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Abstract

Campylobacteriosis incited by C. jejuni is a significant enteric disease of human beings. A person working with two reference
strains of C. jejuni National Collection of Type Cultures (NCTC) 11168 developed symptoms of severe enteritis including
bloody diarrhea. The worker was determined to be infected by C. jejuni. In excess of 50 isolates were recovered from the
worker’s stool. All of the recovered isolates and the two reference strains were indistinguishable from each other based on
comparative genomic fingerprint subtyping. Whole genome sequence analysis indicated that the worker was infected with
a C. jejuni NCTC 11168 obtained from the American Type Culture Collection; this strain (NCTC 11168-GSv) is the genome
sequence reference. After passage through the human host, major genetic changes including indel mutations within twelve
contingency loci conferring phase variations were detected in the genome of C. jejuni. Specific and robust single nucleotide
polymorphism (SNP) changes in the human host were also observed in two loci (Cj0144c, Cj1564). In mice inoculated with
an isolate of C. jejuni NCTC 11168-GSv from the infected person, the isolate underwent further genetic variation. At nine loci,
mutations specific to inoculated mice including five SNP changes were observed. The two predominant SNPs observed in
the human host reverted in mice. Genetic variations occurring in the genome of C. jejuni in mice corresponded to increased
densities of C. jejuni cells associated with cecal mucosa. In conclusion, C. jejuni NCTC 11168-GSv was found to be highly
virulent in a human being inciting severe enteritis. Host-specific mutations in the person with enteritis occurred/were
selected for in the genome of C. jejuni, and many were not maintained in mice. Information obtained in the current study
provides new information on host-specific genetic adaptation by C. jejuni.
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Introduction

Campylobacteriosis incited by C. jejuni is a prevalent enteric

disease of people. For example, we recently observed that 10.3%

of 2251 diarrheic individuals were culture positive for C. jejuni over

a 1 year period in southwestern Alberta, Canada (unpublished).

The epidemiology of campylobacteriosis is poorly understood at

present, and the source attribution hypothesis suggests that some

genetic lineages of C. jejuni exist that define host adaptation. This

hypothesis is consistent with observations that certain genetic

lineages of C. jejuni are commonly associated with diarrheic human

beings but not with non-human hosts [1]. The application of

multilocus sequence typing in conjunction with source attribution

models has been used to link various reservoirs of C. jejuni with

human infections [2–6]. However, the degree to which host

specificity exists across various sub-lineages (i.e. Sequence Types

or STs) in the C. jejuni population is unclear. For example, Gripp

et al. [7] observed considerable phenotypic diversity within ST-21

which did not correspond to isolation source; the genetic diversity

observed was attributed to recombination and gain of phage-

related genes. Moreover, although there is considerable source

specificity for many STs, there are many highly prevalent STs for

which multiple sources are possible. Whether genotyping schemes

with higher resolution such as comparative genomic fingerprint

(CGF) subtyping [1,8] will yield data with improved host

specificity remains to be determined.

Campylobacter jejuni National Collection of Type Cultures

(NCTC) 11168 was originally isolated from the feces of a diarrheic

human being in 1977 [9], and it is the genomic reference strain

(NCTC 11168-GS) for the species [10]. Similarly to other C. jejuni

strains, NCTC 11168 contains many homopolymeric tracts of

nucleotides within its genome [10,11]. These regions are

hypervariable and function as contingency loci that frequently

undergo slipped-strand mispairing during replication resulting in

insertions and/or deletions (i.e. indels) and subsequent frame shifts
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and phase variation [12]. This phenomenon is thought to be

important in host adaptation, enhanced virulence, and immune

evasion via rapid changes in cell surface characteristics [10,13,14].

It has long been recognized that repeated culturing or passage

through animal hosts results in phenotypic changes in microor-

ganisms including C. jejuni [15–18]. In this regard, several genetic

variants of C. jejuni NCTC 11168 have been characterized [19,20]

including variants that possess different phenotypic characteristics

relative to the parent strain [21,22]. Recent reports have shown

that the genome of C. jejuni undergoes rapid microevolutonary

change during passage through the gastrointestinal tracts of

poultry and/or murine hosts [23–25]. It is now recognized that

phase variation to modify gene expression as an alternative to

conventional genetic regulatory mechanisms may play an impor-

tant role in the success of C. jejuni as an enteric pathogen [23–27].

Whether similar genetic change occurs within immunocompetent

hosts in which the bacterium incites disease such as human beings

is currently uncertain. It is noteworthy that although NCTC

11168 was originally isolated from a diarrheic human being, its

virulence in people has not been examined. We hypothesize that

C. jejuni NCTC 11168 will undergo rapid and host-specific genetic

changes in an immunocompetent human host with enteritis. To

test this hypothesis, we comparatively examined the degree of

mutations within the genome of C. jejuni NCTC 11168 in an

infected person in which the bacterium incited severe acute

inflammation, and the stability of genetic change in an alternate

mammalian host (i.e. mice).

Materials and Methods

Ethics Statement
The stool sample of the person infected by C. jejuni was donated

by the afflicted individual. Written informed consent was provided

by the infected individual to isolate C. jejuni from their stool sample

and to genotype and utilize the recovered C. jejuni isolates in

subsequent research. The component of the study involving the

use of interleukin (IL)-10 knockout (KO) mice was carried out in

strict accordance with the recommendations specified in the

Canadian Council on Animal Care Guidelines. The project was

reviewed and approved by the Lethbridge Research Centre (LRC)

Animal Care Committee (Animal Use Protocol Review 0703) and

the LRC Biosafety and Biosecurity Committee before research

commenced.

Isolates
Campylobacter jejuni NCTC 11168-GSv was obtained from

American Type Culture Collection (ATCC 700819). This strain

is the genome reference strain for the species [10]. Campylobacter

jejuni NCTC 11168-V26 was obtained from Dr. Brenda Allen

(Vaccine and Infectious Disease Institute, Saskatoon, SK). This

strain was originally obtained from ATCC by the National

Research Council Canada in 1977, and it was repeatedly

laboratory-passaged; the strain was subsequently determined to

differ both phenotypically and genetically from NCTC 11168-GS

and was designated as a variant strain [22].

In late October 2003, a person working with C. jejuni isolates

developed severe diarrhea. On October 30, the individual sought

medical assistance, and a stool sample was submitted to the

Microbiology Diagnostic Laboratory (MDL) at Chinook Regional

Hospital located in Lethbridge, Alberta, Canada. The unused

stool sample was stored at 4uC. The afflicted individual was

subsequently diagnosed with campylobacteriosis incited by C. jejuni

in early November by MDL staff. No other enteric pathogens were

detected. The stool sample submitted to the MDL in Cary-Blair

transport medium [28] was obtained. A subsample of the stool was

suspended in sterile Columbia broth (Oxoid, Thermo Scientific,

Nepean, ON), streaked onto Karmali agar (Oxoid) containing

selective supplement SR167 (Oxoid), and cultures were main-

tained at 40uC in a microaerobic environment (10% CO2, 3% H2,

5% O2, 82% N2). After 48 hr, multiple colonies (.50 isolates)

were recovered (maximum of two isolates per culture), streaked for

purity on Karmali agar, and biomass for each isolate was stored in

Columbia broth containing 30% glycerol at 280uC (with no

subculturing).

Isolate Characterization
All isolates were tested for their ability to hydrolyze hippurate

[29], and DNA was extracted and subjected to taxon-specific PCR

for Campylobacter genus (16 S rRNA gene) and C. jejuni (hipO and

mapA genes) [30–32]. The near complete 16 S rRNA gene of

arbitrarily-selected isolates was also sequenced, and the sequences

were compared to reference sequences in the NBCI using BlastN.

All recovered isolates from the human stool, as well as NCTC

11168-GSv and NCTC 11168-V26 were genotyped using the

CGF40 subtyping method [1].

