
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Sept. 2008, p. 5635–5644 Vol. 74, No. 18
0099-2240/08/$08.00�0 doi:10.1128/AEM.00029-08
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Putative Virulence Traits and Pathogenicity of Vibrio cholerae Non-O1,
Non-O139 Isolates from Surface Waters in Kolkata, India�

Prasanta K. Bag,1* Poulami Bhowmik,1 Tapas K. Hajra,1 T. Ramamurthy,2 Pradipta Sarkar,1
Mrinmoyee Majumder,1 Goutam Chowdhury,2 and Suresh C. Das2

Department of Biochemistry, University of Calcutta, 35 Ballygunge Circular Road, Kolkata 700 019, India,1 and National Institute of
Cholera and Enteric Diseases, P-33 C. I. T. Road, Scheme-XM, Beliaghata, Kolkata 700 010, India2

Received 4 January 2008/Accepted 3 July 2008

Vibrio cholerae non-O1, non-O139 was isolated from natural surface waters from different sites sampled
in diarrhea endemic zones in Kolkata, India. Twenty-one of these isolates were randomly selected and
included in the characterization. The multiserogroup isolates were compared by their virulence traits with
a group of clinical non-O1, non-O139 isolates from the same geographic area. Of the 21 environmental
isolates, 6 and 14 strains belonged to Heiberg groups I and II, respectively. Three of the environmental
isolates showed resistance to 2,2-diamine-6,7-diisopropylpteridine phosphate. All of the non-O1, non-
O139 strains were positive for toxR, and except for one environmental isolate, none of them were positive
for tcpA in the PCR assay. None of the isolates were positive for genes encoding cholera toxin (ctxA),
heat-stable toxin (est), heat-labile toxin (elt), and Shiga toxin variants (stx) of Escherichia coli. Addition-
ally, except for one environmental isolate (PC32), all were positive for the gene encoding El Tor hemolysin
(hly). The culture supernatants of 86% (18 of 21) of the environmental isolates showed a distinct cytotoxic
effect on HeLa cells, and some of these strains also produced cell-rounding factor. The lipase, protease,
and cell-associated hemagglutination activities and serum resistance properties of the environmental and
clinical isolates did not differ much. However, seven environmental isolates exhibited very high hemolytic
activities (80 to 100%), while none of the clinical strains belonged to this group. The environmental
isolates manifested three adherence patterns, namely, carpet-like, diffuse, and aggregative adherence, and
the clinical isolates showed diffuse adherence on HeLa cells. Of the 11 environmental isolates tested for
enteropathogenic potential, 8 (73%) induced positive fluid accumulation (>100) in a mouse model, and the
reactivities of these isolates were comparable to those of clinical strains of non-O1, non-O139 and
toxigenic O139 V. cholerae. Comparison of the counts of the colonized environmental and clinical strains
in the mouse intestine showed that the organisms of both groups had similar colonizing efficiencies. These
findings indicate the presence of potentially pathogenic V. cholerae non-O1, non-O139 strains in surface
waters of the studied sites in Kolkata.

Vibrio cholerae non-serogroup O1 strains are ubiquitous
in aquatic environments (35) and have been recognized as
the causative agents of sporadic cholera-like disease and
outbreaks (5, 34, 39, 43). In addition, environmental non-
toxigenic, non-O1 strains play an important role in the evo-
lution of toxigenic V. cholerae (19). However, only a minor-
ity of the strains of V. cholerae non-O1 seem to be
enteropathogenic. The pathogenicity markers of vibrios are
lacking in many species, including V. cholerae non-O1, non-
O139 strains. The nature of virulence and the infective doses
need to be determined for the establishment of guidelines
for risk assessment of each species in surface water and food
material earmarked for human consumption (18). Cholera
surveillance is in progress in many countries, based primar-
ily on detection of V. cholerae O1 and O139 and determining
the presence of cholera toxin (CT) by using biological and
molecular methods (37). However, virulence-associated fac-
tors in V. cholerae isolates from environmental sources are

of concern (37). The emergence of serogroup O139 as a
second etiologic agent of cholera epidemics, along with the
possible conversion of non-O1 to O1 serotype (9) and the
emergence of V. cholerae O10, O12, O31, O37, and O53 as
bacterial serogroups associated with cholera-like epidemics
(2, 11, 12, 22, 24, 38, 43), has caused further interest in the
non-O1, non-O139 V. cholerae strains.

The pathogenic mechanisms by which these enteropatho-
gens cause diarrhea are not yet well established. Monitoring
existing environmental strains and undertaking detailed
studies of how pathogenic strains evolved from them are
essential to our understanding of human disease. The
present study reports on the isolation of V. cholerae non-O1,
non-O139 strains from natural surface waters and whether
these isolates possess the ability to produce virulence-asso-
ciated factors compared with some clinical isolates from our
culture collection. The virulence-associated factors studied
here include CT; Shiga toxin variants, heat-labile toxin, and
heat-stable toxin of Escherichia coli; cytotonic toxin; cyto-
toxin; hemolysin; lipase; protease; cell-associated hemagglu-
tinin (HA); toxin-coregulated pilus subunit A (TcpA) (clas-
sical and El Tor); toxin regulatory protein (ToxR); serum
sensitivity; adherence to HeLa cells; and antibiotic resis-
tance. We also investigated the enteropathogenic potentials
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of some of the isolates in an animal model and compared
them with clinical isolates.

