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Abstract: Dengue is an arboviral disease caused by dengue virus (DENV), leading to approximately
25,000 deaths/year and with over 40% of the world’s population at risk. Increased international travel
and trade, poorly regulated urban expansion, and warming global temperatures have expanded
the geographic range and incidence of the virus in recent decades. This study used phylogenetic
and selection pressure analyses to investigate trends in DENV evolution, using whole genome
coding sequences from publicly available databases alongside newly sequenced isolates collected
between 1963–1997 from Southeast Asia and the Pacific. Results revealed very similar phylogenetic
relationships when using the envelope gene and the whole genome coding sequences. Although
DENV evolution is predominantly driven by negative selection, a number of amino acid sites
undergoing positive selection were found across the genome, with the majority located in the
envelope and NS5 genes. Some genotypes appear to be diversifying faster than others within each
serotype. The results from this research improve our understanding of DENV evolution, with
implications for disease control efforts such as Wolbachia-based biocontrol and vaccine design.

Keywords: dengue; Aedes; mosquito; arbovirus; evolution; phylogeny

1. Introduction

Dengue is caused by a mosquito-borne virus of the same name, affecting human
populations in tropical and sub-tropical regions of the world. Considered a disease of major
public health importance by the World Health Organization (WHO), it causes the highest
morbidity and mortality of all arthropod-borne viral (arboviral) diseases, with children
being the most affected [1]. There are an estimated 390 million dengue virus (DENV)
infections per year in 129 countries, with an estimated 25,000 deaths/year globally [2–4].
The virus is transmitted through the bite of infected female Aedes spp. mosquitoes, primarily
Aedes aegypti and to a lesser extent Aedes albopictus [2]. Dengue infection results in a wide
range of disease manifestations, from asymptomatic to a mild self-limiting flu-like illness,
with approximately 1–3% of cases progressing to more severe haemorrhagic disease [2,5].
With no current treatment options other than supportive management and a vaccine
that is only recommended in previously DENV-exposed populations, national disease
control programs are predominantly focused on timely diagnosis, case management, and
vector control [6]. However, an improved understanding of the viral diversification and
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evolutionary mechanisms of DENV could enhance disease control efforts such as Wolbachia-
based biocontrol and vaccine development.

DENV is a positive-sense ssRNA flavivirus, with an approximately 11 kb-long genome
that encodes for three structural proteins (capsid [C], pre-membrane [prM], and enve-
lope [E]) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5) [7]. The virus is maintained in four antigenically diverse serotypes (DENV-1, DENV-2,
DENV-3, and DENV-4), which can co-exist in endemic areas of the world [8]. Currently,
all four DENV serotypes have spread throughout the tropical and sub-tropical regions
of the world and attained hyperendemicity (the circulation of multiple serotypes) world-
wide [9,10]. Each DENV serotype is further composed of several genetic variants, called
genotypes, frequently defined as strains with less than 6% divergence at the E/NS1 junc-
tion [11]. Previous work has suggested that DENV lineages go extinct every 7–10 years and
are replaced by new genetic variants, typically resulting in epidemics [1,12,13].

Overall, a multitude of human and mosquito factors contribute to the evolutionary
dynamics of DENV, including population immunity, viral and mosquito fitness, vectorial
competence and capacity, seasonal variations, and random stochastic events [14–21]. DENV
acquires, on average, one mutation per whole genome replication cycle within a verte-
brate host, which is mainly attributed to its error-prone RNA-dependent RNA polymerase
(RdRp) [22], resulting in genomic diversification within the infected host, otherwise known
as variants or quasispecies [23]. While coinfection by multiple DENV serotypes is well doc-
umented, recombination events are rare in both intra- and inter-serotypic infections [21,24].
The majority of research into DENV evolution has focused largely on the evolutionary
dynamics of single genes, typically the E gene. DENV evolution is driven by strong nega-
tive selection pressure, with a lesser role played by positive selection pressure [1,25–27].
Several studies have estimated the nucleotide substitution rate of the DENV E gene, and
while this rate is variable amongst serotypes, all four evolve at approximately 7.6 × 10−4

substitutions/site/year, slower than other RNA viruses [28,29].
There is a wealth of literature on DENV evolution, but most studies have focused on

identifying serotypes and genotypes involved in specific outbreaks or epidemics, occurring
in particular geographic regions of the world [30–36]. While these studies are important,
there has been a lack of understanding of DENV evolutionary dynamics on the global
scale over the last few decades. The reduced costs and enhanced capacity to perform next
generation sequencing (NGS), particularly in low resource settings, have increased the
number of DENV whole genome sequences available for analysis and allows us to expand
our understanding of evolutionary patterns in regions other than the E gene primarily.

To date, the evolutionary dynamics of DENV across its complete coding sequence
and at the global scale have remained relatively unexplored. We hypothesized that with
increasing DENV incidence over the last decades, DENV strains have diversified, and
the complete coding sequence has undergone positive selection pressures with beneficial
mutations shared across genotypes and serotypes. We used publicly available whole
genome sequence data alongside 22 older archived isolates from South-East Asia and the
Pacific, that were previously lacking whole genome data, to better understand DENV
diversity and evolutionary history on the global scale over the last few decades. Our results
demonstrate that phylogenetic analysis of the whole genome and the E gene produce
similar estimates, with evidence for several amino acids being under positive selection
across the genome. Within serotypes, some genotypes appeared to be diversifying at faster
rates than others. Further functional characterisation of sites under positive selection is
needed to understand the drivers of DENV evolution.

2. Materials and Methods
2.1. Sequence Dataset

Whole genome complete coding sequences for each DENV serotype were downloaded
from GenBank (https://www.ncbi.nlm.nih.gov/genbank/, accessed on 19 November
2020) and ViPR (viprbrc.org, accessed on 19 November 2020) (accession numbers given

https://www.ncbi.nlm.nih.gov/genbank/
viprbrc.org
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in Supplementary Table S1). These two databases were cross referenced by accession
number against each other to ensure inclusion of all available sequences in the final analysis
dataset. To reduce redundancy and over-representation of some countries, complete coding
sequences for each serotype dataset were uploaded to the CID-HIT-EST program [37,38]
accessed through Galaxy Australia (usegalaxy.org.au, accessed on 26 November 2020), and
clustered using a similarity threshold of 99%. Accessions unique for country of isolation
and year were then randomly selected from each cluster. Additionally, the raw reads for a
highly divergent DENV4 isolate DKE-121 were downloaded on 18 October 2021, assembled
into a consensus sequence, and included in the dataset.

Recombinant sequences were detected using RDP, GENECOV, BootScan, MaxChi,
Chimaera, SiScan, and 3Seq in the Recombination Detection Program, RDP4 v4.101 pack-
age [39] and removed from further analysis (recombinant isolates listed by accession
number are given in Supplementary Table S2). Resulting sequences were individually in-
terrogated against the associated publication for correct country of origin, date of isolation,
and specified genotype. Any accessions without a specified country of origin and date of
isolation were excluded from further analysis.

Preliminary analysis was performed to optimize the datasets and reduce sequence
redundancy for further analysis by removing sequences from alignments with indels or
that caused misalignments and by removing sequences that originated from the same
country and year that clustered together on the phylogenetic trees. Sequence alignments
were performed using MUSCLE Alignment 3.8.425 [40] with a maximum of eight iterations.
Preliminary phylogenetic trees were constructed using the Geneious Tree Builder (Geneious
Prime 2019.2.1 software) with the Tamura-Nei genetic distance model, Neighbour-Joining
method, and resampling by bootstrap for 1000 replicates, with an outgroup randomly
selected from another serotype to anchor the tree. Final alignments using publicly available
databases included 494, 492, 286, and 137 sequences from DENV1, DENV2, DENV3,
and DENV4, respectively, representing viral isolates collected during 1944–2019 from
93 countries.

2.2. Virus Isolates, Viral RNA Extraction and Sequencing

When searching publicly available sequence databases, a gap was observed in the
availability of DENV whole genome isolates older than the last two decades. The Queens-
land University of Technology (QUT) Arbovirus Collection, formerly a WHO Arbovirus
Reference Centre established by Professor John Aaskov, contains DENV isolates from the
Asia-Pacific region from 1963–2017. Thus, the QUT Arbovirus Collection was interrogated
for defined provenance of country of origin and isolation year. Twenty-two of the oldest
isolates available were selected for NGS, representing the following low-passage isolates:
four isolates from DENV1, eight from DENV2, four from DENV3 and six from DENV4.
Sequences are now available on GenBank (accession numbers given in Table 1).

To obtain enough viral nucleic acid for NGS, DENV isolates were passaged once in
C6/36 cell cultures over a period of 7–10 days, and supernatants harvested and concentrated
using Amicon® Ultra-15 Centrifugal Filter Units (Merck KGaA, Darmstadt, Germany). Viral
RNA was extracted from concentrates using the Quick-DNA/RNA Pathogen Miniprep
kit (Zymo Research, Irvine, CA, USA). RNA quality assays were performed using the
Bioanalyser (Agilent Technologies, Santa Clara, CA, USA), and viral RNAs were sequenced
using an Illumina NovaSeq at the Australian Genome Research Facility (AGRF, Melbourne,
Australia). Consensus sequences were produced using BWA 0.7.17 [41], Samtools 1.7,
Bcftools 1.9 (htslib.org, accessed on 2 June 2021), and Seqtk 1.3 (github.com/ih3/seqtk,
accessed on 2 June 2021) and incorporated into their respective serotype alignments.

usegalaxy.org.au
htslib.org
github.com/ih3/seqtk
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Table 1. DENV isolates sourced for this study from the QUT Arbovirus Collection (formerly a WHO
Arbovirus Collaborating Centre).

