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Abstract In this study, dengue virus (DENV) isolates
from a localized, small-scale, non-seasonal dengue out-
break were genetically characterized. The outbreak occur-
red during the pre-monsoon months (April-May) in a
medical college campus in Kerala, South India in 2009
affecting 76 people. Analysis of 39 viral RNA positive
serum samples by a serotype specific reverse-transcription
polymerase chain reaction identified dengue virus serotype
1 (DENV1) as the causative strain. Formation of a distinct
genetic clade was revealed in the initial phylogenetic
analysis using nucleotide sequences of a partial (303 bp)
Capsid-Pre-membrane protein (C-PrM) coding region of 37
outbreak strains. The sequences of these strains clustered
with that of the Genotype III DENV-1 strains from India,
and 32 among them formed a single major sub-clade.
Whole-genome sequencing (10,693 bp) of two strains
(RGCB585/2009 and RGCB592/2009) selected from this
major sub-clade, and subsequent phylogenetic analysis
using the full-length coding region sequence showed that
the sequences grouped with that of the isolates from Thai-
land (1980), Comoros (1993), Singapore (1993), and Brunei
(2005) among the Indo-Pacific isolates. The sequences of
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the two strains had a nucleotide identity of 97-98 % and an
amino acid identity of 98-99 % with these closely related
strains. Maximum amino acid similarity was shown with
the Singapore 8114/93 isolate (99.6 %). Four mutations—
L46M in the capsid, D278N in the NS1, L1231, and L879S
in the NS5 protein coding regions—were seen as signature
substitutions uniformly in RGCB585/2009 and RGCB592/
2009; in another isolate from Kerala (RGCB419/2008) and
in the Brunei isolate (DS06-210505). These four isolates
also had in common a 21-nucleotide deletion in the hyper-
variable region of the 3’-non-translated region. This first
report on the complete genome characterization of DENV-1
isolates from India reveals a dengue outbreak caused by a
genetically different viral strain. The results point to the
possibility of exotic introduction of these circulating viral
strains in the region.

Keywords Dengue virus serotype 1 - Whole-genome
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Introduction

Dengue virus (DENV) is a positive sense single-stranded
RNA virus of the Flaviviridae family. It is the etiological
agent of dengue, a major mosquito-borne febrile infection
of the tropics [1]. The disease manifests either as mild
Dengue fever or as severe, and sometimes life threatening,
Dengue hemorraghic fever (DHF) or Dengue shock syn-
drome (DSS). The viral genome is approximately 11,000
basepairs (bp) long and consists of a small 5'-non-trans-
lated region (5-NTR) of ~100 bp; a 10,179 bp open
reading frame that codes for the three structural and seven
non-structural proteins; and a 3-NTR of ~400 bp [2]. The

@ Springer


http://dx.doi.org/10.1007/s11262-012-0756-3

Virus Genes (2012) 45:1-13

structural proteins are the capsid (C), membrane (M), and
envelope (E) proteins and the non-structural proteins are
the NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5
proteins. The 5'-NTR of the genome is 7-methyl-guanosine
capped and the 3’-NTR has no polyadenylation [2]. In
nature, the virus circulates as four serotypes (DENV-1-4)
and shares about 65-70 % sequence homology with each
other [2]. These viruses have the highest mutation rate
among the Flavivirus group [3, 4].This has led to the for-
mation of different genotypes and lineages within each
serotype [5]. Accordingly, DENV-1 comprises of five
genotypes (I-V); DENV-2 has six genotypes (Southeast
Asian/American, Asian I, Asian II, Cosmopolitan, Ameri-
can, and Sylvatic); DENV-3 has four genotypes (I-1V); and
DENV-4 also consists of four genotypes (I, II, III, Sylvatic)
[6]. Genetic changes observed in dengue viruses can have
major impact on disease burden. A shift in circulating
genotype can affect the disease severity as exemplified by
the replacement of less virulent American DENV-2 geno-
type with more virulent Southeast Asian DENV-2 [7], and
also by increased occurrence of DHF in Sri Lanka caused
by the replacement of DENV-3 subtype III group A viruses
with group B [8]. Some genotypes show increased viraemia
during infection [9] leading to enhanced transmissibility
and outbreak potential [4]. Progressive displacement of less
virulent genotypes with more virulent ones during large-
scale dengue infections has been reported [10]. Knowledge
on the circulating virus genotypes in the dengue endemic
regions has become important in disease surveillance,
epidemiology, and vaccine development [11].

Conventionally, selected gene segments are used for the
molecular characterization of the dengue virus strains. This
approach is getting replaced by whole-genome analysis,
which would help to understand the dengue disease
dynamics better [12]. Among the four dengue virus sero-
types, DENV-1 is a predominant strain that circulates in all
major dengue prevalent countries [13]. Complete genome
analysis of the DENV-1 isolates from several countries
such as Paraguay and Argentina [14], Singapore [12],
Brunei [15], Thailand [16], and Cambodia [17] has been
published. Dengue is endemic to India [18, 19] and
the previous genetic studies of dengue strains from the
country were based on analysis of smaller genomic regions
[20-24]. Recently, whole-genome sequence analysis of
DENV-3 strains from the country has been published [25].
However, complete genome sequence analysis of other
DENV serotypes has not been reported and there is a
definite lack of sufficient genetic information on these
strains from India.

