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Abstract

Background

Dengue viruses (DENV) evolve rapidly, resulting in highly diverse virus populations with varying epidemic
potential. Even though DENV lineage replacement events are common in hyperendemic regions, often
associated with outbreaks, the underlying fine-scale evolutionary processes are not well-described.
Methods

We analysed 5,443 inter-host envelope gene consensus sequences and 171 complete genomes of
DENV-3 genotype Il collected weekly in Singapore between 2015 and 2025. These datasets were
analysed (i). to characterize the temporal dynamics of population structure from clades to haplotypes
(ii). To determine unique genetic features and selection pressure and (iii). To infer the correlation
between haplotype diversity and reported case numbers and vector abundance.

Results

There were two distinct lineages (3I1I_B.1 [clade IlI] and 311I_B.3 [clade V]) that established long-term
transmission, overlapping two outbreaks in 2019-2020 and 2022. Clade V was more common than
clade Il in 2019-2020 and was displaced by clade Il in 2021, expanding exponentially during the 2022
outbreak. Despite variant diversity, only a single variant of each clade was dominant during respective
outbreaks. The dominant variant of clade Il showed the highest number of haplotypes and accumulated
non-synonymous substitutions in a step-ladder pattern, whereas that of clade V maintained a less
pronounced evolutionary profile during the study period. The overall haplotype diversity peaked during
high transmission periods, in parallel to abundance of the vectors. There was a strong positive
correlation between the number of haplotypes and the number of reported cases (r=0.72, p < 0.001).
Selection pressure analyses of the complete coding sequences indicated strong purifying selection,
suggesting the stochastic evolutionary pattern of both lineages.

Conclusions

Variant switching and haplotype diversity are characteristic evolutionary processes associated with the
transmission intensity and outbreak dynamics of DENV-3 lineages that sustain long-term transmission.
By providing deep insights into temporal links between viral diversification, case burden and vector
abundance, high-resolution genomic surveillance is valuable for outbreak risk assessment in dengue-
endemic areas.

Highlights

¢ Single variant dominance in two DENV-3 genotype Il clades was associated with lineage
replacement during successive outbreaks in Singapore.

e Each clade maintained high diversity due to in-situ evolution and introductions during their long-term
transmission.

¢ Overall haplotype diversity of two clades correlated positively with peaks in transmission intensity,
reflected by high case burden and vector abundance.
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e High-resolution genomic surveillance can support outbreak risk assessment in dengue
hyperendemic settings.

Introduction

Dengue virus (DENV) is the most widespread arthropod-borne virus, inflicting approximately 400 million
estimated infections annually [1]. More than half of the world population lives at risk of dengue. The virus
is expanding its global footprint in parallel to the widening distribution of Aedes spp vectors due to
climatic and ecological changes associated with global warming [2, 3]. Sustained non-sylvatic
transmission of DENV requires the presence susceptible human hosts and competent vectors, mainly
Aedes aegypti and Aedes albopictus as a secondary vector. Since the transovarial transmission does not
play a major role in DENV propagation [4, 5], the virus relies heavily on the horizontal transmission that
requires switching between a vertebrate host and an invertebrate vector.

The dual host switching, in turn shapes the evolutionary trajectory and adaptation of DENV to gain
optimal fitness in each host. The low fidelity of RNA dependent RNA polymerase of DENV, and its fast
replicative nature cause high mutation rates, generating a genetically diverse repertoire of variants that
constitute natural DENV populations. These mutant spectra are regarded as phenotypic reservoirs, that
dynamically change to gain better adaptability in virus populations [6, 7]. The constant evolutionary
pressure affects the variant composition of DENV populations that tends to vary temporally and spatially,
especially during period of high transmission intensity [8].

The in-situ evolution pronounced during such periods is largely shaped by the purifying selection and
genetic drift that occur in both vertebrate and invertebrate hosts [9—-11]. While purifying selection tends
to purge unfavourable mutants, genetic drift causes selective sweeps resulting in the fixation of
mutations that may or may not be adaptive to new host environments [11]. Consequently, lineage
replacement events are common in dengue endemic regions, where they are often associated with
outbreaks [12-14]. Empirical data indicates that these replacements occur at different levels of DENV
diversity cascade, such as serotypes, genotypes and clades [15]. While various non-viral factors
contribute to lineage dynamics [16, 17], lineage switching can also be attributable to a host-driven
selection for enhanced fitness [18]. In this complex evolutionary landscape, the lineages that survive
longer tend to demonstrate higher intra-lineage diversity than those that circulate for a short period.
Therefore, recent computational advancements such as the DENcode framework have also highlighted
the importance of integrating population level haplotype landscapes into transmission models [19].

DENV seems to have benefitted from the genetic plasticity provided by these evolutionary processes to
succeed in establishing sustained transmission in a wide geographical range. Many tropical regions are
currently hyperendemic to dengue, where all four serotypes of DENV circulate [2]. Likewise, dengue has
been hyperendemic in Singapore for several decades, where alternating serotypes, genotypes and clades
have been associated with successive outbreaks [20, 21]. From 2005, the dominant DENV serotypes
oscillated between DENV-1 and DENV-2 till 2022, when DENV-3 became the dominant serotype. Based
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on the available serotype data, DENV-3 has not been a dominant serotype in the country since late
1990s, which has also been reflected by the low seroprevalence for DENV-3 neutralisation antibodies in
the population [22].

Despite improvements in genomic surveillance coverage in dengue endemic settings, there is limited
literature on the long-term evolutionary dynamics of DENV lineages that contribute to epidemics in
hyperendemic settings. The present study aimed to address this knowledge gap by analysing serially
collected DENV genomic surveillance data in Singapore, where DENV populations have closely been
monitored since 2006 to facilitate outbreak risk assessment. The study investigated the long-term
temporal dynamics of two DENV-3 genotype Il lineages associated with two outbreaks in Singapore
during 2019-2022, aiming to (i) resolve their clade-to-haplotype population structure over time, (ii)
compare substitution and selection patterns between lineages, and (iii) assess whether haplotype
diversity co-varied with case burden and vector abundance. We hypothesised that the two lineages differ
in intra-lineage haplotype composition, substitution patterns and temporal dynamics, and that overall
diversity scales in parallel to transmission intensity.