Murine Intestinal Colonization
Mice (C57BL/6J IL-102/2) were obtained from a breeding

colony maintained at LRC. Mice were originally purchased from

The Jackson Laboratory (Bar Harbor, ME). All mice were

maintained in a germ-free environment, were fed autoclaved

AIN-93G Purified Rodent feed (Sterigenics, Rockaway NJ) and

water ad libitum, and were monitored for behavioural and

physiological signs of distress. Before inoculation, feces from all

mice were aseptically collected and examined for the presence of

C. jejuni. Feces were homogenized in Columbia broth, a 100 ml

aliquot of the suspension was spread on Karmali agar containing

selective supplement SR167, and cultures were maintained at

40uC in a microaerobic environment for 72 hr and examined for

the presence of C. jejuni colonies. All mice were deemed free of C.

jejuni.

A single arbitrarily-selected C. jejuni isolate from the stool of the

infected person (K12E5) was grown on Columbia agar amended

with 5% sheep blood and selective supplement SR167 (Columbia

blood agar) at 40uC for 16 hr. Biomass was carefully removed

from the surface of the agar medium, and cells were suspended in

phosphate buffered saline (PBS; pH 7.2). The density of cells was

adjusted to 26109 cells ml21. Three mice were gavage inoculated

with 100 ml of the cell suspension within 30 min of the collection

of C. jejuni cells. To confirm densities of viable cells, inoculum was

diluted in a 10-fold dilution series, 100 ml of each dilution was

spread in duplicate onto Karmali agar, cultures were incubated at

40uC in a microaerobic atmosphere, and the number of C. jejuni

colonies were counted at the dilution yielding 30 to 300 colony

forming units (CFU) after 48 hr of incubation. Aliquots of the

inoculum were also examined microscopically for the presence of

highly motile C. jejuni cells (i.e. before and after the 30 min

inoculation period). After inoculation of mice, feces were collected

commencing 2 and 7 days post-inoculation (p.i), and at 7 day

intervals thereafter up to 28 days p.i. Densities of C. jejuni cells

within feces were determined by dilution spread-plating on

Karmali agar containing selective supplement SR167 as above,

and CFU g21 of feces were determined. On day 28, the mice were

anesthetized with isofluorane (Halocarbon Products Corporation,

River Edge, NJ), and humanely euthanized under anaesthesia by

cervical dislocation. The intestinal tract of each mouse was

exposed, and the cecum was aseptically excised. The cecum of

each mouse was opened longitudinally, mucosal surfaces were
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gently washed with chilled sterile PBS, and biopsies (5–10 mg)

were removed for DNA extraction. The mucosal surfaces of five

cecal pieces were rubbed over the surface of Columbia blood agar,

and cultures were maintained at 40uC in a microaerobic

environment. After 16 hr, growth of C. jejuni on the medium was

confirmed by colony morphology, as well as cell morphology and

motility. Cells were harvested from the medium surface, and

suspended in PBS. The density of cells was adjusted 26109 cells

ml21, and equal volumes of the adjusted cell suspension from each

mouse were combined. Three C. jejuni-free mice were gavage

inoculated with the fresh cell suspension, mice were maintained,

and samples were collected and processed as above. The

procedure was repeated for a total of three passages. From last

group of mice, C. jejuni colonies from ceca and feces at 28 days p.i.

were collected from the surface of Columbia blood agar, and

biomass was stored at 280uC; care was exercised to ensure the

purity of the C. jejuni biomass collected.

Quantitative PCR
Densities of C. jejuni associated with mucosa of the jejunum,

ileum, cecum, and descending colon were determined by

quantitative PCR targeting the mapA gene [33]. Genomic DNA

was extracted from tissue using a RTP Bacteria DNA Mini Kit

(Invitek, Berlin, Germany) according to the manufacturer’s

instructions. Concentrations of DNA were quantified using a

fluorometer (TD360; Turner Designs, Sunnyvale, CA), and DNA

was stored at 280uC. The SYBR Green-based standard curve

method for quantification of DNA was carried out using Power

SYBRH Green PCR (Life Technologies, Carlsbad, CA). Each

20 ml PCR reaction contained 2 ml of DNA (20–50 ng), 10 ml of

the 2X Power SYBRH Green PCR Master Mix, and 200 nmol of

each of the forward and reverse primers. The QCjmapANF and

QCjmapANR primers were used. A standard curve was estab-

lished using genomic DNA from C. jejuni NCTC 11168-GSv; DNA

copy number varied from 101 to 107. Samples were amplified as

follows: one cycle at 95uC for 10 min; and 40 cycles at 95uC for

15 sec, and 60uC for 60 sec. A Stratagene Mx 3005 p (Stratagene

Products, La Jolla, CA) was used. Each PCR reaction per sample

was run in triplicate, and the mean value was calculated. The

number of C. jejuni cells was expressed as copy number mg21 of

tissue. For all reactions, melt curve analysis was conducted to

confirm amplification specificity.

Data were analyzed using the MIXED procedure of SAS (SAS

Institute Inc., Cary NC). Intestinal location was treated as a

repeated measure, and the appropriate covariance structure was

utilized according to the lowest Akaike’s Information Criterion

(AIC). In conjunction with a significant F test, the lsmeans function

of SAS was used to compare location and passage.

Illumina Sequencing
The C. jejuni samples sequenced were: (A) NCTC 11168-GSv;

(B) NCTC 11168-GSv after four culturing cycles; (C) Kf1

consisting of the collective genomic DNA of 52 individual isolates

recovered from the stool of the infected person (replicate 1); (D)

Kf2 consisting of the collective genomic DNA of 52 individual

isolates recovered from the stool of the infected person (replicate

2); (E) a single isolate, K12E5 recovered from the infected person;

(F) mcK12E5 consisting of genomic DNA of C. jejuni isolates

recovered from ceca after three passages through mice; (G)

mfK12E5 consisting of the collective genomic DNA of C. jejuni

isolates recovered from murine feces after three passages through

mice; and (H) NCTC 11168-V26. Upon arrival of reference

isolates at LRC (i.e. sample A and H) or after initial isolation, all

isolates were maintained at 280uC with no sub-culturing. To

obtain biomass for genomic DNA extraction, isolates were

cultured on Columbia blood agar, cultures were maintained at

40uC in a microaerobic environment for 24 hr, cells were carefully

removed from the surface of the medium and suspended in PBS,

cells were pelleted by centrifugation (16,0006g), and the

supernatant removed. Genomic DNA was extracted using the

RTP Bacteria DNA Mini Kit (Invitek) according to the

manufacturer’s instructions. Concentrations of DNA were quan-

tified using a fluorometer (Turner Designs). For samples C and D,

equal quantities of DNA from each of the 52 isolates were

combined into a master mix, and the composite sample was

divided into two equal aliquots for analysis. The final concentra-

tion of genomic DNA in samples ranged from 20–50 ng ml21.

Barcoded libraries for Illumina sequence were constructed at the

Michael Smith Genome Sciences Centre (University of British

Columbia, Vancouver, BC). Paired-end sequence data (75 bp read

lengths) was obtained using an Illumina HiSeq 2000 (Illumina

Inc., San Diego, CA) located at the Genome Sciences Centre.

Bioinformatic Analyses
Illumina data for each sample was received as paired-end FastQ

data files. Prior to analysis, data for individual samples was

processed through an in-house quality control (QC) pipeline which

resulted in an approximate 15–20% decrease in total raw

sequences. The QC pipeline integrated a cleaning phase

comprised of artifact filtering, adapter removal, and low

complexity screening. Quality control data for each sample were

aligned to the C. jejuni NCTC 11168-GS reference genome

obtained from GenBank, National Center for Biotechnology

Information using the Bowtie2 aligner [34]. Aligned data was

further processed into a position-based alignment output using

SAMTools [35]. Further analysis was conducted in three separate

phases. In phase one, identification of the reference strain infecting

the human worker was ascertained. In phase two, comparative

genomic analysis of strains was conducted against NCTC 11168-

GS. In phase three, a 70 times coverage subsample was extracted

from each data sample and a mapping assembly was performed

using the MIRA assembler [36]; assembled results were used to

validate results of phase two. Circos [37] was used to visualize

genomic data in a circular layout to facilitate strain identification.

