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The millions of deaths from cholera during the past 200 y, coupled
with the morbidity and mortality of cholera in Haiti since October
2010, are grim reminders that Vibrio cholerae, the etiologic agent of
cholera, remains a scourge. We report the isolation of both V. chol-
erae 01 and non-01/0139 early in the Haiti cholera epidemic from
samples collected from victims in 18 towns across eight Arrondisse-
ments of Haiti. The results showed two distinct populations of
V. cholerae coexisted in Haiti early in the epidemic. As non-O1/
0139 V. cholerae was the sole pathogen isolated from 21% of the
clinical specimens, its role in this epidemic, either alone or in concert
with V. cholerae 01, cannot be dismissed. A genomic approach was
used to examine similarities and differences among the Haitian
V. cholerae O1 and V. cholerae non-01/0139 strains. A total of 47
V. cholerae 01 and 29 V. cholerae non-01/0139 isolates from patients
and the environment were sequenced. Comparative genome analy-
ses of the 76 genomes and eight reference strains of V. cholerae
isolated in concurrent epidemics outside Haiti and 27 V. cholerae
genomes available in the public database demonstrated substantial
diversity of V. cholerae and ongoing flux within its genome.

holera is a disease endemic in many developing countries, and

the causative agent, Vibrio cholerae, is autochthonous to es-
tuaries and river systems worldwide (1). The recent outbreak of
cholera in Haiti is a stark reminder of how rapidly a cholera epi-
demic can emerge and spread through a population. On January
12,2010, a devastating 7.0 M,, earthquake struck Haiti, and, in the
ensuing 12 d, ~52 aftershocks with a magnitude of 4.5 M,, or
greater were recorded. It is estimated that more than 250,000
people died, ~300,000 were injured, and 1 million were rendered
homeless. A very hot summer season followed. Amid the clearing
of rubble and rebuilding of infrastructure, the first case of cholera
was diagnosed on October 21, 2010, and then the disease quickly
erupted throughout Haiti. On November 5, 2010, the full force of
Hurricane Tomas skirted the island, causing torrential rains and
severe flooding. Cholera, not officially reported in Haiti since
1960 (2), erupted in epidemic proportions (3), and, in just 1y after
the initial cases, cholera has claimed more than 6,500 lives and
sickened approximately 500,000 people (4). The series of events of
2010 clearly created a “perfect storm” for cholera, with assign-
ment of attribution remaining controversial (4).

Identical pulsed field gel electrophoresis patterns for 13 bac-
terial isolates recovered from Haitian patients with cholera led to
a conclusion that the Haitian isolates derived from a strain
similar to V. cholerae isolated in South Asia (3). From a limited
comparison of genomes, Chin et al. concluded the Haitian
cholera epidemic was most likely a result of an introduction of
a strain from a distant geographic location and derived from
human activity (5). A United Nations Independent Panel of
Experts, in a report on the 2010 cholera outbreak in Haiti,
concluded that the Haiti cholera outbreak was a result of con-
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tamination of water upstream in the Artibonite River with
a pathogenic strain of a South Asian type of V. cholerae (6). An-
other report (7) that used whole-genome sequence typing of
Nepalese isolates and compared them with a few previously se-
quenced V. cholerae strains, interpreted the results as indicating
that Nepal was the likely origin of the Haitian outbreak. A re-
buttal, however, was published, which pointed out that South
Asia, not Nepal, might be the origin of the Haitian cholera out-
break strains, stating correctly that proper attribution cannot
be accomplished by an exclusionary approach (8). Notably, none
of the Nepalese soldiers had been recorded to be ill during
the outbreak in Haiti (4); therefore, involvement of Nepalese
peacekeepers remains controversial (9). A further study that used
whole-genome phylogeny and core genome SNPs (8) showed the
Haiti outbreak strain to be genetically related to strains origi-
nating in India and Cameroon. Like earlier studies, however, the
authors concluded that a definitive genetic origin for the outbreak
in Haiti must remain speculative (8).

Although the molecular and genomic data in the previous
reports cited here have been interpreted as being consistent with
V. cholerae being introduced to Haiti by outside visitors (5, 7, 8),
a definitive statement of source attribution cannot yet be made.
To assess source attribution, a qualified reference database (in-
cluding recent strains from Nepal, India, and Cameroon, and
related V. cholerae strains from concurrent epidemics) repre-
sentative of global phylogenetic diversity as well as well-docu-
mented population diversity within the heterogeneous clade and
its near neighbor comparators, is critical. In the present study,
the genomic diversity of Haitian isolates was examined, and
these data are presented to provide a broader perspective of the
complexity of the species, V. cholerae, particularly of those iso-
lates from Haiti, in an effort to contribute to the understanding
of the origin of the outbreak as indigenous or introduced.