Methods
Case surveillance

In Singapore, dengue is a legally notifiable disease, and all medical practitioners and clinical laboratories
are required to report clinically suspected and laboratory-confirmed cases to the Communicable
Diseases Agency (CDA) within 24 hours of detection. Laboratory confirmation is achieved through NS1
antigen, IgM antibodies or viral RNA detection by polymerase chain reaction (PCR). Only
laboratory-confirmed cases are included in official surveillance statistics. Weekly case counts used in
this study covered epidemiological weeks from 2015 EWO01 to 2025 EW53 and were obtained from the
arbovirus surveillance data, which is continuously updated from notified case reports by CDA (as of 30
June 2026).

Entomological surveillance

As part of Singapore’s national Aedes surveillance programme, more than 70,000 Gravitraps have been
deployed across high-rise public housing estates and landed homes. These sticky ovitraps target gravid
female Aedes mosquitoes. The methodology for the trap placements, monitoring, data curation and
interpretation is described elsewhere [23, 24]. Female Ae. aegypti abundances were quantified using the
Gravitrap Ae. aegypti Index (GAl), defined as the mean number of adult females collected per functional
Gravitrap per month. The quarterly averages were calculated from monthly GAIl data.

Genomic surveillance
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Genomic surveillance for arboviruses was carried out to analyse serotypes and genotypes of DENV in
laboratory-confirmed patient sera on a weekly basis to provide timely situational awareness for dengue
outbreak risk assessment and control in Singapore [25]. Established since 2006, local surveillance
network includes more than 800 general practitioners, polyclinics, hospitals and commercial laboratories
distributed across the country. In addition, adult mosquitoes captured in dengue clusters were also
screened for DENV genomic testing on an ad-hoc basis. On average, serotyping and genotyping cover
approximately 35-45% and 15-20% of all locally reported cases respectively in each year. Genotype
surveillance includes the analysis of partial (envelope gene) and complete genomes to monitor the
emergence of new virus lineages, their likely origin and local trends. It is aimed to provide insights into
the cluster association and spatial expansion of emerging DENV variants in the country.

The dataset analysed in the present study included 5,443 complete envelope gene (E) sequences (1,479
bp) and 171 complete genomes of DENV-3 genotype Il generated at the Environmental Health Institute,
National Environment Agency, Singapore from 2015 to 2025 (see Additional files 1-3). The E gene
sequences included those obtained directly from patient sera (n = 5,415) and 28 field-caught
mosquitoes. All mosquito-derived E gene sequences were included in variant/haplotype classification
and network analyses. They were subjected to the same filtering criteria as sequences from human
samples. All complete genomes (n = 171) were generated from virus isolates obtained from patient sera.
There were no complete genomes derived from mosquito samples. The complete genomes were used
for Bayesian phylogenetic and mutation analyses.

Sequencing of DENV-3 envelope gene and complete genomes

Consensus E gene sequences were obtained directly from patient sera and mosquito homogenates.
Complete genomes were generated from isolates obtained from patient sera. Viruses were isolated by
using the Ae. albopictus C6/36 mosquito cell line (ATCC CRL-1660) as described elsewhere [26]. Viral
RNA was extracted from sera using the QIAGEN QIAamp viral RNA mini kit (QIAGEN, Germany)
according to manufacturer's recommendations. Viral RNA from mosquitoes was extracted as described
previously [27]. DENV-3 typing, synthesis of complementary DNA (cDNA) and E gene and complete
genome sequencing were done as described elsewhere [8, 20]. Raw nucleotide sequences were
assembled using the DNABaser software package (SciVance Technologies, Germany).

Bayesian phylogenetic and phylodynamic analyses

Bayesian phylogenetic and phylodynamic analyses were conducted using complete polyprotein
sequences of DENV-3 (10,173 nucleotides) to determine the genetic distinctness between study lineages
and their evolutionary parameters such as the evolutionary rates and time to most recent common
ancestor (tMRCA). The dataset included 171 study sequences and 179 sequences retrieved from NCBI
nucleotide database to represent all non-sylvatic genotypes of DENV-3 reported in different regions
across the globe. Each sequence in the final dataset (n = 350) was location and time tagged based on
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the reported year and country (see Additional file 4). Here, sequences collected in the same year were
treated as contemporaneous. Even though the year-level temporal granularity may broaden posterior
uncertainty in substitution-rate and tMRCA estimates, limiting finer chronological precision, it is not
expected to overturn the strong temporal signal and the tree topology.

Temporal signal of the final dataset was tested by using root-to-tip regression analysis (correlation
coefficient and R?) in TempEst version 1.5.3 [28] (See Additional file 5). The analysis showed a strong
positive temporal signal (correlation coefficient = 0.97; R2 = 0.94), supporting molecular clock analysis
(Supplementary Fig. 1). General time reversible substitution model with gamma distribution and invariant
sites (GTR + F+I'+l) was indicated as the best fitting nucleotide substitution model based on BIC criterion
estimated using model finder in IQTREEZ2 [29] (see Additional file 6). The Bayesian phylogeny was
constructed by using codon partition (1 + 2) and 3, log-normal Hamiltonian Monte Carlo relaxed
molecular clock model and Bayesian SkyGrid tree prior (50 parameters in 3-year intervals) in BEAST X
v10.5.0 software suite [30]. The log-normal relaxed molecular clock and a Bayesian SkyGrid tree prior
were chosen to allow rate variation among lineages and not to assume a simple parametric
demographic history expected in heterochronous DENV datasets. The BEAST run included 100 million
Markov Chain Monte Carlo (MCMC) chains that were sampled at every 10,000 generations to ensure
convergence above a minimum effective sample size (ESS) of 200 (see Additional files 7 & 8). The
MCMC output was analysed using Tracer v.1.6 software (available at http://beast.bio.ed.ac.uk/Tracer).
The maximum clade credibility (MCC) tree was constructed using TreeAnnotator v10.5.0 software and
visualized in FigTree v.1.4.4 software (available at http://tree.bio.ed.ac.uk/software/figtree/) (see
Additional files 9 & 10). Evolutionary parameters, such as evolutionary rates and time to most recent
common ancestor (tMRCA), were calculated based on the MCC tree. The uncertainty in parameter
estimates was expressed as 95% highest posterior density (HPD).

