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Abstract

An outbreak of Guillain-Barré syndrome (GBS), subsequent to Campylobacter
Jejuni enteritis, occurred in China in 2007. Serum anti-ganglioside antibodies
were measured in GBS patients and controls. Genome sequencing was used
to determine the phylogenetic relationship among three C. jejuni strains from a
patient with GBS (ICDCCJ07001), a patient with gastroenteritis
(ICDCCJ07002) and a healthy carrier (ICDCCJ07004), which were all
associated with the outbreak. The ganglioside-like structures of the
lipo-oligosaccharides of these strains were determined by mass spectrometry.
Seventeen (53%) of the GBS patients had anti-GT1a IgG antibodies. GT1a
mimicry was found in the lipo-oligosaccharides of strain ICDCCJ07002 and
ICDCCJ07004; but a combination of GM3/GD3 mimics was observed in
ICDCCJ07001, although this patient had anti-GT1a IgG antibodies. A
single-base deletion in a glycosyltransferase gene caused the absence of
GT1a mimicry in ICDCCJ07001. The phylogenetic tree showed that
ICDCCJ07002 and ICDCCJ07004 were genetically closer to each other than
to ICDCCJ07001. C. jejuni, bearing a GT1a-like lipo-oligosaccharide, might
have caused the GBS outbreak and the loss of GT1a mimicry may have

helped ICDCCJ07001 to survive in the host.

Keywords: Guillain-Barré syndrome; Campylobacter jejuni; anti-ganglioside

antibody; phylogenetic analysis; antigenic drift.
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Introduction

Guillain-Barré syndrome (GBS) is currently the most frequent cause of acute
flaccid paralysis worldwide, since the near elimination of poliomyelitis [1].
Two-thirds of cases are preceded by symptoms of upper respiratory tract
infection or gastrointestinal infections [2]. The most frequently identified
infectious agent is Campylobacter jejuni, with 31% of infections being
attributed to it in one systematic review [3]. Lipo-oligosaccharide (LOS) is a
major component of the outer membrane of this bacterium; there is molecular
mimicry between human gangliosides and C. jejuni LOS [4]. Infection by C.
jejuni, bearing ganglioside-like LOS, induces the development of
anti-ganglioside 1gG antibodies in certain patients with C. jejuni infections [5].
The anti-ganglioside antibodies bind to gangliosides such as GM1 and GD1a,
which are strongly expressed at the nodes of Ranvier, and activate the
complement system, leading to the formation of membrane-attached
complexes at the nodal axolemma of peripheral motor fibres. This results in the
disappearance of voltage-gated sodium channels at the nodes and the
disruption of axo-glial junctions, followed by a failure of motor nerve conduction
and muscle weakness [6,7]. The synthesis of ganglioside-like LOS in C. jejuni
usually requires three essential genes: either cst-Il (encoding either a
mono-functional a2,3-sialyltransferase or a bi-functional
02,3/8-sialyltransferase) or cst-lll (encoding a  mono-functional

a2,3-sialyltransferase), CgtA (encoding a
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B-1,4-N-acetylgalactosaminyltransferase) and cgtB (encoding a
B-1,3-galactosyltransferase). A strong association was found between the
simultaneous presence of these three genes and GBS-associated C. jejuni
strains [8,9]. These genes are present in 6 of the 22 LOS biosynthesis classes
(A, B, C, M, R and V) that have been characterized in C. jejuni strains [10,11].
In addition, the class A locus was detected in 53% to 68% of the GBS
associated isolates [9,12]. However, strains having the same class of LOS
locus can express different ganglioside mimics because of DNA sequence
polymorphisms in the cst-ll, cgtA and cgtB genes, in addition to other genes
encoding glycosyltransferases, involved in the biosynthesis of the LOS outer
core [12,13,14]. For example, amino acid sequence variation in Cst-1l affected
its acceptor specificity. Strains with cst-Il (Thr51) produce ganglioside mimics
containing only a-2,3-linked sialic acid (NeuAc) residues such as GM1- and
GD1a-like LOS. In contrast, strains with cst-Il (Asn51) produce ganglioside
mimics containing both a-2,3- and a-2,8-linked NeuAc residues such as GT1a-,
GD3-like and GD1c-like LOS [13,15,16].

GBS is generally observed as a sporadic disease, but there have been few
outbreaks reported [17,18]. In 2011, a Campylobacter infection outbreak,
which included 26 identified cases of GBS, occurred at the USA-Mexico border
in Yuma County (Arizona, USA) and San Luis Rio Colorado (Sonora, Mexico)
[19]. The largest ever reported GBS outbreak occurred in Jilin (northern China)

in June and July 2007, and C. jejuni infection was identified as the triggering
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factor [20]. One C. jejuni strain was isolated from a patient with GBS following
a diarrhea episode (ICDCCJ07001), one strain was isolated from a patient with
diarrhea only (ICDCCJ07002), and one strain was isolated from a healthy
carrier (ICDCCJ07004), with the latter two strains being isolated from
neighbors of the patients with GBS [20]. The genome sequences for
ICDCCJ07001, 07002 and 07004 were recently determined [21,22].

