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The outer cores of the lipooligosaccharides (LOS) of many strains of Campylobacter jejuni mimic human
gangliosides in structure. A population of cells of C. jejuni strain 81-176 produced a mixture of LOS cores which
consisted primarily of structures mimicking GM, and GM; gangliosides, with minor amounts of structures
mimicking GD,,, and GD,. Genetic analyses of genes involved in the biosynthesis of the outer core of C. jejuni
81-176 revealed the presence of a homopolymeric tract of G residues within a gene encoding CgtA, an
N-acetylgalactosaminyltransferase. Variation in the number of G residues within cgzA4 affected the length of the
open reading frame, and these changes in cgf4 corresponded to a change in LOS structure from GM, to GM;
ganglioside mimicry. Site-specific mutation of cgt4 in 81-176 resulted in a major LOS core structure that lacked
GalNAc and resembled GM; ganglioside. Compared to wild-type 81-176, the cgt4 mutant showed a significant
increase in invasion of INT407 cells. In comparison, a site-specific mutation of the neuC1 gene resulted in the
loss of sialic acid in the LOS core and reduced resistance to normal human serum but had no affect on invasion

of INT407 cells.

Campylobacter jejuni is one of the most common causes of
bacterial diarrhea worldwide (10, 25) and has been shown to be
frequently associated with the development of Guillain-Barré
syndrome (GBS), a postinfectious polyneuropathy (23). The
association of C. jejuni and the development of GBS is thought
to result from the molecular mimicry between outer core struc-
tures of bacterial lipooligosaccharides (LOS) and human gan-
gliosides (18, 19). Thus, for example, the cores of different
isolates of C. jejuni have been shown to mimic GM,, GM,,
GD;, GD,,, GT,,, and GQ,, (1-3, 18-24, 29, 30, 42, 43).
However, similar ganglioside mimicry can be found in strains
associated with both uncomplicated enteritis and GBS (18).
While considerable research efforts have focused on the role of
LOS in the development of GBS, little attention has been
placed on the function of these sialylated LOS structures in the
pathogenesis of gastrointestinal disease. A locus involved in
LOS biosynthesis in C. jejuni MSC57360, the type strain of the
HS:1 serogroup, has been described previously (12). It has also
been shown that the loss of sialic acid (NeuNAc) from the LOS
core results in the increased immunogenicity of the core and an
increased sensitivity to normal human serum (12). However,
strain MSC57360 is noninvasive in vitro (P. Guerry and C. P.
Ewing, unpublished data), and little is known about its viru-
lence potential. In this report, we have characterized the LOS
core of C. jejuni 81-176 (serogroups HS:23 and HS:36), which
is one of the best-characterized strains of C. jejuni (5-7, 14, 15,
26, 28, 41) and one which has been shown to induce diarrhea
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in human volunteers in two separate studies (7; D. Tribble et
al., unpublished data). These results indicate that the LOS core
of C. jejuni 81-176 is composed of structures that mimic several
gangliosides, although the predominant structure is a GM,
ganglioside mimic. Slip strand mismatch recombination of the
cgtA gene, which encodes an N-acetylgalactosaminyl (GalNAc)
transferase, results in changes in the major core structure from
GM, to GM; ganglioside mimicry. Insertional inactivation of
the cgtA gene results in a mutant lacking GM, mimicry, and
this mutant shows enhanced invasion of intestinal epithelial
cells in vitro.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Characteristics of C. jejuni 81-176
have been described previously (7, 15). The strain was grown at 37°C under
microaerophilic conditions on Mueller-Hinton (MH) agar (Difco) supplemented
with chloramphenicol (CHL; 20 pg/ml) or kanamycin (KAN; 25 wg/ml) when
appropriate. Strains for invasion assays were grown in MH biphasic cultures
supplemented with antibiotics when appropriate. Escherichia coli XL1-Blue was
the host for X ZAP Express (Stratagene, La Jolla, Calif.), and DH5a was the host
for subcloning experiments.

