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Abstract
Vibrio cholerae is a globally important pathogen that is endemic in many areas of the world and
causes 3-5 million reported cases of cholera every year (http://www.who.int/wer). Historically
there have been seven acknowledged cholera pandemics; included in the 7th and ongoing
pandemic are the recent outbreaks in Zimbabwe and Haiti1. Only serogroup O1 isolates
(consisting of two biotypes known as ‘classical’ and ‘El Tor’) and the derivative O1392,3 can
cause epidemic cholera2. It is believed that the first six cholera pandemics were caused by the
classical biotype but El Tor has subsequently spread globally and replaced the classical biotype in
the current pandemic1. Detailed molecular epidemiological mapping of cholera has been
compromised by a reliance on sub-genomic regions such as mobile elements to infer relationships,
making El Tor isolates associated with the 7th pandemic appear superficially diverse. To
understand the underlying phylogeny of the lineage responsible for the current pandemic we
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identified high resolution markers (single nucleotide polymorphisms; SNPs) in 154 whole genome
sequences of globally and temporally representative V. cholerae isolates. Using this phylogeny we
show that the 7th pandemic has spread from the Bay of Bengal in at least three independent but
overlapping waves with a common ancestor in the 1950’s and identify multiple transcontinental
transmission events. Additionally, we show how the acquisition of the SXT family of antibiotic
resistance elements has shaped the pandemic spread and show that it was first acquired at least 10
years prior to its discovery in V. cholerae.

Whole genome analysis is perhaps the ultimate approach to building a robust phylogeny
within recently emerged pathogens through the identification of SNPs and other rare genetic
variants4. Consequently, we sequenced the genomes of 136 V. cholerae (including 113
isolates from the 7th pandemic) and added to these 18 previously published genomes1,2,5 to
produce a global genomic database from isolates collected over a century. We included
representative El Tor isolates collected over the past four decades and compared these to
previously reported and novel classical and non-O1 genome sequences1,2.

The sequence reads were mapped to the reference sequence of El Tor N169616, a 7th

pandemic V. cholerae isolated in Bangladesh in 1975(see footnote Table S1) and the
resulting consensus tree identified 8 distinct phyletic lineages (L1-L8, see Fig S1 and Table
S1 for strain and lineage information), 6 of which incorporated O1 clinical isolates. The
classical isolates formed a distinct highly clustered group (L1), distant from the El Tor
isolates of the 7th pandemic (L2). It is clear from Fig S1 that the classical and El Tor clades
did not originate from a recent common ancestor and instead appear to be independent
derivatives with distinct phylogenetic histories, consistent with previous proposals2. Isolates
of L4 share a common ancestor with previously reported non-conventional O1 isolates2 (Fig
S2) and are likely to have acquired the O1 antigen genes by a recombination event onto a
genetically distinct genomic backbone. Isolates of L7 also have a distinct backbone, while
L2, L3 (US Gulf Coast strains), L5, L6 and L8 share a more ‘El Tor-like’ genome backbone,
and the L1 backbone is of the ‘classical type’.

Genome-wide SNP analysis showed that the 123 El Tor isolates within the L2 cluster (Fig
S1) differed from the reference by only 50-250 SNPs. With this large sample size we were
able to construct a high-resolution phylogeny that shows unequivocally that the current
pandemic is monophyletic and originated from a single source, providing a framework for
future epidemiological and phenotypic analysis of V. cholerae including transmission
tracking and typing.

Predicted recombined regions were identified, and along with genomic islands and mobile
genetic elements, these were initially excluded from the phylogenetic analysis of 7th

pandemic isolates, to determine the underlying phylogeny. Interestingly, analysis of the tree
(Fig 1, see Fig S3 for tree with strain names) provides clear evidence of a clonal expansion
of the lineage with a strong temporal signature. This is most clearly illustrated by the fact
that the most divergent isolates from the N16961 reference are represented by the oldest 7th