A previous study using a commercial kit reported that most patients with GBS
in the Jilin outbreak had anti-GM1 IgG antibodies [18]; however, repeated
serological examinations using the same reagents indicated that these results
were non-conclusive. In addition, the serum from a patient with GBS did not
have significant immune reaction with the LOS from its associated strain
(ICDCCJ07001) but had a strong reaction with the LOS from strain
ICDCCJ07002, which was isolated from a patient with diarrhea only (data
shown in the Results section). In order to further explore the pathogenesis of
the GBS outbreak in northern China, we carried out a more thorough study that
included the examination of anti-ganglioside antibodies in the sera of related
populations using better standardized reagents and protocol [16,23,24], the
structural determination of ganglioside-like LOS of C. jejuni strains from
different hosts and the analysis of the genetic relatedness between these

strains.
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Materials and Methods

Ethics statement

The verbal informed consent for the blood sample collection from the patients
in this study during the outbreak was obtained and the data was analyzed
anonymously. Verbal informed consent for sample collection is permitted by
the Chinese Center for Disease Control and Prevention (China CDC) for
emergency outbreak investigation and the consent was approved by the ethics
committee of the China CDC and the academic committee in the National
Institute for Communicable Disease Control and Prevention. All the related
documents were recorded at the China CDC. Ethics approval for this study
was also obtained from the ethics committee of the China CDC and the
academic committee of the National Institute for Communicable Disease

Control and Prevention.

Bacterial strains and serum samples

Strain ICDCCJ07001 was the unique isolate (single colony) isolated from the
stool sample of one GBS patient who had preceding diarrhea. Strain
ICDCCJ07002 was one colony picked among multiple colonies obtained
following the culture from the stool sample of the neighbor of the GBS patient
who had diarrhea at that time and strain ICDCCJ07004 was also one colony
picked among multiple colonies obtained following the culture from the stool

sample of a neighbor who had no diarrhea within the last 30 days [20].
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During the outbreak of GBS in China in 2007, a total of 189 serum samples
were obtained from patients with GBS subsequent to C. jejuni enteritis (n = 32),
family members who had had C. jejuni enteritis (n =12), neighbors who had
had C. jejuni enteritis (n = 99) and healthy subjects (n = 46). The 32 serum
samples from the GBS patients were taken from the patients when they first
registered in the hospital between June 23 and July 9 (the first-phase
collection) [20]. The family members’ serum samples were collected from the
sister or brother of 12 individual GBS patients who had diarrhea during the
same period as the GBS patients. The 99 serum samples from the neighbors
were collected from the neighbors of the 32 GBS patients who shared the
same water supply system and had diarrhea simultaneously with the GBS
patients. Both the sample sets from the family members and from the
neighbors were collected between June 23 and July 14. The healthy control
samples were selected randomly from the stock of the local health inspection
center over a period from January to June 2007. The subjects of the healthy
control cohort did not have any underlying illness and were attending the

health inspection center for regularly scheduled health checkups.

Anti-LOS serology

Reactivity between the LOS extracted from C. jejuni ICDCCJ07001 and
ICDCCJ07002 and the IgG antibodies in the serum from GBS patients (32
samples) and the controls (30 samples, 15 from the diarrheal patients and 15

from the healthy subjects) was measured with a modified enzyme-linked

7
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immunosorbent (ELISA) protocol. Briefly, LOS fractions from the C. jejuni
strains were extracted by the hot aqueous-phenol method [25]. Both
coomassie brilliant blue staining and silver staining were performed following
separation of the samples by polyacrylamide gel electrophoresis in the
presence of sodium dodecyl sulfate. The bands were visualized only with the
silver stain which confirmed that there was no protein contamination. Each well
was coated with 0.25 pg of purified LOS and serum samples were diluted
1:500 in PBS with 0.5% casein. Horseradish peroxidase-conjugated goat
anti-human IgG antibodies (Signa-Aldrich, #A0170) was added as the
secondary antibody. The captured antibodies were detected using tetramethyl

benzidine as substrate by measuring the optical density (OD) at 450 nm.

Anti-ganglioside serology

IgG and IgM antibodies against GM1, GM1b, GD1a, GD1b, GalNAc-GD1a,
GT1a and GQ1b were measured in the 189 serum samples by an ELISA assay.
The reagents were from by Dr. Yuki’s laboratory and the protocols were
described previously [24]. Differences in the antibody frequencies among the
groups were evaluated using the Fisher exact test with a statistical software
package (IBM SPSS Statistics 19.0, Chicago, IL, USA). The level of

significance was set at p < 0.05.

Comparative genomics and phylogenetic analysis

The genome sequences of C. jejuni ICDCCJ07001, 07002 and 07004 were
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published previously [21,22] and were downloaded from GenBank (GenBank
accession numbers NC 014802 for ICDCCJ07001, APNP00000000 for
ICDCCJ07002 and APNQO0000000 for ICDCCJ07004). Comparative
genomics and the core-genome single-nucleotide polymorphisms (SNPs)
screen were performed by in silico analysis based on the genome sequence
data. Briefly, we remapped all the assembled contigs to the completed
reference genome sequence (strain ICDCCJ07001) to delineate shared
regions with identity = 90% and e-value <1e-5 according to BLASTn. Then we
compared the raw reads of each strain to the core-genome by using
SOAPaligner. SNPs were identified by aligning contigs of each strain to the
genome of ICDCCJ07001 using MUMmer (version 3.22). The MUMmer results
for each strain were filtered to remove SNPs that might be unreliable according
to the following criteria: 1) quality scores <20 (average base calling error rate
greater than 0.01); 2) covered by < 10 paired-end reads; 3) in repetitive
regions; 4) not identified by BLAT searches of the contigs of each strain to
core-genome sequences [26]. Qualified SNPs from ICDCCJ07001, 07002 and
07004 were verified using the BLAT (v 34) software to verify the matches from
the alignments. DNA insertions and deletions shorter than 10 bp were
extracted with axtBest and verified with BWA (version 0.5.8). In order to
explain the evolutionary history of C. jejuni ICDCCJ07001, 07002 and 07004, a
phylogenetic tree was constructed based on the core-genome concatenated

