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The question of whether Campylobacter jejuni produces a cholera toxin-like toxin (CTLT) has been contro-
versial. The objective of this study was to identify the factor that cross-reacts with CT from C. jejuni. Filtrates
of C. jejuni grown in four different liquid media reported to promote CTLT production were tested by Chinese
hamster ovary (CHO) cell elongation assay and for reactivity with CT antibody using GM1 ganglioside
enzyme-linked immunosorbent assay (ELISA) and immunoblotting. Protein sequence was determined by
matrix-assisted laser desorption ionization–time of flight (MALDI TOF-TOF). Filtrates from seven reference
strains reported to produce CTLT and from 80 clinical strains were negative in the CHO cell assay, but those
from three reference strains and 16 clinical strains were positive by GM1 ELISA. All strains tested, including
C. jejuni NCTC 11168, which does not contain a CT gene homologue, possessed a 53-kDa protein which reacted
with CT antibody by immunoblotting. This band was identified as the major outer membrane protein, PorA,
of C. jejuni. CT antibody reacted by immunoblotting with a recombinant PorA, but antibody to the recombinant
PorA did not react with CT. Our results indicate that C. jejuni does not produce a functional CTLT, but the
reactivity of PorA with CT antibody would lead to the erroneous conclusion that C. jejuni produces a functional
CTLT.

Campylobacter jejuni is a major food-borne pathogen (3). It
also causes the major neurological sequela Guillain-Barré syn-
drome (21). A study in 1997 estimated that C. jejuni infections
would cost the U.S. economy 8 billion dollars annually (2). The
predominant diarrheal syndrome caused by C. jejuni in devel-
oped countries is inflammatory diarrhea and in developing
countries is watery diarrhea (28, 29). The putative virulence
factors of C. jejuni include the ability to adhere to and invade
epithelial cells, iron acquisition systems (9), cytotoxins, cyto-
lethal distending toxin, and an enterotoxin that resembles
cholera toxin (CT) and the heat-labile enterotoxin (LT) of
Escherichia coli (31). We refer to this enterotoxin as cholera
toxin-like toxin (CTLT). It is believed that CTLT might con-
tribute to watery diarrhea (31). However, there is controversy
as to the existence of CTLT. Many groups have reported the
production of CTLT by C. jejuni strains (1, 6, 8, 12, 16, 18, 26),
while others have failed to do so (14, 24, 25, 30). Moreover,
attempts to demonstrate genetic sequences homologous to the
genes encoding CT and LT have failed (25, 22). This gave rise
to the speculation that there is some material in the culture
medium that cross-reacts with CT (14). Thus, the issue of
production of CTLT by C. jejuni has confused and frustrated
investigators for the past quarter of a century (26). In this
report, we present the identity of the protein of C. jejuni that
cross-reacts with CT.

MATERIALS AND METHODS

Bacteria. The following strains of C. jejuni were studied: enterotoxin-positive
strains CCUG 8731, CCUG 6951, CCUG 6968, and CCUG 8680 (obtained from
the culture collection center, University of Goteborg, Goteborg, Sweden); entero-
toxin-positive strains 180 ip and 189 ip (provided by G. Ruiz-Palacios, National
Institute of Medical Science and Nutrition, Mexico Districto Federal, Mexico);
enterotoxin-positive strain CJ0094400 (provided by A. Lee, University of New
South Wales, Sydney, Australia); CT gene-negative, fully sequenced C. jejuni
strain NCTC 11168 (23) (obtained from B. W. Wren, London School of Hygiene
and Tropical Medicine, London, United Kingdom); 10 clinical strains from the
International Centre for Diarrheal Diseases Research, Bangladesh, Dhaka, Ban-
gladesh (provided by M. Rahman); and 70 clinical strains obtained from patients
treated at Mubarak Al-Kabeer Hospital, Jabriya, Kuwait, during 2000 to 2004.
Most of the clinical isolates were from patients with noninflammatory diarrhea.
All the strains were confirmed as C. jejuni by standard bacteriological tests (20).
An enterotoxigenic Escherichia coli (ETEC) strain, H10407, producing LT
served as a positive control for enterotoxin production.

