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ABSTRACT

Background: Dengue virus (DENV) is a major mosquito-borne pathogen characterized by extensive genetic
diversity and continuous viral evolution. Understanding the distribution of genomic variation among circulating
serotypes is important for molecular surveillance and for identifying conserved and variable regions of the viral
proteome.

Methods: Whole-genome sequencing datasets comprising 166 DENV genomes, including DENV-1 (n=14),
DENV-2 (n=105), and DENV-3 (n=47), were analyzed using a comparative genomic framework. High-quality
sequence reads were subjected to quality control, reference-guided alignment, variant detection and functional
annotation. Missense mutations were characterized at the protein and conserved-domain levels. For extended
comparative analysis, mutation burden was normalized according to genome sampling and amino-acid sequence
length, while sequence variability was assessed using Shannon entropy. Phylogenetic and genotype analyses were
used to investigate evolutionary clustering, and codon-based selection analyses were considered for
characterization of evolutionary constraints.

Results: A total of 721 missense mutations were identified across the analyzed DENV proteomes, comprising
180 mutations in DENV-1, 377 in DENV-2, and 164 in DENV-3. DENV-2 therefore exhibited the highest
absolute mutation count, although interpretation of serotype-specific mutation burden requires normalization
because of unequal sampling. Protein-level analysis revealed heterogeneous mutation distribution, with NSS
showing pronounced variability, whereas the M protein was comparatively conserved. Domain-level analysis
further demonstrated non-uniform distribution of sequence variation across functional regions. The extended
analytical framework incorporating normalized mutation burden, entropy, phylogenetic relationships and
selection pressure provides complementary measures for evaluating DENV genomic diversity and evolutionary
constraint.

Conclusions: This study establishes a comparative genome- and proteome-level framework for characterizing
genetic diversity among DENV-1, DENV-2 and DENV-3. The identification of variable and conserved viral
proteins and domains provides a foundation for genomic surveillance and for prioritizing regions for subsequent
structural, functional, antiviral and vaccine-related investigations. Further analysis using the underlying genome
sequences will be necessary to statistically validate normalized diversity, genotype assignments and site-specific
selection signatures.

KEYWORDS: Dengue virus; DENV-1; DENV-2; DENV-3; whole-genome sequencing; missense mutations;
Shannon entropy; phylogenetics; selection pressure; NS5; genomic surveillance.

Highlights

e Comparative whole-genome analysis was performed across 166 DENV-1-DENV-3 genomes.

e A total of 721 missense mutations were identified across the DENV proteome.

e NS5 displayed pronounced protein-level variability, whereas several regions were comparatively conserved.
e Mutation burden, entropy, phylogeny and selection analyses provide complementary views of DENV
evolution.

e The findings support genomic surveillance and prioritization of regions for future antiviral and vaccine studies.
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Novelty statement: This study provides an integrated comparative analysis of DENV-1, DENV-2, and
DENYV-3 that extends conventional mutation counting by combining whole-proteome missense-variation
profiling with normalized mutation burden, protein/domain-level variability, phylogenetic context, and
evolutionary selection assessment. The principal novelty lies in evaluating the distribution of genetic
variation across multiple viral proteins and functional regions within a common analytical framework,
thereby distinguishing highly variable regions from comparatively conserved components of the DENV
proteome. This approach provides a foundation for identifying candidate genomic regions for subsequent
evolutionary, structural, functional, antiviral, and vaccine-focused investigation.

1. INTRODUCTION

Dengue is one of the most important mosquito-borne viral diseases affecting human populations, with
transmission occurring predominantly in tropical and subtropical regions and increasingly extending into new
geographic areas. Global modelling has estimated approximately 390 million DENV infections annually,
including both clinically apparent and inapparent infections, underscoring the substantial and partly hidden burden
of dengue infection worldwide [1]. The continuing expansion of dengue transmission is driven by a complex
interaction among viral, vector, environmental and demographic factors, including urbanization, human mobility,
climatic conditions and the expanding distribution of Aedes mosquitoes [2]. DENV comprises four antigenically
distinct serotypes, DENV-1 to DENV-4, and infection with one serotype generates durable serotype-specific
immunity while providing more limited protection against heterologous serotypes [3](Figure 1). Consequently,
the persistent co-circulation and replacement of DENV lineages represent important challenges for
epidemiological surveillance, disease control and the development of broadly protective vaccines and antiviral
interventions.

Need for whole-genome evolutionary surveillance: The evolutionary dynamics of DENV are shaped by the
accumulation and selection of genetic variation throughout its approximately 11-kb RNA genome, which encodes
structural and non-structural proteins that collectively regulate viral entry, replication, assembly and host
interactions. Increasing availability of whole-genome sequencing has substantially expanded the ability to
investigate DENV diversity beyond conventional serotyping or single-gene analyses. Evolutionary and
phylogenetic analyses can provide information about lineage diversification, geographic dissemination and the
emergence or replacement of viral lineages, thereby supporting genomic surveillance and outbreak preparedness
[4]. Recent whole-genome investigations have demonstrated that substantial genetic heterogeneity can occur even
within a single DENV genotype. For example, complete-genome analysis of DENV-2 in Senegal identified
geographically associated clades and nonsynonymous substitutions distributed across NS2A, NS2B, NS4A and
NS5 [5]. Similarly, genomic surveillance studies have identified genotype and lineage replacement as well as
multiple introductions and sustained local transmission during dengue outbreaks [6]. These observations
emphasize that understanding DENV evolution requires genome-wide interrogation of sequence variation rather
than reliance on a single genomic marker.

Rationale for the present study: Although previous studies have characterized DENV phylogeny, genotype
distribution and regional transmission dynamics, comparatively less emphasis has been placed on systematically
comparing protein-level mutation landscapes across multiple DENYV serotypes using complete genome
datasets. This distinction is important because nucleotide variation does not necessarily translate into functional
protein variation, and the distribution of amino acid substitutions across individual proteins and functional
domains may reveal different levels of evolutionary constraint. Whole-genome studies have already demonstrated
the value of complete viral sequences for identifying divergent lineages and previously unrecognized genomic
variation, including highly divergent DENV-1 genotypes and serotype-specific evolutionary patterns [7].
Moreover, recent genomic surveillance has shown that contemporary DENV populations can contain multiple
circulating genotypes and lineages within the same serotype, reinforcing the need for continuous molecular
monitoring [8]. In this study, we therefore performed a comparative whole-genome analysis of 166 DENV
isolates representing DENV-1, DENV-2 and DENV-3, with particular emphasis on missense mutations,
protein-specific variability and functional domain-level mutation patterns. By defining the distribution of
genetic variation across the DENV proteome and identifying comparatively variable and conserved proteins, this
study aims to provide a genome-wide molecular framework for understanding DENV diversity and to generate
testable hypotheses for future studies of viral evolution, molecular epidemiology, antiviral targeting and vaccine
development.
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DENV-3 polyprotein

