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The major outer-membrane protein (MOMP) of Campylobacter jejuni and Campylobacter coli,
encoded by the porA gene, is extremely genetically diverse. Conformational MOMP epitopes are
important in host immunity, and variation in surface-exposed regions probably occurs as a result of
positive immune selection during infection. porA diversity has been exploited in genotyping
studies using highly discriminatory nucleotide sequences to identify potentially epidemiologically
linked cases of human campylobacteriosis. To understand the overall nature and extent of porA
diversity and stability in C. jejuni and C. coli we investigated sequences in isolates (n=584)
obtained from a defined human population (approx. 600 000) over a defined time period (1 year).
A total of 196 distinct porA variants were identified. Regions encoding putative extracellular loops
were the most variable in both nucleotide sequence and length. Phylogenetic analysis identified
three porA allele clusters that originated in (i) predominantly C. jejuni and a few C. col, (ii) solely
C. jejuni or (jii) predominantly C. coli and a few C. jejuni. The stability of porA within an individual
human host was investigated using isolates cultured longitudinally from 64 sporadic cases, 27 of
which had prolonged infection lasting between 5 and 98 days (the remainder having illness of
normal duration, 0—4 days), and 20 cases from family outbreaks. Evidence of mutation was
detected in two patients with prolonged illness. Despite demonstrable positive immune selection
in these two unusual cases, the persistence of numerous variants within the population indicated
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that the porA allele is a valuable tool for use in extended typing schemes.

INTRODUCTION

Campylobacters are ubiquitous, being members of the
gastrointestinal microbiota of poultry, wild birds, and farm
and other animals. Whilst animal infection is usually
asymptomatic, it provides sources of human infection via
contaminated food products or untreated water, direct
contact with animals, or contaminated environments
(Hopkins et al., 1984; Pebody et al., 1997). Human disease,
caused by invasion of the intestinal epithelial layer, can lead
to localized inflammation and diarrhoea (Young et al.,
2007). The annual incidence of human campylobacteriosis
in the UK is in excess of 340000 cases (Kessel et al., 2001),
approximately 90 % of which are caused by Campylobacter
jejuni, with the majority of the remainder attributed to
Campylobacter coli. Although occasional large-scale out-

Abbreviations: MLST, multilocus sequence typing; MOMP, major outer-
membrane protein; ST, sequence type; SVR, short variable region.

Three supplementary tables and three supplementary figures are
available with the online version of this paper.

breaks occur, the majority of cases are regarded as sporadic
(Forbes et al., 2009; Konkel et al., 1999; Pebody et al., 1997).

C. jejuni and C. coli are genetically diverse, even in genes
encoding cellular metabolism, whose products are not
surface exposed. Such ‘housekeeping’ loci have been used
in multilocus sequence typing (MLST) schemes, data from
which have been used to define bacterial population
structures in a wide variety of bacteria including members
of the genus Campylobacter. The C. jejuni and C. coli
population structures comprise many clonal complexes
(Dingle et al., 2005, 2001), with at least 43 described to date
(http://pubmlst.org/campylobacter). The diversity of
Campylobacter cell-surface antigens has been exploited to
develop a highly discriminatory 10-locus typing scheme,
combining MLST data with sequences from flaA, flaB
(encoding flagellin proteins) (Harrington et al, 1997;
Meinersmann et al., 1997) and porA (encoding major
outer-membrane protein, MOMP), which shows potential
for the detection of epidemiologically linked cases (Dingle
et al., 2008).
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The outer-membrane proteins of Gram-negative bacteria
are porins, which are pore proteins that have a number of
roles including regulation of cell membrane permeability to
small molecules, adherence to host cells and antibiotic
resistance (Buchanan, 1999; Cowan et al., 1992; Jeanteur et
al., 1991; Kervella et al., 1992; Moser et al., 1997; Page et al.,
1989; Schroder & Moser, 1997). Therefore, they are sites of
interaction of the bacterial cell with the environment and
may play an important role in the adaptation of
Campylobacter to various hosts. The Campylobacter porA
gene consists of seven highly variable regions interspersed
among conserved sequences. Deduced amino acid
sequences comprise long irregular external loops connected
by 18 f-strands and short periplasmic turns (Zhang et al.,
2000). These surface-exposed conformational epitopes
appear to be responsible for MOMP antigenic variation,
and evaluation of this antigen as a potential animal vaccine
candidate has demonstrated its importance in conferring
immunity (Huang et al., 2007).

Our aims were (i) to characterize the extent of porA genetic
diversity in C. jejuni and C. coli in a representative
collection of human isolates of known population structure
(defined by MLST), and (ii) to investigate porA stability
during human infection for evidence of a role for immune
selection in the generation of porA diversity, and in so
doing further validate a previously published extended
typing scheme (Dingle et al., 2008).

METHODS

Campylobacter isolates. Campylobacter isolates were obtained
from the Clinical Microbiology Laboratory of the John Radcliffe
Hospital, Oxford, which serves a population of approximately
600000. A total of 620 human stool samples submitted between
September 2003 and September 2004 were culture positive for
Campylobacter species. Twenty-seven individuals provided two or
more specimens, leaving Campylobacter isolates from 584 cases
available for study. These were supplemented with isolates from a
further 39 patients who submitted two or more stool samples between
mid-September 2004 and July 2006, and isolates obtained from 10
family outbreaks. A family outbreak was defined as more than one
individual from the same household, with the same surname,
presenting with gastroenteritis within a 7 day period.

