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Abstract Guillain–Barré syndrome (GBS) is a post-
infectious disease in which the human peripheral nervous
system is affected after infection by specific pathogenic
bacteria, including Campylobacter jejuni. GBS is suggested
to be provoked by molecular mimicry between sialylated
lipooligosaccharide (LOS) structures on the cell envelope of
these bacteria and ganglioside epitopes on the human pe-
ripheral nerves, resulting in autoimmune-driven nerve de-
struction. Earlier, the C. jejuni sialyltransferase (Cst-II) was
found to be linked to GBS and demonstrated to be involved
in the biosynthesis of the ganglioside-like LOS struc-
tures. Apart from a role in pathogenicity, we report here

that Cst-II-generated ganglioside-like LOS structures
confer efficient bacteriophage resistance in C. jejuni.
By bioinformatic analysis, it is revealed that the pres-
ence of sialyltransferases in C. jejuni and other potential
GBS-related pathogens correlated significantly with the
apparent degeneration of an alternative anti-virus sys-
tem: type II Clusters of Regularly Interspaced Short
Palindromic Repeat and associated genes (CRISPR-
Cas). Molecular analysis of the C. jejuni CRISPR-Cas
system confirmed the bioinformatic investigation.
CRISPR degeneration and mutations in the cas genes
cas2, cas1 and csn1 were found to correlate with Cst-II
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sialyltransferase presence (p<0.0001). Remarkably, type
II CRISPR-Cas systems are mainly found in mammalian
pathogens. To study the potential involvement of this
system in pathogenicity, we inactivated the type II CRISPR-
Cas marker gene csn1, which effectively reduced virulence in
primarily cst-II-positive C. jejuni isolates. Our findings indi-
cate a novel link between viral defence, virulence and GBS in
a pathogenic bacterium.

Introduction

The bacterial pathogens Campylobacter jejuni, Neisseria
meningitidis, Haemophilus influenzae and Pasteurella mul-
tocida are associated with severe disease or even death in
mammals [1–4]. An important pathogenic feature of these
pathogens is the utilisation of sialic acid, which is not only
used as a carbon energy source, but also for sialylation of
cell envelope-bound sugar structures [5]. The sialylated lip-
ooligosaccharide (LOS) structures on the cell envelope of C.
jejuni, N. meningitidis, H. influenzae and P. multocida con-
tribute to human and animal serum resistance, immune
evasion and increased virulence [6–13]. The transfer of
sialic acid molecules to cell envelope-bound sugar structures
in C. jejuni is catalysed by α2,3/α2,8-sialyltransferase Cst-
II or α2,3-sialyltransferase Cst-III [14, 15], in H. influenzae
by the Cst-II orthologous Lic3A/B [7] and in P. multocida
by the α2,3-sialyltransferase PmST2 [16]. In N. meningiti-
dis, the Lst α2,3-sialyltransferase and the SiaD α2,8- or
α2,9-polysialyltransferase catalyse the transfer of sialic acid
molecules to cell envelope-bound sugar structures on sero-
types A, B and C species, respectively [17, 18]. Remark-
ably, the sialylated sugar structures in C. jejuni, N.
meningitidis serotype B, H. influenzae and P. multocida all
mimic sugar structures on the peripheral nerves of humans,
called gangliosides [11, 16, 19, 20]. The ganglioside-like
structures on these bacterial species are suspected to induce
Guillain–Barré syndrome (GBS) in susceptible patients
[21–25]. GBS is a severe subacute polyradiculoneuropathy
with an annual incidence of 1.2–2.3 per 100,000 humans
[26]. The current hypothesis is that a susceptible human host
generates auto-antibodies that target both the bacterial
ganglioside-like LOS structures and human peripheral nerve
gangliosides, which triggers demyelination of the peripheral
nerves, leading to paralysis [27, 28]. The gene encoding the
C. jejuni Cst-II, which is required for the generation of
ganglioside-like LOS structures GM1 and GD1, amongst
others, is currently the only bacterial marker that has been
correlated with GBS [29]. Noteworthy, the gene cluster
harbouring cst-II is only observed in C. jejuni LOS loci
classes A and B [30], and can be genetically exchanged
between C. jejuni isolates [31, 32]. Three other common
LOS loci in C. jejuni are the classes C, D and E, in which

LOS class C harbours the sialyltransferase variant cst-III,
enabling the expression of ganglioside-like structures other
than GD1. In contrast, LOS classes D and E both lack
sialyltransferases, making C. jejuni cells incapable in the
expression of ganglioside-like structures [30].

Apart from the ability to express ganglioside-like
structures on the bacterial cell envelope, C. jejuni, N.
meningitidis, H. influenzae and P. multocida share a
bacteriophage defence system, the type II Clusters of
Regularly Interspaced Short Palindromic Repeat and as-
sociated genes (CRISPR-Cas), a system strongly reduced
in size and complexity as compared to other CRISPR-
Cas systems [33, 34]. The type II CRISPR-Cas is char-
acterised by the cas gene csn1, which is absent in any of
the other CRISPR-Cas subtypes [34]. CRISPR-Cas is an
adaptive immune system, where the CRISPR spacers are
transcribed, processed and used for viral defence by Cas
protein-guided RNA interference [35, 36].

Remarkably, in mammals, ganglioside structures de-
termine susceptibility to viruses [37–45]. Earlier, Levin
predicted, in a mathematical model on CRISPR-Cas
dynamics, that cell envelope-mediated bacteriophage re-
sistance might affect CRISPR-Cas preservation [46].
Type II CRISPR-Cas as observed in the bacteria C.
jejuni, N. meningitidis, H. influenzae and P. multocida
could be the result of an independent bacteriophage
defence system, e.g. cell envelope-bound ganglioside-
like structures. This lead us to hypothesise that bacte-
riophage resistance in C. jejuni is mediated by variation
in the expression of cell envelope-bound ganglioside-
like structures, which, as a consequence, affects the
preservation of CRISPR-Cas.

Materials and methods

Bacterial strains

Two hundred and thirty-nine clinical C. jejuni isolates (64
GBS-associated and 175 enteritis-inducing), two Δcst-II
mutants, four Δcsn1 mutants, one cst-II complemented
strain GB11 (C) and one csn1-supplemented 81176 isolate
were used in this study. The specific protocols for the
generation of the Δcst-II mutants and complemented Δcst-
II mutant GB11 (C) strain can be found elsewhere [10, 30].
Generation of the four Δcsn1 mutants and the csn1-supple-
mented isolate are described below. To minimise in vitro
passaging, C. jejuni isolates were recovered from the orig-
inal glycerol stock by culturing only once on Butzler agar
plates (Becton Dickinson, Breda, The Netherlands). The
Δcst-II and Δcsn1 mutants were then grown on blood agar
plates, containing 7 % sheep blood (Becton Dickinson)
supplemented with vancomycin (10 μg/ml) and
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chloramphenicol (20 μg/ml) (Sigma-Aldrich, Zwijndrecht,
The Netherlands) for selection. The complemented GB11
(C) isolate and csn1-supplemented 81176 isolate were
grown on blood agar plates, supplemented with 7 %
sheep blood (Becton Dickinson) and erythromycin
(0.01 μg/ml) (Sigma-Aldrich) for selection. Before use,
a final passage on Columbia blood agar plates (Becton
Dickinson) for wild types, Δcst-II, Δcsn1 mutants, Δcst-
IIΔ-complemented GB11 (C) and csn1-supplemented
81176 isolate were allowed for equal growth conditions.
The LOS class for wild-type isolates was determined by
polymerase chain reaction (PCR), using a previously
described protocol [30]. All isolates were cultured under
micro-aerophilic conditions at 37 °C, using anaerobic jars
and an Anoxomat (Mart Microbiology B.V., Drachten,
The Netherlands).

