
The ancient disease cholera remains a major public 
health threat in countries lacking safe drinking wa-

ter, optimal sanitation, and preventive hygiene prac-
tices (1). In Haiti, which had not had a cholera outbreak 
in >100 years, toxigenic Vibrio cholerae O1 was detected 
in October 2010, after a major earthquake in January 
2010 that destroyed much of the nation’s public health 
infrastructure. The first cholera epidemic wave in 2010 
was likely caused by introduction of toxigenic V. chol-
erae O1 by peacekeeping troops from Nepal through 

contamination of Haiti’s Artibonite River by sewage 
outflows from the camp used by the peacekeeping 
contingent (2–4). Initial disease transmission was asso-
ciated with exposure to water in the Artibonite River, 
then transmission throughout the country by human 
movement, tracking along major highways, and sub-
sequent reentry of the microorganism into the aquatic 
environment (5–8). During October 2010–February 
2019, more than 820,000 cases and nearly 10,000 chol-
era deaths were reported in Haiti (9).

Despite ongoing surveillance, no clinical chol-
era cases were reported in Haiti from February 2019 
through early September 2022, leading to assump-
tions that cholera had been eradicated (10). Howev-
er, on September 25, 2022, two V. cholerae infections 
were identified in the Port-Au-Prince metropolitan 
area (11), after which the outbreak rapidly spread 
across the country. By May 12, 2023, the epidemic 
had resulted in 41,944 suspected cases in all 10 de-
partments of the country; 38,420 hospitalizations and 
685 deaths were reported (12). Full genome cholera 
sequences from an isolate sampled on September 30, 
2022 (13), and 16 additional isolates collected from 
Centre, Grand-Anse, and Ouest Departments during 
September 30–October 31, 2022 (14), showed that the 
2022 strains were homogeneous and closely related to 
the clinical and environmental strains circulating in 
Haiti since 2010.

Ancestral Origin and Dissemination 
Dynamics of Reemerging  

Toxigenic Vibrio cholerae, Haiti
Carla N. Mavian, Massimiliano S. Tagliamonte, Meer T. Alam, S. Nazmus Sakib, Melanie N. Cash,  

Monika Moir, Juan Perez Jimenez, Alberto Riva, Eric J. Nelson, Emilie T. Cato,  
Jayakrishnan Ajayakumar, Rigan Louis, Andrew Curtis, V. Madsen Beau De Rochars,  

Vanessa Rouzier, Jean William Pape, Tulio de Oliveira, J. Glenn Morris Jr.,1 Marco Salemi,1 Afsar Ali1

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 10, October 2023 2073

Author affiliations: University of Florida, Gainesville, Florida, USA 
(C.N. Mavian, M.S. Tagliamonte, M.T. Alam, S.N. Sakib, M.N. Cash,  
J.P. Jimenez, A. Riva, E.J. Nelson, E.T. Cato, R. Louis, V.M. Beau 
De Rochars, J.G. Morris Jr., M. Salemi, A. Ali); Stellenbosch  
University, Stellenbosch, South Africa (M. Moir, T. de Oliveira); Case 
Western Reserve University School of Medicine, Cleveland, Ohio, 
USA (J. Ajayakumar, A. Curtis); Les Centres GHESKIO,  
Port-au-Prince, Haiti (V. Rouzier, J.W. Pape); Weill Cornell Medical 

College, New York, New York, USA (V. Rouzier, J.W. Pape);  
University of KwaZulu-Natal, Durban, South Africa (T. de Oliveira); 
Centre for the AIDS Programme of Research in South Africa 
(CAPRISA), Durban, South Africa (T. de Oliveira); University of 
Washington, Seattle, Washington, USA (T. de Oliveira)

DOI: https://doi.org/10.3201/eid2910.230554

1These senior authors contributed equally to this article.

The 2010 cholera epidemic in Haiti was thought to have 
ended in 2019, and the Prime Minister of Haiti declared 
the country cholera-free in February 2022. On September 
25, 2022, cholera cases were again identified in Port-au-
Prince. We compared genomic data from 42 clinical Vib-
rio cholerae strains from 2022 with data from 327 other 
strains from Haiti and 1,824 strains collected worldwide. 
The 2022 isolates were homogeneous and closely related 
to clinical and environmental strains circulating in Haiti dur-
ing 2012–2019. Bayesian hypothesis testing indicated that 
the 2022 clinical isolates shared their most recent common 
ancestor with an environmental lineage circulating in Haiti 
in July 2018. Our findings strongly suggest that toxigenic V. 
cholerae O1 can persist for years in aquatic environmental 
reservoirs and ignite new outbreaks. These results highlight 
the urgent need for improved public health infrastructure 
and possible periodic vaccination campaigns to maintain 
population immunity against V. cholerae.
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Our research group has been monitoring the 
cholera epidemic in Haiti since 2010 (15). Our work 
has highlighted the role of the aquatic environment 
in the initial 2010 epidemic and the ongoing evolu-
tion of V. cholerae strains collected as part of longi-
tudinal collection of water samples from rivers and 
estuarine sites (6–8,16–18). Yet, the underlying driv-
er of recurrent toxigenic V. cholerae O1 outbreaks 
in endemic settings remains highly debated. One 
scenario suggests that periodic introduction and 
transmission of new cholera strains within human 
populations is the major driver and that environ-
mental aquatic reservoirs play little or no role, pro-
viding only a transient medium for the bacteria to 
pass from one host to the next (19,20). An alternative 
perspective argues that toxigenic V. cholerae O1, akin 
to other Vibrio spp., can persist in aquatic reservoirs 
with seasonal and occasional spillover into human 
populations and then exponentially spread from 
person to person (21,22). We used whole-genome 
sequencing and Bayesian phylogenetics and phylo-
geography to reconstruct the origin and dissemina-
tion dynamic of toxigenic V. cholerae reemergence 
during the 2022 epidemic in Haiti.

Methods
For this study, we sequenced 42 clinical V. cholerae 
strains isolated during October–November 2022 and 
48 previously unreported V. cholerae strains from clini-
cal (n = 45) and environmental (n = 3) sources collected 
by our group during September 2017–June 2018, the 
last years of the previous epidemic wave. We used a 
Bayesian framework to construct phylogeny for those 
sequences, a large (n = 1,824) dataset of worldwide se-
quences, and publicly available sequences from strains 
isolated Haiti in 2022 (n = 17) and during 2010–2019 
(n = 262, including 32 sequences from environmental 
isolates collected by our group) (9).

Sample Collection and V. cholerae Isolation
To isolate toxigenic V. cholerae O1, stool samples were 
collected and immediately transported to the labora-
tory of the Groupe Haitien d’Étude du Sarcome de 
Kaposi et des infections Opportunistes (GHESKIO) 
or to the University of Florida (UF) laboratory in 
Haiti. The UF laboratory processed all environmental 
samples. Samples were enriched in alkaline peptone 
water or directly inoculated samples onto thiosulfate-
citrate-bile-sucrose agar plates, or both, as described 
previously (6,7,16,17,23). We further characterized 
each isolate by serology and performed initial genetic 
characterization by using PCR techniques targeting 
toxigenic V. cholerae genes (6).

We initiated V. cholerae environmental studies 
in 2012, collecting water samples each month from 
a series of 17 fixed environmental sampling sites 
in rural river and estuarine areas in Gressier and 
Leogane (Figure 1). We previously reported isola-
tion of V. cholerae from 10 (59%) of the 17 collection 
sites and 17 (8.6%) of 197 surface water samples in 
2013–2014 (6,7). V. cholerae isolation was seasonal 
and associated with higher surface water tempera-
tures and increased rainfall (6,7). We did not see 
a correlation between fecal coliform counts and 
V. cholerae isolation, suggesting that the environ-
mental toxigenic V. cholerae O1 we isolated were 
autochthonous and not associated with fecal con-
tamination at the collection site (6,7). We subse-
quently expanded site locations to include multiple 
sites in the Port-au-Prince region; sites in Jacmel, on 
the southern coastline of Haiti; and sites along the 
Artibonite River, where cholera was introduced in 
2010 (Figure 1). We isolated a total of 32 toxigenic 
V. cholerae O1 bacteria from aquatic environmental 
sites during 2012–2018.

Whole-Genome Mapping and SNP Calling
The UF Emerging Pathogens Institute (Gainesville, 
Florida, USA) performed high-quality full genome 
next-generation sequencing on 90 strains from 
2017–2018 and 2022 by using previously described 
in-house protocols (6–8,16,18) (Appendix, https://
wwwnc.cdc.gov/EID/article/29/10/23-0554-App1.
pdf). We trimmed raw reads and genome assemblies 
from GenBank and the European Nucleotide Archive 
(ENA; https://www.ebi.ac.uk/ena) databases by us-
ing fastp version 0.22.0 (24). We analyzed reads by 
reference mapping to the 2010EL-1786 strain (Gen-
Bank accession nos. NC_016445.1 and NC_016446.1) 
as a reference for the Haiti dataset (8,18) or the N16961 
strain (GenBank accession nos. NZ_CP028827.1 and 
NZ_CP028828.1) as reference for the global data-
set (19,20). We used Snippy version 4.6.0 (https://
github.com/tseemann/snippy) for mapping and 
variant calling and Gubbins version 3.2.1 (25) to scan 
consensus genome alignments for recombination. For 
the global dataset, we split the alignment into clusters 
we identified with fastBaps version 1.0.8 (26) before 
recombination analysis (Appendix).

Phylogenetic Inference with Worldwide  
V. cholerae Dataset
We inferred a maximum-likelihood phylogenetic tree 
by using IQ-TREE (27) to compare V. cholerae O1 strains 
from Haiti, including isolates from the 2022 outbreak, 
with 1,824 worldwide cholera strains collected during  
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1957–2022. The global collection comprised strains 
from Europe (n = 22), the Americas (n = 593, excluding 
the Haiti strains), Asia (n = 465), Africa (n = 743), and 
Oceania (n = 1). Strains from the Americas included 
those from an outbreak in Argentina in the 1990s and 
an outbreak in Mexico during the 1990s–2013. Samples 
from Asia included strains from Bangladesh (1971–
2011 and 2022), Nepal (1994, 2003, and 2010), and a 
wide range of strains from India collected during 1962–
2017. The collection from Africa included strains from 
the 2015–2017 outbreak in the Democratic Republic of 
the Congo (28). Strains from the Middle East included 
strains from Yemen in 2017 (29). We determined the 
phylogenetic signal by using the likelihood mapping 
test in IQ-TREE (27). We used TreeTime (30) to obtain 
a maximum-likelihood tree scaled in time.

Phylodynamic Inference and Phylogeography
We used a Bayesian framework to infer a posterior 
distribution of trees and estimate the time of the most 

common ancestor of the sampled sequences. We con-
sidered strict or uncorrelated relaxed molecular clock 
models and constant or Bayesian skyline plot demo-
graphic priors. We ran Markov chain Monte Carlo 
samplers for 500 million generations, sampling every 
50,000 generations, which was sufficient to achieve 
proper mixing of the Markov chain, as evaluated by 
effective sampling size >200 for all parameter esti-
mates under a given model. We used BEAST version 
1.10.4 (31) to perform Bayesian calculations. We ob-
tained a maximum clade credibility (MCC) tree from 
the posterior distribution of trees by using optimal 
burn-in with TreeAnnotator in BEAST. For publish-
ing purposes, we visualized the MCC phylogeny in R 
(The R Foundation for Statistical Computing, https://
www.r-project.org) by using the ggtree package (32).