Isolates were stored at —70 °C in Tryptone Soy Broth plus glycerol
(10%) and cell-free DNA extracts were produced from a suspension of
Campylobacter cells (cultured on charcoal cefoperazone deoxycholate
agar plates) in molecular biology grade water (125 pl, Sigma Aldrich).
The suspension was vortexed briefly to mix, heated at 100 °C for 10 min
and debris was removed by centrifugation. The supernatant, containing
chromosomal DNA, was removed and stored at —20 °C. The isolates
were speciated using a previously published multiplex PCR assay (Wang
et al., 2002), with modifications as described by Dingle et al. (2002).

Multilocus sequence typing. Sequence typing of internal fragments
of seven housekeeping genes (aspartase A, aspA; glutamine synthetase,
glnA; citrate synthase, gltA; serine hydroxymethyltransferase, glyA;
phosphoglucomutase, pgms; transketolase, tkt and ATP synthase «
subunit, uncA) was performed as described previously, with minor
modifications (Dingle et al., 2005, 2001). Primers designed to amplify
the relevant loci from both C. jejuni and C. coli isolates (Miller et al.,

2005) were substituted at loci that failed to produce amplicons in initial
PCRs. Amplification products were purified by precipitation with 20 %
polyethylene glycol/2.5 M NaCl (Embley, 1991). Nucleotide sequen-
cing was performed at least once on each DNA strand using the primers
employed for the initial amplification and BigDye Ready Reaction Mix
(Version 3, Applied Biosystems) at a concentration 32-fold lower than
that described in the manufacturer’s instructions. Existing and new
alleles, sequence types (ST) and clonal complexes were assigned using
the MLST database located at http://pubmlst.org/campylobacter/.

Antigen sequence determination. Nucleotide sequences were
obtained from three antigen genes, the short variable region (SVR)
of (i) flaA and (ii) flaB, encoding flagellin protein (Harrington et al,
1997; Meinersmann et al., 1997), and (iii) porA, encoding the MOMP
(Dingle et al., 2008). A 321 bp sequence containing the flaA SVR was
obtained for each isolate using oligonucleotide primers FLAA4F,
FLA242FU and FLA625RU (Meinersmann et al, 1997). The
corresponding flaB SVR sequences were amplified and sequenced
using oligonucleotide primers Bup and A6 (Harrington et al, 1997).
In both instances, the amplification and sequencing reaction
conditions were as for MLST. SVR allele numbers and peptide
numbers for both genes were assigned using the flaA and flaB
database, accessible at http://pubmlst.org/campylobacter/flaA and
newly identified sequences were deposited there.

Sequences from porA were obtained using primers MOMP3 and
MOMP2 (Dingle et al., 2008). Amplification reactions (25 pl) were
prepared of equivalent composition to those described above.
Reaction conditions and the approach used for trimming sequences
to the correct length for database queries are described at http://
pubmlst.org/campylobacter/momp. Allele numbers were also
assigned by querying this database.

Data analysis. Codon-aligned porA nucleotide and amino acid
sequences were constructed using the program Seqglab in Gcg
(Wisconsin Package version 10.3, Accelerys) to identify conserved and
variable regions of the allele. Sites in the sequence alignment at which
positive immune selection had occurred were detected by use of sNAP.pl
(Korber, 2000; Ota & Nei, 1994), available at http://www.hiv.lanl.gov.
This program calculates synonymous (ds) and non-synonymous (dy)
substitution rates by the method of Nei & Gojobori (1986) and
incorporates a statistic developed by Ota & Nei (1994). Sites of positive
immune selection were defined as those at which a greater number of
non-synonymous to synonymous substitutions were identified.

The association between clonal complex and porA allele was measured
using a permutation test in which actual data and 1000 random
associations were compared.

Phylogenetic relationships among porA alleles were determined using
ClonalFrame (Didelot & Falush, 2007). Sequence data from alleles were
aligned using the program MUSCLE, available at http://www.ebi.ac.uk/
Tools/muscle/index.html, to obtain an input file for ClonalFrame. A
75% consensus tree was constructed from five convergent replicate
trees, by setting both the number of burn-in iterations and the number
of Monte Carlo Markov chain (MCMC) iterations to 50 000.
Convergence of the MCMC between replicates was determined by a
Gelman & Rubin (1992) statistic below 1.2 for each parameter.

RESULTS

Genetic diversity in a representative collection of
isolates

The isolate collection comprised 540 C. jejuni (92.62 %), 43
C. coli (7.38%) and a single Campylobacter upsaliensis
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isolate, which was excluded from further analysis. A total of
167 STs were represented at least once among these
isolates; 119 were members of 27 clonal complexes
(71.3%) with the remaining 48 ST unassigned (28.7 %)
(Supplementary Table S1). The 6 most common clonal
complexes contained 55.9 % of the isolates.

Allele sequences for three antigen genes, the flaA and flaB
SVR and porA, were determined for 575, 568, and 569
isolates respectively. The ratio of the number of unique
nucleotide sequences to the number of unique peptide
sequences for the flaA SVR was 130:43 (3.023) and flaB
SVR was 111:38 (2.921). Sequences for porA represented
196 alleles, encoding 180 different peptides (ratio 1.088)
varying in length from 582 to 702 nucleotides. The
frequency of the different porA alleles within the dataset
was highly variable (Supplementary Fig. S1), with allele 1
occurring in 62 isolates (10.9 %) whilst the majority of
alleles (n=135) occurred only once.