SNPs using the software PHYML with the HKY model and 500 bootstrap
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replications [27,28]. To provide an outgroup for rooting the phylogenetic tree,
two additional isolates were included in the phylogenetic analysis: C. jejuni
260.94, a strain isolated from a patient with GBS in Cape Town, South Africa
[29] (GenBank accession number: NZ_AANKO00000000), and C. jejuni
HN-CJD07035, a strain isolated from a patient with diarrhea in the province of
Henan, China (GenBank accession number: ARYEO00000000). These two
strains were selected because they are both Penner serotype HS:41, i.e.
similar to ICDCCJ07001 and 07002 (07004 was untypable).

DNA sequence differences observed between the cgtA, cgtB and cst-Il genes

were confirmed by PCR amplication and DNA sequencing using primers

cgtA-F (5'-AATTAATTTTTAGGTATAATC-3'), cgtA-R
(5'-AAGAACAAAATTAATGGTTAC-3)), cgtB-F
(5'-GAATTTAAAAAATTCTATTTAC-3), cgtB-R
(5'-CCATCAAGATTTATTTTTAACG-3', cst-1l-F
(5'-GAAATTTTAAACATATTTATTC-3) and cst-1-R (5-

CATTATGATTAATGCCTATTTC-3’).

Mass spectrometry analysis

The LOS was extracted by the hot aqueous-phenol method as described
previously [25]. Intact LOS samples were analyzed by capillary
electrophoresis-electrospray ionization mass spectrometry, as described
previously [30,31]. The LOS outer core structures were proposed based on the

observed mass species and the presence of the glycosyltransferase variants in
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Results

Anti-LOS antibodies

The 1gGs in the sera from the GBS patients had stronger reactions with the
LOS from C. jejuni ICDCCJ07002 than with the LOS from strain ICDCCJ07001
(Fig. 1, the x-axis indicates the ID of the serum samples and the y-axis
indicates the value of the OD at 450 nm.red bar for anti-07002 LOS reaction
and blue bar for anti-07001 LOS reaction). IgG antibodies in the serum sample
from GBS16 (labeled with a black diamond), corresponding to the patient from
whom C. jejuni ICDCCJ07001 was isolated, had a strong reaction with the
LOS from strain ICDCCJ07002 (OD value at 450 nm of 0.589) but not with the

LOS from strain ICDCCJ07001 (OD value at 450 nm of 0.096).

Anti-ganglioside antibodies

In total, 20 (63%) of the 32 patients with GBS had IgG antibodies against any
of the gangliosides tested (Table 1). IgG antibodies against GM1, GD1b, GT1a
and GQ1b were detected in four (13%), one (3%), 17 (53%) and two (6%) of
the patients, respectively. The frequency of the anti-GT1a antibodies was
significantly higher in the GBS group than in the other groups (p < 0.001).
Among the 17 patients with GBS who had anti-GT1a antibodies, 14 had no
antibodies against the other gangliosides, whereas two had anti-GQ1b
antibodies, and one had anti-GM1 antibodies. The serum from the patient with

GBS, from whom C. jejuni ICDCCJ07001 was isolated, had the highest titre of
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anti-GT1a antibodies (OD = 3.05) among the entire set of tested samples. Only
three samples had positive anti-GT1a IgM antibodies among the 189 tested
samples. Two of them were from GBS patients and were positive for both
anti-GT1a IgG and IgM antibodies. One was from the neighbor group and had
only anti-GT1a IgM antibodies. Positive frequencies of IgM antibodies did not

show significant difference among those four groups.

Comparative genomics and DNA sequencing of cgtA, cgtB and cst-ll in C.
jejuniICDCCJ07001, 07002 and 07004

Only small DNA insertions, deletions and SNPs were found among ICDCCJ
07001, 07002 and 07004 when their whole genome sequences were
compared. The similarity of these three isolates at the genome level was more
than 99%. The genome alignment results and the locations of the SNPs
detected among these three isolates are shown in 81 Fig. Three genes (cgtA,
cgtB and cst-ll) of the LOS biosynthesis locus were amplified and
re-sequenced to confirm their expression status. The cgtB and cst-Il genes
were intact (no premature translational stop codon) and had identical
sequences in ICDCCJ07001, 07002 and 07004. The three cgtA versions were
nearly identical, with the only difference being a single bp deletion in
ICDCCJ07001 (A136), which caused a frame-shift mutation and premature
translational stop codon after 57 amino acids. Therefore, ICDCCJ07001
carried a version of cgtA that encoded an inactive

B-1,4-N-acetylgalactosaminyltransferase.
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Phylogenetic Relations Based on the Core Genome SNPs

In total, 134 qualified core-genome SNPs were discovered among
ICDCCJ07001, 07002 and 07004 (S1 Table). Seventy-six of the 134 SNPs
were located within genes; the other 58 were in the intergenic regions. Of the
SNPs occurring within genes, 65 were non-synonymous changes (nsSNPs)
and 11 were synonymous changes (sSNPs; Table 2).

