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Despite the prevalence of Campylobacter jejuni as an important food borne pathogen, the
microbial factors governing its infection process are poorly characterized. In this study, we
developed a novel rabbit soft tissue chamber model to investigate C. jejuni interactions with
its host. The in vivo transcriptome profile of C. jejuniwas monitored as a function of time post-
infection by competitive microarray hybridization with cDNA obtained from C. jejuni grown in
vitro. Genome-wide expression analysis identified 449 genes expressed at significantly different
levels in vivo. Genes implicated to play important roles in early colonization of C. jejuni within
the tissue chamber include up-regulation of genes involved in ribosomal protein synthesis and
modification, heat shock response, and primary adaptation to the host environment (DccSR
regulon). Genes encoding proteins involved in the TCA cycle and flagella related components
were found to be significantly down-regulated during early colonization. Oxidative stress
defense and stringent response genes were found to be maximally induced during the acute
infectious phase. Overall, these findings reveal possible mechanisms involved in adaptation of
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Campylobacter to the host.
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INTRODUCTION

Campylobacter jejuni infection results in human gastroenteritis and
in rare circumstances triggers Guillain—Barré syndrome, which is
the primary cause of acute neuromuscular paralysis (Mead et al.,
1999; Skirrow and Blaser, 2000; Butzler, 2004; Moore et al., 2005).
Transmission occurs primarily through consumption of contami-
nated food and is most frequently associated with consumption of
undercooked poultry products (Humphrey et al.,2007). While most
Campylobacter infections are self-limiting, antimicrobial therapies
are recommended to treat both severe cases and immuno-com-
promised patients. Macrolides and fluoroquinolones are the drugs
of choice for treatment (Engberg et al., 2001; Bos et al., 2006).
However, resistance to these two classes of antibiotics has drasti-
cally increased during the last decade and this increased resistance
may compromise future treatments (Engbergetal.,2001; Bos et al.,
2006). Despite years of research and millions of Campylobacter
cases annually, the mechanisms involved in C. jejuni pathogenicity
remain obscure, preventing the development of new therapeutics
and prevention approaches. While many colonization determinants
have been identified, such as flagella, iron acquisition, host cell
adherence and invasion, the stringent and heat shock responses,
toxin production, capsule, and lipooligosaccharide, very little is
known about precisely how this organism causes disease (Young
et al., 2007; Poly and Guerry, 2008; Dasti et al., 2010).

Clearly, defining genes that are differentially expressed by C. jejuni
during host colonization and interaction will help contribute to a
better understanding of Campylobacter pathogenicity. To the best of
our knowledge, only two genome-wide transcriptional studies have
been performed to characterize the C. jejuni transcriptome in vivo

during host colonization. Woodall et al. (2005) have evaluated the
transcriptome of C. jejuni during colonization of the chick cecum.
This study indicated the in vivo expression of specific electron trans-
port and metabolic pathways which might enable successful coloni-
zation of the chick’s gastrointestinal tract. We have also previously
reported the genome-wide expression profiling of C. jejuni during
host colonization and pathogenic development using the rabbit
ileal loop model which mimics human gastroenteritis (Stintzi et al.,
2005). Our study indicated a remodeling of the C. jejuni envelope in
vivo by altering the expression of genes encoding membrane pro-
teins and proteins involved in peptidoglycan biosynthesis and gly-
cosylation pathways. The transcriptional profile of genes involved
in metabolic processes were also differentially expressed in vivo as
compared to in vitro growth, reflecting an oxygen-limited, nutri-
ent poor, and hyperosmotic niche. Although these in vivo studies
have generated valuable insights into the potential mechanisms of
gut colonization, limitations associated with their experimental
design prevented the full characterization of the transcriptional
events leading to a successful adaptation to the host. The study from
Woodall et al. (2005) was restricted to the evaluation of C. jejuni
transcriptome 12 h following chicks’ inoculation, thus represent-
ing the early colonization phase. In contrast, the transcriptome of
C. jejuni growing in the rabbit intestine was obtained 48-h post-
inoculation, thus reflecting gene expression during the acute phase
of infection (Stintzi et al., 2005).

In order to gain new insights into the mechanisms of host adapta-
tion, we developed a novel animal model of C. jejuni infection which
enables longitudinal study of C. jejuni transcriptional responses to
the host from the early colonization to the acute phases of infection.
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To note, the use of the terms “early colonization” and “acute phases
of infection” refer to time points post-inoculation of the tissue
chambers. These terms are used to provide time point references
that correspond to the events that occur within the intestine dur-
ing colonization and/or infection. This model is based on tissue
chambers which are subcutaneously implanted into the dorsolum-
bar regions of New Zealand white rabbits. These chambers become
vascularized and accumulate tissue fluid after implantation. The
chambers constitute a convenient model to study microorganisms it
vivo as their relatively large volume allows repetitive sampling. Tissue
chambers have been extensively used to investigate the antimicro-
bial efficacy of antibiotics, to study bacterial growth characteristics
in vivo, and to characterize the pathophysiological mechanisms of
inflammation (Clarke, 1989). Although subcutaneous chambers
cannot be expected to mimic the intestinal environment, they pro-
vide models to investigate the interactions between microorganisms
and the major host defense components (e.g., neutrophils). Here,
we have used these tissue chambers in conjunction with genome-
wide expression profiling to characterize the time course of C. jejuni
transcriptional alterations during host adaptation and interaction.
This report validates the use of tissue chambers to study the mecha-
nisms of C. jejuni pathogenesis and improves our understanding of
C. jejuni interactions with the host.

MATERIALS AND METHODS

BACTERIAL STRAIN AND GROWTH CONDITIONS

The C. jejuni NCTC 11168 strain was obtained from the National
Collection of Type Culture (NCTC, England), and routinely cul-
tured on Mueller-Hinton (MH) broth or agar plates at 37°C in a
microaerophilic chamber (Don Whiteley, West Yorkshire, England)
containing 84% N_, 5% O, and 11% CO,,.