Production of CTLT. All C. jejuni cultures were incubated at 42°C in a mi-
croaerophilic atmosphere generated with BBL Campy GasPak (BBL, Becton
Dickinson, Sparks, MD). Initially, all strains were screened for CTLT production
in Casamino Acids-yeast extract broth supplemented with 1.0 �g/ml of ferric
chloride (CAYEF medium) which was incubated in a shaker incubator for 24 h
(18). Subsequently, selected strains were screened for CTLT production in three
other media as follows. Cultures in brucella broth (BBL) supplemented with
0.25% each of L-asparagine, L-serine, and L-glutamic acid (Sigma, St. Louis, MO)
(BASG broth) were incubated for 72 h (26). Cultures in G-C medium supple-
mented with 0.1% IsoVitaleX (BBL) (GCIV medium) were incubated in a
shaker incubator for 48 h (11). The effect of adding polymyxin B (2 mg/ml;
Sigma) to release the toxin from the periplasmic space was studied in GCIV
medium (11). BASG broth supplemented with 0.05% L-cystine, 0.1% corn starch,
0.5% yeast extract, and 0.48% dextrose (all from Sigma; pH 7.1) was incubated
for 24 h (8). Culture supernatants were filtered through 0.22-�m cellulose
acetate filters (Sartorius, Goettingen, Germany), and serial doubling dilutions
(starting with a 1:2 dilution) of the filtrates were tested immediately for toxin.

Serial doubling dilutions of 50�-concentrated filtrate (suspended in phos-
phate-buffered saline [PBS] [pH 7.2] to 1/50 the original volume after lyophili-
zation) from CAYEF broth culture were also tested. The concentrated filtrate
was dialyzed against PBS (pH 7.2) using Spectrapor molecular porous membrane
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tubing (Spectrum Medical Industries, Los Angeles, CA) at 4°C for 20 h and
filtered through a 0.45-�m-pore-size membrane filter (TPP) before testing.

Chinese hamster ovary (CHO) cell assay for toxins. CHO cells distributed in
100-�l amounts (in Ham’s F-12 medium with 1% fetal bovine serum; Gibco,
Paisley, United Kingdom) in flat-bottomed wells of 96-well microtiter plates
(Nunc, Rochester, NY) were inoculated with serial doubling dilutions of 100 �l
of toxin preparation in F-12 medium and incubated at 37°C in a 5% CO2

atmosphere (10). After 24 h, the monolayer was fixed in methanol and stained
with Giemsa before the cells were counted. A positive toxin effect was scored
when �50% of the monolayer was affected at a filtrate dilution of 1:4 or more.

Ganglioside GM1 ELISA for detection of CTLT. Flat-bottomed wells of
Linbro/Titertek microtiter plates (Flow Laboratories, McLean, VA) were coated
with 100 �l (containing 0.15 �g) of ganglioside GM1 (Sigma) in PBS (pH 7.2).
After 20 h of incubation at 37°C, the wells were blocked with 100 �l of 1% bovine
serum albumin (Sigma) in PBS-Tween 20 at 37°C for 30 min. Various dilutions
of the culture filtrate in PBS-Tween 20 were added in 100-�l quantities and
incubated overnight at 37°C. Then, 100 �l of rabbit polyclonal antiserum to CT
(Sigma) (1:1,000 dilution in PBS-Tween 20) was added and incubated at 37°C for
2 h. This was followed by the addition of mouse monoclonal anti-rabbit antibody
conjugated to peroxidase (Sigma) (1:1,000 dilution in PBS-Tween 20) and incu-
bation at 37°C for 1 h. After addition of substrate solution (2,2�-azino-bis[ethyl-
benzthiazocine-6-sulfonic acid]) (Sigma) and incubation at 37°C for 30 min, the
optical density (OD) was measured at 410 nm. We established a cutoff OD value
of 0.402 as positive. This was the mean OD plus 2 standard deviations of ODs
obtained with the medium control (CAYEF medium) tested six times by enzyme-
linked immunosorbent assay (ELISA) (24).