We performed Bayesian phylogeographic analy-
sis in BEAST version 1.10.4 (33) by using groups as 
a discrete trait, an asymmetric transition (migration) 
model, Bayesian skyline plot as demographic prior, 
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Figure 1. Selective sites of environmental sampling during used in a study of ancestral origin and dissemination dynamic of reemerging 
toxigenic Vibrio cholerae, Haiti. Blue dots indicate locations of environmental sampling sites for V. cholerae during 2012–2018. Inset 
shows detail of Port-au-Prince area sampling sites. Maps created by using OpenStreetMap (https://www.openstreetmap.org).
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and Bayesian stochastic search variable selection 
models. We considered rates yielding a Bayes factor 
(BF) >3 as well-supported diffusion rates (34) and BF 
>6 as decisive support (35), constituting the migra-
tion graph. We used DensiTree version 2 (R. Remco et 
al., unpub. data, https://doi.org/10.1101/012401) to 
graphically edit phylogenetic trees (Appendix).

Results

Epidemiology of 2022 Outbreak and Characterization 
of Toxigenic V. cholerae O1 Clinical Isolates
Our work focused on patients admitted to the GHESKIO 
cholera treatment center (CTC) in Port-au-Prince. 
GHESKIO CTC is near a portion of the city waterfront 
occupied by shantytowns (Figure 2, panel A), which 
were a key source of cases in the 2022 epidemic. Cases 
seen at GHESKIO CTC were concentrated among chil-
dren (Figure 3, panel A), which aligned with national 
data reported by the Ministry of Public Health and Pop-
ulation in Haiti (12). Isolated V. cholerae strains were sus-
ceptible to antimicrobial agents commonly used to treat 
cholera (22), including doxycycline, ciprofloxacin, and 
azithromycin (Appendix Table 1). However, ciprofloxa-
cin susceptibility was borderline and molecular analysis 

showed a DNA gyrase mutation in gyrA (Ser83Ile) and 
parC (Ser85Leu) that was previously described in clini-
cal isolates from Haiti (36,37).

Epidemiologic curves of cumulative cases from 
the GHESKIO CTC showed an exponential outbreak 
followed by a plateau phase at the beginning of No-
vember 2022 (Figure 3, panel B), as noted in national 
data (12). When we mapped the GHESKIO CTC case 
data to neighborhoods, the major initial hotspots of 
the epidemic were Bolosse, Village de Dieu, and Cite 
Plus, all of which are proximate to or southwest of 
GHESKIO, and Waaf Jeremy, north of GHESKIO 
(Figure 2, panel A). During October 2022, at the be-
ginning of the epidemic, case foci clearly moved from 
an initial concentration along the coast to inland areas 
on a week-by-week basis (Figure 2, panels C–F).

We obtained sequence data for 42 toxigenic V. 
cholerae O1 strains collected during October 3–No-
vember 21, 2022: 40 from GHESKIO CTC and 2 from 
a clinic at Fond Parisien, which is in a rural area ≈30 
miles east of Port-au-Prince and near the border 
with the Dominican Republic (Figure 2, panel B). All 
strains were serotype Ogawa and carried the genes 
for cholera toxin and other key genes associated with 
cholera pathogenicity and virulence (Appendix Table 
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Figure 2. Temporal-spatial data on 2022 cholera cases in a study of ancestral origin and dissemination dynamic of reemerging toxigenic 
Vibrio cholerae, Haiti. Data were reported by GHESKIO CTC. A) Cumulative number of patients per Port-au-Prince neighborhood 
seen at the GHESKIO CTC during October–December 2022. B) Location of Fond Parisien site (no. 5 in gray circle) in relation to 
phylogeographic case groupings in Port-au-Prince neighborhoods: 1, GHESKIO area; 2, central eastern; 3, far eastern; 4, greater 
Pétion-Ville. C–F) Temporal and spatial distribution of the reported cholera cases by week: October 5–11 (C); October 12–18 (D); 
October 19–25 (E); October 26–November 1 (F). Maps created by using OpenStreetMap (https://www.openstreetmap.org). CTC, 
cholera treatment center; GHESKIO, Groupe Haitien d’Étude du Sarcome de Kaposi et des infections Opportunistes.
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2). All samples were collected between the end of the 
exponential phase and the beginning of the plateau 
phase of the epidemic (Figure 3, panel B). The UF 
institutional review board approved analysis and se-
quencing of the deidentified isolates.

We performed genomewide comparison of high-
quality SNPs (SNPs) for those 42 sequences and 17 
sequences from 2022 reported by others (13,14). Ge-
nomes were relatively homogenous and had a mean 
nucleotide distance in pair-wise comparisons of 1.26 
high-quality  SNPs, consistent with a single source 
introduction. However, 2022 cholera genomes from 
Haiti displayed 41–53 (median 24) high-quality SNP 
differences compared with the 2010EL-1786 reference 
strain. Compared with all previous strains from Haiti, 
a total of 5 mutations in coding segments of chromo-
some 1 were unique to the 2022 sequences, 1 synony-
mous and 4 nonsynonymous (Appendix Table 3). In 
addition, a 4-nt insertion caused a frameshift in the 
hypothetical gene HJ37_RS07360, resulting in a pre-
mature stop codon (Appendix Table 3).

As noted in prior publications (13,14), the max-
imum-likelihood phylogeny inferred from the ge-
nome-wide SNP alignment of 310 strains isolated 
in Haiti from 2010–2018, sequences from the 2022 
outbreak (n = 59, including our 42 new sequences) 
and 1,824 worldwide reference sequences (Appen-
dix Table 4) confirmed that the new cholera cases 
clustered within a well-supported (bootstrap >90%) 
monophyletic clade from Haiti (Appendix Figure 1). 
Those findings clearly demonstrate that the outbreak 

was caused by reignition of endemically circulating 
strains rather than outside introduction.

Bayesian Phylogeography Dissemination  
during Early Outbreak Phases
We reconstructed V. cholerae dispersal patterns for the 
42 Haiti strains we sequenced and for which neigh-
borhood of residence was known by using a Bayes-
ian phylogeographic framework. Because of the short 
sampling time (October 3–November 21, 2022), we 
used a strict molecular clock and a fixed rate of 0.0179 
SNP nucleotide substitutions per high-quality SNP 
site, which is similar to estimates obtained by previ-
ous studies (8,16,18), and the molecular clock analysis 
performed on our whole 2010–2022 Haiti dataset (Ap-
pendix). We used DensiTree to visualize the posterior 
distribution of trees obtained from phylogeography 
analysis to depict all probable migrations (Figure 4, 
panel A), from which we extracted migrations that 
were strongly supported by BFs of 5<BF<6 and BF>6 
(Figure 4, panel B; Appendix Table 5). Cases included 
in the phylogeographic analysis tended to cluster in 
4 general areas in Port-au-Prince (Figure 2, panel B; 
Figure 4, panel B). The snapshot of that phase of the 
outbreak provided by the phylogeography analysis 
is consistent with epidemiologic findings showing 
an epidemic hub within the Port-au-Prince admin-
istrative district and statistically significant (BF >6) 
migrations from group 2, corresponding to the cen-
tral eastern neighborhoods of Port-au-Prince to other 
communes within the city and then to Fond Parisien 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 10, October 2023 2077

Figure 3. Characteristics of the 2022 cholera outbreak in Haiti based on reported positive cholera cases by GHESKIO. A) Age 
distribution of cases. B) Epidemiologic curves, by neighborhoods, of cumulative cases over time from the GHESKIO cholera treatment 
center. Orange shading indicates sampling interval of this study. GHESKIO, Groupe Haitien d’Étude du Sarcome de Kaposi et des 
infections Opportunistes.
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(Figure 4, panel B). We also observed well-supported 
(5<BF<6) migrations within Port-au-Prince with ori-
gins in group 1, corresponding to the GHESKIO envi-
rons, and in group 4, corresponding to greater Pétion-
Ville (Figure 4, panel B).

Ancestral Origin of 2022 V. cholerae O1 Strains in Haiti
Toxigenic V. cholerae O1 strains sampled in Haiti dur-
ing 2010–2014 were all Ogawa serotype, except for oc-
casional sporadic Inaba strains. However, beginning 
in 2015, Inaba became the dominant clinical serotype, 
and by 2018 virtually all sampled clinical strains were 
serotype Inaba (8,17,18). During that time, toxigenic 
Ogawa strains were still detected from environmen-
tal sources (Figure 5; Appendix Figure 2, panels A, 
B). In contrast, all 2022 clinical strains were serotype 
Ogawa (Appendix Figure 2, panel C); thus, we sought 
to test the hypothesis that the new outbreak was 
linked to Ogawa strains persisting in the environ-
ment. Strong phylogenetic and temporal signals were 
detected in the whole dataset from Haiti, including 
clinical and environmental cholera samples collected 
during 2010–2022 (Appendix Figure 3). We inferred 
Bayesian MCC trees according to different molecular 
clock models and demographic priors (Appendix). 
To select the best fitting model, we compared path 
sampling and stepping-stone marginal likelihood es-
timates for each model pair by BF (Appendix Table 
6). The MCC tree showed high support (posterior 

probability >0.9) for the 2022 strains sharing a most 
recent common ancestor (MRCA) with EnvJ515 en-
vironmental Ogawa strain (Figure 5, panels A, B), 
which was sampled in 2018 at a site on the Jacmel 
Estuary on Haiti’s southeastern coast. Path sampling 
and stepping-stone model testing also showed that 
although the phylogeny model enforcing monophyly 
with environmental strain EnvJ515 had a lower pos-
terior probability than the unconstrained tree, the BF 
between the 2 models was not statistically significant 
(Appendix Table 6). Enforcing monophyly of the 2022 
clade with other Ogawa or Inaba strains sampled in 
2018 always resulted in a BF decisively supporting 
the null hypothesis of common ancestry between the 
2022 strains and EnvJ515 (Table).

