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This study describes a novel approach to identify unique genomic DNA sequences from the unsequenced
strain C. jejuni ATCC 43431 by comparison with the sequenced strain C. jejuni NCTC 11168. A shotgun DNA
microarray was constructed by arraying 9,600 individual DNA fragments from a C. jejuni ATCC 43431 genomic
library onto a glass slide. DNA fragments unique to C. jejuni ATCC 43431 were identified by competitive
hybridization to the array with genomic DNA of C. jejuni NCTC 11168. The plasmids containing unique DNA
fragments were sequenced, allowing the identification of up to 130 complete and incomplete genes. Potential
biological roles were assigned to 66% of the unique open reading frames. The mean G+C content of these
unique genes (26%) differs significantly from the G+C content of the entire C. jejuni genome (30.6%). This
suggests that they may have been acquired through horizontal gene transfer from an organism with a G+C
content lower than that of C. jejuni. Because the two C. jejuni strains differ by Penner serotype, a large
proportion of the unique ATCC 43431 genes encode proteins involved in lipooligosaccharide and capsular
biosynthesis, as expected. Several unique open reading frames encode enzymes which may contribute to genetic
variability, i.e., restriction-modification systems and integrases. Interestingly, many of the unique C. jejuni
ATCC 43431 genes show identity with a possible pathogenicity island from Helicobacter hepaticus and compo-
nents of a potential type IV secretion system. In conclusion, this study provides a valuable resource to further
investigate Campylobacter diversity and pathogenesis.

Since the publication of the complete genomic sequence of
C. jejuni NCTC 11168 in February 2000, evidence that Campy-
lobacter jejuni strains exhibit high genomic sequence diversity
has been accumulating (34). This genetic variability was dem-
onstrated with a battery of different technologies, including
microarray-based genotyping (9, 27, 35), multiple locus se-
quence typing (38), restriction fragment length polymorphism
(44), amplified fragment length polymorphism (40), pulsed-
field gel electrophoresis (36, 52), and subtractive hybridization
(1). C. jejuni genotypic diversity was localized within distinct
areas of the genome, particularly regions harboring genes in-
volved mainly in the biosynthesis and modification of surface
structures such as lipooligosaccharide (LOS) and capsule bio-
synthesis and flagellum posttranslational modification, iron ac-
quisition, and DNA restriction and modification (9, 27, 35).
This genetic diversity might, in part, explain the large spectrum
of C. jejuni disease outcomes, ranging from asymptomatic col-
onization to acute inflammatory diarrhea and to induction of
the Guillain-Barré syndrome (43).

While the genome sequence of C. jejuni NCTC 11168 pro-
vided many insights into Campylobacter physiology, the rele-
vance of this particular genome sequence to more virulent
isolates has been questioned (1, 3). Epithelial cell invasion is
thought to be an essential step in Campylobacter infection (16,
25). This is supported by both in vitro tissue culture models
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and in vivo animal and human clinical pathologies (26, 37, 50).
Yet C. jejuni NCTC 11168 has been shown to be poorly inva-
sive in human embryonic intestinal INT407 cells (3). C. jejuni’s
ability to bind to, invade, and replicate in intestinal epithelial
cells has been studied extensively in in vitro tissue culture
models (26). Invasion studies with intestinal epithelial cells as
well as other cell lines revealed that the relative ability of
different C. jejuni isolates to invade cultured cells is strain
dependent (10, 24, 31). Furthermore, a statistically significant
correlation was observed between C. jejuni’s ability to invade
cultured cells and the clinical symptoms of infection (10). Non-
invasive strains were isolated from patients with noninflamma-
tory disease, while invasive strains were isolated from patients
with inflammatory diarrhea (10). This observation suggests
that different Campylobacter isolates vary in their virulence
properties and that these virulence properties are correlated,
at least in part, with the ability to invade intestinal epithelial
cells. Consequently, while C. jejuni NCTC 11168 might be
valuable to study the development of noninflammatory watery
diarrhea, the use of a more invasive isolate is required to
investigate inflammatory bloody diarrhea.

Recently, the invasion ability of C. jejuni 81-176 was shown
to be associated with the presence of a plasmid named pVir
(3). Mutations introduced into several genes from this plasmid
affected the invasion abilities of isogenic mutant strains, which
resulted in reduced virulence in the ferret diarrheal disease
model for some of the strains (4). Moreover, the presence of
this plasmid was detected in a subset of fresh clinical isolates
(3). Taken together, these observations suggest a role for the
genes encoded by this plasmid in Campylobacter virulence. The
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sequence of the complete plasmid has been reported and re-
vealed the presence of genes encoding proteins involved in the
formation of type IV secretion systems, which are absent in the
C. jejuni NCTC 11168 genome (4). Intriguingly, many clinical
isolates, including C. jejuni ATCC 43431 (TGH 9011), are
known to be highly invasive and yet do not harbor any plasmids
(17, 18). Therefore, the proteins involved in their mechanism
of invasion are likely to be chromosomally encoded. Addition-
ally, because C. jejuni strains differ significantly in their inva-
sion abilities, this might reflect the use of different mechanisms
for cell invasion. Consequently, the identification of new
genomic sequences from invasive clinical isolates of C. jejuni is
required to fully investigate the molecular mechanism(s) of
Campylobacter invasion.

Recently, comparative genomic techniques such as microar-
ray-based genotyping and subtractive hybridization have been
used to investigate differences in the whole genome content of
several C. jejuni isolates (1, 9, 27, 35). While comparative
hybridization to C. jejuni NCTC 11168 microarrays allows the
survey of the entire genetic content of any C. jejuni strain at
single-gene resolution, it cannot identify new genomic se-
quences. On the other hand, although subtractive hybridiza-
tion can identify new genomic information, this technology
suffers from insensitivity resulting from failure to detect a pro-
portion of unique genes as well as high background due to false
positives. In addition, the screening procedures are labor in-
tensive and time-consuming.

Here we present a method utilizing shotgun DNA microar-
ray analysis to identify new genomic DNA sequences from a
nonsequenced microbial strain by comparison with a related
strain of known sequence. This approach could also be very
useful for the identification of unique genes in important
pathogens whose genome sequences are unavailable. In this
study, we chose to identify unique genes from C. jejuni ATCC
43431, an invasive isolate, by comparison with the less invasive
sequenced strain, C. jejuni NCTC 11168. This allowed us to
identify strain-specific diversity which might be involved in
virulence potential. These two C. jejuni strains differ by several
phenotypic and genotypic features: (i) their Penner serotype:
ATCC 43431 (TGH 9011) is Penner serotype O:3, while NCTC
11168 is Penner serotype O:2 (49); (ii) their invasion ability:
NCTC 11168 is poorly invasive (3), while ATCC 43431 appears
to be highly invasive (17, 18); (iii) their genome size: the
genome of ATCC 43431 appears to be larger than that of
NCTC 11168 (21, 34); and (iv) their gene order: gene positions
seem to differ considerably between the two strains (21, 22, 34).
Since invasion ability has been shown to correlate with epide-
miological outcomes (10), the genes unique to ATCC 43431
will provide a valuable resource to dissect the C. jejuni features
that affect pathogenic potential.

MATERIALS AND METHODS

Bacterial strain, growth conditions, and cell culture. C. jejuni ATCC 43431
(TGH 9011) and NCTC 11168 were acquired from the American Type Culture
Collection and the National Collection of Type Cultures. Bacterial strains were
routinely grown at 37°C on Mueller-Hinton (MH) agar plates under microaero-
philic conditions (83% N,, 4% H,, 8% O, and 5% CO,) with the MACS-VAS500
variable-atmosphere workstation (Don Whitley, West Yorkshire, England). Hu-
man INT407 embryonic intestinal cells were obtained from the American Type
Culture Collection and routinely maintained in minimal essential medium alpha
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(MEM-q, Gibco) supplemented with 10% fetal bovine serum (Gibco). Cells
were grown in an incubator at 37°C and 10% CO,.

Bacterial binding and invasion assays. The invasion assay was performed by
coincubating mid-log-phase C. jejuni (grown in biphasic MH medium) with
semiconfluent INT407 cells (2 X 10° cells per well) at an infection ratio (cell-
bacteria) of about 1:30. After 3 h of incubation at 37°C in the presence of 10%
CO,, the MEMa was removed, and the monolayers were washed twice with fresh
medium. For the invasion assay, the infected monolayers were incubated for an
additional 2 h in fresh medium containing 100 pg of gentamicin per ml. Then the
monolayers were washed three times with Hanks’ balanced salt solution (Sigma)
and lysed with 0.01% Triton X-100 for 30 min at room temperature. Finally, the
released bacteria were enumerated by serial dilution and plate counting on MH
agar plates. Invasion efficiency was expressed as the percentage of the bacterial
inoculum surviving gentamicin treatment. For the binding assay, infected INT407
cells were lysed with 0.01% Triton X-100 for 30 min at room temperature, the
suspensions were serially diluted, and the number of bacteria was determined by
counting on MH agar plates. Each binding and invasion assay was repeated 10
times, and the results shown are the mean * standard error of the replicates.

