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Abstract: Dengue virus (DENV) is one of the most prevalent neglected tropical diseases, with half
of the world’s population at risk of infection. In Nepal, DENV was first reported in 2004, and its
prevalence is increasing every year. The present study aimed to obtain and characterize the full-
length genome sequence of DENV from the 2017 outbreak. Hospital-based surveillance was
conducted in two provinces of Nepal during the outbreak. Acute-phase serum samples were
collected from 141 clinically suspected dengue patients after the rainy season. By serological and
molecular techniques, 37 (26.9%) and 49 (34.8%), respectively, were confirmed as dengue patients.
The cosmopolitan genotype of DENV-2 was isolated from 27 laboratory-confirmed dengue patients.
Genomic analysis showed many amino acid substitutions distributed mainly among the E, NS3,
and NS5 genes. Phylogenetic analyses of the whole genome sequence revealed two clades (Asian
and Indian) among DENV-2 isolates from Nepal. The DENV isolates from hilly and Terai areas were
similar to Asian and Indian strains, respectively. Further genomic study on different DENV
serotypes is warranted to understand DENV epidemics in Nepal, where there are limited scientific
resources and infrastructure.

Keywords: dengue; dengue virus serotype 2; cosmopolitan genotype; whole genome sequencing;
Nepal

1. Introduction

Dengue virus (DENV) is an emerging mosquito-borne arboviral infection endemic in
urban and suburban areas of tropical and subtropical countries globally [1]. It is
transmitted to humans by the bite of infected female mosquitoes, mainly Aedes aegypti and
A. albopictus. DENV causes a wide spectrum of disease severity, ranging from flu-like
illness (dengue with and without warning signs) to life-threatening conditions known as
severe dengue [2]. The four serotypes of DENV (DENV1, DENV-2, DENV3, and DENV4),
which belong to the genus Flavivirus of the family Flaviviridae, are antigenically and
genetically distinct. Infection with one of these DENV serotypes provides lifelong
immunity to that particular serotype only [3]. When the same person obtains a second
DENYV infection from a different serotype, it can lead to severe dengue with dengue
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hemorrhagic fever/dengue shock syndrome [4]. Globally, about 1% of dengue-infected
people die of this disease if it is not managed properly [5].

DENV is a single-stranded, positive-sense RNA virus with a genome length of
approximately 11 kb [6]. Its genome has a long, open reading frame that encodes a
polyprotein and is flanked by the 5- and 3'-untranslated regions. It encodes three
structural proteins (capsid (C), membrane (M) and envelope (E)) and seven nonstructural
(NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, N54B, and NS5) [6]. The major role of the
structural proteins is to contribute to the pathogenic function of the virus, mainly
flexibility in host attachment, virulence, and replication [7]. The nonstructural proteins
could play important roles in the evolution of DENV in hyperendemic areas. Increasing
severity and transmission are known to be associated with amino acid variations in
nonstructural DENV proteins [8]. Complete genome sequencing has significantly
improved our understanding of the full extent of the genomic diversity of DENV and the
consequences of such genetic variation in functional terms. DENV serotypes are further
classified into genotypes and lineages based on the nucleotide sequences due to the high
mutation rates [9].

It is estimated that among 390 million dengue infections reported every year
worldwide, 96 million manifest clinically with any severity of dengue, with some
requiring hospitalization [5]. The worldwide incidence of dengue has increased eightfold
over the last 2 decades (0.5 million in 2000 to 4.2 million in 2019) [5]. Around 1.8 billion
people in the WHO South-East Asia and Western Pacific regions are at risk of dengue.
During the last few decades, DENV has emerged in South Asia, and epidemics of varied
magnitude have occurred in Bhutan, Nepal, India, Maldives, Bangladesh, and Pakistan
[10].

DENYV is an emerging disease in Nepal and was first reported in 2004 [11]. After this
first report, several outbreaks occurred in different areas of Nepal, where all four
serotypes were reported [12-14]. Dengue-epidemic outbreaks occur at 2- or 3-year
intervals, with one dominant serotype varying over time. The number of reported dengue
patients has been increasing every year, and the largest outbreak was in 2019 [15,16]. Virus
evolution (genotype or serotype shifting) is an important factor in causing outbreaks [17].
Few whole genomes of the DENV strains circulating in Nepal have been sequenced. To
understand the virus’s evolution, the molecular study of circulating DENV serotypes and
genotypes during epidemics is essential. The present study aimed to understand the
molecular epidemiology of DENV in different geographical areas in Nepal during a large
outbreak that exploded after heavy rainfall and flooding in 2017.

2. Materials and Methods
2.1. Study Design and Sites

This cross-sectional study was carried out in November 2017. During the rainy
season, heavy rainfall had resulted in flooding and landslides, affecting 26 districts of
Nepal. After a month, there was an outbreak of febrile illness. The present study was
conducted in two areas (lowland Terai and hilly) of Nepal. Mahottari and Sarlahi
represented the lowland Terai region of Nepal, and Dhading represented the hilly area.
These two districts are known to report DENV cases almost every year. A total of 141
patients with the presumptive diagnosis of dengue on rapid diagnostic testing (119
antibody detections and 22 NS1 detections) were included. Serum samples were collected
from primary healthcare centers of Lalbandi, Sarlahi, and Bardibas of Mahottari (lowland
Terai) and Dhading District Hospital, in the hilly region of Bagmati Province (Figure 1).
Sarlahi and Mahottari are near the border with India, where the temperature is usually
high. Mean annual rainfall and seasonal temperatures greatly vary in the two ecologically
distinct sampling sites (Terai and hilly areas).
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Figure 1. District-level map of Nepal showing the study sampling sites and areas affected by flooding and landslides in
2017. Areas in red indicate the districts affected. Asterisks indicate the sampling sites.

