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Abstract

Burkholderia pseudomallei is a Gram-negative soil-dwelling bacillus that causes melioidosis, a frequently fatal infectious
disease, in tropical and subtropical regions. Previous studies have identified the overall genetic and evolutionary characteristics
of B. pseudomallei on a global scale, including its origin and transmission routes. However, beyond its known hyperendemicity
foci in northern Australia and Southeast Asia, the distribution and genetic characteristics of B. pseudomallei in most tropical
regions remain poorly understood, including in southern China. Here, we sequenced the genomes of 122 B. pseudomallei strains
collected from Hainan, an island in southern China, in 2002-2018, to investigate the population structure, relationships with
global strains, local epidemiology, and virulence and antimicrobial-resistance factors. A phylogenetic analysis and hierarchi-
cal clustering divided the Hainan strains into nine phylogenic groups (PGs), 80% of which were concentrated within five major
groups (group 1: corresponding to minor sequence types [STs], 12.3%; group 3: ST46 and ST50, 31.1%; group 9: ST58, 13.1%;
group 11: ST55, 8.2%; group 15: mainly ST658, 15.6%). A phylogenetic analysis that included global strains suggested that B.
pseudomallei in Hainan originated from Southeast Asian countries, transmitted in multiple historical importation events. We
also identified several mutual transmission events between Hainan and Southeast Asian countries in recent years, includ-
ing three importation events from Thailand and Singapore to Hainan and three exportation events from Hainan to Singapore,
Malaysia, and Taiwan island. A statistical analysis of the temporal distribution showed that the Hainan strains of groups 3, 9, and
15 have dominated the disease epidemic locally in the last byears. The spatial distribution of the Hainan strains demonstrated
that some PGs are distributed in different cities on Hainan island, and by combining phylogenic and geographic distribution
information, we detected 21 between-city transmission events, indicating its frequent local transmission. The detection of viru-
lence factor genes showed that 56% of the Hainan strains in group 1 encode a B. pseudomallei-specific adherence factor, boaB,
confirming the specific pathogenic characteristics of the Hainan strains in group 1. An analysis of the antimicrobial-resistance
potential of B. pseudomallei showed that various kinds of alterations were identified in clinically relevant antibiotic resistance
factors, such as AmrR, PenA and PBP3, etc. Our results clarify the population structure, local epidemiology, and pathogenic
characteristics of B. pseudomallei in Hainan, providing further insight into its regional and global transmission networks and
improving our knowledge of its global phylogeography.
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DATA SUMMARY

All sequence data for the 122 newly sequenced Hainan B.
pseudomallei isolates have been uploaded to the National
Center for Biotechnology Information (NCBI) database under
BioProject number PRINA669904. The isolate metadata and
accession numbers are listed in supplementary data table S1
(available in the online version of this article).

INTRODUCTION

Burkholderia pseudomallei, the environmental Gram-negative
bacillus that causes melioidosis, is commonly found in soil
and water in tropical and subtropical regions, especially in
northern Australia and Southeast Asia. The bacterium has
been classified as a biothreat agent by the US Centers for
Disease Control and Prevention because it has potential
utility as a bioweapon [1]. B. pseudomallei causes an estimated
165000 human cases of melioidosis per year worldwide, with
a case fatality rate (CFR) of up to 40%, and ineffective anti-
microbial treatment may cause the CFR to exceed 70% [2-4].
Therefore, it is very important to clarify the evolutionary and
pathogenic characteristics of B. pseudomallei to improve the
surveillance and control of this pathogen.

Traditional molecular typing methods, such as pulsed-field
gel electrophoresis (PFGE), multilocus sequence typing
(MLST), and multilocus variable-number tandem repeat
analysis (MLVA), have greatly improved our understanding
of the epidemiological characteristics of B. pseudomallei.
PFGE was previously considered the gold standard method
for detecting subtle differences in genetically related strains
and characterizing the strains involved in outbreaks [5-8].
However, it has strict requirements for the experimental
conditions used, and a single difference in these could result
in different typing results, making communication among
laboratories difficult. MLVA and MLST have been widely
used to examine the epidemiological relatedness, popula-
tion structures, and evolutionary characteristics of B. pseu-
domallei [9-12] because they can detect genetic variations in
more detail than PFGE and the sequence data can be readily
compared across laboratories worldwide [13]. However,
scientists have noted that these typing methods are unable
to determine fine-scale population structures because the
genotyping resolution is low and the rates of recombination
among local B. pseudomallei populations are high [14, 15].
Furthermore, a previous study showed that sequence type
(ST) homoplasy can cause MLST to produce confounding
results, albeit infrequently [16].

