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N o U e

Abstract: Dengue virus (DENV) poses a significant threat to global health, infecting approximately
390 million people annually. This virus comprises four serotypes capable of causing severe disease.
Genetic analyses are crucial for understanding the epidemiology, evolution, and spread of DENV.
Although previous studies have focused on the envelope protein-coding (E) gene, only a few primers
can efficiently detect and amplify the viral genes from multiple endemic countries simultaneously. In
this study, we designed degenerate primer pairs for each DENV serotype to amplify and sequence
the entire E gene, using globally representative sequences for each serotype. These primers were
validated using DENYV isolates from various Asian countries and demonstrated broad-spectrum
detection capabilities and high-quality sequences. The primers provide effective tools for genetic
analysis in the regions affected by dengue, aiding strain identification and epidemiological studies
during outbreaks.

Keywords: DENV; RT-PCR; sequencing; serotype-specific

1. Introduction

Dengue virus (DENV) is a single-stranded positive-sense RNA virus belonging to the
Flaviviridae family that causes dengue fever, a mosquito-borne viral disease that infects
an estimated 390 million people annually worldwide [1,2]. Most dengue fever cases are
asymptomatic, but some individuals experience mild symptoms, such as fever, myalgia,
and rash. Among these cases, 5-20% progress to severe dengue with clinical manifestations
that include plasma leakage and fluid accumulation leading to shock, respiratory distress,
severe bleeding, and severe organ impairment [3]. Severe dengue can be life-threatening
and requires immediate medical support [4,5].

There are four distinct DENV serotypes (DENV-1-DENV-4), all capable of causing
severe dengue [4]. Previous studies have indicated that heterotypic secondary dengue
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infections pose an increased risk for severe forms of dengue [6,7]. Moreover, closely related
strains are clustered into genotypes, with five to seven genotypes defined for each DENV
serotype. The genetic differences between serotypes and genotypes are crucial factors that
determine viral fitness, pathogenicity, and epidemic potential [8,9].

Dengue fever is prevalent in both the tropical and subtropical regions. However,
there has been a gradual shift, with the disease being reported in more temperate regions.
For example, autochthonous cases were reported in Croatia and France [10,11]. Not only
has its geographical distribution expanded but its incidence has also increased 30-fold
from 1960 to 2010, and this continues to increase. This expansion has been attributed to
climate change, urbanisation, globalisation, and the spread of Aedes mosquitoes, which are
disease vectors.

The regions most affected by dengue are Southeast Asia, the Western Pacific, and
the Americas. Asia alone accounts for 70% of the global dengue burden, as reported
by the World Health Organization in 2023 [12]. All four DENV serotypes circulate in
most Southeast Asian areas and have caused several epidemics. The occurrence of large
outbreaks can be attributed to various factors, such as the introduction of a new viral
lineage, a shift in the dominant viral strain, climatic factors, environmental conditions,
vector-host interactions, vector competence, and host susceptibility [13,14].

From 2022 to 2023, several Asian countries have reported a significant increase in
dengue incidence compared with previous years. Longer seasonal dengue outbreaks and
geographic expansion have also been observed in previous reports from the WHO Regional
Office for Southeast Asia and the Western Pacific Region [15,16]. Since there is often a link
between an increase in dengue incidence and the emergence of a specific DENV lineage,
it is crucial to study the genetic diversity of DENV. Molecular phylogenetic analyses and
studying the viral genome are essential for tracing the history of DENV epidemics over
time and across various locations. Through DENV genome analysis, valuable insights can
be gained into the origin, evolution, and spread of the virus, thereby enhancing the ability
to track and respond effectively to dengue outbreaks [17,18].

Over the years, DENV genetic diversity has been studied primarily based on the enve-
lope (E) protein-coding gene, the most antigenically essential viral protein. Approximately
70% of this gene is conserved across all DENV serotypes, making it possible to determine
the serotype of the strain by sequencing this gene [4,19]. However, owing to the genetic
variability within the DENV population, it is advantageous to design primers specific
to particular genotypes or lineages of the virus to ensure the accurate amplification and
sequencing of the target gene. Several reports have described primer sets designed to detect
the viral genome in specific endemic countries without testing them using samples from
other regions [20,21]. To our knowledge, the only primers capable of efficiently detecting
and amplifying the entire E gene from multiple endemic countries simultaneously were
developed by the Centers for Disease Control and Prevention (CDC) and tested only on
samples from the Americas [22]. This study established a molecular methodology for
amplifying and sequencing the E gene of DENV strains from Southeast Asia.

2. Materials and Methods
2.1. Ethics Statement

This study was approved by the Research Ethics Committee of Nagasaki University
Institute of Tropical Medicine, Japan (230209288, 27 February 2023).

