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Abstract

Dengue fever represents a significant public health challenge in Saudi Arabia, yet compre-
hensive molecular characterization of circulating serotypes remains limited. This study
combines epidemiological and phylogenetic analyses to understand dengue virus (DENV)
dynamics in the Kingdom. A systematic review and meta-analysis of dengue epidemiologi-
cal data from Saudi Arabia (1992-2026) was the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. All available DENV envelope (E) gene
sequences from Saudi human cases (1992-2023) were retrieved from GenBank and Global
Initiative on Sharing All Influenza Data (GISAID). Phylogenetic trees were constructed
using maximum likelihood with 1000 bootstrap replicates and best-fit models. Selection
pressure was analyzed using SLAC, FEL, FUBAR, and MEME methods, while glycosyla-
tion sites were predicted with NetNGlyc and NetOGlyc. The pooled seroprevalence from
25 studies (n = 32,393) was 40.71% (95% CI: 26.96-56.10%). DENV-2 predominated (80.25%),
followed by DENV-1 and DENV-3, with DENV-4 remaining rare (0.42%). Males (67-78%)
and adults aged 25-44 years were most affected. Phylogenetic analysis of 50 Saudi isolates
showed DENV-1 strains clustered within American—African (1994) and Asian (2004-2011)
genotypes, all DENV-2 within the Cosmopolitan genotype, and all DENV-3 within Geno-
type III (bootstrap support 99-100%). Selection pressure analysis indicated pervasive
positive selection in DENV-2, episodic selection across serotypes, and strong purifying se-
lection in the E gene. Several amino acid substitutions with potential functional importance
were identified. No DENV-4 E gene sequences from Saudi Arabia are publicly available.
Dengue in western Saudi Arabia is characterized by DENV-2 predominance, co-circulation

Rhechckforupdates of three serotypes, and multiple introductions. The absence of DENV-4 sequences highlights

Academic Editor: Wentao Li critical surveillance gaps. Sustained molecular surveillance, expanded genomic sequencing,

Received: 4June 2026 and data sharing are essential for effective prevention and vaccine preparedness.

Revised: 26 June 2026

Accepted: 3 July 2026 Keywords: dengue virus; Saudi Arabia; envelope gene; phylogenetic analysis; serotypes;
Published: 4 July 2026 molecular epidemiology; glycosylation; DENV-2; cosmopolitan genotype; genomic
Copyright: © 2026 by the authors. surveillance

Licensee MDPI, Basel, Switzerland.

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Int. J. Mol. Sci. 2026, 27, 6014 https:/ /doi.org/10.3390/ijms27136014


https://crossmark.crossref.org/dialog?doi=10.3390/ijms27136014&domain=pdf&date_stamp=2026-07-10
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-5632-6750
https://orcid.org/0000-0001-5337-5381
https://orcid.org/0000-0002-6970-5207
https://orcid.org/0009-0002-2055-7335
https://doi.org/10.3390/ijms27136014

Int. J. Mol. Sci. 2026, 27, 6014

2 of 28

1. Introduction

Dengue fever (DF) is the most significant arthropod-borne viral disease worldwide
and poses a substantial public health burden in tropical and subtropical regions [1,2]. The
causative agent, dengue virus, belongs to the genus Flavivirus within the family Flaviviri-
dae and exists as four distinct serotypes (DENV-1, DENV-2, DENV-3, and DENV-4) [3 4].
DENV is transmitted primarily by Aedes aegypti and, to a lesser extent, Aedes albopictus
mosquitoes, which thrive in urban and semiurban environments [5]. Infection with any
serotype can produce a spectrum of clinical manifestations ranging from asymptomatic
or mild febrile illness to severe dengue hemorrhagic fever (DHF) and dengue shock syn-
drome (DSS), the latter of which can be fatal without prompt supportive care [6]. The
global incidence of dengue has increased dramatically over the past five decades, with an
estimated 96 million symptomatic cases annually prior to the COVID-19 pandemic [7]. In
2023 alone, over 6.5 million dengue cases and approximately 6800 deaths were reported
globally, whereas in 2024, a new historical record with more than 14 million cases and more
than 12,000 deaths was established, and high transmission rates are expected to persist into
2025 [8]. Endemicity has expanded beyond the traditionally affected regions of Southeast
Asia and Latin America to include the Middle East. Saudi Arabia now bears one of the
highest dengue burdens in the region [9,10].

The first documented case of dengue in Saudi Arabia was reported in Jeddah in late
1993, followed by 289 confirmed cases in 1994 [11]. After a decade of sporadic outbreaks
involving fewer than 15 cases annually, the period between 2004 and 2015 witnessed
substantially larger epidemics that extended beyond Jeddah to Makkah, Al-Madinah, Jizan,
and Najran [11,12]. Consequently, the western region of Saudi Arabia was declared dengue-
endemic by the Ministry of Health in 2004, a designation that persists today [9,13,14].
A recent systematic review and meta-analysis covering the period 2003-2023 estimated
that the pooled seroprevalence of dengue in Saudi Arabia was 30.8%, with the highest
rates observed in the western provinces [15]. Epidemiological surveillance data indicate
that DENV-2 has historically been the predominant serotype, followed by DENV-1 and
DENV-3, whereas DENV-4 remained undetected until a report in asymptomatic blood
donors from the western region [14,16-18]. A recent hospital-based study from Makkah
(April 2023-May 2024) confirmed the continued predominance of DENV-2, followed by
DENV-1 and DENV-3, and a low prevalence of DENV-4 [18].

The unique epidemiological landscape of dengue in Saudi Arabia is shaped by several
distinctive factors [13]. The country hosts approximately 32 million residents, nearly
one-third of whom are expatriate workers, primarily from dengue-endemic countries in
South Asia and Southeast Asia [19]. Additionally, Saudi Arabia receives over 5 million
religious pilgrims annually for the Hajj and Umrah pilgrimages, with visitors arriving from
more than 180 countries, many of which are endemic for dengue [20,21]. Phylogenetic
studies have demonstrated multiple introductions of DENV strains into Saudi Arabia, likely
through these population movements, with isolates showing close genetic relationships
to strains circulating in Indonesia, Pakistan, India, and Somalia [18,20]. A recent whole-
genome phylogeographic analysis of strains collected from 2021 to 2023 confirmed repeated
introductions from South Asia and Africa, with DENV-2 remaining the dominant serotype
and evidence of cryptic local transmission [9,17].

Despite the established endemicity and public health significance of dengue in Saudi
Arabia, comprehensive molecular characterization of circulating DENV serotypes via pub-
licly available genomic data remains limited. The E protein-encoding gene is a particularly
valuable phylogenetic marker because of its role in viral attachment, membrane fusion, and
neutralization, as well as its involvement in serotype-specific immune responses [22,23].
Analysis of E gene sequences enables the identification of circulating genotypes, tracking of
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viral movement across geographical boundaries, and detection of amino acid substitutions
that may influence viral fitness, virulence, or antigenicity. Recent E gene analyses from
neighboring endemic regions, such as Pakistan and India, have demonstrated the utility of
this approach in identifying clade replacements and potential antiviral targets [22-24].

To date, several molecular epidemiological studies have examined DENV strains from
Saudi Arabia, with a primary focus on the Jeddah, Makkah, and Jizan regions [17,18,25-27].
However, these investigations have been geographically limited, temporally restricted, or
have relied on partial genomic regions. Notably, although DENV-4 has been detected at
low prevalence by serology and PCR in Makkah [16,18], no E gene sequences from Saudi
human cases are currently available in GenBank or GISAID. This gap warrants further
investigation, as it may reflect true low circulation, limited sequencing efforts, or delays in
data sharing.

The present study aims to address these knowledge gaps through an integrative
analysis combining systematic review, meta-analysis, and in silico molecular evolution
of all available DENV E gene sequences from Saudi Arabia deposited in GenBank and
GISAID. Specifically, we aimed to (i) conduct a systematic review and meta-analysis to
estimate the pooled seroprevalence of dengue in Saudi Arabia and examine heterogeneity
by geographic region, diagnostic assay, time period, and population type; (ii) perform
phylogenetic analysis using maximum likelihood with best-fit nucleotide substitution
models to elucidate the genetic relationships between Saudi Arabian strains and those
from other endemic regions, and to determine circulating genotypes; (iii) identify amino
acid variations in the E protein, including serotype-specific, genotype-specific, and Saudi-
unique substitutions, and predict their potential functional implications; and (iv) apply
complementary selection pressure analyses (SLAC, FEL, FUBAR, and MEME) to detect
signatures of pervasive and episodic positive selection across the DENV E gene. This
comprehensive analysis will provide critical insights into the molecular epidemiology and
evolutionary dynamics of dengue in Saudi Arabia, inform surveillance strategies, and
support evidence-based public health interventions.

2. Results
2.1. Study Selection and Characteristics

A systematic literature search across PubMed, Scopus, Web of Science, and Google
Scholar identified 552 records. After removing duplicates (n = 84), 468 records were
screened based on titles and abstracts. Of these, 283 records were excluded as they did not
meet the inclusion criteria. The remaining 185 reports were sought for full-text retrieval, of
which 24 could not be accessed. The full text of 161 articles was assessed for eligibility, and
136 articles were excluded for various reasons, including lack of primary epidemiological
data (n = 44), absence of seroprevalence or serotype data (1 = 37), conference abstracts only
(n = 24), duplicate publications (n = 15), vector-only studies (n = 10), and sample size of
less than 25 participants (n = 6). Ultimately, 25 studies met the inclusion criteria and were
included in the systematic review and meta-analysis (Figure 1, PRISMA Flow Diagram).

The 25 included studies were published between 2006 and 2026, with sample sizes
ranging from 25 to 6637 participants (total n = 32,393). The studies were conducted across
multiple regions of Saudi Arabia, including Jeddah (n = 6), Makkah (n = 6), Jazan (1 = 5),
multiregional (n = 3), Al-Madinah (n = 2), Aseer/Jazan (n = 2), and Najran (n = 1). The
majority of studies were cross-sectional in design (n = 22), with one case—control study,
one retrospective study, and one prospective study. Diagnostic assays employed included
ELISA, RT-PCR, NS1 antigen detection, and serology. A summary of the characteristics of
the included studies is presented in Table 1. Quality assessment using the Joanna Briggs
Institute (JBI) Critical Appraisal Tool showed that 18 studies (72%) were at low risk of bias,
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while 7 studies (28%) were at moderate risk of bias. No studies were classified as high risk

of bias.
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Figure 1. PRISMA flow diagram of the study selection process for the systematic review and meta-

analysis of dengue epidemiology in Saudi Arabia (1992-2026).

Table 1. Summary of demographic, serological, and serotype characteristics of the 25 studies included

in the systematic review and meta-analysis.