Modified alignment data for samples K12E5, NCTC 11168-GSv,

and NCTC 11168-V26 were mapped relative to the annotated

genome of NCTC 11168-GS. In-house scripts were used to parse

the alignment data for use by Circos. Potential single nucleotide

polymorphisms (SNPs) and indels from the alignment output were

extracted and parsed using scripts developed in-house. A quality

score of 15 (an error rate of approximately 1 in 50) and a

frequency delineator of 15% (i.e. delimiting true genetic change

from sequence variation) were applied. Genetic variations at

specific loci were first validated against the mapping assembly

results and then compared with the annotated data for NCTC

11168-GS, and amino acid substitutions due to SNPs and

potential frame shifts created by indels were identified.

The predicted structure of the C-terminus (residues: 135–260) of

Cj1087c was generated using Phyre2 [38]. The intact and

truncated sequences were threaded to a model of LytM (Pdb

ID: 2B0P, [39]) with an E-value of 3.2 e222 with 100% estimated

precision, and 5.5 e221 with 100% estimated precision, respec-

tively. The models were aligned with WinCoot [40] and visualized

with PyMOL (Available www.pymol.org. Accessed 2013 Aug 02).

Accession Numbers
Whole genome sequences associated with this manuscript were

deposited in GenBank under the accession numbers CP006685,

Host-Specific Genomic Change in C. jejuni
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CP006686, CP006687, CP006688, and CP006689 for K12E5,

Kf1, mcK12E5, mfK12E5, and NCTC 11168-GSv, respectively.

Results and Discussion

Infection of a Human Being
On October 25, 2003 an individual working with cultures of C.

jejuni on October 23 developed a high fever, vomiting, severe

headache, myalgia including a sore neck, bloody diarrhea,

dehydration, and blood in urine. Meningitis was presumptively

diagnosed and Novo-Doxylin (doxycycline) and apo-amitriptyline

were initially prescribed. Blood and cerebrospinal fluid (obtained

from a lumbar puncture) were culture negative, but a stool sample

submitted for diagnosis was culture positive for C. jejuni. No other

enteric pathogens were detected from the stool. Erythromycin was

prescribed and the person fully recovered from the infection. The

stool sample submitted for diagnosis was maintained at 4uC. On

November 4, the stool sample was transferred to Agriculture and

Agri-Food Canada (10 days after submission). In excess of 50

presumptive Campylobacter isolates were recovered. All isolates were

hippurate positive and were identified as C. jejuni by taxon-specific

PCR. CGF40 subtyping revealed that the isolates were indistin-

guishable from each other, and from NCTC 11168-GSv and

NCTC 11168-V26; the isolates from the stool and reference

strains were positive for all 40 loci within the CGF assay. With the

exception of NCTC 11168-GSv and NCTC 11168-V26, all other

strains of C. jejuni that the individual may have had been

potentially exposed to up to 7 days prior to the onset of

symptoms/signs of campylobacteriosis possessed conspicuously

different CGF patterns (data not presented). Thus, the afflicted

individual was deemed to have been infected with either NCTC

11168-GSv or NCTC 11168-V26.

Whole Genome Strain Identification
Comparative Illumina whole genome sequence analysis re-

vealed a high degree of similarity between an arbitrarily-selected

isolate from the infected individual (i.e. K12E5) and NCTC

11168-GSv. A large number of SNPs and indels unique to NCTC

11168-V26 were observed indicating that the afflicted individual

was infected with NCTC 11168-GSv and not NCTC 11168-V26

(Figure 1). Although C. jejuni NCTC 11168 was originally isolated

from the feces of a diarrheic patient [9], and it represents the

sequence reference strain for C. jejuni [10], its virulence in human

beings was uncertain. The severity of the symptoms observed in

the individual infected with NCTC 11168-GSv in the current

study, including vomiting, severe bloody diarrhea, dehydration,

fever, myalgia, and blood in urine indicative of hemolytic uremic

syndrome (HUS) indicate that NCTC 11168-GSv is highly

virulent in human beings. Acute diarrhea, dehydration, fever,

and myalgia are common symptoms of campylobacteriosis

[41,42]. Vomiting and colitis with ensuing bloody diarrhea occurs

in a subset of human beings infected by C. jejuni [43–45]. In

severely diarrheic human beings, C. jejuni infection is characterized

by histopathologic evidence of inflammation (e.g. infiltration of

inflammatory cells, abnormal mucus gland morphology, crypt

abscesses, mucosal ulceration), and the presence of large numbers

of polymorphonuclear leukocytes in stools [46]. A creatinine test

indicated that the kidneys of the infected individual had been

affected. Although rare, HUS has been observed in some

individuals infected by C. jejuni in the absence of other enteric

pathogens [47–49]. Recently, glomerulonephritis was also ob-

served in a human infected with C. jejuni [50], but the occurrence/

extent of nephritis in the human being infected with C. jejuni

NCTC 11168-GSv in the current study is unknown. Genetic

factors contributing to human pathogenicity/virulence in C. jejuni

are very poorly understood at present. Hemolytic uremic

syndrome has been linked to the secretion of a toxin by other

enteric bacteria such as enterohemorrhagic Escherichia coli [51], but

no gene homologs for a Shiga-like toxin are present in the genome

of NCTC 11168-GS or any other strain of C. jejuni. To date, the

cytolethal distending toxin (CDT) encoded by the CDT operon is

the only verified toxin produced by C. jejuni [52]; although its role

in pathogenesis has not been fully resolved, there is no evidence

that the CDT is involved in HUS. Despite the genetic and

phenotypic changes that have occurred in C. jejuni NCTC 11168-

GS relative to NCTC 11168-OS (i.e. original strain deposited in

NCTC), the severe symptoms incited by NCTC 11168-GSv in the

afflicted person in the current study, including the impact of the

bacterium on the person’s kidneys confirms that this strain is

highly virulent and an appropriate C. jejuni genotype for

pathogenicity studies. Although C. jejuni NCTC 11168-GSv is

highly virulent in human beings, the strain is not as effective a

colonizer of the gastro-intestinal tract of chickens as other strains

[53], and this raises questions as to its colonization potential in

other hosts including non-avian reservoirs of human infectious C.

jejuni such as ruminants.

Genetic Variation in a Human Host
To our knowledge, the current study is the first to examine

genetic changes in C. jejuni that occur during human infection. Of

note, the afflicted human subject was a fully immunocompetent

individual, who became infected with NCTC 11168-GSv, which

provided the opportunity to directly compare our results to those

observed for this strain in other hosts. Host-specific changes to the

genome of C. jejuni have recently been observed in a number of

non-human hosts including mice and chickens [23–25]. A similar

Illumina sequencing strategy to that described by Jerome et al.

[25] in mice was employed in the current study. To ascertain the

degree to which genetic variation occurred in a human host with

enteritis, the collective genome sequence of 52 isolates of C. jejuni

recovered from the stool of a person infected with NCTC 11168-

GSv (i.e. Kf1 and Kf2) was compared to the whole genome

sequence of NCTC 11168-GS. To address reproducibility, two

independent sequencing runs (separate aliquots of DNA from

same collective group of isolates) were conducted for C. jejuni

isolates recovered from the infected human. The two runs

provided very similar results across the entire genome (#5.6%

difference in mutation frequency amongst variable genes) indicat-

ing that the Illumina sequencing results were highly reproducible.

