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Abstract

Cholera is an acute diarrheal disease and a major public health problem in many developing

countries in Asia, Africa, and Latin America. Since the Bay of Bengal is considered the epi-

center for the seventh cholera pandemic, it is important to understand the genetic dynamism

of Vibrio cholerae from Kolkata, as a representative of the Bengal region. We analyzed

whole genome sequence data of V. cholerae O1 isolated from cholera patients in Kolkata,

India, from 2007 to 2014 and identified the heterogeneous genomic region in these strains.

In addition, we carried out a phylogenetic analysis based on the whole genome single nucle-

otide polymorphisms to determine the genetic lineage of strains in Kolkata. This analysis

revealed the heterogeneity of the Vibrio seventh pandemic island (VSP)-II in Kolkata strains.

The ctxB genotype was also heterogeneous and was highly related to VSP-II types. In addi-

tion, phylogenetic analysis revealed the shifts in predominant strains in Kolkata. Two distinct

lineages, 1 and 2, were found between 2007 and 2010. However, the proportion changed

markedly in 2010 and lineage 2 strains were predominant thereafter. Lineage 2 can be

divided into four sublineages, I, II, III and IV. The results of this study indicate that lineages 1

and 2-I were concurrently prevalent between 2007 and 2009, and lineage 2-III observed in

2010, followed by the predominance of lineage 2-IV in 2011 and continued until 2014. Our

findings demonstrate that the epidemic of cholera in Kolkata was caused by several distinct
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strains that have been constantly changing within the genetic lineages of V. cholerae O1 in

recent years.

Author summary

Seven cholera pandemics have been recorded throughout history, and the sixth, and pre-

sumably earlier pandemics, emerged from the Bay of Bengal. The seventh pandemic strain

also appeared and spread from this area to different area of the world. Thus, the Bay of

Bengal has always been considered the epicenter of cholera pandemics. In this report, we

characterized the V. cholerae strains isolated from patients with cholera in Kolkata as a

representative area of the Bay of Bengal between 2007 and 2014. The analysis revealed that

the cholera epidemics were caused by several distinct V. cholerae O1 strains and that the

predominant strains have genetically changed several times in recent years.

Introduction

Cholera is an acute life-threatening diarrheal disease and remains a major health threat, partic-

ularly in developing countries in Asia, Africa, and Latin America [1,2]. It is estimated that 1.4

to 4.3 million cases of cholera and 28,000 to 142,000 deaths due to cholera, occur every year

worldwide [3]. The Gram-negative bacterium Vibrio cholerae has more than 200 serogroups,

but only O1 and O139 serogroups are responsible for epidemic and pandemic cholera [4,5].

Serogroup O1 has been further classified into two biotypes, classical and El Tor, based on sev-

eral phenotypic traits. Each biotype has a unique nucleotide sequence within the genes encod-

ing the cholera toxin responsible for severe diarrhea [4]. The cholera toxin is encoded on the

lysogenic bacteriophage CTXF and consists of two subunits, A and B [6]. Corresponding

amino acids at 20/39/68 of the cholera toxin B subunit of the classical biotype are H/H/T

(ctxB1 genotype), and of the El Tor biotype are H/Y/I (ctxB3 genotype) [7]. Historically, seven

cholera pandemics have been recorded since 1817. The sixth, and presumably earlier pandem-

ics, emerged from the Bay of Bengal and were caused by the V. cholerae O1 classical biotype.

However, the current seventh pandemic is caused by the El Tor biotype [5]. Recently, Hu et al.

used comparative genomic analysis to demonstrate that the seventh pandemic strains origi-

nated from a nonpathogenic strain first observed in 1897 and slowly acquired virulence-associ-

ated elements by 1954 before becoming pandemic in 1961 [8]. Over the years, the V. cholerae
O1 El Tor biotype has shown remarkable change and developed novel pathogenic variants that

have the classical type ctxB gene (ctxB1) with an El Tor type genomic backbone [9–15].

Recently, the new ctxB variant (ctxB7) was found in Haiti, amongst other countries, which has

N/H/T at the amino acid position 20/39/68 of the cholera toxin B subunit [16]. This newly

appeared variant of V. cholerae has totally replaced the old strains indicating that the predomi-

nant strain has shifted during the current pandemic [16].

It has also been reported that the Haitian variant strain has evolved due to sequential events

in the Indian subcontinent with some cryptic modification in the genome [17]. Mutreja et al.

reported that the seventh pandemic strain first appeared in the Bay of Bengal and recurrently

spread from this area to different parts of the world in at least three waves [18]. The Bay of

Bengal is therefore considered the epicenter for the seventh cholera pandemic. It is important

to monitor the appearance of new variants of V. cholerae in the Bay of Bengal, as it is possible

that they will spread around the world in the future.
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From the active diarrheal disease surveillance in the Infectious Diseases and Beliaghata

General Hospital in Kolkata, it was established that V. cholerae O1 is one of the most common

bacterial pathogens associated with diarrhea, with an estimated 11,000 cases every year [19].

Thus, cholera continues to be an important public health problem; hence, it is important to

understand the genetic dynamism of V. cholerae from Kolkata, as a representative area of the

Bengal region.

Vibrio Seventh Pandemic Island (VSP) was first detected by comparative genomic analysis

of the classical and El Tor biotype strains of V. cholerae O1 [20]. Although the two genomic

regions, VSP-I and VSP-II, were identified to be unique in the seventh pandemic El Tor strains,

the role of these genomic islands in the pathogenicity of the organism is yet to be established.

