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Abstract
Dengue is an endemic arboviral disease with continuous transmission in Indonesia for more than five decades. A recent out-
break in Jember, East Java province, demonstrated the predominance of DENV-4, a serotype known for its low global spread 
and limited transmission. While epidemiological factors such as  new serotype introduction and lacking herd immunity may 
explain its predominance, viral factors may also contribute. Using next-generation sequencing, we generated 13 representative 
complete genomes of DENV-4 responsible for the outbreak. Phylogenetic and evolutionary analyses on complete genomes 
were performed to understand the spatial and temporal dynamics of the viruses. Further analyses were done to study amino 
acid variations in DENV genes, as well as the potential events of recombination and selection pressure within the genomes. 
We revealed the DENV-4 genetic factors that may lead to its predominance in the 2019 Jember dengue outbreak. A com-
bination of selection pressure and mutational genetic changes may contribute to the DENV-4 predominance in East Java, 
Indonesia. The possible intra-serotype recombination events involving the non-structural protein 5 (NS5) gene were also 
observed. Altogether, these genetic factors may act as additional factors behind the complex dengue outbreak mechanism.
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Introduction

Dengue is an arboviral disease with approximately 40% of 
the global population at risk of developing the disease, espe-
cially in the tropical and sub-tropical regions of the world 
[1]. Dengue virus (DENV) has four genetically distinct sero-
types (DENV-1, -2, -3, and -4). Although DENV infection 
can be asymptomatic in the majority of cases, dengue may 
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manifest as mild dengue fever (DF, with or without warn-
ing signs) or severe dengue hemorrhagic fever (DHF) and 
dengue shock syndrome (DSS) [2, 3].

The genome of DENV consists of single-stranded pos-
itive-sense RNA encoding three structural proteins: C, 
prM/M, and E, and seven non-structural (NS) proteins: 
NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 [4]. 
Genomic information of DENV is important in reconstruct-
ing the spatial and temporal history of dengue outbreaks/
epidemics and to supplement the epidemiological data [5, 
6]. Virus evolution has been identified as a significant force 
that shapes the genetic structure of virus populations and 
drives epidemiologic changes [7]. Analysis of the complete 
sequences of viral genomes is an important tool for virus 
evolution studies, as well as for surveillance and dengue 
epidemic preparedness [6–8].

Indonesia has been affected by all four DENV serotypes 
for more than five decades [9]. The predominance of DENV 
serotypes is not constant, with documented reports of pre-
dominance switch between serotypes and evidence of geno-
type switching within each serotype [10–12]. A recent 2019 
dengue outbreak in Jember, a regency in East Java, Indone-
sia, recorded the predominance of DENV-4, which  is rarely 
seen during dengue outbreaks in Indonesia [13].

The emergence of DENV-4 dates back to 1958, when 
it was first reported in the Philippines and Thailand, and 
continued to spread in Sri Lanka and the Indochina region, 
including Indonesia, and to the Americas in early 1980s 
[14]. Despite being the first DENV serotype to diverge in 
flavivirus group phylogenetic analysis, DENV-4 has always 
been considered as serotype with the least global spread, 
including in Indonesia, also marked by the smallest num-
ber of viral genome sequences available in public databases 
[15]. Moreover, the transmission and circulation of DENV-4 
seem to be relatively  limited, ultimately due to faltering 
competition with other DENV serotypes [16].

Although having the lowest prevalence, DENV-4 still has 
the potential to cause severe dengue manifestation (DHF), 
as reported in a previous study [17]. The dengue outbreak in 
Jember manifested as milder (DF) disease, with only 26.7% 
of patients showing DHF manifestation [13]. Nevertheless, 
the predominance of DENV-4 during the outbreak raised 
awareness and scientific questions on whether there are virus 
factors that contributed to this phenomenon.

This study aimed to understand the spatial and temporal 
evolutionary patterns of DENV-4 using complete genome 
sequences generated from the Jember 2019 dengue outbreak. 
We performed analyses of genetic factors that may contrib-
ute to DENV-4 serotype predominance. The information 
gained from establishing the DENV evolution is impor-
tant to increase our understanding of the basic mechanisms  
of evolutionary change, and may also assist in designing 
control, treatment, and eradication strategies, as well as 

potentially predicting any future emergence [7]. The infor-
mation gained from this study will be beneficial in preparing 
for future outbreaks/epidemics in the region.