2.2. Sample Collection

Blood samples were collected from individuals with a febrile illness clinically
resembling DENV infection. Basic demographic information (age and sex) and clinical
information were obtained with a questionnaire using direct interviews. A blood sample
(3 mL) was collected from each patient and allowed to clot at room temperature. The
samples were centrifuged to separate serum, which was stored at —20 °C until further
study. Serum samples were used for NS1-antigen detection using an SD Bioline rapid test
(Standard Diagnostic, Seoul, Korea). Serological and molecular studies were performed at
the Department of Virology, Institute of Tropical Medicine, Nagasaki University, Japan.

2.3. Serological Examination (Anti-DENV IgM and Anti-DENV IgG)

Serological examination of DENV infection was performed by an in-house anti-
DENYV IgM antibody capture (MAC) ELISA and anti-DENV IgG indirect ELISA. In-house
MAC ELISA was performed to confirm acute DENV infection, as described previously
[18,19]. Optical density (OD) was read at 492 nm, and a P:N (positive-control OD or
sample OD/negative control OD) ratio > 2 was considered positive. In-house DENV IgG
indirect ELISA [20] was used to determine primary and secondary infection and had a
high correlation with dengue hemagglutination inhibition, the gold standard
recommended by the WHO [1]. A sample titer > 1:3000 (cutoff value for positive IgG was
1:1000 + 3 standard deviations) was considered DENV IgG-positive. If the IgG titer were
229,000, infection was considered secondary dengue, whereas a titer < 29,000 was
considered primary dengue [20].
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2.4. Virus Isolation in Cell Culture

Serum samples (10 pL) were inoculated into A. albopictus clone mosquito cells (C6/36
E2) grown in flat culture tubes to isolate DENV. Virus-infected cells were incubated at 28
°C for 7 days in Eagle’s minimum essential medium supplemented with 2% fetal calf
serum and 0.2 mM non-essential amino acids [21,22]. Infected culture fluid (ICF) was
collected from each tube, aliquoted, and stored at -80 °C until further use. A second virus
passage was completed for 1 week in tubes with fresh confluent cells with the same
incubation conditions as the first passage. ICF was collected and processed from each tube
for further molecular analysis.

2.5. RNA Extraction and Conventional Reverse Transcription (RT)-PCR

RNA was extracted from 140 uL ICFs for the presence of DENV using a viral RNA
Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. The
presence of DENV RNA was confirmed by RT-PCR protocol using a PrimeScript One-
Step RT-PCR Kit version 2 (Takara Bio, Shiga, Japan) following the manufacturer’s
protocol. RT-PCR amplification was carried out in a final volume of 25 pL with 5 uL RNA.
The PCR mixture consisted of 1 pL enzyme mix, 13 uL 2x buffer, 4 pL nuclease-free water,
1 uL of 100 pmol forward and reverse primers, with separate primer sets for the detection
of DENV and determination of specific DENV serotypes [22-24].

2.6. Quantification of DENV Genome Levels by Real-Time RT-PCR

Viral RNA was extracted from 140 uL of serum sample using the same kit used for
RNA extraction from ICF. RNA (5 uL) was used for quantitative real-time RT-PCR (qRT-
PCR). The envelope (E) gene was targeted for amplification in 20 uL total reaction mixture
consisting of 5 uL. TagMan Master Mix, 9 puL nuclease-free water, 0.3 uL of 100 pmol
forward and reverse primers, and 0.4 uL. probe with DENV serotype-specific primers of
TagMan Fast Virus 1-Step Master Mix (Life Technologies, CA, USA) following a protocol
described previously [25]. Viral genome levels are expressed as logi genome copies/mL.

2.7. Whole-Genome Sequencing by Next-Generation Sequencing (NGS) and Phylogenetic Tree
Analysis

Whole-transcriptome libraries (Ion Total RNA-Seq Kit version 2, Life Technologies,
CA, USA) were synthesized using RNA extracted from ICF. Sequencing was performed
using NGS (Ion Proton, Life Technologies, CA, USA). Low-quality reads of <75% with a
quality score < 20 were removed from the input data file using the FastX Toolkit 0.0.14.
Sequence quality was checked before and after quality trimming by FastQC 0.11.8. For de
novo assembly, Trinity 2.8.4 [26] was used, and the sequence name was repaired by SeqKit
v 10.0.1. BLASTn 2.7.1 [27] was used to assemble the de novo contig. The trimmed FastQ
data set was mapped using BWA 0.7.17 [28] to the reference sequence chosen by BLASTn,
and variants were detected by LoFreq 2.1.3.1 [28] and VarScan 2.4.3 [28]. From the VarScan
output, Samtools 1.9 constructed the consensus DENV sequence. Data preprocessing was
conducted according to the best-practice workflow for GATK 3.8.1 and Picard 2.20. DENV
sequences in the International Nucleotide Sequence Database Consortium were collected
and annotated with Entrez Direct and annotated by SeqKit. Sequences of the full-genome
coding region were aligned by MAFFT 7.407 [29]. Maximum-likelihood phylogenetic trees
were constructed by PhyML 3.2.0 [30]. Bootstrap values were obtained after 1000
replications. The substitution model was selected by jModelTest 2.1.10 [31].