The DENV-1 was detected in India even as early as in
1956 from Vellore, South India [26]. Subsequently, a
number of outbreaks, such as the ones in 1968 [26], 1997
[27], 2006 [20], and 2008 [21], were attributed to DENV-1
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infection wherein a progressive change in the disease
profile from mild to severe form was observed [20].
Genetic variations in the circulating DENV-1 strains were
observed during these years with emergence of a new
lineage [20] and co-circulation of multiple genetic lineages
of DENV-1 for several years [21]. Subsequent to the first
reports on DENV-1 from South India [26], several disease
outbreaks have been reported from the region [28, 29].
Confirmed cases of dengue in Kerala, located in the
Southwest-coast of the peninsula, were reported for the first
time in 1997 wherein presence of DENV-1, DENV-2, and
DENV-4 were identified by serological analysis [28]. The
most severe dengue outbreak in Kerala occurred in 2003
with 3,546 confirmed cases and 68 cases of mortality.
DENV-3 was attributed as a predominant serotype along
with the presence of DENV-2 [28]. Though the number of
cases fell to 686 in the following year, since then there has
been a steady increase in dengue cases in the state with
2,597 cases reported in 2010 that accounted for 17 deaths
[19]. Molecular studies on viral strains from Kerala are
lacking and in our previous study based on reverse-tran-
scription polymerase chain reaction (RT-PCR) and nucle-
otide sequencing, co-circulation of multiple dengue virus
serotypes and combined infections involving Genotype III
of DENV-1, Genotype IV of DENV-2, and Genotype III of
DENV-3 were documented [30]. Major outbreaks involv-
ing DENV-1 strains have not been reported in the region so
far. With direct sea and air-links to the dengue endemic
Southeast Asian countries on the Pacific Rim, and presence
of thick tropical vegetation providing ideal breeding
grounds for the vector Aedes mosquitoes, the region can act
as a major point of entry and spread of new dengue virus
strains in the subcontinent. This study describes the char-
acterization of DENV-1 strains isolated from a focal,
small-scale dengue outbreak in the state by complete
genome sequencing and comparative sequence analysis.

Materials and methods
Clinical samples

A small-scale fever outbreak that occurred in a Medical
college campus in Thiruvananthapuram, the capital city of
Kerala state during April-May 2009 served as the source of
the samples. Blood samples (2-5 ml) were collected under
informed consent from patients who were admitted with
fever, head-ache, retro-orbital pain, myalgia, and backache,
and clinically diagnosed as Dengue in the hospital. Sam-
ples were transported to the laboratory in cold-chain and
used for anti-dengue IgM and IgG detection, RT-PCR and
for virus isolation.
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Laboratory diagnosis by serology and RT-PCR

Presence of anti-dengue IgM and IgG antibodies in patient
serum was detected using a commercial ELISA kit (IVD
Research Inc, Carlsbad, USA) as per the protocol supplied
along with the kit. An in-house single tube RT-PCR that
can amplify RNA corresponding to a 654-bp C-PrM coding
region from all the four serotypes has been described
previously [30]. This was used for Dengue viral RNA
detection in the patient samples. In brief, viral RNA was
extracted from 140 pl of the serum samples using QIAmp
Viral RNA Mini Kit (Qiagen, Germany) following manu-
facturer’s instructions and RNA was finally eluted in 60 pl
of the elution buffer. 2 pl of the RNA was used in a 25 pl
single-step RT-PCR reaction containing 1x RT-PCR
master mix (USB, Cleveland, Ohio) and 10 pmol each of
the DIF and DencomR2 as forward and reverse primers
(Table 1), and was subjected to reverse transcription at
42 °C for 30 min. This was followed by PCR with an
initial denaturation at 95 °C for 5 min; and 35 cycles of
amplification each with a denaturation at 94 °C for 30 s,
annealing at 55 °C for 1 min, and extension at 68 °C for
1 min; and a final extension step of 68 °C for 2 min. The
654-bp amplified product obtained in the positive samples
were purified by GFX gel band elution kit (GE, Amersham,
USA) and were further subjected to a multiplex semi-
nested PCR using DIF as the forward primer and nTSI,
nTS2, nTS3, and nDen4 as the reverse primers (Table 1)
for serotype identification as previously described [31, 32].
This multiplex PCR using slightly modified type-specific
primers (Table 1) was designed to amplify a 489-bp
fragment for DENV-1, 123 bp for DENV-2, 296 bp for
DENV-3, and 395 bp for DENV-4. 25 ul PCR reaction
mixture contained 1x GoTag PCR Master mix (Promega,
Madison, Wisconsin), 10 pmol of each primers, and 2 pl
of the purified template. The amplification conditions
were as described above avoiding the reverse transcription
step.