The time to MRCA of 2022 outbreak strains was 
January 2022 (95% high posterior density interval of 
April 2021–July 2022), sharing a common ancestor 
with EnvJ515 in July 2018 (95% high posterior den-
sity interval May–July 2018) (Figure 5, panel B). Five 
high-quality SNPs in chromosome I and 1 in chromo-
some II differentiate the 2022 outbreak strains from 
EnvJ515; all are nonsynonymous mutations, and 2 
affect hypothetical proteins (Appendix Table 7). We 
mapped an additional SNP difference in an inter-
genic region of chromosome II (Appendix Table 7). 
Although our focus was on EnvJ515, 2 other environ-
mental Ogawa strains appear at the base of both the 
Ogawa and Inaba clades in the MCC tree: Env5156, 
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Figure 4. Bayesian phylogeography and dissemination patterns of reemerging toxigenic Vibrio cholerae, Haiti, during the 2022 outbreak. 
A) Bayesian DensiTree showing superimposed posterior distribution of trees inferred by the phylogeography analysis of V. cholerae full 
genomes from clinical cases sampled in Haiti during October 3–November 21. Colors indicate branches of samples grouped by location. 
B) Locations of case clusters delimited by colored circles. Solid- and broken-lined arrows indicate migration patterns among areas, 
as supported by Bayes factor and inferred from phylogeographic analysis by using a discrete trait asymmetric diffusion model. We 
considered rates yielding a BF >3 supported diffusion rates (33) and BF >6 decisive support (34), constituting the migration graph. Maps 
demonstrate major migrations of 5<BF<6 and BF >6. A list of all migrations supported by BF >3 are reported elsewhere (Appendix Table 
5, https://wwwnc.cdc.gov/EID/article/29/10/23-0554-App1.pdf). BF, Bayes factor.
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which was isolated in 2016 from Leogane, on the 
north coast of the southern peninsula; and Env4303, 
which was isolated in 2015 from the Jacmel estuary 
where EnvJ515 was isolated (Figure 5, panel B). The 
2022 outbreak strains and EnvJ515, Env5156, and 
Env4303 shared 24 high-quality SNPs, among which 
16 are in coding segments, 9 cause a nonsynonymous 
change, and 2 cause a frameshift (Appendix Table 8). 
Those high-quality SNPs are a subset of a total of 41 
that EnvJ515, Env5156, and Env4303 have in com-
mon, highlighting the link between the 2022 outbreak 
strains and the Ogawa strains persisting in the aquat-
ic environment since 2015 (Appendix Table 9). Dur-
ing 2015–2018, a total of 4 Inaba strains were isolated 

from environmental sites in Gressier and Carrefour 
(Figure 1). However, phylogenetic analysis showed 
those strains were intermixed with concurrently iso-
lated Inaba clinical strains and were not closely re-
lated to the 2022 Ogawa clinical strains or 2015–2018 
Ogawa environmental isolates (Figure 5, panel A).

Discussion
Our epidemiologic observations and phylogeographic 
analysis focused on cholera patients admitted to the 
GHESKIO CTC. Patient access to the GHESKIO CTC 
might have been influenced by transportation issues 
and local disruptions created by gang warfare in the 
city. Nonetheless, our overall observations support the 
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Figure 5. Inferred Bayesian phylogeny in a study of ancestral origin and dissemination dynamic of reemerging toxigenic Vibrio 
cholerae, Haiti. Phylogeny was inferred from 371 toxigenic V. cholerae O1 full genome clinical and environmental strains collected in 
Haiti during 2010–2022. A, B) Time-scaled phylogenies of V. cholerae serotypes inferred by enforcing a relaxed clock with Bayesian 
skyline demographic prior in BEAST version 1.10.4 (https://beast.community): A) Phylogeny of all isolates collected during 2010–2022. 
Dotted box denotes area detailed area shown in panel B. B) Detail of Ogawa clade from which the 2022 V. cholerae epidemic strains 
were derived. Gray circles indicate internal nodes supported by posterior probability >0.9. Branch lengths are scaled in time according 
to the x-axis. Time to MRCA of the 2022 Haiti isolates is shown at the node. Heatmaps denote clinical or environmental source and 
O1 serotype Ogawa or Inaba of the strains. Green arrows indicate the position of environmental strains basal to major clades. The 
collapsed orange clade refers to the monophyletic Inaba clade. Numbered green dots represent environmental V. cholerae O1 Ogawa 
isolates collected in Haiti; 2 were isolated from Jacmel Estuary, EnvJ515 in 2018 and Env4303 in 2015; Env5156 was isolated from 
a river in Leogane in 2016. C) Percentage of Ogawa and Inaba serotype isolates from samples collected in Haiti per year. HPD, high 
posterior density; MRCA, most recent common ancestor.
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hypothesis that the 2022 cholera outbreak in Haiti radi-
ated from a single hub in Port-au-Prince, then spread 
exponentially, and was not caused by introduction of 
multiple V. cholerae strains. Of note, Bayesian hypoth-
esis testing showed that the 2022 cholera strains shared 
a MRCA with an environmental lineage circulating in 
2018. The location at the base of both Inaba and Ogawa 
clades of 2 other environmental Ogawa strains isolated 
in 2015 and 2016 is consistent with an established per-
sistent environmental foci of this toxigenic V. cholerae 
O1 subclade (Figure 5, panels A, B). Of particular note, 
we isolated Ogawa strain Env4303 from the Jacmel es-
tuary sampling site in 2015 and subsequently isolated 
EnvJ515 from the same site 3 years later, when virtually 
all clinical toxigenic V. cholerae O1 strains were serotype 
Inaba from a clearly distinct subclade. Our prior in vi-
tro studies have demonstrated that toxigenic V. cholerae 
strains can survive in nutrient-poor aquatic environ-
ments for >700 days (38). Although the ecologic or strain 
factors driving persistence of V. cholerae strains within 
environmental reservoirs remain to be fully elucidated, 
persistence and subsequent spillover of strains from 
environmental foci into human populations in Haiti is 
supported not only by this study but also by prior phy-
lodynamic studies from our group (8).

Jacmel, where EnvJ515 was isolated, is a popular 
local beach resort with easy access to Port-au-Prince 
and numerous restaurants, bars, and hotels lining the 
waterfront. Ten days before the first cholera case was 
reported September 25, 2022, Haiti had catastrophic 
flooding in the aftermath of hurricane Fiona (39), pro-
viding an ideal setting for environmental spillover 
of V. cholerae into water and food systems. Spread of 
the epidemic strain likely was further advanced by 
an abrupt interruption of the water supply by the 
national water company related to gang warfare and 
political unrest (40,41). That interruption resulted in 
an inability to provide potable water to shantytown 
areas of Port-au-Prince, a key area where the epidem-
ic was identified. The shantytown areas are character-
ized by high-density, informal buildings and heavily 
polluted, open-air drainage channels coming from the 

city, which does not have a formal sewerage system 
or sewage treatment facilities. Those channels also 
drain water from the surrounding mountains and 
flow through the shantytown community into the 
harbor. Two major drainage channels pass through 
the areas near GHESKIO and Waaf Jeremy, areas that 
had particularly high case counts in the early weeks 
of the epidemic (Figure 2, panels C–F). Considering 
the local challenges with water and sanitation, intro-
duction of V. cholerae into those areas, whether via the 
drainage channels or through human movement, al-
most certainly led to the emergence of initial cholera 
spatial hotspots and subsequent epidemic disease.

During the 2022 epidemic, infection rates ap-
peared to be substantially higher among children 0–9 
years of age, which is consistent with a lack of immu-
nity to V. cholerae among this age group because they 
were not exposed to clinical cases in the preceding 
3–4 years. Of note, clinical cases in the 2015–2019 out-
break almost exclusively were caused by V. cholerae 
Inaba serotype, and field-based studies suggest that 
initial Inaba infections protect against subsequent 
Ogawa infections (42). Thus, issues with cross-pro-
tection between the 2 serotypes and waning cholera 
immunity in the general population might have led 
to increased susceptibility to infection.

From a prevention standpoint, mathemati-
cal models we previously developed indicated that 
cholera eradication in Haiti will be difficult without 
substantive improvements to drinking water and 
sanitation infrastructure and that a clear potential for 
recurrence of epidemic disease from environmental 
reservoirs exists (8,43). Our previous modeling also 
underscored the potentially critical role that mass 
cholera vaccination can play in controlling epidem-
ics (44). Although oral killed cholera vaccine has 
been used successfully in targeted campaigns in Haiti 
(45,46), efforts have not been made to immunize the 
entire country or to develop a long-term vaccination 
strategy. A major focus of prevention efforts in Haiti 
has been implementation of rapid response teams that 
go to homes of cholera patients and use sanitation  
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Table. Bayesian hypothesis testing of monophyly used in a study of ancestral origin and dissemination dynamic of reemerging 
toxigenic Vibrio cholerae, Haiti* 
Monophyly testing† lml(ML)SS‡ Ln(BF)SS§ lml(ML)PS‡ Ln(BF)PS§ 
Monophyly enforced with Ogawa 2014–2018 clade –1,985.9 95.3 –1,988.4 94.5 
MCC tree 2022 Haiti clade monophyletic with EnvJ515 –1,890.6  –1,893.9  
Monophyly enforced with Inaba 2018 clade –1,987.9 97.3 –1,990.0 96.1 
MCC tree 2022 Haiti clade monophyletic with EnvJ515 –1,890.6  –1,893.9  
*BF, Bayes factor; lml, log marginal likelihood; Ln, log; MCC, maximum clade credibility; ML, maximum-likelihood; SS, stepping-stone; PS, path sampling. 
†The test compares the MCC tree topology in Figure 5, panel B  (H0), between 2022 environmental strains and 2018 environmental strain ENV515. 
Alternative topologies were obtained by enforcing monophyly with other strains (HA). 
‡log of marginal likelihood estimates, lml(MLE), obtained by SS or PS by using a strict molecular clock and a Bayesian skyline demographic prior, with or 
without enforcing monophyly between the 2022 Haiti strains and different clinical strains. 
§log of BF comparing the null (H0) and alternative (HA) hypotheses. 
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and chlorination of household water to try to mini-
mize transmission within households (47). Those 
efforts clearly are needed, but the ongoing risk for 
recurrent outbreaks from environmental reservoirs 
urges more action.

In summary, our data support the concept that a 
previously circulating Ogawa lineage served as the 
ancestor of V. cholerae strains that reemerged during 
the 2022 cholera outbreak in Haiti, suggesting a crucial 
link to the aquatic ecosystem. Links to environmental 
reservoirs documented in this study highlight the ur-
gent need for overall improvements in public health 
infrastructure and water sanitation in Haiti and poten-
tial need for periodic mass vaccination campaigns to 
maintain protective levels of population immunity.

This article was preprinted at https://doi.org/10.1101/ 
2022.11.21.22282526.

Genomic sequences from this study have been deposited 
in the National Center for Biotechnology Information  
Sequence Read Archive under BioProject no. PRJ-
NA900623. Global maximum-likelihood and maximum 
clade credibility trees are available at https://github.com/
cmavian/CholeraHaiti2022.
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Ancestral Origin and Dissemination 
Dynamic of Reemerging Toxigenic Vibrio 

cholerae, Haiti 
Appendix 

Additional Methods 

Antibiogram Assay 

The susceptibilities of two early isolates (strains VCN3833 and VCN3834) from adult 

patients seen at the GHESKIO Cholera Treatment Center in Port-au-Prince on October 3rd and 

4th 2022, were tested against antimicrobial agents using a Kirby-Bauer Disk Diffusion method 

following Clinical and Laboratory Standards Institute (CLSI) guidelines, as described previously 

(1) (Appendix Table 1). 

Sample Collection, Sources, and Serotypes of Vibrio cholerae Strains from Haiti 

A GIS database was constructed to map the dissemination of Vibrio cholerae cases in 

Haiti for three periods of time (2010–2016, 2017–2018, and 2022) (Appendix Figure 3). The 

data were obtained from the Pan American Health Organization (PAHO; 

https://ais.paho.org/phip/viz/ed_colera_casesamericas.asp). We collected in an Excel spreadsheet 

the coordinates of V. cholerae cases that contained additional information such as sampling 

location, date, source, and serotype, which was saved as a point shapefile using QGIS 3.28.3. 