Whole-genome sequencing (WGS) provides the highest
possible discriminatory power among bacterial isolates, and
has been used in various aspects of B. pseudomallei research,
including source tracking, the determination of population
structures, and the inference of global transmission routes
[4, 17]. Genome-wide single-nucleotide polymorphism
(SNP) analyses pointed to Australia as the early reservoir of
B. pseudomallei and subdivided the species into 19 phylogenic
groups (PGs) with tree-independent hierarchical Bayesian

Impact Statement

Burkholderia pseudomallei is a deadly pathogen endemic
to tropical and subtropical areas, especially northern
Australia and Southeast Asia. However, our under-
standing of the large-scale genomics of B. pseudomallei
strains in most other tropical regions outside these two
hyperendemic foci is limited, including on Hainan island,
China. In this study, we sequenced 122 B. pseudomallei
isolates from Hainan and analysed them comparatively
with 1532 B. pseudomallei genomes from the NCBI data-
base. Our results reveal the population structure of the
Hainan isolates, which constitute five major phylogenic
groups, together with the minor populations of sporadic
strains. We have extended our knowledge of the global
transmission network and local epidemiology by identi-
fyingits mutual spread between Hainanisland and South-
east Asian countries, and its frequent local transmission.
We have also identified the virulence and antimicrobial-
resistance genes of the Hainan B. pseudomallei isolates,
which should clarify the pathogenic characteristics of
this pathogen, which is highly significant for its clinical
management and treatment.

clustering, based on the core genome mapping alignment of
469 global strains [14, 17]. Except for the Australasian group
(group 1) which is located at the root of the phylogenetic tree,
and an African-American group (group 19), which occurs on
a separate branch within the Asian groups, the remaining 17
PGs are all Asian groups, mainly composed of strains from
the Malay Peninsula and countries bordered by the Mekong
River. A phylogeographic analysis based on WGS detected
global and regional transmission routes, which extended
from Australia to Southeast Asia, followed by its onward
transmission to South Asia and East Asia [17]. African B.
pseudomallei strains also originated from Asia and were then
transmitted to the Americas between 1650 and 1850, driven
by anthropogenic factors, such as human migration, trade,
and slavery routes, and also by the introduction of pigs and
via the flight paths of migratory birds [12, 17-21]. However,
increasing numbers of melioidosis cases have been reported
in other tropical regions, outside the hyperendemicity foci in
northern Australia and Southeast Asia, but the corresponding
distributions of B. pseudomallei remain unclear. Because the
mortality rate of melioidosis is high, it is essential to investi-
gate the distribution of this pathogen in other tropical regions,
in order to extend disease surveillance and prevention.

B. pseudomallei outbreaks have been recognized in southern
China (Hainan, Guangdong, Guangxi, Fujian, and Taiwan)
for many years since the 1970s, especially in China’s southern
island province, Hainan, which covers an area of 35400 km?
and has a population of over 9.34 million native inhabit-
ants. With the increasing number of tourists each year and
the improvement in clinical diagnostic technology over the
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past two decades, there has been a substantial increase in the
number of cases of infection diagnosed in Hainan [22] since
the first case of human melioidosis was reported in 1989 [23].
Previous molecular typing studies with MLST divided the
Hainan strains into a number of STs, some of which predomi-
nated (STs 55, 70, 46, 50, and 58) and some of which were
novel (STs 1341, 1345, 1346, etc.) [11, 24, 25], indicating the
high genetic diversity of the strains in Hainan. A global-scale
phylogenetic analysis based on MLST suggested that China’s
isolates were closely related to isolates from Southeast Asia,
particularly from Thailand and Malaysia [11]. Although the
relationships and genetic characteristics of the Australasian
and Southeast Asian strains have been reasonably well
characterized, and molecular typing methods have revealed
some molecular characteristics of B. pseudomallei in Hainan,
the origin, spread, and genetic characteristics of the Hainan
strains, which are essential components of global genomic
epidemiological studies of this pathogen, are still poorly
understood. In this study, we used large-scale genomic epide-
miological techniques to investigate the population structure,
relationships with global strains, local epidemiology, virulence
factors, and antimicrobial-resistance genes of B. pseudomallei
in Hainan, to further characterize the global phylogeography
and epidemiology of B. pseudomallei.

METHODS

Burkholderia pseudomallei isolates and genomic
sequencing

A total of 122 Hainan B. pseudomallei strains were collected
and characterized in this study, 119 of which were obtained
from patients and the remaining three from well water
samples. The clinical cases were treated in three hospitals in
2002-2018, and included patients from other parts of China
or other countries who had travelled to Hainan. DNA libraries
of the 122 Hainan isolates were prepared with the Illumina
protocol and sequenced on the Illumina NovaSeq 6000
system, with paired-end runs and a read length of 150bp.
On average 1.7 Gb of clean data was generated for each strain.

A total of 1532 publicly available B. pseudomallei genome
sequences were downloaded from the National Center for
Biotechnology Information (NCBI) database (up to March
2019), which had been collected for various purposes and
were isolated from various sources in 1942-2018. The sources
of the published genomes included 22 countries or regions,
especially the known hyperendemicity foci in northern
Australia and Southeast Asia. The details of the genomes of all
the strains analysed in this study are listed in supplementary
data table S1.