Key .
Region  Year S tu.d Y S ample Demographic Laborat(?ry Dominant Main Notes Ref.
esign Size/Cases A Analysis Serotypes
Findings
Male (3.3:1), Most cases in summer; Main
Prospective 80 suspected, = Mean age 27.6 48.75% i symptoms: fever, myalgia; Lab
Jeddah 2006 Study 39 confirmed  years; Mostly confirmed Not specified findings: thrombocytopenia 28]
non-Saudi (79.5%), leukopenia (48.7%)
o DENV-3
iifoﬁrteoxfz} (59.6%), High seroprevalence and low
Jeddah 2008 Crgss— 305 Hospl.tahzed Jence; 18.4% DENY—Z incidence detected; RT-PCR [29]
sectional patients . (22.5%), recommended over
1BM + 186 pENvI ional method:
29 2% PCR+ - conventional methods
(17.9%)
Male 100% of
. admitted Most cases in spring/early
Retrospective predominance; patients summer (77.4%); Clinical
Makkah 2009 159 Mean age 25.6 i Not specified P [30]
Study positive by features: fever, headache, body
years; Mostly I . : o
o gM/RT- aches; Low mortality rate (0.6%)
Saudi (67%) PCR
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Table 1. Cont.
Study Sample Key Laboratory Dominant
Region  Year . . Demographic . Main Notes Ref.
Design Size/Cases A Analysis Serotypes
Findings
Cases were Risk factors: stagnant water
129 cases Older age confirmed b (OR =4.9), indoor larvae
Jeddah 2012 Case-control 240 controis (OR =1.2) was lab investi ;’_ Not specified (OR =2.2), construction sites [31]
a risk factor tions & (OR =2.2); Health education
decreased risk
Aseer Age > 20 o Risk factors: lack of electricity,
& 2013 Crf)ss— 965 years; Male 317 {0 .IgG Not specified having water basins in the [25]
. sectional positive
Jizan gender house
47.74%
positivity;
553 . NS1
Saudi (81.44%); o . . . o
Jizan 2014 Crpss— suspected, Male (70.45%); (25.38%), Not specified Highest cases in April (27(.)69 %), 132]
sectional 264 Ace 3-56 vears IgM lowest in August (0.75%)
confirmed & ¥ (26.98%),
both NS1 +
IgM (33.95%)
Aseer Mostly male o First report of indigenous
& 2014 Crgss— 965 (69.6%); Adults 08 /0 I.gM Not specified DENV infection in Aseer; All [33]
. sectional positive " J
Jizan (20-59 years) positive cases were subclinical
. 16.5% IgG in DENV-2
Al- 2014 Cross- 351 febrile, h:éiil:;;%z? all samples; (11 cases), First study in Al-Madinah; All [34]
Madinah sectional 1227 afebrile 18.8% IgM in DENV-1 acute cases were imported :
affected .
febrile group (7 cases)
All male (due
to cultural 1% NS1, 6% High seroprevalence suggests
Makkah 2015 seCc:ioerl 1%%];22(1 barriers); IgM, 7% IgG  Not specified potential risk of transmission [35]
Healthy/eligible positive through blood transfusion
donors
sextiomed vt 478% 16 0.1% reported a history of
Jeddah 2016 . 1939 & ©70 '8 Not specified dengue, indicating high [36]
(Community- age; Mostly positive asvmptomatic rate
based) asymptomatic ymp
DENV-2
(48%),
Cross- 910 blood All male (due 39% IgG, D(];ﬁ/\/)—él First report of DENV-4 in Saudi
Makkah 2017 .OSS 00 to cultural 5.5% IgM it Arabia; 5.5% of donors were [16]
sectional donors . " DENV-1 .
barriers) positive (20%) PCR-positive
DENV-3
(2%)
DENV-1
(50%), First report of DENV-1 in
Cross- 25 suspected Information 24% DENV DENV-2 Makkah; Low prevalence
Makkah 2017 sectional patients not specified positive (33.3%), attributed to sample (371
DENV-3 timing/disease stage
(16.6%)
DENV-1
(79.7%),
DENV-2 . .
o o First detection of concurrent
Jazan 2018 Crpss— 123 Febrile patients 64.2% .DENV (16.5%), mixed infections (DENV1 and [38]
sectional positive concurrent DENV?2) in Jazan
DENV1 +
DENV2
(3.8%)
Primary o
infection ffn?a/; DENV-1,
mostly in <15 P y o DENV-2 Secondary infections detected
Cross- . (IgM); 41.8% R
Jazan 2018 . 189 years; (and one throughout the year; significant ~ [39]
sectional secondary . . ¢
Secondary o concurrent increase in April
. L (IgG); 34.9% ] -
infection in i infection)
25-65 years negative
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Table 1. Cont.
Study Sample Key Laboratory Dominant
Region  Year . . Demographic . Main Notes Ref.
Design Size/Cases A Analysis Serotypes
Findings
(S;gere?f; Seroprevalence highest in Jizan
Cross- Resi dche u’q (33.6%), lowest in Madinah
M1.11t1— 2019 sectlona.l 659 Makkah or 26.7 {o .IgG Not specified (14.8%); Risk factors: absence of [40]
regional (Community- Jizan; Living in positive pest control, presence of
based) . g mosquitoes, absence of
social/popular )
housing awareness campaigns
7.6% IgG All positive samples were
Cross- 410 pregnant 8:5% had a ositive; All negative by PCR, indicatin
Najran 2020 . pregn history of p ’ Not specified & - 0y LK, I & [41]
sectional women travel newborns past infection; Higher
negative prevalence among non-travelers
](37]2122//_)2 DENV-2 predominant; Regional
Cross- Male (56.8%); RT-PCR DENVO- 3: variation: DENV-1 highest in
Jazan 2021 . 192 Age group positive o middle sector, DENV-2 in [42]
sectional (17.2%), .
21-40 years samples only northern sector, DENV-3 in
DENV-1 western sector
(6.3%)
Age 2544
years; Male . 4.7'.6 /0. 2019 showed an early and
Cross- 1004 (2017),  predominance; positive in higher peak of cases linked to
Makkah 2021 . 752 (2018), Higher 2019 (highest ~ Not specified . . [18]
sectional - . rainfall and increased Aedes
1571 (2019) incidence in of the densi
. ensity
non-Saudi 3 years)
males in 2019
Cross- Mostly male 22.3% ToG: Established a link between
Jeddah 2022 sectional 600 (67.5%); Mostly 1 0.8'3/0 IgM, Not specified gastrointestinal parasites and [43]
Saudi (71.8%) ©7l8 dengue hemorrhagic fever
Highest number of cases in
Age 21-30 o o/ \. Omo,
Jazan 2022 Crpss— 6637 years; Male 56'.6./0 Not specified 2019 (44%); 93% of 100 [44]
sectional (62.8%) positive randomly selected suspected
o cases confirmed by RT-PCR
Majority male Spatial clustering in middle and
(77%); Adults o east Jeddah; Temporal peaks in
Cross- 1458 25-44 years; 38.1% June and December;
Jeddah 2022 . reported ’ confirmed Not specified . ¢ [45]
sectional Mostly Environmental factors were not
cases . cases o .
non-Saudi significant (possibly due to
(64%) COVID-19 restrictions)
34% of PCR+ Mapped secondary infections;
Multi- Cross- Male (73.5%); cases were Highest proportion in Asir,
re L'lonal 2025 secti();rial 2850 Adults aged IgG+/PCR+  Not specified Jazan, Makkah; All deaths [14]
&t 21-40 years (secondary occurred in IgG+ patients with
infections) comorbidities
Cross- 202 (117 1‘\//[\]2111(24'_1;3/2; 57.9% Seasonal peak in summer
Medina 2025 sectional confirmed) adults é 6—%0 confirmed by  Not specified (92.3% of cases); PCR had [46]
years) PCR/NS1/IgM highest sensitivity (91.4%)
DENV-2
Mean age 37.65 (80.25%),
years; Mostly 81.5% NS1, DENV-1 Found 11 samples non-reactive
Cross- 238 positive  Saudi (40.34%), 78.6% IgM, (12.18%), .
Makkah 2025 sectional samples followed by 44.5% IgG DENV-3 to i)etzc:t}ilglei(};jl, s:ligtesigg (18]
Egyptians; positive (1.68%), P YP
Male (77.73%) DENV-4
(0.42%)
Male (73.5%);
Non-Saudis 2023 epidemic year; Cases
Multi- Cross- had higher 50.8% PCR i peaked in summer; Regional )
regional 2026 sectional 2850 odds of positive Not specified clustering in Makkah, Najran, 471
infection (OR and Madinah
1.17)

Abbreviations: NS1, non-structural protein 1; IgM, immunoglobulin M; IgG, immunoglobulin G; PCR, polymerase
chain reaction; OR, odds ratio. Suspected cases refer to individuals presenting with dengue-like symptoms;
confirmed cases are those with laboratory confirmation by PCR, NS1 antigen detection, or serology (IgM/IgG).
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2.2. Meta-Analysis and Subgroup Analyses

A random-effects meta-analysis of 25 studies (1 = 32,393 participants) yielded a pooled
dengue seroprevalence of 40.71% (95% CI: 26.96-56.10%). Individual study estimates
ranged widely from 0.83% to 100% (Table S1). The analysis revealed substantial heterogene-
ity, with an I? statistic of 98.9% (95% CI: 98.7-99.0%) and a T2 value of 2.3906 (T = 1.5462).
The Cochran’s Q test was significant (Q = 2096.80, df = 24, p < 0.001), indicating considerable
variation across studies (Figure S1, Forest Plot).

Stratification by geographic region revealed the highest pooled seroprevalence
in Makkah at 76.16% (95% CI: 17.51-97.96%), followed by Jazan at 54.77% (95% CI:
46.20-63.06%) and Jeddah at 40.09% (95% CI: 30.87-50.07%). Lower estimates were
observed in multiregional studies at 36.65% (95% CI: 24.08-51.34%), Al-Madinah at
34.30% (95% CI: 7.24-77.74%), Najran at 7.56% (95% CI: 5.37-10.55%), and Aseer/Jazan at
5.95% (95% CI: 0.12-76.42%). The between-group difference was statistically significant
(Q=122.39, df = 6, p < 0.0001) (Table S2).

When stratified by diagnostic assay (Table S3), RT-PCR demonstrated the highest
pooled prevalence at 60.52% (95% CI: 54.68-66.07%), followed by PCR/NS1/IgM at 57.92%
(95% CI: 51.00-64.54%) and IgM/IgG/PCR at 53.11% (95% CI: 47.50-58.65%). Lower
estimates were obtained using IgM alone at 0.83% (95% CI: 0.42-1.65%), IgG/IgM at 25.05%
(95% CI: 14.48-39.74%), and IgG at 25.33% (95% CI: 11.23-47.63%). The between-group
difference was statistically significant (Q = 383.24, df = 14, p < 0.0001).

Temporal analysis showed the highest seroprevalence in studies conducted between
2003 and 2010 at 84.55% (95% CI: 14.46-99.44%), followed by 2019-2026 at 45.73% (95%
CI: 26.76-66.02%) and 2011-2018 at 27.11% (95% CI: 14.00-45.93%); however, the between-
group difference was not statistically significant (Q = 3.48, df = 2, p = 0.1760) (Table S4).
Stratification by population type revealed the highest seroprevalence among febrile patients
at 49.78% (95% CI: 40.84-58.72%), followed by community-based studies at 26.70% (95% CI:
25.64-27.78%) and blood donors at 24.93% (95% CI: 8.00-55.91%) (Table S5). The lowest
estimates were observed among pregnant women at 7.56% (95% CI: 5.37-10.55%). The
between-group difference was statistically significant (Q = 110.39, df = 5, p < 0.0001).
Serotype distribution varied across regions. DENV-2 was the most frequently reported
serotype, predominating in Jazan, Makkah, and Jeddah. DENV-1 was the second most
common, while DENV-3 was detected in Jazan, Makkah, and Jeddah. DENV-4 was rarely
detected, reported only in Makkah. Concurrent mixed infections with DENV-1 and DENV-2
were identified in Jazan. In one study from Makkah, 11 samples tested positive for DENV
by RT-PCR but were non-reactive to serotypes 1-4.

2.3. Publication Bias

Publication bias was assessed using a funnel plot and Egger’s regression test (Table S6).
Visual inspection of the funnel plot revealed some asymmetry; however, Egger’s test was
not statistically significant (t = —0.80, df = 23, p = 0.4310), with a bias estimate of —2.3228
(SE = 2.8978), suggesting no evidence of significant publication bias (Figure S2, Funnel
Plot). The funnel plot asymmetry may be attributable to the substantial between-study
heterogeneity (I> = 98.9%) rather than publication bias.