Accession Number QUT Reference Number Serotype Country of Origin Year Collected

OK469341 QUT 1070 DENV1 Singapore 1992
OK469342 QUT 1100 DENV1 Malaysia 1997
OK469343 QUT 1462 DENV1 Pakistan 1994
OK469344 QUT 1501 DENV1 Fiji 1975
OK469345 QUT 0605 DENV2 Myanmar 1985
OK469346 QUT 0792 DENV2 Jamaica 1981
OK469347 QUT 0868 DENV2 Palau 1988
OK469348 QUT 0870 DENV2 Myanmar 1976
OK469349 QUT 0871 DENV2 Samoa 1972
OK469350 QUT 1357 DENV2 Thailand 1990
OK469351 QUT 1453 DENV2 Myanmar 1995
OK469352 QUT 1537 DENV2 Singapore 1993
OK469353 QUT 0325 DENV3 Thailand 1988
OK469354 QUT 0327 DENV3 Thailand 1989
OK469355 QUT 0874 DENV3 Myanmar 1973
OK469356 QUT 0875 DENV3 Myanmar 1976
OK469357 QUT 0789 DENV4 Puerto Rico 1963
OK469358 QUT 0876 DENV4 Myanmar 1976
OK469359 QUT 0877 DENV4 Kiribati 1980
OK469360 QUT 0878 DENV4 Niue 1980
OK469361 QUT 1525 DENV4 Singapore 1990
OK469362 QUT 1541 DENV4 Singapore 1995

2.3. Bayesian Evolutionary Analyses

Maximum Clade Credibility (MCC) dated phylogenetic trees were constructed using
the Bayesian Markov chain Monte Carlo (MCMC) approach in the BEAST2 package [42].
The complete data sets were evaluated at the level of the whole genome as well as E
gene, and further divided into subgroups. These included for each serotype: (1) epidemic
isolates, (2) epidemic and sylvatic isolates (for DENV1, DENV2, and DENV4), (3) sylvatic
isolates (only for DENV2 given insufficient sample sizes for the other serotypes), and
(4) complete datasets (epidemic, sylvatic, and highly divergent isolate [DENV1—Brun
2015, DENV2—QML-22, and DENV4—DKE-121]). The best-fit substitution models were
determined using the PhyML platform as described in Section 2.4 below. Datasets were
evaluated for phylogenetic relationships with a relaxed uncorrelated lognormal molecular
clock and a Bayesian skyline coalescent prior [43]. Analysis was performed using the
lowest number of generations that resulted in effective sample size (ESS) values >200 for
all statistics, and trees and parameters were sampled every 1000 steps. Divergence time
estimation was calibrated using the age of isolates as tip dates. The resulting tree and
log files were combined using LogCombiner v1.10.4, set with a 10–25% burn-in. Effective
sample sizes were verified in Tracer v1.7.1 [44], phylogenetic trees constructed, and node
posterior probability values annotated with TreeAnnotator v1.10.4. Visualization and Time
to Most Recent Common Ancestor (TMRCA) estimation were performed using FigTree
v1.4.4. Bayesian Skyline analysis was used to estimate the demographic evolutionary history
of each serotype’s whole genome coding sequence. Classification of genotypes used the most
widely accepted classifications for DENV1, DENV2, DENV3, and DENV4 by Goncalvez
et al. [45], Twiddy et al. [46], Lanciotti et al. [47], and Lanciotti et al. [48], respectively.

2.4. Maximum Likelihood Phylogenetic Analyses

Maximum likelihood (ML) phylogenetic analysis was performed on the ATGC bioin-
formatics platform (http://www.atgc-montpellier.fr/, accessed on 14 June 2020) using the
Phylogenetic Maximum Likelihood (PhyML) utility [49]. Automatic model selection was
performed by Smart Model Selection (SMS) based on the Akaike Information Criterion
(AIC) and Bayesian Information Criterion (BIC) within PhyML [50]. ML phylogenetic trees

http://www.atgc-montpellier.fr/
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were inferred with aLRT SH-like fast likelihood-based methods indicating branch support.
The output from PhyML was visualized using FigTree v1.4.4.

Resulting ML trees were also investigated for temporal structure by linear regression of
root-to-tip genetic distance versus sample year for each sequence using TempEst v1.5.3 [51].
The rate of nucleotide substitution and TMRCA was estimated for both the E gene and
whole genome, and further divided into subgroups, as mentioned above in Section 2.3.

2.5. Selection Pressure Analysis

Amino acid site-specific and branch-specific selection pressure across the DENV
genome were evaluated using the HyPhy v2.5 package [52] on the Datamonkey 2.0 web
application [53]. Analysis was performed on the following groups for each serotype:
(1) epidemic isolates, (2) complete datasets (epidemic, sylvatic, and highly divergent
sequences), (3) sylvatic isolates (only for DENV2), and (4) individual genotypes. Episodic
selection was detected using the Mixed Effects Model of Evolution (MEME) algorithm and
pervasive selection detected through the Single-Likelihood Ancestor Counting (SLAC);
Fixed Effects Likelihood (FEL); and Fast, Unconstrained Bayesian AppRoximation (FUBAR)
algorithms. Branch-specific selection pressure was detected using adaptive Branch-Site
Random Effect Likelihood (aBSREL) [54–57]. Sites under selection were classified using
a statistical significance of p < 0.1 or a posterior probability >0.9, or p ≤ 0.05 for aBSREL,
with sites under pervasive selection that were identified by at least two methods deemed
genuine findings.

3. Results
3.1. Bayesian Evolutionary Analysis and TMRCA

For each DENV serotype, Bayesian evolutionary analysis was performed using the
complete coding sequences and the same sequence datasets trimmed to include just the E
gene. The resulting Bayesian whole genome and E gene trees displayed similar groupings
for the currently recognized genotypes but differed slightly in the estimated TMRCA,
and also displayed varied clade groupings within genotypes. Maximum likelihood tree
estimations for the E gene and complete coding sequences (Supplementary Figures S1–S8)
produced very similar trees to Bayesian analyses, differing only slightly in some levels of
branch support and clade definitions.

3.1.1. DENV1

The DENV1 sequences grouped into four distinct genotypes: 1-I (n = 265), 1-IV (n = 43),
1-V (n = 184), and 1-III (sylvatic) (n = 2) (Figure 1). There were no available representative
whole genome isolates for genotype 1-II. The QUT Arbovirus Collection sequences from
this serotype clustered into genotypes 1-IV (n = 3) and 1-V (n = 1). The TMRCA for DENV1
whole genome sequences was estimated to be the year 1660 (95% Highest Posterior Density
[HPD]: 1470–1819), when Brun2015 and the Malaysian sylvatic isolate were found to have
diverged. The divergence time of the other DENV1 genotypes from the Malaysian sylvatic
isolate is estimated to be 1886. Genotypes 1-I and 1-IV diverged from genotype 1-V around
1909, with genotype 1-V becoming established in two distinct groupings around 1942.
The first grouping, clades 1-VA to 1-VF, diversified throughout the Americas, a process
estimated to have started around the 1960s. Eleven isolates (denoted with arrows in Figure 1
and Supplementary Figures S1, S2, S9 and S10) classified in recent literature as genotype
1-III are interspersed within this 1-V cluster. The second grouping, clades 1-VG and 1-VH,
diversified in the Asia-Pacific region starting in the early 1950s and more recently in the
late 2010s into a few African countries. Our analysis estimated that genotype 1-I diverged
from 1-IV around 1922 with each becoming established and diversifying further around the
years 1932 and 1958, respectively. Genotype 1-I is composed primarily of isolates from Asia
(97% of sequences). In the 1930s, genotype 1-I diverged into a clade represented by isolates
from 1944, 2007, and 2015, then in the 1970s into Asia and East Africa, becoming established
in Asia/Oceania in 1980–1990 forming clades 1-IA–1-ID. Genotype 1-IV diverged into
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several distinct clades in the 1980s, with clades 1-IVA and 1-IVD becoming established
in Asian regions, and 1-IVB and 1-IVC in the Oceania region. Enlarged whole genome
MCMC tree genotype groupings with associated accession number, country of isolation,
and date of collection for each isolate can be found in Supplementary Figure S9. In the
analyses comprising the E gene alone (Supplementary Figure S10), all divergence dates were
estimated to be approximately 3–7 years earlier than found in the whole genome analysis,
apart from the overall TMRCA, which was estimated to be 45 years later, at 1705 (95% HPD:
1540–1870). However, the 95% confidence intervals (CI) broadly overlap for the whole
genome and E gene only analyses. All genotype groupings were well supported except the
split where genotype 1-IV and 1-I diverged from genotype 1-V in 1902, which was not well
supported with a posterior value of 0.14.

