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Abstract Whole genome DNA microarrays were constructed
and used to investigate genomic diversity in 18 Campylobacter
Jejuni strains from diverse sources. New algorithms were devel-
oped that dynamically determine the boundary between the con-
served and variable genes. Seven hypervariable plasticity regions
(PR) were identified in the genome (PR1 to PR7) containing
136 genes (50%) of the variable gene pool. When comparisons
were made with the sequenced strain NCTC11168, the number
of absent or divergent genes ranged from 2.6% (40 genes) to
10.2% (163) and in total 16.3% (269) of the genes were vari-
able. PR1 contains genes important in the utilisation of alter-
native electron acceptors for respiration and may confer a se-
lective advantage to strains in restricted oxygen environments.
PR2, 3 and 7 contain many outer membrane and periplasmic
proteins and hypothetical proteins of unknown function that
might be linked to phenotypic variation and adaptation to differ-
ent ecological niches. PR4, 5 and 6 contain genes involved in the
production and modification of antigenic surface structures.

© 2003 Published by Elsevier B.V. on behalf of the Federation
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1. Introduction

Gastrointestinal infection with Campylobacter is the lead-
ing cause of bacterial diarrhoeal disease worldwide and the
most common antecedent to the peripheral neuropathies Guil-
lain Barre syndrome (GBS) and Miller Fisher syndrome
(MFS) [1,2]. Campylobacter is a zoonotic pathogen of hu-
mans and livestock animals such as cows, pigs, sheep, and
farmed poultry are reservoirs for the organism [2]. The ma-
jority of Campylobacter infections are sporadic in nature and
are caused by two species Campylobacter jejuni and Campylo-
bacter coli. Symptoms from infection range from very mild
watery diarrhoea to profuse bloody diarrhoea with mucosal
damage and inflammation especially in the ileum and jejunum
[3,4]. Striking differences exist among C. jejuni strains in re-
spect of phenotypic properties such as cell invasiveness, rates
of translocation across cell monolayers, toxin production, and
colonisation in chickens [5]. It is not known to what extent
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these observed differences might reflect differences in genetic
factors.

The development of serotyping and other genetic typing
methods for Campylobacter has contributed greatly to sur-
veillance and epidemiological studies particularly with the
identification of serotypes associated with the development
of post-infection neuropathies. However, current typing meth-
ods have failed to distinguish strains with phenotypic charac-
teristics associated with pathogenicity, virulence and different
ecological habitats with one exception, a recent report linking
detection of a polymerase chain reaction (PCR) amplified
DNA fragment with clinically invasive strains of Campylo-
bacter [6]. Genotyping and multilocus sequencing typing
data indicate that Campylobacter strains are genetically
highly diverse with only a few clonal lineages and that the
population exhibits genetic plasticity [7,8].

The sequencing of microbial genomes has made it possible
to construct whole genome DNA microarrays that can be
used to give useful information about the genetic composition
of bacterial strains by hybridisation of fluorescently labelled
genomic DNA [9,10]. Limitations to this approach are that
point mutations, small deletions, gene rearrangements, and
novel genes not present on the microarray will not be de-
tected. Additionally, intergenic regions containing promoter
elements and non-translated RNAs are typically not present
on DNA microarrays and thus are not included in the anal-
ysis. Nevertheless, comparative genome analysis using micro-
arrays is providing new insights into microbial evolution and
genetic diversity in microbial populations [11-14]. In a recent
study the use of microarray genotyping was compared to ran-
dom amplified polymeric DNA and the Penner serotyping
system as an epidemiological tool for the analysis of C. jejuni
clinical isolates [15].