VSP-II is a 26.9-kbp genomic region composed of 24 genes between VC0490 and VC0516

according to the annotation of whole genome sequence (WGS) of V. cholerae N16961. These

include genes encoding RNase, type IV pilin, chemotaxis, DNA repair, and transcriptional regu-

lator [21]. Several variants of VSP-II have been reported in El Tor strains isolated from different

continents, including Asia, Africa, and Latin America [22–26]. Therefore, characterization of

VSP-II types is helpful in understanding the genetic lineages involved in the global transmission

of cholera. In addition, WGS analysis is currently used as a powerful tool for understanding

the various functional and evolutionary aspects of the organisms [27–32]. In this study, we car-

ried out WGS analysis of V. cholerae O1 strains isolated between 2007 and 2014 from cholera

patients in Kolkata in order to determine their genetic lineages. This analysis revealed the het-

erogeneity of VSP-II in Kolkata. In addition to the VSP-II genotype, phylogenetic analysis

based on the whole genome single nucleotide polymorphisms (SNPs) revealed that shifts of pre-

dominant strains have occurred several times in recent years in Kolkata.

Results

Heterogeneous VSP-II

To understand the genomic diversity of V. cholerae O1, we randomly selected 10 strains iso-

lated from hospitalized cholera patients in each year between 2007 and 2014. Draft genome

sequences of 80 strains were obtained using a next generation sequencer. Sufficient DNA

sequencing reads were generated to cover the genome at least 60 folds in 79 strains. One strain

was excluded from further analysis due to poor quality of the sequence data. The short se-

quence reads were mapped onto the genomic sequence of V. cholerae N16961 as an El Tor ref-

erence strain. We found that all strains lacked part of VSP-II, which is a 26.9-kbp genomic

island consisting of 24 open reading frames (ORFs), VC0490 to VC0516 (Fig 1A). We deter-

mined the genetic organizations of VSP-II in these strains.

The region from 119th nucleotide of VC0495 to 1320 bp downstream of the VC0498 stop

codon was replaced by a 1257 bp DNA fragment consisting of genes for transposase A and B

subunits in 19 isolates (VSP-IIB, Fig 1B). Furthermore, 2 out of these 19 strains had an inser-

tion of a 1767-bp DNA fragment of SXT IS4 family transposase gene at the 510th nucleotide of

the VC0516 gene (VSP-IIBv1, S1 Fig) or at the 780th nucleotide of the VC0515 gene

(VSP-IIBv2, S1 Fig).

Fifty-eight strains had a larger deletion than VSP-IIB. The 119th nucleotide of VC0495 to

596 bp downstream of the VC0512 stop codon (14,376 bp length) was replaced by genes for

transposase A and B subunits (VSP-IIC, Fig 1C). Moreover, 9 of these strains had an insertion

of the additional transposase gene fragment at the 560th nucleotide of VC0492 (VSP-IICv1, S1

Fig). The deleted regions are distinct in VSP-IIB and VSP-IIC; however, the upstream termi-

nals of the replaced area (119th nucleotide of VC0495) were identical. These observations may

suggest the existence of a hot spot for transposase.

Heterogenic variation in Vibrio cholerae O1
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Two strains were negative for VSP-II (VSP-IID, Fig 1D). The VSP-II was integrated

between two attachment sites, attL (14 bp) and attR (16 bp), in all the VSP-II positive strains

(Fig 1A). Murphy et al. demonstrated that VSP-II could be excised from the chromosome due

to VC0516, which encodes an integrase, and the post-excision att site was of a shorter type (14

bp), identical to attL [32]. Classical strains O395 and V51, which are VSP-II-negative isolates,

have a 16-bp att site identical to attR. However, VSP-II-negative strains in this study had an

att site of 13 bp (Fig 1D). A shortened att site might be a consequence of excision of VSP-II

from a VSP-II-positive El Tor strain.

Taken together, we identified three types of VSP-II in clinical V. cholerae O1 isolates in Kol-

kata (Fig 1). In addition, variants of VSP-IIC that have insertions of an additional transposase

gene fragment in VC0492, and of VSP-IIB, that also has an insertion of SXT IS4 family trans-

posase gene in VC0516 or VC0515, were identified (S1 Fig).

Frequencies of three VSP-II types in each year are shown in S2 Fig. Interestingly, VSP-IIC

strains numbered less than half until 2009. This genotype rapidly spread in 2010 and eventually

replaced the other types during subsequent years (S2 Fig). These results indicate that the geno-

mic islands of V. cholerae O1 strains are frequently rearranged in Kolkata. VSP-IICv1 strains

have an additional transposase gene fragment inserted into VC0492 (S1 Fig). Nine strains

were identified as this variant, all of which were isolated in 2011, indicating that VSP-IICv1

strains appeared in 2011 and suddenly became predominant, but then quickly disappeared in

2012. The results also indicate that the predominant strain of V. cholerae O1 can rapidly shift

in a particular area during an endemic, or that diverged strains were present in the environ-

ment of a particular area, which might have caused the seventh pandemic.

ctxB variants

V. cholerae O1 El Tor strains were characterized by several ctxB variants including ctxB3,

ctxB1, and ctxB7 in the typical El Tor type, El Tor variant, and Haitian variant, respectively.

Genotypes of ctxB and VSP-II of each strain used in this study are shown in S1 Table.