Estimation of case proportions contributed by circulating
lineages using genomic surveillance data

Weekly lineage proportions and the corresponding numbers of reported dengue cases were estimated
using a Bayesian state-space model fitted by Hamiltonian Monte Carlo in rstan [31] (see Additional files
11 & 12). Since not all reported cases are subjected to serotyping and genotyping, observed serotype
counts and sequenced lineage counts were treated as nested multinomial samples of a shared weekly
composition. Here, serotype data informed serotype shares, and genotype data informed lineage shares
within serotype. Latent lineage states evolved as a first-order autoregressive process, and were mapped
to the simplex with a softmax transformation. This summed lineage proportions to one, and lineage-
specific case counts were obtained by multiplying weekly reported cases. This temporal structure
allowed information to be shared across weeks when genomic surveillance was sparse. Four
independent chains were run, each for 2,000 iterations, including 1,000 warmup iterations. Convergence
was monitored using R-hat < 1.05 and bulk effective sample size > 400. Posterior means and 95%
credible intervals are reported. The analysis included 58 DENV lineages detected during the study period
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(574 weeks from 2015 EW01 to 2025 EW53) (see Additional files 13 & 14). Four MCMC chains achieved
satisfactory convergence, with a median bulk effective sample size of 4,283, and a median R-hat of
1.001 (see Additional files 15-17). Weekly case numbers tagged to each lineage were calculated by
multiplying the estimated weekly proportions by the total reported cases in each week.

Variant and haplotype classification, mutation profiling and diversity
measures

All E gene sequences (n = 5,443) and complete genomes (n = 171) were aligned against the DENV-3
reference genome (NCBI Accession no. NC_001475) using MAFFT [32]. Variants were classified based
on inter-host, consensus E gene sequence clusters sharing 100% nucleotide identity, generated by using
CD-HIT [33]. The single nucleotide polymorphism (SNP) patterns of each variant were confirmed by
visualizing in BioEdit v7.2.5 [34]. These patterns were extracted using SNP-sites [35].

Each variant was further classified into haplotypes using a hierarchical scheme cascading from wild type
(WT). The WTs comprised sequences identical to the first sequence of each clade detected through local
surveillance (prototype strain). Accordingly, the WT served as the basal reference for SNP calling.
Haplotypes possessed at least one unique SNP relative to the WT of each variant (see Additional files 18
& 19). Each haplotype included at least five identical sequences as operational evidence that haplotype-
defining SNPs were recurrent and "putatively fixed" in the dataset. The suitability of this numerical
threshold was further evaluated through a sensitivity analysis at thresholds 3, 5 and 10 sequences using
the E gene alignment. This analysis produced the same qualitative temporal patterns of haplotype
predominance and expansion at each threshold evaluated, supporting retention of the = 5 threshold.
Haplotypes had either founder SNP patterns alone or additional SNPs labelled with nested identifiers to
reflect successive mutational steps within each variant (Supplementary Tables 1 and 2). In this variant-
haplotype nomenclature, SNP patterns follow a parent-delta convention. The variant-specific SNPs are
founder SNP(s) shared by all haplotypes within that variant. The haplotype-specific SNP/s are the
additional SNP(s) that distinguish a given haplotype from its immediate observed parent in the nested
hierarchy. Accordingly, the complete SNP profile of any haplotype consists of (i) the variant founder
SNP(s) and (ii) the haplotype-specific SNP(s) accumulated along its nested path (for example, haplotype
5.1.1 = V5 founder SNP[s] + 5.1-specific SNP[s] + 5.1.1-specific SNP[s]). Sequences carrying singleton
SNPs (observed in fewer than five sequences) were excluded from the haplotype analysis.

Non-synonymous mutation profiling was done by using the complete polyproteins of study sequences.
They were aligned and compared against 1,481 complete coding sequences of DENV-3 genotype Il
retrieved from NCBI (as of 07 Apr 2026) using BioEdit v7.2.5 [34] to assess their uniqueness, global
prevalence and distribution.

Haplotype network construction and visualization
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The longitudinal evolutionary pattern of the emergence and expansion of different variants was
determined by using a maximum likelihood phylogenetic tree constructed and visualized using the
Nextstrain pipeline [36]. The analysis was done using only the first and last detected sequences of each
category - WT (n = 4), variant and/or haplotype (n = 236) of clades Ill and V. This selection was done to
retain the temporal signal, while reducing redundancy from identical sequences within WTs, variants and
haplotypes to illustrate the in-situ evolutionary pattern of each clade rather than to estimate
demographic parameters. Analyses were run with default Nextstrain settings.