2.8. Statistical Analysis

All data on patients’ clinical and laboratory parameters were transcribed into a
spreadsheet (MS Excel), and appropriate data verification and cleaning were performed.
Data were analyzed using SPSS version 22.0. Categorical variables were presented as
absolute number (n) and percentage (%) as appropriate. Continuous variables (ratio of
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nonsynonymous to synonymous mutations) were compared using the Mann-Whitney U
test. a = 0.05 was used for all statistical analyses, and P < 0.05 was considered statistically
significant.

3. Results
3.1. Demographics and Clinical Findings

After the first dengue report in 2004, major dengue outbreaks occurred in 2006, 2010,
2013, and 2016 with 32, 917, 683, and 1527 cases, respectively. The overall trend of dengue
cases in Nepal shows a clear increase over the period. Heavy rainfall that started in August
2017 resulted in massive flooding and landslides, affecting 26 districts in the Terai region
(Figure 1). The number of febrile patients rapidly increased in the affected districts. A total
of 141 blood samples were collected from Sarlahai and Mahottari (n = 107) and Dhading
district (n = 34), where flooding and landslides had occurred.

The age range of patients with suspected dengue was 4 months to 76 years (median
27 years). The highest number of cases (49, 34.8%) were aged 16-30 years (Figure 2a),
followed by <15 years (32, 22.7%). The most common clinical features of dengue-suspected
cases confirmed by rapid diagnostic tests were fever (97%, 123/127), headache (43%,
55/127), malaise (43%, 55/127), coughing (38%, 31/81), vomiting (24%, 19/81), eye pain
(14%, 11/81), and nausea (13%, 16/127; Figure 2b). Note that patients whose clinical
information was missing were excluded during the analysis of clinical features.
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Figure 2. Demographics (age, sex) and clinical features of dengue suspected patients during the 2017 outbreak, Nepal. (a)
Number of dengue suspected cases by age and sex groups. (b) Common symptoms.

Platelet counts were below the normal range (median 190,000/cm?) Figure 3 shows
27.6% (24/87) of patients had platelet counts < 150,000/cm?, and 72.4% (63/87) had counts
>150,000/cm? (n = 87). Hemoglobin levels and total WBC counts were within the normal
range (data not shown).
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Figure 3. Platelet counts in dengue suspected patients during the 2017 outbreak, Nepal.

3.2. Serological Findings

A total of 141 serum samples were investigated using MAC ELISA for DENV, and
22.0% (31/141) were found to be positive. Those samples were also used for DENV IgG
indirect ELISA, with 18.4% (26/141) positive and 81.6% (115/141) negative. Among DENV
IgG-positive patients, 7 (5.0%) and 19 (13.4%) had a primary and secondary dengue
infection, respectively. Among the 141 patients, 19 (13.5%) tested positive for both DENV
IgM and IgG antibodies.

3.3. Molecular Findings

All serum samples were tested for DENV by qRT-PCR, and the results showed that
34.8% (49/141) were positive for the DENV-2 serotype. Of these, virus isolation was
successful in 27 samples, confirmed by conventional RT-PCR (Table 1). Mean serum-
viremia levels were 5.2 (logio genome copies/mL) in the 49 real-time PCR-positive patients
and 6.4 in 27 patients with isolated DENV, respectively (Supplementary Figure S1).

Table 1. Demographic and laboratory profiles of dengue suspected patients with positive DENV
isolation results (n = 27).

Serum Virus
i D f I I iremia Level
Sample Patient Location Age Sex ays o gM gG Viremia Leve Isolation
No. Code Fever Ratio Titer (log1o
. Serotype
copies/mL)
1 B-102 Bardibas 12 M 2 09 178 8.0 DENV-2
2 B-107 Bardibas 62 M 2 07 324 7.0 DENV-2
3 B-57 Bardibas 5 F N/A 1.0 282 7.6 DENV-2
4 B-151 Bardibas 36 F N/A 2.3 13,036 5.7 DENV-2
5 B-156 Bardibas N/A N/A N/A 50 1702 49 DENV-2
6 B-157 Bardibas N/A N/A N/A 0.8 1674 5.7 DENV-2
7 B-158 Bardibas N/A N/A N/A 1.0 278 59 DENV-2
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8 B-159 Bardibas N/A N/A N/A 1.7 203 49 DENV-2

9 B-160 Bardibas N/A N/A N/A 3.2 117 9.2 DENV-2
10 B-62 Bardibas 35 M N/A 0.7 212 6.8 DENV-2
11 B-63 Bardibas 20 M N/A 1.0 404 7.5 DENV-2
12 B-64 Bardibas 32 F N/A 0.7 849 7.6 DENV-2
13 B-80 Bardibas 22 F 3 1.5 223 5.6 DENV-2
14 B-81 Bardibas 22 M 2 0.8 200 73 DENV-2
15 B-86 Bardibas 50 F N/A 6.5 6112 7.3 DENV-2
16 B-97 Bardibas 48 M 2 0.9 395 74 DENV-2
17 D-13 Nilkantha 40 M 5 0.2 217 8.7 DENV-2
18 D-17 Nilkantha 21 M 2 0.6 219 6.1 DENV-2
19 D-24 Nilkantha 42 F 3 0.5 305 4.1 DENV-2
20 D-3 Nilkantha 15 F 3 2.2 135 4.5 DENV-2
21 D-30 Nilkantha 20 F 3 0.6 409 5.0 DENV-2
22 D-40 Nilkantha 30 F 3 0.3 342 5.8 DENV-2
23 L-10 Lalbandi 46 F 5 3.9 997 55 DENV-2
24 L-13 Hariwon 26 M 7 29 23,375 5.5 DENV-2
25 L-15 Lalbandi 30 F 3 6.8 9629 7.7 DENV-2
26 L-21 Lalbandi 18 M 5 94 221 55 DENV-2
27 L-3 Lalbandi 30 F 5 25.6 28,016 7.0 DENV-2

N/A =not available; M = male; F = female; bold font indicates that IgM positive cutoff > 2, and IgG
positive cutoff > 3000.