Nucleotide and amino acid sequences of the porA variants
were codon-aligned using Seglab in Gca. Allele porA-149
(MOMP-135) was used as a point of reference with which
initial comparisons were made, as it was one of the longest.
The alignment demonstrated that diversity had been
generated by point mutations, duplications and insertions
or deletions of novel sequence segments (Fig. 1).
Comparison of this alignment with the secondary structure
predicted for the MOMP by Zhang et al. (2000) identified
regions encoding five putative surface-exposed loops
(Fig. 2) encoded by the internal fragment of the porA gene
included in this study. The sequence started at the putative
distal aspect of the seventh fS-barrel, immediately prior to
external loop 4, and ended at the final amino acid of
external loop 8.

Sites in the sequence alignment at which positive immune
selection had occurred (dy substitution rate>>dg rate) were
identified (Fig. 2). An excess of non-synonymous substitu-
tions was present within external loops 4, 5 and 6, and
parts of loop 7 and loop 8, and absent in most of the
transmembrane domains. Parts of the sequences of loops 6,
7 and 8 where a long insertion sequence was identified in
three or fewer of the alleles demonstrated neither
synonymous nor non-synonymous mutations.

Putative structural variation

Sequence variation in the transmembrane domains and
external loops was assessed among the 180 different
MOMP variants. The transmembrane domains were
conserved in length and varied relatively little in peptide
sequence (Fig. 1). Non-synonymous mutations did occur,
but these were predominantly conservative or semi-
conservative amino acid substitutions. In contrast, most
of the extracellular loops varied markedly (Fig. 1).

Most variation in both putative amino acid sequence and
length was present in loop 4. Extracellular loop 5 showed
little sequence diversity and no variation in length. The

longest sequence insertions (60 bp) were detected in
putative extracellular loop 6 of two C. coli isolates
(MOMP-135 and MOMP-134) (Fig. 1). A novel insertion
sequence of 20 aa was found at the same position in a
single C. jejuni isolate, belonging to the ST-21 complex
(MOMP-68). These three alleles were rare, each occurring
only once in the isolate collection. MOMP-74, which
occurred twice, had a 13 aa duplication in this region.
Within loop 7, two variants had a 2 aa deletion (MOMP-
135 and MOMP-154), and one variant a 5 aa duplication
(MOMP-21). These three alleles also occurred only once.
Loop 8 varied in both sequence and length, the latter
predominantly as a result of a 13 aa repeat in MOMP-176,
which occurred only once in the dataset.

Phylogenetic relationships among porA alleles

Three major sequence groups were detected by phylogenetic
analysis of the porA allele sequences, constructed using a
subset of the most commonly identified 63 porA alleles (each
occurring at least twice) to simplify interpretation (Fig. 3).
When the full dataset of 196 porA alleles was analysed,
sequence group 1 contained 118 alleles (60.02 %) subdivided
into 85 clades, 74 of which did not share a recent common
ancestor with other members of the group (Supplementary
Fig. S2). Sequence group 2 contained 44 (22.45%) alleles
subdivided into 15 clades, 8 of which had no recent common
ancestors with other members of the group. Group 3 had 34
(17.35 %) alleles which formed 3 clades. A further 7 (3.57 %)
sequences had no common ancestor with any of the
sequence groups. Groups 1 and 3 contained alleles from
both C. jejuni and C. coli isolates (Supplementary Fig. S2).
Group 1 was mostly C. jejuni, with 2 C. coli alleles, and
conversely group 3 was mostly C. coli, with alleles from 3 C.
jejuni isolates. Group 2 was composed solely of sequences
from C. jejuni. All three groups were well represented among
the data since isolates from each group occurred with a
frequency of 10 or greater (Supplementary Fig. S1). There
was only one example of C. coliand C. jejuni isolates sharing
the same porA allele: porA-33 occurred 10 times in C. coli ST-
828, but once in C. jejuni ST-257 and ST-53. The ST-53
isolate was also antigenically identical to 9 of the 10 C. coli
ST-828 isolates at the flaA and flaB SVRs. Variations in the
amino acid sequences of the extracellular loops were
mapped onto the tree (Fig. 3).

Association between clonal complex and MOMP

Among the 569 isolates there were 180 MOMP variants and
27 clonal complexes, which occurred in a total of 228
combinations, 154 of which occurred only once. When all
the data were considered together, MOMP had a non-
random association with clonal complex (P<<0.01). For
example, nine of the MOMP variants (each occurring 10
times or more) were associated predominantly with 11
clonal complexes (Supplementary Fig. S3). However, these
relationships were not exclusive and a single MOMP
variant was not predictive of clonal complex. For example,

