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Campylobacter jejuni is a major cause of bacterial food-borne enteritis worldwide, and invasion into intestinal epithelial cells is
an important virulence mechanism. Recently we reported the identification of hyperinvasive C. jejuni strains and created a num-
ber of transposon mutants of one of these strains, some of which exhibited reduced invasion into INT-407 and Caco-2 cells. In
one such mutant the transposon had inserted into a homologue of ¢j1136, which encodes a putative galactosyltransferase accord-
ing to the annotation of the C. jejuni NCTC11168 genome. In the current study, we investigated the role of ¢j1136 in C. jejuni
virulence, lipooligosaccharide (LOS) biosynthesis, and host colonization by targeted mutagenesis and complementation of the
mutation. The ¢j1136 mutant showed a significant reduction in invasion into human intestinal epithelial cells compared to the
wild-type strain 01/51. Invasion levels were partially restored on complementing the mutation. The inactivation of ¢j1136 re-
sulted in the production of truncated LOS, while biosynthesis of a full-length LOS molecule was restored in the complemented
strain. The ¢j1136 mutant showed an increase in sensitivity to the bile salts sodium taurocholate and sodium deoxycholate and
significantly increased sensitivity to polymyxin B compared to the parental strain. Importantly, the ability of the mutant to colo-
nize 1-day-old chicks was also significantly impaired. This study confirms that a putative galactosyltransferase encoded by cj1136
is involved in LOS biosynthesis and is important for C. jejuni virulence, as disruption of this gene and the resultant truncation of

LOS affect both colonization in vivo and invasiveness in vitro.

ampylobacter jejuni is a major cause of bacterial food-borne

diarrhea worldwide. Campylobacter infections vary from
asymptomatic to severe enteritis characterized by inflammatory
watery diarrhea. Although C. jejuni enteritis is usually self-limit-
ing, postinfection sequelae, including neuropathies such as Guil-
lain-Barré syndrome and Miller-Fisher syndrome, can be debili-
tating (4).

Despite the high prevalence, clinical consequences, and eco-
nomic importance of campylobacteriosis, the mechanisms of C.
jejuni pathogenesis are not fully understood. Campylobacter inva-
sion into the epithelial mucosa appears to be an essential part of
the process leading to enteritis (28). The analysis of intestinal bi-
opsy samples from patients infected with C. jejuni (50), as well as
experiments with infected primates (44, 45) and other experimen-
tally infected model animals (3, 35, 56), together with in vitro
experiments using human epithelial cells (7, 28, 29, 36), has clearly
demonstrated that C. jejuni can adhere to and invade the cells of
the intestinal tract. Invasion studies with intestinal epithelial cells
revealed a statistically significant correlation between the ability of
C. jejuni to invade cultured cells and the severity of clinical symp-
toms of infection (10).

Poultry is considered the major source of food-borne campy-
lobacteriosis (5, 37). The mechanisms by which C. jejuni initiates
colonization, either in humans or in the avian host, are poorly
understood, but a putative correlation between the ability of C.
jejuni to invade cultured Caco-2 cells and colonization of chicks
was previously proposed (18). Such a correlation between inva-
sion of cell cultures and colonization ability was also found in
other investigations (57).

Like many Gram-negative pathogenic bacteria, C. jejuni has
surface polysaccharides, including lipooligosaccharide (LOS).
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LOS consists of a highly variable outer core of nonrepeating oli-
gosaccharides anchored to lipid A (8, 15, 38). Previously, the genes
involved in LOS biosynthesis have been shown to confer variable
virulence-associated phenotypes to C. jejuni. Inactivation of galE
(encoding a UDP-glucose 4-epimerase) or waaF (encoding hep-
tosyltransferase II) results in organisms expressing deeply trun-
cated LOS molecules and with a reduced potential to invade epi-
thelial cells in vitro (13). A recent study showed that both the C.
jejuni 81-176 waaF and IgtF mutants produced truncated LOS and
exhibited impaired colonization in the guts of BALB/c By] mice
(34). Furthermore, complete deletion of the LOS biosynthesis lo-
cus in C. jejuni NCTC11168 led to attenuated growth and loss of
invasion and natural transformation efficiency of the mutant (31).
In contrast, mutants with mutations in cgtA, which encodes an
outer core N-acetylgalactosaminyltransferase in C. jejuni 81-176,
exhibited increased bacterial attachment and invasion of human
cells, while in the same study mutation of neuCl, leading to the
absence of sialic acid in the outer core, had no effect on invasive-
ness (17).

Received 15 February 2012 Returned for modification 15 March 2012
Accepted 4 April 2012

Published ahead of print 16 April 2012
Editor: J. B. Bliska
Address correspondence to Georgina Manning, georgina.manning@ntu.ac.uk.

* Present address: Department of Biological Sciences, Alberta Glycomics Centre,
University of Alberta, Edmonton, Alberta, Canada.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/IA1.00151-12

iai.asm.org 2361


http://dx.doi.org/10.1128/IAI.00151-12
http://iai.asm.org

Javed et al.