2.2. Design of Oligonucleotides

New primers were designed to develop an RT-PCR assay to amplify the entire
DENV-E gene. To achieve this goal, all available genomic RNA sequences of DENV
were downloaded from the International Nucleotide Sequence Database Collaboration.
Subsequently, 100-200 representative records of each serotype were selected using CD-
HIT-EST (v4.8.1) [23]. These records were aligned using MAFFT (v7.515) [24], and the
aligned sequences were further analysed using the SeaView multiplatform graphical user
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interface (GUI) for molecular phylogeny (v5.0.5) [25] and EMBOSS (v6.6.0) [26] to generate
a consensus sequence for each serotype. To amplify the complete E gene of each serotype,
the terminal region of the prM gene and the beginning of the Nonstructural Protein 1 (NS1)
gene were analysed to design the primers. The following criteria were used when designing
the primers: (1) maximum homology within each serotype and (2) nonhomology to other
regions of the DENV genome. Although the maximum homology was sought, there was a
significant variation within each serotype. Therefore, degeneracy was introduced into the
primers to accommodate the variability revealed based on the alignment. The primers were
designed using Primer3 (v2.6.1) [27], and they were subjected to validation using AmplifX2
(v2.1.1) (Figure 1). Following the same procedure, primers spanning the entire E gene were
designed for each serotype for the Sanger sequencing.
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Figure 1. Schematic of the methodology used to design primers for each dengue virus (DENV)
serotype. All available genomic RNA sequences of DENV were downloaded from the International
Nucleotide Sequence Database Collaboration. Subsequently, 100-200 representative records for each
serotype were selected using CD-HIT-EST (v4.8.1). These records were then aligned using MAFFT
(v7.515), and the aligned sequences were further analysed using SeaView (v5.0.5) and EMBOSS
(v6.6.0) to generate a consensus sequence for each serotype. To amplify the complete E gene of each
serotype, the terminal region of the prM gene and the beginning of the NS1 gene were analysed to
design the primers. The primers were designed using Primer3 (v2.6.1) and subjected to validation
using AmplifX2 (v2.1.1). Following the same procedure, primers spanning the entire E gene were
designed for each serotype for the Sanger sequencing. The DENV envelope gene was amplified
through an RT-PCR assay, followed by Sanger sequencing using our newly designed primers.

2.3. Viral RNA Extraction

Viral RNA was extracted using the QIAamp® Viral RNA Kit (QTAGEN, Hilden,
Germany), following the manufacturer’s instructions. The RNA was eluted using 50 pL of
elution buffer, aliquoted, and promptly stored at —80 °C until further use. Furthermore, the
total RNA from the mammalian cells (HEK-293T, Vero E6, and Huh?7) and mosquito cells
(C6/36) was extracted using the RNeasy® Mini Kit (QIAGEN, Hilden, Germany), following
the manufacturer’s instructions, to be utilised as the negative controls. HEK-293T, Vero E6,
and Huh? cells were purchased from ATCC®, while a C6/36 cell line was obtained from
the Institute of Tropical Medicine (Nagasaki University, Nagasaki, Japan), where it was
initially established [28].

2.4. RT-PCR Assay

The DENV RNA was reverse-transcribed into cDNA using the ReverTra Ace kit
(Toyobo, Osaka, Japan). The total volume of 20 puL of the reaction mixture consisted of 4 pL
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of 5X RT Buffer, 2 uL. of a ANTP mixture (10 mM), 0.5 uL. of an RNase inhibitor (10 U/uL),
1 pL of random primers (25 pmol/pL), 1 uL of ReverTraAce (100 U/uL), and a final amount
of approximately 500 ng of extracted RNA. Before adding the RNA samples to the mixture,
they were denatured at 65 °C for five min and immediately incubated on ice for one
min. The reverse transcription reaction consisted of three steps: (1) annealing at 30 °C
for 10 min, (2) an enzymatic reaction at 42 °C for 30 min, and (3) denaturation at 99 °C
for 5 min. Following the reaction, the cDNA concentration and quality were measured
with the NanoDrop® ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington,
DE, USA).

The PCR amplification was independently performed with KOD One™ (Toyobo,
Osaka, Japan), using the newly designed set of primers. The total volume of 50 uL of the
reaction mixture consisted of 25 pL. of KOD One PCR Master Mix (2x), 1.5 uL. of each
primer (10 mM), and a final amount of approximately 50 ng of cDNA. The amplification
consisted of 30 cycles of denaturation at 98 °C, annealing at 55 °C, and elongation at 68 °C,
all for 10 s.

The PCR products were loaded onto a 1% agarose gel and subjected to electrophoresis.
The results were visualised under an LED light. The DNA from the mammalian (HEK-293T,
Vero E6, and Huh7) and mosquito (C6/36) cells were included in the PCR to determine
the specificity of our primers. Moreover, cDNA from other flaviviruses, such as Japanese
encephalitis virus (JEV), yellow fever virus (YFV), and Zika virus (ZIKV), were included.

2.5. Sequencing

Positive PCR bands were excised from the gel and purified using the Wizard SV Gel
kit from Promega (Madison, WI, USA) to assess the sequencing primers, following the
manufacturer’s protocol. This DNA was used as the template for sequencing the PCR
using the newly designed primers and the BigDye™ Terminator v3.1 Cycle Sequencing
Kit (Thermo Fischer Scientific, Austin, TX, USA). The total volume of 10 pL of the reaction
mixture consisted of 1 pL of BigDye™ Terminator 3.1 Ready Reaction Mix, 2 uL of BigDye™
Terminator v1.1 & v3.1 5X Sequencing, 1 uL of primer (3.2 uM), and a final amount of
approximately 300 ng of cDNA. The reaction consisted of an initial denaturation at 96 °C
for 1 min, followed by 25 cycles of 96 °C for 10 s, 50 °C for 5 s, and 60 °C for 1 min.

Agencourt CleanSEQ (Beckman Coulter, Tokyo, Japan) was used according to the man-
ufacturer’s instructions to remove the unincorporated dyes, nucleotides, salts, and contam-
inants from the PCR products. The samples were sequenced using a 3500 Genetic Analyser
(Applied Biosystems, Tokyo, Japan). The results were analysed using Phred (Ver. 0.020425)
and Phrap software (Ver. 0.990319) [29,30] to generate contigs for each sample.

2.6. In Silico PCR

Representative DENV sequences from the Americas were downloaded from the NCBI
for Biotechnology Information and aligned using MEGA (v11.0.11) [31]. From the alignment
of these sequences, a consensus sequence was obtained for each serotype, which was used
to test our primers based on an in silico analysis using AmplifX2 (v2.1.1).

