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Abstract

Dengue is a mosquito-borne disease that has spread to over 100 countries. Dengue fever is

caused by dengue virus (DENV), which belongs to the Flavivirus genus of the family Flavivir-

idae. DENV comprises 4 serotypes (DENV-1 to DENV-4), and each serotype is divided into

distinct genotypes. Thailand is an endemic area where all 4 serotypes of DENV co-circulate.

To understand the current genotype distribution of DENVs in Thailand, we enrolled 100

cases of fever with dengue-like symptoms at the Bamrasnaradura Infectious Diseases Insti-

tute during 2016–2017. Among them, 37 cases were shown to be dengue-positive by real-

time PCR. We were able to isolate DENVs from 21 cases, including 1 DENV-1, 8 DENV-2, 4

DENV-3, and 8 DENV-4. To investigate the divergence of the viruses, RNA was extracted

from isolated DENVs and viral near-whole genome sequences were determined. Phyloge-

netic analysis of the obtained viral sequences revealed that DENV-2 genotype Cosmopoli-

tan was co-circulating with DENV-2 genotype Asian-I, the previously predominating

genotype in Thailand. Furthermore, DENV-3 genotype III was found instead of DENV-3

genotype II. The DENV-2 Cosmopolitan and DENV-3 genotype III found in Thailand were

closely related to the respective strains found in nearby countries. These results indicated

that DENVs in Thailand have increased in genotypic diversity, and suggested that the

DENV genotypic shift observed in other Asian countries also might be taking place in

Thailand.

Introduction

Dengue virus (DENV) is a mosquito-borne virus that causes various clinical symptoms includ-

ing dengue fever with and without warning signs and severe dengue, as defined by the 2009

WHO classification [1]. DENV belongs to the Flavivirus genus of the family Flaviviridae and

its genome consists of a single positive-stranded RNA of approximately 11 kb. The DENV

genomic RNA has a single open reading frame (ORF) that encodes ten proteins consisting of
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three structural proteins (C, prM, and E) and seven non-structural proteins (NS1, NS2A,

NS2B, NS3, NS4A, NS4B, and NS5). At both the 5’ and 3’ ends, the DENV ORF is flanked by

untranslated regions (5’-UTR and 3’-UTR) [2].

There are four distinct serotypes of DENV (DENV-1, DENV-2, DENV-3, and DENV-4)

[3]. Within each serotype of DENV, four to six geographically distinct genotypes have been

reported. DENV-1 includes genotypes I, II, III (sylvatic), IV, V, and VI [4]. DENV-2 includes

Asian-I, Asian-II, Asian/American, American, Cosmopolitan, and sylvatics [5–7]. DENV-3

includes genotypes I, II, III, IV, and V [8]. DENV-4 includes genotypes I, IIA, IIB, III, and syl-

vatic [8–11]. Thailand is a hyperendemic country where DENVs have been reported for several

decades since the 1950s [12]. DENV-3 and DENV-4 were first reported in 1953, while DENV-

1 and DENV-2 were documented in 1958 during the first recorded outbreak of dengue hemor-

rhagic fever [12, 13]. The circulation of the various serotypes is cyclic, with distinct serotypes

periodically re-emerging as the dominant serotype. DENV-2 cases were most frequently

reported in the 1970s and 1980s. DENV-3 was the major serotype in 1987, 1995–1999, and

2013–2016, while DENV-1 dominated in the 2000s and 2010s. DENV-4 has been detected less

frequently, appearing only in 1993–1994 and 2004–2005 [12, 14, 15]. Each of the four serotypes

has played an important role as a major serotype in the six outbreaks that have occurred in

1958, 1987, 1998, 2001, 2013, and 2015 [13, 16–20]. It is possible that the introduction of new

serotypes or genotypes leads to new epidemics or outbreaks. Until present, the major DENV-2

genotype in Thailand has been Asian-I, which was similar to a genotype detected in other

nearby countries in mainland Southeast Asia (notably, Laos and Myanmar). On the other

hand, the DENV-2 genotype Cosmopolitan has predominated in other Asian regions, includ-

ing Maritime South East Asia and South Asia. DENV-2 Asian/American has circulated in the

American continents [5, 21–23]. In Thailand, DENV-3 genotype II has been the dominant

genotype since DENV-3 was first reported in this country [21, 24–26]. DENV-3 genotype III

has spread widely throughout South Asia (notably India, Sri Lanka, and Pakistan), Africa, and

the Americas (specifically, Central America, South America, and the Pacific islands) [27–29].

However, DENV-3 genotype III recently was detected in Thailand [30, 31].

In the study presented here, we sought to determine currently circulating DENV serotypes

and genotypes in DENV samples obtained at the Bamrasnaradura Infectious Diseases Institute

(BIDI) in Thailand during 2016–2017. The nucleotide sequences of near-whole viral genomes

were determined by next-generation sequencing followed by phylogenetic analysis of the

entire ORF and envelope-encoding region. Here, we show the emergence and circulation of

DENV-2 genotype Cosmopolitan and DENV-3 genotype III in Thailand. Our data show

recent dynamic changes in DENV epidemiology even in Thailand, a hyperendemic country

with multiple DENV serotypes.

Materials and methods

Clinical specimens and virus isolation

This study was approved by the Institutional Review Board (IRB) of BIDI (Approved Project

Code: S003h/59). Written informed consent was obtained from each participant. One hundred

febrile cases presenting at the BIDI with at least one sign indicative of DENV infection (platelet

count number less than 100,000 cells/μL; DENV NS1-positive status; or anti-DENV IgM-posi-

tive status) were recruited between September 2016 and June 2017. Serum specimens were

tested by the DENV-CHIKV multiplex real-time quantitative reverse transcription polymerase

chain reaction (RT-PCR) assay (abTESTM DEN/CHIKU 5 qPCR I kit (AITbiotech, Singa-

pore)). Positive sera were diluted with Leibovitz’s L-15 medium (Hyclone, USA), filtered

through a sterile 0.22-μM membrane, and then inoculated to a confluent layer of Aedes
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albopictus-derived cell line C6/36. After overnight incubation at 28˚C, the inocula were

removed and replaced with L-15 supplemented with 2% fetal bovine serum (FBS) and 0.3%

tryptose phosphate broth [32]. The cells were incubated at 28˚C until cytopathogenic effects

(CPE) developed without further passages. CPE-positive culture supernatants were tested by

real-time RT-PCR specific to DENV [33]. Isolated viruses were further propagated one addi-

tional time in Vero cells grown in Minimum Essential Medium (Gibco, USA) supplemented

with 2% FBS at 37˚C in a 5% CO2 environment.

RNA extraction, reverse transcription, and amplification

Viral RNA was extracted from culture supernatants of Vero cells using a QIAamp viral RNA

mini kit (QIAGEN, Germany). Two overlapping cDNA fragments covering the full-length

viral genome were synthesized using a SuperScript III first-strand synthesis system (Invitro-

gen, USA) according to the manufacturer’s instructions. Briefly, 4 μL of extracted viral RNA

corresponding to approximately 105–107 copies was mixed either with the previously reported

gene-specific sense primer [34, 35] or with a primer designed in the present study (S1 Table).

After the reverse transcription, two units of RNaseH were added to each reaction. The result-

ing cDNA was amplified in a 50-μL PCR reaction containing 5 μL of reverse-transcribed tem-

plate, 1.25 U of PrimeSTAR GXL DNA polymerase (Takara, Japan), dNTP mixture (200 μM

each nucleotide), 0.2 μM each of forward and reverse primers (S1 Table), buffer to a 1x final

concentration, and nuclease-free water. The PCR reaction was carried out in an ABI thermal

cycler (Applied Bioscience, USA) under the following conditions: 94˚C for 1 minute, followed

by 35 cycles at 98˚C for 10 seconds, 55˚C for 30 seconds, and 68˚C for 1 minute/kb of expected

amplification product. The resulting amplicons were purified with a NucleoSpin gel and PCR

clean up kit (MACHEREY-NAGEL, Germany) according to the manufacturer’s instructions,

and the quality of the purified DNA product was assessed using a Nanodrop instrument

(Thermo Fisher Scientific, USA).

Library construction and next-generation sequencing

The amplified double-stranded (ds) DNAs were quantified and normalized to 0.2 ng/μL using

a Qubit 2.0 fluorometer (Invitrogen, USA). Both the 3’- and 5’-amplicons of each viral isolate

were pooled and processed for next-generation sequencing using an Illumina Nextera XT

library preparation kit (Illumina, USA) to generate paired-end sequencing libraries. The nor-

malized dsDNA amplicon underwent tagmentation using the transposome provided in the kit.

The index 1 (i7), index 2 (i5), and adapters (P5 and P7) required for cluster formation were

added to the tagmented DNA using a limited-cycle PCR. The sequencing-ready fragments

were purified using Agencourt AMPure XP beads (Beckman Coulter Genomics, USA) and the

library concentration was quantified with a Qubit fluorometer. The library size was deter-

mined with a high-sensitivity DNA chip processed using a Bioanalyzer 2100 (Agilent Technol-

ogies, USA). The library was normalized to 4 nM and libraries with unique indices were mixed

to generate pooled libraries.

The pooled libraries were denatured with 0.2 N NaOH and then diluted with HT1 Hybrid-

ization buffer (Illumina, USA), to yield library concentrations of 8 pM. phiX (Illumina, USA)

was prepared in parallel and spiked into the amplicon libraries at 5% for use as an internal con-

trol. The prepared sample was loaded onto a MiSeq v2 kit (500 cycles) reagent cartridge. The

paired-end sequencing of 2x 250 bp was processed on the Illumina MiSeq platform, and image

analysis and base calling were generated as FASTQ files. During the run, quality was assessed

using MiSeq control software. We used sequence data only when more than 75% of the base

calls had Q scores over 30.
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Full-length DENV genome assemblies

The FASTQ files were imported into the CLC Genomics Workbench software version 9.5.3

(CLC Bio, QIAGEN) [36]. The forward and reverse reads were aligned to the sequences of

DENV-1 Mochizuki (AB074760), DENV-2 16681 (NC 001474), DENV-3 H87 (M93130), and

DENV-4 H241 (AY947539) using map-read references, and the consensus sequences were

extracted.

Phylogenetic datasets

DENV sequences obtained in the present study were trimmed to yield ORF regions of final

length 10179, 10176, 10173, and 10164 bp for DENV-1, DENV-2, DENV-3, and DENV-4,

respectively. For genotype classification, the sequences of the envelope-encoding regions were

used so as to include all of the reported genotypes. One hundred and twenty-one DENV enve-

lope-encoding sequences were retrieved from GenBank (http://ncbi.nlm.nih.gov/genbank)

based on the previous classification [4, 5, 8–11, 21, 27, 37, 38]. The sequences then were

grouped into 4 separate datasets corresponding to each serotype. The DENV-1 genotyping

dataset consisted of 27 sequences including 6 distinct genotypes as follows: I (n = 12), II

(n = 1), III (n = 1), IV (n = 6), V (n = 6), and VI (n = 1). The DENV-2 genotyping dataset was

composed of 41 sequences and included 5 distinct genotypes as follows: Asian-I (n = 9),

Asian-II (n = 6), Cosmopolitan (n = 21), American (n = 2), and Asian/American (n = 3). Syl-

vatic DENV-2 strains were not included in this analysis. The DENV-3 genotyping dataset con-

sisted of 28 sequences, and included 5 distinct genotypes as follows: I (n = 7), II (n = 6), III

(n = 6), IV (n = 3), and V (n = 6). The DENV-4 genotyping dataset was composed of 26

sequences, and included 4 distinct genotypes as follows: I (n = 11), II-A (n = 4), II-B (n = 7),

and III (n = 4) (S2 Table). Zika virus (AY632535) was used as an outgroup.