The genetic relationships between haplotypes within each clade were visualized using separate
minimum spanning tree networks. Firstly, a genetic distance matrix was constructed by calculating the
symmetric difference between the sets of unique SNPs for all pairs of haplotypes in each clade. The
minimum spanning network topology was inferred using each SNP distance matrix to identify the
parsimonious links connecting all observed haplotypes. Barnes-Hut simulation algorithm [37] was used
only for positioning of nodes based on precomputed topology, which was visualized via the pyvis
framework [38] to provide a spatial representation of the variant and haplotype landscape. Node sizes
were scaled proportionally to the square root of the sequence count for each haplotype to represent their
relative prevalence and temporal emergence. The edge thickness and transparency were weighted
inversely to the SNP distance to emphasize closely related genetic transitions.

Selection pressure analyses

Site-level selection was assessed on a single alignment of 171 complete polyprotein sequences (10,173
nucleotides) of clades Il and V because both lineages belong to DENV-3 genotype Il and the number of
clade V complete genomes (n = 37) was limited for robust codon-level inference. Analyses were
implemented in Hyphy 2.5 [39] using a phylogeny inferred using IQTREE-2 [29]. Purifying selection at
individual codons was inferred using single-likelihood ancestor counting (SLAC) [40], fixed effects
likelihood (FEL) [40], and fast unbiased Bayesian approximation (FUBAR) [41] methods. Sites were
considered significant at p < 0.1 for SLAC and FEL (as a screen for constrained sites in viral genomes),
and at posterior probability = 0.90 for FUBAR (as the principal Bayesian support for purifying selection).
Episodic diversifying (positive) selection at individual codons was also assessed (significance threshold
p < 0.1) as an additional method using the mixed effects model of evolution (MEME) [42]. These cut-offs
were chosen to be consistent with common HyPhy practice for exploratory codon models. More
stringent, conventional cut-offs, such as p < 0.05 may reduce power when diversifying selection is much
weaker than purifying selection. Tajima’s D and associated P-values (beta approximation) were
calculated separately for the complete polyprotein sequences of each clade in R using the pegas
package [43] as a complementary summary statistic of allele-frequency spectra that may reflect
purifying selection, demographic expansion, or both.

Statistical analyses

To evaluate the relationship between the Gravitrap Ae. aegypti index (GAI), number of reported cases and
viral genetic diversity, we performed a correlation analysis between quarterly mean GAI (36 quarters
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from Q1-2017 to Q4-2025), number of reported cases (44 quarters from Q1-2015 to Q4-2025) and the
number of haplotypes in both clades from Q1-2015 to Q4-2025. Pearson’s product-moment correlations
were calculated as the primary metric between haplotype counts and reported cases as well as GAI, with
two-tailed p-values calculated to determine significance at p < 0.05, because the analysis targeted
approximately linear co-variation among continuous quarterly summaries. Spearman’s rank correlations
were also calculated as a secondary metric. Here, consecutive quarters are temporally autocorrelated,
and as such parametric p-values that assume independence may be anti-conservative. Therefore,
correlations were interpreted as descriptive measures of contemporaneous co-variation. Linear trends
were visualized with ordinary least-squares regression, with 95% confidence bands obtained via the
default bootstrap procedure in Seaborn’s regplot. Temporal precedence was assessed by recomputing
correlations with predictors lagged by 1-4 quarters relative to GAl or haplotype counts leading reported
cases, and vice versa.

The number of E gene sequences analysed in each quarter (Q1 =EW1-13, Q2 =EW14-26, Q3 = EW27-
39, Q4 = EW40-53) for clade Il and clade V from 2015 to 2025 was derived to evaluate whether quarterly
haplotype counts were influenced by sequencing effort. The analysis used (i) the number of sequences
analysed, (ii) the haplotype count used in the transmission—diversity analyses, (iii) haplotypes per 100
sequences, and (iv) residuals from an ordinary least-squares regression of haplotype count on the
number of sequences for each quarter. Pearson and Spearman correlations were calculated for
associations among sequencing effort, raw and effort-adjusted haplotype counts, reported cases and
GAIl. All analyses were implemented in Python using the SciPy and Seaborn libraries.

Ethics statement

DENV-3 E gene sequences were generated as part of the National Environment Agency-Ministry of
Health (now Communicable Diseases Agency), Singapore joint arbovirus surveillance programme. The
permission has been obtained to use the aggregated genomic surveillance data for the publication. The
complete genome sequences were generated under the IRB003.1 approved by the institutional review
board of the Environmental Health Institute, National Environment Agency, Singapore.

Results

Two outbreak lineages were genetically distinct clades of DENV-3 genotype Il that have established
long-term transmission in Singapore

Bayesian phylogenetic analysis using complete coding sequences showed two genetically distinct
lineages of DENV-3 genotype Il (Fig. 1); 311I_B.1 and 311I_B.3 based on the Nextclade nomenclature
system (Aksamentov et al., 2021; Hill et al., 2024). They were hereafter named as clade Il and clade V
and were first detected in Singapore in April 2015 and December 2017 respectively. In tree topology,
clade Il sequences formed a monophyletic group, whereas clade V sequences split into two
monophyletic groups, and included a related lineage (3I11I_B.3.2) that emerged in the Americas [44] and
the Caribbean [45] in early 2020s as well as Asian sequences (see Additional file 20). Clades Il and V
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were distinguishable based on their genome-wide substitution profiles - each including eight amino acid
differences (Fig. 1). Even though not genetically identical to either clade, DENV-3 genotype Ill sequences
with amino acid profiles specific to each clade have also been reported in Asia [46], and Americas [44,
45], where they have caused significant epidemiological shifts and explosive outbreaks. These
observations showed that two local clades are genetically distinct lineages that share a common
ancestry with lineages circulating elsewhere (Fig. 1). The median tMRCA of clade Ill was 2012.8 (95%
HPD: 2011.9-2013.6) and that of clade V was 2009.5 (95% HPD: 2008.1-2010.7), based on median node
heights [clade IlI: 13.20 and clade V: 16.80 years before the most recent tip (2026)] of MCC tree. The
mean substitution rate was 6.59 x 10~ 4 substitutions/site/year [95% highest posterior density (HPD):
6.22-6.98x10 - 4], which was consistent with empirical estimates [47, 48]. Overall, our analysis showed
that lineages related to clade V have been more widespread globally than those related to clade Ill. Both
clades were continuously detected among surveillance samples after the emergence in Singapore,
suggesting their sustained autochthonous transmission during the study period.

