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Abstract
Dengue fever is the most important arboviral disease in the tropical and sub-tropical coun-

tries of the world. Delhi, the metropolitan capital state of India, has reported many dengue

outbreaks, with the last outbreak occurring in 2013. We have recently reported predomi-

nance of dengue virus serotype 2 during 2011–2014 in Delhi. In the present study, we report

molecular characterization and evolutionary analysis of dengue serotype 2 viruses which

were detected in 2011–2014 in Delhi. Envelope genes of 42 DENV-2 strains were

sequenced in the study. All DENV-2 strains grouped within the Cosmopolitan genotype and

further clustered into three lineages; Lineage I, II and III. Lineage III replaced lineage I dur-

ing dengue fever outbreak of 2013. Further, a novel mutation Thr404Ile was detected in the

stem region of the envelope protein of a single DENV-2 strain in 2014. Nucleotide substitu-

tion rate and time to the most recent common ancestor were determined by molecular clock

analysis using Bayesian methods. A change in effective population size of Indian DENV-2

viruses was investigated through Bayesian skyline plot. The study will be a vital road map

for investigation of epidemiology and evolutionary pattern of dengue viruses in India.

Author Summary

Dengue is a mosquito borne disease prevalent in more than 100 tropical and sub-tropical
countries. In this study, we carried out phylogenetic and molecular clock analysis of den-
gue serotype 2 strains found to be circulating in Delhi, India, in 2011–2014. All the study
strains were found to belong to the Cosmopolitan genotype of dengue 2 viruses. Further
we also detected a lineage replacement event in the 2013 dengue fever outbreak. We identi-
fied a novel mutation in the stem region of the Envelope protein. We also determined
nucleotide substitution rate and time to the most recent common ancestor of dengue 2
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viruses. Further a change in the population size of dengue 2 viruses in India as depicted by
Bayesian Skyline plot is reported.

Introduction
Dengue fever (DF) is the most prevalent arthropod-borne disease in the tropical and sub-tropi-
cal regions of the world. It is estimated that 2.5 billion people are at risk of dengue infection
globally, 50 million dengue virus infections occur annually and 500,000 people with Dengue
haemorragic fever (DHF) require hospitalization every year [1]. Dengue virus (Family Flavivir-
idae, Genus Flavivirus) is a small enveloped RNA virus carrying a single stranded, positive-
sense RNA genome (~10.6 kb). The genome encodes three structural and seven non-structural
proteins in a single open reading frame. The structural proteins are capsid (C), precursor mem-
brane (prM), and envelope (E) proteins. The envelope glycoprotein is essential for viral entry
into the cell. Non-structural proteins are involved in viral replication within the cell, named
NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5.

Dengue virus (DENV) is transmitted primarily by Aedes aegyptimosquitoes. Common
symptoms of DF are fever, fatigue, rash, headache, retro-ocular pain, arthralgia, myalgia, nau-
sea, vomiting and low platelet count. While most infections result in asymptomatic response or
mild febrile illness (DF), a small percentage of cases result in the more severe and potentially
fatal dengue with warning signs and severe dengue which are characterized by plasma leakage
[2,3]. There are four antigenically distinct, closely related serotypes of the dengue virus
(DENV1–4), exhibiting a 65–70% sequence homology [2]. A vaccine for dengue is not available
yet because of its 4 serotypes which enhance the risk of severe disease by antibody dependent
enhancement of infection [4].

Dengue fever outbreaks occur after every 3–4 years in Delhi, India. Recently, dengue fever
outbreaks were reported in Delhi in 2003 [5], 2006[6], 2010 [7] and 2013[8]. We have studied
dengue prevalence and serotypic distribution in the period 2011–2014 in Delhi [9]. We
detected three dengue serotypes (DENV-1, 2 and 3) in circulation and predominance of
DENV-2 in Delhi in the above mentioned study. The present study focuses on the molecular
characterization and evolutionary analysis of only DENV-2 strains detected in the study. The
same analysis for DENV-1 and 3 has been published elsewhere [9].

Materials and Methods

Ethics statement
The study was granted approval by Institutional Ethics Committee, Jamia Millia Islamia and
was done in accordance with the World Medical Association Declaration of Helsinki. Written
informed consent in English or Hindi was obtained from all adult subjects or a parent or
guardian in case of minors.

RT-PCR and sequencing
Acute phase blood samples were collected from suspected dengue patients from Dr. M. A.
Ansari Health Centre, Jamia Millia Islamia, New Delhi. Sera were separated from the blood
samples by centrifuging at 3000 rpm for 10 minutes at 4°C. Serum samples were stored at
-80°C until further use. RNA was extracted from 140 μL serum samples using QIAamp Viral
RNAMini kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. cDNA
synthesis was carried out in a 25 μL reverse transcription (RT) reaction mixture using 20 ng of
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random primers (Promega, USA), 1mM dNTPs (Promega, USA), 8U of rRNAsin (Promega,
USA), 10U of Avian Myeloblastosis Virus reverse transcriptase (Bangalore Genei, India) and
13.75 μL RNA. Detection of dengue viruses were carried out by semi nested RT-PCR method
as reported previously [10] with some modifications [8,11].