Phage susceptibility assay

Twenty-nine lytic C. jejuni-specific phages were used in this
study. Thirteen phages were isolated from environmental
sources; Cje001 to Cje009, Cje013, Cje015, Cje016 and
Cje019, and 16 were purchased from the National Collec-
tion of Type Cultures (NCTC); NCTC666 and NCTC670 to
NCTC684, for which distinct specificity profiles for Cam-
pylobacter were established [47]. In order to determine the
susceptibility of C. jejuni to these phages and test the in-
volvement of ganglioside-like structures, cst-II and csn1 in
bacteriophage defence, bacteriophage plaque assays were
performed essentially as described by Connerton et al.
[48]. Briefly, 6 ml of molten NZCYM overlay agar
(0.7 %) (Becton Dickinson) was inoculated with 80 μl of a
bacterial suspension (109 pfu/ml) of the C. jejuni isolates;
GB2, GB3, GB4, GB5, GB11, GB15, GB17, GB19, GB22,
GB23, GB29, 623, 624, 706, 9141, 9146, R65 and
NCTC11168; GB2Δcsn1, GB11Δcsn1, GB19Δcsn1 and
NCTC11168Δcsn1; GB11Δcst-II and GB19Δcst-II and
GB11 (C). Soft agar and bacterial suspensions were mixed
and poured onto pre-warmed NZCYM agar (1.2 %) (Becton
Dickinson) plates. After solidifying and drying the plates,
each phage preparation containing approximately 107 pfu/ml
was applied as a 10-μl spot to a prepared lawn and allowed to
adsorb to the overlay agar. Plates were incubated for 24–48 h
at 37 °C under micro-aerophilic conditions. Formed plaques
were scored as: (1) not sensitive, (2) +indistinct lysis, (3) ++
partial lysis and (4) +++ complete lysis.

Analysis of CRISPR elements

The CRISPR element from individual isolates of which
mass spectrometry data on LOS structures was available
(27 GBS- and 58 enteritis-associated isolates) [49, 50]
were amplified with the primer pair CRISPRFw and

CRISPRRev (Table S1) (GenBank HQ378248–
HQ378324). Amplification was performed in a 50-μl
total volume, comprising 10 ng Campylobacter chromo-
somal DNA, 50 pmol of each primer, 20 mM dNTP
(Fermentas, St. Leon-Rot, Germany), 5 μl of 10× Super-
taq buffer (Sphaero Q, Gorinchem, The Netherlands) and
2 units of Supertaq (Sphaero Q). PCR assays were per-
formed using a Biomed Thermal Cycler System 9700
(Applied Biosystems, Bleiswijk, The Netherlands) with a
programme consisting of 35 cycles of 1 min at 95 °C, 1 min
at 55 °C and 1 min at 72 °C. PCR products were checked for
integrity on ethidium bromide-stained agarose gels and puri-
fied with the Zymoclean PCR kit (Zymo Research Corp.,
Orange, CA, USA). Purified DNA was sequenced using an
ABI Prism 3700 automatic DNA sequencer according to the
protocol of the manufacturer (Applied Biosystems). Sequence
assembly and editing were performed with the SeqMan mod-
ule of the DNASTAR package (DNASTAR Inc., Madison,
WI, USA). CRISPR elements were identified, and individual
spacers analysed, with the CRISPRFinder software http://
crispr.u-psud.fr/Server/ [51].

Genome analysis

Comparisons between the presence of the CRISPR element
and sialyltransferases occurred through the genome analysis
of seven C. jejuni, 27 N. meningitidis and 24 Haemophilus
spp. and a P. multocida genome sequences obtained from
the GenBank database at the National Center for Biotech-
nology Information (NCBI, http://www.ncbi.nlm.nih.gov/.
DNA and protein homology searches were performed using
the BLAST executables.

Knock-out mutagenesis of csn1

The target gene csn1 (Gene ID: 905809) and approximately
600 bp of flanking sequences were PCR-amplified and
cloned into the pGem-Teasy vector (Promega Corp., Leiden,
The Netherlands) [52]. Inverse PCR was used to introduce a
BamHI restriction site and a deletion of approximately
800 bp in the target genes [53]. Inverse PCR products were
digested with BamHI (Fermentas) and ligated to the BamHI-
digested chloramphenicol resistance (Cmr) cassette of
pAV35 [53]. After sequencing, the resulting constructs were
electroporated into different C. jejuni strains, and recombi-
nants were selected on blood agar plates containing 7 %
sheep blood (Becton Dickinson) and 20 μg/ml chloram-
phenicol (Sigma-Aldrich). Junction PCR, with primers up-
and downstream of the area involved in the homologous
recombination, and primers in the Cmr cassette, was per-
formed to confirm double crossover events and to assess the
orientation of the resistance cassette. For the primers, see
Table S1.
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Supplementation of gene csn1 into 81176

For supplementation of the csn1 gene, the pseudogene
Cj0046 was used as the target gene. Cj0046 was previously
shown to be useful for complementation in C. jejuni [54]. A
construct was designed using plasmid pE46, useful for
cloning the autologous csn1 promoter and the csn1 gene;
the selection marker in these constructs was erythromycin.
The vector uses a BsmBI site for cloning. To clone the csn1
gene into the pE46 vector, the forward primer BSMSBI-
PROMFw and the reverse primer BSMBIRev were used
(Table S1) to amplify the csn1 gene with its own promoter.
PCR products were checked for integrity on ethidium bro-
mide agarose gels and purified with the Zymoclean PCR
purification kit (Zymo Research Corp.). The pE46 vector
and csn1 PCR product were cloned. The resulting constructs
were electroporated at 2.5 kV, 200 Ω, 25 μF into Escher-
ichia coli Top10 cells (Invitrogen, Breda, The Netherlands)
were resuspended in 37 °C pre-warmed SOB medium
(Invitrogen) and allowed to recover by gentle shaking at
37 °C. After recovery, 100 μl was plated onto a Lysogeny
broth (LB; Becton Dickinson) agar plate for selection con-
taining 250 μg/ml erythromycin (Sigma-Aldrich). Colonies
were screened by colony PCR for the presence of the csn1
gene by using the primer pair Csn1FW1 and Csn1Rev1
(Table S1), covering approximately 450 bp at the beginning
of the csn1 gene, and the primer pair Csn2FW2 and
CsnRev2 (Table S1), covering approximately 450 bp at the
end of the csn1 gene. Positive colonies were grown for
plasmid DNA isolation (Fermentas) and subjected to differ-
ent restriction digestions (BamH1, HinDIII and EcoRI)
(Fermentas) to confirm the integrity of the constructs.

Electrotransformation of the C. jejuni isolates

On the day of electro-transformation of C. jejuni, the correct
numbers of blood agar plates (with and without antibiotic)
were put into a 37 °C incubator, to pre-warm. C. jejuni from
the inoculated Columbian blood agar plate (Becton Dick-
inson) were harvested using LB supplemented with 1× non-
essential amino acids (NEAA) (Invitrogen) and a spreader.
C. jejuni was pelleted by centrifugation for 3 min at
14,000 rpm and resuspended with 1.5 ml of transformation
buffer containing 272 mM sucrose (Sigma-Aldrich), 15 %
(v/v) glycerol (Sigma-Aldrich) and 1× NEAA (Invitrogen),
which was repeated one time. 0.5 ml of transformation
buffer was used for resuspension without 1× NEAA
(Invitrogen) and was aliquoted in 100-μl samples of the
competent cells into 1.5-ml centrifuge tubes. The plasmid
DNA (2 μg) to be transformed was suspended into the 100-
μl sample of competent cells Δcsn1 mutants or the 81176
isolate. The mixture was transferred to an electroporation
cuvette and pulsed at 2.5 kV, 200 Ω, 25 μF. 1 ml of LB

(Becton Dickinson) supplemented with 1× NEAA
(Invitrogen) was added to the cuvette and mixed by pipet-
ting to resuspend. 200 μl of the mix from the cuvette was
plated and spread onto the surface of a pre-warmed labelled
Columbian blood agar plates (Becton Dickinson). Plates
were incubated for ∼5 h at 37 °C under micro-aerophilic
conditions. The cells were recovered from the plate using
2 ml of LB supplemented with 1× NEAA (Invitrogen) and a
spreader. The suspension was spread on the surface of a new
pre-warmed blood agar plate containing 0.2 μg/ml chloram-
phenicol (Sigma-Aldrich) for selection of the knock-out
mutants and erythromycin (Sigma-Aldrich) was used with
a concentration of 0.01 μg/ml to screen for supplemented
csn1 81176 clones or GB11 (C) complemented clones.
Plates were incubated at 37 °C under micro-aerophilic con-
ditions for 2–5 days, until colonies are visible. Colonies
resistant to chloramphenicol or erythromycin were passaged
five times on new plates to generate stable clones. From
these stable clones, genomic DNA was isolated using
QIAamp® DNA tissue stool kit (Qiagen) for further analy-
sis. A PCR assay was used to test for the correctness of the
supplementation assay. For supplementation, we used the
primer pairs presented in Table S1 to confirm that the
supplemented strains had the gene inserted in the sense
orientation.

