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Abstract Campylobacter spp. are one of the leading
bacterial etiologic agents of acute human gastroenteritis
among industrialized countries. Poultry are implicated as a
major source of the organism for human illness; however,
the factors involved with colonization of poultry gastroin-
testinal systems remain unclear. Genomics and proteomics
analyses were used to identify differences between poor-
versus robust-colonizing Campylobacter jejuni isolates,
11168(GS) and A74/C, respectively. Sequence analyses of
subtracted DNA resulted in A74/C-specifc genes similar to
a dimethyl sulfoxide reductase, a serine protease, polysac-
charide modification proteins, and restriction modification
proteins. DNA microarray analyses were performed for
comparison of A74/C to the complete genome sequences
published for two C. jejuni. A total of 114 genes (7.1%)
were determined absent from A74/C relative to those

genomes. Additionally, proteomics was completed on both
soluble and membrane protein extracts from 11168(GS) and
A74/C. Variation in protein expression and physical
characteristics such as pI was detected between the two
isolates that included the major outer membrane protein,
flagella, and aconitate hydratase. Several proteins including
cysteine synthase and a Ni/Fe hydrogenase were deter-
mined to be differentially present between the two isolates.
Finally, DNA hybridization analyses of 19 C. jejuni isolates
recovered from chickens and humans worldwide over the
past 20 years were performed to determine the distribution
of a subset of differentially identified gene sequences.
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Introduction

Campylobacter jejuni, a Gram-negative, microaerophilic
bacterium, is a leading bacterial etiological agent of acute
gastroenteritis among human populations in industrialized
countries. The total number of Campylobacter spp. enteritis
cases in Europe, the UK, and the USA is estimated at 1–2%
of the population per year (Blaser and Reller 1981; Skirrow
1991; Slutsker et al. 1998; Tauxe 1992; Taylor 1992). The
majority of C. jejuni cases are enteric, with most episodes
confined to local acute gastroenteritis characterized by
nausea, abdominal cramps, diarrhea, and fatigue. Infections
are generally self-limited and are resolved within several
days after initial onset. Campylobacter spp. infections have
also been associated with unnecessary appendectomies,
reactive arthritis, and development of Guillain-Barré syn-
drome, although these complications are infrequent
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(Bokkenheuser and Sutter 1981; Bryan and Doyle 1995;
Butzler and Skirrow 1979; Walker et al. 1986).

The overwhelming majority of human infections origi-
nate from poultry, where handling and consumption of
poultry or poultry-related products account for up to 75%
of all Campylobacter spp. infections (Bryan and Doyle
1995; Kaijser 1988, Kinde et al. 1983; Park et al. 1981). In
the USA, retail chickens have estimated contamination rates
of 60–80% with counts averaging 106 for fresh chickens
and 104 for frozen chicken carcasses (Altekruse et al. 1998;
Hood et al. 1988; Izat and Gardner 1988; Lam et al. 1992;
Rosef et al. 1984; Stern et al. 1988). The high colonization
prevalence of poultry and the resultant clinical infections in
humans prompted investigations focused upon identifying
and subsequently eliminating sources of Campylobacter
spp. contamination in chickens. However, the factors
involved in Campylobacter spp. colonization of poultry
continue to remain unclear.

Currently, the genomic sequences of seven Campylobacter
spp. isolates are publicly available, four C. jejuni isolates
[11168(GS), RM1221, 81-176, and CG8486], one Campylo-
bacter coli isolate (RM1228), one Campylobacter lari isolate
(RM2100), and one Campylobacter upsaliensis isolate
(RM3195; Parkhill et al. 2000; Fouts et al. 2005; Hofreuter
et al. 2006; Poly et al. 2007). Comparative analysis of the
genomes revealed extensive genetic variability among the
isolates but failed to identify specific factors involved in
colonization of the chicken gastrointestinal system (Ahmed
et al. 2002, Fouts et al. 2005) or specific mechanisms
associated with other bacterial–host interactions (Eppinger et
al. 2004). To date, only a limited number of colonization
factors have been identified. These include flagellin genes,
sodB, racR, pglH, cadF, and iron acquisition systems (Purdy
et al. 1999; Bras et al. 1999; Wassenaar et al. 1993;
Nachamkin et al. 1993; Ziprin et al. 1999; Mamelli et al.
2006; Palyada et al. 2004; Naikare et al. 2006).

DNA sequence analyses of the genomes of several C.
jejuni isolates have resulted in the development and
utilization of DNA microarrays to facilitate whole genome
analyses, including analyses of gene content and differen-
tial gene expression (Stintzi 2003; Poly et al. 2004, Stintzi
et al. 2005). One disadvantage associated with this
technique is that genes, or gene expression, unique to
non-sequenced isolates cannot be identified by this ap-
proach. This application allows for the identification of a
set of C. jejuni core genes; however, genotypic traits
associated with phenotypic characteristics, such as coloni-
zation of poultry or human virulence, cannot be determined
(Poly et al. 2004). Two complimentary techniques that can
be utilized to identify differences in genomic content and
protein expression of “non-sequenced” C. jejuni isolates are
the comparative genomics technique of suppressive sub-
tractive hybridization analysis (Diatchenko et al. 1996) and

the comparative proteomics technique of 2D gel electro-
phoresis (Champion et al. 2001). Also, subtractive hybrid-
ization was determined to be a valid tool for the
identification of novel genes and transcripts of low
abundance (Cao and Cover 2002). Herein, we report
expanded genotypic and phenotypic comparisons of two
C. jejuni isolates to assist in the identification of potential
colonization factors unique to robust C. jejuni colonizers.
Identification of different genes and gene products involved
in the colonization of C. jejuni in chickens will facilitate the
development of improved diagnostic methods and targeted
pre-harvest intervention strategies.