Genome assembly, variant calling, and MLST

We assembled the genomes de novo with SOAPdenovo v2.04
[26], as previously described [27], and then identified the
SNPs with a previously described method [26, 28]. First, the
assemblies were aligned against the reference genome, using
MUMmer v3.1 [29], to generate a whole-genome alignment
and identify the SNPs in the core genome (regions present in

99% of isolates). Second, the clean sequencing reads of the
Hainan isolates were mapped to the assemblies to evaluate the
SNP accuracy with SOAPaligner [30]. Only high-quality SNPs
(supported by >10 reads, quality value >30) were retained in
the analysis. The repetitive regions in the reference genome
were identified with TRF v4 [31] and a BLASTN search against
itself. The SNPs in the repetitive regions were excluded and
only biallelic SNPs were used in the subsequent analysis. B.
pseudomallei K96243 (NC_006350.1, NC_006351.1) was used
as the reference sequence in the analysis of 1654 genomes.
A total of 325036 SNPs (5.8 Mb core genome) were identi-
fied in the 1654 isolates, which were then used to construct a
maximum likelihood (ML) tree with FastTree V2 [32], using
the default settings. The phylogenetic tree was visualized with
iToL [33] (Fig. 1). We also inferred the multilocus STs of the
122 newly sequenced Hainan strains using the software mlst
(Seemann T., https://github.com/tseemann/mlst), which
incorporates components of the PubMLST database (https://
pubmlst.org/).

Hierarchical Bayesian clustering

Tree-independent hierarchical Bayesian clustering with
hierarchical Bayesian Analysis of Population Structure
(hierBAPS) [34, 35] was used to determine the population
structure generated from the core genome mapping align-
ment. hierBAPS was run on the 325036 SNPs of the 1654
isolates with a maximum number of populations (K) of 100,
200, or 300. The 1654 isolates were clustered into 14 (K=100),
13 (K=200), or 12 (K=300) lineages. To separate the strains
into lineages that shared much closer genetic backgrounds,
we first took K=100and clustered the strains into 14 groups
(Fig. S1). The results clustered the Australian strains into
three groups, including two clonal groups of strains with
very small numbers of SNPs, which seemed to have originated
from two outbreaks. The Hainan strains in group 7, which
was paraphyletic, clustered into multiple clades. To simplify
the analytical process without affecting the accuracy of the
results, we focused on the Hainan strains in this study, and
tried to divide them into monophyletic groups that shared
much closer genetic backgrounds. Therefore, we combined all
the Australian strains into one group (group 5) and continued
the hierarchical clustering of group 7 into secondary clusters.
This resulted in 16 groups (supplementary data table S1),
which were used for the subsequent lineage-specific analyses.

Analysis of individual lineages

To explore the phylogenetic relationships between the Hainan
and global B. pseudomallei strains with greater resolution,
we calculated the pairwise SNP distances (PSDs) among all
the strains in the five major PGs (which contained 80% of
all the Hainan strains, as described above), and subdivided
them into several subgroups (group 1, 56 subgroups; group
3, six subgroups; group 9, four subgroups; group 11, nine
subgroups; group 15, 19 subgroups) based on a threshold
of 5000 PSDs, which ensured that the population of strains
was subdivided into groups with closely related genetic
backgrounds and allowed the recombination detection tool
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Fig. 1. Phylogeny and population structure of B. pseudomallei. A core SNP-based maximum likelihood phylogeny of 1654 genomes, with
geographic origins highlighted. Differences in the levels of bacterial diversity across different geographic origins: Australasia (purple),
Hainan, China (red), Thailand (green), Vietnam (orange), Singapore (blue), Malaysia (yellow), America (cyan), and other (grey). Outer ring
represents population clusters based on Bayesian Analysis of Population Structure (BAPS) hierarchical clustering (groups 1-16) and six
subgroups of the five major groups based on a threshold of 5000 pairwise SNP distances (PSDs; see Methods). Except for group 8, which
is paraphyletic and marked by three black arrowheads, each group forms a monophyletic branch. One hundred iterations of bootstrap
were performed and red asterisks indicate bootstrap values of major nodes that are greater than 80 in the five major groups.

Gubbins [36] to operate within its best performance range
[17, 37]. Here, we explored the phylogenetic relationships
within the six subgroups that contained at least five Hainan
strains (subgroup 1.1, subgroup 3.1, subgroup 3.2, subgroup
9.1, subgroup 11.1, and subgroup 15.1; Fig. 1).

The core regions of the different genome sets varied, which
affected both SNP calling and phylogenetic reconstruction.
To achieve high phylogenetic resolution, we reselected refer-
ence genomes for the subgroups to increase the sensitivity of
variant calling. Four strains within the five major PGs with
complete chromosomal contigs were chosen as the reference
genomes for subgroup 1.1 (GCA_003606245.1), subgroup
3.1 (GCA_003546995.1), subgroup 3.2 (GCA_003546995.1),
subgroup 9.1 (GCA_000954175.1), and subgroup 11.1
(GCA_001277975.1). However, no relevant reference
genome was available as a complete genome for group 15, so

strain TOMS (GCA_002900605.1) in group 15 was selected,
assembled, and ordered relative to its closest reference
(GCA_003547015.1) using ABACAS v1.3.1 [38] and ACT
[39], and then manually curated. We then re-identified the
core genome and SNPs of each subgroup with the method
described above. Recombination fragments were called and
removed from the core genome alignments using Gubbins
[36]. Subgroup-specific phylogenies were constructed with
the remaining variants.