Several other datasets were prepared for Bayesian phylogenetic analyses. DENV sequences

representing a broad geographical range, from multiple different countries in which DENVs

were known to have circulated during the interval from 1975 to 2016, were retrieved from

GenBank and combined with sequences obtained in the present study. The sequences of syl-

vatic strains, laboratory strains, duplicated sequences, and recombinants were excluded from

the dataset. All of the sequences were annotated in a format consisting of accession number/

country/year of isolation.

The Thailand DENV-2 envelope dataset consisted of 113 DENV-2 sequences reported dur-

ing 1974–2014, eight sequences obtained in the present study, and one sequence of DENV-2

American genotype as an outgroup (HM582099). The DENV-2 genotype Asian-I envelope

dataset was composed of the envelope-encoding sequences obtained in the present study and

92 sequences available in GenBank. The DENV-2 genotype Cosmopolitan envelope dataset

was composed of the envelope sequences obtained in the present study and 146 sequences

from GenBank. In addition, a DENV-2 genotype Cosmopolitan complete coding sequence

dataset was generated by using the sequences obtained in the present study and 47 sequences

from GenBank (S3 Table).

A Thailand DENV-3 envelope dataset was generated, including envelope-encoding

sequences obtained in the present study along with envelope-encoding sequences from 109

DENV-3 genotype II and 24 DENV-3 genotype III (all of which were DENV-3 isolates that

were reported from 1974 to 2016 in Thailand; GenBank), and a DENV-3 genotype-IV

sequence (L11433) as an outgroup. Another DENV-3 genotype III envelope dataset was gener-

ated including envelope-encoding sequences obtained in the present study and 102 sequences

reported from a greater geographical area. In addition, a DENV-3 genotype III complete
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coding sequence dataset was generated including sequences obtained in the present study and

46 sequences from GenBank (S3 Table).

Phylogenetic tree inferences and viral evolution analyses

The codon sequences within each dataset were aligned using ClustalW [39] before determina-

tion of the substitution model by ModelFinder implemented in IQ-TREE [40]. Phylogenetic

trees were inferred from the alignment using the maximum likelihood (ML) approach gener-

ated in IQ-TREE [41] with GTR+I+G4 for the DENV genotyping dataset and TN+F+G4 for

the Thailand DENV-2 and Thailand DENV-3 datasets with bootstrapping by 500 replicates.

For phylogenetic molecular clock analysis, the sequences within the 3 datasets of DENV-2

genotype Asian-I and Cosmopolitan and DENV-3 genotype III were explored using a tempo-

ral signal to identify data quality, potential contaminants, and cryptic recombinants by investi-

gating regression of genetic divergence and sampling time by root-to-tip analysis in TempEst

[42]. The time of most recent common ancestor (tMRCA) and the rate of evolution (substitu-

tion/site/year) were analyzed by BEAST v1.8.4 [43], in which Bayesian Markov Chain Monte

Carlo (MCMC) analysis was conducted using the SRD06 substitution model [44]. For selection

of the best-fitting model, uncorrelated relaxed log-normal clock (UCLN) and four priors

(Constant, Exponential, Bayesian Skyline, and Gaussian Markov random field (GMRF)) were

considered. The best-fit demographic and clock model was estimated by path sampling and

stepping-stone sampling methods [45]. The MCMC length of chain was run for 40 million-50

million generations with sampling every 4000–5000 generations and 10% burn-in. BEAGLE

was used in parallel with BEAST to enhance the running speed [46]. The parameter traces

were monitored using Tracer v1.7 [47] with Effective Sample Size values over 200 (ESS >200).

The Maximum Clade Credibility (MCC) tree was generated and annotated with posterior

probability by TreeAnnotator v1.8.4 [43] and visualized in Figtree. To estimate the history of

viral population dynamics, a Gaussian Markov random field (GMRF) Skyride plot was con-

ducted on each of the above 3 datasets using Tracer v1.7. A BEAST log file with rate indicators

with asymmetric Bayesian stochastic search variable selection (BSSVS) was conducted for phy-

logeographic reconstruction in SPREAD v1.0.7 [48] with a Bayes factor cut-off of 3. Obtained

results were visualized in Google Earth Pro v7.3.2.5491 (Google Inc., Mountain View, CA,

USA) [49]

Nucleotide and amino acid identity

The coding sequences were analyzed for nucleotide identity by pairwise alignment in the CLC

Genomics Workbench software version 9.5.3 [36]. Amino acid identity in the predicted pro-

tein sequences also was analyzed.

Results

Virus isolation and nucleotide sequence determination of virus genome

RNA

Among the 100 febrile cases enrolled in this study, 37 serum specimens tested positive for

DENV by DENV-CHIKV multiplex real-time RT-PCR. No cases of CHIKV infection or

DENV-CHIKV co-infection were detected. Among these 37 DENV-positive cases, there were

2 DENV-1, 16 DENV-2, 7 DENV-3, and 12 DENV-4 cases. By culturing of the 37 serum speci-

mens that tested positive for DENV, we were able to isolate DENV in C6/36 from 21 serum

specimens. There was a wide variation in levels of serum DENV measured by the real-time

quantitative RT-PCR, but virus was more readily isolated from specimens with higher DENV
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loads since mean Ct value for isolation-positive specimens was 22.4 while that of isolation-neg-

ative specimens was 31.5 (P<0.0001, t-test). The obtained virus isolates then were propagated

in Vero cells. These isolates included 1 DENV-1, 8 DENV-2, 4 DENV-3, and 8 DENV-4.

Nucleotide sequences of near-full-length virus genomes (10604–10694 nucleotides) were suc-

cessfully determined with Quality Score 64 and submitted to GenBank (accession numbers

LC410183-LC410203) (Table 1). ORF lengths of 10179, 10176, 10173, and 10164 bp were

obtained for DENV-1, -2, -3, and -4, respectively. The coding sequences of the 8 DENV-2 iso-

lates obtained in the present study exhibited wide variations in sequence similarity, with

90.55% - 99.92% and 97.11% - 99.94% identity at the nucleotide and amino acid levels, respec-

tively. Among 8 DENV-2 isolates, 5 isolates (Th16-005DV2, Th16-035DV2, Th16-056DV2,

Th17-061DV2, and Th17-074DV2) showed 97.65% - 99.92% and 99.29–99.94% identity at the

nucleotide and amino acid levels, respectively. Similarly, the 3 remaining DENV-2 isolates

(Th16-011DV2, Th16-026DV2, and Th17-077DV2) showed high levels of identity, with values

of 99.78% and 99.91–99.04% at the nucleotide and amino acid levels, respectively. These results

suggested that two distinct genotypes or lineages of DENV-2 were observed within this data

set. On the other hand, the 4 DENV-3 sequences showed nucleotide and amino acid identities

of 99.44% - 99.97% and 99.71% - 99.97%, respectively. The nucleotide and amino acid identi-

ties of the 8 DENV-4 sequences were 98.22% - 99.99% and 99.26% - 100%, respectively.

Emergence of the novel DENV-2 and DENV-3 genotypes in Thailand

during 2016–2017

To determine the genotype of DENV obtained in the present study, ML trees were generated.

The resulting ML tree showed that the DENV-1 isolate obtained in the present study (Th17-

087DV1) belonged to genotype I (Fig 1), the major genotype circulating in Thailand [24]. In

Table 1. Dengue virus isolates characterized in the present study.

Isolate Area Collection date Serotype Genotype Passage History Accession no.

Th17-087DV1 Chiang Mai April, 2017 1 I C6/36, Vero LC410183

Th16-005DV2 Ratchaburi September, 2016 2 Asian-I C6/36, Vero LC410184

Th16-035DV2 Nonthaburi November, 2016 2 Asian-I C6/36, Vero LC410185

Th16-056DV2 Nonthaburi December, 2016 2 Asian-I C6/36, Vero LC410186

Th17-061DV2 Khaoyai January, 2017 2 Asian-I C6/36, Vero LC410187

Th17-074DV2 Nonthaburi February, 2017 2 Asian-I C6/36, Vero LC410188

Th16-011DV2 Nonthaburi October, 2016 2 Cosmopolitan C6/36, Vero LC410189

Th16-026DV2 Uttaradit October, 2016 2 Cosmopolitan C6/36, Vero LC410190

Th17-077DV2 Nonthaburi February, 2017 2 Cosmopolitan C6/36, Vero LC410191

Th16-016DV3 Nonthaburi October, 2016 3 III C6/36, Vero LC410192

Th16-049DV3 Phetchabun December, 2016 3 III C6/36, Vero LC410193

Th16-055DV3 Nonthaburi December, 2016 3 III C6/36, Vero LC410194

Th17-059DV3 Nonthaburi January, 2017 3 III C6/36, Vero LC410195

Th16-001DV4 Pathum Thani September, 2016 4 I C6/36, Vero LC410196

Th16-006DV4 Nonthaburi September, 2016 4 I C6/36, Vero LC410197

Th16-010DV4 Nonthaburi October, 2016 4 I C6/36, Vero LC410198

Th16-020DV4 Nonthaburi October, 2016 4 I C6/36, Vero LC410199

Th16-037DV4 Nonthaburi November, 2016 4 I C6/36, Vero LC410200

Th16-046DV4 Nonthaburi December, 2016 4 I C6/36, Vero LC410201

Th17-091DV4 Nonthaburi June, 2017 4 I C6/36, Vero LC410202

Th17-098DV4 Nonthaburi June, 2017 4 I C6/36, Vero LC410203

https://doi.org/10.1371/journal.pone.0207220.t001
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the case of DENV-2, the phylogenetic analysis revealed the existence of 2 co-circulating geno-

types in Thailand during 2016–2017. Five isolates (Th16-005DV2, Th16-035DV2, Th16-

056DV2, Th17-061DV2, and Th17-074DV2) were genotyped as Asian-I, a local genotype. On

the other hand, the other 3 isolates (Th16-011DV2, Th16-026DV2, and Th17-077DV2)

belonged to genotype Cosmopolitan, a genotype known to be circulating in Southeast Asia

that (previously) had been found only rarely and sporadically in Thailand (Fig 1) [5, 21]. The

patients harboring DENV-2 genotype Cosmopolitan came to the hospital from Nonthaburi

(Central Thailand) or Uttaradit (Northern Thailand, approximately 350 km from Nonthaburi)

on separate dates (Table 1). For DENV-3, the ML tree revealed that all 4 of the isolates that we

obtained (Th16-016DV3, Th16-049DV3, Th16-055DV3, and Th17-059DV3) were classified as

genotype III (Fig 1), although genotype II has previously been considered the major genotype

in Thailand [24]. Finally, all 8 of the DENV-4 isolates that we obtained belonged to genotype I

(Fig 1), the major genotype circulating in Thailand [10].

