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1. Introduction

ABSTRACT

Generally, RNA viruses exhibit significant genetic diversity that sometimes effect viral fitness in infected
hosts and probably also pathogenesis. Dengue viruses (DENVs) consist of four antigenically distinct ser-
otypes. All the serotypes of DENV can cause mild to severe dengue illnesses. In this study, we examined
the sequence variation of DENV in plasma obtained from four patients living in Bangkok who had been
secondarily infected with serotype 2 (DENV-2) in 2010. The plasma-derived RNA was directly subjected
to reverse transcriptase (RT)-polymerase chain reaction (PCR) at a region including most of domain III of
the envelope (E) protein gene, and the PCR products obtained were subjected to clonal sequencing. Using
19-20 clones sequenced from each patient (78 total) plus 601 corresponding sequences from a public
database, phylogenetic analysis revealed that the nucleic acid sequences fell into two clusters with
clearly different origins. Interestingly, all patients gave sequences indicating that they carried viral pop-
ulations containing 2, 3 or 5 genetic variants that consisted of one major variant plus one or more minor
variants. Three patients showed a major variant from one cluster plus one or more minor components
from the other while one showed major and minor variants from a single cluster. Thus, it can be con-
cluded that DENV belonging to two different genetic lineages were co-circulated in Bangkok in 2010.
For these two genotype clusters there was also a clear difference in H or Y at the deduced amino acid
position 346 (i.e. H346Y) that was consistent for our sequences and 601 sequences from the public data-
base. Thus, one among the mixed viral genotypes introduced into human individuals seems to be variably
selected as the predominant component of the carried viral population, and it is possible that the dynam-
ics of this process could influence virus evolution and disease severity.

© 2011 Elsevier Inc. All rights reserved.

more enhanced viral replication due to the anti-DENV antibodies
primed by the primary infection with a different serotype [2].

Dengue virus (DENV) (family Flaviviridae, genus Flavivirus) con-
sists of four antigenically related but genetically distinct serotypes
named DENV-1 to DENV-4, each of which can infect humans via
mosquito vectors. Infection with DENV is a major public health
concern throughout the tropics [1]. Primary infection with any
serotype of DENV confers life-long protection against the homolo-
gous serotype, but no protection against secondary infection with a
heterologous serotype that may induce severe dengue disease with
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DENV has a positive-sense, single-stranded RNA genome of
approximately 11 kb contained in an enveloped virion with a cap-
sid protein, a membrane protein (M), and an envelope glycoprotein
(E) [3]. Serotypic and genotypic differences among viral popula-
tions are likely to be associated with the severity of dengue illness
[4-6]. There is 60-70% identity in nucleotide sequences [7] and
approximately 70% [8] in deduced amino acid sequence identity
among the four serotypes. This is especially true for genetic diver-
sity of the E protein, the major target gene for variations that could
affect viral virulence [9]. The E protein has multi-functions, i.e.,
binding with cell surface receptors and therefore affecting host cell
tropism, and induction of immune responses that lead to the gen-
eration of escape mutants. The E protein ectodomain consists of
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three structural domains referred to as E protein domains I-III [10].
The phylogenetic analysis by Maximum Likelihood program sup-
ported the contention that the domain III, the most heterogeneous
region, was under the influence of positive selection [11].

Sequence variation of DENV-2 has been studied well. Six geno-
types of DENV-2 have been reported [4,12]. However, only DENV-2
assigned to Asian genotype 1 has been sampled since 1991, even
though Asian genotype 2 was the major genotype studied during
the 1980’s [13]. Here, we focused on the E gene of DENV-2 in plas-
ma samples from four patients to carry out clonal sequencing and
study variation in DENV-2 circulating in Bangkok, Thailand in
2010. Phylogenetic analysis of the nucleic acid sequences of these
clonal sequences together with 601 corresponding sequences from
a public database revealed that the clones from the four patients
fell into two phylogenetic clusters. All patients showed one pre-
dominant but variable genetic component from one of these clus-
ters in the viral population they carried, but this was always
accompanied by one or more minor components of variable se-
quence. Three among the four patients gave nucleic acid sequences
indicating that they carried DENV-2 populations from both of the
genetic clusters. Interestingly, sequences in the two clusters were
also separable by the amino acid substitution H346Y.