Phylogeographic analysis

To examine the relationships between the Hainan and global
B. pseudomallei isolates, we constructed ML trees separately
for subgroup 3.1, subgroup 3.2, subgroup 9.1, and subgroup
15.1, which each contained global isolates and more than
five Hainan isolates, based on the new SNP sets without
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Fig. 2. Relationships between global and Hainan B. pseudomalleiisolates. Phylogenetic trees of four subgroups that contain globalisolates
and more than five Hainan isolates, and estimates of the average numbers of between-country transmission events, determined with
phytools (see Methods). Pie charts in the ancestral nodes of the phylogenetic trees represent the likelihood proportion of geographical
origins. Nodes with ‘T' represent transmission events, and the table summarizes the transmission events, with directions and numbers.

recombination, using RAXML-NG v.0.9 [40]. As in previous
studies [41, 42], the transmission of B. pseudomallei between
geographic regions was assessed separately for each subgroup
tree using an implementation of stochastic mapping on
phylogenies (SIMMAP) with the phytools v0.5 package in R
[43, 44]. The region of origin was treated as a discrete trait and
mapped to each tree with the ARD model (which allows each
region-to-region transfer rate to vary independently), with
100 replicates. The results reported (Fig. 2) are the median
values for the number of mutual transitions among Hainan
and other countries or regions, summarized from 100 replicate
mappings for each tree. To explore the local transmission of B.
pseudomallei within Hainan island, we constructed ML trees

of only Hainan strains separately for subgroup 1.1, subgroup
3.1, subgroup 3.2, subgroup 9.1, subgroup 11.1, and subgroup
15.1, which contained more than five Hainan isolates and
their exact sampling locations, based on the re-called SNP
sets without recombination. We then estimated the average
numbers of between-city transmission events (Fig. 3) with
phytools v0.5, as described above. Evolutionary time was
calculated based on the average pairwise SNP distance (aPSD)
of isolates in corresponding transmissions, the mutation rate
of 6.8 (95% HPD, 4.6 to 8.9) SNPs per year generated from
1.17x107° (95% HPD, 7.91x1077to 1.53x107°) substitutions
per site per year reported by Chewapreecha et al. in 2017 [17],
and 5.4 Mb core genome in this study.
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Fig. 3. Local transmission events within Hainan island. Phylogenetic trees of Hainan strains with exact sampling locations in the six
subgroups of the five major groups, and estimates of the average numbers of between-city transmission events, determined with
phytools (see Methods). Pie charts in the ancestral nodes of the phylogenetic trees represent the likelihood proportion of geographical
origins. Nodes with ‘T' represent transmission events, and the table summarizes the transmission events, with directions and numbers.
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Identification of virulence factors and
antimicrobial-resistance genes

We compared the assembled genomes of all 1654 strains with
the core dataset of the Virulence Factors Database (VFDB)
[45] and the Comprehensive Antibiotic Resistance Data-
base (CARD, https://card.mcmaster.ca/) to detect possible
virulence factors and antimicrobial-resistance genes, using
BLASTN and Resistance Gene Identifier (RGI) v5.1.1 [46],
respectively. We compared all the assembled genomes with
the four regulators (AmrR [BPSL1805], BpeR [BPSL0812],
BpeT [BPSS0290] and BpeS [BPSL0731]) of three efflux
pumps (AmrAB-OprA, BpeAB-OprB and BpeEF-OprC) in B.
pseudomallei. We also compared the assembled genomes with
the f-lactamase PenA [BPSS0946] and the penicillin-binding
protein 3 (PBP3, [BPSS1219]), to identify the mutations
through BLASTN. Sequence alignment was performed using
MEGA v7.0.14 [47]. All the software settings used were the
default parameters, unless otherwise stated. A gene/segment
was considered present if the overall hit coverage and identity
were both >70% [48].

RESULTS

Population structure and genetic diversity of B.
pseudomallei in Hainan

We collected and sequenced 122 B. pseudomallei isolates
from patients with melioidosis or from the environment,
distributed across 12 cities on Hainan island, between 2002
and 2018. After assembling, the number of contigs and
average sizes of the assemblies were 173 (88-1305, >500 bp)
and 7.1 Mb (7.0-7.6 MD), with an average depth of 254-fold
(126-439-fold) for B. pseudomallei genome. The average
G+C content and N50 were 68.16% (67.68-68.35%) and
150813 bp (15385-261885bp), respectively. To determine the
relationships between the Hainan and global B. pseudomallei
strains, we compared the newly sequenced genomes with
1532 published B. pseudomallei genomes, which were mainly
from strains collected in the hyperendemicity foci in northern
Australia and Southeast Asia. The total dataset consisted of
1654 strains (see supplementary data table S1 for details of
the isolates).