Construction of C. jejuni NCTC 11168 microarray. The construction of a C.
Jjejuni NCTC 11168 microarray has been previously described (46, 47). This array
harbors PCR amplified fragments from approximately 98% of the open-reading-
frames from the complete genome of C. jejuni NCTC 11168.

Construction of C. jejuni ATCC 43431 shotgun microarray. A genomic library
of C. jejuni ATCC 43431 was constructed with the TOPO shotgun subcloning kit
from Invitrogen, following the manufacturer’s protocol. Briefly, C. jejuni chro-
mosomal DNA was purified by the method of Sambrook et al. (39), resuspended
in nebulization buffer (0.5 M Tris-HCI [pH 8], 0.15 M MgCl,, 50% glycerol), and
placed at the bottom of the nebulizer; 50 pg of chromosomal DNA in 2 ml of
nebulization buffer was mechanically sheared by nebulization (nitrogen pressure
of 10 Ib/in? for 5 min) in order to obtain DNA fragments of 500 to 1,100 bp in
size (average size, 800 bp). After nebulization, the DNA was checked on a 1%
agarose gel to ensure the desired size. Next, the DNA fragments were precipi-
tated by adding 80 pl of 3 M sodium acetate (pH 5.2), 4 pl of glycogen (20
mg/ml), and 700 pl of isopropanol, and centrifuging at 12,000 X g for 15 min. The
DNAs were further purified with the Qiagen PCR kit (Qiagen, Valencia, Calif.)
by the manufacturer’s recommendations, and resuspended in 10 pl of water. The
fragments were blunt ended with a mixture of T4 DNA polymerase and Klenow
fragment and then dephosphorylated with calf intestinal phosphatase. The re-
sulting fragments were cloned into the pCR4Blunt-TOPO vector. Finally, the
cloning mix was further purified with the PCR purification kit and electroporated
into electrocompetent Escherichia coli strain TOP10.

The transformation reaction was plated on LB agar plates containing ampi-
cillin (100 pg/ml) and 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-
Gal, 64 pg/ml). Individual clones from this unamplified library were immediately
replicated into 96-well plates containing LB broth and ampicillin (100 wg/ml).
Plasmids from 9,600 clones were purified with the 96-well filter plates Millipore
MultiScreen (Millipore MAFB NOB 50) and Costar polyvinylidene difluoride
(0.2-pum, Costar catalog number 3504) according to the manufacturer’s instruc-
tions and as previously described. The quality and concentration of the purified
plasmids were assessed on 1% agarose gels. Purified plasmids were diluted in 3X
SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) buffer at a concen-
tration ranging from 50 to 150 ng/pl and rearrayed into a 384-well format. The
plasmid samples were subsequently printed on aminosilane-coated glass micro-
scopic slides (CMT GAPS-II; Corning Inc., Corning, N.Y.) with an arrayer robot
(Molecular Dynamics) in repeating blocks of a 62 by 13 spot pattern. Within each
62 by 13 block, spots are approximately 250 um in diameter and are spaced 300
wm apart (center to center). Finally, the DNA fragments were immobilized onto
the slides by baking at 80°C for 4 h. The quality of the microarray was assessed
by direct labeling of the spotted DNA with a fluorescent nucleic acid stain
(POPO-3 iodide; Molecular Probes), following the manufacturer’s protocol.

DNA labeling and microarray hybridization. For each microarray hybridiza-
tion, 2 ug of genomic DNA from the sequenced strain C. jejuni NCTC 11168 and
the test strain C. jejuni ATCC 43431 was fluorescently labeled with indodicar-
bocyanine (Cy5) and indocarbocyanine (Cy3) fluors, respectively, as follows.
First, genomic DNAs were sheared by nebulization in order to obtain DNA
fragments of 700 to 1,300 bp in size as described above. Second, sheared genomic
DNAs were labeled by random priming with the BioPrime DNA labeling system
from Invitrogen. Briefly, 2 pg of sheared genomic DNA in 21 pl of water was
mixed with 20 pl of the 2.5X random primer solution. After denaturation at 99°C
for 5 min, the reaction mixture was brought up to 47 pl by adding 5 pl of a
deoxynucleoside triphosphate-dUTP mix (1.2 mM each dGTP, dATP, and
dCTP; 0.6 mM aminoallyl-dUTP; and 0.6 mM dTTP) and 1 pl of highly con-
centrated Klenow fragment. This suspension was incubated at 37°C for 2 h. Then,
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the aminoallyl-labeled genomic DNAs were purified with Microcon YM-30 fil-
ters (Millipore) and labeled with monoreactive FluoroLink Cy3 and Cy5 dyes
(Amersham) as previously described (46, 47).

Fluorescently labeled reference and test DNAs were combined in a 36-pl
hybridization solution containing 25% formamide, 5X SSC buffer, 0.1% sodium
dodecyl sulfate (SDS) and 25 pg of salmon sperm DNA, denatured for 2 min at
99°C, and hybridized to one microarray slide that had been prehybridized in a
1% bovine serum albumin solution (25% formamide, 5X SSC buffer, 0.1% SDS,
and 1% bovine serum albumin) under a coverslip (Grace Bio-labs) and placed in
a humidified chamber (Arraylt). Hybridizations were carried out for 16 h at
42°C. Slides were then washed consecutively in 2X SSC-0.1% SDS for 5 min at
42°C, then in 0.1X SSC-1% SDS for 10 min at room temperature, and four times
in 0.1X SSC for 1 min at room temperature. The slides were finally washed with
distilled water and dried by centrifugation.

Microarray data analysis. Microarray slides were scanned at 532 nm (Cy3)
and 635 nm (Cy5) with a laser-activated confocal scanner (ScanArray 3000) at
10-pum resolution and analyzed with the GenePix Pro 4 software (Axon Instru-
ments, Foster City, Calif.). Spots with abnormalities were removed either man-
ually or automatically by the GenePix software before data processing. To filter
out unreliable data, spots with a signal intensity below 2 times the standard
deviation of the background in the control channel, which reveals the genomic
DNA printed on the slide, were discarded.

For the hybridization experiments with the C. jejuni NCTC 11168 microarray,
the data were processed following the method described by Kim et al. (20) with
the algorithm implemented into the GACK software (available at http:/falkow
.stanford.edu/). Briefly, this algorithm uses the shape of the signal distribution to
estimate the probability that any given gene is conserved or divergent (present or
absent) independently of any normalization and thus provides a level of confi-
dence for the gene category assignment. This method has been shown to be more
reliable than methods with empirical determination of cutoff value to predict the
presence or absence of genes. Three independent microarray hybridizations were
performed and averaged across the GACK datasets.

For the hybridization experiments with the shotgun C. jejuni ATCC 43431
microarray, the fluorescent intensity in each wavelength was normalized with a
linear regression analysis. This methodology is based on a three-step iterative
identification of genes present in both C. jejuni stains in order to use them for
normalization. In the first step, a linear regression was applied to the scatter plot
of the mean Cy3 versus the mean Cy5 intensities and used to transform the raw
data. For each spot, the ratio of the transformed Cy3 and Cy5 intensities was
calculated as m = Cy3/Cys5. In the second step, a rank selection method was used
to remove the first 20 genes with the lowest m value. In the third step, the raw
data for the remaining spots were extracted and retransformed by applying a
second linear regression (similar to the first step). These three steps were re-
peated in an iterative process until the linear correlation coefficient r converged
to 1. Finally, the last linear regression was used to normalize the complete raw
microarray data. DNA sequencing of 48 plasmids with an m value equal to 1
confirmed that their inserts were present in both C. jejuni strains, validating our
normalization approach. All mathematical transformations were performed with
OriginPro 7 software (OriginLab Corporation) and in-house written scripts. Two
criteria, m < 0.5 and 0.5 < m < 0.6, were arbitrarily used to select spots carrying
a DNA fragment unique to the C. jejuni ATCC 43431 strain. Finally, the plasmids
from these two groups of spots were used as a template for DNA sequencing
reactions.

DNA sequencing and annotation. DNA sequencing reactions were carried out
directly from the purified plasmid in both forward and reverse directions with the
M13 universal primers by the DNA Sequencing Facility of the Laboratory for
Genomics and Bioinformatics at the Oklahoma University Health Science Cen-
ter with an ABI Prism 3700 capillary sequencer. The vector clipping and the
sequence assembly and editing were performed with the SeqManlII module from
Lasergene software (DNAstar, Inc.). The sequences obtained were compared
to those in the C. jejuni NCTC 11168 genome database from the Sanger Center
with the BLASTN program (http://www.sanger.ac.uk/cgi-bin/BLAST/submitblast
/c_jejuni). Sequences with 100% identity over their entire length to C. jejuni
NCTC 11168 were removed from further analysis. Open reading frames (ORFs)
of at least 100 bp in length were identified with the Artemis software (http://www
.sanger.ac.uk/Software/Artemis/). Further analysis of the ORFs was performed
with the BLAST program against the NCBI nonredundant database. Potential
biological roles were assigned to the unique ORFs with the classification schemes
from the Gene Ontology consortium.