A phylogenetic tree, based on the 2348 core-genome SNPs from the three
isolates and C. jejuni isolates 260.94 and HN-CJD07035, was created using
the software PHYML in the treeBest software package with the HKY model
and 500 bootstrap replications (Fig. 2). The maximum bootstrap value of the
phylogenetic tree was 500, which indicated the reliability of the relationships.
By including the two outgroup strains, the phylogenetic analysis indicated that
the three isolates from the outbreak study belonged to the same cluster. The
tree also indicated that ICDCCJ07002 and 07004 were genetically closer to
each other than to ICDCCJ07001. The analysis of the SNPs suggested that
ICDCCJ07002 and 07004 were closer than ICDCCJ07001 to the two “external”

HS:41 strains (260.94 and HN-CJD07035).

Ganglioside-like structure of the LOS

Mass spectrometry analysis of an intact LOS sample from ICDCCJ07001
suggested an outer core composition including two hexoses and one NeuAc
residue (HexoNeuAc+), along with some mass species variants having two

NeuAc residues (HexoNeuAc,; Fig. 3A and S2 Table). The presence of
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di-NeuAc was confirmed by the observation of a fragment ion at m/z 581.5
when tandem mass spectrometry was carried out on the triply charged ion at
m/z 1285.4 (data not shown). The glycosyltransferase variants present in the
LOS locus of ICDCCJ07001 were predicted to have similar specificities to
those of C. jejuni OH4382 [32]. The key glycosyltransferases are the
bi-functional Cst-Il (Asn51) sialyltransferase and a truncated version of the
B-1,4-N-acetylgalactosaminyltransferase (CgtA). The bi-functional Cst-II
(Asn51) is responsible for adding an a-2,3-linked NeuAc to the terminal
galactose (Gal) residue, and then an a-2,8-linked NeuAc to the first NeuAc
residue. The cgtA version present in ICDCCJ07001 has a 7 A tract at position
129-135 (rather than the 8 A tract present in active cgtA versions) which
causes a frame-shift mutation and premature translational stop after 57 amino
acids. The presence of a truncated and inactive CgtA prevents further
elongation beyond the Gal residue that is sialylated. The analysis of the
glycosyltransferase variants, combined with the mass spectrometry data,
suggests that ICDCCJ07001 expresses a combination of GM3 and GD3
mimics in the outer core region of its LOS (Fig. 3A).

Mass spectrometry analysis of intact LOS samples of ICDCCJ07002 and
07004 showed that both strains have identical outer cores (Fig. 3B and S2
Table). The mass spectrum of ICDCCJ07004 gave peaks with stronger
relative intensities and was studied in further detail. The most abundant ions in

the ICDCCJ07004 spectrum corresponded to mass species with a proposed
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323

outer core composition of three hexoses, one N-acetylhexosamine and one
NeuAc residue (HexsHexNAciNeuAc:; S2 Table). Mass species variants
having one or two additional NeuAc residues (HexsHexNAciNeuAc, and
HexsHexNAciNeuAcs) were also observed. The presence of di-NeuAc in the
ion at m/z 1407.1 (HexsHexNAciNeuAcz) and in the ion at m/z 1504.2
(HexsHexNAc1NeuAcs) was confirmed by the observation of a fragment ion at
m/z 581.5 using tandem mass spectrometry (data not shown). However, it was
not possible to determine if the ion at m/z 1407 contained only mass species
with di-NeuAc as a chain, or if there was a mix with mass species that also
contained two mono- NeuAc residues on separate Gal residues. The
glycosyltransferase variants present in the LOS loci of ICDCCJ07002 and
07004 were predicted to have similar specificities as the ones in C. jejuni
OH4384 [13,32]. The glycosyltransferase variants in ICDCCJ07002 and 07004
are consistent with the major observed outer core composition of
HexsHexNAciNeuAc+ corresponding to a GM1 mimic (Fig. 3B). Cst-1l (Asn51)
can add an a-2,3-linked NeuAc to the Gal residue that is attached to the
heptose residue. CgtA and CgtB will extend the outer core by adding a
B-1,4-linked N-acetylgalactosamine residue and a (-1,3-linked Gal residue,
respectively, resulting in a GM1 mimic. Further extension by transfer of one or
two additional NeuAc residues would be performed by Cst-Il (Asn51) which is
able to add both an a-2,3-linked NeuAc to the terminal Gal residue and an

a-2,8-linked NeuAc to the a-2,3-linked NeuAc residue. The ions with the
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to the GM1 mimic. Consequently, we propose that the di-sialylated mimics

(GD1a and GD1b) and tri-sialylated mimics (GT1a and GT1b) are minor

structures present in the LOS of ICDCCJ07002 and 07004 (Fig. 3B).
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Discussion