We established the population relationships across all 1654
genomes using both ML trees and a hierBAPS analysis [35]
based on genome-wide SNPs (Fig. 1). Sixteen PGs (groups
1-16) were detected, 12 of which were defined (supplemen-
tary data table S3) in a previous study [17]. Except for group
8 and a bin cluster (43 isolates), groups 1-7 and 9-16 each
formed a monophyletic group in the phylogeny (Fig. 1). All
the Hainan strains were distributed within nine PGs, and 80%
of them were concentrated in five major PGs (>5%; group 1,
12.3%; group 3, 31.1%; group 9, 13.1%; group 11, 8.2%; group
15, 15.6%). The remaining strains were scattered sporadically
throughout the other four PGs (Fig. 1). With MLST, the 122
isolates were resolved into 38 STs, six of which (>5 strains,
STs 46, 50, 55, 58, 70, 658) were predominant (supplementary
data table S2). We found that the Hainan strains in group 1
corresponded to multiple minor STs; the Hainan strains in

group 3 corresponded to ST46 and ST50; and the Hainan
strains in groups 9, 11, and 15 corresponded to ST58, ST55,
and mainly ST658, respectively (supplementary data table S3).
A phylogenetic analysis and hierarchical clustering supported
the division of the major population of B. pseudomallei in
Hainan into five PGs, with minor populations of sporadically
distributed strains, suggesting the remarkably high genetic
diversity of the local endemic strains.

Relationships between Hainan and global B.
pseudomallei isolates

A phylogenic tree (Fig. 1) showed that all the Hainan isolates,
distributed in nine distinct lineages, were surrounded by
isolates from the Malay Peninsula or countries bordered by
the Mekong River, suggesting close genetic relationships and
transmission events in the history of the Hainan and Southeast
Asian isolates, confirming previous hypotheses [11, 24, 25] at
the WGS level. The minor Hainan isolates, scattered in the
minor lineages (groups 4, 7, 8, 14) on the phylogenetic tree,
with long branches and more than 5000 PSDs, suggested the
historical transmission of B. pseudomallei from Southeast
Asian countries to Hainan, especially from Thailand (Fig. 1).
This indicates that the introduction of B. pseudomallei into
Hainan was not recent and that melioidosis has been endemic
to Hainan island for a long time [22]. However, to study the
transmission relationships of the Hainan isolates, we focused
on the recently emerged clonal groups containing Hainan
isolates. We analysed the five major groups and divided the
Hainan isolates into six subgroups (subgroups 1.1, 3.1, 3.2,
9.1, 11.1, and 15.1) based on a threshold of 5000 PSDs (see
Methods).

To infer the origins of the B. pseudomallei isolates on Hainan
island and the direction of dissemination between the global
and Hainan isolates, we re-called the SNPs and constructed
ML trees of four recently emerged subgroups (subgroups
3.1, 3.2, 9.1, and 15.1; Fig. 1), which each contained global
and >5 Hainan strains with sampling location information.
We then estimated the average numbers of between-country
transmission events with phytools [44]. We detected a total of
six transmission events with the stochastic mapping approach
(SIMMAP) [43, 44] in all four subgroups (Fig. 2, supple-
mentary data table S4). We detected two transmission events
from Singapore to Hainan in subgroup 3.1 (Fig. 2a) and one
transmission event from Hainan to Singapore in subgroup
3.2 (Fig. 2b). In subgroup 9.1 and subgroup 15.1, we detected
one transmission event from Thailand to Hainan, one from
Hainan to Taiwan, and one from Hainan to Malaysia (Fig. 2c,
d). Our results indicate that the two original sources of Hainan
strains in recent years were Thailand and Singapore, and also
show that there were not only import events from Southeast
Asian countries (Thailand and Singapore) to Hainan, but
also export events from Hainan to Southeast Asian countries
or other regions (Singapore, Malaysia, and Taiwan-CHN).
These data demonstrate the mutual transmission of isolates
from Hainan and those from geographically close countries
or regions. We also calculated the evolutionary time of these
transmissions ranging from 10.1 to 39.1 years (supplementary
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data table S8) based on the average pairwise SNP distance and
the mutation rate of 6.8 SNPs per year.

Local epidemiology of B. pseudomallei in Hainan

The sampling times of 81 Hainan isolates, which accounted
for 66.4% of all isolates, were documented. The temporal
distribution of these strains (Fig. S2a) showed that those of
group 1 (containing the minor STs) have rarely appeared in
the past two decades, and were not sampled after 2014. The
strains of group 11 (ST55) were only detected in four years
(2008, 2009, 2012, and 2013) in the past two decades and
were also not sampled after 2014. However, the strains of
group 3 (ST46, ST50, etc.), group 9 (ST58), and group 15
(ST366, ST658, etc.) accounted for a major proportion of
the strains detected since 2008, especially those of group 3,
which have been locally epidemic since 2002. Our sample
setincluded only 15 strains collected after 2013. To avoid the
effects of any sampling bias, we also investigated previous
molecular epidemiological studies that included the STs of
B. pseudomallei in Hainan from 2014 to 2016 [25, 49]. These
studies also showed a predominance of STs in groups 3, 9,
and 15 (Fig. S2al), suggesting that most attention should
be paid to the strains of these three major PGs in the future
surveillance and prevention of B. pseudomallei infections.