TABLE 1 Bacterial strains and plasmids

Strain or plasmid Description Source or reference
Strains
C. jejuni
01/51 Hyperinvasive wild-type strain 01/51 11
01/51 A¢j1136 ¢j1136 mutation generated in strain 01/51 This study
01/51 A¢j1136::¢j1136  ¢j1136 mutation complemented by wild-type copy of the gene in strain 01/51 This study
81116 A(flaA flaB) Double mutation in flaA and flaB genes in strain 81116 52
E. coli TOP10F’ F’ lacIf Tn10(Tet") mcrA A(mrr-hsdRMS-mcrBC) $80lacZAM15 AlacX74 recAl araD139 A(ara- Invitrogen
leu)7697 galU galK rpsL endAl nupG
Plasmids
pGEM-T Easy Cloning vector encoding resistance to ampicillin Promega
pGEM:1136::kan PGEM-T Easy vector carrying 1.3-kb fragment of ¢j1136 interrupted by Kan" cassette This study
PAJ20 2.3-kb DNA fragment flanking the intergenic region between ¢j0652 and ¢j0653c with additional BamHI ~ This study
restriction site in the intergenic region, cloned into pGEM-T Easy vector
pAJ22 Chloramphenicol resistance cassette cloned into pAJ20 This study
pAJ22-1136 Wild-type copy of ¢j1136 with its own promoter cloned into pAJ22 vector This study
pMA24 Source of kanamycin resistance cassette 1
pUOA18 Source of chloramphenicol resistance cassette 51

To better understand the molecular basis of invasiveness in C.
jejuni, we previously identified hyperinvasive strains (11) and gen-
erated a random transposon insertion library in the hyperinvasive
strain 01/51. One of the mutants identified in a screen for reduced
invasion of human intestinal epithelial cells harbored a trans-
poson insertion into a gene homologous to ¢j1136 of C. jejuni
NCTCI11168 (19). ¢j1136 is part of the LOS biosynthesis locus
(¢j1132cto ¢j1152¢) in C. jejuni NCTC11168 and shares homology
with the genes for many bacterial 3-1,3-galactosyltransferases
(GalTs), but the function of the encoded protein and its impor-
tance in C. jejuni pathogenesis, host colonization, and LOS bio-
synthesis is unknown. In the current study, a ¢j1136 homologue
was characterized by mutagenesis, complementation, and pheno-
typic analysis to determine the involvement of this gene in LOS
biosynthesis, virulence, and chicken colonization in C. jejuni 01/
51. This ¢j1136 homologue in 01/51 is 100% identical at the nu-
cleotide level to ¢j1136 of NCTC11168 and will therefore be re-
ferred to as cj1136 for ease of description throughout this paper.

MATERIALS AND METHODS

Bacterial culture. C. jejuni strains (Table 1) were routinely grown on
Columbia agar supplemented with sheep blood (5%, vol/vol) or Mueller-
Hinton (MH) agar for 48 h at 37°C in an anaerobic work station (Don
Whitley Scientific, United Kingdom) supplied with 10% CO,, 5% O,, and
85% (vol/vol) N, or in a gas jar where a CampyGen pack (Oxoid, United
Kingdom) sachet was added to generate microaerobic conditions. Esche-
richia coli (Table 1) was grown on Luria-Bertani agar at 37°C in an aerobic
atmosphere. Culture media were also supplemented with antibiotics, in-
cluding ampicillin (100 wg ml™'), kanamycin (50 g ml~?), and chlor-
amphenicol (20 g ml ™), where appropriate.

Generation of C. jejuni 01/51 Acj1136. Briefly, the ¢j1136 open read-
ing frame, including 66 bp of upstream sequence and 90 bp of down-
stream sequence, was amplified by PCR from C. jejuni01/51 using primers
1136-Fand 1136-R (Table 2) and cloned into pPGEM-T Easy (Promega). A
BamHI restriction site was introduced into the cloned ¢j1136 by inverse
PCR (IPCR) (55) using primers 1136-INF and 1136-INR. IPCR generated
a4.3-kb PCR product flanked by BamHI restriction sites and containing a
57-bp deletion in ¢j1136. The Kan" cassette was amplified from pMA24 (1)
using Kan-F and Kan-R primers, BamHI digested, and ligated to BamHI-
digested ¢j1136 IPCR product. E. coli TOP10F' cells were transformed and
transformants selected on plates containing kanamycin and ampicillin.
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After screening, one clone containing the Kan" cassette inserted in the
same orientation as ¢jI1136 (named pGEM:1136::kan) was used to mutate
C. jejuni 01/51 by electroporation and allelic exchange as described else-
where (53). The mutation was confirmed by PCR analysis and nucleotide
sequencing (data not shown).