RABBIT TISSUE CHAMBER MODEL (RTC) AND RNA EXTRACTION

Round tissue chamber discs (1-cm thick, 3.5 cm in diameter) were
implanted subcutaneously in the dorsolumbar region of four New
Zealand white rabbits (+4 kg, male or female) under general anesthe-
sia. The chambers used were constructed using Delrin thermoplastic
and were fitted with 12.0 um polycarbonate membranes. The skin
was incised (4-cm incision), the subcutaneous tissues lateral and
ventral to the incision were undermined, the chambers were inserted
in the subcutaneous space, and the skin incisions were closed using
cruciate, interrupted sutures. The sterility of the tissue chamber fluid
was monitored for 20 days after implantation by aerobic and anaero-
bic culture of an aspirate of chamber fluid (collected aseptically by
percutaneous aspiration). Forty five days after implantation, the fur
over the chambers was clipped, the skin aseptically prepped with
Betadine® and 70% isopropyl alcohol, and approximately 3 x 10"
cfu of C. jejuni NCTC 11168 (in vitro grown mid-log phase bacteria
resuspended in 0.5 ml PBS buffer) was inoculated into each cham-
ber using a 21-23 ga. needle and 1 cc syringe. The chamber fluid
was aseptically sampled at different times post-infection by needle
aspiration of the serum/exudate from the chamber using 21-23 ga.
needle and 3 cc syringe. For one rabbit, a 1 ml aliquot of the cham-
ber fluid was collected at 2-, 6-, 24-, and 48-h post-infection. For
the three other rabbits, the chamber fluid (approximately 5 ml) was
collected at 48-h post-infection. Chamber fluids were immediately
mixed with 10% v/v solution of a cold RNA degradation stop solution

(10% buffer-saturated phenol in ethanol), which has been previously
shown to prevent degradation of the bacterial transcriptome. This
suspension was centrifuged at 4°C at low speed to remove epithelial
cells. Finally, the total bacterial RNA was purified using a hot-phenol
chloroform protocol as previously described (Palyada et al.,2004). In
addition, aliquots of the chamber fluids were diluted in PBS buffer
and plated on MH plates for bacterial counts. Rabbits were humanely
euthanized after the last sample was collected. All studies and pro-
cedures were approved by the Animal Care and Use committee at
Oklahoma State University with the protocol number VM-01-41.

ANALYSIS OF CAMPYLOBACTER GENE EXPRESSION USING AN
IN-HOUSE MICROARRAY

To serve as an in vitro comparison, total RNA was extracted from C.
jejuni grown in vitro to mid-log phase in MH broth. Both the in vivo
and in vitro RNA samples were processed for microarray hybridiza-
tion as previously described (Palyada et al., 2004; Stintzi et al., 2005).
Briefly, each RNA sample (~16 pg) was converted to cDNA using
reverse transcriptase Superscript Il in presence of random hexamers
and aminoallyl-dUTP. Next, the aminoallyl cDNA was fluorescently
labeled by coupling with monoreactive succinimidyl ester fluor dyes
(either Cy3 or Cy5 dye). C. jejuni microarrays consisting of PCR
products of each predicted open-reading frame of NCTC 11168 were
constructed as previously described (Stintzi, 2003). The microarray
slides were prehybridized in 5x SSC buffer, 25% formamide, 0.1%
SDS, and 1% bovine serum albumin at 42°C for 45 min. Labeled
Cy3 and Cy5-cDNAs were pooled, purified using a Qiaquick PCR
spin column, resuspended in 36 pl of a hybridization solution (5%
SSC buffer, 25% formamide, 0.1% SDS, and 25 pg salmon sperm
DNA), denatured at 99°C for 2 min, and hybridized on the microar-
ray slide overnight under a glass coverslip at 42°C using a humidified
chamber (Arraylt). The microarray slides were subsequently washed
for 5 min with 2 X SSC and 0.1% SDS solution at 42°C. This was
followed by a 10 min wash in 0.1 x SSC, 0.1% SDS at room tem-
perature and four more 1 min washes in 0.1 X SSC before a brief
final wash with distilled water. The microarray slides were scanned
with a PerkinElmer ScanArray Express scanner at 10-pum resolution
and the data collected using GenePix Pro 4.0 (Axon Instrument).
The obtained data were processed using the MIDAS software (Saeed
et al., 2003) (available from TIGR; http://www.tigr.org/software/)
and OriginPro7 software (OriginLab corporation) as previously
described (Palyada et al., 2004; Stintzi et al., 2005). For the tempo-
ral gene expression study, total RNA from each time point (2, 6, 24,
and 48 h) was hybridized once to the microarray slides, yielding
up to two measurements per gene (given that each gene is spotted
on duplicate on each slide). For the 48-h time point, three biologi-
cal replicates were performed and each one was hybridized to one
microarray slide, yielding up to six measurements per gene. The gene
expression ratios were statistically analyzed using a statistical test
based on analysis of variance and a Bayesian prior (Longetal.,2001)
(by using the web interface of CyberT accessible at http://molgen.
biol.rug.nl/cybert/index.shtml). Finally, genes were identified as dif-
ferentially expressed if the fold change in transcript abundance was
higher than 2 and the Bayesian P value was below 10~ in at least one
of the time points. A hierarchical clustering analysis was performed
using the Genesis software (Sturn et al., 2002) (version 1.0.2; Graz
University of Technology; http://genome.tugraz.at).
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RESULTS
GROWTH OF C. JEJUNIIN THE RABBIT SOFT TISSUE CHAMBER
Campylobacter jejuni, a human pathogen, primarily colonizes the
gastrointestinal tract of warm blooded animals and causes gas-
troenteritis in humans (Skirrow and Blaser, 2000; Butzler, 2004;
Humphrey etal.,2007). Although several animal models have been
developed to study the ability of Campylobacter to colonize the
intestine and induce disease (Dasti et al.,2010; Haddad et al., 2010),
to date, none of these models are suitable to perform genome-wide
expression studies in vivo over the course of C. jejuni—host interac-
tions within the same animal. Consequently, to study C. jejuni gene
expression in vivo as a function of time, we developed a rabbit tis-
sue chamber (RTC) model. The tissue chambers consist of shallow
perforated cups covered with a silicone rubber diaphragm and a
semipermeable membrane of 12-pm pore size. The tissue cham-
bers were implanted subcutaneously in the dorsolumbar region of
New Zealand White rabbits. Over the course of several weeks after
implantation, the chamber becomes vascularized and filled with
approximately 5 ml of tissue fluid (Clarke, 1989). This fluid can be
inoculated or sampled aseptically by inserting a needle through the
skin and the covering diaphragm. Although the chambers are freely
accessible to the host defense components, C. jejuni introduced
into the chamber remain confined to the inoculated chamber as
confirmed by the absence of cross-contamination between two
chambers implanted into the same rabbit. Control experiments
confirmed that when one of the two chambers was inoculated with
C. jejuni, the other chamber remained sterile (data not shown).
To study C. jejuni growth in the tissue chambers, we first per-
formed a pilot study in which two chambers were inoculated with
5% 107 cfu of C. jejuni NCTC 11168 (yielding ~107 cfu/ml of tissue
fluid). The growth of C. jejuni in the tissue chambers is charac-
terized by an exponential increase in bacterial numbers reaching
5x 107 and 1 X 10® cfu/ml of fluid at 8- and 24-h post-inoculation
respectively. Considering that approximately 10° cfu of C. jejuni are
required to yield sufficient RNA to perform microarray hybridi-
zation, it was not possible to monitor the C. jejuni transcriptome
during its growth in the tissue chamber. Consequently, we decided
to inoculate the tissue chamber with 3 X 10 cfu (correspond-
ing to approximately 5 X 10° cfu/ml of tissue fluid) and study the
immediate response of C. jejuni to the host at 2-, 6-, 24-, and 48-h
post-inoculation by collecting 1 ml of tissue fluid at each time
point. Under these experimental conditions the bacterial counts
remained at 4 X 10° £ 1 X 10° cfu/ml for the entire 48-h period
post-inoculation. Polymorphonuclear cell counts (especially neu-
trophils) in the chamber increased from approximately 10* cells per
chamber at the time of inoculation, to 10° cells per chamber at 8-h
post-infection. The polymorphonuclear levels remained stable at
10° cells per chamber for the next 40 h of the experiment.