We have constructed and used a whole genome microarray
comprising unique probes for each open reading frame (ORF)
in the genome to examine the genetic diversity among 18
different isolates of C. jejuni. To analyse the microarray
data we have developed a new algorithm that dynamically
determines the boundary between the conserved and variable
genes. By comparing the ratios of the fluorescence signals
obtained one can predict whether or not a gene is variable.
A variable gene could be absent from the genome, partially
deleted or divergent to the extent that it gives a significantly
lower hybridisation signal than the control strain. Many pub-
lished studies use a constant ratio as a cut-off for assignment
of variable genes that is often empirically determined by com-
parison of the reference strain to a similar strain with known
deletions. However, in this situation the degree of sequence
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divergence resulting in a ratio that falls outside the cut-off
value is often undetermined. A further limitation of the con-
stant cut-off approach is that it demands high reproducibility
between microarrays because experimental variation in the
width of the ratio distribution for conserved genes would
result in the misclassification of genes. In this paper we have
applied a novel algorithm to determine an independent cut-off
for each hybridisation dataset and on this basis assigned genes
as being variable (i.e. absent or divergent) or present. The
algorithm is focused on finding the conserved genes and con-
sequently the variable genes are also identified. One advantage
of this approach is that once the conserved genes are found
and described by a set of parameters, this can be used for the
normalisation of datasets from different arrays. A similar con-
cept lies behind the approach described recently by Kim et al.
[16]. This method assumes normality for the log of the ratio of
the fluorescence intensities and identifies the conserved genes
by fitting the normal density function to the values with the
higher frequency; the variable genes are identified in the tails
of the density function. This approach could become problem-
atic when the assumption of normality is incorrect or when
the number of conserved genes is equal or smaller than the
number of missing genes. In this situation it could be difficult
to identify the conserved genes from the histogram of the
frequency of the fluorescence ratio. In contrast the new algo-
rithm described here does not rely on any assumptions about
the distribution of fluorescence intensities and it identifies the
conserved genes even if they only represent a quarter of the
hybridisation dataset. Another distinguishing feature of our
approach is that the boundary between the conserved and
variable genes is not constant within an array because variable
genes are classified according to the result of an F test. Ap-
plication of this algorithm to a microarray based study of
genetic diversity revealed new insights into the nature of ge-
netic diversity in natural populations of C. jejuni and expands
our knowledge of the genetic and phenotypic variation asso-
ciated with variable loci.

Table 1
Summary of comparative genomics data for 18 strains of C. jejuni
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2. Materials and methods

2.1. Construction of the C. jejuni DNA microarray

DNA fragments of individual ORFs were amplified using ORF
specific primers for those present in strain NCTCI11168 (Sigma
Genosys ORFmer set). All PCR was carried out using HotStart
Taq (Qiagen, UK) and an Eppendorf Mastercycler with the following
parameters: 95°C for 15 min, followed by 30 cycles of 95°C 30 s, 50°C
30 s, 72°C 120 s, with a final 72°C for 600 s incubation. Genomic
NCTCI11168 DNA (5 ng) was used as template and approximately 80
pmol of each primer in a reaction volume of 50 pl. Successful DNA
amplification was confirmed by electrophoresis in agarose gels for
assessment of band size and intensity. Before microarraying, PCR
products were cleaned up on a Qiagen 9600 robot using a Qiaquick
96-well Biorobot kit (Qiagen, UK), dried and resuspended in a half
volume of 3 X saline sodium citrate (SSC) containing 0.01% sarkosyl.

PCR probes were then spotted on poly-L-lysine coated slides using
an in-house Stanford designed arrayer, see http://cmgm.stanford.edu/
pbrown/mguide/index.htm for associated software and protocols. The
final array contained 2304 features including controls.

2.2. Bacterial strains and growth

The origin and serotype of the Campylobacter strains used in this
study is shown in Table 1. Strains were grown at 42°C under micro-
aerophilic conditions (10% CO,, 5% O, 85% N, ; relative humidity
80%) on Skirrow agar plates or in Mueller Hinton broth using a
MACS-MG-1000 controlled atmosphere workstation (DW Scientific,
UK).

2.3. Fluorescent labelling of genomic DNA

Genomic DNA was purified from bacteria using the Qiagen
Dneasy™ method (Qiagen, UK) Approximately 10 pg of DNA mixed
with random sequence hexamer oligonucleotides (Amersham Pharma-
cia) in 1X reaction buffer (50 mM Tris pH 7.2, 10 mM MgSOy, and
0.1 mM dithiothreitol) and heated to 100°C for 5 min and then stored
for approximately 10 min on ice. DNA was then labelled using Cy3
(green) or CyS5 (red) fluorescent dyes and purified for hybridisation
essentially as described elsewhere (http://cmgm.stanford.edu/pbrown/
protocols/4_genomic.html).