Materials and methods

Propagation of Bacterial Isolates C. jejuni isolates were
propagated in bi-phasic Mueller-Hinton cultures incubated
at 42°C for 36–48 h in a microaerobic atmosphere (5% O2,
10% CO2, 85% N2) as previously described (Poly et al.
2005). The C. jejuni 11168(GS) isolate, full genome
sequence published (Parkhill et al. 2000), used in this
investigation was previously characterized as a poor
colonizer of the chicken gastrointestinal system requiring
106 cells for colonization of the chicken (Hodgson et al.
1998; Ahmed et al 2002; Gaynor et al. 2004; Hiett,
unpublished data). The C. jejuni isolate A74/C (Stern et
al. 1988), a robust colonizer of chickens, was previously
determined to colonize chickens at levels of 103 with
growth to titers of 107 CFU/ml of cecal fluid of broiler
chickens (Meinersmann et al. 1991; Hiett, unpublished
data), and a preliminary proteomics analyses of these two
isolates has been reported by Seal et al. (2007). All
remaining C. jejuni isolates examined by DNA hybridiza-
tion were obtained from a variety of host sources
worldwide over the past 20 years (Table 1; Fig. 1).

Escherichia coli strain TOP10 (Invitrogen, Carlsbad, CA,
USA), used for transformation and amplification of
recombinant clones obtained from suppressive subtractive
hybridization experiments, was grown at 37°C either on
Luria–Bertani (LB) agar supplemented with the appropriate
antibiotic selection (50 μg/ml ampicillin) or in LB broth
supplemented with 100 μg/ml ampicillin.

DNA Isolation For microarray analyses, C. jejuni isolates
were grown to the stationary phase as previously described
(Poly et al. 2005). Genomic DNA was isolated using the
GenElute Bacterial Genomic DNA Isolation Kit (Sigma-
Aldrich, St. Louis, MO, USA) as per manufacturer’s
instructions. For slot blot analyses, C. jejuni isolates were
grown to approximately mid-log phase. Genomic DNAwas
isolated as previously described. Plasmid DNA was
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isolated, using the Qiagen Plasmid Mini-Prep Kit (Valencia,
CA, USA), from overnight cultures of transformed E. coli
TOP10 cells.

Suppressive Subtractive Hybridization Suppressive subtrac-
tive hybridization was performed using the polymerase
chain reaction (PCR)-select bacterial genome subtraction
kit (Clontech, Palo Alto, CA, USA) with modifications
(Diatchenko et al. 1996). C. jejuni isolate 11168(GS) was
used as the driver, while C. jejuni isolate A74/C was used
as the tester. Two micrograms of genomic DNA from each
isolate was restricted using 30 units of AluI (New England
Biolabs, Massachusetts, USA) and 30 units of DraI (New
England Biolabs) for 1 h, to produce blunt end fragments
ranging approximately 100 to 650 bp in size (Ahmed et al.
2002). Both the first and second genomic subtractions were
performed at 60°C. Analysis of subtraction efficiency was
performed using 16S rRNA gene (Harada et al. 2001) as the
target in a PCR.

Construction and Identification of Subtracted Library En-
riched fragments obtained from the secondary suppressive
PCR were cloned into the pCR2.1 plasmid using the TA
cloning kit (Invitrogen) and subsequently transformed into
E. coli TOP10 cells. Resulting white transformants were
picked, transferred to LB broth supplemented with ampi-
cillin (100 μg/ml), and grown at 37°C overnight with
agitation (200 rpm). Plasmid DNA was isolated from
cultures using the QIAprep 96 Turbo BioRobot Kit on a

Qiagen BioRobot 3000 (Qiagen). Plasmid DNA was
digested with 40 units of EcoRI (New England Biolabs,
Ipswich, MA, USA) and resolved in a 0.8% agarose gel.
Plasmids that released an insert upon digestion were further
analyzed by DNA sequence analysis, using the Big Dye
Terminator v1.1 Sequencing standard kit (PE Applied
Biosystems, Foster City, CA, USA). All cultures were
stored in LB supplemented with 16% glycerol at −80°C for
future investigations.

DNA sequences were edited using Sequencher 4.7 (Gene
Codes, Ann Arbor, MI, USA) and similarity searches
performed with GenBank using BLAST at the National
Center for Biotechnology Information (http://www.ncbi.
nlm.nih.gov/BLAST/). Both BLASTN and BLASTX
searches were performed (Altschul et al. 1990). The
sequences obtained during this investigation were submit-
ted to GenBank and assigned accession numbers (will be
provided upon request).

DNA Labeling and Slot Blot Hybridization Genomic DNA
(0.3 μg) was applied to nylon membranes using a
SlotBlotter (Schleicher and Schuell BioScience, Keene,
NH, USA). The membranes were baked at 80°C under
vacuum to fix the DNA. Recombinant clones containing
A74/C DNA sequences of interest were digested with the
restriction enzyme EcoRI (New England Biolabs, Beverly,
MA, USA), resolved in a 0.8% agarose gel and purified
using the Qiagen Gene Elute Kit (Valencia, CA, USA). The

Table 1 C. jejuni isolates utilized for genomic DNA hybridization analyses with host source, geographical origin, and year of isolation

Isolate name Country of origin Source Approximate year of isolation

11168(GS) UK Human 1980a

RM1221 USA Chicken (Broiler) 2000a

A74/C USA Human 1988a

81176 Minnesota, USA Human 1985a

81116 UK Human 1983a

A1001 Iceland Chicken (Broiler) 1999
C1 USA Chicken (Broiler) 2002
F1A Alabama, USA Chicken (Broiler) 1998
22 USA Human 2001
91 USA Human 2001
93 USA Human 2001
129-25 USA Cow 1998
1998-5 USA Human 1998
1998-13 USA Human 1998
7845 Iceland Human 2001
8557 Iceland Human 2002
12026 Iceland Chicken (Breeder) 2003
12920 Iceland Chicken (Weep) 2003
13277 Iceland Chicken (Broiler) 2003
13759 Iceland Human 2003
14118 Iceland Human 2003

a The exact date of isolation was unknown, thus the year of the first publication recorded in PubMed was used
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DIG DNA Labeling and Detection Kit (Roche Applied
Biosystems, Indianapolis, IN, USA) was used to label the
insert DNA, and the DIG Wash and Block Kit used for
subsequent hybridizations and visualization. C. jejuni
isolate A74/C was used as a positive control. C. jejuni
isolate11168 (GS), and the plasmid, pCR2.1, used for
subcloning subtracted fragments, were included in all
hybridization analyses as negative controls.