Phage sensitivity in broth medium

Phage CP28 was used to determine C. jejuni resistance to
this phage in the presence or absence of the csn1 gene in a
liquid environment. Wild-type isolates (GB2, GB11, GB19
and NCTC11168) and their Δcsn1 mutants (GB2Δcsn1,
GB11Δcsn1, GB19Δcsn1 and NCTC11168Δcsn1) were
grown overnight at micro-aerophilic conditions at 37 °C.
After overnight growth, a C. jejuni suspension with an
optical density (OD) of 0.5–0.6 was prepared in Mueller
Hinton broth (Becton Dickinson), in which a 20-μl phage
suspension was mixed containing log10 4 to 5 pfu/ml of the
CP28 phage. The OD600nm of the C. jejuni and phage
suspension was followed over time to analyse for resistance
(opaque suspension: growing bacteria) or susceptibility
(cleared suspension: lysis) to the phage CP28. Non-infected
C. jejuni suspensions of a wild type and aΔcsn1mutant were
included in the assays to control for growth and lysis.

PCR-RFLP analysis

A polymerase chain reaction-restriction fragment length
polymorphism (PCR-RFLP) analysis was performed on 26
GBS-inducing and 126 enteritis-inducing (Dutch) isolates
that were matched on GBS and enteritis patient age and
gender. To amplify cas2 (Gene ID: 905810) and cas1 (Gene
ID: 905808), the primers presented in Table S1 were used.
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PCR assays were performed using a Biomed Thermal Cy-
cler System 9700 (Applied Biosystems) with a programme
consisting of 35× of the following cycling protocol: 1 min at
95 °C, 1 min at 55 °C and 1 min at 72 °C. Per reaction,
approximately 50 ng of template genomic DNAwas used in
a buffer system consisting of 10 mM Tris-HCl pH 9.0,
50 mM KCl, 1.5 mM MgCl2, 0.01 % gelatin, 0.1%Triton-
X100, 0.2 mM of each of the dNTPs (Fermentas) and 0.2
units of SuperTaq polymerase (Sphaero Q). For restriction
analysis, PCR products were subjected to overnight incuba-
tion at 65 °C with Tsp509I (Fermentas). Length determina-
tion of the PCR products and their Tsp509I RFLP products
was performed by using electrophoresis of fragments in
1.5 % and 3 % agarose gels, respectively. Single-band
differences between the PCR-RFLP types led to the desig-
nation of novel RFLP types.

PCR and sequencing of the cas gene csn1

The full-length csn1 gene (Gene ID: 905809) of 27 C. jejuni
isolates was amplified with the primer pair shown in
Table S1. PCR assays were performed using a Biomed
Thermal Cycler System 9700 (Applied Biosystems) with a
programme consisting of 35 cycles of 1 min at 95 °C, 2 min
at 55 °C and 3.5 min at 72 °C. Per reaction, approximately
50 ng of template genomic DNA was used in a buffer
consisting of 10 mM Tris-HCl pH 9.0, 50 mM KCl, 1.5 mM
MgCl2, 0.01% gelatin, 0.1 % Triton-X100, 0.2 mMof each of
the dNTPs (Fermentas) and 0.2 units of SuperTaq polymerase
(Sphaero Q) and a proof-reading enzyme Pfu polymerase
(Fermentas). Length determination of the PCR products was
performed by electrophoresis using 0.8 % agarose gels
(Sphaero Q). PCR products were purified with the Zymoclean
PCR kit (Zymo Research Corp.). For DNA sequencing, the
fluorescence-labelled dideoxy technology was used according
to the protocol of the manufacturer (Applied Biosystems). To
sequence the entire csn1 PCR product, additional forward and
reverse primers had to be designed, as given in Table S1. Non-
incorporated dye terminators were removed with the multi-
screen assay system (Millipore). The 27 sequences were
aligned using Sci Ed Central (Scientific & Educational Soft-
ware, Cary, NC, USA), to which eight genome reference
sequences of three GBS-associated isolates, HB9313, 260.94
and ICDCCJ07001, and five enteritis-inducing isolates,
11168, 81116, RM1221, 8425 and CG8486, were added.

PCR and sequence analysis of GBS-associating
polymorphisms

The csn1 gene (Gene ID: 905809) of 239 C. jejuni isolates
(64 GBS-associated and 175 enteritis-inducing isolates were
analysed for the presence of the observed triplet CAA and
GAA polymorphism with the primer sets presented in

Table S1. The CAA and GAA analysis was also performed
on 26 GBS-associated and 120 enteritis-inducing (Dutch)
isolates that were matched on GBS and enteritis patient age
and gender. Single-nucleotide polymorphism (SNP) analy-
sis at 2,058 bp, 2,073 bp and 2,092 bp occurred by PCR
amplification and sequencing of the csn1 gene at 1,891–
2,433 bp from the start site using 26 GBS- and 69 enteritis-
inducing isolates and the primer set presented in Table S1.
PCR assays were performed using a Biomed Thermal Cy-
cler System 9700 (Applied Biosystems) with a programme
consisting of 35 cycles of 1 min at 95 °C, 1 min at 55 °C and
1 min at 72 °C. Per reaction, approximately 50 ng of
template genomic DNA was used in a buffer system con-
sisting of 10 mM Tris-HCl pH 9.0, 50 mM KCl, 1.5 mM
MgCl2, 0.01 % gelatin, 0.1%Triton-X100, 0.2 mM of each
of the dNTPs (Fermentas) and 0.2 units of SuperTaq poly-
merase (Sphaero Q). Length determination of the PCR
products was performed by electrophoresis using 1.5 %
agarose gels (Sphaero Q) and sequencing occurred as men-
tioned above.

Molecular clock BEAST analysis

Molecular clock phylogenetic signals in the base substitu-
tions in the C. jejuni CRISPR elements and csn1 cas gene
were analysed using BEAST v.1.5beta3 [55]. BEAST input
XML files were generated using BEAUti v.1.5beta2. The
BEAST output was examined using Tracer 1.4 [55]. This
program calculates frequency distributions and outputs sta-
tistical parameters and their support through the effective
sample size (ESS) index. The ESS index of a parameter
reflects the reliability of distributions, such that a small
ESS index indicates that the estimate of the posterior distri-
bution of that parameter will be poor. Well-supported
parameters have ESS index>200; poorly supported param-
eters have 100<ESS index<200; parameters with ESS in-
dex<100 should not be used. BEAST analysis was used to
analyse whether cst-II-positive isolates evolved later than
the cst-II-negative isolates, by exploring the time to the most
recent common ancestor (TMRCA) using the CRISPR ele-
ment or cas gene csn1 sequences.

Adhesion and invasion assays

Human intestinal epithelial Caco-2 and HT-29 cells were
maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Invitrogen) supplemented with 10 % fetal bovine
serum (FBS) (Invitrogen) and 1 % NEAA (Invitrogen), as
previously described [10]. Adhesion and invasion by C.
jejuni was determined by growing the intestinal epithelial
cells (Caco-2) in a multi-well culture plate (six-well plate,
Greiner Bio-One, Alphen a/d Rijn, The Netherlands) to
confluence until dome-forming occurred, an indication for
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differentiation [56]. The adhesion and invasion assays were
further performed as previously described [10].

Translocation of C. jejuni in a Transwell system

Caco-2 cells were seeded onto Transwell filters at 4 × 105

cells/filter (5-μm pore size, 1.13 cm2; Costar, Corning
Inc., Corning, NY, USA) and allowed to differentiate and
form tight junctions for 19 days. After 7–10 days of
culture, the transepithelial electrical resistance (TEER)
was>1,000Ω/cm2, indicating the presence of an intact
epithelial monolayer. C. jejuni isolates were added at a
multiplicity of infection (MOI) of 10 to the apical surface
of the Transwell filter at day 19. After 24, 48 and 72 h,
10-μl samples were taken from the apical and basolateral
surface. Serial dilutions (1:100) were made and plated on
Columbia blood agar plates (Becton Dickinson). Plates
were incubated for 24 h at 37 °C in an anaerobic jar
(Mart) under micro-aerobic conditions. Colonies were
counted and the CFU/ml was calculated.