2.4. Microarray hybridisation

For each test hybridisation Cy5 labelled control genomic DNA
from the sequenced strain NCTCI11168 was mixed together with
Cy3 labelled genomic DNA from the test strain in 50 pl of Glasshyb
hybridisation buffer (Sigma, UK) and boiled for 5 min. Then 40ul of

Strain No. Source Serotype DA Variable genes % Number of runs ) distance (P value)
and Penner (variable, conserved) (observed, expected, P value)

11322 NCTC, human HS44, PEN 1 3.0 (44, 1417) (38, 85, <0.0001) (3.972, 0.0463)
11351 NCTC HS4, PEN 23 3.6 (55, 1472) (42, 106, <0.0001) (9.563, 0.0020)
11392 NCTC, human HS6, PEN 6 9.0 (141, 1427) (68, 257, <0.0001) (14.467, 0.0007)
11827 NCTC, human Fla- HS6 9.3 (137, 1331) (68, 249, <0.0001) (13.425, 0.0012)
12502 NCTC HS3, PEN 3 5.5 (84, 1453) (64, 159, <0.0001) (7.816, 0.0200)
12507 NCTC HSS, PEN 8 2.6 (40, 1484) (30, 78, <0.0001) (4.279, 0.0386)
12541 NCTC HS40 PEN 40 8.5 (133, 1431) (68, 244, <0.0001) (12.522, 0.0019)
12547 NCTC ND, PEN 36 10.2 (163, 1431) (94, 293, <0.0001) (18.046, 0.0001)
12744 NCTC, milk UT 8.8 (135, 1417) (66, 247, <0.0001) (13.514, 0.0012)
1887 Puddle on farm HS27 8.1 (127, 1426) (94, 233, <0.0001) (14.390, 0.0007)
3874 Puddle on farm ND 6.3 (100, 1452) (56, 187, <0.0001) (9.776, 0.0075)
4872 Poultry faeces ND 5.2 (85, 1419) (56, 160, <0.0001) (9.828, 0.0073)
29 T2 culture (T.H.) ND 8.8 (141, 1454) (68, 257, <0.0001) (14.484, 0.0007)
30 T4 culture (T.H.) UT 6.1 (98, 1500) (64, 184, <0.0001) (12.767, 0.0017)
1090 Kitchen towel HS13 6.3 (94, 1405) (56, 176, <0.0001) (9.788, 0.0075)
249 Poultry faeces UuT 4.0 (59, 1409) (56, 113, <0.0001) (4.914, 0.0857)
22-547504 Human HS31 6.5 (97, 1401) (52, 182, <0.0001) (8.807, 0.0122)
40-555943 Human ND 3.2 (45, 1351) (22, 87, <0.0001) (8.319, 0.0039)

Serotyping data are based on detection of heat stable antigens (HS) by the direct agglutination (DA) technique [36] and by the Penner method
(PEN) in the case of the reference strains from the National Collection of Type Cultures (NCTC). UT: unable to be typed; ND: not done.
The number of runs is equivalent to the number of groups of variable or present genes that are consecutive in the genome of the sequenced
reference strain NCTC11168. The average coverage of the microarray was 92.2% of the annotated genes. The 4> collection statistic expresses
the difference between the theoretical and observed distributions of the consecutive variable genes.
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the hybridisation mixture was put onto the microarray slide and
sealed with a coverslip in a GeneMachine hybridisation chamber
(Anachem, UK) and incubated at 60°C for 18 h. This method, known
as differential labelling, allows the hybridisation of fluorescently la-
belled control (Cy5) and test (Cy3) DNA to be measured for each
probe on the microarray. As the genetic composition of the control
strain is known from the genome sequence it serves as a control fluo-
rescence signal for each probe and is used for comparison with the test
DNA signal during the statistical analysis (see below). Following hy-
bridisation, microarray slides were washed briefly in prewarmed 1 X
SSC, 0.03% sodium dodecyl sulphate (SDS) to remove the coverslip
and then washed for 5 min in each of the following buffers: (a) 1 X
SSC, 0.03% SDS, (b) 0.2X SSC, and finally (c) 0.05X SSC. Micro-
array slides were dried by centrifugation at 300X g for 15 min before
scanning.