DNA cloning and sequence analyses. C. jejuni genes were cloned from a partial
Sau3A library constructed in N ZAP Express. The library was probed with a
515-bp PCR product specific for the neuCI gene of C. jejuni MSC57360 (12),
which had been purified by agarose gel electrophoresis and labeled by random
priming with [*?P]dCTP (New England Nuclear, Boston, Mass.). The PCR prim-
ers have been described previously (12). Positive clones were plaque purified and
rehybridized, and pure phage populations were excised to the phagemid pBK-
CMV according to the instructions of the manufacturer. Three overlapping
clones, pCJ8-6, pCJ8-8, and pSG886, were subjected to DNA sequence analyses
with a Perkin-Elmer Applied Biosystems model 373A automated DNA se-
quencer. Custom sequencing primers were synthesized on a Perkin-Elmer Ap-
plied Biosystems model 292 DNA synthesizer. Additional DNA sequences were
generated by sequencing with primers within transposon insertions into the
plasmid (see below).

Generation of cgt4 and neuCI mutants. cgt4 and neuCI1 mutants were con-
structed using a Tn5-based in vitro transposition system (Epicentre, Madison,
Wis.) in which the Cm" cassette from pRY109 (40) was cloned into pEZ:: TN
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pMOD, as described previously (12). The transposon was PCR amplified with
primers as described by Epicentre and used in an in vitro reaction with pCJ8-6
as the target. The reaction product was transformed into E. coli DH5a by
standard methods, and plasmid DNAs from individual transformants were se-
quenced using primers which read out from within the Cm" cassette (12) to
determine the insertion point and the orientation within the gene. Insertions
were selected in which the Cm" cassette had been inserted in the same orienta-
tion as the target gene had been transcribed to minimize polarity on downstream
genes. Plasmids were used to transform C. jejuni 81-176, with selection on MH
agar supplemented with 15 wg of CHL/ml (37). Transformants were analyzed by
PCR with primers bracketing the Cm" insertion point to confirm that the DNA
had been inserted by a double crossover.

Complementation in trans. The DNA cloned in pSG886 was transferred from
pBK-CMV into the E. coli-C. jejuni shuttle plasmid pRY107 (40) as an EcoRI-
Pstl-ended fragment. This clone, pRY886, was transformed into E. coli DH5«a
containing RK212.2 (9) and then conjugally transferred into C. jejuni 81-176 cgtA
and into C. jejuni MSC57360 cgtA (12), with selection on MH agar supplemented
with 10 g of trimethoprim/ml, 25 ug of KAN/ml, and 15 ug of CHL/ml.

LOS isolation. For electrophoretic analyses of LOS, whole-cell lysates were
digested with proteinase K as described by Hitchcock and Brown (13). For
analyses by fast atom bombardment-mass spectrometry (FAB-MS), the biomass
was subjected to hot phenol-water extraction (39) and the crude LOS were
purified by enzymatic treatments with RNase A, DNase II, and proteinase K and
by ultracentrifugation, as described previously (21).

Electrophoresis. Proteinase K-digested whole-cell lysates containing LOS
were separated on 16% Tricine gels (Invitrogen, Carlsbad, Calif.) and then silver
stained (Bio-Rad, Hercules, Calif.).

Characterization of LOS and cgt4 sequence from individual colonies. Individ-
ual colonies of C. jejuni 81-176 were washed in phosphate-buffered saline and
then digested with proteinase K as described by Hitchcock and Brown (13).
Fractions of the same individual colonies of 81-176 were boiled, the cell debris
was centrifuged, and the supernatants were used as templates for PCRs. The
primers cgtA-F1 (5'-CGATGTGGATCATTACTACGATGC-3") and cgtA-Bl
(5'-CGTTTCGGCGGTATTTTAAGGC-3") were used. PCR conditions were
30 cycles of 94°C for 30 s, 52°C for 30 s, and 72°C for 30 s. The 354-bp PCR
product was purified with QIAquick PCR purification kits (Qiagen, Chatsworth,
Calif.) and sequenced with the cgtA4-B1 oligonucleotide as the primer.

INT407 cell adherence and invasion assays. Adherence and invasion assays
were done by previously described methods (5, 6, 14, 26, 41) with modifications.
Approximately 1.5 X 10° bacteria were added to a layer of approximately 4 X 10°
INTA407 cells (multiplicity of infection, ~4) and incubated at 37°C for 2 h. For
determination of adherence, the cells were washed four times in Hanks’ balanced
salt solution with strong agitation for 2 min, the monolayer was lysed with 0.01%
Triton X-100 for 30 min at room temperature on an orbital shaker, and the total
numbers of bacteria were enumerated by plate count. For determination of
invasion, the monolayer was incubated with 100 wg of gentamicin/ml in pre-
warmed minimal essential medium (Gibco, Gaithersburg, Md.) for an additional
2 h prior to lysis of the monolayer with Triton X-100. Internalized bacteria were
enumerated by plate count. The data were calculated as the percentage of
bacteria in the inoculum which adhered or invaded.