Singapore experienced three outbreaks during the study period. The 2016 outbreak (13,085 cases) was
associated with a switch in predominant serotype from DENV-1 to DENV-2. It was followed by a lull
period from 2017 to 2018 when DENV-1, 2 and 3 cocirculated at different proportions. DENV-2 became
the predominant serotype again in 2019, igniting a 2-year outbreak (15,979, cases in 2019 and 35,210
cases in 2020), during which both DENV-3 clades also circulated; mainly clade 1l in 2019, and clade V in
2020. This outbreak subsided in 2021, but a switch from DENV-2 to DENV-3 in mid-2021 triggered
another outbreak in 2022, with 32,154 cases (Fig. 2). This outbreak was preceded by the replacement of
the previously dominant DENV-2 lineage by clade Il (Fig. 2). This shift in clade dominance within DENV-3
occurred approximately 10-12 months before peak transmission in 2022, indicating that changes in
lineage composition temporally preceded the outbreak peak. Nevertheless, clade 11l was replaced in mid-
2023 by the same DENV-2 lineage that was dominant during 2016 and 2019-2020 outbreaks (Fig. 2),
although this later switch was not followed by a large outbreak as in prior years.

Clade lll and clade V consisted of 10 monophyletic variants that included multiple haplotypes,
demonstrating a strong and long-term in-situ evolutionary process

Among 5,443 DENV-3 E gene sequences analysed, 4,657 (85.5%) belonged to clade IlI, of which 77.3% (n
= 3,598) were reported in 2022, highlighting its dominant role during the 2022 outbreak. The remaining
sequences (n = 786) belonged to clade V. Based on founder SNP combinations relative to the WT of each
clade, seven variants (V1-V7) were identified in clade Ill and one variant (V1) in clade V (Table 1),
indicating 10 monophyletic groups in two clades (Table 1). Each variant comprised one or more
haplotypes that shared the variant-defining founder SNP(s); haplotype SNP profiles are provided in
Supplementary Tables 1 and 2.
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Table 1
Summary of variants and associated haplotypes in clades Ill and V

Clade Monophyletic group  No. of haplotypes® No. of sequences
Clade Il WT 0 23
V1 1 36
V2 0 13
V3 0 17
V4 0 13
V5 87 4,536
Vé 0 7
V7 1 12
CladeV ~ WT 0 23
V1 23 763

#Zero values for variants indicate that there was no further haplotype subdivision in respective variants.
Wild type strains include sequences that were identical to those detected first for each clade (prototype
strains). Therefore, strains carry no SNPs as compared to variants (no haplotypes). The haplotype SNP
profiles are provided in Additional files 18 and 19.

Clade Il included a substantially higher number of haplotypes (n = 89) than clade V (n = 23). Variants
with the highest number of haplotypes represented the highest proportion of sequences of each clade,
and demonstrated a step ladder tree topology, consistent with in-situ evolution shaping the diversity
within each clade over time (Fig. 3). Notably, there were 10 amino acid substitutions between the WT and
variant 1 of clade V sequences (see Additional file 21), suggesting that variant 1 of clade V was more
likely to have emerged through an independent introduction, instead of descending from WT strains.

The greatest expansion of haplotypes occurred during the 2019-2020 and 2022 outbreaks, coinciding
with peak periods of transmission (Fig. 4). There was a strong, statistically significant positive linear
association [49] between quarterly reported cases and haplotype counts of both clades across 44
quarters from 2015 Q1 to 2025 Q4 (Pearson’s r=0.72; p < 0.001; Spearman’s p =0.73; p < 0.001) during
the study period (see Additional file 22).

Integration of vector surveillance data showed that haplotype expansion also coincided with peaks in Ae.
aegypti abundance, reflected by the Gravitrap Ae. aegypti Index (GAI). The correlation between GAIl and
haplotype counts was moderate but statistically significant across 36 quarters from 2017 Q1 to 2025 Q4
(Pearson’s r=0.49, p = 0.002; Spearman’s p = 0.56, p < 0.001). Even though GAI was in an increasing
trend during the 2019-2020 and 2022 outbreaks (Fig. 4), lagged correlation analysis did not support a
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consistent lead of GAl over cases. Associations between GAl and cases were strongest when cases led,
or were contemporaneous (Spearman p = 0.45, p = 0.006; Pearson r = 0.29, p = 0.088 at lag 0). GAI
leading cases by 1-4 quarters was not significant by Pearson (r =0.13-0.20, all p > 0.27), and only the
one-quarter lead reached nominal significance by Spearman (p = 0.36, p = 0.032). Haplotype counts
correlated most strongly with cases in the same quarter (Pearson r = 0.72; Spearman p = 0.73; both p <
0.001). However, a one-quarter lead of haplotype counts remained significant but weaker (Pearsonr =
0.48,p =0.001; Spearman p =0.61, p < 0.001). The reverse lag showed a comparable magnitude
(Pearson r = 0.55; Spearman p = 0.69; both p < 0.001) (Supplementary Table 4). Quarterly haplotype
counts were strongly associated with sequencing effort (sampling intensity) across quarters with at
least one sequence (Pearson’s r =0.90, p < 0.001; Spearman’s p =0.91, p< 0.001). Reported cases were
also correlated with the number of sequences analysed (r = 0.65; p = 0.68; both p<0.001). After
adjusting for sequencing effort, cases were moderately correlated (Pearson’s r=0.29, p = 0.074;
Spearman’s p = 0.47, p = 0.002) with haplotype residuals (observed haplotype count-count predicted from
n sequences). GAl was not significantly associated with haplotype residuals (Pearson’s r=0.12, p = 0.52;
Spearman’s p = 0.17, p = 0.35) (see Additional file 23). Accordingly, contemporaneous correlations
between raw haplotype counts and cases or GAl reflected transmission intensity and sequencing effort
rather than viral diversification alone. Therefore, even though haplotype richness and GAl increased with
transmission intensity, the quarterly correlation analyses did not establish that either GAI or haplotype
counts consistently precede outbreaks nor that vector abundance caused viral diversification. Taken
together, the findings indicate temporal co-variation among cases, Ae. aegypti abundance and haplotype
diversity during high-transmission periods.