flaA short variable region DNA sequence analysis Isolated
colonies of C. jejuni were suspended in 300 μl of sterile
H2O and placed at 100°C for 10 min. Ten microliters of
each boiled cell suspension was used as template for flaA
short variable region (SVR) PCR with the following
primers: FLA242FU: 5′CTA TGG ATG AGC AAT TWA
AAA T3′ and FLA625RU: 5′CAA GWC CTG TTC CWA

CTG AAG3′ (Meinersmann et al. 1997). A 35-cycle
reaction was used with 1 min denaturing at 96°C, 1 min
annealing at 52°C, and a 1 min extension at 72°C. The
resulting product was approximately 425 bp. Sequence data
were generated using either the FLA242FU primer or the
FLA625RU primer with the Big-Dye Dye-Terminator
Cycle Sequencing Kit (ABI-PE, Foster City, CA, USA).
Data were assembled with Sequencher 4.7 (Gene Codes)
and aligned using ClustalX (Thompson et al. 1994).
Aligned sequences were compared and dendrograms
generated using the Neighbor-joining algorithm with
HKY85 distance measurements in PAUP*4.0b (Phyloge-
netic Analysis Using Parsimony; Swofford 1988).

Microarray Construction A library of 1,633 oligonucleo-
tide probes, 70 bp each, specific for each gene of C. jejuni
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Fig. 1 Distribution of C. jejuni
A74/C (robust chicken coloniz-
er) subtracted sequences in other
C. jejuni isolates relative to the
flagellin A (flaA) SVR DNA
sequences: The dendrogram was
generated using the Neighbor-
joining algorithm with HKY85
distance measurements in
PAUP*4.0b (Phylogenetic
Analysis Using Parsimony) fol-
lowing alignment of the
sequences in ClustalX. A plus
sign (+) represents presence of
the subtracted sequence in the C.
jejuni isolate. No mark indicates
absence of the subtracted se-
quence in the C. jejuni isolate
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isolate 11168(GS) was purchased from MWG-Biotech (High
Point, NC, USA) based on its published genome (Parkhill et
al. 2000). Furthermore, open reading frames (ORFs) deter-
mined unique to the other published genome for isolate C.
jejuni RM1221 (Fouts et al. 2005) relative to 11168(GS)
were used to design an additional 313 oligonucleotide probes
(70 bp) specific for that isolate (MWG-Biotech). Genome
sequences were compared as a batch-BLAST query to
extract the additional RM1221 specific probes added to the
genomic microarray slides. Sixteen Arabidopsis oligonucleo-
tides (70 bp) were included in the library as controls.
Oligonucleotides were spotted in triplicate onto UltraGAPS
amino-silane coated slides and were subsequently baked at
80°C to fix the DNA. The quality of the microarray was
evaluated using Cy3 and Cy5 labeled 11168(GS) and
RM1221 genomic DNA for hybridization.

DNA Labeling, DNA:DNA Microarray Hybridization, and
Analyses Indirect labeling was performed using the Bio-
Prime DNA Labeling Kit (Invitrogen) in the presence of
amino-allyl dUTP (Ambion, Austin, TX, USA), followed
by coupling to either Cy3 (A74/C) or Cy5 [11168(GS); GE
Healthcare, Piscataway, NJ, USA] monoreactive flours
(Poly et al. 2005). Microarrays were hybridized at 42°C
overnight and subsequently visualized using a Packard
Scan Array Light 2-color scanner with Scan Array Express
Software Version 1.1 (Packard BioScience, La Jolla, CA,
USA). Analyses were performed using GenePix Pro5
software (Axon Instrument, Foster City, CA, USA).

The identification of C. jejuni 11168(GS) genes absent
from A74/C as determined by DNA microarray data were
performed as previously described (Kim et al. 2002; Poly et
al. 2004). This approach provides a level of confidence for
any given genes to be conserved or divergent by compar-
ison to the reference strain, 11168(GS). Two independent
hybridization experiments were performed yielding six
measurements per gene (given that each gene is present
thrice on each microarray). For each measurement, the
estimated probability of the gene to be present (EPP) was
calculated, and EPPs were averaged across the datasets.
Finally, the microarray data were superimposed on C. jejuni
11168(GS) chromosome wheel using the microbial genome
viewer (Kerkoven et al. 2004).

For the determination of RM1221 genes present in A74/
C, the fluorescence intensity in each wavelength was
normalized using a localized Lowess regression as previ-
ously described (Palyada et al. 2004). Spots with mean
fluorescence intensity in both channels below twice the
standard deviation of the background were excluded from
further analysis. The ratios of Cy3/Cy5 were determined,
log2 transformed, and averaged across the six measure-
ments. Spots with a mean log2 (Cy3/Cy5) ≥1 were

classified as corresponding to RM1221 genes present in
A74/C.