2.7. Viruses

The DENV strains from different serotypes isolated from the Philippines, Myanmar,
Vietnam, Nepal, Sri Lanka, and Malaysia, along with isolates of JEV, YFV, and ZIKV, were
propagated either on VeroE6 or C6/36 cells in Minimum Essential Medium (MEM). The
supernatant was collected 3-7 days after infection. The virus titer was determined through
a Focus assay, and the viruses were stored at —80 °C. Detailed information on the viral
strains is presented in Table 1.
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Table 1. Viruses used to determine the sensitivity of the RT-PCR.

Location Serotype Genotype Strain
Philippines DENV-1 v 99St12A
DENV-2 Asian I 00St22A
DENV-3 I SLMC50
DENV-4 I SLMC318
Myanmar DENV-1 I CH-156/2018
DENV-2 Asian 1 CH-348/2018
DENV-3 I CH-165/2018
DENV-4 I CH-120/2018
Vietnam DENV-1 I VT22.3473
DENV-2 Cosmopolitan VT22.3673
DENV-3 I 01-TN-426
DENV-4 I VT22.3125
Sri Lanka DENV-1 I P-185/2019
DENV-2 Cosmopolitan N-36/2017
DENV-3 I N-189/2017
DENV-4 I N-92/2017
Malaysia DENV-1 I Mys-2/2019
DENV-2 Cosmopolitan Mys-12/2019
DENV-3 I Mys-66/2019
Nepal DENV-1 \Y Nepal-10726/2022
DENV-2 Cosmopolitan Nepal-14726/2022
DENV-3 I Nepal-10973 /2022
Japan JEV I1I (OH0566)
Ghana YFV 17D vaccine strain
Puerto Rico ZIKV Asian (PRVABC59)

2.8. Clinical Specimens

In total, 29 human serum samples were used to evaluate the primer efficacy; 27 samples
were acquired from the Vung Tau General Hospital, Vietnam. These samples consisted
of serum specimens from patients in the acute phase of infection who were confirmed
positive for DENV-1, DENV-2, and DENV-4 through PCR testing. One serum sample from a
DENV-3-positive patient came from the Dhading Hospital, Eastern Nepal, and one sample
was collected from a healthy individual affiliated with Nagasaki University.

3. Results
3.1. Primer Design

Our assay targeted the E gene of each DENV serotype. It consisted of two primers
to amplify the entire region situated at the flanking sites of the gene and four primers
to produce overlapping fragments for the Sanger sequencing. The resulting RT-PCR
system obtained and sequenced the entire E gene. The nucleotide sequences and genomic
positions of all primers and probes are listed in Table 2. The expected band sizes after
amplification were 1740 bp for DENV-1, 1859 bp for DENV-2, 2335 bp for DENV-3, and
1747 bp for DENV-4.

Table 2. Oligonucleotide primers used to amplify and sequence the E gene of DENV.

Primer ID Sequence Location !
* DENV1EF CACAYRCYATAGGRACATCCAT 858-879

DENV1Eseql ACGTGYGYYAARTTYRAGTGTGT 1277-1299
DENV1Eseq2 ACRTTYAAGACAGCYCATGCAAA 1649-1671
DENV1Eseq3 ARCAGAYGCRCCATGCAAGAT 1918-1938
DENV1Eseq4 GAGRYACHGCATGGGACTT 2181-2199
* DENV1ER CTGATCGWATTCCACACACAC 2577-2597
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Table 2. Cont.

Primer ID Sequence Location !
* DENV2EF ATCYTGGCATACACCATAGG 853-872

DENV2Eseql AGAGGATGGGGAAATGGATG 1231-1250
DENV2Eseq2 GAARTYAARRTAACACCACAGAG 1417-1439
DENV2Eseq3 RGCYACRGAAATCCARATGTC 1734-1754
DENV2Eseq4 AYATAGAAGCMGAACCYCCATT 2033-2054
* DENV2ER ATRATWCCTTTRATGTCTCCTGTCAT 26862711
* DENV3EF GCTGAAGGAGCTTGGAGAC 773-791

DENV3Eseql ARCCYACGYTRGAYATAGAGCT 1047-1068
DENV3Eseq2 TCATYACAGTKCACACAGGAGA 1353-1374
DENV3Eseq3 CRCAAGAGGGAGCAATGCA 1692-1710
DENV3Eseq4 RGGTGCAAGGCGCATG 2149-2164
* DENV3ER ARAGWGTGTGTGATTTTGGCC 3087-3107
* DENV4EF GARACRTGGATGTCATCGGA 762-781

DENV4Eseq1 CAAGATGTCCAACRCAAGGAGA 1153-1174
DENV4Eseq2 ATAACYCCYAGGTCACCATC 1428-1447
DENV4Eseq3 GGGAATGTCATACACKATGTG 1823-1843
DENV4Eseq4 GAYTTTGGYTCHGTTGGTGGA 2199-2219
* DENV4ER TCCARGTGTGCACRTTGTC 2490-2508

! The location of the primers are based on the reference sequence of each serotype. * The primers used to amplify

the full-length E gene.

3.2. Viral Sample Detection and Specificity Assay

The wide detection range of the assay was evaluated using samples from the Philip-
pines, Myanmar, Nepal, Sri Lanka, Malaysia, and Vietnam. Sets for each serotype were able
to amplify the entire E gene, and DNA products of the expected sizes were obtained for all
samples (Figure 2). The DNA from the mammalian (HEK-293T, Vero E6, and Huh?7) and
mosquito (C6/36) cells were used as a negative control to determine the assay’s specificity.
The cDNA from other flaviviruses (JEV, YFV, and ZIKV) were also included. The DNA
from uninfected cells and related flaviviruses was undetected (Figure 2).
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Figure 2. Specificity of primers when amplifying the full-length envelope gene of DENV isolates
from the Philippines, Myanmar, Vietnam, Sri Lanka, Nepal, and Malaysia. The expected band sizes
after amplification were (A) 1740 bp for the DENV-1 primer set, (B) 1859 bp for DENV-2, (C) 2335 bp
for DENV-3, and (D) 1747 bp for DENV-4. MW, molecular weight marker; PH, the Philippines; MM,
Myanmar; VT, Vietnam; SL, Sri Lanka; NP, Nepal; MS, Malaysia; HEK, HEK-293T cells; VeroE6, Vero
E6 cells; Huh7, Huh? cells; C6/36, C6/36 cells; JEV, Japanese encephalitis virus; YFV, yellow fever
virus; ZIKV, Zika virus; and BC, blank control (water).