Viral Particle Viral Replication Complex

Figure 1. DENV 1, 2 & 3 genome organization from 5’ to 3’

2. MATERIALS AND METHODS

2.1 Whole-genome sequencing data: Retrieval, processing, and variant analysis

Whole-genome sequencing (WGS) datasets representing three dengue virus serotypes (DENV-1, DENV-2, and
DENV-3) were retrieved from the NCBI Sequence Read Archive under BioProject PRINA943555 and analyzed
using a standardized comparative genomic workflow [9-11]. The dataset comprised 166 raw sequencing
datasets, including 14 DENV-1, 105 DENV-2, and 47 DENV-3 genomes. The unequal representation of
serotypes reflects the availability of publicly deposited sequence data and was taken into consideration during
comparative interpretation of mutation patterns. The complete workflow encompassed raw-read quality
assessment, adapter and low-quality sequence removal, reference-guided genome alignment, duplicate-read
identification, variant detection and quality filtering, functional annotation of sequence variants, and mapping of
nonsynonymous substitutions to conserved protein domains.

Raw sequencing reads were initially evaluated using FastQC v0.11.9 to assess overall sequencing quality, per-
base sequence quality, nucleotide composition, GC-content distribution, sequence duplication, and potential
adapter contamination [12]. Sequencing reads exhibiting low-quality terminal bases or residual adapter sequences
were subsequently processed using Trimmomatic v0.39, employing quality-control parameters appropriate for
short-read viral genome sequencing [11, 13, 14]. Following preprocessing, only high-quality reads were retained
for downstream analysis. The filtered reads were independently aligned against the corresponding complete
reference genome for each DENV serotype using BWA-MEM v0.7.17. Serotype-specific reference sequences
were obtained from NCBI RefSeq, namely DENV-1 (NC_001477), DENV-2 (NC_001474), and DENV-3
(NC_001475). Alignment files were subsequently processed to identify sequencing-derived artifacts and potential
technical biases. Reads representing PCR-generated duplicates were identified and marked using Picard Tools,
thereby reducing the potential influence of amplification-related read enrichment on downstream variant
identification.

Genomic variants were identified from the quality-controlled alignments using beftools v1.10.2, with both single-
nucleotide polymorphisms (SNPs) and insertion/deletion events (indels) considered during initial variant
detection. The resulting variant calls were subjected to additional quality filtering using VCFtools v0.1.16 to
generate a high-confidence variant dataset [15]. To minimize the inclusion of sequencing or alignment artifacts,
variants were retained only when they satisfied predefined quality thresholds of Phred quality score >30 and
minimum read depth >10x. High-confidence variants were functionally annotated using SnpEff v5.0, enabling
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classification of nucleotide substitutions according to their predicted effects on the encoded viral proteins, with
particular emphasis on missense variants resulting in amino-acid substitutions [16]. The resulting protein-level
variants were catalogued according to their corresponding DENV gene/protein and serotype, providing the basis
for comparative assessment of mutation distribution across the viral proteome.

To further characterize the functional distribution of the observed amino-acid substitutions, conserved protein
domains were identified using the NCBI Conserved Domain Database (CDD) through CD-Search [17].
Identified missense mutations were subsequently mapped to their corresponding structural or functional domains
to determine whether sequence variation was uniformly distributed or concentrated within specific regions of
individual viral proteins. Domain-level analysis included Domains I-II of prM, Domains I-III of the envelope
(E) protein, Domains I-III of NS3, and Domains I-II of NS5. This approach enabled systematic comparison
of mutation patterns between serotypes and across functionally annotated protein regions, facilitating
identification of relatively variable and conserved regions within the DENV proteome. The resulting mutation
profiles were subsequently used for comparative evaluation of serotype-specific genetic diversity and
protein/domain-level variation.

Normalized mutation burden: For each serotype, the total number of high-confidence amino-acid substitutions
was divided by the corresponding number of analyzed genomes to calculate the mutation burden per genome.
To account for differences in protein sequence length, mutation density was additionally expressed as the number
of missense substitutions per 1,000 amino acids analyzed. Serotype-specific normalized values were subsequently
compared to determine whether differences observed in the absolute mutation counts persisted after correction for
sampling and sequence length.

Shannon entropy: Shannon entropy was calculated independently for aligned amino-acid positions within each
DENV serotype using:

H = Epi In(p;)
i=1

where pip_irepresents the frequency of each amino acid at a given position. Low entropy values indicate relatively
conserved positions, whereas higher entropy values indicate greater amino-acid variability. Mean and/or
positional entropy values were summarized for each viral protein and compared among DENV-1, DENV-2, and
DENV-3. Proteins and domains containing elevated entropy were considered candidate regions of increased
sequence variability.

Phylogenetic and genotype analysis: Complete or coding-region nucleotide sequences were aligned separately
for DENV-1, DENV-2, and DENV-3 using a suitable multiple-sequence alignment algorithm. Maximum-
likelihood phylogenetic trees were subsequently reconstructed using an empirically selected nucleotide-
substitution model. Branch support was assessed using bootstrap resampling, and well-supported clusters were
compared with established reference sequences for genotype or lineage assignment. Mutational profiles were then
mapped onto the corresponding phylogenetic clusters to investigate whether particular amino-acid substitutions
were associated with specific lineages.

Selection-pressure analysis: Selection pressure was evaluated using codon-aligned sequences and
nonsynonymous-to-synonymous substitution rates. The ratio dN/dSAN/dS was used as an overall measure of
evolutionary constraint, with values below 1 generally consistent with purifying selection, values near 1
compatible with neutral evolution, and values above 1 suggestive of positive selection. To identify statistically
supported site-specific or episodic selection, complementary methods such as FEL, FUBAR and MEME should
be applied using a defined significance threshold and appropriate multiple-testing correction. Selected sites should
subsequently be mapped onto the corresponding protein domains and, where possible, three-dimensional
structures.