Sample Preparation for 2D Gel Electrophoresis C. jejuni
isolates 11168(GS) and A74/C were grown overnight in
10 ml Brucella FBP broth at 42°C in a microaerobic
atmosphere (5% O2, 10% CO2, 85% N2). Cells were
centrifuged at 4°C at 4,000 rpm for 10 min followed by
three phosphate-buffered saline washes. The bacterial pellet
was re-suspended in 40 mM Tris buffer (pH 8.0) that
contained the protease inhibitor cocktail of aprotinin,
bestatin, E-64, leupeptin, and pepstatin (Sigma-Aldrich).
Sonication was performed using three 3-s pulses. The
mixture was centrifuged (500×g) at 4°C for 5 min for
removal of cellular debris. The supernatant was then
centrifuged at 16,000×g at 4°C for 10 min. The resulting
pellet was designated as the membrane protein fraction,
while the supernatant was designated as the soluble protein
fraction. Both the membrane and soluble protein fractions
were then digested with N-glycosidase F (PNGase F; New
England Biolabs, Beverly, MA, USA) to cleave oligosac-
charides from N-linked glycoproteins (Maley et al. 1989;
Plummer and Tarentino 1991) for 1 h at 37°C. The soluble
fraction (supernatant) was further purified through the
addition of four volumes of cold (−20°C) acetone followed
by incubation for at least 1 h. Following incubation, the
soluble fraction was centrifuged at 16,000×g for 10 min at 4°
C and subsequently washed three times in cold acetone/water
(4:1). Additionally, the water/acetone pellets were further
purified using the 2D gel clean-up kit (GE Healthcare) for
removal of interfering substances such as salts, detergents,
lipids, or phenolics as per manufacturer’s instructions. The
resulting pellet was then air-dried (Champion et al. 2001; Lee
and Lee 2003).

2D Gel Electrophoresis Lyopholized protein samples were
suspended in electrophoresis lysate buffer (5 M urea, 2 M
thiourea, 2% 3-[(3-Cholamidopropyl)dimethylammonio]-2-
hydroxy-1-propanesulfonate (CHAPS), 2% SB-310, and
40 mM Tris, pH 8.3), vortex mixed, and precipitated by
centrifugation at 16,000×g for 10 min at 22°C. The two
protein samples were labeled with either Cy3 or Cy5
fluorescent dyes and resolved in a single gel by 2D
difference gel electrophoresis to reduce variability (Tonge
et al. 2001). Briefly, 50 μg of each individual sample was
labeled with 200 pmol minimal Cy3 or Cy5 NHS ester (GE
Healthcare) at 4°C for 30 min. The labeling reaction was
quenched with 10 nmol lysine. Labeled protein extracts
were combined and resolved in the first dimension by
isoelectric focusing (pH 3.0–10.0), followed by separation
using sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) for the second dimension (O’Farrell
1975; Champion et al. 2001; Lee and Lee 2003; Bjellqvist
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et al. 1993.). Briefly, proteins were separated on 18 cm
pH 3–10 immobilized pH gradient (IPG) strips for
32,000 Vhr using the IPGphor (GE Healthcare) in 5 M
urea, 2 M thiourea, 2% CHAPS, 2% SB-310, 0.5% IPG
buffer, 18.2 mM dithiothreitol (DTT), and 0.002% bromo-
phenol blue using active rehydration at 30 V. After
isoelectric focusing, IPG strips were equilibrated in 6 M
urea, 2% sodium dodecyl sulfate (SDS), 65 mM DTT, 30%
glycerol, 50 mM Tris, pH 8.8, and 0.002% bromophenol
blue for 15 min at room temperature. IPG strips were then
equilibrated with the above buffer, replacing DTT with
135 mM iodoacetamide, for 15 min at room temperature.
Proteins were then separated on 20×26 cm 8–15% SDS
polyacrylamide gels using the Dalt II (GE Healthcare).
After electrophoresis, gels were fixed in 30% ethanol and
7.5% acetic acid for 1.5 h at room temperature. Gels were
imaged using the Typhoon 9400 (GE Healthcare), optimiz-
ing the photomultiplier tube voltage for each laser to
achieve the broadest dynamic range, and analyzed for
differences using DeCyder 4.0 software (GE Healthcare).
Gels selected for picking were stained with Sypro Ruby
(Invitrogen) overnight, de-stained in 10% methanol and 6%
acetic acid for 30 min at room temperature, imaged, and
matched to the Cy images using DeCyder software. The
protein spot pick list was created based on the Sypro image.

Identification of Differentially Expressed C. jejuni Pro-
teins Spots of interest were cored from SDS-PAGE gels
and tryptic peptides extracted for subsequent use in peptide
mass fingerprint analysis (Aebersold et al. 1987; Lahm and
Langen 2000). Gel plugs (2.0 mm) were picked, washed,
reduced and alkylated, and digested with trypsin, and the
resulting peptides were extracted and spotted using the Spot
Handling Workstation (GE Healthcare). Briefly, plugs were
washed twice with 50 mM ammonium bicarbonate/50%
methanol for 20 min at room temperature. Plugs were
washed with 75% acetonitrile for 20 min at room
temperature and dried at 40°C for 10 min. Plugs were
incubated in 10 mM DTT/20 mM ammonium bicarbonate
at 37°C for 1 h. The DTT solution was removed and
immediately replaced with 100 mM iodoacetamide/20 mM
ammonium bicarbonate and incubated at room temperature
in the dark for 30 min. Plugs were washed as above and
then incubated with 200 ng sequencing grade trypsin
(Promega, Madison, WI, USA) at 37°C for 2 h. Peptides
were extracted twice with 50% acetonitrile/0.1% trifluoro-
acetic acid (TFA) for 20 min at room temperature and
concentrated using a vacuum concentrator (Jouan RC1010,
Thermo Fisher Scientific, Waltham, MA, USA). Approxi-
mately 25% of the resulting peptides were spotted with
partially saturated α-cyano-4-hydroxy-cinnamic acid (Sig-
ma, St. Louis, MO, USA) in 50% acetonitrile/0.1% TFA.
Mass spectrometry (MS) data were acquired using the 4700

Proteomics Analyzer (Applied Biosystems, Framingham,
MA) using standard acquisition methods. MS spectra were
calibrated using two trypsin autolysis peaks (1045.45 and
2211.096 m/z). Mass lists were submitted to sub-databases
of NCBInr (C. jejuni) using Mascot v. 1.9.05 (http://www.
matrixscience.com) considering fixed cysteine carbamido-
methylation and partial methionine oxidation modifications,
one missed tryptic cleavage, and 20 ppm mass accuracy.
Identifications were cross-examined using mass accuracy,
molecular weight, and pI.