The application of high-coverage next-generation sequencing

allowed us to identify frequency changes with a high degree of

resolution within a population of C. jejuni cells across the entire

genome.

Major variations between NCTC 11168-GSv and Kf1/Kf2

were observed in both sequencing runs at 15 loci (i.e. Cj0031,

Cj0144, Cj0170, Cj0262c, 527378, Cj0617, Cj0628, Cj0676,

Cj0685c, 695943, Cj1139c, Cj1190c, Cj1295, Cj1305c, Cj1564)

(Table 1), eleven of which were indels. All 11 indels occurred in

genes possessing homopolymeric regions. These genes encode the

following putative proteins: a type IIS restriction/modification

enzyme (Cj0031); a potassium transporter protein (Cj0676); a

sugar transferase invasion protein (Cj0685c); a b-1,3 galactosyl-

transferase (Cj1139c); and four unknown hypothetical proteins

(Cj0170, Cj0617, Cj0628, Cj1295, Cj1305c). The remaining

indels occurred in intergenic regions (527378, and 695943).

The occurrence of indel mutations within homopolymeric

regions of the genome of C. jejuni NCTC 11168-GSv in human

beings might be expected based on previous observations in IL-
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10 KO mice [25]. Mutability in contingency loci is now believed

to be a very important strategy utilized by C. jejuni in vivo (i.e.

adaptive microevolution). As such, we also observed changes in

phase frequencies that appeared to be modulated by the host via

selection, and the retention of a background population of variants

due to the stochasticity of slipped-strand mutation [25]. Seven of

the indel mutations that we detected were within homopolymeric

regions of the C. jejuni NCTC 11168-GSv genome in the human

being (i.e. Cj0031, Cj0170, Cj0617, Cj0685c, Cj1139c, Cj1295,

Cj1305c) have been previously reported in chickens and/or mice

[23,25]. Furthermore, the indel occurring in Cj0676 has been

previously observed in vitro [20]. The biological relevance of the

high frequency occurrence of the indels within intergenic regions is

uncertain. Of the loci affected, only Cj1295 has been character-

ized, and is associated with flagellin glycosylation [54]. The

biological relevance of the indel mutations that we observed in

contingency loci in the human being is uncertain. Jerome et al.

[25] suggested that many indel mutations in contingency loci play

Figure 1. Circular representation of the genome of Campylobacter jejuni NCTC 11168. Genome maps (in order of presentation from outside
to inside) are: (A) K12E5 from an infected human being; (B) NCTC 11168-GSv; and (C) NCTC 11168-V26. The scale on the outside of the outermost map
represents genome location (x 104 bases). Red and orange bars represent mutations relative to the original annotated reference NCTC 11168-GS
strain deposited in GenBank (AL111168.1) [10,13]. The height of the red and orange bars indicates mutation frequency. Ovals denote mutations
common to NCTC 11168-GSv and K12E5, but not NCTC 11168-V26. Black arrows denote mutations present in K12E5 but not in NCTC 11168-GSv, and
red arrows the converse. See Table 1 for additional information.
doi:10.1371/journal.pone.0088229.g001
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Table 1. Genomic changes in C. jejuni NCTC 11168-GSv in vitro and in vivo (relative to the sequence data for NCTC 11168-GS in
GenBank [10]).

# Locus Alterationa Type Sample (variant/frequency)b

Ac B C D E F G

1 Cj0031d R858R 21G 2 2 + + + + +

7.1 9.4 30.4i 30.6i 31.6 34.3 36.5

2 Cj0046d –f 21G + + + + + 2 2

19.0 28.1 25.3 26.7 25.0 0.0 0.0

Cj0046c –f 22G 2 2 2 2 2 + +

0.0 0.0 0.0 0.0 0.0 5.8k 6.7k

3 Cj0144c E508K G/A 2 2 + + + 2 2

0.0 0.0 52.9i 51.3i 52.6 1.1k 0.0k

4 Cj0170d G082G 21G 2 2 + + + 2 2

0.0 1.3 27.0i 29.6i 28.3 1.7k 4.0k

5 Cj0184c V384I 22AC + + + + + + +

50.6 46.1 45.4 41.9 42.4 42.5 44.9

6 Cj0262c E514K C/T 2 2 + + 2 2 2

0.0 0.0 0.0 0.0 0.0 0.0 0.0

7 Cj0276 D048G A/G + + + + + + +

100.0 100.0 100.0 99.8 100.0 100.0 100.0

8 Cj0284c I290T A/G + + + + + + +

100.0 99.8 100.0 99.9 100.0 99.9 99.8

9 Cj0431 g205K T/A + + + + + + +

100.0 100.0 100.0 99.9 100.0 100.0 100.0

10 Cj0455c g115Q A/G + + + + + + +

100.0 100.0 100.0 99.9 99.9 100.0 100.0

11 Cj0548 T629I C/T 2 2 2 2 2 + 2

0.0 0.0 0.0 0.0 0.0 99.8 0.0

12 527378de –f 21G + + 2 2 2 2 2

11.4 8.4 0.0 0.0 0.0 0.0 0.0

12 527378de –f 22G 2 2 2 2 2 + +

0.0 0.0 0.0 0.0 0.0 15.7k 17.1k

12 527378de –f 23G 2 2 + + + 2 2

0.0 0.0 29.6i 29.9i 33.6 0.0 0.0

13 Cj0617d V190G or +1G 2 2 + + + + +

R187R 0.0 2.6 23.2i 22.9i 27.8 30.0 26.1

14 Cj0628d G168G +1G 2 2 + + + + +

0.0 0.4 13.8 13.0 16.3 13.8 8.9

15 Cj0676d K284K +1G 2 2 + + + + +

0.0 0.6 27.9i 25.6i 30.5 32.4 33.2

16 Cj0685cd H295I 21G - - + + - - -

0.0 0.0 27.9i 29.5i 4.1j 0.5 1.1

17 695943de –f +1C 2 2 + + + + +

27.6 30.6 26.5 27.8 28.5 28.6 26.5

18 Cj0807 K198E A/G + + + + + + +

100.0 99.7 100.0 99.9 100.0 100.0 100.0

19 Cj1087c G232G/I231G 212 CGTCAACTATCC 2 2 2 2 2 + +

L230G/Q229G 0.0 0.0 0.0 0.0 0.0 30.2 30.1

20 Cj1139cd G113G +1C 2 2 + + + + +

0.0 0.4 38.2i 40.2i 36.8 40.8 37.9

21 Cj1145cd V002G +1C + + + + + + +
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an important role in host immune evasion, but it is highly likely

that indels are associated with other aspects of host colonisation

and/or pathogenesis as well. Our data also confirm the

importance of considering C. jejuni as a dynamic population

comprised of multiple genotypes and phenotypes that undergo

rapid diversification through in vivo and in vitro selection, as

opposed to a clonal entity.

In addition to indel mutations, we observed point mutations in

three loci (i.e. Cj0144, Cj0262c, Cj1564) (Table 1). Of note,

Cj0262c was observed in the mapping assembly but not in the

alignment. Two of the SNPs observed in the genome of C. jejuni

NCTC 11168-GSv (i.e. Cj0144, Cj1564) after passage through the

human host were robust with a $47 fold increase in frequency.