These phylogenetic analyses showed the presence of DENV-2 genotype Cosmopolitan and

DENV-3 genotype III in Thailand during 2016–2017, although these genotypes have been

detected only rarely in this country. As of the writing of this paper, no full ORF sequence of

DENV-2 genotype Cosmopolitan in Thailand previously was available in GenBank. Only one

full ORF sequence of DENV-3 genotype III in Thailand was available in GenBank, although

details were not disclosed (MF14273). These results suggest an increase in DENV genotypic

diversity in Thailand.

Time of introduction of the newly emerged DENV genotypes in Thailand

Previously, DENV-2 genotype Cosmopolitan was detected in Maritime South East Asia (Indo-

nesia, Malaysia, Singapore, and Philippines) [50–54] and South Asia (India, Bangladesh,

Nepal, Pakistan, and Sri Lanka) [5, 6, 55, 56]. The phylogenetic tree of the envelope genes of

DENV-2 Thailand strains collected from 1964–2017 confirmed the presence of two genotypes

in separate monophyletic clusters (Fig 2). The Asian-I cluster consisted of viruses observed

during 1964–2017, whereas viruses within the Cosmopolitan cluster first appeared in 1998 and

were detected only intermittently until 2017 (Fig 2). The co-circulation of 2 genotypes of

DENV-2, a local genotype of Asian-I and Cosmopolitan prompted us to attempt an estimation

of the time of introduction by molecular clock analysis. For this purpose, we prepared another

two datasets of envelope-encoding sequences of DENV-2 genotype Asian-I and DENV-2

genotype Cosmopolitan. These datasets were composed of DENV-2 sequences obtained in the

present study along with the other DENV-2 sequences recovered from various DENV-

endemic countries between 1975 and 2016. Root-to-tip regression analyses of these new data-

sets showed a high degree of correlation (R2 = 0.79–0.82) (Figs 3A and 4A) between collection

year and divergence, suggesting appropriate samplings for the molecular clock analysis.

The time-scaled Bayesian phylogenetic tree based on envelope-encoding sequences (con-

structed using UCLN and Bayesian Skyline coalescent prior, which was the best-fitting model

(S4 Table)) (Fig 3B) revealed that the DENV-2 Asian-I isolates (Th16-005DV2, Th16-056DV2,

Th17-061DV2, and Th17-074DV2) clustered together with recent viral strains from Thailand,

Myanmar, and China (posterior probability (PP) of 0.95), with a tMRCA of 2006.3 (95% HPD:

2003.9–2008.5). Isolate Th16-035DV2 was closely related to Malaysia, Cambodia, and China

Fig 1. Dengue virus genotyping. The maximum likelihood phylogenetic tree was constructed in the IQ-TREE program using the general time reversible

model with gamma distribution and invariant sites with 500 bootstrap replications. Data included envelope-encoding sequences obtained in the present study

(labeled in red) along with sequences obtained from GenBank. The viral genotypes are indicated to the right. Virus names are shown as accession number,

country, and reported year of each sequence. Numbers on branches are bootstrap support values exceeding 75%.

https://doi.org/10.1371/journal.pone.0207220.g001
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viruses (PP of 0.95), yielding a tMRCA of 2003.7 (95% HPD: 2001.3–2006.0). On the other

hand, DENV-2 Asian-I yielded an estimated mean tMRCA of 1958.3 (95% HPD: 1951.3–

1967.9) and an estimated mean substitution rate of 1.04 x 10−3 substitutions per site per year

(95% HPD: 8.27 x 10−4–1.27 x 10−4 substitutions per site per year). The oldest DENV-2 Asian-

I isolate, which had been reported in 1964 in Thailand, served as the root of this tree [57]. Sub-

sequently, the Asian-I genotype viruses circulated throughout mainland Southeast Asia,

including Thailand. The GMRF Skyride plot of the DENV-2 Asian-I sequences in Fig 3C

showed that this genotype exhibited a slight increase in effective population size (Ne) during

1987–1995. The Ne then increased significantly between 2000–2010. These increases occurred

concurrently with the introduction of Asian-I into other countries (Cambodia and Vietnam)

that are close to Thailand [15, 58–60].

As shown in Fig 4B, Bayesian phylogenetic analysis using the DENV-2 Cosmopolitan enve-

lope dataset (constructed using the UCLN and GMRF coalescent prior as the best-fitting

model (S4 Table)) showed that the tree was rooted at 1964.2 (95% HPD: 1960.9–1967.6). The

mean substitution rate was 8.81 x 10−4 substitutions per site per year (95% HPD: 7.76 x 10−4–

9.89 x 10−4 substitutions per site per year). The phylogenetic tree comprised 3 lineages with

posterior probabilities above 0.99 (designated as lineages A, B, and C). The tMRCA of lineage

A was estimated as 1968.1 (95% HPD: 1965.1–1971.2), and viral strains within this lineage

were detected in Indonesia in 1975–1976 and in Burkina Faso in 1983, 1986, and (most

recently) 2016. Lineage B contained viruses isolated in South Asia (i.e., India, Pakistan, Bangla-

desh and Sri Lanka) as well as China and Saudi Arabia. Viruses of lineage B shared a tMRCA

of 1976.6 (95% HPD: 1974.0–1979.6) while those of lineage C showed a similar tMRCA of

1971.0 (95% HPD: 1968.7–1973.4). However, lineage C contained viral strains that predomi-

nated in Southeast Asia (i.e., Indonesia, Philippines, Singapore, and Malaysia), the Pacific

islands (i.e., Papua New Guinea and New Caledonia), and Australia. The Cosmopolitan viruses

obtained in the present study clustered within lineage C. The tMRCA of these viruses was esti-

mated as 2014.6 (95% HPD: 2013.8–2015.4). Two DENV-2 Cosmopolitan isolates, Th16-

011DV2 and Th16-026DV2, were obtained in October 2016, while Cosmopolitan isolate

Th17-077DV2 was collected in February 2017. None of the three patients from whom these

viruses were recovered had a travel history before the onset of fever, suggesting that DENV-2

Cosmopolitan had been circulating in Thailand. Two similar strains, which were obtained

from Thai travelers in Australia, have been reported (KY495805 and KT806317) [61]. These 5

recent genotype Cosmopolitan viruses shared a tMRCA with other viruses isolated in 2012–

2017 (specifically in China, the Philippines, Australia, Sri Lanka, India, Malaysia, and Singa-

pore) of 2011.9 (95% HPD: 2011.0–2012.9). Two distantly related lineage-C viruses and two

lineage-B viruses also were obtained from Thai travelers in Australia [61]. These lineage-B

viruses were clustered with viruses isolated in Viet Nam, China, Saudi Arabia, and India.

Finally, a more distantly related Thailand lineage-C virus was obtained in 1998 (AF410377.1)

[5].

The GMRF Skyride plot in Fig 4C suggests that DENV-2 Cosmopolitan viruses also appear

to have experienced two phases of exponential increase of Ne during 1965–1992 and 1996–

2002. This inference is consistent with the fact that during the 2000s, DENV-2 Cosmopolitan

viruses were introduced into several regions in Maritime Southeast Asia (Indonesia, Malaysia,

and the Philippines) [51–53] and into regions of South Asia (India, Pakistan, and Sri Lanka)

[5, 28, 62].

The visualizing MCC tree reconstruction based on phylogeographic analysis of the DENV-

2 genotype Cosmopolitan shows several possible routes of viral introduction into Thailand.

The source for these possible routes were China, India, Singapore, Malaysia, and Indonesia (S1

Fig). Among these sources, China seems the most likely for explaining the origin of DENV-2
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Cosmopolitan viruses obtained in the present study (Fig 4B, S1 Fig, and S3 Fig), since a virus

obtained in China in 2015 (KX621247) was most closely related to these viruses both in the

envelope-coding region (Fig 4B) and entire ORF (S3 Fig).

DENV-3 viruses obtained in the present study carried sequences characteristic of genotype

III, not those characteristic of genotype II, even though genotype II has constituted the domi-

nant genotype reported in Thailand since 1973 [5, 22, 60]. The phylogenetic tree of the enve-

lope-encoding sequences of DENV-3 strains collected in Thailand from 1974 to 2017

confirmed the presence of the two genotypes in separate monophyletic clusters (Fig 5). The

genotype-II cluster consisted of viruses collected from 1974 to 2013, whereas viruses within

the genotype-III cluster were first observed in 2008 and subsequently continued to be detected

until 2017 (Fig 5). To investigate the time of introduction of DENV-3 genotype III into Thai-

land, the DENV-3 genotype III dataset was constructed; this dataset showed a high degree of

correlation (R2 = 0.78) between collection year and divergence (Fig 6A), suggesting that these

data constituted an appropriate sampling. Bayesian phylogenetic analysis (constructed using

UCLN and Bayesian Skyline coalescent prior, which was the best-fitting model (S4 Table))

(Fig 6B) showed that the root of the DENV-3 genotype III tree was estimated as 1949.1 (95%

HPD: 1936.1–1963.6). The mean substitution rate was 6.74 x 10−4 substitutions per site per

year (95% HPD: 5.45 x 10−4–8.09 x 10−4 substitutions per site per year). The phylogenetic tree

showed 3 lineages (posterior probability = 1). Lineage A contained viruses isolated from Sri

Lanka, Singapore, Malaysia, Saudi Arabia, and Taiwan. Lineage B consisted of viral strains cir-

culating in the South American region (Brazil, Paraguay, Peru, Nicaragua, Colombia, and

Cuba) and the Pacific islands. Lineage C comprised viruses isolated from South Asia (Pakistan

and India) and Southeast Asia (Laos and Viet Nam). The tMRCAs of each of the lineages were

estimated as 1989.3 (95% HPD: 1986.3–1992.7), 1988.7 (95% HPD: 1986.3–1991.4), and

1992.3 (95% HPD: 1988.8–1996.8), respectively. Th16-016DV3, Th16-049DV3, Th16-

055DV3, and Th17-059DV3 clustered within lineage C and appeared to be closely related to

viruses from Thailand, Singapore, Laos, and Vietnam. The tMRCA of DENV-3 genotype III

isolates obtained in Thailand from 2015 to 2017 was 2006.8 (95% HPD: 2004.6–2009.2), while

the tMRCA of viruses that we obtained (Th16-016DV3, Th16-049DV3, Th16-055DV3, and

Th17-059DV3) was 2012.0 (95% HPD: 2010.3–2014.0). The DENV-3 genotype III Ne was

inferred to exhibit an exponential growth phase from 1980 to 2003, when viruses achieved a

maximum number (Fig 6C), consistent with virus dissemination in multiple countries in mul-

tiple regions [23, 27, 29, 63].

The visualizing MCC tree reconstruction based on phylogeographic analysis of the DENV-

3 genotypes III shows that India and Malaysia were two possible routes of viral introduction

into Thailand (S2 Fig). DENV-3 genotypes III isolated from our study share a common ances-

tor with Indian strains (JQ922556 and KU216208); therefore, we infer that the route from

India is most likely the origin of the DENV-3 genotype III viruses obtained in the present

study (Fig 6B, S2 Fig, and S4 Fig).