Swarming analysis

C. jejuni suspensions were prepared with an OD600nm of 1
and a semi-solid agar plate (MH broth plus 0.4 % agar) was
inoculated with 1 μl of bacterial culture by stabbing. Plates
were grown at 37 °C under micro-aerophilic conditions and the
resulting circle diameters exemplifying bacterial swarming
were measured after incubation for 24 h. This swarming anal-
ysis and diameter motility zone measurements were performed
three times for wild-type andΔcsn1 strains, respectively.

Cytotoxicity assay

The post-experimental lactate dehydrogenase (LDH) con-
tent in the supernatant of untreated HT-29 controls and of C.
jejuni GB2, GB11, GB19, NCTC11168 and their Δcsn1
variants overnight-treated HT-29 intestinal epithelial cells
was determined using LDH release as an indicator of mem-
brane damage. LDH release was measured using the Cell
Toxicity Colorimetric Assay Kit (Sigma-Aldrich). Incuba-
tion was performed in DMEM medium without phenol red
(Invitrogen) and only containing 1× NEAA (Lonza). The
total LDH content of the residual cells was measured by
subtracting the results from the treated cell samples at an
OD490nm from the untreated controls. The experiment was
repeated three times.

Recombinant Csn1 expression, purification and polyclonal
antibody production

E. coli DH5-α (Invitrogen) was used for sub-cloning. E. coli
BL21 (DE3) (Invitrogen) was used for the heterologous

expression of Csn1. pET11c was the protein expression
plasmid (Invitrogen). Restriction enzymes Nhe1 and
BamH1 and T4 DNA ligase were purchased from Fermen-
tas. The forward primer pET11c1523Fw and the reverse
primer pET11c1523Rev containing a BamH1 restriction
site, stop codon and six histidines encoding triplets pre-
sented in Table S1 were used to amplify the csn1 gene.
pET11c (Invitrogen) and the purified csn1 PCR product
was digested with Nhe1 and BamH1 (Fermentas) overnight
at 37 °C, purified again and ligated using T4 DNA ligase
(Fermentas) overnight at 16 °C. The pET11c (Invitrogen)
plasmid containing the csn1 gene was transformed into the
E. coli strain BL21 (DE3) (Invitrogen) for expression. An
Ni-NTA Fast Start Kit was used for Csn1 purification.
Expression and purification occurred according to the pro-
tocol of the manufacturer (Qiagen). The Csn1 protein was
then subjected to 10 % sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). The puri-
fied proteins were dialysed against HBSS (pH 7.0)
(Invitrogen) with a descending guanidine HCl isothiocya-
nate gradient from 2 M to 0 M, to prevent precipitation of
the Csn1 protein during dialysis. Protein concentrations
were measured using NanoDrop (Ocimum Biosolutions,
IJsselstein, The Netherlands). The protein solution was di-
luted to one with a final concentration of 1 mg/ml and sent
to Genway Biotech Inc. (San Diego, CA, USA) for poly-
clonal antibody production in rabbits. The pre-immune se-
rum of these rabbits was used as a negative control in the
Csn1 detection experiments.

SDS-PAGE and Western blot

Fresh overnight C. jejuni cultures of GB2, GB11, GB19,
11168 and their Δcsn1 mutant strains were harvested in ice-
cold phosphate-buffered saline (PBS) and lysed using lysis
Matrix B (Sanbio, Uden, The Netherlands) in the Fastprep
FP120 machine (Thermo Savant, Holbrook, NY, USA) for
25 s at speed 6. Lysates were centrifuged at 14,000 rpm for
5 min at 4 °C and were treated or not with proteinase K
(1 mg/ml) at 65 °C for 2 h. In order to analyse LOS and
culture supernatants for the presence of LOS, TCA (Sigma-
Aldrich) precipitation was used to concentrate the LOS that
was present in the culture supernatants. Precipitated super-
natants, lysed strains and proteinase K-treated lysates were
run in a 12 % SDS-PAGE gel. Gels were blotted onto a
polyvinylidene fluoride (PVDF) nitrocellulose membrane.
Membranes were blocked with PBS containing 5 % non-fat
dry milk (BioRad) and 0.01 % Tween-20 (Sigma-Aldrich)
for 1 h at room temperature. Sera from GBS patients from
which GB2, GB11 and GB19 were isolated were used at a
dilution of 1:2,500 and incubated for 2 h at room tempera-
ture. Goat anti-human total IgG labelled with alkaline phos-
phatase (Promega, Leiden, The Netherlands) at a dilution of
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1:5,000 was used as a secondary antibody. As a loading
control, peroxidase-conjugated cholera toxin (Sigma-
Aldrich) was used at a concentration of 1 μg/ml to verify
that equal amounts of LOS were loaded on the gel initially.
The detection of Csn1 was done with the polyclonal anti-
bodies generated in rabbits against Csn1 1:1,000 and a
secondary antibody anti-rabbit IgG alkalic phosphatase la-
belled 1:1,000. Visualisation occurred with NBT/BCIP so-
lution (Sigma-Aldrich).

Statistics

Phage sensitivity between ganglioside mimic-positive and
ganglioside mimic-negative, wild-type (GB11 and GB19)
and their Δcst-II mutants was analysed on significant resis-
tance or susceptibility differences using a contingency table
and a Chi-square test. PCR-RFLP data from the cas2 and
cas1 were tested for associations with the LOS locus (pres-
ence or absence of cst-II) or disease outcome (GBS or
enteritis) using Fisher’s exact probability or Chi-square
tests, were appropriate. Statistical analysis on the observed
PCR-RFLP types was performed using the Statistical Pack-
age for the Social Sciences software version 17.0 for Win-
dows (SPSS Inc., Chicago, IL, USA). csn1 polymorphisms
were analysed using VassarStats contingency table software
(http://vassarstats.net/). A Fisher’s exact probability test or
Chi-square test was selected, where appropriate, to analyse
the detected polymorphisms for significance. A paired t-test
using Instat software (version 2.05a; GraphPad Software,
San Diego, CA, USA) was used to verify differences in
adhesion, invasion, translocation and cytotoxicity between
wild-type and Δcsn1 mutants. Log transformation was used
to normalise variances. A two-tailed value with p<0.05
indicated statistical significance.

Results

C. jejuni ganglioside-like structures provide effective
bacteriophage resistance

Assessment of the bacteriophage resistance of 11 GBS- and
seven enteritis-derived isolates revealed that isolates
expressing ganglioside-like structures GM1 and GD1 were
significantly more resistant to 29 different lytic C. jejuni-
specific bacteriophages than isolates lacking such
ganglioside-like structures (Table S2) (81 and 64 versus 94
and 282; Chi-square test, p<0.0001). In more detail, the
bacteriophages NCTC12669–674 and NCTC12678–680,
which use cell envelope structures to establish an infection
[47], were not able to infect strains carrying the ganglioside-
like structures GM1 and GD1 (Table 1). In contrast, isolates
that lack the GM1 and GD1 ganglioside-like structure were

significantly more susceptible to the bacteriophages
NCTC12669–674 and NCTC12678–680 (Table 1) (42 and
3 versus 38 and 79; Chi-square test, p<0.0001).

The bacteriophages Cje001–009, Cje13, Cje15, Cje16
and Cje19 are new isolated untyped Dutch C. jejuni bacter-
iophages, for which the C. jejuni receptor to establish an
infection is not yet known. The C. jejuni susceptibility
profile for bacteriophages Cje001–005, Cje013 and Cje015
was similar to the bacteriophages NCTC12669–674 and
NCTC12679–680, with the exception the NCTC12678 bac-
teriophage (Table S2). Remarkably, the C. jejuni isolates
with a class E LOS locus (623, 624, 9141, 9146 and
GB4), were also resistant to bacteriophages NCTC12669–
674 and NCTC12678-680 (Table 1). However, comparing
the level of bacteriophage resistance between class E LOS
locus isolates (623, 624, 9141, 9146 and GB4) and class A
LOS locus GM1- and GD1-expressing isolates (GB2, GB3,
GB11, GB19 and GB22) showed that GM1 and GD1 ex-
pression provides superior resistance to the bacteriophages
NCTC12669–674 and NCTC12678–680 (Table 1) (42 and
3 versus 32 and 13; Chi-square test, p00.0058).