C-PrM region and whole-genome nucleotide
sequencing

For analyzing the C-PrM region, approximately 50 ng of the
gel purified 654-bp PCR product was subjected to direct
nucleotide sequencing reaction without cloning. For whole-
genome analysis, larger sub-genomic fragments (approxi-
mately 2 kb; Fig. 1) were amplified and cloned in plasmid
vectors. For this, the virus was isolated in C6/36 mosquito
cell lines. Confluent cell monolayers in T-25 flasks were
infected with 1:10 diluted dengue positive serum samples
and further cultured in L-15 medium (Invitrogen, USA)
supplemented with 2 % Fetal bovine serum (Invitrogen,
USA) at 28 °C. The virus containing supernatants were
collected on fifth day post-infection as described earlier [30]
and stored in aliquots at —80 °C. Isolates obtained after a
single passage in C6/36 cells were used for sequencing. 2 pl
of the viral RNA was isolated as previously described and
used in a single-step RT-PCR done with a high fidelity
enzyme mix (Fidelitaq RT-PCR kit; USB, Cleveland, Ohio)
as per kit protocols using the primer combinations as shown
in Fig. 1. The amplification conditions were as described
previously. These were then cloned using pGEM-T easy
vector kit (Promega, Madison, WI) as per manufacturer’s
instructions, and plasmid DNA was isolated from the JM109
strain of E. coli transformed with the vector and cultured on
ampicillin (50 pg/ml) containing selection medium. Six
overlapping clones were made for each isolate to span the
entire virus genome. The PCR products and the clones were
sequenced bi-directionally using the Big-dye Terminator
Cycle sequencing kit in an ABI 3730 Genetic Analyzer
automated DNA sequencer (PE Applied Biosystems, Foster
City, CA). Accuracy of the sequencing reads were ensured
by selecting only the high quality base-calls as per the
chromatogram and also by sequencing additional clones.
The primers used for the genome walking approach are given
in Table 2. The sequence contigs were assembled using CAP
contig assembly program in the Bio-Edit 6.0.7 software [33].

Table 1 Primers used for Dengue viral RNA detection in the clinical samples and serotype identification by RT-PCR

Primer Sequence Location (with respect  Reference sequence =~ Amplicon  Reference

name 5 - 3) to the ref. sequence) (GenBank accession  size (bp) (publication)
no)

DIF TCAATATGCTGAACGCGCGAGAAACCG 132-159 NC_001477 [31]

DencomR2  GCNCCTTCDGMNGACATCC 783-765 NC_001477 654 [30]

nTS1 CTGGTTCCGTCTCAGTGATCCGGGGG 620-595 NC_001477 489 [31]

nTS2 AACGCCACAAGGGCCATGAACA 254-233 AY858096 123

nTS3 TGCTGGTAACATCATCATGAGACAGAGCG  427-399 NC_001475 296

nDen4 CTCTGTTGTCTTAAACAAGAGAGGTC 527-502 NC_002640 395 [32]
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Table 2 Primers used in the study for whole-genome sequencing
Name Forward primer Position (with respect Name Reverse primer Position (with respect
sequence (5'-3") to NC_001477) sequence (5'-3") to NC_001477)
DlseqlF tacgtggaccgacaagaacagtttcg 10-35 Dlseq2R cctgcettgctaactatcatgtgtgg 462-486
Dlseq2F ccacacatgatagttagcaagcagg 462-486 Dlseq3R caccgtgaatcctgggtgtc 820-839
Dlseq3F gagacacccaggattcacggtg 818-839 Dlseq4R gttcgtcgacacacaaagttcg 1,195-1,216
Dlseq4F gaactttgtgtgtcgacgaacg 1,196-1,217 DlseqSR gctgtcttgaatgtgaccagea 1,639-1,660
DlseqSF ctggtgacatttaagacagctcatg 1,641-1,665 Dlseq6R tctcaccaaaaggeggttct 2,039-2,058
D1seq6F agaaccgccttttggtgaga 2,039-2,058 Dlseq7R gtgacgaatgccacttccaca 2,460-2,482
Dlseq7F tgtggaagtggcatttttgtcac 2,460-2,482 Dl1seq8R tggtcatcgggacattctggag 2,836-2,857
D1seq8F ccaaacaccccagaatge 2829-2,846 Dlseq9R ttccaacttgcctaggtgecatg 3,217-3,239
Dl1seq9F ccatctcttaggaccacaacagtca 3,303-3,327 Dl1seqlOR acattggtctcattttaaaagtggc 3,708-3,732
DlseqlOF gccacttttaaaatgagaccaatgt 3,708-3,732 Dlseql1R tgggccggetagtggcacgte 4,200-4,220
Dlseql1F tggcccctcaatgaaggaatcatggct 4,131-4,158 Dlseql2R gaggacagcccccctggtga 4,672-4,691
Dlseql2F tggcatgtcaccaggggagct 4,665—-4,685 Dlseql3R ctcacggactatggctggaa 5,131-5,150
Dl1seql3F ttccagccatagtcecgtgag 5,131-5,150 Dlseql4R gagttccatgatctctcaggaa 5,536-5,557
Dlseql4F ttcctgagagatcatggaactc 5,536-5,557 Dlseql5R agggctgggataattecttctgg 6,021-6,043
Dlseql5F ccagaaggaattatcccageect 6,021-6,043 Dlseql6R agcgtcaaatgctgtggaagttt 6,408-6,430
Dlseql6F tagggaaacttccacaacactt 6,405-6,426 Dlseql7R gccactgeatagagggtceagg 6,937-6,960
Dlseql7F cctggaccctctatgcagtgge 6,937-6,958 Dlseql8R gecagtgtgatggattcgeaca 7,396-7,417
Dl1seql8F tgtgcgaatccatcacactgge 7,396-7,417 Dlseql9R gccacctcttccacaaccgagg 7,808-7,829
Dl1seql9F ccteggttgtggaagaggtggc 7,808-7,829 Dl1seq20R gccacatgtettgttccageg 8,345-8,365
D1seq20F caatggctcacaggaaaccaac 8,299-8,319 Dlseq21R aacacagctcctattgetgeg 8,786-8,806
Dlseq21F tggagcagtgttcgttgacgaa 8,797-8,818 Dl1seq22R agtagggcatgttcgggttcca 9,238-9,259
D1seq22F tggaacccgaacatgecctact 9,238-9,259 Dl1seq23R gttcatcttggttgcggeatg 9,748-9,768
Dl1seq23F catgccgcaaccaagatgaac 9,748-9,768 Dlseq24R gectatcagggatccacacca 10,104-10,124
Dlseq24F ccaccaacatacaagtggccata 10,138-10,160 Dlseq25R ggtettgggccecgetgctgcg 10,542-10,563
D1lseq25F aacaccaggggaagctgtaccc 10,558-10,579 Dl1seq26R tgattcaacggcaccattccat 10,703-10,724
Sequence and phylogenetic analysis Indian strains [20-23] and the Indo-Pacific strains [12, 15—