3.3. Clinical Sample Detection

The cDNA from the serum samples derived from DENV-infected patients was tested
using our assay to ensure that the assay was not negatively affected by components in the
human samples. A sample from a healthy individual was used as the negative control.
The results indicated that the assay was unaffected by human serum components and that
our primers could efficiently amplify the DENV genome. In contrast, the negative clinical
sample did not show amplification (Figure 3).

A

MW PC NC 1 2 3 4 5 6 7 8 9 10

MW PC NC 1 2 3 4 5 6 7 8 9 10

D MW PC NC 1 2 3 4 5 6 7
2
1

Figure 3. Amplification of the dengue virus (DENV) envelope gene from patient serum samples and
healthy individuals (negative controls). (A) DENV-1, (B) DENV-2, (C) DENV-3, and (D) DENV-4.
MW, molecular weight marker; PC, positive control; NC, serum from healthy individual (negative

control); and 1-10, serum samples.

3.4. Sensitivity Analysis

The detection limit of our primer sets was determined through 10-fold serial dilutions
of cDNA from isolated viruses, with an initial concentration of 1 x 108 DNA copies/uL. Our
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primers detected all the prepared dilutions, including those with the lowest concentrations
(Figure 4). Notably, larger bands were observed at different DENV-1, DENV-2, and DENV-3
dilutions. However, it was possible to sequence the entire E gene after purifying the DNA
from these bands and sequencing.

Figure 4. The detection limit of the primer sets used to amplify the envelope gene for each
serotype. Ten-fold serial dilutions of DENV ¢cDNA were prepared and tested in the PCR. (A) DENV-1,
(B) DENV-2, (C) DENV-3, and (D) DENV-4. MW, molecular weight marker; and NC, negative control.

Because we could not access samples from other parts of the world, we conducted an
in silico PCR using samples from the Americas. Table S1 of the Supplementary Information
presents detailed information on the strains used. We generated consensus sequences for
each serotype. Although our primers did not exactly match these consensus sequences,
they were successfully annealed and amplified in an in silico assay using Amplifx (Figure S1).

3.5. Sanger Sequencing

All the samples were sequenced using a forward primer for amplification and four
other primers. We obtained five overlapping segments aligned using MAFFT for each
sample, resulting in a complete E gene sequence.

4. Discussion

The spread of DENV is becoming a major threat to public health worldwide. There is
no specific antiviral treatment for dengue, so early detection is necessary for supportive
management. Diagnosis is important to monitor outbreaks and implement appropriate
control measures. Various diagnostic methods are available, including anti-DENV anti-
bodies, nonstructural protein 1 (NS1) antigens, and DENV-specific nucleic acid detection.
Owing to its specificity and ability to differentiate serotypes, RI-PCR has become the gold
standard for dengue fever surveillance [32].

In this study, we present a simple, convenient, and standardised RT-PCR technique for
amplifying and sequencing the full-length E gene of DENV from a wide range of geograph-
ical locations in Asia. Studies have shown that each DENV serotype comprises multiple
lineages that are similar within the same region but different across different geographic
regions. These lineages, known as genotypes, are typically found in specific regions of
the world and exhibit differences of approximately 3% at the amino acid level and 6%
at the nucleotide level [33]. The samples tested in this study comprised the most repre-
sentative Asian genotypes for each serotype, all efficiently amplified. No cross-reactivity
was detected between the type-specific primers, other flaviviruses, serum samples, and
mammalian or mosquito DNA.
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The E gene was sequenced using our new serotype-specific primers. Overall, the
sequence quality was good, allowing us to cover the entire gene. However, typical Sanger
sequencing often yields low-quality sequences within the first 15-40bp due to primer
binding [34]. Consequently, in some cases, we could not sequence the beginning of the
gene because of the proximity of the DENV-1 and DENV-2 forward primers. This proximity
leads to problems with base calling in the sequencing trace. Nevertheless, by meticulously
repeating the purification step with Agencourt CleanSEQ and ensuring the thorough
removal of all beads, we successfully obtained a sequence that covered the initial segment
of the gene.

During the sensitivity testing of the primers, we observed PCR products that were
larger than expected for certain DENV-1, DENV-2, and DENV-3 dilutions. However, we
successfully sequenced the entire E gene using the PCR products. The sequencing of the
DENV-2 products revealed an abrupt sequence termination at the 3’ end, where it was
expected to end. As our assay lacks a reverse primer for the 5 end of the E-coding region,
we could not confirm this observation; however, we presume that the nonspecific fragment
amplified is located towards this end. When sequencing the larger-than-expected products
from DENV-1 and DENV-3, the signal of the sequence obtained from the primer covering
the 3’ end slightly decreased towards the end but still covered part of the expected NS1
sequence; as such, the nonspecific fragment amplified could be located towards either end.
We cannot explain the appearance of these nonspecific fragments; however, it is important
to note that this did not affect the E sequencing in any way.

Currently, highly specific and sensitive RT-PCR methods are available for DENV
diagnosis. These include the standard RT-PCR [35] and multiplex RT-PCR, which can
detect and differentiate serotypes [36]. Other innovative methods include the use of a
multiplexed PCR chip platform with an ion-selective membrane sensor [37] or a plasmonic
colorimetric RT-PCR strategy [38]. The latest diagnostic methods have proven extremely
sensitive and can even detect around 100 copies/ L of viral nucleic acid. However, these
methods only amplify a small viral genome region to achieve this sensitivity and, therefore,
cannot be used for phylogenetic analysis.