2.4. Nucleotide and Deduced Amino Acid Sequence Analysis
2.4.1. Nucleotide and Amino Acid Sequence Analysis of DENV-1

At the nucleotide sequence level, sequence analysis revealed that the consensus strain,
the Hawaii-1944 strain, shares 92.6-94.3% nucleotide sequence identity with Saudi Arabian
isolates (1994-2023). The Saudi strains have 98-100% sequence identity, with the 20042006
Jeddah isolates showing the highest similarity to the consensus. These findings indicate
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moderate genetic divergence between the historical Hawaiian lineage and contemporary
Saudi Arabian strains. For DENV-1, a total of 110 nucleotide mutations were identified, of
which 11 resulted in amino acid changes in strains since 1994. Seven residues (K52N, P227S,
E234Q, K277T, N290D, L402F, and A473T) were classified as permanent substitutions, as
they were present in all genotypes relative to the consensus sequence. The 1994 isolates
contained 73 nucleotide mutations, resulting in nine amino acid changes (D37N, I114L,
M297V, A369T, V3801, 1439V, A481V). The 2004-2023 isolates contained 106 nucleotide
mutations, resulting in 12 amino acid substitutions, of which five (P227S, E234Q, K277T,
L402F, A473T) were shared with the 1994 strains, and seven were unique to the later period
(T81A, 1140V, T155S, I161T, S225T, V300A, A313V, L351V, S397T, 1461V, M483L) (Figure 2).
Genotype-specific analysis assigned D37N, I114L, A369T, and 1439V to the America—Africa
genotype; T155S, 11617, 1461V, and M484L to the Asian genotype; and N89T and T339S
to the South-Pacific genotype. A single substitution, A313V, was unique to Saudi strains
isolated between 2004 and 2006 (Figures S3-56).
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Figure 2. Multiple sequence alignment of the complete E protein sequences of DENV-1 from Saudi
Arabian isolates (collected between 1994 and 2006) and representative international reference strains.
The alignment was performed via the ClustalW method within the MegAlign program (V7.1.0). The
prototype strain USA /Hawaii/1944 (GenBank accession EU848545) served as the reference sequence
(indicated by a red triangle). Dots (.) represent nucleotides identical to the reference. Major genotypes
are indicated on the right: the America—Africa genotype (including Saudi isolates from 1994) and the
Asian genotype (including Saudi isolates from 2004 to 2006). Saudi Arabian isolates are highlighted
by blue circles on the left. Selected key genotype-specific amino acid positions are highlighted by red
rectangles in the figure; the remaining genotype-specific loci are shown in the Supplementary Figures
(Figures S3-S6). N-linked glycosylation sites are highlighted by green rectangles, and O-linked
glycosylation sites are indicated by red circles.
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2.4.2. Nucleotide and Amino Acid Sequence Analysis of DENV-2

Sequence analysis revealed that the consensus strain (New Guinea 1944) shares
93.8-95.3% nucleotide identity with Saudi Arabian isolates (1992-2023). The Saudi strains
presented strong intragroup similarity (generally 97-100%), particularly among the 1994 Jed-
dah and 2021 Jeddah isolates. The highest similarity to the consensus strain was observed
with the 1992 Saudi Arabian strain (95.3%) and several 1994 Jeddah isolates (/<95.0-95.2%).
These results indicate relatively close genetic relatedness between the historical consen-
sus strain and contemporary Saudi Arabian strains. For DENV-2, strains from 1992 to
2018 presented 117 nucleotide mutations and 20 amino acid changes (14V, 146T, D71A,
K93R, K126E, V1291, 1141V, H149N, 1163V, T171S, E202K, T226I, 1322V, T359A /M, E360G,
N390S, 1402F, V461A, 1462V). Strains from 2021 to 2023 presented 157 nucleotide mutations
and 22 amino acid substitutions, including novel changes (I6M, K47E, T48K, Q52H, N83S,
T120R, 1162V, 1170V, 1443V, N449S, S5478T, V484I) and persistent changes (D71A, K126E,
V1291, H149N, 1163V, N390S, 1402F, 1462V) (Figure 3). Two substitutions, I402F and K126E,
were classified as permanent substitutions, as they were present in all genotypes compared
with the consensus sequence. Genotype-specific residues were identified as follows: AM
genotype (S81T, 1139V, N390D), AM-AS genotype (VI91I), COS genotype (D71A, H149N,
1164V, N390S, 1462V), and sylvatic genotype (Y59F, N83V, K122L, V181I, T236M, R345K,
V3651, 1432V, 5478T). Five unique amino acid changes (I4V, T120R, T359M, E360G, and
K361R) were observed specifically in Saudi strains (Figures S7-510).
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Figure 3. Multiple sequence alignment of the complete E protein sequences of DENV-2 from Saudi
Arabian isolates (1992-2023) and representative international reference strains. The alignment was
performed via the ClustalW method within the MegAlign program (V7.1.0). The prototype strain
New Guinea/1944 (GenBank accession AF038403) served as the reference sequence (indicated by a
red triangle). Dots (.) represent nucleotides identical to the reference. Major genotypes are indicated
on the right: cosmopolitan (COS)—all Saudi isolates; American (AM); American/Asian (AM/AS);
Asian (ASI); and sylvatic. Saudi Arabian isolates are highlighted by blue circles on the left. Saudi
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Arabian isolates are indicated by blue circles on the left. In the figure, key genotype-specific amino
acid positions are marked with red rectangles, while amino acids unique to Saudi strains are high-
lighted with yellow rectangles; the remaining genotype-specific loci are shown in the Supplementary
Figures (Figures S7-510). N-linked glycosylation sites are highlighted by green rectangles, and
O-linked glycosylation sites are indicated by red circles.

2.4.3. Nucleotide and Amino Acid Sequence Analysis of DENV-3

Sequence analysis revealed that the 1956 Philippines strain shared 92.5-93.9% nu-
cleotide identity with Saudi Arabian isolates, corresponding to approximately 6.1-7.5% di-
vergence. Saudi strains clustered tightly together with high intragroup similarity (typically
96.6-99.9%). The highest similarities to the Philippines 1956 reference were observed with
the 2016 Saudi Arabian strain (93.9%) and several 1997-2004 Jeddah isolates (/<93.6-93.9%).
Overall, the Saudi Arabian strains presented moderate genetic distance from the historical
Philippines lineage. The DENV-3 strains from 1997 to 2014 harbored 128 nucleotide mu-
tations resulting in 16 amino acid substitutions (V21I, 181V, S124P, H132Y, S164P, A169T,
T1781, T219A, T2231, T270N, K383N, R391K, 1452V, T4711, V489A). Strains from 2016 to 2023
presented 119 nucleotide mutations and 17 amino acid changes, sharing ten residues with
earlier strains (I81V, S124P, H132Y, S164P, A169T, T270N, K383N, R391K, 1452V, V489A)
and introducing additional substitutions (I1140T, V1581, A171V, E182S, 1380T/A, F400L)
(Figure 4). Two residues, S164P and R391K, were classified as permanent substitutions,
as they were present in all genotypes relative to the consensus sequence. The genotype-
specific amino acid residues were as follows: Genotype I 168V, S124L, R231K, L301S, T303A,
and V3771); Genotype II (E154D, A160V, and 1172V); Genotype III (I81V, H132Y, and 1452V);
and Genotype V (E225K). Saudi strains presented five unique amino acid changes: V158],
A171V, C183S, I380A, and F400L (Figures S11-514).
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Figure 4. Multiple sequence alignment of the complete E protein sequences of DENV-3 from Saudi
Arabian isolates (1997-2023) and representative international reference strains. The alignment was
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performed via the ClustalW method within the MegAlign program (V7.1.0). The prototype strain
Philippines /1956 (GenBank accession KU050695) served as the reference sequence (indicated by a red
triangle). Dots (.) represent nucleotides identical to the reference. Major genotypes are indicated on
the right: Genotype I (G1), Genotype II (G2), Genotype III (G3), and Genotype V (G5). Saudi Arabian
isolates (Jeddah 1997-2004 and Jazan 2023) belong exclusively to Genotype III and are highlighted by
blue circles on the left. In the figure, key genotype-specific amino acid positions are marked with
red rectangles, while amino acids unique to Saudi strains are highlighted with yellow rectangles;
the remaining genotype-specific loci are shown in the Supplementary Figures (Figures S11-514).
N-linked glycosylation sites are highlighted by green rectangles. The light blue highlighted rectangle
indicates amino acids shared by all genotypes except Genotype 5.

2.4.4. Predicted O Glycosylation Sites in the E Protein of DENV-1, DENV-2, and DENV-3

In DENV-1, Saudi strains of the American—African genotype (Jeddah 1994) consis-
tently presented seven predicted O glycosylation residues (70, 76, 160, 163, 222, 225, 272)
(Figures 51-54). In contrast, all Saudi Asian genotype isolates (Jeddah 2004-2011) displayed
an extended pattern that additionally included positions 226, 227, and 230. This genotype
specific expansion was stable over a decade. International DENV-1 strains largely reflected
this dichotomy: American—African isolates from France, Mexico, Brazil, Kenya, and the
Americas retained the seven-site core, whereas Asian genotype strains from Singapore,
China, Taiwan, Indonesia, and Vietnam consistently added positions 226 230. Interest-
ingly, some Asian international strains also predicted position 161 (scores ~0.51 0.53), a
residue not observed in Saudi Asian isolates. South Pacific genotype strains (Philippines,
Solomon Islands, Indonesia) predominantly followed the seven-site pattern, although one
Philippine isolate (2014) uniquely displayed low probability sites at 69, 273, and 275. For
DENV-2, all Saudi strains belonged to the COS genotype and, from 1992 onward, exhibited
a characteristic five-residue pattern (69, 70, 76, 81, 229), with position 76 showing the
highest prediction scores (>0.82) (Figures S5-58). An exceptional Jazan 2023 Saudi isolate
lacked residues 69 and 81, retaining only 70, 76, and 229 residues. Internationally, DENV-2
genotypes vary considerably: American (AM) and Asian (ASI) strains frequently predict
only the core triad 70 76 229, with 69 and 81 strains appearing sporadically (e.g., Mexico
1992, Colombia 2025, Japan 2025). Sylvatic strains (Guinea 1981, Philippines 1983) also
carried the 70 76 pair, whereas the Thai 1958 (ASI) isolate completely lacked position 76,
the most conserved DENV-2 site overall. Thus, across the two serotypes, Saudi strains
often define genotype-specific reference patterns, against which international strains show
either conservation (DENV-1 Asian) or a marked reduction in site number (DENYV 2 non
COS genotypes).

For DENV-3, all Saudi strains (Genotype 3) from Jeddah (1997-2004) and Jazan (2023)
shared a highly stable set of seven predicted residues: 70, 76, 220, 223, 224, 226, and 228
(Figures S9-512). Position 159 was present only in older Jeddah isolates (1997-2004) but was
absent in all Jazan 2023 strains, suggesting a recent temporal loss within the same genotype.
International DENV-3 strains revealed clear genotype-dependent profiles. Genotype 1
isolates (Indonesia, Australia, Singapore, China) exhibited the same seven residues but
additionally included positions 159 and sometimes 81 (e.g., Singapore 2015, China 2020),
indicating a broader pattern than that of Saudi Genotype 3. Genotype 2 strains (China 2007,
Thailand 2011, Bangladesh 2002) uniquely featured position 81 with high probability (~0.58)
and occasionally lacked residue 76. Genotype 5 isolates (Philippines 1956, USA 1963, China
1980) uniformly retained seven site cores (70, 76, 220, 223, 224, 226, 228) with elevated
prediction scores (>0.84) observed specifically at positions 223 and 228 but never included
159 or 81. A Gabon 2016 isolate (unassigned genotype) presented substantially lower
prediction probabilities across all sites, indicating possible regional divergence. Overall,
the Saudi DENV-3 Genotype 3 pattern (70, 76, 220, 223, 224, 226, 228) was highly conserved
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across most international genotypes except for the addition of accessory residues (159, 81)
in Genotype 1 and the loss of 76 in some Genotype 2 strains. This finding underscores that
within each serotype, Saudi strains provide robust reference profiles for genotype-specific
O glycosylation, whereas international strains exhibit predictable variation according to
their assigned genotype.

2.4.5. Predicted N-Linked Glycosylation Sites in the E Protein of DENV-1, DENV-2,
and DENV-3

Analysis (0.5698, 7/9, “+”), with no detectable genotype-specific variation. Thus, while
the two N-linked sites (67 and 153) are universally conserved across all three serotypes and
most genotypes, subtle differences in probability and flanking motifs distinguish DENV-2
genotypes of predicted N-linked glycosylation motifs (Asn-X-Ser/Thr) revealed that all
three serotypes consistently possess two conserved sites at positions 67 and 153, albeit
with genotype- and strain-specific variations in the surrounding tetrapeptide sequences
and prediction probabilities. For DENV-1, both Saudi and international strains (all Asian
genotypes) presented an identical pattern: position 67 with the motif NTTT (probability
0.6588, 9/9 strains, “++” confidence) and position 153 with either NEST or NETT (0.5546,
6/9 strains, “+” confidence). No genotype-related differences were observed among the
DENV-1 strains. In DENV-2, Saudi strains (all COS genotypes) uniformly displayed po-
sition 67 as NTTT (0.6588-0.6744, 9/9, “++"”) and position 153 as NDTG (0.5543-0.5546,
6-7/9, “+”), with a minor increase in probability at position 67 for the Jazan-2023 iso-
late (0.6744). International DENV-2 strains revealed clear genotype-dependent variation:
COS genotype isolates from Maldives, Colombia, Brazil, Japan, and Somalia matched the
Saudi COS pattern exactly. In contrast, American (AM) genotype strains (Venezuela-1987,
Mexico-1992, Tonga-1974, Puerto Rico-1969, Colombia-1996) presented slightly elevated
probabilities at positions 67 (0.6801) and 153 (0.5698-0.5700, 7/9, “+”). AM/AS inter-
mediate genotypes (Venezuela-1998, Costa Rica-2000, Nicaragua-1999, Guatemala-2007,
Jamaica-1983) presented intermediate probabilities: positions 67~0.6743-0.6746 and posi-
tions 153~0.5476-0.5477 (7/9, “+”). The Asian (ASI) and sylvatic strains displayed a mixed
pattern, with Thailand-1958 (ASI) having a slightly lower position-67 probability (0.6617,
8/9, “+"). For DENV-3, all Saudi strains (no genotype specified but likely Genotype 3) and
all international strains across genotypes uniformly presented position 67 as NVTT or NITT
(probability 0.6692,9/9, “++”) and position 153 as NETQ (COS, AM, AM/AS, ASI), and
to a lesser extent, DENV-1 and DENV-3 show remarkable uniformity between Saudi and
international strains.