3. RESULTS

Phylogenetic analysis confirmed that all 166 samples were correctly classified into dengue virus serotypes
DENV1, DENV2, and DENV3. Mutation patterns varied across proteins and serotypes, reflecting differences in
functional constraints and evolutionary pressures. Among all proteins, NS5 exhibited the highest number of
mutations, consistent with its large size and multifunctional role in viral replication. In contrast, the membrane
(M) protein was highly conserved, with only two mutations detected in DENV3. NS2B showed relatively low
variability in DENV2, with mutations occurring at a low frequency (approximately one mutation per sample),
indicating strong functional constraints associated with its role as a cofactor for NS3 protease. In total, 721
missense mutations were identified across all proteins. Of these, 180 mutations were observed in DENV1 (14
samples), 377 in DENV2 (105 samples), and 164 in DENV3 (47 samples). When normalized per sample, DENV 1
showed the highest mutation density (12.9 mutations per sample), followed by DENV2 (3.6 mutations per sample)
and DENV3 (3.5 mutations per sample). The higher mutation density observed in DENV1 may suggest longer
circulation, localized evolutionary adaptation, or differences in selective pressures compared to the other
serotypes.

Genetics and Molecular Research 25 (23s): 2026 4



3.1 Summary of Mutations by Protein
The most frequent mutations detected across all samples are summarized in Table 1, which provides a
comprehensive overview of mutation distribution across all viral proteins for each serotype.

Table 1A: Summary of mutations in DENV1 proteins (n=14 samples)

S.N Protein Total q Most Frequent Mutations
0 Mutations
1 anchored capsid protein G70S and V26G (n=14)
ancC
2 capsid protein C 6 G70S and V26G (n=14)
3 membrane  glycoprotein ¢ E72D, K122R and TS9A (n=14)
precursor prM
4 protein pr 4 E72D and T59A (n=14)
5 membrane glycoprotein M 1 K3IR (n=14)
6 envelope protein E 22 A369T, D37N, 1114L, 1114M, 1436V (n=14)
7 nonstructural protein NS1 17 N139D, N146D, N146S, K324R, K347R (n=14)
g nomsmucwmal o protein g N139D, N146D, N146S, K324R, K347R (n=14)
g nowsmucwral - protein g N139D, N146D, N146S, K324R, K347R (n=14)
10 nonstructural protein NS3 17 A91T, R185K, K255R and V2211 (n=14)
nonstructural protein _
11 NS4A 6 QI19L, I89M and I89T (n=14)
12 protein 2K 22 Multiple mutations (n=14)
13 ;"S‘fg“cmral protein AI8V, A27T, HITY, H24Q, 148V (n=14)
14  RNA-dependent — RNA 5, A370T, A616V, R378K, D834E (n=14)
polymerase NS5
Table 1B: Summary of mutations in DENV2 proteins (n=105 samples)
S.N Protein Total q Most Frequent Mutations
0 Mutations
1 anchored capsid protein 17 KOR and S101T (n=105)
ancC
2 capsid protein C 12 K9R (n=105)
3 membrane  glycoprotein M 1351, M831, M83T and T162A (n=105)
precursor prM
4 protein pr 9 MS83I and M83T (n=105)
5 membrane glycoprotein M 8 M441 and T71A (n=105)
6 envelope protein E 48 1484V, M61 and T478S (n=105)
7 nonstructural protein NS1 47 N2228S, D281E, 1264T and T265A (n=105)
nonstructural protein _
8 NS2A 30 V5I (n=105)
nonstructural protein _
9 NS2B 15 L21F (n=70)
10 nonstructural protein NS3 40 1140V (n=104)
nonstructural protein _
11 NS4A 13 D23N (n=105)
12 protein 2K - -
nonstructural protein _
13 NS4B 23 F112L (n=97)
RNA-dependent RNA _
14 polymerase NS5 98 A865T (n=105)
Table 1C: Summary of mutations in DENV3 proteins (n=47 samples)
S.N Protein Total . Most Frequent Mutations
0 Mutations
1 anchored capsid protein 5 A111T, Q97K and M106I (n=47)

Genetics and Molecular Research 25 (23s): 2026 5



S.N Total

o Protein Mutations Most Frequent Mutations
ancC

2 capsid protein C 1 Q97K (n=47)

3 membrane  glycoprotein 8 RITH (n=17)
precursor prM

4 protein pr 5 R11H (n=17)

5 membrane glycoprotein M~ 3 165T and V291 (n=2)

6 envelope protein E 20 A219T, A329V, E404A and E404D (n=47)

7 nonstructural protein NS1 18 A146T, K122R, M2T, S145N, T233S (n=47)
nonstructural protein _

8 NS2A 22 P202S (n=47)
nonstructural protein _

9 NS2B 6 P57A (n=47)

10 nonstructural protein NS3 16 K33R (n=47)
nonstructural protein _

11 NS4A 11 R39K and D36H (n=34)

12 protein 2K 1 T20I (n=47)
nonstructural protein _

13 NS4B 4 F160Y and S157P (n=45)
RNA-dependent RNA _

14 polymerase NS5 44 T629S (n=47)

3.2 Protein-wise Mutation Frequencies of Dengue Virus Type 1-3

1. Structural Proteins

Anchored Capsid Protein (ancC)

Across the three dengue virus serotypes (DENV1-DENV3), the anchored capsid protein (ancC) showed a
moderate level of mutational variability, consistent with its role in virion assembly and membrane association. A
total of six mutations were identified in DENV1, seventeen in DENV2, and five in DENV3. Frequently observed
substitutions included G70S and V26G in DENV1, K9R and S101T in DENV2, and A111T, Q97K, and M1061
in DENV3. These recurring mutations indicate possible serotype-specific differences within the capsid anchoring
region, which may influence viral assembly and structural stability. In DENV 1, the G70S substitution occurs at a
conserved glycine residue and may affect the flexibility of the hydrophobic core of the protein. The higher number
of mutations observed in DENV2 compared to DENV1 and DENV3 may reflect differences in evolutionary
pressures or host adaptation. Notably, the K9R substitution, detected in all DENV2 samples, represents a
conservative lysine-to-arginine change that preserves the basic charge at this position, suggesting retention of
RNA-binding function despite sequence variation. Overall, these observations highlight the balance between
structural conservation and adaptive variation within the anchored capsid protein and provide insights into its role
in maintaining virion integrity.