Materials and methods

Sample collection and preparation

Serum samples were collected during a DENV surveillance 
study in Jember, East Java, from May 2019 to March 2020, 
which revealed the predominance of DENV-4 [13]. The use 
of human serum samples in the study was granted ethical 
approval from the Research Ethics Committee of the Fac-
ulty of Medicine Universitas Airlangga, Surabaya, Indonesia 
(Ethical Approval No. 20/EC/KEPK/FKUA), and written 
informed consent was obtained from all patients and/or chil-
dren’s legal guardians [13]. Virus RNA was  extracted from 
serum sample using QIAamp Viral RNA Mini kit (Qiagen, 
Hilden, Germany) and proceeded to simultaneous DENV 
detection and serotyping using abTES DEN/CHIKU 5 qRT-
PCR (AIT Biotech, Singapore) qRT-PCR [13]. A total of 13 
DENV-4 RNAs were then used in next-generation sequenc-
ing (NGS) library preparation.

NGS library preparation

Viral RNAs were prepared into an NGS library using a mul-
tiplex PCR method and Illumina sequencing by synthesis 
approach [18, 19]. Briefly, RNAs were reverse-transcribed 
into single-stranded cDNA using random hexamer (Thermo 
Fisher Scientific, Carlsbad, CA) and Superscript III Reverse 
Transcriptase (Thermo Fisher Scientific), according to the 
manufacturers’ instructions. The cDNA was subsequently 
processed to second-strand synthesis step using Large Kle-
now Fragment (New England Biolabs, Ipswich, MA) and 
then used in two multiplex PCR reactions using primer set 
for DENV-4, according to a protocol described previously 
[19]. The multiplex PCR amplification generated amplicons 
sized approximately 350 bp. Following amplification, the 
two reaction pools were combined, and amplicons were 
purified using an equal volume of AMPure beads (Beck-
man Coulter, Indianapolis, IN), with 20 μL of final elution 
using RNase-free water. The eluted DNA concentration was 
measured using Qubit dsDNA HS assay kit (Thermo Fisher 
Scientific).

An amount of 100 ng of DNA was used in the NGS 
library preparation using TruSeq DNA Nano (Illumina, San 
Diego, CA), according to the protocol described by the man-
ufacturer. The library preparation excluded the DNA frag-
mentation step and started with the sequential processing of 
DNA end-repair, 3′-end adenylation, adapter ligation, and 
DNA fragment enrichment, prior to library normalization 
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and pooling steps. The normalized pooled library proceeded 
to sequencing with MiSeq Reagent Kit v2 Nano (2 × 250 
cycles) on the MiSeq System (Illumina).

NGS reads analysis, sequence assembly, 
and alignment

Reads as fastq files from Illumina machine were paired, 
trimmed for adapters, and used in mapping to DENV-4 Ref-
seq (NC_002640) using Geneious mapper and medium sen-
sitivity/fast fine-tuning setting, available in Geneious v.11 
software. Assembled sequences were aligned and checked 
for possible sequence gaps. Gap-filling was performed using 
the long amplicon (1–2.5 kb) approach for DENV-4 [11], 
which was generated using cDNA and Pfu DNA Polymerase 
(Strategene-Agilent, Thermo Fisher Scientific). The ampli-
con was sequenced using BigDye Dideoxy terminator kit 
v.3.1 (Applied Biosystems, Waltham, MA) in the Sanger 
capillary sequencer ABI 3130xl (Applied Biosystems). The 
sequence generated was used to fill in the sequence gaps. 
Complete genome sequences of Jember DENV-4 were 
aligned using MUSCLE [20] in MEGA-X software package 
[21] and used in the following phylogenetic and evolution-
ary analyses.

DENV‑4 phylogenetic and evolutionary analyses

Complete genome sequences or sequences with complete 
coding sequences (CDS) were retrieved from GenBank as 
of May 2021. A total of 285 sequences were selected and 
used as reference strains in phylogenetic and evolutionary 
analyses. The reference sequences and 13 Jember DENV-4 
complete genome sequences were aligned together using 
MAFFT software [22] and used as a dataset in a phyloge-
netic reconstruction approach using the maximum likelihood 
method with GTR + G model as the selected best-fit model 
inferred by jModelTest2 [23]. The analysis was run for 500 
bootstraps. The resulting tree was annotated in FigTree 
v.1.4.4 (available from http://​tree.​bio.​ed.​ac.​uk/​softw​are/​
figtr​ee/).