2.5. Phylogenetic Analyses of DENV-1, DENV-2 and DENV-3

For DENV-1 (Figure 5A), the tree topology revealed two distinct genotypes among the
Saudi strains. Three Jeddah strains from 1994 (AM746218, AM746219, AM746220) grouped
within the American—African genotype with strong bootstrap support (99%), clustering
with strains from Somalia, Djibouti, and other African/European lineages. In contrast,
six Jeddah strains collected between 2004 and 2006 (AM746212-AM746217) and one from
2011 (KJ649286) clustered with the Asian genotype (bootstrap = 98%), showing close
genetic relationships to strains from Singapore, China, Thailand, Taiwan, and Vietnam. The
separation between the American—African and Asian genotypes was strongly supported
(bootstrap = 100%), indicating a clear genotype replacement event in the early 2000s. The
remaining sequences (mainly from Peru, 2023) formed a single, highly homogeneous
clade, consistent with a recent outbreak. The overall DENV-1 phylogeny indicates that
Saudi Arabia has experienced multiple introductions from both American—African and
Asian genotypes over time, with the Peruvian 2023 outbreak representing a genetically
uniform lineage.
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Figure 5. Phylogenetic trees of dengue virus serotypes 1, 2, and 3 based on complete E gene sequences.
Trees were constructed using maximum likelihood with the best-fit substitution models identified by
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BIC-based model selection: TN93+G+I for DENV-1, and TN93+G for DENV-2 and DENV-3,
with 1000 bootstrap replicates. Bootstrap support values (>50%) are shown at nodes. Trees are
midpoint-rooted. Branch lengths are proportional to genetic distance. (A) DENV-1: 129 sequences,
1485 nucleotides. Saudi strains from 1994 (AM746218-AM746220) cluster within the America—Africa
genotype (99%), whereas strains from 2004 to 2006 (AM746212-AM746217) and 2011 (KJ649286)
belong to the Asian genotype (98%). (B) DENV-2: 139 sequences, 1485 nucleotides. All 26 Saudi
strains (1992-2023) group within the Cosmopolitan (COS) genotype (100%), clearly separated from
the Asian II genotype (99%). (C) DENV-3: 110 sequences, 1479 nucleotides. All 14 Saudi strains
belong to Genotype III (99%), which includes recent isolates from the Americas (2023-2025). All
analyses were conducted in MEGA11 (V10.2.6). Saudi strains are indicated by red font, prototype
strains are marked with green circles, and different branch colors represent distinct genotypes as
described above.

For DENV-2 (Figure 5B), all 26 Saudi strains spanning the years 1992-2023 were
grouped exclusively within the COS genotype, forming a monophyletic clade with strong
bootstrap support (100%). The tree showed a well-resolved structure with the COS geno-
type clearly separated from the Asian II genotype (bootstrap = 99%), confirming the genetic
distinctiveness of these lineages. The Saudi isolates showed excellent internal structure: the
1992 isolate (AF410378) occupied the deepest branching position, followed by 1994 isolates
(AM746221-AM746227), while isolates from 2004 to 2023 formed a more recent, tightly
clustered subclade. Notably, the 2023 Jazan isolates showed close genetic relationships
to 2021 Jeddah isolates (short branch lengths), suggesting recent regional transmission.
The scale bar (0.02 substitutions per site) indicates a small but consistent genetic distance
within the COS clade. This result confirms that the COS genotype has been the predomi-
nant DENV-2 lineage circulating in Saudi Arabia for nearly three decades, whereas other
genotypes (e.g., Asian I, American) were present in the global dataset but not detected
among the Saudi isolates.

For DENV-3 (Figure 5C), all 14 Saudi sequences (Jeddah 1997-2004, Jazan 2023, and
one from 2016) belonged exclusively to Genotype 1IlI, forming a well-supported clade
(bootstrap = 99%). The global DENV-3 phylogeny showed deep branching, with historical
strains from the Philippines (1956, 1958) and the USA (1963) occupying basal positions
within Genotype V. A strongly supported major clade (bootstrap = 99%) contained recent
isolates from the Americas (Peru, Mexico, USA; French Guiana, Cuba; 2023-2025) together
with Saudi strains and Indian isolates (2021-2023). The Saudi isolates formed a tight
cluster with very short branch lengths, indicating recent local circulation and close genetic
relationships. This pattern indicates that Genotype III has been the dominant lineage
globally and that the Saudi isolates are part of a broader intercontinental clade that also
seeded recent outbreaks in the Western Hemisphere.

2.6. Predominance of Purifying Selection with Episodic Adaptive Signals in DENV Serotypes S

Selection pressure analysis was performed on the DENV E gene for all three serotypes
(DENV-1, DENV-2, and DENV-3) (Table 2) using four complementary approaches (SLAC,
FEL, FUBAR, and MEME) to identify sites under pervasive and episodic selection (Table 2).
SLAC identified 172 negatively selected sites and no positively selected sites. FEL confirmed
these findings, detecting approximately 275 negatively selected sites and no positively
selected sites. FUBAR analysis revealed that all 495 codons showed strong evidence of
negative selection (posterior probability > 0.9), with no sites showing evidence of positive
selection. MEME detected episodic positive selection at two sites: Site 82 (p = 0.00) and Site
327 (p = 0.00), with extremely high w values on specific branches ($* = 6609.38 and 1070.23,
respectively), indicating strong adaptive evolution on particular lineages.
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Table 2. Summary of selection pressure analysis on the DENV E gene across three serotypes.
Serotype Method Positively Selected Sites Sgsftitévseilt}:e s Total Sites S;iﬁfsi;?)rll;e

SLAC 0 172 495 p<0.1
FEL 0 ~275 495 p<0.1

DENV-L FUBAR 0 495 495 PP > 0.9
MEME 2 (episodic: 82, 327) N/A* 495 p<0.1
SLAC 0 ~150 ~560 p<0.1
FEL 22 ~25 ~560 p<0.1

DENV-2 FUBAR 0 495 495 PP > 09
MEME 3 (episodic: 202, 404, 493) N/A 495 p<0.1
SLAC 0 ~120 568 p<0.1
FEL 0 ~100 568 p<0.1

DENV-3 FUBAR 0 568 568 PP > 0.9
MEME > (eplsofllgi Zg's)zw' 209, N/A 568 p<0.1

* N/A: Not Applicable.

In the case of DENV-2, FEL detected 22 positively selected sites (p < 0.1), indicating
evidence of pervasive positive selection. SLAC identified approximately 150 negatively
selected sites, while FUBAR confirmed that all 495 codons showed strong evidence of
negative selection. MEME detected episodic positive selection at three sites: Site 202
(p = 0.04), Site 404 (p = 0.00), and Site 493 (p = 0.00). Sites 404 and 493 exhibited extremely
high p* values (100,000 and 10,627.80, respectively), suggesting very strong episodic
selection on specific branches.

For the DENV-3, SLAC and FEL identified approximately 120 and 100 negatively
selected sites, respectively, with no sites showing pervasive positive selection. FUBAR
confirmed that all 568 codons were under strong purifying selection. MEME detected
episodic positive selection at five sites: 96 (p = 0.07), 207 (p = 0.07), 209 (p = 0.11), 215
(p = 0.08), and 455 (p = 0.01). Site 455 showed the strongest signal (3* = 9.76), suggesting
immune-driven adaptation on specific viral lineages.

3. Discussion

The first documented dengue outbreak in Saudi Arabia occurred in Jeddah in 1994,
with 289 confirmed cases involving co-circulation of DENV-1 and DENV-2, an event that
marked the establishment of the virus in the western region [9,17,38]. Since then, recur-
rent outbreaks have spread to Makkah, Al-Madinah, Jizan, and Najran, leading to the
declaration of the western region as dengue-endemic in 2004 [12-14,27]. Our epidemio-
logical synthesis confirms that DENV-2 has remained the predominant serotype across
most regions and time periods, followed by DENV-1 and DENV-3, while DENV-4 remains
rare—a pattern consistent with previous systematic reviews [12,15] and recent hospital-
based studies [18,33]. The demographic profile—male predominance (67-78%) and young
adult susceptibility (25-44 years)—is consistent with global observations and likely reflects
occupational exposure (outdoor work, farming) and cultural practices [13,18,31,42,43]. The
seasonal bimodal pattern (spring and winter peaks) correlates with temperature, humidity,
and rainfall patterns that favor Aedes mosquito breeding, as well as the timing of pilgrimage
activities [44-47].
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The co-circulation of DENV-1, DENV-2, and DENV-3 in Saudi Arabia is of major
public health concern, as it fundamentally increases the population’s risk for severe dengue
(DHE/DSS) through secondary heterotypic infections [9,17]. A case—control study from
Jeddah confirmed that secondary infection is a significant risk factor for severe disease in the
Kingdom (p = 0.02) [31], while viral serotype was not found to be a significant predictor of
severity in that cohort. Globally, the risk of severe disease is known to vary by serotype and
infection history, with secondary DENV-2 and primary DENV-3 infections often associated
with higher severity. In the Saudi context, the predominance of DENV-2 (80.25% in the
2023-2024 Makkah cohort) [18] is particularly concerning given the association of this
serotype with more severe outcomes in secondary infections [48]. However, the Jeddah
study found that host factors such as comorbidities (diabetes, hypertension) and secondary
infection status were stronger predictors of severe dengue than serotype alone [31]. These
findings highlight the need for enhanced surveillance of severe cases stratified by serotype
and infection history to better define risk groups and inform clinical management in
the Kingdom.

Our phylogenetic analyses of DENV E gene sequences from Saudi Arabia (1994—
2023) provide critical insights into the evolutionary dynamics and introduction histories of
circulating serotypes. It is important to note that these phylogenetic and molecular findings
primarily reflect the situation in the western provinces (Jeddah, Makkah, Jazan), where
the vast majority of cases and all available sequenced isolates originate. For DENV-1, we
observed a clear temporal shift in genotype composition: all three 1994 Jeddah isolates
(AM746218, AM746219, AM746220) clustered within the American—African genotype
(bootstrap = 99%), whereas six isolates from 2004 to 2006 (AM746212-AM746217) and
one from 2011 (KJ649286) grouped within the Asian genotype (bootstrap = 98%). The
separation between these two genotypes was strongly supported (bootstrap = 100%).
This finding suggests a genotype replacement event in the early 2000s, likely driven by
repeated introductions via expatriate workers and pilgrims from dengue-endemic Asian
countries [9,13,17]. Such genotype shifts have been associated with changes in disease
severity and transmission dynamics in other endemic regions [49-51]. The robust bootstrap
support (>98%) for both genotype assignments in our model-based ML analysis (TN93+G+1)
confirms that these patterns are not artifacts of the analytical method.

In contrast, all 26 Saudi DENV-2 isolates spanning nearly three decades (1992-2023)
belonged exclusively to the COS, forming a monophyletic clade with strong bootstrap
support (100%). The COS genotype was clearly separated from the Asian II genotype
(bootstrap = 99%), confirming the genetic distinctiveness of these lineages. This remarkable
stability—with the 1992 isolate occupying the deepest branching position, followed by
1994 isolates, and isolates from 2004 to 2023 forming a more recent subclade—could reflect
local adaptation to the local vector and environmental conditions. However, alternative
explanations are equally plausible: a founder effect from a single introduction that subse-
quently expanded locally, or repeated introductions of closely related COS strains from the
global gene pool. Our data cannot distinguish among these scenarios; distinguishing them
would require whole-genome phylogeographic analyses and nucleotide diversity metrics.
Therefore, the interpretation of COS dominance as evidence of local adaptation should
be considered one of several plausible explanations rather than a definitive conclusion.
Notably, the 2023 Jazan isolates showed close genetic relationships to 2021 Jeddah isolates
(short branch lengths), suggesting recent regional transmission. The COS genotype of
DENV-2 has been associated with widespread global dispersal and has replaced other
genotypes in several regions [52-55]. Our results, derived from rigorous model-based ML
analysis (TN93+G), corroborate previous reports of DENV-2 COS dominance in Jeddah,
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Makkah, and Jizan [17,20,56] and extend the temporal range of this dominance to include
the 2023 Jazan isolates.