Capsid Protein (C)

The capsid (C) protein exhibited a limited yet consistent mutation pattern across the three dengue virus serotypes,
reflecting strong functional constraints on this essential structural component. A total of six, twelve, and one
mutations were observed in DENV1, DENV2, and DENV3, respectively. Common substitutions included G70S
and V26G in DENVI, K9R in DENV2, and Q97K in DENV3. These recurrent changes suggest the presence of
specific mutation-prone sites within the capsid protein, which may influence nucleocapsid assembly or RNA-
binding efficiency. The marked difference in mutation frequency between DENV2 and DENV3 indicates variation
in evolutionary pressures among serotypes. The capsid protein plays a central role in RNA packaging and
nucleocapsid formation, imposing constraints on sequence variability. The G70S substitution in DENV1 occurs
near a region involved in protein—protein interactions and may affect assembly dynamics. In DENV2, the K9R
substitution represents a conservative change that preserves the positive charge required for RNA binding. In
contrast, the single Q97K mutation observed in DENV3 suggests strong purifying selection or limited
diversification within the analyzed dataset.

Membrane Glycoprotein Precursor (prM)

Mutational analysis of the prM protein revealed distinct substitution patterns across the three dengue virus
serotypes, consistent with its role in virion maturation and regulation of membrane fusion. A total of five mutations
were identified in DENV1, compared to seventeen in DENV2 and eight in DENV3. Frequently observed
substitutions included E72D, K122R, and T59A in DENV1; M1351, M831, and T162A in DENV2; and R11H in
DENV3.These mutations were distributed throughout the protein, with several occurring in regions associated
with virion maturation and membrane interaction. Domain-level analysis showed uneven mutation distribution
between the two functional regions of prM. Domain I (residues 6—84), corresponding to the propeptide region,
contained four mutations in DENV1, nine in DENV2, and five in DENV3. In contrast, Domain II (residues 92—
166), representing the mature M protein region, harbored one mutation in DENV, eight in DENV2, and none in
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DENV3. This pattern suggests that Domain I is more tolerant to sequence variation, likely due to its role as a
processing segment, whereas Domain II remains more conserved due to its structural and functional importance
in membrane fusion.

Protein pr

The pr peptide showed relatively low mutational variability across the three dengue virus serotypes, consistent
with its role as a chaperone during envelope protein folding and virion maturation. A total of four, nine, and five
mutations were identified in DENV1, DENV2, and DENV3, respectively. Common substitutions included E72D
and T59A in DENV1, M83I and M83T in DENV2, and R11H in DENV3. These mutations may influence the
efficiency of pr peptide cleavage and subsequent virion maturation. In particular, the M83I/T substitutions in
DENV?2 occur near the pr cleavage region and may affect furin-mediated processing, which is required for the
conversion of prM into the mature M protein during viral egress through the secretory pathway. Overall, the
limited mutation frequency observed in the pr segment suggests strong functional constraints necessary for proper
viral maturation.

Membrane Glycoprotein (M)

The membrane (M) protein exhibited low mutational variability across all three dengue virus serotypes, with one
mutation detected in DENV1, eight in DENV2, and three in DENV3. The predominant substitutions included
K31R in DENV1, M44l and T71A in DENV2, and I65T and V291 in DENV3. Although limited in number, these
mutations may influence membrane fusion dynamics or affect the structural flexibility of the M protein during
pH-dependent conformational changes associated with viral entry. The overall low mutation burden highlights
the essential role of the M protein in the viral fusion process and reflects strong functional constraints that restrict
sequence variation.

Envelope Protein (E)

The envelope (E) protein, a key antigenic determinant, exhibited substantial mutational diversity across all three
dengue virus serotypes, consistent with its exposure to host immune pressure and its roles in receptor binding and
membrane fusion. A total of 22, 48, and 20 mutations were identified in DENV1, DENV2, and DENV3,
respectively. Frequently observed substitutions included A369T, D37N, I114L, 1114M, K203E, and S339T in
DENV1; 1484V, M61, and T478S in DENV2; and A219T, A329V, E404A, and E404D in DENV 3. Structurally,
the E protein is divided into three domains. Domain I (residues 2—52, 132—192, and 272-299) serves as a central
hinge region, Domain II (residues 53—131 and 193-271) contains the fusion loop essential for membrane fusion,
and Domain III (residues 300—394) mediates receptor binding and is a major target for neutralizing antibodies.
Domain-specific analysis revealed uneven mutation distribution. Domain I contained three, fifteen, and five
mutations in DENV1, DENV2, and DENV3, respectively. Domain II showed eight, eleven, and one mutation
across the respective serotypes, while Domain I1I harbored four, fourteen, and six mutations. This non-uniform
pattern suggests distinct selective pressures across domains. Domain II remained relatively conserved in DENV3,
with only a single mutation, highlighting strong functional constraints on the fusion machinery. In contrast,
Domain III showed higher variability, particularly in DENV2, likely reflecting immune-driven selection for
antigenic variation. Notably, the 1484V substitution in DENV2, present in all samples, occurs within the stem-
anchor region and may influence the conformational changes required for membrane fusion under acidic
conditions.

1I. Nonstructural Proteins

Nonstructural Protein NS1

The NS1 protein showed a consistent pattern of mutational variability across the three dengue virus serotypes,
with 17, 47, and 18 mutations identified in DENV1, DENV2, and DENV3, respectively. Common substitutions
included N139D, N146D, N146S, K324R, K347R, S94N, T3071, V1281, and V93A in DENV1; N222S, D281E,
1264T, and T265A in DENV2; and A146T, K122R, S145N, and T233S in DENV3.

NSI1 exists in multiple functional forms, including an intracellular dimer involved in replication, a membrane-
associated form, and a secreted hexamer that contributes to pathogenesis through immune modulation and
endothelial dysfunction. The observed mutations may therefore influence NS1 dimerization, secretion efficiency,
and interactions with host immune pathways. Mutations at the N146 glycosylation site (N146D and N146S in
DENV1) are particularly significant, as they may alter glycosylation patterns and affect both protein stability and
immune recognition. Additionally, the K324R and K347R substitutions in DENV1 involve positively charged
residues in the C-terminal region, potentially modifying interactions with host factors. In DENV2, the 1264T and
T265A substitutions occur at adjacent positions within a region associated with dimer stability, suggesting
possible effects on NS1 structural integrity and function.

Nonstructural Protein NS2A

Across the three dengue virus serotypes, NS2A exhibited notable mutational variability, consistent with its roles
in replication complex assembly and virion formation. A total of 17, 30, and 22 mutations were identified in
DENV1, DENV2, and DENV3, respectively. Frequently observed substitutions included N139D, N146D, N146S,
K324R, K347R, S94N, T3071, V128I, and V93A in DENVI1, V5I in DENV2, and P202S in DENV3.The V5I
substitution in DENV2, detected in all samples, represents a conservative valine-to-isoleucine change at the N-
terminus and may influence membrane association without significantly altering protein function. NS2A is a small
hydrophobic protein involved in viral RNA replication and virion assembly through interactions with other viral
proteins and host factors. The P202S mutation in DENV3 affects a structurally significant proline residue, which
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may alter protein conformation and membrane topology. Overall, the relatively high mutation burden observed in
NS2A suggests moderate functional constraints, allowing sequence variation while preserving its essential role in
viral replication.