Serum sensitivity. Sensitivity tests were performed as described previously
(12).

FAB-MS. Individual colonies were examined for LOS type as described above
and restreaked onto one MH agar plate each. Growth from a colony shown to
produce 3.6-kDa LOS and from another colony shown to produce 3.8-kDa LOS
was expanded to several plates. The next day, the biomass was collected into
phosphate-buffered saline and frozen prior to analysis by FAB-MS. In addition,
a small amount of the biomass was restreaked for individual colonies, which were
subjected to proteinase K digestion and analyzed on Tricine gels to determine
the LOS type. Among the population which had produced the 3.8-kDa LOS, 2 of
27 (7.4%) colonies had shifted to expression of the 3.6-kDa LOS; of the colonies
which had originally produced the 3.6-kDa LOS, 0 of 18 colonies had shifted to
expression of the 3.8-kDa LOS. FAB-MS analyses were conducted on permeth-
ylated core oligosaccharides as described previously (4, 12).

Nucleotide sequence accession number. The sequences described in this paper
have been submitted to GenBank under accession number AF305571.

RESULTS

Analysis of natural LOS variants of C. jejuni 81-176. LOS
preparations from a population of 81-176 cells were visualized
following electrophoresis as a doublet, as shown in Fig. 1A,
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FIG. 1. Silver-stained LOS cores. Proteinase K-digested whole-cell
lysates were separated on 16% Tricine gels for silver staining. (A) A
population of 81-176 cells (lane 1) was compared to individual colonies
of 81-176 (lanes 2 through 4). (B) Lane 1, 81-176; lane 2, 81-176 cgtA;
lane 3, 81-176 neuC1. (C) Complementation in trans in either 81-176 or
MSC57360 (12) backgrounds. Lane 1, wild type; lane 2, cgtA mutant;
lane 3, cgtA mutant complemented with pRY886; lane 4, wild type.

lane 1. The upper and lower bands ran at apparent molecular
masses of 3.8 and 3.6 kDa, respectively. However, when LOS
preparations from individual colonies were analyzed, the LOS
appeared as a single band of either 3.8 or 3.6 kDa (Fig. 1A,
lanes 2 through 4). An individual colony expressing the 3.8-
kDa LOS core and another colony expressing the 3.6-kDa LOS
core were restreaked, and, after a 48-h incubation at 37°C,
proteinase K-treated whole-cell preparations of individual col-
onies were examined electrophoretically again. Among the
progeny of the colony which had been expressing the 3.8-kDa
LOS, 12 of 52 colonies (23%) had shifted to expression of the
3.6-kDa form. Among the progeny of the cell which originally
expressed the 3.6-kDa form, only 1 of 52 colonies (2%) pro-
duced the 3.8-kDa LOS core.

FAB-MS characterization of LOS. LOS preparations that
had been enriched for the 3.8- and 3.6-kDa forms were sub-
jected to FAB-MS, and four distinct structures were observed,
as shown in Fig. 2. The major structure found in the prepara-
tion enriched for the 3.8-kDa LOS core was structure A, which,
like the cores of the type strains of serogroups HS:23, HS:36,
and HS:1, mimics GM, ganglioside (Fig. 2A) (3). Structures B
and C, which mimic GD, and GD,,, gangliosides, respectively,
were also observed at lower concentrations in the 3.8-kDa LOS
core preparation (Fig. 2B and C). Structure D, which mimics
GM; ganglioside, was the major component of the 3.6-kDa
LOS form; a minor amount of structure A (GM,-like) was also
observed (Fig. 2A).