MATERIALS AND METHODS

Study area and sample collection. The study sites in Kolkata and surrounding
areas, West Bengal, India, are shown in Fig. 1. The main water sources in these
rural and urban communities were identified, sampled, and included in this
study. Diarrheal diseases are endemic in these selected areas. The ponds and
canals are used for domestic purposes (bathing, washing of cloths and utensils,
and cooking) by the community and are probably linked to infections by entero-
pathogens. The collection of water samples from the ponds and canals (5 cm
below the water surface) in different areas was done biweekly between April 2001
and March 2003. The samples were collected in sterile 250-ml glass bottles.
Inoculations into selective medium were made within 24 h after the collection of
water samples.

Isolation and identification of bacteria. A water sample (10 ml) was added to
10 ml of double-strength alkaline peptone-water (pH 8.6) and incubated at 37°C
for 24 h (35). A sample from this enrichment culture was transferred with a loop
to thiosulfate-citrate-bile salts-sucrose (TCBS) agar (Eiken, Tokyo, Japan) and
incubated at 37°C for 24 h. Four of the yellow colonies suspected to be Vibrio spp.
per sample were picked up from the TCBS agar plates. These colonies were first
examined with a multitest medium (25). The isolates that gave a typical alkaline

slant-acid butt reaction in the multitest medium were tested for oxidase reaction
(Kovacs method). The oxidase-positive isolates were also tested for string reac-
tion (47) and sensitivity to the vibriostatic agent 2,2-diamine-6,7-diisopropyl-
pteridine phosphate (O/129) with 150-�g disks. Organisms showing oxidase-
positive reactions were identified by methods described previously (13, 15, 49)
and by use of biochemical tests by conventional methods (8, 13). Their shapes
and motilities were determined with a phase-contrast microscope (model BX51/
B52; Olympus, Japan). Salt tolerance was determined by growth of the isolates
at 37°C in 1% peptone broth without NaCl or supplemented with either 1 or 7%
NaCl. The isolates were further examined by V. cholerae-specific ompW PCR
(27). Serological confirmation of V. cholerae strains was performed by an agglu-
tination test with polyvalent O1-specific antiserum and with O139-specific mono-
clonal antibody (MAb). Isolates that did not agglutinate with either O1 anti-
serum or O139 MAb were further serogrouped by the somatic O antigen
serogrouping scheme for V. cholerae developed at the National Institute of
Infectious Diseases, Tokyo, Japan (44). The strains were maintained in nutrient
agar as stabs at room temperature.

Clinical strains. Five non-O1, non-O139 strains (PL2, PL72, PG5, PG109, and
AS67) and one O139 strain (SG24) of V. cholerae isolated from hospitalized
patients with acute diarrhea in Kolkata, India (7, 24), were included in this study.

PCR. Amplification of the target gene was carried out by PCR assay using
bacterial cell lysate as the source of template DNA (27, 43). Briefly, bacterial
cells were grown overnight at 37°C on Luria agar plates. Isolated colonies were
picked up and mixed with 100 �l of normal saline, and the bacterial cells were
pelleted by centrifugation. The cell pellet was resuspended in 100 �l of double-
distilled water and boiled for 10 min. Cell debris was removed by centrifugation,
and the supernatant containing the template DNA was placed in a fresh micro-
centrifuge tube for PCR assay. Amplification was performed in a thermal cycler
(Mastercycler Personal; Eppendorf, Germany) using 200-�l PCR tubes with a
reaction mixture volume of 25 �l. Each of the reaction mixtures contained 3 �l
of template DNA (lysate), 2.5 �l of each primer (10 pmol/�l), 2.5 �l of 2.5 mM
deoxynucleoside triphosphates, 0.3 �l (5 U/�l) of Taq DNA polymerase (Takara
Shuzo, Japan), 2.5 �l of 10� reaction buffer containing 20 mM MgCl2 (Extaq;
Takara), and 11.8 �l of distilled water.

PCR for detecting the genes representing CT (primers, ctxA-F [5�-CTCAGA
CGGGATTTGTTAGGCACG-3�] and ctxA-R [5�-TCTATCTCTGTAGCCCCT
ATTACG-3�]) (20), E. coli heat-labile toxin (primers, elt-F [5�-GGCGACAGA
TTATACCGTGC-3�] and elt-R [5�-CCGAATTCTGTTATATATGTC-3�])
(21), E. coli heat-stable toxin (primers, est-F [5�-TTAATAGCACCCGGTACA
AGCAGG-3�] and est-R [5�-CCTGACTCTTCAAAAGAGAAAATTAC-3�])
(21), Shiga toxin variants of E. coli (primers, stx1-F [5�-CAACACTGGATGAT
CTCAG-3�] and stx1-R [5�-CCCCCTCAACTGCTAATA-3�], and stx2-F [5�-AT
CAGTCGTCACTCACTGGT-3�] and stx2-F [5�-CTGCTGTCACAGTGACAA
A-3�]) (21), V. cholerae outer membrane protein (primers, VcompW-F [5�-CAC
CAAGAAGGTGACTTTATTGTG-3�] and VcompW-R [5�-GAACTTATAAC
CACCCGCG-3�]) (27), toxin regulatory protein for V. cholerae (primers, toxR-F
[5�-CGGGATCCATGTTCGGATTAGGACAC-3�] and toxR-R [5�-CGGGATC
CTACTCACACACTTTGATGGC-3�]) (14), and El Tor hemolysin (primers,
hlyA-F [5�-GGCAAACAGCGAAACAAATACC-3�] and hlyA-R [5�-CTCAGC
GGGCTAATACGGTTTA-3�]) (37) was done as described elsewhere (6, 14, 20,
21, 27, 37).