Molecular signatures of newly introduced DENV genotypes

The variation of amino acid substitution among DENV-2 Cosmopolitan was analyzed based

on the complete coding sequences. The presence of 36 amino acid variations was detected

Fig 2. Phylogeny of Thailand DENV-2 strains. The maximum-likelihood phylogenetic tree was constructed in IQ-TREE

version 1.6.7 using the TN+F+G4 with 500 bootstrap replications. Data included envelope-encoding sequences obtained

in the present study (labeled in red) along with sequences obtained from Genbank (Asian-I, black; Cosmopolitan, blue).

The viral genotypes are indicated to the right. Virus names are shown as accession number, country, and reported year of

each sequence. Numbers on branches are bootstrap support values exceeding 75%.

https://doi.org/10.1371/journal.pone.0207220.g002
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among the 3 lineages of DENV-2 Cosmopolitan according to lineages in the corresponding

phylogenetic tree (Fig 7). In particularly, Th16-011DV2, Th16-026DV2, and Th17-077DV2

shared 11 amino acid residues (i.e., 29N in protein M; 52H in protein E; 131H in protein NS1;

63E in protein NS2B; 273V, 461V and 567V in protein NS3; and 98R, 430G, 605V, and 800T

in protein NS5) with other lineage-C viruses, and shared 8 more amino acid substitutions (i.e.,

82T in protein NS1; 173A and 191T in protein NS2A; 23F and 61I in protein NS2B; 15R in

protein NS3; 89V in protein NS4A; and 676N in protein NS5) in common with recent lineage-

C isolates reported after 2014, substitutions that were not observed in lineage-A or lineage-B

viruses. Notably, the 271A substitution in protein NS5 was found only in the 3 Cosmopolitan

isolates obtained in the present study.

On the other hand, 21 amino acid variations were detected among the 3 lineages of DENV-

3 genotype III viruses. Among these, four amino acid residues (i.e., 178M in protein NS1; 151I

in protein NS4B; and 188A, and 562L in protein NS5) were present in the isolates obtained in

the present study and were shared with the South Asia lineage C (including viruses found in

India and Pakistan). In addition, 6 amino acid residues (i.e., 86R in protein C; 124L, 271T, and

489V in protein E; 142I in protein NS2A; and 864S in protein NS5) were shared among isolates

obtained in Thailand, Singapore, and Laos during the 2013–2017 interval. Only the 45L substi-

tution in protein NS2A was found to be present in all of the DENV-3 genotype III viruses

obtained in the present study (Fig 8).

Discussion

In the present study, we determined nearly complete nucleotide sequences of DENV isolated

from 21 DENV-positive patients at the Bamrasnaradura Infectious Diseases Institute in Non-

thaburi province, a region close to Bangkok, the capital city of Thailand, during the period of

September 2016 to June 2017. To minimize possible mutations during the isolation procedure,

we passaged our isolates only once in Vero cells before sequencing. We found examples of all

four DENV serotypes in less than one year. Notably, we identified more than one case each of

DENV-2 genotype Cosmopolitan and DENV-3 genotype III, both of which previously have

only rarely been reported in Thailand. These results suggested that DENV-2 genotype Cosmo-

politan and DENV-3 genotype III were emerging virus genotypes in recent years in Thailand.

Among eight DENV-2 isolates, there were three genotype Cosmopolitan viruses. Although

sequence analysis revealed that these three DENV-2 isolates were most closely related to each

other, the three cases visited the hospital at different times, and one patient lived at a distance

of approximately 350 km from the hospital. Therefore, it is highly likely that DENV-2 geno-

type Cosmopolitan has started to circulate within Thailand. Based on 1485 bp of nucleotide

sequences encoding the DENV envelope protein, we estimated that these three isolates origi-

nated from a common ancestor in 2014. On the other hand, the estimated tMRCA of 1964

(95% HPD: 1960.9–1967.6) of DENV-2 genotype Cosmopolitan in our dataset was in a good

agreement with previous findings that estimated the DENV-2 Cosmopolitan tMRCA as having

occurred in the 1950s to 1960s [7, 64, 65], confirming that our method of estimation was valid.

When we used the entire ORF sequences of 10176 bp, the tMRCA of the three DENV-2

Fig 3. Molecular clock analysis of DENV-2 genotype Asian-I envelope-encoding sequences. (a) Correlation of collection year and divergence from the maximum

likelihood tree. The R2 (coefficient of determination) of 0.79 was estimated using TempEst (shown at the top left). Red dots indicate sequences obtained in the present

study. (b) Bayesian maximum clade credibility (MCC) phylogenetic tree estimated using BEAST v1.8.4. The terminal branch color indicates different geographical

locations according to the legend at the bottom left corner of the figure. The mean time of the most recent common ancestor (tMRCA) and 95% highest probability

density (HPD) (in calendar year and tenths of year) are indicated with a black arrow, and posterior probability values are indicated adjacent to the node of interest. The

name of each taxon is presented formatted as accession number, country, and year of collection. Sequences obtained in the present study are labeled in red. (c)

Demographic history of DENV-2 genotype Asian-I was inferred by a Gaussian Markov random field (GMRF) Skyride plot using Tracer 1.7.

https://doi.org/10.1371/journal.pone.0207220.g003

Emergence of novel genotypes of dengue virus type 2 and type 3 in Thailand

PLOS ONE | https://doi.org/10.1371/journal.pone.0207220 November 12, 2018 13 / 26

https://doi.org/10.1371/journal.pone.0207220.g003
https://doi.org/10.1371/journal.pone.0207220


Emergence of novel genotypes of dengue virus type 2 and type 3 in Thailand

PLOS ONE | https://doi.org/10.1371/journal.pone.0207220 November 12, 2018 14 / 26

https://doi.org/10.1371/journal.pone.0207220


Cosmopolitan viruses obtained in the present study was 2014.8 (95% HPD: 2014.4–2015.3) (S3

Fig), which is almost identical to the value based on the envelope-encoding sequences (2014.6

(95% HPD: 2013.7–2015.4)). The mean substitution rate of DENV-2 Cosmopolitan, 8.81 x

10−4 substitutions per site per year, obtained in the present study, was slightly lower than the

value of 6.20 x 10−4 substitutions per site per year (95% HPD: 4.00 x 10−4–8.45 x 10−4 substitu-

tions per site per year) obtained in a previous study [65]. The overall median substitution rate

for DENV-2 viruses was estimated to be 6.98 x 10−4 substitutions per site per year (95% HPD:

5.00 x 10−4–8.94 x 10−4 substitutions per site per year) [66]. However, slightly different substi-

tution rates have been observed among different genotypes, including values (in substitutions

per site per year) of 1.05 x 10−4 (95% HPD: 8.27 x 10−4–9.96 x 10−4) for Asian-I in the present

study, and 7.82 x 10−4–1.26 x 10−3 for Asian-American and 6.54 x 10−4 (95% HPD: 4.61 x

10−4–8.92 x 10−4) for American in previous studies [65, 67].

Although DENV-2 Cosmopolitan viruses have circulated in Asia for at least 55 years,

viruses of this genotype were restricted to countries of South Asia and Maritime Southeast

Asia. To date, only a few papers (to our knowledge) have reported the presence of the DENV-2

genotype Cosmopolitan in Thailand. One such paper reported, in 2009, that a German traveler

had acquired a DENV-2 infection in Thailand [68]. Phylogenetic analysis of the DENV-2

genotype Cosmopolitan viruses obtained in the present study suggested a branch time for

DENV-2 genotype Cosmopolitan of late 2014. Analysis of the envelope-encoding sequences,

as well as that of the entire ORF sequence, yielded consistent results suggesting that DENV-2

genotype Cosmopolitan viruses obtained in the present study clustered with lineage-C viruses

and were closely related to recently isolated viruses from China, the Philippines, Malaysia, Sin-

gapore, and Australia, areas in which Cosmopolitan was the local genotype. A distinct subset

of eight amino acid residues in the complete coding sequence (shown in Fig 7) was shared

among these viruses; the 271A substitution located in protein NS5 was characteristic of the iso-

lates in the present study. This substitution occurred at a site (amino acid 271) that is located

in an interdomain linker known to play an important role in viral replication [69]. Interest-

ingly, nine of the DENV-2 genotype Cosmopolitan isolates were detected in southern China, a

location that is near Laos and northern Thailand. Farther from Thailand (i.e., on the other side

of southern China (Yunnan Province), closer to the border with Myanmar), only the Asian-I

genotype has been detected [70].

Phylogeographic analysis of the DENV-2 Cosmopolitan viruses suggested a route from

China might explain the origin of our Thailand DENV-2 Cosmopolitan viruses obtained in

the present study (Fig 4B, S1 Fig, and S3 Fig). However, this possibility will need to be further

evaluated in future research.

Among the eight new DENV-2 isolates, the remaining (non-Cosmopolitan) five were geno-

type Asian-I. Therefore, the co-circulation of DENV-2 Asian-I and Cosmopolitan was

observed in 2016 and 2017 in Thailand. It will be important to see whether Asian-I is replaced

by Cosmopolitan in subsequent years, given that Asian-I itself completely replaced Asian/

American in Vietnam and Cambodia in 2008 and 2005, respectively [58]. If genotype replace-

ment does occur, it will be important to see whether existing diagnostic measures work as well

Fig 4. Molecular clock analysis of DENV-2 genotype Cosmopolitan envelope-encoding sequences. (a) Correlation of collection year and divergence from maximum

likelihood tree. The R2, (coefficient of determination) of 0.82 was estimated using TempEst (shown at the top left). Red dots indicate sequences obtained in the present

study. (b) Bayesian maximum clade credibility (MCC) phylogenetic tree estimated using BEAST v1.8.4. The terminal branch color indicates different geographical

locations according to legend at the bottom left corner of the figure. The mean time of the most recent common ancestor (tMRCA) and 95% highest probability density

(HPD) (in calendar year and tenths of year) are indicated with black arrows, and posterior probability values are indicated adjacent to the node of interest. The name of

each taxon is presented formatted as accession number, country, and year of collection. Sequences obtained in the present study are labeled in red, while Thailand

sequences obtained from GenBank are labeled in blue. Lineages A, B, and C are shown to the right. The KX621247 virus is indicated by a red asterisk. (c) Demographic

history of DENV-2 genotype Cosmopolitan was inferred by a Gaussian Markov random field (GMRF) Skyride plot using Tracer 1.7.

https://doi.org/10.1371/journal.pone.0207220.g004
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for the new genotype as those measures did for the previous genotype, whether the new geno-

type causes a larger outbreak than the previous one, and whether the disease severity changes.

However, the genotype replacement of DENV may not necessarily follow automatically after

the introduction of the new lineage; indeed there is precedent (in Brazil) for the failure of a

newly introduced DENV-1 lineage to replace a pre-existing lineage of DENV-1 [71]. Our phy-

logeographic analysis also suggested repeated introduction of DENV-2 genotype Cosmopoli-

tan into Thailand without detectable outbreaks. Therefore, it also will be interesting to

compare the replicative capabilities and antigenicities of the new isolates of DENV-2 genotype

Cosmopolitan and Asian-I viruses.