The number of case “points” were analyzed for each department and pie charts created to display 

the serotype percentages. A population density layer (30 seconds arc ≈1 km of resolution) was 

applied in the background to visualize the spatial demographic data (people per square 

kilometer) in Haiti in 2022 from the Worldpop database (https://www.worldpop.org). 

https://doi.org/10.3201/eid2910.230554
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Whole-Genome Mapping and High-Quality SNP Calling 

In this study, we analyzed a total of 371 V. cholerae O1 strains from Haiti collected from 

cholera patients and aquatic environmental reservoirs: 262 were from our previous BioProject 

(no. PRJNA510624) (2,3); 48 new strains were from 2018 (45 clinical and 3 environmental 

strains); and 59 new isolates were from patients in the 2022 outbreak, 44 new samples obtained 

in this study, and 17 publicly available sequences (4,5) (Appendix Table 4). All new strains (n = 

90) from 2018 and 2022 were subjected for high-quality full genome next-generation sequencing 

(NGS) using previously described in-house protocols (1–3,6,7). Bacterial genomic DNA 

extraction was performed as previously described (2). Sample library construction was 

performed using the Nextera XT DNA Library Preparation Kit (Illumina) according to the 

manufacturer’s instructions. Whole-genome sequencing on all isolates was performed by using 

the MiSeq Reagent Kit V3 for 600 cycles on the Illumina MiSeq System (Illumina). Raw reads 

and genome assemblies were downloaded from the NCBI and ENA databases; read quality 

assessment and trimming was done with fastp v.0.22.0 (8); data were analyzed by reference 

mapping, using the 2010EL-1786 strain (accession nos. NC_016445.1 and NC_016446.1) as a 

reference, as previously described (2,3). The Snippy v 4.6.0 pipeline 

(https://github.com/tseemann/snippy) was used to generate synthetic reads from genome 

assemblies, mapping to the reference genome, and call variants. Variant calling thresholds 

FreeBayes (E. Garrison et al., unpub. data, https://arxiv.org/abs/1207.3907) were set as minimum 

10× site coverage, minimum mapping quality 60, and minimum 90% base concordance. 

Individual vcf files were merged using bcftools v.1.15 (9,10). Consensus genome alignments 

were scanned for recombination with Gubbins v.3.2.1 (11). For the global dataset, the alignment 

was first split into clusters identified with fastBaps v.1.0.8 (12) before recombination analysis. 

Fasta files manipulation was performed with seqkit v.2.0.0 (13) and Biostrings R package v.2.58 

(2020); parsimony informative sites for phylogenetic analyses were extracted from consensus 

genome alignments using MegaX v.10.0.3 (14). Intra- and in-between group nucleotide distance 

was calculated using MegaX v.10.0.3 (14). 

Phylogenetic Inference with Cholera Worldwide Dataset 

We inferred a maximum likelihood (ML) phylogenetic tree using IQ-TREE (15) to 

compare V. cholerae O1 strains from Haiti, including the isolates from the 2022 outbreak, with 

worldwide cholera strains collected during 1957–2022 (n = 1,824), including strains from Europe 
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(n = 22), the Americas (n = 593, excluding the Haiti strains), Asia (n = 465), Africa (n = 743), 

and Oceania (n = 1). Samples from the Americas included strains from the outbreak in Argentina 

in the 1990s and in Mexico from the 1990s up to 2013. Samples from Asia include strains from 

Bangladesh (1971–2011 and 2022), Nepal (1994, 2003, and 2010), as well as a wide range of 

strains from India (1962–2017). The collection of African and Middle Eastern strains included 

samples from the recent outbreak in the Democratic Republic of Congo (M.T. Alam et al., 

unpub. data, https://doi.org/10.1101/2021.07.30.21261389) and Yemen in 2017 (16). 

Phylogenetic signal was determined using likelihood mapping test in IQ-TREE (15). A 

maximum-likelihood tree scaled in time was obtained with TreeTime (17). 

Bayesian Framework for Phylodynamic Inference and Hypothesis Testing 

We investigated the phylogenetic relationships of our 42 new clinical Haitian strains 

sampled during October 3–November 21, 2022 to: 1) 17 other new strains from Haiti collected in 

2022 (4,5); 2) 48 new toxigenic V. cholerae O1 strains isolated in Haiti between September 2017 

and June 2018 also sequenced in this study; and 3) a total of 262 toxigenic V. cholerae O1 strains 

previously isolated from clinical and environmental samples in Haiti (2,3) (Appendix Table 4). 

Phylogenetic signal was determined using likelihood mapping test in IQ-TREE (15) and 

temporal signal was estimated by plotting the root-to-tip divergence using TempEst (18). The 

Bayesian framework was used to infer a posterior distribution of trees and estimate the time of 

the most common ancestor (TMRCA) of the sampled sequences. Different molecular clock 

models (strict or uncorrelated relaxed molecular clock) and demographic priors (constant or 

Bayesian Skyline Plot) were considered. We also compared different tree topologies where 

monophyly was enforced between the 2022 Haiti monophyletic clade and specific environmental 

strains sampled in 2018, to test the hypotheses of common ancestry. Markov chain Monte Carlo 

(MCMC) samplers were run for 500 million generations, sampling every 50,000 generations, 

which was sufficient to achieve proper mixing of the Markov chain, as evaluated by effective 

sampling size (ESS) >200 for all parameter estimates under a given model. Hypothesis testing 

for best molecular clock, demographic model, and monophyly was performed by obtaining 

marginal likelihood estimates (MLEs) via path sampling (PS) and stepping-stone (SS) methods 

for each model to be compared, followed by the calculation of the Bayes Factor (BF), i.e., the 

ratio of the of the null (H0) and the alternative hypothesis (HA) MLEs (19–22), where lnBF<0 

indicates support for H0; lnBF<2, difference barely worth mentioning; 2<lnBF<6, strong support 
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for HA, and lnBF>6, decisive support for HA (23). The best model was strict clock with Bayesian 

skyline demographic prior (Appendix Table 6). Bayesian calculations were carried out with 

BEAST v1.10.4 software package (20). The maximum clade credibility (MCC) tree was 

obtained from the posterior distribution of trees using optimal burn-in with TreeAnnotator in the 

BEAST package. The MCC phylogeny was manipulated in R using the ggtree package (24) for 

publishing purposes. 

Bayesian Phylogeography 

Of the strains for which we had detailed sampling location information (Figure 1, panel 

B), nine strains were from nearby neighborhoods to the southwest of GHESKIO (group 1), 16 

from neighborhoods to the east of GHESKIO (group 2), three from neighborhoods around 

Pétion-Ville (group 3), nine from Tabarre/Croix Des Bouquets (group 4), and two from Fond 

Parisien commune in the Ouest department near the border with the Dominical Republic (group 

5). Strains from Rubin et al. (4) and Walters et al. (5) could not be incorporated in this analysis 

since they did not have the precise location made publicly available. Bayesian phylogeographic 

analysis was performed with BEAST v1.10.4 (25) using the groups as a discrete trait, 

asymmetric transition (migration) model, Bayesian skyline plot as demographic prior, and 

Bayesian stochastic search variable selection (BSSVS) models. Given the short sampling time 

interval of the Haitian sequences, we enforced a strict molecular clock with a fixed rate of 0.0179 

SNP nucleotide substitution/hqSNP site, similar to previous estimates (7), and based on the 

molecular clock analysis of the whole (2010 −2022) Haitian dataset. We considered rates 

yielding a BF >3 as well supported diffusion rates (26), and BF>6 decisive support (23) 

constituting the migration graph. We showed diffusion rates with BF>5 in the figure and report 

al values in Appendix Table 5. Trees were edited graphically in DensiTree v2 (R. Remco et al., 

unpub. data, https://doi.org/10.1101/012401), available from 

https://www.cs.auckland.ac.nz/~remco/DensiTree. Xml files are available upon request. 
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Appendix Table 1. Antimicrobial susceptibility test performed on Vibrio cholerae strains isolated from Haiti, 2022* 

Antimicrobial agent, μg Abbreviation 
Zone of inhibition per strain, mm 

Interpretation VCN3833 VCN3834 
Cephalothin, 30 KF 18 20 S 
Ceftriaxone, 30 CRO 25 25 S 
Cloramphenicol, 30 C 15 15 I 
Cefixime, 5 CFM 20 21 S 
Erythromycin, 15 E 16 15 I 
Amikacin, 30 AK 15 16 I 
Cefotaxime, 30 CTX 26 27 S 
Ciprofloxacin, 5† CIP 22 21 S 
Azithromycin, 15 AZM 18 19 S 
Streptomycin, 10 STR 7 7 R 
Ceftazidime, 30 CAZ 23 23 S 
Sulfisoxazole, 1,000 G 7 7 R 
Sulphonamide, 1,000 SUL 7 7 R 
Doxycycline, 30 DO 20 20 S 
Ampicillin, 10 AMP 11 12 R 
Sulphamethoxazole-trimethoprim, 25 SXT 7 7 R 
Nalidixic acid, 30 NA 7 7 R 
Tetracycline, 30 TE 22 22 S 
Gentamycin, 120 CN 23 21 S 
*Susceptibility testing performed by using standard disc diffusion assay. I, Intermediate; R, Resistant; S, Susceptible. 
†Ciprofloxacin, a commonly used antimicrobial agen in Haiti exhibited a borderline sensitivity against V. cholerae strains (VCN3833 and VCN3834) 
with zone of inhibition (in diameter [mm]) found 22 and 21, respectively compared to standard upper threshold of the antibiotic (≥21 mm) 

 
 
 
 
Appendix Table 2. Major pathogenicity islands and critical genes found in 2022 Ogawa Vibrio cholerae O1 strains, the 2018 Ogawa 
V. cholerae O1 strain (EnvJ515) isolated from the aquatic environment in Jacmel, Haiti, and the 2011EL-1786 reference strain 

Pathogenicity island or gene Description Chromosome Nucleotide bp, start–end 
tcpA Toxin coregulated pilin I 367950–368624 
ctxB Cholera enterotoxin subunit B I 1041238–1041612 
wbeT RfbT related protein I 2687324–2688226 
ideA ICE encoded DNase I 152890–153573 
gyrA DNA gyrase A subunit I 807201–809885 
parC Topoisomerase subunit A I 2073463–2075748 
VPI-1 Vibrio pathogenicity Island I 350786–391625 
VPI-2 Vibrio pathogenicity Island I 1367093–1424290 
VSP-1 Vibrio pathogenicity Island I 2600611–2614636 
VSP-2 Vibrio pathogenicity Island I 2947311–2961303 
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Appendix Table 3. Mutations unique to the 2022 Vibrio cholerae clinical isolates compared with all previous strains isolated in Haiti* 
Gene or locus tag Chr Genome position Mutation, nt Mutation, aa Protein ID, function 
moaA 1 571,070 C to A Thr310Asn Molybdenum cofactor biosynthesis protein 

A (hypoxic growth) 
fadJ 1 594,746 C to T Ala517Val Long chain fatty acid metabolism 
mfd 1 1,503,970 T to C Val709Ala SOS response protein in response to sub-

inhibitory level of antibiotic concentration 
HJ37_RS07360 1 1,658,252 C to CGGCG Ala74fs  
rpsG 1 2,803,192 A to G Glu63Glu 30 S ribosomal protein S7 
*aa, amino acid; Chr, chromosome; fs, frameshift; ID, identification; nt, nucleotide. 