The E gene (574bp) of DENV-2 viruses was amplified using another set of published prim-
ers for DNA sequencing [12]. Amplicons were run on agarose gel and the bands were cut. Gel
extraction was done using QIAquick Gel Extraction Kit (Qiagen, Germany) as per the manu-
facturer’s instructions. Sequencing with both forward and reverse primers was done commer-
cially (Xcelris Labs, Ahmedabad, India).

Phylogenetic analysis using MEGA
The raw sequences were subjected to similarity search using BLAST. Forward and reverse
sequences were aligned and manually edited with GeneDoc (v2.7.000) software. Sequences
were aligned with other published sequences available in GenBank using Clustal W imple-
mented in BioEdit (v7.0.9.0). The best fit substitution model for the data was determined by
Akaike Information Criterion (AIC) using MODELTEST 3.7 [13]. Phylogenetic tree was con-
structed using Maximum likelihood method in Mega 6.06 software [14]. Statistical support for
the nodes was assessed by bootstrapping with 1000 replicates.

Bayesian MCMCmolecular dating analysis
Rate of nucleotide substitution and Time to the most recent common ancestor (TMRCA) of
DENV-2 strains were assessed using Bayesian inferences implemented in BEASTv1.8.1 [15].
TN93+G+I model was used as the nucleotide substitution model and among site rate variation
model (selected by MODELTEST3.7). Both strict and relaxed (uncorrelated exponential and
uncorrelated lognormal) molecular clocks [16] were used for the analysis. Constant size and
Bayesian skyline coalescent tree prior were used in the study. The MCMC chain was run for
30,000,000 steps. The parameter values were sampled at every 3000 steps. Each analysis was
performed in two separate runs and the resulting log files were combined using LogCombiner
1.8.1 (implemented in BEAST) with 10% burn-ins removed from each run. The resulting log
files were analysed in the program Tracer 1.6 to ascertain convergence of the chain and to
ensure that effective sample size of>200 for all parameters have been reached. The uncertainty
in the parameter estimates were assessed by 95% HPD intervals. Model comparison was done
by Bayes factor (Log Marginal Likelihood (M1)-Log Marginal Likelihood (M2)). The maxi-
mum clade credibility tree was generated by Tree Annotator 1.8.1 (available in BEAST), and
the resulting tree file was visualized in the program FigTree 1.4.2. Support for the node on the
tree was ascertained by the Bayesian posterior probability (BPP) values for each node. The
BEAST package was also used to infer Bayesian skyline plots for Indian cosmopolitan DENV-2
strains (n = 24, group size = 10). This analysis enabled a graphical depiction of changing levels
of relative genetic diversity (Neτ, where Ne is the effective population size and τ the host-to-
host generation time) through time.

Selection pressure analysis
The selection pressure acting on envelope gene codons of DENV-2 was investigated using the
online facility at the web server http://www.datamonkey.org. Two datasets were used for this
analysis, one dataset comprising strains from all DENV-2 genotypes (n = 58) and second data-
set comprising of only the Cosmopolitan genotype (n = 30) strains. TN 93 model of nucleotide
substitution and Neighbour Joining tree was used for the analysis. The ω ratios (dN/dS) were
calculated using three likelihood approaches, single-likelihood ancestor counting (SLAC), fixed
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effects likelihood (FEL) & Random effects likelihood (REL). Sites showing evidence of positive
selection by at least two of the methods with high statistical significance (P< 0.1 or Bayes fac-
tor>50), were considered to be under positive selection.

T-cell and B- cell epitope prediction
T-cell epitopes of the envelope gene of prototype dengue 2 virus were predicted using the Epi-
Jen online server [17]. Envelope protein sequence of DENV-2 prototype strain (NGC 44 strain;
GenBank Accession Number: AF038403) was submitted for epitope prediction. Appropriate
proteasomal and Tap cut-off values were selected and epitopes were predicted for 18 different
HLA alleles. B cell epitopes were predicted using the BCPreds prediction tool [18]. The pre-
dicted B-cell epitopes were further analyzed by VaxiJen server (antigenicity prediction server
based on auto cross variance (ACC) transformation of protein sequences into uniform vectors
of principal amino acid properties). The B cell epitope having BCPreds score of>0.8 and Vaxi-
Jen score of>0.6 were selected as the predicted B- cell epitope.

Mapping of mutations
The structure for the partial envelope gene sequence (152 amino acid) obtained in the study
was modeled using I-TASSER protein structure prediction tool. The structure was visualized in
Pymol and amino acid mutations (E322 and E404) were mapped on the structure using Pymol.