IDENTIFICATION OF C. JEJUNIGENES EXPRESSED /N VIVO OVER THE
COURSE OF ITS INTERACTION WITH THE HOST

The aim of this work was to follow, as a function of time post-
infection, the alterations of the C. jejuni transcriptome in response
to its interaction with the host environment. The experimental
approach consisted of inoculating three RTCs (implanted in three
different rabbits) with 3 x 10'° cfu of C. jejuni. A fourth chamber
was kept non-inoculated and served as a control. One rabbit was

selected for longitudinal sampling and 1 ml aliquots of the chamber
fluid were collected at 2-, 6-, 24- and 48-h post-inoculation and
the C. jejuni total RNA was extracted. The bacterial RNA from the
chamber fluid of the two other rabbits was extracted at 48-h post-
inoculation. Approximately 22—30 pg of total RNA was recovered
per sample. The control chamber was processed identically to the
inoculated chamber; however, no RNA was recovered, validating
our experimental protocol to monitor chamber-grown C. jejuni
gene expression. Additionally, C. jejuni was not recovered from
tissues surrounding the chambers or from rabbit blood samples.
In order to directly compare the transcriptome of C. jejuni grown
in the tissue chamber with the previously described transcriptome
of C. jejuni grown in the ligated rabbit ileal loop (Stintzi et al.,
2005), the relative level of transcripts obtained from chamber-
grown C. jejuni was monitored by competitive hybridization with
RNA extracted from bacteria grown in vitro to mid-log phase.
The extraction and preparation of RNA from the in vitro grown
C. jejuni was performed as described previously (Stintzi etal., 2005).
Following microarray data analysis as described in the “Materials
and Methods” section, genes were considered to be differentially
expressed if their change in transcript level was >2-fold in at least
one of the conditions tested with a Bayesian p value < 107 To
note, analysis and validation of gene expression by RT-PCR was
not possible due to the low amount of isolated RNA, a problem
especially challenging for in vivo experiments. Nevertheless, the
same microarray platform and protocols were previously shown
to produce data with high level of concordance with quantitative
RT-PCR (Stintzi, 2003; Palyada et al., 2004; Stintzi et al., 2005; Reid
etal., 2008a,b; Palyada et al., 2009). Overall, it was found that 449
genes were differentially expressed in vivo as compared to in vitro
conditions in at least one of the experimental time points (2, 6, 24,
or 48 h) using the RTC model (Figures 1and 2). Of these 449 genes,
213 were identified to be down-regulated, while 236 genes had an
increase in their transcript abundance. Mapping the differentially
expressed genes on the C. jejuni chromosome highlights the co-
regulation of genes belonging to the same operon and supports the
validity of our data (Figure 1).

GLOBAL /N VIVOTRANSCRIPT PROFILING

To visually investigate the temporal change of C. jejuni’s transcrip-
tome during host adaptation, the 449 differentially expressed genes
were subjected to hierarchical clustering analysis, revealing 6 major
clusters (A, B, C,D, E,and F) as shown in Figure 2. Clusters A, B,and
Crepresent the genes that have a decrease in transcript abundance.
Cluster A consists of genes that are down-regulated early on during
host adaptation (2-h post-infection); whereas cluster C represents
the genes that decrease in transcript level at later time points during
the acute phases of infection (24- to 48-h post-infection). Clusters
D, E, and F consist of genes that are up-regulated during early
adaptation (cluster D) to genes that are induced after 24-48 h,
representing the gene expression profile during acute infection
(cluster F).