The phylogenetic and evolutionary analyses were then 
performed on a subset of data, where Jember sequences 
were grouped in a clade of closely related strains as 
inferred by the maximum likelihood analysis. A total of 
55 genome coding sequences (CDS) were used in a dataset 
generation using BEAUti v.2.6 by excluding the possible 
recombination events. Each node was calibrated using the 
year of isolation and run in Bayesian Markov Chain Monte 
Carlo (MCMC) analysis using GTR + G, Bayesian skyline 
prior, and relaxed lognormal molecular clock with an ini-
tial rate of 7.6 × 10–4 substitutions/site/year [5]. Computa-
tion was done using BEAST v.2.6 software [24]. The gen-
erated tree was then annotated using TreeAnnotator v.2.6 

with 10% burn-in and edited in FigTree showing posterior 
probability values in each node and the time to the most 
recent common ancestors (TMRCA) as median year with 
95% Highest Posterior Density (HPD).

Amino acid variations in gene, recombination, 
and selection pressure analyses

Analyses were performed using a dataset containing 55 
taxa of CDS genome sequences, including Jember strains, 
showing genetic close-relatedness. Amino acid alignment 
of Jember DENV-4 CDS was performed using MUSCLE, 
showing only variable sites in each DENV gene. Amino 
acid variations analysis was performed in comparison to 
a strain from China isolated in 1978 (Genbank accession 
no. FJ196849), which is located in the basal position of the 
phylogenetic tree. The recombination analysis was done 
using RDP4 software [25] by performing a full exploratory 
recombination scan using RDP, GENECONV, BootScan, 
MaxChi, Chimaera, SiScan, 3Seq, LARD, and Phylpro. 
The selection pressure analysis was performed using the 
Datamonkey selective and evolutionary bioinformatics 
online server [26], incorporating methods to detect selec-
tion using BUSTED, MEME, FEL, SLAC, and FUBAR.

Results

RNA template, NGS library preparation, 
and sequence analysis

The DENV-4 samples were collected from our previous 
surveillance study in Jember, East Java in 2019, showing 
the predominance of DENV-4 during a dengue outbreak 
[13]. Among 43 samples detected as DENV-4, a total of 
13 RNA templates were sufficient in amount and qual-
ity for sequencing library preparation. These represented 
samples from DF and DHF clinical manifestations, as well 
as samples with primary and secondary infection status 
(Table 1). The sequencing run of Jember samples gener-
ated sequences with variable sequencing depth and the cal-
culated mean of average sequencing depth of 50.5 × . This 
mean of depth was sufficient to generate complete genome 
sequences mapped to the DENV-4 reference sequence. In 
terms of genome coverage, Jember sequences have a mean 
coverage to the DENV-4 reference sequence of 98.58% 
(95% CI 96.98–100.18) (Table 2). Following the quality 
control and gap filling processes, all 13 sequences were 
curated and deposited to GenBank with accession numbers 
of OL314735 –OL314747 as listed in Table 2.

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
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Phylogenetic analysis

Phylogenetic analysis of Jember DENV-4 complete genomes 
with global reference strains available in public database 
revealed the classification of Jember viruses into Geno-
type IIa of DENV-4 (Fig. 1A). Phylogenetic analysis of 55 
genome sequences including Jember sequences resulted in 
a maximum clade credibility tree having an age of 54 (95% 
HPD of 42–79) years. The overall mean evolutionary rate 
was recorded at 10.3 × 10–4 subs/site/year (95% HPD of 
8.0–12.7 × 10–4 subs/site/year) and coefficient of variation of 

0.682 (95% HPD of 0.521–0.879). All statistical indicators 
were supported by sufficient effective sampling size (> 150). 
Phylogenetic and evolutionary analyses showed further line-
ages grouping with 12 Jember DENV-4 strains clustered into 
Lineage 1 and closely related to strains from Malaysia and 
Bali, Indonesia (Fig. 1B). The Jember strains was estimated 
to diverge and group into a single sub-lineage at circa 2008. 
A single Jember DENV-4 strain was clustered into Lineage 
2 and is closely related to strains from China and Jambi, 
Indonesia. The estimated TMRCA of this lineage was dated 
back at circa 1988. Evolutionary analysis of each Jember 