http://mic.sgmjournals.org
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MOMP-135 DSFNTDTEGDILASSK------- LFNSATTNPAGAPODGTLLNVN--PYA-GNLYGAAAIGSYEVLGGQLNPOQLWLSYLNDTGFFYALDVAYSTTIFDGI 90
MOMP-154 DSFNTDTEGDILASSK------- LFNSATTNPAGTPODGTLLNVN--PYA-GNLYGAAAIGSYEVLGGQLNPOLWLSYLNDTGFFYALDVAYSTTIFDGI 90
MOMP- 68 DSEFNSD--------- EQNGD---L-GHFNYSYTNEMDNTYKEVSQVLPAFGGNMYGAAAIGSYDIAGGOFNPQLWLSYLNDTGFFYALDLAYNTTIFDGI 87
MOMP-118 -MAAEQGAD---LLG--HSNKSSTDK--SAPFK---LDSIGNLYGGAAVGSYEFLGGQFNPQLWLAYWDQVAFFYAVDAAYSTTIFDGI 81
MOMP- 50 DSF------—--- MAAEQGAD---LLG--HSNISSAKPLIA-PFK---LDSIGNLYGGAAVGSYEFLGGQFNPOLWLAYWDQVAFFYAVDAAYSTTIFDGI 82
MOMP- 4 DSF------—--- MAAEQGAD---LLG--HSTT--STTQKAAPFK---VDSVGNLYGAAAVGSYDLAGGQFNPOLWLAYWDQVAFFYAVDAAYSTTIFDGI 81
MOMP- 57 DSF--------- MAEEQGAD---LLG--QSTIST--TONAAPFK---VDSVGNLYGAAAVGSYDLAGGQFNPOQLWLAYWDQVAFFYAVDAAYSTTIFDGI 81
MOMP-104 DSF--—-—--—--— MAAEQGAD---LLGH--SNISTTS--NQAPFK---VDSVGNLYGAAAVGSYDIAGGQFNPQLWLAYWDQVAFFYAVDAAYSTTIFDGI 81
MOMP-109 -MAAEQGAD---LLGH--SNISTTS--NRAPFK---VNSVGNLYGAAAVGSYDLAGGQFNPQLWLAYWDQVAFFYAVDAAYSTTIFDGI 81
MOMP-176 -MAAEQGAD---LLGH--SNISTTL--NQAPFK---VDSVGNLYGAAAVGSYDLAGGOFNPQLWLAYWDQVAFFYAVDAAYSTTIFDGI 81
MOMP- 8 -MAAEQGAD---LLEH--SNTSTATPNQAPFKV----DSVGNLYGAAAVGSYDLAGGQFNPOQLWLAYWDQVAFFYAVDAAYSTTIFDGI 82
MOMP-150 DSF--------- MAEEQGTD---LLGQ--RTISTTQNT-APF--Q--ADSLGNLYGAAAVGSYDLAGGQFNPOQLWLAYWDQVAFFYAVDAAYSTTIFDGI 81
MOMP- 9 DSF--------- MATEQGSD---LVGH----—-—---— NGSQF ---N--PDSIGNLYGAAAVGSYDLAGGOFNPOQLWLAYWDQVAFFYALDASYSTTIFDGI 74
MOMP-119 DSF--------- MAAEQGSD---LVGA----———--— QGNPF---Q--ADSFCGNLYGAAAVGSYDLAGGQFNPQLWLAYWDQVAFFYALDASYSTTIFDGI 74
MOMP- 96 DSVN------—---— TDEQGGG—---IEQTGTNRN-LDENSPY---———— LDWSONIYGAAAIGSYEVENGQLNPQLWLAYMTDNAFLYALDVAYNTTIFDGY 80
MOMP-132 --TDEQGE--GVGYNTFNNGI-VNLAGAGDNSPY--LDWSQONIYGAAAIGSYEVFNGOLNPQLWLAYMTDNAFLYALDVAYNTTIFDGA 86
MOMP-157 --TDEQGD--GVFFKN------ SNLTDAGENSPY--LDWSONIYGAAAIGSYEVFNGQLNPOQLWLAYMTDNAFLYALDVAYNTTIFDGV 81
MOMP-168 --TDEQGD--GVFFKN- --NLTGAGDNSPY--LDWSONIYGAAAIGSYEVFNGOLNPQLWLAYMTDNAFLYAVDAAYNTTIFDGV 81
MOMP- 91 DSFN-------- YVDSLG-—-—-----—-—=-—-—— TNNKGDGDASGV----LNWDKNLYGAAAIGSYEVFNGOLNPQLWLAYMTDNAFLYAIDAAYSTTIFDGV 75
MOMP-186 DSYN--------- SDEQTL---PTVIN----- GTITANGELGNV---LDFSENLYGAAATGSYEVFNGOLNPOQLWLAYMTDNAFFYAIDAAYSTTIFDGV 80
MOMP-106 DSYN--------- SDEQGG----ELGT-----——-—--——-—-—————-—— VLNFSENLYGAAAIGSYEVFNGQLNPQLWLAYMTDNAFFYALDAAYNTTIFDGYV 68
MOMP-200 DSVN------—---— LDEQGT----VDSKNSTIAA-KPGD---DASPA-LNWDKNIYGAAAIGSYDLGGGOFNPQLWLAYMSDNAFLYALDASYNTTIFDGV 82

MOMP-186 DSFNEAPDSTVIITQDI-SNK--ITGVQFNRGN-PQGD--SDTSGA-LNWDKNLYGAAAIGSYEFLGGQFNPQLWLAYMSDNAFLYAVDAAYSTTIFDGI 93
MOMP- 52 DSFNEASDTTVTITQON-SSQK--ITGVOFNRGN-PKGD--GDVSGA-LDWSKNIYGAAAIGSYDITGGOFNPOLWLAYMSDNAFLYALDAAYSTTIFDGI 93
MOMP-100 DSFNEASDTTVTITQODNNSQK--ITGVQFNRGN-PKGD--SDVSGA-LDWSKNIYGAAATIGSYDIAGGOFNPOQLWLAYMSDNAFLYALDAAYSTTIFDGI 94
MOMP-167 DSLNEASDTTVTITQD-NNQK--ITGVQFNRGN-PKGD--SDVSGA-LDWSKNIYGAAATGSYDIAGGQFNPQLWLAYMSDNAFLYALDAAYSTTIFDGI 93
MOMP- 74 DSFNEASDTTVTITQD-NNQK--ITGVQFNRGN-PKGD--SDVSGA-LDWSKNIYGAAATIGSYDIAGGOFNPOQLWLAYMSDNAFLYALDAAYSTTIFDGI 93
MOMP- 21 DSFNEASDTTVTITQD-NNQK--ITGVQFNRGN-PKGD--SDVSGA-LDWSKNIYGAAATIGSYDIAGGOFNPQLWLAYMSDNAFLYALDAAYSTTIFDGI 93

