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If	a	SNP	is	shared	by	a	number	of	isolates,	is	is	evidence	
that	they	may	be	related	and	form	a	group	on	the	tree

WGS	SNPs	can	be	used	to	draw	a	phylogenetic	tree
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genetic determinants differentiating these three CTX types have previ-
ously been published10, they have not been put into a phylogenetic
context, undermining efforts to investigate the evolutionary aspects of
their emergence. Perhaps as a result, there has been substantial uncer-
tainty 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 renamed CTX-1; for the other two we propose a new
expandable nomenclature and class them as CTX-2 and CTX-3
(Supplementary Table 2).

Isolates spanning A18 to PRL5 (the lower clade in Fig. 1) represent
wave 1, covering about 16 years (1977–1992). All isolates in this group
lack the integrative and conjugative element (ICE) of the SXT/R391
family, encoding resistance to several antibiotics,11,12. It is within this
time period that seventh-pandemic cholera occurred in South
America6. Our data show 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 indicates that transmission to South America may
have been via Africa, as previously proposed13. We used BEAST14 to
translate evolutionary distance in SNPs into time (Supplementary

Fig. 5) and this indicated that transmission to South America is likely
to have occurred between 1981 and 1985. The branch harbouring this
West African–South American (WASA) clade is distinguished from all
other V. cholerae by the acquisition of novel VSP-2 genes15 and a novel
genomic island that we have denoted WASA1 (Supplementary Table 3).
Notably, the Angolan isolate A5 and all the South American isolates are
discriminated by just ten SNPs. Based on the accumulation rate of
3.3 SNPs year21 (Supplementary Fig. 4), the 3-year time period between
the isolation of A5 and the oldest South American isolate included in
this study, A32, is consistent with previous studies indicating that
cholera spread as a single epidemic13.

The first acquisition of an SXT/R391 ICE lies at the point of transi-
tion from the wave-1 cluster to the wave-2 cluster. Using our dated
phylogeny (Supplementary Fig. 5)14, we were able to date this transi-
tion and the first acquisition of SXT/R391 ICE to 1978–84, ten years
before its discovery in O139 strains, which also fits with the otherwise
surprising discovery of SXT in a Vietnamese strain isolated before
1992 (ref. 16). 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
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Figure 1 | A maximum-likelihood phylogenetic tree of the seventh
pandemic lineage of V. cholerae based on SNP differences across the whole
core genome, excluding probable recombination events. The pre-seventh-
pandemic isolate M66 was used as an outgroup to root the tree. Branches are
coloured on the basis of the region of isolation of the strains. The branches
representing the three major waves are indicated on the far right. The nodes
representing the MRCAs of the seventh pandemic, and subsequent waves 2 and
3, are indicated with arrows and labelled 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 toxin-linked cryptic (TLC) and repeated sequence 1 (RS1)
elements is shown, but their number and position, respectively, are arbitrarily
assigned. Cases of sporadic intercontinental transmission are marked A–D.
The dates shown are the median estimates for the indicated nodes, taken from
the results of the BEAST analysis. The scale is given as the number of
substitutions per variable site; asterisks indicate that no data were available.
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our seventh-pandemic collection (Supplementary Fig. 6) shows that
they are discriminated by 3,161 SNPs, compared to only 1,757 SNPs
used to define the core whole-genome phylogeny in Fig. 1. This indi-
cates either that there have been several recombination events within
these ICEs, or that they have been acquired independently several
times on the tree11. Isolates from wave 2 represent a discrete cluster
that shows a complex pattern of accessory elements in the CTX locus
(Fig. 1) and a wide phylogeographical distribution. It is also notable
that isolates collected in Vietnam in 1995–2004 and strain A109 are the
only wave-2 isolates 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 ‘scar’ in DNA sequence is expected after
the precise excision of SXT/R391 ICE).

Ignoring the CTX-related genomic regions, the seventh-pandemic
L2 isolates show relatively little evidence of recombination either
within or from outside the tree. On the basis of the SNP distribution,
1,930 out of 2,027 SNPs (Supplementary Table 4) are congruent with
the tree, leaving 97 homoplasies that could be due to selection or
homologous recombination among the L2 isolates. Only 270 SNPs
were predicted to be due to homologous recombination from outside
the tree. The only two branches in which the SNP distribution indi-
cated considerable recombination were those leading to the WASA
cluster (Supplementary Fig. 7) and the O139 serogroup. Aside from
the acquisitions of CTX and the SXT/R391 ICEs, we found evidence of
gene flux affecting only 155 other genes (Supplementary Figs 8 and 9
and Supplementary Table 3).