Complementation of C. jejuni 01/51 Acj1136. A wild-type copy of
¢j1136 (under the control of its own promoter) was inserted in the 121-bp
intergenic region between ¢j0652 and ¢j0653c. These are present in a tail-
to-tail orientation in the chromosomes of C. jejuni NCTC11168 and 01/
51. Briefly, a 2.3-kb fragment encompassing this region was amplified
from C. jejuni 01/51 using 652-F and 653-F primers (Table 2) and cloned
into pGEM-T Easy (Promega). A BamHI site was introduced in the inter-
genic region by IPCR using primers IN652-R and IN653-R and the result-
ing plasmid, pAJ20, confirmed by nucleotide sequencing. A chloram-
phenicol resistance (Cm") gene, amplified from pUOA18 (51) using
primers CML-F and CML-R (which harbor BamHI and BglII restriction
sites, respectively), was digested using BamHI and BglIT and ligated to
BamHI-digested pAJ20 to generate pAJ22 (Table 1). ¢j1136 along with its
presumptive promoter was amplified using primers C1136-F and
C1136-R, digested with BamHI, and ligated into BamHI-digested pAJ22
to generate pAJ22-1136 (Table 1). This was electroporated into C. jejuni

TABLE 2 Primers used in this study

Primer Nucleotide sequence (5" — 3")"

1136-F GCTCGAAATCAATCATCAAATTT

1136-R CAACTCTTTGGGAAGAAATTCAA

1136-INF caaggatccGCACTATCACTCCAAGAGACTATG
1136-INR caaggatccCCATCATCATAAATACAAGCATG
Kan-F ggaggatccGATAAACCCAGCGAACC

Kan-R gcaggatccGACATCTAAATCTAGGTACTAAAACAATTC
C1136-F caaggatccCGCAAAGTAATTTTACAAGGTTCA
C1136-R caaggatcct CAACTCTTTGGGAAGAAATTCAA
652-F GAACTTACGATAGATATAGAGC

653-F TTATGATGAAATCATCATGGAGC

IN652-R caaggatccCAAGATTTTTAAACCAATTGC
IN653-R caaggatccAATTATAAGTTTAATACAAGG
CML-F caaggatccGTCGGTATCGTATGGAGCG
CML-R cacagatct CCTAAAGGGTTTTTATCAGTGCG

“ BamHI (ggatcc) or BglIT (agatct) restriction sites and additional nucleotides at 5’ ends
of primers, where needed, are shown in lowercase.
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01/51 A¢j1136 and the insertion of ¢jI1136 into the intergenic region be-
tween ¢j0652 and ¢j0653¢ confirmed by PCR and nucleotide sequencing.

In vitro invasion and adhesion assay. The adhesion and invasion
potentials of all strains were determined using in vitro invasion and adhe-
sion assays as described earlier (19). Briefly, Caco-2 cell monolayers were
grown in two 24-well cell culture plates. The Caco-2 cell monolayer was
covered with bacterial cells at a multiplicity of infection of 100 in complete
cell culture medium consisting of Eagle’s minimal essential medium with
glutamine supplemented with 10% fetal calf serum and 1% nonessential
amino acids and incubated at 37°C for 3 h in 5% (vol/vol) CO,. The
monolayer was then washed 3 times with sterile phosphate-buffered saline
(PBS), monolayers were lysed from one of the plates by adding 1% (vol/
vol) Triton X-100, and viable bacterial cell counts were made to determine
the adherent and invaded bacterial cell numbers. The monolayers of the
other plate were covered with 1 ml of complete cell culture medium sup-
plemented with 250 wg gentamicin ml ™! in each well and incubated for a
further 2 h. Following incubation, the monolayers were washed three
times with PBS as before and lysed with 1 ml of 1% (vol/vol) Triton X-100
in PBS, and the total number of viable bacteria per well was determined.

Assays were performed in triplicate. The number of adherent bacteria
was calculated by subtracting the number of internalized bacteria from
the total number counted. Invasion efficiency was expressed as the per-
centage of the inoculum that survived gentamicin treatment.

Extraction of C. jejuni LOS. LOS was extracted using a modification
of the phenol-water extraction procedure (32, 40). Briefly, confluent bac-
terial growth from agar plates was washed three times in PBS (Sigma,
United Kingdom), and cells were resuspended in sterile distilled water to
an optical density at 600 nm (ODg,) of 1.0. One milliliter of bacterial
suspension was added to an equivalent volume of phenol (preheated to
65°C) (Sigma, United Kingdom) and mixed vigorously. Samples were
incubated at 65°C for 10 min, mixed at regular intervals, and, after cooling
on ice, centrifuged at 12,000 X g for 3 min. The upper aqueous layer was
removed and LOS precipitated by the addition of 0.1 volume of 20%
sodium acetate and 5 volumes of 100% ethanol at 4°C overnight. Precip-
itated LOS was harvested by centrifugation (5,000 X g) for 10 min, and the
pellet washed with ice-cold 70% ethanol, dried, and resuspended in 500 .l
water.

Analysis of C. jejuni LOS by SDS-PAGE. LOS extracts were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Samples were mixed with an equivalent volume of 2X sample
loading buffer (100 mM Tris-HCI [pH 8.0], 2% B-mercaptoethanol, 4%
SDS, 0.02% bromophenol blue, 20% glycerol) and boiled for 10 min be-
fore being loaded onto an SDS-polyacrylamide gel consisting of a stacking
gel 0f 4% (vol/vol) acrylamide and a separating gel of 15% (vol/vol) acryl-
amide. The gel was run in SDS-Tris-glycine buffer (0.025 M Tris base,
0.192 M glycine, and 0.1% SDS, pH 8.3) at a constant 200 V per gel
(Bio-Rad Protean II system). LOS was detected using a previously de-
scribed silver staining method (48).