Cluster A consists of genes whose transcriptlevel dropped sharply
and early on during host adaptation. These genes remained signifi-
cantly down-regulated during the entire course of the experiment.
Only 12 genes segregate to this cluster and are almost exclusively
involved in flagella biogenesis (flgDEE2GG2HI and fliDK).
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FIGURE 1 | Chromosomal mapping of Campylobacter jejuni earliest time point closest to the center and represent the C. jejuni
transcriptomes. Genes found to be differentially expressed (fold change 22, p  transcriptomes at 2 (track 1), 6 (track 2), 28 (track 3), and 48 h (track 4)
value <10-%) were mapped onto the C. jejuniNCTC11168 genome. Red post-inoculation of the tissue chambers. Key genes mentioned in the text are
signifies up-regulation in the tissue chamber while green represents highlighted in gray and their approximate genomic location is enumerated on
down-regulation. The tracks are scaled from <0.25- to >4-fold transcript change the outermost ring. Figure was created using Circos v0.52 (Krzywinski
with respect to in vitro cultures. The tracks are arranged temporally with the etal., 2009).

Cluster B consists of genes that were relatively unchanged at 2- and
6-h post-inoculation, but become significantly down-regulated at later
time points. This cluster is composed of 29 genes that are primarily
involved in small molecule metabolism. Cluster Cis the largest cluster
of genes whose expression was down-regulated during the course
of these experiments. These genes had their expression levels slowly

decrease during the sampling time course, but not to the same extent
as genes in cluster B. Cluster C consists of 172 genes and similarly to
cluster B, these genes are primarily involved in small molecule metabo-
lism and energy metabolism. Representative genes from clusters Band
Cinclude the fumarate reductase (frdCAB), NADH dehydrogenase I
(nuoBCGIJKLN) and oi-ketoglutarate dehydrogenase (0orABC).
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Cluster A: Cj0910. fIgD, figE2, figl, fliD, figH, Cj0553, fliK, flgG,
flgG2, fIgE. Cj1242

Cluster B: sucD. pebiA, Cj0238, lctP, nuoH., sdaA, Cj0073c. frdA, frdB,
sucC, oorA, oorC, slyD, hydB. Cj1491c, fabD, Cj0427. mdh, pebC,
Cjo428, icd, Cj0021c, gltA, ackA, Cj0074c, Cj0075¢, Cj0920c, kgtP,
Cj0833c

Cluster C: Cj0552, asd, Cj0844c, serB. rpsA, Cj0903c, Cj0565, sdhA.,
estd, Cj0008, nuoG. hydD, hddC, Cj1574c, Cj0448¢, Cj0265c,
Cj0919c, Cj0604, ate, Cj1660, Cj0719c, Cj0987c, ctsR, mraW,
Cj0005c¢, Cj1225, Cj0501, Cj0550, Cj0554, Cj1609, Cj0251c, Cj1310c,
Cj1542, pseH, Cj0449c, Cj0229, flaA, Cj1022c, pseB, Cj1656c,
Cj0892c, Cj0056¢, cjaA, Cj0264c, sdhC, sdhB, aroE, Cj1687, Cj0411,
Cj0834c, aroQ, rimM, cjaB, gltD, Cj0691, psel, Cj0854c, Cjl122c,
Cj0142c, IpxB, Cj0876c, Cj1650, dccR, Cj1505¢, Cj1043c, Cj0873c,
Cj0153c, Cjl514c, prod, proC. flgC, Cj0654c, Cj0965¢c, Cj0391c, figB.
flgJ, dut, fliS, pseC, hisH, Cj0011c, fdxA, nuoL, napH, pyk, argF,
aroB, Cj0716, sdaC, Cj0340, def, Cj0203, Cj1007c, Cj1534c, hydA2,
Cjl476c, napG, nuoC, hemB, oorB, frdC, ccoP, gatA, nuod, hypE, pgk,
eno, cynT, hydC, hldE, pyrC, acnB, hemL, dcud, cheV, Cj0256, nuoN,
Cjo131, galU, Cj0950¢c, Cj0339, hydA, pyrD, Cj0807, hupB, Cj0069,
maf3, cheAd, Cj1482c, tal, Cj0183, nuol, glyA, hypD, atpF, moeB,
Cj0909, IpxD, cgpA, ilvH, pyrE, Cj0633, Cj0463, Cj0403, Cj0993c,
cysE, ispA, Cj0327, Cjl1544c, serC, Cj0721c, thiH, Cj0494, Cj1086c,
Cjl026c¢, hddC, serd, Cj1025c, petC, cheW, recN, Cj0396¢. argH,
nuok, pckA, Cj0114, nuoB, Cj1056c¢, ccoN, petA, Cj1068. Cj1713

Cluster D: rpiN, rplO, rpIR, rpmC, rpsE, rplE, rpsN, rpsQ, dba, rplA,
rplB, rpIM, rpsl, rpsJ, rplQ, rpoC, omp50, rplP, rplF, rpsH, Cj1169c,
clpB, grpE, rpsB, ribD, tsf. Cj1276c, cmeA, ceuC, Cj0261c

Cluster E: Cj1356¢, Cj0236¢, Cj0830, Cj1626c, secY, secF, prfA,
rpsG, nusG, trpA, Cj1279¢, Cj0774c, rpld, rpsM, trmE, rpmA, leusS,
mrp, Cj0644, rpsL, infC, cetB, Cj0121, Cj0372, Cj0647, rplD, rplW,
rplK, purB, rplL, rpsS, Cj0646, fusA, typA, dsbl, Cj0390, rplC, rplV,
rplX, peb3, rpsO, atpE, htpG, metK, mreB, rpoB, purH, rpsK, rpoA,
Cj0140, Cj0268c¢, Cj1209, Cj0800c, Cj1500, cetA, dapD, Cj1210,
Cjo513, Cj0457c, tpx, acpP, ceuE. Cj1658, Cjl1497c, rpsC. Cj0645,
Cj0906¢, fdhD, rplT, nrfA, pabB, Cj0969, atpD, purL, tuf, rpsU, dnalJ,
rpsD, Cj0262c. Cj1710c