2.5. Microarray data analysis

DNA microarrays were scanned using an Axon GenePix 4000A
microarray laser scanner (Axon Instruments, CA, USA) and the
data from detected features initially processed using the GenePix 3.0
software. Poor features were excluded from analysis if they contained
abnormalities or were within regions of high background. A new
Visual Basic program was developed to analyse the hybridisation
data. A dynamic boundary between conserved and variable (i.e. ab-
sent or divergent) genes was established for each hybridisation dataset
by taking into account the global variability of the whole set of con-
served genes as well as the individual variability of the fluorescence
measurement for each gene, based on the replicates.

Let R, and G, denote the Cy5 and Cy3 fluorescence signals, re-
spectively for the conserved (p=present) genes. The relationship be-
tween the natural logarithms of the two signals is described as In
R, = op+ByIn G, where of, and f, are estimated by regression using
the average fluorescence intensities for each of the conserved genes;
0, is the standard error of the fit. The conserved and variable genes
are found simultaneously by an iterative algorithm involving a series
of steps. In the first step, the parameters ¢, B, and o}, are assigned
with initial values. Use of initial values of 0, 1 and 0.05 for ¢,, B, and
o, respectively, ensures that none of the variable genes are classified
as conserved in the first iteration. In the second step genes are clas-
sified as being conserved or variable. The potentially variable genes
are identified as having average intensities that lie outside the 30,
boundary estimated for the genes currently classified as conserved,
ie. In R <(op+pB, In G)—30, or In R > (0, +fB, In Gy)+30,, where
Ry and G, are the average values of the intensities for the test gene in
the red and green channels. Potentially variable genes are tested using
the regression models In R; = o4+, In G; and In R = 0+ In G; that
are fitted independently to the replicates for that gene. In these models
By and o, are made equal to the regression coefficients of the con-
served genes. F-tests are carried out on the hypothesis o, = ¢4 and
By =Bt if one of these is rejected, the tested gene is classified as var-
iable otherwise it is classified as conserved. In the third step, the
values for o, B, and o, are re-calculated by regression according
to the genes classified as conserved in the second step. The second
and third steps are iterated until the three parameters, o, f, and o,
converge.

To estimate the error rate in these experiments and to check the
performance of the algorithm we performed control hybridisations
with the same genomic DNA samples labelled with Cy3 and CyS5.
Genomic DNA from strain 12547 was digested with Sau3A and
Rsal and labelled with Cy3 and Cy5, respectively. The samples were
then combined, hybridised to the microarray and the data analysed
with the algorithm described above. In total 0.1% of the features
were identified as variable when in fact they should have been
scored as present in both samples. A similar control was subse-
quently performed with undigested DNA from strain 11168 on a
different set of microarrays using slightly modified hybridisation con-
ditions and the error rate was similar (0.2% of genes misclassified as
variable).

2.6. Randomness of deletions test

The randomness of the location of the variable genes in the genome
was tested by applying a ‘Runs test’ [17] and by comparing the
observed and expected distributions of the number of consecutive
variable genes for a circular genome (see table in supplementary ma-
terial).
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3. Results and discussion

