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A collection of ten strains of Vibrio cholerae 0139, comprising six isolates from Eichhornia crassipes, two from
water of the River Ganga, and one each from a well and a hand pump, were characterized. All the strains
carried the CTX genetic element (ctxA, zot, and ace) except for the st gene and carried structural and regulatory
genes for toxin-coregulated pilus (tcpA, tcpl, and toxR), adherence factor (ompU), and accessory colonization
factor (acfB); all produced cholera toxin (CT). These strains were resistant to trimethoprim, sulfamethoxazole,
streptomycin, and to the vibriostatic agent pteridine. Results obtained by ribotyping and enterobacterial
repetitive intergenic consensus sequence-PCR fingerprint analysis indicate that multiple clones of toxigenic-
pathogenic V. cholerae 0139 were present in the aquatic environment.

Until 1992, Vibrio cholerae belonging to serogroup O1 was
considered to be the only causative agent of epidemic cholera
(2). However, V. cholerae non-O1 serogroups were associated
mostly with sporadic cases of diarrhea and extraintestinal in-
fections (4, 24). It was found recently that a highly epidemic
form of cholera-like disease on the Indian subcontinent was
strongly associated with non-O1 strains of V. cholerae desig-
nated V. cholerae O139 Bengal (1, 21, 25), which subsequently
spread to the different parts of the world (1, 6, 11). Studies of
V. cholerae from environmental surface water indicated that
0139 Bengal, like O1 vibrios and non-O1, non-O139 vibrios,
may survive better in the aquatic environment in association
with aquatic plants (13, 14, 26) and that environmental water
may be a reservoir for infectious V. cholerae O139 (14, 29).

In the present study, we used molecular techniques to ana-
lyze V. cholerae O139 Bengal isolated between January 1992
and September 1994 from water and the aquatic plant Eich-
hornia crassipes (water hyacinth) from the river Ganga, Vara-
nasi, India, to study genomic diversity and to examine the
presence of virulence and regulatory genes, pathogenicity is-
lands, and antibiotic resistance. Results obtained by ribotyp-
ing, enterobacterial repetitive intergenic consensus sequence
(ERIC)-PCR, PCR analysis, and antibiotic susceptibility test-
ing indicated that the cholera outbreaks caused by 0139
vibrios between 1992 and 1994 were caused by toxigenic-patho-
genic and antibiotic-resistant V. cholerae O139 strains identical
to that found in the aquatic environment.

Bacterial strains. A total of 10 strains of V. cholerae O139
were included in this study. Six isolates (EC1, EC2, EC3, ECb6,
EC7, and EC8) were from the aquatic plant Eichhornia cras-
sipes and were collected between 28 January and 6 April 1992;
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two (GW3 and GW4) were from surface water of the River
Ganga and were collected between 3 August and 29 August
1993 from different ghats on the bank of the River Ganga in
Varanasi; and one each was from a well (WO4, collected on 10
September 1994 from Bhadaini, Varanasi) and a hand pump
(HP11, collected on 5 August 1992 from Assi, Varanasi). The
samples from the aquatic plants and water were processed by
standard methods described elsewhere (26) and were identi-
fied earlier by following standard bacteriological techniques
(33). These isolates, primarily identified as non-O1 V. cholerae,
agglutinated with monoclonal O139 antiserum obtained from
National Institute of Cholera and Enteric Diseases, Kolkata,
and were confirmed to be V. cholerae O139. The V. cholerae
01309 reference strain ATCC 51394, provided by G. B. Nair,
was used as control. All strains were maintained in Tryptic soy
broth (Difco) supplemented with 30% glycerol at —70°C. Be-
fore use, the identity of the cultures was confirmed by selected
biochemical tests and serology (33).

Probes and hybridization. A colony blot was prepared by
using nylon filters (Hybond N*; Amersham International,
Buckinghamshire, United Kingdom) and was processed by
standard methods (18). Briefly, colonies were lysed with dena-
turing solution (0.5 M NaOH, 1.5 M NaCl) and neutralized in
neutralizing solution (0.5 M Tris-HCI [pH 8.0], 1.5 M NaCl),
and the liberated DNA was fixed to the nylon membrane by
exposure to UV light for 2 min, in accordance with the sup-
plier’s instructions, and hybridized with the ctxB probe, a
1.4-kb Kpnl fragment of pCVD621 (16).