Most common variants of both clades established long-term transmission, but a single variant became
dominant in 2020 and 2022

Temporal analysis using E gene sequences of clade Il (n =4,657) and clade V (n = 786) revealed distinct
survival pattern of constituent variants (Fig. 5). The most common variants of both clades emerged
during periods of relatively low transmission intensity and survived the longest period. During the 2019-
2020 outbreak, clade V (variant 1) was more prevalent than clade Il (V5-V7). Of those clade Ill variants
(V5-V7), only variant 5 could be detected beyond 2020, replacing clade V variant 1 as the predominant
DENV-3 variant by mid-2021 - a lull period of case burden. This variant replacement coincided with
observed serotype switch from DENV-2 to DENV-3 in 2021. Subsequently, the proportion of clade I
variant 5 increased markedly when transmission intensity escalated in 2022. These observations
suggested that the replacement of a single variant overlapped with a shift in serotype dominance prior to
the major outbreak that year. Despite occurring during a period of low transmission intensity, it was not
clear whether the variant turnover was due to competitive displacement, stochastic loss or any other
attributable factors related to population processes.

Step-ladder pattern of non-synonymous substitutions
distinguished clade Il evolutionary dynamics
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The analysis of complete coding sequences of both lineages (134 clade Ill and 37 clade V sequences)
revealed distinct temporal emergence of non-synonymous substitutions within each clade (Fig. 6). Clade
[l accumulated a greater number of amino acid changes than clade V, and they predominantly appeared
within the most prevalent variants of each clade. Clade Ill displayed a strong founder effect followed by
progressive, step-ladder accumulation of substitutions within the dominant variant, consistent with an in-
situ evolutionary pattern (Fig. 6). Notably, clade Il acquired these substitutions before its subsequent
expansion during 2022 outbreak. On the other hand, additional substitutions emerged in clade V
genomes after the 2020 transmission peak. Importantly, the WT and variant 1 of clade V differed by
multiple non-synonymous substitutions (Supplementary Table 3), suggesting that variant 1 likely
emerged through an independent introduction rather than descending from WT strains. Weak in-situ
evolutionary signal in clade V was also supported by the lack of founder effect in substitution patterns
(Fig. 6). This was temporally consistent with separate introductions in 2021 and 2024, rather than step-
ladder evolution within the dominant 2019-2020 variant. Taken together, non-synonymous substitution
patterns highlighted a distinct intra-clade substitution pattern for clade lll relative to clade V during local
circulation.

However, these substitutions in both clades were not accompanied by genome-wide evidence of
pervasive diversifying selection (Table 2). Instead, selection pressure analyses supported largely
purifying evolution, despite episodic, site-specific signals detected only by MEME, but not supported as
diversifying by the other pervasive-selection methods. Tajima'’s D, calculated separately for each clade,
was also negative for clade Ill (- 2.05; n =134; p=0.02) and clade V (- 0.87; n=37; p=0.41). The
significantly negative value for clade Ill aligns with purifying selection, but may also arise from
demographic expansion or other population processes, and therefore cannot be directly interpreted as
evidence of selection [50]. In contrast, clade V did not indicate a significant departure from neutrality.

Site-level selection analyses of the combine(-jr?:;;r?zlete coding sequences of clades Il and V (n
Method No. of sites under diversifying selection  No. of sites under purifying selection
SLAC 0 73
FEL 0 264
FUBAR 0 856
MEME 11£ Not applicable

£Codons with episodic diversifying selection by MEME (p < 0.1): E-137, E-367, NS1-256, NS4A-15, NS2A-
28, NS2A-60, NS3-185, NS4A-46, NS5-23, NS5-129, and NS5-414. E = envelope; NS = non-structural
proteins. MEME does not infer purifying selection.

Discussion
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Dengue virus populations are known to be highly diverse and dynamic. Their compositions are
determined by a myriad of factors related to DENV's complex transmission cycle that requires the virus
to be competent in a vertebrate and invertebrate host. Being an RNA virus, DENV demonstrates relatively
a high mutation rate due to several factors such as poor proof-reading ability of its RNA dependent RNA
polymerase [51] and its small single-stranded genome [52]. Consequently, many mutants emerge when
the virus replicates in both hosts [53, 54]. The resultant mutant spectra constitute a quasispecies
population structure [55], which may be beneficial to the virus to survive in different host environments in
successive transmission cycles. These mutant spectra may differ in phenotypic properties [56]. Changes
in the relative frequency of co-circulating variants contribute to the overall composition and dynamic
nature of DENV populations in nature, although the driving mechanisms remain incompletely resolved.
Therefore, understanding the micro-evolutionary processes that shape DENV populations is important
but not well-described. Many previous descriptions of DENV evolution primarily focus on the macro-level
of diversity cascade that includes serotypes, genotypes and less commonly clades. Variant level
descriptions are scarce, mainly due to not having enough data to perform in-depth analyses at high
genetic resolution. In this context, the present study aimed to provide an in-depth view of temporal
dynamics of DENV-3 variant diversity by analysing a large serial (weekly) collection of E gene sequences
and a representative collection of complete genomes from 2015 to 2025. The findings reflect the fine
granularity of genetic composition of two DENV-3 clades that were circulating in Singapore for a long
period. While the observations illustrate that the genetic diversity of natural DENV populations are much
higher than what is captured through macro-scale genetic analyses, they also highlight the vast nature of
genetic changes that take place constantly during in-situ evolution of DENV lineages in endemic
settings. These findings may have important implications for vaccine development studies and novel
vector control strategies such as Aedes-Wolbachia replacement approach [57, 58]. Recent studies have
shown that the antigenic distance between different lineages differs within and between DENV
serotypes, which determines the varying degree of neutralizing ability of a previous exposure to DENV
and clinical severity [59, 60] as well as their epidemic potential [61]. Likewise, variant diversity and
background evolutionary mechanism may act against the odds of Aedes-Wolbachia replacement
success, by selecting variants that could modulate the level of inhibitory effects on virus replication in
vectors carrying Wolbachia either individually or collectively as a quasispecies ensemble [62]. These
observations therefore demonstrate that macro-scale genetic classifications alone ignore the micro-
evolutionary processes that determine the epidemiological behaviour of virus lineages.