Results and Discussion

Clinical samples from 81 patients who showed symptoms of
cholera with varying severity were collected from 18 towns across
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eight Arrondissements of Haiti (Fig. 1 and Table S1), spanning
3 wk in November 2010, very early in the outbreak. Bacterio-
logical analysis identified V. cholerae O1 and V. cholerae non-O1/
0139 as pathogen in 48% (n = 39) and 21% (n = 17) of the sam-
ples, respectively. V. cholerae O1 and non-O1/0139 were cocul-
tured from 7% of the O1 positive samples. Isolation of V. cholerae
non-01/0139, in addition to toxigenic V. cholerae O1, indicated
that at least two disparate V. cholerae populations coexisted early in
the outbreak. From the remaining 31% (n = 25) of the clinical
samples, other enteric pathogens were also cultured, and sub-
sequent analysis of a portion of the latter indicated the presence of
opportunistic pathogens including Aeromonas caviae, Aeromonas
hydrophila, and Proteus mirabilis. Environmental samples were also
collected from two different towns in Haiti concurrent with the
epidemics; bacteriological analysis of these samples identified
V. cholerae non-01/0139 from each of those samples.

Multilocus Variable-Number Tandem Repeat Analysis. Multilocus
variable-number tandem repeat (VNTR) analysis (MLVA),
a useful tool for tracking V. cholerae (10) and resolving distinct
populations of clinical isolates from different geographic regions
(11, 12), was used to examine the clinical and environmental
V. cholerae O1 isolates from Haiti and other geographical loca-
tions (Table 1). Altered El Tor V. cholerae circulating in
Southeast Asia has been reported to be a stable VNTR genotype
over the years [Bangladesh, 2001-2005 (12), and India, 2004—
2007 (11)], and our typing of the 9.3.6.n.n VNTR genotype
supported the stability of that genotype. Haitian V. cholerae O1
(HCO1) strains, on the contrary, displayed a nearly identical
VNTR genotype (Table 1), forming a tight clonal complex, as

genotype (Table 1). The MLVA data provide two valuable pieces
of information. First, clonal transmission of VNTR alleles, or the
limited VNTR diversity among the Haitian outbreak strains, in-
dicates either a possible single source of contamination, in agree-
ment with other findings (13); or a single clone of V. cholerae
responsible for the epidemic. Secondly, Haitian strains exhibit
a genetically distinct MLVA profile. Environmental V. cholerae
non-01/0139 isolates exhibited heterogeneous VNTR geno-
types, with variability at all five loci (Table 1). Notable, however,
was the observation that the clinical V. cholerae non-01/0139
isolates revealed an identical VNTR genotype, akin to, but dis-
tinct from, the clinical V. cholerae O1 isolates.

Genomic Relatedness of Haitian Strains with Reference V. cholerae
Strains. Whole-genome sequencing of 47 HCO1, 29 V. cholerae
non-01/0139, and eight reference strains of V. cholerae isolated
outside Haiti in concurrent epidemics including in Bangladesh
(CP1048, 2010) and Thailand (CP1042, 2010), as well as older
epidemics (Table S1), was performed for this study. Genome
comparisons of these 76 genomes and an additional 27 V. chol-
erae genomes available in the public database were conducted
to ascertain the degree of genomic diversity within V. cholerae
isolates from the same epidemics.

The Haitian genome sequences were found to be genetically
similar to the recently emerged V. cholerae Altered El Tor strains
CP1038 (Zimbabwe, 2009), CP1048 and CP1050 (Bangladesh,
2010), CP1041 (Zambia, 2004), and CP1042 (Thailand, 2010).
These genomes belong to the seventh-pandemic clade, possess-
ing a genomic backbone representative of V. cholerae O1 El Tor
and V. cholerae 0139, i.e., phylocore genome 1 clade (14, 15)

