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Abstract

Campylobacteris the most common bacterial cause of gastroenteritis in the European Union with over 200,000 laboratory-confirmed
cases reported annually. This is the first study to describe findings related to comparative genomics analyses of the sequence type (ST)-
677 clonal complex (CC), a Campylobacter jejunilineage associated with bacteremia cases in humans. We performed whole-genome
sequencing, using lllumina HiSeq sequencing technology, on five related ST-677 CC isolates from two chicken farms to identify
microevolution taking place at the farms. Our further aim was to identify novel putative virulence determinants from the ST-677 CC
genomes. For this purpose, clinical isolates of the same CC were included in comparative genomic analyses against well-known
reference strains of C. jejuni. Overall, the ST-677 CC was recognized as a highly clonal lineage with relatively small differences between
the genomes. Among the farm isolates differences were identified mainly in the lengths of the homopolymeric tracts in genes related
to the capsule, lipo-oligosaccharide, and flagella. We identified genomic features shared with C. jejuni subsp. doylei, which has also
been shown to be associated with bacteremia in humans. These included the degradation of the cytolethal distending toxin operon
and similarities between the capsular polysaccharide biosynthesis loci. The phase-variable GDP-mannose 4,6-dehydratase (EC
4.2.1.47) (wcbK, CAMP1649), associated with the capsular polysaccharide biosynthesis locus, may play a central role in ST-677
CC conferring acid and serum resistance during different stages of infection. Homology-based searches revealed several additional
novel features and characteristics, including two putative type Vb secretion systems and a novel restriction modification/methyl-
transferase gene cluster, putatively associated with pathogenesis and niche adaptation.
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Introduction

Campylobacter is by far the most common bacterial cause
of gastroenteritis in Finland, with an incidence of around
78/100,000 inhabitants (Kuusi and Nakari 2012).
Campylobacter jejuni is the main species identified. In the

limiting noncomplicated infection; however, in some instances
the infection may lead to a more severe outcome, for exam-
ple, bacteremia, and such postinfection complications as re-
active arthritis and Guillain—Barré syndrome (Blaser 1997).

European Union (EU), 214,268 human cases were reported
in 2012 (EFSA and ECDC 2014). The estimated costs of cam-
pylobacteriosis to public health systems in the EU are around
2.4 billion euros per year (EFSA Panel on Biological Hazards
[BIOHAZ] 2011). Campylobacteriosis occurs mostly as a self-

The two most prevalent clonal complexes (CCs), defined by
multilocus sequence typing (MLST), in the past 10 years have
been ST-45 and ST-21 CC, representing 44% and 19% of the
clinical isolates among domestically acquired infections in
Finland, respectively (de Haan et al. 2010). However, the
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third most common CC, the ST-677, occurred in nearly 12%
of the isolates. ST-677 CC consists of a limited number of STs,
mainly ST-677 and ST-794, which share only a few alleles with
other CCs. In our previous study, ST-677 CC was found to be
associated with patients drinking nonchlorinated water from a
small water plant or water from natural sources (Karenlampi
et al. 2007). Later on, ST-677 CC has been associated
with wild birds, rabbits, and environmental sources in north-
west England (Kwan et al. 2008). However, it does not seem
to be limited to any particular animal host, as it has been
recovered from chicken, cattle and surface waters in Finland
(de Haan et al. 2014) and from chicken, cattle, wild birds, wild
rabbits, environmental water and diarrheic dogs from other
parts of Europe (Kwan et al. 2008; Griekspoor et al. 2010; Kittl
et al. 2013). In 2007, ST-677 CC was the second most
common CC among chicken isolates in Finland (de Haan
et al. 2010).

Interestingly, isolates of the ST-677 CC were found to
be more common among patients requiring hospitalization
and a longer stay in the hospital, suggesting a link with a
more severe disease (Karenlampi et al. 2007). Moreover, a
recent study revealed that ST-677 CC was associated with
bacteremia in Finnish patients (during 1998-2007)
(Feodoroff et al. 2013). In that study, isolates representing
the ST-677 CC were also shown to be significantly more
resistant to normal human serum than all other isolates.
Earlier, we demonstrated that ST-677 CC and ST-48 CC
were associated with Penner serotype HS4 complex
(Karenlampi et al. 2007). Furthermore, C. jejuni HS4 strains
have been shown to occur in higher proportions in blood
isolates than in fecal isolates, suggesting that these strains
are likely to be more serum-resistant and/or invasive
(Skirrow et al. 1993). These results suggest that serum re-
sistance and invasiveness are at least partly associated with
the capsular polysaccharide (CPS), which is the major de-
terminant in Penner serotyping of C. jejuni (Karlyshev et al.
2000). Other bacterial and host genetic determinants lead-
ing to bacteremia and sepsis are largely unknown.

To date, scant information exists on the genomic differ-
ences between epidemiologically linked C. jejuni isolates
during natural infection cycles. This information is needed
for use in genomic epidemiology when assessing criteria to
include/exclude isolates in an outbreak investigation. To ad-
dress these issues, we sequenced two sets of related strains
representing the ST-677 CC to evaluate the genome micro-
evolution taking place on a chicken farm and to identify ge-
netic features and characteristics potentially explaining the
more severe disease associated with ST-677 CC in human
patients. To support our data, we included in the comparative
analysis six whole-genome shotgun sequences of epidemio-
logically unrelated clinical isolates of ST-677 CC from Sweden
and the United Kingdom, representing different isolation
times and geographical areas.

Materials and Methods

Bacterial Strains

As part of a study aimed at deciphering the risk factors for
campylobacter colonization at broiler chicken farms in Finland,
fresh fecal or cloacal swabs from chicken and boot sock sam-
ples were collected simultaneously from the grounds inside
and outside of chicken houses, including water samples
from puddles on the grounds. Approximately, 100 farms
that had previously produced Campylobacter-positive flocks
were investigated. The C jejuni isolates were subsequently
typed by pulsed-field gel electrophoresis (PFGE). On five occa-
sions, C. jejuni was detected both inside the house and from
environmental samples. On two farms, the PFGE profiles of
temporally associated isolates were the same and closely re-
lated with each other, and these isolates were selected for
further studies.

The isolates from farm A (date of sampling: September 9,
2004) were from a fresh fecal swab inside the chicken house
(5070, ST-677), a boot sock sample from inside the chicken
house (5071, ST-677), and a sample from a rain water puddle
outside the chicken house (5072, ST-677). On farm C (date of
sampling: August 13, 2003), the isolates were from a cloacal
swab (3515, ST-794) and an environmental boot sock sample
collected from the grounds outside the chicken house (3516,
ST-794).