The geographic sampling sites or the patients’ home
addresses were documented for 85 Hainan isolates (69.7 %
of all isolates), and involved 12 cities, the majority of which
were in coastal areas. We analysed the spatial distribution
of these recorded strains statistically on a map of Hainan
island (Fig. S2b). The strains of groups 1 and 3 were distrib-
uted widely in northern, central, and southern coastal areas,
whereas the distributions of the strains in groups 9, 11,
and 15 were uneven. To avoid any inaccuracies arising
from sampling bias (see details in the Discussion), we then
examined previous studies. We found that although B.
pseudomallei has been detected in coastal areas all around
the island (northern, central, and southern), its distribu-
tion strongly suggests that southern cities (Sanya and
Lingshui) are hotspots on the island. Therefore, we inferred
that multiple B. pseudomallei populations have colonized
Hainan island and spread widely within it.

To confirm local transmission events and infer the
directions of transmission, we re-called the SNPs and
constructed ML trees of only the Hainan isolates with
sampling location information in the six recently emerged
subgroups, clustered based on a threshold of 5000 PSDs, as
described above. Using phytools [44], we detected a total of
21 between-city transmission events (Fig. 3, supplementary
data table S5), 18 of which originated in the two southern
hotspot cities, Sanya and Lingshui, and spread to the
northern, western, and eastern areas of the island. Besides,
the calculated evolutionary time showed that all of the local
transmissions occurred in recent two decades, except two
transmissions from Sanya to Lingshui, which occurred
73.1 and 40.7 years ago (supplementary data table S8). This
movement may have been driven by anthropogenic factors.

For instance, Sanya is a famous tourist city and attracts
millions of tourists each year. Thus, our results show that
in addition to multiple import events from other Southeast
Asian countries, there have been frequent local transmis-
sion events within Hainan island.

Virulence factors and antimicrobial resistance

To assess the virulence potential of B. pseudomallei in
Hainan compared with that of global strains, we mapped
the assembled genomes of all 1654 strains against the core
dataset of the VFDB. We detected a total of 160 virulence
factor genes (supplementary data table S6), including those
encoding capsular polysaccharide I (wcb gene cluster), a
diverse complement of autotransporters (bimA, boaA
etc.), multiple specialized secretion systems (T3SS, T4SS,
and T6SS), a flagellum-related gene cluster, etc. When
the identified virulence factors were annotated based on
the Clusters of Orthologous Genes (COG) database, the
frequencies of the following terms were elevated: ‘cell
motility’, ‘intracellular trafficking, secretion and vesicular
transport, ‘cell wall, membrane, envelope biogenesis, and
‘signal transduction mechanism’ (Fig. S3).

We identified 152 virulence factors within >95% of the total
strains and 100% of the Hainan strains (supplementary
data table S6), suggesting the impressive virulence arsenal
of B. pseudomallei. Six virulence factors were present in
only a few global strains (<5%; supplementary data table
S$6), and not in any Hainan strain, and three (ybtT, chus,
gspC) of the six minority virulence factors were concen-
trated in a single strain (strain 110, SAMNO05715376). The
remaining two virulence factor genes (boaB, chbp) were
variably present among the global and Hainan strains
(Fig. 4a). The gene boaB was present in ~33% of the global
strains and ~12% of the Hainan strains, and most of the
Hainan strains that contained boaB (56%) were in major
group 1 (Fig. 4b). The gene boaB (BPSL1705) appears to be
a B. pseudomallei-specific virulence factor gene, encoding
a trimeric autotransporter adhesin that mediates the
bacterium’s adherence to the epithelial cells of the human
respiratory tract [50], and also may play a role in its inva-
sion and survival in macrophages [51]. We inferred that
boaB may enhance the strain virulence of Hainan strains
in group 1, and promote the adhesin to host cells, which
could be verified in combination with clinical phenotypes.
Another variably occurring virulence factor gene, chbp,
which encodes a secretion effector of the type III secretion
system (T3SS), was identified in ~72% of the global strains
and ~89% of the Hainan strains, with a scattered distribu-
tion on the phylogenic tree (Fig. 4).