MS analysis of C. jejuni LOS. The intact LOS samples were analyzed
using electrophoresis-assisted open-tubular liquid chromatography-mass
spectrometry (EA-OTLC-MS) as described previously (9). Briefly, 1.0 pl
of the LOS sample was injected into a capillary column, and this was
followed by washing with 1.0 pl of 100% methanol. A small plug (60 nl) of
1 M ammonium acetate in deionized water was injected to elute the ad-
sorbed intact LOS from the capillary surface. The separation was per-
formed using 30 mM morpholine in deionized water, pH 9.0. A separa-
tion voltage of 30 kV, together with a pressure of 50,000 Pa, was applied
for the EA-OTLC-MS analysis. The electrospray ionization (ESI) voltage
applied on the sprayer was set at —5.2 kV. Data acquisition was performed
in the range of m/z 1000 to 1600 at a scan rate of 2 s/spectrum. In the MS?
(enhanced product ion scan [EPI]) experiments, the scan speed was set to
4,000 Da/s, with Q trapping.

Resistance of C. jejuni to polymyxin B and bile salt detergents. Re-
sistance to different concentrations of polymyxin B (range, 0.5 to 10 pg
ml ') was determined by inoculating 10 pl of bacterial suspensions (at an
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ODs;, of 0.1) onto MH agar supplemented with a specific concentration
of polymyxin B. Growth was observed at 24, 48, and 72 h after incubation.
All tests were carried out in triplicate. Resistance to different concentra-
tions (range, 0 to 30 mg ml ') of sodium deoxycholate and sodium tau-
rocholate was determined following the protocol described elsewhere
(43).

Sensitivity to Triton X-100. To determine the sensitivity of C. jejuni to
Triton X-100 (1%, vol/vol), overnight bacterial growth was harvested
from blood agar plates and resuspended in 1 ml of distilled water to OD-,
of 0.1. After a zero-hour sample was taken, Triton X-100 was added and
the bacterial cell suspension incubated at room temperature for 1 h. Via-
ble cell counts were determined by serial dilution and plating. Assays were
carried out in triplicate.

Motility assays. Motility assays were undertaken using Mueller-Hin-
ton broth supplemented with 0.4% agar as described earlier (19).

Survival under environmental stress conditions. Overnight bacterial
growth was harvested, and a bacterial cell suspension (ODss, = 0.1) was
prepared. For aeration stress, survival of strains was tested in Mueller-
Hinton broth in a shaking incubator over 5 h. For survival in complete cell
culture medium, survival was tested in medium in a static 5% CO, incu-
bator over 5 h. Survival was determined by viable cell counts.

Chick colonization. Animal experiments were performed by licensed
personnel in accordance with Home Office regulations and met with local
ethics committee approval. Chick colonization was determined using a
quantitative oral gavage model as previously described (54). Briefly, 4
groups of 10 specific-pathogen-free chicks, hatched from eggs obtained
from Charles River SPAFAS Inc., Hanover, Germany, were housed in
negative-pressure isolators and given food and water ad libitum. At 1 day
old, birds were dosed by oral gavage with C. jejuni wild-type 01/51 or C.
jejuni01/51 Acj1136at3.4 = 0.9 X 10*and 3.4 = 0.9 X 10° CFU in 100 .l
of 0.1 M PBS, pH 7.2. Doses were prepared by harvesting bacteria grown
overnight on blood agar plates into sterile PBS, and the actual doses were
determined retrospectively by viable count. At 5 days postchallenge, the
chicks were sacrificed by cervical dislocation and the colonization levels
were determined by plating out dilutions of cecal contents onto blood
agar plates (supplemented with kanamycin where appropriate). Individ-
ual chick colonization levels were determined as CFU per gram of cecal
contents. The minimal level of detection was 100 CFU g~ ' cecal contents.
Statistical analysis of the data was carried out with Minitab software using
the nonparametric Mann-Whitney (two-tailed) test to assess significance.
P values of <0.05 were judged to be statistically significant.

Statistical analysis. Unless otherwise stated, a paired Student  test was
performed for statistical analysis. A P value of <0.05 indicated statistical
significance.