A review of the history of DENV-3 in Thailand revealed that three isolates of DENV-3

genotype III were observed (among 123 DENV-3 isolates) during 2008–2010 [72]. The

DENV-3 genotypes II and III (3 genotype II and 3 genotype III viruses) were detected in 6 Tai-

wanese patients; these events were classified as imported cases by the Centers for Diseases

Control, Taiwan, based on the fact that these individuals had a history of travel to Thailand

before seeking medical care [30]. Interestingly in the period of 2011–2013, a total of 11 DENV-

3 cases was identified from 71 confirmed DENV cases in Thailand and classified as genotype

III infections [31]. Furthermore, our comprehensive phylogenetic analysis based on the enve-

lope-encoding sequences of viruses collected in Thailand (Fig 5) revealed that genotype III has

predominated since 2010, and the most recent DENV-3 genotype II viruses in Thailand were

obtained in 2013. These lines of evidence suggest that a genotypic shift occurred in Thailand,

such that DENV-3 genotype II, a local genotype maintained in Thailand since 1973, was

replaced with genotype III. However, we are unable to exclude the possibility of an ongoing,

small-scale local circulation of DENV-3 genotype II in Thailand.

In the present study, the DENV-3 genotype III tMRCA was estimated (based on envelope-

encoding sequences) to be 1949 (95% HPD: 1936.1–1963.6), consistent with the previous

study [73]. However, this value (again, obtained based on envelope-encoding sequences) dif-

fered from the tMRCA of 1967 (95% HPD: 1965–1969) reported by Tan et al. [74] based on

analysis of the complete viral coding sequence. This difference might be due to the fact that the

oldest virus in our analysis was from 1966 (JQ868069) and represented an isolate from which

only the envelope sequence was available. Furthermore, in the present study, the substitution

rate of DENV-3 genotype III was 6.74 x 10−4 substitutions per site per year, whereas the substi-

tution rate of viruses in the Americas has been estimated to fall in the range of 8.2 x 10−4–1.03

10−3 substitutions per site per year [75].

The introduction of DENV-3 genotype III into Thailand was estimated to have occurred

before 2006, since the tMRCA of Thailand DENV-3 genotype III viruses was estimated as

2006.8 (95% HPD: 2004.6–2009.2) based on envelope-encoding sequences. We obtained a sim-

ilar tMRCA value of 2009.9 (95% HPD: 2008.8–2011.1) when we analyzed the entire 10173-bp

ORF sequence (S4 Fig). It will be important to investigate whether the newly emerged DENV-

3 genotype III led to the 2013 and 2015 DENV outbreaks in Thailand, since DENV-3 was the

dominant serotype, accounting for 36.59% and 33.30% of DENV cases in 2013 and 2015,

respectively [16, 17]. Outside of Thailand, DENV-3 genotype III also has been disseminated to

other countries in Asia. DENV-3 genotype III was isolated as a minor genotype in Laos in

2012–2013 [76], and was first observed in Vietnam in 2013 [77], in Singapore in 2013 [78],

Fig 5. Phylogeny of Thailand DENV-3 strains. The maximum likelihood phylogenetic tree was constructed in IQ-TREE version 1.6.7 using

the TN+F+G4 with 500 bootstrap replications. Data included envelope-encoding sequences obtained in the present study (labeled in red)

along with sequences obtained from Genbank (genotype II, black; genotype III, blue). The viral genotypes are indicated to the right. Virus

names are shown as accession number, country, and reported year of each sequence. Numbers on branches are bootstrap support values

exceeding 75%.

https://doi.org/10.1371/journal.pone.0207220.g005
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and in Malaysia in 2008–2010 [74]. Our study revealed that the DENV-3 genotype III currently

circulating in Thailand clusters with lineage-C viruses from South Asia (India and Pakistan)

and from other areas in Southeast Asia (Singapore, Laos, and Viet Nam) where the virus had

been detected; this cluster was independent of the lineage-A viruses (recovered from Sri

Lanka, Malaysia, and Singapore) and the lineage-B viruses obtained in the Americas. Among 6

Fig 6. Molecular clock analysis of DENV-3 genotype III envelope-encoding sequences (a) Correlation of collection year and divergence from maximum likelihood

tree. The R2 (coefficient of determination) of 0.78 was estimated using TempEst (shown at top left). Red dots indicate sequences obtained in the present study. (b)

Bayesian maximum clade credibility (MCC) phylogenetic tree estimated using BEAST v1.8.4. The terminal branch color indicates different geographical locations

according to the legend at the bottom left corner of the figure. The mean time of the most recent common ancestor (tMRCA) and 95% highest probability density

(HPD) (in calendar year and tenths of year) are indicated with black arrows, and posterior probability values are indicated adjacent to the node of interest. The name of

each taxon is presented formatted as accession number, country, and year of collection. Sequences obtained in the present study are labeled in red, while Thailand

sequences from GenBank are labeled in blue. Lineages A, B, and C are shown to the right. The JQ922556 virus is indicated by a red asterisk. (c) Demographic history of

DENV-3 genotype III was inferred by a Gaussian Markov random field (GMRF) Skyride plot using Tracer 1.7.

https://doi.org/10.1371/journal.pone.0207220.g006

Fig 7. Amino acid variations among ORF proteins encoded by DENV-2 genotype Cosmopolitan. The amino acid substitutions in the open reading frames of the

3 lineages of DENV-2 genotype Cosmopolitan (in the right panel) are shown corresponding to the lineages. The occurrences of indicated amino acid variations are

shown with arrows. Sequences obtained in the present study are labeled in red.

https://doi.org/10.1371/journal.pone.0207220.g007
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amino acid substitutions (i.e., 86R in protein C; 124L, 271T, and 489V in protein E; 142I in

protein NS2A; and 864S in protein NS5) shared among isolates obtained in Thailand, Singa-

pore, and Laos from 2013–2017, 86R in protein C was reported in Indian viruses isolated after

2004. The 86R residue is located on a conserved surface of protein C and constitutes a T-cell

epitope [79]. Together, these findings may suggest that the spread of DENV-3 genotype III

viruses to Southeast Asia originated from the outbreaks that occurred in India and Pakistan in

2003–2004 and 2005–2006, respectively [28, 29]. Our phylogeographical analysis at least par-

tially supported this hypothesis (Fig 6B, S2 Fig and S4 Fig). However, other possibilities should

be also considered and carefully evaluated in future research.

Fig 8. Amino acid variations among ORF proteins encoded by DENV-3 genotype III. The amino acid substitutions in the open reading frame among 3 lineages of

DENV-3 genotype III (in the right panel) are shown corresponding to the lineages. The occurrences of the indicated amino acid variations are shown with arrows.

Sequences obtained in this study are labeled in red.

https://doi.org/10.1371/journal.pone.0207220.g008
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In conclusion, our data indicated that DENV in Thailand has been showing an increase in

genotypic diversity. Apparent limitations of the present study include the nature of our sam-

pling process, given that we obtained all of our specimens from a single hospital. In addition,

we analyzed a relatively small numbers of specimens. Nevertheless, we were able to show that

DENV-2 genotype Cosmopolitan has newly appeared as a genotype co-circulating with Asian-

I, at least in the local area (adjacent to the capital city Bangkok) served by BIDI. It will be

important to see whether DENV-2 genotype Cosmopolitan replaces the current local genotype

(Asian-I) and whether Cosmopolitan might cause a new outbreak in Thailand, given that our

data also showed that DENV-3 genotype II has been mostly replaced by DENV-3 genotype III.

Further studies will be needed to see whether newly emerging DENV genotypes show aug-

mented virulence in new regions, an effect that might facilitate new outbreaks.

Supporting information

S1 Table. Primers used in the present study.

(PDF)

S2 Table. Dengue virus envelope sequences used in the present study.

(PDF)

S3 Table. Dengue virus complete coding sequences used in the present study.

(PDF)

S4 Table. Model comparison using path and stepping-stone sampling.

(PDF)

S1 Fig. The migrations of temporal dynamic for DENV-2 genotype Cosmopolitan to Thai-

land.

(PDF)

S2 Fig. The migrations of temporal dynamics for DENV-3 genotype III to Thailand.

(PDF)

S3 Fig. Molecular clock analysis of DENV-2 genotype Cosmopolitan complete coding

sequence.

(PDF)

S4 Fig. Molecular clock analysis of DENV-3 genotype III complete coding sequence.

(PDF)

Acknowledgments

We are grateful to all the patients who participated in this study. We thank Sarinee Reawrang,

Supatsa Dedsatit, Ravee Nitiyanontakij, the staff of the Bamrasnaradura Infectious Diseases

Institute, and the staff of the Faculty of Tropical Medicine, Mahidol University, for their assis-

tance. We also are grateful to Dr. Tomokazu Takasaki and Dr. Pei-Yu Chu for their critical

comments on this study.

Author Contributions

Funding acquisition: Tatsuo Shioda.

Investigation: Juthamas Phadungsombat, Narinee Srimark, Atsushi Yamanaka, Emi E.

Nakayama.

Emergence of novel genotypes of dengue virus type 2 and type 3 in Thailand

PLOS ONE | https://doi.org/10.1371/journal.pone.0207220 November 12, 2018 21 / 26

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207220.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207220.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207220.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207220.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207220.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207220.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207220.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207220.s008
https://doi.org/10.1371/journal.pone.0207220


Methodology: Marco Yung-Cheng Lin.

Project administration: Sumonmal Uttayamakul.

Supervision: Marco Yung-Cheng Lin, Visal Moolasart, Patama Suttha.

Writing – original draft: Juthamas Phadungsombat.

Writing – review & editing: Marco Yung-Cheng Lin, Tatsuo Shioda.

References
1. Hadinegoro SR. The revised WHO dengue case classification: does the system need to be modified?

Paediatr Int Child Health. 2012; 32 Suppl 1:33–8. Epub 2012/06/08. https://doi.org/10.1179/

2046904712Z.00000000052 PMID: 22668448

2. Henchal EA, Putnak JR. The dengue viruses. Clin Microbiol Rev. 1990; 3(4):376–96. Epub 1990/10/01.

PMID: 2224837

3. Holmes EC, Twiddy SS. The origin, emergence and evolutionary genetics of dengue virus. Infect Genet

Evol. 2003; 3(1):19–28. PMID: 12797969

4. Goncalvez AP, Escalante AA, Pujol FH, Ludert JE, Tovar D, Salas RA, et al. Diversity and evolution of

the envelope gene of dengue virus type 1. Virology. 2002; 303(1):110–9. PMID: 12482662

5. Twiddy SS, Farrar JJ, Vinh Chau N, Wills B, Gould EA, Gritsun T, et al. Phylogenetic relationships and

differential selection pressures among genotypes of dengue-2 virus. Virology. 2002; 298(1):63–72.

PMID: 12093174

6. Khan MA, Ellis EM, Tissera HA, Alvi MY, Rahman FF, Masud F, et al. Emergence and diversification of

dengue 2 cosmopolitan genotype in Pakistan, 2011. PLoS One. 2013; 8(3):e56391. https://doi.org/10.

1371/journal.pone.0056391 PMID: 23520453

7. Anez G, Morales-Betoulle ME, Rios M. Circulation of different lineages of dengue virus type 2 in Central

America, their evolutionary time-scale and selection pressure analysis. PLoS One. 2011; 6(11):e27459.

https://doi.org/10.1371/journal.pone.0027459 PMID: 22076162

8. Wittke V, Robb TE, Thu HM, Nisalak A, Nimmannitya S, Kalayanrooj S, et al. Extinction and rapid emer-

gence of strains of dengue 3 virus during an interepidemic period. Virology. 2002; 301(1):148–56.