Direct ELISA for detection of CTLT. For direct ELISA, the GM1 ELISA was
modified in that the wells were not precoated with ganglioside. C. jejuni strains
were grown on sheep blood agar microaerophilically for 48 h. Cells were sus-
pended in PBS (pH 7.2) to McFarland’s opacity of 10 (3 � 109 cells per ml) and
sonicated (10). One hundred microliters of the sonicate was used to coat the
wells overnight at 4°C. The remainder of the steps were as for GM1 ELISA.
However, we established a cutoff OD value of 0.12 as positive. This was the mean
OD plus 2 standard deviations obtained with the PBS control tested six times by
ELISA.

Passage of C. jejuni through a rat ileal loop. Adult Sprague-Dawley rats that
had fasted for 24 h (according to institutional policies) were anesthetized using
xylazine (100 mg/ml; Phoenix Scientific, St. Joseph, MO) and ketamine (100
mg/ml; Apex Laboratories, Somersby, New South Wales, Australia). Loops were
constructed in the small intestine. A volume of 0.5 ml of an overnight culture of
C. jejuni grown in brucella broth (BBL) was inoculated into the loop. After 20 h,
the rats were killed by ether anesthesia. The ratio of fluid accumulated (ml) to
the length of the loop (cm) was calculated. C. jejuni was recovered from the fluid
by culturing on CAMP-BAP medium (Oxoid, Basingstoke, Hampshire, United
Kingdom). C. jejuni colonies from this medium were inoculated into brucella
broth (BBL), and the culture was passaged through the ileal loops a number of
times until the C. jejuni strain(s) induced significant fluid accumulation. The
secreted fluid was sterilized using 0.45-�m-pore-size membranes (TPP), and the
filtrate was tested in the CHO cell assay.

SDS-PAGE and immunoblotting. Proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (0.1% SDS and 12%
polyacrylamide separating gel) by the method of Laemmli (15) and stained with
Coomassie blue. For immunoblotting, the separated proteins were transferred
electrophoretically to nitrocellulose (Bio-Rad, Hercules, CA) and then blocked
with 5% skim milk in PBS (pH 7.2). When the antigen was CT, the rabbit CT
antibody and normal rabbit serum were used at 1:3,000 and rabbit GST-PorA
fusion antibody (see below) was used at 1:500 to 1:20,000. When the antigen was
GST-PorA fusion protein, the rabbit CT antibody and normal rabbit serum were
used at 1:1,000, while rabbit GST-PorA fusion antibody was diluted 1:20,000.
When the antigen was extract of C. jejuni, rabbit CT antibody was used at a
dilution of 1:1,000. The secondary antibody (peroxidase-conjugated, affinity-
purified goat anti-rabbit immunoglobulin G [Fc fragment specific], at a 1:1,000
dilution) (Jackson Immunoresearch Laboratories, West Grove, PA) was added,
followed by development with enhanced chemiluminescence Western blotting
detection reagents according to the manufacturer’s instructions (Amersham
Pharmacia Biotech, Piscataway, NJ).

GST-PorA fusion protein of C. jejuni. A recombinant clone, pGSTP7RIL,
containing the porA gene, which encodes the major outer membrane protein
(OMP), PorA, from C. jejuni strain C31, was used. This clone expressed PorA as
a fusion with glutathione S-transferase (GST). The GST-PorA fusion protein was
prepared as described previously (10). Polyclonal antiserum to this fusion protein
raised in rabbits was used in some immunoblot studies (10).

Identification of protein bands. After SDS-PAGE analysis, the desired band
was excised, and the gel piece was washed with 50% methanol/5% acetic acid and
destained with 50% acetonitrile/50 mM ammonium bicarbonate. Sequential
washes of the gel piece were carried out alternating with 20 mM ammonium
bicarbonate and acetonitrile. The gel pieces were dehydrated with acetonitrile
and then rehydrated with 0.5 �g trypsin solution, 20 mM ammonium bicarbon-
ate, and CaCl2 added to a final concentration of 1 mM. After overnight incuba-
tion, the gel pieces were sonicated, and 0.5 �l was added to 0.5 �l �-hydroxy-
cinnamic acid and spotted onto a matrix-assisted laser desorption ionization
(MALDI) target plate. Both mass spectrometry (MS) and tandem time-of-flight
(TOF-TOF) spectra were acquired and processed on an Applied Biosystems
4700 MALDI TOF-TOF using 4000 series Explorer software (Applied Biosys-
tems, Foster City, CA). The data were searched against the National Center for
Biotechnology Information database using Applied Biosystems GPS Explorer
software with MASCOT.