2. Materials and methods
2.1. Patients

Plasma samples were obtained from four patients with den-
gue illness who were living in Bangkok, Thailand. These patients
had been admitted to the Tropical Medicine hospital at Mahidol
University due to acute febrile illness with fever from July to Au-

gust 2010. Their plasma samples were tested for dengue non-
structural (NS)1 antigen and anti-dengue IgM and IgG
antibodies by immunochromatography (SD BIOLINE, Kyonggi-
do, Korea). The plasma samples were obtained 3-7 days after
disease onset. This study was approved by the ethical committee
of the Faculty of Tropical Medicine, Mahidol University, Bangkok.
Written informed consent was obtained from each participant
before this study.

2.2. Reverse transcriptase (RT)--polymerase chain reaction (PCR) and
cloning

The plasma samples were ultracentrifuged at 50,000 rpm
(77,000g) with a TLA 100.3 rotor in a Beckman Coulter model Op-
tima TLX-Ultracentrifuge (Beckman Coulter, Brea, CA) at 4 °C for
30 min to collect the virus particle fraction in the precipitate. Total
RNA was extracted from the precipitate using a QIAamp Viral RNA
kit (Qiagen, Hilden, Germany) by following the manufacturer’s pro-
tocol. The RNA was used as the template for reverse transcription
by using specific anti-sense primer (DEUR) and SuperScript III
cDNA synthesis kit (Invitrogen, Carlsbad, CA). The oligonucleotide
primer pairs previously reported for serotyping [14] were used
for amplification of DENV E gene including most of domain III
(Fig. 1): the 1st PCR primers DEUL/DEUR were designed to give
amplicons from all serotypes of DENV while the 2nd PCR primer
pairs D1L/D1R, D2L/D2R, D3L/D3R, and D4L/D4R were designed
for specific amplification of the DENV-1, -2, -3, and -4, respectively.
Both of the 1st and 2nd PCR reactions were performed using
PrimeStar GXL DNA polymerase (TAKARA, Shiga, Japan) to create
PCR products with blunt ends using a Thermal Cycler model Gene-
Amp PCR System 9700 (Perkin Elmer ABI). The 1st PCR was per-
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DEUL (1552-1574)*
DEUR (2170-2192)
D2L (1744-1764)

D2R (2070-2089)

5’-TGGCTGGTGCACAGACAATGGTT-3’

5’-GCTGTGTCACCCAGAATGGCCAT-3’

5’-ATCCAGATGTCATCAGGAAAC-3’

5’-CCGGCTCTACTCCTATGATG-3’

*Nucleotide position in relation to that of the DENV-2 Jamaica

strain [14].

Fig. 1. DENV gene map with location of the primers used for RT-PCR targeting the E gene region. The plasma samples from four patients with dengue illness were subjected
to RT-PCR with primers DEUL and DEUR followed by nested PCR with primers D2L and D2R using cDNA template from the initial RT-PCR reaction.
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formed under the following conditions: thirty five cycles of ampli-
fication consisting of denaturation at 98 °C for 10 s, annealing at
53 °C for 1 min, and primer extension at 72 °C for 1 min. The 1st
PCR products were diluted 10,000-fold and 2.5 pl was used as tem-
plate for the 2nd amplification. The 2nd PCR was performed with
the primers described above using the following protocol: thirty
five cycles of amplification consisting of denaturation at 95 °C for
1 min, annealing at 53 °C for 1 min, primer extension at 72 °C for
1 min, and additional primer extension at 72 °C for 7 min. The
PCR products were then electrophoresed in 1% agarose gels and
the bands were visualized using ethidium bromide staining. The
expected 346-bp PCR products were extracted and subjected to
cloning into pCR4Blunt-TOPO vector (Invitrogen), according to
the manufacturer’s instructions. Escherichia coli DH5o was trans-
formed with the resulting recombinant plasmids. A total of 19-
20 white colonies were randomly selected. Plasmid DNAs were ex-
tracted with QIAprep Spin Miniprep kit (Qiagen) and subjected to
sequencing using M13 universal primers (Macrogen Inc., Seoul,
Korea).

The sequences of the dengue viruses studied here have been
submitted to GenBank, under accession numbers AB622002 to
AB622079.

2.3. Sequence analysis

Sequence variants were analyzed at both the nucleotide and de-
duced amino acid levels. The obtained sequences were analyzed in
comparison to previously reported DENV-2 sequences from the ftp
site of Molecular and Genetic Bioinformatics Facility (ftp://ftp.ge-
nome.uab.edu/vbrc/FASTA/) on November 12, 2010.