also reported previously (13). Investigation of V. cholerae strains  with variations in their mobile genetic elements (MGEs) (Table 2
from Zimbabwe, Zambia, Mexico, and Thailand confirmed, the  S2). MGEs encode toxins, antibiotic resistance, virulence factors, g
Haitian V. cholerae strains contained a genetically distinct genotype ~ and a wide range of proteins with as yet-unknown function. 3
(8.3.6.n.n) not observed previously, representing a unique VNTR ~ MGE:s are resident in the natural genetic reservoir of V. cholerae 5]
=
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Fig. 1. Source and distribution of isolates collected during the 2010 Haitian cholera outbreak. Yellow and blue circles indicate sites where clinical and
environmental strains were collected, respectively. Left: Distribution of strains with respect to different locations of sample collection in Haiti.
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Table 1. VNTR genotypes of a subset of V. cholerae strains isolated from Haiti and other geographic locations
ID Origin, year Source Type VC0147 VCO0436-7* VC1650 VCAO0171 VCAO0283
0395 India, 1965 C 01 OGCL 7 4 3 24 14
N16961 Bangladesh, 1975 C O1 INET 9 7 7 23 14
CIRS101  Bangladesh, 2002 C O1 OGET 9 3 6 16 1
CP1032  Mexico, 1991 C O1 OGET 8 7 8 13 17
CP1033  Mexico, 2000 C O1 OGET 8 7 8 13 24
CP1038 Zimbabwe, 2009 C O1 OGET 8 3 3 18 22
CP1041 Zambia, 2004 C 01 OGET 8 7 6 9 10
CP1042 Thailand, 2010 C 01 OGET 9 6 7 17 17
CP1048 Bangladesh, 2010 C O1 OGET 9 3 6 22 17
AE-1786  Haiti, 2010 C O1 OGET 8 3 6 14 20
AE-1792  Haiti, 2010 C 01 OGET 8 3 6 14 ND
AE-1798  Haiti, 2010 C O1 OGET 8 3 6 14 20
HC-7A1 Grande Saline, Haiti, 2010 C 01 OGET 8 3 6 14 20
HC-20A2 Saint-Marc, Haiti, 2010 C O1 OGET 8 3 6 14 20
HC-23A1 Bassin Bleu, Haiti, 2010 C 01 OGET 8 3 6 14 20
HC-38A1 Croix-des-Bouquets, Haiti, 2010 C O1 OGET 8 3 6 12 16
HC-40A1 Arcahaie, Haiti, 2010 C O1 OGET 8 3 6 14 20
HC-43A1 Port-au-Prince, Haiti, 2010 C O1 OGET 8 3 6 14 20
HC-48A1 Port-au-Prince, Haiti, 2010 C 01 OGET 8 3 6 14 20
HC-49A2 Port-au-Prince, Haiti, 2010 C 01 OGET 8 3 6 14 19
HC-61A1 Croix-des-Bouquets, Haiti, 2010 C O1 OGET 8 3 6 14 20
HC-61A3 Croix-des-Bouquets, Haiti, 2010 C O1 OGET 8 3 6 14 ND
HC-70A1 Montrouis, Haiti, 2010 C 01 OGET 8 3 6 14 12
HC-81A1 Cite Soleil, Haiti, 2010 C 01 OGET 8 3 6 14 20
HCUF01  Saint-Marc, Haiti, 2010 C O1 OGET 8 3 6 14 20
HFU-02 Saint-Marc, Haiti, 2010 C O1 OGET 8 3 6 14 19
HC-1A2 Saint-Marc, Haiti, 2010 C Non-01/0139 12 8 7 16 NA
HC-2A1 Saint-Marc, Haiti, 2010 C Non-01/0139 12 8 7 16 NA
HC-36A1 Tabarre, Haiti, 2010 C Non-01/0139 12 8 7 15 NA
HE-09 Cange, Haiti, 2010 E Non-01/0139 11 3 5 13 NA
HE39 Cange, Haiti, 2010 E Non-01/0139 8 3 2 13 NA
HE48 Cange, Haiti, 2010 E Non-01/0139 7 6 6 6 NA

Allele number indicates the number of repeat units of each locus. The repeat units of the MLVA loci are as follows: AACAGA at
VC0147, GACCCTA at VC0436-7, GATAATCCA at VC1650, TGCTGT at VCA0171, and ACCAGA at VCA0283. C, clinical; E, environmental;
INET, Inaba El Tor; NA, not applicable; ND, not determined; OGCL, Ogawa classical; OGET, Ogawa El Tor.

*Intergenic.

and related Vibrio spp., including Vibrio parahaemolyticus and
Vibrio mimicus (14, 15). Thus, within a dynamic microbial gene
pool, in which horizontal gene transfer is a significant driver of
microbial evolution (16), MGE:s play a pivotal role in the genesis
of diversity and hypervariability of Vibrio genomes (14, 15). The
MGE catalogue of the HCO1 strains demonstrates that they share
genetically similar genomic and pathogenic islands (n = 18) with
the recently isolated Altered El Tor V. cholerae strains from South
Asia and Africa (Table S2). Like the concurrent epidemic strains,
CTX® genes were located in the large chromosome (C-I) of the
HCOL1 isolates (Table S2). RS1 was detected in most of the HCO1
strains, but four strains appeared to lack RS1 (Table S2), as does
strain (CP1041) from a 2004 epidemic in Zambia. In addition, all
HCOL1 isolates, except HC49A2, which also lacked RS1, harbor
TLC (Toxin-linked cryptic plasmid, a genetic element that plays
some role in the biology of CTX®, perhaps facilitating its ac-
quisition or its replication). As anticipated, none of the Haitian
V. cholerae non-0O1/0139 strains had CTX®, RS1, or TLC.