3.4. Phylogenetic Analysis

NGS analysis was performed, and the complete DENV-2 genome was determined
from the ICF of cells inoculated with the 26 patients’ serum samples. One sample (L-40)
was not read by NGS. To compare the genetic background of DENV-2 strains, we
compared the sequences of the DENV-2 isolates from this study with reference sequences
of DENV-2. We examined the genetic relationship of the present 26 isolates and the other
22 DENV-2 strains isolated from diverse geographical areas and obtained from GenBank
by performing phylogenetic analysis on their complete genome sequences. All were the
DENV-2 cosmopolitan genotype (Figure 4). DENV-2 isolates from Nepal showed two
clades (Asian and Indian). The 20 DENV-2 isolates derived from hilly areas of Nepal
belonged to Asian strains (similar to Chinese, Indonesian, and Singaporean strains), while
five isolates belonging to Indian strains were derived from Terai, which borders India.
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Figure 4. Phylogenetic tree based on whole-genome sequencing of 26 DENV-2 strains (indicated by asterisks, and red and
blue colored fonts for each clade) isolated from the 2017 dengue outbreak in Nepal. The DENV-2 phylogenetic tree was
reconstructed using the maximum likelihood method. The 20 reference strains used in the phylogenetic tree were obtained
from Genbank and are named by country origin, strain name, year of isolation, and GenBank accession number.

To characterize viral amino acid differences using NGS, the amino acid sequences of
the DENV-2 isolates were aligned, which revealed 99% shared identity among the isolates.
Compared with 26 isolates, amino acid substitutions were identified in 165 sites
throughout the complete coding region of the five DENV-2 isolates in this study (Table 2).
Across the complete genome, the number of positions with variant frequency > 1%
revealed 223 synonymous and 58 nonsynonymous mutation sites among DENYV isolates
in the present study (Figure 5). There was no difference in the median mutation ratio of
synonymous to nonsynonymous mutation sites between dengue structural (median 3.4,
IQR 2.36-3.7) and nonstructural proteins (median 4.25, IQR 3.1-5.5; p = 0.183 (Mann-
Whitney U test); Supplementary Figure S2). The major amino acid substitutions were
distributed among the E, NS3, and NS5 genes. Variant frequency > 50% indicated that
these variants had become predominant in the particular patient (Table 2).

Table 2. Non synonymous variants (>1%) alleles shared among the complete genome of DENV-2
isolates from 2017 outbreak, Nepal.

Sample No.  Feature Nucl(.e(?tide A:lligo Referenc Alternate Frequen A:lligo
Position ... eAllele Allele cy (%)
Position Change
20 C 418 108 C A 7 L-M
20 C 431 112 C T 7 A-V
20 C 435 113 A G 7 M
1,2,3,4,5,6,7,8,9,11,
13,14,17,18,19,23, M 704 203 A G 22-62 E-G
24, 25,26
21 M 817 241 A G 1 I-v
23 E 954 286 A G 52 M
17,19 E 1046 317 C A 28-55 T-N
9 E 1481 462 C T 5 T-M
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Figure 5. Positions with variant incidence > 1% per gene among the DENV-2 isolates from the 2017
outbreak in Nepal.

4. Discussion

Dengue has been identified as one of the important emerging infectious diseases in
Nepal. Establishing a molecular database is very important and necessary to understand
DENYV evolution, virulence, and spread. This information is lacking in Nepal. This report
describes the basic molecular database of DENV variants isolated from Nepal. The first
case in Nepal was identified in 2004 [11]. DENV epidemics occur during and after the
rainy season in Nepal [32,33]. Several factors related to mosquito invasion and increased
travel among the populace could be drivers of the expanding epidemic and could explain
the introduction of DENV to newer locations. Population growth has led to unplanned
and uncontrolled urbanization, which has caused deterioration of the environment, water,
sewage, and waste management in many parts of the country. The crowded human
population living in close contact with increasingly higher-density mosquito populations
creates suitable conditions for increased dengue infection.

