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We performed whole-genome sequencing of Vibrio cholerae 
O1 isolates from Laos, Thailand, and Vietnam, where cholera 
outbreaks occurred, to determine their genetic lineages. Core 
genome phylogenetic analysis revealed that the isolates located 
in same lineage without regional clusters, which suggests that 
closely related strains circulated in Southeast Asia.

Keywords.  phylogeny; Southeast Asia; Vibrio cholerae O1; 
whole-genome sequencing.

Cholera is an acute, watery diarrheal disease caused by a toxi-
genic strain of the Vibrio cholerae O1 and O139 serogroups that 
produces a cholera toxin. It remains an important public health 
issue in countries where access to safe water and adequate san-
itation is limited [1]. The annual global burden of cholera was 
estimated at 2.9 million cases in 69 countries where cholera is 
endemic, with 95 000 deaths [2]. In Southeast Asia, a total of 
3543 cholera cases were reported in Lao People’s Democratic 
Republic (PDR), Thailand, and Vietnam in 2007 [3], and 
cholera outbreaks were also reported in each country during 
this same period [4–8]. In addition, intranational molecular 
epidemiology revealed the temporal and geographical distribu-
tions of V cholerae serotype O1 Ogawa harboring the classical 

cholera toxin B subunit gene (ctxB1) in these 3 countries [7–9]. 
Descriptive analysis of cholera outbreaks also showed that V 
cholerae O1 Ogawa was distributed in Southeast Asia [10]. It 
was suggested that the epidemic V cholerae O1 clone caused an 
international outbreak; however, there has been no molecular 
epidemiological evidence to support this claim to date. Thus, 
the objective of the present study was to use whole-genome 
sequencing to determine the genetic lineages of V cholerae 
strains found in Lao PDR, Thailand, and Vietnam.

METHODS

We collected a total of 214 V cholerae O1 isolates from Lao PDR, 
Thailand, and Vietnam from 1998 to 2011 to infer their phylo-
genetic relationships (Supplementary Table 1). Genomic deox-
yribonucleic acid (DNA) was extracted using the DNeasy Blood 
& Tissue Kit (QIAGEN). Genomic libraries were prepared by 
the Nextera XT DNA Library Preparation Kit (Illumina) and 
sequenced on the HiSeq 2500 (Illumina) sequencer or MiSeq 
(Illumina) sequencer. After genome assembly was performed 
using SPAdes version 3.13.1 with the --careful option and a 
read coverage cutoff value of 10 [11], single-nucleotide vari-
ants (SNVs) were identified with Snippy version 4.3.6 (https://
github.com/tseemann/snippy) using the V cholerae O1 El Tor 
N16961 genome (DDBJ/ENA/GenBank accession numbers 
LT907989 and LT907990) as a reference. We excluded the SNVs 
in recombinogenic regions detected using Gubbins version 2.3.4 
[12], along with the SNVs in the repeat and prophage regions 
of the N16961 genome, which were identified using NUCmer 
[13] and PHAST [14] for core-genome phylogeny. A maximum 
likelihood phylogenetic tree was generated using RAxML ver-
sion 8.2.0 [15] with 1000 bootstrap iterations. Global collection 
of 1302 genome sequences from public database were also in-
cluded (Supplementary Table 2).

Patient Consent Statement

The requirement for ethical approval and written informed 
consent was waived due to the use of unidentifiable epidemio-
logical and microbiological data.

RESULTS

A total of 5479 SNVs were identified in the nonrepetitive, 
nonrecombinogenic genome for a maximum likelihood phy-
logeny. All strains, except for M66-2 for the outgroup, were cat-
egorized in the seventh pandemic El Tor clade. Thirteen strains 
from Lao PDR in 1998 and 2000 were clustered but genetically 
distinct from the 201 strains isolated after 2007. The 201 strains 
belonged to 2 lineages, which mainly consisted of Asian isolates 
(Asian lineage 1 and 2). Asian lineage 1 contained 174 strains 
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from 3 countries. In contrast, only 27 Thai strains were included 
in Asian lineage 2. Twenty-four of the 27 Thai strains in Asian 
lineage 2 were from Tak province, which borders Myanmar, and 
the isolates nearest to these were Indian strains. The 174 strains 
in Asian lineage 1 were further divided by the year of isolation: 
the 119 strains before 2008 and the 55 strains after 2009 formed 
different clusters. As the cholera outbreaks occurred during 
2007 in Lao PDR, Thailand, and Vietnam, the genetically re-
lated 119 strains before 2008 seemed to be the outbreak strains 
of each country (Figure 1).