Previous reports identified several variant TcpA sequences among non-O1,
non-O139 isolates (6, 14, 28, 31, 41), and a PCR assay was done for the detection
of those variant tcpA genes using primers (tcpA, classical and El Tor variants)
designed by Keasler and Hall (20). In the present study, a PCR assay was
performed (6, 14, 20, 28, 31, 41, 43) for the detection of the tcpA genes of V.
cholerae strains using primers (classical variant, tcpA-F [5�-CACGATAAGAAA
ACCGGTCAAGAG-3�] and tcpA-R [5�-ACCAAATGCAACGCCGAATGGA
GC-3�]; El Tor variant, tcpA-F [5�-GAAGAAGTTTGTAAAAGAAGAACAC-3�]
and tcpA-R [5�-GAAAGCACCTTCTTTCACGTTG-3�]) (20). The amplification
program began with denaturation at 94°C for 5 min, followed by 30 cycles consisting
of denaturation at 94°C for 1.5 min, annealing at 60°C for 1.5 min, and extension at
72°C for 1.5 min, and a final extension step of 72°C for 7 min.

The PCR products were electrophoresed through a 1.5% (wt/vol) agarose gel
to resolve the amplified products, which were visualized under UV light after
ethidium bromide staining.

Preparation of cell-free culture supernatants. Trypticase soy broth (TSB)
(HiMedia) and AKI medium (peptone, 1.5%; yeast extract, 0.4%; NaCl, 0.5%;
NaHCO3, 0.3%) were used for assessing the production of various toxins by the
strains. The test strains were grown in the above-mentioned media at 37°C with
shaking (200 rpm) for 18 h. After centrifugation (15,000 � g for 20 min at 4°C),
the culture supernatant was filtered using a 0.22-�m filter (Millipore Corp.) and
used in the tissue culture and hemolysin assays.

FIG. 1. Sample collection sites. 1, Rajarhat; 2, Dum Dum; 3,
Kalighat; 4, Chetla; 5, Mudialy; 6, Taratala; 7, Behala; 8, Jadavpur; 9,
Sonarpur; 10, Taldi; 11, Canning; 12, South Barasat; 13, Laksmikan-
tapur; 14, Bally; 15, Deulti; and 16, Budge Budge.
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Tissue culture assay. HeLa cells were grown as monolayers in tissue culture
flasks (25 cm2) using Dulbecco’s modified essential medium (DMEM) (Gibco
Laboratories) supplemented with 10% (vol/vol) horse serum (Gibco) at 37°C in
a humidified 5% CO2 incubator (model HF; Shanghai Lishen Scientific Equip-
ment Co. Ltd., Shanghai, China). Freshly trypsinized cells were resuspended in
DMEM supplemented with 1% horse serum at a final concentration of 2 � 104

cells per ml, and 0.2 ml was added to each well of the 96-well tissue culture plate.
The cell-free culture filtrates of the test strains were serially diluted with sterile
10 mM phosphate-buffered saline (PBS) (pH 7.2), and aliquots (50 �l) of each
dilution were added in duplicate to the assay plate and incubated as described
above. Morphological changes and cytotoxic effects were recorded after 24 h of
incubation using an inverted microscope (Olympus).

Adherence assay. The isolates were examined for their adherence to HeLa
cells following methods described previously (10). The HeLa cells were grown in
DMEM containing 10% fetal calf serum to 50 to 70% confluence on glass
coverslips in a 24-well flat-bottom tissue culture plate (Tarson, Mumbai, India).
The isolates were grown in TSB at 37°C without shaking for 18 h and incubated
(20 �l of TSB culture per ml of tissue culture medium) with HeLa cell mono-
layers at 37°C for 3 h. The monolayers were washed three times with PBS to
remove nonadherent bacteria, fixed with 70% methanol, and stained with 10%
Giemsa for 15 min. E. coli strain EDL933 was used as a positive control in the
adherence assay. The adherence patterns were examined under �400 magnifi-
cation using a light microscope (Olympus). The adhesion index was determined
as the percentage of epithelial cells with adhering bacteria; if at least 40% of the
HeLa cells had adhering bacteria, the strain was considered positive (10).