 
 
 
 
Appendix Table 4. Metadata and accession numbers of toxigenic Vibrio cholerae O1 strains used in a study ancestral origin and 
dissemination dynamic of reemerging toxigenic V. cholerae, Haiti* 
Name Serogroup Source Date decimals Date uncertainty SRA/ENA accession no. 
Referent O1 Ogawa Clinical 2010.772603 0 NC_016445, NC_016446 
AA-142 O1 Ogawa Clinical 2010.854795 0 JSDO00000000 
AA-143 O1 Ogawa Clinical 2010.854795 0 JSCC00000000 
AA-144 O1 Ogawa Clinical 2010.854795 0 JSSV00000000 
AA-145 O1 Ogawa Clinical 2010.854795 0 JSSW00000000 
AA-146 O1 Ogawa Clinical 2010.854795 0 JSSX00000000 
AA-147 O1 Ogawa Clinical 2010.854795 0 JSSY00000000 
AA-148 O1 Ogawa Clinical 2010.854795 0 JSSZ00000000 
AA-150 O1 Ogawa Clinical 2010.854795 0 JSTA00000000 
AA-151 O1 Ogawa Clinical 2010.854795 0 JSTB00000000 
AC5418–5 O1 Inaba Environ 2018.191781 0 SAMN33739740 biosample 