DNA preparation for PFGE analysis. C. jejuni cultures were grown overnight
at 42°C in 25 ml of Mueller-Hinton broth under microaerophilic conditions as
described above. Cultures were pelleted by centrifugation (1,000 X g, 15 min),
washed once in 1X phosphate-buffered saline (0.15 M NaCl, 2.71 mM
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Na,HPO, - 7TH,0, 1.54 mM KH,PO, [pH 7.4]), and resuspended in PBS for
optical density (OD) measurements. The OD readings at 600 nm were in the
range from 0.58 to 0.7, as recommended (36). Adjusted cell suspensions were
processed as described before (36) with slight modifications. Briefly, 400 pl of
each suspension was transferred separately to 1.5-ml microcentrifuge tubes con-
taining 50 pl of proteinase K (10-mg/ml stock; Boehringer Mannheim) and
mixed gently. An equal volume of molten 1.0% low EEO agarose (Fisher Bio-
tech) in TE (10 mM Tris, 1 mM EDTA, pH 8.0) was added to the cell suspen-
sions, one sample at a time, and mixed gently by pipetting. The agarose-cell
suspension mixtures were loaded immediately into the wells of reusable plug
molds (Bio-Rad Laboratories, Hercules, Calif.). The agarose plugs were placed
at 4°C to harden. Then, the plugs were transferred to 15-ml conical tubes
(polypropylene; Sarstedt) containing 5 ml of cell lysis buffer (50 mM Tris, 50 mM
EDTA [pH 8.0], 1% Sarcosyl, 0.1 mg of proteinase K/ml). Lysis was allowed to
proceed for 30 min at 54°C in a shaking water bath. After lysis, the plugs were
washed four times as described by Ribot et al. (36). Finally, washed plugs were
stored at 4°C until use.

Restriction digestion for PFGE analysis. Slices from each plug 1 to 2 mm wide
were cut with a sterile spatula edge and transferred to a 1.5-ml microcentrifuge
tube containing 750 pl 1X buffer 4 (New England Biolabs) for Smal and 750 .l
of 1X Sall buffer (New England Biolabs) plus 1X bovine serum albumin for Sall
for 5 min at room temperature for Smal and 37°C for Sall. This prerestriction
buffer was then removed and replaced with 200 .l of fresh buffer plus 40 U of the
appropriate restriction enzyme. Smal digests were incubated at room tempera-
ture for 2 h, while Sall digests were incubated at 37°C for 2 h. Prior to loading
plugs into the gel for electrophoresis, the restriction buffer was first diluted with
0.5X Tris-borate-EDTA (TBE), allowed to stand for 5 min, and then removed.
Fresh 0.5X TBE was then added for an additional 5 min.

PFGE and analysis. Restricted plug slices were loaded into the appropriate
wells of a 1% chromosomal grade agarose gel (Bio-Rad) in 0.5X TBE. Also
included were molecular weight plugs corresponding to the lambda 50-kb ladder
(Bio-Rad). The electrophoresis conditions used for the Smal digest were initial
switch time of 6.8 s and final switch time of 38.4 s (gradient of 6 V/cm and an
included angle of 120°) for 18 h with the CHEF-DR III system with circulating
and cooled (14°C) 0.5X TBE (36). The voltage gradient, included angle, gel
percentage, temperature of running, and TBE concentration were the same for
all digestions analyzed, but the other running conditions had to be modified to
allow adequate band separation. For Sall, the conditions suggested for the
separation of the 50-kb lambda ladder were used (Bio-Rad CHEF-DR III man-
ual), since each strain had a very large fragment which could not be resolved with
the Smal running conditions. Conditions for Sall were initial switch time of 50 s
and final switch time of 90 c for 22 h. After the electrophoresis, gels were stained
with 200 ml of a 50-ug/ml ethidium bromide solution and the band patterns were
documented with the UV Doc It system (UVP). The data from the two restric-
tion digestions were analyzed with the LabWorks image acquisition and analysis
software and by comparing the migration of the lambda marker bands with the
C. jejuni genomic bands. An average molecular weight was determined for each
strain based on the results from the two digestions.

Nucleotide sequence accession numbers. The DNA sequences described in
this work have been deposited in the NCBI database under consecutive accession
numbers AY501906 to AY501998.

RESULTS AND DISCUSSION

Invasion abilities of C. jejuni NCTC 11168 and ATCC 43431.
In order to confirm the previously reported invasion properties
of the two C. jejuni strains (3, 18), they were subjected to an
invasion assay with human INT407 embryonic intestinal cells.
As expected, this assay revealed considerable differences be-
tween the two strains in their ability to invade INT407 host
cells. While C. jejuni ATCC 43431(TGH 9011) was confirmed
to be a proficiently invasive isolate, C. jejuni NCTC 11168 was
found to be poorly invasive (0.36% = 0.257% and 0.00054% +
0.00027% invasion, respectively). The invasion ability of C. je-
juni NCTC 11168 was not restored following passage in vivo in
the rabbit ligated ileal loop model (data not shown and un-
published data) (7). This inability to restore its invasion po-
tential suggests that this phenotype has a genetic basis.

Recently, the original clonal clinical isolate of C. jejuni
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NCTC 11168, named C. jejuni strain 11168-O, has been shown
to be substantially more invasive in epithelial cells than the
sequenced strain (12). Interestingly, this phenotypic difference
was not attributed to a large genetic variability (e.g., gene loss
or gain) between the two strains but rather to small genetic
changes (e.g., single-nucleotide polymorphism). The invasion
efficiency of the 11168-O isolate was found to be approximately
0.0035% as calculated by Gaynor et al. (12) and to exhibit a
threefold difference in invasion with the sequenced NCTC
11168 strain after 2 h of invasion. In contrast, ATCC 43431
invades epithelial cells with an efficiency of 0.36% and exhibits
a 667-fold difference in invasion with the NCTC 11168 strain
(after 3 h of invasion). Given that the invasion assay used by
Gaynor et al. differs slightly from the one used in this study
(e.g., different incubation time and multiplicity of infection), a
direct comparison would be necessary to determine the exact
difference in invasion efficiencies between the ATCC 43431
and the 11168-0 isolates. Nevertheless, C. jejuni ATCC 43431
appears to be significantly more invasive than 11168-O. Con-
sequently, large genetic differences, in addition to subtle ge-
netic changes, may contribute to and enhance the invasion
potential of certain Campylobacter isolates. As mentioned pre-
viously, the invasion efficiency of C. jejuni 81-176 is related
to the presence of a plasmid carrying genes absent from the
C. jejuni NCTC 11168 genome (3, 4).

In this study, the genes which are different and common
between the ATCC 43431 and NCTC 11168 strains were iden-
tified by whole genome microbial comparison with both a shot-
gun DNA microarray of C. jejuni ATCC 43431 and the previ-
ously constructed C. jejuni NCTC 11168 microarray. Because
invasion ability has been shown to be tightly associated with
Campylobacter virulence, investigation of the genotypic differ-
ences and similarities between these two strains could reveal
novel targets for the study of Campylobacter invasion mecha-
nisms and pathogenesis as well as provide new insights about
the evolution of Campylobacter species.

Conserved genes between C. jejuni NCTC 11168 and ATCC
43431. The genes conserved between C. jejuni NCTC 11168
and ATCC 43431 were identified with a C. jejuni NCTC 11168
microarray. This array carries PCR-amplified fragments of
each annotated open reading frame from C. jejuni NCTC
11168, as previously described (46, 47). Each strain was hybrid-
ized to the microarray in triplicate. Genes were classified as
conserved or divergent, with a cutoff for the intensity ratio
dynamically generated by a microarray genomic analysis pro-
gram called GACK (20). The complete data set on the pres-
ence and absence of each gene is represented in Fig. 1 (first
row). The genes are organized with respect to their chromo-
somal location on the NCTC 11168 genome.

Overall, 88 ORFs were found to be absent with high cer-
tainty in C. jejuni ATCC 43431 but present in the reference
strain NCTC 11168, which equals approximately 5.3% of all
OREFs. This result contrasts with the previous study from Dor-
rell et al. (9), who identified 117 genes absent in C. jejuni
ATCC 43431 with a “low-cost” microarray technology. This
microarray was constructed by arraying PCR amplicons from a
pUCI18 genomic library, and thus each element on the array
could contain more than one gene (9). Consequently, the data
generated by Dorrell et al. (9) are difficult to interpret and
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likely result in a higher rate of false-positives and false-nega-
tives.