3.1.2. DENV2

DENV2 whole genome sequences fell out into the following genotypes: Asian Amer-
ican (n = 171), Asian I (n = 108), Asian II (n = 22), Cosmopolitan (n = 161), American
(n = 19), and Sylvatic (n = 11). The QUT Arbovirus Collection sequences fell into genotypes
Asian American (n = 1), Asian I (n = 4), Asian II (n = 1), American (n = 1), and Cosmopoli-
tan (n = 1). For the DENV2 whole genome sequences, the TMRCA was estimated to be
1733 (95% HPD: 1550–1844) when all epidemic genotypes diverged from the sylvatic iso-
lates (Figure 2). The Malaysian and African sylvatic isolates are estimated to have separated
from the lineage represented by the highly divergent sequence QML22 in approximately
1852, with the Malaysian and African isolates further diverging from each other around
1911. The American genotype is estimated to have diverged from the other genotypes
in 1880 and later diversified into two distinct clades in the 1960s. The American A clade
became established in the Americas and the American B clade in Oceania. It is estimated
that the Cosmopolitan genotype diverged around 1915 and diversified into two distinct
clusters, the larger spreading in Asia, Oceania, and West Africa from the 1960 onwards,
and the smaller in Asia, Oceania, and East Africa in the late 1980s. The Asian I genotype
diverged from Asian II and Asian American genotypes around 1931 and comprises three
distinct clades, with the largest of the two becoming established in the late 1980s, primarily
in Thailand, Viet Nam, and Cambodia. The Asian II and Asian American genotypes cluster
together and do not form distinct genotype groupings. The isolates identified as Asian II
diversified into two clades, Asian II B in the 1960s in Asia and further into the Americas,
and Asian II A in the 1980s in Asia and Oceania. Further diversification into the Asian
American genotype is estimated to have occurred in the mid-1970s, spreading throughout
Asia and the Americas. Enlarged whole genome MCMC tree genotype groupings with
associated accession number, country of isolation, and date of collection for each isolate can
be found in Supplementary Figure S11. The TMRCA using the E gene sequences only was
estimated to be 1568 (95% HPD: 1302–1764), 165 years earlier than estimates using whole
genomes (Supplementary Figure S12). All other divergence dates were estimated to be
1–61 years earlier if using the E gene alone. However, most of these E gene-based estimates
were not well supported, showing posterior values less than 0.8 for the genotype groupings
between Asian I, Asian II, and Asian American, and the split between Cosmopolitan and
American genotypes; however, they did form distinct groupings.
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Figure 1. Bayesian phylogenetic tree from analysis of DENV1 whole genome complete coding
sequences. Scale axis is representative of calendar years. Posterior node support is indicated for
the major branches, with values <0.8 eliminated in most instances for clarity. Red circles indicate
newly sequenced isolates from the QUT Arbovirus collection. Branches under positive selection (see
Section 3.2.2) are indicated by red stars.
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Figure 2. Bayesian phylogenetic tree from analysis of DENV2 whole genome complete coding
sequences. Scale axis is representative of calendar years. Posterior node support is indicated for
the major branches, with values <0.8 eliminated in most instances for clarity. Red circles indicate
newly sequenced isolates from the QUT Arbovirus collection. Branches under positive selection (see
Section 3.2.2) are indicated by red stars.
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3.1.3. DENV3

DENV3 whole genome sequences fell out into genotypes 3-I (n = 60), 3-II (n = 77), and
3-III (n = 149). There were no available representative whole genome isolates for genotype 3-
IV, and a sylvatic DENV3 has yet to be isolated. Isolates from the QUT Arbovirus Collection
(n = 4) fell into genotype 3-II. Using the complete coding sequence of the DENV3 genome,
the TMRCA was estimated to be 1916 (95% HPD: 1887–1940) when genotype 3-III diverged
from a grouping comprising genotypes 3-II and 3-I (Figure 3). These latter two genotypes
then diverged from each other in 1921, however, this is poorly supported given the posterior
value of 0.38. Genotype 3-I diverged into two clusters around 1930, a small cluster in the
Southeast Asia and Brazil, and a larger cluster in Asia/Oceania, however, this split is weakly
supported with a posterior probability of 0.74. The Asia/Oceania cluster can be further
subdivided into four clades. Clade 3-ID became established in Oceania in the late 1980s,
and clades 3-IA to 3-IC in Asian regions between 1980–1995. It is estimated that genotype
3-II became established in around 1956 and further diverged into two distinct clades with
clade 3-IIA spreading into primarily Thailand and Cambodia beginning in the late 1980s
and clade 3-IIB spreading into Southeast Asia, primarily Thailand, in approximately 1981.
Genotype 3-III diverged in 1949 with isolates from India, and in 1966 further diversified in
Sri Lanka and South-East Asian countries. Further diversification into two distinct clusters
is observed in around 1983, however, this split is poorly supported with a posterior value
of 0.51. The larger cluster forms clade 3-IIIA, becoming established in the early 1990s and
further diversifying in the Americas. The smaller 3-III cluster diverged into clade 3-IIIB
in Asia and Africa, and clade 3-IIIC in Asia, primarily Thailand, in approximately 1996.
Enlarged whole genome MCMC tree genotype groupings with associated accession number,
country of isolation, and date of collection for each isolate can be found in Supplementary
Figure S13. In the analysis of the E gene alone (Supplementary Figure S14), the TMRCA
was estimated to be approximately 7 years later, in 1923, but with confidence intervals that
overlap (95% HPD: 1904–1941). All other genotype divergence dates were estimated to be
approximately 3–7 years later when assessing the E gene alone. Additionally, the groupings
for genotype 3-II and 3-III are poorly supported, yielding a posterior probability of 0.52.

3.1.4. DENV4

DENV4 displayed four distinct genotypes: 4-I (n = 65), 4-II (n = 66), 4-III (n = 3), and
sylvatic (n = 3). The QUT Arbovirus Collection sequences fell into genotypes 4-I (n = 2) and
4-II (n = 4). Using the complete coding sequence of the DENV4 genome, the TMRCA was
estimated to be 1384 (95% HPD: 702–1902), when the highly divergent DKE-121 diverged
from the other Malaysian sylvatic isolates (Figure 4). It is estimated that all epidemic
genotypes diverged from the Malaysian sylvatic isolates around the year 1762. Genotype 4-
III diverged in approximately 1846 and is represented by three isolates from Thailand from
the late 1990s and early 2000s. Genotypes 4-II and the majority of genotype 4-I diverged
from each other around 1885, however, these groupings are poorly supported with a
posterior probability of 0.56. Genotype 4-II is subdivided into two distinct clade groupings,
4-IIB diversifying in Asia/Oceania in 1970–2000 and 4-IIA in Asia/Oceania and Africa in
the 1920s, becoming established in the Americas in the 1960s. When looking at genotype
4-I, three distinct clades emerge with 4-IA diverging around 1980 and spreading in Asia,
primarily Thailand; 4-IB diverging in the early 1990s into India, China, Pakistan, and Sri
Lanka; and 4-IC spreading in Asia and Puerto Rico in the 1940s. Enlarged whole genome
MCMC tree genotype groupings with associated accession number, country of isolation,
and date of collection for each isolate can be found in Supplementary Figure S15. The
TMRCA for the E gene alone was estimated to be 1596 (95% HPD: 1138–1881), 212 years later
than the whole genome estimation, with all other divergence estimates being 7–38 years
later for the E gene alone (Supplementary Figure S16).
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Figure 3. Bayesian phylogenetic tree from analysis of DENV3 whole genome complete coding
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newly sequenced isolates from the QUT Arbovirus collection. Branches under positive selection (see
Section 3.2.2) are indicated by red stars.



Viruses 2022, 14, 703 11 of 22
Viruses 2022, 14, 703 11 of 23 
 

 

 

Figure 4. Bayesian phylogenetic tree from analysis of DENV4 whole genome complete coding se-

quences. Scale axis is representative of calendar years. Posterior node support is indicated for the 

major branches, with values < 0.8 eliminated in most instances for clarity. Red circles indicate newly 

sequenced isolates from the QUT Arbovirus collection. Branches under positive selection (see Sec-

tion 3.2.2) are indicated by red stars. 

3.1.5. Genotype and Clade Diversification 

The divergence dates of genotypes within each serotype and clades within each gen-

otype were very similar when comparing results from the whole genome and E gene (Fig-

ure 5). For all serotypes, most genotypes diverged in the late 1800s to mid-1900s, with the 

Figure 4. Bayesian phylogenetic tree from analysis of DENV4 whole genome complete coding
sequences. Scale axis is representative of calendar years. Posterior node support is indicated for
the major branches, with values <0.8 eliminated in most instances for clarity. Red circles indicate
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3.1.5. Genotype and Clade Diversification

The divergence dates of genotypes within each serotype and clades within each geno-
type were very similar when comparing results from the whole genome and E gene
(Figure 5). For all serotypes, most genotypes diverged in the late 1800s to mid-1900s, with
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the earliest estimated dates in the mid-to-late 1800s for DENV4 genotypes. The genotypes
of DENV1, DENV2, and DENV3 all diverged in the early 1900s. For DENV1, clades began
diverging in the 1940s for genotype 1-V and the 1960s and 1980s for genotypes 1-I and
1-IV. DENV2 clades diverged between 1930–1980, with analysis at the whole genome level
estimating Asian I clades diverging in 1985 and 35 years earlier when looking at the E gene
alone. The major clades for all genotypes of DENV3 diverged in the 1970s. For DENV4,
major clades began diversifying for genotype 4-II in the early 1900s and for genotype 4-I
between 1920 and 1960.
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Figure 5. Genotype and major clade diversification date estimates and 95% HPD for the whole
genome (WG) and E gene (E) for each serotype. Divergence nodes with posterior probability support
<0.8 are represented by a grey dot with a black outline. Major clades are denoted by clade letter as
indicated on Supplementary Figures S9, S11, S13 and S15 and colour coded by region.

3.1.6. Evolutionary Rates

The rate of nucleotide substitution was estimated using Bayesian methods (Figure 6).
For DENV1, DENV2, and DENV3, the average nucleotide substitution rates (substitu-
tions/site/year) of the epidemic strains for the E gene and across the whole genome were
similar and fell between 7.58–8.98 × 10−4. The fastest average evolutionary rate for the epi-
demic strains was estimated for the DENV4 E gene at 9.52 × 10−4 (95% Confidence Interval
[CI]: 8.91–10.12 × 10−4). Interestingly, the slowest average rate for the epidemic strains
was also detected for DENV4 across the whole genome, with a rate of 7.08 × 10−4 (95% CI:
6.46–7.71 × 10−4). To investigate if there were differences in evolutionary rates of early iso-
lates versus more recent ones, the datasets were divided into branches leading to pre-1990
(inclusive) and post-1990 viruses, for both whole genome and E gene trees. Most serotypes
demonstrated very similar rates in their pre- and post-1990 groupings with broadly over-
lapping 95% CIs. However, for the DENV4 E gene, we found the pre-1990 isolates to be
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evolving at a rate of 7.52 × 10−4 (95% CI: 6.48–8.56 × 10−4) and a faster rate of 9.91 × 10−4

(95% CI: 9.23–10.59 × 10−4) for the post-1990 isolates (Supplementary Table S3).
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Figure 6. Bayesian estimates of nucleotide substitution rates (×10−4/site/year), increasing from
left to right, along with corresponding 95% CI for the envelope (E) gene and whole genome for
each serotype. ML point estimations for epidemic isolates are represented by hexagons. Estimates
were calculated separately for genotype groupings (black/grey), epidemic isolates (red/pink), sylvatic
isolates (dark blue/light blue), and sylvatic and highly divergent sylvatic isolates (dark blue/light
blue), within each serotype.