RESULTS AND DISCUSSION

CHO cell assay for enterotoxin. None of the CAYEF culture
filtrates of reportedly CTLT-positive reference strains from
Mexico, Australia, or Sweden or the 80 clinical strains from
Kuwait and Bangladesh caused elongation of �50% of CHO
cells at a dilution of 1:4. The filtrate from the negative control
strain, NCTC 11168, was negative as expected. Culture filtrate
of ETEC strain H10407 caused elongation of the entire mono-
layer. Twelve strains were screened for elongation of CHO
cells using filtrates from three additional media (see Materials
and Methods). These strains were the four Swedish strains, the
two Mexican strains, the Australian strain, and five Kuwaiti
clinical strains (strains 85, 89, 106, 111, and 112). The rat ileal
loop-passaged Australian strain and one Kuwaiti strain, 85
(after four ileal loop passages when fluid secretion was posi-
tive) (see below), were also tested. None of the strains caused
elongation of the cells with the filtrates from these media.
Serial doubling dilutions (1:2 to 1:128) in PBS (pH 7.2) of
50�-concentrated filtrates from CAYEF cultures of CCUG
6968 and CJ0094400 were negative for elongation of CHO
cells. Thus, in spite of screening numerous freshly isolated
local clinical strains and also control strains from various lab-
oratories and using several media that were reported to pro-
mote enterotoxin production by C. jejuni, none of the strains
produced any enterotoxin in our hands. This failure to dem-
onstrate enterotoxin production is consistent with the findings
of others (14, 19, 24, 25, 30).

Rat ileal loop passage. The two Mexican strains, the Aus-
tralian strain, and five selected ELISA-positive Kuwaiti strains
(no. 85, 89, 106, 111, and 112) were passaged four times
through rat ileal loops. At the end of the passage, Australian
strain CJ0094400 and Kuwaiti strain 85 each gave a fluid-to-
loop-length ratio of 0.3. The control ETEC strain H10407 gave
a ratio of 0.8 without the need for prior passage.

Other workers have also reported induction of fluid secre-
tion by repeated passage of C. jejuni strains through rat ileal
loops (13, 26, 27). However, the fluids induced by the two C.
jejuni strains were negative for CHO cell elongation, while that
induced by the control ETEC strain H10407 was positive. This
finding is similar to the observation from another study that C.
jejuni-induced fluid in the rat ileal loop assay did not cause
elongation of CHO cells (7). This is consistent with the notion
that fluid secretion was not due to CTLT production but was
due to another mechanism(s) (5).
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GM1 ganglioside ELISA. The CAYEF culture filtrates of
the positive reference cultures of C. jejuni, filtrate from the
negative reference strain NCTC 11168, and those of all Ku-
waiti and Bangladeshi strains were tested by ELISA for mate-
rial cross-reacting with CT. The Swedish strains CCUG 8680
and CCUG 6968, the Australian strain CJ0094400, and 16 of
70 Kuwaiti strains gave OD readings of �0.402, indicating a
positive test. The other strains were negative. The positive
control ETEC strain H10407 gave an OD reading of 0.701.
This identification of material cross-reacting with CT antibody
in GM1 ganglioside ELISA from some C. jejuni cultures agrees
with the findings from other studies (12, 16, 17, 18).

SDS-PAGE and immunoblotting. Culture supernatants of
numerous C. jejuni strains (both GM1 ELISA-positive and
-negative strains) yielded two prominent bands of 78.6 kDa
and 53 kDa reacting with CT antiserum. When blots were
probed with normal rabbit serum, only the 78.6-kDa band from
all strains reacted (Fig. 1). ETEC H10407 yielded a different
profile (data not shown).

Amino acid sequencing of the specific CT antibody-reactive
protein band. Tryptic digests of the 53-kDa CT antibody-reac-
tive band were analyzed by MALDI TOF-TOF, which identi-
fied the protein as the major OMP PorA of C. jejuni (23) (Fig.
2). The 53-kDa reactive band was seen even with NCTC 11168,
which does not possess a CT gene homologue.