In agreement with empirical data, the study findings showed that transmission intensity and length of
survival of a particular lineage are associated with its fine-scale genetic complexity [63, 64]. In our
findings, the haplotype diversity was highest in the long-surviving variants in each clade. Moreover, the
haplotype expansion mainly occurred during periods of intense transmission in a positively correlated
manner, suggesting that micro-scale genetic heterogeneity may be a useful proxy for transmission
intensity. This may have an extended utility in predictive modelling for dengue that largely relies on
climate variables and serotype dynamics [65]. However, the associations reported herein are temporal
and do not establish that genetic diversification forecasts outbreaks. Haplotype-informed approaches
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[19] further suggest that genetically diverse virus populations may behave differently when host
immunity and vector abundance fluctuate. This notion is also supported by our findings that haplotype
expansion coincided with peaks in the Gravitrap Ae. aegypti Index (GAIl), which rose sharply during high
transmission periods. The 2019-2020 and 2022 outbreaks occurred when GAIl was in an increasing
trend, indicating a close association among vector abundance, case burden and haplotype richness.
However, this does not confirm that vector proliferation caused viral diversification. Furthermore, the
temporal analyses also showed that a single variant of long-surviving DENV lineages accounted for the
majority of samples sequenced. Among all variants of clades lll and V, dominant variants were the key
attributes of DENV-3 transmission during 2019-2020 and 2022 outbreaks respectively. Of them, the
dominant variant of clade Ill contributed to as high as 90% of transmission in 2022. Interestingly, the
haplotype diversity reduced drastically from its peak in 2022 together with cases and Ae. aegypti
abundance (GAIl). The reduction in GAl reflected the effectiveness of the integrated vector surveillance
programme in Singapore [25], especially Project Wolbachia, which has been progressively expanded
since 2016 to suppress local Ae. aegypti population [66, 67]. The findings therefore indicate how
effective the vector control measures in mitigating DENV transmission, and how virus population
dynamics can be used as a tool to monitor the effectiveness of dengue control programmes. These
aspects testify the importance of genomic surveillance and in-depth data analyses to support outbreak
risk assessment, especially in larger countries/regions [68]. In contrast to Singapore, where DENV
transmission presumably occurs in a tightly knit dispersal network due to its small size and a well-
connected transport system, the insights gained through in-depth molecular epidemiological analyses
could further facilitate strategic resource planning during epidemics in large countries, where
transmission networks are likely to be disconnected due to geographical barriers and limited human
movement. Understanding the emergence and epidemic behaviour of different variants and the dispersal
of variants with high epidemic potential to “new” areas are important components of outbreak risk
assessment in such settings [68].

Beyond viral diversity and vector abundance, lineage switching and replacement also coincide with
broader host-level dynamics and environmental factors. Sero-epidemiological studies in Singapore
indicate a long-term decline in dengue’s force of infection (FOI), stabilizing near 10 infections per 1,000
persons annually since the mid-1990s [69, 70]. While this FOI trend reflects successful vector control, it
has also lowered background immunity, particularly serotype-specific protection among younger cohorts
[22, 71]. This immunity gap was evident during the 2022 DENV-3 outbreak, when clade Ill viruses rapidly
became dominant. These observations highlight the role of immunological and ecological factors in
DENYV evolution, even in the absence of selective pressures. It is known that lineage success depends on
local ecological and host contexts [72, 73]. Moreover, vector competence also plays a pivotal role in
lineage success [74], especially under favourable climatic conditions [75, 76]. Moreover, phenotypic
plasticity of mosquito populations may influence the outbreak behaviour of virus traits [77]. These
observations highlight the importance of integrating genomic surveillance data into the understanding of
connectivity between host immunity, epidemic behaviour, vector biology and local ecological context for
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outbreak risk assessment, because a lineage successful in one country may not necessarily achieve
similar epidemic potential elsewhere.

In contrast to clade V, clade Il accumulated seven non-synonymous substitutions in an in-situ
evolutionary pattern [78] with strong founder effect. All of these non-synonymous substitutions were in
non-structural proteins (NS1, NS2A and NS3). Non-structural proteins of DENV mainly encode for the
functional elements such as those required for virus replication [79]. Besides, NS1 and NS3 have also
been implicated in immune modulation, replication and pathogenicity [80—83]. Although purifying
selection was the predominant force, the contrasting evolutionary dynamics between two clades
highlight different adaptive patterns that may have contributed to differences in phenotypic and
epidemic behaviour between them - a possibility of interest for future experimental studies. Importantly,
unlike clade V, clade Ill accumulated all non-synonymous substitutions by mid-2021, prior to its explosive
expansion in 2022. Therefore, it is worth investigating whether these substitutions altered the phenotype
or transmissibility of clade Ill to explain its observed epidemic potential. Although the case fatality rate
during this outbreak remained low, further studies on correlation between viral genetic variation and
clinical outcomes are also critical to understand how evolutionary changes may influence dengue
pathogenesis and severity.