Although strains were isolated from hospitalized patients with typical cholera symptoms, two

Fig 1. Genetic organization of VSP-II in V. cholerae O1 isolated from Kolkata, India. (A) Intact VSP-II of reference strain N16961, (B) VSP-IIB, (C)

VSP-IIC, (D) VSP-IID of VSP-II negative strain. Arrows represent ORFs according to the annotation of V. cholerae N16961. Deduced sequence and location

of att site are also shown.

doi:10.1371/journal.pntd.0005386.g001

Heterogenic variation in Vibrio cholerae O1

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005386 February 13, 2017 4 / 14



strains were negative for ctxB (strain IDH-00115 in 2007 and IDH-02185 in 2009). Our hospi-

tal-based surveillance screened for 25 enteric pathogens including 15 bacteria, 6 viruses and 4

parasites in each fecal sample [19]. However, the ctxB negative V. cholerae O1 was the sole

pathogen detected. Although epidemic cholera is caused by cholera toxin-positive V. cholerae,

strains without cholera toxin can cause a diarrheal disease through other possible virulence

factors, including the heat-stable toxin (NAG-ST) [33], hemolysin (Hly), type III secretion sys-

tem (T3SS) [34, 35], cholix toxin (Chx) [36, 37], mannose sensitive hemagglutination (MshA)

and repeat in toxin (RtxA). Two ctxB-negative strains, as well as the ctxB-positive strain in cur-

rent study, harbored genes encoding for Hly, MshA and RxtA, but not NAG-ST, structural

proteins of T3SS and Chx. The other 77 strains harbored the ctxB gene, either ctxB1 (n = 20) or

ctxB7 (n = 57) genotypes. As shown in S1 Table, 18 strains with ctxB1 had VSP-IIB and the

other 2 strains had VSP-IID. All 57 strains with ctxB7 had VSP-IIC. Both VSP-II and CTXF

prophage are mobile elements and the distance between these elements is more than 1 Mbp on

the 2.96 Mbp on chromosome 1 in the reference genome. If the mutations in ctxB and VSP-II

were independent events, either element may have affected the acquisition or selectivity of

another element.

Phylogenetic analysis

To assess the genetic lineage of V. cholerae O1 clinical isolates in Kolkata, we performed phylo-

genetic analysis based on the genome-wide SNPs. As shown in Fig 2A, the seventh pandemic

El Tor strains clade differed from the pre-seventh pandemic strains. The 79 V. cholerae strains

isolated in Kolkata between 2007 and 2014 belonged to wave 3 of seventh pandemic and were

classified into two lineages (Fig 2B, blue and red branches). Lineage 1 contained 20 Kolkata

Fig 2. Maximum likelihood tree generated from SNPs in the core genome. (A) Phylogenetic tree of the 7th pandemic El Tor strains with the

non-O1, non-O139 and pre-seventh pandemic strains. 100,600 SNPs were identified in 276 strains. Gray triangle show collapsed clade containing

the 7th pandemic El Tor strains. (B) Phylogenetic tree of the 7th pandemic clade containing all Kolkata isolates. 1,772 SNPs were identified in 243

strains. Branches colored blue and red indicate lineage 1 and 2, respectively. Gray thin circle show wave 3 lineage. Positions of the Kolkata isolates

are indicated with color rings representing their characteristics on the outside tree.

doi:10.1371/journal.pntd.0005386.g002
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strains with the ctxB1 allele, one Kolkata strain negative for ctxB, and other strains isolated in

India and Nepal. In addition to 19 VSP-IIB strains, the two VSP-IID strains were also found in

this lineage. This result is consistent with the notion that these VSP-IID strains are not of the

classical biotype but instead seventh pandemic strains after the excision of VSP-II, as suggested

by the short att site. Each VSP-IID strain is closely related to each other and with the VSP-IIB

strains, suggesting that VSP-IID is a derivative of the VSP-IIB strain as a consequence of the

excision of VSP-II. Lineage 2 contains 58 strains, of which 57 strains possesses ctxB7 and one

negative for ctxB gene. Although all 58 lineage 2 strains harbored VSP-IIC, lineage 2 was

divided into four sublineages, I, II, III, and IV (Fig 3). Lineages 2-I, 2-II, and 2-III comprised

South Asian isolates; however, 2-IV also contained Haitian isolates. In this lineage, Kolkata

strains isolated between 2010 and 2014 were more clustered among themselves owing to the

Fig 3. Phylogenetic sub-tree of strains in lineage 2. Magenta, yellow, orange, and red branches represent sublineage 2-I, 2-II and 2-III,

respectively. Other characteristics of strains are indicated by the three colored rings surrounding the tree. Information of VSP-II type was obtained

only from Kolkata isolates.

doi:10.1371/journal.pntd.0005386.g003
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relatedness between Nepalese and Haitian isolates (Fig 3). Strains with VSP-IICv1, which is a

transposon-inserted variant of VSP-IIC, formed a cluster (Fig 3), suggesting clonal expansion

of the lineage 2-IV with VSP-IICv1. Each of the two ctxB-negative strains was phylogenetically

within lineages 1 and 2, therefore seeming to emerge independently.

Temporal analysis

Phylodynamic analysis of the 79 Kolkata strains was investigated via Bayesian analysis (Fig 4).

Kolkata strains between 2007 and 2014 were divided into lineage 1 (n = 21), which possesses

VSP-IIB and ctxB1, and lineage 2 (n = 58) that largely possesses VSP-IIC and ctxB7. It was

estimated from the maximum clade credibility tree that the most recent common ancestor

(MRCA) of lineage 2 emerged in July 2006 (95% HPD: September 2005 to February 2007).

Lineage 1 emerged in January 2006 (95% HPD: January 2005 to October 2006) and the isolates

in lineage 1 lasted until December 2010. Consequently, two distinct V. cholerae O1 lineages

were concurrently distributed in Kolkata between July 2006 and December 2010. As for the

58 strains in lineage 2, Kolkata strains belonged to lineage 2-I (n = 9), 2-III (n = 8), or 2-IV

(n = 41). The isolates of lineage 2-I that circulated between 2007 and 2009 were replaced with

the isolates of lineage 2-III. The analysis predicted that the MRCA of lineage 2-III existed in

August 2009 (95% HPD: April 2009 to December 2009); however, lineage 2-III was transient,

at least in Kolkata, because the isolates were only observed in 2010. Lineage 2-IV strains fol-

lowed the transient lineage 2-III spike in Kolkata, for which the divergence time of the two lin-

eages was estimated to be in March 2008 (95% HPD: July 2007 to November 2008). All 40

strains between 2011 and 2014 belonged to the lineage 2-IV cluster with Nepalese and Haitian

isolates, and the MRCA seemed to emerge in April 2010 (95% HPD: September 2009 to Sep-

tember 2010). The first lineage 2-IV strain isolated in March 2010 was different from the other

lineage 2-IV Kolkata strains and assigned to a distinct cluster of Indian isolates, which were

isolated in Northern India in 2009 [23], suggesting that a surge in lineage 2-IV including Hai-

tian isolates in Kolkata started suddenly at April 2010 and continued until 2014.