Genetic diversity among 18 strains of C. jejuni was analysed
by comparative genomic DNA hybridisation to a DNA mi-
croarray (Table 1). To analyse the microarray data we have
developed a new algorithm that dynamically determines the
boundary between the conserved and variable genes. Control
hybridisations showed that this algorithm gives a low error
rate of misclassification (0.1-0.2% of genes on the array).
Sequencing data on gene loci identified as variable using the
new algorithm revealed that genes that have average fluores-
cence intensities with small deviations from the 36 (i.e. 3 stan-
dard deviations) boundary of the conserved genes (see data
analysis in Materials and Methods) have small deletions or
variable stretches of sequence whereas large deviations from
36 boundary usually indicate complete absence of the gene in
the test strain. For example, deletion of 22% of the leud gene
(1536 bp) sequences hybridising to the probe resulted in that
gene being scored as variable in strain NCTC12547. Genes
that were indeed shown to be absent from a test strain were
consistently classified as variable in that strain using our sta-
tistical approach. Furthermore, comparable results were ob-
tained with the approach described here and that of Kim et al.
[16] when analysing datasets in which the conserved genes in
both samples were in the majority and the log ratio of the
fluorescence intensities followed a normal distribution (e.g.
one or two genes differently classified; data not shown). In
contrast to the method of Kim et al. [16] the new algorithm
describe here does not rely on any assumptions about the
normality of the distribution of fluorescence intensities and
has provided reliable results, even when the logarithm of the
ratios between intensities did not follow a normal distribution
or when the present genes represented only 20% of the hybrid-
isation dataset (Pin et al., unpublished). Thus this new algo-
rithm might be especially useful for the analysis of interspecies
hybridisations.

The 1654 annotated genes present in the genome of strain
NCTC11168 were included in the analysis and of these 1385
(83.7%) were common to all strains tested and are referred to
in this study as the core gene set. The number of variable
genes for each strain ranged from 2.6% (40 genes) to 10.2%
(163 genes) and in total 269 (16.3%) of the NCTC11168 genes
were variable among the 18 strains tested. A previous study
by Dorell et al. on 11 C. jejuni strains [18] reported that at
least 21% of the genes present in the genome of strain
NCTCI11168 were dispensable and classified as absent or
highly divergent using a constant cut-off method and a low
cost microarray based on a tiled set of pUCI18 sequencing
clones covering the whole genome. Only 34.5% of the PCR
probes were gene specific, making the data potentially difficult
to interpret and subsequently Kim et al. [16] were unable to
precisely reproduce the results of this study using their own
constant cut-off re-analysis. The choice of strains and larger
number of isolates included in our study may also account for
differences to the previously reported estimate of the number
of variable genes [11].

The genes scored as missing in our test strains were often
grouped in clusters according to the genome sequence of
NCTCI11168, with the largest group comprising 24 consecu-
tive genes. The theoretical probability of such a cluster of 24
consecutive variable genes occurring by random addition or
loss of genes is less than 1072°, The exact gene order for each
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Fig. 1. Each variable gene is represented by a column, the height of which indicates the number of strains in which the gene was variable. The
length of the horizontal bars underneath the columns indicates how many of the variable genes are consecutive in the genome of strain
NCTCI11168. The major PR (PR1 to PR7) and selected genes are indicated.

test strain is unknown but preliminary analysis of genome
sequence data for another sequenced strain RM1221 (www.
tigr.org) indicated that the bulk of the genome is likely to be
co-linear in C. jejuni strains of different origin. The random-
ness of the location of the variable genes was also rejected for
all the strains by a ‘Runs test’ analysis (P < 0.05), indicating
that the location of the variable genes was non-random. Thus,
as expected, these genes appear to have been added or lost
from the genome in groups during evolution (Table 1).

Many genes from the core set of genes found in all strains
are predicted to be involved in vital functions such as energy
metabolism, cell division, protein and peptide secretion, and
synthesis of macromolecules such as DNA, RNA, and pro-
teins. Known virulence genes including those encoding the
cytolethal distending toxin (Cj0077¢, CjO078¢, Cj0079c), puta-
tive adhesion factor jlpA (Cj0983), fibronectin binding protein
cadF (Cjl478c) and CiaB (Cj0914c), a gene that is expressed
during cell invasion, [19-21] were present in all strains tested.
Two surface proteins (PEB3 Cj0289c and CgpA Cjl1670c) re-
cently shown to be N-glycosylated in Campylobacter [22,23]
were also conserved among all strains tested. The recently
described glycosylation pathway genes (i.e. Cjl120c to
Cjl126¢ pglIB to pglG) involved in the N-linked glycosylation
of surface structures [24,22] were all conserved except pg/E a
hypothetical protein that was variable in seven strains.

