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Phylodynamic Analysis of Clinical and Environmental Vibrio cholerae
Isolates from Haiti Reveals Diversification Driven by Positive
Selection
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ABSTRACT Phylodynamic analysis of genome-wide single-nucleotide polymorphism (SNP) data is a powerful tool to investigate
underlying evolutionary processes of bacterial epidemics. The method was applied to investigate a collection of 65 clinical and
environmental isolates of Vibrio cholerae from Haiti collected between 2010 and 2012. Characterization of isolates recovered
from environmental samples identified a total of four toxigenic V. cholerae O1 isolates, four non-01/0139 isolates, and a novel
nontoxigenic V. cholerae O1 isolate with the classical tcpA gene. Phylogenies of strains were inferred from genome-wide SNPs
using coalescent-based demographic models within a Bayesian framework. A close phylogenetic relationship between clinical
and environmental toxigenic V. cholerae O1 strains was observed. As cholera spread throughout Haiti between October 2010
and August 2012, the population size initially increased and then fluctuated over time. Selection analysis along internal branches
of the phylogeny showed a steady accumulation of synonymous substitutions and a progressive increase of nonsynonymous sub-
stitutions over time, suggesting diversification likely was driven by positive selection. Short-term accumulation of nonsynony-
mous substitutions driven by selection may have significant implications for virulence, transmission dynamics, and even vaccine
efficacy.

IMPORTANCE Cholera, a dehydrating diarrheal disease caused by toxigenic strains of the bacterium Vibrio cholerae, emerged in
2010 in Haiti, a country where there were no available records on cholera over the past 100 years. While devastating in terms of
morbidity and mortality, the outbreak provided a unique opportunity to study the evolutionary dynamics of V. cholerae and its
environmental presence. The present study expands on previous work and provides an in-depth phylodynamic analysis inferred
from genome-wide single nucleotide polymorphisms of clinical and environmental strains from dispersed geographic settings in
Haiti over a 2-year period. Our results indicate that even during such a short time scale, V. cholerae in Haiti has undergone evo-
lution and diversification driven by positive selection, which may have implications for understanding the global clinical and
epidemiological patterns of the disease. Furthermore, the continued presence of the epidemic strain in Haitian aquatic environ-
ments has implications for transmission.
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ibrio cholerae is one of the oldest and well-recognized patho-
gens of humans, yet there is much to be learned regarding
transmission and evolution of cholera, the disease for which it is
the causative agent. The interplay between person-to-person and
environmental transmission remains to be explained in full detail,
especially in the context of the evolutionary response of the bac-
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terium to environmental and host-driven selective pressures.
Mechanisms for these interactions have been proposed with vari-
able viewpoints (1-3).

In October 2010, a case of cholera caused by the toxigenic
Vibrio cholerae O1 El Tor biotype was reported in Mirebalais, Haiti
(4), making it the first case in Haiti that was officially identified by

mBio mbio.asm.org 1


http://creativecommons.org/licenses/by-nc-sa/3.0/
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://crossmark.crossref.org/dialog/?doi=10.1128/mBio.01824-14&domain=pdf&date_stamp=2014-12-23
mbio.asm.org

Azarian et al.

U.S. public health authorities since the mid-19th century (5).
Pulsed-field electrophoresis (PFGE), variable nucleotide tandem
repeat (VNTR), and sequence data identified a clonal relationship
consistent with point-source introduction, with the Nepalese gar-
rison on UN peacekeeping duty in the aftermath of the January
2010 earthquake implicated as the putative source (6). As of May
2014, 703,510 cases and 8,562 deaths had been conservatively re-
ported (5). The outbreak strain of V. cholerae has genetic charac-
teristics of a “hybrid” or “altered” V. cholerae strain linked with
increased virulence (3, 7). The epidemic provided a unique op-
portunity to investigate clinical and environmental strains of
V. cholerae over time to gain an understanding of the evolutionary
dynamics of the microorganism (8, 9). This dynamic was investi-
gated using phylodynamic analysis of microbial genome data in
the context of the demographic history of the pathogen (2, 10-12).

Historically, the genetic diversity of V. cholerae has not been
recognized, with the first six pandemics ascribed to a classical bio-
type, with a genetic shift resulting in the El Tor biotype responsible
for the ongoing seventh pandemic (13). The emergence of V. chol-
erae serogroup 0139 strains in the early 1990s and “altered” or
“hybrid” strains in the last decade, which are believed to be sub-
lineages within a global expansion of the seventh cholera pan-
demic, demonstrate the ongoing genomic plasticity of this patho-
gen to yield new and potentially more successful variants through
point mutations, DNA rearrangements, and horizontal gene
transfer (1, 14). Interestingly, Bayesian molecular clock analysis
has shown that bacterial populations, including strains of V. chol-
erae and methicillin-resistant Staphylococcus aureus, are measur-
ably evolving even over relatively short time scales ranging from a
few months to a few years (2, 15-17). However, those underlying
factors that drive the emergence and evolution of novel microbial
variants remain uncertain. For example, recent studies showed
that V. cholerae in aquatic environments is naturally competent
and in the presence of chitin is subject to significant selective pres-
sure (13, 18). Selection in the human gut, related to acquired im-
munity, has also been considered an evolutionary driver, specifi-
cally in the shift from the Inaba to Ogawa serotypes observed in
2012 in the Artibonite region of Haiti (19). Also, a conceptual
framework has been proposed in which V. cholerae evolution is
driven by shift/drift cycles. This posits that transition between the
sixth and seventh pandemic strains resulted from accumulation of
base pair mutations (shift), while transition among V. cholerae O1
strains during the current pandemic arose from short-term
changes with horizontal acquisition of genomic islands (drift) (1).