In the present study, we found that half of the 32 patients with GBS had
anti-GT1a IgG antibodies without GQ1b reactivity. Monospecific anti-GT1a
antibodies are associated with pharyngeal-cervical-brachial weakness, a
localized subtype of acute motor axonal neuropathy, an axonal variant of GBS
[23,33]. Previous studies showed that 15 (47%) of the 32 patients with GBS
had acute motor axonal neuropathy, according to the electro-diagnostic criteria
[20,34,35]. It could be because pharyngeal-cervical-brachial weakness
remains unfamiliar to many neurologists, and also being an axonal variant of
GBS, which could present similar symptoms as the motor axonal neuropathy
during the later stage [33], that this specific clinical diagnosis was not made at
that time. According to the anti-gangliosides antibodies results, there is a
possibility that the outbreak in Jilin  might be the first
pharyngeal-cervical-brachial weakness outbreak. This is clinically important
because the clinical manifestation of pharyngeal-cervical-brachial weakness is
also similar to that of botulism, which is a foodborne illness with occasional
outbreaks around the world [36,37]. Examination for the specific
anti-ganglioside antibodies present in patient sera is crucial for establishing the
correct diagnosis based on the identified symptoms.

C. jejuni strain ICDCCJ07001 was isolated from a GBS patient who had

breathing and swallowing difficulties at the onset of the illness, which was also
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classified as an axonal neuropathy [20]. The serum from this patient had the
highest titre of anti-GT1a IgG antibodies, but did not have significant immune
reaction with the LOS from its associated strain (ICDCCJ07001). Unexpectedly,
it had a strong reaction with the LOS from strain ICDCCJ07002, which was
isolated from a patient with diarrhea only. The difference in serum reactivity
suggested that C. jejuni ICDCCJ07001 and 07002 strains expressed different
ganglioside-like structures and that the ICDCCJ07002 strain had a GT1a-like
structure. The LOS structural differences between ICDCCJ07001 (GM3/GD3
mimics) and 07002 (GM1/GD1a/GD1b/GT1a/GT1b mimics) provide an
explanation for the difference in serum reactivityy. GM3/GD3 mimics are
truncated versions of the GM1/GD1a/GD1b/GT1a/GT1b mimics, resulting from
an inactive CgtA 3-1,4-N-acetylgalactosaminyltransferase. The inactivation of
cgtA in ICDCCJ07001 resulted in a truncated LOS mimicking GM3 and GD3,
which was not reactive with the corresponding patient serum. In order to
exclude that the inactivation of cgtA occurred during in vitro passaging, we
compared its sequence in different ICDCCJ07001 sub-cultures and did not find
any differences.

There is a possibility that the inactivation of cgtA could have been triggered by
pressure from the immune response against the GT1a mimic or by the
selection of a sublineage with an inactive cgtA already present in the C. jejuni
population. This would be a form of antigenic drift, which in this case has

resulted in a change of the ganglioside mimics being presented on the surface
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of the cells, which could have extended the survival of the strain in this patient.
Analyzing a larger number of strains would have allowed a more thorough
investigation but it is extremely difficult to collect a comprehensive set of GBS
associated and control isolates because of the delay between the occurrence
of the enteritis outbreak and the onset of neurological symptoms among a
sub-group of patients who frequently have cleared the infection by then. In this
case, the median interval from diarrhea onset to neurological symptom onset
was 10 days (range: 5 to 20 days) [20,38].

There are two other reports of closely related pairs of strains that have LOS
loci that differed only by the deletion of a single A base in their respective cgtA
genes [10]. Two of these strains (OH4382 and OH4384) were clearly
epidemiologically related as they came from Japanese siblings [39]. The
inactivation of this gene seems to have a significant clinical role, as it has been
observed in at least three unrelated pairs of cases.

Strain ICDCCJ07001 was isolated from a patient with GBS who had been
hospitalized 7 days after the neurological disorder and diarrhea had occurred.
The persisting status of this GBS strain is in contrast with the outcome
observed with an outbreak of C. jejuni enteritis in a Dutch family where C.
Jejuni could be isolated from two family members with enteritis only, but could
not be isolated from the family member who developed GBS following diarrhea
[40]. The patient with GBS was the only family member who had a strong

immune response against gangliosides (GM1 and asialo-GM1 in this case)
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and against the LOS from the C. jejuni isolates from the other two family
members.

Another case of antigenic drift of a carbohydrate antigen (lipopolysaccharide)
was reported for Shigella flexneri [41]. Serotype conversion due to a single
missense mutation was observed using S. flexneri isolates which were
recovered from an infected patient over a period of 39 days. Serotype
conversion would have enhanced the survival of the strain in this patient since
immunity to S. flexneri is serotype specific.

The large number of unique and non-synonymous SNPs in ICDCCJ07001,
compared with ICDCCJ07002 and 07004, suggests that this strain was under
higher pressure from the immune response in the patient from whom C. jejuni
ICDCCJ07001 was isolated. The 61 non-synonymous SNPs unique to
ICDCCJ07001 are located within 43 coding sequences (S1 Table) which
encode 9 hypothetical proteins and 34 proteins that have homology with
members from various functional categories including motility accessory
factors, surface polysaccharide biosynthesis proteins, outer membrane
proteins and putative transporters (see S1 Table for other putative annotations).
One SNP resulted in a nonsense mutation in a hypothetical protein while the
majority of the other non-synonymous SNPs resulted in non-conservative
amino acid substitutions. It is difficult to predict the effect of these amino acid
substitutions on the functions of the affected proteins. However, motility and

cell surface structures are known to have an impact on the adaptability to the
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environment and virulence of bacterial strains, so it is possible that some of the
non-synonymous SNPs had an impact on the survival of ICDCCJ07001.