In other genotyping studies the genomes of strains are often
compared as a series of aligned bar charts with a line repre-

senting each gene and the colour of the line indicating its
presence or absence. While this method does help to indicate
hypervariable loci we found it more useful to plot the total
number of variable genes versus their frequency of variability
among the strains tested (Fig. 1). As seen in Fig. 1 this anal-
ysis revealed that many of the variable genes were clustered in
seven large distinct regions of the genome referred to as plas-
ticity regions (PR) containing between 11 and 45 genes; many
smaller variable loci also exist. Four of the seven large PR are
newly identified whereas the capsule, lipooligosacharide (LOS)
and flagellin modification loci of C. jejuni have been shown to
be highly variable in a previous microarray comparison and
genetic study [11]. PR1 contains genes encoding the molybde-
num transport apparatus (modC Cj0300c, B Cj0301c and A4
Cj0302), the pantothenate biosynthesis genes (panD Cj0296c,
Cj0297c and B Cj0298c) and hypothetical proteins of putative
or unknown function. Pantothenic acid is a precursor of coen-
zyme A that carries acyl groups for enzyme reactions involved
in fatty acid synthesis and fatty acid oxidation and pyruvate
oxidation in higher organisms. Its precise role in microbes is
less well understood although a recent study showed that a
pantothenate auxotroph of Mycobacterium tuberculosis is lim-
ited for growth in infected mice [25]. In some organisms mo-
lybdenum is involved in the reduction of nitrate by nitrate
reductase, a flavoprotein enzyme containing both molybde-
num and cytochrome b. The use of nitrate as a terminal elec-
tron acceptor in place of oxygen is important for growth
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under oxygen restricted conditions in Campylobacter [26]. Just
upstream of PR1 is the molybdoenzyme reductase gene
(Cj0264c) responsible for respiration of trimethylamine-N-ox-
ide and dimethyl sulfoxide under oxygen limiting conditions
[26]. This gene is also absent or highly divergent in 10 strains
indicating that the capacity of Campylobacter to utilise alter-
native electron receptors for respiration under highly re-
stricted oxygen conditions may be strain specific. It is possible
that the acquisition of these genes has provided some strains
with a selective advantage in specific ecological niches.

PR2 is flanked by truncated genes for a putative altronate
hydrolase and an aldehyde dehydrogenase. The locus also
contains genes encoding a putative oxidoreductase, sugar
transporter and two hypothetical proteins of unknown func-
tion.

Several of the genes in PR3 are deleted in only one of the
strains tested, NCTC12547, the strain most highly variable
compared to the sequenced one. The genes in this region
comprise components of one or more ABC transporters (all
absent in strain NCTC12547) and several hypothetical pro-
teins are also absent in some other strains.

PR4 starts downstream of the recently described protein
glycosylation locus (pgl: Cjl120c to Cjl126c) involved in
the N-linked glysolylation of surface proteins in Campylo-
bacter [22-24]. This locus was previously thought to encode
genes involved in the biosynthesis of lipopolysaccharides
(LPS) (wla genes [27]). The seven pgl pathway genes were
conserved among the strains tested with the exception of
pglE (Cj1120c) a hypothetical protein that was absent or di-
vergent in seven of the 18 strains. Variable genes in PR4
include three putative galactosyltransferases (Cj1136, Cj1138
and Cj1139c) and a putative glycosyltransferase (Cj1135) the
exact function of which is unknown. PR4 also contains the N-
acetyl neuraminic acid synthase genes (neuBI, neuCl and
neuAl Cjl141, Cj1142 and Cj1143) involved in the sialylation
of LOS [23]. The genome of NCTC11168 also contains two
other neuB-like genes (neuB2 Cj1327 and neuB3 Cjl1317) but
independent mutation of the three neuB genes identified neuBI
as the synthase involved in sialylation of LOS [23]. No phe-
notype was evident for neuB2 mutants in strain NCTC11168
but neuB3 mutants were aflagellate and non-motile. C. jejuni
sialylated LOS is thought to lead to the generation of cross-
reactive antibodies to human sialylated gangliosides, resulting
in the neuropathies associated with GBS and MFS [28].