In this study, we observed short-term accumulation of nucle-
otide substitutions in the V. cholerae genome that may have a
more significant evolutionary impact than previously considered.
Throughout the first 2 years of the epidemic in Haiti, it appears
V. cholerae diversified, accumulating a significant number of
genomic polymorphisms driven by an increasing frequency of
nonsynonymous mutations along the lineages successfully prop-
agating over time. Furthermore, the environment is concluded to
serve as a reservoir of diverse V. cholerae strains in Haitian water-
ways, including toxigenic V. cholerae O1 El Tor and non-O1/0139
strains and a novel nontoxigenic O1 El Tor-like strain.

RESULTS

A total of 28 clinical isolates and nine environmental isolates were
recovered from 2010 to 2012 in this study (see Table S1 in the
supplemental material). The 37 isolates were confirmed using se-
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rology, the mismatch amplification mutation assay (MAMA), and
PCR for ompW and virulence genes toxR, tcpA, ctxA, rstA, and rstC
(20). Among the nine environmental isolates that were character-
ized, four were toxigenic V. cholerae O1 strains, one was a non-
toxigenic serogroup Ol strain, and four were non-O1/0139
strains. Whole genome sequences (WGS) were determined, and
an additional 28 WGS previously reported by Katz et al. (9) were
downloaded from the Sequence Read Archive (SRA) database for
a total of 56 clinical V. cholerae O1 isolates from four Haitian
regions: Artibonite, Ouest, Sud-Est, and Sud (see Fig. S1 in the
supplemental material). After sequencing using the Illumina
HiSeq 2000 platform, the reads were mapped to V. cholerae
2010EL-1786, a closed reference genome (GenBank accession no.
NC_016445.1 and NC_016446.1) representing the early 2010 Hai-
tian clone. De novo assemblies of all WGS were constructed.

Phylogenetic relationships between clinical and environ-
mental V. cholerae isolates. Monthly environmental surveillance
for V. cholerae at selected stations in waterways of the Ouest region
was initiated in April 2010. An initial maximum likelihood (ML)
phylogenetic analysis of the 56 clinical and 4 environmental toxi-
genic V. cholerae O1 biotype El Tor strains indicated a close rela-
tionship with the Haitian epidemic 2010EL-1786 closed genome
(see Fig. S2 in the supplemental material). Pairwise high-quality
SNP (hqSNP) differences between the 4 environmental and 13
clinical toxigenic V. cholerae O1 strains isolated in 2012 ranged
from 0 to 11 (median of 4).

The relationship between Haitian and historical V. cholerae
strains is shown in the global phylogeny (Fig. 1), including de novo
assembled genomes from the five environmental isolates (four
non-O1/0139 isolates and one nontoxigenic O1 isolate) and a
representative sample of published V. cholerae O1 and non-O1
strains (9, 21). This phylogeny also includes an environmental
strain recently isolated in Haiti (2012EL-1759) that is highly sim-
ilar to the 0395 strain. Given the significant diversity between
V. cholerae O1 and non-O1 genomes, the 60 closely related toxi-
genic V. cholerae O1 biotype El Tor strains from our study were
collapsed and are represented in the phylogeny by the 2010EL-
1786 reference sequence (Fig. 1), which closely clusters with other
members of the El Tor biotype (N16961 Bangladesh, 1975 and
CIRS101 Bangladesh, 2002). The four V. cholerae non-O1/0139
strains were included in the global phylogeny, suggesting a pan-
mictic population of V. cholerae non-01/0139 lineages present in
the aquatic environment of Haiti. One of the isolates was nontoxi-
genic (ctx negative) V. cholerae O1 2012Env-9, a ctx-negative clas-
sical fcpA-positive strain that clustered basally to the V. cholerae
0395 and O1 El Tor strains. Moreover, only 90.9% of 10 million
reads mapped to the 2010EL-1786 genome, compared to an aver-
age of 96.52% among other toxigenic clinical and environmental
isolates. Mapping to the reference strain confirmed the absence of
the ctx phage in 2012Env-9.

Phylodynamics of toxigenic V. cholerae O1 strains in Haiti.
The 56 clinical and four environmental toxigenic V. cholerae O1
isolates were further analyzed by phylodynamic methods. A total
of 68 genome-wide high-quality single nucleotide polymorphisms
(hqSNPs) were identified (see Table S2 in the supplemental ma-
terial), and pairwise hqSNP differences were compared (see Ta-
ble S3 in the supplemental material). Most (59/68 [87%]) of the
hqSNPs occurred in coding regions and included 33 nonsynony-
mous changes. As expected, the nucleotide diversity among clini-
cal isolates collected in 2010, shortly after the first outbreak strain
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FIG1 Maximum likelihood (ML) tree of V. cholerae environmental and clinical strains. The ML tree was inferred from ProgressiveMauve alignment of four
environmentally sampled non-O1/0139 isolate sequences (designated by green coloring and marked with an asterisk), one environmentally sampled nontoxi-
genic Ol sequence, and 27 reference sequences. The 60 closely related toxigenic O1 biotype El Tor strains from our study are collapsed and represented by the
2010EL-1786 reference strain, which clusters with other members of the El Tor lineage. The four non-O1/0139 strains were dispersed throughout the global
phylogeny, indicating a panmictic population of non-O1/0139 strains in the environment. The phylogeny was constructed with RAXML, using the GTR
nucleotide substitution model and 1,000 bootstrap replicates. Bootstrap values for branches are not indicated but were all above 90%.