In order to validate our data, we assessed the absence of the
88 ORFs (identified by our microarray analysis) by PCR with
the same primers as used for the construction of the C. jejuni
NCTC 11168 microarray (third row, Fig. 1). In addition, we
similarly assessed the presence of 328 individual ORFs (ran-
domly chosen) by PCR. Moreover, the presence of 146 genes
in the C. jejuni ATCC 43431 genome (with >80% identity to
the counterpart C. jejuni NCTC 111168 genes) was corrobo-
rated by sequencing the DNA inserts from the C. jejuni ATCC
43431 genomic library (second row, Fig. 1). These 146 genes
include the clones identified as carrying DNA inserts common
to both strains and the false-positives obtained from the shot-
gun microarray analysis (see below).

Among the 88 ORFs found to be absent by the microarray
analysis, 85 were confirmed absent by PCR analysis, whereas
three were found to be present, indicating that at least 3.5% of
the genes were falsely called absent. It should be noted that the
absence of PCR amplification does not prove the absence of a
gene. Indeed, a single base pair mismatch at the primer an-
nealing site could prevent a successful PCR amplification. Sim-
ilarly, this possibility may explain the failure of the PCR to
amplify 25 genes found to be present with high certainty by the
microarray analysis among the 328 genes tested (Fig. 1, row 3).
While several of these genes were found to be present by DNA
sequencing (Fig. 1, row 2), we cannot exclude that some of
these 25 genes are false-positives. While apparently contradic-
tory, four genes found to be absent by the microarray and PCR
analysis were identified as present upon sequencing of sev-
eral clones from the C. jejuni ATCC 43431 genomic library
(Cj0629, Cj1678, Cjo809c, and Cjl422c). However, further
analysis of the DNA sequences revealed that they correspond
to a different portion of the gene than the one printed on the
microarray slide (data not shown), suggesting the presence of
orthologues of these genes in the genome of C. jejuni ATCC
43431.

Many of the dispensable genes in ATCC 43431 were found
to colocalize in five major chromosomal regions, referred to as
plasticity zones PZ1 to PZ5. These zones were previously char-
acterized by Dorrell et al. and others as hypervariable plasticity
regions among C. jejuni strains of diverse origins (9, 27, 35).
PZ1 contains eight genes: Cj0258 (a possible regulator), pyrC
(dihydroorotase), Cj0262c (putative methyl-accepting chemo-
taxis signal transduction protein), Cj0264c (molybdopterin-
containing oxidoreductase), Cj0265¢ (putative cytochrome
c-type heme-binding periplasmic protein), and three genes
encoding proteins of unknown function (Cj0260c, Cj0261c, and
Cj0263). While the absence of PyrC might suggest pyrimidine
auxotrophy, it should be noticed that C. jejuni possesses a
second dihydroorotase gene (pyrC2) which was found to be
present in ATCC 43431 (Fig. 1).

Cj0624c is a molybdenum-containing enzyme that has been
shown to catalyze the reduction of trimethylamine-N-oxide and
dimethyl sulfoxide (42). Together with Cj0265c, Cj0264c allows
Campylobacter to respire under limited oxygen conditions with
N- or S-oxide as an alternative electron acceptor. The absence
of these genes in C. jejuni ATCC43431 suggests its inability to
utilize these electron acceptors and is in agreement with the
absence of the molybdenum transporter genes modABC, which
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are part of plasticity zone 2 (PZ2). In addition to these trans-
porter genes, PZ2 contains genes encoding a putative acyl-
transferase (Cj0295), a MoeB/ThiF family protein (Cj0294), a
protein of unknown function (Cj0302c), a putative periplasmic
beta-lactamase (Cj0299), and two proteins involved in biotin
biosynthesis (BioC and BioF).

The three other zones of plasticity have been previously
described as being variable in other strains of C. jejuni (9, 27,
35). These zones include genes encoding proteins involved in
sugar modification and transport (PZ3), genes encoding pro-
teins involved in lipooligosaccharide (LOS) biosynthesis (PZ4),
and genes from the capsular polysaccharide locus (PZ5). The
genes encoding the capsule export system (kps) and the inner
core genes of the LOS (waa) are conserved between the two
C. jejuni strains, as has been suggested in other strain compar-
isons (14, 19). Given that the Penner serotype recognizes the
capsular and LOS structures, the divergence of the capsular
and LOS biosynthesis genes is in agreement with the different
serotypes of the C. jejuni NCTC 11168 and ATCC 43431
strains (49).

Genome size comparison between C. jejuni NCTC 11168 and
ATCC 43431 by PFGE. The size of the C. jejuni ATCC 43431
genome has been previously evaluated by PFGE analysis and
reported to be 1,812.5 * 43.9 kb (21). The comparison of this
result with the known size of the C. jejuni NCTC 11168 genome
(1,641 kb) obtained by whole-genome sequencing suggests that
these two genomes might differ by up to 171 kb. However, this
size difference is likely inaccurate and overestimated because
the genome sizes were determined by two different technolo-
gies. Therefore, in order to directly compare these two ge-
nomes, their sizes were reevaluated side by side with the same
pulsed-field gel.

Given the low G+C content of C. jejuni and based on the
previous study from Kim et al. (21), C. jejuni chromosomal
DNA was digested with two different restriction endonucleases
that recognize G- and C-rich cleavage sites. The restriction
enzymes Smal and Sall were used individually to digest the
genome of both C. jejuni strains, and the restricted fragments
were separated by PFGE (Fig. 2). The digestion of C. jejuni
NCTC 11168 and ATCC 43431 chromosomal DNA with Smal
and Sall produced between 5 and 10 fragments which could be
easily differentiated and sized. The sizes of C. jejuni NCTC
11168 and ATCC 43431 genomes were calculated to be 1,744 =
29 kb and 1,811 = 22 kb, respectively. While this result reflects the
overestimation of the real genome size by PFGE analysis, it al-
lows the direct comparison of the two genomes. Based on these
data, these two genomes differ by only 66 = 7 kb, with C. jejuni
ATCC 43431 having the larger of the two genomes, as expected.
Therefore, with the size of the sequenced C. jejuni NCTC 11168
genome as a reference, the size of C. jejuni ATCC 43431 can be
estimated to be approximately 1,707 kb.

C. JEJUNI ATCC 43431 4787

Construction of a shotgun DNA microarray of C. jejuni
ATCC 43431. The use of C. jejuni NCTC 11168 as a reference
for the interspecies microarray hybridization obviously ex-
cluded genes missing in the genome of C. jejuni ATCC 43431.
In order to identify genes unique to C. jejuni ATCC 43431, a
shotgun microarray of this organism was constructed. As a
prerequisite to the shotgun microarray construction, a library
of the C. jejuni ATCC 43431 genome was produced with the
pCR4Blunt-TOPO vector (Invitrogen) in E. coli strain TOP10
as described in the Materials and Methods section. Nine thou-
sand six hundred individual clones from the unamplified li-
brary were immediately replicated into a 96-well plate format,
and their plasmids were purified and analyzed by agarose gel
electrophoresis. Given a genome size of approximately 1,707
kb, a mean DNA insert size of about 750 bp (determined upon
sequencing of 624 DNA inserts), and 9,600 clones in the li-
brary, the probability of having each DNA sequence in our
library is 0.98 (P =1- e(9,600 X In[1 — 0.7/1,707]))'

Initially, 96 clones were randomly chosen for microarray
protocol development. Several printing conditions onto glass
slides were evaluated: PCR-amplified inserts; untreated plas-
mids, plasmids cut with a restriction enzyme (EcoRI); plasmids
treated with Plasmid-Safe ATP-dependent DNase (Epicentre);
and denatured plasmids. The comparison of the hybridization
efficiency and specificity of these different probes revealed that
purified untreated plasmids produced microarrays of a quality
similar to that of PCR products and suitable for microarray
hybridization with genomic DNA (data not shown). Conse-
quently, we constructed a shotgun DNA microarray by array-
ing the 9,600 purified whole plasmids from the C. jejuni ATCC
43431 genomic library onto a glass slide.

Identification of unique C. jejuni ATCC 43431 DNA frag-
ments by competitive hybridization with the C. jejuni NCTC
11168 genome. Genes unique to C. jejuni ATCC 43431 were
identified by competitive hybridization on its array with geno-
mic DNA from C. jejuni NCTC 11168. The fluorescent mean
intensities in both channels 1 (Cy5) and 2 (Cy3) were normal-
ized with an iterative linear regression analysis (as described in
Materials and Methods). This normalization technique was
validated by DNA sequencing of 48 clones identified as carry-
ing DNA fragments common to both C. jejuni strains. The
microarray hybridization was repeated three times by labeling
the C. jejuni NCTC 11168 and ATCC 43431 genomes with the
Cy5 and Cy3 fluors, respectively.