accession no. 
env-131 O1 Ogawa Environ 2012.472678 0 JSTC01000061.1 
env-326 O1 Ogawa Environ 2012.653005 0 JSTG00000000 
Env4926 O1 Ogawa Environ 2016.65847 0 SRR23863573 
Env5156 O1 Ogawa Environ 2016.743169 0 SRR23863572 
Env6956 O1 Inaba Environ 2018.153425 0 SRR23863571 
env-90 O1 Ogawa Environ 2012.393443 0 JSTI00000000 
env-94 O1 Ogawa Environ 2012.393443 0 JSTK00000000 
EnvJ515 O1 Ogawa Environ 2018.556164 0 SRR23863570 
GC-4740 O1 Ogawa Clinical 2022.854795 0 SAMN33964162 
GC-4741 O1 Ogawa Clinical 2022.857534 0 SAMN33964163 
GC-4744 O1 Ogawa Clinical 2022.857534 0 SAMN33964164 
GC-4746 O1 Ogawa Clinical 2022.857534 0 SAMN33964165 
GC-4751 O1 Ogawa Clinical 2022.857534 0 SAMN33964166 
GC-4755 O1 Ogawa Clinical 2022.857534 0 SAMN33964167 
GC-4786 O1 Ogawa Clinical 2022.857534 0 SAMN33964168 
GC-4789 O1 Ogawa Clinical 2022.857534 0 SAMN33964169 
GC-4791 O1 Ogawa Clinical 2022.857534 0 SAMN33964170 
GC-4792 O1 Ogawa Clinical 2022.857534 0 SAMN33964171 
GC-4823 O1 Ogawa Clinical 2022.871233 0 SAMN33964172 
GC-4824 O1 Ogawa Clinical 2022.871233 0 SAMN33964173 
GC-4828 O1 Ogawa Clinical 2022.871233 0 SAMN33964174 
GC-4832 O1 Ogawa Clinical 2022.871233 0 SAMN33964175 
GC-4834 O1 Ogawa Clinical 2022.871233 0 SAMN33964176 
GC-4835 O1 Ogawa Clinical 2022.871233 0 SAMN33964177 
GC-4837 O1 Ogawa Clinical 2022.871233 0 SAMN33964178 
GC-4838 O1 Ogawa Clinical 2022.871233 0 SAMN33964179 
GC-4868 O1 Ogawa Clinical 2022.871233 0 SAMN33964180 
GC-4872 O1 Ogawa Clinical 2022.871233 0 SAMN33964181 
GC-4900 O1 Ogawa Clinical 2022.873973 0 SAMN33964182 
GC-4902 O1 Ogawa Clinical 2022.873973 0 SAMN33964183 
GC-4903 O1 Ogawa Clinical 2022.873973 0 SAMN33964184 
GC-4905 O1 Ogawa Clinical 2022.873973 0 SAMN33964185 
GC-4907 O1 Ogawa Clinical 2022.873973 0 SAMN33964186 
GC-4908 O1 Ogawa Clinical 2022.873973 0 SAMN33964187 
GC-4941 O1 Ogawa Clinical 2022.873973 0 SAMN33964188 
GC-4943 O1 Ogawa Clinical 2022.873973 0 SAMN33964189 
GC-4944 O1 Ogawa Clinical 2022.873973 0 SAMN33964190 
GC-4978 O1 Ogawa Clinical 2022.887671 0 SAMN33964191 
GC-4979 O1 Ogawa Clinical 2022.887671 0 SAMN33964192 
GC-4980 O1 Ogawa Clinical 2022.887671 0 SAMN33964193 
GC-4981 O1 Ogawa Clinical 2022.887671 0 SAMN33964194 
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GC-4985 O1 Ogawa Clinical 2022.887671 0 SAMN33964195 
GC-4994 O1 Ogawa Clinical 2022.887671 0 SAMN33964196 
GC-4996 O1 Ogawa Clinical 2022.887671 0 SAMN33964197 
GC-4999 O1 Ogawa Clinical 2022.887671 0 SAMN33964198 
GC-5000 O1 Ogawa Clinical 2022.887671 0 SAMN33964199 
H22_SRR22351617 O1 Ogawa Clinical 2022.745205 0 SRR22351617 
HC-07 O1 Ogawa Clinical 2012.303279 0 JSTL00000000 
HC-08 O1 Ogawa Clinical 2012.303279 0 JSTM00000000 
HC-10 O1 Ogawa Clinical 2012.303279 0 JSTN00000000 
HC-11 O1 Ogawa Clinical 2012.382514 0 JSTO00000000 
HC-12 O1 Ogawa Clinical 2012.382514 0 JSTP00000000 
HC-15 O1 Ogawa Clinical 2012.382514 0 JSTQ00000000 
HC-16 O1 Ogawa Clinical 2012.382514 0 JSTR00000000 
HC-17 O1 Ogawa Clinical 2012.382514 0 JSTS00000000 
HC-18 O1 Ogawa Clinical 2012.382514 0 JSTT00000000 
HC-19 O1 Ogawa Clinical 2012.387978 0 JSTX00000000 
HC-21 O1 Ogawa Clinical 2012.382514 0 JSTU00000000 
HC-22 O1 Ogawa Clinical 2012.382514 0 JSTV00000000 
HC-24 O1 Ogawa Clinical 2012.382514 0 JSTW00000000 
HC-31 O1 Ogawa Clinical 2012.467213 0 JSTZ00000000 
HC-32 O1 Ogawa Clinical 2012.467213 0 JSUA00000000 
HC-33 O1 Ogawa Clinical 2012.467213 0 JSUB00000000 
HC-34 O1 Ogawa Clinical 2012.467213 0 JSUC00000000 
HC-35 O1 Inaba Clinical 2012.467213 0 JSUD00000000 
LC-2746 O1 Ogawa Clinical 2022.873973 0 SAMN33964160 
LC-2747 O1 Ogawa Clinical 2022.876712 0 SAMN33964161 
SRR770779 O1 Ogawa Clinical 2010.8 0 SRR770779 
SRR771214 O1 Ogawa Clinical 2010.8 0 SRR771214 
SRR771222 O1 Ogawa Clinical 2010.8 0 SRR771222 
SRR771360 O1 Ogawa Clinical 2010.79726 0 SRR771360 
SRR771582 O1 Ogawa Clinical 2010.8 0 SRR771582 
SRR771645 O1 Ogawa Clinical 2010.80274 0 SRR771645 
SRR772254 O1 Ogawa Clinical 2010.80274 0 SRR772254 
SRR772256 O1 Ogawa Clinical 2010.854795 0 SRR772256 
SRR772892 O1 Ogawa Clinical 2011.115068 0 SRR772892 
SRR772893 O1 Ogawa Clinical 2011.427397 0 SRR772893 
SRR773027 O1 Ogawa Clinical 2011.435616 0 SRR773027 
SRR773028 O1 Ogawa Clinical 2011.668493 0 SRR773028 
SRR773104 O1 Ogawa Clinical 2011.668493 0 SRR773104 
SRR773107 O1 Ogawa Clinical 2011.668493 0 SRR773107 
SRR773175 O1 Ogawa Clinical 2011.717808 0 SRR773175 
SRR773179 O1 Ogawa Clinical 2011.69589 0 SRR773179 
SRR773315 O1 Ogawa Clinical 2011.775342 0 SRR773315 
SRR773317 O1 Ogawa Clinical 2011.775342 0 SRR773317 
SRR773321 O1 Ogawa Clinical 2011.778082 0 SRR773321 
SRR773389 O1 Ogawa Clinical 2011.778082 0 SRR773389 
SRR773393 O1 Ogawa Clinical 2011.778082 0 SRR773393 
SRR773397 O1 Ogawa Clinical 2012.196721 0 SRR773397 
SRR773656 O1 Ogawa Clinical 2010.79726 0 SRR773656 
SRR773657 O1 Ogawa Clinical 2010.838356 0 SRR773657 
SRR773658 O1 Ogawa Clinical 2010.838356 0 SRR773658 
SRR773660 O1 Ogawa Clinical 2010.90411 0 SRR773660 
SRR8364252 O1 Ogawa Environ 2013.484932 0 SRR8364252 
SRR8364253 O1 Ogawa Environ 2013.484932 0 SRR8364253 
SRR8364254 O1 Ogawa Environ 2013.731507 0 SRR8364254 
SRR8364255 O1 Ogawa Environ 2014.413699 0 SRR8364255 
SRR8364256 O1 Ogawa Environ 2014.328767 0 SRR8364256 
SRR8364257 O1 Ogawa Environ 2013.89863 0 SRR8364257 
SRR8364258 O1 Ogawa Environ 2013.484932 0 SRR8364258 
SRR8364259 O1 Inaba Environ 2015.909589 0 SRR8364259 
SRR8364260 O1 Inaba Environ 2015.909589 0 SRR8364260 
SRR8364261 O1 Ogawa Environ 2015.70137 0 SRR8364261 
SRR8364262 O1 Ogawa Clinical 2013.654795 0 SRR8364262 
SRR8364263 O1 Ogawa Clinical 2013.657534 0 SRR8364263 
SRR8364264 O1 Ogawa Clinical 2013.690411 0 SRR8364264 
SRR8364265 O1 Ogawa Clinical 2013.649315 0 SRR8364265 
SRR8364266 O1 Ogawa Clinical 2013.690411 0 SRR8364266 
SRR8364267 O1 Ogawa Clinical 2013.706849 0 SRR8364267 
SRR8364268 O1 Ogawa Clinical 2013.709589 0 SRR8364268 
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SRR8364269 O1 Ogawa Clinical 2013.665753 0 SRR8364269 
SRR8364270 O1 Ogawa Clinical 2013.665753 0 SRR8364270 
SRR8364271 O1 Ogawa Clinical 2013.715068 0 SRR8364271 
SRR8364272 O1 Inaba Clinical 2016.628415 0 SRR8364272 
SRR8364273 O1 Ogawa Clinical 2016.622951 0 SRR8364273 
SRR8364274 O1 Ogawa Clinical 2016.887978 0 SRR8364274 
SRR8364275 O1 Inaba Clinical 2016.92623 0 SRR8364275 
SRR8364276 O1 Inaba Clinical 2016.724044 0 SRR8364276 
SRR8364277 O1 Ogawa Clinical 2016.704918 0 SRR8364277 
SRR8364278 O1 Inaba Clinical 2016.680328 0 SRR8364278 
SRR8364279 O1 Ogawa Clinical 2016.642077 0 SRR8364279 
SRR8364280 O1 Ogawa Clinical 2016.822404 0 SRR8364280 
SRR8364281 O1 Ogawa Clinical 2013.484932 0 SRR8364281 
SRR8364282 O1 Inaba Clinical 2016.795082 0 SRR8364282 
SRR8364283 O1 Inaba Clinical 2016.814208 0 SRR8364283 
SRR8364284 O1 Inaba Clinical 2016.855191 0 SRR8364284 
SRR8364285 O1 Inaba Clinical 2016.887978 0 SRR8364285 
SRR8364286 O1 Inaba Clinical 2016.830601 0 SRR8364286 
SRR8364287 O1 Ogawa Clinical 2016.852459 0 SRR8364287 
SRR8364288 O1 Ogawa Environ 2013.726027 0 SRR8364288 
SRR8364289 O1 Ogawa Environ 2013.649315 0 SRR8364289 
SRR8364290 O1 Inaba Clinical 2017.156164 0 SRR8364290 
SRR8364291 O1 Inaba Clinical 2017.147945 0 SRR8364291 
SRR8364292 O1 Inaba Clinical 2017.147945 0 SRR8364292 
SRR8364293 O1 Inaba Clinical 2017.139726 0 SRR8364293 
SRR8364294 O1 Ogawa Environ 2013.726027 0 SRR8364294 
SRR8364295 O1 Ogawa Environ 2013.726027 0 SRR8364295 
SRR8364296 O1 Inaba Clinical 2017.394521 0 SRR8364296 
SRR8364297 O1 Inaba Clinical 2017.405479 0 SRR8364297 
SRR8364298 O1 Ogawa Environ 2013.821918 0 SRR8364298 
SRR8364299 O1 Ogawa Environ 2013.821918 0 SRR8364299 
SRR8364300 O1 Inaba Clinical 2017.378082 0 SRR8364300 
SRR8364301 O1 Inaba Clinical 2017.380822 0 SRR8364301 
SRR8364302 O1 Inaba Clinical 2017.389041 0 SRR8364302 
SRR8364303 O1 Inaba Clinical 2017.391781 0 SRR8364303 
SRR8364304 O1 Inaba Clinical 2017.372603 0 SRR8364304 
SRR8364305 O1 Inaba Clinical 2017.375342 0 SRR8364305 
SRR8364306 O1 Inaba Clinical 2017.372603 0 SRR8364306 
SRR8364307 O1 Inaba Clinical 2017.375342 0 SRR8364307 
SRR8364308 O1 Ogawa Clinical 2016.472678 0 SRR8364308 
SRR8364309 O1 Ogawa Clinical 2013.824658 0 SRR8364309 
SRR8364310 O1 Ogawa Clinical 2013.747945 0 SRR8364310 
SRR8364311 O1 Ogawa Clinical 2013.871233 0 SRR8364311 
SRR8364312 O1 Inaba Clinical 2013.846575 0 SRR8364312 
SRR8364313 O1 Ogawa Clinical 2013.909589 0 SRR8364313 
SRR8364314 O1 Ogawa Clinical 2013.887671 0 SRR8364314 
SRR8364315 O1 Ogawa Clinical 2013.928767 0 SRR8364315 
SRR8364316 O1 Ogawa Clinical 2013.923288 0 SRR8364316 
SRR8364317 O1 Ogawa Clinical 2013.953425 0 SRR8364317 
SRR8364318 O1 Ogawa Clinical 2013.939726 0 SRR8364318 
SRR8364319 O1 Inaba Clinical 2016.191257 0 SRR8364319 
SRR8364320 O1 Ogawa Clinical 2016.448087 0 SRR8364320 
SRR8364321 O1 Inaba Clinical 2016.122951 0 SRR8364321 
SRR8364322 O1 Inaba Clinical 2016.122951 0 SRR8364322 
SRR8364323 O1 Inaba Clinical 2016.122951 0 SRR8364323 
SRR8364324 O1 Inaba Clinical 2016.122951 0 SRR8364324 
SRR8364325 O1 Ogawa Clinical 2017.041096 0 SRR8364325 
SRR8364326 O1 Ogawa Clinical 2017.032877 0 SRR8364326 
SRR8364327 O1 Inaba Clinical 2016.18306 0 SRR8364327 
SRR8364328 O1 Ogawa Clinical 2016.972678 0 SRR8364328 
SRR8364329 O1 Ogawa Clinical 2016.92623 0 SRR8364329 
SRR8364330 O1 Inaba Clinical 2017.008219 0 SRR8364330 
SRR8364331 O1 Inaba Clinical 2016.989071 0 SRR8364331 
SRR8364332 O1 Ogawa Clinical 2017.021918 0 SRR8364332 
SRR8364333 O1 Ogawa Clinical 2017.010959 0 SRR8364333 
SRR8364334 O1 Inaba Clinical 2017.030137 0 SRR8364334 
SRR8364335 O1 Inaba Clinical 2017.024658 0 SRR8364335 
SRR8364336 O1 Ogawa Clinical 2016.497268 0 SRR8364336 
SRR8364337 O1 Ogawa Clinical 2013.610959 0 SRR8364337 
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Name Serogroup Source Date decimals Date uncertainty SRA/ENA accession no. 
SRR8364338 O1 Ogawa Clinical 2013.673973 0 SRR8364338 
SRR8364339 O1 Ogawa Clinical 2013.580822 0 SRR8364339 
SRR8364340 O1 Ogawa Clinical 2013.49863 0 SRR8364340 
SRR8364341 O1 Ogawa Clinical 2013.580822 0 SRR8364341 
SRR8364342 O1 Ogawa Clinical 2013.523288 0 SRR8364342 
SRR8364343 O1 Ogawa Clinical 2013.638356 0 SRR8364343 
SRR8364344 O1 Ogawa Clinical 2013.6 0 SRR8364344 
SRR8364345 O1 Ogawa Clinical 2013.536986 0 SRR8364345 
SRR8364346 O1 Inaba Clinical 2013.536986 0 SRR8364346 
SRR8364347 O1 Ogawa Clinical 2014.863014 0 SRR8364347 
SRR8364348 O1 Ogawa Clinical 2014.810959 0 SRR8364348 
SRR8364349 O1 Ogawa Clinical 2014.906849 0 SRR8364349 
SRR8364350 O1 Ogawa Clinical 2014.90411 0 SRR8364350 
SRR8364351 O1 Ogawa Clinical 2014.958904 0 SRR8364351 
SRR8364352 O1 Ogawa Clinical 2014.906849 0 SRR8364352 
SRR8364353 O1 Ogawa Clinical 2015.079452 0 SRR8364353 
SRR8364354 O1 Ogawa Clinical 2014.975342 0 SRR8364354 
SRR8364355 O1 Ogawa Clinical 2015.189041 0 SRR8364355 
SRR8364356 O1 Ogawa Clinical 2015.134247 0 SRR8364356 
SRR8364357 O1 Ogawa Clinical 2013.953425 0 SRR8364357 
SRR8364358 O1 Ogawa Clinical 2013.953425 0 SRR8364358 
SRR8364359 O1 Inaba Clinical 2017.263014 0 SRR8364359 
SRR8364360 O1 Inaba Clinical 2017.273973 0 SRR8364360 
SRR8364361 O1 Inaba Clinical 2017.172603 0 SRR8364361 
SRR8364362 O1 Inaba Clinical 2017.254795 0 SRR8364362 
SRR8364363 O1 Inaba Clinical 2017.235616 0 SRR8364363 
SRR8364364 O1 Inaba Clinical 2017.241096 0 SRR8364364 
SRR8364365 O1 Inaba Clinical 2017.235616 0 SRR8364365 
SRR8364366 O1 Inaba Clinical 2017.235616 0 SRR8364366 
SRR8364367 O1 Inaba Clinical 2017.279452 0 SRR8364367 
SRR8364368 O1 Inaba Clinical 2017.290411 0 SRR8364368 
SRR8364369 O1 Ogawa Environ 2013.572603 0 SRR8364369 
SRR8364370 O1 Ogawa Clinical 2013.956164 0 SRR8364370 
SRR8364371 O1 Ogawa Environ 2013.572603 0 SRR8364371 
SRR8364372 O1 Ogawa Environ 2013.572603 0 SRR8364372 
SRR8364373 O1 Ogawa Clinical 2014.706849 0 SRR8364373 
SRR8364374 O1 Ogawa Clinical 2014.734247 0 SRR8364374 
SRR8364375 O1 Ogawa Clinical 2014.660274 0 SRR8364375 
SRR8364376 O1 Ogawa Clinical 2014.706849 0 SRR8364376 
SRR8364377 O1 Ogawa Clinical 2014.734247 0 SRR8364377 
SRR8364378 O1 Ogawa Clinical 2014.789041 0 SRR8364378 
SRR8364379 O1 Inaba Clinical 2016.18306 0 SRR8364379 
SRR8364380 O1 Inaba Clinical 2017.317808 0 SRR8364380 
SRR8364381 O1 Inaba Clinical 2017.309589 0 SRR8364381 
SRR8364382 O1 Inaba Clinical 2017.339726 0 SRR8364382 
SRR8364383 O1 Inaba Clinical 2017.320548 0 SRR8364383 
SRR8364384 O1 Inaba Clinical 2017.293151 0 SRR8364384 
SRR8364385 O1 Inaba Clinical 2017.290411 0 SRR8364385 
SRR8364386 O1 Inaba Clinical 2017.30137 0 SRR8364386 
SRR8364387 O1 Inaba Clinical 2017.29863 0 SRR8364387 
SRR8364388 O1 Inaba Clinical 2017.926027 0 SRR8364388 
SRR8364389 O1 Inaba Clinical 2017.843836 0 SRR8364389 
SRR8364390 O1 Inaba Clinical 2015.860274 0 SRR8364390 
SRR8364391 O1 Inaba Clinical 2015.860274 0 SRR8364391 
SRR8364392 O1 Inaba Clinical 2015.860274 0 SRR8364392 
SRR8364393 O1 Inaba Clinical 2015.860274 0 SRR8364393 
SRR8364394 O1 Inaba Clinical 2015.843836 0 SRR8364394 
SRR8364395 O1 Inaba Clinical 2015.843836 0 SRR8364395 
SRR8364396 O1 Inaba Clinical 2015.843836 0 SRR8364396 
SRR8364397 O1 Inaba Clinical 2015.843836 0 SRR8364397 
SRR8364398 O1 Inaba Clinical 2015.863014 0 SRR8364398 
SRR8364399 O1 Ogawa Clinical 2015.860274 0 SRR8364399 
SRR8364400 O1 Ogawa Clinical 2016.606557 0 SRR8364400 
SRR8364401 O1 Ogawa Clinical 2016.510929 0 SRR8364401 
SRR8364402 O1 Inaba Clinical 2017.046575 0 SRR8364402 
SRR8364403 O1 Ogawa Clinical 2017.063014 0 SRR8364403 
SRR8364404 O1 Inaba Clinical 2017.071233 0 SRR8364404 
SRR8364405 O1 Inaba Clinical 2017.084932 0 SRR8364405 
SRR8364406 O1 Ogawa Clinical 2017.117808 0 SRR8364406 
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Name Serogroup Source Date decimals Date uncertainty SRA/ENA accession no. 
SRR8364407 O1 Inaba Clinical 2017.136986 0 SRR8364407 
SRR8364408 O1 Inaba Clinical 2017.136986 0 SRR8364408 
SRR8364409 O1 Inaba Clinical 2017.09589 0 SRR8364409 
SRR8364410 O1 Inaba Clinical 2017.139726 0 SRR8364410 
SRR8364411 O1 Inaba Clinical 2017.139726 0 SRR8364411 
SRR8364412 O1 Ogawa Clinical 2016.775956 0 SRR8364412 
SRR8364413 O1 Ogawa Clinical 2015.282192 0 SRR8364413 
SRR8364414 O1 Ogawa Clinical 2015.358904 0 SRR8364414 
SRR8364415 O1 Ogawa Clinical 2015.517808 0 SRR8364415 
SRR8364416 O1 Ogawa Clinical 2015.731507 0 SRR8364416 
SRR8364417 O1 Ogawa Clinical 2015.780822 0 SRR8364417 
SRR8364418 O1 Inaba Clinical 2015.786301 0 SRR8364418 
SRR8364419 O1 Ogawa Clinical 2015.80274 0 SRR8364419 
SRR8364420 O1 Inaba Clinical 2015.824658 0 SRR8364420 
SRR8364421 O1 Inaba Clinical 2015.824658 0 SRR8364421 
SRR8364422 O1 Inaba Clinical 2015.827397 0 SRR8364422 
SRR8364423 O1 Inaba Clinical 2016.737705 0 SRR8364423 
SRR8364424 O1 Inaba Clinical 2016.122951 0 SRR8364424 
SRR8364425 O1 Ogawa Clinical 2015.920548 0 SRR8364425 
SRR8364426 O1 Ogawa Clinical 2015.920548 0 SRR8364426 
SRR8364427 O1 Inaba Clinical 2015.920548 0 SRR8364427 
SRR8364428 O1 Inaba Clinical 2015.920548 0 SRR8364428 
SRR8364429 O1 Inaba Clinical 2015.920548 0 SRR8364429 
SRR8364430 O1 Ogawa Environ 2013.821918 0 SRR8364430 
SRR8364431 O1 Inaba Clinical 2015.89863 0 SRR8364431 
SRR8364432 O1 Inaba Clinical 2015.920548 0 SRR8364432 
SRR8364433 O1 Inaba Clinical 2015.90137 0 SRR8364433 
SRR8364434 O1 Ogawa Environ 2013.726027 0 SRR8364434 
SRR8364435 O1 Inaba Clinical 2015.90137 0 SRR8364435 
SRR8364436 O1 Ogawa Environ 2013.89863 0 SRR8364436 
SRR8364437 O1 Ogawa Environ 2013.821918 0 SRR8364437 
SRR8364438 O1 Inaba Clinical 2015.884932 0 SRR8364438 
SRR8364439 O1 Inaba Clinical 2015.89863 0 SRR8364439 
SRR8364440 O1 Inaba Clinical 2015.884932 0 SRR8364440 
SRR8364441 O1 Inaba Clinical 2015.884932 0 SRR8364441 
SRR8364442 O1 Inaba Clinical 2015.884932 0 SRR8364442 
SRR8364443 O1 Inaba Clinical 2015.884932 0 SRR8364443 
SRR8364444 O1 Inaba Clinical 2015.865753 0 SRR8364444 
SRR8364445 O1 Inaba Clinical 2015.882192 0 SRR8364445 
SRR8364446 O1 Inaba Clinical 2015.863014 0 SRR8364446 
SRR8364447 O1 Inaba Clinical 2015.863014 0 SRR8364447 
SRR8364448 O1 Inaba Clinical 2017.221918 0 SRR8364448 
SRR8364449 O1 Inaba Clinical 2017.205479 0 SRR8364449 
SRR8364450 O1 Inaba Clinical 2017.19726 0 SRR8364450 
SRR8364451 O1 Inaba Clinical 2017.175342 0 SRR8364451 
SRR8364452 O1 Inaba Clinical 2017.167123 0 SRR8364452 
SRR8364453 O1 Inaba Clinical 2017.164384 0 SRR8364453 
VCN3833 O1 Ogawa Clinical 2022.753425 0 SRR22265444 
VCN3834 O1 Ogawa Clinical 2022.756164 0 SRR22265443 
VCO1902542 O1 Ogawa Clinical 2017.668 0 SAMN33974382 
VCO1902543 O1 Inaba Clinical 2018.369863 0 SAMN33974383 
VCO1902544 O1 Inaba Clinical 2018.372603 0 SAMN33974384 
VCO1902545 O1 Inaba Clinical 2018.375342 0 SAMN33974385 
VCO1902546 O1 Inaba Clinical 2018.372603 0 SAMN33974386 
VCO1902547 O1 Inaba Clinical 2018.375342 0 SAMN33974387 
VCO1902548 O1 Inaba Clinical 2018.378082 0 SAMN33974388 
VCO1902549 O1 Inaba Clinical 2018.380822 0 SAMN33974389 
VCO1902552 O1 Inaba Clinical 2018.389041 0 SAMN33974390 
VCO1902553 O1 Inaba Clinical 2018.391781 0 SAMN33974391 
VCO1902554 O1 Inaba Clinical 2018.394521 0 SAMN33974392 
VCO1902555 O1 Inaba Clinical 2018.405479 0 SAMN33974393 
VCO1902556 O1 Inaba Clinical 2018.408219 0 SAMN33974394 
VCO1902558 O1 Inaba Clinical 2018.427397 0 SAMN33974395 
VCO1902560 O1 Inaba Clinical 2018.443836 0 SAMN33974396 
VCO1902561 O1 Inaba Clinical 2018.175342 0 SAMN33974397 
VCO1902562 O1 Inaba Clinical 2018.30411 0 SAMN33974398 
VCO1902563 O1 Inaba Clinical 2018.317808 0 SRR22265475 
VCO1902564 O1 Inaba Clinical 2018.336986 0 SRR22265474 
VCO1902565 O1 Inaba Clinical 2018.336986 0 SRR22265463 
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VCO1902566 O1 Inaba Clinical 2018.334247 0 SRR22265452 
VCO1902567 O1 Inaba Clinical 2018.347945 0 SRR22265442 
VCO1902568 O1 Inaba Clinical 2018.350685 0 SRR22265441 
VCO1902569 O1 Inaba Clinical 2018.342466 0 SRR22265440 
VCO1902570 O1 Inaba Clinical 2018.386301 0 SRR22265439 
VCO1902571 O1 Inaba Clinical 2018.413699 0 SRR22265438 
VCO1902572 O1 Inaba Clinical 2018.463014 0 SRR22265437 
VCO1902573 O1 Inaba Clinical 2018.465753 0 SRR22265473 
VCO1902574 O1 Inaba Clinical 2018.468493 0 SRR22265472 
VCO1902575 O1 Inaba Clinical 2018.465753 0 SRR22265471 
VCO1902576 O1 Inaba Clinical 2018.465753 0 SRR22265470 
VCO1902577 O1 Inaba Clinical 2018.468493 0 SRR22265469 
VCO1902578 O1 Inaba Clinical 2018.493151 0 SRR22265468 
VCO1902579 O1 Inaba Clinical 2018.427397 0 SRR22265467 
VCO1902580 O1 Inaba Clinical 2018.430137 0 SRR22265466 
VCO1902581 O1 Inaba Clinical 2018.432877 0 SRR22265465 
VCO1902582 O1 Inaba Clinical 2018.493151 0 SRR22265464 
VCO1902583 O1 Inaba Clinical 2018.438356 0 SRR22265462 
VCO1902584 O1 Inaba Clinical 2018.441096 0 SRR22265461 
VCO1902585 O1 Inaba Clinical 2018.413699 0 SRR22265460 
VCO1902586 O1 Inaba Clinical 2018.50137 0 SRR22265459 
VCO1902587 O1 Inaba Clinical 2018.50411 0 SRR22265458 
VCO1902588 O1 Inaba Clinical 2018.506849 0 SRR22265457 
VCO1902589 O1 Inaba Clinical 2018.356164 0 SRR22265456 
VCO1902590 O1 Inaba Clinical 2018.665753 0 SRR22265455 
VCO9902595 O1 Inaba Clinical 2018.391781 0 SRR22265451 
2022V-1171 

