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Vibrio cholerae serogroup O139 was first identified in 1992 in India and Bangladesh, in association with major epidemics of
cholera in both countries; cases were noted shortly thereafter in China. We characterized 211 V. cholerae O139 isolates that were
isolated at multiple sites in China between 1993 and 2012 from patients (n � 92) and the environment (n � 119). Among clinical
isolates, 88 (95.7%) of 92 were toxigenic, compared with 47 (39.5%) of 119 environmental isolates. Toxigenic isolates carried the
El Tor CTX prophage and toxin-coregulated pilus A gene (tcpA), as well as the Vibrio seventh pandemic island I (VSP-I) and
VSP-II. Among a subset of 42 toxigenic isolates screened by multilocus sequence typing (MLST), all were in the same sequence
type as a clinical isolate (MO45) from the original Indian outbreak. Nontoxigenic isolates, in contrast, generally lacked VSP-I
and -II, and fell within13 additional sequence types in two clonal complexes distinct from the toxigenic isolates. In further
pulsed-field gel electrophoresis (PFGE) (with NotI digestion) studies, toxigenic isolates formed 60 pulsotypes clustered in one
group, while the nontoxigenic isolates formed 43 pulsotypes which clustered into 3 different groups. Our data suggest that toxi-
genic O139 isolates from widely divergent geographic locations, while showing some diversity, have maintained a relatively tight
clonal structure across a 20-year time span. Nontoxigenic isolates, in contrast, exhibited greater diversity, with multiple clonal
lineages, than did their toxigenic counterparts.

Vibrio cholerae isolates that can produce cholera toxin are the
causative agent of cholera. Among more than 200 serogroups

of V. cholerae so far identified, epidemic cholera has been confined
almost exclusively to isolates within serogroups O1and O139 (1,
2). The current seventh pandemic of cholera originated from In-
donesia in 1961; the causative agent is V. cholerae O1 of the El Tor
biotype, and it is the most extensive in geographic spread and
duration of any reported cholera pandemic to date. In 1992, a
newly identified serogroup, designated O139 Bengal, was recog-
nized as the cause of epidemic cholera in India, with subsequent
spread across multiple Asian countries (3, 4). However, over the
last few years, El Tor O1 isolates have reestablished their promi-
nence and now share this locally with O139 isolates (5). The first
outbreak in China caused by serogroup O139 isolates occurred in
1993 in Xinjiang (6), followed by outbreaks in multiple provinces
across subsequent years. O139 isolates have continued to coexist
with O1 isolates in China across this time period.

When they first emerged in India and Bangladesh, O139 iso-
lates were shown to be virtually identical to O1 El Tor isolates,
with the substitution of a 35-kb region of DNA encoding the O139
surface polysaccharide for a 22-kb region that included the rfb
region in O1 isolates (7). O139 isolates carried all “standard” vir-
ulence factors found in O1 isolates, including the elements of CTX
prophage and Vibrio seventh pandemic island I (VSP-I) and VSP-
II. Interestingly, in contrast to O1 isolates, V. cholerae O139 was
shown to be encapsulated (8), with the polysaccharide capsule
having the same repeating subunits as the O antigen. However,
little is known about possible evolutionary changes in these iso-
lates across the 20-year time period since they were first intro-
duced into China, nor is there a good understanding of the rela-
tionship between clinical and environmental isolates.

Several molecular subtyping techniques have been widely used
to depict genetic relatedness and for molecular epidemiological

studies among V. cholerae isolates, including pulsed-field gel elec-
trophoresis (PFGE) and multilocus sequence typing (MLST) (9,
10). In this study, we characterized 211 isolates of V. cholerae O139
from 1993 to 2012, originating from clinical and environmental
sources in different provinces/regions in China. PCR and se-
quencing tests were used to character the virulence-associated
genes and their genotypes, with MLST and PFGE used to deter-
mine overall genetic relatedness and clonality.

MATERIALS AND METHODS
Bacterial isolates and serological identification. A total of 211 V. cholerae
O139 isolates (92 clinical and 119 environmental) isolated in China were
included in this study (Fig. 1). Isolates were selected from each year and
each province where cholera was occurring, with dates of isolation
from1993 to 2012. Where multiple isolates from a single province and
year were available for study, isolates were selected randomly for inclusion
in the current study. There was no overlap between the O139 isolates
reported in this study and isolates that have been reported in previous
studies (11, 12). A listing of isolates, with source and year of isolation, is
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provided in Table 1. All of the isolates were screened for the oxidase
reaction and were identified by a slide agglutination test using specific
polyvalent antisera against V. cholerae O139 (S&A Reagents Lab, Bangkok,
Thailand).