Assay of hemolysin and cell-associated hemagglutinating activity. The hemo-
lytic and cell-associated hemagglutinating activities of the strains with human
erythrocytes were determined as described previously (34). The amount of re-
leased hemoglobin in the supernatant was measured spectrophotometrically
(U-3210; Hitachi, Japan) at 540 nm. An optical density of �0.1 was considered
positive for hemolysin. Finally, the results were expressed as the percentage of
lysis by comparing these optical density values with that of an identical erythro-
cyte suspension lysed (100%) with an equal volume of Triton X-100 solution. For
cell-associated hemagglutinating activity, strains were recorded as having a re-
action that was immediate and complete or as a response that was incomplete or
that was not instantaneous but occurred within 5 min. PBS was included for each
assay as the negative control.

Autoagglutination. For the autoagglutination test, strains were grown in LB
(pH 6.5) supplemented with 1% (wt/vol) NaCl and incubated at 37°C with
aeration for 18 h. A visible clumping of bacteria indicated a positive result (6, 46).

Detection of extracellular enzymes. Proteolytic (gelatinase and HA/protease)
and lipolytic (lipase) activities were evaluated by the plate assay method (48). A
clear zone around the bacterial colony indicated a positive result. A known strain
of V. cholerae O1 for gelatinase and HA/protease and Pseudomonas aeruginosa
for lipase were included as the positive controls.

Serum resistance test. The susceptibility of bacteria to human serum was
determined by the method of Hughes et al. (16). Twenty-five microliters of
bacterial suspension (ca. 106 CFU/ml) in PBS and 75 �l of undiluted normal
human serum were kept in a sterile microtiter tray and incubated at 37°C.
Responses were graded as highly sensitive, intermediately sensitive, or resistant
according to the established system (16). A control experiment was done by
replacing the 75 �l of normal human serum with 75 �l of PBS, with all other
conditions remaining the same as for the test experiment. Each test was repeated
three times.

Antimicrobial susceptibility test. Antimicrobial susceptibility testing was per-
formed by the disk diffusion method (4) using commercially available disks
(HiMedia) with 11 antimicrobial drugs on Mueller-Hinton agar (HiMedia).
Isolates were considered susceptible, reduced susceptible, or resistant to a par-
ticular antimicrobial agent on the basis of the diameters of the inhibitory zones
that matched the criteria of the manufacturer’s interpretive table, which followed
the recommendations of the National Committee for Clinical Laboratory Stan-
dards (29). E. coli ATCC 25922 was used for quality control.

Enteropathogenicity assay. The enteropathogenicity of the strains was exam-
ined in the sealed-adult-mouse model of Richardson et al. (36) using BALB/c
mice weighing ca. 10 to 20 g. The animals, kept in wire-mesh polycarbonate cages
with autoclaved bedding, were acclimated to laboratory conditions (12-h dark/
12-h light cycles; 24 � 1°C) and had free access to food and water ad libitum. The
mice fasted for 24 h before administration of bacterial inocula. For the prepa-
ration of the bacterial inocula, V. cholerae strains were grown in TSB at 37°C with
shaking. After being harvested by centrifugation, the cells were resuspended in
PBS. The mice were given 100 �l of 5% sodium bicarbonate (wt/vol) intragas-
trically with a ball-tipped inoculating needle. After 15 min, the bacterial inocula
(2 � 1010 CFU/ml) in 200 �l of PBS were given to the test mouse. At 5 h

postinoculation, the animals were sacrificed, and the fluid accumulation (FA)
ratios were determined (36). FA ratios of �100 were considered positive (23).
For the colonization assay, infections were allowed to proceed for 18 h. The mice
were sacrificed, and the intestines were aseptically removed. Sections from the
intestine were washed with PBS to remove unbound bacteria, weighed, and
homogenized in PBS. Various dilutions were plated on TCBS agar and incubated
at 37°C for 24 h. CFU counts were taken, and the colonization ability was
expressed as log10 CFU per g of tissue.

RESULTS

One hundred and thirty-nine samples of natural surface
waters were collected from 16 sites located in different diar-
rhea endemic zones in and around Kolkata. Sixty-one (44%) of
the samples contained presumptive V. cholerae, and the species
was isolated from surface waters in 6 of 16 sites sampled (sites,
1, 6, 8, 11, 14, and 16) (Fig. 1). All the isolates were gram
negative, rod shaped, positive for oxidase, and motile. All the
isolates grew in TCBS and MacConkey agars. A total of 250
isolates of V. cholerae were tested for serotyping using O1
antiserum and O139 MAb, and none of the isolates was agglu-
tinated with these antibodies. These strains of V. cholerae were
inferred to be non-O1, non-O139 serogroups. Twenty-one of
these V. cholerae isolates were randomly selected, including at
least two strains from each site, for further characterization.
Serotyping of the 21 non-O1, non-O139 strains revealed that
they belonged to serogroups O5, O9, O14, O20, O26, O28,
O34, O48, O64, O65, O119, O121, O144, O149/O151, and
O201. Six isolates could not be typed with available 206 O
antisera (Table 1). In addition, these strains were positive for
ompWVc, which is specific to V. cholerae (27).