Two genomic islands (GIs) in two HCO1 strains (GI-16 in
AELH.1792 and GI-120 in HC-77A1) were located in the same
insertion site (VCA0569-VCAO0570) in the small chromosome
(C-1II) but absent in all concurrent epidemic strains examined in
this study. GI-16 is a 6.6-kb island engendering Vibrio VSK
prophage, a pre-CTX prophage, integration of which has pre-
viously been described in V. cholerae 0139 MO10 (in C-I) (15)
and non-O1/0139 AM-19226 and 1587 (in C-II) (16), but
heretofore not reported in V. cholerae O1 to our knowledge.

E2012 | www.pnas.org/cgi/doi/10.1073/pnas.1207359109

Further inspection identified GI-16, with a genetically similar set
of coding sequences (CDS) on C-I (VC1451-VC1456), in six of
the Haitian non-O1/0139 strains, including one strain (HC-2A1)
containing GI-16 at both the C-I and C-II insertion sites (Table
S2). GI-120, inserted at the same insertion site in HC-77A1, is
a 31.5-kb island with 30 CDSs, encoding different transporters
and stress response protein. Our search for this GI identified
another Haitian strain, HC-78A1, a clinical non-O1/0139 iso-
late, harboring this GI at the same chromosomal location. Sub-
sequent analysis indicated GI-120 might be the result of
rearrangement of the C-I loci VC1416 to VC1446 into C-II. In
addition, all HCOL1 strains contained the 10 GIs (GI-01 to GI-
10) previously reported in V. cholerae O1 (Table S2). In contrast,
the 29 clinical and environmental V. cholerae non-0O1/0139
strains revealed a number of GIs (n = 40) encoding genes for
virulence, survival, stress response, and metabolism, and dis-
tributed across both chromosomes. The environmental strains
possessed a substantially larger repertoire of GIs (Table S2).

Variations in CTX®-RS1. CTX® present in toxigenic V. cholerae
consists of two functionally distinct gene clusters, core and RS2
region (17, 18). The core contains ctxAB, encoding cholera toxin
(CT), together with five other genes—psh, cep, pIIICTX, ace, and
zot—required for phage morphogenesis. RS2 encodes proteins
with roles in replication (RstA), integration (RstB), and regu-
lation (RstR) of site-specific recombination of CTX® (17, 19). In
toxigenic V. cholerae El Tor strains, a satellite phage, RS1, in-
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variably is present and located adjacent to CTX®. It is similar to
RS2 except that it contains an additional gene, 7s¢C, that encodes
an antirepressor protein, promoting transcription of CTX® genes
required for generating infectious particles (19). The CTX® and
RS1 element array in the Haitian cholera isolates are similar, but
not identical, to those found in the Altered El Tor V. cholerae
strains, i.e., CIRS101.

We observed a single amino acid deletion (delta S), a GTA
deletion at nucleotides 77 to 79 in rstB of the HCO1 strains
(Table 2). This deletion, a unique feature for a classical biotype
of V. cholerae (20), was not detected in any of the Altered El Tor,
Hybrid, or El Tor variants of V. cholerae, except V. cholerae
CP1048 (Bangladesh, 2010) and CP1032 (Mexico, 1991). In-
terestingly, V. cholerae INDRE 91/1 (Mexico, 1991) and RC27
(Indonesia, 1991) contained the GTA deletion, underscoring
this deletion is not novel to Western Hemisphere isolates.
Moreover, PCR amplification and sequence analysis of rstB gene
identified unique polymorphisms (A to G at nucleotide 192 and
G to A at nucleotide 108). The former was found only in the
HCOL1 strains, whereas the latter was also detected in the Mexico
strains, V. cholerae INDRE91/1 and CP1032, suggesting the G-
to-A polymorphism may be specific to Western Hemisphere
strains, a conclusion that requires additional data.

Variation was also detected in the number of ToxR binding
repeats (TTTTGAT) between zot and ctxA. V. cholerae. ToxR is
a global transcriptional regulator of virulence gene expression,
and this repeated sequence is required for ToxR binding and
activation of the ctxAB promoter. The ToxR-binding site is lo-
cated immediately upstream of ctxAB, and affinity of ToxR
binding is influenced by the repeat sequences (21). The HCO1
strains contained five copies of this repeat (Table 2), compared
with three or four copies in other Altered El Tor, Hybrid, or El
Tor variants of V. cholerae, including recent epidemic strains
(CP1048, CP1038, and CP1032), and seven copies were found in
the classical biotype of V. cholerae O395. The presence of an
increased number of ToxR binding repeats has been hypothe-
sized to correlate with a severe form of cholera (22, 23), which
may be the case in the Haitian epidemic (24).