MOMP- 49 DSFNEK----VPATADVVNG----T---FNKGN-VNGD--GDVSGA-LDWSKNIYGAAATIGSYDIAGGQFNPOQLWLAYMNENAFLYALDAAYSTTIFDGI 85

MOMP-121 DSYNTDEQDY---KNNNGN--PDLTYT---—-————————— GDASQY-LTWG-NIYGAAAVGSYDLAGGQFNPQLWLAYMNDNAFLYALDAAYSTTIFDGV 80

MOMP-182 DSE---—————- MTAEQDY--KDNGGT--——-—-——— PNVKYTGDASQY -LTWG-NTYGAAATGSYDIAGGQFNPOQLWLAYMNDNAFLYALDLAYNTTIFDGI 80
B7 L4 B8 B9 L5 B10

MOMP-135 NWTLKGTYLGNSLDSKMKSKDTIIATEYVGGVGTDVITGEEAMANGNLFALKGAIEVNGWDASLGGIYYGKKDKLTFNTLEDVGNLD--LAGAEIFYTDGS 188
MOMP-154 NWTLKGTYLGNSLDSKMKSKDTIIATEYVGGVGTDITGEEAMANGNLFALKGAIEVNGWDASLGGIYYGKKDKLTFNTLEDVGNLD--LAGAEIFYTDGS 188
MOMP- 68 NWSIEGAYLGNSLDSKFRNDTIVGETIDTKNNFSYDKADGY IKNGNLFALRGTVEVNGWDASLGGLYYGKKDGYTINVIEDQGNLGSLLAGEEIFYTNGS 187
MOMP-118 NWITLEGAYLGNSIDSELDKTT--——-——-——————————— H-TNGNLFALRGSVELNGWDASLGGLYYGDKEKASTVVIEDQGNIGSLLAGEEIFYTTGS 161
MOMP- 50 NWTLEGAYLGNSIDSELDDKT---—-——--——-—-—-———-— H-TNGNLFALRGSVELNGWDASLGGLYYGDKEKASTVVIEDQGNIGSLLAGEEIFYTTGS 162
MOMP- 4 NWTLEGAYLGNSLDSELDDKT--- --H-ANGNLFALKGSIEVNGWDASLGGLYYGDKEKASTVVIEDQGNLGSLLAGEEIFYTTGS 161
MOMP- 57 NWTLEGAYLGNSLDSELDDKT--- --H-ANGNLFALKGSIEVNGWDASLGGLYYGDKEKASTVAIEDQGNLGSLLAGEEIFYTTGS 161
MOMP-104 NWILEGAYLGNSLDSELDDKT--- --H-ANGNLFALKGSIEVNGWDASLGGLYYGDKEKASTVVIEDQGNLGSLLAGEEIFYTTGS 161