2.4. Phylogenetic analysis

The eight unique DENV-2 E sequences obtained from the pa-
tients were aligned together with 601 corresponding DENV-2 E se-
quences from the database using MAFFT v6.705b [15]. A neighbor-
joining phylogenetic tree was created using MEGA5 [16].

3. Results
3.1. Diagnosis of four patients

Four patients living in Bangkok (D23, female, 33 years old; D30,
female, 23 years old; D33, male, 31 years old; and D34, female,
20 years old), who were clinically diagnosed with dengue fever
(D23, D33, and D34) or dengue hemorrhagic fever (D30) in 2010,
were all positive by immunochromatography using anti-DENV
[gM and IgG. NS1 antigen was positive from only patient D30
whose plasma was obtained earlier than that of the other patients,
i.e., on days 6, 3, 5, and 7 after the onset of fever in D23, D30, D33,
and D34, respectively. Thus, we concluded that these four patients
were secondarily infected with DENV.

The plasma samples were used for RT-PCR followed by clonal
sequencing. The 1st PCR was performed with primers DEUL and
DEUR that are common to all the serotypes (Fig. 1). The resulting
products were then subjected to the 2nd PCR with primers specific
to individual serotypes of DENV (see Section 2). Amplicons were
produced only with 2nd PCR primers D2L and D2R and not with
the other primer sets (data not shown), indicating that all four pa-
tients were secondarily infected with DENV-2. The final PCR prod-
ucts were cloned into pCR4Blunt vector. PCR amplicon clones (20
each from D23 and D33 and 19 each from D30 and D34) were arbi-
trarily selected from individual patients and subjected to sequence
analysis.

3.2. Sequence variations of DENV-2 from four patients

Sequencing of a total of 78 clones from these patient samples
identified eight discrete nucleotide variants named “#1"-“#8"
(Fig. 2A). At the amino acid level, these nucleotide variants en-
coded four variables, deduced amino acid sequences named “a”-
“d” (Fig. 2B). Patient D23 carried five variants (#1, #3, #4, #5,
and #7) at the nucleotide level and three (a, b, and d) at the amino
acid level; patient D30 carried three variants (#1, #3, and #4) at
the nucleotide level and two (a and b) at the amino acid level; pa-
tient D33 carried three variants (#1, #2, and #3) at the nucleotide
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Fig. 2. Variation of the DENV-2 E sequences mostly including domain IIl among a total of 78 sequences derived from four patients. Domain III regions in the nucleotide (A)
and amino acid (B) sequences are shown in bold typeface. The distribution of variant clone numbers for individual nucleotide and amino acid sequences derived from

individual patients are shown in tables adjacent to the sequences in A and B.
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level and two (a and b) at the amino acid level; and patient D34
carried two variants at both the nucleotide level (#6 and #8) and
the amino acid level (a and c) (Fig. 2). D23 and D33 showed similar
dominance of nucleotide sequence #1 corresponding to amino acid
sequence b (15 clones and 18 clones, respectively) as their major
population component. D30 and D34 showed dominant popula-
tions of nucleotide sequences #3 and #6, respectively (15 and 18
clones, respectively) that corresponded to amino acid sequence a.
Interestingly, the patients also carried variable minor populations.
For example, patient D23 (dominant #1 and b) also carried one
minor clone of nucleotide sequence #3 (corresponding to amino
acid sequence a), two of #4 (amino acid sequence a), one of #5
(amino acid sequence d), and one of #7 (amino acid sequence a),
while D33 (also dominant #1 and b) showed one minor clone of
#2 (amino acid sequence b) and one of #3 (amino acid sequence
a). Patient D30 (dominant #3 and a) showed one minor clone of
#1 (amino acid sequence b) and three of #4 (amino acid sequence
a), while patient D34 (dominant #6 and a) showed one minor clone
of #8 (amino acid sequence c).