was isolated, was relatively low (0.011 nucleotide substitution/
hqSNP site) but was already nine times larger (0.098 nucleotide
substitution/hqSNP site) in 2011. Diversity decreased slightly in
2012 (0.073 nucleotide substitution/hqSNP site), although it was
seven times larger than at the beginning of the epidemic (Table 1).
Overall, the evolutionary rate (i.e., molecular clock) was estimated
at 1.67 X 107 (95% highest posterior density [HPD],4.50 X 10~7
t0 3.34 X 107°) hqSNP genome ! year ! or ~6.8 (95% HPD, 2 to
14) hqSNP year ! in the core genome, consistent with previous
estimates (2).

Likelihood mapping analysis showed that sequences con-
tained, overall, high phylogenetic signal, and recombination was
not detected (22, 23). Therefore, an evolutionary and demo-
graphic history of these V. cholerae O1 strains in Haiti could be
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further studied by analyzing genome-wide hqSNPs with Bayesian
coalescent-based models (see Materials and Methods). In agree-
ment with previous findings, V. cholerae adhered to a strict mo-
lecular clock, with the time of the most recent common ancestor
(TMRCA) dating back to July 2010 (95% HPD, March to October
2010) (see Table S4 in the supplemental material), encompassing
the 2010 Nepalese epidemic and the onset of the outbreak in Haiti
according to official records (6, 9, 24). Phylogenetic relationships
among cholera isolates were represented by a DensiTree showing
superimposition of trees in the Bayesian posterior distribution
(Fig. 2). DensiTrees allow the depiction of phylogenetic uncer-
tainty and are a powerful alternative to a maximum clade credi-
bility (MCC) or ML tree, which is inferred by heuristic algorithms
and may not necessarily represent the most likely evolutionary
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TABLE 1 Frequency of isolates by year and diversity/divergence estimates

Frequency according to:

Within-group hqSNP

Yr UF-EPI* Katz et al. (9) Total® Diversity© Divergence? difference®
2010 9 13 22 0.011 (0.004) 0.636 (0.219)
2011 14 14 0.098 (0.016) 0.056 (0.008) 5.868 (0.855)
2012 23 1 24 0.073 (0.018) 0.058 (0.018) 3.978 (0.866)
Total 32 28 60

@ The isolates listed were sampled by the University of Florida Emerging Pathogen Institute (UF-EPI).

 Four non-01/0139 isolates are not listed and were not included in the diversity/divergence estimates.

¢ Diversity estimates of the mean evolutionary diversity within year-specific subpopulations. The number of nucleotide substitutions per hqSNP site from mean diversity
calculations within subpopulations is shown with the standard error obtained by bootstrap estimates (1,000 replicates) in parentheses.

9 Divergence estimates and standard errors (in parentheses) of average evolutionary divergence compared to sequence sampled during the first epidemic outbreak in 2010. The
number of nucleotide substitutions per hqSNP site from averaging over all sequence pairs within groups is shown.

¢ Mean within-group hqSNP differences and standard errors (in parentheses) by collection year.

history of the sampled sequences (25). Despite some variability,
tree topologies in the posterior distribution consistently showed
each toxigenic environmental V. cholerae O1 strain isolated in
2012 clustering and always branching out from clinical isolates
sampled at the same time point (Fig. 2). This demonstrates the
close relationship of the clinical and environmental strains. More-
over, the staircase morphology of the V. cholerae O1 Bayesian
phylogenies is indicative of measurably evolving populations (17)
characterized by expansion, diversification, and bottlenecks. In
general, strains sampled at a specific time point are more closely
related than strains sampled at a different time point (Fig. 2).
Taken together with the change in hqSNP diversity over time (Ta-
ble 1), the observed pattern is consistent with progressively shift-
ing V. cholerae populations, where microbial strains circulating in
a given year are replaced the following year through population
bottlenecks. At least two major bottlenecks can be observed in the
DensiTree: the first one leading to the replacement of the homo-
geneous variants circulating in 2010 with a more heterogeneous
population in 2011 and the second one from 2010 and 2011 to
2012, with 19 of 24 (79.2%) strains isolated in 2012 located within
the same clade with high posterior support (Fig. 2). A similar
topological feature was observed in genealogies of seasonal epi-
demics of fast-evolving viruses, such as influenza virus (12), and
Mutreja et al. in 2011 described a staircase topology marking tran-
sitions between cholera pandemic waves that have occurred since
the 1960s (2). Here, however, we found an analogous evolutionary
pattern within a localized epidemic over a short 2-year time span.