The geometric mean of the normalized [(Cy5 fluorescence
intensity)/(Cy3 fluorescence intensity)] ratio was computed,
and an initial cutoff below 0.5 for the identification of DNA
fragments unique to C. jejuni ATCC 43431 was arbitrarily
chosen. With this ratio threshold, 576 clones were selected.
The insert from each individual clone was sequenced in one
direction. The sequences obtained were compared to those in

FIG. 1. Conserved and divergent C. jejuni NCTC 111168 ORFs in C. jejuni ATCC 43431 identified by microarray analysis (row 1), DNA
sequencing (row 2), and PCR analysis (row 3). ORFs are listed with respect to their location on the NCTC 11168 genome horizontally from left
to right in 21 sections of 80 ORFs. It should be noticed that the gene order might be different in the genome of C. jejuni ATCC 43431. For the
microarray data (row 1), the color scale is located at the bottom of the figure, with the brightest blue representing ORFs found to be present with
high certainty, the brightest yellow indicating ORFs found to be absent with high certainty, and black corresponding to ORFs found to be uncertain
or slightly divergent. For the sequencing data (row 2), sequenced ORFs are indicated in blue, while green indicates missing data. For the PCR
analysis (row 3), ORFs successfully amplified are represented in blue, ORFs with failed PCR amplification are indicated in yellow, and untested

OREFs are indicated in green.
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the C. jejuni NCTC 11168 genome database with the BLASTN
program at the Sanger Center. Of the 576 sequences, 208 (36%
of the total sequences) were false-positive, sharing 100% iden-
tity with genomic fragments from C. jejuni NCTC 11168. While
the false-positives were not studied further, clones carrying
DNA fragments unique to C. jejuni ATCC 43431 were se-
quenced in the opposite direction.

In order to ensure that every clone from the library contain-
ing a unique C. jejuni ATCC 43431 DNA fragment was se-
lected with a ratio threshold of 0.5, 96 plasmids with a fluo-
rescent intensity ratio between 0.5 and 0.6 were randomly
picked and sequenced. The DNA sequencing revealed that all
96 vectors contained DNA inserts that had 100% identity with
a chromosomal region of C. jejuni NCTC 11168 over their
entire length. Therefore, we assume that all the clones carrying
DNA fragments unique to C. jejuni ATCC 43431 and present
in the genomic library have been sequenced. In total, 84 kb of
new DNA was sequenced. Next, they were assembled into 93
contigs with the module SeqManlI from Lasergene software
(DNAstar). Each DNA fragment was sequenced from at least
three different clones from the library, suggesting at least a
threefold coverage of the genome. Among the 93 contigs, 9
contained a 150- to 700-bp DNA sequence at one of their
extremities that exhibited 100% identity with regions from the
C. jejuni NCTC 11168 genome, suggesting their possible loca-
tion on the genome (data not shown).

General features of the unique C. jejuni ATCC 43431 DNA
sequences. The sum of the fragments unique to C. jejuni ATCC
43431 yields 83,909 bp of new DNA sequence. A total of 130
ORFs were identified by the presence of an uninterrupted
coding region encoding a minimum of 40 amino acids with or
without an initiation and/or stop codon. The G+C content of
the ORFs ranged from 17.4 to 36.1%, with a mean of 26.2%.
In contrast, the core set of genes (on the basis of the C. jejuni
NCTC 11168 genome) has an average G+C content of 30.6%,
suggesting that many of the C. jejuni ATCC 43431-specific
genes have been acquired through horizontal gene transfer
from an organism with a G+C content lower than that of
C. jejuni.

BLAST searches allowed the assignment of potential bio-
logical roles to 66% of the unique ORFs (corresponding to a
total of 86 ORFs) (Table 1). These unique ORFs of C. jejuni
ATCC 43431 can be classified in eight functional categories:
cell envelope and surface structures, restriction-modification,
recombination, and repair (DNA modification), chemotaxis,
other (bacteriophage sequence), transport, small-molecule
metabolism, hypothetical proteins, and unknown. Genes en-
coding proteins involved in cell envelope and surface structure
and genes encoding restriction modification systems and DNA
recombination and repair constitute the two major functional
groups of unique C. jejuni ATCC 43431 genes of known func-
tion.

Genes encoding proteins involved in cell envelope and sur-
face structures. Up to 20 ORFs show significant similarity to
OREFs encoding proteins involved in the capsular polysaccha-
ride and LOS biosynthesis pathways. The capsular polysaccha-
rides and LOS have been shown to be the major determinants
in the Penner and Hennessy serotyping system (19). Addition-
ally, genes encoding proteins involved in their biosynthesis
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were shown to be highly divergent between strains of different
Penner serotypes (9).

In particular, for the LOS gene cluster, only a few anchor
loci such as the waaC gene (encoding heptosyltransferase I)
and htrB (encoding lipid A biosynthesis acyltransferase) at one
end of the cluster and the waaF gene (encoding heptosyl-
transerase II) at the other end of the cluster were determined
to be conserved, and the genes between these loci were absent
or highly divergent in non-serotype O2 strains (9). Subsequent
studies by Gilbert et al. (14) determined that at least three
conserved classes of LOS genes are present in C. jejuni strains.
The three classes, described in detail as A, B, and C, contained
12 ORFs with high sequence similarity, with class C also con-
taining three additional ORFs not present in the A and B
classes and the A and B classes sharing an additional ORF
absent from class C. Of special importance the three previously
described LOS cluster classes, all contained genes required for
the production of ganglioside mimics (14).

By microarray and genomic sequencing analysis, the capsule
locus (kps) was anchored by genes homologous to E. coli group
II capsule genes (51) designated kpsMTEDF at one end of the
cluster and kpsCS at the other end, with intervening genes not
detected in non-serotype O2 strains (9, 19). With the exception
of conserved kps anchor loci (19), no additional class struc-
ture(s) has been described for C. jejuni kps clusters.

As described above, the LOS and capsule cluster genes were
found to vary between C. jejuni ATCC 43431 and NCTC
11168, which belong to Penner serotypes O:3 and O:2, respec-
tively (Fig. 1, regions PZ5 for the capsular polysaccharide locus
and PZ4 for the LOS biosynthesis locus). Consequently, this
identification of a new set of genes encoding proteins involved
in capsule and LOS biosynthesis in C. jejuni ATCC 43431 is in
agreement with its different Penner serotype. In addition, the
observed gene variability in the LOS biosynthesis locus is sup-
ported by the difference in LOS structure between the two C.
jejuni strains (49). In particular, ATCC 43431 lacks sialic acid
in its LOS (2), while NCTC 11168 has sialylated LOS (30).

Interestingly, the LOS biosynthesis genes from ATCC 43431
appear highly similar to those of NCTC 11828 (Table 1), which
suggests an additional unreported class (class D) of conserved
LOS clusters is found in C. jejuni strains (Fig. 3). Of the 12
conserved ORFs described previously (35), the D class con-
tains only the four anchor ORFs 1 and 2 (waaC and htrB) and
12 and 13 (waaV and waaF). Instead, this class shares genes
similar to those required for dTDP-rhamnose biosynthesis in
several bacteria (28, 29, 45), i.e., rmlA and rmIB homologues,
and lacks the neuABC genes (required for sialic acid biosyn-
thesis) (14, 15, 30) and the cst-encoded sialyltransferases in-
volved with LOS sialylation (14). The lack of neu and cst genes
thus correlates with the lack of sialic acid in the LOS of ATCC
43431, as has been reported previously (2). The absence of
LOS sialylation machinery in class D clusters may have impor-
tant implications for the pathogenesis of LOS class D strains.
In particular, since LOS sialylation is considered an important
prerequisite for Guillain-Barré induction, LOS class D strains
may be unable to induce this condition.

Four ORFs (Tgh010, Tgh046, Tgh056, and Tgh059) show
similarity to four different parts of a 3,897-bp hypothetical gene
from Helicobacter hepaticus (HH0255), which encodes a pre-
dicted membrane-associated protein of unknown function. In-
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terestingly, HH0255 is part of a possible H. hepaticus patho-
genicity island named HHGI1 (48). While the relevance of this
gene to pathogenesis remains to be demonstrated, HHGI1-
negative H. hepaticus strains are affected in their virulence
potential compared to HHGI1-carrying strains (48).

Genes encoding restriction modification systems and DNA
recombination and repair. A potentially very important group
of unique ATCC 43431 genes contain five ORFs predicted to
encode proteins involved in DNA restriction and modification
as well as six ORFs likely to encode proteins involved in DNA
repair, integration, and recombination. Since all of the DNA
restriction and modification systems annotated in NCTC 11168
appear to be present in ATCC 43431 (Fig. 1), ATCC 43431
contains a larger complement of restriction-modification sys-
tems than NCTC 11168. While the biological significance of
these additional restriction-modification systems remains to be
elucidated, their lower G-C content (27%) compared to the
remainder of the genome (30.6%) indicates that they may have
been acquired through horizontal gene transfer. In support of
this hypothesis, restriction-modification systems in other or-
ganisms have been proposed to have been transferred between
genomes based on their different G-C content, their codon
usage bias, their strain specificity, and their common associa-
tion with mobile genetic elements (23). Despite the fact that a
physical link to mobile genetic elements cannot be deduced
from our data, the presence in ATCC 43431 of numerous
possible integrase-recombinases (Table 1) and a TraG homo-
logue (a protein required for DNA transfer in bacterial con-
jugation; Tgh073) is indicative of a conjugative lifestyle, which
may have contributed to the acquisition of the unique set of
genes.