The age distribution of suspected clinical dengue cases showed that the highest
number of cases were aged 15-30 years (34.8%), followed by those aged <15 years (22.7%).
This result is similar to data obtained in the 2016 outbreak, in which dengue-positive cases
were recorded more in those aged > 15 years [14,15,34]. Seropositivity is generally higher
in younger people (age 15-30 years) because they are more active in outdoor activities and
are likely to be more exposed to mosquitoes. In the 2017 outbreak, common clinical
features were fever, headache, myalgia, and nausea. Relatively less common clinical
features were retro-orbital pain, anorexia, arthralgia, skin rash, and abdominal pain. The
severity of these clinical features was different in each patient, depending upon the DENV
serotype and host immune systems. Similar results have been obtained in previous studies
[15,34]. However, skin rash, retro-orbital pain, and hemorrhagic manifestations are more
specific than other features in dengue cases.
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In the present study, 56.7% (80/141) of cases were confirmed as dengue infection by
DENV IgM ELISA, DENV IgG ELISA, and DENV real-time RT-PCR. The 43% (63/141) of
patients detected as recent dengue infection were confirmed by DENV IgM ELISA and
DENYV real-time RT-PCR. The remaining dengue-negative cases might have been due to
other febrile illnesses, such as chikungunya fever, influenza, Japanese encephalitis,
measles, typhoid, rickettsiosis, and malaria [19]. It is also possible that the antibody
against dengue had not yet been produced by patients when the serum was collected
during the acute phase of illness. Convalescent-phase serum samples were not available
in this study. The 18% of secondary infections found in this study may relate to patients
presenting with febrile illness and not severe symptoms. In a previous study, there was a
higher prevalence of secondary DENV infection than primary infection [14,35,36].
Relevant authorities should work toward preparedness for future outbreaks.

Four dengue serotypes were reported in 2006 and 2010 [14,37]. The dominant
serotypes in the dengue outbreaks of 2010, 2013, and 2016 were DENV-1,-2, DENV-2, and
DENV-1, respectively. Here, we confirmed that the DENV-2 cosmopolitan genotype was
responsible for the 2017 outbreak. This genotype spread widely throughout Sri Lanka,
India, Bangladesh, China, Thailand, Reunion Islands, Israel, Seychelles, and the Indian
Ocean islands in 2017 [22,38-42]. In contrast to serotypes, very little is known about the
DENYV genotypes circulating in Nepal. The Terai region of Nepal borders India, and hence
itis expected that DENV strains isolated from Nepal originated in India. The phylogenetic
tree showed that the DENV-2 isolated in Nepal during the 2017 outbreak likely originated
in India; however, this was not true for all of the DENV-2 isolates in this study (Figure 4).
The phylogenetic tree showed that 20 of the DENV-2 isolates were genetically close to
other Asian DENV-2 isolates, mainly from China (2015 and 2016), Indonesia (2014), and
Singapore (2013 and 2014). The largest number of international tourists arriving in Nepal
in 2017 were from India (155,784), China (108,839), the US (79,255), the UK (52,690), and
Sri Lanka (45,313) [43]. There was a strong relationship between the number of
international travelers and DENV-2 strains isolated in Nepal. These results also showed
that different DENV strains found in Nepal were imported from different geographical
areas before there was local transmission. Similar to the present study, DENV strains were
imported from different geographical areas in studies reported in China, Singapore, and
Vietnam [44]. The diversity of DENV-2 strains has been shown to play an important role
in the resurgence of severe dengue infection [45].

In the whole-genome sequences of DENV-2 strains from Nepal, 26 strains showed
many amino acid substitutions (223 synonymous and 53 nonsynonymous) in structural
and nonstructural proteins (Table 2). Our study found many mutations (34 synonymous
and 10 nonsynonymous) in the E gene. A change in amino acids in the E gene may enhance
neutralization during pathogenesis. In addition to the E gene, amino acid variants in
several positions were observed in the NS1 (n =5), NS2A (n =10), NS2B (n=2), NS3 (n=
8), NS4A (n = 1), NS4B (n = 5), and NS5 (n = 12) genes. Interestingly, some amino acid
substitutions (E203G and K1047R) observed in the M and NS1 proteins in this study had
also been reported previously [46,47]. These substitutions may potentially influence viral
fitness and virulence in host cells. These variations in the DENV genome sequence are
probably due to selection pressure, adaptive evolution, and ecology [48].

5. Conclusions

We report the isolation and complete genome analysis of DENV-2 strains isolated
from serum samples during the 2017 outbreak in Nepal. The whole-genome sequences of
26 DENV-2 isolates from Nepal with amino acid variations were compared with other
DENV-2 strains circulating in different parts of the world to determine the genetic
relationships. We concluded that genetic variations were quite high among the envelope
gene of DENV-2 in Nepal during 2017. These data show the pathogenic characteristics of
DENV-2 and their role in dengue outbreaks in Nepal. These findings are very important
for preparedness in preventing future outbreaks and can both guide national
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governments in forming public-health policies and boost the efficiency of an early
warning system for new viral strains. Moreover, continued monitoring of full-length
genomic information of DENV from a model country such as Nepal with extensive
altitudinal and climatic variations may explore whether such variations contribute to the
genetic makeup of DENV as a consequence of adaptation. These types of genomic
monitoring are helpful in executing timely outbreak interventions, and these sequence
databases contribute to understanding the dynamics of dengue evolution at national and
global levels. Most importantly, these data will be essential in monitoring outbreak trends
and establishing predictive models for early outbreak detection.

Supplementary Materials: The following are available online at
www.mdpi.com/article/10.3390/v13081444/s1, Figure S1: Mean virus titer in serum, (a) of real time
PCR positive in 49 patients, (b) of 27 patients with DENV isolates, Figure S2: The ration of
frequencies of synonymous and non-synonymous muatation (nS/S) among structural and non-
structural genes.