The SNPs occurred in genes that encode putative methyl-

accepting chemotaxis signal transduction proteins. For each of

Cj0144, Cj0262c, and Cj1564, the SNPs observed would confer

an amino acid substitution. To our knowledge these SNPs have

not been previously observed. It is possible that these SNPs are

human host specific; comparative genomic research in vivo has to

date been restricted to asymptomatic hosts such as chickens and

immune compromised murine models of inflammation (IL-10 KO

mice). Based on the lack of any SNPs, duplications, insertions, or

other polymorphisms in C. jejuni NCTC 11168 in IL-10 KO mice,

Jerome et al. [25] concluded that contingency genes are the

primary driver of adaptive microevolution in vivo. For SNPs to be

biologically-relevant in vivo, they should become fixed in the

genome. As it was not possible for us to evaluate this possibility in

human subjects, we passaged C. jejuni NCTC 11168 from the

infected human through IL-10 KO mice. The SNPs observed in

C. jejuni NCTC 11168 after passage through the human being

were not fixed and reverted in mice. The relevance of the

reversions is uncertain. One possibility is that these SNPs are host-

specific (i.e. to human beings 6 inflammation). C. jejuni has been

documented to induce inflammation in IL-10 KO mice (i.e. as an

inflammation model) [55–59]. However, we have never observed

inflammation in IL-10 KO mice inoculated with a multitude of C.

jejuni strains, and we did not observe any inflammation in IL-

10 KO mice inoculated with NCTC 11168-GSv in the current

study. Reasons for this discrepancy relative to other research

groups are unknown. However, the host-pathogen-microbiota

Table 1. Cont.

# Locus Alterationa Type Sample (variant/frequency)b

Ac B C D E F G

33.3 26.8 25.9 27.3 33.7 28.8 36.3

22 Cj1190c V204A A/G 2 2 2 2 2 + +

0.0 0.0 18.2 18.4 0.2 99.8 100.0

22 Cj1190c R101T C/G 2 2 + + 2 + +

0.0 0.2 99.8i 99.9i 91.7 99.8 99.8

23 Cj1259 E180G A/G + + + + + + +

100.0 100.0 100.0 100.0 100.0 99.9 100.0

24 Cj1295d I051Y or +1G + + + + + + +

L048L 34.6 19.3h 16.0i 19.8 22.4 15.4 6.4

25 Cj1305cd S197V +1C + + 2 2 2 + 2

42.6 29.3 3.9i 2.8i 0.5 22.2k 16.6k

26 Cj1318d G059V 21G + + + + + + +

23.5 17.9 18.6 19.3 17.5 22.4 20.0

27 1338389e –f +1A + + + + + + +

35.3 42.1 41.6 41.6 42.9 41.4 37.9

28 Cj1470c M269U +1T + + + + + + +

44.4 34.7 48.4 42.8 42.4 40.4 39.1

29 Cj1564 E511K A/G 2 2 + + + 2 2

0.0 0.3 49.0i 47.3i 47.9 0.3k 0.7k

aAlteration location where the first letter indicates the original amino acid, the second letter indicates the substituted amino acid, and the number indicates the position
at which the amino acid substitution occurred.
bFrequency data denotes potential variants as determined through Multiple-Sequence alignment. +/2 data denotes validated variants determined through a Mapping-
Assembly using MIRA.
cCampylobacter jejuni genomes: (A) NCTC 11168-GSv; (B) NCTC 11168-GSv after four transfers in vitro; (C) Kf1 [collective isolates-human host passage]; (D) Kf2 [collective
isolates-human host passage]; (E) K12E5 [single isolate-human host passage]; (F) mcK12E5 [collective isolates from the ceca of mice after three passages]; and (G)
mfK12E5 [collective isolates from feces of mice after three passages].
dDenotes a hypervariable region within the genome of NCTC 11168-GS.
eLocus unknown.
fNo protein information available.
gStop codon.
h$15% difference in A versus B.
i$15% difference in C or D versus A (i.e. genetic variation due to human passage).
j$15% difference in E versus the mean of C and D (i.e. genetic variation due to human passage).
k$15% difference in F or G versus E consistent with C and D (i.e. genetic variation due to murine passage).
doi:10.1371/journal.pone.0088229.t001
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interaction is exceptionally complex, and it is now recognized that

the intestinal microbiota and the conditions in which mice are

raised and housed influence disease development [60]. Indeed,

genetically modified mice that are either raised as germ free or

specific pathogen free (SPF) animals (i.e. similar to the SPF IL-

10 KO mice used in the current study) will exhibit a muted

inflammatory response in the intestine [61,62]. Thus, the SNPs

that we observed are either specific to the human being infected in

the current study and/or that Th1 inflammation is required for

selection. IL-10 is a cytokine involved in both innate and adaptive

immune responses and it is expressed by many cell types including

macrophages, dendritic cells, granulocytes, and B and T

lymphocytes [63–67]. Although the use of IL-10 deficient mice

has proven instrumental in elucidating mechanisms of enteritis

[68], IL-10 deficient animals cannot mount a balanced T helper-

associated inflammatory cascade. Most certainly, the inflammato-

ry response in IL-10 KO mice may not represent responses that

occur in conventionally raised, wild-type mice or in non-rodent

species in all instances. As such, 1L-10 KO mice may not mimic

the normal immune or inflammatory responses mounted by

people.

A limitation of our study was that our examination was

restricted to a single strain of C. jejuni. Laboratory-acquired

infections by C. jejuni unfortunately occur [69]. When they are

encountered, researchers should not only identify the strain

responsible for the infection, but also should record the

characteristics of the infection (e.g. symptoms, signs and severity),

and recover and store as many isolates as possible from the

infected person. Subsequent comparative genomic analyses for a

multitude of C. jejuni strains infecting human beings via laboratory-

acquired infections may provide valuable insight on adaptation/

pathogenesis. A similar approach should be applied for inadver-

tent non-laboratory-acquired infections of human beings by C.

jejuni (e.g. from animal sources) for which the isolate source can be

identified [70]. However, this approach is more difficult as

definitively ascertaining the strain responsible for the infection can

be very challenging; commonly-used genotyping methods for C.

jejuni may lack the resolution and throughput to definitively

identify the responsible strain.

Genetic Variation in vitro
It is generally accepted that repeated culturing of bacteria,

including C. jejuni results in genetic selection [20]. This contrasts

with the conclusion of Manning et al. [71] who concluded that

some strains of C. jejuni are stable over long periods. However, this

may be an artifact of the methods they applied to measure genetic

stability, which would not be able to comprehensively detect

frequency changes in mutation occurrence within the genome. We

examined variations that occurred in the genome of NCTC

11168-GSv independent of a host (i.e. in agar culture after four

transfers). With the possible exception of one locus (Cj1295c)

encoding an unknown hypothetical protein, the genome of C. jejuni

NCTC 11168-GSv was observed to be stable in culture after four

transfers (Table 1). The genome of isolate of NCTC 11168-GSv

obtained from ATCC by our group was determined to be very

similar to the whole genome sequence deposited in GenBank

(NCTC 11168-GS), although not identical (Figure 1, Table 1); the

culture history of NCTC 11168-GS (e.g. at ATCC) is uncertain,

but is likely that the genetic differences that we observed in ATCC

strain versus the genome sequence in GenBank are the result of

selection during propagation of the bacterium. None-the-less, our

observation of unique and relatively substantive genetic changes in

C. jejuni 11168-GSv after passage through a person, but not in

culture indicates the importance of the host in selecting for a

specific genotype.

Figure 2. Campylobacter jejuni cell densities (Log10 genome equivalents mg21 of tissue) associated with mucosa in the jejunum,
ileum, cecum, and descending colon of inoculated mice. White bars indicate C. jejuni cell densities in the first passage, and black bars indicate
cell densities in the third passage. Vertical lines associated with histogram bars represent standard errors of the mean, and bars not accompanied
with the same letter differ significantly (P#0.05).
doi:10.1371/journal.pone.0088229.g002
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Intestinal Colonization of Mice
IL-10 KO mice were inoculated with C. jejuni K12E5, a single

arbitrarily-selected isolate recovered from the person infected with

NCTC 11168-GSv. Whole genome sequence analysis indicated

that K12E5 was representative of the 52 collective isolates (Kf1

and Kf2) at the majority of the genetically variable loci examined

(28 of 29). A discrepancy between Kf1/Kf2 and K12E5 was

observed at only a single locus (Cj0685c); this mutation was an

indel (Table 1).