RESULTS

Mutation and complementation of ¢j1136 confirm a role in host
cell invasion. ¢j1136 was initially identified as being required for
optimal invasion in a screen of C. jejuni transposon mutants (19).
To confirm this phenotype, we created a new targeted cjl136 mu-
tant by insertional inactivation of the gene in strain 01/51. Pheno-
typic analysis confirmed that the mutant strain had a significantly
reduced (P < 0.001) ability to invade Caco-2 cells compared to the
wild type (Fig. 1B). Importantly, 01/51 Ac¢j1136 did not show a
change in adhesion to Caco-2 cells compared to the wild type,
confirming that the invasion-impaired phenotype was not a con-
sequence of a reduced ability to adhere (Fig. 1A). Similarly, the
¢j1136 mutant did not show a growth defect in MH broth or cell
culture medium or exhibit reduced motility, increased sensitivity
in Triton X-100, or reduced viability under the atmospheric con-
ditions encountered during the course of the invasion assay com-
pared to the wild type (data not shown). To rule out further polar
effects and the possibility of secondary mutations, a wild-type
copy of ¢j1136 was introduced into the chromosome of 01/51
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FIG 1 Adhesion and invasion assays using Caco-2 cells confirm the role of
¢j1136 in host epithelial cell invasion but not adhesion. The adhesion pheno-
types of C. jejuni wild-type (WT) 01/51 and C. jejuni 01/51 Acj1136 (ACj1136)
(A) and the invasion phenotypes of C. jejuni WT 01/51, C. jejuni 01/51
Acj1136, and C. jejuni 01/51 Acj1136::¢j1136 (1136 Comp) (B) were deter-
mined using Caco-2 cells. A double mutant of C. jejuni 81116 with mutations
in flaA and flaB (AflaA/B) was used as a negative control in both assays. A
paired Student t test was performed to compare the invasion levels of (i) the
mutant (ACj1136) and negative control (AflaA/B) with that of the WT strain
and (ii) the complemented mutant (1136 Comp) with that of the mutant
(ACj1136).**, P<0.001. As there was no change in adhesion between the wild
type and mutant, the complemented mutant was not tested in this assay.

Invasion efficiency
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A¢j1136. Introduction of ¢j1136 at an ectopic site restored, albeit
not completely, invasion levels (Fig. 1B). Taken together, these
results confirm the role of Cj1136 in invasion.

LOS analysis. Having confirmed the effect on host cell inva-
sion, we purified the LOS produced by the wild-type, A¢j1136, and
Acj1136::¢j1136 strains and analyzed them by SDS-PAGE and sil-
ver staining as well as mass spectrometry.

(i) Silver staining. Inactivation of ¢j1136 resulted in the gener-
ation of a truncated LOS molecule exhibiting an increased elec-
trophoretic mobility compared to that of the LOS purified from
the wild type in a silver-stained SDS-polyacrylamide gel (Fig. 2).
In contrast, the LOS purified from the complemented strain was
indistinguishable from that from the wild type using this analysis
(Fig. 2). This confirms the putative role of Cj1136 in the biosyn-
thesis of LOS.

(ii) MS analysis of C. jejuni LOS. To further characterize the
nature of the difference in the LOSs produced by the wild-type
strain and the ¢j1136 mutant, LOS samples from C. jejuni wild-
type 01/51, Ac¢j1136, and Acj1136::¢j1136 strains were analyzed by
using EA-OTLC-MS. The LOS sample purified from the wild-type
strain showed related triply and quadruply deprotonated ions at
m/z 1478 and 1108, respectively, which correspond to a species
with a mass of ~4,436.5 Da, whereas LOS from the A¢j1136 mu-
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FIG 2 Mutation of C. jejuni 01/51 ¢j1136 leads to the production of truncated
LOS. LOSs extracted from C. jejuni wild-type 01/51 (lane 1), C. jejuni 01/51
A¢j1136 (lane 2), and C. jejuni 01/51 A¢j1136:¢j1136 (lane 3) were separated on
a 15% SDS-polyacrylamide gel and silver stained. LOS from the ¢j1136 mutant
showed an increased electrophoretic mobility compared to that extracted from
the wild-type 01/51 or the complemented mutant.

tant showed a major triply deprotonated ion peak at m/z 1151,
which corresponds to a species with a mass of ~3,456 Da. The MS
data showed that the ¢j1136 mutation resulted in the generation of
truncated LOS which is ~980.5 Da smaller in mass than the wild-
type LOS (Fig. 3) and confirmed the role of Cj1136 in LOS bio-
synthesis.

To further characterize the composition of LOS, tandem
MS/MS was performed on the intact LOS from C. jejuni wild-type
01/51 (m/z1108) and 01/51 Acj1136 (m/z1151). The LOS samples
from both the wild type and the ¢j1136 mutant showed a major
peak at m/z 1062, the mass corresponding to the lipid A compo-
nent containing a diamino-dideoxyhexose—amino-deoxyhexose
(160.2 + 161.2 Da), two palmitate chains (2 X 238.4 Da), four
3-hyroxymyristate chains (4 X 226.4 Da), two phosphoethano-
lamine (PEtn) residues (2 X 123.05 Da), two phosphate (P)
groups (2 X 79.98 Da), and a water molecule (18.0 Da), summing
up to a mass of ~2,127.8 Da. The remaining mass of the core
oligosaccharide in wild-type LOS is consistent with glycoforms
containing two 2-keto-3-deoxyoctulosonic acid (KDO) residues
(2 X 220.2 Da), one glycine (57.05 Da), one PEtn (123.05 Da), two
heptose (Hep) residues (2 X 192.17 Da), five hexose (Hex) resi-
dues (5 X 162.14 Da), one N-acetylhexosamine (HexNAc) residue
(203.19 Da), and one N-acetylneuraminic acid (Neu5Ac) residue
(291.26 Da), summing up to a mass of ~2,309.6 Da. Thus, the
mass of LOS from wild-type strain 01/51 corresponds to the com-
position Neu5Ac,-HexNAc,-Hexs-Gly, -Hep,-PEtn,-KDO,-lipid
A. Theloss of a mass of ~980.5 Da in LOS generated by the ¢j1136
mutant of strain 01/51 corresponds to three Hex residues (3 X
162.14 Da), one HexNAc residue (203.19 Da), and one Neu5Ac
residue (291.26 Da). The total mass of truncated LOS produced in
C. jejuni 01/51 Acj1136 corresponds to the composition Hex,-
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FIG 3 Electrophoresis-assisted open-tubular liquid chromatography-mass spectrometry analysis of intact LOSs from C. jejuni wild-type 01/51 (A) and C. jejuni
01/51 Acj1136 (B). The MS analysis of LOS samples purified from the C. jejuni 01/51 wild-type strain showed major peaks at #/z 1108 and 1478 of quadruply and
triply charged ions, respectively, whereas triply charged species were observed at m/z 1151 in LOS isolated from the ¢j1136 mutant.
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Gly,-Hep,-PEtn,-KDO,-lipid A. The LOS sample purified from
the complemented mutant C. jejuni 01/51 Acj1136::¢j1136 showed
the same molecular mass as that isolated from the wild-type 01/
51strain (not shown). The MS/MS data also showed the loss of
monosaccharide hexose (1/z 219) and monosialic acid (Neu5Ac)
(m/z 290) in the mutant (Fig. 4), which indicates the LOS trunca-
tion in the outer core.