In summary, the present study provides a comprehensive analysis of the
genetic relatedness and pathogenesis of C. jejuni isolates obtained during the

course of the largest GBS outbreak ever reported.

Acknowledgements

We thank Denis Brochu (National Research Council Canada) for technical help
with the mass spectrometry analysis and Xianwei Yang (Beijing Genomics
Institute) for discussion of the bio-informatic analysis. We also thank Dr.
Eduardo Taboada (Public Health Agency of Canada) for helpful discussion of

the phylogenetic relationship of the strains.

Funding

This work was supported by The General Program of National Natural Science
Foundation of China (81071314 and 81271789), the National Basic Research
Program of China (2013CB127204), Singapore National Medical Research
Council (IRG 10nov086 and CSA/047/2012 to N.Y.) and Yong Loo Lin School

of Medicine (R-172-000-264-733 to N.Y.).

Author Contributions

Conceived and designed the experiments: MZ NY JZ. Performed the

22



435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

experiments: MZ FC JL HL QL FM. Analyzed the data: MZ MG. Wrote the

paper: MZ MG NY.

REFERENCES

1.

Yuki N, Hartung HP (2012) Guillain-Barré syndrome. N Engl J Med 366 :
2294-2304.

McGrogan A, Madle GC, Seaman HE, de Vries CS (2009) The
epidemiology of Guillain-Barré syndrome worldwide. A systematic
literature review. Neuroepidemiology 32:150-63.

Poropatich KO, Walker CL, Black RE (2010) Quantifying the association
between Campylobacter infection and Guillain-Barré syndrome: a
systematic review. J Health Popul Nutr 28:545-552.

Yuki N, Taki T, Inagaki F, Kasama T, Takahashi M, et al. (1993) A bacterium
lipopolysaccharide that elicits Guillain-Barré syndrome has a GM1
ganglioside-like structure. J Exp Med 178:1771-1775.

Kuwabara S, Yuki N (2013) Axonal Guillain-Barré syndrome: concepts and
controversies. Lancet Neurol 12:1180-1188.

Susuki K, Rasband MN, Tohyama K, Koibuchi K, Okamoto S, et al. (2007)
Anti-GM1 antibodies cause complement-mediated disruption of sodium
channel clusters in peripheral motor nerve fibers. J Neurosci 27:
3956-3967.

Susuki K, Yuki N, Schafer DP, Hirata K, Zhang G, et al. (2012) Dysfunction

23



456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

10.

11.

12.

of nodes of Ranvier: a mechanism for anti-ganglioside antibody-mediated
neuropathies. Exp Neurol 233:534-542.

Nachamkin I, Liu J, Li M, Ung H, Moran AP, et al. (2002). Campylobacter
Jejuni from patients with Guillain-Barré syndrome preferentially expresses
a GD1a-like epitope. Infect Immun 70: 5299-5303.

Godschalk PCR, Heikema AP, Gilbert M, Komagamine T, Ang CW, et al.
(2004) The crucial role of Campylobacter jejuni genes in anti-ganglioside
antibody induction in Guillain-Barré syndrome. J Clin Invest
114:1659-1665.

Parker CT, Gilbert M, Yuki N, Endtz HP, Mandrell RE (2008)
Characterization of lipooligosaccharide-biosynthetic loci of Campylobacter
Jejuni reveals new lipooligosaccharide classes: evidence of mosaic
organizations. J Bacteriol 190: 5681-5689.

Richards VP, Lefébure T, Pavinski Bitar PD, Stanhope MJ (2013)
Comparative  characterization of the virulence gene clusters
(lipooligosaccharide [LOS] and capsular polysaccharide [CPS]) for
Campylobacter coli, Campylobacter jejuni subsp. jejuni and related
Campylobacter species. Infect Genet Evol 14:200-13.

Koga M, Gilbert M, Takahashi M, Li J, Koike S, et al. (2006)
Comprehensive analysis of bacterial risk factors for the development of
Guillain-Barré syndrome after Campylobacter jejuni enteritis. J Infect

Dis193:547-555.

24



478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

13.

14.

15.

16.

17.

18.

19.

Gilbert M, Karwaski MF, Bernatchez S, Young NM, Taboada E, et al. (2002)
The genetic bases for the variation in the lipo-oligosaccharide of the
mucosal pathogen, Campylobacter jejuni: biosynthesis of sialylated
ganglioside mimics in the core oligosaccharide. J Biol Chem 277: 327-337.
Godschalk PCR, Kuijf ML, Li J, Ang CW, Jacobs BC, et al. (2007)
Structural characterization of Campylobacter jejuni lipooligosaccharide
outer cores associated with Guillain-Barré and Miller Fisher syndromes.
Infect Immun 75:1245-1254.

Kimoto K, Koga M, Odaka M, Hirata K, Takahashi M, et al. (2006)
Relationship of bacterial strains to clinical syndromes of
Campylobacter-associated neuropathies. Neurology 67:1837-1843.

Koga M, Takahashi M, Masuda M, Hirata K, Yuki N (2005). Campylobacter
gene polymorphism as a determinant of clinical features of Guillain-Barré
syndrome. Neurology 65:1376-1381.