pandemic isolate in our collection, A6 collected in 1957, together with the most recent
Haitian isolates5 from late 2010. We performed a linear regression analysis on all the L2
isolates to calculate the rate of SNP accumulation based on the date of isolation and the root
to tip distance. The shape of the tree and temporal signatures in Fig 1 show that there is a
very consistent rate of SNP accumulation, 3.3 SNPs per year (R2 = 0.73, Fig S4) in the core
genome, emphasizing its robustness and utility for transmission studies. The only exception
to this is V. cholerae A4, a repeatedly passaged laboratory strain that was originally isolated
in 1973 (Fig S3, Fig S4). The estimated rate of mutation for our 7th pandemic V. cholerae
collection was 8.3 × 10−7 SNPs/site/year, which is between 5 and 2.5 times slower than that
estimated for recent clonal expansions of some other human pathogenic bacteria4,7.
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Significantly, the 7th pandemic tree can be subdivided into three major groups or clades by
clustering analysis using Bayesian Analysis of Population Structure8,9 (shown as waves 1-3
in Fig 1), mostly consistent with their cholera toxin (CTX) type, representing independent
waves of transmission. Although examples of genetic determinants differentiating these
three CTX types have previously been published10, they have not previously been put into a
phylogenetic context, undermining efforts to investigate the evolutionary aspects of their
emergence. Perhaps consequently, there has been substantial uncertainty in naming new
CTX-types, as they have been discovered. Our data shows that the first CTX type is
canonical CTX-El Tor and we propose that it is re-named CTX-1, while for the other two we
propose a new expandable nomenclature and class them as CTX-2 and CTX-3 (Table S2).

Isolates spanning A18 to PRL5 (the lower clade in Fig 1) represent wave 1 covering ~16
years (1977-1992). All isolates within this group lack an SXT/R391 family Integrative and
Conjugative Element (ICE) encoding multiple antibiotic resistance3,11,12. It is within this
time period that 7th pandemic cholera occurred in South America6. Our data shows that the
South American isolates form a discrete cluster, which also includes a single Angolan
isolate collected in 1989. The position of the Angolan isolate at the base of the South
American group suggests that transmission to South America may have been via Africa as
also proposed by Lam et al13. We used BEAST14 to translate evolutionary distance in SNPs
into time (Fig S5), and this indicated that transmission to South America is likely to have
occurred between 1981 and 1985. The branch harboring this West African-South American
(WASA) clade is distinguished from all other V. cholerae by the acquisition of novel
VSP-215 genes and a novel genomic island we have denoted WASA1 (Table S3). Strikingly,
the Angolan isolate A5 and all the South American isolates are discriminated by just 10
SNPs. Based on the accumulation rate of 3.3 SNPs per year (Fig S4), the 3 year time period
between the isolation of A5 and the oldest South American isolate A32 included in this
study is consistent with previous studies suggesting that cholera spread as a single
epidemic13.

The first acquisition of an SXT/R391 ICE, encoding multiple antibiotic resistances, lies at
the point of transition from wave 1 strains being the dominant clinical isolates to those of
wave 2. Using our dated phylogeny (Fig S5)14, we were able to date this transition and the
first acquisition of SXT/R391 ICE to 1978-84, 10 years prior to its discovery in O139
strains, which also fits with the otherwise surprising discovery of SXT in a Vietnamese
strain isolated before 199216. This date would also correspond to the most recent common
ancestor (MRCA) of the O1 and O139 serogroup isolates. Analysis of the diversity of the
common regions of SXT/R391 ICEs in our 7th pandemic collection (Fig S6) shows that they
are discriminated by 3161 SNPs, compared to only 1757 SNPs, which were used to define
the core whole genome phylogeny in Fig 1. This indicates that there have either been
multiple recombination events within these ICEs, or that they have been independently
acquired multiple times on the tree11. Isolates from wave 2 represent a discrete cluster that
shows a complex pattern of accessory elements within the CTX locus (Fig 1) and a wide
phylogeographic distribution. It is also important to note that isolates collected in Vietnam
between 1995-2004 and strain A109 are the only wave 2 isolates we studied from this time
period that lack an SXT/R391 ICE. We examined the genomic locus in these clones that
marks the point of insertion of SXT/R391 ICE in all other V. cholerae isolates and found no
remnants of this conjugative element, which may have been lost from this lineage (no DNA
sequence ‘scar’ is expected following the precise excision of SXT/R391 ICE).