Also represented in our collection are two isolates of serogroup
O139, which are known to have arisen from a homologous replace-
ment of their O-antigen determinant into an El Tor genomic back-
bone2,3,13. CTX types that are different from El Tor, classical, CTX-2
and CTX-3 have been reported for the O139 serogroup17–20; however,
the 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 seventh-
pandemic lineage, L2, as having existed in 1827–1936 (Supplemen-
tary Fig. 5), which is consistent with the predicted date of origin from
the linear regression plot (1910, Supplementary Fig. 4). This also

corresponds well with the date of isolation of the first El Tor biotype
strain in 1905 (ref. 21).

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 epi-
demics since 2003–2010 have been restricted to Africa and south Asia.
Notably, the rates of SNP accumulation calculated independently for
wave 1, wave 3 and wave 2 (2.3, 2.6 and 3.5 SNPs year21 respectively)
are consistent with the rate calculated over the whole collection period
(Supplementary Fig. 4).

The clonal clustering of L2 isolates, the constant rate of SNP accu-
mulation and the temporal and geographical distribution support the
concept that the seventh 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 inde-
pendent expansion of waves 2 and 3, both derived from the same original
population, occurring within seven 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) clearly shows that the V. cholerae seventh pandemic is
sourced from a single, restricted geographical location but has spread in
overlapping waves. In these ancestral waves, there are at least four recent
long-range transmission events (A–D in Fig. 1), in which isolates clearly
share a common ancestor with recent strains at distant locations, indi-
cating that such events are not uncommon. The most recent example of
this is the Haitian outbreak, in which strains share a very recent common
ancestor with south-Asian strains at the tip of wave 3. The number of
SNP differences, even at whole-genome resolution, between the Haitian
and the most closely related Indian and Bangladeshi strains is very low.
This demonstrates that the Haitian strains must have come from south
Asia, at most within the last six years. However, the limited discrimina-
tion means that it may prove challenging to make country-specific infer-
ences as to the origins of the Haitian strains on the basis of DNA
sequence alone. For such conclusions to be robust, great care must be
taken in the selection of samples for analysis.

Despite clear evidence of sporadic long-range transmission events that
are 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
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Figure 2 | Transmission events inferred for the seventh-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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Fig S8 ACT picture showing insertion of WASA 1 within VC_1494 (product, 

aminopeptidase N). The genomes compared are A193 (top) and N16961 (bottom) and 

the insertion was present in all the WASA strains in our collection.

WASA1 with 44 new CDSs (see supp table 3)
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Epidemic Cholera in the New World: Translating Field
Epidemiology into New Prevention Strategies

Cholera, a devastating diarrheal disease, has
swept through the world in recurrent pandemics
since 1817. The seventh and ongoing pandemic
began in 1961 when the El Tor biotype of Vibrio
cholerae O1 emerged in Indonesia. This pandemic
spread through Asia and Africa and finally
reached Latin America early in 1991 (1). After
explosive epidemics in coastal Peru, it spread rap-
idly and continues throughout Latin America (Fig-
ure 1). Because of underreporting, the more than
1,000,000 cholera cases and 10,000 deaths re-
ported from Latin America through 1994 (Table 1)
(2) represent only a small fraction of the actual
number of infections. Molecular characterization
of V. cholerae O1 strains from Peru has shown that
they do not match strains from anywhere else in
the world; therefore, the source of the Peruvian
epidemic strains remains unknown (3). Moreover,
other strains have since appeared in Latin Amer-
ica. At least one of these, a strain resistant to
multiple antimicrobial drugs, was first identified
in Mexico and elsewhere in the world in mid-1991
and has since spread widely throughout Central
America (4). The introduction of strains into new
areas illustrates the rapid global transfer of patho-
gens. V. cholerae O139 Bengal, which emerged as
a new cause of epidemic cholera in Asia in 1992,
could also appear in Latin America (5).