Nonstructural Protein NS2B

The NS2B cofactor protein exhibited relatively low to moderate variability across the three dengue virus
serotypes, with 17, 15, and 6 mutations observed in DENV1, DENV2, and DENV3, respectively. In contrast to
other nonstructural proteins, mutations in NS2B were limited and did not show extensive diversity across multiple
residues.

Key substitutions included L21F in DENV2 and P57A in DENV3. These mutations may influence NS2B function
by altering its interaction with the NS3 protease or affecting membrane association. NS2B functions as an essential
cofactor for the NS3 serine protease, contributing a hydrophilic domain required for catalytic activity and proper
polyprotein processing. Due to this critical role, NS2B is subject to strong functional constraints that limit its
tolerance for mutation. The L21F substitution in DENV2, observed in 70 of 105 samples, occurs within the N-
terminal hydrophobic region and may affect membrane association. The P57A mutation in DENV3 targets a
residue within the cofactor domain, potentially influencing NS2B—NS3 interaction. Overall, the relatively low
mutation burden in NS2B, particularly in DENV3, highlights its conserved nature and essential role in viral
replication.

Nonstructural Protein NS3

The NS3 protein exhibited substantial mutational variability across the three dengue virus serotypes, consistent
with its multifunctional enzymatic roles in viral replication. A total of 17, 40, and 16 mutations were identified in
DENV1, DENV2, and DENV3, respectively. Common substitutions included A91T, R185K, K255R, and V2211
in DENV1; 1140V in DENV2; and K33R in DENV3. NS3 is organized into three functional domains: Domain I
(residues 18—-168), corresponding to the serine protease region; Domain II (residues 186-331), associated with
RNA helicase activity; and Domain III (residues 333—477), forming the C-terminal helicase domain. Domain-
level analysis revealed uneven mutation distribution. Domain I contained seven, fifteen, and eleven mutations in
DENV1, DENV2, and DENV3, respectively. Domain II showed two, seven, and no mutations, while Domain III
harbored four, six, and three mutations across the respective serotypes. The 1140V substitution in DENV2, present
in nearly all samples, occurs within the protease domain and may influence substrate recognition or catalytic
efficiency. Similarly, the K33R mutation in DENV3 affects a conserved residue near the protease active site,
potentially altering the local electrostatic environment. The higher mutation frequency observed in Domain I
compared to the helicase domains suggests greater tolerance for variation within the protease region, whereas the
helicase domains appear more conserved due to stricter functional requirements.

Nonstructural Protein NS4A

NS4A showed moderate mutational variability across the three dengue virus serotypes, with 6, 13, and 11
mutations identified in DENV1, DENV2, and DENV3, respectively. Prominent substitutions included QI19L,
189M, and I89T in DENV1; D23N in DENV2; and R39K and D36H in DENV3.NS4A plays a key role in inducing
membrane curvature to form replication compartments, and mutations within its transmembrane regions may
influence membrane topology and replication efficiency.The D23N substitution in DENV2, present in all samples,
represents an aspartic acid to asparagine change that may alter interactions with host membrane components. In
DENV3, the R39K and D36H substitutions affect charged residues in the cytoplasmic region, potentially
modifying interactions with viral or host proteins. The relatively consistent mutation burden across serotypes
suggests moderate functional constraints, allowing limited sequence variation while preserving essential
membrane remodeling functions.

Nonstructural Protein NS4B

The NS4B protein displayed a distinct mutational pattern across dengue virus serotypes, with 10, 23, and 4
mutations identified in DENV1, DENV2, and DENV3, respectively. Key substitutions included A18V, A27T,
H17Y, H24Q, and 148V in DENVI; F112L in DENV2; and F160Y and S157P in DENV3.NS4B is a
transmembrane protein involved in replication complex stabilization and immune evasion, functioning in
coordination with NS4A to form membrane-associated replication compartments. Mutations in this protein may
therefore influence membrane interactions and viral replication efficiency.The F112L substitution in DENV2,
present in the majority of samples, occurs within a transmembrane region and may alter membrane association
properties. In DENV3, the F160Y and S157P substitutions are located near the C-terminal region and may affect
protein topology or interactions with NS3. The lower mutation burden observed in DENV3 compared to DENV1
and DENV?2 suggests stronger functional constraints or reduced evolutionary diversification within this serotype.
RNA-Dependent RNA Polymerase (NS5)

The NS5 protein exhibited the highest mutational burden among all dengue virus proteins (Figure 2), consistent
with its large size and multifunctional role in viral replication. A total of 30, 98, and 44 mutations were identified
in DENV1, DENV2, and DENV3, respectively. Common substitutions included A370T, A616V, R378K, D834E,
134M, and K647E in DENV1; A865T in DENV2; and T629S in DENV3. NS5 is composed of two major
functional domains: the RNA-dependent RNA polymerase (RdRp) domain (residues 319-883) and the
methyltransferase domain (residues 8-241), which is responsible for RNA capping. Domain-level analysis
revealed that 20, 63, and 28 mutations were located in the RdRp domain, while 9, 20, and 10 mutations were
observed in the methyltransferase domain for DENV1, DENV2, and DENV3, respectively.
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The A865T substitution in DENV2, present in all samples, occurs near the priming loop of the RARp domain and
may influence the initiation of RNA synthesis. Similarly, the T629S mutation in DENV3 affects a conserved
residue within the fingers subdomain, potentially altering nucleotide binding or polymerase activity. The high
mutation frequency observed in NS5 likely reflects both its extended length and its capacity to tolerate sequence
variation in certain regions. Many of these mutations may represent serotype-specific signatures rather than
changes with major functional consequences.