Cluster F: Cj0184c, psed, flgL, gind, Cj1450, Cj1034c, Cj1465,
Cj0859c, Cjl1631c, Cj0045c, Cj0188c, Cj1709¢, cdtB, lon, Cj1057c,
spoT, Cjl613c, fgs, livK, Cjl16lc, Cjl1275c, Cj0044c, Cj0703, bioB,
Cj0901, Cj1280c, thiS, rplU, Cj0958c, hddA, Cj0794, Cj1302, cfrA,
fIgK, katA, rloH, Cj0977. figM, Cj0825, Cj1581c, atpB, panB, kirA,
dnak, cbpA. Cj1348c, hsdR, Cj0773c, folP, groES. Cj1677. p19.
Cj0377, Cj0771c, trpS, Cj0772¢c, Cj0246c, metd, gimU, groEL, Cj0972,
argC, dapB, rbfA, ald’, meaD, cfbpB. Cj0761, Cj0594c, dprA, topA,
Cj1159c, Cj0690c, Cjl216c, perR, Cj0984, trmA, dapA, cfbpA, murB,
Cjl1668c, cjel, ribF, Cj0122, rpsR, secG, rpmB, ahpC, hemN, Cj1321,
Cj1543, Cj0034c, Cj0072c, Cj0230c, Cj1492c, lgt, ktrB, Cj0636,
Cjl1521c, Cj0040, era, pseG, pth, ispG, Cj0201c, recA, Cj0426,
Cj0200c, cbrR. Cj0760, Cj0628, dccS, hspR. Cj1180c, IpxA, Cj0706,
Cjlllle, Cj1110c, Cj0418c, hrcA, pr/B, Cj0138, pdxA. Cj1320, hisS,
maf4

FIGURE 2 | Hierarchical cluster analysis of genes differentially expressed using
the rabbit tissue chamber model. Each row represents one gene. Columns 1-4
represent the expression profile for one biological replicate at fixed time points;
column 1,2 h; 2,6 h; 3, 28 h; 4, 48 h. Column & represents the differential gene
expression at 48 h for three biological replicates. Columns 6-10 represent changes

in the transcriptome for five different rabbits using the rabbit ileal loop model (as
reported previously Stintzi et al., 2005) and are shown for comparative purposes
between the two different host interaction models. The color intensity is proportional
to the fold change as represented by the scale. Gray colors represent missing data.
Genes in boldface are further discussed in the text.

Cluster D contains 30 transcripts that were up-regulated early
on during the time course of the experiment and continued to
remain over-expressed 48-h post-inoculation. Most of the genes
belonging to this cluster encode proteins involved in ribosome bio-
genesis and modification. These genes include rpIABEFMNOPQR,

rpmC, and rpsBEHJNQ, which are 50S ribosomal proteins and 30S
ribosomal proteins respectively. Another interesting set of genes
from this cluster encodes proteins involved in the heat shock
response, including the ATP-dependent CLP protease (clpB) and
the heat shock protein GrpE (grpE). ClpB, in association with the
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heat protein Dnak, helps resolubilize aggregated proteins formed
in response to various stresses (Lund, 2001; Chow and Baneyx,
2005; Reid et al., 2008a,b). GrpE, a nucleotide exchange factor,
releases ADP from the ATPase domain on DnaK enhancing sub-
strate release and recycling of DnaK (Lund, 2001). To note, dnakK
belongs to cluster F and its transcript abundance was also found
to increase in vivo, in concordance with several other genes encod-
ing heat shock proteins (groEL, groES, hrcA, cbpA, hspR, dna], lon,
Cjl1034c, and htp]).

The next cluster of induced gene transcripts, cluster E, is com-
prised of 80 transcripts that are most highly induced in the RTC
between 6- and 24-h post-inoculation. Within this cluster, the
50S ribosomal and 30S ribosomal genes rpICDJKLTVWX, rpmA
and rpsCDGKLMOSU were induced. Two genes that function in
iron transport and binding, Cj1658 and ceuE were also found to
up-regulated in vivo. Cj1658 encodes for a putative iron permease,
whereas ceuE is an enterobactin uptake periplasmic binding pro-
tein, a component of the ferric-enterobactin ABC transporter
system ceuBCDE (Palyada et al., 2004) (To note, ceuC belongs
to cluster C, and no data was obtained for either ceuB or ceuD).
Another gene of interest within cluster E is tpx. Tpx is a thiol
peroxidase involved in the detoxification of hydrogen peroxide
and peroxides within the cell (Atack et al., 2008). Peb3 (encoding
major antigenic peptide), dnaJ (a chaperone involved in heat shock
response), and htpG (hsp90 family heat shock protein) were also
found to be induced in vivo.

Cluster F contains genes that were induced during acute infec-
tion (24- to 48-h post-infection) and consists of 126 genes. C.
jejuni catalase (katA) and alkyl hydroperoxide reductase (ahpC),
two genes involved in oxidative stress defense (Palyada et al.,
2009), were found to be significantly up-regulated. KatA and
AhpC are both involved in the direct detoxification of hydro-
gen peroxide within the cell (Palyada et al., 2009). In addition,
the primary peroxide regulator perR, also had a significant
increase in transcript abundance. As previously mentioned,
genes involved in the heat shock response and protein deg-
radation, dnak, groES, groEL, and lon were also found to be
induced. DnaK encodes for a chaperonin, that along with DnaJ
and GrpE, refolds misfolded proteins under stressful condi-
tions (Lund, 2001). GroES is another chaperonin that binds to
GroEL to suppress the ATPase activity of GroEL, while GroEL
promotes refolding of misfolded proteins (Lund, 2001). The
ATP-dependent protease Lon is involved in the hydrolysis of
regulatory or misfolded proteins (Ingmer and Brondsted, 2009).
The transcriptional regulators of these heat shock proteins hspR
and hrcA were also found to be induced. Other genes of interest
include iron uptake proteins such as the periplasmic iron bind-
ing protein p19 (Chan etal., 2010), the enterobactin transporter
cfrA (Palyadaetal.,2004), and both ¢fbpA and cfbpB which have
been reported to be involved in transferrin/lactoferrin transport
(Miller et al., 2008). Additionally both the stringent response
regulator spoT and the active component of the cytolethal dis-
tending toxin (CDT) protein cdtB, were induced. Finally, several
genes involved in the biosynthesis of cofactors were also found
to be induced including bioB (involved in biotin biosynthesis),
folP (involved in folic acid biosynthesis), moaD (involved in
molybdopterin biosynthesis), panB (involved in pantothenate