Following inoculation of mice with C. jejuni K12E5, the

bacterium was detected in the feces of all inoculated mice at all

sample times (data not presented). Considerable quantities of C.

jejuni associated with mucosa were detected by qPCR throughout

the intestinal tracts of all inoculated mice regardless of passage

(Figure 2). Densities of C. jejuni cells in the large intestine were

higher (P#0.021) than in the small intestine. An interaction (P,

0.001) was observed between intestinal location and passage

number, and this was attributed to the higher density (P,0.001) of

mucosal colonization by C. jejuni in the cecum of mice in passage

three relative to passage one. There was no difference in densities

of C. jejuni cells between the single and triple passages at other

locations. The cecum of mice is readily colonized by C. jejuni, and

C. jejuni colonization density has been shown to affect both

bacterial load and the composition of bacterial community without

inciting inflammation [72]. By estimating C. jejuni NCTC 11168

cell densities in feces, a previous study suggested that colonization

of the host by C. jejuni was enhanced with successive passages [59].

However, in contrast to our observation of enhanced colonization

of the cecal mucosa, the earlier study did not observe increased C.

jejuni cell density associated with mucosa of the jejunum, cecum, or

colon. Furthermore, we observed that C. jejuni DNA was detected

at all locations in all mice; this difference with a previous

observation [59] is likely due to our use of qPCR opposed to

culture-based enumeration (i.e. logistical advantages and increased

sensitivity). In addition to enhanced colonization success, serial

passage was also associated with a higher prevalence of enteritis as

well as an increased severity of disease in IL-10 KO mice [59]. As

indicated previously, we did not observe any evidence of

inflammation in IL-10 KO mice in contrast to other research

groups [55–59] even though the entire intestinal tract of IL-

10 KO mice were readily colonized by C. jejuni NCTC 11168-GSv

at high cell densities.

Genetic Variation in a Murine Host
After three passages through IL-10 KO mice, major variations

between mcK12E5/mfK12E5 and K12E5/Kf1/Kf2 occurred at

nine loci (Cj0046, Cj0144c, Cj0170, Cj0548, 527380, Cj1087c,

Cj1190c, Cj1305c, Cj1564) (Table 1). Variations unique to murine

passage (i.e. relative to NCTC 11168-GSv and K12E5/Kf1/Kf2)

occurred at four loci (Cj0046, Cj0548, 527378, Cj1087c). Cj0046

encodes a hypothetical protein of unknown function, whereas

Cj1087c encodes a possible periplasmic protein. Evidence

obtained to date indicates that Cj0144 is a core gene within the

C. jejuni genome, and encodes a putative methyl-accepting

chemotaxis signal transduction protein. Cj0548 encodes a putative

flagellar capping protein (fliD), and the SNP that was observed in

this gene was unique to mcK12E5. Reasons why this mutation was

not observed in mfK12E5 are uncertain, but may indicate niche-

specific microevolution in C. jejuni associated with mucosa within

the cecum. The majority of the mutations that we observed in the

genome of NCTC 11168-GSv have been observed previously in

mice [23–25,58]. However, changes at four loci (Cj0548, Cj0676,

Cj1087c, Cj1190c) in the genome of C. jejuni passaged through IL-

10 KO mice in the current study have not been observed

previously to our knowledge. Of note, the mutation observed in

Cj1087c represented a very prominent deletion (loss of 12 bases)

(Table 1). In order to provide insights into the putative function of

Cj1087c, we performed a Phyre2 analysis of the sequence. The

most plausible association was with the lysostaphin-type endopep-

tidase LytM from Staphlococcus aureus [39]. This enzyme family is

active on the pentaglycin bridge within peptidoglycan and

involved in cell wall remodeling within gram-positive microor-

ganisms. Although there is only 20.9% identity between the C-

terminal sequences of LytM and Cj1087c, superimposition of their

structural models provides two key insights into the putative

function of Cj1087c. Firstly, there is complete conservation of a

Zn2+ coordination pocket. This metal is a catalytic cofactor in

LytM, which suggests that Cj1087c is also a metalloenzyme.

Secondly, the truncation in Cj1087c is predicted to be located on

the opposite side of the surface of the modeled protein, and results

in the loss of a loop. This structural transition may be significant

for function of the gene product by regulating interactions with

other molecules. Additional research on the biological relevance of

Cj1087c (e.g. virulence and/or host adaptation factor) is warrant-

ed.

Although no study to our knowledge has comparatively

examined genetic changes in the genome of C. jejuni in humans,

Wilson et al. [24] and Kim et al. [23] recently examined indel

mutations in contingency loci within the genome of C. jejuni during

passage through chickens relative to subsequent colonization

success in IL-10 KO murine models of inflammation. Kim et al.

[23] implicated specific indel mutations in the homopolymeric

tracts of Cj0045, Cj0685, Cj1139, Cj1422, and Cj1426 in the

genome of C. jejuni strains during chicken passage to be important

in subsequent colonization and disease initiation in IL-10 KO

mice. We also observed indel mutations in contingency genes of

Cj0685, and Cj1139 in the C. jejuni NCTC 11168-GS genome in

human and/or murine hosts, but not in Cj0045, Cj1422, or

Cj1426.

Conclusions
We observed that a variant strain of C. jejuni NCTC 11168-GSv

infected and incited severe enteritis in a human being. Rapid and

host-specific variations in the genome of NCTC 11168-GSv

occurred in the infected person. In addition to confirming the

plasticity of the genome of C. jejuni (e.g. in contingency genes

within homopolymeric tracts) and that this human pathogenic

bacterium is capable of rapid genetic selection, a number of host-

specific mutations were identified in the genome of NCTC 11168-

GSv within a human host, and that some of the variations

observed in the human being reverted in mice. These data suggests

that these variations are of biological relevance in human hosts

and this warrants further investigation. Data also reinforces the

importance of examining C. jejuni as a population of genotypes (i.e.

a quasispecies) and not as a clonal strain [25]. From a practical

perspective, extreme care must be taken in ensuring the genetic

integrity of C. jejuni reference strains, especially those used as model

strains.

Acknowledgments

We gratefully acknowledge the anonymous person who was infected by C.

jejuni and donated a stool sample for the study. We thank Kathaleen House,

Hilma Busz, Tara Shelton, and Jenny Gusse for their assistance. KH and

HB assisted with the collection and identification of C. jejuni isolates from

the human stool sample; TS assisted with mouse husbandry and collection

of samples; and JG conducted genotyping of C. jejuni isolates, extracted

genomic DNA, and assisted with qPCR. We also thank Dr. Brenda Allan,

Vaccine and Infectious Disease Institute for providing the NCTC 11168-

Host-Specific Genomic Change in C. jejuni

PLOS ONE | www.plosone.org 9 February 2014 | Volume 9 | Issue 2 | e88229



V26 strain. Illumina sequencing was conducted by staff of the Michael

Smith Genome Sciences Centre, University of British Columbia.

Author Contributions

Conceived and designed the experiments: AGL DKT LBS ENT RREU

GDI. Performed the experiments: AGL GDI. Analyzed the data: DKT

AGL DWA GDI. Contributed reagents/materials/analysis tools: DKT

LBS DWA GDI. Wrote the paper: DKT LBS ENT RREU DWA GDI.

Obtained informed consent, animal care committee and biosafety

approval: GDI. Provided technical support and C. jejuni isolates including

isolates recovered from the infected person: GDI. Supervised the study:

GDI.

References

1. Taboada EN, Ross SL, Mutschall SK, Mackinnon JM, Roberts MJ, et al. (2012)

Development and validation of a comparative genomic fingerprinting method
for high-resolution genotyping of Campylobacter jejuni. J Clin Microbiol 50: 788–

797.