Author Contributions: Conceptualization, M.M.N.T., K.P.,, B.D.P.,, and K.M. Formal analysis,
MM.N.T, KP., T.N,, AKK, and SI. Methodology, MM.N.T,, K.P., TN, M.A,, AKK, and S.KR.
Supervision, M.M.N.T., K.P,, B.D.P., and K.M. Funding acquisition, M.M.N.T. and K.M. Writing—
original draft, M.M.N.T. and K.P. Writing —review and editing, M.M.N.T., K.P., S.P.D., B.D.P., and
K.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research work was supported by the Japan Agency of Medical Research and
Development (AMED) under grant number JP21wm0125006, JP21wm0225017 (Japan program for
Infectious Diseases Research and Infrastructure).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and the ethical approval for this study was provided by Nepal Health
Research Council (NHRC) (Ref number 792/2019, 3218/2021), Nepal, and Institute of Tropical
Medicine Ethical Committee, Nagasaki University, Japan (191003223/2019).

Informed Consent Statement: We collected the samples during the dengue outbreak after flooding
for the purpose of diagnosis and management of febrile cases. Informed consent was obtained from
patients and parents or guardians of children prior to the collection of samples.

Data Availability Statement: Not applicable.

Acknowledgments: We thank all the members of the Department of Virology, Institute of Tropical
Medicine, Nagasaki University. We would like to thank all patients, doctors, nurses, and laboratory
technicians in different study hospitals of Nepal. We would like to acknowledge all participating
hospitals, Central Regional Directorate, Vector Borne Diseases and Research Center for their
support.

Conlflicts of Interest: The authors have declared that no competing interests exist.

References

1.  WHO. WHO|Dengue Haemorrhagic Fever: Diagnosis, Treatment, Prevention and Control; 2nd ed.; World Health Organization:
Geneva, Switzerland, 1997.

2. World Health Organization. Dengue Guidelines for Diagnosis, Treatment, Prevention and Control; World Health Organization:
Geneva, Switzerland, 2009.

3.  Wilder-Smith, A.; Ooi, E.E.; Vasudevan, S.; Gubler, D.J. Update on Dengue: Epidemiology, Virus Evolution, Antiviral Drugs,
and Vaccine Development. Curr. Infect. Dis. Rep. 2010, 12, 157-164, d0i:10.1007/s11908-010-0102-7.

4.  Halstead, S.B. Dengue. Lancet 2007, 370, 1644-1652.

5. WHO. Dengue and severe dengue 2020. WHO Fact Sheet 2020. Available at: https://www.who.int/news-room/fact-
sheets/detail/dengue-and-severe-dengue. Accessed 30 May 2021.

6.  Chambers, T.J.; Hahn, C.S.; Galler, R.; Rice, C.M. Flavivirus genome organization, expression, and replication. Annu. Rev.
Microbiol. 1990, 44, 649-688.

7.  Owens, RJ,; Limn, C; Roy, P. Role of an Arbovirus Nonstructural Protein in Cellular Pathogenesis and Virus Release. ]. Virol.
2004, 78, 6649-6656, d0i:10.1128/jvi.78.12.6649-6656.2004.

8.  Rodriguez-Roche, R.; Gould, E.A. Understanding the Dengue Viruses and Progress towards Their Control. BioMed Res. Int. 2013,

2013, 1-20, doi:10.1155/2013/690835.



Viruses 2021, 13, 1444 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Holmes, E.C.; Twiddy, S.S. The origin, emergence and evolutionary genetics of dengue virus. Infect. Genet. Evol. 2003, 3, 19-28,
doi:10.1016/s1567-1348(03)00004-2.

WHO. Dengue and Severe Dengue Key Facts; World Health Organization: Geneva, Switzerland, 2018.

Pandey, B.D.; Rai, S.K.; Morita, K.; Kurane, I. First case of Dengue virus infection in Nepal. Nepal Med. Coll. ]. NMCJ 2004, 6,
157-159.

Pandey, B.D.; Nabeshima, T.; Pandey, K.; Rajendra, S.P.; Shah, Y.; Adhikari, B.R.; Gupta, G.; Gautam, I.; Tun, M.M.N.; Uchida,
R.; et al. First Isolation of Dengue Virus from the 2010 Epidemic in Nepal. Trop. Med. Health 2013, 41, 103-111,
doi:10.2149/tmh.2012-17.

Prajapati, S.; Napit, R.; Bastola, A.; Rauniyar, R.; Shrestha, S.; Lamsal, M.; Adhikari, A.; Bhandari, P.; Yadav, S.R.; Manandhar,
K.D . Molecular phylogeny and distribution of dengue virus serotypes circulating in Nepal in 2017. PLoS One 2020, 15: e0234929.
doi: 10.1371/journal.pone.0234929.

Dumre, S.P.; Bhandari, R.; Shakya, G.; Shrestha, S.K.; Cherif, M.S.; Ghimire, P.; Klungthong, C.; Yoon, I.-K.; Hirayama, K.; Na-
Bangchang, K.; et al. Dengue Virus Serotypes 1 and 2 Responsible for Major Dengue Outbreaks in Nepal: Clinical, Laboratory,
and Epidemiological Features. Am. J. Trop. Med. Hyg. 2017, 97, 1062-1069, doi:10.4269/ajtmh.17-0221.

Poudyal, P.; Sharma, K.; Dumre, S.P.; Bastola, A.; Chalise, B.S.; Shrestha, B.; Poudel, A.; Giri, A.; Bhandari, P.; Shah, Y.; et al.
Molecular study of 2019 dengue fever outbreaks in Nepal. Trans. R. Soc. Trop. Med. Hyg. 2021, 115, 619-626,
d0i:10.1093/trstmh/traa096.

Dumre, S.P.; Acharya, D.; Lal, B.K,; Brady, O.]. Dengue virus on the rise in Nepal. Lancet Infect. Dis. 2020, 20, 889-890,
doi:10.1016/s1473-3099(20)30445-x.