Ribotyping was performed by the procedure described by
Faruque et al. (10) in which the restriction enzyme Bg/l (Am-
ersham Pharmacia Biotech, Piscataway, N.J.) was used to di-
gest the chromosomal DNA, and hybridization was performed
with [«->*P]dCTP (3,000 Ci/mmol) (BARC, Bombay, India)-
labeled 16S and 23S rRNA probe (5). Autoradiographs were
developed in PhosphorImager (Bio-Rad, Hercules, Calif.).
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TABLE 1. Oligonucleotide primer sequences used for the detection of the SXT element by PCR in V. cholerae O139 strains”

Fragment sizes (bp) with restriction enzyme:

Primer Sequence Oligonucleotide sequence Amplicon

pair position size (bp) Msel HindIIl
SXT1 1-22 ATGCCGTTATCAGTTAGCTGCC 1,240 392, 291, 204, 183 946, 184, 110
SXT2 1218-1240 ATTGICCGAAACGCCAGITGAAC 136, 34
SXT3 90-109 TCGGGTATCGCCCAAGGGCA 946 291, 204, 187, 136 741, 110, 95
SXT4 1016-1035 GCGAAGATCATGCATAGACC 128
SXT1 1-22 ATGCCGTTATCAGTTAGCTGGC 1,035 291, 204, 187, 183 741, 184, 110
SXT4 1016-1035 GCGAAGATCATGCATAGACC 136, 34
SXT3 90-109 TCGGGTATCGCCCAAGGGCA 1,151 392, 291, 204, 136 946, 110, 95
SXT2 1218-1240 ATTGICCGAAACGCCAGITGAAC 128

“ SXT element GenBank accession no. AF099172.

ERIC-PCR. With the two oligonucleotide primers 5'-ATG
TAA GCT CCT GGG GAT TCA C-3" and 5'-AAG TAA
GTG ACT GGG GTG AGC G-3', ERIC-PCR was carried out
as described by Rivera et al. (22). The amplicons were elec-
trophoresed in 1.8% (wt/vol) agarose at 80 V for 6 h and
stained in ethidium bromide. The fingerprint pattern was dig-
itized in a Fluoro-S Multilmager (Bio-Rad) and analyzed by
using Bionumerics fingerprint analyst (Applied Maths, Kor-
trijk, Belgium) software with a simple-match similarity matrix,
and data were clustered by the unweighted pair group method
with arithmetic means.

Hexaplex PCR assay. Presence of the virulence and regula-
tory genes ctxA, zot, ace, tcpA, ompU, and toxR was determined
by a hexaplex PCR assay (28). Oligonucleotide sequences for
the primers for the virulence and regulatory genes have been
described previously (23, 27). Amplified products were sepa-
rated on 1.8% agarose gel, stained in ethidium bromide, and
visualized by using a Fluoro-S Multilmager (Bio-Rad).

PCR assay. Presence of the fcpl gene in V. cholerae O139
strains was determined by a PCR assay described previously
(23). The acfB gene was detected by a PCR assay described by
Faruque et al. (8), and the st gene was detected by another
PCR assay described by Vicente et al. (31). All oligonucleo-
tides were purchased either from GIBCO-BRL (Gaithersburg,
Md.) or Sigma Genosys (Cambridgeshire, United Kingdom).
The size of the amplicon for fcpl, acfB, and st genes was
ascertained by electrophoresis in 1.5% agarose gels.

Assay for CT production. The ability of the strains to pro-
duce cholera toxin (CT) in vitro was determined by G,,, gan-
glioside-dependent enzyme-linked immunosorbent assay (Gy,;-
ELISA) as described by Svennerholm and Holmgren (30).
Briefly, 100 pl of the samples was added to each well of mi-
crotiter plates precoated with G,,,, and the plates were incu-
bated at 37°C for 2 h. After the plates were washed with
phosphate-buffered saline (PBS) containing 0.05% Tween 20
(Sigma), the Gy,;-bound CT was reacted with rabbit anti-CT
antibody (Sigma) diluted 1:10,000 in PBS containing 0.05%
Tween 20 and 0.5% bovine serum albumin. Antibody binding
to CT was detected by reaction with horseradish peroxidase-
conjugated goat anti-rabbit immunoglobulin G (whole mole-
cule) antibody (Sigma) diluted 1:5,000 in PBS containing
0.05% Tween 20 and 0.5% bovine serum albumin with the 3,
3',5,5'-tetra methyl benzidine (TMB) substrate system (ready-
to-use; Sigma) followed by measurement of the 4,5 in a mi-
croplate reader (Model 550; Bio-Rad).