The demographic history of V. cholerae during the Haitian ep-
idemic was also studied by investigating changes in microbial ef-
fective population size (N,)—a measure of genetic diversity rep-
resenting the number of genomes effectively contributing to the
next generation. Daily case counts for the Ouest Department (ex-
cluding Port-au-Prince), where a large proportion of isolates were
collected, were obtained from daily reports to the Haitian Minis-
try of Public Health and Population (26). Aggregated incidence
data were then covisualized with a Gaussian Markov random field
(GMRE) skygrid plot showing N, trajectory over time (Fig. 3, top
panel) (25). The GMRF skygrid yielded the best-fitting model,
based on Bayes factor comparison of marginal likelihood esti-
mates from path sampling and stepping-stone analysis imple-
mented in BEAST v. 1.8.0 (see Table S4 in the supplemental ma-
terial) (27-29). By using epidemiological data, the V. cholerae
population demographic history may be described as a point
source introduction of a strain followed by epidemic spread. The
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skygrid plot shows an initial peak in N, occurring during October
2010 to January 2011, leveling off as the epidemic progressed.
Changes in N, are reflected by epidemiological data showing an
initial exponential increase in reported cases for the Ouest Depart-
ment followed by stabilization and episodic fluctuation (Fig. 3,
bottom panel).

Analysis of toxigenic V. cholerae O1 selection. The progres-
sive emergence of new V. cholerae lineages during the first 2 years
of the Haitian epidemic may be the result of random (neutral)
genetic drift or positive selection. Previous studies showed that
acquisition of the STX family of antibiotic resistance elements
shaped the topology of the pandemic spread of cholera over the
last six decades (2). Bayes empirical Bayes (BEB) analysis imple-
mented in PAML identified 2 amino acid changes—a glycine-to-
cysteine replacement in the gene coding for prolyl-tRNA synthe-
tase and an alanine-to-valine replacement in the gene coding for
periplasmic nitrate reductase NapA—as sites of possible positive
selection (BEB posterior probabilities of 76.2% and 76.3%, re-
spectively), although by comparing different ML-based branch-
site selection models, the hypothesis of neutrality could not be
rejected (30, 31). Given the limitations of these tests when applied
to population data (32), we investigated further the accumulation
of synonymous (dS) and nonsynonymous (dN) substitutions per
hqSNP site along different subsets of internal branches of V. chol-
erae O1 Bayesian MCC trees (see Materials and Methods). In stair-
case phylogenies, in particular, backbone paths can be defined
(one such path is shown by the highlighted branches of the MCC
tree in Fig. 4A), representing major lineages propagating through
time from root node to most recently sampled sequences. That is,
along a backbone path, each ancestral node gives rise to a daughter
lineage that quickly stops propagating and to another ancestor
from which all subsequent lineages emerge. External branches
were excluded from the analysis to avoid the confounding factor
of transient polymorphisms segregating on lineages not success-
fully propagating through time (33). Accumulation of dN and dS
substitutions along backbone paths showed marked differences
(Fig. 4B). Throughout the epidemic, dS values continued to re-
main steady over time—not surprisingly, since the dS substitution
rate is expected to be proportional to the neutral mutation rate
(34). As the incidence of cholera cases decreased throughout 2011,
dN changes kept increasing, and a significantly greater number of
dN than dS substitutions was consistently observed (P < 0.001),
characteristic of a heterogeneous microbial population undergo-
ing emergence and subsequent fixation of variants driven by pos-
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FIG 2 DensiTree of posterior distribution of trees from Bayesian phylogenetic analysis of 60 V. cholerae O1 isolates. A posterior distribution of trees was
obtained from Bayesian phylogenetic analysis of genome-wide SNPs from 60 toxigenic V. cholerae O1 isolates using the GMRF skygrid model and strict molecular
clock as implemented in BEAST 1.8.0. Tip dates for each node were assigned based on date of isolate collection, allowing the phylogeny to be scaled in time.
DensiTree provides a visualization of the posterior distribution of trees by illustrating the frequency of node clustering to assess the support for clades and overall
topology. Well-supported branches are indicated by solid colors, whereas webs represent little agreement. This is an alternative to presenting one “best” MCC

tree.

itive selection (34). This pattern was also observed when dN and
dS values were assessed along all internal branches (see Fig. S3 in
the supplemental material). Interestingly, ML reconstruction of
ancestral sequences in the MCC tree showed several amino acid
substitutions along backbone paths that marked population bot-
tleneck events between 2010 and 2011 and 2012 (Fig. 4C) (35).
Potential fitness contributions of the observed amino acid changes
were evaluated by reviewing available V. cholerae protein struc-
tures in the Protein Data Bank. The amino acid change in the gene
coding for thiol:disulfide interchange protein DbsA (TcpG) (4C
branch 7) was the only one mapping on a protein with known
structure. This protein plays an important role in the secretion of
virulence factors (36, 37). We observed that the alanine-to-
threonine substitution occurs in a 3-sheet near the hydrophobic
binding pocket (Fig. 4). While it is difficult without subsequent

November/December 2014 Volume 5 Issue 6 e01824-14

analysis to determine whether the change in charge and size at this
position alters the ability to fold disulfide-bonded proteins and
potentially affects fitness in vivo, it is known that inactivation of
this gene results in avirulent mutants (36).