Draft genomes retrieved from public databases and in-
cluded for comparative studies comprised strain LMG9872
(ST-677, accession number NZ_AIPM00000000) isolated
from the cerebrospinal fluid of a meningitis patient in
Sweden in July 1979 (Norrby et al. 1980) and five genomes
of clinical ST-677 CC isolates collected from 2010 to 2012
from gastroenteritis patients in the United Kingdom that
were available in the Campylobacter PUbMLST database
(ST-677. OXC6332, OXC7095, OXC7345, OXC7358; ST-
794: OXC5341).

Whole-Genome Sequencing and Assembly

DNA was prepared from single-colony isolates using the
Wizard genomic DNA purification kit (Promega, Mannheim,
Germany). The genome sequences were determined using a
paired-end library and Illumina HiSeq sequencing technology
with 100 cycles (Base-Clear BV, Leiden, The Netherlands). The
sequence coverage for the C. jejuni genomes was >500-fold.
The reads were filtered using the ConDeTri Perl script (Smeds
and Kunstner 2011) using default settings and a minimum
read length of 75 nucleotides. Only sequences passing the
quality threshold in both paired reads were assembled into
contigs using ABySS 1.3.5 (Simpson et al. 2009). In specific
regions of interest, gaps in the genome of isolate 5070 were
closed by traditional Sanger sequencing. The genome assem-
bly was edited using gap5 (Staden et al. 2000; Bonfield and
Whitwham 2010) of the Staden Package (Staden et al. 2000).
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Whole-Genome MLST

Gene-by-gene population annotation and analysis for whole-
genome MLST (wgMLST) was performed using Bacterial
Isolate Genome Sequence Database (BIGSdb). Allelic profiles
for all of the isolates were retrieved for each locus defined in
the database. The NeighborNet algorithm was used to con-
struct a distance matrix from the shared loci of the isolates,
and the resulting phylogenetic network was visualized using
SplitsTree4 (Huson and Bryant 2006).

Genome Annotation and Comparative Genomics
Analyses

Gene calling and functional annotation were done using the
Rapid Annotation using Subsystem Technology (RAST) web
server (Aziz et al. 2008; Overbeek et al. 2014). Pairwise
single-nucleotide polymorphism (SNP) analysis among the
farm isolates was performed using the breseq pipeline with
default settings (Barrick et al. 2009; Barrick and Lenski 2009).
Sequence-based comparisons, genome browsing, and align-
ments of the synteny of genomic regions were performed
using the SEED Viewer (Overbeek et al. 2005, 2014) with
default parameters, Mauve (Darling et al. 2004, 2010),
Artemis (Rutherford et al. 2000), ACT (Carver et al. 2005),
and BRIG using BLAST+ BLASTn with the parameter —evalue
equal to 0.001 (Alikhan et al. 2011). Novel open reading
frames (ORFs) that were identified against reference
C. jejuni genomes were further analyzed using the
InterProScan  (Quevillon et al. 2005) and by BLASTP
searches (Altschul et al. 1990, 1997) against the nonredun-
dant protein sequences (nr) database in GenBank (Benson
et al. 2013).

Phylogenetic Analyses
Genealogy Reconstruction

The clonal genealogy of the strains based on draft genome
sequences was estimated using a model-based approach
to determine bacterial microevolution implemented in
ClonalFrame (Didelot and Falush 2007). The contigs were
aligned using progressive Mauve (Darling et al. 2010), and
collinear blocks bigger than 500bp were filtered using the
perl script stripSubsetLCBs available in the ClonalOrigin pack-
age (Didelot et al. 2010). ClonalFrame was run with 10,000
burn-in iterations followed by 10,000 data collection itera-
tions. The strict (100%) consensus tree represents combined
data from three independent runs.

Evolution of the Phase-Variable Gene wcbK

All alleles of nontruncated C jejuni wcbK (GDP-mannose
4,6-dehydratase, CAMP1649) were obtained from the
BIGSdb (Jolley and Maiden 2010) implemented in the
Campylobacter PubMLST website (http:/pubmlst.org/cam
pylobacter/, last accessed May 2014) and from several C

Jejuni genomes available in GenBank. Alignment of wcbK
sequences was first generated at the amino acid level using
MAFFT-FFT-NS-I v. 7 (Katoh and Standley 2013), then back-
translated to nucleotide sequence using the TranslatorX
perl script (Abascal et al. 2010). A distance matrix was
then calculated using MEGAS5, and the genes were
grouped based on nucleotide identity (=90%). One allele
from each group was randomly selected. The evolutionary
relationship of the selected alleles of the wcbK was recon-
structed using Bayesian phylogenetic inference. Two inde-
pendent analyses of four Markov chain Monte Carlo
(MCMC) chains run for 10 million generations with a
tree sample every 5,000 generations were conducted for
each allele using MrBayes v. 3.2.1 (Ronquist et al. 2012).
The substitution model space was sampled during Bayesian
MCMC to avoid a priori model testing (Huelsenbeck et al.
2004). The number of discrete categories used to approx-
imate the gamma distribution was set to 6.

Results

An overview of the C jejuni genomes sequenced in this
study is presented in table 1. Overall, the genome sequences
were  highly conserved  (supplementary  table ST,
Supplementary Material online). There was only one gene
missing or highly divergent between the different isolates
from the same farm. The number of missing or highly di-
vergent genes between all isolates included in this study
(farm isolates and unassociated strains) was less than 115
and 50 ORFs for the ST-677 and ST-794 isolates, respec-
tively. In contrast, the two STs differed by up to 113 ORFs.
The main differences between the farm isolates and epide-
miologically unrelated clinical isolates were associated with
the C jejuni-integrated elements (CJIEs) (fig. 1). Moreover,
the ST-677 CC isolates were found to carry a degenerated
CRISPR-Cas operon (supplementary fig. S1A, Supplementary
Material online).