Antibiotic resistance. All the V. cholerae O139 strains were
tested for antimicrobial resistance by the method of Bauer et
al. (3) by using antibiotics discs (Hi-Media Laboratories, Bom-
bay, India), such as discs with ampicillin (10 pg), chloramphen-
icol (30 pg), cefotaxime (30 pg), ciprofloxacin (5 pg), cepha-
lexine (30 pg), co-trimoxazole (25 pg), furazolidone (100 pg),
gentamicin (10 pg), neomycin (30 pg), norfloxacin (10 pg),
polymyxin B (50 U), streptomycin (30 wg), nalidixic acid (30
ng), tetracycline (30 pg), and the vibriostatic agent pteridine
(10 pg and 150 pg).

Detection of the SXT element by PCR and restriction frag-
ment length polymorphism. The presence of the SXT genetic
element was determined by a PCR assay based on a published
sequence of sxt gene (12) in which sets of primers were used
(Table 1). PCR amplification of the target DNA was carried
out in a thermal cycler (Bio-Rad) by using 200-pl PCR tubes
with a reaction mixture volume of 25 pl. Each reaction mixture
contained 2.5 pl of 10X PCR amplification buffer (500 mM
KCl, 100 mM Tris-HCI [pH 9.0], 1.0% Triton X-100) (Pro-
mega, Madison, Wis.), 2.5 pl of MgCl, (25 mM), 2.5 pl each of
2.5 mM dATP, dCTP, dGTP, and dTTP (Amersham Pharma-
cia Biotech), 1 pl each of forward and reverse primers (20
ng/pl), 0.125 pl of Tag DNA polymerase at SU/pl (Promega),
and Milli-Q water to a final volume of 22.5 pl and 2.5 pl of cell
lysate (template DNA). PCR was programmed for an initial
denaturation at 94°C for 2 min followed by 30 cycles consisting
of denaturation at 94°C for 1 min, annealing at 60°C for 1 min,
and extension at 72°C for 1 min and a final extension at 72°C
for 10 min. The size of the PCR product was ascertained by
electrophoresis in 1.0% agarose gel. The presence of the sxt
gene in the PCR-positive strains was confirmed by dot blot
hybridization by using PCR-generated amplicon obtained by
using SXT1 and SXT4 primers from a positive control V.
cholerae 0139 strain MO45 (ATCC 51394). The identity of the
PCR products was further verified by digesting the PCR prod-
ucts with the restriction enzymes HindIIl or Msel (NEB, Bev-
erly, Mass.) and by determining the sizes of the digestion
fragments by agarose (3.0%) gel electrophoresis and compar-
ing the sizes of the fragments with expected sizes based on the
published sequence of the sxt gene (12).

Genomic diversity of Vibrio cholerae 0139. It was reported
that O139 Bengal, like O1 vibrios and non-O1, non-O139
vibrios, survive better in the aquatic environment in association
with plankton (7, 13, 14, 26) and that the aquatic environment
serves as reservoir of toxigenic V. cholerae strains. The present
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FIG. 1. Genomic DNA of environmental V. cholerae O139 strains were digested with Bgll and probed with a 7.5-kb BamHI fragment of the
Escherichia coli rRNA clone pkk3535. Restriction pattern I, produced by two strains (GW3 and WO4), is shown in lanes 1 and 2; restriction pattern
I, produced by seven strains (EC1, EC2, EC3, EC6, EC7, EC8, and HP11), is shown in lanes 3 through 9; restriction pattern I'V, produced by one
strain (GW4) is shown in lane 10. The numbers indicating the molecular sizes of bands correspond to a 1-kb DNA ladder (NEB) that was used

as molecular size marker.

study was designated to ascertain whether strains of V. cholerae
0139 isolated from the environmental sources between Janu-
ary 1992 and September 1994 represented identical clones that
caused an epidemic in 1992 through 1994.