Four ORFs (Tgh084, Tgh108, Tgh117, and Tgh128) exhibit
significant homology to integrases that belong to the larger
family of tyrosine recombinases. These enzymes are commonly
found on transposons and catalyze the process of DNA recom-
bination, promoting the integration of transposons into the
host genome. The finding of sequences related to mobile ele-
ments such as bacteriophages, transposons, and inserted se-
quences in ATCC 43431 contrasts sharply with the lack of such
sequences in the NCTC 11168 genome (34). Like the presence
or absence of mobile elements, the restriction-modification
systems in C. jejuni have been shown to be strain specific (9).
Of note, the chick colonization strain C. jejuni NCTC 11828/
81116 possesses a unique repertoire of restriction-modification
systems compared to C. jejuni NCTC 11168, suggesting a po-
tential role for restriction-modification proteins in host colo-
nization (1). In Helicobacter pylori, the presence of certain
restriction-modification systems has been shown to be associ-
ated with the extent of host response to the bacterial infection
(5). While it is tempting to propose a similar function for the
ATCC 43431 restriction-modification systems, their role in
Campylobacter host colonization and/or virulence needs to be
investigated further.

Genes encoding orthologues of Helicobacter hepaticus pro-
teins. Notably, 36 unique ATCC 43431 DNA fragments out of
130 (=~28% of the new sequences identified) showed high
similarities with 28 proteins from H. hepaticus ATCC 51449, in
particular with several proteins belonging to a possible patho-
genicity island (HHO0233 to HH0302). This H. hepaticus island
contains 70 ORFs (48), 16 of which have orthologues in C. je-
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FIG. 2. PFGE of Smal-digested (A) and Sall-digested (B) C. jejuni
chromosomal DNA. Lanes: M, lambda 50-kb markers; 1, restriction
fragments obtained from digestion of C. jejuni NCTC 11168 DNA; 2,
restriction fragments obtained from digestion of C. jejuni ATCC 43431
DNA. The ladder sizes are indicated on the left of each panel. For Sall,
the gel running conditions allowed the entire 50-kb ladder (from 50 kb
to 1 Mb) to be separated, whereas the Smal conditions were optimized
for separation up to 550 kb.

juni ATCC 43431 (Table 1). The G+C content of these genes
is substantially different between the genomes, suggesting
that both strains may have acquired these genes horizontally
from a third common source. To support this hypothesis, both
strains are naturally competent to take up DNA, and both
strains inhabit the same intestinal niche. Alternatively, these
genes may have been exchanged between these two bacterial
species.

Interestingly, several C. jejuni orthologues of H. hepaticus
genes encode proteins that also have homology to members of
the Rhizobium leguminosarum Imp operon (ImpG, ImpC, and
ImplJ; Table 1) (6). Highly similar Imp loci have been identified
in various human and animal pathogens (such as Pseudomonas
aeruginosa and Vibrio cholerae) (6). This locus has been pro-
posed to constitute a new family of operons involved in mod-
ification of host responses (6). In R. leguminosarum, the Imp
locus is involved in the temperature-dependent secretion of
proteins and influences the level of infection in plants (6). The
Imp proteins appear to govern host specificity. The interaction
of the Imp proteins with a plant-specific complementary resis-
tance gene leads to a hypersensitive response, while the same
Imp proteins can act as virulence factors on susceptible host
plants, resulting in infection (6). The Imp locus contains a
homolog of the IemF protein that is a component of a type IV
secretion system. Interestingly, we have identified an ortho-
logue of H. hepaticus HH0252 that also has similarity with
IcmF of Vibrio cholerae, Agrobacterium tumefaciens, and Legio-
nella pneumophila. In L. pneumophila, IcmF is required for
human macrophage killing (41).

In summary, our data indicate that C. jejuni ATCC 43431
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TABLE 1. C. jejuni ATCC 43431 ORFs absent from the genome of NCTC 11168¢

Length®

%G+C

Accession Identity?

Category and ORF (bp) content Closest relationship® 0. (%) Notes
Cell envelope and surface
structures
Tgh001 774 23.5 a) Unknown (C. jejuni NCTC 11828) AAK12951 230/257 (89)
b) Lipooligosaccharide biosynthesis protein NP_539335 54/207 (26)
(Brucella melitensis)
Tgh002 957 20.3 a) Unknown (C. jejuni NCTC 11828) AAK12950 306/318 (96)
b) Putative capsular polysaccharide synthesis NP_811784 88/257 (34)
protein (Bacteroides thetaiotaomicron)
Tgh003 639 23.0 a) Unknown (C. jejuni NCTC 11828) AAK12949 196/211 (92)
b) HtrL (E. coli K-12) NP_418075 60/189 (31)
Tgh004 918 243 a) Similar to C. jejuni unknown (C. jejuni AAK12952 241/267 (90) | On the same contig
NCTC 11828) (LOS biosynthesis
b) B-1,4-N-Acetylgalactosaminyl transferase AAG43977 169/296 (57) locus)*
(C. jejuni O:4)
TghO011 700 22.4 a) Unknown (C. jejuni NCTC 11828) AAK12956 221/224 (98)
b) Glycosyltransferase (Nostoc sp. strain PCC 7120) NP_486876 36/165 (21)
Tgh020 357 23.2 Unknown (C. jejuni NCTC 11828) AAK12960 104/111 (94)
Tgh021 405 257 Unknown (C. jejuni NCTC 11828) AAK12959 122/134 (91)
Tgh022 301 26.2 Putative acetyltransferase (C. jejuni NCTC 11828) AAK12958 100/100 (100)
Tgh042 548 26.2 Putative aminotransferase (C. jejuni NCTC 11828) AAK12954 177/181 (97)
Tgh043 479 20.0 a) Unknown (C. jejuni NCTC 11828) AAK12953 155/159 (97)
b) Probable sugar transferase Cj1422c¢ (C. jejuni NP_282563 51/155 (32)
NCTC 11168)
Tgh101 462 26.2 WaaV (C. jejuni NCTC 11828) AAK12948 44/153 (94)
Tghl14 810 264 rmiB (C. jejuni ATCC43431) AALO6019  181/181 (100)
Tgh160 533 23.59  Hypothetical protein HH0094 (Helicobacter hepaticus AAP76691.1 83/162 (51)
ATCC 51449)
Tgh006 1,744% 24.6 a) Hypothetical protein Cj1431c (C. jejuni NP_282572 56/593 (92)
NCTC 11168)
b) Probable sugar transferase Cj1432c (C. jejuni NP_282573 36/108 (33) | On the same contig
NCTC 11168)
Tgh007 130° 244 a-2,3-Sialyltransferase (C. jejuni OH4384) AAF13495 79/120 (65)
Tgh009 1,244%" 247 a) Unknown (Actinobacillus suis) AA065492 65/413 (39)
b) Glycosyltransferase (Nitrosomonas europaea NP_841416 146/423 (34)
ATCC 19718)
Tgh010 6283 26.4 Hypothetical membrane protein HH0255 NP_859786 76/232 (32)
(H. hepaticus ATCC 51449)
Tgh012 1,377 22.1 a) Hypothetical protein Cj1431c (C. jejuni NP_282572 112/436 (25)
NCTC 11168)
b) Probable sugar transferase Cj1422c (C. jejuni NP_282563 42/111 (37)
NCTC 11168)
Tgh036 871% 20.0 Glycosyl transferase (Nitrosomonas europaea NP_841416 115/262 (43)  Linked to Tgh037
ATCC 19718)
Tgh046 696% 23.4 Hypothetical membrane protein HH0255 NP_859786 58/232 (25)
(H. hepaticus ATCC 51449)
Tgh048 9445 222 Probable sugar transferase Cj1422c (C. jejuni NP_282563 58/151 (38)
NCTC 11168)
Tgh056 1,008 258  Hypothetical membrane protein HH0255 NP_859786 90/247 (36)
(H. hepaticus ATCC 51449)
Tgh059 1,025*+>" 24,68  Hypothetical membrane protein HH0255 NP_859786 83/328 (25)
(H. hepaticus ATCC 51449)
Tgh077 604> 323 a) Hypothetical protein HHO0051 (H. hepaticus NP_859582 79/192 (41)
ATCC 51449)
b) Putative ankyrin 3-like protein (H. hepaticus) AAL16685 39/82 (47)
Tgh086 227 25.0 Predicted periplasmic or secreted lipoprotein ZP_00108381  24/78 (30) Linked to
(Nostoc punctiforme) Tgh084-88
Tgh120 885% 254 Probable sugar transferase Cj1422c (C. jejuni NP_282563 183/292 (62)
NCTC 11168)
Tgh126 291% 29.2 Probable fucose synthetase Cj1428c (C. jejuni NP_28256 55/98 (56)
NCTC 11168)
Tgh137 304%=" 285 rmlA (C. jejuni ATCC43431) AAL06018 100/100 (100)
Restriction-modification, re-
combination and repair
(DNA modification)
Tgh014 465> 30.3 Type I restriction-modification system methyltrans- ZP_00071587  34/96 (35)
ferase subunit (Trichodesmium erythraeum IMS101)
Tgh049 2,043% 26.6 a) Hypothetical protein jhp1271 (H. pylori strain J99) NP_223990 312/712 (43)
b) Site-specific DNA-methyltransferase (H. pylori strain  NP_208146 219/481 (45)  Linked to Tgh050
26695)
Tgh076 730" 248 a) Hypothetical protein jhp1271 (H. pylori strain J99) G71827 97/197 (49)