For DENV-3, all 14 Saudi isolates (Jeddah 1997-2004, Jazan 2023, and one from 2016)
belonged exclusively to Genotype III, forming a well-supported clade (bootstrap = 99%).
This clade included recent isolates from the Americas (Peru, Mexico, USA, French Guiana,
Cuba; 2023-2025) and Indian isolates (2021-2023). The topology indicates that Saudi
Genotype III strains are part of a broader intercontinental lineage that has also seeded
recent outbreaks in the Western Hemisphere. The deep basal position of historical strains
from the Philippines (1956, 1958) and the USA (1963) within Genotype V is consistent with
the known global spread of DENV-3 Genotype III from Southeast Asia to the Americas and
the Middle East [57,58]. The Saudi isolates formed a tight cluster with very short branch
lengths, indicating recent local circulation and close genetic relationships. Our model-based
ML analysis (TN93+G) confirms that Genotype III has been the exclusive lineage of DENV-3
circulating in Saudi Arabia.

Collectively, these results demonstrate three contrasting evolutionary and epidemiolog-
ical patterns across serotypes: DENV-1 shows historical co-circulation of American—African
and Asian genotypes with a genotype replacement event in the early 2000s; DENV-2 is
dominated by a single cosmopolitan lineage spanning three decades; and DENV-3 is exclu-
sively represented by Genotype III, which has recently expanded into the Americas. The
use of rigorous model-based approaches (TN93+G+I for DENV-1; TN93+G for DENV-2
and DENV-3) with strong bootstrap support at key nodes provides robust phylogenetic
inference across all three serotypes.

We identified several permanent amino acid substitutions across all three serotypes
that distinguish circulating Saudi strains from prototype reference strains. In DENV-1,
seven permanent changes (K52N, P2275, E234Q), K277T, N290D, L402F, A473T) were present
in both the 1994 and 2004-2023 isolates. Similarly, DENV-2 presented two permanent
substitutions (K126E, 1402F), and DENV-3 presented two (S164P, R391K). Some of these
residues are located in functionally important domains of the E protein. For example,
position 402 (in both DENV-1 and DENV-2) lies in the stem—anchor region involved in
membrane fusion and virion assembly [59,60], while position 277 in DENV-1 falls within
domain III, a major target of neutralizing antibodies [61-63]. Several Saudi-unique amino
acid changes were also identified (e.g., A313V in DENV-1 and others in DENV-2 and
DENV-3). The functional significance of these substitutions requires further experimental
validation through in vitro and in vivo studies.

Selection pressure analysis revealed that the DENV E gene is predominantly under
strong purifying selection across all three serotypes, consistent with its critical role in viral
entry and membrane fusion [64,65]. However, notable serotype-specific differences were ob-
served: DENV-2 exhibited pervasive positive selection (22 FEL sites, p < 0.1), unlike DENV-
1 and DENV-3, suggesting stronger immune-driven adaptation in this serotype [65,66].
Episodic positive selection was detected in all three serotypes using MEME, with DENV-
3 showing the highest number of episodic sites (1 = 5), indicating that immune-driven
adaptation occurs at specific sites on particular lineages rather than across the entire phy-
logeny [65]. Among the permanent amino acid substitutions identified, only two were
under purifying selection: I402F in DENV-2 (located in domain III, critical for receptor
binding) and S164P in DENV-3 (located in domain II, containing the fusion loop) [67,68].
The seven permanent substitutions in DENV-1, as well as K126E in DENV-2 and R391K in
DENV-3, were not under purifying selection, suggesting neutral fixation through genetic
drift rather than functional constraint [69]. The detection of pervasive positive selection
in DENV-2, coupled with its epidemiological predominance and association with severe
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disease [48], suggests that this serotype may have a higher capacity for immune escape,
with important implications for vaccine design and genomic surveillance.

Our glycosylation prediction analysis revealed interesting temporal and genotype-
specific patterns. All DENV-1 Asian genotype strains (2004-2011) acquired three additional
predicted O glycosylation sites (226, 227, 230) compared with the earlier American—African
genotype (1994), which possessed only the core seven sites (70, 76, 160, 163, 222, 225, 272).
These emergent sites cluster in domain II of the E protein, which is involved in membrane
fusion and antibody recognition [70,71]. The acquisition of additional O glycans may alter
protein folding, stability, or immune recognition [72] and could represent an adaptive
shift accompanying genotype replacement. In contrast, DENV-2 COS genotype isolates
presented a stable five-residue pattern (69, 70, 76, 81, 229), with an exceptional Jazan 2023
isolate lacking residues 69 and 81. The DENV-3 Genotype Il isolates displayed a conserved
seven-site pattern (70, 76, 220, 223, 224, 226, 228), although position 159 was present in older
Jeddah isolates (1997-2004) but absent in all Jazan 2023 strains, suggesting recent temporal
loss. N-linked glycosylation sites at positions 67 and 153 are universally conserved across all
serotypes and genotypes, which is consistent with their critical role in protein folding, virion
stability, and receptor binding [72,73]. It is important to emphasize that the O-glycosylation
sites identified in this study are based entirely on computational predictions. To date, no
experimental validation (e.g., such as mass spectrometry, lectin binding assays, or site-
directed mutagenesis) has been performed to confirm the presence of O-linked glycans at
these specific residues on dengue virus E proteins derived from Saudi isolates. Therefore,
the functional implications of these predicted sites (e.g., effects on folding, stability, or
immune recognition) remain hypothetical and require experimental confirmation.

Despite serological and PCR evidence of DENV-4 circulation in Saudi Arabia [16,18],
no complete or partial E gene sequences from DENV-4 derived from Saudi human cases are
available in GenBank or GISAID. This absence is not unexpected given the extremely low
prevalence of DENV-4, which naturally results in very few positive samples available for
sequencing. This relative absence may stem from several factors: (i) the very low circulation
of DENV-4, leading to fewer positive samples available for sequencing; (ii) prioritization
of sequencing efforts toward the dominant serotypes (DENV-1-3) in resource-limited
surveillance settings; (iii) logistical and technical barriers, including limited next-generation
sequencing capacity and delays in data submission to public repositories; and (iv) possible
focus on local diagnostic rather than research-oriented sequencing. It is also plausible that
unpublished datasets exist in national or institutional repositories.

In regional countries with strong migratory and pilgrimage links to Saudi Arabia,
such as Pakistan and India, DENV-4 sequences are more readily available. Pakistan rou-
tinely reports co-circulation of all four serotypes with deposited DENV-4 genomes [24,74],
while India has documented DENV-4 circulation with multiple genotypes, including Geno-
type I [75]. Yemen has also reported all four serotypes, with genomic data available for
related strains [76,77]. While DENV-4 remains a minor serotype in Saudi Arabia, the
complete lack of genomic data—even for the few detected cases—still represents a missed
opportunity for molecular surveillance. This contrast highlights the value of sequencing
low-prevalence serotypes to better understand cross-border transmission dynamics via
pilgrims and expatriates.

To address this gap, we recommend a targeted surveillance framework: (1) routine
whole-genome or E-gene sequencing of all DENV-positive samples regardless of serotype,
with a minimum quota for low-prevalence serotypes such as DENV-4; (2) integration of
genomic surveillance into the national Ministry of Health dengue program, including
incentives for timely deposition into GISAID/GenBank; (3) capacity building through
partnerships with regional centers (e.g., in Pakistan or UAE) for sequencing support; and

https://doi.org/10.3390/ijms27136014


https://doi.org/10.3390/ijms27136014

Int. J. Mol. Sci. 2026, 27, 6014

20 of 28

(4) periodic retrospective sequencing of archived DENV-4 positive samples from blood
banks and hospitals. Such measures would enable genotype identification, monitoring
of importation events, and assessment of whether DENV-4 is maintained through cryptic
local transmission or repeated introductions.

Our findings have several practical implications. The predominance of the DENV-2
cosmopolitan genotype and the temporal shift in DENV-1 from America—Africa to Asia
highlight the need for continuous molecular surveillance to detect emerging lineages that
may be associated with increased virulence or epidemic potential [49,56]. The identification
of Saudi unique amino acid substitutions and genotype-specific glycosylation patterns
warrants further investigation via reverse genetics and in vitro assays to assess their impact
on viral fitness, antibody neutralization, and vaccine efficacy. The recent availability of
dengue vaccines such as TAK-003 (Qdenga) and Dengvaxia underscores the importance of
continued molecular surveillance of circulating genotypes and serotypes in Saudi Arabia,
as vaccine performance can vary by serotype and genotype. Currently approved dengue
vaccines have demonstrated variable efficacy depending on serotype and prior exposure
status. Notably, the predominant DENV-2 Cosmopolitan genotype identified in Saudi
Arabia shares the same serotype as the DENV-2 component in TAK-003; however, the
degree of antigenic match between the Saudi Cosmopolitan strains and the vaccine strains
remains unknown due to the absence of antigenic cartography or cross-neutralization
studies using local isolates. Future studies incorporating serological neutralization assays
and antigenic characterization of Saudi DENV-2 strains against vaccine reference strains will
be essential to evaluate potential vaccine effectiveness in the local epidemiological context.
Until such data are available, reliance on molecular surveillance data alone is insufficient
for definitive vaccine recommendations [61,69,70]. Integrated vector control increased
diagnostic capacity, and genomic surveillance should be prioritized in high-burden regions
(Jeddah, Makkah, Jazan) and extended to emerging hotspots (Riyadh). The role of mass
gatherings (Hajj, Umrah) and expatriate worker mobility in introducing new strains should
be addressed through pre-travel screening, post-arrival surveillance, and real-time genomic
data-sharing platforms such as GISAID. Recent predictive modeling in Jeddah has shown
that temperature, humidity, and pilgrimage variables can forecast dengue incidence with
good accuracy [44], supporting proactive, data driven outbreak preparedness.

This study has several limitations. First, the available sequence data are heavily
skewed toward the western region of Saudi Arabia (primarily Jeddah, Makkah, and Jazan),
with little or no E gene sequences available from other regions, including Riyadh, the
Eastern Province, or northern areas. Consequently, the phylogenetic and molecular findings
presented in this study largely reflect the evolutionary dynamics of DENV in the long-
established endemic western provinces rather than the country as a whole. Moreover, the
50 isolates analyzed represent all publicly available DENV E gene sequences from Saudi
Arabia, which constitute only a tiny fraction of the total case burden (thousands of cases
annually). These sequences are not derived from a systematic, population-based sampling
strategy; rather, they reflect opportunistic sampling during outbreak periods and targeted
surveillance in high-burden areas, introducing a risk of selection bias. Extrapolation of
these results to non-western regions should be made with caution. Second, the temporal
coverage is uneven, with fewer sequences available after 2011 for DENV-1 and after 2021
for DENV-2. Third, the absence of DENV-4 sequences—despite serological evidence of its
circulation—precludes any phylogenetic inference for this serotype and further highlights
the gaps in current surveillance. Fourth, our analyses relied exclusively on the E gene
sequences (~1485 nt, approximately 13.5% of the ~11 kb DENV genome). While the E
gene is a robust phylogenetic marker for serotype and genotype classification, inferences
regarding multiple introductions, DENV-1 genotype substitutions, and fine-scale resolution
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within the DENV-2 Cosmopolitan lineage should be interpreted with caution, as single-gene
analyses may miss recombination events or subtle evolutionary signals only detectable by
whole-genome sequencing. Finally, potential sampling and submission biases in public
databases may not fully represent the true genetic diversity of circulating DENV strains in
Saudi Arabia. These limitations underscore the urgent need for expanded, systematic, and
geographically representative genomic surveillance across all regions of the Kingdom to
obtain a more complete picture of DENV diversity and evolutionary dynamics.

4. Materials and Methods
4.1. Systematic Review and Meta-Analysis Methodology

This systematic review and meta-analysis was conducted following the PRISMA
2020 guidelines [78]. A systematic literature search was performed across four electronic
databases (PubMed, Scopus, Web of Science, and Google Scholar) from January 2003 to
April 2026. The search strategy focused solely on DENV in Saudi Arabia. No language
restrictions were applied. DENV Studies in Saudi Arabia were included if they met the
following criteria: (1) observational studies (cross-sectional, cohort, or case—control) with
a minimum sample size of 25 participants; (2) conducted in Saudi Arabia and published
between January 2003 and April 2026; and (3) reported primary data on DENV prevalence
based on detection of at least one of four biological markers (DENV-NS1, DENV-RNA,
anti-DENV IgM, or IgG). Studies conducted outside Saudi Arabia, clinical trials, reviews,
case reports, conference abstracts, and studies reporting other diseases were excluded.
Titles and abstracts were screened to identify potentially eligible studies. Full texts of
selected articles were assessed against the inclusion criteria.