MOMP-109 NWTLEGAYLGNSLDSELDDKT---—-—-—————————-————-— H-ANGNLFALKGSIEVNGWDASLGGLYYGDKEKASTVVIEDQGNLGSLLAGEEIFYTTGS 161
MOMP-176 NWTLEGAYLGNSLDSELDDKT---—-—-——-—-———-—-————— H-ANGNLFALKGSIEVNGWDASLGGLYYGDKERASTVVIEDQGNLGSLLAGEEIFYTTGS 161
MOMP- 8 NWTLEGAYLGNSLDSELDDTT---—-—-—-————-—-———————— H-ANGNLFALKGSTIEVNGWDASLGGLYYGDKEKASTVVIEDQGNLGSLLAGEEIFYTTGS 162
MOMP-150 NWTLEGAYLGNSLDSELDDKR---———--——-—-———————— H-ANGNLFALKGSIEVNGWDASLGGLYYGDKEKASTVVIEDQGNLGSLLAGEEIFYTTGS 161
MOMP- 9 NWTLEGAYLGNSVDSDLDSARY-- —-ANGNLFALKGSIEVNGWDASLGGLYYGDKEKASTVVIEDQGNLGSLLAGEEIFYTTGS 154
MOMP-119 NWTLEGAYLGNSLDSELDKTY---——————--——————————— ANGNLFALKGSIEVNGWDASLGGLYYGDKEKASTVVIEDQGNIGSLLAGEEIFYTTGS 153
MOMP- 96 NWTLEGAYLGNSLDNTLDDYYAGGA--—--—--——--———-----— ANGNFFGLRGSVEVNGWDATLGGLYYGKKDKVTITVLEDQGNIGSLLAGEEIFYTQGS 163
MOMP-132 NWTLEGAYLGNSLDNKLEDHYKVNNESI-——————--—-——— AGNGNFFALRGTVEVNGWDATLGGLYYGKKDKVTVTVLEDQGNIGSLLAGEEIFYTNGS 173
MOMP-157 NWTLEGAYLGNSLDNTLDDHYAGG--—----—-—-——-————-—-—— SANGNFFGLRGSVEVNGWDATLGGLYYGKKDKVTVTVLEDQGNIGSLLAGEEIFYTNGS 164
MOMP-168 NWTLEGAYLGNSLDNTLDDHYAGGG-——--————————————— ANGNFFGLRGSVEVNGWDATLGGLYYGKKDKVTVTVLEDQGNIGSLLAGEEIFYTNGS 164
MOMP- 91 NWTLEGAYLGNSLDNELENLGL---——-—--——-—-—-————————— GNGNFFALRGTVEVNGWDATLGGLYYGDKDKGSLTVIEDQGNIGSLLAGEEIFYTNGS 155
MOMP-186 NWTLEGAYLGNSLDNELKDLGN-- —-GNGNFFALNGGIEVNGWDATLGGLYYGKKDKATLTVIEDQGNIGSLLAGEEIFYTQGS 160
MOMP-106 NWTLEGAYLGNSLDNERKDLGN--—-—-———--—-——-—-——————— GNGNFFALNGSIEVNGWDATLGGLYYGKKDKATVTVIEDQGNLGSLLAGEEIFYTKGS 148
MOMP-200 NWTIEGAYLGNSVDNKLKNNNPLNLDI-------—-—-——-——— ANGNFFALRGTVEVNGWDASLGGLYYGKKDKATVTVIEDQGNIGSLLAGEEIFYTNGS 167
MOMP-186 NWTLEGAYLGNSLDSKLKNALSNQ-——-—--———————————— AANGNFFALRGSVELNGWDASLGGLYYGKKDKVTLTTIEDQGNLGSLLAGEEIFYTNGS 176
MOMP- 52 NWSIEGAYLGNSVDNKLKDRLGV-————————-—-———————-—— ANGNFFALRGTVEVNGWDASLGGLYYGKKDKVTVTTIEDQGNLGSLLAGEEIFYTRGS 174
MOMP-100 NWTIEGAYLGNSVDNKLKDRLDA-—————————————————— ANGNFFALRGTVEVNGWDASLGGLYYGKKDKITVITTIEDQGNLGSLLAGEEIFYTRGS 175
MOMP-167 NWTIEGAYLGNSIDNKLKDRLDA---—-——-—-——-——-————--—— ANGNFFALRGTVEVNGWDASLGGLYYGKKDKVTLTTIEDQGNLGSLLAGEEIFYTNGS 174
MOMP- 74 NWTIEGAYLGNSVDNKLKDRLDAASVDNKLKDRLD- - -AANGNFFALRGTVEVNGWDASLGGLYYGKKDKVTLTTIEDQGNLGSLLAGEETIFYTNGS 187
MOMP- 21 NWTIEGAYLGNSIDNKLKDRLD--—-—-——-——-————-————-—— AANGNFFALRGTVEVNGWDASLGGLYYGKKDKVTLTTIEDQGNLGSLLAGEEIFYTNGS 174
MOMP- 49 NWSIEGAYLGNSVDNKLKDRLDA-—-—-———--—————-————-—— ANGNFFALRGTVEVNGWDASLGGLYYGKKDKATVTTIEDQGNIGSLLAGEEIFYTRGS 166
MOMP-121 NWSIEGAYLGNSLDNKLKDRYNDR-------—-———-——-—-—— AANGNFFALRGTVEVNGWDASLGGLYYGKKDKFTVTTIEDQGNLGSLLAGEEIFYTHGS 163
MOMP-182 NWTIEGAYLGNSVDNKLKDRFRAAGDPESS--——————--—— AANGNFFALRGTVEVNGWDASLGGLYYGKKDKVITVITIEDQGNLGSLLAGEEIFYTHGS 169
B11 L6 B12 B13 L7

Fig. 1 (continued on facing page). Alignment of 31 deduced MOMP sequences chosen to represent the diversity observed
among 180 peptides identified in human Campylobacter isolates. Protein variant number is indicated to the left and amino acid
length to the right of each sequence. Gaps are indicated by -. Bold lines below sequence blocks indicate regions predicted to
form fB-barrels, and regions encoding putative external loops are labelled L4 to L8, as described by Zhang et al. (2000).

MOMP-1 was associated mainly with ST-257 complex, ST- Stability of porA during prolonged infection.

574 complex and ST-658 complex. Conversely, a given

clonal complex was not predictive of MOMP variant, Evidence of porA mutation during prolonged infection was
individual clonal complexes being associated with more found in two patients with prolonged illness (5-34 days),
than one variant; for example ST-21 complex was most each of whom had submitted three C. jejuni isolates. In
commonly associated with MOMP-4, 6, 10 and 13. patient 55, the third isolate, collected 16 days after the first,
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MOMP-135 234
MOMP-154 234
MOMP- 68 233
MOMP-118 210
MOMP- 50 211
MOMP- 4 210
MOMP- 57 210
MOMP-104 210
MOMP-109 211
MOMP-176 224
MOMP- 8 211
MOMP-150 210
MOMP- 9 203
MOMP-119 202
MOMP- 96 212
MOMP-132 219
MOMP-157 213
MOMP-168 210
MOMP- 91 201
MOMP-186 206
MOMP-106 194
MOMP-200 216
MOMP-186 223
MOMP- 52 NLNGDL----- GRNIFGYVTGGYTFNEAVRVGADEFVY - NITIGQGGKKL 221
MOMP-100 NLNGDL--——— GRNIFGYVTGGYTFNEAVRVGADFVY - NIIGQGGKKL 222
MOMP-167 NLNGDI----- GRNIFGYVTAGYTFNETVRVGADFVY-----—---—---— NIIGQGGRDL 221
MOMP- 74 NLNGDI-----— GRNIFGYVTAGYTFNETVRVGADFVY - ——-———————-—— NIIGQGGKKL 234
MOMP- 21 NLNGDIGRNIFGRNIFGYVTAGYTFNETVRVGADFVY- NIIGQGGKKL 226
MOMP- 49 NLNGDI----- GRNIFGYVTAGYTFNETVRVGADFVY - NIIGQGGKKL 213
MOMP-121 RLNGDA----— GRNIFGYVTIGGYTFNETVRIGADFVY-—---—--——---GGTKTENVGE--——— GGKKL 210
MOMP-182 RLNGDA----- GRNIFGYVTAGYTFNETVRVGADFVY - —-—-—-——-—-——--—-— GGTKTDPETKKLSFNGGKKL 221