Analysis of rRNA genes with Bgll produced three different
restriction patterns (patterns B-I, B-II, and B-IV) among en-
vironmental V. cholerae O139 strains (Fig. 1). The rRNA gene
restriction patterns were reproducible in repeated assays and
consisted of 8 to 10 bands between 9.0 and 2.2 kb in size. Of the
10 isolates of V. cholerae 0139, two belonged to ribotype I,
seven belonged to ribotype II, and one belonged to ribotype
IV. The restriction pattern representing ribotype IV contained
a unique band of 7.0 kb which is not present in any other
restriction patterns (Fig. 1). The O139 vibrios isolated from
epidemic outbreaks between 1992 and 1994 were of two re-
ported ribotypes designated B-I and B-II (9, 20). Results of this
study thus suggest that strains of V. cholerae O139 that caused
an epidemic between 1992 and 1994 had a clonal origin and
may have originated in the aquatic environment.

ERIC-PCR of genomic DNA from V. cholerae O139 yielded
a total of four fingerprint profiles (profiles I through IV) con-
sisting of 4 to 15 bands ranging in size between 0.31 and 3.5 kb
(Fig. 2A). One of the 10 strains isolated from well water
(WO4) yielded a fingerprint pattern consisting of four bands of
1.74, 1.37, 1.26, and 0.56 kb in size; this profile was designated
E-1. Another strain (EC6) amplified four additional bands of
1.18, 1.02, 0.85, and 0.71 kb in size, and its profile was desig-
nated E-II. Two strains, one each from Eichhornia crassipes
(EC1) and a hand pump (HP11), yielded identical fingerprint
patterns which differed from E-II in lacking a 1.18-kb band but
which amplified three additional bands of 3.5, 2.8, and 1.64 kb
in size; this profile was designated E-III. However, a majority
of strains, consisting of four strains from Eichhornia crassipes
(EC2, EC3, EC7, and EC8) and two strains from the water of
the River Ganga (GW3 and GW4), represented ERIC-PCR

fingerprint profile E-IV, which amplified 16 bands, including
five additional bands of 2.2, 1.13, 0.48, 0.42, and 0.31 kb in size.

It can be seen from the dendrogram that strains isolated
from environmental sources form four different clusters (Fig.
2B). The observed difference in banding patterns within the
0139 serogroup suggested divergence in genomic organization
and can be hypothesized to have arisen from genetic assort-
ment taking place in the environment over time. The results of
the ERIC-PCR fingerprint profiles supported the results ob-
tained by ribotyping that multiple clones of V. cholerae 0139
were present in the aquatic environment. These observations
are in agreement with those of others who demonstrated het-
erogeneity in O139 V. cholerae strains (10, 17, 20, 29).

Analysis of virulence and regulatory genes. All of the V.
cholerae 0139 strains were positive for the ctxA, zot, ace, tcpA,
ompU, and foxR genes (Table 2). The amplified tcpA gene in V.
cholerae O139 strains was characteristic of the El Tor biotype
tcpA gene. These strains were also positive for the fcpl and
acfB genes. However, all were negative by PCR for the st gene.
Colony blot hybridization reveals that all the environmental
strains carried the ctxB gene (data not shown).

V. cholerae O1 and O139 strains isolated from the aquatic
environment have been reported to be nontoxigenic, i.e., lack-
ing the capability to produce CT (10, 15). However, we have
demonstrated that environmental isolates of V. cholerae O1
and 01309, like clinical isolates, possessed ctxA, zot, ace, tcpA,
and ompU genes (27). Results obtained in this study also in-
dicate that environmental V. cholerae O139 strains retained the
core of the CTX genetic element, TCP pathogenicity islands,
and the ompU and acfB genes, even in the aquatic environ-
ment.

Production of CT. All of the O139 strains isolated from the
environment produced CT, and the level of CT production
varied between 20 and 400 pg/ml among the different strains.
These strains had ability to adhere, colonize, and produce CT
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FIG. 2. (A) DNA fingerprints of environmental isolates of V. cholerae O139 strains generated by ERIC-PCR amplification. Fingerprint I,
produced by one strain (WO4), is shown in lane 1; fingerprint II, produced by another strain (EC6) is shown in lane 2; fingerprint III, produced
by two strains (EC1 and HP11) is shown in lanes 3 and 4; fingerprint IV, produced by six strains (EC8, GW3, GW4, EC2, EC3, and EC7) is shown
in lanes 5 through 10. A lambda DNA digested with EcoRI and HindIII shown in lanes M was used as molecular weight marker. (B) Digitized
ERIC-PCR profiles obtained from genomic DNA of environmental V. cholerae O139 isolates. The dendrogram was constructed by using the
Bionumerics fingerprint analyst software (Applied Maths) with simple match similarity matrix, and data were clustered by the unweighted pair

group method with arithmetic means.

in the small intestine, indicating that environmental strains had
all of the characteristics of epidemic cholera.