Wilder-Smith, A.; Murray, N.E.A.; Quam, M. Epidemiology of dengue: Past, present and future prospects. Clin. Epidemiol. 2013,
5,299-309, doi:10.2147/clep.s34440.

Bundo, K.; Igarashi, A. Antibody-capture ELISA for detection of immunoglobulin M antibodies in sera from japanese
encephalitis and dengue hemorrhagic fever patients. |. Virol. Methods 1985, 11, 15-22, d0i:10.1016/0166-0934(85)90120-x.

Tun, M.M.N.; Thant, K.Z.; Inoue, S.; Kurosawa, Y.; Lwin, Y.Y,; Lin, S.; Aye, K.T.; Khin, P.T.; Myint, T.; Htwe, K,; et al. Serological
characterization of dengue virus infections observed among dengue hemorrhagic fever/dengue shock syndrome cases in upper
Myanmar. ]. Med. Virol. 2013, 85, 1258-1266, doi:10.1002/jmv.23577.

Inoue, S.; Alonzo, M.T.G.; Kurosawa, Y.; Mapua, C.A ; Reyes, ].D.; Dimaano, E.M.; Alera, M.T.P.; Saito, M.; Oishi, K.; Hasebe,
F.; et al. Evaluation of a Dengue IgG Indirect Enzyme-Linked Immunosorbent Assay and a Japanese Encephalitis IgG Indirect
Enzyme-Linked Immunosorbent Assay for Diagnosis of Secondary Dengue Virus Infection. Vector-Borne Zoonotic Dis. 2010, 10,
143-150, d0i:10.1089/vbz.2008.0153.

Tun, M.M.N,; Kyaw, A K.; Makki, N.; Muthugala, R.; Nabeshima, T.; Inoue, S.; Hayasaka, D.; Moi, M.L.; Buerano, C.C.; Thwe,
S.M.; et al. Characterization of the 2013 dengue epidemic in Myanmar with dengue virus 1 as the dominant serotype. Infect.
Genet. Evol. 2016, 43, 31-37, doi:10.1016/j.meegid.2016.04.025.

Tun, M.M.N.; Muthugala, R.; Nabeshima, T.; Rajamanthri, L.; Jayawardana, D.; Attanayake, S.; Soe, A.M.; Dumre, S.P.; Ando,
T.; Hayasaka, D.; et al. Unusual, neurological and severe dengue manifestations during the outbreak in Sri Lanka, 2017. |. Clin.
Virol. 2020, 125, 104304, doi:10.1016/j.jcv.2020.104304.

Lanciotti, R.S.; Calisher, C.H.; Gubler, D.].; Chang, G.J.; Vorndam, A.V. Rapid detection and typing of dengue viruses from
clinical samples by using reverse transcriptase-polymerase chain reaction. J. Clin. Microbiol. 1992, 30, 545-551.

Morita, K.; Tanaka, M.; Igarashi, A. Rapid identification of dengue virus serotypes by using polymerase chain reaction. J. Clin.
Microbiol. 1991, 29, 2107-2110, doi:10.1128/jem.29.10.2107-2110.1991.

Kyaw, AK,; Tun, M.M.N.; Moi, M.L.; Nabeshima, T.; Soe, K.T.; Thwe, S.M.; Myint, A.A.; Maung, K.T.T.; Aung, W.; Hayasaka,
D.; et al. Clinical, virological and epidemiological characterization of dengue outbreak in Myanmar, 2015. Epidemiol. Infect. 2017,
145, 1886-1897, d0i:10.1017/s0950268817000735.

Grabherr, M.G.; Haas, B.J.; Yassour, M.; Levin, J.; Thompson, D.A.; Amit, I.; Adiconis, X.; Fan, L.; Raychowdhury, R.; Zeng, Q.;
et al. Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nat. Biotechnol. 2011, 29, 644-652,
doi:10.1038/nbt.1883.

Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.S.; Bealer, K.; Madden, T.L. BLAST+: Architecture and
applications. BMC Bioinform. 2009, 10, 421, d0i:10.1186/1471-2105-10-421.

Li, H.; Durbin, R. Fast and accurate long-read alignment with Burrows-Wheeler transform. Bioinformatics 2010, 26, 589-595,
doi:10.1093/bioinformatics/btp698.

Katoh, K,; Standley, D.M. MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Performance and
Usability. Mol. Biol. Evol. 2013, 30, 772-780, d0i:10.1093/molbev/mst010.

Guindon, S.; Dufayard, J.-F.; Lefort, V.; Anisimova, M.; Hordijk, W.; Gascuel, O. New Algorithms and Methods to Estimate
Maximum-Likelihood Phylogenies: Assessing the Performance of PhyML 3.0. Syst. Biol. 2010, 59, 307-321,
doi:10.1093/sysbio/syq010.

Darriba, D.; Taboada, G.L.; Doallo, R.; Posada, D. jModelTest 2: More models, new heuristics and parallel computing. Nat.
Methods 2012, 9, 772, d0i:10.1038/nmeth.2109.

Pandey, B.D.; Pandey, K.; Neupane, B.; Shah, Y.; Adhikary, K.P.; Gautam, I.; Hagge, D.A.; Morita, K. Persistent dengue
emergence: The seven years surrounding the 2010 epidemic in Nepal. Trans. R. Soc. Trop. Med. Hyg. 2015, 109, 775-782,
doi:10.1093/trstmh/trv087.