Statistical analysis
The significant number of samples to be sequenced for each lineage (I and III) was calculated
by taking into account the total number of samples year wise with the Epi-Info software
(http://wwwn.cdc.gov/epiinfo/) using the epidemiologic calculator (StatCalc). The statistical
calculation of the Population Survey was done using the Sample size and power option in the
Epi-Info software using number of samples collected during the study period (for the years
2012, 2013 and 2014) and the expected frequency of Dengue virus infection at 5% level of sig-
nificance. In addition, the analysis of lineage replacement with respect to total cases taken year
wise was done with chi-square test. A p-value less than 0.05 was considered significant.

Results
Envelope gene of 42 DENV-2 strains was sequenced in the study (GenBank Accession Num-
bers: KJ729151-KJ729162, KM875638- KM875659; KR091039-KR091046). Sequencing and
phylogenetic analysis of sequences with accession numbers KJ729151-KJ729162 have been
described in our previous publication [8]. Eight DENV-2 strains were sequenced in 2014,
21strains in 2013, 11 strains in 2012 and 2 strains in 2011. A total of 106 sequences were used
in the phylogenetic analysis with 58 Indian strains. The 457bp (152aa) long multiple sequence
alignment corresponded to 1801–2257 bp of the DENV-2 genome and 289–440 amino acid of
the E protein (numbering based on the prototype NGC 44 strain; GenBank Accession Number:
AF038403). Maximum Likelihood phylogenetic tree of the strains based upon the aligned
sequence data showed that the study strains clustered with the Cosmopolitan genotype (Fig 1).
Strains from Pakistan, China, Singapore, Bangladesh, Sri Lanka and Saudi Arabia were found
to cluster with the strains of the present study. DENV-2 strains of the study clustered in three
different lineages i.e. Lineages I, II and III (Fig 1). Strains of 2014 clustered in lineage III, those
detected in 2013 and 2012 clustered in lineage I and III while strains of 2011 clustered in line-
age II (Fig 1). A single amino acid change, I322V, was detected between the strains of 2011–
2014 from Delhi. Lineage I strains (n = 12) showed Valine at position 322 while Lineage

Evolutionary Analysis of DENV-2 from India

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004511 March 15, 2016 4 / 13

http://wwwn.cdc.gov/epiinfo/


Fig 1. Maximum Likelihood Phylogenetic tree of DENV-2 strains. Strains sequenced in the study are
marked by shapes (2014 strains: diamonds; 2013 strains: circles; 2012 strains: rectangles; 2014 strains:
triangles). Numbers on nodes indicate bootstrap support generated by 1000 replicates. Bootstrap values of
>70 are shown.

doi:10.1371/journal.pntd.0004511.g001
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II (n = 2) and III (n = 28) strains showed Isoleucine at this position. The amino acid mutation
at 322 position was mapped to two T-cell epitopes and one B- cell epitope (Table 1). When
year wise prevalence of lineage I and III strains was analyzed, a pattern of alternation in pre-
dominance of the lineages I and III in 2012–13 was detected. Lineage I strains were found in 10
samples while lineage III strain in only one sample (ratio of 10:1) in 2012 showing predomi-
nance of lineage I over lineage III strain. In 2013, Lineage I was detected in only 2 samples
while Lineage III strains were detected in 19 samples (ratio of 1:10). Thus a transition to com-
plete lineage replacement was identified in 2013. All 2014 study strains belonged to Lineage III
thus further giving support to the lineage replacement event.

Statistical analysis for giving credence to the lineage replacement was also carried out. The
significant number of samples to be sequenced was calculated using the following parameters:
total number of samples were 77, 378 and 62 for the year 2012, 2013 and 2014 respectively, the
expected frequency of Dengue virus infection was 50± 25%. At the 5% level of significance, the
number of samples that should be sequenced was calculated to be 13, 15 and 12 for the year
2012, 2013 and 2014 respectively. Our analysis showed that significant number of samples
were sequenced for each lineage during the study. Further statistical analysis concluded that
replacement of lineage I by lineage III is independent of the total number of samples taken year
wise (p = 0.0001 for lineage I and p = 0.009 for lineage III).

Lineage I comprised of Indian strains detected between the years 1996 and 2012. Lineage I
was also found as a major lineage in 2012. Lineages II and III included strains found in India in
the period 2011–2014. Apart from Delhi strains, the Lineage II included a solitary strain from
Singapore. Lineage III was detected for the first time in 2012 and continued till 2014 in Delhi.
It was a minor lineage in 2012 but gained predominance in 2013 replacing lineage I. No
other previously reported Indian strains (except the study strains) clustered within the newly
emerged Lineage II and III.