Cloning and sequence analysis of the LOS genes of C. jejuni
81-176. The DNA encoding the enzymes involved in biosyn-
thesis of the outer core of C. jejuni 81-176 was cloned as
described in Materials and Methods. DNA sequence analysis
revealed the presence of five open reading frames (ORFs), as
shown in Fig. 3, in an organization similar to that previously
described for other strains (11, 12, 16, 17, 27). Table 1 lists the
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FIG. 2. Natural ganglioside mimics. FAB-MS of LOS isolated from 81-176 phase variants. (A) Structure A. Predominant component of 3.8-kDa
LOS cores and minor component of 3.6-kDa LOS cores (GM, like). (B) Structure B. Minor component of 3.8-kDa LOS core (GD, like).
(C) Structure C. Minor component of 3.8-kDa LOS core (GD,, like). (D) Structure D. Predominant component of 3.6-kDa LOS core (GM; like).

ORFs and their sequence similarities to those reported for
other C. jejuni strains. The cluster includes genes encoding
proteins with significant sequence similarity to enzymes in-
volved in NeuNAc biosynthesis, which have been designated
neuB1, neuC1, and neuAl by Parkhill et al. (27). These genes
encode a putative NeuNAc synthase; an N-acetylglucosamine
(GlcNACc)-6-phosphate 2-epimerase/GlcNAc-6-phosphatase,
which is involved in the synthesis of mannosamine; and a
CMP-NeuNAc synthetase, respectively (17). In addition,
ORF1 encodes a predicted protein which is 95 and 92% iden-

tical to bifunctional sialyltransferases (CstII) described for the
type strain of serogroup HS:19, ATCC 43446, and a GBS
isolate, OH4384, respectively (11). These enzymes are capable
of transferring NeuNAc to the O-3 of galactose and to the O-8
of another NeuNAc (11). In all cases, the predicted proteins
from strain 81-176 were more similar to the proteins from
serogroup HS:19 than to those from NCTC 11168.

ORF4 was sequenced from two independent clones, pCJ8-6
and pSG886. As cloned in pSG886, ORF4 encoded a protein
of 315 amino acids that showed 47% identity and 64% simi-

cst neuBl neuCl cgtA neuAl
— > N =|+ >
pCJ8-8 } {
pCJ8-6 } |
pSG886 ! !

—

1 kb

FIG. 3. Schematic representation of the genes encoding the outer core of C. jejuni 81-176. The lengths of each ORF were as follows: cst, 876
bp; neuBI, 1,041 bp; neuC1, 1,065 bp; cgtA, 948 bp; and neuAl, 666 bp. The positions of insertion of a Cm" cassette are indicated by the arrows
below the line. The insertion into neuC1 was 820 bp into the coding region of the gene, and the insertion into cgt4 was 4 bp into the ORF. In both
cases, the Cm" cassette was inserted in the same orientation in which the genes were transcribed. The regions of DNA cloned in pCJ8-8, pCJ8-6,
and pSG886 are shown.
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TABLE 1. Homology of predicted proteins of strain 81-176 to other C. jejuni proteins
Strain 81-176
. Strain % Identity, Predicted protein
ORF Predicted molegular Gene (protein)? % similarity® P
mass (kDa)
1 34.6 (291) cstll 43446 95, 95 (291) Sialyltransferase
OH4384 92, 93 (291)
11168 (Cj1140) 52, 66 (289)
2 38.1 (346) neuBl OH4384 95, 95 (346) Sialic acid synthase
43446 94, 94 (346)
11168 (Cj1141) 74, 85 (343)
3 40.5 (354) neuCl 43446 98, 98 (352) Mannosamine synthesis
OH4384 98, 98 (352)
11168 (Cj1142) 09, 84 (352)
4 37.4 (315) cgtA 11168 (Cj1143) 65, 80 (308) N-Acetylgalactosaminyltransferase
OH4384 47, 64 (292)
5 25.0 (221) neuA OH4384 84, 85 (221) CMP-NeuNAc synthetase
11168 (Cj1143) 61, 72 (218)

“ Numbers in parentheses indicate the predicted numbers of amino acid residues.

b Strains 43446 and OH4384 were described by Gilbert et al. (11), and strain 11168 has been described by Parkhill et al. (27). Gene product Cj1143 of NCTC 11168
was identified as a CMP-NeuNAc synthetase (27), but the ORF appears to encode a fusion protein in that strain and in MSC57360 (12). Mutational analysis of this
gene in MSC57360 showed that the predicted protein functioned as a GalNAc transferase (12). In 81-176, there are two distinct ORFs that correspond to the amino

(ORF4) and carboxy (ORFS5) ends of the Cj1143 protein.