Discussion

WGS of clinical V. cholerae O1 isolates in Kolkata determined the sequence variation of

VSP-II, which related to the ctxB allele. The phylogenetic analysis of strains found in Kolkata

revealed two distinct lineages (lineages 1 and 2) and the coexistence of strains of both lineages

between July 2006 and December 2010, thus indicating the concurrent prevalence of at least

two genetically distinct V. cholerae strains. However, the ratio of the two lineages changed

markedly from 2010 onward. Lineage 2 strains increased in 2010 and totally replaced lineage 1

strains in 2011, which continued to be predominant until 2014. Additionally, strains in lineage

2 were diverse and showed a temporal pattern. Lineage 2 strains isolated between 2007 and

2009 were categorized as lineage 2-I and those observed during 2010, lineage 2-III. Strains in

lineage 2-IV were first found in 2010 and then became predominant. Around the same time

elsewhere in India, V. cholerae strains showed variations in several genes and seemed to evolve

sequentially with some cryptic modification in the genome [17, 38, 39]. Our results are in

agreement with previous findings of genome-wide SNP analysis, suggesting that the genotypes

of V. cholerae O1 in Kolkata had been replaced on several occasions in recent years.

Since the discovery of the prototypical VSP-II genomic island in 2004 [21], several variants

have been identified from different continents. An environmental isolate in Brazil in 1982,

TMA21, had deletions from downstream of VC0498 to VC0503 and from VC0511 to VC0515

[26]. Clinical isolates in Peru between 1991 and 2003 lacked genes VC0512 to VC0515 [25],

and West African and South American isolates between 1981 and 1985 also lacked VC0512 to

Heterogenic variation in Vibrio cholerae O1
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VC0515 [18]. In Africa, Zambian isolates from 2003 to 2004 had deletions from VC0493 to

VC0498 [23]. However, such VSP-II variants were not found in Kolkata between 2007 and

Fig 4. Maximum clade credibility tree of V. cholerae O1 isolates in Kolkata. Branches colored blue and

red indicate lineage 1 and 2, respectively. Node bars represent the 95% highest posterior density (HPD)

range for the estimated divergence time at each node. Background of strain is colored according to the

respective sublineage in Fig 3.

doi:10.1371/journal.pntd.0005386.g004
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2014. CIRS101 isolated in Bangladesh in 2002 had a substitution from VC0495 to VC0512 by

transposase, which is identical to VSP-IIC in this study [26]. Moreover, both VSP-IIB isolates

and VSP-IIC isolates were found in Chandigarh, a province of northern India, in 2009 [22].

These strains could emerge and spread widely throughout the Indian subcontinent and, fur-

ther work with retrospective analysis would be required to elucidate the emergence mecha-

nism of VSP-II variants. It has been reported that V. cholerae strains in all pandemics

disseminated from the Bay of Bengal to the rest of the world [18] and considering this ten-

dency, it is possible that the new VSP-II variants could spread beyond this region.

Taviani et al. reported that among 97 isolates in Bangladesh between 2004 and 2007, 96

strains harbored VSP-IIC [26]. This type was found to be predominant in Kolkata after 2010

(S2 Fig). Although both Kolkata and Bangladesh border the Bay of Bengal, transition patterns

of predominant strains are temporally distinct. In addition, prevalence of the ctxB allele also

differed between Dhaka, Bangladesh, and Kolkata. In Dhaka, isolates with ctxB1 reemerged in

2012 and became dominant between 2013 and 2014 by outcompeting the former dominant

ctxB7 strains [40]. During the same period in Kolkata, all strains possessed the ctxB7 allele [17]

and belonged to lineage 2-IV in this study. From our SNP analysis and correlation with ctxB
typing, we speculate that the current predominant strain in Dhaka belongs to lineage 1. Con-

sidering the prevalence trends of V. cholerae O1 in Kolkata, novel genetic variants may appear

frequently and spread to other regions.

Our genome-wide SNP analysis demonstrates the phylogenetic relatedness between Kolkata

strains and strains isolated from other areas, especially strains in lineage 1. However, the line-

age 2 strains formed a spatiotemporal homogeneous cluster. The limited amount of available

genome data might affect the apparent homogeneous cluster formation. Two exceptions are

observed in clusters in lineage 2-III, formed by Kolkata and Nepalase strains, and in lineage

2-IV. The former, a cluster made by 8 Kolkata strains isolated in 2010 includes one Nepalese

2010 strain. The other cluster, consisting of Northern India strains isolated in 2009, includes

one Kolkata strain isolated in 2010. More genomic data from next-generation sequencing

would reveal more precise dissemination and evolutionary trends of V. cholerae O1. WGS-

based analysis could help us to understand the temporal and geographical spread of V. cho-
lerae; hence, continued monitoring of V. cholerae O1 is needed in all cholera endemic regions.

In addition, WGS has been utilized in several studies to understand global transmission and

phylogeny of pathogenic bacteria including V. cholerae, Shigella dysenteriae and Salmonella
Enteritidis [18, 41, 42]. Our work characterized the transition of predominant strains during

several continuous years at the epicenter of cholera. Combining these studies with computa-

tional modeling may enable us to predict strains that cause epidemics throughout the world.