Whole-Genome MLST

Figure 2A and B shows the NeighborNet networks of the ST-
677 CC and ST-677 isolates, respectively, including the
chicken farm isolates and clinical isolates from Sweden and
the United Kingdom. Using the shared loci obtained by the
Campylobacter BIGSdb query, no differences were identified
within the three farm A (ST-677) and two farm C (ST-794)
isolates (fig. 24). The unrelated ST-677 CC isolates showed
more than 20 allelic differences, except in the case of the
Swedish clinical isolate LMG9872, which showed only nine
allelic differences against the farm A isolates among the
1,319 shared loci (fig. 2B). The allelic differences between
LMG9872 and farm A isolates are presented in detail in
table 2. All of the observed differences were SNPs, and
none of them occurred in homopolymeric tracts of contin-
gency genes. The same two alleles occurred also among the
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Table 1

Overview of the Draft Genomic Data of the Campylobacter jejuni ST-677 CC lIsolates Used in This Study

Isolate 5070 5071 5072 3515 3516 LMG9872 0OXC5341 0XC6332 OXC7095 OXC7345 0OXC7358
Farm A A A C C — — — — — —

MLST 677 677 677 794 794 677 794 677 677 677 677

CcC 677 677 677 677 677

No. of contigs 34 (15) 36 36 32 34 91 42 40 37 37 37
Genomesize(Mbp)  1.65 (1.65) 1.65 1.65 1.66 1.66 1.62 1.63 1.64 1.63 1.66 1.64

No. of CDSs 1,734 (1,744) 1,738 1,734 1,758 1,756 1,694 1,723 1,709 1,708 1,758 1,715

Note.—Strains sequenced in this study are indicated in italic font. Numbers in parentheses describe the data with inclusion of Sanger sequencing data used to close gaps
in regions of interest.

B rm1221
B Farm A, ST-677
! LMG 9872, ST-677
|| OXC6332, ST-677
B oxc7095, ST-677
| OXC7345, ST-677
0XC7358, ST-677
B Farm C, 5T-794
I 0XC5341, ST-794

B CiEs

SRR i - v\ i
CJIE4— , = . R ] 400 kbp 5
. : : Reference genome RM1221 ; I fﬁ :

1777831 bp

\ 1200 kbp ; . ;
3 - g/
y ¥ " T—(JIE2
- _ i A

Fic. 1.—BRIG image highlighting the CJIEs using strain RM1221 as a reference. Upper and lower identity thresholds of 90% (dark color) and 70% (light
color) were used for visualizing the difference between sequences. White areas correspond to sequences with less than 70% similarity (BLASTN) against the
reference.

same loci in the patient isolates from the United Kingdom, Genealogy Reconstruction

except in two cases (CAMP0952, mapA, and CAMP0999, The ClonalFrame genealogy of the whole genomes of our
g1078), where all the clinical isolates represented the same chicken farm isolates and the clinical ST-677 CC isolates is
allele type as indicated in table 2. shown in figure 3. This figure shows a similar clustering of
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Fic. 2.—NeighborNet phylogeny of the farm and clinical isolates.
Networks were drawn from the shared loci of each set of isolates. (4)
ST-677 CC (1,286 shared loci). ST-677 isolates are shown in black and ST-
794 in red. (B) ST-677 (1,319 shared loci). Numbers of allelic differences
between the strains are indicated by lines and Arabic numbers. Loci and
alleles were defined using BIGSdb (http:/pubmist.org/campylobacter, last
accessed September 12, 2014).

Table 2

the isolates as the wgMLST NeighborNet; however, the evo-
lutionary distance between LMG9872 and the farm A isolates
(5070, 5071, and 5072) is more pronounced. Variable geno-
mic regions (not present in all isolates) were excluded from the
ClonalFrame analysis, yet an association with the deletion
within CJIET in the genomes was evident.

UIEs and Other Mobile Genetic Elements

The CJIE1-like element was found to be present in all studied
ST-677 CC genomes. The CJIE1 was located in the same po-
sition in all ST-677 CC isolates (next to ¢0667c, GTPase Era),
but differently from RM1221, the reference strain for inte-
grated elements in C. jejuni (Fouts et al. 2005). The gene
content of CJIET was also highly conserved among the ST-
677 CC, except for a deletion of 24 ORFs in ST-677 farm A
isolates and one clinical isolate (OXC7358), consisting mainly
of hypothetical proteins, phage baseplate proteins, and a
phage tail protein. Compared with the CJIET in RM1221
(total 72 ORFs), 55 and 35 ORFs were missing (or highly di-
vergent) in farm A and C genomes, respectively. Furthermore,
the ST-677 CC isolates contained 18 (farm A) and 20 (farm C)

5070 (CJIE1d, CJIEZ)
4‘ 5071 (CJIET, CJIE2)
5072 (CJIE1d, CJIE2)
[ l: OXCB332 (CJIETd)
OXC7358 (CJIETd)
OXCT085 (CJIET)
OXC7345 (CJIE1, CJIEZ)
] LGMIETZ (CHET)
3515 (CJIE1, CJIE2)
[ [3s1e|CJ|:1.CJ|:2-.
)

OXC5341 (CJIET)

ClonalFrame
ST-677 CC

Fic. 3.—ClonalFrame genealogy depicting the evolutionary relation-
ship of the ST-677 CC isolates. In parentheses, the presence of CJIEs is
indicated (“d” meaning large deletion in the CJIE1-like element). ST-677
isolates are shown in black and ST-794 in red.

Locus, Function, and Alleles in Which Differences Were Observed between the Campylobacter jejuni ST-677 Farm lIsolates and the Clinical Isolate
Obtained from a Meningitis Patient from Sweden (LMG9872) 25 Years Apart

Locus Function Allelic Variant® Sequence

Difference

Farm Isolates LMG9872

CAMP0231 (¢j0261c) SAM-dependent methyltransferase 61 18 173: G—A
CAMP0466 (alaS) Alanyl-tRNA synthetase 146 (OXC) 40 1635: C—T
CAMPO0530 (ribA) GTP cyclohydrolase Il 94 30 897: T-A
CAMPO0565 (¢j0607) Macrolide export ATP-binding/permease protein MacB 140 37 697: C—>T
CAMP0952 (mapA) Outer-membrane lipoprotein MapA 61 28 (OXQ) 295:A—G
CAMP0963 (cj7040c) MFS transport protein 19 25 850: G—>A
CAMPO0999 (¢j1078) Putative periplasmic protein 10 2 (OXQ) 502: A—>G
CAMP1131 (rbn) Ribonuclease BN 64 24 128: T-C
CAMP1193 (pyrH) Uridylate kinase 59 24 315: G—>A

*The allele number is followed by OXC in parentheses when all clinical isolates obtained from the BIGSdb contained the same allele.
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ORFs absent in RM1221. The conserved parts in the CJIE1
contained among others a DNA adenine methylase and an
endonuclease | precursor (EC 3.1.21.1).