Interestingly, ignoring the CTX related genomic regions, the 7th pandemic L2 isolates show
relatively little evidence of recombination either within or from outside of the tree. Based on
the SNP distribution, 1930 out of 2027 SNPs (Table S4) are congruent with the tree, leaving
97 homoplasies that could be due to selection or homologous recombination amongst the L2
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isolates. Just 270 SNPs were predicted to be due to homologous recombination from outside
the tree. The only two branches where the SNP distribution suggested significant
recombination were those leading to the WASA cluster (Fig S7) and the O139 serogroup.
Aside from the acquisitions of CTX and the SXT/R391 ICEs, we found evidence of gene
flux affecting only a further 155 genes (Fig S8, Table S3 and Fig S9).

Also represented within our collection are two isolates of serogroup O139, which are known
to have arisen from a homologous replacement of their O-antigen determinant into an El Tor
genomic backbone2,3,13. CTX types different from El Tor, classical, CTX-2 and 3 have been
reported for the O139 serogroup17-20, however phylogenetic position of the two strains
included in this study shows that O139 was derived from O1 El Tor and therefore represents
another distinct, but spatially restricted wave from the common source.

We were also able to date the ancestor of the El Tor 7th pandemic lineage, L2, as having
existed between 1827-1936 (Fig S5), which is consistent with the predicted date of origin
from the linear regression plot (1910, Fig S4). This also corresponds well with the date of
isolation of the first El Tor biotype strain in 190521.

It is apparent from Fig 1 that V. cholerae wave 1, which spread globally was later replaced
by the more geographically restricted wave 2 and wave 3, a phenomenon supported by local
clinical observations and phage analysis10. This also reflects the fact that V. cholerae
epidemics since 2003 to 2010 have been restricted to South Asia and Africa. Interestingly,
the rates of SNP accumulation calculated independently for wave 1, wave 3 and wave 2 (2.3,
2.6 and 3.5 SNPs/year respectively) are consistent with the rate calculated over the whole
collection period (Fig S4).

The clonal clustering of L2 isolates, the constant rate of SNP accumulation and the temporal
and geographic distribution support the concept that the 7th pandemic has spread by periodic
radiation from a single source population located in the Bay of Bengal, followed by local
evolution and ultimately local extinction in non-endemic areas. This is evidenced by the
disappearance of wave 1 isolates followed by the independent expansion of wave 2 and
wave 3, both derived from the same original population, occurring within 7 years of each
other. These two waves are clearly distinguished from the first by the acquisition of SXT/
R391 ICEs (Fig 1). Plotting the intercontinental spread of each wave onto the world map
(Fig 2) shows clearly that the V. cholerae 7th pandemic is sourced from a restricted single
geographical location but has spread in overlapping waves. Within these ancestral waves,
there are at least four recent long-range transmission events (A-D in Fig 1), where isolates
clearly share a common ancestor with recent strains at a distant location indicating that such
events are not uncommon. The most recent example of this is the Haitian outbreak, whose
strains share a very recent common ancestor with South Asian strains at the tip of wave 3,
and where the number of SNP differences even at whole genome resolution between the
Haitian and most closely related Indian and Bangladesh strains is very low. This result
demonstrates clearly that the Haitian strains must have come from South East Asia, at most
within the last 6 years. However, the limited discrimination means that it may prove
challenging to make country-specific inferences as to the origins of the Haitian strains based
on DNA sequence alone, and in order for such conclusions to be robust, great care must be
taken in the selection of samples for the analysis.

Despite clear evidence of sporadic long-range transmission events likely to be associated
with direct human carriage, the overall pattern seen in our data is one of continued local
evolution of V. cholerae in the Bay of Bengal, with multiple independent waves of global
transmission resulting in short term epidemics in non-endemic countries. Although our
sample set is substantial, there are clearly areas where geographic coverage is limited.
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However, the structure of the tree, with deep branches between the major waves, means that
further increasing the number of strains and the resolution should only indentify further
independent waves of transmission. Indeed, we cannot rule out the possibility of an El Tor
population persisting or evolving as a new wave of the 7th pandemic, for example in areas
such as China that were not sampled in this study.