r=0.66

Rabbit 2

Rabbit 3

Rabbit 3

Rabbit 2

FIGURE 3 | Correlation between log2 values of the gene expression ratio
obtained from microarray experiments using bacterial cDNA from three
different rabbits: (A) rabbit 1 vs. rabbit 2; (B) rabbit 1 vs. rabbit 3; and (C)
rabbit 2 vs. rabbit 3. The red line represents the linear regression fit of the
data. r, correlation coefficient.

biosynthesis), Cj1613c and pdxA (involved in pyridoxine bio-
synthesis), thiS (involved in thiamine biosynthesis), and ribF
((involved in riboflavin biosynthesis).
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CORRELATION OF €. JEJUNIGENES EXPRESSED IN THE RABBIT SOFT
TISSUE CHAMBER AND IN THE LIGATED ILEAL LOOP

Our lab has previously used a rabbit ileal loop model to study
C. jejuni gene expression during infection of the host (Stintzi et al.,
2005). However, these experiments revealed weak correlations (7
~0.49) for gene expression profiles between different rabbits. This is
most likely due to the inherent complexities of the rabbit intestinal
tract and the endogenous microflora that result in variations in both
the colonization ability of C. jejuni and its intestinal environment.
Importantly, very few genes were reported to be antagonistically reg-
ulated between rabbits. Indeed, the trend of differential expression
remained essentially the same, with only the amplitude of change in
transcript level varying. In contrast, and as shown Figure 3, the gene
expression profiles of the three biological replicates obtained at 48-h
post-inoculation of the tissue chambers correlated relatively well.
We obtained * values corresponding to 0.66, 0.67, and 0.72 when
comparing the three 48-h biological replicates. In order to validate
the usefulness of the tissue chamber model to study Campylobacter
pathogenesis, we compared the 48-h transcriptome of chamber-
grown C. jejuni to the transcriptome of C. jejuni recovered from
rabbit ileal loop. C. jejuni colonization of the rabbit ileal loop is
shown in Figure 2 (columns 6-10). Genes that were found to be
differentially expressed in the RTC at 48 h were directly compared
to the genes that were differentially expressed at 48 h in each of the
five rabbits from the ileal loop model. Approximately 84% of the
genes exhibited similar expression profile (up- or down-regulation
independently of the absolute extent of fold change) between the
two animal models. While we recognize that the tissue chamber
model has limitations, this result validates our model as an infec-
tious model and indicates that the genes responsive to mammalian
host-specific signals should be identified in this study.

DISCUSSION

In order to gain a better understanding of C. jejuni factors involved
in host interaction and niche adaptation, we analyzed the transcrip-
tome profiles of C. jejuni during in vivo infection from early stage
colonization to acute infection by development and use of a novel
RTC model. Although the tissue chambers cannot duplicate host
defenses specific to specialized organs such as the gastrointestinal
tract, they do provide an in vivo model that represents important
protective functions of the inflammatory reactions observed in
most tissues (Clarke, 1989). In addition, the ease of sampling and
accessibility to neutrophil-mediated and humoral components of
the host defense response makes the tissue chamber model well
suited to study C. jejuni gene expression as a function of time
post-infection. The transcriptome of C. jejuni was assessed at 2,
6, 24, and 48 h following the chambers’ inoculation. Comparison
of the transcriptomes of C. jejuni grown in the tissue chambers to
in vitro growth conditions revealed the alteration in abundance of
449 transcripts. This study represents the first temporal assessment
of C. jejuni gene induction during in vivo adaptation and survival.
The genes identified from this study will help provide insight into
pathways and mechanisms that play an important role in C. jejuni
colonization, immune system evasion, and survival within the
host. In addition, this study provides valuable information on the
expression of surface proteins in vivo, which might guide future
vaccine development.

Growth of C. jejuni within the tissue chambers led to a rapid
increase in abundance of transcripts associated with ribosomal pro-
tein synthesis and modification, rplA, rpiB, rplE, rplE, rpIM, rpIN, rplO,
pIB, rplQ, rpIR, rpmC and rpsB, rpsE, rpsH, rpsL, rps], rpsN, rpsQ. These
genes remain highly up-regulated throughout the 48 h survival within
the tissue chambers. In E. coli, ribosome biogenesis occurs during
periods of rapid growth in the presence of an adequate nutrient supply
(Kaczanowska and Ryden-Aulin, 2007). The up-regulation of these
genes suggests that the tissue chambers provide a suitable environ-
ment for the survival and multiplication of C. jejuni. Our observations
that C. jejuni was able to grow in these tissue chambers also supports
this fact. This is somewhat counterintuitive, given that tissue fluids are
relatively poor in nutrients as hosts sequester key nutrients, such as
iron, as a defense mechanism against pathogen invasion (Weinberg,
2009). The presence of this sequestration is evident as revealed by the
up-regulation of genes involved in amino-acid biosynthesis and iron
acquisition. Nevertheless, genes encoding ribosomal proteins were
also found to be up-regulated in the rabbit intestine (Stintzi et al.,
2005). This suggests that C. jejuni is able to acquire the nutrients it
needs for growth and additionally suggests that the current in vitro
growth conditions employed to cultivate C. jejuni are sub-optimal as
compared to actual in vivo conditions.