Table 1   Clinical and laboratory 
data of patients’ samples as 
the source of viral genomes 
sequenced using next-
generation sequencing

Data were extracted from Aryati, et al. [13]
RDT Rapid Diagnostic Test, NS1 Non-structural protein 1, F female, M male, Neg negative, Pos positive, 
DF dengue fever, DHF dengue hemorrhagic fever

No DENV ID Age Gender RDT Result Infection status Clinical 
manifesta-
tionNS1 IgG IgM

1 ID/JBB-004/JEMBER/2019 40 F Neg Neg Neg Primary DF
2 ID/JBB-007/JEMBER/2019 16 M Neg Pos Neg Secondary DHF
3 ID/JBB-008/JEMBER/2019 26 F Neg Neg Neg Primary DF
4 ID/JBB-023/JEMBER/2019 38 M Pos Neg Neg Primary DF
5 ID/JBB-024/JEMBER/2019 7 M Pos Neg Neg Primary DF
6 ID/JBB-037/JEMBER/2019 62 M Pos Neg Neg Primary DF
7 ID/JBB-042/JEMBER/2019 19 F Pos Pos Pos Secondary DHF
8 ID/JBB-044/JEMBER/2019 18 M Pos Neg Neg Primary DF
9 ID/JBB-045/JEMBER/2019 12 M Pos Neg Neg Primary DF
10 ID/JBB-049/JEMBER/2019 18 M Neg Neg Neg Primary DF
11 ID/JBB-050/JEMBER/2019 11 F Pos Neg Neg Primary DHF
12 ID/JBB-051/JEMBER/2019 8 F Pos Pos Neg Secondary DHF
13 ID/JBB-055/JEMBER/2019 42 M Pos Neg Pos Primary DF

Table 2   Information regarding Jember dengue virus 4 (DENV-4) sequenced genomes and next-generation sequencing (NGS) data quality

RefSeq reference sequence, nt nucleotides, bp base-pair, subs substitutions

No DENV-4 
sequence name

Mapped reads Average depth Sequence 
length (nt)

% Genome coverage to 
RefSeq (10,649 bp)

Median evolutionary rate 
(subs/site/year) × 10–4

GenBank 
Accession 
No

1 JBB-004 795,044 70.23 10,648 98.8 9.88 OL314735
2 JBB-007 309,739 48.62 11,084 89.1 10.60 OL314736
3 JBB-008 602,468 39.75 11,570 98.7 8.98 OL314737
4 JBB-023 875,413 57.22 12,853 100.0 7.30 OL314738
5 JBB-024 339,603 20.78 11,181 100.0 9.47 OL314739
6 JBB-037 792,305 53.76 11,802 100.0 11.50 OL314740
7 JBB-042 1,066,309 86.07 11,542 98.3 12.70 OL314741
8 JBB-044 1,763,457 108.75 11,893 100.0 13.80 OL314742
9 JBB-045 478,067 29.71 11,553 98.6 9.21 OL314743
10 JBB-049 410,111 29.23 10,692 98.2 12.90 OL314744
11 JBB-050 360,060 22.11 11,373 100.0 9.73 OL314745
12 JBB-051 295,475 19.40 11,218 100.0 11.40 OL314746
13 JBB-055 887,514 70.40 11,883 99.8 9.72 OL314747
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DENV-4 strain ranged from 7.30 to 13.80 × 10–4 subs/site/
year (Table 2) with the mean evolutionary rate of 10.6 × 10–4 
subs/site/year.

Amino acid variations in gene, recombination, 
and selection pressure

Amino acid (AA) analysis of DENV-4 CDS sequences from 
Jember showed AA variation in genes, with 308 out of 3387 
(9.1%) AA changes, compared to a reference strain at basal 
position from China in 1978. AA changes were found in 
NS5 gene (33 AA changes or 3.7% of total AA encoding the 
gene) (Fig. 2). Other genes showing AA changes were NS1, 
NS4B, and NS3 with 22 (6.25%), 21 (8.6%), and 20 (3.2%) 
AA changes, respectively.