PMID: 12359455

9. Lanciotti RS, Gubler DJ, Trent DW. Molecular evolution and phylogeny of dengue-4 viruses. J Gen

Virol. 1997; 78 (Pt 9):2279–84. https://doi.org/10.1099/0022-1317-78-9-2279 PMID: 9292015

10. Klungthong C, Zhang C, Mammen MP Jr., Ubol S, Holmes EC. The molecular epidemiology of dengue

virus serotype 4 in Bangkok, Thailand. Virology. 2004; 329(1):168–79. https://doi.org/10.1016/j.virol.

2004.08.003 PMID: 15476884

11. AbuBakar S, Wong PF, Chan YF. Emergence of dengue virus type 4 genotype IIA in Malaysia. J Gen

Virol. 2002; 83(Pt 10):2437–42. https://doi.org/10.1099/0022-1317-83-10-2437 PMID: 12237425

12. Messina JP, Brady OJ, Scott TW, Zou C, Pigott DM, Duda KA, et al. Global spread of dengue virus

types: mapping the 70 year history. Trends Microbiol. 2014; 22(3):138–46. https://doi.org/10.1016/j.tim.

2013.12.011 PMID: 24468533

13. Halstead SB, Yamarat C. Recent Epidemics of Hemorrhagic Fever in Thailand. Observations Related

to Pathogenesis of a "New" Dengue Disease. Am J Public Health Nations Health. 1965; 55:1386–95.

PMID: 14334760

14. Limkittikul K, Brett J, L’Azou M. Epidemiological trends of dengue disease in Thailand (2000–2011): a

systematic literature review. PLoS Negl Trop Dis. 2014; 8(11):e3241. https://doi.org/10.1371/journal.

pntd.0003241 PMID: 25375766

15. Fried JR, Gibbons RV, Kalayanarooj S, Thomas SJ, Srikiatkhachorn A, Yoon IK, et al. Serotype-specific

differences in the risk of dengue hemorrhagic fever: an analysis of data collected in Bangkok, Thailand

from 1994 to 2006. PLoS Negl Trop Dis. 2010; 4(3):e617. https://doi.org/10.1371/journal.pntd.0000617

PMID: 20209155

16. Bureau of Epidemiology. Annual epidemiological surveillance report: Ministry of Public Health; 2015.

Available from: http://www.boe.moph.go.th/Annual/AESR2015/.

17. Bureau of Epidemiology. Annual epidemiological surveillance report: Ministry of Public Health; 2013.

Available from: http://www.boe.moph.go.th/Annual/AESR2013.

18. Bureau of Epidemiology. Annual epidemiological surveillance report: Ministry of Public Health; 2001.

Available from: http://www.boe.moph.go.th/Annual/aesr21_44/2544total.pdf.

Emergence of novel genotypes of dengue virus type 2 and type 3 in Thailand

PLOS ONE | https://doi.org/10.1371/journal.pone.0207220 November 12, 2018 22 / 26

https://doi.org/10.1179/2046904712Z.00000000052
https://doi.org/10.1179/2046904712Z.00000000052
http://www.ncbi.nlm.nih.gov/pubmed/22668448
http://www.ncbi.nlm.nih.gov/pubmed/2224837
http://www.ncbi.nlm.nih.gov/pubmed/12797969
http://www.ncbi.nlm.nih.gov/pubmed/12482662
http://www.ncbi.nlm.nih.gov/pubmed/12093174
https://doi.org/10.1371/journal.pone.0056391
https://doi.org/10.1371/journal.pone.0056391
http://www.ncbi.nlm.nih.gov/pubmed/23520453
https://doi.org/10.1371/journal.pone.0027459
http://www.ncbi.nlm.nih.gov/pubmed/22076162
http://www.ncbi.nlm.nih.gov/pubmed/12359455
https://doi.org/10.1099/0022-1317-78-9-2279
http://www.ncbi.nlm.nih.gov/pubmed/9292015
https://doi.org/10.1016/j.virol.2004.08.003
https://doi.org/10.1016/j.virol.2004.08.003
http://www.ncbi.nlm.nih.gov/pubmed/15476884
https://doi.org/10.1099/0022-1317-83-10-2437
http://www.ncbi.nlm.nih.gov/pubmed/12237425
https://doi.org/10.1016/j.tim.2013.12.011
https://doi.org/10.1016/j.tim.2013.12.011
http://www.ncbi.nlm.nih.gov/pubmed/24468533
http://www.ncbi.nlm.nih.gov/pubmed/14334760
https://doi.org/10.1371/journal.pntd.0003241
https://doi.org/10.1371/journal.pntd.0003241
http://www.ncbi.nlm.nih.gov/pubmed/25375766
https://doi.org/10.1371/journal.pntd.0000617
http://www.ncbi.nlm.nih.gov/pubmed/20209155
http://www.boe.moph.go.th/Annual/AESR2015/
http://www.boe.moph.go.th/Annual/AESR2013
http://www.boe.moph.go.th/Annual/aesr21_44/2544total.pdf
https://doi.org/10.1371/journal.pone.0207220


19. Bureau of Epidemiology. Annual epidemiological surveillance report: Ministry of Public Health; 1998.

Available from: http://www.boe.moph.go.th/Annual/aesr21_44/2541total.pdf.

20. Bureau of Epidemiology. Annual epidemiological surveillance report: Ministry of Public Health; 1987.

Available from: http://www.boe.moph.go.th/Annual/aesr21_44/2530total.pdf.

21. Zhang C, Mammen MP Jr., Chinnawirotpisan P, Klungthong C, Rodpradit P, Nisalak A, et al. Structure

and age of genetic diversity of dengue virus type 2 in Thailand. J Gen Virol. 2006; 87(Pt 4):873–83.

https://doi.org/10.1099/vir.0.81486-0 PMID: 16528037

22. Weaver SC, Vasilakis N. Molecular evolution of dengue viruses: contributions of phylogenetics to

understanding the history and epidemiology of the preeminent arboviral disease. Infect Genet Evol.

2009; 9(4):523–40. Epub 2009/05/23. https://doi.org/10.1016/j.meegid.2009.02.003 PMID: 19460319

23. Allicock OM, Lemey P, Tatem AJ, Pybus OG, Bennett SN, Mueller BA, et al. Phylogeography and popu-

lation dynamics of dengue viruses in the Americas. Mol Biol Evol. 2012; 29(6):1533–43. Epub 2012/02/

10. https://doi.org/10.1093/molbev/msr320 PMID: 22319149

24. Zhang C, Mammen MP Jr., Chinnawirotpisan P, Klungthong C, Rodpradit P, Monkongdee P, et al.

Clade replacements in dengue virus serotypes 1 and 3 are associated with changing serotype preva-

lence. J Virol. 2005; 79(24):15123–30. https://doi.org/10.1128/JVI.79.24.15123-15130.2005 PMID:

16306584

25. Klungthong C, Putnak R, Mammen MP, Li T, Zhang C. Molecular genotyping of dengue viruses by phy-

logenetic analysis of the sequences of individual genes. J Virol Methods. 2008; 154(1–2):175–81.

https://doi.org/10.1016/j.jviromet.2008.07.021 PMID: 18778736

26. Adams B, Holmes EC, Zhang C, Mammen MP Jr., Nimmannitya S, Kalayanarooj S, et al. Cross-protec-

tive immunity can account for the alternating epidemic pattern of dengue virus serotypes circulating in

Bangkok. Proc Natl Acad Sci U S A. 2006; 103(38):14234–9. https://doi.org/10.1073/pnas.0602768103

PMID: 16966609

27. Messer WB, Gubler DJ, Harris E, Sivananthan K, de Silva AM. Emergence and global spread of a den-

gue serotype 3, subtype III virus. Emerg Infect Dis. 2003; 9(7):800–9. https://doi.org/10.3201/eid0907.

030038 PMID: 12899133

28. Koo C, Nasir A, Hapuarachchi HC, Lee KS, Hasan Z, Ng LC, et al. Evolution and heterogeneity of multi-

ple serotypes of Dengue virus in Pakistan, 2006–2011. Virol J. 2013; 10:275. https://doi.org/10.1186/

1743-422X-10-275 PMID: 24007412

29. Dash PK, Parida MM, Saxena P, Abhyankar A, Singh CP, Tewari KN, et al. Reemergence of dengue

virus type-3 (subtype-III) in India: implications for increased incidence of DHF & DSS. Virol J. 2006;

3:55. Epub 2006/07/11. https://doi.org/10.1186/1743-422X-3-55 PMID: 16824209

30. Huang JH, Su CL, Yang CF, Liao TL, Hsu TC, Chang SF, et al. Molecular characterization and phyloge-

netic analysis of dengue viruses imported into Taiwan during 2008–2010. Am J Trop Med Hyg. 2012;

87(2):349–58. https://doi.org/10.4269/ajtmh.2012.11-0666 PMID: 22855770

31. Rabaa MA, Girerd-Chambaz Y, Duong Thi Hue K, Vu Tuan T, Wills B, Bonaparte M, et al. Genetic epi-

demiology of dengue viruses in phase III trials of the CYD tetravalent dengue vaccine and implications

for efficacy. Elife. 2017; 6. Epub 2017/09/06. https://doi.org/10.7554/eLife.24196 PMID: 28871961

32. Dejnirattisai W, Jumnainsong A, Onsirisakul N, Fitton P, Vasanawathana S, Limpitikul W, et al. Cross-

reacting antibodies enhance dengue virus infection in humans. Science. 2010; 328(5979):745–8. Epub

2010/05/08. https://doi.org/10.1126/science.1185181 PMID: 20448183

33. Shu PY, Chang SF, Kuo YC, Yueh YY, Chien LJ, Sue CL, et al. Development of group- and serotype-

specific one-step SYBR green I-based real-time reverse transcription-PCR assay for dengue virus. J

Clin Microbiol. 2003; 41(6):2408–16. Epub 2003/06/07. https://doi.org/10.1128/JCM.41.6.2408-2416.

2003 PMID: 12791857

34. Kurosu T, Khamlert C, Phanthanawiboon S, Ikuta K, Anantapreecha S. Highly efficient rescue of den-

gue virus using a co-culture system with mosquito/mammalian cells. Biochem Biophys Res Commun.

