggs were transferred
into a sterile HEPA-filtered incubator. After 18 days, the egg surface was sterilized in 1.25% Divosan
(Diversey) for 4 min at 37°C. Eggs were then transferred to a sterile isolator for hatching. Birds were
offered ad libitum an X-ray-irradiated starter diet from Special Diets Services (Dietex, Argenteuil, France)
and sterilized water for the entire duration of the experiment.

The germfree status of chicks was confirmed regularly by surface swabs of embryonated eggs and
after hatch by fecal droppings. Two media were routinely used to determine the lack of bacteria and
fungi. Thioglycolate broth with Resazurin (Institute Pasteur Production) was used for sterility tests of
samples and for the culture of aerobic, anaerobic, and microaerophilic bacteria. This medium, formulated
with pancreatic digest of casein, yeast extract, cystine, and glucose, ensures the growth of a large variety
of aerobic and anaerobic bacteria, whereas the addition of sodium thioglycolate at a concentration of
0.05% decreases the redox potential without having a toxic effect. The second medium used (brain heart
infusion broth [Difco]) was a highly nutritious medium recommended for the growth of molds and fungi
like Aspergillus and fastidious bacteria. Growth of putative microorganisms was monitored for 7 days at
37°C. Birds were additionally tested for the presence of nonculturable bacteria in fecal samples before
infection and in cecal samples at the end of the experiment (in noninfected chickens) by quantitative PCR
using primers corresponding to “all bacteria” (43). All tested samples were negative for detectable
microorganisms by either technique.

(ii) Experiment 1 design. Subgroups (n � 5) of C. jejuni-free conventional or AT broilers were orally
inoculated with C. jejuni strain Lior 6 at a dose of approximately 104 CFU or C. jejuni-free medium at 18
dph by crop inoculation. Five birds of each subgroup were necropsied at 7 days postinoculation
(dpi). Histopathological lesions were determined. Heart, spleen, liver, and ileum were investigated
for C. jejuni by direct swabs. To avoid cross-contamination, liver samples were collected under sterile
conditions immediately at the beginning of the necropsy and subsequently were swabbed from the
depth of the parenchyma. In addition, approximately 1-cm3 liver sample was collected, homoge-
nized with 3 ml of PBS, and subsequently spread on CCDA plates. The cecal content was analyzed
for the number of CFU of C. jejuni/g. Samples of the middle region of the cecum, cecal tonsil (CT),
and bursa of Fabricius were taken for immunohistochemical staining of lymphocyte populations. The
middle region of the cecum was also evaluated for the expression levels of different immune
parameters by using qRT-PCR. In addition, cecal content was collected and investigated for gut
microbiota compositions by Illumina sequencing.

(iii) Experiment 2 design. Experiment 2 was a repeat of experiment 1. Subgroups (n � 5) of birds
were orally inoculated with either C. jejuni-free medium or approximately 104 CFU of C. jejuni. Parameters
were investigated as described for experiment 1, with the exception that the gut microbiota composition
and qRT-PCR analyses were not conducted due to logistical constraints.

(iv) Experiment 3 design. Subgroups (n � 8) of C. jejuni-free SPF or germfree birds were orally
inoculated with C. jejuni-free medium or C. jejuni strain Lior 6 at 18 dph by crop inoculation at a dose of
approximately 104 CFU. All birds of each subgroup were necropsied at 7 dpi. The numbers of histo-
pathological lesions and goblet cells were determined. Blood, spleen, liver, and ileum were investigated
for C. jejuni by direct swabs. Cecal content was analyzed for the number of CFU of C. jejuni/g. Samples
of the middle region of the cecum, cecal tonsil, and bursa of Fabricius were taken for immunohisto-
chemical staining of lymphocyte populations. In addition, middle cecum from birds was evaluated for
expression levels of different immune parameters by qRT-PCR as described for experiment 1.

All animal experiments were conducted in accordance with the Animal Welfare Regulations of
Lower Saxony and were approved by the Lower Saxony State Office for Customer Protection and
Food Safety (LAVES; 33.12 42502-04-13/1215). Animal experiments performed with germfree chicks
were carried out at the PFIE platform in strict accordance with French legislation. The specific
protocol for the study on germfree chickens was approved by the Ministère de l’Éducation nationale,
de l’Enseignement supérieur et de la Recherche (APAFIS#5833-20l60624l6362298). All birds were
tested and shown to be negative for C. jejuni by cloacal swabs at the day of C. jejuni inoculation. The
animals did not receive any vaccination.

Statistical analysis. Statistical analyses were conducted with Statistic version 9.0 (Analytical soft-
ware, Tallahassee, FL, USA). The Mann-Whitney U test was used for statistical analysis of differences in the
CFU numbers of C. jejuni of different C. jejuni-inoculated subgroups at 7 dpi. The differences in the
numbers of immune cell populations between C. jejuni-inoculated and noninoculated controls were
determined by the Kruskal-Wallis all-pairwise comparison test. The difference in mRNA expression level
of immune parameters between C. jejuni-inoculated and C. jejuni-free control groups was determined by
the two-sample t test or the Wilcoxon rank sum t test. Statistical significance was designated as follows:
*, P � 0.05; **, P � 0.01; ***, P � 0.001.
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