DISCUSSION

In-depth characterization of the phylodynamic patterns of Hai-
tian clinical and environmental V. cholerae isolated between Oc-
tober 2010 and August 2012 resulted in three findings. First, we
observed diversity in both environmental nontoxigenic and toxi-
genic V. cholerae O1 strains in the Haitian aquatic environment,
the latter showing a close phylogenetic relationship between these
clinical and environmental strains. Second, during the short time
span of the ongoing Haitian epidemic, V. cholerae O1 comprises a
measurably evolving population characterized by genetic diversi-
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the gray upper and lower bounds represent, respectively, median and 95% high posterior density (95% HPD) interval estimates of N, over time. The bottom panel
shows the number of cumulative (shaded area) and incident (histogram) cholera cases from October 2010 to June 2013.

fication (17). Last, as the epidemic progressed, a differential accu-
mulation of dN and dS mutations indicative of positive selection
was observed, a result that may have significant implications for
understanding the evolutionary processes of V. cholerae.
Whole-genome hqSNP analysis showed that toxigenic V. chol-
erae Ol strains isolated from water samples collected in 2012 were
highly related to clinical isolates sampled that year. The shared
ancestry of clinical and environmental isolates was also evident in
the phylogenetic tree, where environmental strains always origi-
nated from clinical lineages. Environmental samples collected in
2013 at the same sites yielded additional toxigenic V. cholerae O1
strains in the presence of low numbers of fecal coliforms (e.g.,
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80 CFU/100 ml) (38). Thus, the fact that V. cholerae, a natural
inhabitant of aquatic ecosystems, is present in Haitian coastal,
estuarine, and river systems makes it critical to undertake exten-
sive monitoring of Vibrio populations (39).

Results from studies done in Bangladesh using VNTR typing
have suggested clinical and environmental strains comprise dis-
tinct populations but with different V. cholerae populations de-
tectible in different villages (40). The four toxigenic V. cholerae O1
Haitian environmental isolates in this study were found to be sig-
nificantly similar to the clinical isolates. These findings indicate
that there is an environmental presence of toxigenic V. cholerae O1
in the aquatic ecosystem of Haiti. This creates a dilemma since
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Mar 2011
Time (Month-Year)

Jun2011 Aug 2011

C
Branch Chrom  Index  Reference Variant Codon (AA) Gene ID Gene Name
Change
1 1 415,957 C A |Ggt(G) > Tgt(C) | 11460200 |prolyl-tRNA
2 1 91,519 C aCc(T) = aTc(l) | 11462798 Tn3
2 214,940 T C  |aAt(N) = aGt(S) | 11463297 |LysR family transcriptional regulator
3 1 1,240,958 G A [Ggg(G) 2 Agg(R) | 11460961 [ methyl- h is protein
1 2,950,920 C T |Gtt(V) 2 Att(l) 11462632 |hypothetical protein
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FIG 4 Bayesian MCC phylogeny and selection analysis along backbone paths.

(A) Bayesian maximum clade credibility (MCC) tree of Haitian strains of

V. cholerae with branch lengths scaled in time by enforcing a strict molecular clock. Strain labels are colored to indicate the time of sampling according to the
legend in the figure. An asterisk along a branch marks subtending clades supported by a posterior probability of >0.75. An asterisk next to a node sequence name
indicates an environmentally sampled isolate. One of the possible backbone paths, representing major lineages propagating over time from root node to most
recently sampled sequence, is highlighted in red. Branch labels correspond to nonsynonymous mutations indicated in the table on panel C. (B) Mean nonsyn-
onymous (dN) and synonymous (dS) divergence along backbone paths in a subsample of trees from the posterior distribution (see Materials and Methods)
during the cholera epidemic in Haiti are represented by blue and green lines, respectively. Estimates 1 standard deviation above and below the mean dN or dS are
represented by broken lines. The y axis represents the number of nucleotide (dN or dS) changes per (synonymous or nonsynonymous) SNP site. The x axis
matches the time scale of the epidemic. Estimates were obtained by reconstructing and comparing ancestral sequences along V. cholerae trees sampled from the
posterior distribution from the Bayesian analysis. (C) Inferred codon and amino acid changes in the V. cholerae genome (numbered according to the V. cholerae
2010EL-1786 reference strain) along internal branches of the O1 Haitian phylogeny. Branch numbers correspond to numbered branches in the MCC tree given

in panel A.

models for elimination of epidemic cholera in Haiti do not con-
sider the environment as a reservoir of toxigenic V. cholerae O1 or
as an environmental source of this pathogen (41). Infected indi-
viduals very likely continue to seed the aquatic environment, but
by ignoring the aquatic environmental habitat of V. cholerae, this
mode of transmission as a significant contributor to the ongoing
epidemic will be inappropriately discounted.

Phylogenic analysis showed each environmental isolate
branching from a different clinical isolate sampled at the same
time point. However, it is not possible to determine whether mu-
tations of clinical and environmental strains mostly occurred in-
trahost during infection or during subsequent replication cycles
after release into the environment. Analyses of additional envi-
ronmental and clinical isolates, collected longitudinally from dif-
ferent geographic areas, will help to further elucidate the transmis-
sion and population dynamics of these two components of the
epidemic. In this study, we conclude V. cholerae non-0O1/0139 is
most likely naturally occurring in the Haitian aquatic environ-
ment. Interestingly, one of the strains (2012Env-32) is located on
a monophyletic clade with the V. cholerae cp1110 O75 strain re-
sponsible for the 2010-to-2011 oyster-borne outbreak in Florida
(Fig. 1) (42). Furthermore, a nontoxigenic (ctx ¢-negative)
V. cholerae O1 strain possessing the classical fcpA gene
(2012Env-9) was also isolated, demonstrating the diversity of
V. cholerae strains in Haiti. The diversity of strains and continued
interaction with the microbiome of resident Haitian human with
environmental bacteria and bacteriophages may give rise to fur-
ther advantageous mutations or acquisition of plasmids coding
for drug resistance, as there is some evidence that this has already
occurred. A recent study identified a Haitian epidemic isolate that
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gained multidrug resistance through acquisition of an IncA/C
plasmid that may have been derived from a species of Enterobac-
teriaceae (43). In the present study, we emphasize the impact of
point mutations on the V. cholerae genome by illustrating an in-
creasing accumulation of nucleotide diversity over the course of
the epidemic, mainly driven by nonsynonymous substitutions.