The CJIE2-like element was missing completely in
LMG9872 and other clinical isolates, except for OXC7345
(ST-677). Furthermore, in farm C (ST-794) isolates the CJIE2
was located in a different position (¢j71359/¢13617¢) than in ST-
677 genomes, which contained the CJIE2 in the same position
as RM1221 (g0493/cj0494). In the CJIE2-like element, se-
guence similarities were also much lower (ranging from
49% to 100% amino acid sequence identities) than in the
CJIET (98-100%), and differences in gene content were
more evident. The conserved parts in all genomes contained,
among others, an adenine-specific methyltransferase and a
DNA/RNA nonspecific endonuclease. A putative secreted
serine protease (homolog of ¢7365¢), located close to the
integration site of the CJIE2-like element in farm C (ST-794)
isolates, was found to be missing in all ST-677 CC isolates
included in this study.

A small putative cryptic plasmid was identified in LMG9872
and one OXC isolate (OXC7095), showing sequence similarity
and conserved synteny with cryptic plasmid pCC2228-2 of
Campylobacter coli RM2228.

Genome Microevolution

Genes in which we identified differences using breseq among
the C jejuni ST-677 and ST-794 farm isolates are shown in
table 3. The differences between the isolates among both STs
were present mainly in the poly-G tracts of genes located in
the lipo-oligosaccharide (LOS), flagellar glycosylation, and cap-
sular polysaccharide gene loci. Only one SNP was observed in
a noncontingency gene between the ST-794 isolates, leading
to a synonymous substitution in a hypothetical protein located
in CJIET. The predicted length variations in the encoded pro-
tein sequences between the ON and OFF phases are also
shown in table 3. All ST-677 CC strains included in our
study were found to have a LOS class O biosynthetic locus
according to the scheme presented previously (Parker et al.
2008). Sequence similarities with RM3423 (type strain for LOS
class O, Penner HS27 reference strain) ranged from 90% to
99% (amino acid identity) in all ORFs. Homopolymeric tract
length variation occurred in ORFs 230 and 250, resulting in
premature stop codons in all isolates. The predicted protein
encoded by the truncated 230 transcript was not lacking any
known protein domain and was nearly of the same size as the
nontruncated version. However, in ORF 250 there was an
additional formyl transferase, N-terminal domain (Pfam:
PFO0551), predicted in the encoded protein in the ON
phase. Homology-based searches revealed that the flagellar
glycosylation gene locus of ST-677 CC is highly similar to
C. jejuni strain M1 (ST-137, ST-45 CC) (99-100% amino
acid identity). The ¢jj5070_11410c (homolog of CAMP1228,
G1310c) was predicted to encode a serine protease

(PANTHER protease family S9B,C dipeptidyl-peptidase IV-re-
lated domain, PTHR11731) in the ON phase.

Homopolymeric tract length variation was observed also
among the clinical isolates from Sweden and the United
Kingdom, with homologs of (CJJ5070_09800 and
CJJ5070_09820, involved in LOS biosynthesis, being in the
OFF phase and homologs of CJJ5070_11410c and
CJJ5070_05700c, located in the flagellar glycosylation locus
and the capsular polysaccharide gene locus, variable between
the ON/OFF phases. In addition to these sequence variations,
predicted mutations compared against isolate 5070 occurred,
ranging from 55 for LMG9872 to 451 for OXC7345 (all SNPs
including the ones predicted in the CJIEs) in the breseq analysis
(data not shown).

Capsular Polysaccharide Gene Locus (37,071 bp)

A discontinuous megablast search (BLASTN) of the whole cap-
sule region starting from kpsC (¢jj5070_05410c) and ending in
kpsF (¢j5070_05770c) of strain 5070 was performed against
the nr. The closest match was C. jejuni strain 32488 (ST-1460,
ST-48 CC), showing a similar capsular polysaccharide gene
locus (97% identity for full length) as our isolates. The
second closest match was the Penner serotype HS4 type
strain ATCC43432 (97-100% amino acid identities, range
92-100%), and the third one was C. jejuni subsp. doylei
269.97. Figure 4 shows the ACT comparison of the capsular
polysaccharide biosynthesis loci of 5070, ATCC43432 and
269.97. Compared with C. jejuni ATCC43432, there is a
large insertion in the 5070 capsule similar to a gene cluster
found in C jejuni subsp. doylei 269.97 located outside the
capsular biosynthesis region defined by the kpsC and kpsF,
resulting in one of the largest capsule encoding regions re-
ported for C. jejuni.

Evolution of the Phase-Variable Gene wcbK (CAMP1649)

The capsule locus was found to contain a total of seven poly-
G/C tracts of nine or more nucleotides in length. In the nearest
published capsule, there were four poly-G/C tracts, two of
which were present in the ST-677 CC genomes as well, and
homopolymeric poly-G tract length variation was observed in
one of them (table 3). Further analysis of this gene, the
GDP-mannose  4,6-dehydratase (gjj5070_05700c, wcbK,
CAMP1649), showed that 9 (or 12) Gs resulted in an in-
frame ORF, whereas 11 Gs resulted in a premature stop
codon and a truncated product likely to be unfunctional as
the CATH superfamily (3.90.25.10) UDP-galactose 4-epimer-
ase domain 1, present in the full-length protein encoded by
the gene, was missing from the truncated version. We
searched the Campylobacter BIGSdb for all C jejuni alleles
for this locus and made a phylogenetic tree based on a rep-
resentative selection of the alleles (fig. 54). The sequence
alignment (fig. 5B) revealed that this gene was contained a
poly-G tract only in one cluster of the C. jejuni isolates, and a
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Fic. 4—ACT comparison of the CPS gene cluster (from kpsC, ¢j5070_05410c to kpsF, ¢j5070_05770c) of strain 5070 against ATCC43432 (Penner
HS4 type strain) and strain 269.97. jd, C. jejuni subspecies doylei; and Cj, C. jejuni subsp. jejuni.
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Fic. 5.—Evolution of wcbK (CAMP1649) in a representative selection of C. jejuni and C. coli strains. (A) Bayesian phylogenetic tree based on a selection
of isolates obtained from Campylobacter PubMLST and GenBank containing the CAMP1649 locus. Branches indicated by * are supported by more than
85%, and the branch indicated by # is supported by more than 90%. Positions of the strains selected for the sequence alignment (shown in panel B) are
indicated by strain numbers in the phylogenetic tree. Dark blue circles represent C. coli isolates. (B) Homopolymeric G-tract was identified to be present only in
one cluster of isolates (yellow clade). Gid, C. jejuni subspecies doylei; Gj, C. jejuni subsp. jejuni; and Cc, C. coli.
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homolog of this gene was completely missing from some
C. jejuni strains, including NCTC11168, 81116 and M1.
Supplementary table S2, Supplementary Material online,
shows the distribution of the different alleles of CAMP1649
among the isolates available in the Campylobacter BIGSdb.
From these data, it is evident that this locus has not evolved
strictly in association with MLST lineages and that, for exam-
ple, in ST-45 several different alleles are found and a large
portion of the isolates (39%) lack this locus completely (sup-
plementary table S3, Supplementary Material online).
However, only one allele was found in the ST-677 CC in all
isolates, and was absent from other STs/CCs, with varying
lengths of the homopolymeric G-tract. In strain 81-176
(allele 47), the poly-G tract contained a single A inside the
G-tract and is likely not phase-variable similar to allele 95
(fig. 5 and supplementary table S2, Supplementary Material
online).