17]. A data set of 158 sequences for the C-PrM region and
ClustalW function of the Bio-Edit 6.0.7 software was used  a data set of 59 sequences for the complete coding region
for the comparative analysis of nucleotide and amino acid  were used in the analyses. Sequences were aligned by
sequences of Indian as well as closely related Indo-pacific =~ Clustal W [35] and the nucleotide substitution model for
isolates. Phylogenetic analysis was carried out employing  each data set was identified by the Model (ML) function in
MEGA 5.5 program [34]. The data sets for the analysis = the MEGA 5.5. Accordingly, K 4+ G (Kimura-2 parameter
were selected from the National Center for Biotechnology [36] with Gamma distribution) settings for the C-PrM
Information (NCBI) GenBank database (http://www.ncbi. region data sets, and GTR + G + I (General time revers-
nlm.nih.gov) based on the previous studies employing  ible model with Gamma distribution with Invariant sites)
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settings for complete coding region sequence data sets
were used, and maximum-likelihood analysis with 1,000
bootstrap replications was carried out for each data sets.

Selection pressure analysis

For detection of evidences for positive selection, the online
adaptive evolution server http://www.datamonkey.org/ was
used [37]. Three different codon-based likelihood meth-
ods—single likelihood ancestor counting (SLAC), fixed
effects likelihood (FEL), and random effects likelihood
(REL)—executed by the server were employed to estimate
the ratio of non-synonymous to synonymous substitutions
(dN/dS ratio) per codon sites. The SLAC and FEL are
conservative methods for estimation of site-by-site substi-
tution rates, whereas the REL is a less conservative method
best suited for small data sets with low sequence diver-
gence and allows synonymous rate variation. The analysis
was run with default parameters that used a neighbor
joining tree and a significance setting of P value/Bayes
factor <0.1 for SLAC and FEL and a Bayes Factor of 50
for REL analysis. The TrN93 nucleotide substitution model
was predicted by the server as the best substitution model
for the data set used, and this was employed in the analysis.

Results
Clinical picture of the outbreak

76 patients (44 males and 32 females), who were mostly
interns and nursing students, with a mean age of 27.07 years
were suspected to have dengue infection during the outbreak.
Going by the World Health Organization case definitions, 13
patients (17.1 %) were clinically diagnosed as dengue hem-
orrhagic fever (DHF), 2 patients (2.6 %) as dengue shock
syndrome (DSS), and the remaining cases as Dengue fever.
The major presenting features were fever (97.4 %), myalgia
(84.2 %), periorbital pain (48.7 %), backache (46 %), giddi-
ness (35.5 %), abdominal pain (27.6 %), polyarthralgia
(21 %), and syncope (15.8 %). The average fever duration
was 3.03 days. Major physical findings included petechiae
(21.3 %), hepatomegaly (13.15 %), splenomegaly (7.9 %),
hypotension (6.57 %), overt bleeding (2.6 %), and ascites
(1.3 %). Myocarditis was diagnosed in 3 (3.9 %) and 2
(2.6 %) had pancreatitis. Leucopenia (<3,000/mm>) was
present in 38 (50 %) and 41 (53.9 %) had thrombocytopenia
(<1OO,000/mm3). There was no mortality.