A B
AL196T 0 35 0
A19T 0 10 0
A370T 14 0 0
A372V 0 0 44 P
A616V 14 0 7 vezsl
AG42T 0 6 0 V335l ®54
AG4ST 0 12 0 100
AB65T 0 0 VIS6M ———— e
D557E 0 9] 40 —_—e35
D834E 14 0 0 Y2474
E289G 0 6 0 T81IA ———————————®36
E429D 0 0 42 -
E501G 0 32 0 T2901 64
E558K 0 31 0 .
E820D 0 0 46 Ti76l o8
F881Y 14 0 0 57637 ——————034
G605V 0 70 0
1135T 0 101 0 S757A —e8
1179V 0 0 13
12717 0 18 0 S676N 70
1271V 0 0 55236 —— @32
134M 14 0 0 80
1375V 0 0 42 5429G —————————®34
1553T 0 0 41
—_—
15T 0 70 0 52257 33
1637T 0 92 0 S15N 69
1637V 0 93 0
1687V 0 70 0 M70L @70
1717V 0 26 0 -
1836V 0 36 0 M701 e70
K364R 11 0 0 K800T ®70
K371R 0 0 44
K375R 0 35 0 K570R @70
K388E 0 22 0
—_——e
K514R 0 31 0 K514R 31
K570R 0 0 60 K388 ————e22
K647E 14 0 0
K800T 0 0 K375R —————————e35
L479F 0 12 0
¥ L603V 0 [0} 46 z @ L670] ———@28
6 L639p 0 0 46 c S L479F ——e12
= L6701 0 28 0 g -]
& M70l 0 0 o & 1836y ———————e36
2 M70L 0 0 @ 5
= N637D 9 0 = = 1717V —————e26
P3655 0 0 44 1687V 70
Q644K 0 0 °8
R246K 0 34 0 1637V 93
R378K 14 0 0
R389K 0 0 42 1637T 92
R430G 0 0 0 » ®70
R749Q 0 -;‘-_7 0 40 15T
R98K 0 0 1271v ® 67
S15N 0 69 0
5225T 0 33 0 12717 ————e18
S229A 0 0 44 101
539T 8 0 0 1135T
S429G 0 34 0 G605V ®70
S523G 0 32 0
S629L 14 0 0 E558K —————— e 31
S676N 0 0 ——ea2
S757A 0 8 0 ES01G
S763T 0 34 0 E289G —e®6
S895L 0 0 6
T135I 14 0 0 Q644K *70
T176l 0 68 | 0 -20
T188A 0 0 45 R9BK 7o
T270I 0 0 27 R749Q e 27
T27A 9 0 0
T271 14 0 0 R430G 70
T290! 0 64 | 0
Ts0l 0 0 46 R246K *34
16295 0 0 47 AB65T 105
T651A 14 0 0
T675A 9 0 0 AB4BT ——e12
T811A 0 36 0
V156M 0 32 0 AGAZT —ws
v33sl 0 o4 | 0 A19T —e10
V619| 0 0 46
v628| 0 23 0 AL96T ———— @35
V72l 0 0 46 -0
Y127H 14 0 0
Y247H 0 35 0
TYPEL TYPE2 TYPE3 0 20 40 60 80 100
Serotypes Frequency

Figure 2. (A) Heatmap of NS5 mutational overview of all Dengue Serotypes and (B) Lollipop plot of major
variants in DENV2 (Type 2)

Protein 2K

The 2K peptide displayed variable mutational patterns across the three dengue virus serotypes, with 22 mutations
observed in DENV1, no mutations in DENV2, and a single mutation (T20I) in DENV3. The T20I substitution in
DENV3 occurs within the transmembrane region and may influence membrane anchoring or protein trafficking
during polyprotein processing. The 2K peptide is a short transmembrane signal sequence located between NS4A
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and NS4B, involved in membrane topology and proper processing of the viral polyprotein. The uneven
distribution of mutations across serotypes suggests differences in selective pressure, with DENV2 showing strong
conservation and DENV1 exhibiting greater sequence variability. Overall, the mutation pattern indicates that
while the 2K peptide tolerates some sequence variation, it likely retains essential structural features required for
its role in viral protein processing.

3.3 Domain-wise Mutation Frequencies

I. Membrane Glycoprotein Precursor (prM)

The prM protein of dengue virus is organized into two functional domains: Domain I (residues 6—84),
corresponding to the propeptide region, and Domain II (residues 92-166), which forms the mature M
protein.Analysis of missense mutations revealed that Domain I contained four, nine, and five mutations in
DENVI1, DENV2, and DENV3, respectively. In contrast, Domain II exhibited one mutation in DENV1, eight in
DENV2, and no mutations in DENV3.The higher mutation frequency observed in Domain I across all serotypes
suggests greater tolerance for sequence variation within the propeptide region. In contrast, the reduced variability
in Domain II indicates stronger functional constraints, likely due to its essential role in membrane fusion and
virion maturation.

I1. Envelope Protein (E)

The dengue virus envelope (E) protein is organized into three structural domains (Figure 3). Domain I (residues
2-52,132-192, and 272-299) forms the central hinge region; Domain II (residues 53—131 and 193-271) contains
the fusion loop essential for membrane fusion; and Domain III (residues 300—394) mediates receptor binding and
serves as a major target for neutralizing antibodies. Analysis of missense mutations revealed distinct domain-wise
variation patterns. Domain I contained three, fifteen, and five mutations in DENV1, DENV2, and DENV3,
respectively. Domain II exhibited eight, eleven, and one mutation, while Domain III harbored four, fourteen, and
six mutations across the respective serotypes. The uneven distribution of mutations across domains reflects
differences in selective pressures. Domain Il showed minimal variability in DENV3, with only a single mutation,
indicating strong functional constraints on the fusion loop region. In contrast, Domain III displayed higher
variability, particularly in DENV2, likely due to immune-driven selection for antigenic variation. The increased
mutation frequency in Domain I of DENV2 suggests that the hinge region can accommodate structural flexibility
while preserving overall protein function.
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Figure 3. Heatmaps of (A) Domain 1, (B) Domain 2 and (C) Domain3 of E protein
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II1. Nonstructural Protein NS3

The dengue virus NS3 protein is organized into three functional domains. Domain I (residues 18—168) corresponds
to the serine protease region containing the catalytic triad; Domain II (residues 186—331) represents the
helicase/NTPase domain; and Domain III (residues 333—477) forms the C-terminal helicase region involved in
RNA binding and unwinding. Analysis of missense mutations revealed domain-specific variation patterns.
Domain I contained seven, fifteen, and eleven mutations in DENV1, DENV2, and DENV3, respectively. Domain
II exhibited two, seven, and no mutations, while Domain III harbored four, six, and three mutations across the
respective serotypes. The protease domain (Domain I) showed the highest mutation frequency, particularly in
DENV2, suggesting a degree of tolerance for sequence variation while maintaining enzymatic activity. In contrast,
the absence of mutations in Domain II of DENV3 indicates strong functional constraints on the helicase/NTPase
region. These domain-specific differences highlight varying selective pressures across NS3, with the protease
region showing greater flexibility compared to the more conserved helicase domains, which are essential for RNA
processing.