Compared to the epidemic strains, sylvatic strains displayed varied average substi-
tution rates across serotypes. DENV1 and DENV4 sylvatic isolates were estimated to be
evolving slower than the epidemic strains, while DENV2 sylvatic strains are estimated to
be evolving faster across the whole genome and at a similar rate for the E gene compared to
the epidemic strains. The inclusion of the highly divergent sylvatic isolates into the sylvatic
groups increased the average nucleotide substitution rate for DENV1, DENV2, and DENV4,
resulting in a faster average evolutionary rate when compared to the epidemic strains for
DENV2 and DENV4. However, as the sylvatic sample size is quite small, the confidence
intervals for these estimations are quite large and overlapping. Maximum likelihood point
estimations for epidemic strain substitution rates were relatively similar to those found by
Bayesian means, with the whole genome having a slightly faster substitution rate than the
E gene for all serotypes but DENV4.
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At the genotype level, for DENV1, the average substitution rate was very similar for
the E gene and whole genome with the fastest rate across the whole genome of genotype
1-I, 7.98 × 10−4 (95% CI: 7.76–8.19 × 10−4). For DENV2, again the E gene and whole
genome for each genotype displayed relatively similar substitution rates, with the ma-
jority of the confidence intervals overlapping. The fastest average substitution rate was
estimated for the Cosmopolitan genotype across the whole genome 9.4 × 10−4 (95% CI:
8.67–10.14 × 10−4) and slowest Asian II E gene, 6.49 × 10−4 (95% CI: 5.71–7.27 × 10−4).
The average substitution rate for DENV3 genotypes ranged between 7.86 × 10–4 (95% CI:
7.36–8.37 × 10−4), for 3-III whole genome, and 9.87 × 10−4 (95% CI: 9.1–10.63 × 10−4), for
the E gene of genotype 3-I. DENV4 had the greatest difference between the substitution
rates of the E gene versus the whole genome, with the E gene evolving at a faster rate for
all genotypes.

3.1.7. Demographic Histories

The demographic history of each serotype utilising epidemic datasets was constructed
using a Bayesian skyline plot (Figure 7). The global population size for DENV1 remained
constant until the early 1980s, increasing sharply until about 1987, followed by a constant
period and a sharp increase from around 2004 to 2006, unchanged for approximately
4 years and then a decrease to the previous period of constancy. For DENV2, the global
population size remained relatively stable until the 1970s, with a gradual increase and a
sharp increase in the mid-1980s and early 2000s, followed by a decrease into the 2010s
then a slight increase to the present. The plot of DENV3 depicts that the global population
size remained constant until approximately 1992, sharply increased until 2002, followed
by a slow decrease and leveling off until the present day. The DENV4 plot displayed a
relatively constant population size, with an increase between 1952–1957, followed by a
constant period, with a slight decline in the 2000s, followed by a gradual increase and a
return to a higher but constant level at present.
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Figure 7. Demographic evolutionary history of whole genome epidemic isolate datasets for DENV1
(a), DENV2 (b), DENV3 (c), and DENV4 (d). The blue line represents the mean posterior value, and
the shaded area represents the 95% HPD intervals. Time in years is found on the x-axis, and the y-axis
is the log of the effective population size.
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3.2. Selection Pressure Analysis

Site-specific (pervasive and episodic) and branch-specific selection pressure analyses
were performed for the E gene and across the complete coding sequence for each serotype
individually for (1) epidemic isolates, (2) complete datasets (epidemic, sylvatic, and highly
divergent sequences), (3) sylvatic isolates (only for DENV2), and (4) individual genotypes.

3.2.1. Site Specific Selection

Consistent with previous reports [27], several negatively selected sites were found
across the genome, but we also identified positively selected sites for each serotype and most
subgroups within serotypes. When considering the whole genome sequences, pervasive
selection (i.e., selection occurring across the whole phylogeny) was found for the epidemic
strains (group 1) on the greatest number of sites for DENV1 (n = 7) and DENV2 (n = 7), and
fewer sites on DENV3 (n = 1) and DENV4 (n = 2) (Table 2). Most positively selected sites
were found on NS5 (the RdRp) for DENV1 and DENV2, on NS1 for DENV3, and on NS1
and NS5 for DENV4. For the complete datasets with the inclusion of the sylvatic isolates
(group 2), fewer sites were identified for both DENV1 and DENV2, but the same sites were
also identified in the epidemic group alone, with the exact same sites identified for DENV4.
When the DENV2 sylvatic isolates were considered alone (group 3), no positively selected
sites were identified. When considering individual genotype groups for each serotype
(group 4), unique sites were identified across the genome for all serotypes. No sites under
positive selection were found to be shared across serotypes or across genotypes within each
serotype, with no sites found on the C and NS2B proteins for any serotype.

Table 2. Amino acid sites identified to be undergoing pervasive positive selection for DENV1, DENV2,
DENV3, and DENV4 whole genome coding sequences: (1) epidemic isolates [Epi], (2) complete
datasets (epidemic, sylvatic, and highly divergent) [Epi + S], (3) sylvatic isolates (DENV2) [Sylv], and
(4) individual genotypes. AA = Asian American, AI = Asian I, AII = Asian II, Am = American, and
C = Cosmopolitan. Number corresponds to site on specified protein. Grey is used to more clearly
demarcate where the set of columns begin and end for each serotype.

DENV1 DENV2 DENV3 DENV4
Epi
+ S Epi 1-I 1-

IV 1-V Epi
+ S Epi AA A

I
A
II Am C Sylv Epi 3-I 3-II 3-III Epi

+ S Epi 4-I 4-II

C - - - - - - - - - - - - - - - - - - - - -

prM - - - - - - - - - 28 - - - - - - - - - - -

E - - - - - - 226 - - 124 - - - - - 81 132 - - - -

NS1 324 324 - - - - - 164 - - - - - 93 - - - 290 290 - -

NS2A
- - - - - 174 37 174 - - - 162 - - - 210 - - - -

174

NS2B - - - - - - - - - - - - - - - - - - - - -

NS3 - 185 - - - 14 14 14 - - - - - - - - - - - - -

NS4A - - - - - - - - 12 - - - - - - - - - - - -

NS4B - - - 207 - - - - - - - 148 - - - - - - - - -

NS5

285 23 626 629 - 271 271 - - - - 271 - - - 200 - 51 51 - -
669 253 647 558 401

265 833 558
285
669

We found that episodic selection (i.e., heterogeneous selection on sites, across branches)
was detected more frequently for all serotypes on all proteins. For the epidemic isolates
(group 1), the largest number of positively selected sites across the whole genome were
identified for DENV1 (n = 92), DENV2 (n = 112), and DENV3 (n = 95), with the least for
DENV4 (n = 38) (Supplementary Table S4). For all serotypes, the majority of sites were
identified on NS5, NS3, and the E gene. The addition of the sylvatic groups into the datasets
(group 2) increased the number of identified sites on most genes by one or two compared
to the epidemic group alone. For the DENV2 sylvatic group (group 3) and other individual



Viruses 2022, 14, 703 16 of 22

genotypes for all serotypes (group 4), again unique sites were identified across the genome.
Sites under episodic selection were identified that were shared across two genotypes within
each serotype (indicated by * in Table 3) on NS5 for DENV1; prM, NS1, NS4B, and NS5
for DENV2; NS3 and NS5 for DENV3; and prM for DENV4. Sites were also found to be
common across serotypes, with DENV1 sharing 16 sites, DENV2 19 sites, DENV3 21 sites,
and DENV4 10 sites, and the majority being identified on the E and NS5 genes (Table 3).

Table 3. Shared amino acid sites identified to be undergoing episodic positive selection for DENV1,
DENV2, DENV3, and DENV4 whole genome coding sequences: (1) epidemic isolates [Epi], (2) com-
plete datasets (epidemic, sylvatic, and highly divergent) [Epi + S], (3) sylvatic isolates (DENV2)
[Sylv], and (4) individual genotypes. AI = Asian I, AII = Asian II, and C = Cosmopolitan. Number
corresponds to site on the specified protein. Sites shared across genotypes within each serotype are
identified with *. Unlisted genotypes did not share any positively selected sites. Grey is used to more
clearly demarcate where the set of columns begin and end for each serotype.