To clarify the antimicrobial-resistance (AMR) character-
istics of the Hainan B. pseudomallei strains, we mapped
the assembled genomes of all 1654 strains to the CARD
using RGI. We identified a total of eight antimicrobial-
resistance genes among all 1654 B. pseudomallei genomes
(supplementary data table S7). AmrAB-OprA multidrug
efflux pump is ubiquitous to B. pseudomallei [52, 53] and
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mediated resistance to aminoglycoside and macrolide
antibiotics. The identified genes amrA and amrB are the
two essential components of the AmrAB-OprA multidrug
efflux pump. The three efflux pumps in B. pseudomallei
(AmrAB-OprA, BpeAB-OprB and BpeEF-OprC) confer
clinically relevant resistance to multiple antibiotics
through alterations in their respective regulators: AmrR,
BpeR, and BpeT and BpeS. We found a complete absence
of amrR in a Thailand genome 708 a, which was caused by
a large deletion on chromosome 1 reported by Schweizer
et al. in 2009 [54]. Moreover, we found a duplicate copy of
amrR in an Australian genome BEC, 17 point mutations
on amrR in 148 genomes, three insertions in three Hainan
genomes, and 15 fragment deletions in 51 genomes (Fig. 5).
A total of 13 Hainan strains were involved in the identi-
fied mutations, including two point mutations (AmrR_,,,
$-2365, $-301-17, $-57, $-110, $-59; AmrR,, : $-69),
three insertions (Insertion45: S-2381, Insertion S-77,
Insertion.;: S-47) and two deletions (Deletion , .:S-36,
Deletion ,, , .: S-25, S-2371, §-2372). We infer that all the
mutations found in amrR may relate with varied level of
resistance to macrolides or meropenem in B. pseudomallei
except for AmrR ,  which has been proved not to cause
AMR [55]. This assumption needs to be experimentally
verified in the future. Compared with the regulator AmrR
of AmrAB-OprA, the other three regulators, BpeR, BpeT,

and BpeS, were less well studied and the mutations in
them identified in current study have been summarized in
Fig. 5. The identified gene omp38 is a porin present in every
B. pseudomallei strain and has no relevance to clinically
relevant antimicrobial resistance [52]. The gene oxa that is
ubiquitous to B. pseudomallei strains encodes the class D
f-lactamases (oxacillinases named OXA-42, -43 and —57)
[56]. However, no oxacillinase has been shown to cause
resistance to ceftazidime in clinical B. pseudomallei isolates
[52] and the mechanism of clinically relevant resistance to
ceftazidime is caused by the mutations within the class A
p-lactamase PenA [52, 57-59] and the deletion of PBP3
[60]. We identified a total of 32 point mutations and seven
indels in PenA (Fig. 5), among which, four point mutations
(I139M, P145L, T147A and T264A) were present in but not
limited to 64 Hainan genomes (supplementary data table
S9). Previously reported mutations (C69Y, P167S and S72F,
etc.) [52, 61] that have been experimentally verified were
not identified in newly-sequenced Hainan genomes except
for PenA_ ., which was caused by a nucleotide transition
from A to G at position 457. PenA . was identified in
987 genomes (59.7%) in current study, including 64 (52%)
newly sequenced Hainan genomes (supplementary data
table S9). However, multiple studies [53, 55] have proved
that PenA, ., was a natural variant present in >50%
B. pseudomallei genomes and did not confer clinically
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relevant AMR. The sequence analysis of PBP3 of all the
1654 genomes showed that there was a duplicate copy of
PBP3 residing in two contigs of an Australian genome
MSHR2138, and the result also revealed nine deletions
to varying degrees in nine genomes, including five newly
sequenced Hainan genomes (Fig. S5, S-2374, S-2375, S-45,
S-61, S-77). However, the relationship between the AMR
and the alteration in PenA and PBP3 requires further explo-
ration through phenotype experiments. The AMR analysis
in our study provided helpful suggestions in antibiotic
selection during clinical therapy.

DISCUSSION

In this study, newly sequenced B. pseudomallei samples from
Hainan included 119 clinical strains from melioidosis patients
and three environmental strains from well water. There has
only been a single report of a handful of suspected cases
of human-to-human transmission of B. pseudomallei [62],
and skin inoculation, the oral ingestion of B. pseudomallei-
contaminated water [4, 63, 64], and the inhalation of B.
pseudomallei during extreme weather events [65, 66] are
considered the main routes of infection. Therefore, we
inferred that the sampling locations of these clinical isolates
represented the distribution of B. pseudomallei in the environ-
ment of Hainan. All the samples analysed in this study were
collected widely across 12 districts, ten of which were coastal
regions, and notably, most of the isolates were collected
in the southern region of Hainan. The uneven geographic

distribution of B. pseudomallei was consistent with previous
soil sampling in 360 rice paddy fields all around the Hainan
island in 2016, which also revealed an uneven distribution of
B. pseudomallei [67]. The organism was frequently isolated
from coastal regions, especially southern cities, which may
be attributable to multiple environmental and anthropogenic
factors. First, a previous study demonstrated that the presence
of B. pseudomallei is strongly associated with various envi-
ronmental factors, including high rainfall, high temperatures,
anthrosol and acrisol soil types, high salinity, high proportion
of gravel, and soil pH [4, 68, 69]. The higher salinity and the
soil type in the coastal regions of Hainan may be more suit-
able for this pathogen than those in the central mountainous
regions. Second, Hainan island enjoys a tropical monsoonal
climate in its southern part, and experiences typhoons (mean
annual frequency, eight), with preferential landing sites in the
east and south of the island, which consequently receive high
rainfall and high wind speeds [67]. Furthermore, data from
clinical and climate studies have highlighted a potential link
between typhoons or high rainfall and melioidosis [70, 71].
Finally, Sanya, the southernmost city of Hainan island, has the
most severe B. pseudomallei endemicity. It is an international
tourist city, attracting millions of international tourists every
year, which increases the possible introduction of B. pseu-
domallei from other endemic areas around the world.

