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Abstract

Background: Campylobacter jejuni is a major zoonotic pathogen, causing gastroenteritis in humans. Invasion is an
important pathogenesis trait by which C. jejuni causes disease. Here we report the genomic analysis of 134 strains
to identify traits unique to hyperinvasive isolates.
Methods: A total of 134 C. jejuni genomes were used to create a phylogenetic tree to position the hyperinvasive
strains. Comparative genomics lead to the identification of mosaic capsule regions. A pan genome approach led to
the discovery of unique loci, or loci with unique alleles, to the hyperinvasive strains.
Results: Phylogenetic analysis showed that the hyper-invasive phenotype is a generalist trait. Despite the fact that
hyperinvasive strains are only distantly related based on the whole genome phylogeny, they all possess genes within
the capsule region with high identity to capsule genes from C. jejuni subsp. doylei and C. lari. In addition there were
genes unique to the hyper-invasive strains with identity to non-C. jejuni genes, as well as allelic variants of mainly
pathogenesis related genes already known in the other C. jejuni. In particular, the sequence of flagella genes, flgD-E and
flgL were highly conserved amongst the hyper-invasive strains and divergent from sequences in other C. jejuni. A novel
cytolethal distending toxin (cdt) operon was also identified as present in all hyper-invasive strains in addition to
the classic cdt operon present in other C. jejuni.
Conclusions: Overall, the hyper-invasive phenotype is strongly linked to the presence of orthologous genes from
other Campylobacter species in their genomes, notably within the capsule region, in addition to the observed
association with unique allelic variants in flagellar genes and the secondary cdt operon which is unlikely under
random sharing of accessory alleles in separate lineages.

Background
Campylobacter jejuni is the major cause of gastroenteritis
in humans worldwide. It is a self-limiting disease with the
symptoms varying from watery diarrhoea with no inflam-
mation to mucous containing bloody diarrhoea [1]. A rare
but life-threatening consequence of C. jejuni infection is
the neurological disorder Guillain Barré syndrome [2].
Campylobacter infections are mainly transmitted through
poultry and related products, but unpasteurised milk
products, contaminated water and other food products
have also been implicated as potential sources [1, 3, 4].

C. jejuni is believed to be an invasive pathogen and in-
vasion of, or translocation across, the intestinal epithe-
lium is thought to disrupt the gut lining and bring about
an inflammatory response resulting in diarrhoea. The
presence of blood and mucous in the stool in some pa-
tients provides evidence of the invasive ability of C.
jejuni [5]. Several studies have used in vitro cultured cell
lines of human and non-human origin to investigate C.
jejuni interaction with host cells [6–9]. In addition, in
vivo animal infection models including primates have
been used to study the role of invasion and adhesion in
C. jejuni pathogenesis [10–13]. It is apparent that C.
jejuni’s ability to adhere to and invade epithelial cells is
influenced by the infection model or the type of intes-
tinal cell line used [5–7]. It is also strain dependent,
often influenced by the severity of the clinical symptoms
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[14]. One previous study quantitatively classified the in-
vasion potential of C. jejuni strains isolated from clinical,
poultry and environmental sources as hyper, high or low
using an in vitro invasion assay with the hyper-invasive
group consisting of a greater proportion of clinical iso-
lates compared to isolates from other sources [15]. Fur-
ther analysis of one of these hyper-invasive strains, 01/
51, led to the identification of a number of genes associ-
ated with the hyper-invasive phenotype [16], and in par-
ticular that of the lipooligosaccharide (LOS) biosynthesis
gene, cj1136 [17].

Surface polysaccharides including LOS and capsule
have been implicated in adherence and invasion of epi-
thelial cells and in an in vitro ferret model of infection
[18–21]. C. jejuni was only reported as having a capsule
once the very first genome sequence was completed in
2000, and it was reported to be the major determinant of
the Penner serotyping scheme [18, 22]. The capsular poly-
saccharide (CPS) region in C. jejuni in general has a simi-
lar structure to that in other organisms and is composed
of three regions: two conserved regions encoding the pro-
teins involved with assembly and transport which flank
the central variable region composed of the genes involved
in polysaccharide biosynthesis. The CPS region varies in
size from 15 to 34 kbp with the central variable region
consisting of 11–34 ORFs [23]. Recently, mosaicism in the
CPS locus was reported with the presence of CPS genes
elsewhere on the genome of C. jejuni strain X that were
thought to add to the antigenic variability of the CPS [24].
C. jejuni capsules are known to contain O-methyl
phosphoramidate (MeOPN) modifications which in C.
jejuni NCTC11168 are synthesised by the products of
cj1415c-1418c [25]. These genes, along with cj1419c
and cj1420c have homologs in 61 % of the published
CPS loci available [23]. The MeOPN modification of
the CPS was shown to have a role in virulence in the
Galleria mellonella model [26] and more recently loss
of the MeOPN modification was shown to increase
invasion into Caco-2 cells and decrease resistance to
killing by serum [27]. A number of genes associated
with heptose biosynthesis (hddC, gmhA, hddA and
dmhA) have also been reported as being conserved
amongst the CPS region in C. jejuni.