The study strains showed nucleotide distance of up to 5.4% whereas amino acid distances
were up to 1.3%. Nucleotide distance of 6.4 to 7.2% and amino acid distance of 1.3–2% were
detected when compared to the prototype strain. Two mutations, Asn390Ser and Ile402Phe in
comparison to the prototype strain were detected in all study strains which are both previ-
ously reported [19]. A novel mutation Thr404Ile (S1 Fig) was detected in a single strain
(DL/DENV-2/8/14) in 2014 highlighting the importance of molecular epidemiology studies
in revealing such mutations. The mutation was confirmed by sequencing twice with forward
and reverse primers. This mutation was mapped to three T-cell epitopes predicted by Epi-Jen
server (Table 1). The deduced amino acid sequence of the strain DL/DENV-2/8/14 was used
to predict its structure. Amino acid positions 322 and 404 were mapped on the modelled
structure (Fig 2).

Table 1. Correlation of mutations in the envelope protein of the study strains with the predicted T and B cell epitopes.

Mutation Position T-cell/ B cell epitope Epitope HLA alleles

I322V 314 T- cell epitope ETQHGTIVI HLA-A*6802

I322V 318 T- cell epitope GTIVIRVQY HLA-A*0101

I322V 317 B- cell epitope HGTIVIRVQYEGDGSPCKIP -

T404I 401 T- cell epitope MIETTMRGA HLA-A*0301, HLA-A*1101

T404I 402 T- cell epitope IETTMRGAK HLA-B *40, HLA-B*44

T404I 403 T- cell epitope ETTMRGAKR HLA-A*0101, HLA-A*0301, HLA-A*3101

Position of the epitope is with respect to the E protein of Dengue virus 2 prototype strain (NGC 44)

doi:10.1371/journal.pntd.0004511.t001

Evolutionary Analysis of DENV-2 from India

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004511 March 15, 2016 6 / 13



Bayesian MCMC analysis
Uncorrelated relaxed lognormal clock and Bayesian coalescent tree prior was chosen as the
best fit model as they were favoured by Bayes factor (S1 Table). Nucleotide substitution rate
was detected to be 7.7 ×10−4 substitutions per site per year (95% HPD; 5×10−4 to 1.052 ×10−3)
under the best fit model. Root of the tree was calculated to be 128 years old [86–194 years 95%
HPD, 1886 (1820–1928)]. TMRCA of the Cosmopolitan genotype was determined to be 59
years [45–81 years 95% HPD, 1955 (1933–1969)]. TMRCA of the Indian Cosmopolitan geno-
type strains was determined to be 48 years [41–58 years 95% HPD; 1966 (1956–1973)]. The
Maximum Clade Credibility Tree was constructed with the best model as shown in Fig 3. The
tree showed three lineages of dengue 2 viruses in the period 2011 to 2014. TMRCA of Lineage I
was estimated to be 30 years (1984), that of lineage II as 10 years (2004) and that of lineage III
as 7 years (2007).

Bayesian skyline plot (BSP) for Indian Cosmopolitan strains was constructed in the study
(Fig 4). The plot shows changes in the median estimate of relative genetic diversity (Ne τ) of

Fig 2. Modelled structure of Envelope Protein (289–440) showing position of I322V & T404I mutations.

doi:10.1371/journal.pntd.0004511.g002
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the virus with time where Neτ is the product of effective population size (Ne) and generation
time (τ). The plot also shows 95% highest probability density intervals which represents both
phylogenetic and coalescent uncertainty. Population size of Indian Cosmopolitan strains
increased smoothly from 1974 to 2004 with a small growth rate (Fig 4). Population size
remained almost constant in the period 2005 to 2009. It decreased between 2009 & 2012 and
then remained constant between 2012–2014. Levels of Neτ in 2012–2014 were lower than in
the start of the plot.

Selection pressure analysis
The mean dN/dS ratio was found to be 0.05 in the codons of the E gene. There was no codon
detected under positive pressure by the SLAC and FEL methods for the datasets. In the dataset
comprising of all genotype strains (N = 58), three codons were found to be under positive selec-
tion pressure by the REL method i.e. E317, E337 & E365. The E322 site showing Valine in Line-
age I and Isoleucine in Lineage III was detected as negatively selected by SLAC & REL method

Fig 3. MaximumClade Credibility tree of Dengue 2 virus. Tree derived with the best fit model (relaxed uncorrelated lognormal clock & Bayesian skyline
tree prior) showing node ages. Strains sequenced in the present study are coloured. Lineages showing Valine or Isoleucine at position 322 have been
marked.

doi:10.1371/journal.pntd.0004511.g003
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and as neutrally evolving site by FEL method in the dataset containing strains from all the
genotypes. Site E404 was shown to be neutrally evolving by SLAC &FEL methods and as nega-
tively selected by the REL method.

In the second dataset which included strains of only the Cosmopolitan genotype strains
(n = 30), no codon was detected to be under positive selection pressure by SLAC, FEL & REL
method. Site 322 & 404 were detected to be neutrally evolving by the SLAC & FEL methods.
Site 322 was detected to be negatively selected and site 404 as neutrally evolving by the REL
method.