One significant factor in the ongoing evolution of pandemic cholera was the acquisition of
the SXT/R391-family antibiotic resistance element. Interestingly, the clinical use of the
antibiotics tetracycline and furazolidone for cholera treatment started in 1963 and 1968
respectively, ~15 years before our prediction of the first acquisition of an SXT/R391 ICE
(1978-1984). Our analysis provides a robust framework for further elucidating the evolution
of the 7th pandemic and for studying local evolution, particularly in the Bay of Bengal,
which plays such a key role in cholera.

Methods
Genomic library creation and multiplex sequencing

Unique index-tagged libraries for each sample were created, and up to 12 separate libraries
sequenced in each of 8 channels in Illumina Genome Analyzer GAII cell with 54bp paired-
end reads. The index tag sequence information was used for downstream processing to
assign reads to the individual samples4.

Detection of SNPs in core genome
54-base paired-end reads were mapped against the N16961 El Tor reference (accession
numbers AE003852 and AE003853) and SNPs were identified using methods followed by
Croucher et al7. The unmapped reads and the sequences that were not present in all the
genomes were not considered a part of the core genome and therefore SNPs from these
regions were not included in the analysis. Appropriate SNP cut offs were chosen to
minimize the number of false positive and negative calls; SNPs were filtered to remove
those at sites with a SNP quality score below 30, and SNPs at sites with heterogeneous
mappings were filtered out if the SNP was present in less than 75% of reads at that site.
From the 7th pandemic dataset, high-density SNP clusters indicating possible recombination
were excluded7. In total 2027 SNPs were detected in the core genome of the El Tor lineage.
Of these, 270 SNPs are predicted to be due to recombination. Removing these provides a
dataset characterized by 1757 SNPs that were used to produce the final phylogeny.

Comparative Genomics
Raw Illumina data was split to generate paired end reads and was assembled using a de-novo
genome assembly program Velvet v0.7.0322 to generate a multi-contig draft genome for
each of 133 V. cholerae strains4. The parameters were optimized to give the longest kmer
size and at least 20X kmer coverage. As 7th pandemic Vibrio cholerae strains are closely
related in the core, Abacas23 was used to order the contigs using N16961 El Tor strain as
reference followed by annotation transfer from the reference strain to each draft genome4.
Using the N16961 sequence as a database to perform a TBLASTX24 for each draft genome,
a genome comparison file was generated that was subsequently used in Artemis Comparison
Tool25 to manually compare the genomes and search for novel genomic islands.

Phylogenetic Analysis
A phylogeny was drawn for V. cholerae using RAxML v0.7.426 to estimate the trees for all
the SNPs called from core genome and the general time reversible (GTR) model with
gamma correction was used for among site rate variation for ten initial trees4. US gulf coast
strains A215 and A325, which have substantially different core genome from all other
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strains in our collection, were used as an outgroup to root the global phylogeny (Fig S1),
whereas a pre-7th pandemic strain M66 (accession numbers CP001233 and CP001234) and
strain A6 (from our collection) was used to root the 7th pandemic phylogenetic tree (Fig 1).

CTX prophage analysis
For each strain, the CTX structure and the sequence of rstA, rstR and ctxB was determined
using approach same as Lee et al27 and Nguyen et al28.

Linear Regression and Bayesian Analysis
The phylogram for the 7th pandemic was exported to Path-O-Gen v1.3 (http://
tree.bio.ed.ac.uk/software/pathogen) and a linear regression plot for isolation date vs. root to
tip distance was generated. The same plot was also constructed individually for the three
waves but A4, being a laboratory strain, was excluded from the latter analysis.