Recombination analysis detected 12 potential recombina-
tion events in the analyzed dataset. Among them, two events 
showed significant detection by two or more methods with 
significant p values. Both events detected strain JBB-007 as 
the recombinant strain involving parents from other Jember 
strains. The first event predicted strain JBB-051 as the major 
parent and JBB-049 as the minor parent detected using RDP, 
BootScan, MaxChi, and Chimaera methods. The beginning 
of breakpoint was calculated at nucleotide (nt) position 9711 
(99% confidence interval/CI 9486–9885) up to the end of 
sequence nt 10,660, which covers NS5 gene and 3′-UTR 
regions. The second event also involved strain JBB-051 as 
the major parent and JBB-008 as the minor parent. The event 
was detected by RDP, GENECONV, BootScan, MaxChi, 
Chimaera, and SiScan methods, with the predicted break-
point beginning at nt position 2,538 (99% CI 1939–2717) 
and breakpoint end at nt 3554 (99% CI 3395–4793), which 
covers the NS1-NS2A genes.

Within the genomes, there was majority of negative 
purifying selection pressure with some detectable posi-
tive selection pressure by one method. There was only 
one site detected as under positive/diversifying selection 
by two methods. The AA site number 2772 (NS5 region) 
was detected as positively selected by FUBAR (p = 0.971) 
and MEME (p = 0.04). The AA change from glutamine (Q) 
to arginine (R) was observed in most of Jember DENV-4 
genomes (Fig. 2). In addition, BUSTED analysis revealed 
the evidence of gene-wide episodic diversifying selection 
(p < 0.001), where at least one site on at least one test branch 
has experienced diversifying selection.

Discussion

The region of Jember in East Java province, Indonesia, 
was alerted by a dengue outbreak in 2019 in which a pre-
dominance of DENV-4 cases was reported [13]. This was a 
new finding since there have been no reports of outbreaks 

dominated by DENV-4 in Indonesia, especially in small cit-
ies far from the capital city of Jakarta. The outbreak affected 
mostly children under 10 years old (27.2% of the total cases), 
with a higher proportion of primary infections, concomitant 
with milder forms of dengue (DF) [13]. We proposed earlier 
that the introduction of a new DENV serotype, in this case 
DENV-4, in a population with a low herd immunity would 
lead to dengue outbreak. While this seems to be the case for 
Jember outbreak, virus factors may also contribute to the 
outbreak and explain how DENV-4 became predominant.

Using NGS approach, we successfully sequenced com-
plete genomes of 13 DENV-4 strains from RNAs that were 
directly extracted from the patients’ serum samples in order 
to limit/exclude the adaptive mutations that can occur when 
DENV is passaged into cell culture [27]. The genome 
sequences have been deposited in public genome repository 
and these provide important addition to the limited number 
of DENV-4 genomes available, especially for strains origi-
nated from Indonesia. To our knowledge, currently, only 
seven complete genomes of Indonesia DENV-4 available in 
GenBank database, therefore, addition of 13 new genomes 
will be beneficial for future DENV genome study.

Jember DENV-4 strains were found to have evolved into 
two main lineages (Fig. 1B), based on phylogenetic tree and 
evolutionary analyses. They were grouped together in Geno-
type IIa of DENV-4 (Fig. 1A). The first lineage (Lineage 2, 
Fig. 1B) is represented by a strain with older evolutionary 
age, estimated to be circulating since around 1988. This line-
age may be the parental lineage of DENV-4 in Jember, with 
a close relationship with an imported case from Malaysia 
to China and a strain from Jambi, Indonesia [28, 29]. This 
may suggest that DENV-4 viruses have been endemic in 
Indonesia and the region for more than three decades. The 
evolution process may then have led to the emergence of the 
second lineage (Lineage 1, Fig. 1B), comprising the majority 
of Jember 2019 strains, estimated to have emerged around 
the year of 2000 and Jember strains started to diverge and 
generating a new sub-lineage in circa 2008. This younger 
lineage may reflect the substantial evolutionary changes in 
Jember DENV-4 that enabled the virus mutants to infect a 
naïve population.