Discussion
Delhi is a metropolitan city of India which battles dengue outbreaks after every 3–4 years.
Recently we have reported a change in dengue serotype predominance in Delhi [9]. Dengue
serotype 3 predominated in 2003–2006, dengue 1 in 2008 and 2010 and dengue 2 in 2011–
2014 in Delhi [9]. Dengue virus type 2 (DENV-2) has been responsible for the 1996 [20] and
2013 [8] dengue fever outbreaks in Delhi, India. In the present study DENV-2 strains detected
in Delhi during 2011–2014 were analyzed phylogenetically.

All the DENV-2 strains sequenced in the study clustered in the Cosmopolitan genotype.
This genotype has been reported from India since 1974 [19,21]. Earlier Indian study based
upon E-NS1 gene sequencing of Delhi strains detected during 1957, 1967 and 1996 [22]
reported that before the Cosmopolitan genotype, American genotype was found to be in circu-
lation in India. This was later confirmed by CprM gene sequencing of the same strains [23].
Kumar and colleagues [19] reported that Indian strains from 1956 to 1980 belonged to the
American genotype and strains from 1974 onwards clustered in the Cosmopolitan genotype.
Dash and co-workers [24] have also reported change in circulating genotype in India based
upon complete genomic sequencing.

Lineage replacement in dengue viruses has been reported in many studies [25–33] includ-
ing India. A lineage replacement event where lineage III replaced lineage I was detected in
2012–2014 in Delhi. The statistical analysis revealed that the lineage replacement event
was independent of the total number of samples analyzed year wise. We detected lineage

Fig 4. Bayesian skyline plots of Indian Cosmopolitan DENV-2 strains. X axis: Time, Y axis: Relative genetic diversity (Neτ). Black solid line is the median
estimate of Neτ. Blue shaded area shows 95%HPD.

doi:10.1371/journal.pntd.0004511.g004
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replacement in 2013 in which a dengue outbreak occurred in Delhi [8]. It has been suggested
that lineage replacement could result in increased transmission of the viral infection [32].
Thus, the lineage replacement event described in the present investigation could be related to
the outbreak situation in Delhi in 2013. Lineage replacement has been also postulated to
result in improved viral fitness & increased transmissibility [31,32] or as a stochastic event
due to virus population bottleneck effects [30]. Lineage I strains showed Valine (V) at E322
and Lineage III showed Isoleucine (I) at E322. DENV-1 strains and DENV-4 strains have
Valine at position 322 while DENV-3 strains have Isoleucine. Difference of V/I between
strains might be helpful in escape of DENV-2 strains from cross neutralizing antibodies gen-
erated by DENV-1, 3 and 4 strains which target E322 [34]. Besides this difference at E322,
the concerned lineages might also differ at other significant positions in the genomic regions
not sequenced in the present study.

A novel mutation Thr404Ile was also detected in the study. This residue is part of the stem
region (helix I) of the E protein which is essential for the formation of E protein trimers in
response to low pH [35]. Site 404 is variable amongst flaviviruses showing Lysine in Tick-
Borne Encephalitis Virus, Alanine in DENV-1 and 3 and Serine in DENV-4 [36]. In the strain
DL/DENV-2/8/14 showing this mutation, Threonine a polar amino acid was replaced by Iso-
leucine which is non polar but retains the property of having a chiral carbon in the side chain.
This change in the type of amino acid may have impact on the structure of the E protein. Role
of this mutation in the virus life cycle is not clear at present and should be explored in the site
directed mutagenesis studies.

The mutations at E322 and E404 were found in domain III and stem region respectively.
These mutations may alter local secondary structure of the E protein which might affect the
structure-function relationship of the protein. The mutation at E322 might influence attach-
ment and fusion properties of the virus as domain III is the putative receptor binding domain
of the E protein [37]. Mutation at E404 may influence the low pH induced fusion process of
the E protein. Further these 2 sites were also mapped to predicted T-cell and B- cell epitopes.
As a consequence the mutations I322V and T404I may influence immunogenicity of the den-
gue virus.

Nucleotide substitution rate of DENV-2 viruses calculated in the study (7.7 ×10−4 substitu-
tions per site per year) is comparable to that reported in the earlier studies on complete E gene
[38,39] and complete genome [40]. Kumar and colleagues [19] reported nucleotide substitution
rate of DENV-2 viruses as 6.5×10−4 (4.1–8.7 ×104, 95%HPD) substitution per site per year.
Our estimate is within the 95% HPD interval reported by them. Estimates for the TMRCAs of
DENV-2 strains, Cosmopolitan genotype strains and Indian Cosmopolitan strains (128, 58 &
48 years) differ from those reported in the earlier Indian study [19] but they are within the 95%
HPD intervals reported in the study and are supported by smaller 95% HPD intervals. Lineage
I was estimated to have TMRCA of 30 years and Lineage III showed TMRCA of 7 years. The
newly emerged lineage III replaced lineage I in 2013 and 2014. Bayesian Skyline Plot of Indian
Cosmopolitan DENV-2 strains have not been previously reported in literature. We show a
decrease in effective population size of DENV-2 in recent years.