The biochemical characteristics of the isolates are shown in
Table 1, and for comparison, the results of biochemical tests of
standard toxigenic V. cholerae O1 El Tor (strain NB2) and
O139 (SG24) were included. All the environmental isolates
were invariably positive in nine tests (orthonitrophenyl galac-
toside, ornithine decarboxylase, DNase, catalase, growth in 0
and 1% NaCl, DL-lactate, and acid production from glucose
and sucrose) and invariably negative for another eight tests
(arginine dihydrolase, gas production from glucose, tryptophan
deaminase, acid production from amygdalin and m-inositol,
urease, H2S production, and growth in 7% NaCl). Variable
results were obtained in the following tests: �90% of the
isolates were positive for the Voges-Proskauer test, lysine de-
carboxylase, acid from D-mannitol, and nitrate reduction, and
40 to 80% of the isolates were positive for utilization of citrate,
indole, gelatinase, and acid from mannose.

In the PCR assay, all of the non-O1, non-O139 isolates
yielded positive results for the toxR gene, and except for one
(PC65), all of the isolates yielded negative results for the tcpA
genes (classical and El Tor alleles). The isolate PC65 gave a
positive result for the classical variant of tcpA. Furthermore,
the clinical non-O1, non-O139 strains were determined to be
negative for the tcpA (classical and El Tor alleles) and ctxA
genes. In addition, none of the isolates was positive for ctxA.
All of the isolates were negative for the genes representing the
Shiga toxin variants, heat-stable toxin, and heat-labile toxin of
Escherichia coli. Additionally, except for one strain (PC32), all
of the non-O1, non-O139 strains were positive for the gene en-
coding El Tor hemolysin. PCR results for the toxR, ompWVc, and
hlyA genes of the representative strains are shown in Fig. 2.
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The effects of cell-free culture filtrates of the test isolates on
HeLa cells are shown in Fig. 3. The cytotoxic responses of the
test isolates could be categorized into two types: type 1, which
was associated with complete membrane damage (Fig. 3B),
and type 2, which was associated with cell rounding (cell-
rounding factor) (Fig. 3C). Cell culture supernatants of 86%
(18 of 21) of the environmental isolates grown in TSB medium
evoked a distinct cytotoxic effect on HeLa cells with an endH
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FIG. 2. Amplification of toxR (900 bp) (A), ompWVc (588 bp) (B),
and hlyA (El Tor; 481 bp) (C) by PCR. (A and B) Lanes: 1, V. cholerae
O139 strain SG24 (positive control); 2, non-O1, non-O139 strain PC1;
and 3, Aeromonas hydrophila strain PC16 (negative control). (C) Lanes
1 and 3, V. cholerae strains NB2 (O1; El Tor; positive control) and PC1;
lane 2, A. hydrophila strain PC16 (negative control); lane M, 100-bp
ladder.
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point titer of 4 to 128 (the reciprocal of the dilution that
showed a cytotoxic effect on �50% of the cells), while culture
supernatants of 8 (38%) isolates also produced a cell-rounding
effect when they were cultured in AKI medium (Table 2). Four
and one (AS67) clinical non-O1, non-O139 isolates exhibited
cytotoxic and cell-rounding effects on HeLa cells, respectively,
as detected in a previous study (43).

Twenty-five (20 environmental and 5 clinical) non-O1, non-
O139 isolates were positive for lipase production, and 14 iso-
lates (10 environmental and 4 clinical) showed protease activity
(Table 2). Seventeen (81%) environmental and four clinical
isolates showed hemolytic activity against human erythrocytes
(above 10%). However, seven of the environmental isolates
had very high hemolytic activities (80 to 100%), while none of
the clinical strains belonged to this group (Table 2). Twenty
isolates (17 environmental and 3 clinical) showed moderate to
strong cell-associated hemagglutination (Table 2).

The incidences of serum resistance of the isolates belonging
to both groups were found to vary considerably (Table 2).

Three adherence patterns were manifested by the isolates;
carpet-like adherence (Fig. 4A), diffuse adherence (Fig.
4B), and aggregative adherence (Fig. 4C). Eighteen (86%)
of the isolates adhered to HeLa cells with an index of �40%
(Table 2).

Multidrug resistance was exhibited by both clinical and en-
vironmental isolates (Table 2). Resistance and reduced suscep-
tibility to ampicillin, furazolidone, neomycin, streptomycin, tet-
racycline, and ciprofloxacin were observed among these
isolates. In addition, environmental isolates showed reduced
susceptibility to cotrimoxazole, gentamicin, nalidixic acid, and
norfloxacin.

Eleven environmental and two clinical isolates of non-O1,
non-O139 V. cholerae were tested for their enteropathogenic
potentials in the sealed-adult-mouse model using live bacterial
cells. A toxigenic strain of V. cholerae O139 (SG24) was used as
a positive control. Of the 11 environmental isolates, eight in-
duced positive FA (FA � 100), and the reactivities of these
isolates were comparable to those of clinical isolates of non-
O1, non-O139 and O139 V. cholerae (Table 3). In addition, two
isolates (PC6 and PC9) showed FAs significantly higher than
that in the PBS control (P � 0.05). A comparison of the counts
of the colonized environmental and clinical strains in mouse
intestines showed that the isolates of both groups had almost
the same colonizing potential. Colonization, in mean log10

CFU � standard deviation per gram of tissue, ranged between
5.31 � 1.25 and 9.90 � 1.40 (Table 3).