Comparison of genomes of strains isolated during the first
2 years of the epidemic showed a progressive accumulation of
polymorphisms among strains sampled during different time pe-
riods, characteristic of population expansion and diversification.
In particular, toxigenic V. cholerae O1 strains isolated during 2010
represent a rather homogenous, compartmentalized, but not
identical population, with sparse genomic variation and low ge-
netic diversity. In 2011, a period of expansion and wider diversi-
fication occurred followed by an observed population bottleneck,
with diversity decreasing between 2011 and 2012. This bottleneck
was also reflected by a slight decrease in both N, and reported case
counts from March to April 2012 (Fig. 3).

To determine the factors driving evolution of V. cholerae, se-
lection among toxigenic V. cholerae O1 variants was investigated.
Such studies have employed assessment of dN/dS substitution ra-
tios to investigate selection pressure driving the emergence and
fixation of new genetic lineages (32). However, when applied to
intraspecies (single population) data, dN/dS values tend to be in-
sensitive to selection coefficients, and ratios of less than 1 are not
necessarily a reliable indicator of negative selection (32). More-
over, transient polymorphisms segregating along external
branches of a genealogy may bias dN/dS estimates toward values
greater than 1, even in the absence of positive selection (33). To
avoid these confounders, we used an alternative approach to esti-
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mate absolute rates of dN and dS substitutions for the internal
branches and the backbone paths of the Bayesian phylogenies,
which represent polymorphisms along successfully propagating
lineages that tend to be fixed over time (33, 44). The analysis
showed that at the putative onset of the epidemic in October 2010,
evolution of V. cholerae was characterized by neutral genetic drift.
Emergence and diversification of microbial variants in 2011 was
marked by a progressive increase of nonsynonymous mutations
and a steady number of synonymous mutations, as would be ex-
pected under positive selection.

Amino acid changes at locations of nonsynonymous muta-
tions occurring along internal branches of the phylogeny between
2010 and 2011 and 2012 strains were further assessed for biologi-
cal significance. However, the protein structures available for
V. cholerae or homologs among other bacteria are limited. In one
instance, it was possible to map an amino acid change to a known
protein structure, the thiol:disulfide interchange protein, that can
impact virulence. Prolyl-tRNA synthetase has also been identified
as a putatively essential gene for V. cholerae, and it is likely that the
LysR family transcriptional regulator plays a role in regulating the
heme transport gene hutA (45). Overall, our results show that
most of the amino acid replacements along the internal branches
of the Haitian cholera phylogeny have been accumulating at a rate
faster than would be expected with neutral genetic drift, implying
an effect on fitness and warranting further analysis of these muta-
tions to understand their biological and evolutionary impact.

Other limits must be kept in mind. First, genomic variation
was assessed based only on hqSNPs, which restricted selection
analysis to those sites. Insertions and deletions were also excluded,
and only those genomic regions conserved in all isolates were con-
sidered. Therefore, more complex genomic rearrangements or
horizontal gene transfer may also play a role in the evolutionary
dynamics of these Haitian strains. Furthermore, the 2012 micro-
bial population bottleneck and the evolutionary and demographic
dynamics inferred from the V. cholerae genealogies of the isolates
included in this study may not fully be representative of the Hai-
tian populations of V. cholerae.

In conclusion, this phylodynamic analysis of Haitian V. chol-
erae isolates, the most extensive to date, shows that during the
2 years after the first report of cholera in Hispaniola, the Haitian
V. cholerae O1 isolates examined in this study demonstrate mea-
surable diversity. It is postulated that evolution through a progres-
sive accumulation of nucleotide changes is occurring, driven
mainly by positive selection. This phylogenetic information may
prove useful for devising strategies to prevent and control cholera
in Haiti (46). As cases of cholera in Haiti continue to occur, selec-
tion and diversity of both clinical and environmental V. cholerae
isolates should be monitored for their potential influence on vir-
ulence, transmission dynamics, and vaccination strategy.

MATERIALS AND METHODS

Clinical and environmental sampling of V. cholera. Thirty-two toxi-
genic V. cholerae O1 El Tor strains were isolated in Haiti during 2010 and
2012 (see Table S1 in the supplemental material). Nine of the V. cholerae
O1 El Tor strains were isolated from patients at the St. Mark Hospital,
Haiti, in 2010 as described previously (7). Nineteen of the strains isolated
in 2012 were from stool samples from suspected cholera patients admitted
to the Gressier Cholera Treatment Center. These samples were trans-
ported to the University of Florida Public Health Laboratory housed in
the Christianville Foundation (a U.S.-based nongovernmental organiza-
tion) in Haiti. Four toxigenic V. cholerae O1 El Tor strains, four V. cholerae
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non-01/0139 strains, and a single nontoxigenic V. cholerae O1 strain
were isolated from water samples collected at 15 stations comprising an
environmental program for surveillance of selected rivers and estuaries in
the Gressier region of Haiti, details of which are provided elsewhere (38).
Samples were enriched in alkaline peptone water (APW) and plated onto
thiosulfate-citrate-bile salts-sucrose (TCBS) agar. Suspected toxigenic
V. cholerae colonies were confirmed using serology and PCR assays, as
described previously (7). A total of 28 clinical isolates from Katz et al. were
also included in the analyses (9). WGS data were downloaded from the
SRA database. Figure S1 in the supplemental material shows the sampling
locations where the isolates for this study were obtained.