The involvement of the ganglioside-like structures GM1
and GD1 in bacteriophage resistance was further confirmed
by inactivation of the sialyltransferase gene cst-II in the
GM1- and GD1-expressing C. jejuni isolates GB11 and
GB19. We found that the two Δcst-II mutants (GB11Δcst-
II and GB19Δcst-II) were susceptible to twice as many of
the 29 lytic C. jejuni-specific bacteriophages tested, com-
pared to their wild-type parent isolates (GB11Δcst-II sus-
ceptible for 27/29 vs. GB11 susceptible for 14/29; Chi-
square test, p00.0002; GB19Δcst-II susceptible for 26/29
vs. GB19 susceptible for 13/29; Chi-square test, p00.0003)
(Table S3). Genetic cst-II complementation of the
GB11Δcst-II mutant partially restored bacteriophage resis-
tance (Table S3). We found, after further investigation, that
the intermediate resistance level as observed between the
complemented Δcst-II mutant and wild-type isolate corre-
lated well with restored expression of GM1 but not GD1
(Table S3). cst-II complementation also established that the
new Dutch Cje bacteriophages do not infect C. jejuni iso-
lates with GM1 structures only (Table S3). GM1 expression
on the complemented Δcst-II mutant GB11 (C) did, thus,
reduce viral susceptibility to the NCTC12669–674 and
NCTC12678–680 bacteriophages, but due to the lack of
GD1 expression, the GB11 (C) remained susceptible, al-
though to a lesser extent.

Presence of bacterial species-specific sialyltransferases
affects the preservation of CRISPR-Cas

An earlier study on the dynamics of CRISPR-Cas evolution
suggested that the development of alternative bacteriophage
resistance systems (e.g. cell envelope modification) could
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lower the evolutionary pressure on the CRISPR-Cas system
[46]. Hence, we investigated whether the presence of a cst-II
like sialyltransferase was linked with specific changes in the

type II CRISPR-Cas system. Bioinformatic screening of
seven C. jejuni reference isolates revealed a potential link
between Cst-II-mediated ganglioside-like structures GM1

Fig. 1 Sialyltransferase presence associates with a reduced or absent
CRISPR-Cas system. C. jejuni, N. meningitis, Haemophilus spp. and P.
multocida show a remarkable similarity with their CRISPR-Cas sys-
tem. They all harbour a reduced type II CRISPR-Cas subtype and a
species-specific sialyltransferase for cell envelope sialylation. Bioin-
formatic analysis of seven C. jejuni reference isolates revealed that the
presence of the sialyltransferase cst-II correlated in four of the five cst-
II-positive isolates (ICDCCJ07001, 260.94, CG8486, 81176) with a
reduced, frameshifts-harbouring (ICDCCJ07001, 260.94, CG8486) or
absent type II CRISPR-Cas system (81176). Bioinformatic analysis on
27 N. meningitidis reference isolates revealed that three harboured a
N1568 CRISPR-Cas like system, two were comparable with the M01-
240355 CRISPR-Cas system and 18 were similar to MC58, an isolate

that lacks a CRISPR-Cas system. In N. meningitidis, we established a
link between the presence of a sialyltransferase, in N. meningitidis
siaD, and a reduced, frameshifts-harbouring or absent type II
CRISPR-Cas system as well. For four N. meningitidis, we observed
an aberrant pattern. Bioinformatic analysis of 21 H. influenzae, three
H. parainfluenzae and a P. multocida reference isolate also revealed a
link between the presence of a sialyltransferase and a reduced or absent
type II CRISPR-Cas system. The 21 H. influenzae isolates harboured
the sialyltransferase lic3A/B, a C. jejuni cst-II homologue, but all
lacked a type II CRISPR-Cas system. The three H. parainfluenzae
isolates contain a complete type II CRISPR-Cas system, but lack a
sialyltransferase. P. multocida harbours a reduced CRISPR element,
which associates with the presence of the sialyltransferase PmST2

Eur J Clin Microbiol Infect Dis (2013) 32:207–226 215



and/or GD1 and a degenerated C. jejuni CRISPR-Cas
system. We observed that strains with a cst-II gene
harboured mutations and frameshifts (CG8486, taxid:
398000 and ICDCCJ07001, taxid: 757425, as presented
in the NCBI database) in the cas genes or contained
short (1–3 repeats) or no CRISPR element (Fig. 1). This
observation was supported by the CRISPR analysis of
40 jejuni clinical isolates, for which Cst-II-mediated
ganglioside-like structure expression was established
[49, 50]. We found that the expression of ganglioside-
like structures GM1 and/or GD1 correlated strongly
with a short (1–3 repeats) or an absent CRISPR element
(two-tailed Fisher’s exact test, 20 and 7 versus 2 and
11; p00.0007) (Table S4). Further bioinformatic screen-
ing of 27 N. meningitidis, 24 Haemophilus spp. and one
P. multocida genome sequences established that this
finding was not C. jejuni-specific, as the presence of
sialyltransferases in these bacterial species also correlat-
ed with a degenerated CRISPR-Cas system (Fig. 1).

CRISPR-Cas plays only a minor role in bacteriophage
defence in C. jejuni isolates expressing GM1 and GD1
epitopes

To investigate the functionality of the C. jejuni CRISPR-Cas
system in the presence or absence of GM1 and GD1 struc-
tures in bacteriophage defence, the cas gene csn1 was inac-
tivated in three cst-II-positive isolates (GB2, GB11 and
GB19) and in one cst-II-negative isolate (NCTC11168).
NCTC11168 was chosen because this isolate, based on the
gene content, is very similar to GB11. An important differ-
ence between GB11 and the NCTC11168 isolate is that the
latter misses the LOS loci harbouring the cst-II gene [31].
Inactivation of the cas gene csn1 in the NCTC11168 isolate
resulted in bacterial lysis visualised by a 50 % drop of the
OD600nm when the 11168Δcsn1 mutant and bacteriophage
CP28 were co-cultured together in Mueller Hinton broth
(Fig. 2). In contrast, the CP28 bacteriophage did not affect
the three cst-II-positive C. jejuni isolates expressing GM1

Fig. 2 Role of CRISPR-Cas and ganglioside-like LOS in the phage
resistance of C. jejuni. a Phage lysis was measured at an optical density
(OD) of 600 nm. Time is shown in hours. Experiments were repeated
three times. The mean is shown. b WT is the wild-type isolate
NCTC11168 and Δcsn1 represents the NCTC11168Δcsn1 mutant.
Opaque bacterial suspension indicates no significant lysis and a clear
suspension indicates significant lysis. c A wild-type isolate and a
Δcsn1 mutant not exposed to the phage CP28 revealed only growth
overtime. d The role of csn1 in phage susceptibility was further
analysed by subjecting the GBS isolates GB2, GB11 and GB19, the

enteritis isolate NCTC11168 and their Δcsn1 mutants to 29 different
lytic C. jejuni-specific phages; assay was repeated four times. The
mean results are shown. The different degradations of lysis are marked
by: − 0 no lysis; + 0 indistinct lysis; ++ 0 partial lysis; +++ 0 complete
lysis. Worthy of mention, the GBS-inducing isolates GB2 and GB19
both harbour only one CRISPR spacer, whereas GB11 harbours no
CRISPR spacers (Table S4), whereas the enteritis isolate NCTC11168
contains four CRISPR spacers in its CRISPR element (Fig. 1). Suc-
cessful knock-out mutagenesis of csn1 is shown with a Western Blot
(Fig. S5)
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Fig. 3 CRISPR spacers show 100% identity withC. jejuni (pro-)phages.
CRISPR spacer sequences did not show any identity with the exchange-
able cst-II gene (GenBank accession number AY422197), but did reveal
100 % identity with C. jejuni (pro-)phage sequences and a virulence
plasmid pVir, where: a represents the spacer column showing the alpha-
betically numbered spacers that revealed significant identity; b shows the

target to which this specific spacer is aligned; c reveals the amount of
identity in % that the positive spacer had with its target sequence; d
alignment C. jejuni genome reveals the spacer sequences with a C. jejuni
genome sequence corresponding to a (pro-)phage sequence found in C.
jejuni RM1221. In bold and underlined are the observed mutations
between spacer and bacteriophage sequences, respectively