The sequenced strain NCTC11168 contains both neuBI and
neuCl and is serotype heat stable antigen HS2. NCTC11168
was previously shown to produce sialylated LOS and to be
associated with the development of GBS [29,30]. The majority
of the strains tested in our study (16 out of 18) lacked both
neuBl and neuCl, suggesting that they would not express a
sialylated LOS. This supports other evidence that only a lim-
ited number of strains and serotypes are potentially able to
elicit antibody responses that cross-react with human ganglio-
sides. Four strains also lacked both neuB2 and neuC2, genes
that have been previously implicated in post-translational sia-
lylation of the flagellum [30].

The longest stretches of variable genes occur in PRS be-
tween Cjl1296 and C1342c (approximately 48 kb) and in
PR6 Cjl415c to Cjl442c (approximately 34 kb) (Fig. 1).
PRS5 contains a large number of hypothetical proteins of un-
known function belonging to protein families 1318 and 617
(see http://www.sanger.ac.uk/Projects/C_jejuni/) and variable
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genes encoding putative acyl carrier proteins (acpP2, P3, P4)
and a B-ketoacyl-acyl carrier protein synthase III (fabH2)
that is essential for fatty acid biosynthesis in other organisms
[31,32]. However, the fabH?2 gene is similar to fabH (Cj0328c)
that was conserved among the strains tested. Thus fabH is
probably the essential enzyme initiating fatty acid biosynthesis
in C. jejuni and fabH2 may be an alternative one, which is
dispensable. PR5 also contains genes involved in LOS biosyn-
thesis, and post-translational modification of flagellin, i.e.
pmtA (Cj1331) pmtB (Cj1332) and Cjl316¢ [33], the flagellin
structural genes flad (Cj1339c), flaB (Cj1338c) and two pos-
sible flagella proteins (Cj1312, Cj1313).

The fla genes are independently transcribed but flaA is tran-
scribed at higher levels than flaB. Mutational analysis of the
flaA/B genes suggests that under the conditions tested flaA4 is
the major flagellum structural protein but flaB is incorporated
in small amounts into the whole filament. The flad and flaB
genes of strain NCTC11168 have a high level of base sequence
identity (approximately 93%) with the heterogeneity being
confined to a small central region of the gene and the 5’
and 3’ terminal sequences. Thus the flad and flaB probes
on the microarray are not gene specific. The flagellum enables
Campylobacter to swim through viscous environments such
as the mucus found in the gastrointestinal tract and exhibit
chemotaxis. Several studies have shown that the flagellum
was needed for colonisation in a range of animals [34]. The
flagellin genes were scored as variable in 10 out of the 18
strains tested but given the importance of the flagellum
in Campylobacter survival and virulence it seems most likely
that this result is a reflection of sequence divergence and
not the absence of flagellin genes. This conclusion is sup-
ported by the fact that the absence of flaA derived PCR prod-
ucts is rare in studies that utilise this locus for PCR typing
purposes.

PR6 is highly divergent and contains the capsule biosynthe-
sis locus which is flanked by capsule transport genes in a
similar arrangement to that found in Escherichia coli. Origi-
nally, the HS used for serotyping of C. jejuni were assumed to
be LPS as in the case of E. coli and Salmonella [35]. In a study
of 32 strains, it was shown that none of these expressed long
chain LPS species characteristic of the O-antigen oligosaccha-
ride repeat units and that the Penner antibodies detected a
heat stable surface antigen that could be a capsular polysac-
charide [36]. The sequencing of the genome of NCTCI11168
led to the discovery of a 42.6 kb capsular polysaccharide bio-
synthesis locus (Cjl415¢c to Cjl442c) that is flanked by genes
with similarity to capsule transport genes found in E. coli (i.e.
kpsS, C (Cjl413c and Cjl414c) and F, D, E, T and M Cjl443c
to Cj1448c¢). Further evidence for the role of this capsule locus
in production of the serotyping antigen was demonstrated [37]
by finding that four out of six different serotypes lacking
genes for kpsM, could not be typed using Penner serotyping.
Mutants in genes for kpsS and kpsC that are thought to be
involved in ligation of the polysaccharide to KDO-DAGP
also resulted in strain NCTC11168 (HS2) becoming unable
to be typed but this was not the case with the serotypes
HS1 and HS10 [37]. Interestingly the capsule transport gene
kpsM was variable in the Penner serotype 8 reference strain
NCTC12507 (HS8) and subsequently shown to be absent in
this strain by Southern blotting (data not shown). In E. coli
kpsM is essential for transport of the capsule so it seems likely
that the capsule is not the serotypic determinant of the HS8
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and Penner 8 serotype and that another HS is involved. Three
strains in our collection were unable to be typed but this was
not associated with variable capsule transport genes.