Whole genome viral sequences are the most suitable options for obtaining accurate
phylogenetic trees and enhancing epidemiological insights. Nonetheless, owing to the high
cost and complexity, the analysis of specific genomic regions is the preferred approach.
This method has been proven to accurately recapitulate the phylogeny of DENV compared
with a whole genome sequence analysis [39].

Viral proteins comprise a combination of conserved and highly variable sections. The
conserved sections contain amino acid residues crucial for the structure and function of
the virus. Because these regions are vital for the survival of the virus, mutations are not
tolerated. However, numerous mutations are tolerated in some regions, allowing the virus
to evade the immune system through antigenic diversity [39,40]. The regions with the most
mutations and the highest proportion of nonsynonymous mutations in DENV are situated
within the E gene, NS2A, and the catalytic region of the NS5 RNA polymerase [39]. Owing
to this significant mutation rate, the gene’s function in the viral entry into the host cell, and
its role as the target of neutralising and enhancing antibodjies, the E gene is most commonly
used for a phylogenetic analysis.

Several groups have previously reported the development of primer sets for PCR to amplify
the E gene of one or multiple DENV serotypes and their subsequent sequencing [20,21,41-43].
However, laboratories use “in-house” methods, and none of these reports specify the
methodology used to design the primers or the sequences used. Our report differs from
these previous reports in that we designed our primers using a globally representative set
of sequences for each serotype and validated them using various samples to verify their
functionality. To the best of our knowledge, the only report that used a similar approach is
from the CDC [22].

Genetic analysis of DENV is crucial for determining the molecular epidemiology of the
virus, monitoring its introduction and possible routes of viral entry, and investigating the
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dispersion of viruses and the patterns of their evolution [17,18]. Therefore, we employed our
methodology to investigate the 2022 DENV epidemic in Vietnam. Using our primers, we
successfully amplified the E gene from 70 clinical samples, sequenced them, and conducted
a phylogenetic analysis to explore the molecular epidemiology of the outbreak. Our
approach enabled the sequencing of the DENV-1, DENV-2, and DENV-4 strains, identifying
a new lineage of the DENV-2 cosmopolitan genotype in Vietnam, which was implicated
in the outbreak [44]. Currently, we are applying the same methodology to examine the
molecular epidemiology of DENV outbreaks in Nepal (comprising DENV-1, DENV-2, and
DENV-3 strains) and Myanmar (encompassing strains from all serotypes). According to the
in silico PCR results, although our primers did not precisely match the consensus sequence
obtained for each serotype, they functioned effectively. This suggests that the same primers
could be useful for studying DENV epidemics in the Americas, which also experiences
virus hyperendemicity and is frequently affected by large outbreaks [45]. However, in silico
matching may not accurately predict primer binding efficiency. While acknowledging that
our primers may not yield successful results in American samples, it is noteworthy that a
complementary technique utilising the primers developed by the CDC [22] provides the
standardised tools for both regions most burdened by DENV.

In conclusion, the new set of degenerate serotype-specific primers presented here
proved efficient for amplifying and sequencing the full-length E gene of DENV. Our
method can detect a broad range of DENV strains effectively and is simple, cost-effective,
and accessible to laboratories in dengue-endemic regions. Collectively, our methodology is
a useful tool for epidemiological and evolutionary analyses in Asian countries constantly
affected by dengue epidemics.

Supplementary Materials: The following supporting information can be downloaded from
https:/ /www.mdpi.com/article/10.3390 /microorganisms12061092 /s1. Figure S1: American DENV
consensus sequences for each serotype and their alignment with the new amplifying primers.
Table S1: Sequences used for In-Silico PCR of DENV isolates from the Americas.

Author Contributions: Conceptualisation, S.F. and Y.T.; methodology, S.F., TN. and Y.T.; investigation,
SEF,TN., DX, QX, TTN.N, MK, KY,]J.CB., BD.P, KM, EH, MMN.T. and Y.T.; formal analysis,
S.F, TN. and Y.T.; writing—original draft preparation, S.F, T.N. and Y.T,; writing—review and editing,
S.E, TN, MMM.N.T. and Y.T.; and supervision, Y.T. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the Japan Agency of Medical Research and Develop-
ment (AMED), under grant numbers JP24wm0125006, 24fk0108656, 24wm0125011, JP23fm0208101,
JP23fk0108656, JP23wm0125006, JP22wm0325023, and JP22fm0208101; the Japan Society for the
Promotion of Sciences, under grant numbers 22KK0115 and 24K02288; and the Takeda Science Foun-
dation, MSD Life Science Foundation, Naito Foundation, Kurozumi Medical Foundation, and Heiwa
Nakajima Foundation. Dengue virus strains collection is partially supported by Nagasaki University
through the National BioResource Project (Human Pathogenic Viruses) of MEXT, Japan.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Research Ethics Committee of Nagasaki University Institute of
Tropical Medicine, Japan (230209288, 27 February 2023).