Fig. 4 cas2 gene polymorphisms associate with cst-II sialyltransferase
gene presence. Bioinformatic analysis of cas2 (Gene ID: 905810;
432 bp) using the C. jejuni genome reference sequences revealed
DNA polymorphisms that enabled or disabled digestion with the
restriction enzyme Tsp509I. In the orange triangle, the nucleotides
are shown that were observed to be mutated in cas2. Above the orange
triangles, the nucleotides are shown corresponding to the observed
mutation that enabled or disabled Tsp509I digestion at the nucleotide
recognition site AATT. For cas2, the mutations were found at positions
73, 246, 313, 378 and 428 bp from the gene start site. We also observed
that some isolates lacked 73 bp, from 359 bp to 432 bp, at the end of

cas2 (yellow block). An overview is given of the six different PCR-
RFLP types detected for the cas2 gene as visualised on a 3 % agarose
gel.M represents the marker in bp for which the 100-, 200- and 300-bp
marker recognition sites are shown. Numbers 1 to 6 correspond to the
different detected PCR-RFLP. PCR-RFLP type Δ corresponds to a
negative PCR reaction for cas2. PCR-RFLP type 1 correlates with
the presence of the cst-II gene locus (Fisher’s exact probability test,
p00.011), whereas PCR-RFLP type 3 correlates with the absence of
the cst-II gene locus (Fisher’s exact probability test, p00.0060). PCR-
RFLP type 3 strongly associates with LOS class E, a LOS class that
lacks cst-II (Fisher’s exact probability test, p <0.0001)
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and GD1 structures, since wild-type and csn1 mutants both
demonstrated an increase in OD600nm overtime, displaying
normal growth in Mueller Hinton broth. Next, the
11168Δcsn1 mutant in comparison to the NCTC11168
wild-type isolate also demonstrated susceptibility to three
(14 %) additional lytic C. jejuni-specific bacteriophages
(Cje006, Cje009 and NCTC12675) in a bacteriophage
plaque assay using the 29 different lytic C. jejuni-specific
bacteriophages (Fig. 2). Noteworthy, for the NCTC12675
bacteriophage, it is previously demonstrated that the C.
jejuni flagella are used as a receptor to establish an
infection [47]. This same assay revealed that the inacti-
vation of csn1 in GB2, GB11 and GB19 had only a
minor effect on bacteriophage susceptibility; establishing
the importance of ganglioside-like structures GM1 and
GD1 in bacteriophage defence (Fig. 2). Remarkably, the
loss of csn1 in GB2 and GB19 did result in strong
susceptibility to the NCTC12681 bacteriophage and re-
sistance to the Cje006 bacteriophage, respectively. Note-
worthy, for the NCTC12681 bacteriophage, it is
previously demonstrated that the C. jejuni flagella are
used as a receptor to establish an infection [47].

C. jejuni cas2 and cas1 gene polymorphisms associate
with sialyltransferase Cst-II presence and GBS

The fact that some C. jejuni isolates lack the mobile LOS loci
harbouring the cst-II gene made us explore whether specific
CRISPR spacer sequences correlated with the absence of cst-
II. The CRISPR region of 85 C. jejuni isolates was amplified,
sequenced and analysed for complementarities with the mo-
bile LOS loci harbouring cst-II. Although spacer sequences
identical to the cst-II gene sequence in the CRISPR region of
85 C. jejuni isolates were not found (Supplemental Results 1),
it was observed that four CRISPR spacers revealed 100 %
identity with known C. jejuni (pro-)phage sequences (Fig. 3).
The absence of cst-II-specific CRISPR spacers led us to in-
vestigate whether the cas genes harboured differences corre-
lating to the presence of the cst-II gene. PCR-RFLP analysis of
cas2 and cas1 genes in 26 GBS-associated and 120 matched
enteritis-inducing isolates demonstrated that polymorphisms
specific to each group were, indeed, present (cas2: p00.011;
cas1: p00.00016). Remarkably, in cas2, a polymorphism was
specifically associated with the LOS class E gene locus, which
lacks cst-II (p<0.0001). Importantly, a specific polymorphism

Fig. 5 cas1 gene polymorphisms associate with cst-II gene presence
and GBS. Bioinformatic analysis of cas1 (Gene ID: 905808, 892 bp)
using the C. jejuni reference sequences revealed DNA polymorphisms
that enabled or disabled digestion with the restriction enzyme Tsp509I.
In the orange triangle, the nucleotides are shown that were observed to
be mutated in cas1. Above the orange triangles, the nucleotides are
shown corresponding to the observed mutation that enabled or disabled
Tsp509I digestion at the nucleotide recognition site AATT. For cas1,
the mutations were found at positions 73, 197, 530, 556, 640, 751, 759,
775 and 793 bp from the gene start site. An overview is given of the
four different PCR-RFLP types detected for the cas1 gene as visualised

on a 3 % agarose gel. Numbers 1 to 4 correspond to the PCR-RFLP
types detected for cas1. PCR-RFLP type Δ corresponds to a negative
PCR reaction for cas1. PCR-RFLP types were analysed for an associ-
ation with GBS only or for the present of the exchangeable cst-II gene.
PCR-RFLP type 1 correlates with the presence of the cst-II gene
(Fisher’s exact probability test, p00.00016), whereas PCR-RFLP type
2 correlates with the absence of the cst-II gene (Fisher’s exact proba-
bility test, p00.0021). PCR-RFLP type 1 associates with GBS-
inducing C. jejuni isolates (Fisher’s exact probability test, p00.011)
and correlated specifically with the cst-II-containing LOS class A gene
locus (Fisher’s exact probability test, p<0.0001)
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in cas1 was detected more frequently in GBS-inducing
isolates (p00.011) and associated strongly with the presence
of the LOS class A gene locus that harbours the cst-II gene and
is associated with GBS [30] (p<0.0001) (Figs. 4 and 5).

Type II CRISPR-Cas marker gene csn1 polymorphisms
associate with cst-II presence and outcome of disease

The size of the csn1 gene (2,955 bp) disabled a reliable use of
our Tsp509I PCR-RFLP screening method for polymorphisms
identification. Hence, we used PCR amplification and DNA
sequencing to determine whether the csn1 sequences from 12
GBS-associated and 23 enteritis-inducing clinical isolates of C.
jejuni harboured polymorphisms that associated with the

occurrence of the cst-II gene. Eighteen csn1 (non)-synonymous
polymorphisms were identified that correlated strongly with the
presence of the cst-II gene (Fig. 6). Strikingly, 12 polymor-
phisms were over-represented in GBS-associating isolates, pro-
viding potential novel GBSmarkers. Five polymorphisms were
further analysed by PCR and sequencing using a larger GBS
and enteritis isolate collection, establishing that the observed
polymorphisms, indeed, correlated with GBS (p<0.05) (Fig. 7).

Acquisition of cst-II is a more recent event
than development of the CRISPR-Cas system

The observed effects of ganglioside-like structures GM1
and/or GD1 on CRISPR-Cas functionality in bacteriophage

Fig. 6 csn1 polymorphisms
associate with cst-II gene
presence. A subset of our strain
collection (9 GBS versus 18
enteritis isolates) supplemented
with three GBS, HB9313,
260.94 and ICDCCJ7001 (i-
CCJ7001), and five enteritis C.
jejuni reference isolates, 11168,
81116, 8425, RM1221 and
CG8486, obtained from the
NCBI database were used for
sequence analysis. The
presence or absence of the cst-II
gene was established for all
used isolates by LOS class
PCR: a shows the
polymorphisms that associate
with the presence of the cst-II
gene; b demonstrates from
which position a specific
polymorphism was detected
from the csn1 gene start site; c
amino acid changes that
occurred due to nucleic acid
polymorphisms; d shows the
significance of the observed
polymorphisms in relation to
the presence of the cst-II gene.
A Fisher’s exact probability test
and a contingency table were
used to test whether the
presence of the cst-II gene was
associated with a specific
polymorphism observed after
sequencing
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defence, the presence of cas gene mutations, even frame-
shifts in the cas genes of the isolates 260.94 (taxid: 360108),
CG8486 (taxid: 398000) and ICDCCJ07001 (taxid:
757425) as presented in the NCBI database and a degener-
ated CRISPR element in the presence of sialylation all
potentially suggests an evolutionary link. We hypothesised
that C. jejuni isolates with GM1-and/or GD1-mediated bac-
teriophage resistance are no longer under selection pressure
to maintain a functional CRISPR-Cas system for

bacteriophage defence. This scenario implies that cas gene
polymorphisms are indicative for a group of C. jejuni iso-
lates that might have emerged more recently. Molecular
clock bioinformatic analysis using CRISPR and the cas
gene sequence indeed confirmed that cst-II-positive C.
jejuni isolates display a shorter time interval to the most
recent common ancestor and, thus, appeared to have origi-
nated more recently compared to isolates that lack cst-II
(Table 2).