2010; 394(2):398–404. https://doi.org/10.1016/j.bbrc.2010.02.181 PMID: 20214880

35. Christenbury JG, Aw PP, Ong SH, Schreiber MJ, Chow A, Gubler DJ, et al. A method for full genome

sequencing of all four serotypes of the dengue virus. J Virol Methods. 2010; 169(1):202–6. https://doi.

org/10.1016/j.jviromet.2010.06.013 PMID: 20600330

36. CLC Genomics Workbench 9.5.3. Available from: https://www.qiagenbioinformatics.com/.

37. Pyke AT, Moore PR, Taylor CT, Hall-Mendelin S, Cameron JN, Hewitson GR, et al. Highly divergent

dengue virus type 1 genotype sets a new distance record. Sci Rep. 2016; 6:22356. Epub 2016/03/01.

https://doi.org/10.1038/srep22356 PMID: 26924208

38. Lanciotti RS, Lewis JG, Gubler DJ, Trent DW. Molecular evolution and epidemiology of dengue-3

viruses. J Gen Virol. 1994; 75 (Pt 1):65–75. Epub 1994/01/01. https://doi.org/10.1099/0022-1317-75-1-

65 PMID: 8113741

Emergence of novel genotypes of dengue virus type 2 and type 3 in Thailand

PLOS ONE | https://doi.org/10.1371/journal.pone.0207220 November 12, 2018 23 / 26

http://www.boe.moph.go.th/Annual/aesr21_44/2541total.pdf
http://www.boe.moph.go.th/Annual/aesr21_44/2530total.pdf
https://doi.org/10.1099/vir.0.81486-0
http://www.ncbi.nlm.nih.gov/pubmed/16528037
https://doi.org/10.1016/j.meegid.2009.02.003
http://www.ncbi.nlm.nih.gov/pubmed/19460319
https://doi.org/10.1093/molbev/msr320
http://www.ncbi.nlm.nih.gov/pubmed/22319149
https://doi.org/10.1128/JVI.79.24.15123-15130.2005
http://www.ncbi.nlm.nih.gov/pubmed/16306584
https://doi.org/10.1016/j.jviromet.2008.07.021
http://www.ncbi.nlm.nih.gov/pubmed/18778736
https://doi.org/10.1073/pnas.0602768103
http://www.ncbi.nlm.nih.gov/pubmed/16966609
https://doi.org/10.3201/eid0907.030038
https://doi.org/10.3201/eid0907.030038
http://www.ncbi.nlm.nih.gov/pubmed/12899133
https://doi.org/10.1186/1743-422X-10-275
https://doi.org/10.1186/1743-422X-10-275
http://www.ncbi.nlm.nih.gov/pubmed/24007412
https://doi.org/10.1186/1743-422X-3-55
http://www.ncbi.nlm.nih.gov/pubmed/16824209
https://doi.org/10.4269/ajtmh.2012.11-0666
http://www.ncbi.nlm.nih.gov/pubmed/22855770
https://doi.org/10.7554/eLife.24196
http://www.ncbi.nlm.nih.gov/pubmed/28871961
https://doi.org/10.1126/science.1185181
http://www.ncbi.nlm.nih.gov/pubmed/20448183
https://doi.org/10.1128/JCM.41.6.2408-2416.2003
https://doi.org/10.1128/JCM.41.6.2408-2416.2003
http://www.ncbi.nlm.nih.gov/pubmed/12791857
https://doi.org/10.1016/j.bbrc.2010.02.181
http://www.ncbi.nlm.nih.gov/pubmed/20214880
https://doi.org/10.1016/j.jviromet.2010.06.013
https://doi.org/10.1016/j.jviromet.2010.06.013
http://www.ncbi.nlm.nih.gov/pubmed/20600330
https://www.qiagenbioinformatics.com/
https://doi.org/10.1038/srep22356
http://www.ncbi.nlm.nih.gov/pubmed/26924208
https://doi.org/10.1099/0022-1317-75-1-65
https://doi.org/10.1099/0022-1317-75-1-65
http://www.ncbi.nlm.nih.gov/pubmed/8113741
https://doi.org/10.1371/journal.pone.0207220


39. Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: improving the sensitivity of progressive multiple

sequence alignment through sequence weighting, position-specific gap penalties and weight matrix

choice. Nucleic Acids Res. 1994; 22(22):4673–80. Epub 1994/11/11. PMID: 7984417

40. Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS. ModelFinder: fast model selec-

tion for accurate phylogenetic estimates. Nat Methods. 2017; 14(6):587–9. Epub 2017/05/10. https://

doi.org/10.1038/nmeth.4285 PMID: 28481363

41. Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and effective stochastic algorithm

for estimating maximum-likelihood phylogenies. Mol Biol Evol. 2015; 32(1):268–74. Epub 2014/11/06.

https://doi.org/10.1093/molbev/msu300 PMID: 25371430

42. Rambaut A, Lam TT, Max Carvalho L, Pybus OG. Exploring the temporal structure of heterochronous

sequences using TempEst (formerly Path-O-Gen). Virus Evol. 2016; 2(1):vew007. https://doi.org/10.

1093/ve/vew007 PMID: 27774300

43. Drummond AJ, Suchard MA, Xie D, Rambaut A. Bayesian phylogenetics with BEAUti and the BEAST

1.7. Mol Biol Evol. 2012; 29(8):1969–73. https://doi.org/10.1093/molbev/mss075 PMID: 22367748

44. Shapiro B, Rambaut A, Drummond AJ. Choosing appropriate substitution models for the phylogenetic

analysis of protein-coding sequences. Mol Biol Evol. 2006; 23(1):7–9. Epub 2005/09/24. https://doi.org/

10.1093/molbev/msj021 PMID: 16177232

45. Baele G, Lemey P, Suchard MA. Genealogical Working Distributions for Bayesian Model Testing with

Phylogenetic Uncertainty. Syst Biol. 2016; 65(2):250–64. Epub 2015/11/04. https://doi.org/10.1093/

sysbio/syv083 PMID: 26526428

46. Ayres DL, Darling A, Zwickl DJ, Beerli P, Holder MT, Lewis PO, et al. BEAGLE: an application program-

ming interface and high-performance computing library for statistical phylogenetics. Syst Biol. 2012; 61

(1):170–3. https://doi.org/10.1093/sysbio/syr100 PMID: 21963610

47. Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. Posterior summarisation in Bayesian phylo-

genetics using Tracer 1.7. Syst Biol. 2018. https://doi.org/10.1093/sysbio/syy032 PMID: 29718447

48. Bielejec F, Rambaut A, Suchard MA, Lemey P. SPREAD: spatial phylogenetic reconstruction of evolu-

tionary dynamics. Bioinformatics. 2011; 27(20):2910–2. Epub 2011/09/14. https://doi.org/10.1093/

bioinformatics/btr481 PMID: 21911333

49. Google Earth Pro. Available from: https://www.google.com/earth/.

50. Kotaki T, Yamanaka A, Mulyatno KC, Churrotin S, Sucipto TH, Labiqah A, et al. Divergence of the den-

gue virus type 2 Cosmopolitan genotype associated with two predominant serotype shifts between 1

and 2 in Surabaya, Indonesia, 2008–2014. Infect Genet Evol. 2016; 37:88–93. Epub 2015/11/11.

https://doi.org/10.1016/j.meegid.2015.11.002 PMID: 26553170

51. Salda LT, Parquet MD, Matias RR, Natividad FF, Kobayashi N, Morita K. Molecular epidemiology of

dengue 2 viruses in the Philippines: genotype shift and local evolution. Am J Trop Med Hyg. 2005; 73

(4):796–802. Epub 2005/10/14. PMID: 16222028

52. Sasmono RT, Wahid I, Trimarsanto H, Yohan B, Wahyuni S, Hertanto M, et al. Genomic analysis and

growth characteristic of dengue viruses from Makassar, Indonesia. Infect Genet Evol. 2015; 32:165–77.

Epub 2015/03/19. https://doi.org/10.1016/j.meegid.2015.03.006 PMID: 25784569

53. Holmes EC, Tio PH, Perera D, Muhi J, Cardosa J. Importation and co-circulation of multiple serotypes

of dengue virus in Sarawak, Malaysia. Virus Res. 2009; 143(1):1–5. Epub 2009/05/26. https://doi.org/

10.1016/j.virusres.2009.02.020 PMID: 19463715

54. Lee KS, Lo S, Tan SS, Chua R, Tan LK, Xu H, et al. Dengue virus surveillance in Singapore reveals

high viral diversity through multiple introductions and in situ evolution. Infect Genet Evol. 2012; 12

(1):77–85. Epub 2011/11/01. https://doi.org/10.1016/j.meegid.2011.10.012 PMID: 22036707

55. Afreen N, Deeba F, Naqvi I, Shareef M, Ahmed A, Broor S, et al. Molecular investigation of 2013 dengue

Fever outbreak from delhi, India. PLoS Curr. 2014; 6. Epub 2015/02/03. https://doi.org/10.1371/

currents.outbreaks.0411252a8b82aa933f6540abb54a855f PMID: 25642359

56. Gupta BP, Singh S, Kurmi R, Malla R, Sreekumar E, Manandhar KD. Re-emergence of dengue virus

serotype 2 strains in the 2013 outbreak in Nepal. Indian J Med Res. 2015; 142 Suppl:S1-6. Epub 2016/

02/26. https://doi.org/10.4103/0971-5916.176564 PMID: 26905233

57. Halstead SB, Nimmannitya S, Margiotta MR. Dengue d chikungunya virus infection in man in Thailand,

1962–1964. II. Observations on disease in outpatients. Am J Trop Med Hyg. 1969; 18(6):972–83. Epub

1969/11/01. PMID: 5355243

58. Vu TT, Holmes EC, Duong V, Nguyen TQ, Tran TH, Quail M, et al. Emergence of the Asian 1 genotype

of dengue virus serotype 2 in viet nam: in vivo fitness advantage and lineage replacement in South-East

Asia. PLoS Negl Trop Dis. 2010; 4(7):e757. https://doi.org/10.1371/journal.pntd.0000757 PMID:

20651932

Emergence of novel genotypes of dengue virus type 2 and type 3 in Thailand

PLOS ONE | https://doi.org/10.1371/journal.pone.0207220 November 12, 2018 24 / 26

http://www.ncbi.nlm.nih.gov/pubmed/7984417
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1038/nmeth.4285
http://www.ncbi.nlm.nih.gov/pubmed/28481363
https://doi.org/10.1093/molbev/msu300
http://www.ncbi.nlm.nih.gov/pubmed/25371430
https://doi.org/10.1093/ve/vew007
https://doi.org/10.1093/ve/vew007
http://www.ncbi.nlm.nih.gov/pubmed/27774300
https://doi.org/10.1093/molbev/mss075
http://www.ncbi.nlm.nih.gov/pubmed/22367748
https://doi.org/10.1093/molbev/msj021
https://doi.org/10.1093/molbev/msj021
http://www.ncbi.nlm.nih.gov/pubmed/16177232
https://doi.org/10.1093/sysbio/syv083
https://doi.org/10.1093/sysbio/syv083
http://www.ncbi.nlm.nih.gov/pubmed/26526428
https://doi.org/10.1093/sysbio/syr100
http://www.ncbi.nlm.nih.gov/pubmed/21963610
https://doi.org/10.1093/sysbio/syy032
http://www.ncbi.nlm.nih.gov/pubmed/29718447
https://doi.org/10.1093/bioinformatics/btr481
https://doi.org/10.1093/bioinformatics/btr481
http://www.ncbi.nlm.nih.gov/pubmed/21911333
https://www.google.com/earth/
https://doi.org/10.1016/j.meegid.2015.11.002
http://www.ncbi.nlm.nih.gov/pubmed/26553170
http://www.ncbi.nlm.nih.gov/pubmed/16222028
https://doi.org/10.1016/j.meegid.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25784569
https://doi.org/10.1016/j.virusres.2009.02.020
https://doi.org/10.1016/j.virusres.2009.02.020
http://www.ncbi.nlm.nih.gov/pubmed/19463715
https://doi.org/10.1016/j.meegid.2011.10.012
http://www.ncbi.nlm.nih.gov/pubmed/22036707
https://doi.org/10.1371/currents.outbreaks.0411252a8b82aa933f6540abb54a855f
https://doi.org/10.1371/currents.outbreaks.0411252a8b82aa933f6540abb54a855f
http://www.ncbi.nlm.nih.gov/pubmed/25642359
https://doi.org/10.4103/0971-5916.176564
http://www.ncbi.nlm.nih.gov/pubmed/26905233
http://www.ncbi.nlm.nih.gov/pubmed/5355243
https://doi.org/10.1371/journal.pntd.0000757
http://www.ncbi.nlm.nih.gov/pubmed/20651932
https://doi.org/10.1371/journal.pone.0207220