DENV1 DENV2 DENV3 DENV4
Epi + S Epi 1-I 1-V Epi + S Epi A I A II C Sylv Epi 3-I 3-II 3-III Epi + S Epi 4-I 4-II

C
16 16 16 16 16 16
95 95 95 95

prM

2 2 55 * 2 42 42 2 2 2 * 2 *
42 42 57 * 42

55 *
57 *

E
203 203 194 175 175 432 175 175 175 132 132 132
432 203 216 192 194 192 192 216 203

432 432 216 216

NS1
14 14 264 264 232 * 174 232

* 14 14 264

264 174 174

NS2A 43 43 43 37 43 43 37

NS2B
60 60 60 127 127 60
127 127

NS3
88 88 601 88 601 * 601 *
592 592 592
601 601 601

NS4A 2 2 2 2 2

NS4B

100 100 100 112 112 115 * 112 115
* 100 245 144 112 112 112

144 245 112
144
245

NS5

174 174 174 700 96 749 284 * 78 * 5 174 638 649 * 5 5 5

700 700 849
*

849
* 638 78 * 749 649 * 700 96 96

749 284
* 638

749

3.2.2. Branch Specific Selection

Branch-specific positive selection (Supplementary Table S5) was found when evaluat-
ing the epidemic and sylvatic strains across the complete coding sequence for all serotypes
(indicated by a red star on Figures 1–4 and Supplementary Figures S1–S16). For DENV1,
positive selection was identified on 16 of 927 branches. These included genotypes 1-I, 1-III,
1-IV, and 1-V, with most branches under positive selection found to belong to genotype 1-I
(44%). These isolates from the 1-I genotype are from the Asian region between 2013–2019,
and one isolate from Djibouti 1988. For DENV2, positive selection was found on 14 of
905 branches. These included Asian I, Asian II, and Cosmopolitan genotypes, with most
branches under positive selection found to belong to the Cosmopolitan genotype (71%).
These Cosmopolitan isolates are primarily from the Asian region from 1996–2017, with
one isolate from New Guinea 2015. For DENV3, positive selection was found on 13 of
523 branches. These included genotypes 3-I, 3-II, and 3-III, with most branches under
positive selection belonging to genotype 3-III (54%). These isolates from genotype 3-III are
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primarily from Asia 1966–2016 and one from Barbados 2007. Finally, for DENV4, branch-
specific positive selection was found on 7 of 264 branches, all belonging to genotype 4-I.
These isolates from genotype 4-I are primarily from Asia from 1962–2015 and one isolate
from Puerto Rico in 1963.

4. Discussion

Dengue is the pre-eminent arboviral disease of humans in the world. We take advan-
tage of the large accumulating set of whole-genome DENV sequences and provide new
sequence data for several older isolates, to explore the evolutionary history and recent
patterns of diversification of the virus. We constructed ML and Bayesian tree phylogenies
for the complete coding sequences, as well as E genes only, for all serotypes. Isolates for
all serotypes fell into currently recognized distinct genotypes, however, some genotype
groupings were not well supported with low aLRT-sh like or posterior values, mainly for
Bayesian estimations. The newly sequenced isolates from the QUT Arbovirus Collection
clustered in known genotype groupings, enhancing our understanding of which genotypes
were circulating in different regions of the Asia Pacific prior to the 1990s and during the
early part of that decade. They also clustered basally within their respective clades, in
the respective genotypes, consistent with their age. The incorporation of the older DENV
isolates also allowed for an improved phylogenetic node calibration and a more robust
estimation of evolutionary rates. For DENV1, one cluster consisted of isolates identified in
the recent literature as genotype 1-III [58–60], but which here clustered with genotype 1-V
and several isolates of unspecified genotype. However, according to the accepted genotype
definitions for DENV1, genotype 1-III is reserved for sylvatic isolates [45]. Thus, we believe
that this cluster is truly representative of genotype 1-V and those classified as genotype
1-III have been previously misclassified. This could be attributed to the fact that most
DENV phylogenetic studies have been focused on specific regions of specific countries of
the world, most often in response to an outbreak. While these are valuable analyses, they
do not account for all available DENV isolates and genetic diversity, potentially leading to
genotype misclassification. For DENV2, when considering Bayesian analyses using whole
genomes, there was no distinct differentiation between the Asian American and Asian II
genotypes, with Asian II isolates instead clustering basally to the isolates for the Asian
American genotype. These two genotypes did form distinct well-supported groupings
in the ML estimations, however, and distinct but unsupported groupings in the Bayesian
estimation for the E gene. DENV3 demonstrated different but poorly supported genotype
groupings, however, ML estimations produced very similar supported genotype groupings.
In both the Bayesian and ML estimations for the DENV4 whole genome, genotype 4-I
and 4-II did form distinct groupings, however, these were poorly supported by either
aLRT-sh like means or posterior probabilities, and while these were supported when only
considering the E gene, the other genotype groupings were not.

The estimated nucleotide substitution rate was dependent upon the method of phylo-
genetic analysis, ML or Bayesian. The current study found that the evolutionary rate for the
epidemic strains across the E gene was similar to previous estimates [21]. The E gene might
be expected to evolve faster than the rest of the genome due to its interaction with the
immune system. Indeed, we found an increased rate in the E gene for DENV4 and DENV3,
however, it was estimated to be slightly slower for DENV1 and DENV2, compared to the
rate across the entire genome. In comparison, the ML root-to-tip estimations found the E
gene to be evolving at a slower rate than the whole genome for all but DENV4 epidemic
isolates. It is possible that the inclusion of the whole genome provides for a more accurate
estimate or that it may include genes that evolve somewhat faster or slower than the E
gene alone. The evolutionary rate for most serotypes across the E gene and whole genome
appears to have remained relatively constant for DENV sequences isolated before and
after 1990. Only the DENV4 E gene showed an increased evolutionary rate post-1990. The
paucity of early isolates with available whole genome sequences means these findings
should be verified with additional pre-1990s isolates.



Viruses 2022, 14, 703 18 of 22

The inclusion of the sylvatic strains, but excluding the highly divergent strains, into
the datasets slightly increased the substitution rate for most serotypes. For DENV2, ML
root-to-tip regression methods demonstrated similar results as previous research for whole
genome sequences [61], with sylvatic strains evolving at a much slower rate than the
epidemic strains. Further investigation into the DENV2 sylvatic sequences alone using
Bayesian methods revealed that the epidemic and sylvatic strains had a very similar rate for
the E gene and, counterintuitively, a faster substitution rate across the whole genome than
epidemic strains. However, the small size of the DENV2 sylvatic datasets resulted in wide
confidence intervals for whole genome estimates that encompassed the estimates for the E
gene. Inclusion of the sylvatic strains also resulted in slower rates estimated for DENV1
and DENV4. Differences in evolutionary rates between sylvatic strains versus epidemic
ones may reflect different replication dynamics, selection pressure, or a combination of the
two [61]. As we highlight above, the current number of available whole genome sylvatic
isolates is far too small to draw substantial conclusions. Further investigation into the
sylvatic strains is necessary to discern the mechanisms driving their evolution.

We found that the E gene and the whole genome analyses led to similar estimates of
TMRCA when only the epidemic strains were included. The TMRCA of the epidemic strains
for the E gene was estimated to be the earliest for DENV2, followed by DENV4, DENV1,
and DENV3. These findings are similar to the median found by previous studies [21],
differing by 10–20 years by Bayesian means, except for DENV3. We estimated the date
of emergence for the DENV3 epidemic strains to be 43 years later, in 1923 (95% HPD:
1904–1941), than the median from previously estimated studies [21]. For DENV2, the
inclusion of sylvatic strains led to very different estimates based on the E gene versus whole
genome. This finding again raises the hypothesis that sylvatic sequences may be under
very different selective pressures than epidemic strains. However, including these sylvatic
sequences in these analyses may be misleading as they may be evolving at different rates,
at least for DENV2, and very few sylvatic samples are available in general for accurate
reconstructions. As was anticipated, the inclusion of the highly divergent sequences into
the datasets, DENV1—Brun2015, DENV2—QML-22, and DENV4—DKE-121, dramatically
shifted the TMRCA for all serotypes. The inclusion of DKE-121 in the DENV4 dataset
resulted in very broad 95% HPDs of about 700 years for the E gene and 1200 years for the
whole genome. Further surveillance in regions such as Brunei and Malaysia is necessary to
capture any potential for increasing viral diversification or zoonotic spillover events.

Similar divergence dates were estimated when comparing the whole genome and
E gene for genotypes within serotypes and clades within genotypes. Most genotypes
diverged in the early-to-mid 1900s with further major clade diversification estimated to
have occurred between 1940–1985, concurrent with a post-war increase in global travel and
commerce. The majority of clade diversification occurred in Asian and Oceanic countries,
which coincides with the burden of disease in that region.

The evaluation of DENV demographic histories suggested a dramatic increase in the
effective population size for DENV1, DENV2, and DENV3 in the late 1900s and early 2000s,
with much less variation observed in DENV4. These changes are consistent with the spread
of dengue around the world in the last few decades to new areas, particularly in the case of
DENV1 and DENV2, with DENV3 and DENV4 more recently circulating [6,62]. However,
it must be noted that there were very few early branches detected before the late 1900s,
thus the constancy of the effective population size in earlier years may stem from a lack of
statistical power to reject rate constancy.

DENV faces selection pressures from the immune systems of both its human and
mosquito hosts, resulting in novel virus variants [63]. It has also been proposed that with
increasing hyperendemicity, selection pressures may be different as serotypes interact with
one another [64]. Overall, we observed DENV evolution was driven primarily by negative
selection. However, we did find several positively selected amino acid sites that warrant
further investigation regarding their possible interaction with the host immune system.
Both pervasive and episodic positive selection were identified on several proteins for all
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serotypes. Positive selection was greatest for the DENV1, DENV2, and DENV3 serotypes,
with fewer sites detected for DENV4. These findings are consistent with the demonstrated
demographic histories observed in our study, with the global population size of DENV4
displaying the least amount of change. The majority of positively selected sites was located
on the E and NS5 proteins. As the E protein is involved in virus attachment and fusion with
the host cell membrane, and thus more directly exposed to the host immune system, it may
be undergoing positive selection pressure. The NS5 protein has methyltransferase activity
and encodes the dengue RdRp. Although it is the largest and most highly conserved
protein in the DENV genome [65], here we found evidence for positive selection at several
sites across all serotypes. The RdRp is not present in vertebrate host cells and has thus
been a recent topic of targeted drug design [66]. Our results suggest that diversification
of some amino acid sites needs to be carefully evaluated for their potential impact on
antiviral drugs.