Fig. 7 csn1 polymorphisms associate with GBS isolates: a shows the
detected polymorphisms that associate specifically with GBS-inducing
isolates; b reveals from which position a specific polymorphism was
detected, counting nucleotides from the csn1 gene start site; c amino
acid changes that occurred due to a polymorphism; d shows the
significance after analysing 35 csn1 sequences on GBS-associating
polymorphisms using a contingency table and a Fisher’s exact proba-
bility test; e *For a subset of the sequenced-detected polymorphisms, a
PCR analysis was performed on our Dutch and complete GBS and
enteritis strain collection (Dutch collection consists of 26 GBS- and
120 matched enteritis-inducing isolates; the complete collection con-
sists of 60 four GBS- and 175 enteritis-inducing isolates) to confirm

the association with GBS; CAA PCR-positive in Dutch GBS isolates
5:21 and matched enteritis isolates 5:115 (Fisher’s exact probability
test, p00.016); CAA PCR-positive in the complete GBS collection
17:47 and in the enteritis collection 14:161 (Chi-square test; p0
0.00015); GAA PCR-positive in GBS 11:53 in enteritis 56:119 (Chi-
square test; p00.023). **Sequencing of 30 Dutch GBS-inducing and
69 matched enteritis-inducing isolates confirmed the single DNA poly-
morphisms T (2,058 bp) in GBS-positive 24:2 in enteritis 49:20 (Chi-
square test; p00.029), A (2,073 bp) in GBS-positive 24:2 in enteritis
50:19 (Chi-square test; p00.037) and A (2,092 bp) in GBS-positive
20:6 in enteritis 33:36 (Chi-square test; p00.011)

220 Eur J Clin Microbiol Infect Dis (2013) 32:207–226



Table 2 Acquisition of cst-II is a more recent event than development of the CRISPR-Cas system

Statistic CRISPR csn1 (Cj1523)

Mean ESS Mean ESS

posterior −1.067E4 2255.232 −5,908.089 7,064.556

prior -240.972 1,675.431 97.007 6424.113

treeModel.rootHeight 33.263 5,771.718 1.703E−2 6,914.826

Tmrca (cst-II −) 33.263 5,771.718 1.703E−2 6,916.024

Tmrca (cst-II +) 6.211 1,720.612 1.56E−2 7,974.467

constant.popSize 7.613 3,574.551 2.783E−2 1.464E4

kappa 1.52 5,817.852 8.827 4,608.072

clock.rate 1 – 1 –

treeLikelihood −1.043E4 2,508.353 −6,005.096 5,302.258

coalescent −235.368 1,675.729 98.84 6,715.408

The BEAST software models relevant population genetic parameters using Bayesian statistics. The lower limit for sufficient statistical reliability,
200, indicated by the effective sample size (ESS) value, is exceeded by at least 5–6 times for all estimated parameters. The statistics that reflect the
reliability of the BEAST models are the prior and posterior (which describe the appropriateness of the chosen model parameters, including the
speciation model, and the reliability of the outcome of the population parameter statistics), the (model) likelihood and resulting phylogenetic tree
likelihood. The treeModel.rootHeight parameter describes the evolutionary distance of taxa, represented by the time to the most recent common
ancestor (TMRCA) to the root of a tree; taxa with larger mean rootheight values are older. The kappa value describes the transition/transversion
ratio for each locus; the different values for CRISPR and csn1 sequences suggests a different evolutionary age. The larger value for CRISPR
rootheights and TMRCA indicates the older evolutionary age of CRISPR sequences compared to csn1 sequences. The larger TMRCA for the cst-II-
negative isolates for the CRISPR element indicates that the cst-II positive isolates have originated later than the cst-II-negative isolates

Fig. 8 csn1 is involved in the pathogenic features of mainly the GBS-
inducing isolates. C. jejuni wild-type strains GB2, GB11, GB19,
NCTC11168 and their Δcsn1 mutant variants were studied on: a
adhesion onto; b invasion into; and c translocation across human
Caco-2 cells. Colony forming units (CFU) were calculated per ml.
Data are expressed as the standard error of the mean (SEM) of three
independent experiments, each performed in duplicate; d Cytotoxic
effects of GB2, GB11, GB19, NCTC11168 and their Δcsn1 mutant
variants on HT-29 cells were measured at OD490nm visualising the

LDH release in cell culture supernatants. The data are expressed as
the SEM of triplicate determinations performed in triplicate. Signifi-
cant differences between GBS wild-type and Δcsn1 mutants were
observed. In the adhesion and invasion assay, this significance was
*p<0.05 and in the translocation and cytotoxicity assays *p<0.01
using a paired t-test between wild-type and Δcsn1 mutants, respective-
ly. Notable, the NCTC11168 isolate and its csn1 mutant were not able
to translocate
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Deletion of csn1 affects C. jejuni virulence and GBS serum
antibody binding to ganglioside-like structures

The majority of bacteria belonging to the type II CRISPR-Cas
subgroup are bacterial pathogens [33]. Hence, we, therefore,
assessed whether the type II CRISPR-Cas marker gene csn1
played a role in virulence in three cst-II-positive GBS isolates,
GB2, GB11 and GB19, and one cst-II-negative isolate,
NCTC11168. Comparison of our GB2, GB11, GB19 and
NCTC11168 wild-type isolates against their isogenic Δcsn1
mutants in infection assays using Caco-2 cells showed only
for the GBSΔcsn1mutants a significant decrease in adherence
to, invasion in and translocation across Caco-2 cell mono-
layers (Fig. 8a–c). The inactivation of csn1 in GB2, GB11,
GB19 and NCTC11168 abrogated epithelial cell damage, as
measured by cellular lactate dehydrogenase (LDH) release, a
marker of host cell necrosis (Fig. 8d). Next, we observed that
the swarming phenotype for GB2, GB11 and GB19 increased
through loss of Csn1 (Fig. 9). We measured for GB2 12±0.3;
GB2Δcsn1 30±0.6; GB11 11.5±0.2; GB11Δcsn1 20±0.6;
GB19 11±0.5; GB19Δcsn1 22±0.4; NCTC11168 9±0.7 and
NCTC11168Δcsn1 9±0.3. All three GBSΔcsn1 mutants
showed an increased swarming circle compared to their
respective wild-type parent isolates (Fig. 9). No differences
in swarming were observed between the NCTC11168
wild-type isolate and its isogenic Δcsn1 mutant (Fig. 9).
Supplementation of csn1 from the GBS isolate GB11 into
a C. jejuni isolate lacking CRISPR-Cas but harbouring cst-
II and ganglioside-like LOS established that csn1 affects
C. jejuni virulence, as observed in the GBS isolates by

increasing the invasion capacity but reducing swarming
(Fig. 10).

GBS patients develop antibodies that cross-react with both
bacterial cell envelope-bound ganglioside-like structures and
gangliosides on the human peripheral nerve, leading to nerve
destruction [28]. The link between type II CRISPR-Cas mark-
er gene csn1, sialyltransferase presence, ganglioside-like
structure expression and GBS made us address whether the
presence or absence of csn1 affects the serum antibody bind-
ing to the C. jejuni sialylated cell envelope. A Western blot
analysis using GBS patient serum revealed a remarkable
increase in the binding of IgG serum antibodies to the cell
envelope-bound ganglioside-like structures of the three
GBSΔcsn1 mutants (Fig. 11). The NCTC11168 isolate and
its Δcsn1 mutant did not reveal any binding of IgG serum
antibodies to its LOS structures (Fig. 11).

Discussion

In this study, we highlighted several novel aspects of the
type II CRISPR-Cas system in ganglioside-like LOS
expressing pathogenic bacteria. We revealed in C. jejuni
that cell envelope-bound ganglioside-like structures GM1
and GD1 are an efficient bacteriophage defence system. For
type II CRISPR-Cas we demonstrated that this system plays
only a minor role in bacteriophage defence in Cst-II-positive
C. jejuni isolates. In contrast, this system is more active in
providing bacteriophage resistance in the NCTC11168 C.
jejuni isolate, which lacks the Cst-II-expressed GM1 and

Fig. 9 csn1 knock-out muta-
genesis influences swarming
behaviour of the GBS-inducing
isolates. The figure shows a
representative swarming picture
observed in three independent
experiments with four wild-type
strains GB2, GB11, GB19,
NCTC11168 and their isogenic
Δcsn1 mutants. Swarming cir-
cle diameters were measured in
millimetres±the standard error
of the mean (SEM)
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GD1 ganglioside-like structures. Next, we observed that this
coincided mainly in the Cst-II-positive C. jejuni isolates
with a functionality change of the type II CRISPR-Cas marker
gene csn1 towards a role(s) in virulence. Finally, newC. jejuni
GBS markers were discovered in the cas genes, which is

associated with the presence of the earlier established GBS
marker cst-II [29] or were novel and cas gene-specific.