Other Putative Virulence-Associated Genes and Features
in ST-677 CC

Cytolethal Distending Toxin Operon

The cytolethal distending toxin operon was highly degener-
ated in all ST-677 CC isolates, with cdtA and cdtB missing
nearly completely and cdtC truncated and likely to be a pseu-
dogene (supplementary fig. S1B, Supplementary Material
online).

Iron Acquisition

Similar to C. jejuni strain 81-176, the ferric enterobactin
uptake receptor (cfrA) as well as the adjacent tonB3 gene
and the tonB1 ferric siderophore transport system are missing
in ST-677 CC (fig. 6A and B). Strain 81-176 has been shown to
encode an alternative ferric enterobactin receptor cfrB (pseu-
dogene in NCTC11168) (Xu et al. 2010), which we found to
be present also in the ST-677 CC isolates (¢jj5070_01700).
Furthermore, chuA (CAMP1510), associated with hemin
uptake in C jejuni, was most variable between the reference
strains and ST-677 CC isolates. Sequence variation accumu-
lated in the same regions as for strain 81-176 (fig. 6B).

IgA1/Serine Protease

We identified a conserved hypothetical  protein
(CJJ5070_17030) and a serine protease Pet putative autotran-
sporter protein (CJJ5070_17040) (supplementary fig. S1C,
Supplementary Material online), both coding sequences
(CDSs) missing completely in strain NCTC11168 and highly
fragmented in other C jejuni genomes, yet conserved
among the ST-677 CC isolates. In RM1221, the integration
site of CJIET is located next to the site where the highly frag-
mented gene (homolog of ¢j5070_17030) is found.
InterProScan  revealed that the hypothetical protein
CJJ5070_17030 belongs to the Pfam family Peptidase_S6

(PF02395, MEROPS peptidase family S6), a group of serine
peptidases, and contains an immunoglobulin A1 protease
domain. The ORF annotated by RAST as serine protease Pet
(CJJ5070_17040) contained an outer-membrane autotran-
sporter barrel domain (IPRO06315) and autotransporter
beta-domain (IPRO05546). This type of organization is typical
for a two-partner secretion (TPS) pathway, also known as type
Vb secretion system (T5bSS), with the passenger (TpsA) and
translocator (TpsB) functions translated as separate polypep-
tide chains and the genes typically organized in an operon
(Henderson et al. 2004).

Filamentous Hemagglutinin Domain Protein

We found two syntenic homologous gene clusters in different
chromosomal  locations  (supplementary  fig.  S1D,
Supplementary Material online) that contained a putative peri-
plasmic protein, a filamentous hemagglutinin domain protein,
and a putative hemolysin activation/secretion protein
(CJJ5070_02700-CJJ5070_02740) or a hypothetical protein
(CJJ5070_12170-CJJ5070_12210) with a polypeptide-trans-
port-associated ShiB-type (IPRO13686) domain of the TpsB
transporter family (T5bSS). These genes were more conserved
in the ST-677 CC genomes than their counterparts in several
other C. jejuni genomes. In a recent study from Japan
(Asakura et al. 2012), the filamentous hemagglutination
domain protein (FHA) (CJJCF936_0827) was shown to affect
host cell binding, and especially the N-terminus region was
required for the increased binding affinity to heparan sulfate.
This region was found to be well conserved among the two
homologous proteins, even though the sequences overall
were highly variable (<9% amino acid identity).

IceA1 Gene Cluster

Genes involved in methionine biosynthesis (O-acetylhomoser-
ine sulfhydrylase, homolog of ¢7727c, metB; homoserine
O-succinyltransferase ¢1726¢c, metA) were missing in the
ST-677 CC genomes. Instead, there was an insertion of a
novel gene cluster involved in DNA restriction modification
between ¢j71720 and ¢71729c of NCTC11168 (supplementary
fig. S1E, Supplementary Material online). FixL (CJJ5070_
14950¢) showed homology with DNA adenine/modification
methylases in Campylobacter rectus (100% coverage, 62%
amino acid identity), Riemerella anatipestifer (99% coverage,
61% identity), and Gallibacterium anatis (95% coverage,
57% identity). This gene cluster was also found to include a
homolog of  IceA1/Nialll (hypothetical protein,
CJJ5070_14940c) with high sequence similarities with, for ex-
ample, Helicobacter hepaticus (98% coverage, 73% identity),
R. anatipestifer (97 % coverage, 73% identity), G. anatis (93%
coverage, 67% identity), and Helicobacter pylori (94% cover-
age, 62% identity). The ORF predicted as ulcer associated
adenine-specific  DNA  methyltransferase by  RAST
(CJJ5070_14910c) also showed high sequence similarities
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Fic. 6.—BRIG images visualizing genes involved in iron uptake in C. jejuni using NCTC11168 as a reference. (4) Chromosomal location and distribution
of selection of genes involved in iron uptake in reference strain NCTC11168. Genes found to be missing in the ST-677 CC are highlighted in red. (B) Detailed
analysis of the sequence conservation in selected genes. White areas correspond to sequences with less than 70% similarity (BLASTN) against the reference.

with H. hepaticus (99% coverage, 68% identity), R. anatipes-
tifer (99% coverage, 58% identity), and Campylobacter upsa-
liensis (99% coverage, 66% identity) and was identified as an
ortholog of the CATG-specific methyltransferase hpyl/M of H.
pylori. The same position and gene synteny were present for
the whole gene cluster in all ST-677 CC isolates included in
this study. Furthermore, we screened all available C. jejuni
genomes (GenBank, EMBL, Campylobacter PubMLST/
BIGSdb) for this cluster of genes and found it only in isolates
of ST-22 (ST-22 CC), ST-403 (ST-403 CC), and ST-1080 in
addition to the ST-677 CC.