Results

Differential gene content, as determined by suppressive
subtractive hybridization, between isolate C. jejuni 11168
(GS) and isolate C. jejuni A74/C Suppressive subtractive
hybridization was used to identify genomic differences
between the poor chicken gastrointestinal colonizer C.
jejuni isolate 11168(GS) and the robust colonizing A74/C
(Hodgson et al. 1998; Stern et al. 1988; Ahmed et al. 2002).
A total of 324 clones resulting from the subtractions were
selected and analyzed by restriction endonuclease digest
(EcoRI). Two hundred and forty-eight (76.5%) of these
clones were determined to contain inserts of approximately
150 to 600 base pairs in size. One hundred fifty-four of
these clones provided DNA sequences for subsequent DNA
sequence analysis. Using BLASTN and BLASTX analysis,
59 of 154 (38.3%) of the clones were determined to be false
positives [sequence of insert determined to have greater
than 90% similarity to 11168(GS) sequences], while 95 of
154 (61.7%) clones were determined to contain inserts with
sequences absent from 11168(GS). DNA sequence align-
ment analysis of the 95 clones revealed 17 redundant
inserts and six chimeric inserts; thus, a total of 72 unique
clones were analyzed (ESM Table 1). The 72 unique clones
determined to differ from 11168(GS) (ESM Table 1) were
found to either possess significant similarity to C. jejuni
sequences other than 11168(GS) (60 of 72; 83.3%), to
possess similarity to sequences of Campylobacter fetus
(one of 72; 1.4%; clone A74/C-339), to posses similarity to
known sequences of Helicobacter hepaticus (four of 72;
5.6%; clones A74/C-024, A74/C-132, A74/C-294, and 3
A74/C-03), to posses similarity to known sequences of
Desulfovibrio spp. (one of 72; 1.4%; clone A74/C-182), or
to have no known similarity with any nucleic acids or
proteins (six of 72; 8.3%; clones A74/C-023, A74/C-104,
A74/C-148, A74/C-181, A74/C-222, and A74/C-340).

The majority of A74/C sequences determined to differ from
11168(GS) and found to possess significant similarity to
other C. jejuni sequences (60 of the 72 clones) loosely
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grouped into ten general functional categories (ESM Table 1):
capsule-related proteins (six clones); lipooligosaccharide/cell
envelope/surface structure related proteins (six clones),
restriction modification proteins (types I and III; six clones),
small-molecule metabolism proteins (nine clones), transport
and/or binding proteins/protein and peptide secretion proteins
(seven clones), motility related proteins (five clones), serine
protease proteins (three clones), hypothetical proteins (16
clones), and proteins with other miscellaneous functions (two
clones). With respect to these functional categories, our
results are in agreement with previous findings wherein it
was reported that hypervariable regions contained genes
encoding outer membrane proteins (Pearson et al. 2003),
lipooligosaccharide (LOS) and capsular biosynthesis (Poly et
al. 2004), as well as intermediary metabolism (Hepworth et
al. 2007). Diversity in the capsular polysaccharides and in the
LOS is expected as these structures were demonstrated to be
determinants for Penner serotype analysis (Karlyshev et al.
2000). Additionally, the observed variability in other func-
tional categories suggests that this variability may assist
Campylobacter spp. in survival under various environmental
circumstances or in various hosts. The greatest number of C.
jejuni A74/C-specific subtracted sequences demonstrated
similarity to hypothetical proteins. Further investigations of
these proteins are required to identify function. The G + C
composition of the clones with similarity to other C. jejuni
sequences ranged from 22.2% to 42.5% with the majority in
the 25–34% range similar to that previously reported for C.
jejuni (Pearson et al. 2003; Poly et al. 2004).

BLASTX analysis of clone A74/C-339 revealed 43%
identity to a hypothetical protein from C. fetus, while
analyses of clone A74/C-182 revealed 40% identity to a
hypothetical protein from Desulfovibrio spp. Analyses of
the four clones, A74/C-024, A74/C-132, A74/C-294, and
A74/C-303, demonstrated identity, 42%, 52%, 57%, and
57%, respectively, to hypothetical proteins from H. hep-
aticus. The percent G + C composition of these clones was
slightly higher than typical for Campylobacter spp., ranging
from 37.3% to 43.5%, which is expected for Helicobacter
spp. Lastly, the remaining six clones analyzed (clones A74/
C-023, A74/C-104, A74/C-148, A74/C-181, A74/C-222,
and A74/C-340) were predicted to have no known
similarity with any nucleic acids or proteins.

Evaluation, by slot blot hybridization, of the distribution of
subtracted tester-specific sequences (A74/C) in C. jejuni
isolates Slot blot hybridizations were completed to deter-
mine the distribution of A74/C tester-specific sequences
among various C. jejuni isolates (Fig. 1; Table 1). Eighteen
A74/C subtracted clones were evaluated using a library of
19 C. jejuni isolates recovered from diverse locations and
times. Isolates A74/C and 11168(GS) were included in the
analyses as positive and negative controls, respectively. The