PCR template preparation. Genomic DNA was extracted using a
genomic DNA purification kit (Tiangen Biotech, Beijing, China) in accor-
dance with the manufacturer’s instructions. Extracted DNAs were dis-
solved in Tris-EDTA (TE) buffer and stored at �20°C until used as PCR
templates.

PCR assays and sequencing analysis. PCR assays were carried out
using conventional PCR amplification; the target genes included the chol-
era toxin B subunit gene (ctxB) (13), the repeat-in-toxin gene (rtxC) (14),
eight types of rstR, including rstRET (15), rstRclass (16), rstRcalc (17), rstR-
4** (16), rstR-5 (16), rstR-6 (18), rstR-232 (19), and rstRVC06-18 (this
study), and classical and El Tor-specific tcpA (20). PCR screening was
performed for five genes (VC0175, VC0178, VC0180, VC0183, and
VC0185) in the VSP-I cluster and eight genes (VC0490, VC0493, VC0498,

VC0502, VC0504, VC0512, VC0514, and VC0516) in the VSP-II cluster
(21). Reference isolates included V. cholerae N16961 (7th pandemic O1 El
Tor) and V. cholerae MO45 (an O139 isolate from India, 1993). Table S1
in the supplemental material shows the sequences used for primer design
and their origins.

To identify the different types of ctxB and rstR, a commercial company
(TaKaRa, Dalian, China) was employed for the sequencing of PCR prod-
ucts. Comparison analyses of the ctxB sequences were conducted with
BioEdit software (Ibis Biosciences, Carlsbad, CA, USA). ClustalW was
used to perform multiple alignments of the nucleotide or predicted amino
acid sequences for ctxB and rstR. The reference sequences of different
types of ctxB and rstR were accessed from GenBank.

MLST. Of 211 tested O139 isolates, we selected 76 isolates, including
42 toxigenic isolates and 34 nontoxigenic isolates, for MLST. The isolates
were selected based on their different gene characters (types of ctxB, rstR,
and VSP-I/II), different years, and different provinces/regions; all 76 iso-
lates represented the different characters of O139 isolates in China, from

FIG 1 Geographical locations of sampling sites and numbers of O139 isolates collected from different sources. Top, colored provinces represent areas with
sampling sites (both environmental and patient), with the number of isolates shown in brackets. Bottom, numbers of different isolates (both environmental and
patient) are also given by year.
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both clinical and environmental sources (see Table S2 in the supplemental
material). Seven housekeeping genes (adk, gyrB, metE, mdh, pntA, purM,
and pyrC) were targeted for MLST analysis, based on a previous study
(22); primers are listed in Table S1 in the supplemental material. The PCR
products were visualized on an agarose gel, and direct sequencing was
performed in both directions. Contiguous nucleotide sequences were as-
sembled by using MEGA software, and eBURST (23) was used to identify
clonal complexes (CCs), which are defined using the difference of one out
of the seven genes typed. A minimum-spanning tree using the allelic dif-
ference between isolates of the seven housekeeping genes was constructed
using BioNumerics (Applied Math). Reference isolates N16961 and
MO45 were included in the MLST analysis.

PFGE. We used the PulseNet 1-day standardized PFGE protocol for V.
cholerae (24). Cell suspensions were placed in polystyrene tubes (Falcon;
12 by 75 mm), and their optical density was adjusted to 3.8 to 4.2 using a
Densimat photometer (bioMérieux, France). V. cholerae slices were di-
gested using 30 U per slice of NotI (New England BioLabs, Ipswich, MA,
USA) for 4 h at 37°C. Electrophoresis was performed using a CHEF-DRIII
system (Bio-Rad Laboratories, Hercules, CA, USA). Images were captured
on a Gel Doc 2000 system (Bio-Rad Laboratories) and converted to TIFF
files. The TIFF files were analyzed using the BioNumerics version 5.1
software (Applied Maths).

Nucleotide sequence accession numbers. The nucleotide sequences
of the rstR genes from representative isolates have been deposited in
GenBank under accession numbers KJ023705 to KJ023707. Representa-
tive sequences of each sequence type (ST1 to -14) determined by MLST
have been deposited in GenBank under accession numbers KJ020751 to
KJ020848.