Methods

Bacterial strains

Vibrio cholerae O1 strains used in this study are listed in S1 Table with the year and month of

isolation. These strains were isolated from fecal samples of hospitalized patients with typical

cholera symptoms in Kolkata, India between 2007 and 2014. V. cholerae strains were isolated

by streaking the stool samples on thiosulphate citrate bile salts sucrose (TCBS) agar plates and

typical sucrose fermenting yellow colonies were tested by serum agglutination using V. cho-
lerae O1 polyvalent antiserum (Becton Dickinson, Sparks). Isolated strains were stored in

-80˚C as glycerol stock. Fecal samples were collected two days a week from every fifth diarrheal

patient (approximately 5.7% of total diarrheal patients). Annually, 93 to 363 samples were pos-

itive for V. cholerae O1 between 2007 and 2014. Ten V. cholerae O1 strains were chosen each

year at random to represent predominant months of each year and subjected to the analysis.

Heterogenic variation in Vibrio cholerae O1
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The patients were aged between 1 month and 89 years at two hospitals in Kolkata, and all

patients were discharged after treatment.

Whole-genome sequencing

Genomic DNA was prepared using the DNeasy Blood & Tissue Kit (Qiagen) according to the

manufacturer’s instructions. In total, 80 V. cholerae O1 strains were used for whole genome

sequencing. We prepared Illumina libraries using Nextera XT DNA Library Preparation Kit

(Illumina) and sequenced paired-end Illumina short reads for each library on HiSeq 2500 (Illu-

mina) or MiSeq (Illumina) sequencers. The sequence reads were mapped with V. cholerae O1

El Tor reference strain N16961 by using CLC Genomics Workbench 8.5.1 (CLC bio) to obtain

whole genome alignment. The reads were assembled using a de novo genome assembly pro-

gram of CLC Genomics Workbench and a multicontig draft genome was generated for each

sample. Nucleotide sequence data were submitted to the DDBJ Sequenced Read Archive and

each accession number is listed in S1 Table.

Identification of VSP-II

Comparison of short sequence reads with the genomic sequence of V. cholerae N16961, a pro-

totype strain of seventh pandemic El Tor biotype, suggested the lack of a large area in the

VSP-II genomic island; thus, genetic organizations of VSP-II in each strain used in this study

were identified (Fig 1). Among 79 strains, 19, 58, and 2 were found to lack the ORFs from

VC0495 to VC0498, VC0495 to VC0512, and the entire VSP-II sequence, respectively. Strains

lacking the entire VSP-II sequence generated a contig cover from upstream to downstream of

VSP-II region (Fig 1D).

Nineteen strains lacked the internal region of VSP-II from VC0495 to VC0498 as compared

with the N16961 sequence and did not generate a contig cover from upstream to downstream

of the missing area. This area of each strain was PCR amplified and the sequence of this ampli-

con was determined using the Sanger method (Fig 1B). Among these 19 strains, 2 strains had

truncated contigs within VSP-II region in addition to the lacking area. These contigs were also

amplified and the sequence was determined (S1 Fig).

The rest of the 58 strains were found to lack the ORFs from VC0495 to VC0512 as com-

pared with the N16961 sequence. This area of each strain was PCR amplified and determined

the sequence of a representative strain (Fig 1C). To confirm the identity of VSP-II, the entire

VSP-II fragments of these strains were amplified and analyzed by Restriction Fragment Length

Polymorphism (RFLP) using BglII. Nine strains showed altered band patterns compared with

the others, and the difference of these VSP-II sequence were identified by PCR amplification

and sequencing (S1 Fig).

SNP detection and phylogenetic analysis

To remove adapter sequences and low quality bases with a Phred score of less than 15 from the

short reads, read trimming was performed using fastq-mcf (https://expressionanalysis.github.

io/ea-utils/) and sickle (https://github.com/najoshi/sickle) program. Simulated paired-end

reads were constructed from the available genomic sequences of V. cholerae strains using Sim-

Seq software [43] with the following parameter: number of pairs of reads, ‘‘read_number

2000000”; mean library insert size, ‘‘insert_size 150”; and paired-end reads length of 120 mer,

‘‘21 120 22 120”. These parameters indicated that 4 million hypothetical 120-mer reads were

generated without mutations or indels from the genomic sequences used for SNP identifica-

tion. The trimmed or simulated reads with at least 40 mer were mapped using the BWA-mem

program [44] against the N16961 sequence (NC_002505.1 and NC_002506.1) [45], and the
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read mapping data were constructed by the samtools program [46]. All SNPs with at least a 5×
coverage depth and a Phred score of at least 20 were extracted using VarScan v2.3.4 [47]. The

SNPs on the repeat and prophage regions of the N16961 genome, which was identified by the

NUCmer [48] and PHAST [49] program, was excluded for further core-genome phylogeny

analysis. Additionally, to exclude for the recombination regions, RecHMM was used to iden-

tify the recombination region [50]. The remaining SNPs were concatenated to generate a

pseudo sequence for phylogenetic analysis; maximum likelihood phylogenetic analysis was

performed using RAxML v8.2.0 [51] with 1,000 bootstrap iterations. The trees were visualized

using iTOL 3 (http://itol.embl.de/) [52].

Bayesian phylogenetic inference

To estimate the divergence date of the V. cholerae O1 isolate in Kolkata, we performed a tem-

poral analysis using the Bayesian Evolutionary Analysis Sampling Trees (BEAST) v.2.4.4 soft-

ware package [53]. The isolation date of each strain was used as tip data. A random clock

model was implemented using Markov Chain Monte Carlo (MCMC) chains run for 100 mil-

lion generations with 10% burn-in and sampled every 1000 generations. A GTR nucleotide

substitution model was used with a gamma distribution with four rate categories. The effective

sample sizes were greater than 200 for all estimated parameters and tree data were summarized

to generate the maximum clade credibility tree.