The presence of three waves was checked, and their makeup determined using a BAPS
analysis performed on the SNP alignment containing the unique SNP patterns from the 7th
Pandemic isolates. The program was run using the BAPS individual mixture model and
three independent iterations were performed using an upper limit for the number of
populations of 20, 21 and 22 to obtain the most optimal partitioning of the sample. The dates
for the acquisition of SXT and the ancestors of the three waves were inferred using the
Bayesian Markov Chain Monte Carlo framework BEAST29. We used the final SNP
alignment with recombinant sites removed and fixed the tree topology to the phylogeny
produced by RAxML, as described above. We used BEAST to estimate the rates of
evolution on the branches of the tree using a relaxed molecular clock14, which allows rates
of evolution to vary amongst the branches of the tree. BEAST produced estimates for the
dates of branching events on the tree by sampling dates of divergence between isolates from
their joint posterior distribution in which the sequences are constrained by their known date
of isolation. The data were analyzed using a coalescent constant population size and a GTR
model with gamma correction. The results are produced from three independent chains of 50
million steps each, sampled every 10,000 steps to ensure good mixing. The first 5 million
steps of each chain were discarded as a burn-in. The results were combined using Log
Combiner, and the maximum clade credibility tree was generated using Tree Annotator,
both parts of the BEAST package (http://tree.bio.ed.ac.uk/software/beast/). Convergence and
the effective sample size values were checked using Tracer 1.5 (available from http://
tree.bio.ed.ac.uk/software/tracer) ESS values in excess of 200 were obtained for all
parameters.

Nomenclature
The 7th cholera pandemic strains were clearly distinguished by three waves and we therefore
propose their CTX types to be CTX-1, CTX-2 and CTX-3 under the new nomenclature
scheme (see Table S2). Our nomenclature system is expandable and would be suitable for
naming any new 7th pandemic Vibrio cholerae strains. With CTX-1 representing canonical
El Tor, we followed the rationale defined below:

1. For CTX-1 to CTX-2, as there was a shift of rstREl Tor to rstRClassical, rstA El Tor to
rstAClassical+El Tor and ctxBEl Tor to ctxBClassical, we called it CTX-2.

2. For CTX-1 to CTX-3, as there was a shift of ctxBEl Tor to ctxBClassical, we called it
CTX-3.

3. For CTX-3 to CTX-3b, as there was only one SNP mutation in ctxBClassical from
CTX-2 and rest was identical, we call it the next variant of CTX-3, which is
CTX-3b.

Mutreja et al. Page 6

Nature. Author manuscript; available in PMC 2013 August 07.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

http://tree.bio.ed.ac.uk/software/pathogen
http://tree.bio.ed.ac.uk/software/pathogen
http://tree.bio.ed.ac.uk/software/beast/
http://tree.bio.ed.ac.uk/software/tracer
http://tree.bio.ed.ac.uk/software/tracer


In summary, if there is a shift of any gene from one biotype to another, the new CTX will be
called CTX-‘n’ and so will be the strains e.g. the next strains fitting this criteria will be
called CTX-4. However, if there is mutation(s) in the gene that does not lead to a shift of the
gene to another biotype gene, CTX-1b, CTX-1c or CTX-2b, CTX-2c or CTX-3b, CTX-3c
and so on should be followed as appropriate.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
A maximum likelihood phylogenetic tree of the 7th pandemic lineage of V. cholerae based
on the SNP differences across the whole core genome, excluding likely recombination
events. The pre-7th pandemic isolate M66 was used as an outgroup to root the tree. Branches
are colored based on the region of isolation of the strains. The branches representing the
three major waves are indicated on the far right, and the nodes representing the most recent
common ancestors (MRCA) of the 7th pandemic, and subsequent waves 2 and 3, are
indicated with arrows, and labeled with inferred dates. The presence and type of CTX and
SXT elements in each strain are shown to the right of the tree. The presence of TLC and
RS1 elements are shown but their number and position, respectively, are arbitrarily assigned.
A-D mark cases of sporadic intercontinental transmission. The dates shown are the median
estimates for the indicated nodes, taken from the results of the BEAST analysis. * indicates
where no data was available and the scale is given as the number of substitutions per
variable site.
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Fig 2.
Transmission events inferred for the 7th Pandemic phylogenetic tree drawn on a global map.
The date ranges shown for transmission events are taken from the BEAST analysis, and
represent the median values for the MRCA of the transmitted strains (later bound), and the
MRCA of the transmitted strains and their closest relative from the source location (earlier
bound).
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