In this study we have investigated the group of hyper-
invasive C. jejuni isolates at the whole genome level. We
reveal mosaicism in the CPS region and elsewhere in the
genome with the apparent import of genes from C.
jejuni subsp. doylei, C. lari and C. coli which may con-
tribute to the hyper-invasive phenotype of these strains.
We also show that hyper-invasive strains do not belong
to a defined lineage but are phylogenetically distributed
across the species. However, the hyper-invasive strains
all share identical gene sequences, or alleles, in a num-
ber of loci including key flagella genes and a second cdt

operon not reported before in C. jejuni, indicating that
these loci are strongly associated with the hyper-invasive
phenotype.

Results
Hyper-invasive strains are distributed across the C. jejuni
phylogeny
All six isolates identified as hyper-invasive in our previous
studies [15] (Table 1), were genome sequenced using the
Illumina sequencing platform. The phylogenetic position
of the six isolates was then determined from a core gen-
ome alignment incorporating all available C. jejuni refer-
ence genomes as well as the 128 genomes previously
sequenced by Sheppard et al. [28]. The resulting phyl-
ogeny clearly showed that the hyper-invasive phenotype is
not a lineage specific trait (Fig. 1). Three of the hyper-
invasive strains (01/51, 01/35 and 01/41) are part of the
host generalist and widely distributed clonal complex 21
[29], many of which have been assayed for invasion
phenotype and shown not to be hyper-invasive [15]. These
three strains are not grouped together and are randomly
distributed across the phylogeny. Additionally, two further
hyper-invasive strains, 01/04 and EX114, which belong to
the clonal complex 677 and 682 respectively, are found at
the opposite end of the species phylogeny, providing sup-
port for the hypothesis that hyper-invasion is an acquired
trait that can occur in any C. jejuni lineage.

Evidence of genetic import from C. lari and C. doylei in
the capsular polysaccharide region of hyper-invasive
strains
Since our earlier study identified a role for LPS modifi-
cation in invasion [17], and a previous DNA microarray

Table 1 List of strains used for pan-genome analysis in our
study
Isolate Background Source Accession number

01/51 Hyper-invasive
clinical isolate

(Fearnley et al. 2008) [15] ERS742291

ERS742289

01/10 ERS742285

01/ 04 ERS742287

01/35 ERS742286

01/41 ERS742288

EX114 ERS742290

81116 Low invasive
reference strain

(Fearnley et al. 2008) [15] NC_009839.1

304 Low invasive
Pig isolate

ERP006801

444 ERP006801

484 ERP006801

549_1 ERP006801

623 ERP006801

857 ERP006801
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study (data not shown) indicated that the capsular poly-
saccharide region of C. jejuni strain 01/51 was divergent
to that in other campylobacters, this region was studied
in more detail in all six of the hyper-invasive genomes to
investigate whether other surface structures might play a
role in this phenotype. The overall structure of this re-
gion in the hyper-invasive strains is similar to other re-
ported CPS loci with a central variable region flanked by
conserved genes associated with capsule transport and
assembly. The size of the locus varies amongst the
hyper-invasive strains with strains 01/04 and 01/35 hav-
ing the smallest locus of just 14, 746 bp and 01/10 hav-
ing the largest locus of 35,655 bp, including the flanking
transport and assembly regions. The number of genes in
the central variable region ranges from just eight in
strain 01/04 and 01/35 to 22 in strain 01/10. Genes asso-
ciated with MeOPN modification (cj1415c-1418c) are
present in all of the hyper-invasive strains, however the
conserved heptose biosynthesis genes (hddC, gmhA,
hddA and dmhA) are only present in one of these
strains, 01/10. All of the hyper-invasive strains have a
common set of six genes (cj1413c-cj1420c) adjacent to
the kpsC gene orthologue (Fig. 2), which are absent from

the previously characterised low invasive strain 81116.
This set of genes is also present in NCTC11168, which
displayed high invasion levels in our previous study [15].

Comparison of the CPS locus across a wider set of
Campylobacter genomes identified that the capsule locus
for 01/51 was identical to that reported in the reference
genome of C. jejuni strain IA3902, known to be a hyper-
virulent strain, isolated from an aborted sheep [30] (see
Fig. 2). BLASTn analysis of capsule genes with no iden-
tity to other known C. jejuni genes in both 01/51 and
01/10 returned high identity hits to CPS genes in C.
jejuni subsp. doylei and C. lari (Fig. 3). This cross species
similarity was also observed within the capsular variable
region of IA3902, which as mentioned above was deter-
mined to be highly invasive (Fig. 3). This similarity was
not observed for the capsule locus in C. jejuni 81116,
which is the only available low invasive reference strain
(Fig. 3). Our data suggests that the phylogenetically dis-
parate hyper-invasive strains share similarities in import
of non-C. jejuni genes into the capsule locus. We tested
the ability of the hyper-invasive strains to survive exposure
to human serum in comparison to low invasive reference
strains and found no differences (data not shown).

Fig. 1 Maximum likelihood phylogeny derived from the core-genome alignment of 131 C. jejuni isolates. Isolates with a known hyper-invasive
phenotype have their taxa identifier names highlighted in red. The three clades identified as containing hyper-invasive strains have branches
indicated in red
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