Informed Consent Statement: Informed consent was waived because the patients’ specimens of
dengue fever were collected as part of national surveillance.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Material, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors thank Ayano Matsuzaki, Tomomi Kurashige, and Megumi Tsubota
for technical support. The authors would like to thank Corazon C. Buerano (Philippines), Hlaing
Myat Thu (Myanmar), Shyam Prakash Dumre, Kishor Pandey (Nepal), Rohitha Muthugala (Sri
Lanka), Le Thi Quynh Mai (Vietnam), and Kamrudin Ahmed (Malaysia) for providing the DENV
samples for this study. The authors thank all the members of the Department of Virology, Institute of
Tropical Medicine, Nagasaki University, and the funding partners.


https://www.mdpi.com/article/10.3390/microorganisms12061092/s1

Microorganisms 2024, 12, 1092 11 of 12

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Bhatt, S.; Gething, PW.,; Brady, O.].; Messina, ].P.; Farlow, A.W.; Moyes, C.L.; Drake, ].M.; Brownstein, ].S.; Hoen, A.G.; Sankoh, O.;
et al. The global distribution and burden of dengue. Nature 2013, 496, 504-507. [CrossRef] [PubMed]

2. Brady, O.].; Gething, PW.; Bhatt, S.; Messina, J.P.; Brownstein, ].S.; Hoen, A.G.; Moyes, C.L.; Farlow, A.W.; Scott, TW.; Hay, S.I.
Refining the Global Spatial Limits of Dengue Virus Transmission by Evidence-Based Consensus. PLoS Neglected Trop. Dis. 2012,
6, €1760. [CrossRef] [PubMed]

3.  Robinson, M.; Einav, S. Towards Predicting Progression to Severe Dengue. Trends Microbiol. 2020, 28, 478-486. [CrossRef]
[PubMed]

4. Guzman, M.G.; Harris, E. Dengue. Lancet 2015, 385, 453—465. [CrossRef] [PubMed]

5. Ranyjit, S.; Kissoon, N. Dengue hemorrhagic fever and shock syndromes. Pediatr. Crit. Care Med. 2011, 12, 90-100. [CrossRef]
[PubMed]

6. Guzman, M.G,; Alvarez, M.; Halstead, S.B. Secondary infection as a risk factor for dengue hemorrhagic fever/dengue shock
syndrome: An historical perspective and role of antibody-dependent enhancement of infection. Arch. Virol. 2013, 158, 1445-1459.
[CrossRef] [PubMed]

7. Mizumoto, K.; Ejima, K.; Yamamoto, T.; Nishiura, H. On the risk of severe dengue during secondary infection: A systematic
review coupled with mathematical modeling. J. Vector Borne Dis. 2014, 51, 153-164.

8.  Choudhury, M. A ; Lott, W.B.; Aaskov, J. Distribution of Fitness in Populations of Dengue Viruses. PLoS ONE 2014, 9, e107264.
[CrossRef]

9.  OhAinle, M.; Balmaseda, A.; Macalalad, A.R; Tellez, Y.; Zody, M.C.; Saborio, S.; Nufiez, A.; Lennon, N.J.; Birren, B.W.; Gordon, A,;
et al. Dynamics of Dengue Disease Severity Determined by the Interplay Between Viral Genetics and Serotype-Specific Immunity.
Sci. Transl. Med. 2011, 3, 114ra128. [CrossRef]

10. Gjenero-Margan, I.; Aleraj, B.; Krajcar, D.; Lesnikar, V.; Klobuéar, A.; Pem-Novosel, I.; Kure¢ié¢-Filipovi¢, S.; Komparak, S.; Marti¢,
R.; Duri¢i¢, S.; et al. Autochthonous dengue fever in Croatia, August-September 2010. Euro Surveill 2011, 16, 19805. [CrossRef]

11.  Succo, T.; Leparc-Goffart, I.; Ferré, J.; Roiz, D.; Broche, B.; Maquart, M.; Noel, H.; Catelinois, O.; Entezam, F,; Caire, D.; et al.
Autochthonous dengue outbreak in Nimes, South of France, July to September 2015. Eurosurveillance 2016, 21, 30240. [CrossRef]
[PubMed]

12. World Health Organization. Dengue and Severe Dengue. Available online: https://www.who.int/news-room/fact-sheets/
detail /dengue-and-severe-dengue (accessed on 1 April 2024).

13. Togami, E.; Chiew, M.; Lowbridge, C.; Biaukula, V.; Bell, L.; Yajima, A.; Eshofonie, A.; Saulo, D.; Hien, D.TH.; Otsu, S.; et al.
Epidemiology of dengue reported in the World Health Organization’s Western Pacific Region, 2013-2019. West. Pac. Surveill.
Response |. WPSAR 2023, 14, 1. [CrossRef] [PubMed]

14. Tsheten, T.; Gray, D.J.; Clements, A.C.A.; Wangdi, K. Epidemiology and challenges of dengue surveillance in the WHO South-East
Asia Region. Trans. R. Soc. Trop. Med. Hyg. 2021, 115, 583-599. [CrossRef] [PubMed]

15.  'WHO Regional Office for South-East Asia. Biweekly Epidemiological Bulletin WHO Health Emergencies Programme WHO Regional
Office for South-Eat Asia; World Health Organization: Geneva, Switzerland, 2023; pp. 1-15.

16.  World Health Organization. Update on the Dengue situation in the Western Pacific Region—Dengue Situation Update 683; World
Health Organization: Geneva, Switzerland, 2023; pp. 1-12.

17.  Bennett, S.N.; Drummond, A.J.; Kapan, D.D.; Suchard, M.A.; Munoz-Jordan, J.L.; Pybus, O.G.; Holmes, E.C.; Gubler, D.]J. Epidemic
dynamics revealed in dengue evolution. Mol. Biol. Evol. 2010, 27, 811-818. [CrossRef] [PubMed]

18.  Pollett, S.; Melendrez, M.C.; Maljkovic Berry, I.; Duchéne, S.; Salje, H.; Cummings, D.A.T.; Jarman, R.G. Understanding dengue
virus evolution to support epidemic surveillance and counter-measure development. Infect. Genet. Evol. 2018, 62, 279-295.
[CrossRef] [PubMed]

19. Rey, FA,; Stiasny, K.; Vaney, M.C.; Dellarole, M.; Heinz, F.X. The bright and the dark side of human antibody responses to
flaviviruses: Lessons for vaccine design. EMBO Rep. 2018, 19, 206-224. [CrossRef] [PubMed]