Antibiotic resistance. The V. cholerae 0139 Bengal strains,
which emerged during 1992 and 1993, were sensitive to tetra-
cycline and showed resistance to sulfamethoxazole, trimetho-
prim, streptomycin, and pteridine (19, 21). Waldor and

coworkers (32) reported the presence of a 62-kb self-transmis-
sible transposon-like element (SXT element) encoding resis-
tance to sulfamethoxazole, trimethoprim, and streptomycin in
V. cholerae O139 strains isolated from the epidemic. All the
environmental O139 isolates included in this study were
resistant to trimethoprim, sulfamethoxazole, streptomycin,
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TABLE 2. Antibiotic resistance, virulence profiles, and genomic patterns of Vibrio cholerae O139 used in this study

Presence of virulence and regulatory genes”

Strain Source Antibiotic resjstance Ribotype ERIC profile
no. pattern ctxA zot ace tcpA ompU acfB tepl toxR

MO45 Diarrheal A, Co, F, S + + + + + + + + B-11 E-IV
EC1 E. crassipes Co, F, S + + + + + + + + B-11 E-III
EC2 E. crassipes Co, F, S, Cf + + + + + + + + B-11 E-IV
EC3 E. crassipes Co, F, S + + + + + + + + B-11 E-IV
EC6 E. crassipes Co, F, S + + + + + + + + B-11 E-I1
EC7 E. crassipes Co, F, S + + + + + + + + B-11 E-IV
EC8 E. crassipes A, Co, F, S, Ce + + + + + + + + B-11 E-IV
HP11 Hand pump Co, F, S + + + + + + + + B-II E-1II
GW3 River water A, Co, F, N, S + + + + + + + + B-1 E-IV
GW4 River water A, Co, F, S + + + + + + + + B-1V E-IV
W04 Well water Co, F, S + + + + + + + + B-1 E-1

“ A, ampicillin; Ce, cefotaxime; Cf, ciprofloxacin; Co, co-trimoxazole; F, furazolidone; N, neomycin; S, streptomycin.

> None of the strains were positive for the st gene.

furazolidone, and pteridine (Table 2). Three strains showed
additional resistance to ampicillin, and one strain each was
resistant to cefotaxime, ciprofloxacin, and neomycin (Table 2).

All the V. cholerae O139 strains were positive by PCR for the
sxt gene and amplified portions of the SXT genetic element
consisting of 946, 1,035, 1,151, and 1,240 bp, depending on the
combinations of primers used (Table 1). Subsequent restric-
tion analysis of the amplicon, generated by using sets of prim-
ers or with HindIII or Msel, produced sets of fragments whose
sizes agreed with the expected sizes based on the published
sequence of SXT (Table 1). All strains also showed positive
results in a dot blot assay (data not shown). The results of this
study thus indicate that environmental V. cholerae 0139
strains, like clinical isolates, possessed the SXT genetic ele-
ment encoding resistance for trimethoprim, sulfamethoxazole,
streptomycin, and the vibriostatic agent pteridine.

Epidemiological significance of clonal diversity. Faruque et
al. (9, 10) reported the emergence in Bangladesh of new ri-
botypes of toxigenic V. cholerae O139 showing distinct ctxA
genotypes and suggested that new clones possibly emerged
from nontoxigenic progenitors. Since ribotype B-I and B-II V.
cholerae 0139 strains that caused an epidemic between 1992
and 1994 were present in the aquatic environment, these ob-
servations indicate that simultaneous changes may have oc-
curred or are occurring in the rRNA operons and in other
unidentified genes in the aquatic environment that might in-
fluence the prevalence and emergence of new clones of 0139
strains by interacting with environmental factors. The emer-
gence of a new pathogenic O139 serogroup in areas of ende-
micity allows it to be hypothesized that the change occurs in
the survival capacity of the pathogenic clone for combating
intestinal immunity or stresses in environmental habitats. In
view of the fluctuations observed in the prevalence of V. chol-
erae 0139 relative to that of V. cholerae O1 in human infection
(9, 10) and the rapid genotypic and phenotypic changes, in-
cluding changing patterns of antibiotics resistance, further eco-
logical studies are required to explain the appearance and
disappearance and the mobility of genetic elements encoding
virulence properties as well as antibiotic resistance.
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