This study included several limitations. Firstly, a relatively lower number of complete genomes was
analysed as compared to the large collection of E gene sequences. This was because DENV genotypes
are largely characterized by using E gene sequences in the genomic surveillance programme in
Singapore. Complete genome sequencing is done using isolates obtained from a subset of clinical
samples selected based on E gene-based genotype findings. Nevertheless, complete genomes of clades
[l and V were generated from serially collected samples since their first detection, so that the analysed
dataset is expected to reflect the non-synonymous substitution patterns in both clades. Complete
genomes were also likely to have provided higher resolution on variant definitions and thereby a more
comprehensive evolutionary profile of both clades than E gene sequences. A further limitation is that
haplotype richness estimated from genomic surveillance data is dependent on sampling intensity. The
strong correlation between quarterly haplotype counts and the number of sequences analysed shows
that raw haplotype totals are dependent at least partially on sequencing effort, especially when
genotyping volume increased during high-transmission periods. Effort-adjusted analyses moderated
associations between haplotype diversity and cases and GAl. The findings therefore indicated that
haplotype counts may be a joint marker of transmission intensity and surveillance intensity. Importantly,
conclusions regarding variant switching, hierarchical haplotype structure and clade-specific substitution
trajectories are based on sequence relationships and mutational pathways rather than only on raw
quarterly haplotype totals. Furthermore, the inferences on “quasispecies” population structure should
ideally be supported by intra-host sequencing data [84]. Instead, the present study described the inter-
host haplotype diversity using clinical samples collected weekly, that showed the existence and
fluctuations of multiple variants and haplotypes at a given time, suggestive of a “quasispecies-like”
population structure. This warrants further studies on the intra-host diversity analyses using next
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generation sequencing technology to determine the contribution of dominant variants to the
“quasispecies” structure of natural DENV populations [85].

Conclusions

The present study indicates that variant- and haplotype-level dynamics and turnover among co-
circulating variants are long-term transmission characteristics of DENV lineages associated with
outbreaks. The findings reinforce the need for robust, country-specific genomic surveillance frameworks
that integrate case, seroprevalence and vector data to improve outbreak risk assessment and resource
planning in dengue-hyperendemic settings.
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Figure 1

Genetic relationship of clade Ill and clade V.A) Temporal distribution of complete coding sequences
possessing amino acid substitution profile of each clade reported elsewhere. All sequences of
respective clades possess the substitutions in each profile (“fixed”) that are also possessed by
sequences reported from other countries (n=1,481), though genetically not identical. The reporting time
frame and the number of sequences is indicated in brackets. B) Bayesian phylogeny of DENV-3. The tree
was constructed by using BEAST 10.5.0 software suite (Baele et al., 2025) and included complete coding
sequences of clade Ill (n=134) and clade V (n=37). The analysis also included 179 complete coding
sequences retrieved from NCBI database to represent different genotypes of DENV-3. The amino acid
substitution profiles and tMRCA (95% HPD values in brackets) of clade Il and clade V are shown in
shaded test boxes. Genotypes are colour coded.

100% 2000

A

90% 1800

80% 1600
70% 1400
60% 1200
50% 1000

40% 800

Serotype proportion
No. reported cases

30% 600

20% 400

10% 200

0%

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

B mmm DENV-] s DENV-2 s DENV-3 s DENV-4 ==--- No. reported cases

100 2000
90 1800
80 1600
70 'r 'r 1400
60 1200
50 1000

WINATIN At

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
No. reported cases =——D2 lineage = ——D3GIII clade I ——D3GII clade V

oo
(=]
(=]

No. reported cases

=]
(=]
(=]

Proportion of cases due to each lineage

Figure 2

Page 26/30



DENV cases, serotypes and lineage dominance. A). Longitudinal pattern of DENV serotypes and cases
in Singapore from 2015 to 2025. B). Longitudinal fluctuation of lineage dominance from 2015 to 2025.
Arrows indicate crossing points of clades Ill and V’s relative dominance. D2 = DENV-2; D3 = DENV-3; Gl
= Genotype .
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Figure 3

Haplotype tree and network of clades Il and V. A) The maximum likelihood phylogenetic analysis
included complete E gene sequences of clade Ill (n=192) and clade V (n=48), representative of the WT
and all haplotypes detected. The analysis was conducted using Nextstrain pipeline [36]. The tree
illustrates the progressive evolution of different variants of clades Ill and V. B) Haplotype network of
clade Ill C) Haplotype network of clade V. The minimum spanning tree (MST) networks illustrate genetic
relationships between haplotypes and dominant variants of each clade.
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Figure 4

Longitudinal distribution of dengue cases, vector index and the number of haplotypes of each clade
from 2015 to 2025. A). Temporal distribution of number of cases and haplotypes B). Correlation
between number of cases and haplotypes C). Temporal distribution of number of cases and Gravitrap
Ae. aegypti Index (GAIl) D). Correlation between GAl and haplotypes. The graph illustrates that the highest
number of haplotypes coincided with peaks in cases and GAI that indicate high transmission periods.
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Longitudinal dynamics of each clade, variants and reported cases. A) Clade Il B) Clade V. Estimated
number of cases due to each clade in comparison to total cases reported highlights their alternative
dominance during 2019-2020 and 2022 outbreaks. V = variant; WT = Wild type.
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Figure 6

Temporal analysis of the emergence of non-synonymous substitutions in each clade. The arrows
indicate the time of first detection of each substitution that appeared in a stepladder pattern in clade lll,
in contrast to the introduction-dominated pattern reflected in weaker in-situ accumulation signal in clade
V. WT=wild type, NS=non-structural.
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