20. Lestari, C.5.W.; Yohan, B.; Yunita, A.; Meutiawati, F.; Hayati, R.F,; Trimarsanto, H.; Sasmono, R.T. Phylogenetic and evolutionary
analyses of dengue viruses isolated in Jakarta, Indonesia. Virus Genes 2017, 53, 778-788. [CrossRef] [PubMed]

21. Hamel, R,; Surasombatpattana, P.; Wichit, S.; Dauvé, A.; Donato, C.; Pompon, J.; Vijaykrishna, D.; Liegeois, F.; Vargas, R.M.;
Luplertlop, N.; et al. Phylogenetic analysis revealed the co-circulation of four dengue virus serotypes in Southern Thailand.
PLoS ONE 2019, 14, €0221179. [CrossRef] [PubMed]

22. Santiago, G.A.; Gonzalez, G.L.; Cruz-Lopez, F; Munoz-Jordan, J.L. Development of a Standardized Sanger-Based Method for
Partial Sequencing and Genotyping of Dengue Viruses. J. Clin. Microbiol. 2019, 57, €01957-18. [CrossRef]

23. Li, W,; Godzik, A. Cd-hit: A fast program for clustering and comparing large sets of protein or nucleotide sequences. Bioinformatics
2006, 22, 1658-1659. [CrossRef]

24. Katoh, K,; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in performance and usability.
Mol. Biol. Evol. 2013, 30, 772-780. [CrossRef] [PubMed]

25.  Gouy, M.; Guindon, S.; Gascuel, O. SeaView version 4: A multiplatform graphical user interface for sequence alignment and

phylogenetic tree building. Mol. Biol. Evol. 2010, 27, 221-224. [CrossRef]


https://doi.org/10.1038/nature12060
https://www.ncbi.nlm.nih.gov/pubmed/23563266
https://doi.org/10.1371/journal.pntd.0001760
https://www.ncbi.nlm.nih.gov/pubmed/22880140
https://doi.org/10.1016/j.tim.2019.12.003
https://www.ncbi.nlm.nih.gov/pubmed/31982232
https://doi.org/10.1016/S0140-6736(14)60572-9
https://www.ncbi.nlm.nih.gov/pubmed/25230594
https://doi.org/10.1097/PCC.0b013e3181e911a7
https://www.ncbi.nlm.nih.gov/pubmed/20639791
https://doi.org/10.1007/s00705-013-1645-3
https://www.ncbi.nlm.nih.gov/pubmed/23471635
https://doi.org/10.1371/journal.pone.0107264
https://doi.org/10.1126/scitranslmed.3003084
https://doi.org/10.2807/ese.16.09.19805-en
https://doi.org/10.2807/1560-7917.ES.2016.21.21.30240
https://www.ncbi.nlm.nih.gov/pubmed/27254729
https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue
https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue
https://doi.org/10.5365/wpsar.2023.14.1.973
https://www.ncbi.nlm.nih.gov/pubmed/37064541
https://doi.org/10.1093/trstmh/traa158
https://www.ncbi.nlm.nih.gov/pubmed/33410916
https://doi.org/10.1093/molbev/msp285
https://www.ncbi.nlm.nih.gov/pubmed/19965886
https://doi.org/10.1016/j.meegid.2018.04.032
https://www.ncbi.nlm.nih.gov/pubmed/29704626
https://doi.org/10.15252/embr.201745302
https://www.ncbi.nlm.nih.gov/pubmed/29282215
https://doi.org/10.1007/s11262-017-1474-7
https://www.ncbi.nlm.nih.gov/pubmed/28600724
https://doi.org/10.1371/journal.pone.0221179
https://www.ncbi.nlm.nih.gov/pubmed/31415663
https://doi.org/10.1128/JCM.01957-18
https://doi.org/10.1093/bioinformatics/btl158
https://doi.org/10.1093/molbev/mst010
https://www.ncbi.nlm.nih.gov/pubmed/23329690
https://doi.org/10.1093/molbev/msp259

Microorganisms 2024, 12, 1092 12 of 12

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Rice, P; Longden, I.; Bleasby, A. EMBOSS: The European Molecular Biology Open Software Suite. Eur. Mol. Biol. Open Softw. Suite
2000, 16, 276-277. [CrossRef]

Untergasser, A.; Cutcutache, I.; Koressaar, T.; Ye, J.; Faircloth, B.C.; Remm, M.; Rozen, S.G. Primer3--new capabilities and
interfaces. Nucleic Acids Res 2012, 40, e115. [CrossRef] [PubMed]

Igarashi, A. Isolation of a Singh’s Aedes albopictus Cell Clone Sensitive to Dengue and Chikungunya Viruses. J. Gen. Virol. 1978,
40, 531-544. [CrossRef]

Ewing, B.; Hillier, L.; Wendl, M.C.; Green, P. Base-calling of automated sequencer traces using phred. 1. Accuracy assessment.
Genome Res 1998, 8, 175-185. [CrossRef]

Green, P. Documentation for PHRAP and CROSS_MATCH 0.990319. 1999. Available online: http:/ /www.phrap.org/phredphrap/
phrap.html (accessed on 24 May 2024).