RESULTS
Identification of virulence-associated genes. Among the 211
O139 isolates tested, 135 (64.0%) carried the El Tor ctxB gene.
Among clinical patient isolates, 88 (95.7%) of 92 isolates were
toxigenic, compared with 47 (39.5%) of 119 environmental iso-
lates. Findings of PCR screening for other virulence genes are
summarized in Table 2. tcpA� isolates accounted for 137 (64.9%)

of the 211 isolates (92.7% of clinical and 40% of environmental
isolates). In addition, 204 (96.7%) of the 211 isolates carried the
rtxC gene; the seven rtxC-negative isolates included one from a
patient in 2003, one from a soft-shelled turtle in 2005, and five
from environmental sources, isolated during 2001 to 2007.

TABLE 1 Sources of V. cholerae O139 isolates used in this study

Yr of
isolation (n)

Source and province (n)

Patient Environment

1993 (3) Xinjiang (3)
1994 (6) Guangdong (1), Beijing (2), Shanghai (1), Zhejiang (1), Jiangxi (1)
1995 (4) Fujian (1), Guangdong (2) Guangdong (1)
1996 (2) Guangdong (1), Zhejiang (1)
1997 (2) Zhejiang (1), Liaoning (1)
1998 (4) Anhui (1), Jiangxi (3)
1999 (4) Jiangxi (1), Jiangsu (1) Jiangxi (2)
2000 (7) Guangxi (1), Jiangxi (3) Jiangxi (1), Guangxi (2)
2001 (11) Guangxi (1), Guangdong (1), Sichuan (1), Liaoning (1) Guangdong (1), Jiangxi (6)
2002 (9) Guangdong (2), Chongqing (1), Jiangxi (1), Gansu (1) Jiangxi (4)
2003 (14) Chongqing (3), Guangdong (1), Zhejiang (1), Jiangxi (2), Jiangsu (2) Jiangxi (4), Chongqing (1)
2004 (8) Chongqing (2), Guangdong (1), Liaoning (1), Jiangxi (2), Sichuan (2)
2005 (29) Beijing (1), Chongqing (1), Fujian (1), Guangdong (1), Hunan (1), Jiangsu (2),

Jiangxi (1), Sichuan (2), Shandong (2), Zhejiang (1)
Jiangxi (6), Zhejiang (2), Guangxi (1), Fujian (1), Jiangsu (1),

Chongqing (1).Sichuan (1), Hunan (1), Shanghai (2)
2006 (53) Anhui (1), Chongqing (3), Jiangsu (2), Guangdong (2), Sichuan (2), Henan (1) Guangdong (14), Sichuan (7), Fujian (1), Guangxi (3),

Henan (1), Jiangxi (16)
2007 (22) Anhui (1), Sichuan (2), Jiangxi (1) Guangdong (4), Sichuan (3), Anhui (1), Jiangxi (10)
2008 (12) Jiangxi (2) Jiangxi (9), Guizhou (1)
2009 (12) Yunnan (4), Shandong (1) Guizhou (1), Jiangxi (6)
2010 (5) Liaoning (2) Guangdong (3)
2011 (1) Jiangsu (1)
2012 (3) Jiangsu (2) Jiangsu (1)

Total (211) 92 119

TABLE 2 Presence of different virulence-associated genes among O139
V. cholerae isolates used in this study

No. of isolates

Presence of genea

CTX prophage

rstR ctxB tcpA rtxC VSP-I VSP-II

Clinical
83 E E E � � �
3 � � � � � �
2 E � C E E � � �
1 rstR6 E E � � �
1 E E E � � �
1 E E E � � �
1 � � E � � �

Environmental
64 � � � � � �
42 E E E � � �
3 E � � � � �
3 � � � � � �
2 E E E � � �
1 E � C � E � � �b

1 E E E � � �
1 E E E � � �
1 E E � � � �
1 � � E � � �

a �, positive; �, negative; C, classical; E, El Tor.
b Positive for six ORFs (VC0490, VC0493, VC0498, VC0502, VC0512, and VC0516) in
VSP-II.
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The majority of toxigenic isolates carried VSP-I (97.8%, 132/
135) and VSP-II (99.3%, 134/135). Three isolates (one from a
patient and two environmental) were negative for five of the tested
open reading frames (ORFs) of VSP-I (Table 2; see Table S2 in the
supplemental material), indicative of the close correlation be-
tween VSP-I/II and carriage of the ctx genes (P � 0.0001). In
contrast, among all 76 nontoxigenic isolates, the positive rates for
VSP-I and VSP-II were 1.3% (1/76) and 2.6% (2/76), respectively.
It is notable that VSP-I/II was found in one pre-CTX (ctxB nega-
tive but rstR positive) environmental isolate (19); this isolate was
negative for five ORFs in VSP-I but positive for six ORFs (VC0490,
VC0493, VC0498, VC0502, VC0512, and VC0516) in VSP-II.