We identified changes in DENV genomes that may be 
correlated to their transmission. During the evolution, 
DENV-4 in Jember seems to gain many mutations as part of 
its evolution process (Fig. 2). We observed that the number 
of amino acid changes was higher in the NS5 gene, account-
ing for 3.7% of the total amino acid within the gene (Fig. 2). 
Moreover, the selection pressure analysis revealed that the 
viruses have primarily undergone purifying selection and 
only one site was detected to be positively selected, located 
in the NS5 gene. The highest percentage of AA changes was 
detected in NS4B gene (8.6%), encoding for a transmem-
brane protein that anchors the viral replication complex to 
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the endoplasmic reticulum membrane [30], although none 
was positively selected. Positive selection may cause an 
increase in the rate of sequence variation in the virus genome 
and enhance the overall fitness of a virus sub-population, 
which may occur when there are changes in environmen-
tal factors, such as host immunity or the effects of antiviral 
drugs, as reported in HCV and HIV [31–33]. NS5 is one of 
DENV’s key catalytic enzymes, involved in viral genome 

replication and its capping [34]. The N‐terminal region of 
NS5 has a methyltransferase domain, while the C‐termi-
nal region contains a conserved domain for RNA‐depend-
ent RNA polymerase for de novo synthesis of viral RNA 
[35]. NS5 presence in the nucleus has roles in host splic-
ing machinery and DENV pathogenesis [36]. All of these 
properties of NS5 have made it a potential target of directly 
acting antiviral drugs and vaccine development [37, 38]. The 
positive selection pressure in the Jember DENV-4 NS5 gene 
may be the possible cause of viral genomic changes that lead 
to the enhanced virus fitness, allowing it to gain predomi-
nance during the dengue outbreak. Regarding the AA sub-
stitutions related to disease severity, we did not observe any 
mutational changes that specifically correlate with patients’ 
clinical manifestations (DF vs DHF).

In addition, our in-silico analysis detected a recombina-
tion event involving breakout at the NS5 gene of Jember 
DENV-4 viruses. Recombination is considered a common 
phenomenon in RNA viruses and plays an important role 
in the biology of the virus and its evolution, which may 

Fig. 1   Maximum likelihood tree of Jember complete genome 
sequences together with global DENV-4 reference strains available 
in public database (A). Jember DENV-4 is grouped into Clade IIa of 
DENV-4 Genotype II based on global Maximum Likelihood analysis 
of all DENV-4 complete genome sequences found in GenBank repos-
itory. Closely related sequences in Genotype IIa (within red square) 
were selected to generate a Maximum Clade Credibility (MCC) 
tree of Jember DENV-4 strains (red font) together with most closely 
related DENV-4 reference strains from Indonesia (blue font) and 
other countries (B). The number in each node represents the poste-
rior probability of the particular node. The time to the most common 
recent ancestor (TMRCA) is shown as year [95% Highest Posterior 
Density (HPD)]. Arabic numbers show classification into Lineages

◂

Fig. 2   Amino acid variation within Jember DENV-4 genome sequences compared to a reference strain. The positively selected amino acid site 
number 2772 within the NS5 gene is highlighted
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contribute to an epidemic [39]. Evidence of intra-serotype 
recombination among DENV-4 virus strains has been 
reported previously and the event may contribute to the 
emergence of a new distinct genotype [40, 41]. Although 
the recombination event in Jember DENV-4 did not generate 
a new distinct genotype, the event may still be the cause of 
the emergence of the more recent phylogenetic clade Line-
age 1 consisting of the majority of DENV-4 viruses isolated 
during the outbreak (Fig. 1B).

Regarding the possible recombination, we are aware that 
bioinformatic analysis alone may not be able to conclusively 
confirm the recombination in DENV-4. It is important that 
the recombination breakpoints be sequenced from a single 
cDNA molecule (e.g., by cDNA cloning) to ensure it is orig-
inated from a single virus. Additionally, the recombination 
should be shown in clonal populations of a live virus (e.g., 
by plaque purification or limited dilution) and during post-
recombination evolution, sufficient level of sequence con-
servation should be maintained by the recombinant viruses. 
Therefore, further in vitro investigation is needed to confirm 
the recombination events occurred in our DENV-4 strains.

In conclusion, genetic factors may have contributed to 
DENV-4 viral fitness, causing its serotype predominance in 
the Jember 2019 dengue outbreak. A combination of selec-
tion pressures and mutational genetic changes may be the 
key factors of DENV-4 dynamics during the Jember dengue 
outbreak. Additionally, intra-serotype recombination events, 
although it need to be confirmed in vitro, may contribute to 
the fitness of the DENV-4. Altogether, these findings may 
act as additional factors besides the epidemiological aspects 
within the complex dengue outbreak mechanism. Continu-
ous surveillance and study of DENV genomes and their 
evolutionary aspects are needed to monitor the dynamics of 
DENV in Indonesia and to improve preparedness for future 
outbreaks or epidemics.
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