2. McCarthy ND, Colles FM, Dingle KE, Bagnall MC, Manning G, et al. (2007)
Host-associated genetic import in Campylobacter jejuni. Emerg Infect Dis 13: 267–

272.

3. Ogden ID, Dallas JF, MacRae M, Rotariu O, Reay KW, et al. (2009)
Campylobacter excreted into the environment by animal sources: prevalence,

concentration shed, and host association. Foodborne Pathog Dis 6: 1161–1170.

4. Rotariu O, Dallas JF, Ogden ID, MacRae M, Sheppard SK, et al. (2009)
Spatiotemporal homogeneity of Campylobacter subtypes from cattle and sheep

across northeastern and southwestern Scotland. Appl Environ Microbiol 75:

6275–6281.

5. de Haan CP, Kivisto RI, Hakkinen M, Corander J, Hanninen ML (2010)
Multilocus sequence types of Finnish bovine Campylobacter jejuni isolates and their

attribution to human infections. BMC Microbiol 10: 200.

6. Sheppard SK, Colles F, Richardson J, Cody AJ, Elson R, et al. (2010) Host
association of Campylobacter genotypes transcends geographic variation. Appl

Environ Microbiol 76: 5269–5277.

7. Gripp E, Hlahla D, Didelot X, Kops F, Maurischat S, et al. (2011) Closely
related Campylobacter jejuni strains from different sources reveal a generalist rather

than a specialist lifestyle. BMC Genomics 12: 584.

8. Clark CG, Taboada E, Grant CC, Blakeston C, Pollari F, et al. (2012)
Comparison of molecular typing methods useful for detecting clusters of

Campylobacter jejuni and C. coli isolates through routine surveillance. J Clin

Microbiol 50: 798–809.

9. Skirrow MB (1977) Campylobacter enteritis: a ‘‘new’’ disease. Br Med J 2: 9–11.

10. Parkhill J, Wren BW, Mungall K, Ketley JM, Churcher C, et al. (2000) The

genome sequence of the food-borne pathogen Campylobacter jejuni reveals

hypervariable sequences. Nature 403: 665–668.

11. Taboada EN, Acedillo RR, Carrillo CD, Findlay WA, Medeiros DT, et al.
(2004) Large-scale comparative genomics meta-analysis of Campylobacter jejuni

isolates reveals low level of genome plasticity. J Clin Microbiol 42: 4566–4576.

12. Levinson G, Gutman GA (1987) Slipped-strand mispairing: a major mechanism
for DNA sequence evolution. Mol Biol Evol 4: 203–221.

13. Gundogdu O, Bentley SD, Holden MT, Parkhill J, Dorrell N, et al. (2007) Re-

annotation and re-analysis of the Campylobacter jejuni NCTC11168 genome
sequence. BMC Genomics 8: 162.

14. Wassenaar TM, Wagenaar JA, Rigter A, Fearnley C, Newell DG, et al. (2002)

Homonucleotide stretches in chromosomal DNA of Campylobacter jejuni display
high frequency polymorphism as detected by direct PCR analysis. FEMS

Microbiol Lett 212: 77–85.

15. Ebert D (1998) Experimental evolution of parasites. Science 282: 1432–1435.

16. Slev PR, Potts WK (2002) Disease consequences of pathogen adaptation. Curr
Opin Immunol 14: 609–614.

17. Jones MA, Marston KL, Woodall CA, Maskell DJ, Linton D, et al. (2004)

Adaptation of Campylobacter jejuni NCTC11168 to high-level colonization of the

avian gastrointestinal tract. Infect Immun 72: 3769–3776.

18. Ringoir DD, Korolik V (2003) Colonisation phenotype and colonisation
potential differences in Campylobacter jejuni strains in chickens before and after

passage in vivo. Vet Microbiol 92: 225–235.

19. Revez J, Schott T, Rossi M, Hanninen ML (2012) Complete genome sequence
of a variant of Campylobacter jejuni NCTC 11168. J Bacteriol 194: 6298–6299.

20. Cooper KK, Cooper MA, Zuccolo A, Joens LA (2013) Re-sequencing of a

virulent strain of Campylobacter jejuni NCTC11168 reveals potential virulence
factors. Res Microbiol 164: 6–11.

21. Gaynor EC, Cawthraw S, Manning G, MacKichan JK, Falkow S, et al. (2004)

The genome-sequenced variant of Campylobacter jejuni NCTC 11168 and the
original clonal clinical isolate differ markedly in colonization, gene expression,

and virulence-associated phenotypes. J Bacteriol 186: 503–517.

22. Carrillo CD, Taboada E, Nash JH, Lanthier P, Kelly J, et al. (2004) Genome-

wide expression analyses of Campylobacter jejuni NCTC11168 reveals coordinate
regulation of motility and virulence by flhA. J Biol Chem 279: 20327–20338.

23. Kim JS, Artymovich KA, Hall DF, Smith EJ, Fulton R, et al. (2012) Passage of

Campylobacter jejuni through the chicken reservoir or mice promotes phase
variation in contingency genes Cj0045 and Cj0170 that strongly associates with

colonization and disease in a mouse model. Microbiology 158: 1304–1316.

24. Wilson DL, Rathinam VA, Qi W, Wick LM, Landgraf J, et al. (2010) Genetic
diversity in Campylobacter jejuni is associated with differential colonization of

broiler chickens and C57BL/6J IL10-deficient mice. Microbiology 156: 2046–

2057.

25. Jerome JP, Bell JA, Plovanich-Jones AE, Barrick JE, Brown CT, et al. (2011)
Standing genetic variation in contingency loci drives the rapid adaptation of

Campylobacter jejuni to a novel host. PloS One 6: e16399.

26. Hendrixson DR (2006) A phase-variable mechanism controlling the Campylo-

bacter jejuni FlgR response regulator influences commensalism. Mol Microbiol 61:
1646–1659.

27. Linton D, Gilbert M, Hitchen PG, Dell A, Morris HR, et al. (2000) Phase

variation of a beta-1,3 galactosyltransferase involved in generation of the
ganglioside GM1-like lipo-oligosaccharide of Campylobacter jejuni. Mol Microbiol

37: 501–514.

28. Cary SG, Blair EB (1964) New transport medium for shipment of clinical
specimens. I. Fecal specimens. J Bacteriol 88: 96–98.

29. Nicholson MA, Patton CM (1995) Evaluation of disk method for hippurate

hydrolysis by Campylobacter species. J Clin Microbiol 33: 1341–1343.

30. Linton D, Owen RJ, Stanley J (1996) Rapid identification by PCR of the genus
Campylobacter and of five Campylobacter species enteropathogenic for man and

animals. Res Microbiol 147: 707–718.

31. Inglis GD, Kalischuk LD (2003) Use of PCR for direct detection of Campylobacter

species in bovine feces. Appl Environ Microbiol 69: 3435–3447.

32. Denis M, Soumet C, Rivoal K, Ermel G, Blivet D, et al. (1999) Development of

a m-PCR assay for simultaneous identification of Campylobacter jejuni and C. coli.
Lett Appl Microbiol 29: 406–410.

33. Inglis GD, Kalischuk LD (2004) Direct quantification of Campylobacter jejuni and

Campylobacter lanienae in feces of cattle by real-time quantitative PCR. Appl
Environ Microbiol 70: 2296–2306.

34. Langmead B, Salzberg SL (2012) Fast gapped-read alignment with Bowtie 2.

Nature methods 9: 357–359.

35. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, et al. (2009) The Sequence
Alignment/Map format and SAMtools. Bioinformatics 25: 2078–2079.

36. Chevreux B, Wetter T, Suhai S (1999) Genome sequence assembly using trace

signals and additional sequence information. Computer Science and Biology:
Proceedings of the German Conference on Bioinformatics (GCB) 99: 45–56.

37. Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, et al. (2009) Circos: an

information aesthetic for comparative genomics. Genome Res 19: 1639–1645.