Therefore, we conducted another phylogenetic analysis 
and recalculated the pairwise SNV differences among the 119 
strains. The median pairwise SNV distance among the 119 
strains was 4 (range from 0 to 104), and 9 strains (Lao PDR 
[n = 1], Thailand [n = 6], Vietnam [n = 2]) showed iden-
tical SNV patterns. Relatively long branches were generated 
from 2 strains, LAO149 and VNM084, and the median pair-
wise SNV distance of LAO149 and VNM084 was 44 (range 
from 42 to 104) and 63 (range from 61 to 104), respectively. 
It is known that hypermutators with mutations in the DNA 
mismatch repair genes create a long branch on phylogenetic 
trees [16]. In the present study, we searched for mutations in 
DNA mismatch repair genes (mutS, mutL, mutH, and uvrD) 
in the draft genome sequences using BLAST+version 2.6.0 
with an in-house Perl script with N16961 as a reference [17]. 
A  nonsynonymous mutation, A1487G in mutS, was identi-
fied in VNM084, which would result in a Y496C amino acid 
substitution, and a 1220-base pair (bp) deletion was identi-
fied in LAO149 that involved 535  bp upstream from the 3’ 

end of mutS. When these 2 strains with hypermutator pheno-
type were excluded from the analysis, the maximal pairwise 
SNV distance was 18 and a more closely related phylogenetic 
cluster was observed (Supplementary Figure 1). The pairwise 
SNV differences were comparable to those for the Yemen out-
break strains (range, 0–13) [18].

DISCUSSION

In the present study, the 214 strains from Lao PDR, Thailand, 
and Vietnam were assigned to a population structure of the 
global V cholerae O1 collection based on the core genome SNVs 
for the outbreak investigation. Recent global transmission 
of V cholerae O1 was associated with the strains of Asian lin-
eage 2 involved in the 2 catastrophic cholera outbreaks in Haiti 
and Yemen [18, 19]. However, Asian lineage 1 was the lineage 
common to the strains from the 3 countries in this study, and 
the strains formed 2 distinct clusters based on the isolation year. 
The country had no effect on the clustering. One limitation of 
the present study was that our analysis did not include isolates 
from other countries of Southeast Asia, especially countries of 
the Indochina Peninsula (Cambodia, Malaysia, and Myanmar), 
during the same period. Nevertheless, our results indicate that 
the isolates in Asian lineage 1 circulated in Southeast Asia with 
continuous mutations on the genome. Moreover, the 119 strains 
from 2007 and 2008 that were associated with the outbreaks 
in the 3 countries were clustered, with the SNV distance ran-
ging from 0 to 104. A large number of SNVs were derived from 
hypermutators, and 9 strains with identical SNV profiles were 
detected among the outbreak strains. 

CONCLUSIONS

These results imply mutual transmission of epidemic V cholerae 
O1 among countries and/or a common source of infection. 
Nevertheless, closely related strains caused cholera outbreaks in 
the 3 neighboring countries during the same period.

Supplementary Data
Supplementary materials are available at Open Forum Infectious Diseases 
online. Consisting of data provided by the authors to benefit the reader, 
the posted materials are not copyedited and are the sole responsibility 
of the authors, so questions or comments should be addressed to the 
corresponding author.
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Figure 1. Maximum likelihood phylogeny of 1515 Vibrio cholerae strains. M66-2 
was used as the outgroup. Branch color indicates the geographical region or country 
of origin for each strain (Asia, blue; Africa, red; Haiti, yellow; Yemen, green; others, 
gray). Colored boxes on the outside tree indicate clusters of strains in this study 
with their information (country and year). Asian lineages are covered with gray half 
circles.
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