IV. Nonstructural Protein NS5

The dengue virus NS5 protein comprises two major functional domains: the RNA-dependent RNA polymerase
(RdRp) domain (residues 319-883) and the methyltransferase domain (residues 8—241), which is essential for
RNA cap formation.Analysis of missense mutations revealed that the RdRp domain contained 20, 63, and 28
mutations in DENV1, DENV2, and DENV3, respectively, whereas the methyltransferase domain harbored 9, 20,
and 10 mutations across the corresponding serotypes. The RdRp domain accumulated substantially more
mutations than the methyltransferase domain in all serotypes. This pattern likely reflects both its larger size and a
greater tolerance for sequence variation within polymerase regions. Notably, the high mutation burden observed
in the RARp domain of DENV?2 represents the most extensive domain-specific variation identified in this study,
suggesting potential adaptive changes or relaxed selective constraints. In contrast, the methyltransferase domain
showed consistently lower mutation frequencies, indicating stronger functional constraints associated with its
critical role in RNA capping and viral genome stability.

Normalized mutation burden: The normalized mutation analysis demonstrated substantial differences in the
observed mutation burden among the three dengue virus serotypes. In the supplied analysis, DENV-1 showed the
highest approximate mutation burden per genome (~12.7 mutations/genome), followed by DENV-2 (~7.4
mutations/genome) and DENV-3 (~5.4 mutations/genome). When normalized to amino-acid sequence length, the
differences were reduced, with approximately 4.0, 3.8, and 3.1 mutations per 1,000 amino acids for DENV-1,
DENV-2, and DENV-3, respectively (Figure 4A). This illustrates why normalization is important when
comparing serotypes represented by substantially different numbers of genomes. The original dataset contained
14 DENV-1, 105 DENV-2, and 47 DENV-3 genomes; therefore, absolute mutation counts alone could
overrepresent the more extensively sampled DENV-2 group.
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Figure 4: A. Normalized mutation burden. Comparison of amino-acid mutation burden across DENV-1,
DENV-2, and DENV-3, normalized by genome number and protein sequence length to account for unequal
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sample representation. B. Shannon entropy analysis. Protein-level sequence variability across DENV-1-DENV-
3, with higher entropy indicating greater amino-acid variability and lower entropy indicating greater conservation.
C. Phylogenetic and genotype analysis. Maximum-likelihood phylogenetic framework showing evolutionary
relationships, intra-serotype clustering, and genotype/lineage structure among the analyzed complete DENV
genomes. Phylogenetic analysis provides context for distinguishing lineage-associated from independently
occurring substitutions. D. Selection-pressure analysis. Comparative evolutionary constraint across DENV
structural and non-structural proteins based on dN/dS, highlighting proteins requiring further site-specific
selection analysis. Protein-level dN/dS alone does not establish positive selection; definitive inference requires
codon-level methods such as FEL, MEME, or FUBAR.

Shannon entropy: The entropy analysis demonstrated heterogeneous sequence variability across the DENV
proteome. The supplied analysis indicates relatively low variability within the C and prM proteins, whereas greater
variability was observed in several non-structural proteins. In particular, NS1, NS4A/NS4B and NS5 displayed
comparatively elevated variability patterns, with DENV-2 showing prominent variability in several regions. The
NSS5 protein exhibited a particularly pronounced variable pattern, consistent with the large number of amino-acid
substitutions identified in the initial proteome-wide analysis (Figure 4B). These findings support the interpretation
that sequence variation is unevenly distributed across the DENV proteome and that individual proteins may
experience different degrees of evolutionary constraint.

Phylogenetic and genotype analysis: The supplied phylogenetic demonstration indicates that the three DENV
serotypes form distinct evolutionary groupings with additional clustering within each serotype. DENV-1 was
represented schematically by multiple genotype groups, including Genotypes I-III; DENV-2 by Asian I,
Asian/American, and Cosmopolitan groups; and DENV-3 by Genotypes [-III (Figure 4C). The presence of
multiple clusters illustrates the potential genomic heterogeneity within individual serotypes. Such phylogenetic
resolution can provide an important evolutionary framework for interpreting protein-level mutations because
mutations occurring within particular lineages may represent lineage-associated signatures rather than
independent recurrent events.

Selection-pressure analysis: The supplied selection-pressure analysis demonstrates predominantly purifying
evolutionary pressure across several DENV proteins, with comparatively higher dN/dS values for NS3 and NS5.
The displayed values were 0.12 for C, 0.18 for prM, 0.27 for E, 0.21 for NS1, 0.16 for NS2A, 0.20 for NS2B,
0.32 for NS3, 0.17 for NS4A, 0.24 for NS4B, and 0.36 for NS5. The overall pattern suggests stronger sequence
conservation in several structural and non-structural proteins, whereas NS3 and NS5 may contain regions with
greater nonsynonymous variation (Figure 4D). However, a protein-wide dN/dS ratio below 1 does not
demonstrate positive selection, and the labels “positive/episodic” cannot be justified solely from these values.
Site-specific methods such as FEL, MEME or FUBAR would be required to identify statistically supported
selection at individual codons.

4. DISCUSSION

The present whole-genome comparative analysis demonstrates substantial protein-level genetic heterogeneity
among DENV-1, DENV-2, and DENV-3, with 721 missense mutations identified across 166 complete viral
genomes. DENV-2 accounted for the largest absolute number of observed substitutions (377), followed by
DENV-1 (180) and DENV-3 (164). The unequal distribution of mutations among viral proteins further indicates
that DENV genetic variation is not uniformly distributed across the proteome. Our observation of pronounced
variability within NS5, together with comparatively greater conservation of the M protein, is consistent with the
broader understanding that different regions of the DENV genome experience distinct evolutionary constraints.
Previous whole-genome investigations have similarly demonstrated substantial variation among non-structural
proteins and have identified protein-specific nonsynonymous substitutions in circulating DENV lineages. For
example, complete-genome analysis of DENV-2 in Senegal identified geographically associated clades carrying
nonsynonymous substitutions in NS2A, NS2B, NS4A and NS5, emphasizing that considerable genetic
diversification can occur within a single serotype [5]. Likewise, genome-wide analyses from India have identified
unique amino-acid substitutions and evidence of selection at specific sites, supporting the importance of
examining DENV variation beyond conventional serotype-level classification [18]. Importantly, the higher
absolute mutation count observed for DENV-2 in our dataset should be interpreted cautiously because DENV-2
was represented by substantially more genomes (n=105) than DENV-1 (n=14) and DENV-3 (n=47). Thus, these
results establish a greater observed mutation burden in the available DENV-2 dataset, but do not by
themselves demonstrate that DENV-2 has an intrinsically higher mutation rate.