Laboratory diagnosis by serology and RT-PCR

Among the 76 samples, IgM antibody was positive in 58
(76.3 %), 1gG antibody was positive in 36 (47.3 %) and

both were positive in 28 (36.8 %). In the RT-PCR, 39
(51.3 %) were positive for dengue virus nucleic acid as
identified by the amplification of the 654-bp product. In the
serotype-specific multiplex PCR, all the DENV nucleic
acid positive samples amplified a 489-bp fragment indi-
cating that they belonged to the serotype 1 of dengue virus.
Subsequent sequence analysis of the amplified C-PrM
region confirmed this observation.

C-PrM region and whole-genome nucleotide
sequencing

Of the 39 samples positive for DENV 1 infection, partial
C-PrM region of the 37 samples could be sequenced by
direct sequencing approach (Supplementary Table 1).
Sequencing of the two samples could not be carried out as
the recovery of primary PCR product from these samples
was very low. For whole-genome analysis, two isolates that
represented the major viral population in the outbreak
(RGCB585/2009 and RGCB592/2009) (Fig. 2) were
sequenced. Apart from this, we also sequenced two isolates
from our repository that were collected from Thiruva-
nanthapuram from sporadic cases in the years 2007 and
2008 (RGCB294/2007 and RGCB419/2008) (Supplemen-
tary Table 1). The total length of the assembled sequences
were 19 bp less than the NCBI NC_001477 DENV-1 ref-
erence sequence as the optimal PCR primer regions
designed for the study did not include the sequences from
the extreme end of the 5'- and 3'-NTR.

Sequence analysis

To identify whether the 2009 outbreak strains were previ-
ously circulating in India or were newly introduced, we
initially analyzed a short 303-bp consensus coding region
of the C-PrM protein (corresponding to the position
257-559 of the NCBI DENV-1 reference sequence
NC_001477). This region was selected for analysis as the
unpublished nucleotide sequences of the corresponding
region of DENV-1 strains from different geographical parts
of India were available in the GenBank. This 303-bp
C-PrM nucleotide sequences when compared, was found to
be identical in 32 of the 37 samples studied. The region had
96 % identity with the NCBI NC_001477; 96.96 % iden-
tity with 1956 Indian prototype (P23086; GenBank
Accession No. EU626489) and 95.58 % identity with the
Singapore 8114/93 prototype (GenBank Accession No.
AY762084). Five samples (RGCB601, 606, 611, 629, 666)
had a nucleotide substitution T511C and one among them
(RGCB606) had an additional substitution of T357C. The
latter substitution resulted in an amino acid change of I88T
in the capsid protein.

@ Springer


http://www.datamonkey.org/

Virus Genes (2012) 45:1-13

Fig. 2 Phylogenetic analysis of
the partial (303 bp) C-PrtM
region of the Indian and closely
related strains of dengue virus
serotype-1. Maximum-
likelihood analysis was carried
out with 1,000 bootstrap
replications employing a
Kimura-2 parameter correction
with Gamma distribution
settings. The scale bar
represents the number of
nucleotide substitutions per site.
Boot-strap values more than
50 % are shown. GenBank
accession number and name,
place and year of isolation are
indicated. Sequences obtained
in the study are shown (filled
triangle) and the outbreak
strains are underlined.
Sequences of Indian strains are
indicated with open diamond
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< AY593210 62234/1962/vellore
< AY593213 633760/1963/vellore

99 — DQ285560 Reunion 257/04

L—— DQ285561 Seychelles 1480/04

AB178040 02-20 Japan
99 I_ P
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The full-length genome of the two strains from the out-
break RGCB585/2009 (GenBank accession no. JN903580);
RGCB592/2009 (GenBank accession no. JN903581), and
the 2008 strain RGCB419/2008 (GenBank Accession No.
JN903579) were of 10,693 bp each, whereas that of
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India-1

India-3

EU081280 D1/SG/06K2236DK1/2006

AY726553 D1.Myanmar.49440/02

< AY584591 1021/1997/delhi
< AY584592 1022/1997/delhi

77 EU848545 US/Hawaii/1944
TEO AY584593 1201/1997/delhi
< AY584594 1412/1998/delhi

RGCB294/2007 (GenBank accession no. JN903578) was
10,714 bp. This difference in length was due to a 21-bp
deletion (corresponding to the positions between 10,293
and 10,315) within the 3’-NTR of RGCB585/2009,
RGCB592/2009, and RGCB419/2008 (Fig. 4). In online
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basic local alignment search tool (BLAST) analysis,
RGCB294/2007 showed a nucleotide level identity of
97 % with D1/SG/05K4147DK1/2005 (GenBank acces-
sion no. EU081258). The three strains RGCB585/2009,
RGCB592/2009, and RGCB419/2008 showed an identity
of 98 % with the Thailand isolates (ThD1_0442_80 and
ThD1_0673_80) and 97.7 % identity with Brunei DS06-
210505, Comoros 04.329/93, and Singapore 8114/93
isolates at the complete coding region nucleotide level.
At the amino acid level, this translated to an identity of
98.2 % with the Brunei DS06-210505 and 99 % with the
Singapore 8114/93 isolates. The three strains had 99.6 %
similarity with the Singapore 8114/1993 isolate and
98.9 % similarity with the Brunei DS06-210505 isolate
at the amino acid level. More detailed comparison of the
sequences of these four isolates from Kerala and closely
related Brunei, Thailand, Comoros, and Singapore strains
revealed several non-synonymous substitutions leading to
amino acid changes (Tables 3, 4). Many of them fell
within the previously reported functional regions of the
structural and non-structural proteins of the virus (Sup-
plementary Fig. 1).