 
Clinical 2022.788 0.04246575 SRR23509871 

2022V-1172 
 

Clinical 2022.788 0.04246575 SRR23509900 
2022V-1174 

 
Clinical 2022.788 0.04246575 SRR23510634 

2022V-1175 
 

Clinical 2022.788 0.04246575 SRR23510642 
2022V-1176 

 
Clinical 2022.788 0.04246575 SRR23510637 

2022V-1177 
 

Clinical 2022.788 0.04246575 SRR23509899 
2022V-1178 

 
Clinical 2022.788 0.04246575 SRR23510641 

2022V-1179 
 

Clinical 2022.788 0.04246575 SRR23509867 
2022V-1180 

 
Clinical 2022.788 0.04246575 SRR23510631 

2022V-1181 
 

Clinical 2022.788 0.04246575 SRR23510640 
2022V-1182 

 
Clinical 2022.788 0.04246575 SRR23509889 

2022V-1183 
 

Clinical 2022.788 0.04246575 SRR23509864 
2022V-1184 

 
Clinical 2022.788 0.04246575 SRR23509866 

2022V-1185 
 

Clinical 2022.788 0.04246575 SRR23509894 
2022V-1186 

 
Clinical 2022.788 0.04246575 SRR23510649 

2022V-1187 
 

Clinical 2022.788 0.04246575 SRR23510654 
*ENA, European Nucleotide Archive (https://www.ebi.ac.uk/ena); SRA, Sequence Reads Archive (https://www.ncbi.nlm.nih.gov/sra). 
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Appendix Table 5. Bayes factors for relevant migrations among groups of samples of Vibrio cholerae O1, Haiti 
Group no. 