A further feature of the Haitian strains was the presence of
three mutations in ctxB compared with two in Altered El Tor
Hybrid or El Tor variant strains of V. cholerae O1 (24). The same
ctxB polymorphisms in V. cholerae have previously been reported
for strains from Kolkata and Orissa, India, and most recently in
V. cholerae isolates from Nigeria, Cameroon, Kenya, Sudan,
Ethiopia, and Nepal (25, 26). Taken together, these data suggest
that the ancestor to the strains responsible for the Haitian out-
break successfully used genetic changes in CTX® and RS1 ele-
ment to affect disease severity, an attribute of the classical

biotype, as well as better environmental fitness, an attribute of
the El Tor biotype (5, 9-11).

Vibrio Pathogenicity Island-1. Vibrio pathogenicity island-1 (VPI-1)
codes for the toxin coregulated pilus involved in biofilm formation,
attachment to chitinous organisms, and as the receptor for CTX¢
(27). This island was found in all HCO1 isolates but not in clinical
or environmental V. cholerae non-01/0139 isolates. Interestingly,
although devoid of VPI-1, three different GIs were identified at the
VPI-1 site in 85% of non-O1/0139 isolates (Table S3). GI-41 was
identified at the VPI-1 locus in one environmental and 15 clinical
isolates, whereas other GIs, GI-102 and GI-81, were identified in
other environmental isolates (Table S3). It is of interest that GI-81
represents a part of the Vibrio Seventh Pandemic (VSP) Island II
(VSP-II) but is inserted at the VPI-1 site (Tables S2 and S3).

Vibrio Pathogenicity Island-2. Most of the genomes have encoded
sequences with at least some homology to the Vibrio pathogenicity
island-2 (VPI-2) inserted at the canonical locus for this island
(VC1758 and VC1810) (15). Whereas all V. cholerae O1 strains
contained a complete VPI-2, many non-O1/0139 strains, both
clinical and environmental, contained only the sialidase sequence
of the sialic acid metabolism region of VPI-2. That is, the VPI-2
locus in non-O1/0139 strains lack most of the VPI-2 ORFs, in-
cluding the type 1 restriction modification system and mu-like
phage regions (Table S3). Interestingly, the sialidase has been
shown to unmask the GM1 gangliosides of human intestinal epi-
thelial cells, thus making them more available to CT (28). How-
ever, because many of these strains do not encode CT, the high
level of conservation of sialidase among these strains suggests an
additional role for sialidase in the life cycle of Vibrio. Notably, the
clinical non-O1/0139 isolate HC1A2 contained GI-121 inserted at
VPI-2 site and part of GI-09 encoding genes responsible for re-
sponse regulator, autolysin sensor kinase, and ABC-type transport
system. An environmental isolate, V. cholerae HE25, encoded
a type III secretion system within the VPI-2 region. The type III
secretion systems most frequently found in V. cholerae serogroups
non-O1/non-0139 induce severe diarrhea in cholera infection
models (29), and this secretion system has been reported in
V. cholerae strains that encode and express the O1-antigen (15). Our
results are consistent with previous studies that showed VPI-2 to be
highly heterogeneous in clinical and environmental strains (15, 28).

VSP Islands. All HCO1, but none of the Haitian V. cholerae non-
01/0139 genomes examined in this study, carried VSP-I. In-
terestingly, an environmental V. cholerae non-O1/0139, HEL16,
carried a previously uncharacterized GI at the VSP-I insertion
loci. Similarly, all HCO1 carried a variant VSP-II, first reported
in V. cholerae O1 CIRS101, although none of the V. cholerae

Table 2. Sites of nucleotide variation in CTX prophages and RS1 elements

CTX prophage/RS1 element

rstA rstB

Gene rstR cep-zot zot-ctxA* ctxB
Strain  position — 27 51 52 162 183 258 345 354 414 459 516 540 558 579 606 774 77-79 90 96 288 291 344 80 Sites 1,197 to 74" —
N16961 CTX' ET C T T € ¢ G G C T €C G A C T T C GTA AT A C G E 4 E
0395 CX¢ T T A C T A G Cc ¢ T — TCG T C 7 C
IB1346 CTXMOZ L T T A C L . A | E 3,4 C
B16177 CIXY Ew T CG T . . . T A T A G T C . . . ... T E 3,4 C
CIRS101 CTX"YE ET E 3 C
HCo1 cTX"Y® ET — E 5 ct