Molecular analysis and hqSNP discovery. Each of the V. cholerae iso-
lates was subcultured from glycerol stock medium to L agar and incubated
overnight at 37°C. A single colony was selected, transported to 3 ml L
broth, and incubated overnight at 37°C with shaking (250 rpm). Genomic
DNA (gDNA) was isolated from the pelleted bacteria using the Roche
High Pure PCR kit (Roche Applied Science, Indianapolis, IN). The quality
of the gDNA was determined by gel electrophoresis, and the quantity was
determined using the Nanodrop 2000 (Fisher ND-2000), after which 5 ug
of gDNA was sequenced on the Illumina HiSeq 2000 platform (Johns
Hopkins University Center for Inherited Disease Research [CIDR]). PCR
analysis of virulence genes (ompW, toxR, tcpA, ctxA, rstA, and rstC) was
also done using previously published primers (20). MAMA-PCR was used
to further discriminate between the classical (CL) and El Tor (ET) ctxB
genes by detecting a polymorphism in nucleotide position 203 of the ctxB
gene using a conserved forward primer (Fw-con, 5* ACTATCTTCAGCA
TATGCACATGG 3’) and two allele-specific polymorphism detection
primers, Rv-cla (5" CCTGGTACTTCTACTTGAAACG 3’) and Rv-elt
(5" CCTGGTACTTCTACTTGAAACA 3').

Genome-wide hqSNPs were identified using an optimized analysis
pipeline implemented in the Galaxy platform (see Fig. S5 in the supple-
mental material) (47). After demultiplexing, single FASTQ output files of
raw reads were filtered by length threshold of 30 and quality threshold of
30 using Sickle v. 1.2. Filtered FASTQ files were mapped to the V. cholerae
2010EL-1786 closed reference genome (accession no. NC_016445.1 and
NC_016446.1) with Bowtie 2 v. 2.2.3 short read alignment software using
a maximum insert size of 1,200, specifying read group, library, platform,
and sample name and with default mapping settings to produce BAM files
(48). Base quality scores were recalibrated, and realignment around inser-
tions and deletions was performed using the Genome Analysis Toolkit v.
3.1.1, a framework for analyzing next-generation sequence data, using
default settings (49). SNPs were called using FreeBayes Bayesian genetic
variant detector v. 0.9.14 for haploid organisms (“ploidy 1”) by left align-
ing the indels (“left-align-indels”), requiring a minimum base quality of
20 (“min-base-quality”) and a minimum alternate fraction of 0.75 (“min-
alternate-fraction”) (50). Putative SNPs were initially filtered by depth of
coverage (<10), quality (<20), and genotype likelihood (<10) using
VCFtools v. 0.1.10. SNP locations not conserved across all samples (am-
biguous sites) were removed. The remaining hqSNPs were assessed and
manually curated, based on mapping quality and distance from neighbor-
ing SNPs. FASTA alignments were generated for subsequent phylody-
namic analysis. SnpEFF v. 3.6 was used to annotate hqSNPs specifically
falling within genes using default settings (51). De novo assemblies were
also constructed using the Velvet optimizer script, and contigs were or-
dered to the 2010EL-1786 reference using Mauve v. 2.3.1 (52, 53).

Phylogenetic analysis. To assess phylogenetic relationships among
the 60 V. cholerae O1 El Tor strains (56 clinical and 4 environmental), 68
genome-wide hqSNPs were used to estimate genetic distances (p-
distances and distances estimated by maximum likelihood composite),
and standard errors evaluated by bootstrapping (1,000 replicates), using
the program MEGA 6 (54). Phylogenetic signal and potential recombina-
tion were tested by likelihood mapping analysis using TREEPUZZLE v.
5.2 using default settings (23, 55) and the pairwise homoplasy index (PHI)
test for recombination using SplitsTree v. 4.10 using default settings (22,
56), respectively. For phylogenetic analyses, the HKY nucleotide substitu-
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tion model was chosen as the best-fitting model by using the hierarchical
likelihood ratio test as described by Swofford and Sullivan (57). Statistical
support for internal branches of the ML trees was evaluated by bootstrap-
ping (1,000 replicates) and the ML-based zero-branch-length test (57,
58). ML analyses were carried out using the software PAUP* v. 4b10 and
RAXML v. 8.0 using the GTR + I" nucleotide substitution model, ascer-
tainment bias correction, and 1,000 bootstrap replicates.