¢ Numbers in parentheses indicate actual total numbers of amino acid residues in each protein.

larity to a GalNAc transferase (CgtA) described for OH4384
(11). The predicted protein also showed higher homology
(65% identity and 80% similarity) to the N-terminal 315 amino
acids of protein Cj1143 from C. jejuni NCTC 11168, identified
as a CMP-NeuNAc synthetase by Parkhill et al. (27), and to the
corresponding gene product in C. jejuni MSC57360 (12), as
shown in Table 1. However, Cj1143 in NCTC 11168 and its
ortholog in MSC57360 (12) appear to be fusions of the prod-
ucts of cgtA and neuAl, but this apparent fusion protein has
been shown to function as a GalNAc transferase in MSC57360
(12). Interestingly, as sequenced from pCJ8-6, the strain 81-
176 cgtA gene encoded a truncated protein of 208 amino acids.
The truncation occurred 23 bp after a run of 11 G nucleotides;
the corresponding sequence from the pSG886 clone contained
10 G nucleotides.

Generation and characterization of neuC1l and cgtA mu-
tants. Site-specific insertional mutants in the cgt4 and neuCI
genes were constructed as described in Materials and Methods.
The electrophoretic mobilities of the LOS cores of the mutants
and wild-type strain 81-176 were compared by analysis of pro-
teinase K-digested whole cells on 16% Tricine gels, and the
results are shown in Fig. 1B. The LOS core of a population of
wild-type C. jejuni 81-176 cells again resolved in a silver-stained
gel as a doublet with approximate molecular masses of 3.8 and
3.6 kDa (Fig. 1B, lane 1). The core of the cgt4 mutant migrated
with the lower, 3.6-kDa, band of the strain 81-176 doublet (Fig.
1B, lane 2), whereas the core of the neuCI mutant migrated
below both of the wild-type 81-176 bands (Fig. 1B, lane 3).

FAB-MS analyses of the cores of the neuC! and cgtA mu-
tants confirmed the loss of NeuNAc and GalNAc, respectively
(12), as shown in Fig. 4. Thus, the major core structure of the
cgtA mutant appears identical to that of the major component
of the naturally occurring 3.6-kDa LOS band and displayed
GM; mimicry.

Phase variation of cgt4 expression. Based on the observa-
tions that the core of the wild-type strain 81-176 appeared to
have a component with the same mobility as that of a cgt4
mutant and the occurrence of a variable, homopolymeric G
tract within the gene, the ability of cgt4 to undergo slip strand
mismatch repair was examined. The electrophoretic mobilities
of the cores of 51 individual colonies of wild-type 81-176 cells
were analyzed on Tricine gels, and a portion of the cgt4 gene
from each colony was amplified by PCR and subjected to DNA
sequence analysis, as described in Materials and Methods. The
results are summarized in Table 2. In 31 of 51 colonies (61%),
the LOS core migrated at approximately 3.8 kDa, similar to
that seen in Fig. 1A, lane 4. In all 31 colonies producing the
3.8-kDa core, the PCR-amplified cgt4 gene contained a tract
of 10 G’s, corresponding to the full-length ORF. The LOS
cores of 20 of 51 colonies (39%) ran at approximately 3.6 kDa,
and the PCR-amplified cgt4 genes of all 20 were truncated,
although the number of G’s varied. Thus, 9 of 20 colonies
(45%) had 9 G’s, 10 of 20 colonies (50%) had 11 G’s, and 1 of
20 colonies (5%) had 12 G’s.

The DNA cloned in pSG886 was transferred into the Km"
shuttle vector pRY108 (40) to generate plasmid pRY886,
which was conjugally transferred into the 81-176 cgt4 mutant.
The presence of the plasmid in #rans complemented the defect
in the mutant, as determined by electrophoretic analysis of the
LOS core (Fig. 1C, lane 3, panel labeled 81-176). However,
upon subculture of 81-176 cgtA(pRY886), variation in core
masses was observed among individual colonies, indicating that
slip strand mismatch recombination was also occurring on the
plasmid copy of cgt4 (data not shown).