Another unique orphan DNA methyltransferase for C. jejuni
was identified in the ST-677 CC isolates (CJJ5070_08940),
homologs of which were found to be only present in C. coli
and C. upsaliensis isolates and no other C. jejuni strains except
LMG9872 in the nr protein database.

Discussion

Overall, the ST-677 CC was identified as a highly clonal line-
age with relatively small differences in the genomes of strains
even in some cases isolated 25 years apart (LMG9872 vs. farm
A). The epidemiologically unrelated clinical isolates and the
farm isolates differed only from 9 to 41 SNPs in the
wgMLST analysis suggesting a high level of genome stability
among this lineage. However, the main differences at the
genome level were located in the CJIET- and CJIE2-like inte-
grated elements. The CJIE2 was present in both STs isolated
from chicken but in only one of the clinical isolates, raising the

guestion of whether strains carrying this element have a com-
petitive disadvantage in human infections relative to strains in
which this element is absent. The ClonalFrame genealogy of
the whole-genome sequences revealed an association of a
large internal deletion in the more conserved CJIET with one
of the clusters of ST-677 isolates, which could indicate that
this integrated element was obtained from a common ances-
tor and has since been carried in this CC, in contrast to the
CJIE2, which seems to be more recently acquired. Supporting
this view is that the CJIE2 was more divergent, unevenly dis-
tributed among the isolates and located in different positions
in different STs.

Campylobacter jejuni is generally considered to be naturally
competent for DNA uptake (Wang and Taylor 1990), a mech-
anism contributing to genetic diversity. Nevertheless, nonnat-
urally transformable strains and relatively stable clonal lineages
exist (Asakura et al. 2012). In a previous study, the majority of
nonnaturally transformable strains of C. jejuni was shown to
express DNase activity, encoded by ¢e0256 present in the
CJIET, whereas all naturally competent strains lacked this ac-
tivity (Gaasbeek et al. 2009). In vitro we found very low levels
of natural transformation (<10~ among isolates of the ST-
677 CC and between ST-677 CC and other CCs (ST-45 CC,
ST-21 CC) (data not shown). In agreement with this finding,
the ST-677 CC genomes contained a homolog of CJE0256
(100% amino acid identity). Two other DNA/RNA nonspecific
endonucleases encoded by CJE0566 and CJE1441 (located on
CJIE2 and CJIE4, respectively) of strain RM1221 have also
been shown to result in decreased efficiency of natural
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transformation in C. jejuni (Gaasbeek et al. 2010). The major-
ity (6/8) of the ST-677 isolates, including all farm A isolates,
contained also the CJEO566 homolog (90% amino acid iden-
tity). Furthermore, all genomes were missing the competence
family protein (¢j7277) shown previously (Jeon et al. 2008) to
be required for natural transformation and transfer of antibi-
otic resistance determinants in C. jejuni. These results are in
line with the observed high clonality and susceptibility to an-
timicrobial agents (data not shown) in ST-677 CC.

Clusters of regularly interspaced short palindromic repeats
and associated genes, the CRISPR-Cas, have been proposed to
function as a prokaryotic immune system, conferring resis-
tance to exogenous genetic elements such as plasmids and
phages (Bondy-Denomy and Davidson 2014). We found that
the CRISPR-Cas system of the ST-677 CC isolates was highly
degenerated and likely nonfunctional. Previously, the gangli-
oside-like lipooligosaccharide (LOS) structures of GBS-associ-
ated C jejuni strains were shown to confer efficient
bacteriophage resistance and the presence of sialyltrans-
ferases correlated with the apparent degeneration of type |l
CRISPR-Cas (Louwen et al. 2013). However, our results do not
support this finding, as the ST-677 CC has not only a degen-
erated CRISPR-Cas system but also a nonsialylated LOS class O
biosynthetic locus. We suggest that the degradation of the
CRISPR-Cas system and the type | restriction—-modification sys-
tems (data not shown) could be associated with the presence
of CJIEs, some of which are of phage or plasmid origin, and
more specifically, the DNA/RNA endonucleases and methyl-
transferases encoded by the integrated elements. This re-
mains, however, to be shown with a larger and more
diverse strain collection. This view is supported by an earlier
study demonstrating that C jejuni strains with degenerated
CRISPR loci often carry integrated elements (prophage) or
plasmids not present in the strains with an active CRISPR-
Cas system (Dugar et al. 2013).

The C jejuni farm isolates showed SNPs in only one gene
and homopolymeric tract length variation in a few genes as-
sociated with the capsule, LOS, and flagella. In addition, only
one point mutation leading to a synonymous substitution in a
hypothetical protein located in the CJIET was identified. Phase
variation in genes encoding surface-associated molecules,
mainly the capsule, flagella and LOS, has been shown to rep-
resent an important strategy for C jejuni to promote host
colonization, avoid bacteriophage infection, and cause in-
creased virulence (Jerome et al. 2011; Holst Sorensen et al.
2012). Previously, phase variation has been shown to occur in
contingency genes ¢0045c and ¢0770 in association with
passage through the chicken or mouse gastrointestinal tract
and to be associated with colonization and disease potential in
amouse model (Kim et al. 2012). We found that in the ST-677
CC isolates the homolog of 0770 was absent (similar to
strain 81116), and furthermore, the Cj0045 sequence
showed only 84% identity (BLASTP) and was missing part of

the sequence (7.5%, encoding for the C-terminus of the pro-
tein), including the poly-G tract.