Ethics statement

This study was approved by the duly constituted Institutional Ethics Committee (IEC) of

National Institute of Cholera and Enteric Diseases. As per the recommendation of IEC, indi-

vidual written informed consent was obtained from each adult patient and a parent or guard-

ian of child patient enrolled in this study and confidentiality was maintained.

Supporting information

S1 Table. Characterization of V. cholerae O1 clinical isolates in Kolkata.

(XLSX)

S2 Table. List of genomes from public databases.

(XLSX)

S1 Fig. Genetic organization of VSP-IIB and VSP-IIC variants. Arrows represented ORF

according to the annotation of V. cholerae N16961.

(TIF)

S2 Fig. Temporal shift of VSP-II type distribution in Kolkata, India from 2007 to 2014.

(TIF)

Author Contributions

Conceptualization: SS MO.

Data curation: DI MM TS.

Formal analysis: TS MK.

Funding acquisition: SiM MO.

Investigation: DI MM TS TT.

Heterogenic variation in Vibrio cholerae O1

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005386 February 13, 2017 11 / 14

http://itol.embl.de/
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005386.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005386.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005386.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005386.s004


Methodology: MM TR SS MO.

Project administration: MO.

Resources: TM GC GPP.

Supervision: TY AKM TR SiM SS MO.

Visualization: DI MM TS.

Writing – original draft: DI MM TS MO.

Writing – review & editing: DI MM TS AKM TR SS MO.

References

1. Colwell RR. Global climate and infectious disease: the cholera paradigm. Science. 1996; 274:2025–

2031. PMID: 8953025

2. Faruque SM, Albert MJ, Mekalanos JJ. Epidemiology, genetics, and ecology of toxigenic Vibrio cho-

lerae. Microbiol Mol Biol Rev. 1998; 62:1301–1314. PMID: 9841673

3. Ali M, Lopez AL, You YA, Kim YE, Sah B, Maskery B, et al. The global burden of cholera. Bull World

Health Organ. 2012; 90:209–218A. doi: 10.2471/BLT.11.093427 PMID: 22461716

4. Kaper JB, Morris JG Jr, Levine MM. Cholera. Clin Microbiol Rev. 1995; 8:48–86. PMID: 7704895

5. Safa A, Nair GB, Kong RY. Evolution of new variants of Vibrio cholerae O1. Trends Microbiol. 2010;

18:46–54. doi: 10.1016/j.tim.2009.10.003 PMID: 19942436

6. Waldor MK, Mekalanos JJ. Lysogenic conversion by a filamentous phage encoding cholera toxin. Sci-

ence. 1996; 272:1910–1914. PMID: 8658163

7. Olsvik O, Wahlberg J, Petterson B, Uhlén M, Popovic T, Wachsmuth IK, et al. Use of automated

sequencing of polymerase chain reaction-generated amplicons to identify three types of cholera toxin

subunit B in Vibrio cholerae O1 strains. J Clin Microbiol. 1993; 31:22–25. PMID: 7678018

8. Hu D, Liu B, Feng L, Ding P, Guo X, Wang M. Origins of the current seventh cholera pandemic. Proc

Natl Acad Sci USA. 2016; 113:E7730–E7739. doi: 10.1073/pnas.1608732113 PMID: 27849586

9. Alam M, Islam MT, Rashed SM, Johura FT, Bhuiyan NA, Delgado G, et al. Vibrio cholerae classical bio-

type strains reveal distinct signatures in Mexico. J Clin Microbiol. 2012; 50:2212–2216. doi: 10.1128/

JCM.00189-12 PMID: 22518867

10. Ceccarelli D, Spagnoletti M, Bacciu D, Cappuccinelli P, Colombo MM. New V. cholerae atypical El Tor

variant emerged during the 2006 epidemic outbreak in Angola. BMC Microbiol. 2011; 13:130.

11. Morita M, Ohnishi M, Arakawa E, Bhuiyan NA, Nusrin S, Alam M, et al. Development and validation of a

mismatch amplification mutation PCR assay to monitor the dissemination of an emerging variant of Vib-

rio cholerae O1 biotype El Tor. Microbiol Immunol. 2008; 52:314–317. doi: 10.1111/j.1348-0421.2008.

00041.x PMID: 18577166

12. Morita M, Ohnishi M, Arakawa E, Yamamoto S, Nair GB, Matsushita S, et al. Emergence and genetic

diversity of El Tor Vibrio cholerae O1 that possess classical biotype ctxB among travel-associated

cases of cholera in Japan. J Med Microbiol. 2010; 59:708–712. doi: 10.1099/jmm.0.017624-0 PMID:

20223896

13. Nair GB, Faruque SM, Bhuiyan NA, Kamruzzaman M, Siddique AK, Sack DA. New variants of Vibrio

cholerae O1 biotype El Tor with attributes of the classical biotype from hospitalized patients with acute

diarrhea in Bangladesh. J Clin Microbiol. 2002; 40:3296–3299. doi: 10.1128/JCM.40.9.3296-3299.2002

PMID: 12202569

14. Okada K, Roobthaisong A, Nakagawa I, Hamada S, Chantaroj S. Genotypic and PFGE/MLVA analyses

of Vibrio cholerae O1: geographical spread and temporal changes during the 2007–2010 cholera out-

breaks in Thailand. PLoS One. 2012; 7:e30863. doi: 10.1371/journal.pone.0030863 PMID: 22292065

15. Raychoudhuri A, Patra T, Ghosh K, Ramamurthy T, Nandy RK, Takeda Y, et al. Classical ctxB in Vibrio

cholerae O1, Kolkata, India. Emerg Infect Dis. 2009; 15:131–132. doi: 10.3201/eid1501.080543 PMID:

19116078

16. Son MS, Megli CJ, Kovacikova G, Qadri F, Taylor RK. Characterization of Vibrio cholerae O1 El Tor bio-

type variant clinical isolates from Bangladesh and Haiti, including a molecular genetic analysis of viru-

lence genes. J Clin Microbiol. 2011; 49:3739–3749. doi: 10.1128/JCM.01286-11 PMID: 21880975

Heterogenic variation in Vibrio cholerae O1

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005386 February 13, 2017 12 / 14

http://www.ncbi.nlm.nih.gov/pubmed/8953025
http://www.ncbi.nlm.nih.gov/pubmed/9841673
http://dx.doi.org/10.2471/BLT.11.093427
http://www.ncbi.nlm.nih.gov/pubmed/22461716
http://www.ncbi.nlm.nih.gov/pubmed/7704895
http://dx.doi.org/10.1016/j.tim.2009.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19942436
http://www.ncbi.nlm.nih.gov/pubmed/8658163
http://www.ncbi.nlm.nih.gov/pubmed/7678018
http://dx.doi.org/10.1073/pnas.1608732113
http://www.ncbi.nlm.nih.gov/pubmed/27849586
http://dx.doi.org/10.1128/JCM.00189-12
http://dx.doi.org/10.1128/JCM.00189-12
http://www.ncbi.nlm.nih.gov/pubmed/22518867
http://dx.doi.org/10.1111/j.1348-0421.2008.00041.x
http://dx.doi.org/10.1111/j.1348-0421.2008.00041.x
http://www.ncbi.nlm.nih.gov/pubmed/18577166
http://dx.doi.org/10.1099/jmm.0.017624-0
http://www.ncbi.nlm.nih.gov/pubmed/20223896
http://dx.doi.org/10.1128/JCM.40.9.3296-3299.2002
http://www.ncbi.nlm.nih.gov/pubmed/12202569
http://dx.doi.org/10.1371/journal.pone.0030863
http://www.ncbi.nlm.nih.gov/pubmed/22292065
http://dx.doi.org/10.3201/eid1501.080543
http://www.ncbi.nlm.nih.gov/pubmed/19116078
http://dx.doi.org/10.1128/JCM.01286-11
http://www.ncbi.nlm.nih.gov/pubmed/21880975


17. Ghosh P, Naha A, Pazhani GP. Ramamurthy T, Mukhopadhyay AK. Genetic traits of Vibrio cholerae

O1 Haitian isolates that are absent in contemporary strains from Kolkata, India. PLoS One. 2014; 9:

e112973. doi: 10.1371/journal.pone.0112973 PMID: 25415339

18. Mutreja A, Kim DW, Thomson NR, Connor TR, Lee JH, Kariuki S, et al. Evidence for several waves of

global transmission in the seventh cholera pandemic. Nature. 2011; 477:462–465. doi: 10.1038/

nature10392 PMID: 21866102

19. Nair GB, Ramamurthy T, Bhattacharya MK, Krishnan T, Ganguly S, Saha DR, et al. Emerging trends in

the etiology of enteric pathogens as evidenced from an active surveillance of hospitalized diarrhoeal

patients in Kolkata, India. Gut Pathog. 2010; 2:4. doi: 10.1186/1757-4749-2-4 PMID: 20525383

20. Dziejman M, Balon E, Boyd D, Fraser CM, Heidelberg JF, Mekalanos JJ. Comparative genomic analy-

sis of Vibrio cholerae: genes that correlate with cholera endemic and pandemic disease. Proc Natl Acad

Sci USA. 2002; 99:1556–1561. doi: 10.1073/pnas.042667999 PMID: 11818571

21. O’Shea YA, Finnan S, Reen FJ, Morrissey JP, O’Gara F, Boyd EF. The Vibrio seventh pandemic

island-II is a 26.9 kb genomic island present in Vibrio cholerae El Tor and O139 serogroup isolates that

shows homology to a 43.4 kb genomic island in V. vulnificus. Microbiology. 2004; 150:4053–4063. doi:

10.1099/mic.0.27172-0 PMID: 15583158

22. Abd El Ghany M, Chander J, Mutreja A, Rashid M, Hill-Cawthorne GA, Ali S, et al. The population struc-

ture of Vibrio cholerae from the Chandigarh Region of Northern India. PLoS Negl Trop Dis. 2014; 8:

e2981. doi: 10.1371/journal.pntd.0002981 PMID: 25058483

23. Bhuiyan NA, Nusrin S, Ansaruzzaman M, Islam A, Sultana M, Alam M, et al. Genetic characterization of

Vibrio cholerae O1 strains isolated in Zambia during 1996–2004 possessing the unique VSP-II region of

El Tor variant. Epidemiol Infect. 2012; 140:510–518. doi: 10.1017/S0950268811000926 PMID:

21676349

24. Choi SY, Rashed SM, Hasan NA, Alam M, Islam T, Sadique A, et al. Phylogenetic Diversity of Vibrio

cholerae Associated with Endemic Cholera in Mexico from 1991 to 2008. mBio. 2016; 7:e02160–15.

25. Nusrin S, Gil AI, Bhuiyan NA, Safa A, Asakura M, Lanata CF, et al. Peruvian Vibrio cholerae O1 El Tor

strains possess a distinct region in the Vibrio seventh pandemic island-II that differentiates them from

the prototype seventh pandemic El Tor strains. J Med Microbiol. 2009; 58:342–354. doi: 10.1099/jmm.

0.005397-0 PMID: 19208885

26. Taviani E, Grim CJ, Choi J, Chun J, Haley B, Hasan NA, et al. Discovery of novel Vibrio cholerae VSP-II

genomic islands using comparative genomic analysis. FEMS Microbiol Lett. 2010; 308:130–137. doi:

10.1111/j.1574-6968.2010.02008.x PMID: 20528940

27. Feng L, Reeves PR, Lan R, Ren Y, Gao C, Zhou Z, et al. A recalibrated molecular clock and indepen-

dent origins for the cholera pandemic clones. PLoS One. 2008; 3: e4053. doi: 10.1371/journal.pone.