Phylogenetic analysis

The partial C-PrM region sequence (303 bp) was used in
the initial phylogenetic analysis as previous studies from
India have used this genomic portion [20, 21]. In the
analysis, all the strains of this study clustered within the
Genotype III clade of DENV-1 (Fig. 2). The isolate from
2007 (RGCB294/2007) grouped within the India-1 lineage
[22, 23] designated as India-4 by Kukreti et al. [20], along
with the North Indian strains from Delhi and Gwalior, and
the Singapore isolate 05K4147DK. However, all the strains

sequenced from this outbreak were found to cluster as a
separate clade with a significant bootstrap support. The 32
isolates with identical sequences clustered together (Fig. 2)
representing the major viral population in the outbreak.

In the phylogenetic analysis using the full-length coding
region sequences, the two major clades of American strains
and the Indo-pacific strains were clearly evident within the
Genotype III strains (Fig. 3). The two outbreak samples
RGCB585/2009 and RGCB592/2009 and the 2008 isolate
RGCB419/2008 clustered with the Brunei DS06-210505,
Singapore 8114/93, Comoros 04.329/93, and two strains
from Thailand (AY732474 and AY732476) in the Indo-
pacific group. The RGCB294/2007, along with the
Singapore 05K4147DK1 and RéUnion 191/04, formed a
sub-clade within the American clade.

Selection pressure analysis

As nucleotide substitutions were observed in the isolates
studied by whole-genome sequencing, we carried out
selection pressure analysis across the coding region
sequences. A single data set containing the complete cod-
ing region sequences of 12 strains that formed a distinct
clade (RGCB294/2007, RGCB419/2008; RGCB585/2009;
RGCB592/2009, Singapore 8114/93, ThD1_0442_80,
ThD1_0673_80, Brunei DS06-210505, Comoros 04.329/
93, Myanmar 40568/98, Myanmar 40553/96 sequences;
Fig. 3) was used in the analysis. The initial alignment of
the sequences was made with Singapore 8114/93 as the
reference strain for the input data into the Datamonkey
server. Among the three methods used, the mean dN/dS
ratio obtained for SLAC method was 0.076, for FEL
method was 0, and for REL was 0.106029. As per the

Table 3 Nucleotide changes in Kerala isolates with respect to Singapore 8114/93 reference strain

Isolate Year of Passage GenBank Number of Nucleotide changes 3’-NTR
collection no. in accession no. - -
C6/36 5'-NTR Coding region (synonymous/non-synonymous)
cells Structural Non-structural Protein
Protein
C-PtM E NS1 NS2A NS2B NS3 NS4A NS4B NS5
RGCB294/ 2007 1 JN903578 3472 73/7 61/7 21/4 1171 67/3 27/3  40/5  158/12 14
2007
RGCB419/ 2008 1 JIN903579 21/3 32/2 23/5 21/4 11/1  35/2 14/2  14/0  66/8 3
2008
RGCB585/ 2009 1 JN903580 23/3 34/3  22/5 22/5 1272 3512 15/1 13/0  68/10 4
2009
RGCB592/ 2009 1 JN903581 32/2 35/4  25/7 24/6 1272 36/2 16/1 14/1  66/8 3
2009
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Fig. 3 Phylogenetic analysis
using the complete protein
coding nucleotide sequences.
Maximum-Likelihood analysis
was carried out with 1,000
bootstrap replications
employing a general time
reversible model (GTR) with
gamma (G) distributed with
Invariant sites (I) settings. The
scale bar represents the number
of nucleotide substitutions per

1) AF226687 FGA/89

AF226686 FGA/NA d1d

EF122232 FGA/NA a5c

sl EF122231 FGA/NA P6

FJ547086 DENV-1/US/BID-V2130/1995
FJ562106 DENV-1/US/BID-V2097/1986
FJ547087 DENV-1/US/BID-V2135/1992
FJ410188 DENV-1/US/BID-V2139/1996
FJ478457 DENV-1/US/BID-V2138/1996
AF226685 Den1BR/90

FJ639735 DENV-1/VE/BID-V2162/1997
GU131834 DENV-1/VE/BID-V3550/2001
FJ639740 DENV-1/VE/BID-V2168/1998
GU131837 DENV-1/VE/BID-V3558/2005

site. Bootstrap values more than
50 % are shown. GenBank
accession number and strain
names are given for each strain.
Sequences obtained in the study
are shown (filled triangle)