The CPS of C jejuni is highly variable and is considered to
be the major determinant of the Penner serotyping scheme
(Moran and Penner 1999; Karlyshev et al. 2000). In our pre-
vious study, we showed that the Penner serotype HS4 com-
plex was associated with ST-677 CC and ST-48 CC
(Karenlampi et al. 2007). In this study, we showed that the
ST-677 CC capsule biosynthetic locus resembles that of
ATCC43432, which is the type strain of Penner serotype
HS4. In addition, the capsule locus of a ST-48 CC isolate
(strain 32488, ST-1460, ST-48 CC) was found to be nearly
identical to the capsule locus of ST-677 CC. Earlier, a higher
proportion of C. jejuni HS4 strains was reported among blood
isolates relative to fecal isolates, suggesting that these strains
were likely to be more serum-resistant and/or invasive (Skirrow
etal. 1993). This is in line with our findings that the ST-677 CC
was more common among patients requiring hospitalization
and a longer stay in hospital (Karenlampi et al. 2007) and a
recent study reporting that ST-677 CC was associated with
bacteremia in Finnish patients (Feodoroff et al. 2013).
Moreover, the capsule biosynthesis locus contained a large
insertion predicted to be involved in capsular polysaccharide
biosynthesis and modification and showing high sequence
similarities with CDSs from C. jejuni subsp. doylei (strain
269.97) just outside the cps cluster of this strain. This is an
interesting finding since C. jejuni subsp. doylei has been the
major cause of bacteremia in Australia (85.2% of bacteremia
cases caused by Campylobacter spp. or related organisms)
(Morey 1996) and also a more frequent finding in blood cul-
tures (24%) compared with Campylobacter-positive stool cul-
tures (9.7%) at Red Cross Children’s Hospital in Cape Town
South Africa (Lastovica 1996). The detection of CPS-related
genes located outside the ¢ps cluster has previously been re-
ported (Karlyshev et al. 2013), suggesting that CPS structural
variability may be determined not only by the genes present in
this cluster but also by the genes in other parts of the genome.
It has also been suggested that genes outside the cps gene
cluster may form a pool of mobile genes capable of integra-
tion into the ¢ps region and inducing structural rearrange-
ments (Karlyshev et al. 2013). How this modulates the
capsule structure and host-pathogen interactions remains to
be elucidated.

The capsule has been shown to be important for resisting
the human complement, and LOS to be more important for
protection against killing mediated by cationic antimicrobial
peptides and proteins (Keo et al. 2011). We identified varia-
tion in the poly-G homopolymeric tract lengths of GDP-man-
nose 4,6-dehydratase (wcbK) gene in the capsule biosynthesis
locus in C. jejuni ST-677 CC. Previously dmhA (synonymous to
wcbK) has been shown to be phase variable in some strains of
C. jejuni (Karlyshev et al. 2005). Furthermore, wcbK was dem-
onstrated to be missing from Campylobacter fetus subsp.
venerealis; however, it was also shown to be involved in
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lipopolysaccharide (LPS) biosynthesis in C. fetus subsp. fetus
type B isolates and to correlate with serum susceptibility
(Kienesberger et al. 2014). Furthermore, the knockout
mutant of wcbK was shown to be serum-resistant
(Kienesberger et al. 2014). It is tempting to hypothesize that
this phase-variable gene is associated with the varying degrees
of serum resistance observed between the ST-677 CC isolates
identified previously (Feodoroff et al. 2013) through genotypic
switching resulting from slipped strand  mispairing.
Furthermore, the wcbK mutant of C fetus (ATCC27374)
was earlier established to be more acid-sensitive than the
wild type (Kienesberger et al. 2014). In addition to the capsule,
a mosaic organization has also been reported for the LOS
gene clusters in C. jejuni and gene transfer between the LOS
and capsule locus to occur (Parker et al. 2008; Karlyshev et al.
2013). The phase-variable wcbK in ST-677 CC could have a
major role in pathogenesis by conferring acid resistance during
transmission of the bacterium through the stomach, helping
evade the host immune defense (affecting recognition by the
immune system), and conferring serum resistance during sys-
temic infections. Our finding that the poly-G tract was missing
in the majority of the C. jejuni alleles for this locus (and the lack
of the locus in several genomes, e.g., NCTC11168) supports
the idea that this gene could be associated with evolution and
niche specialization, however, the function and particular se-
lective pressures associated with this phase-variable gene
during infection remain to be proven experimentally.

In all ST-677 CC isolates, the cdt operon was highly degen-
erated, with the cdtA and cdtB missing nearly completely and
cdtC truncated. The cdt operon has previously been shown to
be conserved among most C. jejuni subsp. jejuni isolates and
missing or highly degraded in C. jejuni subsp. doylei (cdtA trun-
cated, cdtB and cdtC missing) and a link has been proposed
between the absence of cdt genes or missing CDT activity in
C. jejuni subsp. doylei and bacteremia (Parker et al. 2007).
Supporting this view, AbuOun et al. (2005) have reported the
degeneration of the cdt locus in relation to CDT-negative
C. jejuni strains isolated from blood samples of campylobacter-
iosis patients with underlying medical problems.

Campylobacter jejuni requires iron for successful coloniza-
tion of the host; however, it is not known to produce any
endogenous siderophores of its own. Iron acquisition relies
on iron scavenging and outer-membrane receptors specific
for particular iron sources (Miller et al. 2009). Similar to the
highly invasive strain 81-176 (Hofreuter et al. 2006), the ST-
677 CC was missing the ferric enterobactin uptake receptor
(cfrA) as well as the adjacent tonB3 and the tonB1 transport
system (exbB1/exbD1/tonB7). Instead, the ST-677 CC isolates
and strain 81-176 encode for CfrB which has been shown to
be a functional ferric enterobactin receptor in 81-176 (Xu
et al. 2010). Cj1613c and ChuA have been shown to be re-
quired for hemin and hemoglobin utilization by C jejuni
(Ridley et al. 2006). Interestingly chuA (¢j5070_13760, anno-
tated as hemin uptake system outer-membrane receptor by

RAST) in ST-677 CC showed sequence divergence in similar
regions as 81-176 relative to NCTC11168. The variable re-
gions have previously been identified as the exposed loops
between membrane-embedded B sheets, and the observed
diversity has been speculated to affect the interaction of ChuA
with the siderophore or to result from the selective pressure by
the host immune system (Hofreuter et al. 2006). Whether
differences in the affinities of the different homologs of
ChuA exist in binding to hemin remains to be studied.