0004053 PMID: 19115014

28. Hendriksen RS, Price LB, Schupp JM, Gillece JD, Kaas RS, Engelthaler DM, et al. Population genetics

of Vibrio cholerae from Nepal in 2010: evidence on the origin of the Haitian outbreak. mBio. 2011; 2:

e00157–00111. doi: 10.1128/mBio.00157-11 PMID: 21862630

29. Reimer AR, Van Domselaar G, Stroika S, Walker M, Kent H, Tarr C, et al. Comparative genomics of

Vibrio cholerae from Haiti, Asia, and Africa. Emerging infectious diseases. 2011; 17:2113–21. doi: 10.

3201/eid1711.110794 PMID: 22099115

30. Hasan NA, Choi SY, Eppinger M, Clark PW, Chen A, Alam M, et al. Genomic diversity of 2010 Haitian

cholera outbreak strains. Proc Natl Acad Sci USA. 2012; 109: E2010–E2017. doi: 10.1073/pnas.

1207359109 PMID: 22711841

31. Kim EJ, Lee CH, Nair GB, Kim DW. Whole-genome sequence comparisons reveal the evolution of Vib-

rio cholerae O1. Trends Microbiol. 2015; 23:479–489. doi: 10.1016/j.tim.2015.03.010 PMID: 25913612

32. Murphy RA, Boyd EF. Three pathogenicity islands of Vibrio cholerae can excise from the chromosome

and form circular intermediates. J Bacteriol. 2008; 190:636–647. doi: 10.1128/JB.00562-07 PMID:

17993521

33. Ogawa A, Takeda T. The gene encoding the heat-stable enterotoxin of Vibrio cholerae is flanked by

123-base pair direct repeats. Microbiol Immunol. 1993; 37:607–616. PMID: 8246823

34. Dziejman M, Serruto D, Tam VC, Sturtevant D, Diraphat P, Faruque SM et al. Genomic characterization

of non-O1, non-O139 Vibrio cholerae reveals genes for a type III secretion system. Proc Natl Acad Sci

USA. 2005; 102:3465–3470. doi: 10.1073/pnas.0409918102 PMID: 15728357

35. Morita M, Yamamoto S, Hiyoshi H, Kodama T, Okura M, Arakawa E, et al. Horizontal gene transfer of a

genetic island encoding a type III secretion system distributed in Vibrio cholerae. Microbiol Immunol.

2013; 57:334–339. doi: 10.1111/1348-0421.12039 PMID: 23668604

Heterogenic variation in Vibrio cholerae O1

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005386 February 13, 2017 13 / 14

http://dx.doi.org/10.1371/journal.pone.0112973
http://www.ncbi.nlm.nih.gov/pubmed/25415339
http://dx.doi.org/10.1038/nature10392
http://dx.doi.org/10.1038/nature10392
http://www.ncbi.nlm.nih.gov/pubmed/21866102
http://dx.doi.org/10.1186/1757-4749-2-4
http://www.ncbi.nlm.nih.gov/pubmed/20525383
http://dx.doi.org/10.1073/pnas.042667999
http://www.ncbi.nlm.nih.gov/pubmed/11818571
http://dx.doi.org/10.1099/mic.0.27172-0
http://www.ncbi.nlm.nih.gov/pubmed/15583158
http://dx.doi.org/10.1371/journal.pntd.0002981
http://www.ncbi.nlm.nih.gov/pubmed/25058483
http://dx.doi.org/10.1017/S0950268811000926
http://www.ncbi.nlm.nih.gov/pubmed/21676349
http://dx.doi.org/10.1099/jmm.0.005397-0
http://dx.doi.org/10.1099/jmm.0.005397-0
http://www.ncbi.nlm.nih.gov/pubmed/19208885
http://dx.doi.org/10.1111/j.1574-6968.2010.02008.x
http://www.ncbi.nlm.nih.gov/pubmed/20528940
http://dx.doi.org/10.1371/journal.pone.0004053
http://dx.doi.org/10.1371/journal.pone.0004053
http://www.ncbi.nlm.nih.gov/pubmed/19115014
http://dx.doi.org/10.1128/mBio.00157-11
http://www.ncbi.nlm.nih.gov/pubmed/21862630
http://dx.doi.org/10.3201/eid1711.110794
http://dx.doi.org/10.3201/eid1711.110794
http://www.ncbi.nlm.nih.gov/pubmed/22099115
http://dx.doi.org/10.1073/pnas.1207359109
http://dx.doi.org/10.1073/pnas.1207359109
http://www.ncbi.nlm.nih.gov/pubmed/22711841
http://dx.doi.org/10.1016/j.tim.2015.03.010
http://www.ncbi.nlm.nih.gov/pubmed/25913612
http://dx.doi.org/10.1128/JB.00562-07
http://www.ncbi.nlm.nih.gov/pubmed/17993521
http://www.ncbi.nlm.nih.gov/pubmed/8246823
http://dx.doi.org/10.1073/pnas.0409918102
http://www.ncbi.nlm.nih.gov/pubmed/15728357
http://dx.doi.org/10.1111/1348-0421.12039
http://www.ncbi.nlm.nih.gov/pubmed/23668604


36. Awasthi SP, Asakura M, Chowdhury N, Neogi SB, Hinenoya A, Golbar HM et al. Novel cholix toxin vari-

ants, ADP-ribosylating toxins in Vibrio cholerae non-O1/non-O139 strains, and their pathogenicity.

Infect Immun. 2013; 81:531–541. doi: 10.1128/IAI.00982-12 PMID: 23230295
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