Genotype III‘00

99

Genotype Il

FJ850104 DENV-1/VE/BID-V2469/2008

99 EU081258 D1/SG/05K4147DK1/2005
‘ﬂl_—l_— A JN903578 D1/IN/RGCB294/2007 Kerala
DQ285559 Reunion 191/04

GQ868601 DENV-1/VG/BID-V2937/1985
FJ850090 DENV-1/BR/BID-V2398/2007
FJ850084 DENV-1/BR/BID-V2392/2005
FJ850077 DENV-1/BR/BID-V2384/2003
FJ850071 DENV-1/BR/BID-V2375/2000
FJ850081 DENV-1/BR/BID-V2389/2004
FJ850075 DENV-1/BR/BID-V2381/2002
FJ850070 DENV-1/BR/BID-V2374/2000
GU131863 DENV-1/BR/BID-V3490/2008
FJ850087 DENV-1/BR/BID-V2395/2006
AY722803 D1.Myanmar.32514/98
AY722802 D1.Myanmar.23819/96
AY722801 D1.Myanmar.40568/76
AY713473 D1.Myanmar.40553/71
AY732476 ThD1 0442 80 Thailand
AY732474 ThD1 0673 80Thailand
DQ285562 Comoros 04.329/93

AY762084 Singapore 8114/93
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A JN903579 D1/IN/'RGCB419/2008
A JN903580 D1/IN/RGCB585/2009
AJIN903581 D1/IN/RGCB592/200

-2 AB195673- D1/hu/Seychelles/NIID41/2003
‘OOEDQ285560 Reunion 257/04
100 DQ285561 Seychelles 1480/04
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90

100
Kerala

100
100

Genotype |

I— AB204803 D1/hu/Yap/NIID27/2004

AY726552- D1.Myanmar.44988/02
AY713474- D1.Myanmar.194/01
AY713475- D1.Myanmar.206/01
AY726550-D1.Myanmar.38862/01
AY726553- D1.Myanmar.49440/02

93
97

100

100

| e |

0.01

statistical significance criteria set for the program (P value/
Bayes factor <0.1 for SLAC and FEL and a Bayes Factor
of 50 for REL), none of these methods identified sites with
positive selection that enhances the evolutionary fitness of
the viral strains studied.

@ Springer

AY726551-D1.Myanmar.44168/01
AY708047-D1.Myanmar.059/01
AY713476- D1.Myanmar.305/01
AB178040-02-20 Japan
DQ193572-Fj231/04

FN429890 D1MYO05-33915

EU081262 D1/SG/05K4173DK1/2005
EU081273 D1/SG/05K4606DK1/2005
EU081281 D1/SG/06K2290DK1/2006
EU081280 D1/SG/06K2236DK1/2006

Discussion

We initiated this study to characterize the viral strains from
a dengue outbreak which was unique in being a non-sea-
sonal outbreak. Seasonality of Dengue infection in India
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Fig. 4 Comparison of the
3'-NTR of the Kerala isolates
and closely related Indo-pacific
DENV-1 isolates. Conserved
residues are indicated by dots

AYT62084 Singapore 8114/93
EU081258 D1.SG05K4147DK1.2005
JN903578 RGCB294/2007 Kerala
JN903579 RGCB419/2008 Kerala
JN903580 RGCB585/2009 Kerala
JN903581 RGCB592/2009 Kerala
EU179860 DS06-210505 Brunei

AYT62084 Singapore 8114/93
EU081258 D1.SG05K4147DK1.2005
JN903578 RGCB294/2007 Kerala
JN903579 RGCE419/2008 Kerala
JN903580 RGCB585/2009 Kerala
JN903581 RGCB592/2009 Kerala
EU179860 DS06-210505 Brunei

has been previously studied [19, 38]. Over the years, a
strong association between the Monsoon and the dengue
occurrence in the Indian subcontinent has been observed,
with an increased incidence during the Monsoon and
immediate post-monsoon periods (June—October) [18, 19,
28, 29]. A few earlier studies have reported the occurrence
of dengue outbreaks in dry season of March—May [39, 40].
In Kerala, this period is characterized by the occurrence of
pre-monsoon showers with irregular dry and wet spells [41]
that favors localized Aedes mosquito breeding activity and
resurgence of disease incidence in Dengue endemic areas
of the state. The clinical severity of the present outbreak
was moderate with only 13 cases of DHF (17.1 %) and two
cases of DSS (2.6 %) and no mortality. The local author-
ities could identify the breeding source of mosquitoes in
the present outbreak as the waterlogged areas in a building
construction site in the medical college campus, and could
contain the spread of the disease successfully with stringent
vector control measures.