3.3. Phylogenetic analysis of DENV-2 sequences from four patients,
together with 601 sequences from public databases

Next, the nucleic acid sequences obtained in this study were
used together with a total of 601 corresponding DENV-2 sequences
from a database (Molecular and Genetic Bioinformatics Facility) to
make a phylogenetic comparison (Fig. 3). The tree contains clusters
named American (cluster A in this study), Cosmopolitan (clusters B
and C-1), American/Asian (clusters C-2 and C-3), Asian 2 (cluster C-
5), Asian 1 (cluster D-8), and other clusters including sub-clusters
D-9-1 and D-9-2 (Table 1) [17]. The 78 sequences obtained in this
study were located only in clusters C-5 (nucleotide sequences #1
and #2) and D-9 (nucleotide sequences #3-#5 in sub-cluster D-
9-1 and #6-#8 in sub-cluster D-9-2). With respect to the phyloge-
netic tree in Fig. 3, the sequences from patients D23 (five nucleo-
tide variants), D30 (three nucleotide variants) and D33 (three
nucleotide variants) fell into clusters C-5 and D-9 (i.e. sub-clusters
D-9-1/D-9-2), indicating that they carried virus populations that
arose from two independent origins, whereas two nucleotide vari-
ants from D34 fell into the single sub-cluster D-9-2, indicating that
the patient carried a viral population arising from a single origin.
The major nucleic acid sequence for patients D23 and D33 was
#1 from cluster C-5, but their minor sequences differed in number
and type except for one shared minor sequence (#3). For patient
D30, the dominant nucleic acid sequence was #3 from cluster D-
9 (sub-cluster D-9-1). For this patient, the minor sequences #1
(the dominant sequence in D23 and D33) and #4 were from clus-
ters C-5 and D-9 (sub-cluster D-9-1), respectively. For patient D34,
the dominant sequence was #6 and the minor sequence #8, both
absent from any other patient and both from cluster D-9 (sub-clus-
ter D-9-2). In summary, the phylogenetic analysis of the nucleic
acid sequences revealed that patients D23, D30, and D33 carried
viral populations derived from two different origins while D34 car-
ried a population derived from a single origin.

Analysis of deduced amino acid sequences derived from our
eight distinct nucleic acid sequences (#1-#8), revealed four differ-
ent sequences called “a”-“d” (i.e., a = #3, #4, #6 and #7 from nu-
cleic acid tree cluster D-9; b =#1 and #2 from cluster C-5; c=#8
from cluster D-9; and d=#5 from cluster D-9) (see table in
Fig. 2). Of particular interest was amino acid residue 346 (Fig. 2)
that was tyrosine in amino acid sequences a, ¢, and d (all from clus-
ter D-9) but histidine in b (from cluster C-5) (i.e., Y346H outlined in
gray background in the sequence alignment in Fig. 2B). Thus, there
was a clear difference between amino acid sequences in cluster C-5
(all histidine) and D-9-1/D-9-2 (all tyrosine). Analysis of the de-
duced amino acid sequences from the database revealed that 406

out of 601 DENV-2 viruses gave histidine at this location, while
the other 195 gave tyrosine. Interestingly, all the records in clus-
ters A, B, and C gave histidine for this residue, except for 10 se-
quences derived from Puerto Rico in cluster C-2 that carried
tyrosine (Table 1). In contrast, all of the cluster D series carried
tyrosine, except for several ancestral clusters, such as D-1 and D-
2, that carried histidine (Table 1). In cluster D-3, one (DQ181804)
had tyrosine, while the other (DQ181805) had histidine. With re-
spect to variation in other amino acid, the substitution R350H in
amino acid sequence ¢ and S298T in amino acid sequence d were
observed only within cluster D-9 (Figs. 2B and 3) and not in any
of the 601 sequences derived from the database.

4. Discussion

Sequence variations of DENV-2 in the plasma derived from four
patients with dengue illness were examined by RT-PCR directly
from plasma samples to prevent the possibility of virus population
selection that might occur with virus isolation in culture. Phyloge-
netic analysis of nucleotide sequences revealed that two patients
carried a virus population with a major component belonging to
phylogenetic cluster Asian 2 (C-5) and that the other two patients
carried a major component in cluster D-9 within sub-clusters D-9-
1 and D-9-2. Thus, the phylogenetic tree suggested that clusters C-
5 and D-9 arose from different origins. Interestingly, three out of
four patients carried sequences representative of both of these
clusters, one as a major and the other as a minor component of
their DENV-2 populations, indicating that at least two DENV-2
populations were co-circulating in Bangkok in 2010.