Viruses 2021, 13, 1444 14 of 14

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Shah, Y.; Katuwal, A.; Pun, R.; Pant, K; Sherchand, S.P.; Pandey, K.; Joshi, D.D.; Pandey, B.D. Dengue in western Terai region
of Nepal. J. Nepal Health Res. Counc. 2012, 10, 152-155.

Neupane, B.; Sherchand, ].B.; Pandey, B.D. Clinical observations among patients with Dengue Fever in Nepal. ]. Inst. Med. 2014,
36, 92-94.

Dumre, S.P.; Fernandez, S.; Shakya, G.; Nisalak, A.; Upreti, S.R.; Kc, K.; Gibbons, R.V.; Na-Bangchang, K.; Grams, R.; Ghimire,
P.; et al. Dengue Virus and Japanese Encephalitis Virus Epidemiological Shifts in Nepal: A Case of Opposing Trends. Am. ].
Trop. Med. Hyg. 2013, 88, 677-680, d0i:10.4269/ajtmh.12-0436.

Gupta, B.P.; Tuladhar, R.; Kurmi, R.; Manandhar, K. Das Dengue periodic outbreaks and epidemiological trends in Nepal. Ann.
Clin. Microbiol. Antimicrob. 2018, 17, 6.

Malla, S.; Thakur, G.D.; Shrestha, S.K.; Banjeree, M.K_; Thapa, L.B.; Gongal, G.; Ghimire, P.; Upadhyay, B.P.; Gautam, P.; Khanal,
S.; et al. Identification of All Dengue Serotypes in Nepal. Emerg. Infect. Dis. 2008, 14, 1669-1670, doi:10.3201/eid1410.080432.
Lustig, Y.; Wolf, D.; Halutz, O.; Schwartz, E. An outbreak of dengue virus (DENV) type 2 Cosmopolitan genotype in Israeli
travellers returning from the Seychelles, April 2017. Eurosurveillance 2017, 22, 30563, doi:10.2807/1560-7917 .es.2017.22.26.30563.
Pascalis, H.; Turpin, J.; Roche, M.; Krejbich, P.; Gadea, G.; Nten, C.A.; Despres, P.; Mavingui, P. The epidemic of Dengue virus
type-2 Cosmopolitan genotype on Reunion Island relates to its active circulation in the Southwestern Indian Ocean neighboring
islands. Heliyon 2019, 5, 01455, doi:10.1016/j.heliyon.2019.e01455.

Phadungsombat, J.; Lin, M.Y.-C,; Srimark, N.; Yamanaka, A.; Nakayama, E.E.; Moolasart, V.; Suttha, P.; Shioda, T.; Uttayamakul,
S. Emergence of genotype Cosmopolitan of dengue virus type 2 and genotype III of dengue virus type 3 in Thailand. PLoS ONE
2018, 13, e0207220, doi:10.1371/journal.pone.0207220.

Suzuki, K.; Phadungsombat, J.; Nakayama, E.E.; Saito, A.; Egawa, A.; Sato, T.; Rahim, R.; Hasan, A.; Lin, M.Y.-C.; Takasaki, T.;
et al. Genotype replacement of dengue virus type 3 and clade replacement of dengue virus type 2 genotype Cosmopolitan in
Dhaka, Bangladesh in 2017. Infect. Genet. Evol. 2019, 75, 103977, doi:10.1016/j.meegid.2019.103977.

Yu, H.; Kong, Q.; Wang, J.; Qiu, X.; Wen, Y.,; Yu, X,; Liu, M.; Wang, H.; Pan, J.; Sun, Z. Multiple Lineages of Dengue Virus
Serotype 2 Cosmopolitan Genotype Caused a Local Dengue Outbreak in Hangzhou, Zhejiang Province, China, in 2017. Sci. Rep.
2019, 9, 7345, doi:10.1038/s41598-019-43560-5.

Government of Nepal. Nepal Tourism Statistics; 2019. Available at:
https://www.tourism.gov.np/files/NOTICE%20MANAGER_FILES/Nepal_%20tourism_statics_2019.pdf

Dang, T.T.; Pham, M.H.; Bui, H.V.; Van Le, D. First Full-Length Genome Sequence of Dengue Virus Serotype 2 Circulating in
Vietnam in 2017. Infect. Drug Resist. 2020, 13, 4061-4068, doi:10.2147/idr.s275645.

Rico-Hesse, R.; Harrison, L.M.; Salas, R.A.; Tovarb, D.; Nisalakc, A.; Ramosd, C.; Boshelle, J.; de Mesa, M.T.R.; Nogueira, RM.;
da Rosa, A.T. Origins of Dengue Type 2 Viruses Associated with Increased Pathogenicity in the Americas. Virology 1997, 230,
244-251, doi:10.1006/viro.1997.8504.

Guo, Q.; Cui, G,; Fang, D.; Yan, H.; Zhou, J.; Si, L.; Wu, D.; Jiang, L. Origin and Phylogenetic Characteristics of Dengue Virus
Isolated from the Large Outbreak of Dengue in Guangdong Province in 2014. J. Sun Yat-sen Univ. Sci. 2017, 38, 21-28.

Finol, E. Are viral small RNA regulating Dengue virus replication beyond serotype 2? Proc. Natl. Acad. Sci. USA 2014, 111,
E2915-E2916.

Venkataraman, S.; Prasad, B.V.L.S,; Selvarajan, R. RNA Dependent RNA Polymerases: Insights from Structure, Function and
Evolution. Viruses 2018, 10, 76, doi:10.3390/v10020076.