B14 B15

L8

had a G to A transition at the second nucleic acid of codon
170 of the allele. This resulted in a glycine to aspartic acid
substitution, a non-conservative change located in putative
surface-exposed loop 7 of the protein. The MLST type of
this isolate was ST-45, the central genotype of ST-45
complex, which is commonly identified in human infec-
tions (Dingle et al., 2002).

In patient 59, the third isolate, collected 27 days after the
first, had a histidine insertion created by a CAT repeat. The
insertion was located after codon 204 of the allele in
putative surface-exposed loop 8. This isolate was ST-843, a
member of ST-21 complex, the most frequent among
human infections (Dingle et al, 2002). The results were
confirmed for both patients 55 and 59 from a minimum of
9 individual colonies. In all cases, DNA templates were
prepared from a sweep of bacterial growth rather than an
individual colony, to ensure amplification of the predom-
inant genotype in any mixed cultures. No synonymous
nucleotide changes were observed in isolates from either
patient.

In a further three patients (60, 63 and 64), with illness of
longer than normal duration, the second isolate cultured
was genetically distinct from the first at all 10 loci
(Supplementary Table S2). This suggests either a co-
infection or, due to the long time intervals between the
isolates (31, 56 and 98 days), subsequent independent
infections. However, there was no evidence of porA
mutation in 59 samples from 24 other patients during
the course of their prolonged infections, which ranged in
length from 6 to 34 days (mean sampling interval
12.6 days). Neither was any difference in the 10-locus
profile identified in any of the 46 isolates obtained from 22
patients that provided more than one sample per day, at

some point during the course of their illness. These control
samples validated the methodology and reproducibility of
results.

The MLST and antigenic profiles of 78 isolates from 37
patients with typical duration of illness (0—4 days; mean
sampling interval 1.1 days) remained unchanged, although
one patient was simultaneously infected with two unrelated
Campylobacter strains. Twenty isolates obtained from 10
family outbreaks did not vary among individuals of the
same household, but in one outbreak the individuals were
infected by genotypically different isolates (Supplementary
Table S3).

DISCUSSION

A highly discriminatory typing scheme has been developed
to detect potentially linked cases of human campylobacter-
iosis. This typing scheme extends the MLST approach by
exploiting the extensive genetic diversity of Campylobacter
porA, and the SVRs of the flagellin genes flaA and flaB
(Dingle et al., 2008). However, the potential for positive
immune selection at putative surface-exposed regions of
the PorA MOMP raises questions regarding the stability of
the porA locus, and hence its suitability for inclusion in
such schemes. This study has assessed the nature and extent
of porA genetic diversity in C. jejuni and C. coli and the
stability of the locus during human infection. It provides
important validation for the extended typing scheme.

The level of diversity we observed at the porA locus was far
greater than that at the housekeeping loci used in MLST,
and at the SVRs of flaA and flaB, which encode flagellin, a
major immunodominant antigen in humans (Nachamkin
& Yang, 1989, 1992). The ratio of porA alleles to peptides

http://mic.sgmjournals.org
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Fig. 2. Distribution of synonymous and non-synonymous mutations across the Campylobacter porA allele in relation to the
protein structure predicted by Zhang et al. (2000). (a) Plot demonstrating the average for each codon for all pairwise
comparisons for indels, synonymous and non-synonymous mutations calculated from 196 porA nucleotide alleles by SNAP.pl
(Korber, 2000; Ota & Nei, 1994). Synonymous mutations are indicated by the blue line and non-synonymous mutations by the
pink line. x-axis annotation indicates codon number and related predicted protein structure. (b) Schematic representation of the
Campylobacter MOMP indicating putative intra-membrane f-barrels and surface-exposed loops.

was approximately threefold lower than that observed for
the flaA and flaB SVRs. Among the porA alleles, almost
every distinct nucleotide sequence encoded a novel peptide,
with non-synonymous substitutions in excess of synonym-
ous substitutions. This provides evidence of strong positive
immune selection, especially in putative surface-exposed
loops. The observation from this collection of human
isolates is supported by the porA database (http://
pubmlst.org/campylobacter/momp), which contains 829
porA allele sequences, encoding 770 protein variants, a
ratio of 1.07 (as of 8 May, 2009). Also, when published
porA sequences from a total of 106 C. jejuni and C. coli
isolates available from GenBank (Clark et al., 2007; Huang
et al., 2005; Zhang et al., 2000) were compared with those
from the present isolate collection, 25 alleles were common
to both datasets. Of these, 17 (68 %) were observed more
than once in our dataset (Supplementary Fig. S1), showing
that these variants are, at least to some degree, persistent in
the population.