Resistance to polymyxin B and bile salts. LOS forms a major
part of the C. jejuni outer envelope and protects the bacteria from
different antimicrobial peptides (34). We tested the sensitivities of
our strains to polymyxin B to determine if production of trun-
cated LOS by the mutant affected the sensitivity of the strain. The
¢j1136 mutant showed a significant (6-fold) decrease in resistance
to polymyxin B compared to the wild type (Table 3). The ¢j1136
mutant showed growth in medium containing only 1.0 g poly-
myxin B ml™', whereas the wild-type strain 01/51 was able to grow
at a concentration of 6 g polymyxin B ml™". Complementation
of the ¢j1136 mutation with a wild-type copy of the gene restored
resistance to wild-type levels. Furthermore, the ¢j1136 mutant also
showed a decrease in resistance to the bile salts sodium deoxy-
cholate and sodium taurocholate compared to strain 01/51 and
the complemented mutant (Table 3).

C. jejuni 01/51 Acj1136 is impaired in its ability to colonize
the chick gut. The in vivo significance of the truncated LOS
brought about by the disruption of ¢j1136 was tested using an in
vivo model of chick colonization (54). Two groups of birds were
dosed orally with the wild-type strain (one group with 10* CFU
and one group with 10° CFU) and two with the ¢j1136 mutant at
doses similar to those for the wild type. The wild-type C. jejuni
strain colonized 100% of the birds, and the median levels of colo-
nization was 7.2 X 10” and 1.59 X 10® CFU g~ ' cecal content for
the low and high doses, respectively. The colonization ability was
impaired in the ¢j1136 mutant, which showed a significantly (P <
0.001) lower level of chick colonization than the wild type (Fig. 5).
Thirty percent of the birds (n = 3/10) challenged with the lower
dose of the ¢j1136 mutant were not detectably colonized. The me-
dian colonization levels reached in the birds challenged with either
dose of the mutant were significantly below those observed in
birds gavaged with similar doses of the wild-type strain (Fig. 5),
suggesting that an intact LOS is required for optimal chick colo-
nization by C. jejuni.

DISCUSSION

Previously, a study conducted in our laboratory using random
transposon mutagenesis identified a number of genes involved in
invasiveness in C. jejuni (19). A C. jejuni 01/51 homologue of
NCTC11168 c¢j1136 was found to be interrupted by transposon
insertion in a mutant with a significantly reduced invasion phe-
notype in INT-407 and Caco-2 cells (19). Here we characterized
the ¢j1136 gene in detail by targeted mutagenesis, complementa-
tion, and phenotypic analysis.

In this study, mutation of ¢j1136 resulted in reduced invasion
in Caco-2 cells compared to the C. jejuni 01/51 wild-type strain
(without a change in adhesion), confirming our original observa-
tions using the transposon mutant. Partial restoration of the in-
vasion phenotype was observed in the complemented mutant;
however, this was not to the level of the wild-type strain, which is
most likely due to the introduction of the wild-type gene into a
nonnative position in the genome. Even though some promoter
sequence was included upstream of the ¢j1136 gene in the comple-
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mented mutant, the ectopic copy of ¢j1136 may no longer be reg-
ulated or expressed in the exact same manner as the wild-type
gene. This may not have led to a detectable difference in pheno-
type when the bacteria were grown on rich Mueller-Hinton agar
(for LOS analysis and sensitivity testing) but may have done so in
the invasion assays, when the medium utilized was Eagle’s mini-
mal essential medium.