Dots (.) indicate sequence identical to that of V. cholerae N16961; (— ) indicates deletion. E or ET, El Tor type; C or CL, classical type; C®, cholera toxin type 6;

Env, environmental type.
*ToxT binding site repeats.
74 nucleotide before the start of ctxA.
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non-01/0139 were found to carry this or any other variant at the
VSP-1I locus (Table S3). The VSP-II island in O1 strains was
inserted at the usual insertion locus in the genome and, as ob-
served in V. cholerae CIRS101, revealed many deletions com-
pared with the VSP-II in other V. cholerae O1 seventh pandemic
strains described previously (30).

Integrated Conjugated Elements. Integrated conjugated elements
(ICEs) found in HCOL1 strains were compared with ICEVchBan5
and ICEVchMoz in V. cholerae O1 CIRS101 and B33, respectively.
Analysis of their genetic organization revealed HCO1 ICE is >99%
similar to ICEVchBan3, differing only by SSNPS (31). In contrast,
the majority of the Haitian V. cholerae non-O1/0139 strains carry
an ICE sequence variant; only three strains lacked an insertion at
this site (Table S3). All the ICE insertions encode an integrase
gene of the P4 integrase family and integrate at prfC on C-1. Minor
differences between these elements and ICEVchBan5 were ob-
served at the junctions between sequence contigs. In contrast, the
ICE found in Haitian clinical V. cholerae non-O1/0139 was distinct
from any ICE reported to date, notably lacking the cluster of CDSs
encoding antibiotic resistance. Although this might be expected in
view of the higher variability observed in ICE present in V. cholerae
non-01/0139 from other geographical areas (32), it is interesting
that the same element is present in each of the Haitian V. cholerae

non-01/0139 strains. Even more intriguing is the fact that these
V. cholerae non-O1/0139 strains were of clinical origin and in 21%
the only isolate cultured from the patient.

Mutations in gyrA and parC. The Haitian V. cholerae O1 isolates
were resistant to sulfisoxazole, trimethoprim-sulfamethoxazole,
furazolidone, streptomycin, and nalidixic acid, and displayed re-
duced susceptibility to ciprofloxacin (3, 5). The strains were sen-
sitive to azithromycin and tetracycline. Analysis of the gyr4 and
parC (VC1258 and VC2430, respectively, in Table S3) genes
revealed two point mutations in the Haitian strains, i.e., a ser83ile
substitution in gyr4 and a ser85leu substitution in parC. Both point
mutations are associated with quinolone resistance in clinical
V. cholerae and have been reported in India and most recently
in Nigeria and Cameroon (33-37). We observed the same point
mutations in gyr4 and parC in recent isolates from Zimbabwe
(CP1038), Thailand (CP1042), and Bangladesh (CP1048). In
contrast, whereas V. cholerae O1 CIRS101 (Bangladesh, 2002) and
CP1041 (Zambia, 2004) contained the same point mutation at
1A, neither strain harbored the parC mutation, offering evidence
of similarity with, but not identity to, V. cholerae in Asia and Africa.

Phylogenomics. The phylogeny of the Haitian V. cholerae isolates
was inferred by constructing a genome-relatedness neighbor-
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Fig. 2. Neighbor-joining trees showing phylogenetic relationships based on 992 orthologous protein-coding genes (~989,552 bp) of (A) 96 V. cholerae ge-
nomes representing diverse serogroups (strains with blue and green color represent Haitian environmental and clinical isolates, respectively), (B) V. cholerae
non-01/0139 strains representing clinical non-01/0139 group 2, and (C) V. cholerae O1 and 0139 strains representing the seventh pandemic cluster.
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joining tree by using homologous alignment of 992 orthologous
protein-coding genes (~989,552 bp) of 96 V. cholerae genomes,
as a strict measure of the core V. cholerae genome. The evolu-
tionary tree (Fig. 24) corroborated the previously described 1.7-
million-bp phylogeny of V. cholerae (15), showing serogroups of
V. cholerae evolving into distinct evolutionary lineages. Signifi-
cantly, 26 of 29 V. cholerae non-01/0139 strains included in our
phylogenomic analysis clustered with toxigenic V. cholerae O1
strains (i.e., Amazonia and TM11079-80; Fig. 24) implicated in
sporadic cases and severe epidemics originating in the Western
Hemisphere. The phylogeny is concordant with the observation
that non-O1/0O139 strains isolated from the Haitian clinical
samples harbor a battery of virulence/fitness factors organized on
MGE:s. That is, despite being non-01/0139, these strains harbor
the genomic backbone similar to some toxigenic V. cholerae O1,
explaining the coexistence of non-O1/0139 with V. cholerae O1.
Furthermore, the clinical non-O1/0139 isolates formed two
closely related clusters (HC-1 and HC-2), with the majority of
the non-01/0139 isolates clustering together in HC-2 (Fig. 2B).
Both clinical and environmental isolates clustered together,
along with 1991 and 1980 V. cholerae O1 isolates from Brazil,
indicating potential indigenous origin of these strains.