The heterogeneous distribution of amino-acid substitutions across viral proteins provides an important perspective
on the evolutionary organization of the DENV genome. The relatively high variability observed in NS5 is
particularly noteworthy because this multifunctional protein contains the viral RNA-dependent RNA polymerase
and methyltransferase activities and is central to viral RNA replication. Genome-wide evolutionary studies have
demonstrated that selection can act at specific sites within non-structural proteins, including NS5, while other
genomic regions remain comparatively constrained [19]. Recent work has further shown that dengue mutation
patterns can differ between consensus-level and within-host haplotype analyses, with mutation hotspots varying
according to outbreak and genomic context [20]. These observations support the interpretation that the mutation
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landscape identified in our study reflects a combination of different evolutionary constraints acting across the
DENV proteome rather than a homogeneous accumulation of substitutions. The comparatively conserved M
protein may represent stronger sequence constraints associated with structural or functional requirements,
although sequence conservation alone cannot establish biological indispensability. Conversely, the detection of
numerous substitutions in NS5 should not automatically be interpreted as evidence of positive selection or
enhanced viral fitness. Functional studies have demonstrated that DENV microevolution can be influenced by
immune pressure and replication-related constraints, with some variants arising repeatedly but subsequently being
restricted by fitness costs [21]. Therefore, the protein- and domain-level patterns identified here should be
regarded as candidate evolutionary signatures requiring subsequent phylogenetic, selection-pressure,
structural and experimental validation.

The findings also reinforce the value of integrating whole-genome sequencing with continuous genomic
surveillance of dengue virus. Previous work has shown that complete-genome analyses can reveal genotype
replacement, geographic diversification, independent introductions and lineage expansion that may not be
apparent from conventional serotyping alone. In Indonesia, whole-genome sequencing of 80 DENV isolates
demonstrated genotype replacement and differences in replication characteristics among genotypes, illustrating
the epidemiological value of genome-wide characterization [22]. Similarly, contemporary genomic surveillance
has identified repeated introductions and lineage diversification of DENV and emphasized the importance of
sustained sequencing for outbreak preparedness [23]. More recently, Nature Communications reported a DENV-
2 epidemic lineage carrying an NS4B mutation associated experimentally with markedly reduced sensitivity to
the antiviral mosnodenvir, illustrating how genomic surveillance can become directly relevant to monitoring
emerging antiviral resistance [24]. In this context, the present study contributes a comparative proteome-wide
mutation map across DENV-1, DENV-2 and DENV-3, identifying regions of relative variability and
conservation that can serve as targets for future investigation. The results provide a useful baseline for subsequent
analyses incorporating mutation frequencies normalized by sampling, phylogenetic reconstruction, entropy-based
diversity measures, selection-pressure analysis, structural modelling and antigenic/functional validation. Such
integrated approaches will be particularly important for determining whether the mutations identified here
represent neutral variation, lineage-associated signatures, immune-mediated selection or changes with potential
implications for antiviral and vaccine development. The broader value of DENV evolutionary analysis for
surveillance and countermeasure development has also been emphasized in the literature [4].

The integrated analysis indicates that DENV genetic diversity is highly heterogeneous at both the serotype and
protein levels. Although DENV-2 produced the greatest absolute number of missense mutations in the original
dataset, normalization demonstrates the importance of accounting for unequal sampling when comparing mutation
burdens among serotypes. Entropy-based analysis further suggests that sequence variability is concentrated within
particular viral proteins and regions, with NS5 emerging as an important variable component of the proteome,
whereas C and prM display comparatively greater conservation. Phylogenetic analysis provides an evolutionary
framework for distinguishing lineage-associated substitutions from independently occurring variants, while
selection analysis can identify genomic regions subject to differential evolutionary constraint. Collectively, these
approaches provide a more comprehensive characterization of DENV genomic diversity than mutation counting
alone. Nevertheless, the biological consequences of individual substitutions cannot be inferred solely from
sequence variability or dN/dS values and require confirmation through phylogenetic, structural, molecular and
experimental approaches.

Limitations: This study has several limitations. First, the analysis was based on publicly available WGS datasets
with unequal representation of serotypes, particularly the larger number of DENV-2 genomes, which may
influence direct comparisons of absolute mutation counts. Second, the analysis was primarily descriptive and
focused on sequence-level missense variation; therefore, the functional consequences, evolutionary selection,
structural effects, and potential influence of individual mutations on viral fitness, immune escape, or antiviral
susceptibility were not experimentally validated. Third, the use of reference-guided variant calling may introduce
reference-dependent biases, particularly for highly divergent viral sequences. Future studies incorporating larger
geographically diverse datasets, normalized mutation frequencies, phylogenetic and selection analyses, structural
modelling, and experimental validation will be important to establish the biological significance of the identified
variants.

5. CONCLUSION

This study provides a comparative whole-genome and proteome-level characterization of genetic variation among
DENV-1, DENV-2, and DENV-3. Analysis of 166 complete genomes identified 721 missense mutations and
demonstrated that amino-acid variation is unevenly distributed across the viral proteome. The extended analytical
framework incorporating normalized mutation burden, Shannon entropy, phylogenetic relationships, and
selection-pressure assessment provides complementary perspectives on serotype-specific and protein-level
genomic diversity. In particular, the observed variability of NS5 and the relative conservation of selected viral
proteins highlight regions that warrant further evolutionary and functional investigation. Importantly, mutation
frequency alone cannot establish altered viral fitness, immune escape, or adaptive significance; these
interpretations require independent phylogenetic, structural and experimental validation. Similar whole-genome
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studies have demonstrated that dengue evolutionary patterns can include lineage diversification, genotype
replacement and site-specific selection, supporting the value of continued genomic surveillance.

Future Directions: Future investigations should expand the dataset to include larger, geographically and
temporally diverse DENV genomes and incorporate rigorous sequence-derived estimates of amino-acid
diversity, entropy and site-specific selection. Integration of recombination analysis, genotype/lineage
assignment, structural modelling, epitope mapping and molecular-dynamics or experimental validation
would help determine whether highly variable sites have functional or antigenic consequences. Particular attention
should be given to variable regions within NS proteins, while conserved regions may be evaluated as potential
targets for broadly active antiviral or vaccine strategies. Recent work demonstrates that dengue mutation hotspots
can differ according to outbreak and genomic context, emphasizing the value of longitudinal genomic surveillance
rather than relying on a single cross-sectional dataset.
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