There were some positively selected sites shared across serotypes, with the majority
found on the E and NS5 proteins. All but two positively selected sites were only shared
between two serotypes, with positive selection at site 112 on NS4B and site 638 on NS5
shared by DENV2, DENV3, and DENV4. Branch-specific selection analyses identified that
particular genotypes seem to be diversifying faster than others within serotypes, as seen in
genotype 1 for DENV4 and Cosmopolitan for DENV2. Analyses identified primarily branch
tips under positive selection, with very few internal nodes identified. These results could be
genuine or represent mutations that have not yet had time to be purged by selection or may
be the result of sequencing errors. Further study is necessary as capturing genetic diversity
underpinned by selection processes is critical for vaccine design and development.

Limitations in this study include the availability of whole genome sequences repre-
senting the global geographic distribution and representatives of endemic countries. For
this study, 93% of sequences were collected after 1990, highlighting the lack of available
historic whole genome DENV sequences in public databases. Archival virus collections,
where available, should be interrogated for DENV isolates prior to and sequenced, allowing
for more accurate phylogenetic reconstructions and time calibrations. We attempted to
reduce as much sampling bias as possible by eliminating sequences that matched at ≥98%
sequence identity, to obtain a random dataset from all available whole genome sequences.
However, considering the large number of countries endemic for DENV, strains from
Thailand predominated the available whole genome sequences in public databases. While
there were representative strains from other South-East Asian countries, as well as Oceania,
and the Americas, with the fewest representative isolates from Africa, this could bias the
results. The more limited number of isolates for some genotypes may also have impacted
the phylogenetic reconstructions.

The results of this study contribute to the understanding of DENV evolution across
the entire genome on the global scale. We found that while phylogenetic estimates for
the E gene produced similar results to evaluation at the whole genome level, analysis at
the single gene level does not reflect genetic diversity and processes across the rest of the
genome. Several sites undergoing positive selection were also identified for all serotypes on
most proteins across the whole genome, warranting further investigation in light of vaccine
design, antiviral drug development, and complex patterns of antigenic evolution [64]. For
example, specific sites that are rapidly diversifying may be involved in immune evasion
and, potentially, future vaccine escape. It is also important to ascertain whether DENV
diversity in circulating viruses is captured in the design of vaccines, to maximize their
efficacy. Further global surveillance and sequencing programs, particularly in endemic
regions, will provide an enhanced understanding of DENV genetic diversity and regional
hotspots of diversification.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/v14040703/s1, Table S1: GenBank Accession Numbers; Table S2: Recombinants
and Parents; Figure S1: DENV1 ML tree—Whole Genome; Figure S2: DENV1 ML tree—Envelope Gene;
Figure S3: DENV2 ML tree—Whole Genome; Figure S4: DENV2 ML tree—Envelope Gene; Figure S5:

https://www.mdpi.com/article/10.3390/v14040703/s1
https://www.mdpi.com/article/10.3390/v14040703/s1


Viruses 2022, 14, 703 20 of 22

DENV3 ML tree—Whole Genome; Figure S6: DENV3 ML tree—Envelope Gene; Figure S7: DENV4
ML tree—Whole Genome; Figure S8: DENV4 ML tree—Envelope Gene; Figure S9: DENV1 MCMC
tree—Whole Genome Genotypes; Figure S10: DENV1 MCMC tree—Envelope Gene; Figure S11: DENV2
MCMC tree—Whole Genome Genotypes; Figure S12: DENV2 MCMC tree—Envelope Gene; Figure S13:
DENV3 MCMC tree—Whole Genome Genotypes; Figure S14: DENV3 MCMC tree—Envelope Gene;
Figure S15: DENV4 MCMC tree—Whole Genome Genotypes; Figure S16: DENV4 MCMC tree—Envelope
Gene; Table S3: Evolutionary Rates pre- and post-1990; Table S4: Episodic Site-Specific Positive Selection;
Table S5: Branch Specific Positive Selection.

Author Contributions: Conceptualization, C.J.S., G.J.D. and F.D.F.; Data curation, C.J.S.; Formal
analysis, C.J.S. and R.A.B.; Funding acquisition, F.D.F.; Investigation, C.J.S.; Methodology, R.A.B.,
M.J.P. and F.D.F.; Supervision, R.A.B., R.Z.M., G.J.D., M.J.P. and F.D.F.; Writing—original draft, C.J.S.
and R.A.B.; Writing—review & editing, C.J.S., R.Z.M., G.J.D., M.J.P. and F.D.F. All authors have read
and agreed to the published version of the manuscript.

Funding: Research presented here was funded through a QUT Women in Research Grant to F.D.F
and internal discretionary funds.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting this research is provided in the article and in the
Supplementary Files.

Acknowledgments: The authors would like to thank Melissa Graham for technical advice. We thank
John Aaskov OAM for his careful curation and stewardship of the QUT Arbovirus Collection prior to
his retirement.

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

References
1. Lourenco, J.; Tennant, W.; Faria, N.R.; Walker, A.; Gupta, S.; Recker, M. Challenges in dengue research: A computational

perspective. Evol. Appl. 2018, 11, 516–533. [CrossRef] [PubMed]
2. World Health Organization. Dengue and Sever Dengue Fact Sheet. Available online: https://www.who.int/news-room/fact-

sheets/detail/dengue-and-severe-dengue (accessed on 20 April 2020).
3. Bhatt, S.; Gething, P.W.; Brady, O.J.; Messina, J.P.; Farlow, A.W.; Moyes, C.L.; Drake, J.M.; Brownstein, J.S.; Hoen, A.G.; Sankoh, O.;

et al. The global distribution and burden of dengue. Nature 2013, 496, 504–507. [CrossRef] [PubMed]
4. World Mosquito Program. Dengue. Available online: https://www.worldmosquitoprogram.org/en/learn/mosquito-borne-

diseases/dengue#:~{}:text=Each%20year%2C%20an%20estimated%20390,That\T1\textquoterights%20each%20year (accessed
on 26 March 2021).

5. Bell, S.M.; Katzelnick, L.; Bedford, T. Dengue genetic divergence generates within-serotype antigenic variation, but serotypes
dominate evolutionary dynamics. eLife 2019, 8, e42496. [CrossRef] [PubMed]

6. World Health Organization. Global Strategy for Dengue Prevention and Control 2012–2020. Available online: https://apps.who.
int/iris/handle/10665/75303 (accessed on 23 September 2020).

7. Knipe, D.M.; Howley, P.M. Fields Virology, 6th ed.; Wolters Kluwer/Lippincott Williams & Wilkins Health: Philadelphia, PA, USA,
2013; Volume 1.

8. Gubler, D.J. The global emergence/resurgence of arboviral diseases as public health problems. Arch. Med. Res. 2002, 33, 330–342.
[CrossRef]

9. Messina, J.P.; Brady, O.J.; Golding, N.; Kraemer, M.U.G.; Wint, G.R.W.; Ray, S.E.; Pigott, D.M.; Shearer, F.M.; Johnson, K.; Earl, L.;
et al. The current and future global distribution and population at risk of dengue. Nat. Microbiol. 2019, 4, 1508–1515. [CrossRef]

10. Vasilakis, N.W.; Weaver, S.C. The History and Evolution of Human Dengue Emergence. In Advances in Virus Research;
Maramorosch, K.S., Shatkin, A.J., Murphy, F.A., Eds.; Elsevier Science and Technology: San Diego, CA, USA, 2008; Volume 72,
pp. 2–55.

11. Rico-Hesse, R. Molecular evolution and distribution of dengue viruses type 1 and 2 in nature. Virology 1990, 174, 479–493.
[CrossRef]

12. Adams, B.; Holmes, E.C.; Zhang, C.; Mammen, M.P., Jr.; Nimmannitya, S.; Kalayanarooj, S.; Boots, M. Cross-protective immunity
can account for the alternating epidemic pattern of dengue virus serotypes circulating in Bangkok. Proc. Natl. Acad. Sci. USA
2006, 103, 14234–14239. [CrossRef]

13. Nunes, M.R.; Palacios, G.; Faria, N.R.; Sousa, E.C., Jr.; Pantoja, J.A.; Rodrigues, S.G.; Carvalho, V.L.; Medeiros, D.B.; Savji, N.;
Baele, G.; et al. Air travel is associated with intracontinental spread of dengue virus serotypes 1-3 in Brazil. PLoS Negl. Trop. Dis.
2014, 8, e2769. [CrossRef]

http://doi.org/10.1111/eva.12554
http://www.ncbi.nlm.nih.gov/pubmed/29636803
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
http://doi.org/10.1038/nature12060
http://www.ncbi.nlm.nih.gov/pubmed/23563266
https://www.worldmosquitoprogram.org/en/learn/mosquito-borne-diseases/dengue#:~{}:text=Each%20year%2C%20an%20estimated%20390,That\T1\textquoteright s%20each%20year
https://www.worldmosquitoprogram.org/en/learn/mosquito-borne-diseases/dengue#:~{}:text=Each%20year%2C%20an%20estimated%20390,That\T1\textquoteright s%20each%20year
http://doi.org/10.7554/eLife.42496
http://www.ncbi.nlm.nih.gov/pubmed/31385805
https://apps.who.int/iris/handle/10665/75303
https://apps.who.int/iris/handle/10665/75303
http://doi.org/10.1016/S0188-4409(02)00378-8
http://doi.org/10.1038/s41564-019-0476-8
http://doi.org/10.1016/0042-6822(90)90102-W
http://doi.org/10.1073/pnas.0602768103
http://doi.org/10.1371/journal.pntd.0002769


Viruses 2022, 14, 703 21 of 22

14. Holmes, E.C.; Burch, S.S. The causes and consequences of genetic variation in dengue virus. Trends Microbiol. 2000, 8, 74–77.
[CrossRef]

15. Holmes, E.; Twiddy, S. The origin, emergence and evolutionary genetics of dengue virus. Infect. Genet. Evol. 2003, 3, 19–28.
[CrossRef]

16. Cummings, D.A.; Schwartz, I.B.; Billings, L.; Shaw, L.B.; Burke, D.S. Dynamic effects of antibody-dependent enhancement on the
fitness of viruses. Proc. Natl. Acad. Sci. USA 2005, 102, 15259–15264. [CrossRef] [PubMed]