The major observation in this study was the genetic
distinctness of the DENV-1 strains involved in the outbreak
from the previously reported Indian DENV-1 strains. Even
though the disease outbreak under study occurred only in
2009, closely related strains of the DENV-1 that caused the
outbreak were circulating in the region in earlier years.
This was indicated by the close similarity of the two strains
of the outbreak (RGCB585 and 592) with the 2008 isolate
(RGCB419) from Thiruvananthapuram. These three strains
were identical with the presence of four mutations—L46M
in the capsid, D278N in the NS1, L1231 and L879S in the
NS5 protein coding regions (Table 4). Also, they shared a
21-bp deletion in the 3’-NTR (Fig. 4). The possibility of
the observed genetic variation in the strains causing this
outbreak could be due to extensive local evolution of this
highly mutating virus [3, 4] accumulating nucleotide
changes during sporadic infections in this dengue endemic

Variable Region
&0

N | Ieiee
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area, or might be due to presence of strains introduced from
elsewhere. The latter possibility of exotic introduction into
the state is highly likely as supported by the finding that the
three strains (RGCB419, RGCB585, and RGCB592) from
Kerala shared features with the 2005 Brunei isolate DS06-
210505 [15] and the ThD1_0442_80, ThD1_0673_80, and
Comoros 04.329/93 strains. With the Brunei isolate, this
pertained to the common presence of unique amino acid
substitutions such as the L46M in capsid, D278N in the
NS1, L1231, and L879S in the NS5 protein coding regions
(Table 4), and also the 21-bp deletion in the 3’-NTR
(Fig. 4). And with the Thailand and Comoros strains, this
was indicated by the uniform presence of the amino acid
substitutions K118R in the PrM, T297V, and V3801 in the
envelope, K227R and T307I in the NS1, MI168I in the
NS2A, T635N and P636S in the NS5 proteins (Table 4 and
Supplementary Fig. 1). The phylogenetic clustering of
these sequences with a high bootstrap support (100 %)
(Fig. 3) also supported the conclusion. The observation is
not surprising as earlier studies have shown circulation of
dengue viral strains with significant genetic identity in
countries of the Indo-pacific rim indicating frequent
cross-transmission of the viral strains in the region [12, 20,
22, 23].

Involvement of strains genetically similar to the ones
obtained in this study could not be identified in previous
dengue outbreaks in India based on the available literature.
Nevertheless, as the deletion in the 3’-NTR was a unique
feature, we did an online BLAST search for strains
showing the 21-bp deletion in the 3’-NTR. We could
identify one previous strain from India collected from an
outbreak in Delhi during 2006 (NCBI GenBank accession
no. EU418660; unpublished) that had this deletion. This
indicates the presence of strains with the 3’-NTR deletion
in the country. However, as sequences of other genomic
regions of this strain are not available for comparison, it
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was not possible to identify whether the strain is related to
the three strains (RGCB419, RGCB585, and RGCB592)
from Kerala. The possibility seems unlikely as indicated by
our phylogenetic analysis with the C-PrM sequences
wherein the DENV-1 strains of the 2006 Delhi outbreak
used in the previous studies [20, 21] cluster separately as a
distinct lineage (India-2) from the 2008 and 2009 Kerala
strains (Fig. 2). It might also be possible that even if the
strains with 3’-NTR deletion was circulating in 2006 Delhi
outbreak, it was only a minor population that was not
picked up in these studies.

As evidenced by the phylogenetic analysis (Fig. 2), the
strains that caused the present outbreak are genetically
distinct from the India-2 lineage and the previously circu-
lating strains in the region. However, it might not be pru-
dent to designate them as an independent lineage as the
bootstrap support for this clustering was not highly sig-
nificant (only 50 %); the analysis used only a smaller
(303 bp) sequence of the C-PrM; and the sequence diver-
gence of this clade with the rest of the closely related
Indian strains was low (1.5 %). Further analysis using
complete genomic sequences of virus isolates from other
regions are essential for clearly deciphering the genetic
relatedness of the outbreak strains, RGCBS585 and
RGCB592 within the Indian DENV-1 strains.

The 21-bp deletion observed in the 3'-NTR is important
as the region play a major role in replication of the Dengue
genomic RNA [42]. The 3'-NTR has a variable region and
a conserved region in dengue virus. The variable region is
represented by the 84 nucleotides immediately following
the stop codon [42—44]. Within this variable region, two
regions viz. a hyper-variable region (HVR) and a semi-
variable region (SVR) have been delineated. Nucleotide
changes in the variable region can affect the efficiency of
dengue virus replication [45]. The 21-bp nucleotide dele-
tion observed in three of the Kerala strains (RGCB419,
RGCB585, and RGCB592) was within the HVR region of
the 3’-NTR (Fig. 4). The same deletion has also been
observed in the Brunei strain [15]. An earlier study [45] has
shown that among the 45 nucleotides of the HVR, a
26 nucleotides sequence alone is sufficient for efficient
replication of the virus. The deletion observed in these
strains was located downstream this region (Fig. 4)
implying that the deletion may not affect the viral repli-
cation kinetics.

In the evolutionary dynamics of Dengue, genotype level
changes are considered significant and are conventionally
attributed to change the disease profile [7]. However, a few
studies have speculated the role of minor genetic changes
and lineage diversification, and have implicated them as
the reasons for the observed increase in severity of recent
DENV1 cases in the country [20, 23]. This highlights the
importance of small-scale variations in the viral genome as

@ Springer

observed in this study. The results of the study support the
progressively changing molecular epidemiology of dengue
in India, and also point to the role of exotic introductions of
viral strains in this process. The sequences generated would
serve as a reference for future studies of the circulating
DENV-1 strains in South Asia, especially in the Indian
subcontinent.
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