DISCUSSION

In the present study, the biochemical and virulence traits of
V. cholerae non-O1, non-O139 isolates from surface waters
from different sites sampled in Kolkata and the surrounding
area were extensively characterized to evaluate their patho-
genic potentials. Members of the genus Vibrio are fermenta-
tive, facultatively anaerobic, gram-negative, straight or curved
motile rods. The growth of these bacteria is stimulated by Na�,
which, except for V. cholerae and Vibrio mimicus, is an absolute
requirement (18). V. cholerae and V. mimicus are biochemically
similar species and can be differentiated by sucrose fermenta-
tion. V. mimicus cannot ferment sucrose. All of the environ-
mental isolates of non-O1, non-O139 V. cholerae examined
showed growth in 1% peptone broth without NaCl and were
able to ferment sucrose. V. cholerae gives a positive string test
(47). All of the environmental strains except strain PC32
showed a positive string reaction. The oxidase reaction differ-
entiates Vibrio metschnikovii, which is oxidase negative, from
other sucrose-fermenting Vibrio species (18). The lysine and
ornithine decarboxylase and arginine dihydrolase activities of
the pathogenic Vibrios are useful for separating them into
groups (18). V. cholerae is arginine dihydrolase negative and
lysine and ornithine decarboxylase positive (15). All of the
environmental isolates included in this study were arginine
dihydrolase negative and ornithine decarboxylase positive, and
all of these strains except strain PC32 were positive for lysine
decarboxylase. Of the 21 environmental isolates, 6 and 14
belonged to Heiberg groups I (mannose and sucrose ferment-
ing and arabinose nonfermenting) and II (sucrose fermenting

FIG. 3. Effects of culture filtrates of the environmental isolates on
HeLa cells. Confluent growth of HeLa cells (A), cytotoxic effect (B),
and cytotoxic effect associated with cell rounding (C). Magnification,
�400.
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and mannose and arabinose nonfermenting), respectively.
There did not appear to be any correlation between the sites
sampled and the Heiberg fermentation patterns of the isolates.
V. cholerae gives negative reactions for D-sorbitol, L-rhamnose,
melibiose, L-arabinose, and salicin fermentation (15). How-
ever, all of the environmental isolates except PC32 were neg-
ative for sorbitol, rhamnose, melibiose, arabinose, and salicin
fermentation. The positive activities for lactate and DNase and
negative reaction for H2S production differentiate V. cholerae
from Aeromonas sobria, which is sucrose fermenting, arginine
dihydrolase negative, and lysine decarboxylase positive (14).
The susceptibility of vibrios to the vibriostatic agent O/129 is
an important taxonomical trait to differentiate between vibrios
and Aeromonas spp. However, all the V. cholerae O139 and
several V. cholerae O1 strains were resistant to this vibriostatic
agent (23). In the present study, three (14%) of the environ-
mental isolates showed resistance to O/129.

Several extracellular products of V. cholerae play important
roles in the disease process, including CT, a heat-stable toxin
of E. coli, a Shiga-like toxin, hemolysin, and HAs (2, 18, 34,

44). The non-O1, non-O139 isolates tested in the present study
belonged to different serogroups and did not possess the genes
encoding heat-stable toxin, heat-labile toxin, or Shiga toxins of
E. coli and CT. However, from the present study, it appears
that the majority of the environmental and clinical isolates
produced a cytotoxic effect on HeLa cells. It has previously
been reported that the cytotoxic effect of non-O1 V. cholerae is
probably related to the production of hemolysin (17). How-
ever, some of our isolates with weak hemolytic activity showed
strong cytotoxic activity. It could be that cytotoxic activity
against HeLa cells and hemolytic activity against human eryth-
rocytes are elicited by two different factors produced by these
vibrios. It has been demonstrated that the purified non-mem-
brane-damaging cytotoxin has enterotoxic activity (40), and a
cell-rounding effect was associated with human diarrhea with
sole infection by non-O1 V. cholerae (34, 43). Interestingly,
some of our isolates evoked a cell-rounding effect, followed by
cell death, on HeLa cells. These isolates also showed signifi-
cant enterotoxic activity in a mouse model (FA � 100).