In 2010, Bruce Levin presented a mathematical model on
bacterial CRISPR-Cas dynamics, which predicted that cell
envelope-mediated bacteriophage resistance could affect the
preservation of CRISPR-Cas [46]. Using C. jejuni as a
model, we were able to provide evidence for a very basic
prediction made in the mathematical model of Levin. We
demonstrated with different techniques that the acquisition
of an alternative bacteriophage defence system in jejuni, in
our case ganglioside-like LOS, correlates with a degener-
ated CRISPR-Cas system.

While ganglioside-like structures provide bacteriophage
resistance in C. jejuni, next to CRISPR-Cas, it is certainly
not the only mechanism [57, 58]. For example, in this study,
we also demonstrated that isolates harbouring an LOS class
E locus were effectively protected against the tested bacter-
iophages that use the cell envelope as a receptor [47]. In
contrast to these results, we were able to show that class E-
expressed LOS on C. jejuni is not as efficient in defence as
class A-expressed ganglioside-like LOS, in view of the
observed higher levels of NCTC bacteriophage resistance
in isolates with GM1 and GD1 expression.

As both ganglioside-like LOS expression and type II
CRISPR-Cas occur in other bacterial pathogens, e.g. N. men-
ingitidis, Haemophilus spp. and P. multocida, we used com-
parative genomics to investigate whether the link between the
presence of sialyltransferases and a reduced type II CRISPR-
Cas was not specific to C. jejuni only. Although not yet
backed up by experimental data in N. meningitidis, Haemo-
philus spp. and P. multocida, we did see a similar pattern as in
C. jejuni, with the presence of a sialyltransferase gene being
linked to the degeneration of CRISPR-Cas (Fig. 1).

In the present study, we observed that a reduced or absent
CRISPR array and (non)-synonymous mutations in the cas
genes were associated with the presence of the chromosom-
ally integrated mobile cst-II containing loci and ganglioside-

Fig. 11 Increased serum antibody recognition of ganglioside-like LOS
of the GBSΔcsn1 mutants; a GBS patient serum antibody binding
between GB11 wild-type (1) and four GB11Δcsn1 mutant clones (2, 3,
4 and 5) was compared. Samples reveal an increase of GBS patient
serum antibody binding against ganglioside-like LOS of the
GB11Δcsn1 variants (2, 3, 4 and 5); b cholera toxin confirms equal
loading for (a); c presence for ganglioside-like LOS was analysed in
the supernatant of culture broth medium, (1) GB11 wild-type and (2)

GB11Δcsn1 mutant, and from the lysates generated from the (3) GB11
wild-type and (4) GB11Δcsn1 mutant; proteinase K-treated lysates (5)
GB11 wild-type and (6) GB11Δcsn1 mutant; d GBS patient serum
antibody binding of the GBS wild-type isolates (1) GB2, (2) GB11, (3)
GB19 and (4) the NCTC11168 enteritis isolate were compared to their
Δcsn1 mutants (5) GB2Δcsn1, (6) GB11Δcsn1, (7) GB19Δcsn1 and
(8) NCTC11168Δcsn1. A part of a pre-stained SDS-PAGE broad
range standard (M) is shown in the range of 20 kDa and 5 kDa

Fig. 10 csn1 supplementation confirms the involvement of Csn1 in C.
jejuni virulence: a C. jejuni wild-type strain 81176; a control strain
(81176E) harbouring an empty vector pE46 used for csn1 supplemen-
tation and two 81176 clones supplemented with the pE46 vector
containing the csn1 gene and csn1 promoter from the GB11 GBS
isolate (KL14 and Kl27) were studied for invasion into the Caco-2
cells using a gentamicin exclusion assay. Data are expressed as the
SEM of at least three independent experiments, each performed in
duplicate (paired t-test, *p<0.05); b C. jejuni wild-type strain 81176
(1); a control strain (81176E) harbouring an empty vector pE46 used
for csn1 supplementation (2); and the two 81176 clones supplemented
with the pE46 vector containing the csn1 gene and csn1 promoter from
the GB11 isolate were studied on swarming behaviour; (3A) is Kl14
and (3B) is KL27. The assay was repeated three times and the average
diameter±SEM was: for 81176, 28±3 mm; 81176E, 27±2 mm; Kl14,
12±4 mm; and Kl27, 10±2 mm
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like LOS expression. Earlier, the occurrence of cst-II and
ganglioside-like LOS in C. jejuni was linked to increased
intestinal epithelial invasion, severe gastro-enteritis, bloody
diarrhea, reactive arthritis and GBS [9–11, 32, 59]. Hence, a
reduced or absent CRISPR array, (non)-synonymous muta-
tions in the cas genes that associate strongly with cst-II
presence and ganglioside-like LOS expression could, thus,
serve as useful molecular markers for C. jejuni isolates that
are able to induce a more severe disease phenotype in
humans. Interestingly, ganglioside-like structures and sialyl-
transferase presence in N. meningitidis and H. influenzae are
also linked to increased virulence [5]. To be able to correlate
the degeneration of CRISPR-Cas, ganglioside-like LOS ex-
pression and increased virulence in these bacterial species,
further studies are required. Overall, our observations do not
stand alone, since CRISPR-Cas degeneration was found in
other studies to be of predictive value as to whether a
bacterial strain would display increased virulence or even
multi-drug resistance [60–64].

Earlier, for P. aeruginosa, it was shown that a CRISPR-
Cas system, by itself, could serve a function in virulence,
since biofilm formation and motility changes were triggered
in this bacterium by interactions between the CRISPR ele-
ment and a chromosomally integrated mobile element [65,
66]. On the contrary to the Pseudomonas study, we did not
find any indications in this study that interactions between
the chromosomally integrated mobile cst-II-containing loci
and the C. jejuni CRISPR element occurred. In the GM1-
and/or GD1-expressing isolates, the chances of such an
interaction are also limited due to the low number or ab-
sence of CRISPR spacers, but we cannot exclude from this
study that such interactions do take place.

The mammalian-associated pathogens, such as C. jejuni,
all harbour the type II CRISPR-Cas marker gene csn1 [33,
34]. Recently, in Streptococcus pyogenes Csn1 was shown
to be involved together with RNase III in one of the steps
required for successful bacteriophage defence, namely, pro-
cessing of the CRISPR precursor RNA [67]. In C. jejuni, we
also observed the involvement of Csn1 in bacteriophage
defence, but our results go even further by showing, for
the first time, that this protein is involved in virulence. Next
to that, loss of Csn1 in three GBS-inducing Cst-II-positive
C. jejuni isolates not only lead to a decrease in virulence, but
also to an increase in the binding of IgG-specific antibodies
to ganglioside-like structures GM1 and GD1, which are
primarily detected in GBS patient serum [30, 68, 69].

The results on antibody binding could be indicative that
Csn1 plays a role in mediating cell envelope topology or
composition in C. jejuni. Earlier, in E. coli, a relationship
between CRISPR-Cas and the cell envelope has been estab-
lished [70] by showing that bacterial immunity is linked to
bacterial membrane stresses [71]. Remarkably, for the C.
jejuni isolate NCTC11168, it was earlier established that

genes involved in the expression of cell envelope structures,
mainly LOS and capsule, together with csn1 (Cj1523), were
differentially expressed after passage through a mouse in-
testine [72]. Further studies are required to reveal the mech-
anism(s) of action explaining the role of csn1 in C. jejuni
virulence. Whether this gene plays a role in virulence next to
bacteriophage defence in the other type II CRISPR-Cas
mammalian-associated pathogens remains to be elucidated.

Based on our results, we hypothesise that, in C. jejuni,
ganglioside-like LOS is evolutionarily replacing CRISPR-
Cas in bacteriophage defence, resulting in the observed
effects on CRISPR-Cas in this bacterium. We conclude that
there is a distinct link between C. jejuni bacteriophage
defence, virulence and GBS. Overall, our report suggests
that the type II CRISPR-Cas system in C. jejuni harbours
potential clinically relevant features.
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