presence/absence of subtracted sequences were analyzed
relative to flaA SVR DNA sequence of the isolates (Fig. 1).
None of the 19 isolates tested possessed all sequences
present in A74/C; nor were any of the isolates tested
deficient in all sequences. Hybridization results revealed
that isolates with more closely related flaA SVR genotypes
had presence or absence of specific genes. Overall,
isolates that were relatively distant from A74/C based
on flaA phylogeny had hybridization to fewer A74/C-
specific subtracted sequences, while isolates that were more
closely related to A74/C hybridized to a greater number of
the A74/C subtracted sequences. The five isolates that
grouped closely with A74/C all contained sequences
identified for the two dimethyl sulfoxide reductase subunits
(clones A74/C-173/174 and A74/C-175/223/343), the base-
plate assembly J protein (clones A74/C-196/197/221), and
a motility accessory factor (clone A74/C-208). Two isolates
with identical flaA SVR sequences (C. jejuni 22 and C.
jejuni 12026) revealed similar distribution patterns as
well. These isolates contained sequences for a putative
glycosyl transferase (clone A74/C-004), a X-Pro-dipep-
tidyl-peptidase (clone A74/C-172), two dimethyl sulfox-
ide reductase subunits (clones A74/C-173/174 and A74/
C-175/223/343), a hypothetical protein (clone A74/C-
187), the baseplate assembly J protein (clones A74/C-
196/197/221), a type I restriction modification system
(clone A74/C-225), and a putative restriction modification
system (clones A74/C-320/347).

None of the individual A74/C tester-specific sequences
were determined to be present in all C. jejuni isolates tested.
However, two A74/C tester-specific sequences were absent
from all C. jejuni isolates tested. One of the two sequences
(comprising clones A74/C-181 and A74/C-337) had no
known similarity by BLAST searches, while the other
sequence (comprising clones A74/C-195 and A74/C-346)
demonstrated similarity to a conserved hypothetical protein.

Conserved genes between isolate C. jejuni 11168(GS) and
isolate C. jejuni A74/C determined by DNA microarray
analyses The arrays employed for analyses comprised
1,633 oligonucleotide probes (70 bp) derived from the
genome sequence of C. jejuni 11168(GS). Furthermore,
open reading frames, determined unique to the genome-
sequenced C. jejuni isolate RM1221 relative to 11168(GS),
were used to design an additional 313 oligonucleotide
probes (70 bp) (MWG Labs). Additional 70mers specific to
Arabidopsis spp. were spotted throughout the array to serve
as a hybridization control. The quality of the microarray
was evaluated using Cy3- and Cy5-labeled 11168(GS) and
RM1221 genomic DNA for hybridization. Genes were
classified as conserved or divergent as previously described
by Poly et al. (2004).
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Genes determined to be conserved between C. jejuni
isolate 11168(GS) and A74/C, using DNA microarray
analyses, included the expected core genes responsible for
metabolic, cellular, and regulatory processes (Fig. 2; ESM
Table 2). Additionally, genes with products implicated as
virulence factors were also determined to be present in both
C. jejuni isolates. Examples included the flagellin genes
(flaA and flaB; Cj1339c and Cj1338c; Newell et al. 1984),
cadF (Cj1478c), a fibronectin binding protein (Konkel et al.
1997; Mamelli et al. 2006), genes involved in the
production of the cytolethal distending toxin (Cj0077c–
Cj0079c; Pickett et al. 1996), and peb1A (Cj0921c), an
adhesin involved in glutamine transport (Pei and Blaser
1993). Twenty-four of the 313 ORFs unique to RM1221
relative to 11168(GS) were also determined to be present in
A74/C (ESM Table 3). The majority, 14, of these ORFs
code for hypothetical proteins with yet to be defined
functions. Additional ORFs determined common between
RM1221 and A74/C included a pathogenicity domain and a
putative phage major tail tube protein.

Overall, 114 annotated genes were determined to be
absent from A74/C relative to 11168(GS), equaling
approximately 7.1% of the genes tested (Fig. 2; ESM
Table 2). This observation is in agreement with previously
reported findings wherein substantial genetic diversity as
well as the presence or absence of unknown genes may
occur among C. jejuni isolates. It has been postulated that
this diversity may allow Campylobacter spp. to colonize a
variety of environmental niches and may be responsible
for differences in virulence as suggested by cell invasion
assays or animal models (Pearson et al. 2003; Poly et al.
2004, 2005). Several of the genes absent from A74/C
relative to 11168(GS) were located in five of the seven
previously described hypervariable plasticity regions,
PR1-7 (Dorrell et al. 2001; Pearson et al. 2003; Poly et
al. 2004; ESM Table 2). Six genes were absent from
plasticity region 2 (PR2) which is generally associated
with putative membrane transport proteins and hypothet-
ical proteins. Seven genes (cj1136–cj1143), involved in
the modification and transport of sugars, were absent from

C. jejuni NCTC 11168

PR1

PR2

PR3

PR4

PR5

PR6

PR7

COG functional categories

Fig. 2 Comparison of C. jejuni A74/C (robust chicken colonizer)
gene content relative to 11168(GS) as determined by DNA:DNA
hybridization using microarrays expressed as a cluster of orthologous
genes (COG). The chromosome wheel consists of the C. jejuni 11168
(GS) chromosome clock (first circle), the COG annotation of genes on
the positive strand (second circle), the COG annotation of genes on

the negative strand (third circle), while the fourth circle represents the
presence or absence of genes in C. jejuni A74/C (genes present are
colored in green and genes absent are colored in red). The intensity of
the color is a function of the likelihood of presence/absence. The most
inner circle represents the seven plasticity zones as defined by Pearson
et al. (2003)
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PR4. The largest missing cluster (24 genes), located in
PR5 (cj1296–cj1340c), contained genes for proteins
involved in the biosynthesis and modification of flagellar
structures, in the biosynthesis LOS structures, as well as a
large number of hypothetical proteins (ESM Table 2).
Another large cluster of genes absent from A74/C (14
genes; cj1422c–cj1442c) was located in PR6, which
includes proteins involved in synthesis and modification
of the capsule. Furthermore, A74/C contained the cluster
of five genes (Cj1416c–Cj1420c) in PR6 that were
reported by Pearson et al. (2003) as either being entirely
absent or entirely present in an individual C. jejuni isolate.
It is not surprising that the greatest number of missing
genes occurred in PR5 and PR6, as these regions are
approximately 48 kb and 34 kb in length, respectively
(Price et al. 2006). Additionally, previous investigations
identified PR4-6 as involved in the production of variant
surface structures which may have a role in host immunity.
The last cluster of genes determined absent from A74/C
relative to 11168(GS) was located in PR7, which com-
prises putative periplasmic and outer membrane proteins.
Smaller clusters of genes outside of these regions were
also observed. Genes cj0177–cj0181, determined absent
from C. jejuni A74/C, encode for biopolymer transport
and iron transport proteins (Parkhill et al. 2000; Stintzi et
al. 2005). The results were further validated using a subset
of 18 subtracted sequences unique to A74/C relative to
11168(GS) in slot blot hybridization analyses described
previously.