The in vivo transcriptome profile is suggestive of major meta-
bolic reprogramming from a nutrient-rich microaerophilic growth
condition to an anaerobic environment deficient in specific cofac-
tors such as biotin, thiamine, and riboflavin. The transcript abun-
dance of genes encoding proteins involved in small metabolite
metabolism was found to either gradually increase or decrease
from 2- to 48-h post-inoculation. Thus, these genes are likely to be
specific for the adaptation to the new in vivo environment. In par-
ticular, genes encoding proteins involved in the tricarboxylic acid
cycle (TCA), which is highly active under aerobic conditions, were
among the most highly down-regulated genes in vivo. These genes
code for components of fumarate reductase (frdABC), succinyl-
coA synthetase (sucCD), malate dehydrogenase (mdh), citrate syn-
thase (gltA), aconitate hydratase (acnB), isocitrate dehydrogenase
(icd), ando-ketoglutarate dehydrogenase (0orABCD). In C. jejuni,
the TCA cycle is linked to the respiratory chain via flavodoxin
(Weerakoon and Olson, 2008), which is the electron acceptor for
the enzyme o.-ketoglutarate dehydrogenase (0orABCD). In agree-
ment with a decrease in TCA cycle activity, the genes encoding
the NADH:ubiquinone oxidoreductase (nuoBCGHIJKLN), which
transfers electrons from flavodoxin to the menaquinone pool, was
also found to be down-regulated. Altogether, the down-regulation
of these enzymes indicates an abrupt shift from aerobic to anaer-
obic metabolism in vivo. In agreement with this statement, the
genes encoding formate dehydrogenase (fdhABCD), an enzyme of
anaerobic metabolism, were found to be up-regulated or equally
expressed in vivo as compared to in vitro growth conditions. In
turn, formate dehydrogenase might allow C. jejuni to carry out
anaerobic respiration in vivo.

Genes encoding proteins involved in small molecule metabolism
that were found to be up-regulated in vivo include components of
the ATP synthase (atpBDEF) and genes encoding enzymes involved
in the biosynthesis of amino acids (glnA, argC, dapBD, and metA).
Purine (purBHL) and the cofactor biosynthesis, including thiamine,
riboflavin, pyridoxine, pantothenate, molybdopterin, folic acid and
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biotin (thiS, ribDF, pdxA, panB, moaD, pabB, folP, and bioB) tran-
scripts were also induced. The up-regulation of these genes in vivo
indicates that the tissue chamber environment is deficient in several
required amino acids and cofactors.

Several genes highly expressed in the tissue chambers are known
or thought to be involved in stress responses, host colonization, and/
or virulence. For example, the genes encoding components of the
heat shock response, iron stimulon, and stringent response were
found to be up-regulated in vivo. Heat shock proteins have been
previously shown to have a significant role in C. jejuni colonization
of the chick and rabbit intestines (Konkel et al., 1998; Stintzi et al.,
2005).In C. jejuni, the heat stress response is negatively controlled
though the regulators HrcA and HspR (Holmes et al., 2010). The
HrcA and HspR repressors act at the transcriptional level by bind-
ing to conserved sequences known as cis-acting regulatory element
(CIRCE) and HspR-associated inverted repeat (HAIR) respectively
(Holmes et al., 2010). Following exposure to heat shock or other
stresses, these repressors dissociate from their operators, leading to
the transcriptional expression of the heat shock genes. Members of
the HspR regulon have been previously characterized and include
the genes encoding the heat shock proteins HspR, HrcA, GroES,
GroEL, ClpB, GrpE, DnaK, and CbpA (Andersen et al., 2005; Holmes
et al., 2010). The transcript abundance of every member of the
HspR regulon was found to gradually increase in vivo suggesting
a hostile environment and coincide with the recruitment of neu-
trophils within the chambers. In addition to its role in the control of
the heat shock response, HspR has also been reported to modulate
the expression of genes involved in the formation of the flagellum
apparatus (Andersen et al., 2005). Previous transcriptome analysis
of a AhspR mutant revealed a group of eight flagellum genes with
lower transcript abundance as compared to the wild-type strain,
and corroborated the requirement of HspR for normal motility
and chemotaxis (Andersen et al., 2005). Interestingly, most of the
flagellar genes were also found to be down-regulated in the tissue
chambers, corroborating the induction of the HspR regulon. In fact,
almost all the flagella biosynthesis genes were down-regulated in the
tissue chambers. The apparent antagonistic regulation of proteins
involved in the heat shock response and flagellum biogenesis is
unclear and requires further investigation. Flagella are important
virulence factors for C. jejuni and unflagellated C. jejuni mutants
are unable to colonize the intestinal tract of chickens or cause dis-
ease in pathogenic models (Guerry, 2007; Poly and Guerry, 2008).
However, flagella may only be required for the initial colonization
of the intestinal tract and for penetrating the thick layer of mucus
that separates the mucosal epithelium from the intestinal luminal
space. After this initial penetration, the flagellar apparatus may
not be required for replication within the mucosal layer and it has
been suggested that the flagellum is not required for persistence
in the chicken cecum (Wassenaar et al., 1993; Wosten et al., 2004).
Moreover flagella components are key antigenic factors that are
easily recognized by the host’s immune machinery (Nachamkin and
Hart, 1985). Thus in contact with the host environment, C. jejuni
may down-regulate its flagellar apparatus post-colonization as a
way to evade the host immune defenses.

We also found that many genes encoding iron acquisition pro-
teins were up-regulated in vivo, suggesting an iron limited environ-
ment. These genes include Cj1658 (putative iron permease), ceuE

(enterobactin uptake periplasmic binding protein), p19 (periplas-
mic iron transporter), ¢frA (ferric-enterobactin uptake receptor),
cfbpAB (ABC transport system reported to be involved in tranfer-
rin/lactoferrin transport). Genes involved in iron acquisition have
been shown to be essential for successful colonization of C. jejuniin
the gastrointestinal tracts of chicks and rabbit (Palyada et al., 2004).
Induction of these iron acquisition genes highlights the importance
of scavenging iron from the surrounding environment for C. jejuni
to survive and multiply in the RTC.