17. Hanley, K.A.; Nelson, J.T.; Schirtzinger, E.E.; Whitehead, S.S.; Hanson, C.T. Superior infectivity for mosquito vectors contributes
to competitive displacement among strains of dengue virus. BMC Ecol. 2008, 8, 1–10. [CrossRef] [PubMed]

18. Lambrechts, L.; Fansiri, T.; Pongsiri, A.; Thaisomboonsuk, B.; Klungthong, C.; Richardson, J.H.; Ponlawat, A.; Jarman, R.G.; Scott,
T.W. Dengue-1 virus clade replacement in Thailand associated with enhanced mosquito transmission. J. Virol. 2012, 86, 1853–1861.
[CrossRef] [PubMed]

19. Quiner, C.A.; Parameswaran, P.; Ciota, A.T.; Ehrbar, D.J.; Dodson, B.L.; Schlesinger, S.; Kramer, L.D.; Harris, E. Increased
replicative fitness of a dengue virus 2 clade in native mosquitoes: Potential contribution to a clade replacement event in Nicaragua.
J. Virol. 2014, 88, 13125–13134. [CrossRef] [PubMed]

20. Duong, V.; Henn, M.R.; Simmons, C.; Ngan, C.; Bunthin, Y.; Gavotte, L.; Viari, A.; Ong, S.; Huy, R.; Lennon, N.J.; et al. Complex
dynamic of dengue virus serotypes 2 and 3 in Cambodia following series of climate disasters. Infect. Genet. Evol. 2013, 15, 77–86.
[CrossRef]

21. Pollett, S.; Melendrez, M.C.; Maljkovic Berry, I.; Duchene, 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]

22. Drake, J.W.; Holland, J.J. Mutation rates among RNA viruses. Proc. Natl. Acad. Sci. USA 1999, 96, 13910–13913. [CrossRef]
23. Ko, H.Y.; Salem, G.M.; Chang, G.J.; Chao, D.Y. Application of Next-Generation Sequencing to Reveal How Evolutionary Dynamics

of Viral Population Shape Dengue Epidemiology. Front. Microbiol. 2020, 11, 1371. [CrossRef]
24. Tazeen, A.; Afreen, N.; Abdullah, M.; Deeba, F.; Haider, S.H.; Kazim, S.N.; Ali, S.; Naqvi, I.H.; Broor, S.; Ahmed, A.; et al.

Occurrence of co-infection with dengue viruses during 2014 in New Delhi, India. Epidemiol. Infect. 2017, 145, 67–77. [CrossRef]
25. Lequime, S.; Fontaine, A.; Ar Gouilh, M.; Moltini-Conclois, I.; Lambrechts, L. Genetic Drift, Purifying Selection and Vector

Genotype Shape Dengue Virus Intra-host Genetic Diversity in Mosquitoes. PLoS Genet. 2016, 12, e1006111. [CrossRef]
26. Bennett, S.N.; Holmes, E.C.; Chirivella, M.; Rodriguez, D.M.; Beltran, M.; Vorndam, V.; Gubler, D.J.; McMillan, W.O. Selection-

driven evolution of emergent dengue virus. Mol. Biol. Evol. 2003, 20, 1650–1658. [CrossRef] [PubMed]
27. Holmes, E.C. Patterns of intra- and interhost nonsynonymous variation reveal strong purifying selection in dengue virus. J. Virol.

2003, 77, 11296–11298. [CrossRef] [PubMed]
28. Costa, R.L.; Voloch, C.M.; Schrago, C.G. Comparative evolutionary epidemiology of dengue virus serotypes. Infect. Genet. Evol.

2012, 12, 309–314. [CrossRef] [PubMed]
29. Ketkar, H.; Herman, D.; Wang, P. Genetic Determinants of the Re-Emergence of Arboviral Diseases. Viruses 2019, 11, 150.

[CrossRef]
30. Hwang, E.H.; Kim, G.; Chung, H.; Oh, H.; Park, J.H.; Hur, G.H.; Hong, J.; Koo, B.S. Molecular evolution of dengue virus types 1

and 4 in Korean travelers. Arch. Virol. 2021, 166, 1103–1112. [CrossRef] [PubMed]
31. Guan, J.; He, Z.; Qin, M.; Deng, X.; Chen, J.; Duan, S.; Gao, X.; Pan, Y.; Chen, J.; Yang, Y.; et al. Molecular characterization of the

viral structural protein genes in the first outbreak of dengue virus type 2 in Hunan Province, inland China in 2018. BMC Infect.
Dis 2021, 21, 166. [CrossRef]

32. Zangmo, S.; Darnal, J.B.; Gyeltshen, S.; Thapa, B.T.; Rodpradit, P.; Chinnawirotpisan, P.; Manasatienkij, W.; Macareo, L.R.;
Fernandez, S.; Wangchuk, S.; et al. Molecular epidemiology of dengue fever outbreaks in Bhutan, 2016–2017. PLoS Negl. Trop. Dis.
2020, 14, e0008165. [CrossRef] [PubMed]

33. Sun, B.; Zhang, X.; Zhang, H.; Liu, H.; Sun, L.; Tan, Q.; Liang, M.; Wu, D.; Liu, D. Genomic epidemiological characteristics of
dengue fever in Guangdong province, China from 2013 to 2017. PLoS Negl. Trop. Dis. 2020, 14, e0008049. [CrossRef]

34. Queiroz, J.; Botelho-Souza, L.F.; Nogueira-Lima, F.S.; Rampazzo, R.C.P.; Krieger, M.A.; Zambenedetti, M.R.; Marchini, F.K.;
Borghetti, I.A.; Pereira, D.B.; Salcedo, J.M.V.; et al. Phylogenetic Characterization of Arboviruses in Patients Suffering from Acute
Fever in Rondônia, Brazil. Viruses 2020, 12, 889. [CrossRef]

35. Inizan, C.; O’Connor, O.; Worwor, G.; Cabemaiwai, T.; Grignon, J.C.; Girault, D.; Minier, M.; Prot, M.; Ballan, V.; Pakoa, G.J.; et al.
Molecular Characterization of Dengue Type 2 Outbreak in Pacific Islands Countries and Territories, 2017–2020. Viruses 2020,
12, 1081. [CrossRef]

36. Hernández-García, E.; Muñoz, M.L.; David, R.E.; Pérez-Ramírez, G.; Navarrete-Espinosa, J.; Díaz-Badillo, Á.; Domínguez-de-la-
Cruz, E.; Moreno-Galeana, M.; Brito-Carreón, C.A. Epidemiological implications of the genetic diversification of dengue virus
(DENV) serotypes and genotypes in Mexico. Infect. Genet. Evol. 2020, 84, 104391. [CrossRef] [PubMed]

37. 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] [PubMed]

38. Fu, L.; Niu, B.; Zhu, Z.; Wu, S.; Li, W. CD-HIT: Accelerated for clustering the next-generation sequencing data. Bioinformatics 2012,
28, 3150–3152. [CrossRef] [PubMed]

http://doi.org/10.1016/S0966-842X(99)01669-8
http://doi.org/10.1016/S1567-1348(03)00004-2
http://doi.org/10.1073/pnas.0507320102
http://www.ncbi.nlm.nih.gov/pubmed/16217017
http://doi.org/10.1186/1472-6785-8-1
http://www.ncbi.nlm.nih.gov/pubmed/18269771
http://doi.org/10.1128/JVI.06458-11
http://www.ncbi.nlm.nih.gov/pubmed/22130539
http://doi.org/10.1128/JVI.01822-14
http://www.ncbi.nlm.nih.gov/pubmed/25187539
http://doi.org/10.1016/j.meegid.2012.05.012
http://doi.org/10.1016/j.meegid.2018.04.032
http://doi.org/10.1073/pnas.96.24.13910
http://doi.org/10.3389/fmicb.2020.01371
http://doi.org/10.1017/S0950268816001990
http://doi.org/10.1371/journal.pgen.1006111
http://doi.org/10.1093/molbev/msg182
http://www.ncbi.nlm.nih.gov/pubmed/12832629
http://doi.org/10.1128/JVI.77.20.11296-11298.2003
http://www.ncbi.nlm.nih.gov/pubmed/14512579
http://doi.org/10.1016/j.meegid.2011.12.011
http://www.ncbi.nlm.nih.gov/pubmed/22226705
http://doi.org/10.3390/v11020150
http://doi.org/10.1007/s00705-021-04973-8
http://www.ncbi.nlm.nih.gov/pubmed/33575893
http://doi.org/10.1186/s12879-021-05823-3
http://doi.org/10.1371/journal.pntd.0008165
http://www.ncbi.nlm.nih.gov/pubmed/32320397
http://doi.org/10.1371/journal.pntd.0008049
http://doi.org/10.3390/v12080889
http://doi.org/10.3390/v12101081
http://doi.org/10.1016/j.meegid.2020.104391
http://www.ncbi.nlm.nih.gov/pubmed/32502732
http://doi.org/10.1093/bioinformatics/btl158
http://www.ncbi.nlm.nih.gov/pubmed/16731699
http://doi.org/10.1093/bioinformatics/bts565
http://www.ncbi.nlm.nih.gov/pubmed/23060610


Viruses 2022, 14, 703 22 of 22

39. Martin, D.P.; Murrell, B.; Golden, M.; Khoosal, A.; Muhire, B. RDP4: Detection and analysis of recombination patterns in virus
genomes. Virus Evol. 2015, 1, vev003. [CrossRef] [PubMed]

40. Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 2004, 32,
1792–1797. [CrossRef]

41. Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 2009, 25, 1754–1760.
[CrossRef]