Kaplan JE, Greenspan JR, Bomgaars M, Wiebenga N, Bart RD Jr, et al.
(1983) Simultaneous outbreaks of Guillain-Barré syndrome and Bell's
palsy in Hawaii in 1981. JAMA 250: 2635-2640.

Sliman NA (1978) Outbreak of Guillain-Barré syndrome associated with
water pollution. Br Med J 1:751-752.

Jackson BR, Zegarra JA, Lopez-Gatell H, Sejvar J, Arzate F, et al. (2011)
Binational outbreak of Guillain-Barré syndrome associated with

Campylobacter jejuni infection, Mexico and USA, 2011. Epidemiol Infect

25



500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

20.

21.

22.

23.

24.

25.

26.

7:1-11.

Zhang M, Li Q, He L, Meng F, Gu Y, et al. (2010) Association study
between an outbreak of Guillain-Barré syndrome in Jilin, China, and
preceding Campylobacter jejuni infection. Foodborne Pathog Dis 7:
913-919.

Zhang M, He L, Li Q, Sun H, Gu Y, et al. (2010) Genomic characterization
of the Guillain-Barré syndrome-associated Campylobacter jejuni
ICDCCJ07001 isolate. PLoS One 5(11): e15060.

Zhang M, Yang X, Liu H, Liu X, Huang Y, et al. (2013) Genome sequences
of the Guillain-Barré syndrome outbreak-associated Campylobacter jejuni
strains ICDCCJ07002 and ICDCCJ07004. Genome Announc 1:
e00256-13.

Nagashima T, Koga M, Odaka M, Hirata K, Yuki N (2007) Continuous
spectrum of pharyngeal-cervical-brachial variant of Guillain-Barré
syndrome. Arch Neurol 64: 1519-1523.

Yuki N, Tagawa Y, Irie F, Hirabayashi Y, Handa S (1997) Close association
of Guillain-Barré syndrome with antibodies to minor monosialogangliosides
GM1b and GM1a. J Neuroimmunol 74: 30-34.

Davis-MR Jr, Goldberg JB (2012) Purification and visualization of
lipopolysaccharide from Gram-negative bacteria by hot aqueous-phenol
extraction. J Vis Exp. 63: €e3916.

CuiY,YuC,YanY,LiD,LiY, etal. (2013) Historical variations in mutation

26



522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

27.

28.

29.

30.

31.

32.

rate in an epidemic pathogen, Yersinia pestis. Proc Natl Acad Sci 110:
577-82.

Sun Z, Zhang W, Guo C, Yang X, Liu W, et al. (2015) Comparative
genomic analysis of 45 type strains of the genus Bifidobacterium: a
snapshot of its genetic diversity and evolution. PLoS One 10: e0117912.
Mutreja A, Kim DW, Thomson NR, Connor TR, Lee JH, et al. (2011)
Evidence for several waves of global transmission in the seventh cholera
pandemic. Nature 477: 462-465.

Prendergast MM, Lastovica AJ, Moran AP (1998) Lipopolysaccharides
from Campylobacter jejuni O:41 strains associated with Guillain-Barré
syndrome exhibit mimicry of GM1 ganglioside. Infect Immun 66:
3649-3655.

Li J, Dzieciatkowska M, Hood DW, Cox AD, Schweda EK, et al. (2007)
Structural characterization of sialylated glycoforms of H. influenzae by
electrospray mass spectrometry: fragmentation of protonated and sodiated
O-deacylated lipopolysaccharides. Rapid Commun Mass Spectrom 21:
952-960.

Li J, Richards JC (2007) Application of capillary electrophoresis mass
spectrometry to the characterization of bacterial lipopolysaccharides. Mass
Spectrom Rev 26: 35-50.

Gilbert M, Brisson JR, Karwaski MF, Michniewicz J, Cunningham AM, et al.

(2000) Biosynthesis of ganglioside mimics in Campylobacter jejuni

27



544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

33.

34.

35.

36.

37.

38.

39.

OH4384: identification of the glycosyltransferase genes, enzymatic
synthesis of model compounds, and characterization of nanomole
amounts by 600-MHz 'H and *C NMR analysis. J Biol Chem 275:
3896-3906.

Wakerley BR, Yuki N (2013) Pharyngeal-cervical-brachial variant of
Guillain-Barré syndrome. J Neurol Neurosurg Psychiatry 0: 1-6.

Hadden RDM, Cornblath DR, Hughes RAC, Zielasek J, Hartung HP, et al.
(1998) Electrophysiological classification of Guillain-Barré syndrome:
clinical associations and outcome. Ann Neurol 44: 780-788.

Ye Y, Zhu D, Wang K, Wu J, Feng J, et al. (2010) Clinical and
electrophysiological features of the 2007 Guillain-Barré syndrome
epidemic in northeast China. Muscle Nerve 42: 311-314.

Leclair D, Fung J, Isaac-Renton JL, Proulx JF, May-Hadford J, et al. (2013)
Foodborne botulism in Canada, 1985-2005. Emerg Infect Dis 19: 961-968.
Wangroongsarb P, Jittaprasartsin C, Suthivarakom K, Kamthalang T,
Yeesoonsang S, et al. (2013) An outbreak of foodborne botulism in Surat
Thani Province, Thailand, 2012. Jpn J Infect Dis 66: 353-4.