The HCOL1 strains, on the contrary, clustered with other sev-
enth pandemic V. cholerae strains in a single monophyletic clade
(Fig. 24). A tree constructed with only seventh pandemic strains
(Fig. 2C) showed clustering of the Haitian strains together, as
well as with clinical isolates from Zimbabwe (CP1038) and
Bangladesh (CP1048 and CP1050), an observation in agreement
with the recent report of shared ancestry of Haiti, India, and
Cameroon isolates (8). HCOL1 isolates subdivided into several
closely related clusters within a tight monophyletic clade in-
dicating stochastic biological transmission events resulting in
genetic drift among the strains isolated during the first 3 wk of
the outbreak. Genetic drift would account for radiation of
~50% of the isolates away from the basal Haitian isolates. To
better demonstrate the heterogeneity of these clonal sub-
populations, principal component analysis (PCA), a multivar-
iate method useful for exploratory cluster visualization, was
used. Based on the divergence of average nucleotide and tetra

A CTX-RS1-TLC

=

CTX_RS1 _TLC

nucleotide frequency matrix using R, PCA analysis showed the
Haitian strains formed a heterogeneous cloud of clonal sub-
populations (Fig. S1), indicating that two closely related iso-
lates from Bangladesh (CP1048) and Zimbabwe (CP1048)
hard to exclude as maximum variations observed among the
various Haitian strains must be included (Fig. S1).

Relatedness of Outbreak and Reference Isolates by Whole-Genome
Mapping. Whole-genome maps were created for a set of Haitian V.
cholerae isolates and isolates from concurrent epidemics else-
where. Comparison of the whole-genome maps showed all HCO1
outbreak strains to be identical within the limits of the mapping
technology resolution, suggesting the outbreak to be clonal. De-
tailed whole-genome map comparisons of outbreak isolates with
closely related reference isolates CP1048 and CP1038 revealed
substantial similarity, yet differences were observed (Fig. 3 and
Fig. S2). Comparison of these regions with annotated sequences of
a previously studied isolate, AE-1786, showed that, although most
of the HCO1 and CP1048 (Bangladesh, 2010) contained TLC of
~18 kb, two strains AE-1786 (Haiti, 2010) and CP1038 (Zimbabwe,
2009), displayed a TLC of ~13 kb (Fig. 34). Distinct polymorphism
was also observed in the mannose-sensitive hemagglutinin (MSHA;
Fig. 3B), a surface pilus contributing the ability of V. cholerae to
adhere to plankton (38). Detailed whole-genome map comparisons
demonstrated three Haitian strains—AE-1786, HC61A1l, and
HC46Al1—harbored an ~18-kb tRNA cluster in MSHA, whereas
other HCO1 and two closely related reference isolates—CP1048
and CP103—contained an approximately 24-kb cluster (Fig. 3B). A
larger insert (~27 kb) was identified at the ICE locus in Haitian
strain HC20A2, compared with the ~18-kb insert found in other
HCOL1 strains (Fig. 3D), as well as CP1048 and CP1038.

Genome similarity clustering (Fig. 4) of whole-genome maps
for both chromosomes showed the outbreak isolates did not
differ substantially from CP1038 and CP1048. However, other
strains from Thailand (CP1042), Mexico (CP1032 and 1033), and
Zambia (CP1041) differed by >2% and therefore clustered
separately. All clinical and environmental non-O1/0139 strains
clustered in a monophyletic group. The genome similarity clus-
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Polymorphisms in Haitian outbreak and reference isolates as determined by whole-genome mapping. Polymorphism detected in (A) TLC element, (B)

MSHA gene clusters, (C) tRNA region, and (D) ICE element. Highlighted by the blue colored crossed line box are regions where polymorphisms were detected.
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tering confirmed heterogeneity of the V. cholerae non-O1/0139,
as reported previously (38).