When studying the transmission relationship between Hainan
and global B. pseudomallei genomes, we identified several
mutual transmission events between Hainan island and
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neighbouring countries or regions, such as Malaysia, Singa-
pore and Taiwan island, etc. This may be driven by anthropo-
genic factors, including cross-border trade and travel. Since
the Han Dynasty about 2200 years ago, Hainan island was an
important supply station on the trade route between South-
east Asian countries and the mainland China. Hainan island
is also an important hub in the network of ‘One Belt One
Road’ that was proposed in 2013 and formally implemented
since 2015. Frequent commercial contacts have increased the
risk of B. pseudomallei dissemination and promoted gene
transfer among the local strains on Hainan island. Moreover,
as a popular tourist attraction, Hainan island attracts millions
of domestic and foreign tourists each year, which also poten-
tially increased spread risk of B. pseudomallei. Globalization
has greatly promoted the communication between different
countries and regions, which has also increased the risk of
the spread of B. pseudomallei. The occurrence of cross-border
transmission between Hainan island and Southeast Asian
countries has deepened our understanding of the genomic
epidemiological characteristics of B. pseudomallei and will
facilitate our prevention and control efforts.

We suppose that more researches are needed to study the
historical introduction events of B. pseudomallei from
Australia to Asia. Previous studies [12, 17, 21] have used
WGS analyses to identify single introduction event of B. pseu-
domallei from Australia to Asia. The oceanic biogeographic
barrier between Asian and Australasian B. pseudomallei
populations, the Wallace line, has limited the dissemination
of B. pseudomallei, encouraged its divergent evolution, and
ensured the paucity of genotypic or phylogenetic overlap
between the two known hyperendemicity foci [72, 73].
However, in the phylogeny presented in this study, five B.
pseudomallei strains (SAMNO04208629, SAMNO04208630,
SAMNO04208605, SAMNO04208593, and SAMNO02443741)
from Thailand clustered into two distinct clades inside
the Australian group (group 5), suggesting a close genetic
background and several historical transmission events from
Australia to Thailand. Furthermore, although the sampling
site of one strain was unclear, the other four strains were
collected from the environment, supporting the notion that
these strains were more likely to have been transmitted to
Thailand via environment-related routes, and not by Thai
melioidosis patients who had ever travelled to Australia and
brought B. pseudomallei back to Thailand. Therefore, multiple
historical introduction events from Australia to Southeast
Asia might be detected if larger sample sets were considered.

When assessing the spatial distribution of B. pseudomallei
on Hainan island, we found an uneven distribution of the
strains in groups 9, 11, and 15 (Fig. S2b), unlike the strains
in groups 1 and 3, which were widely distributed in the
northern, central, and southern coastal areas. The strains of
group 9 only occurred in the northern and southern coastal
areas; the strains of group 11 were only distributed in the
central and southern coastal areas; and the strains of group
15 only appeared in three southern cities. To avoid inaccurate
results caused by sampling bias, we also perused previous
studies, which showed that strains of ST58 (probably group
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9) appeared repeatedly in central coastal cities (Danzhou
and Qionghai) in 2010 and 2014 [11, 25], strains of ST55
(probably group 11) only appeared, and infrequently, in the
northern city of Haikou in 2012 [24], and strains of ST658
and ST1105 (probably group 15) appeared in several central
and northern coastal cities (Haikou, Wenchang, Dingan, and
Danzhou) [11, 24, 25, 49]. Thus, the spatial distribution of B.
pseudomallei in Hainan suggests that it has no preferential
geographic distribution in the coastal areas on the island.

Previous studies [24, 25] based on MLST revealed the close
relationship between isolates of Hainan island and Southeast
Asian countries, especially Thailand, but there have never
been direct evidences proving the mutual transmissions, or
even the directions of transmissions. However, based on the
whole genome sequences in our study, we not only clarified
the population structure and predominant phylogenetic
groups of B. pseudomallei in Hainan island, but also proved
frequent between-country and between-city transmissions
with exact directions. We also used large-scale comparative
genomics to identify the virulence factors and antimicrobial-
resistance genes of B. pseudomallei in Hainan, especially
those experimentally verified AMR genes that confer clini-
cally relevant resistance (amrR, penA, PBP3, etc.). Although
a variety of antibiotic resistance testing on Hainan isolates
have proved resistance to varies kinds of common antibiotics
[74], but researches about the mutations on AMR genes were
limited. Our study provided a feasible method for future
research on resistance mechanisms of Hainan isolates and
the AMR analysis in current study provided helpful sugges-
tions in antibiotic selection during clinical therapy. These
data provide further insight into the pathogenic and epide-
miological characteristics of the B. pseudomallei strains in
Hainan, which are extremely important for the surveillance,
prevention, and clinical treatment of melioidosis. Demonstra-
tion on the relationships between global and Hainan B. pseu-
domallei isolates have filled some research gaps in tropical or
subtropical regions outside the known hyperendemicity foci
of northern Australia and Southeast Asia. We thus provide
further insight into the regional and global transmission
network of B. pseudomallei, improving our understanding of
its global phylogeography.
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