The non-O1, non-O139 isolates showed strong adherence to

TABLE 2. Virulence phenotypes of environmental and clinical strains of V. cholerae non-O1, non-O139

Source Strain Serotype
Cytotoxic

activity (end
point titer)a

Hemolytic
activity

(OD540)b

Lipase
activityc

Protease
activityc

Hemagglutinating
activityd

Serum
sensitivity

gradee
Adherencef

Resistant/reduced
susceptible
(reference)g

Environment PC1 O65 Cr (32) 100 (1.7) � � � 1–2 Diffuse �/Fz A
PC2 O144 Ct (32) 100 (1.7) � � � 5–6 � A/T S N Fz
PC3 O119 Cr (4) 12 (0.2) � � �� 5–6 Diffuse �/T S N Fz
PC4 O26 Ct (64) 12 (0.2) � � �� 5–6 Carpet-like A Fz/T S G
PC5 O64 Cr (128) 94 (1.6) � � � 1–2 Diffuse A/N
PC6 OUT Cr (4) 24 (0.4) � � �� 1–2 � �/A T N Fz
PC7 OUT Ct (32) 12 (0.2) � � �� 5–6 Diffuse A Fz/T S N Na

Nx
PC8 O9 Ct (32) 94 (1.6) � � � 1–2 Diffuse �/A T Fz
PC9 O14 Ct (128) 59 (1.0) � � � 3–4 Aggregative �/A T Fz N
PC10 OUT Cr (32) 59 (1.0) � � �� 3–4 Carpet-like �/A T N
PC11 OUT 0 (0.0) � � � 5–6 Aggregative A/Co
PC13 OUT 0 (0.0) � � � NDh ND ND
PC14 O20 Cr (4) 6 (0.1) � � �� 5–6 Diffuse A T/N Fz
PC15 OUT Ct (16) 94 (1.6) � � �� 3–4 Diffuse A T Co/S N Fz
PC32 O149/O151 0 (0.0) � � � 3–4 ND ND
PC57 O5 Ct (64) 59 (1.0) � � �� 3–4 Diffuse A Fz/T S N G

Co Cf
PC65 O48 Ct (32) 94 (1.6) � � � 3–4 � ND
PC89 O201 Ct (64) 12 (0.2) � � �� 5–6 Carpet-like ND
PC90 O121 Ct (32) 59 (1.0) � � � 3–4 Diffuse ND
PC91 O34 Cr (32) 88 (1.5) � � � 1–2 Diffuse ND
PC96 O28 Cr (4) 12 (0.2) � � �� 5–6 Diffuse �/T S N Fz

Clinical PL2 O10 Ct (4) 6 (0.1) � � �� 5–6 Diffuse A Fz N/� (6)
PL71 O7 Ct (16) 35 (0.6) � � � 3–4 ND AFz T/�
PG5 O12 Ct (32) 41 (0.7) � � �� 5–6 Diffuse A Fz/ (6)
PG109 O27 Ct (16) 24 (0.4) � � � 1–2 ND A Cf Fz N/� (6)
AS67 O190 Cr (32) 35 (0.6) � � � ND ND A Fz N S/� (38)

a Reciprocal of dilution of TSB/AKI culture filtrate producing cytotoxic effect on �50% of HeLa cells. Ct, cytotoxic; Cr, cell rounding.
b TSB culture filtrate was mixed 1:1 with human erythrocytes suspended in PBS and incubated at 37°C for 1 h. The released hemoglobin was measured

spectrophotometrically. OD540, optical density at 540 nm.
c �, positive; �, negative.
d Cell-associated hemagglutinating activity was determined using pooled group O human blood cells. ��, reaction was immediate; �, reaction was incomplete or

not instantaneous but occurred within 5 min; �, no agglutination.
e Following Hughes et al. (16). Grades 5–6, resistant; grades 3–4, intermediate (delayed) sensitive; grades 1–2, completely sensitive to normal human serum.
f �, negative (�40% of HeLa cells had adhering bacteria).
g A, ampicillin (10 �g); C, chloramphenicol (30 �g); T, tetracycline (30 �g); S, streptomycin (10 �g); N, neomycin (30 �g); G, gentamicin (10 �g); Na, nalidixic acid

(30 �g); Fz, furazolidone (100 �g); Nx, norfloxacin (10 �g); Co, cotrimoxazole (25 �g); Cf, ciprofloxacin (5 �g); �, negative (i.e., susceptible to the rest of the antibiotics
tested).

h ND, not determined.
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HeLa cells. For many bacterial enteropathogens, the ability to
adhere to the intestinal mucosa is a first step in colonization
and is a prerequisite for causing diarrhea (22). In a previous
study, occurrences of diffuse, as well as clustered, adherence to
HEp-2 cells were observed among the vibrios recovered from
estuarine waters (3). Of three of the HeLa cell adherence
patterns observed among the isolates, diffuse adherence was
manifested by most of the V. cholerae isolates in our study. In
addition, two environmental strains (PC9 and PC11) exhibited
aggregative adherence, identical to the patterns shown by en-
teroaggregative E. coli, and these strains were also able to
colonize the mouse intestine and showed FA reaction. It is
interesting that a carpet-like adherence by three environmen-
tal isolates (serogroup O26, OUT [O untypeable], and O201)
to HeLa cells similar to the reported adherence pattern of a

clinical strain of V. cholerae VIG1587 (serogroup O12) to
HEp-2 cells and a glass surface (12) was observed in the
present study. Except for PC65, all of our non-O1, non-O139
isolates were negative for the genes representing TcpA (clas-
sical and El Tor alleles). Previously, it was also reported that
the majority of strains belonging to non-O1, non-O139 sero-
groups do not contain genes for CT and/or TCP (7, 22, 43).
Although TCP protein is one of the colonization factors in V.
cholerae, some of our isolates showed adherence to HeLa cells
and colonized mouse intestine, and 14 (12 environmental and
2 clinical) showed an autoagglutination phenotype that was
previously shown to be correlated with the expression of TcpA
(6). However, pilins, as well as outer membrane proteins, of
the enteropathogenic bacteria have been demonstrated to be
autoagglutinins (6, 46). Furthermore, V. cholerae non-O1, non-
O139 strains possess other fimbrial antigens, surface polysac-
charide, hemagglutinating function, and outer membrane pro-
teins, and the involvement of these cell surface antigens in
adherence and intestinal colonization has been demonstrated
(26, 30, 42).