Bayes factor From To 
2 4 8.28272825 
2 1 8.02530144 
2 3 6.35742392 
2 5 5.83860853 
1 4 5.6778874 
4 3 5.6670122 
1 2 5.56500236 
1 3 5.39581192 
1 5 5.05727025 
4 1 4.649288 
4 2 4.49052847 
4 5 4.35576248 
5 1 3.66230118 
3 1 3.3638466 
5 2 3.30457235 
5 4 3.23770477 
3 4 3.22048445 
3 5 3.21190846 
5 3 3.12182361 
3 2 3.11627648 

 
 
 
 
Appendix Table 6. Model selection for molecular clock and Bayesian demographic models to infer time-structured phylogeny for 
Vibrio cholerae O1 isolates collected between October 2010 and November 2022, Haiti* 
Enforcement of 2022 strains with EnvJ515 ln(ML)SS Ln(BF)SS ln(ML)PS Ln(BF)PS 
No monophyly enforcement     
SC CONST –1,907.6 3.3 –1,911.1 3.8 
RC CONST –1,904.3  –1,907.3  
SC BSP –1,903.1 10.3 –1,900.0 4.0 
RC BSP –1,892.8  –1,896.0  
RC CONST –1,904.3 11.5 –1,907.3 11.3 
RC BSP –1,892.8  –1,896.0  
Monophyly enforcement     
SC CONST (ME) –1,906.0 6.4 –1,907.8 5.7 
RC CONST (ME) –1,899.6  –1,902.1  
SC BSP (ME) –1,890.6 –0.2 –1,893.9 –0.6 
RC BSP (ME) –1,890.8  –1,894.4  
RC CONST (ME) –1,899.6 9.0 –1,902.1 8.3 
SC BSP (ME) –1,890.6  –1,893.9  
Monophyly testing     
SC CONST –1,907.6 1.6 –1,911.1 3.3 
SC CONST (ME) –1,906.0  –1,907.8  
SC BSP –1,903.1 12.5 –1,900.0 6.1 
SC BSP (ME) –1,890.6  –1,893.9  
RC BSP –1,892.8 2.0 –1,896.0 1.6 
RC BSP (ME) –1,890.8  –1,894.4  
RC CONST –1,904.3039 4.7 –1,907.3 5.2 
RC CONST (ME) –1,899.6  –1,902.1  
RC BSP –1,892.8 2.2 –1,896.0 2.1 
SC BSP (ME) –1,890.6  –1,893.9  
*Log of marginal likelihood estimate values obtained by stepping-stone and path sampling and are reported for models that used the following as 
priors: strict or uncorrelated relaxed lognormal (UCLN) molecular clocks and constant, nonparametric Bayesian skyline demographic models with and 
without monophyly enforcement of strains from 2022 with environmental Ogawa strain EnvJ515. BF, Bayes factor; BSP, Bayesian skyline; CONST, 
constant; Ln, log; ME, monophyly enforcement; ML, maximum-likelihood; PS, path sampling; SC, strict; SS, stepping-stone. 
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Appendix Table 7. List of hqSNPs that differentiate the 2022 outbreak strains from EnvJ515 environmental Ogawa strain (using the 
genome of Vibrio cholerae O1 2010EL-1786 as reference strain). 

Gene or locus tag Chr 
Genome 
position Mutation, nt Mutation, aa Protein ID, function Sample 

istA 1 150,844 A→G Val231Ala IS 21 family transposes EnvJ515 
moaA 1 571,070 C→A Thr310Asn Molybdenum cofactor biosynthesis 

protein A (hypoxic growth) 
2022 outbreak 

fadJ 1 594,746 C→T Ala517Val Long chain fatty acid metabolism 2022 outbreak 
mfd 1 1,503,970 T→C Val709Ala SOS response protein in response 

to sub-inhibitory level of antibiotic 
concentration 

2022 outbreak 

HJ37_RS07360† 1 1,658,252 C→CGGCG Frame shift; 
91STOP 

 2022 outbreak 
rpsG 1 2,803,192 A→G Glu63Glu 30 S ribosomal protein S7 2022 outbreak 
Intergenic 2 603,535 G→A NA  EnvJ515 
HJ37_RS17585† 2 731,831 A→G Gly589Asp  EnvJ515 
*A genome of Vibrio cholerae O1 2010EL-1786 was used as the reference strain. aa, amino acid; Chr, chromosome; hqSNPs, high-quality SNPs; ID, 
identification; NA, not applicable; nt, nucleotide. 
†Hypothetical protein. 

 
 
 
 
Appendix Table 8. List of hqSNPs shared among the 2022 outbreak strains and 3 environmental strains used in a study of 
ancestral origin and dissemination dynamic of reemerging toxigenic Vibrio cholerae, Haiti* 
Gene or locus tag Chr Genome position Mutation, nt Mutation, aa Protein ID, function 
acnB 1 15,045 C to T Asp497Asp TCA cycle metabolism, regulate antibiotic stress 
rimP 1 63,460 C to T Ile148Ile Ribosomal maturation factor, acidic stress 
Intergenic 1 688,901 C to G NA  
Intergenic 1 895,812 G to GT NA  
HJ37_RS04810 1 1,082,883 G to A Ala101Ala  
HJ37_RS05410 1 1,211,305 G to A Thr489Ile  
HJ37_RS07435 1 1,675,595 A to G Lys101Arg  
mnmC 1 1,740,013 T to G Phe373Val tRNA 5 methyl amino methyl-2-thiouridine 

biosynthesis bifurcation protein 
Intergenic 1 2,051,378 G to GA NA  
HJ37_RS09310 1 2,094,531 T to G Lys279Gln  
HJ37_RS09410 1 2,119,145 G to A His51His  
Intergenic 1 2,124,160 T to C NA  
gspG 1 2,372,132 A to C Phe145Val Pseudopilin, Type II secretion system 
fhuA 1 2,633,809 C to T Tyr684Tyr Iron utilization protein 
Intergenic 1 2,905,479 AT to A NA  
HJ37_RS20555† 2 57,250 C to CT Val16fs  
HJ37_RS20010† 2 111,521 CT to C Leu45fs  
HJ37_RS19585 2 115,005 A to C Lys28Asn  
Intergenic 2 208,558 T to TA NA  
napA 2 315,133 C to T Ala680Val Periplasmic nitrate reductase, hypoxic growth 
Intergenic 2 501,356 G to T NA  
Intergenic 2 673,799 C to CG NA  
HJ37_RS17750 2 767,582 C to A Glu548Asp  
HJ37_RS18095 2 856,231 G to T Pro232His  
*Strains used included EnvJ515 environmental Ogawa strain isolated in 2018, Env5156 environmental Ogawa strain isolated in 2016, and Env4303 
environmental Ogawa strain isolated in 2015. A genome of Vibrio cholerae O1 2010EL-1786 was used as the reference strain. aa, amino acid; Chr, 
chromosome; hqSNPs, high-quality SNPs; ID, identification; NA, not applicable; nt, nucleotide. 
†Pseudogene. 
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Appendix Table 9. List of hqSNPs shared among 3 environmental strains used in a study of ancestral origin and dissemination 
dynamic of reemerging toxigenic Vibrio cholerae, Haiti* 
Gene or 
locus tag Chr Genome position Mutation, nt Mutation, aa Protein ID, function 
acnB 1 15,045 C to T Asp497Asp TCA cycle metabolism, regulate antibiotic 

stress 
rimP 1 63,460 C to T Ile148Ile Ribosomal maturation factor, acidic stress 
Intergenic 1 688,901 C to G NA 

 

Intergenic 1 785711 C to CA 
  

Intergenic 1 895,812 G to GT NA 
 

HJ37_RS04810 1 1,082,883 G to A Ala101Ala 
 

HJ37_RS05410 1 1,211,305 G to A Thr489Ile 
 

HJ37_RS06215 1 1410244 GTGG to CGGC Pro285Ala 
 

HJ37_RS07435 1 1,675,595 A to G Lys101Arg 
 

mnmC 1 1,740,013 T to G Phe373Val tRNA 5 methyl amino methyl-2-thiouridine 
biosynthesis bifurcation protein 

Intergenic 1 1802518 CA to C 
  

Intergenic 1 2029032 T to TA 
  

Intergenic 1 2,051,378 G to GA NA 
 

Intergenic 1 2065191 AG to A 
  

HJ37_RS09310 1 2,094,531 T to G Lys279Gln 
 

HJ37_RS09410 1 2,119,145 G to A His51His 
 

Intergenic 1 2,124,160 T to C NA 
 

gspG 1 2,372,132 A to C Phe145Val Pseudopilin, Type II secretion system 
HJ37_RS10885 1 2417048 GCTGTTT to G Glu67_Thr68del 

 

fhuA 1 2,633,809 C to T Tyr684Tyr Iron utilization protein 
Intergenic 1 2753681 CT to C 

  

Intergenic 1 2,905,479 AT to A NA 
 

HJ37_RS14100 2 30347 TACCAGAACCA
GAACCAGAAC
CAGAACCAGA
ACCAGAACCA
GAACCAGAAC
CAGAACCAGA
ACCAGAACCA
GAACCAGAAC

CAGA to T 

 
Pro345_Glu372del 

HJ37_RS20545 2 43877 G to GT Leu24fs 
 

Intergenic 2 49152 C to CA 
  

Intergenic 2 52354 C to CA 
  

napA 2 315,133 C to T Ala680Val Periplasmic nitrate reductase, hypoxic 
growth 

HJ37_RS19900 2 54854 G to A Ala3Ala 
 

HJ37_RS20555† 2 57,250 C to CT Val16fs 
 

HJ37_RS20010† 2 111,521 CT to C Leu45fs 
 

HJ37_RS19585 2 115,005 A to C Lys28Asn 
 

Intergenic 2 208,558 T to TA NA 
 

Intergenic 2 208558 T to TA 
  

HJ37_RS15720 v 315133 C to T Ala680Val 
 

Intergenic 2 501,356 G to T NA 
 

Intergenic 2 556549 T to TG 
  

Intergenic 2 673789 G to GC 
  

Intergenic 2 673,799 C to CG NA 
 

Intergenic 2 731919 T to TC 
  

HJ37_RS17750 2 767,582 C to A Glu548Asp 
 

HJ37_RS18095 2 856,231 G to T Pro232His 
 

*Strains used included EnvJ515 environmental Ogawa strain isolated in 2018, Env5156 environmental Ogawa strain isolated in 2016, and Env4303 
environmental Ogawa strain isolated in 2015. A genome of Vibrio cholerae O1 2010EL-1786 was used as the reference strain. aa, amino acid; Chr, 
chromosome; hqSNPs, high-quality SNPs; ID, identification; NA, not applicable; nt, nucleotide. 
†Pseudogene. 
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Appendix Figure 1. Maximum-likelihood phylogeny of global Vibrio cholerae O1 strains isolated during 

1937–2022. The tree was inferred from genome-wide high-quality SNPs, with branches scaled in time 

using TreeTime (https://github.com/neherlab/treetime). Heatmap denotes major geographic region of 

collection, according to the colors in the legend. The Latin American clades are colored in cyan, green, 

and purple, respectively. LAT-1 includes strains introduced into Peru in 1991 that spread across South 

America; LAT-2, strains introduced into Mexico in 1991, and LAT-3, the strains of the 2010–2022 Haiti 

epidemic, with the monophyletic group of the 2022 sequences highlighted by a star. 
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Appendix Figure 2. Toxigenic Vibrio cholerae O1 strains sampled in Haiti from 2010–2022. Haiti maps 

with population density show departments where sampling occurred. A) 2010– 2016; B) 2017–2018; C) 

2022. Serotype – Ogawa (blue) and Inaba (orange) – and the source – environmental (green) or clinical 

(purple) – of all the strains collected, sequenced, and used in this study are denoted. 
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Appendix Figure 3. Phylogenetic quality of the datasets used in a study of ancestral origin and 

dissemination dynamic of reemerging toxigenic Vibrio cholerae, Haiti. A) Presence of phylogenetic signal 

was evaluated by likelihood mapping checking for alternative topologies (tips), unresolved quartets 

(center), and partly resolved quartets (edges) for the dataset. B) Linear regression of root-to-tip genetic 

distance within the maximum-likelihood phylogeny against sampling time for each taxon: temporal 

resolution was assessed using the slope of the regression, with positive slope indicating sufficient 

temporal signal. 