SNP-Derived Phylogeny. To establish a high-resolution phyloge-
nomic framework, only 16 genomes were subjected to SNP dis-
covery and SNP validation. Our developed bioinformatics pipeline
takes into account genome coverage and corrects for paralogous
genomic regions. This analysis yielded a panel of 277 high-quality
SNPs (70 synonymous, 169 nonsynonymous, and 38 intergenic
SNPs; Table S4) distributed stochastically within the chromosome
I (213 SNPs) and II (64 SNPs), without indication of mutational
hotspots (Figs. S3 and S4). The SNPs showed only two different
alleles for every strain at each assayed position (Table S3). The
high incidence of biallelism suggests limited diversity among the
analyzed genomes. The high-resolution of the SNP-derived phy-
logenetic scheme allowed accurate placement of the Haitian
V. cholerae strains, separated by 12 Haiti-specific SNPs from
the rest of the strains included in the analysis (Fig. 5). Haitian
V. cholerae strains formed a closely related cluster, with Haitian
V. cholerae 1798 placing in the center of the radial expansion. The
phylogeny shows genetic relationship of Haitian V. cholerae strains
with V. cholerae CP1048, CP1038, CP1041, and CP1042 (Table 1).
The Haitian V. cholerae strains feature as many as five isolate-
specific SNPs indicative of microevolution within the timeframe of
the Haitian cholera epidemic. Only a single shared SNP is carried
in the Haitian V. cholerae from V. cholerae HC38A1 to HC48Al.

Conclusions

Genomic analysis of V. cholerae isolates obtained early in the
Haitian cholera epidemic has provided evidence that two distinct
Vibrio populations, V. cholerae O1 and V. cholerae non-01/0139,

E2016 | www.pnas.org/cgi/doi/10.1073/pnas.1207359109

contributed to the cholera epidemic in Haiti. Results of com-
prehensive genomic analysis showed that V. cholerae O1 pop-
ulations were clonal, resembling epidemic isolates from South
Asia and Africa. V. cholerae non-O1/0139 populations were not
clonal, but most probably serve as a reservoir for genomic and
pathogenicity islands. Results of our analysis demonstrated that
V. cholerae non-O1/0139 populations in Haiti harbor a genomic
backbone similar to that of toxigenic V. cholerae O1 circulating in
the Western hemisphere. Core gene and SNP-derived phyloge-

< T
o S ol 12 Haiti specific SNP's
() A
%, SR
HC"Af HCUFo1
[
Hc‘w A
L] C
&8 A RS101 52 ngladesh 2002
g o
T ‘i%,
% Bangladesh 2010 S misEa0s
[~ ’ Co,
& 5 N
& Q,? 4
Zimbabwe 2009 Thailand 2010 \
® 4
&7
59,
Bangladesh 1971
0.1

Fig. 5. SNP-based phylogenetic tree for V. cholerae O1, constructed by using
277 intra- and intergenic SNPs identified in the V. cholerae O1 population,
revealing clustering and radial expansion of the Haitian V. cholerae strains.
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nies suggest, and PCA findings reinforce, that, quite quickly, i.e.,
within a 3-wk period early in the cholera epidemic, substantial
genomic diversity accumulated in the circulating population. Our
study speaks to the critical need for an up-to-date, properly
curated, and publicly available reference genomic database
(including geographically diverse and circulating strains from
cholera endemic regions) reflecting quality coverage of global
phylogenetic diversity, as well as diversity within this heteroge-
neous clade and its near neighbors if investigations of future
V. cholerae epidemics are to be effective and useful for public
health applications. Moreover, it may also be necessary to gen-
erate the database at the time of a study, as there are evidence of
genetic drift during the short time frame of routine laboratory
passage of V. cholerae. Therefore, a need to resequence reference
genome, as the apposite comparator, is also underscored if SNP
data are to be used to assign attribution in outbreak investigations.

Materials and Methods

Traditional methods for isolating and identifying V. cholerae from environ-
mental water and stool samples were used for bacteriological analysis of all
samples. The identity of presumptive colonies was confirmed by using a battery
of specific biochemical, serological, and molecular methods. Five loci for MLVA
were analyzed by using methods described in previous studies (10-12). Genomic
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subjected to next generation whole-genome Illlumina and hybrid lllumina/454
sequencing. Whole-genome maps were generated through OpGen,to facilitate
assembly and a detailed study of polymorphisms and their respective genome
localization in the studied population. Genome-to-genome comparisons, iden-
tification and characterization of MGEs, as well as core genome phylogenetics
were performed by using methods described previously (14, 15). A NUCmer-
based bioinformatics pipeline was used for discovery of fine SNPs and curated
manually for any false-positive calls. Genomic regions with identities more than
98% on C-l and C-Il were excluded, and regions that were not conserved among
the strains were also excluded from further analysis. A further detailed de-
scription of the materials and methods is provided in S/ Materials and Methods.
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