MLST. Among 76 isolates selected, 14 different sequence types
(STs) were obtained (Fig. 2; see Table S2 in the supplemental
material). All 42 toxigenic isolates, although from 15 provinces in
China, had the same ST as MO45 and N16961 and were exclu-
sively grouped into one ST (ST1). While the 34 nontoxigenic iso-
lates were divided into 13 STs, ST13 was predominant, having 13
isolates, from water in two provinces between 1995 and 2009; the
remaining 12 STs included a total of 21 isolates, with each ST
including one to six isolates. eBURST analysis demonstrated that
the STs formed three clonal complexes (CCs). CC1 contained ST1
and ST2, which included all toxigenic isolates and one pre-CTX
isolate (GD2002005) (see Table S2 in the supplemental material)
from a patient in 2002; the two STs differed at the pyrC locus.
ST13, together with the seven other STs (ST6 to ST9, ST11, ST12,
and ST14), formed CC2. CC3 contained two STs (ST4 and ST5),
which differed at the metE locus (see Table S2 in the supplemental
material).

PFGE patterns of the isolates. All 211 isolates were differenti-
ated into 103 distinct pulsotypes (PTs) on the basis of PFGE using
NotI endonuclease digestion (Fig. 3; see Table S2 in the supple-
mental material). The unweighted-pair group method using aver-
age linkages (UPGMA) clustered the PTs into three major groups,
A, B, and C. All 135 toxigenic isolates except one clustered into
group A, comprised 60 PTs, and exhibited 83% similarity, while
all 76 nontoxigenic isolates except one clustered into two groups

(B and C), comprised 43 PTs, and showed 72% similarity. Isolates
with the same PT appeared in different years and in different prov-
inces/regions: for example, among toxigenic isolates in group A,
those in PTs CN0002, CN0005, and CN0047 (containing 25, 10,
and 10 isolates, respectively) came from multiple provinces. At the
same time, multiple PTs were found in the same province at the
same time: for example, in group A, PTs CN0221, CN0066, and
CN0219 appeared in Jiangxi in 2007, and in group B, PTs CN0234,
CN0233, and CN0226 appeared in Jiangxi in 2009. PTs CN0091
and CN0079 (group B) and CN0133 (group C), from water iso-
lates, and CN0052, CN0078, and CN0100 (group A), from patient
isolates, all appeared in Guangdong in 2006. The first outbreak
isolates of China, XJ1993209 and XJ93023 from Xinjiang in 1993
and BJ1994002 from Beijing in 1994, also had different PTs (Fig. 2;
see Table S2 in the supplemental material).

DISCUSSION

Using MLST as a marker for phylogenic analysis, we found re-
markably little evidence of divergence among toxigenic O139 iso-
lates across almost 20 years, with all such isolates within a single
ST, together with the reference O139 isolate from the early days of
the initial O139 epidemic in India. Not unexpectedly, virtually all
clinical patient isolates were toxigenic; however, we also found
that approximately 40% of environmental isolates were toxigenic
and were within the “toxigenic” ST. Isolates within this ST carried
a full complement of El Tor virulence factors (in keeping with the
El Tor O1 isolate[s] from which they have been hypothesized to
have evolved), including the El Tor ctxB gene and VSP-I and -II.
There was evidence of variability in ribotype, as has been previ-
ously described in studies of O139 isolates in China (11). These
observations suggest that despite ongoing genetic changes (as re-
flected in the diversity in ribotype patterns), there has been re-
markable stability in the housekeeping genes that form the basis
for the MLST analysis. Given the close phylogenetic link with the
original Indian isolate, it would also appear likely that the progen-
itor isolate was introduced from India, possibly by an infected
patient, either at the time of or shortly after the original O139
epidemic.

A different pattern emerges among the nontoxigenic isolates.
These isolates were from environmental sources, generally lacked
other virulence genes, did not carry VSP-I and -II, and showed
remarkable divergence in phylogeny: among 42 isolates for which
MLST data were obtained, 13 STs, in two clonal complexes, were
identified. These STs/CCs were clearly distinct from ST1/CC1,
where all of the toxigenic isolates clustered. Two hypotheses might
explain these results. It is possible that clinical O139 isolates lost
virulence elements such as the CTX prophage when introduced
into the environment; however, based on our observations, they
would also have had to have lost VSP-I and VSP-II and undergone
substantial changes in housekeeping genes, as reflected in the di-
versity of STs noted. Alternatively, nontoxigenic/nonvirulent en-
vironmental isolates, from diverse sources, may have acquired the
genetic cassette responsible for biosynthesis of the O139 surface
polysaccharide (capsule and O antigen) (7). In keeping with the
latter hypothesis, we know that the O139 biosynthetic cassette is
movable, as its introduction into a “standard” El Tor O1 isolate
appears to have been responsible for the original emergence of the
epidemic O139 V. cholerae (25). There is also increasing evidence
that O-antigen biosynthetic cassettes are movable among V. chol-