42. Suchard, M.A.; Lemey, P.; Baele, G.; Ayres, D.L.; Drummond, A.J.; Rambaut, A. Bayesian phylogenetic and phylodynamic data
integration using BEAST 1.10. Virus Evol. 2018, 4, vey016. [CrossRef]

43. Drummond, A.J.; Rambaut, A.; Shapiro, B.; Pybus, O.G. Bayesian coalescent inference of past population dynamics from
molecular sequences. Mol. Biol. Evol. 2005, 22, 1185–1192. [CrossRef]

44. Rambaut, A.; Drummond, A.J.; Xie, D.; Baele, G.; Suchard, M.A. Posterior Summarization in Bayesian Phylogenetics Using Tracer
1.7. Syst. Biol. 2018, 67, 901–904. [CrossRef]

45. Goncalvez, A.P.; Escalante, A.A.; Pujol, F.H.; Ludert, J.E.; Tovar, D.; Salas, R.A.; Liprandi, F. Diversity and evolution of the
envelope gene of dengue virus type 1. Virology 2002, 303, 110–119. [CrossRef]

46. Twiddy, S.S.; Farrar, J.J.; Vinh Chau, N.; Wills, B.; Gould, E.A.; Gritsun, T.; Lloyd, G.; Holmes, E.C. Phylogenetic relationships and
differential selection pressures among genotypes of dengue-2 virus. Virology 2002, 298, 63–72. [CrossRef] [PubMed]

47. Lanciotti, R.S.; Lewis, J.G.; Gubler, D.J.; Trent, D.W. Molecular evolution and epidemiology of dengue-3 viruses. J. Gen. Virol.
1994, 75 Pt 1, 65–75. [CrossRef]

48. Lanciotti, R.S.; Gubler, D.J.; Trent, D.W. Molecular evolution and phylogeny of dengue-4 viruses. J. Gen. Virol 1997, 78 Pt 9,
2279–2284. [CrossRef] [PubMed]

49. 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. [CrossRef]

50. Lefort, V.; Longueville, J.E.; Gascuel, O. SMS: Smart Model Selection in PhyML. Mol. Biol. Evol. 2017, 34, 2422–2424. [CrossRef]
[PubMed]

51. Rambaut, A.; Lam, T.T.; Max Carvalho, L.; Pybus, O.G. Exploring the temporal structure of heterochronous sequences using
TempEst (formerly Path-O-Gen). Virus Evol. 2016, 2, vew007. [CrossRef]

52. Kosakovsky Pond, S.L.; Poon, A.F.Y.; Velazquez, R.; Weaver, S.; Hepler, N.L.; Murrell, B.; Shank, S.D.; Magalis, B.R.; Bouvier, D.;
Nekrutenko, A.; et al. HyPhy 2.5-A Customizable Platform for Evolutionary Hypothesis Testing Using Phylogenies. Mol. Biol.
Evol. 2020, 37, 295–299. [CrossRef]

53. Weaver, S.; Shank, S.D.; Spielman, S.J.; Li, M.; Muse, S.V.; Kosakovsky Pond, S.L. Datamonkey 2.0: A Modern Web Application for
Characterizing Selective and Other Evolutionary Processes. Mol. Biol. Evol. 2018, 35, 773–777. [CrossRef]

54. Kosakovsky Pond, S.L.; Frost, S.D. Not so different after all: A comparison of methods for detecting amino acid sites under
selection. Mol. Biol. Evol. 2005, 22, 1208–1222. [CrossRef]

55. Smith, M.D.; Wertheim, J.O.; Weaver, S.; Murrell, B.; Scheffler, K.; Kosakovsky Pond, S.L. Less is more: An adaptive branch-site
random effects model for efficient detection of episodic diversifying selection. Mol. Biol. Evol. 2015, 32, 1342–1353. [CrossRef]

56. Murrell, B.; Wertheim, J.O.; Moola, S.; Weighill, T.; Scheffler, K.; Kosakovsky Pond, S.L. Detecting individual sites subject to
episodic diversifying selection. PLoS Genet. 2012, 8, e1002764. [CrossRef] [PubMed]

57. Murrell, B.; Moola, S.; Mabona, A.; Weighill, T.; Sheward, D.; Kosakovsky Pond, S.L.; Scheffler, K. FUBAR: A fast, unconstrained
bayesian approximation for inferring selection. Mol. Biol. Evol. 2013, 30, 1196–1205. [CrossRef] [PubMed]

58. Shihada, S.; Emmerich, P.; Thome-Bolduan, C.; Jansen, S.; Gunther, S.; Frank, C.; Schmidt-Chanasit, J.; Cadar, D. Genetic Diversity
and New Lineages of Dengue Virus Serotypes 3 and 4 in Returning Travelers, Germany, 2006–2015. Emerg. Infect. Dis. 2017, 23,
272–275. [CrossRef]

59. Rodriguez-Roche, R.; Villegas, E.; Cook, S.; Poh Kim, P.A.; Hinojosa, Y.; Rosario, D.; Villalobos, I.; Bendezu, H.; Hibberd, M.L.;
Guzman, M.G. Population structure of the dengue viruses, Aragua, Venezuela, 2006–2007. Insights into dengue evolution under
hyperendemic transmission. Infect. Genet. Evol. 2012, 12, 332–344. [CrossRef] [PubMed]

60. Schreiber, M.J.; Holmes, E.C.; Ong, S.H.; Soh, H.S.; Liu, W.; Tanner, L.; Aw, P.P.; Tan, H.C.; Ng, L.C.; Leo, Y.S.; et al. Genomic
epidemiology of a dengue virus epidemic in urban Singapore. J. Virol. 2009, 83, 4163–4173. [CrossRef]

61. Liu, W.; Pickering, P.; Duchene, S.; Holmes, E.C.; Aaskov, J.G. Highly Divergent Dengue Virus Type 2 in Traveler Returning from
Borneo to Australia. Emerg. Infect. Dis. 2016, 22, 2146–2148. [CrossRef]

62. Messina, J.P.; Brady, O.J.; Scott, T.W.; Zou, C.; Pigott, D.M.; Duda, K.A.; Bhatt, S.; Katzelnick, L.; Howes, R.E.; Battle, K.E.; et al.
Global spread of dengue virus types: Mapping the 70 year history. Trends Microbiol. 2014, 22, 138–146. [CrossRef]

63. Wash, R.; Soria, C.D. True Blood: Dengue virus evolution. Nat. Rev. Microbiol. 2015, 13, 662. [CrossRef]
64. Katzelnick, L.C.; Coello Escotto, A.; Huang, T.A.; Garcia-Carreras, B.; Chowdhury, N.; Maljkovic Berry, I.; Chavez, C.; Buchy, P.;

Duong, V.; Dussart, P.; et al. Antigenic evolutin of dengue viruses over 20 years. Science 2021, 374, 999–1004. [CrossRef]
65. Perera, R.; Kuhn, R.J. Structural proteomics of dengue virus. Curr. Opin. Microbiol. 2008, 11, 369–377. [CrossRef]
66. Maddipati, V.C.; Mittal, L.; Mantipally, M.; Asthana, S.; Bhattacharyya, S.; Gundla, R. A Review on the Progress and Prospects of

Dengue Drug Discovery Targeting NS5 RNA- Dependent RNA Polymerase. Curr. Pharm. Des. 2020, 26, 4386–4409. [CrossRef]
[PubMed]

http://doi.org/10.1093/ve/vev003
http://www.ncbi.nlm.nih.gov/pubmed/27774277
http://doi.org/10.1093/nar/gkh340
http://doi.org/10.1093/bioinformatics/btp324
http://doi.org/10.1093/ve/vey016
http://doi.org/10.1093/molbev/msi103
http://doi.org/10.1093/sysbio/syy032
http://doi.org/10.1006/viro.2002.1686
http://doi.org/10.1006/viro.2002.1447
http://www.ncbi.nlm.nih.gov/pubmed/12093174
http://doi.org/10.1099/0022-1317-75-1-65
http://doi.org/10.1099/0022-1317-78-9-2279
http://www.ncbi.nlm.nih.gov/pubmed/9292015
http://doi.org/10.1093/sysbio/syq010
http://doi.org/10.1093/molbev/msx149
http://www.ncbi.nlm.nih.gov/pubmed/28472384
http://doi.org/10.1093/ve/vew007
http://doi.org/10.1093/molbev/msz197
http://doi.org/10.1093/molbev/msx335
http://doi.org/10.1093/molbev/msi105
http://doi.org/10.1093/molbev/msv022
http://doi.org/10.1371/journal.pgen.1002764
http://www.ncbi.nlm.nih.gov/pubmed/22807683
http://doi.org/10.1093/molbev/mst030
http://www.ncbi.nlm.nih.gov/pubmed/23420840
http://doi.org/10.3201/eid2302.160751
http://doi.org/10.1016/j.meegid.2011.12.005
http://www.ncbi.nlm.nih.gov/pubmed/22197765
http://doi.org/10.1128/JVI.02445-08
http://doi.org/10.3201/eid2212.160813
http://doi.org/10.1016/j.tim.2013.12.011
http://doi.org/10.1038/nrmicro3570
http://doi.org/10.1126/science.abk0058
http://doi.org/10.1016/j.mib.2008.06.004
http://doi.org/10.2174/1381612826666200523174753
http://www.ncbi.nlm.nih.gov/pubmed/32445444

	Introduction 
	Materials and Methods 
	Sequence Dataset 
	Virus Isolates, Viral RNA Extraction and Sequencing 
	Bayesian Evolutionary Analyses 
	Maximum Likelihood Phylogenetic Analyses 
	Selection Pressure Analysis 

	Results 
	Bayesian Evolutionary Analysis and TMRCA 
	DENV1 
	DENV2 
	DENV3 
	DENV4 
	Genotype and Clade Diversification 
	Evolutionary Rates 
	Demographic Histories 

	Selection Pressure Analysis 
	Site Specific Selection 
	Branch Specific Selection 


	Discussion 
	References