To assess the global phylogeny of environmental and clinical V. chol-
erae isolates, a multiple alignment of de novo assemblies from environ-
mental O1 (n = 1) and non-01/0139 (n = 4) genomes and 21 represen-
tative reference genomes was constructed using ProgressiveMauve (59).
Contigs or closed genomes for reference strains were downloaded from
the National Center for Biotechnology Information GenBank database
(Table 1). The 2010EL-1786 genome was used to represent the 60 toxi-
genic V. cholerae O1 El Tor isolates. Orthologous regions of the genome
were used for comparison, and all ambiguous sites were removed. ML
phylogenetic analysis was performed with RAXMLv. 8.0, using the GTR +
I" substitution model with ascertainment bias correction and 1,000 boot-
strap replicates.

Phylodynamic analysis. Different coalescent-based demographic
models for the 60 Haitian V. cholerae O1 genomes were evaluated using
the Bayesian framework implemented in the program BEAST v. 1.8.0
(60). To depict the relative changes of the bacterial effective population
size (N,) over time, which can be interpreted as a measure of V. cholerae
population diversity (the number of genomes effectively contributing to
the next generation), five demographic models were compared: constant
population size, exponential population size, Bayesian skyline plot (BSP),
Bayesian skyride, and Gaussian Markov random field (GMRF) skygrid
(25, 61, 62). The BSP assumes a piecewise constant model of N, within
predefined intervals in the tree, while the Bayesian skyride applies a tem-
poral smoothing that does not evoke strong prior assumptions and noisy
estimates as observed with the BSP model. The GMRF skygrid model
parameterizes N, and uses a GMREF prior to smooth the trajectory, result-
ing in improved performance over the BSP and Bayesian skyride. This
prior is also independent of the genealogy allowing for better estimation
of TMRCA. Katz et al. previously identified exponential growth as the
best-fitting demographic model; however, skyride and skygrid models
were not tested (21). For each coalescent model, calculations were per-
formed using the HKY nucleotide substitution model and by enforcing
either a strict or a relaxed molecular clock (with log-normal distributed
rates). Three independent Markov chain Monte Carlo (MCMC) runs
were carried out for 750 million generations, with sampling every 75,000
generations, for each model. Posterior probabilities were calculated using
the program Tracer v. 1.6 (available from http://beast.bio.ed.ac.uk/), after
appropriate 10% burn-in. Proper mixing of the MCMC was determined
by visual examination of traces and evolutionarily stable strategy (ESS)
values of >200 for each estimated parameter in Tracer v. 1.6. The mar-
ginal likelihoods for each model were obtained using path sampling and
stepping-stone analyses (28, 63, 64). Marginal likelihood estimates of the
different models were compared using Bayes factors, and the GMRF
skygrid model enforcing a strict molecular clock was selected as the most
appropriate representation of the population demographic history (27,
65, 66).

The posterior distribution of trees was viewed using DensiTree (67).
DensiTree allows for visualization of a set of trees within a model space.
Well-supported branches are illustrated by solid-colored areas, whereas
webs represent little agreement. Maximum clade credibility (MCC) trees
were inferred from the posterior distribution of the best-fitting model
using the program TreeAnnotator implemented in the BEAST v. 1.8.0
package. Finally, epidemiological data were obtained from case reports in
the Ouest Department (minus Port-au-Prince) compiled by the Ministere
de la Sante Publique et de la Population (MSPP) for the time period from
October 2010 to June 2013 (http://www.mspp.gouv.ht/site/index.php)
and assessed in the context of the phylodynamic analysis.
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Selection analysis. The numbers of synonymous (4S) and nonsyn-
onymous (dN) substitutions per hqgSNP site along V. cholerae phylogenies
were estimated by an empirical extension of the coalescent-based Bayes-
ian molecular clock models (33). A codon alignment was obtained from
the annotated hqSNPs for the 60 V. cholerae O1 isolates. A codon model
with independent rates for each codon position was run using the GMRF
skygrid model with a strict molecular clock implemented in BEAST v.
1.8.0 as previously described. A subsample of 200 trees was randomly
selected from the posterior distribution obtained by BEAST and used to
reestimate branch lengths proportional to either dS or dN substitutions.
Point estimates of dN and dS over time were then plotted according to the
method described by Lemey et al. (33). For each clock-like tree, calcula-
tions were performed, including all branches, as well as internal or back-
bone paths only. Backbone paths represent lineages propagating (i.e., ef-
fectively surviving) over time from root node to sequences sampled at the
last time point. Specific amino acid changes along internal branches of the
MCC and ML tree were inferred by ML reconstruction of ancestral se-
quences using the HKY model with the Baseml program implemented in
the PAML v. 4.7 software package (35). Amino acid changes were assessed
by visualization using the PyMOL v. 1.7.2 molecular graphics system for
V. cholerae protein structures available in the Protein Data Bank (68, 69).
Sites under potential positive selection (dN/dS ratio of >1) were further
evaluated using a codon-based alignment that included all three codon
positions of each hqSNP site in a coding region. Site-specific and branch/
site-specific models implemented in the Codeml program of the PAML
package were used to detect sites under positive selection (dN/dS ratio of
>1), with a Bayes empirical Bayes P value of =0.9 indicating significance
(30). The codon-based alignment was also tested with the Fast Uncon-
strained Bayesian Approximation (FUBAR) via an online server (http://
www.datamonkey.org) using the MCC Bayesian tree and the HKY nucle-
otide substitution (70).

Ethics statement. This study was reviewed by the University of Florida
Institutional Review Board and deemed exempt because samples under-
went deidentification.
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