FIG 2 Minimum-spanning tree of 76 V. cholerae O139 isolates in China based
on MLST. Each ST is represented by a circle sized in proportion to the number
of isolates represented by that ST; the colors of the halos surrounding the STs
denote types that belong to the same clonal complex, and the number of allelic
difference between STs is indicated on the branches. The detailed MLST pro-
files can be seen in Table S1 in the supplemental material.
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FIG 3 Dendrogram constructed from the PFGE profiles generated from NotI-digested genomic DNA of V. cholerae O139 isolates in China. AH, Anhui; BJ,
Beijing; CQ, Chongqing; FJ, Fujian; GD, Guangdong; GS, Gansu; GX, Guangxi; GZ, Guizhou; HA, Henan; HN, Hunan; JS, Jiangsu; JX, Jiangxi; LN, Liaoning; SC,
Sichuan; SD, Shandong; SH, Shanghai; XJ, Xinjiang; YN, Yunnan; ZJ, Zhejiang. The scale shows percent similarity.
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erae isolates, possibly in association with a “jump-start” region
adjacent to the rsb complex (26).

PFGE also clustered the toxigenic and nontoxigenic isolates
into different groups, consistent with earlier reports from our
group (12) and in keeping with the findings with MLST. However,
PFGE further divided those groups into different PTs. Forty-six
(34.1%) of toxigenic isolates harbored unique PTs, including the
three isolates first identified in Xinjiang in 1993 and isolates from
multiple provinces and regions in subsequent years. These results
are consistent with the initial emergence of toxigenic O139 isolates
in India and Bangladesh during 1992 to 1993 (4), whereas differ-
ent ribotypes and PFGE patterns were reported during 1995 to
1996 in Bangladesh (27). Unlike the epidemics in Bangladesh and
India, where explosive epidemics and reemergence were observed
(28, 29), O139 cholera in China has primarily involved local out-
breaks, often in the setting of food-borne outbreaks (30–33) asso-
ciated with consumption of seafood contaminated by V. cholerae.
The results obtained in this study indicate that there is a relatively
high rate of toxigenicity among environmental V. cholerae O139
isolates, suggesting that there is a continuing risk for acquisition of
human infections from environmental reservoirs, including sea-
food.

Toxigenic V. cholerae O1 from the early part of the El Tor (7th)
pandemic carried ctxB of what was designated the El Tor type
(ctxB-ET). However, ctxB-ET has subsequently been supplanted,
at a global level, by ctxB matching that from classical (6th pan-
demic) strains (ctxB-CL) (34), with a suggestion that these strains
have increased virulence compared with strains carrying ctxB-ET
(35). For almost a decade, V. cholerae isolates carrying ctxB-ET
were considered extinct, with the exception of a very recent report
(36). Furthermore, variant ctxB genotypes were found in O1 El
Tor isolates in Haiti (37) and the O139 isolates during 1998 to
2005 in Bangladesh (38). Recently, we found that the ctxB-CL type
of V. cholerae O1 El Tor appeared in 1992 and replaced the proto-
type El Tor from 2002 to 2010 in China (39), with other El Tor
variants that differed from known ctxB genotypes also identified
(40). Interestingly, we found no evidence of a shift to the ctxB-CL
type among Chinese O139 isolates included in this study. Factors
responsible for the persistence of the ctxB-ET variant in these
strains are uncertain; however, one might hypothesize that there
was insufficient environmental (or human) exposure to ctxB-CL
genes circulating in O1 strains for gene transfer to have occurred.

In summary, our data highlight the persistence of toxigenic V.
cholerae O139 in clinical and environmental settings across almost
20 years in China. As reflected in their common ST, these isolates
remain closely related genetically. Reservoirs responsible for per-
sistence of these isolates across time and space remain to be iden-
tified. At the same time, there are avirulent, nontoxigenic environ-
mental isolates, from diverse backgrounds, that appear to have
acquired the O139 biosynthetic gene complex. While there re-
mains a theoretical possibility that these nontoxigenic environ-
mental isolates will acquire sufficient virulence determinants to
become human pathogens, their importance in public health is
uncertain.
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