Proteasic, hemagglutinating, and hemolytic activities have
been related to virulence in Vibrio spp. in several findings (1,
17, 18, 42, 45). Although our non-O1, non-O139 strains were
producers of these putative virulence factors, the precise roles
of the factors in vivo are not yet clear. However, it has previ-
ously been suggested that hemagglutinins of non-O1 strains
are important for their survival in aquatic environments be-
cause they govern the ability to attach to different substrates
(1). In addition, a previous study demonstrated that HA/pro-
tease (HapA) of V. cholerae El Tor was necessary for full
expression of enterotoxicity, and hapA (encoding HapA) mu-
tants expressed less CT and TcpA (45). However, further study
is needed to establish the relationship between HA production
and full expression of enterotoxicity for non-O1, non-O139
strains. Although the majority of our strains were producers of
lipase, the precise role of this protein in pathogenesis has yet to
be determined. It has been reported that lipase (LipA) could
potentially damage host cells, but mutation of the lipA gene did
not affect colonization potential or virulence in an infant
mouse cholera model (32). Since LipA is encoded in the vi-
cinity of hlyA, and HlyA toxin is capable of host tissue damage,
which would release a variety of cellular components, including
membrane lipids that could be degraded by lipases, it has been
proposed that lipases are involved in the acquisition of nutri-
ents (32). V. cholerae is known to be a noninvasive organism
that colonizes the extracellular mucosal surface in the gut. It
has been postulated that the bactericidal activity of antibody
and the “complement-like” bactericidal activity are operative
in the intestinal mucosa, contributing to the colonization prop-
erties of a variety of bacterial pathogens (33). If this is true,
then serum resistance properties of V. cholerae could play an
essential role in intestinal colonization, and it is interesting that
some of our isolates showed serum resistance properties.

An earlier study revealed that the drug resistance patterns of
the clinical and environmental strains showed remarkable dif-
ferences, with the clinical strains being resistant to more drugs
and exhibiting multidrug resistance along with their environ-
mental counterparts (7). However, in the present study, mul-
tidrug resistance that included resistance/reduced susceptibil-
ity to ampicillin, tetracycline, cotrimoxazole, furazolidone,

FIG. 4. Adherence patterns of the environmental isolates on HeLa
cells by Giemsa stain. (A) Carpet-like adherence to HeLa cells and a
glass surface. (B) Diffuse adherence; bacteria are dispersed over the
cell surface and the cell matrix. (C) Aggregative adherence; bacteria
adhere to each other away from the cells, as well as to the cell surface.
Magnification, �400.
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streptomycin, or neomycin was exhibited by the majority of the
strains studied.

Previously, it was reported that V. cholerae non-O1 strains
that produced hemolysin, that were cytotoxic, and that pro-
duced HAs were isolated from hospitalized patients most often
as the sole pathogen (34). Our findings in this study revealed
that strains of non-O1, non-O139 V. cholerae isolated from
surface waters were capable of expressing the putative viru-
lence traits that were associated with the clinical isolates from
the same geographical area. It was also interesting that some of
the environmental isolates showed enterotoxic activity and col-
onization in mouse intestines that were comparable to those of
toxigenic strains of V. cholerae O139. Studies with the O10 and
O12 strains of V. cholerae isolated from an outbreak in Peru
showed that none of the strains produced enterotoxin but a
majority of the strains produced a cytotoxin, as assessed in Y1
and HeLa cells (12). Three of our environmental isolates
(PC11, PC13, and PC32) were nonhemolytic and did not evoke
a cytotoxic response to HeLa cells. In addition, strains PC11
and PC13 were positive and strain PC32 was negative for hlyA
(El Tor) as determined by PCR. It was interesting that two of
these strains (PC11 and PC32) showed significantly high ente-
rotoxic activities. Collectively, the results presented here failed
to show any absolute correlation between serogroups and hem-
agglutination, hemolytic, protease, or cytotoxic activities and
enterotoxic activities among the strains of both groups tested
(Table 3). Thus, our findings agree with the previous findings
that the enteropathogenicity of non-O1, non-O139 V. cholerae
is multifactorial, and the presence of a single factor should not
be construed as the cause of pathogenicity (34). It still remains
unclear which factor(s) is specific for the determination of the
enteropathogenic potential of non-O1, non-O139 V. cholerae.
The results of the present investigation indicate that further
epidemiological studies and continuous monitoring are neces-
sary to elucidate the ecology and the public health significance
of V. cholerae in the aquatic environment.
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