Both adherence and invasion are multifactorial and motility-
dependent processes (53), yet adherence is not always followed by
invasion. No correlation between adhesion and invasion was es-
tablished in our study, and elsewhere it has been reported that
some adherent strains were also deficient in invasion into Caco-2
cells (18). LOS structures are generally important for invasion in
many pathogenic bacteria (22, 30, 31, 41, 47). A previous study
proposed a link between the presence of ¢gtB, encoding a putative
galactosyltransferase in C. jejuni, and a higher level of invasion
into human intestinal epithelial cells and chick colonization po-
tential of the isolates (33). Inactivation of galE in C. jejuni resulted
in the production of truncated LOS and reduced invasion into
INT-407 cells (13), and mutation of waaC also reduced the inva-
sion potential of C. jejuni 81-176 (24). In contrast, a site-specific
insertional mutation of the cgtA gene in C. jejuni strain 81-176,
which encodes an N-acetylgalactosaminyltransferase, led to a sig-
nificant (more than 2-fold) increase in invasion of INT-407 cells
compared to that of the wild type (17). These studies suggest that
aminimal LOS core structure is required for optimal invasion and
that mutations that cause truncation of this minimal structure
(mutations in waaC, waaF, galE, and, as now shown, ¢j1136) lead
to impaired invasion. Mutations in the outer core (e.g., cgtA) are
more likely to have strain-specific effects, modulating invasion in
some but not all strains.

Lipopolysaccharide (LPS) and LOS are important for host col-
onization in many Gram-negative pathogens. In Salmonella spe-
cies, a reduction in the ability to colonize chickens correlated with
changes in the LPS profile (6, 49). A recent study has shown the
importance of LOS for host colonization in C. jejuni using a
mouse competition model (34). We have studied colonization in
the chicken, which is the natural host and main source of human
C. jejuni infection. C. jejuni 01/51 Ac¢j1136 showed a significant
reduction, indicating that ¢j1136 and an intact LOS are crucial for
chick colonization by this organism.

¢j1136 is part of the LOS biosynthesis locus in C. jejuni
NCTC11168 (39). Based on nucleotide sequence homology to
bacterial galactosyltransferase genes, ¢j1136 was predicted to
transfer 3-1,3-galactose to heptose IT in LOS biosynthesis (15, 26).
We determined the compositions of LOS samples purified from
the C. jejuni 01/51 wild-type strain as well as from the ¢j1136 mu-
tant and the complemented mutant by mass spectrometry, and
the mutant showed the loss of 1 Neu5Ac, 1 HexNAc, and 3 Hex
residues from its LOS outer core. These data suggest that CJ1136 is
a hexose transferase; however, further structural and linkage anal-
ysis of LOS will help determine the exact hexose residue trans-
ferred and linkage formed. Nevertheless, these data provide the
first experimental confirmation that ¢j1136 is involved in LOS
biosynthesis in C. jejuni and that inactivation of this gene results in
a truncated LOS.

The structure of LOS varies between C. jejuni strains, and this
variability can result from difference in gene content, phase vari-
ation due to homopolymeric tracts, amino acid substitution, or
mutation in glycosyltransferase-encoding genes. ¢jI1136 is not
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FIG 4 MS/MS spectra from the intact LOSs from C. jejuni wild-type 01/51 (A) and C. jejuni 01/51 Acj1136 (B). The intact LOS of C. jejuni wild-type 01/51 ions
m/z 1108 and truncated LOS of ¢j1136 mutant ions m/z 1151 were further analyzed by MS/MS. The major cluster of molecular ions at m/z 1062.4 corresponds
to lipid A in the LOSs from both wild-type 01/51 and its ¢j1136 mutant. Neu5Ac, sialic acid; KDO, 2-keto 3-deoxy-octulosonic acid, P, phosphate; PEtn,
phosphoethanolamine; COS, core oligosaccharide; tCOS, truncated core oligosaccharide; Hex, hexose; Hep, heptose; Gly, glycine. The composition of COS
corresponds to Neu5Ac,-HexNAc,-Hex;-Gly,-Hep,-PEtn,;-KDO,, and that of tCOS corresponds to Hex,-Gly,-Hep,-PEtn,-KDO.,.
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TABLE 3 Sensitivities of C. jejuni 01/51, 01/51 Acj1136, and the
complemented mutant (01/51 Acjl1136::¢j1136) to polymyxin B and bile
salts

Maximum concn (g ml~") of compound at
which growth was observed

Wild-type 01/51 01/51
Compound 01/51 Ag1136 Acj1136::¢j1136
Polymyxin B 6.0 1.0 6.0
Sodium deoxycholate 28 20 28
Sodium taurocholate 30 22 30

phase variable (15). Interestingly, in this study we found that the
LOS of C. jejuni 01/51 has a glycine modification. The glycine
modifications of LOSs from other C. jejuni strains have previously
been reported (9); however, the role of LOS modification with
glycine in C. jejuni pathogenesis is as yet unknown.

LOS plays an important role in maintaining the integrity of the
outer membrane. It also provides protection to the organism from
antimicrobial peptides and bile salt detergents. Polymyxin B is an
antimicrobial peptide that has binding affinity to negatively
charged structures, including LPS/LOS. The ¢j1136 mutant
showed a 6-fold reduction in resistance to polymyxin B compared
to wild-type strain 01/51. This finding is consistent with other
previous studies that also reported a higher sensitivity to poly-
myxin B in mutants with truncated LOS (20, 31, 34), confirming
that an intact LOS is important in the protection of the organism
from antimicrobial peptides.