Thus in the present study sequencing and phylogenetic analysis of DENV-2 strains revealed
that the circulating strains belonged to the Cosmopolitan genotype. A lineage replacement
event and a novel mutation were also detected. Nucleotide substitution rate and TMRCA of
DENV-2 viruses are also reported. Past population dynamics as studied by Bayesian skyline
plots showed a decrease in the population size of DENV-2 strains in recent years. The present
investigation will assist in design of effective vaccine and antivirals for control of the virus. Fur-
ther, it will also help us to determine the epidemiological and evolutionary pattern of Dengue
outbreaks in India.
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Supporting Information
S1 Fig. Raw sequence data of DENV-2 strain DL/DENV-2/8/14 showing amino acid muta-
tion of Threonine to Isoleucine. A. Sequence with forward primer. The sequence corresponds
to position 1196–1226 of Envelope gene. The amino acid T at position 340 (1211 of Envelope
gene) results in change from Threonine to Isoleucine in the deduced amino acid sequence. B.
Sequence with reverse primer. Sequence complementary to 1226–1196 of Envelope gene. A at
124 (1211 of Envelope gene) results in change from Threonine to Isoleucine in the deduced
amino acid sequence.
(TIF)

S1 Table. Log marginal likelihoods of various models by different methods.
(DOCX)

Author Contributions
Conceived and designed the experiments: SP SB. Performed the experiments: NA. Analyzed
the data: NA AA SNK RDMK. Contributed reagents/materials/analysis tools: IHN. Wrote the
paper: NA SP SB AA SNK.

References
1. WHO. Comprehensive Guidelines for Prevention and Control of Dengue and Dengue Haemorrhagic

Fever. 2011.

2. Murrell S, Wu SC, Butler M. Review of dengue virus and the development of a vaccine. Biotechnol Adv.
2011; 29(2):239–47. doi: 10.1016/j.biotechadv.2010.11.008 PMID: 21146601

3. WHO. Dengue: guidelines for diagnosis, treatment, prevention, and control. Special Programme for
Research and Training in Tropical Diseases. 2009.

4. Heinz FX, Stiasny K. Flaviviruses and flavivirus vaccines. Vaccine. 2012; 30(29):4301–6. doi: 10.1016/
j.vaccine.2011.09.114 PMID: 22682286

5. Singh NP, Jhamb R, Agarwal SK, Gaiha M, Dewan R, Daga MK, et al. The 2003 outbreak of dengue
fever in Delhi, India. Southeast Asian J Trop Med Public Health. 2005; 36(5):1174–8. PMID: 16438142

6. Pandey A, Diddi K, Dar L, Bharaj P, Chahar HS, Guleria R, et al. The evolution of dengue over a decade
in Delhi, India. J Clin Virol. 2007 Sep; 40(1):87–8. PMID: 17631046

7. Kumari R, Kumar K, Chauhan LS. First dengue virus detection in Aedes albopictus from Delhi, India: Its
breeding ecology and role in dengue transmission. Trop Med Int Heal. 2011; 16(8):949–54.

8. Afreen N, Deeba F, Naqvi I, Shareef M, Ahmed A, Broor S, et al. Molecular Investigation of 2013 Den-
gue Fever Outbreak from Delhi, India. Plos Curr Outbreaks. 2014;Sep 2.

9. 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. doi: 10.1371/journal.
pone.0141628 PMID: 26536458

10. Lanciotti RS, Calisher CH, Gubler DJ, Chang GJ, Vorndam A V. Rapid detection and typing of dengue
viruses from clinical samples by using reverse transcriptase-polymerase chain reaction. J Clin Micro-
biol. 1992 Mar; 30(3):545–51. PMID: 1372617

11. Afreen N, Deeba F, KhanWH, Haider SH, Kazim SN, Ishrat R, et al. Molecular characterization of den-
gue and chikungunya virus strains circulating in New Delhi, India. Microbiol Immunol. 2014 Oct 25;
58:688–96. doi: 10.1111/1348-0421.12209 PMID: 25346397

12. Rodriguez-Roche R, Alvarez M, Gritsun T, Rosario D, Halstead S, Kouri G, et al. Dengue virus type 2 in
Cuba, 1997: conservation of E gene sequence in isolates obtained at different times during the epi-
demic. Arch Virol. 2005 Mar; 150(3):415–25. PMID: 15578237

13. Posada D and Crandall K A. MODELTEST: testing the model of DNA substitution. Bioinformatics.
1998; 14(9):817–8. PMID: 9918953

14. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: Molecular evolutionary genetics analy-
sis version 6.0. Mol Biol Evol. 2013; 30(12):2725–9. doi: 10.1093/molbev/mst197 PMID: 24132122