38. Kelley LA, Sternberg MJ (2009) Protein structure prediction on the Web: a case
study using the Phyre server. Nat Protoc 4: 363–371.

39. Firczuk M, Mucha A, Bochtler M (2005) Crystal structures of active LytM. J Mol

Biol 354: 578–590.

40. Emsley P, Lohkamp B, Scott WG, Cowtan K (2010) Features and development
of Coot. Acta Crystallogr D Biol Crystallogr 66: 486–501.

41. Butzler JP (2004) Campylobacter, from obscurity to celebrity. Clin Microbiol Infect

10: 868–876.

42. Butzler JP (1982) Campylobacter enteritis. Infection 10 Suppl 2: S67–69.
43. Tracz DM, Keelan M, Ahmed-Bentley J, Gibreel A, Kowalewska-Grochowska

K, et al. (2005) pVir and bloody diarrhea in Campylobacter jejuni enteritis. Emerg

Infect Dis 11: 838–843.

44. Louwen RP, van Belkum A, Wagenaar JA, Doorduyn Y, Achterberg R, et al.
(2006) Lack of association between the presence of the pVir plasmid and bloody

diarrhea in Campylobacter jejuni enteritis. J Clin Microbiol 44: 1867–1868.

45. Gillespie IA, O’Brien S J, Frost JA, Tam C, Tompkins D, et al. (2006)
Investigating vomiting and/or bloody diarrhoea in Campylobacter jejuni infection.

J Med Microbiol 55: 741–746.

46. Blaser MJ, Reller LB, Luechtefeld NW, Wang WL (1982) Campylobacter enteritis
in Denver. West J Med 136: 287–290.

47. San Joaquin VH, Welch DF (1984) Campylobacter enteritis. A 3-year experience.

Clin Pediatr (Phila) 23: 311–316.

48. Chamovitz BN, Hartstein AI, Alexander SR, Terry AB, Short P, et al. (1983)
Campylobacter jejuni-associated hemolytic-uremic syndrome in a mother and

daughter. Pediatrics 71: 253–256.

49. Miles TA, Bird P, Bettelheim KA (1996) Haemolytic-uraemic syndrome in the
Hunter: public health implications. Aust N Z J Public Health 20: 457–462.

50. Op den Winkel M, Gulberg V, Weiss M, Ebeling F, Gerbes AL, et al. (2010)

Acute postinfectious glomerulonephritis associated with Campylobacter jejuni

enteritis - a case report and review of the literature on C. jejuni’s potential to

trigger immunologically mediated renal disease. Clin Nephrol 74: 474–479.

51. Nguyen Y, Sperandio V (2012) Enterohemorrhagic E. coli (EHEC) pathogenesis.
Front Cell Infect Microbiol 2: 90.

52. Dasti JI, Tareen AM, Lugert R, Zautner AE, Gross U (2010) Campylobacter jejuni:

a brief overview on pathogenicity-associated factors and disease-mediating
mechanisms. Int J Med Microbiol 300: 205–211.

53. Ahmed IH, Manning G, Wassenaar TM, Cawthraw S, Newell DG (2002)

Identification of genetic differences between two Campylobacter jejuni strains with
different colonization potentials. Microbiology 148: 1203–1212.

Host-Specific Genomic Change in C. jejuni

PLOS ONE | www.plosone.org 10 February 2014 | Volume 9 | Issue 2 | e88229



54. Hitchen P, Brzostek J, Panico M, Butler JA, Morris HR, et al. (2010)

Modification of the Campylobacter jejuni flagellin glycan by the product of the
Cj1295 homopolymeric-tract-containing gene. Microbiology 156: 1953–1962.

55. Mansfield LS, Bell JA, Wilson DL, Murphy AJ, Elsheikha HM, et al. (2007)

C57BL/6 and congenic interleukin-10-deficient mice can serve as models of
Campylobacter jejuni colonization and enteritis. Infect Immun 75: 1099–1115.

56. Haag LM, Fischer A, Otto B, Plickert R, Kuhl AA, et al. (2012) Campylobacter

jejuni induces acute enterocolitis in gnotobiotic IL-102/2 mice via Toll-like-

receptor-2 and -4 signaling. PloS One 7: e40761.

57. Haag LM, Fischer A, Otto B, Plickert R, Kuhl AA, et al. (2012) Intestinal
microbiota shifts towards elevated commensal Escherichia coli loads abrogate

colonization resistance against Campylobacter jejuni in mice. PloS One 7: e35988.
58. Bell JA, Jerome JP, Plovanich-Jones AE, Smith EJ, Gettings JR, et al. (2013)

Outcome of infection of C57BL/6 IL-10(2/2) mice with Campylobacter jejuni

strains is correlated with genome content of open reading frames up- and down-

regulated in vivo. Microb Pathog 54: 1–19.

59. Bell JA, St Charles JL, Murphy AJ, Rathinam VA, Plovanich-Jones AE, et al.
(2009) Multiple factors interact to produce responses resembling spectrum of

human disease in Campylobacter jejuni infected C57BL/6 IL-102/2 mice. BMC
Microbiol 9: 57.

60. Sellon RK, Tonkonogy S, Schultz M, Dieleman LA, Grenther W, et al. (1998)

Resident enteric bacteria are necessary for development of spontaneous colitis
and immune system activation in interleukin-10-deficient mice. Infect Immun

66: 5224–5231.
61. Kuhn R, Lohler J, Rennick D, Rajewsky K, Muller W (1993) Interleukin-10-

deficient mice develop chronic enterocolitis. Cell 75: 263–274.

62. Sadlack B, Merz H, Schorle H, Schimpl A, Feller AC, et al. (1993) Ulcerative

colitis-like disease in mice with a disrupted interleukin-2 gene. Cell 75: 253–261.
63. Ng TH, Britton GJ, Hill EV, Verhagen J, Burton BR, et al. (2013) Regulation of

adaptive immunity; the role of interleukin-10. Front Immunol 4: 129.

64. O’Garra A, Vieira P (2007) T(H)1 cells control themselves by producing
interleukin-10. Nat Rev Immunol 7: 425–428.

65. Saraiva M, O’Garra A (2010) The regulation of IL-10 production by immune
cells. Nat Rev Immunol 10: 170–181.

66. Mauri C, Bosma A (2012) Immune regulatory function of B cells. Annu Rev

Immunol 30: 221–241.
67. Roncarolo MG, Gregori S, Battaglia M, Bacchetta R, Fleischhauer K, et al.

(2006) Interleukin-10-secreting type 1 regulatory T cells in rodents and humans.
Immunol Rev 212: 28–50.

68. Rennick DM, Fort MM (2000) Lessons from genetically engineered animal
models. XII. IL-10-deficient (IL-10(2/2) mice and intestinal inflammation.

Am J Physiol Gastrointest Liver Physiol 278: G829–833.

69. Collins CH, Kennedy DA (1999) Laboratory-acquired infections: history,
incidence, causes and prevention: Butterworth Heinemann, Oxford, UK.

70. Friis C, Wassenaar TM, Javed MA, Snipen L, Lagesen K, et al. (2010) Genomic
characterization of Campylobacter jejuni strain M1. PLoS One 5: e12253.

71. Manning G, Duim B, Wassenaar T, Wagenaar JA, Ridley A, et al. (2001)

Evidence for a genetically stable strain of Campylobacter jejuni. Appl Environ
Microbiol 67: 1185–1189.

72. Lone AG, Selinger LB, Uwiera RR, Xu Y, Inglis GD (2013) Campylobacter jejuni

colonization Is associated with a dysbiosis in the cecal microbiota of mice in the

absence of prominent inflammation. PloS One 8: e75325.

Host-Specific Genomic Change in C. jejuni

PLOS ONE | www.plosone.org 11 February 2014 | Volume 9 | Issue 2 | e88229