Takahashi M, Koga M, Yokoyama K, Yuki N (2005) Epidemiology of
Campylobacter jejuni isolated from patients with Guillain-Barré and Fisher
syndromes in Japan. J Clin Microbiol 43: 335-339.

Yuki N, Tsujino Y (1995) Familial Guillain-Barré syndrome subsequent to

Campylobacter jejuni enteritis. J Pediatr 126: 162.

28



566

567

568

569

570

571

572

573

40. Ang CW, van-Doorn PA, Endtz HP, Merkies IS, Jacobs BC, et al. (2000) A

41.

case of Guillain-Barré syndrome following a family outbreak of
Campylobacter jejuni enteritis. J Neuroimmunol 111: 229-233.

Chen JH, Hsu WB, Chiou CS, Chen CM (2003) Conversion of Shigella
flexneri serotype 2a to serotype Y in a shigellosis patient due to a single
amino acid substitution in the protein product of the bacterial

glucosyltransferase gtrll gene. FEMS Microbiol Lett 224: 277-83.

29



574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

Figure Legends

Fig. 1. Anti-LOS IgG antibodies. Reactivity between the LOS extracted
from C. jejuni ICDCCJ07001 and ICDCCJ07002 and the IgG antibodies in the
sera from 32 GBS patients and 30 controls. The IgG antibodies in the sera
from the GBS patients had stronger reactions with the LOS from C. jejuni
ICDCCJ07002 than with the LOS from strain ICDCCJ07001 (the x-axis
indicates the ID of the serum samples and the y-axis indicates the value of the
OD at 450 nm:. red bar for anti-07002 LOS reaction and blue bar for anti-07001
LOS reaction. The first 32 serum samples were from GBS patients and the last
30 samples were used as controls, 15 from the diarrheal patients and 15 from
the healthy subjects). The serum sample GBS16 (labeled with a black
diamond) corresponds to the patient from whom C. jejuni ICDCCJ07001 was

isolated.

Fig. 2. Phylogenetic relatedness of 5 C. jejuni isolates. The maximum
likelihood phylogenetic tree showing the relatedness of 5 C. jejuni strains was
based on the core-genome SNPs and created using the software PHYML in
the treeBest software package with the HKY model and 500 bootstrap
replications. Numbers at the branches are bootstrap values and the branch

lengths correlate with the numbers of SNPs between the strains.

Fig. 3. Proposed LOS outer core structures based on capillary
electrophoresis-electrospray ionization mass spectrometry. (A) LOS
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595  outer core structures determined for C. jejuni ICDCCJ07001. (B) LOS outer
596  core structures determined for both C. jejuni ICDCCJ07002 and 07004. The
597  major structure corresponds to mass species having the highest intensities in
598  the mass spectra of the LOS samples.
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Supporting Information

S$1 Fig. Comparison of the genomes from Campylobacter jejuni
ICDCCJ07001, 07002 and 07004. The genome of ICDCCJ07001 is used as
the reference and shown as a black ring. The purple and blue rings represent
the genomes of ICDCCJ07002 and ICDCCJ07004, respectively. The locations
of the SNPs are marked with vertical bars outside of the circles. The detected
SNPs are listed in S$1 Table.

S1 Table. List of the 134 core-genome SNPs detected in Campylobacter
jejuni ICDCCJ07001, 07002 and 07004. In total, 134 qualified core-genome
SNPs were discovered among ICDCCJ07001, 07002 and 07004.

S2 Table. Mass spectrometry data and proposed compositions for
intact LOS of Campylobacter jejuni strains. Mass spectrometry analysis of

the intact LOS samples from ICDCCJ07001, 07002 and 07004.

32



614

615

616

617

618

619

Tables

Table 1. Anti-ganglioside IgG antibodies

Two-tailed p-value

GBS FM N HC GBSvsFM GBSvsN GBSvsHC
Number 32 12 99 46
GM1 4 (13%) 1(8%) 1(1%) 0 NS 0.016 0.025
GM1b 0 0 1(1%) 1(2%) NS NS NS
GD1a 0 0 0 0 NS NS NS
GalNAc-GD1a 0 0 0 0 NS NS NS
GD1b 1(3%) 0 0 0 NS NS NS
GT1a 17(53%) O 2 (2%) 0 0.004 <<0.001 <<0.001
GQ1b 2 (6%) 0 0 0 NS NS NS
Any of the
gangliosides 20 (63%) 1(8%) 4 (4%) 1(2%) <0.001 <0.001 <0.001
above

Abbreviations: GBS = Guillain-Barré syndrome subsequent to C. jejuni enteritis;

FM = family members who had had C. jejuni enteritis; N = neighbors who had

had C. jejuni enteritis; HC = healthy controls; NS = not significant (p > 0.05).
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620 Table 2. Number of core-genome SNPs unique to each Campylobacter

621  jejuni strain®

Strain sSNP® nsSNP¢ Intergenic Total
ICDCCJ07001 1 61 57 129
ICDCCJ07002 0 2 1 3
ICDCCJ07004 0 2 0 2

622  Abbreviations: SNP = single-nucleotide polymorphism; @The SNPs are listed in

623  S1 Table; °"Synonymous SNP; °Non-synonymous SNP.
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