Tamura, K.; Stecher, G.; Kumar, S. MEGA11: Molecular Evolutionary Genetics Analysis Version 11. Mol. Biol. Evol. 2021, 38,
3022-3027. [CrossRef] [PubMed]

Raafat, N.; Blacksell, S.D.; Maude, R.J. A review of dengue diagnostics and implications for surveillance and control. Trans. R. Soc.
Trop. Med. Hyg. 2019, 113, 653-660. [CrossRef]

Sim, S.; Hibberd, M.L. Genomic approaches for understanding dengue: Insights from the virus, vector, and host. Genome Biol.
2016, 17, 38. [CrossRef]

Crossley, B.M.; Bai, J.; Glaser, A.; Maes, R.; Porter, E; Killian, M.L.; Clement, T.; Toohey-Kurth, K. Guidelines for Sanger sequencing
and molecular assay monitoring. J. Vet. Diagn. Investig. 2020, 32, 767-775. [CrossRef]

Santiago, G.A.; Vergne, E.; Quiles, Y.; Cosme, ]J.; Vazquez, ].; Medina, J.E.; Medina, F.; Colon, C.; Margolis, H.; Munoz-Jordan, J.L.
Analytical and clinical performance of the CDC real time RT-PCR assay for detection and typing of dengue virus. PLoS Negl. Trop.
Dis. 2013, 7, €2311. [CrossRef]

Kim, J.; Hwang, E.-S. Multiplexed Diagnosis of Four Serotypes of Dengue Virus by Real-time RT-PCR. BioChip J. 2020, 14, 421-428.
[CrossRef]

Yin, Z.; Ramshani, Z.; Waggoner, J.J.; Pinsky, B.A.; Senapati, S.; Chang, H.-C. A non-optical multiplexed PCR diagnostic platform
for serotype-specific detection of dengue virus. Sens. Actuators B Chem. 2020, 310, 127854. [CrossRef]

Jiang, K.; Lee, ].H.; Fung, T.S.; Wu, J.; Liu, C.; Mi, H.; Rajapakse, R.; Balasuriya, U.B.R.; Peng, YK.; Go, Y.Y. Next-generation
diagnostic test for dengue virus detection using an ultrafast plasmonic colorimetric RT-PCR strategy. Anal. Chim. Acta 2023,
1274, 341565. [CrossRef] [PubMed]

Rodriguez-Aguilar, E.D.; Martinez-Barnetche, J.; Rodriguez, M.H. Three highly variable genome regions of the four dengue virus
serotypes can accurately recapitulate the CDS phylogeny. MethodsX 2022, 9, 101859. [CrossRef] [PubMed]

Drake, ].W.; Holland, ].J. Mutation rates among RNA viruses. Proc. Natl. Acad. Sci. USA 1999, 96, 13910-13913. [CrossRef]
[PubMed]

Li, G; Pan, P; He, Q.; Kong, X.; Wu, K; Zhang, W.; Liu, Y.; Huang, H.; Liu, J.; Zhang, Z.; et al. Molecular epidemiology
demonstrates that imported and local strains circulated during the 2014 dengue outbreak in Guangzhou, China. Virol. Sin. 2017,
32, 63-72. [CrossRef] [PubMed]

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, €0234929.
[CrossRef] [PubMed]

Dutra, K.R.; Drumond, B.P,; de Rezende, I.M.; Nogueira, M.L.; de Oliveira Lopes, D.; Calzavara Silva, C.E.; Siqueira Ferreira, ] M.;
Dos Santos, L.L. Molecular surveillance of dengue in Minas Gerais provides insights on dengue virus 1 and 4 circulation in Brazil.
J. Med. Virol. 2017, 89, 966-973. [CrossRef]

Nabeshima, T.; Ngwe Tun, M.M.; Thuy, N.T.T.; Hang, N.L.K.; Mai, L.T.Q.; Hasebe, F.; Takamatsu, Y. An outbreak of a novel
lineage of dengue virus 2 in Vietnam in 2022. J. Med. Virol. 2023, 95, €29255. [CrossRef]

Ramos-Castafieda, J.; Barreto dos Santos, F.; Martinez-Vega, R.; Galvao de Araujo, ] M.; Joint, G.; Sarti, E. Dengue in Latin America:
Systematic Review of Molecular Epidemiological Trends. PLoS Neglected Trop. Dis. 2017, 11, €0005224. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0168-9525(00)02024-2
https://doi.org/10.1093/nar/gks596
https://www.ncbi.nlm.nih.gov/pubmed/22730293
https://doi.org/10.1099/0022-1317-40-3-531
https://doi.org/10.1101/gr.8.3.175
http://www.phrap.org/phredphrap/phrap.html
http://www.phrap.org/phredphrap/phrap.html
https://doi.org/10.1093/molbev/msab120
https://www.ncbi.nlm.nih.gov/pubmed/33892491
https://doi.org/10.1093/trstmh/trz068
https://doi.org/10.1186/s13059-016-0907-2
https://doi.org/10.1177/1040638720905833
https://doi.org/10.1371/journal.pntd.0002311
https://doi.org/10.1007/s13206-020-4409-7
https://doi.org/10.1016/j.snb.2020.127854
https://doi.org/10.1016/j.aca.2023.341565
https://www.ncbi.nlm.nih.gov/pubmed/37455070
https://doi.org/10.1016/j.mex.2022.101859
https://www.ncbi.nlm.nih.gov/pubmed/36187156
https://doi.org/10.1073/pnas.96.24.13910
https://www.ncbi.nlm.nih.gov/pubmed/10570172
https://doi.org/10.1007/s12250-016-3872-8
https://www.ncbi.nlm.nih.gov/pubmed/28120220
https://doi.org/10.1371/journal.pone.0234929
https://www.ncbi.nlm.nih.gov/pubmed/32634137
https://doi.org/10.1002/jmv.24729
https://doi.org/10.1002/jmv.29255
https://doi.org/10.1371/journal.pntd.0005224
https://www.ncbi.nlm.nih.gov/pubmed/28068335

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Design of Oligonucleotides 
	Viral RNA Extraction 
	RT-PCR Assay 
	Sequencing 
	In Silico PCR 
	Viruses 
	Clinical Specimens 

	Results 
	Primer Design 
	Viral Sample Detection and Specificity Assay 
	Clinical Sample Detection 
	Sensitivity Analysis 
	Sanger Sequencing 

	Discussion 
	References