Interestingly, we identified a conserved hypothetical pro-
tein belonging to the Pfam family Peptidase_S6 and an asso-
ciated autotransporter beta domain containing protein
CJJ5070_17030/CJJ5070_17040, which encode a novel pu-
tative type Vb secretion system (T5bSS, alternatively known as
TPS system) in C. jejuni ST-677 CC. The Peptidase_S6 family
consists of T5SS autotransporter proteins associated with
many important bacterial virulence factors, for example, the
immunoglobulin A1 protease proteins capable of cleaving im-
munoglobulin IgA found in pathogenic bacteria such as
Neisseria gonorrhoeae (Pohiner et al. 1987) and Neisseria
meningitidis; EspP, an extracellular (plasmid-encoded) serine
protease of Escherichia coli O157:H7 capable of cleaving
pepsin A and human coagulation factor V, which may con-
tribute to the mucosal hemorrhage observed in hemorrhagic
colitis (Brunder et al. 1997); and the hemoglobin-binding pro-
tease Hbp autotransporter of E. coli EB1 shown to interact
with hemoglobin, degrade it, and subsequently bind the re-
leased heme (Otto et al. 1998). In T5bSS, the effector protein
and translocator domain are produced as separate polypep-
tides (Henderson et al. 2004). Our group previously reported a
similar serine protease in C. coli 73699; however, in that strain
both domains resided in the same ORF (Skarp-de Haan et al.
2014), similar to type Va secretion system proteins (Henderson
et al. 2004). Whether a similar kind of function as that seen in,
for example, E. coliis conferred by CJJ5070_17030 in C. jejuni
and/or C. coli and whether it could be associated with the
more frequent appearance of the ST-677 CC among blood
culture isolates remain unknown.

Interestingly, we also identified two further homologous
syntenic gene regions, including two filamentous
hemagglutinin domain proteins and two putative associated
transport proteins (another T5bSS) conserved among the ST-
677 CC while degraded in the majority of C. jejuni isolates. In
Bordetella pertussis, the FHA has been shown to play a critical
role by acting as a major virulence attachment factor contain-
ing at least three distinct domains that exhibit specific affinities
for different ligands or receptors; one specific for macro-
phages, one specific for interactions with cilia, and one with
heparin-binding activity that may be important for the inter-
action of B. pertussis with epithelial cells or extracellular ma-
trices (Locht et al. 1993). FHA has also been shown to function
as an immunomodulator, affecting host specificity in
Bordetella (Inatsuka et al. 2005). In Japan, C. jejuni ST-4526
host cell binding was demonstrated to be increased for FHA-
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positive strains compared with FHA-truncated strains (Asakura
et al. 2012). Furthermore, the N-terminus region was appar-
ently required for the increased binding affinity to heparan
sulfate (Asakura et al. 2012), a linear polysaccharide chain
covalently O-linked to serine residues within the core proteins
(so-called heparan sulfate proteoglycans), which are produced
by almost all mammalian cells and occur in close proximity to
the cell surface. The role of the FHAs in the adhesion, virulence
and immune evasion of the ST-677 CC remains to be studied.

Of special interest was the discovery of the IceA1/Nlalll
gene cluster (including two putative DNA methyltrasferases
and an endonuclease) showing homology between C. jejuni
isolates of the ST-677 CC, Helicobacter spp., Neisseria lacta-
mica, R. anatipestifer, and G. anatis. Riemerella anatipestifer is
a Gram-negative bacterial pathogen causing septicemic dis-
ease primarily in ducks, geese, turkeys, and waterfowl (Segers
et al. 1993). Gallibacterium anatis, previously known as
Pasteurella anatis, is associated with pathological lesions, in-
cluding salpingitis with or without peritonitis, septicemia, peri-
carditis, hepatitis, respiratory tract lesions, and enteritis in
chickens (Christensen et al. 2003). Gallibacterium anatis has
been shown to be responsible for decreased egg production
and increased mortality in commercial laying hens. Recently,
the first case of bacteremia related to G. anatis in an immu-
nocompromised patient was described (Aubin et al. 2013).
This is the first study to report a homolog of /ceA1/Nlalll en-
donuclease and the type Il methyltransferase (ortholog of
hpyIM) in C. jejuni (CJJ5070_14940c and CJJ5070_14910c,
respectively). Further studies using the PubMLST database
showed that this gene cluster was limited to only ST-22 and
ST-403 of C. jejuni in addition to the ST-677 CC. In H. pylori,
the iceAT has been suggested to affect virulence in vivo
through transcriptional regulation of the associated hpyIM ex-
pression levels, which may result in specific variations in DNA
methylation patterns, leading to alteration in the expression of
genes involved in virulence or pathogenesis (Donahue et al.
2000). Mutation of the hpylM methylase in H. pylori altered
the expression of the stress-responsive dnak operon and de-
creased survival (associated with increased RNA degradation)
in stationary phase cultures and cells adherent to AGS gastric
epithelial cells in vitro, suggesting a role for this gene in tran-
scriptional regulation (Donahue et al. 2002). Previously, at
least one putative DNA methyltransferase in C jejuni
(g1461, homolog present also in the ST-677 CC isolates)
has been demonstrated to have a role in regulating virulence
characteristics in C. jejuni (Kim et al. 2008). A mutant
(4¢1467) of strain 81-176 showed reduced motility and
was 7-fold more adherent but 50-fold less invasive in
INT-407 human epithelial cells compared with the wild type
(Kim et al. 2008). The importance and potential role of these
additional DNA methyltransferases and endonuclease in gene
regulation, stress response, and virulence in Campylobacter
spp. remain to be clarified.

To conclude, maintenance of the genome in the C. jejuni
ST-677 CC lineage seems to be highly controlled, reflected in
the high genetic similarity of unrelated genomes and the
minor differences (one synonymous SNP and poly-G/C tract
length differences in contingency genes) in epidemiologically
related isolates. The main differences between the epidemio-
logically unrelated isolates were located in the CJIEs. Novel
interesting gene candidates, including two putative T5bSS
proteins and an RM/methyltransferase gene cluster, poten-
tially linked to the association of this CC with bacteremia
were identified. Furthermore, some contingency genes pre-
sent in NCTC11168 were either found to be divergent and
lacking the poly-G tract or were missing completely from the
ST-677 CC. However, we identified the phase-variable gene,
GDP-mannose  4,6-dehydratase  (EC  4.2.1.47) (wcbK,
CAMP1649), which may be a key component in serum resis-
tance and niche adaptation in this lineage. Further studies are
needed to confirm the association of these features with
blood-borne infections and to characterize their roles in
host—pathogen interactions in more detail.

Supplementary Material

Supplementary figure ST and tables S1-S3 are available at
Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).
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