59. Nisalak A, Endy TP, Nimmannitya S, Kalayanarooj S, Thisayakorn U, Scott RM, et al. Serotype-specific

dengue virus circulation and dengue disease in Bangkok, Thailand from 1973 to 1999. Am J Trop Med

Hyg. 2003; 68(2):191–202. PMID: 12641411

60. Nisalak A, Clapham HE, Kalayanarooj S, Klungthong C, Thaisomboonsuk B, Fernandez S, et al. Forty

Years of Dengue Surveillance at a Tertiary Pediatric Hospital in Bangkok, Thailand, 1973–2012. Am J

Trop Med Hyg. 2016; 94(6):1342–7. Epub 2016/03/30. https://doi.org/10.4269/ajtmh.15-0337 PMID:

27022151

61. Moore PR, van den Hurk AF, Mackenzie JS, Pyke AT. Dengue viruses in Papua New Guinea: evidence

of endemicity and phylogenetic variation, including the evolution of new genetic lineages. Emerg

Microbes Infect. 2017; 6(12):e114. Epub 2017/12/21. https://doi.org/10.1038/emi.2017.103 PMID:

29259329

62. Kumar SR, Patil JA, Cecilia D, Cherian SS, Barde PV, Walimbe AM, et al. Evolution, dispersal and

replacement of American genotype dengue type 2 viruses in India (1956–2005): selection pressure and

molecular clock analyses. J Gen Virol. 2010; 91(Pt 3):707–20 https://doi.org/10.1099/vir.0.017954-0

PMID: 19923266. Epub 2009/11/20.

63. Kanakaratne N, Wahala WM, Messer WB, Tissera HA, Shahani A, Abeysinghe N, et al. Severe dengue

epidemics in Sri Lanka, 2003–2006. Emerg Infect Dis. 2009; 15(2):192–9. Epub 2009/02/06. https://doi.

org/10.3201/eid1502.080926 PMID: 19193262

64. Wei K, Li Y. Global evolutionary history and spatio-temporal dynamics of dengue virus type 2. Sci Rep.

2017; 7:45505. https://doi.org/10.1038/srep45505 PMID: 28378782

65. Twiddy SS, Holmes EC, Rambaut A. Inferring the rate and time-scale of dengue virus evolution. Mol

Biol Evol. 2003; 20(1):122–9. https://doi.org/10.1093/molbev/msg010 PMID: 12519914

66. Pollett S, Melendrez MC, Maljkovic Berry I, Duchene S, Salje H, Cummings DAT, et al. Understanding

dengue virus evolution to support epidemic surveillance and counter-measure development. Infect

Genet Evol. 2018; 62:279–95. Epub 2018/04/29. https://doi.org/10.1016/j.meegid.2018.04.032 PMID:

29704626

67. Drumond BP, Mondini A, Schmidt DJ, de Morais Bronzoni RV, Bosch I, Nogueira ML. Circulation of dif-

ferent lineages of Dengue virus 2, genotype American/Asian in Brazil: dynamics and molecular and phy-

logenetic characterization. PLoS One. 2013; 8(3):e59422. Epub 2013/03/28. https://doi.org/10.1371/

journal.pone.0059422 PMID: 23533624

68. Shihada S, Emmerich P, Thome-Bolduan C, Jansen S, Gunther S, Frank C, et al. Genetic Diversity and

New Lineages of Dengue Virus Serotypes 3 and 4 in Returning Travelers, Germany, 2006–2015.

Emerg Infect Dis. 2017; 23(2):272–5. Epub 2017/01/19. https://doi.org/10.3201/eid2302.160751 PMID:

28098525

69. Zhao Y, Soh TS, Chan KW, Fung SS, Swaminathan K, Lim SP, et al. Flexibility of NS5 Methyltransfer-

ase-Polymerase Linker Region Is Essential for Dengue Virus Replication. J Virol. 2015; 89(20):10717–

21. Epub 2015/08/14. https://doi.org/10.1128/JVI.01239-15 PMID: 26269182

70. Hu TS, Zhang HL, Feng Y, Fan JH, Tang T, Liu YH, et al. Epidemiological and molecular characteristics

of emergent dengue virus in Yunnan Province near the China-Myanmar-Laos border, 2013–2015. BMC

Infect Dis. 2017; 17(1):331. https://doi.org/10.1186/s12879-017-2401-1 PMID: 28482813

71. Pinheiro TM, Mota MTO, Watanabe ASA, Biselli-Perico JM, Drumond BP, Ribeiro MR, et al. Viral immu-

nogenicity determines epidemiological fitness in a cohort of DENV-1 infection in Brazil. PLoS Negl Trop

Dis. 2018; 12(5):e0006525. Epub 2018/05/31. https://doi.org/10.1371/journal.pntd.0006525 PMID:

29813061

72. Salje H, Lessler J, Maljkovic Berry I, Melendrez MC, Endy T, Kalayanarooj S, et al. Dengue diversity

across spatial and temporal scales: Local structure and the effect of host population size. Science.

2017; 355(6331):1302–6. https://doi.org/10.1126/science.aaj9384 PMID: 28336667

73. Afreen N, Naqvi IH, Broor S, Ahmed A, Parveen S. Phylogenetic and Molecular Clock Analysis of Den-

gue Serotype 1 and 3 from New Delhi, India. PLoS One. 2015; 10(11):e0141628. Epub 2015/11/05.

https://doi.org/10.1371/journal.pone.0141628 PMID: 26536458

74. Tan KK, Zulkifle NI, Sulaiman S, Pang SP, NorAmdan N, MatRahim N, et al. Emergence of the Asian

lineage dengue virus type 3 genotype III in Malaysia. BMC Evol Biol. 2018; 18(1):58. https://doi.org/10.

1186/s12862-018-1175-4 PMID: 29699483

75. Fajardo A, Recarey R, de Mora D, L DA, Alvarez M, Regato M, et al. Modeling gene sequence changes

over time in type 3 dengue viruses from Ecuador. Virus Res. 2009; 141(1):105–9. Epub 2009/02/03.

https://doi.org/10.1016/j.virusres.2009.01.003 PMID: 19185597

76. Lao M, Caro V, Thiberge JM, Bounmany P, Vongpayloth K, Buchy P, et al. Co-circulation of dengue

virus type 3 genotypes in Vientiane capital, Lao PDR. PLoS One. 2014; 9(12):e115569. https://doi.org/

10.1371/journal.pone.0115569 PMID: 25551768

Emergence of novel genotypes of dengue virus type 2 and type 3 in Thailand

PLOS ONE | https://doi.org/10.1371/journal.pone.0207220 November 12, 2018 25 / 26

http://www.ncbi.nlm.nih.gov/pubmed/12641411
https://doi.org/10.4269/ajtmh.15-0337
http://www.ncbi.nlm.nih.gov/pubmed/27022151
https://doi.org/10.1038/emi.2017.103
http://www.ncbi.nlm.nih.gov/pubmed/29259329
https://doi.org/10.1099/vir.0.017954-0
http://www.ncbi.nlm.nih.gov/pubmed/19923266
https://doi.org/10.3201/eid1502.080926
https://doi.org/10.3201/eid1502.080926
http://www.ncbi.nlm.nih.gov/pubmed/19193262
https://doi.org/10.1038/srep45505
http://www.ncbi.nlm.nih.gov/pubmed/28378782
https://doi.org/10.1093/molbev/msg010
http://www.ncbi.nlm.nih.gov/pubmed/12519914
https://doi.org/10.1016/j.meegid.2018.04.032
http://www.ncbi.nlm.nih.gov/pubmed/29704626
https://doi.org/10.1371/journal.pone.0059422
https://doi.org/10.1371/journal.pone.0059422
http://www.ncbi.nlm.nih.gov/pubmed/23533624
https://doi.org/10.3201/eid2302.160751
http://www.ncbi.nlm.nih.gov/pubmed/28098525
https://doi.org/10.1128/JVI.01239-15
http://www.ncbi.nlm.nih.gov/pubmed/26269182
https://doi.org/10.1186/s12879-017-2401-1
http://www.ncbi.nlm.nih.gov/pubmed/28482813
https://doi.org/10.1371/journal.pntd.0006525
http://www.ncbi.nlm.nih.gov/pubmed/29813061
https://doi.org/10.1126/science.aaj9384
http://www.ncbi.nlm.nih.gov/pubmed/28336667
https://doi.org/10.1371/journal.pone.0141628
http://www.ncbi.nlm.nih.gov/pubmed/26536458
https://doi.org/10.1186/s12862-018-1175-4
https://doi.org/10.1186/s12862-018-1175-4
http://www.ncbi.nlm.nih.gov/pubmed/29699483
https://doi.org/10.1016/j.virusres.2009.01.003
http://www.ncbi.nlm.nih.gov/pubmed/19185597
https://doi.org/10.1371/journal.pone.0115569
https://doi.org/10.1371/journal.pone.0115569
http://www.ncbi.nlm.nih.gov/pubmed/25551768
https://doi.org/10.1371/journal.pone.0207220


77. Phu Ly MH, Takamatsu Y, Nabeshima T, Pham Hoai LL, Pham Thi H, Dang Thi D, et al. Isolation of

dengue serotype 3 virus from the cerebrospinal fluid of an encephalitis patient in Hai Phong, Vietnam in

2013. J Clin Virol. 2015; 70:93–6. https://doi.org/10.1016/j.jcv.2015.07.295 PMID: 26305828

78. Hapuarachchi HC, Koo C, Rajarethinam J, Chong CS, Lin C, Yap G, et al. Epidemic resurgence of den-

gue fever in Singapore in 2013–2014: A virological and entomological perspective. BMC Infect Dis.

2016; 16:300. https://doi.org/10.1186/s12879-016-1606-z PMID: 27316694

79. Bedi SK, Prasad A, Mathur K, Bhatnagar S. Positive selection and evolution of dengue type-3 virus in

the Indian subcontinent. J Vector Borne Dis. 2013; 50(3):188–96. Epub 2013/11/14. PMID: 24220077

Emergence of novel genotypes of dengue virus type 2 and type 3 in Thailand

PLOS ONE | https://doi.org/10.1371/journal.pone.0207220 November 12, 2018 26 / 26

https://doi.org/10.1016/j.jcv.2015.07.295
http://www.ncbi.nlm.nih.gov/pubmed/26305828
https://doi.org/10.1186/s12879-016-1606-z
http://www.ncbi.nlm.nih.gov/pubmed/27316694
http://www.ncbi.nlm.nih.gov/pubmed/24220077
https://doi.org/10.1371/journal.pone.0207220