Bile salts, secreted in bile in the animal intestine, also have
potential bactericidal activity. They can kill bacterial organisms by
destroying the lipid bilayer outer membrane. The ¢j1136 mutant
showed greater sensitivity to the bile salt detergents sodium de-
oxycholate and sodium taurocholate, which is in line with other
studies (23, 31, 46). The increased sensitivity observed in the
¢j1136 mutant may be explained by a recent hypothesis that the
negatively charged cell surface molecules normally buried by LOS
are exposed to allow binding and thus disruption of the cell mem-
brane by polymyxin B and bile salt detergents (2). However, the
product of ¢j1136 or LOS may also have secondary roles involved
in efflux pumps and/or electrostatic interactions of bacterial sur-
face molecules.

Mutants with mutations in putative glycosyltransferase genes
waak, IgtF, and galT in C. jejuni 81-176 have been reported to have
reduced invasion potential compared to the wild-type strain (22,
24), and this reduction in invasiveness was found to be due to
increased sensitivity to Triton X-100 used for lysis of the cultured
cell monolayer. We tested the survival of the ¢j1136 mutant in
Triton X-100 and found the mutation did not alter sensitivity,
confirming that the reduction in invasion levels exhibited by the
mutant was not due to killing of the mutant by Triton X-100.
Furthermore, the reduction in invasion exhibited by the mutant
was not due to a change in growth, motility, or survivability under
the environmental conditions encountered during the invasion
assays.

A number of other genes as well as ¢j1136 encode putative
galactosyltransferases, including galT'in C. jejuni 81-176 (14), and
eight genes encode putative galactosyltransferases (wlaH, wlaG,
¢j1136, ¢j1138, wlaN [¢j1139c], ¢j1434c, ¢j1438c, and ¢j1440c¢) in C.
jejuni NCTC11168 (39). Sequencing of C. jejuni RM1221 resulted
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in the annotation of two further putative galactosyltransferase
genes (¢jel278 and cjel280) with no similarity to genes of
NCTC11168 (12). Apart from ¢j1136, those genes encoding puta-
tive galactosyltransferases in C. jejuni 01/51 are not known, but if
others do exist, they were unable to compensate for the ¢j1136
mutation in this strain.

Capsular polysaccharide of C. jejuni has previously been shown
to play a role in C. jejuni pathogenesis and host colonization (21)
and is believed to be the major serodeterminant in the Penner or
heat-stable (HS) serotyping scheme (27). Furthermore, in addi-
tion to LOS biosynthesis, a putative galactosyltransferase encoded
by ¢j1136 might also be involved in the biosynthesis of other car-
bohydrate structures, including capsular polysaccharides. Hepto-
syltransferase I encoded by waaC in C. jejuni 81-176 was found to
be involved in biosynthesis of both the LOS and capsular carbo-
hydrates (23), and an epimerase encoded by gne was found to be
important for the three major carbohydrates’ biosynthetic path-
ways (LOS, capsule, and N-linked protein glycosylation) (16).
Similarly, a single phosphatase enzyme, GmhB, is involved in both
LOS and capsule biosynthetic pathways (25). Interestingly, the
serotype of the C. jejuni 01/51 wild-type strain is HS4 but the
¢j1136 mutant’s serotype is HS50, which raises the question as to
whether the capsule structure is also altered in the ¢j1136 mutant
strain or whether the LOS is the major serodeterminant in strain
01/51. HS4 and HS50 are known to be cross-reacting serotypes,
and it has been suggested previously that LOS does play a role in
their serospecificity (42), so it is probable that a change in the LOS
structure does bring about a change in reactivity with the serotyp-
ing antisera; nevertheless, the capsule region of C. jejuni 01/51 is
currently being investigated. It is possible that ¢j1136 may have a
more direct role in virulence and host colonization. However, at
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FIG 5 Mutation of ¢j1136 results in a reduced ability to colonize chicks. The C.
jejuni wild-type (WT) 01/51 and its ¢j1136 mutant derivative (1136—) were
tested in an in vivo model of chick colonization. A low dose and a high dose of
each strain were administered to 10 birds in each group. The number of bac-
teria that had colonized the birds was determined in cecal contents at 5 days
after infection. The C. jejuni 01/51 wild-type strain colonized to ~10* CFU g ™!
irrespective of dose; however, both low and high doses of the mutant in ¢j1136
showed significantly lower levels of chick colonization compared to cognate
doses of the wild-type strain, confirming that ¢j1136 plays a role in chick col-
onization by C. jejuni. A nonparametric Mann-Whitney (two-tailed) test was
used to assess statistical significance of colonization levels of the mutant com-
pared with the wild type at each dose (P < 0.001).
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this stage it appears that the observed reduction in virulence and
host colonization in the ¢j1136 mutant of C. jejuni 01/51 is due to
the production of truncated LOS.

This study, for the first time, confirmed the role of ¢j1136 in
LOS biosynthesis, the invasion of human intestinal epithelial cells
in vitro, and the in vivo colonization of the chicken gut. It also
emphasizes the importance of LOS as a fundamental structure of
C. jejuni that affects many different phenotypes of this major hu-
man pathogen.
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