Continued on following page



VoL. 186, 2004

TABLE 1—Continued

. JEJUNI ATCC 43431 4791
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Category and ORF Ligit)h Z/gi}t:errft: Closest relationship® ACCI?;_SIOH Idf(::,gl)tyd Notes
b) Putative adenine-specific DNA methyltransferase NP_208146 97/200 (48)
(H. pylori 26695)
Tgh084 1,320% 26.9 Putative integrase (Wolinella WS2030) NP_908131 40/124 (32)  Linked to Tgh085—
087
Tgh098 3943 279 Putative type I specificity subunit HsdS (C. jejuni RM3200)  AAN33144 51/103 (49)
Tgh108 324% 284 Integrase (N. punctiforme) ZP_00109546 35/99 (35) Linked to Tgh109
Tghl17 578% 21.9 Integrase-recombinase protein XerCD family WS1221 NP_907402 44/119 (36)
(W. succinogenes DSMZ 1740)
Tgh124 339% 25.1 Probable type IIS restriction-modification enzyme, NP_281254 65/101 (64)  Linked to Tgh123
C-terminal half Cj0032 (C. jejuni NCTC11168)
Tgh128 39937 289 Hypothetical protein, putative integrase WS2030 NP_908131 42/130 (32)
(W. succinogenes DSMZ 1740)
Tgh132 283" 28.1 a) Conserved hypothetical protein RB1621 (Pirellula sp. NP_864512 20/65 (30)
strain 1)
b) ATPase involved in DNA repair (P. fluorescens PfO-1) ZP_00085233
Tgh133 1518% 223 a) Conserved hypothetical protein (Rhizobium NP_520740 87/372 (23)
solanacearum)
b) ATPase involved in DNA repair (P. fluorescens PfO-1) ZP_00085233 37/134 (27)
Transport
Tgh005 9563 22.5 Conserved hypothetical protein HH0252 (H. hepaticus NP_859783 117/318 (36)
ATCC 51449)
TghO16 768> 23.8 a) Conserved hypothetical protein HH0252 (H. hepaticus NP_859783 45/254 (57)
ATCC 51449)
b) IemF (Agrobacterium tumefaciens C58) AH3088 58/206 (28)
Tgh038 7385 24.0 a) Conserved hypothetical protein HH0252 (H. hepaticus NP_859783 101/241 (41)
ATCC 51449)
b) IemF-related protein (V. cholerae O1 biovar E Tor NP_232521 51/208 (24)
strain N16961
TghO51 679> 27.8 a) Conserved hypothetical protein HH0245 (H. hepaticus NP_859776 97/227 (42)
ATCC 51449)
b) ImpG involved in temperature-dependent protein AAL17805 55/235 (23)
secretion (R. leguminosarum bv. trifolii)
Tgh073 6323 36.1 TraG (N. gonorrhoeae) AAKT77139 46/170 (27)
Tgh103 914% 242 a) Conserved hypothetical protein HH0245 (H. hepaticus NP_859776 137/301 (45)
ATCC 51449)
b) ImpG (R. leguminosarum bv. trifolii) AAL17805 76/303 (25)
Tgh105 1306 33.1 a) Conserved hypothetical protein HH0247 (H. hepaticus NP_859778 242/294 (82)
ATCC 51449)
b) ImpC (R. leguminosarum bv. trifolii) AAL17801 115/297 (38)
Tgh119 368% 271 a) Conserved hypothetical protein HH0250 (H. hepaticus NP_859781 62/119 (52)
ATCC 51449)
b) ImpJ (R. leguminosarum bv. trifolii) AF361470_2 28/108 (25)
Chemotaxis
Tgh024 1329% 28.9 Probable methyl-accepting chemotaxis signal transduction NP_282692 299/436 (68)
protein Cj1564 (C. jejuni NCTC 11168)
Other (bacteriophage
sequence)
Tgh039 754% 27.8 Hypothetical protein y3088, possible phage protein NP_670387 36/117 (30)
(Yersinia pestis KIM)
Tgh088 401 23.4 Similar to Bacillus subtilis YWIA (bacteriophage SPBc2) NP_046626 19/78 (24) Linked to Tgh089
Small-molecule
metabolism
Tgh013 2823 174 Tetrapyrrole methylases (Bacillus anthracis A2012) NP_656000 16/41 (39)
Tgh017 807 275 Hypothetical protein rodA_1 (H. pylori strain J99) NP_223399 71/257 (27)
Tgh058 523% 23.7 a) Hypothetical protein HH0094 (H. hepaticus ATCC AAP76691 84/167 (50)
51449)
b) Putative butyryltransferase (E. coli ECA95) AAK60452 73/159 (45)
Tgh106 999 252 a) Conserved hypothetical protein HH0090 (H. hepaticus NP_859621 171/327 (52)  Linked to Tgh107
ATCC 51449)
b) Adenylating enzyme CmlK (Streptomyces venezuelae) AAMO01214 58/144 (40)
Tgh107 344 31.7 a) Conserved hypothetical protein HH0092 (H. hepaticus NP_859623 102/123 (82)  Linked to Tgh106
ATCC 51449)
b) Dehydrogenases (Rhodobacter sphaeroides) ZP_00007120 73/109 (66)
Hypothetical and un-
known proteins
Tgh015 251% 25.21  Hypothetical protein HH0213 (H. hepaticus ATCC 51449)  NP_859744 31/76 (40)
Tgh018 1881% 25.7 Hypothetical protein HH0242 (H. hepaticus ATCC 51449)  NP_859773 265/728 (36)
Tgh025 783> 273 Hypothetical protein HH0235 (H. hepaticus ATCC 51449)  NP_859766 50/155(32)  Linked to Tgh026—
028
Tgh029 567 224 Hypothetical protein HH0253 (H. hepaticus ATCC 51449)  NP_859784 28/80 (35) On th "
Tgh030 993 313 Hypothetical protein HH0254 (H. hepaticus ATCC 51449)  NP_859785 185/340 (54) | - the same contig