In the capsule biosynthesis locus (PR6) of NCTC11168
there is a cluster of five genes (Cjl416c-Cjl1420c) that are
either present (12 strains) or absent (six strains) as a whole
cluster. This cluster of five genes encodes a phosphoenolpyru-
vate synthase, GMP synthase and GIP cytidyl transferase, a
putative methyl transferase (Cjl1419¢) and one ‘contingency’
gene of unknown function Cjl420c that contains a homopo-
lymeric nucleotide tract that has been shown to undergo var-
iation in the number of repeat nucleotides, resulting in phe-
notypic variation [38]. The reason for the organisation of
these genes with the capsule locus and any possible role
they might have in capsule biosynthesis genes is unclear.
There are three other contingency genes in PR6 (Cjl42lc,
Cjl1422¢, Cjl426¢) that are specific to the sequenced strain
NCTC11168 and one contingency gene (Cjl429c) that is
found in only two other strains. Four of the seven putative
glucosyl transferases (GT) present in strain NCTCI11168
(HS2) were not detected in any other strain and the three
other GT were rarely detected in other strains.

PR7 contains a cluster of putative outer membrane, peri-
plasmic proteins and hypothetical proteins and several genes
involved in leucine biosynthesis that were absent from only
one of the 18 strains tested. PR7 also contains gene Cj1729¢
(flgE2) encoding a probable flagella hook protein that was
also divergent in eight strains. This gene may be an alternative
flagella hook protein utilised by Campylobacter as it is similar
to the flagella hook protein gene figE (Cj0043) that was con-
served in all but one of the strains tested.

4. Conclusions

In total 16.3% (269) of the genes present in the sequenced
strain NCTC11168 were either absent or highly variable in
sequence among the strains of C. jejuni examined in this
study. In each strain the variable genes were often present
in large clusters, suggesting that they were acquired or lost
from the genome in groups during evolution. Seven major PR
(designated PR1 to PR7) were identified in the genome and
these comprise 136 (50%) of the variable gene pool. Unlike the
variable gene clusters (i.e. islands and pathogenicity islands)
found in the genomes of E. coli and Salmonella the C. jejuni
PR do not have a markedly different G+C content to the bulk
of the genome and they are not associated with mobile ele-
ments important in horizontal DNA transfer. However, many
strains of C. jejuni are naturally competent for DNA uptake
and transformation and this is likely to have played a major
role in generating genetic variability. PR4, 5 and 6 contain
genes involved in the production of surface structures includ-
ing LOS, flagellum, and capsule as well as the pathway en-
zymes for sialylation of LOS, flagellum and post-translational
glycosylation of the flagellum. These findings indicate that
genome diversity is linked to production of variant surface
structures that might play a role in the avoidance of innate
and adaptive immune responses in the host. PR1 contains
genes important in the utilisation of alternative electron ac-
ceptors for respiration and may confer a selective advantage
to strains in restricted oxygen environments. PR2, 3 and 7
contain many outer membrane and periplasmic proteins and
hypothetical ones of unknown function. These genes warrant
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further investigation as they might be associated with adapta-
tion of Campylobacter to different ecological niches.

The variable regions of the genome identified in this study
highlight genetic factors that might be linked to phenotypic
variation and adaptation to different ecological niches. The
results of this work are also likely to have an impact on the
design of future genetic typing schemes and microarray based
epidemiological studies.
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