Cross-reactivity of GST-PorA and CT. Rabbit CT antibody
reacted with GST-PorA fusion protein by Western blotting.
There was no reaction with normal rabbit serum (Fig. 3).
However, antibody produced against GST-PorA did not react
with CT (data not shown). A similar one-way reaction has been
observed in other bacterial infections (4). The mechanism be-
hind this one-way reaction is not clear, but it may depend upon
the differential accessibility of a common epitope(s) in the two
different antigens. Although PorA shares 4% and 12% simi-
larity with CtxB from El Tor and classical biotypes of Vibrio
cholerae O1, respectively, we could not identify any potential
common epitopes between PorA and CtxB. Extensive epitope
mapping of the proteins would be required to identify the
precise antibody recognition regions.

Direct ELISA. All seven reference strains from Sweden,
Mexico, and Australia, the enterotoxin-negative strain NCTC
11168, five Kuwaiti strains (no. 85, 89, 106, 111, and 112) from
among the 16 GM1 ELISA-positive strains, and five selected
Kuwaiti strains negative by GM1 ELISA were tested by direct
ELISA. All were positive, with OD values of �0.2. Since the
CT cross-reactive material PorA is an OMP, most of it remains
bound to the bacterial cells, with only small amounts shed into
the medium. This explains why some strains were positive only
by GM1 ELISA, while all tested strains were positive by both
direct ELISA and immunoblotting.

In our immunoblot studies with CT antibody, two bands of
78.6 kDa and 53 kDa were visible, but the larger band was due
to a nonspecific reaction with normal rabbit serum. One of the
factors that contributed to the conclusion that C. jejuni strains
produce an enterotoxin resembling CT was the reactivity of
culture filtrates with CT antibody in GM1 ELISA. Our results
show unequivocally that C. jejuni strains possess an antigen
that reacts with CT antibody. That antigen is the major OMP,
PorA. If a porA mutant could be constructed, we hypothesize
that it would no longer bind CT antibody. However, PorA
performs important bacterial functions such as regulating the
flow of solutes across the cell membrane. Because of this es-
sential housekeeping function, a porA mutation may well be
lethal or highly unstable. Indeed, there are no reports of suc-
cessful construction of a porA mutant in C. jejuni; moreover,

FIG. 1. Immunoblot of proteins from bacterial culture supernatants.
SDS-PAGE-separated proteins transferred to nitrocellulose membrane
were probed with antibodies. Lane 1, C. jejuni NCTC 11168 (GM1 ELISA
negative); lane 2, C. jejuni NCTC 11168; lane 3, C. jejuni CCUG 6968
(GM1 ELISA positive); lane 4, molecular mass markers; lane 5, ETEC
H10407; lane 6, medium control. Lane 1 was probed with normal rabbit
serum, and all other lanes except lane 4 were probed with rabbit CT
antibody. The positions of standard molecular mass markers are shown on
the right and those of C. jejuni proteins on the left.

FIG. 2. Protein match with 37% sequence coverage of the CT antibody-
reactive 53-kDa protein of C. jejuni with the major OMP PorA. Peptides
identified by MALDI TOF-TOF are shown in bold, while underlined pep-
tides indicate that at least 50% of potential b and y ions matched.

FIG. 3. SDS-PAGE and immunoblot analyses of GST-PorA fusion
protein. SDS-PAGE-separated fusion protein (A) was transferred to
nitrocellulose and probed with antibodies (B). (A) Lane 1, molecular
mass markers; lane 2, GST-PorA fusion stained with Coomassie blue.
(B) GST-PorA fusion probed with rabbit CT antibody (lane 1), rabbit
homologous antibody (lane 2), and normal rabbit serum (lane 3). The
positions of molecular mass standards are shown on the left and that
of the GST-PorA fusion is shown on the right.
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other species of Campylobacter, including C. coli, C. lari, and C.
fetus, possess a porA gene that can be amplified with the prim-
ers used for C. jejuni (10). Assuming that the PorA proteins
produced by different species of Campylobacter are antigeni-
cally similar, all of them should bind CT antibody.
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