C. jejuni strain MSC57360 also has a LOS core which mimics
GM, ganglioside (3, 12). Although the LOS biosynthesis genes
of MSC57360 show high homology to those of 81-176 in gen-
eral, the cgt4 gene of MSC57360 lacked the homopolymeric G
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FIG. 4. FAB-MS analyses of LOS cores of C. jejuni 81-176 mutants. Numbers refer to m/z values for ions. HexNAc, N-acetylhexosamine; Hep,
heptose; Kdo, 3-deoxy-D-manno-2-octulosonic acid. The pseudomolecular ion and daughter ions observed for the oligosaccharide of the mutant
in neuC1 are indicated by * (derivatization results in partial degradation of the Kdo with loss of 46 mass units), whereas those in cgt4 are indicated
by ##. The ion for NeuNAc, indicated by #, was absent from the neuC1 mutant, and that for HexNAc, indicated by ##, was absent in the cgtA

mutant.

tract responsible for the phase variation found in the 81-176
cgtA gene (12). The LOS core of wild-type MSC57360 and a
cgtA mutant (12) are shown in the panel marked “MSC” in Fig.
1C, lanes 1 and 2, respectively. When pRY886 was transferred
into the MSC57360 cgt4A mutant, the core appeared as a dou-
blet (Fig. 1C, lane 3), similar to that seen in wild-type 81-176
but unlike that seen in wild-type MSC57360 (Fig. 1C, lane 1).
Again, examination of individual colonies of MSC57360 cgtA
(pRY886) revealed differences in core mass (data not shown).

Biological effects of mutation of neuC1I and cgtd. The abili-
ties of wild-type strain 81-176 and the neuC1 and cgtA mutants
to adhere to and invade INT407 cells were compared. There
was no statistically significant difference among the three
strains in their abilities to adhere to INT407 cells (data not
shown). The invasion level of wild-type 81-176 into the inocu-
lum was 2.7% = 0.76% (mean * standard deviation), and the
neuCI mutant invasion level was comparable (2.0% = 0.8%)
(Fig. 5). However, the cgt4 mutant displayed a statistically
significant increase in invasion (6.2% * 1.6%; P = 0.017)
compared to that of the wild type. When the cgt4 mutant was
complemented in frans with pRY886, the level of invasion was
reduced to levels similar to those of the wild type (1.8% =
0.51%).

A neuC1 mutant of C. jejuni MSC57360 has been shown to
decrease resistance to normal human serum, and a cgt4 mutant
has shown a slight increase in serum resistance (12). The

TABLE 2. Characterization of LOS and the cgt4 gene of
51 individual colonies of strain 81-176

No. of Apparent LOS  No. of G nucleotides Predicted length of
colonies core mass (kDa)* in cgtA gene® cgtA ORF (nucleotides)
31 3.8 10 316
10 3.6 11 208
9 3.6 9 206
1 3.6 12 207

“ Determined by electrophoresis on 16% Tricine gels.
b Determined by DNA sequence analysis as described in Materials and Meth-
ods.

neuC1 mutant of 81-176 also showed decreased resistance to
human serum (P < 0.05), and the cgt4 mutant showed an
increased resistance after both 30- and 60-min incubations
(P < 0.05), as shown in Fig. 6. Controls in which complement
was inactivated by heat showed no killing (data not shown).

DISCUSSION

Studies on the biosynthesis of LOS of other mucosal patho-
gens, such as Neisseria spp., have indicated that there is an
inherent heterogeneity in core length and carbohydrate con-
tent because of differing additions of glycose groups at the
nonreducing termini such that a single bacterial strain can
produce a repertoire of LOS molecules (34). Thus, for exam-
ple, a population of Neisseria gonorrhoeae cells from a single
strain consists of up to six phenotypically different variants (31,
32). Similarly, the LOS core of C. jejuni 81-176 cells resolved
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FIG. 5. Invasion of INT407 cells. Invasion levels are shown as the
percentages of the input inoculum internalized. Negative controls of
E. coli HB101 invaded at 0.04% = 0.007%. The results represent the
means of three to eight different invasion assays.