Continued on following page
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Category and ORF (bp) content Closest relationship 0. (%) Notes
Tgh031 677°" 285  Hypothetical protein HH0383 (H. hepaticus ATCC NP_859914 137/226 (60)
51449)
Tgh034 196> 33.8  Conserved hypothetical protein HHO0243 (H. hepaticus ~ NP_859774 45/60 (75) Linked to Tgh035
ATCC 51449)
Tgh035 347 23.0  Conserved hypothetical protein HH0251 (H. hepaticus ~ NP_859782 32/74 (43)
ATCC 51449)
Tgh045 227% 26.7  Hypothetical protein HH1587 (H. hepaticus ATCC NP_861118 43/67 (64) Linked to Tgh044
51449)
Tgh047 4223 298  Hypothetical protein HH0242 (H. hepaticus ATCC NP_859773 37/88 (42)
51449)
Tgh050 389 28.7  Hypothetical protein Cj0261c (C. jejuni NCTC 11168)  NP_281455 72/113 (63)  Linked to Tgh049
Tgh053 883%"  23.1  Hypothetical protein Cj1431c (C. jejuni NCTC 11168)  NP_282572 69/280 (24)
Tgh055 251% 23.8  Hypothetical protein (H. somnus 2336) ZP_00132709 22/64 (34) Linked to Tgh054
Tgh061 1274% 26.1  Hypothetical protein HH0256 (H. hepaticus ATCC NP_859787 149/439 (33)
51449)
Tgh071 464 24.7 Hygloixg;lcal protein HH0212 (H. hepaticus ATCC NP_859743 78/159 (49) On the same contig
Tgh072 316% 273 Hypothetical protein HH1374 (H. hepaticus ATCC NP_860905 43/67 (64) and linked to
51449) - Tgh070
Tgh075 491 32.1  Hypothetical protein HH0390 (H. hepaticus ATCC NP_859921 57/155 (36)
51449)
Tgh079 1136% 23.9  Hypothetical protein VCA0119 (V. cholerae O1 biovar =~ NP_232520 71/338 (21)
El TOR strain N16961)
Tgh080 602% 27.0  Conserved hypothetical protein HH0250 (H. hepaticus ~ NP_859781 102/200 (51) | On the same contig
ATCC 51449)
Tgh081 335 31.2  Conserved hypothetical protein HH0249 (H. hepaticus ~ NP_859780 46/104 (44)
ATCC 51449)
Tgh082 442%=" 244 Hypothetical protein Cj1431c (C. jejuni NCTC 11168)  NP_282572 37/106 (34)
Tgh083 540 31.1  Hypothetical protein Chte2282 (C. thermocellum ZP_00061855 25/94 (26)
ATCC 27405)
Tgh085 449 25.6 Cog%;:gceds?zgg)thetical protein HH0278 (H. hepaticus ~ NP_859809 50/108 (46) On the same contig
Tgh087 369 285  Uncharacterized conserved protein Npun2806 ZP_00108380  33/111 (29) ;“fl(}g:‘ked to
(N. punctiforme) £
Tgh089 305 30.1  Hypothetical protein HH0264 (H. hepaticus ATCC NP_859787 20/29 (68)  Linked to Tgh088
51449)
Tgh092 303% 29.9  Hypothetical protein HH0386 (H. hepaticus ATCC NP_859917 50/102 (49)  Linked to Tgh091
51449)
Tgh093 287 27.8  Hypothetical protein WS1132 (W. succinogenes DSMZ  NP_907321 47/84 (55)  Linked to Tgh095
1740)
Tgh104 392 25.7  Conserved hypothetical protein HH0246 (H. hepaticus ~ NP_859777 43/130 (33)
ATCC 51449)
Tghl15 196 30.4  Hypothetical protein WS1734 (W. succinogenes DSMZ ~ NP_907859 25/66 (37)  Linked to Tgh116
1740)
Tghi21 557 30.1  Hypothetical protein HH0550 (H. hepaticus ATCC NP_860081 135/183 (73)
51449)
Tgh123 228% 18.4  Hypothetical protein ORF No. CR006 (Staphylococcus  BAC67554 34/77 (44)  Linked to Tgh124

aureus MR108)

“ Only ORFs with significant protein matches in the NCBI database are reported.

® The superscript number indicates a partial ORF with the stop codon (3") and/or the start codon (5') missing.

¢ Only the first BLAST hit is reported if not otherwise noted as followed: a), first hit; b), second hit.

 Identity refers to the protein identity in the region of homology identified by BLAST.

¢ The complete LOS locus of ATCC 43431 was obtained by PCR and DNA sequencing of the junctions between six contigs identified by this study (Fig. 3).

harbors several H. hepaticus orthologues that are also homo-
logues to genes from the Imp locus. In H. hepaticus, these
genes are part of a pathogenicity island that has been shown to
be required for the induction of liver disease (48). Based on
these observations, one could propose a similar role for these
genes in the modulation of Campylobacter virulence. The func-
tion of these genes in C. jejuni ATCC 43431 is currently under
investigation. The other C. jejuni orthologues of H. hepaticus
genes encode proteins involved in small-molecule metabolism
or hypothetical proteins of unknown function (Table 1).
Genes encoding other proteins of known and unknown func-
tion. A noteworthy unique ORF of C. jejuni ATCC 43431
encodes a homologue of TraG from Neisseria gonorrhoeae. In

other organisms, the TraG protein is an essential component
of the type IV secretion apparatus and is required for DNA
transfer in bacterial conjugation (8). Its potential nucleoside
triphosphatase activity has been proposed to provide the en-
ergy required for substrate secretion. Type IV secretion sys-
tems have been identified in many pathogens and have been
shown to play an important role in bacterial pathogenesis (8).
In Helicobacter pylori, the type IV system is required for excre-
tion of the cytotoxin CagA protein into gastric cells (32). Re-
cently, sequencing of the pVir plasmid of C. jejuni 81-176
revealed the presence of genes encoding orthologues of type
IV secretion proteins found in H. pylori (4). Mutations in these
type IV secretion genes affected the ability to invade human
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Potential Class “D” (>16.7kb for NCTC 11828)

AJ131360 AF343914
orf1 orf13
waaC wiaNA rmiB 12959 12957 12955 12953 12951 12949 waaF NeTC
D VFF Ry I VI R )y W)y ) ) ) anm) mnm) 4 4mmm nnnd mmm)> mn) $mmm EEE> 11828/
htrB rmiA 12960 12958 12956 12954 12952 12950 waaV 81116
orf2
orf1 rmiB orf13
waaC wiaNA  Tgh114  Tgh021 Tgh160  Absent Tgh043  Tgh001 Tgh003  waaF 2;&‘1’
D (T Oy G AL ) )y ) W)y ) > I 4 ey ) ) D TGH
htrB rmiA Tgh020 Tgh022 Tgh011 Tgh042 Tgh004  Tgho02  waaV 9011
orf2 Tgh137 / Tgh101

Linked in sequence AF411225

FIG. 3. Comparison of the LOS cluster from NCTC 11828/81116 and ATCC 43431 suggests the existence of a fourth class of LOS gene clusters,
designated class D. The 11828 sequences from 12960 to waaF were from AF343914 (33). The 11828/81116 sequences from waaC to rmIB were from
AJ131360 (11). The sequence data for ATCC 43431 from waaC to rmlIB are from AF411225 (13). The gene order and direction in the LOS locus
of ATCC 43431 were confirmed by PCR and DNA sequencing of the junctions between each contig identified by this study. The entire DNA
sequence from the LOS cluster of this strain has been deposited in the NCBI database under accession number AY501976. This cluster of genes
is anchored by waaC and waaF, similarly to the class A, B and C clusters (14), but differs substantially from these by lacking the neu genes and
the cst-encoded sialyltransferase. Where relevant, both the suggested gene name and the ORF designations as described previously (14) are shown.
The striking finding of numerous conserved genes in ATCC 43431 linked as in 81116 suggests that these two strains represent the same LOS cluster
class. One of the 81116 genes was not found (absent) in the sequencing of unique ATCC 43431 ORFs. The glycosyltransferase designated wlaNA
was also not identified in this study but was previously reported by Gilbert et al. (13) to be contiguous with waaC, htrB, and rmlIAB.

epithelial cells in vitro and decreased virulence in the ferret
diarrhea model (4). In summary, the identification of a TraG-
like protein in C. jejuni ATCC 43431, together with the iden-
tification of IcmF and Imp-like proteins, suggests that this
bacterium might be able to produce a type IV secretion system.

In addition to 33 DNA fragments encoding proteins with
homology to hypothetical proteins from other organisms, an
additional 44 ORFs were predicted (not shown in Table 1).
These ORFs do not have significant homology to any known or
hypothetical proteins currently in the databases.

Concluding remarks. To our knowledge, this is the first
report describing the successful construction and use of a
whole-plasmid shotgun microarray to investigate bacterial di-
versity. This approach is particularly powerful to identify new
genomic DNA sequences from a nonsequenced strain by com-
parison with a reference sequenced genome. Although the
emphasis of this publication has been on the identification of
genes unique to C. jejuni ATCC 43431, a similar approach
could be used with any other organism. Undoubtedly, the com-
bination of C. jejuni NCTC 11168 and ATCC 43431 microar-
rays provides valuable information on Campylobacter genetic
diversity by identifying both common and unique sets of genes
between these two strains. However, this method cannot detect
point mutations, chromosomal rearrangements, differences in
the number of multicopy genes, or physical location on the
chromosome. Nevertheless, this identification of genes unique
to C. jejuni ATCC 43431 should enable the construction of a
more comprehensive Campylobacter microarray and thus fur-
ther the investigation of genetic diversity. Of special interest is
the identification of a probable fourth class of LOS cluster
genes, since the variability of LOS structure is likely to feature
importantly in the pathogenic process. Additionally, genes po-

tentially involved with type IV secretion and a possible patho-
genicity island are other novel findings.

One of our goals for this study was to identify potential
genes encoding proteins that participate in the mechanism of
epithelial cell invasion of C. jejuni ATCC 43431. From our
data, we failed to identify ORFs with similarity to genes from
the pVir plasmid of C. jejuni 81-176, which encodes proteins
involved in the mechanism of human epithelial cell invasion.
However, we did identify several ORFs encoding proteins with
homology to structural components of a type IV secretion
apparatus, which may play an important role in human epithe-
lial cell invasion. In addition, we identified a large number of
ORFs with homology to genes from a pathogenicity island in
H. hepaticus. Future experiments will be necessary to deter-
mine the role of these unique genes in the mechanism of
human epithelial cell invasion and C. jejuni pathogenesis.
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