15. Drummond AJ, Suchard M a., Xie D, Rambaut A. Bayesian phylogenetics with BEAUti and the BEAST
1.7. Mol Biol Evol. 2012; 29(8):1969–73. doi: 10.1093/molbev/mss075 PMID: 22367748

Evolutionary Analysis of DENV-2 from India

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004511 March 15, 2016 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004511.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004511.s002
http://dx.doi.org/10.1016/j.biotechadv.2010.11.008
http://www.ncbi.nlm.nih.gov/pubmed/21146601
http://dx.doi.org/10.1016/j.vaccine.2011.09.114
http://dx.doi.org/10.1016/j.vaccine.2011.09.114
http://www.ncbi.nlm.nih.gov/pubmed/22682286
http://www.ncbi.nlm.nih.gov/pubmed/16438142
http://www.ncbi.nlm.nih.gov/pubmed/17631046
http://dx.doi.org/10.1371/journal.pone.0141628
http://dx.doi.org/10.1371/journal.pone.0141628
http://www.ncbi.nlm.nih.gov/pubmed/26536458
http://www.ncbi.nlm.nih.gov/pubmed/1372617
http://dx.doi.org/10.1111/1348-0421.12209
http://www.ncbi.nlm.nih.gov/pubmed/25346397
http://www.ncbi.nlm.nih.gov/pubmed/15578237
http://www.ncbi.nlm.nih.gov/pubmed/9918953
http://dx.doi.org/10.1093/molbev/mst197
http://www.ncbi.nlm.nih.gov/pubmed/24132122
http://dx.doi.org/10.1093/molbev/mss075
http://www.ncbi.nlm.nih.gov/pubmed/22367748


16. Drummond AJ, Ho SYW, Phillips MJ, Rambaut A. Relaxed phylogenetics and dating with confidence.
PLoS Biol. 2006; 4(5):699–710.

17. Doytchinova I a, Guan P, Flower DR. EpiJen: a server for multistep T cell epitope prediction. BMC Bio-
informatics. 2006; 7:131. PMID: 16533401

18. EL-Manzalawy Y, Dobbs D, Honavar V. Predicting linear B-cell epitopes using string kernels. J Mol
Recognit. 2008; 21(4):243–55. doi: 10.1002/jmr.893 PMID: 18496882

19. Kumar SRP, Patil J a, Cecilia D, Cherian SS, Barde P V, 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 Mar; 91(Pt 3):707–20. doi: 10.1099/vir.0.017954-0
PMID: 19923266

20. Dar L, Broor S, Sengupta S, Xess I, Seth P. The first major outbreak of dengue hemorrhagic fever in
Delhi, India. Emerg Infect Dis. 1999; 5(4):589–90. PMID: 10458971

21. Chakravarti A, Chauhan MS, Kumar S, Ashraf A. Genotypic characterization of dengue virus strains cir-
culating during 2007–2009 in New Delhi. Arch Virol. 2013; 158(3):571–81. doi: 10.1007/s00705-012-
1522-5 PMID: 23129129

22. Singh UB, Maitra a, Broor S, Rai a, Pasha ST, Seth P. Partial nucleotide sequencing and molecular
evolution of epidemic causing Dengue 2 strains. J Infect Dis. 1999 Oct; 180(4):959–65. PMID:
10479118

23. Singh UB, Seth P.Use of nucleotide sequencing of the genomic cDNA fragments of the capsid/ pre-
membrane junction region for molecular epidemiology of dengue type 2 viruses. Southeast Asian J
Trop Med Public Health. 2001; 32(2):326–35. PMID: 11556585

24. Dash PK, Sharma S, Soni M, Agarwal A, Parida M, Rao PVL. Complete genome sequencing and evolu-
tionary analysis of Indian isolates of Dengue virus type 2. Biochem Biophys Res Commun. 2013 Jul 5;
436(3):478–85. doi: 10.1016/j.bbrc.2013.05.130 PMID: 23756811

25. 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 Jul; 9(7):800–9. PMID: 12899133

26. Myat Thu H, Lowry K, Jiang L, Hlaing T, Holmes EC, Aaskov J. Lineage extinction and replacement in
dengue type 1 virus populations are due to stochastic events rather than to natural selection. Virology.
2005; 336(2):163–72. PMID: 15892958

27. Bennett SN, Holmes EC, Chirivella M, Rodriguez DM, Beltran M, Vorndam V, et al. Selection-driven
evolution of emergent dengue virus. Mol Biol Evol. 2003 Oct; 20(10):1650–8. PMID: 12832629

28. Wittke V, Robb TE, Thu HM, Nisalak a., Nimmannitya S, Kalayanrooj S, et al. Extinction and Rapid
Emergence of Strains of Dengue 3 Virus during an Interepidemic Period. Virology. 2002 Sep; 301
(1):148–56. PMID: 12359455

29. Zhang C, M MP Jr, Klungthong C, Monkongdee P, Nimmannitya S, Kalayanarooj S, et al. Clade
Replacements in Dengue Virus Serotypes 1 and 3 Are Associated with Changing Serotype Prevalence.
J Virol. 2005; 79(24):15123. PMID: 16306584

30. Teoh BT, Sam SS, Tan KK, Johari J, Shu MH, Danlami MB, et al. Dengue virus type 1 clade replace-
ment in recurring homotypic outbreaks. BMC Evol Biol.2013 Jan; 13(1):213.