Transcript abundance for genes involved in oxidative stress
defense increased at the greatest levels at 24- and 48-h post-inoc-
ulation of the tissue chambers. These genes are maximally induced
at these time points, which coincides with maximal numbers of
neutrophils within the chambers and subsequently the inflamma-
tory response (neutrophils were observed to increase in number
up until 8-h post-inoculation and then remained constant through
48 h). Neutrophils are involved in protecting the host against invad-
ing bacteria by producing hydrogen peroxide, which can damage
DNA, proteins and lipids of surrounding living cells (Dahlgren and
Karlsson, 1999). Up-regulation of tpx, katA, and ahpC in C. jejuni
suggests that these enzymes are involved in detoxification of oxi-
dants present in the tissue chambers during acute infection.

A number of other genes associated with C. jejuni colonization
and virulence were found to be up-regulated in the tissue cham-
bers. These genes include spoT, dccS, cbrR, and cdtB. In C. jejuni,
spoT encodes a bifunctional (p)ppGpp synthetase/hydrolase and
regulates the stringent response required to survive several specific
stresses, including nutrient deprivation, stationary phase growth
conditions, rifampicin exposure, and low CO_/high O, condi-
tions (Gaynor et al., 2005). Interestingly, spoT was shown to be
required for the virulence-related phenotypes of adherence, inva-
sion, and intracellular survival within human epithelial cells and
for colonization of the rabbit gastrointestinal tract (Gaynor et al.,
2005; Stintzi et al., 2005). The gene dccS encodes the sensor of
a two-component signal transduction system designated DccRS
(MacKichan etal., 2004; Wosten et al., 2010). DccS has been shown
to selectively phosphorylate the cognate response regulator DccR
(Wosten et al., 2010). The DccRS regulon in C. jejuni NCTC 11168
consists of 6 genes, Cj0606, which encodes a putative secretion
protein HlyD, Cj0200c, Cj1004, Cj1356¢, Cj1626¢, and Cj1723c,
which are annotated as putative periplasmic or membrane pro-
teins (MacKichan et al., 2004; Wosten et al., 2010). Interestingly,
the transcript abundance of Cj0200c, Cj1356c, and Cj1626¢ was
significantly up-regulated in the tissue chambers at 2- and 6-h
post-inoculation. Cj0606 and Cj1723c¢ exhibited a similar expres-
sion profile (1.5- and 1.9-fold up-regulation at 2- and/or 6-h post-
inoculation) but were not selected by our data analysis threshold
(>2-fold differential expression). The increased abundance of five
out of six members from the DccSR regulon during the first few
hours following inoculation is in agreement with the speculated
role of these genes in the primary adaptation of C. jejuni to the host
environment rather than being required for survival during persist-
ence or acute infection (Wosten et al., 2010). DccR was shown to
be required for early colonization of C. jejuni in 7-day-old chicks
(Wosten et al., 2010). The gene cbrR encodes a response regulator
of another two-component signal transduction system but with
no known cognate histidine kinase sensor (Raphael et al., 2005).
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The transcript abundance of ¢brR was also found to increase in
the tissue chambers as compared to in vitro conditions. CbrR has
been shown to modulate C. jejuni’s resistance to bile and its abil-
ity to colonize chickens (Raphael et al., 2005). Given that bile is
unlikely to be present within tissue chambers, our data suggest an
additional role for CbrR in vivo. Finally, the transcript level of cdtB,
which encodes a component of the CDT, was found to increase at
24- and 48-h post-inoculation, coinciding with neutrophil influx
within the chambers. In C. jejuni CDT is encoded by 3 genes, cdtA,
cdtB, and cdtC. CdtB is the active subunit of CDT. The product of
cdtA and cdtC form a tripartite complex with CdtB and are both
required for the delivery and translocation of CdtB into the cell (Ge
et al., 2008). While the exact function of CDT in Campylobacter
pathogenesis remains unclear, a AcdtB mutant was found to be
impaired in its ability to persistently colonize immunocompetent
C57BL/129 mice (Fox et al., 2004), suggesting that CDT may con-
tribute to evade the host immune surveillance. While the expression
of cdtB was up-regulated in vivo after 24 and 48 h of inoculation,
the expression of cdtA was unchanged and the expression of cdtC
was slightly increased (but was below our selection threshold of
>2-fold). Considering CdtB is the only component of the holo-
toxin that enters the cells, one possible explanation for the cdtABC
expression pattern is that CdtA and CdtC are recycled. Therefore,
cdtB would be the only gene from the cdtABC cluster that would
need to be up-regulated.

CONCLUDING REMARKS

In this work we assessed the dynamics of gene expression during
C. jejuni adaptation to its host using a novel RTC model. We moni-
tored the C. jejuni transcriptome over time from early colonization
to acute infection. This study clearly demonstrates that bacterial gene

expression varies as a function of time in vivo, with a group of genes
expressed during the early stage of adaptation to the host and another
group of genes expressed during acute infection. For example, the
DccSR regulon appears to be important for early adaptation, while the
stress responses appear to be required later on during acute infection.
In addition to genes of known or annotated function, several genes
of unknown function were also found to be transiently expressed
and might be specifically required for host adaptation. The genes
involved in oxidative stress defense, heat shock response, stringent
response, and toxin production were up-regulated after 24 h and their
expression profiles coincided with the entry of neutrophils into the
chambers, suggesting that they are necessary for counteracting the
hostimmune defenses. Approximately 84% of the genes found to be
differentially expressed at 48-h post-inoculation in the RTC model
were also similarly differentially expressed in the rabbit ileal loop
model (Stintzi etal., 2005). This result is somewhat surprising, giving
that the intestinal and tissue chamber environments might be signifi-
cantly different. For example, the intestine is colonized by a complex
microbial flora which should result in competitive processes. In con-
trast, the chambers are sterile. While it is possible that the dynamics of
gene expression might be different during the early stages of coloniza-
tion between these two models, similar transcriptomes during acute
infection suggests a steady stage adaptation to the host and validate
this model for the study of Campylobacter pathogenesis. Moreover,
this model might be very valuable for screening and efficacy testing
of novel anti-Campylobacter drugs and/or vaccines.
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