4.2. Quality Assessment and Statistical Analysis

Study quality was assessed using the Joanna Briggs Institute (JBI) Critical Appraisal
Tool for prevalence studies. The tool consists of nine items assessing internal and external
validity, with each item scored as “yes,” “no,” “unclear,” or “not applicable.” Studies were
categorized as high-quality (low risk of bias: >70% “yes”), moderate-quality (moderate
risk: 50-69% “yes”), or low-quality (high risk: <49% “yes”).

Meta-analysis was performed using the meta and metafor packages in R (version
4.6.0) [17]. The pooled seroprevalence of DENV infection was calculated using a random-
effects model with the DerSimonian-Laird method, reported as proportions with 95% confi-
dence intervals (CIs). Heterogeneity was assessed using the I? statistic, T2, and Cochran’s Q
test, with I2 values of 25%, 50%, and 75% indicating low, moderate, and high heterogeneity,
respectively. Subgroup analyses were performed by geographic region (Jazan, Makkah,
Jeddah, etc.), diagnostic assay (IgG, IgM, NS1, RNA /PCR), time period (2003-2010, 2011-
2018, 2019-2026), and population type (febrile, healthy, blood donors, etc.). Publication
bias was assessed visually using funnel plots and statistically using Egger’s regression test.
A p-value < 0.05 was considered statistically significant.

4.3. Sequence Data Retrieval and Processing

All available DENV E gene sequences derived from human cases in Saudi Arabia
(1992-2023) were retrieved from the National Center for Biotechnology Information (NCBI)
GenBank and the Global Initiative on Sharing All Influenza Data (GISAID) platform.
Reference prototype strains were also downloaded for comparative purposes: for DENV-1
(Hawaii 1944 strain: EU848545), DENV-2 (New Guinea 1944 strain: AF038403), and DENV-
3 (Philippines 1956 strains: KU050695). Sequence datasets were curated by excluding
duplicate entries, short fragments (<500 nt), and sequences with high proportions of
ambiguous bases. The raw sequences were edited and assembled via BioEdit software
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(version 7.0). Multiple sequence alignments for each serotype were initially performed via
the Clustal W algorithm implemented in the MegAlign program (DNASTAR Lasergene
V7.1). The alignments were manually inspected and adjusted as needed.

A comprehensive search for DENV-4 E gene sequences originating from Saudi Arabia
was conducted in GenBank and GISAID up to April 2026 using multiple keyword combina-
tions. The search in GenBank returned 3773 results. When filtering specifically for “Saudi
Arabia” and “DENV-4" (or “DENV4”), GISAID returned zero sequences. After rigorous
screening of all retrieved entries, zero sequences met the inclusion criteria. Sequences were
excluded primarily because they were of non-Saudi origin.

4.4. Nucleotide and Amino Acid Sequence Analysis

Nucleotide sequences of the DENV E gene and their deduced amino acid sequences
from Saudi Arabian isolates were analyzed to determine pairwise percent identities
and genetic divergence. Saudi sequences were compared against serotype-specific in-
ternational reference strains retrieved from GenBank, using the respective prototype
strains as consensus sequences. Mutations and amino acid substitutions were identi-
fied and categorized as permanent (shared across all time periods), time-specific (re-
stricted to 1994 or 2004-2023 isolates), genotype-specific, or potentially Saudi-unique.
All sequences used in this study are publicly available in GenBank/GISAID; accession
numbers are listed in the Supplementary Materials (Tables S7-59). To predict potential
glycosylation sites in the E protein, N-glycosylation motifs were identified via the Net-
NGlyc 1.0 server (https:/ /services.healthtech.dtu.dk/services/NetNGlyc-1.0/) (accessed
on 5 March 2026), and O-glycosylation sites were predicted via the NetOGlyc 4.0 server
(http:/ /www.cbs.dtu.dk/services/NetOGlyc/) (accessed on 5 March 2026), both with
default thresholds (0.5 for N-glycan and 0.5 for O-glycan predictions). Only residues with
prediction scores above the respective thresholds were considered positive. O-glycosylation
predictions were cross-validated using the GlycoEP server with only sites predicted by
both tools considered high-confidence [79]. Conserved N-glycosylation sites were defined
as those present in all analyzed sequences, while O-glycosylation patterns were compared
across isolates from different years to identify temporal changes.

4.5. Phylogenetic Analysis and Genotype Assignment

To determine the optimal nucleotide substitution model for phylogenetic reconstruc-
tion, we performed model selection using the Bayesian Information Criterion (BIC) in
MEGAT11 (V10.2.6) [80] for each serotype independently. For the DENV-1 dataset, the
best-fit model was TN93+G+I (BIC = 25,784.315), with a gamma distribution shape param-
eter of 1.6037 and 31.14% invariant sites. For DENV-2, the best-fit model was TN93+G
(BIC = 33,800.903), with a gamma shape parameter of 0.2742 and no invariant sites. For
DENV-3, the best-fit model was TN93+G (BIC = 24,261.233), with no invariant sites. Phylo-
genetic trees were constructed via the maximum likelihood (ML) method in MEGA11 [80]
using these best-fit models with 1000 bootstrap replicates [3] to assess nodal support. Ini-
tial trees for the heuristic search were obtained automatically by applying the Maximum
Parsimony method, followed by Nearest-Neighbor-Interchange (NNI) branch swapping.
All positions containing gaps, missing data, or ambiguous bases were excluded using the
partial deletion option with a 95% site coverage cutoff, meaning that positions with less
than 95% coverage across all sequences were eliminated. Codon positions were treated
as follows: 1st, 2nd, and 3rd positions were included, while noncoding sites were ex-
cluded from the analysis. The final datasets comprised 1485 nucleotides for DENV-1
(129 sequences), 1485 nucleotides for DENV-2 (139 sequences), and 1479 nucleotides for
DENV-3 (110 sequences). All trees were rooted using the midpoint rooting method in
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MEGA11, which places the root at the midpoint of the longest branch between two taxa—a
widely accepted approach for viral phylogenies when a suitable outgroup is not avail-
able. To ensure phylogenetic inference was not confounded by recombination events, we
screened the alignments using RDP4; no significant recombination signals were detected
among the Saudi isolates, confirming that standard phylogenetic methods are appro-
priate. Bootstrap support values were interpreted as follows: >70% = well-supported;
50-69% = moderately supported; <50% = weakly supported (branches with <50% support
were collapsed in the consensus trees). All analyses were conducted in MEGA11.

4.6. Selection Pressure Analysis

Selection pressure analysis was performed using four complementary approaches
implemented in the HyPhy package (V2.5.100) [81] via the Datamonkey web server [82].
Single Likelihood Ancestor Counting (SLAC) and Fixed Effects Likelihood (FEL) were
used to detect pervasive positive and negative selection at individual codon sites, with a
significance threshold of p < 0.1 [83]. Fast Unconstrained Bayesian AppRoximal (FUBAR)
was used to estimate site-specific selection using a Bayesian approach, with a posterior
probability > 0.9 considered significant [84]. The Mixed Effects Model of Evolution (MEME)
was employed to detect episodic positive selection acting on a subset of branches, with
p < 0.1 considered significant [84]. All analyses were conducted on the DENV E gene
dataset for each serotype (DENV-1, DENV-2, and DENV-3) independently, with codon site
numbering based on the respective reference genomes. The E gene alignment consisted of
495, 560, and 568 codons for DENV-1, DENV-2, and DENV-3, respectively.

4.7. Ethical Statement

This study was based exclusively on publicly available genomic sequences and pre-
viously published, anonymized epidemiological data. Therefore, no ethical approval or
informed consent was needed.

5. Conclusions

This comprehensive study integrates three decades of epidemiological, serological,
and molecular data to provide the most detailed characterization to date of the evolutionary
and transmission dynamics of DENV in Saudi Arabia. Our findings confirm that dengue
has become firmly established as a major public health challenge in the western endemic
regions of the Kingdom, with a pooled seroprevalence of 30.8%, sustained predominance of
DENV-2 (particularly the Cosmopolitan genotype), and co-circulation of DENV-1 (America—
Africa and Asian genotypes) and DENV-3 (Genotype III) in these areas. The identification
of multiple permanent amino acid substitutions in the E protein, genotype-specific and
Saudi-unique mutations, and dynamic changes in predicted O-glycosylation patterns high-
light ongoing viral adaptation that may influence fitness, antigenicity, and immune evasion
in the local ecological niche. These results demonstrate that the western region of Saudi
Arabia functions as both a recipient and potential regional hub for DENV introductions,
driven by massive expatriate inflows, religious pilgrimages (Hajj and Umrah), and cli-
matic suitability for Aedes vectors. The observed genotype replacements (particularly in
DENV-1) and the long-term stability of the DENV-2 Cosmopolitan lineage emphasize the
need for continuous, high-resolution genomic surveillance to detect emerging variants
with altered transmissibility or severity. Strengthening molecular surveillance, expanding
whole-genome sequencing capacity across all regions (including emerging central areas
such as Riyadh), and ensuring timely deposition of sequences into public databases are
essential priorities. Such efforts will be critical for tracking importation events, anticipating
outbreaks, evaluating vaccine suitability against locally circulating serotypes and geno-
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types, and informing targeted vector control and public health interventions. Ultimately,
proactive genomic and epidemiological intelligence will be key to mitigating the grow-
ing dengue burden in Saudi Arabia and safeguarding population health amid increasing
globalization and climate pressures.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ijms27136014 /s1.
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The following abbreviations are used in this manuscript:

Abbreviation Full Form

DENV Dengue Virus

DF Dengue Fever

DHF Dengue Hemorrhagic Fever

DSS Dengue Shock Syndrome

E gene/protein  Envelope (protein/gene)

KSA Kingdom of Saudi Arabia

IgM Immunoglobulin M

IgG Immunoglobulin G

NS1 Non-structural protein 1

PCR Polymerase Chain Reaction

ML Maximum Likelihood

COs Cosmopolitan (genotype)

GISAID Global Initiative on Sharing All Influenza Data
NCBI National Center for Biotechnology Information

https:/ /doi.org/10.3390/ijms27136014


https://www.mdpi.com/article/10.3390/ijms27136014/s1
https://www.mdpi.com/article/10.3390/ijms27136014/s1
https://doi.org/10.3390/ijms27136014

Int. J. Mol. Sci. 2026, 27, 6014 25 of 28

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Cremades, R.; Sandoval-Pinto, E.; Ortega-Prieto, A.M.; Jimenez-Guardefio, ] M.; Pérez-Gémez, H.R.; Lona Reyes, ].C.; Sierra-Diaz,
E.; Regla-Nava, J.A. Epidemiological Characteristics of Dengue Disease in Mexico (2014-2025): A Descriptive Analysis of a
Hyperendemic Country. Pathogens 2026, 15, 190. [CrossRef] [PubMed]

World Health Organization. Dengue and Severe Dengue. Available online: https://www.who.int/news-room/fact-
sheets/detail /dengue-and-severe-dengue (accessed on 10 January 2026).

Sufi Aiman Sabrina, R.; Muhammad Azami, N.A.; Yap, W.B. Dengue and Flavivirus Co-Infections: Challenges in Diagnosis,
Treatment, and Disease Management. Int. ]. Mol. Sci. 2025, 26, 6609. [CrossRef] [PubMed]

Yang, Z.-S.; Baua, A.D.; Hemdan, M.S.; Assavalapsakul, W.; Wang, W.-H.; Lin, C.-Y.; Chao, D.-Y.; Chen, Y.-H.; Wang, S.-F.
Dengue virus infection: A systematic review of pathogenesis, diagnosis and management. J. Infect. Public Health 2025, 18, 102982.
[CrossRef] [PubMed]

Centers for Disease Control and Prevention. How Dengue Spreads; Centers for Disease Control and Prevention: Atlanta, GA, USA,
2025.