31. Lambrechts L, Fansiri T, Pongsiri A., Thaisomboonsuk B, Klungthong C, Richardson JH, et al. Dengue-
1 Virus Clade Replacement in Thailand Associated with Enhanced Mosquito Transmission. J Virol.
2012; 86(3):1853–61. doi: 10.1128/JVI.06458-11 PMID: 22130539

32. Lee K, Lo S, Tan SS, Chua R, Tan L, 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.
doi: 10.1016/j.meegid.2011.10.012 PMID: 22036707

33. Manakkadan A, Joseph I, Prasanna RR, Kunju RI, Kailas L, Sreekumar E. Lineage shift in Indian
strains of Dengue virus serotype-3 (Genotype III), evidenced by detection of lineage IV strains in clinical
cases from Kerala. Virol J. 2013; 10(1):37.

34. Thu HM, Myint TT, Khin KK, Aaskov J. Myanmar Dengue Outbreak Associated with Displacement of
serotypes 2, 3, and 4 by Dengue 1. Emerg Infect Dis. 2004; 10(4):593–7. PMID: 15200847

35. Allison SL, Stiasny K, Stadler K, Mandl CW, Heinz FX. Mapping of functional elements in the stem-
anchor region of tick-borne encephalitis virus envelope protein E. J Virol. 1999; 73(7):5605–12. PMID:
10364309

36. Pangerl K, Heinz FX, Stiasny K. Mutational Analysis of the Zippering Reaction during Flavivirus Mem-
brane Fusion. J Virol. 2011; 85(17):8495–501. doi: 10.1128/JVI.05129-11 PMID: 21697495

37. Crill WD, Roehrig JT. Monoclonal Antibodies That Bind to Domain III of Dengue Virus E Glycoprotein
Are the Most Efficient Blockers of Virus Adsorption to Vero Cells. J Virol. 2001; 75 (16):7769–7773
PMID: 11462053

Evolutionary Analysis of DENV-2 from India

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004511 March 15, 2016 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/16533401
http://dx.doi.org/10.1002/jmr.893
http://www.ncbi.nlm.nih.gov/pubmed/18496882
http://dx.doi.org/10.1099/vir.0.017954-0
http://www.ncbi.nlm.nih.gov/pubmed/19923266
http://www.ncbi.nlm.nih.gov/pubmed/10458971
http://dx.doi.org/10.1007/s00705-012-1522-5
http://dx.doi.org/10.1007/s00705-012-1522-5
http://www.ncbi.nlm.nih.gov/pubmed/23129129
http://www.ncbi.nlm.nih.gov/pubmed/10479118
http://www.ncbi.nlm.nih.gov/pubmed/11556585
http://dx.doi.org/10.1016/j.bbrc.2013.05.130
http://www.ncbi.nlm.nih.gov/pubmed/23756811
http://www.ncbi.nlm.nih.gov/pubmed/12899133
http://www.ncbi.nlm.nih.gov/pubmed/15892958
http://www.ncbi.nlm.nih.gov/pubmed/12832629
http://www.ncbi.nlm.nih.gov/pubmed/12359455
http://www.ncbi.nlm.nih.gov/pubmed/16306584
http://dx.doi.org/10.1128/JVI.06458-11
http://www.ncbi.nlm.nih.gov/pubmed/22130539
http://dx.doi.org/10.1016/j.meegid.2011.10.012
http://www.ncbi.nlm.nih.gov/pubmed/22036707
http://www.ncbi.nlm.nih.gov/pubmed/15200847
http://www.ncbi.nlm.nih.gov/pubmed/10364309
http://dx.doi.org/10.1128/JVI.05129-11
http://www.ncbi.nlm.nih.gov/pubmed/21697495
http://www.ncbi.nlm.nih.gov/pubmed/11462053


38. Añez 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).

39. Zhang C, MammenMP, 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(4):873–83.

40. McElroy KL, Santiago G a., Lennon NJ, Birren BW, Henn MR, Muñoz-Jordán JL. Endurance, refuge,
and reemergence of dengue virus type 2, Puerto Rico, 1986–2007. Emerg Infect Dis. 2011; 17(1):64–
71. doi: 10.3201/eid1701.100961 PMID: 21192856

Evolutionary Analysis of DENV-2 from India

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004511 March 15, 2016 13 / 13

http://dx.doi.org/10.3201/eid1701.100961
http://www.ncbi.nlm.nih.gov/pubmed/21192856