The two populations of DENV-2 identified in this study might be
carried by mosquitoes, as previously suggested for the sequence
variation in this vector [18]. It is unknown whether the two viral
populations were introduced to the patient who was bitten by a
single mosquito or multiple mosquitoes carrying different geno-
type clusters. After bitten, a certain virus could be selected and
propagate more efficiently to become the major component of
the host population, i.e., cluster C-5 in two patients and cluster
D-9 in two patients. This phenomenon might arise due to differ-
ences in the DENV serotype that was the primary DENV infection
experienced by these patients, since the anti-dengue virus IgG
antibodies derived from the primary infection could have a signif-
icant influence on active viral replication by antibody-dependent
enhancement, as previously reported [19,20]. Another possible
explanation may be fitness differences in DENV-2 populations in
humans who are led from an asymptomatic condition [21] to a
wide spectrum of clinical manifestations [22,23]. Consequently,
as seen in these four patients, concurrent infection of DENV-2 of
at least two different origins might occur often in Bangkok. In fact,
previous reports showed similar evidence for concurrent infections
of DENV in several regions [24,25]. Although detailed data on clin-
ical aspects of the four patients in this study were not available,
there was no apparent association between clinical severity and
virus clusters among the four patients in this study, and this was
similar to observations noted previously [13,26-28].

Variation in the amino acid residue at position 346 (i.e., histi-
dine or tyrosine) may constitute a good marker for the cluster C
and D series: 346H for all sequences in the cluster C series (except
for 10 sequences with 346Y in cluster C-2), versus 346Y for all se-
quences in cluster D series (except for clusters D-1 and D-2 and
one sequence of cluster D-3 (DQ181805), all of which were ancient
clusters within the cluster D series that carried 346H). This sug-
gests that the viral population with 346Y evolved after the appear-
ance of a cluster D-3 lineage from a DENV-2 population with 346H.
We could not detect any other amino acid variant at this position
among our sequences or among the 601 sequences from the data-
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Fig. 3. Neighbor-joining phylogenetic tree created using a total of 78 nucleotide sequences from the DENV-2 E region in this study, together with a total of 601 sequences
from the corresponding region from a public database. Bootstrap values less than 65 are not shown in figure. The nucleotide sequences #1-#8 in this study are located in
clusters C-5, D-9-1 and/or D-9-2. Clone numbers (parenthesis) from the individual patients are indicated in the tree. The sequences from database are indicated by their

accession numbers or totally shown by tentatively named clusters.
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Table 1

Amino acid substitution H346Y in DENV-2 sequences at clusters C-5 and D-9 (D-9-1
and D-9-2) derived from four patients in this study as well as a total of 601 DENV-2
sequences derived from database.

Cluster Amino acid residue  Sequence source Genotype
at 346 (sequence number)
Histidine Tyrosine

A 13 0 Tonga (4), Peru (3), American
Venezuela (1), Mexico
(1), Puerto Rico (1),
Cambodia (1),
Unknown (2)

B 2 0 China (1), Unknown (1) Cosmopolitan

C-1 37 0 Taiwan (19), Indonesia ~ Cosmopolitan
(5), Singapore (4),
Brunei (3), China (2),
Vietnam (2), Australia
(1), Burkina Faso (1)

C-2 176 10 Puerto Rico (127)?, American/
Vietnam (46), Asian
Cambodia (7), Thailand
(1), China (1),
Venezuela (1),
Unknown (3)

C-3 150 0 Nicaragua (110), American/
Venezuela (13), Puerto  Asian
Rico (11), Colombia (6),
Cuba (6), Dominican
Republic (3),
Martinique (1)

C-4 3 0 Puerto Rico (3)

C-5 41 0 Thailand (35)°, New Asian 2
Guinea (2), China (2),
Colombia (2)

D-9-1 0 23 Thailand (23)°

D-9-2 0 20 Thailand (20)°

FJ639718 0 2 Cambodia (1), Thailand

DQ181797 (1)

D-8 0 28 Thailand (27), Unknown  Asian 1
(1)

D-7 0 4 Cambodia (4)

D-6 0 139 Vietnam (136),
Cambodia (2), Thailand
(1)

D-5 0 8 Thailand (8)

D-4 0 3 Cambodia (3)

D-3 1 1 Thailand (2)

D-2 3 0 Thailand (2), Unknown
(1)

D-1 14 0 Unknown (14)

EF105379¢ 1 0 Malaysia (1)

2 Ten sequences for 346Y are derived from Puerto Rico.
b Sequences obtained in this study.
€ Accession number of a virus derived from sentinel monkey is shown.

base, indicating that these two amino acids are highly conserved in
the cluster C and D series. Thus, it is not likely that the substitution
was derived from escape mutation by immune pressure, although
this amino acid residue was included in the epitope region in a pre-
vious report [29]. Further study is needed to determine any func-
tional association between virus evolution and disease severity
resulting from the difference between the two viral populations,
one carrying histidine and the other tyrosine.
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