The porA allele sequences formed three major phylogenetic
clusters (Fig. 3), two containing sequences derived from
both C. jejuni and C. coli isolates (groups 1 and 3) and the
third containing only sequences derived from C. jejuni
isolates (group 2). A previous study also identified three
porA groups, but in this case, only that corresponding to
group 3 contained both C. coli and C. jejuni sequences
(Clark et al, 2007). Recombination between the two
species was suggested as an explanation for this obser-
vation, and independent evidence of recombination among
C. jejuni and C. coli isolates has been described (Sheppard
et al., 2008). Estimates have indicated that recombination
between C. jejuni and C. coli generates diversity at twice the
rate of de novo mutation (Wilson et al., 2009). Our results
support these findings, as a small number of C. coli isolates
were present in a mostly C. jejuni group and vice versa
(Fig. 3). However, in contrast to the flaA and flaB SVRs,
(Dingle et al., 2002) only a single porA allele (porA-33) was
identified in isolates of both C. jejuni and C. coli. Therefore,
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alignment at which polymorphisms occur.

whilst uncommon in this sample of isolates, there is
evidence of recombination between the two species
involving porA.

Population analysis of C. jejuni isolates from diverse hosts
has demonstrated associations between certain clonal
complexes and isolation sources (Dingle et al, 2002),
suggesting that some genotypes are particularly well
adapted to certain host environments. MLST was subse-
quently used to predict the reservoirs in which particular
strains originated (McCarthy et al., 2007; Sheppard et al.,
2009). A number of clonal complexes are relatively
homogeneous in their heat-stable serotype and FlaA SVR
variant (Dingle et al, 2002). In addition, the findings
presented here demonstrated a non-random association
between clonal complexes and porA variants (P<<0.01). The
host immune response has been suggested to play a role in
defining the more antigenically homogeneous clonal

complexes, and this could also reflect niche adaptation.
For example, ST-45 and ST-257 complexes are human and
chicken associated (Dingle et al., 2002), and predominantly
MOMP-1 and MOMP-41 (alleles for both these proteins
were found in sequence group 1: MOMP-41 in clade 1A
and MOMP-1 in a clade of its own; Fig. 3). Alignment of
these sequences demonstrates that they differ predomi-
nantly at loop 4. A definitive study on MOMP host
association would require MLST and porA data for isolates
from a wide variety of hosts, and we cannot extrapolate
from a study focusing on human isolates alone; however,
published data from Clark et al. (2007), Huang et al. (2005)
and Zhang et al. (2000) indicated that MOMP-1 and
MOMP-41 were human and chicken associated. A
complicating factor in exploring these relationships for
all C. jejuni and C. coli isolates may be their ability to
colonize multiple hosts and thereby undergo exposure to
many different immune responses.
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Campylobacter-associated diarrhoea in humans generally
lasts 3 to 4 days, but shedding during convalescence can
continue for several weeks, carriage being reported in
16 % of individuals, for a median time of 31 days
(Kapperud et al, 1992). The porA allele has been used
to enhance isolate discrimination and identify potentially
epidemiologically linked cases (Dingle et al., 2008). It was
therefore useful to confirm that porA was sufficiently
stable for this purpose, and not overdiscriminatory due to
frequent ‘within-patient’ mutations. In the present study,
the porA allele was stable in the majority of patients
examined and in 10 family outbreaks. Isolates collected
longitudinally from two patients with prolonged infection
underwent mutation within putative surface-exposed
loops. The patients were still suffering diarrhoea when
these mutations occurred, but clinical data on their
immune status were unavailable. Convalescent stool
samples for patients with illness of normal duration were
not available, but these would be unlikely to yield a high
frequency of isolates with new porA mutations, since we
anticipate that these would be associated with immune
escape and continued symptomatic illness. Confo-
rmational epitopes are important in immunity to
Campylobacter (Cawthraw et al., 2002; Huang et al.,
2007); therefore, the within-patient mutations detected
here may result from continued Campylobacter exposure
to the patients’ immune response.

Campylobacters are widely distributed in poultry, wild
birds, and farm and other animals (Corry & Atabay, 2001;
Jones, 2001; Stanley & Jones, 2003). Poultry are considered
the major reservoir for human infection (Friedman et al.,
2004; Kapperud er al, 2003; Wingstrand et al, 2006)
and once colonization of a chicken has occurred,
Campylobacter can remain in a bird’s caecum for its entire
life (Wagenaar et al., 2006). A number of surface-exposed
Campylobacter proteins have been identified as immuno-
genic in humans, including MOMP (Cawthraw et al,
2002), and among humans, circulating antibodies can be
detected 6 to 7 days after the onset of symptoms (Newell &
Nachamkin, 1992). The within-patient mutations detected
here may therefore indicate immune evasion, since they
occurred in the patient after we expect antibody produc-
tion to have occurred. Preliminary data from chickens
indicated that porA alleles are stable during long-term
colonization (F. M. Colles, personal communication);
therefore a similar process of immune selection may be
absent in chickens. Further studies are required for
confirmation of different immune pressures in human
and non-human hosts.

In conclusion, the variability of the porA surface loops
provides evidence that immune selection strongly influ-
ences the diversity of this locus. However, our data validate
the use of the porA locus in extended typing schemes, since
with the exception of two unusual cases, this highly diverse
locus was stable during individual infections and family
outbreaks.
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