Kalimuddin, S.; Chia, P.Y.; Low, ].G.; Ooi, E.E. Dengue and severe dengue. Clin. Microbiol. Rev. 2025, 38, €00244-24. [CrossRef]
[PubMed]

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

Haider, N.; Hasan, M.N.; Onyango, J.; Billah, M.; Khan, S.; Papakonstantinou, D.; Paudyal, P.; Asaduzzaman, M. Global dengue
epidemic worsens with record 14 million cases and 9000 deaths reported in 2024. Int. . Infect. Dis. 2025, 158, 107940. [CrossRef]
[PubMed]

Alharbi, A.M. The increasing importance of Dengue virus infection in Saudi Arabia: A review. Virus Res. 2025, 351, 199510.
[CrossRef] [PubMed]

Humphrey, ] M.; Cleton, N.B.; Reusken, C.B.E.M.; Glesby, M.].; Koopmans, M.P.G.; Abu-Raddad, L.J. Dengue in the Middle East
and North Africa: A Systematic Review. PLoS Neglected Trop. Dis. 2016, 10, e0005194. [CrossRef] [PubMed]

Fakeeh, M.; Zaki, A.M. Virologic and serologic surveillance for dengue fever in Jeddah, Saudi Arabia, 1994-1999. Am. ]. Trop.
Med. Hyg. 2001, 65, 764-767. [CrossRef] [PubMed]

Alhaeli, A.; Bahkali, S.; Ali, A.; Househ, M.S.; El-Metwally, A.A. The epidemiology of Dengue fever in Saudi Arabia: A systematic
review. J. Infect. Public Health 2016, 9, 117-124. [CrossRef] [PubMed]

Altassan, K.K.; Morin, C.; Shocket, M.S.; Ebi, K.; Hess, ]. Dengue fever in Saudi Arabia: A review of environmental and population
factors impacting emergence and spread. Travel Med. Infect. Dis. 2019, 30, 46-53. [CrossRef] [PubMed]

Suaydan, R.A.B.; Al Salem, W.S.; Zaki, E.A.; Stead, Z.S.; Alrasheed, L.; Alsubki, R.A. Epidemiological characterisation of dengue
fever across Saudi Arabia. Trans. R. Soc. Trop. Med. Hyg. 2026, 120, 673-684. [CrossRef] [PubMed]

Rabaan, A.A.; Alshengeti, A.; Alrasheed, H.A.; Al-Subaie, M.E; Aljohani, M.H.; Almutawif, Y.A.; Yousuf, A.A.; Alsuliman, S.A;
Al-Jishi, ].M.; Almalki, F; et al. Dengue virus infection in Saudi Arabia from 2003 to 2023: A systematic review and meta-analysis.
Pathog. Glob. Health 2024, 118, 549-558. [CrossRef] [PubMed]

Ashshi, A.M. The prevalence of dengue virus serotypes in asymptomatic blood donors reveals the emergence of serotype 4 in
Saudi Arabia. Virol. ]. 2017, 14, 107. [CrossRef] [PubMed]

Bello, M.B.; BuAli, Z.; Trovao, N.S.; Aljedani, S.S.; Algaissi, A.; Shrwani, K.J.; Zakari, S.; Hala, S.; Alyami, R.; Bosaeed, M.
Molecular evolutionary insights into the repeated introductions and cryptic transmission of dengue virus in Saudi Arabia. J.
Infect. 2025, 91, 106608. [CrossRef] [PubMed]

Melebari, S.; Hafiz, A.; Natto, H.A.; Elamin, M.O.; Jalal, N.A.; Hakim, A.; Rushan, S.; Fallatah, O.; Alzabeedi, K.; Malibari, F.; et al.
Estimation and Characterization of Dengue Serotypes in Patients Presenting with Dengue Fever at Makkah Hospitals. Trop. Med.
Infect. Dis. 2025, 10, 27. [CrossRef] [PubMed]

General Authority for Statistics. Population Estimates Publication. 2024. Available online: https://www.stats.gov.sa/documents/
20117 /2435273 / Population+Estimates+Statistics+2024+EN.pdf/9b71e303-5fd9-19¢b-9913-850a9d521639 (accessed on 19 February
2026).

El-Kafrawy, S.A.; Sohrab, S.S.; Ela, S.A.; Abd-Alla, A.M.; Alhabbab, R.; Farraj, S.A.; Othman, N.A.; Hassan, A.M.; Bergoin, M.;
Klitting, R.; et al. Multiple Introductions of Dengue 2 Virus Strains into Saudi Arabia from 1992 to 2014. Vector-Borne Zoonotic Dis.
2016, 16, 391-399. [CrossRef] [PubMed]

Centers for Disease Control and Prevention. Saudi Arabia: Hajj and Umrah Pilgrimages. Available online: https://www.cdc.gov/
yellow-book /hcp/africa-middle-east/saudi-arabia-hajj-and-umrah-pilgrimages.html (accessed on 19 February 2026).

Ali, H; Saleem, I.; Ahmed, M.S.; Amraiz, D.; Shahid, I.; Al-Shahari, E.A.; Yang, ].; Ali, L. Dominance of dengue virus serotype-2
in Pakistan (2023-2024): Molecular characterization of the envelope gene and exploration of antiviral targets. Virus Res. 2024, 350,
199497. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27136014


https://doi.org/10.3390/pathogens15020190
https://www.ncbi.nlm.nih.gov/pubmed/41754441
https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue
https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue
https://doi.org/10.3390/ijms26146609
https://www.ncbi.nlm.nih.gov/pubmed/40724859
https://doi.org/10.1016/j.jiph.2025.102982
https://www.ncbi.nlm.nih.gov/pubmed/41037858
https://doi.org/10.1128/cmr.00244-24
https://www.ncbi.nlm.nih.gov/pubmed/40910631
https://doi.org/10.1038/nature12060
https://www.ncbi.nlm.nih.gov/pubmed/23563266
https://doi.org/10.1016/j.ijid.2025.107940
https://www.ncbi.nlm.nih.gov/pubmed/40449873
https://doi.org/10.1016/j.virusres.2024.199510
https://www.ncbi.nlm.nih.gov/pubmed/39681278
https://doi.org/10.1371/journal.pntd.0005194
https://www.ncbi.nlm.nih.gov/pubmed/27926925
https://doi.org/10.4269/ajtmh.2001.65.764
https://www.ncbi.nlm.nih.gov/pubmed/11791972
https://doi.org/10.1016/j.jiph.2015.05.006
https://www.ncbi.nlm.nih.gov/pubmed/26106040
https://doi.org/10.1016/j.tmaid.2019.04.006
https://www.ncbi.nlm.nih.gov/pubmed/30978417
https://doi.org/10.1093/trstmh/trag031
https://www.ncbi.nlm.nih.gov/pubmed/41979541
https://doi.org/10.1080/20477724.2024.2425493
https://www.ncbi.nlm.nih.gov/pubmed/39508063
https://doi.org/10.1186/s12985-017-0768-7
https://www.ncbi.nlm.nih.gov/pubmed/28599678
https://doi.org/10.1016/j.jinf.2025.106608
https://www.ncbi.nlm.nih.gov/pubmed/40907669
https://doi.org/10.3390/tropicalmed10010027
https://www.ncbi.nlm.nih.gov/pubmed/39852678
https://www.stats.gov.sa/documents/20117/2435273/Population+Estimates+Statistics+2024+EN.pdf/9b71e303-5fd9-19cb-9913-850a9d521639
https://www.stats.gov.sa/documents/20117/2435273/Population+Estimates+Statistics+2024+EN.pdf/9b71e303-5fd9-19cb-9913-850a9d521639
https://doi.org/10.1089/vbz.2015.1911
https://www.ncbi.nlm.nih.gov/pubmed/27135750
https://www.cdc.gov/yellow-book/hcp/africa-middle-east/saudi-arabia-hajj-and-umrah-pilgrimages.html
https://www.cdc.gov/yellow-book/hcp/africa-middle-east/saudi-arabia-hajj-and-umrah-pilgrimages.html
https://doi.org/10.1016/j.virusres.2024.199497
https://www.ncbi.nlm.nih.gov/pubmed/39557198
https://doi.org/10.3390/ijms27136014

Int. J. Mol. Sci. 2026, 27, 6014 26 of 28

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Phadungsombat, J.; Nakayama, E.E.; Shioda, T. Unraveling Dengue Virus Diversity in Asia: An Epidemiological Study through
Genetic Sequences and Phylogenetic Analysis. Viruses 2024, 16, 1046. [CrossRef] [PubMed]

Jamal, Z.; Haider, S.A.; Hakim, R.; Humayun, F.; Farooq, M.U.; Ammar, M.; Afrough, B.; Inamdar, L.; Salman, M.; Umair, M.
Serotype and genomic diversity of dengue virus during the 2023 outbreak in Pakistan reveals the circulation of genotype III of
DENV-1 and cosmopolitan genotype of DENV-2. J. Med. Virol. 2024, 96, €29727. [CrossRef] [PubMed]

Al-Azraqi, T.A.; E1 Mekki, A.A.; Mahfouz, A.A. Seroprevalence of dengue virus infection in Aseer and Jizan regions, Southwestern
Saudi Arabia. Trans. R. Soc. Trop. Med. Hyg. 2013, 107, 368-371. [CrossRef] [PubMed]

Dafalla, O.; Abdulhaq, A.A.; Almutairi, H.; Noureldin, E.; Ghzwani, J.; Mashi, O.; Shrwani, K.J.; Hobani, Y.; Sufyani, O.; Ayed, R.;
et al. The emergence of an imported variant of dengue virus serotype 2 in the Jazan region, southwestern Saudi Arabia. Trop. Dis.
Travel. Med. Vaccines 2023, 9, 5. [CrossRef] [PubMed]

Khan, N.A.; Azhar, E.I; El-Fiky, S.; Madani, H.H.; Abuljadial, M.A.; Ashshi, A.M.; Turkistani, A.M.; Hamouh, E.A. Clinical profile
and outcome of hospitalized patients during first outbreak of dengue in Makkah, Saudi Arabia. Acta Trop. 2008, 105, 39—44.
[CrossRef] [PubMed]

Ayyub, M.; Khazindar, A.M.; Lubbad, E.H.; Barlas, S.; Alfi, A.Y.; Al-Ukayli, S. Characteristics of dengue fever in a large public
hospital, Jeddah, Saudi Arabia. J. Ayub Med. Coll. Abbottabad 2006, 18, 9-13. [PubMed]

Zailayee, A.; Ismaeel, A.; Almahmeed, A.; Azhar, E. Dengue virus infection in the western region of Saudi Arabia. Int. |. Infect.
Dis. 2008, 12, €328-e329. [CrossRef]

Shahina, W.; Nassar, A.; Kalkattawia, M.; Bokharia, H. Dengue fever in a tertiary hospital in Makkah, Saudi Arabia. Dengue Bull.
2009, 33, 34-43.

Kholedi, A.A.N.; Balubaid, O.; Milaat, W.; Kabbash, I.A.; Ibrahim, A. Factors associated with the spread of dengue fever in Jeddah
Governorate, Saudi Arabia. East. Mediterr. Health J. 2012, 18, 15-23. [CrossRef] [PubMed]

Gamil, M.A; Eisa, Z.M.; Eifan, S.A.; Al-Sum, B.A. Prevalence of Dengue Fever in Jizan Area, Saudi Arabia. J. Pure Appl. Microbiol.
2014, 8, 225-231.

El Mekki, A.A. Laboratory Evidence of Recent Dengue Virus Infections in Southwestern Saudi Arabia. Med. ]. Cairo Univ. 2014,
82,99-102.