Differential protein expression/migration, as determined by
2D gel electrophoresis, between isolate C. jejuni 11168(GS)
and isolate C. jejuni A74/C In an effort to determine
differential protein content, expression, and migration
between the two isolates, proteomic analyses were con-
ducted using both soluble protein and membrane protein
extracts from 11168(GS) and A74/C. Several differences
were observed in both fractions between the two C. jejuni
isolates (Fig. 3a and b; ESM Table 4). With respect to the
soluble fraction (Fig. 3a), the expression of four proteins
was determined to be up-regulated in A74/C relative to
11168(GS), while four proteins were determined to be
down-regulated. Proteins up-regulated included a putative
O-acetylhomoserine (thiol)-lyase, a putative guanosine
diphosphate (GDP)-mannose 4,6 dehydratase, cysteine
synthase, and an alkyl hyperoxide reductase (ESM Table 4).

The expression of alkyl hyperoxide reductase (ahpC) in
C. jejuni was previously demonstrated to increase signifi-
cantly in cells grown under iron-restricted and oxygen-
stressed conditions (Baillon et al. 1999; van Vliet et al.
1999). Cysteine synthase was determined to be responsible
for the formation of cysteine from O-acetyl-serine and

hydrogen sulfide with the concomitant release of acetic acid
(Garvis et al. 1997). GDP-mannose 4,6 dehydratase was
reported to be involved in lipooligosacharride biosynthesis
(Maki et al. 2002). Proteins determined to be down-
regulated in A74/C relative to 11168(GS) included flagel-
lin, an aspartate ammonia-lyase (aspartase), a ketol-acid
reductoisomerase, and a transthyretin-like periplasmic
protein. Aspartate ammonia-lyase (aspartase) catalyzes the
deamination of l-aspartic acid to fumaric acid in the
tricarboxylic acid (TCA) cycle (Asano et al. 2005), while
ketol-acid reductoisomerase is involved in the two-step
conversion of branched-chain amino acids (Tyagi et al.
2005). One protein, aconitate hydratase, was determined to
have several isoforms, some of which were up-regulated
while others were down-regulated (Fig. 3a; ESM Table 4).
Aconitase proteins, encoded in E. coli by two genes, acnA
and acnB, include a stress-induced stationary-phase enzyme
and an iron-sulfur protein involved in the isomerization of
citrate to iso-citrate in the TCA cycle, respectively (Gruer
and Guest 1994; Bradbury et al. 1996; Gruer et al. 1997).
Additionally, during iron starvation or oxidative stress, the
E. coli AcnB protein loses catalytic activity and subse-
quently becomes involved in post-transcriptional regulation
of proteins, one in particular being flagella transcript (Tang
et al. 2005).

With respect to analysis of the membrane fractions from
the two C. jejuni isolates (Fig. 3b; ESM Table 4), the
expression of three isoforms of the major outer membrane
protein (MOMP) were determined to all be up-regulated in
A74/C relative to 11168(GS). A nickel-iron hydrogenase (a
membrane-bound protein involved in H2 metabolism) was
determined absent from A74/C and present in 11168(GS).
Four isoforms of ATP synthase subunit A were determined
to be differentially expressed between the two C. jejuni
isolates. Two isoforms were up-regulated in A74/C, while
two were down-regulated. Lastly, a putative amino-acid
transporter revealed one isoform, gel-estimated pI of 5.17,
that was up-regulated in A74/C while a second isoform,
gel-estimated pI of 5.46, that was absent from A74/C and
present in 11168(GS).

The observation that flagella and MOMP proteins
demonstrated differential expression of distinct isoforms
in 2D gel electrophoresis is in agreement with the
subtractive hybridization and DNA microarray hybridiza-
tion results. The genes that code for proteins involved in the
modification of these surface structures were determined to
vary in content between the two C. jejuni isolates tested in
this investigation. Additionally, these modification genes
are located in hypervariable regions of the C. jejuni
genome, and apparently this variability extends to the
protein level and may contribute to the survival of this
organism in the variety of environments and hosts for C.
jejuni.
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Discussion

Currently, the genomic sequences of seven Campylobacter
spp. isolates are publicly available (Parkhill et al. 2000;
Fouts et al. 2005; Hofreuter et al. 2006; Poly et al. 2007).
Comparative analysis of the genomes revealed extensive
genetic variability among isolates; however, specific factors

involved in colonization of chickens continue to remain
unclear (Ahmed et al. 2002; Hendrixson and DiRita 2004).
DNA sequence analyses of the genomes of several C. jejuni
isolates have resulted in the development and utilization of
DNA microarrays to facilitate whole genome analyses
including analyses of gene content and differential gene
expression (Stintzi 2003; Stintzi et al. 2005). One disad-

flagellin

aconitate hydratase

O-acetylhomoserine
(thiol)-lyase
(probable)

aspartate
ammonia-lyase GDP-mannose 4,6

dehydratase (putative)

ketol-acid
reductoisomerase

transthyretin-like periplasmic proteinalkyl hyperoxide reductase

cysteine synthase

major outer membrane
protein

ATP synthase F1
sector alpha subunit Ni/Fe hydrogenase –

large chain

amino-acid transporter
periplasmic solute-binding

protein (probable)