792 GUERRY ET AL.

—81-176
---neuCt
——CgtA

50

0

0 10 20 30 40 50 60

FIG. 6. Comparison of serum resistance levels of wild-type 81-176
and mutants. Strains were incubated with pooled normal human serum
for 0, 30, and 60 min. Results represent the means * standard errors
for three experiments.

electrophoretically as two distinct bands, and FAB-MS analy-
ses confirmed the presence of two major structural variants, as
well as minor structures not resolved on Tricine gels. Conver-
sion between the two major LOS structures, which resemble
GM, and GM; gangliosides, appears to occur at a relatively
high frequency via a slip strand mismatch recombination which
affects expression of the cgt4 gene. High-frequency slip-
stranded mismatch recombination has been observed in
genomic sequence analyses of C. jejuni (27), and slip strand
mismatch recombination of aB-1,3-galactosyltransferase gene
(wlaN) has been shown to affect LOS structure in C. jejuni
NCTC 11168 (16). DNA sequence analyses have indicated that
the structural differences between two GBS isolates, C. jejuni
OH4384, which displayed GT,, mimicry, and C. jejuni
OHA4382, which exhibited GD; mimicry, result from truncation
of cgtA in strain OH4382 following a homopolymeric tract of
eight A residues (11). However, the ability of either C. jejuni
OH4384 or OH4382 to reversibly express cgtA has not been
reported. The slip strand mismatch recombination observed in
the present study with strain 81-176 occurred at a site in the
cgtA gene different from that in which the mutation described
by Gilbert et al. (11) in these two HS:19 isolates occurred.
Moreover, the absence of similar homopolymeric tracts in the
cgtA gene of either C. jejuni NCTC 11168 or MSC57360 would
suggest that the ability of this gene to undergo phase variation
is strain dependent. Thus, introduction of the 81-176 cgt4 gene
into the MSC57360 background resulted in the expression of
LOS cores of variable mass, similar to those observed in wild-
type 81-176.

Loss of NeuNAc had no apparent effect on the ability of
81-176 neuCl1 to be internalized into INT407 cells. In contrast,
loss of GalNAc from the core in the cgtA mutant enhanced
internalization into INT407 cells. Although ganglioside mim-
icry of C. jejuni LOS has been considered only in terms of
pathogenesis of GBS, LOS structure may directly affect the
ability of C. jejuni to cause gastrointestinal disease. Moreover,
the ability to alter the LOS structure may afford selective
advantages to C. jejuni, as described for several other patho-
gens (33-36, 38). The major LOS structure produced by the
cgtA mutant is presumably the GM; mimic, since the inability
to add GalNAc to the core precludes synthesis of the three
other observed core structures (Fig. 2). Thus, the presence of
GM; mimicry in LOS appears to enhance invasion into epi-
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thelial cells, since the cgtA insertional mutant invaded at levels
higher than those of the wild-type strain containing a mixture
of at least four core structures. However, electrophoretic ex-
amination of the LOS cores of wild-type 81-176 colonies iso-
lated following invasion into INT407 cells indicated that they
also contained a mixture of LOS types (data not shown). Ex-
pression of other ganglioside mimics may be beneficial during
other steps of pathogenesis, but the high frequency of the
switch between LOS types precluded biological studies with
the natural variants. Interestingly, we have also observed that
81-176 undergoes a high-frequency phase variation in the ex-
pression of a kpsM-dependent, high-molecular-weight glycan
(6). A mutant that did not express the high-molecular-weight
glycan showed reduced invasion levels in vitro and was atten-
uated in a ferret model of diarrheal disease (6), a model that
appears to correlate with invasion in vitro (5, 6, 41). However,
the relative insensitivity of the existing ferret model, which
simply measures the presence or absence of diarrhea, is not
likely to discriminate strains of slightly increased virulence
such as the cgt4A mutant.

Current data on C. jejuni 81-176 and that of Linton et al. on
strain NCTC 11168 (16) would suggest that the LOS core
structures of C. jejuni are dynamic and that the capacity to
undergo variations can be strain dependent. Moreover, there
are increasing indications that there may be differences in the
mechanisms by which C. jejuni strains cause diarrheal disease.
Thus, we have recently described a plasmid in C. jejuni 81-176
which encodes a putative type IV secretion system involved in
internalization into intestinal epithelial cells (5). Interestingly,
a virulence gene contained in this plasmid was found in only a
limited number of fresh isolates in documented cases of human
disease (5). Although many C. jejuni strains have the ability to
synthesize ganglioside mimics, the trigger for GBS may also
require a particular mechanism of presentation of that mimic
to the host as well as a certain genetic background of the host
(21). We are further exploring the role of LOS and other
carbohydrate antigens in the virulence of C. jejuni 81-176.
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