Such introductions are not easy to prevent,
because they may follow the arrival of travelers
who are not aware of their infection or of ships
carrying contaminated ballast water. The key to
controlling epidemic cholera lies in limiting its
spread by using measures that prevent sustained
transmission. One measure might be using an
inexpensive and effective vaccine to provide last-
ing protection; however, no such vaccine yet exists,
although progress in vaccine development is being
made (6-8). Another measure is interrupting
transmission so that the causative organism never
reaches the human host. This approach to preven-
tion successfully controlled many epidemic dis-
eases in the industrialized world, including
cholera, typhoid fever, plague, and malaria, before
vaccines or antibiotics were developed. Over the
last century, a large engineering infrastructure,
built in industrialized nations, has provided safe
water and sewage treatment for nearly all people

in these nations and has made sustained trans-
mission of cholera in those countries extremely
unlikely. Despite sporadic cases along the U.S.
Gulf Coast and repeated introduction of the epi-
demic organisms by travelers, epidemic cholera
has not occurred in the United States since the
nineteenth century (9,10).

To prevent cholera by interrupting transmis-
sion of the organism to the host, it is important to
understand precisely how the bacteria are trans-
mitted. John Snow demonstrated waterborne
transmission of cholera during a large epidemic in
London in 1856 (11). He and many others since
have suspected that other routes of transmission
are also important. Epidemiologic investigations
during the seventh pandemic have documented a
variety of specific food and water pathways by
which the bacteria reach the host, some of which
were new and unsuspected (12). The El Tor biotype
of V. cholerae O1, for example, multiplies rapidly
in moist foods of neutral acidity (13). This bacte-
rium also persists in the estuarine environment in
niches that are poorly understood but may involve
the plankton on which shellfish feed. This means

Figure 1. Geographic extent of the Latin American
cholera epidemic over time. Lines represent the
advancing front of the epidemic at different dates. As
of mid-1995, all Latin American countries except
Uruguay have reported cases; no cases have been
reported from the Caribbean.
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swept through the world in recurrent pandemics
since 1817. The seventh and ongoing pandemic
began in 1961 when the El Tor biotype of Vibrio
cholerae O1 emerged in Indonesia. This pandemic
spread through Asia and Africa and finally
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explosive epidemics in coastal Peru, it spread rap-
idly and continues throughout Latin America (Fig-
ure 1). Because of underreporting, the more than
1,000,000 cholera cases and 10,000 deaths re-
ported from Latin America through 1994 (Table 1)
(2) represent only a small fraction of the actual
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the world; therefore, the source of the Peruvian
epidemic strains remains unknown (3). Moreover,
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ica. At least one of these, a strain resistant to
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and has since spread widely throughout Central
America (4). The introduction of strains into new
areas illustrates the rapid global transfer of patho-
gens. V. cholerae O139 Bengal, which emerged as
a new cause of epidemic cholera in Asia in 1992,
could also appear in Latin America (5).
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because they may follow the arrival of travelers
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carrying contaminated ballast water. The key to
controlling epidemic cholera lies in limiting its
spread by using measures that prevent sustained
transmission. One measure might be using an
inexpensive and effective vaccine to provide last-
ing protection; however, no such vaccine yet exists,
although progress in vaccine development is being
made (6-8). Another measure is interrupting
transmission so that the causative organism never
reaches the human host. This approach to preven-
tion successfully controlled many epidemic dis-
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unlikely. Despite sporadic cases along the U.S.
Gulf Coast and repeated introduction of the epi-
demic organisms by travelers, epidemic cholera
has not occurred in the United States since the
nineteenth century (9,10).

To prevent cholera by interrupting transmis-
sion of the organism to the host, it is important to
understand precisely how the bacteria are trans-
mitted. John Snow demonstrated waterborne
transmission of cholera during a large epidemic in
London in 1856 (11). He and many others since
have suspected that other routes of transmission
are also important. Epidemiologic investigations
during the seventh pandemic have documented a
variety of specific food and water pathways by
which the bacteria reach the host, some of which
were new and unsuspected (12). The El Tor biotype
of V. cholerae O1, for example, multiplies rapidly
in moist foods of neutral acidity (13). This bacte-
rium also persists in the estuarine environment in
niches that are poorly understood but may involve
the plankton on which shellfish feed. This means

Figure 1. Geographic extent of the Latin American
cholera epidemic over time. Lines represent the
advancing front of the epidemic at different dates. As
of mid-1995, all Latin American countries except
Uruguay have reported cases; no cases have been
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