amino-acid transporter
periplasmic solute-binding

protein (probable)

a

b

Fig. 3 a 2D gel electrophoresis of the soluble protein fractions from
C. jejuni isolates A74/C and 11168(GS). Total proteins were extracted
from C. jejuni isolates A74/C and 11168(GS). The two protein samples
were labeled with either Cy3 (11168(GS)) or Cy5 (A74/C) fluorescent
dyes and resolved by isoelectric focusing in the first dimension, pI 3–
10, followed by vertical SDS-PAGE (8–15%) in the second dimension.
Spots of interest were cored from SDS-PAGE gels and tryptic peptides
extracted for subsequent use in peptide mass fingerprint analysis.
Tryptic peptide molecular masses obtained using matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry
were employed for the identification of proteins using MASCOT
(www.matrixscience.com) by searching against the C. jejuni protein
sequences within the National Center for Biotechnology Information

database. b 2D gel electrophoresis of the membrane protein fractions
from C. jejuni isolates A74/C and 11168(GS). Total proteins were
extracted from C. jejuni isolates A74C and 11168(GS). The two
protein samples were labeled with either Cy3 (A74/C) or Cy5 (11168
(GS)) fluorescent dyes and resolved by isoelectric focusing in the first
dimension, pI 3–10, followed by vertical SDS-PAGE (8–15%) in the
second dimension. Spots of interest were cored from SDS-PAGE gels
and tryptic peptides extracted for subsequent use in peptide mass
fingerprint analysis. Tryptic peptide molecular masses obtained using
MALDI-TOF mass spectrometry were employed for the identification
of proteins using MASCOT (www.matrixscience.com) by searching
against the C. jejuni protein sequences within the National Center for
Biotechnology Information databases
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vantage associated with this technique is that genes, or gene
expression, unique to isolates without complete genome
sequences, cannot be identified by this approach. One of
the objectives of these investigations was to identify genes
that may be present or absent among a group of C. jejuni
isolates which would allow for the addition of new
sequences to the databases. The use of subtraction
hybridization (Diatchenko et al. 1996) resulted in the
discovery of gene sequences similar to H. hepaticus and
Desulfovibrio spp. that could be found in C. jejuni but
unfortunately were for genes encoding proteins of no
reported known function.

The variable region of flaA has been utilized as a tool for
molecular epidemiology of C. jejuni (Meinersmann et al.
1997). Several of the genes found to be present or absent
between the two subtracted genomes such as the dimethyl
sulfoxide reductase and motility accessory factor segregated
with the flaA gene phylogeny. The motility accessory factor
(maf) genes are reported to be one of the major factors
contributing to virulence in C. jejuni (Karlyshev et al.
2002), and the presence of maf genes correlated to its
presence in the robust colonizing isolate A74/C. Interest-
ingly, several proteins with no known function and
previously reported as hypothetical proteins (Parkhill et al.
2000; Fouts et al. 2005) were present in the robust
colonizing A74/C strain which hybridized to several closely
related isolates, making these genes of potential importance
to virulence of C. jejuni.

The comparative proteomics technique of 2D gel
electrophoresis (Champion et al. 2001) by dual labeling
(Tonge et al. 2001) was also completed for the two C. jejuni
isolates that differ in ability to colonize the chicken
gastrointestinal system and was employed to assay for
differences in gene expression. As expected, genes and
their subsequent protein products, determined to be similar
between the two C. jejuni isolates, were involved in basic
regulatory, metabolic, and cellular functions similar to
previous findings (Seal et al. 2007). Specifically, the
differences between the two isolates could be detected in
the aconitase protein which is involved with the anaplerotic
reactions that supply intermediates to the TCA cycle
(Velayudhan and Kelly 2002) but also may play a role in
motility (Tang et al. 2004, 2005) and hence potentially
contribute to virulence of C. jejuni. Genes found to be
highly divergent were associated with the synthesis and
modification of surface structures. This was confirmed by
the proteomics analyses wherein factors such as the major
outer membrane protein or MOMP and periplasmic
transport proteins had differences between the two isolates.
MOMP is hypothesized to form hydrophilic channels
through the C. jejuni outer membrane (Goulhen et al.
2004), and over-expression of certain membrane proteins
may confer antibiotic resistance (Pumbwe et al. 2004);

consequently, variation among these proteins may be useful
to predict phylogenetic relationships or predict overall
phenotypic characteristics of campylobacters (Clark et al.
2007).

Of particular interest is the quantity of genes and
predicted protein products from C. jejuni A74/C with still
undefined functions. These sequences should be further
investigated as to their functions and potential roles in the
colonization of chickens. Previously, it was postulated that
genes in C. jejuni similar to those found in Helicobacter
pylori (Poly et al. 2005) could potentially correlate with the
extent of the host gastric response (Bjorkholm et al. 2002).
To date, only a limited number colonization factors have
been identified. These include flagellin genes, sodB, racR,
pglH, and cadF (Purdy et al. 1999; Bras et al. 1999;
Wassenaar et al. 1993; Nachamkin et al. 1993; Ziprin et al.
1999; Mamelli et al. 2006). The recovery of several
sequences from C. jejuni A74/C that demonstrated similar-
ity to genes or proteins from distinct organisms such as H.
pylori further supports horizontal or lateral gene transfer
from closely related organisms comprising the epsilon
proteobacter. Experimentally, DNA transfer was unidirec-
tionally demonstrated to occur from H. pylori to C. jejuni
(Oyarzabal et al. 2007) and could explain the presence of
these genes with no known function discovered during our
investigations. The high genetic and protein diversity
observed among C. jejuni isolates make sense given the
variety of hosts, environments, and disease sequela associ-
ated with C. jejuni. The further identification of different
genes and gene products involved in the colonization of C.
jejuni in chickens could potentially facilitate the develop-
ment of improved diagnostic methods and targeted pre-
harvest intervention strategies.
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