El-Badry, A.A.; El-Beshbishy, H.A.; Al-Ali, K.H.; Al-Hejin, A.M.; El-Sayed, W.S.M. Molecular and seroprevalence of imported
dengue virus infection in Al-Madinah, Saudi Arabia. Comp. Clin. Pathol. 2014, 23, 861-868. [CrossRef]

Ashshi, A.M. Serodetection of Dengue virus and its antibodies among blood donors in the western region of Saudi Arabia: A
preliminary study. Blood Transfus. 2015, 13, 135-138. [CrossRef] [PubMed]

Jamjoom, G.A.; Azhar, E.I; Kao, M.A.; Radadi, R M. Seroepidemiology of Asymptomatic Dengue Virus Infection in Jeddah, Saudi
Arabia. Virol. Res. Treat. 2016, 7, VRT-534187. [CrossRef] [PubMed]

Organji, S.R.; Abulreesh, H.H.; Osman, G.E.H. Circulation of Dengue Virus Serotypes in the City of Makkah, Saudi Arabia,
as Determined by Reverse Transcription Polymerase Chain Reaction. Can. |. Infect. Dis. Med. Microbiol. 2017, 2017, 1646701.
[CrossRef] [PubMed]

Hakami, A.M.; Mohammed, I.; Qadri, M.I.; Al-Ghamdi, K.; Alkenani, N.A.; Eisa, Z.M.; Matabi, A.M.; Bakri, M. Molecular
identification and characterization of different dengue virus serotypes reported in Jazan area, Kingdom of Saudi Arabia. J. Exp.
Biol. Agric. Sci. 2018, 6, 828-835. [CrossRef]

Hakami, A.M.; Qadri, M.I; Al-Ghamdi, K.; Alkenani, N.A; Eisa, Z.M.; Khawaji, T.K.; Hamzi, T.A.; Marwah Bakri, M.B. Detection
and serotyping of dengue virus circulating in febrile human subjects in Jazan area, Kingdom of Saudi Arabia. J. Exp. Biol. Agric.
Sci. 2018, 6, 850-861. [CrossRef]

Al-Raddadi, R.; Alwafi, O.; Shabouni, O.; Akbar, N.; Alkhalawi, M.; Ibrahim, A.; Hussain, R.; Alzahrani, M.; Al Helal, M.; Assiri,
A. Seroprevalence of dengue fever and the associated sociodemographic, clinical, and environmental factors in Makkah, Madinah,
Jeddah, and Jizan, Kingdom of Saudi Arabia. Acta Trop. 2019, 189, 54—64. [CrossRef] [PubMed]

Algahtani, A.S. Seroprevalence of Dengue virus among pregnant mothers and their-newborn infants in the southwest of Saudi
Arabia. Clin. Exp. Obstet. Gynecol. 2020, 47, 741-743. [CrossRef]

Dafalla, O.; Abdulaziz, H.; Noureldin, E.; Abdelwahab, S.; Hejri, Y.; Khawaji, T.; Ghzwani, J.; Mashi, O.; Shrwani, K.; Hamzi, T.;
et al. Distribution of Dengue Virus Serotypes in Jazan Region, Southwest Saudi Arabia. Ann. Public Health Rep. 2021, 5, 207-215.
[CrossRef] [PubMed]

Alghamdi, S.; Ashshi, A.; Kabrah, A.; Atwah, B.; Alkurbi, M.O.; Assas, M.B. The impact of gastrointestinal tract infection on
acquiring dengue fever virus infection and haemorrhagic fever in Jeddah City, Saudi Arabia. Cell. Mol. Biol. 2022, 68, 45-50.
[CrossRef] [PubMed]

Alshabi, A.; Marwan, A.; Fatima, N.; Madkhali, A.M.; Alnagai, F; Alhazmi, A.; Al-Mekhlafi, HM.; Abdulhaqg, A.A_; Ghailan, K.Y,;
Sali, A.; et al. Epidemiological screening and serotyping analysis of dengue fever in the Southwestern region of Saudi Arabia.
Saudi ]. Biol. Sci. 2022, 29, 204-210. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27136014


https://doi.org/10.3390/v16071046
https://www.ncbi.nlm.nih.gov/pubmed/39066210
https://doi.org/10.1002/jmv.29727
https://www.ncbi.nlm.nih.gov/pubmed/38864343
https://doi.org/10.1093/trstmh/trt022
https://www.ncbi.nlm.nih.gov/pubmed/23474472
https://doi.org/10.1186/s40794-023-00188-8
https://www.ncbi.nlm.nih.gov/pubmed/36922890
https://doi.org/10.1016/j.actatropica.2007.09.005
https://www.ncbi.nlm.nih.gov/pubmed/17983609
https://www.ncbi.nlm.nih.gov/pubmed/16977805
https://doi.org/10.1016/j.ijid.2008.05.879
https://doi.org/10.26719/2012.18.1.15
https://www.ncbi.nlm.nih.gov/pubmed/22360006
https://doi.org/10.1007/s00580-013-1704-x
https://doi.org/10.2450/2014.0134-14
https://www.ncbi.nlm.nih.gov/pubmed/25369603
https://doi.org/10.4137/vrt.S34187
https://www.ncbi.nlm.nih.gov/pubmed/26917954
https://doi.org/10.1155/2017/1646701
https://www.ncbi.nlm.nih.gov/pubmed/28298933
https://doi.org/10.18006/2018.6(5).828.835
https://doi.org/10.18006/2018.6(5).850.861
https://doi.org/10.1016/j.actatropica.2018.09.009
https://www.ncbi.nlm.nih.gov/pubmed/30244133
https://doi.org/10.31083/j.ceog.2020.05.5373
https://doi.org/10.36959/856/520
https://www.ncbi.nlm.nih.gov/pubmed/37468846
https://doi.org/10.14715/cmb/2022.68.9.7
https://www.ncbi.nlm.nih.gov/pubmed/36905276
https://doi.org/10.1016/j.sjbs.2021.08.070
https://www.ncbi.nlm.nih.gov/pubmed/35002410
https://doi.org/10.3390/ijms27136014

Int. J. Mol. Sci. 2026, 27, 6014 27 of 28

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Al-Nefaie, H.; Alsultan, A.; Abusaris, R. Temporal and spatial patterns of dengue geographical distribution in Jeddah, Saudi
Arabia. J. Infect. Public Health 2022, 15, 1025-1035. [CrossRef] [PubMed]

Alraddadi, R.; Alraddadi, D.M.; Alblidi, O.A.; El-Hadidy, M.A.A.; Alarabi, A.A.; Alsaedi, Y.S.; Alharbi, M.A.; Alharbi, M.H.;
Alharbi, R.D.; Alghamdi, A.A.; et al. Epidemiological Patterns of Dengue Fever in Medina, Saudi Arabia: A Cross-Sectional
Analysis, 2023. Rev. Diabet. Stud. 2025, 21, 947-964.

Bin Suaydan, R.A.; Al Salem, W.S.; Zaki, E.A_; Stead, Z.S.; Alsubki, R.A. Characterising secondary dengue infections in Saudi
Arabia using combined IgG and PCR testing. Trans. R. Soc. Trop. Med. Hyg. 2026, 120, 329-337. [CrossRef] [PubMed]

Dinkar, A.; Singh, ]. Dengue serotypes and their severity correlation: A hospital-based observational study. Enfermedades Infecc.
Microbiol. Clin. (Engl. Ed.) 2026, 44, 503074. [CrossRef] [PubMed]

Hakim, M.S.; Fatima, M.; Martina, B.; Goeijenbier, M. The evolution and adaptation of dengue virus: Basic concepts and public
health implications in Indonesia. Virology 2025, 610, 110628. [CrossRef] [PubMed]

Sasmono, R.T.; Masyeni, S.; Hayati, R.F,; Rana, B.; Santoso, M.S.; Denis, D.; Hansen, D.S.; Morita, K. Dengue dynamics in Bali:
Serotype shifts, genotype replacement and multiple virus lineage circulation in the last 10 years. Trop. Med. Int. Health 2025, 30,
303-313. [CrossRef] [PubMed]

Tarazona-Castro, Y.; Aguilar-Luis, M.A.; Silva-Caso, W.; Watson, H.; Zavaleta-Gavidia, V.; Aquino-Ortega, R.; Del Valle, L.J.;
Bazan-Mayra, J.; Mayta Huatuco, E.; Del Valle-Mendoza, J. Genotypic diversity and molecular characterization of DENV-2 in a
Peruvian endemic region from 2016 to 2022: Displacement of American/Asian genotype. Front. Microbiol. 2025, 16, 1558761.
[CrossRef] [PubMed]

Alam, S.; Tony, S.R.; Khair, S.; Punno, H.T.; Begum, M.N.; Rahman, M. Epitope dynamics and antigenic shifts in dengue virus
serotype 2 cosmopolitan genotype with structural changes in Bangladesh from 2017 to 2023. Sci. Rep. 2026, 16, 11428. [CrossRef]
[PubMed]

Chakraborty, C.; Bhattacharya, M.; Islam, M.A.; Agoramoorthy, G. DENV-1 and DENV-2 more prevalent in dengue-dominated
Southeast Asia as a natural geographic cluster. Ann. Med. Surg. 2025, 87, 2518-2520. [CrossRef]

Grif, T.; Ferreira, C.D.N.; de Lima, G.B.; de Lima, R.E.; Machado, L.C.; Campos, T.d.L.; Schemberger, M.O.; Faoro, H.; Paiva,
M.H.S.; Bezerra, M.F,; et al. Multiple introductions and country-wide spread of DENV-2 genotype II (Cosmopolitan) in Brazil.
Virus Evol. 2023, 9, vead059. [CrossRef] [PubMed]

Gunawardane, D.S.; Navarathna, A.; Kulasinghe, PA.; Jayakanth, T.C.; Dayananda, P.D. Evolutionary analysis and
immunoinformatic-based epitope prediction of dengue virus serotype 2 strains from Sri Lanka. Indian J. Med. Res. 2026,
163, 282-289. [CrossRef] [PubMed]

Zaki, A.; Perera, D.; Jahan, S.S.; Cardosa, M.]. Phylogeny of dengue viruses circulating in Jeddah, Saudi Arabia: 1994 to 2006. Trop.
Med. Int. Health 2008, 13, 584-592. [CrossRef] [PubMed]

Cantero, C.; Vazquez, C.; Gonzalez, S.; Rojas, A.; Fleitas, F,; Barrios, ].; Gomez De La Fuente, A ; Villalba, S.; Torales, M.; [jeda, A;
et al. Re-emergence of DENV-3 in Paraguay after two decades: A genomic and epidemiological investigation. Emerg. Microbes
Infect. 2026, 15, 2623695. [CrossRef] [PubMed]

Sacchetto, L.; Bernardi, V.; Brancini, M.L.; Marques, B.d.C.; Negri, A.; Vasilakis, N.; Estofolete, C.F.; Nogueira, M.L. Early insights
of dengue virus serotype 3 (DENV-3) re-emergence in Sdo Paulo, Brazil. J. Clin. Virol. 2025, 176, 105763. [CrossRef] [PubMed]
Klein, D.E.; Choi, ].L.; Harrison, S.C. Structure of a Dengue Virus Envelope Protein Late-Stage Fusion Intermediate. J. Virol. 2013,
87,2287-2293. [CrossRef] [PubMed]

Kudlacek, S.T.; Metz, S.; Thiono, D.; Payne, A.M.; Phan, T.T.N,; Tian, S.; Forsberg, L.].; Maguire, J.; Seim, I.; Zhang, S.; et al.
Designed, highly expressing, thermostable dengue virus 2 envelope protein dimers elicit quaternary epitope antibodies. Sci. Adv.
2021, 7, eabg4084. [CrossRef] [PubMed]

Remmel, J.L.; Beauchemin, K.S.; Mishra, A K; Frei, J.C.; Lai, ].R.; Bailey-Kellogg, C.; Ackerman, M.E. Combinatorial Resurfacing
of Dengue Envelope Protein Domain III Antigens Selectively Ablates Epitopes Associated with Serotype-Specific or Infection-
Enhancing Antibody Responses. ACS Comb. Sci. 2020, 22, 446-456. [CrossRef] [PubMed]

Sukupolvi-Petty, S.; Austin, S.K.; Purtha, W.E.; Oliphant, T.; Nybakken, G.E.; Schlesinger, ].J.; Roehrig, ].T.; Gromowski, G.D.;
Barrett, A.D.; Fremont, D.H.; et al. Type- and subcomplex-specific neutralizing antibodies against domain III of dengue virus
type 2 envelope protein recognize adjacent epitopes. J. Virol. 2007, 81, 12816-12826. [CrossRef] [PubMed]

Wahala, W.; Kraus, A.A.; Haymore, L.B.; Accavitti-Loper, M.A.; de Silva, A.M. Dengue virus neutralization by human immune
sera: Role of envelope protein domain Ill-reactive antibody. Virology 2009, 392, 103-113. [CrossRef] [PubMed]

Rodpothong, P.; Auewarakul, P. Positive selection sites in the surface genes of dengue virus: Phylogenetic analysis of the
interserotypic branches of the four serotypes. Virus Genes 2012, 44, 408-414. [CrossRef] [PubMed]

Stica, C.J.; Barrero, R.A.; Murray, R.Z.; Devine, G.J.; Phillips, M.].; Frentiu, ED. Global Evolutionary History and Dynamics of
Dengue Viruses Inferred from Whole Genome Sequences. Viruses 2022, 14, 703. [CrossRef] [PubMed]

Twiddy, S.S.; Woelk, C.H.; Holmes, E.C. Phylogenetic evidence for adaptive evolution of dengue viruses in nature. J. Gen. Virol.
2002, 83, 1679-1689. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27136014


https://doi.org/10.1016/j.jiph.2022.08.003
https://www.ncbi.nlm.nih.gov/pubmed/36007387
https://doi.org/10.1093/trstmh/traf137
https://www.ncbi.nlm.nih.gov/pubmed/41408936
https://doi.org/10.1016/j.eimce.2026.503074
https://www.ncbi.nlm.nih.gov/pubmed/41654386
https://doi.org/10.1016/j.virol.2025.110628
https://www.ncbi.nlm.nih.gov/pubmed/40680433
https://doi.org/10.1111/tmi.14095
https://www.ncbi.nlm.nih.gov/pubmed/40008453
https://doi.org/10.3389/fmicb.2025.1558761
https://www.ncbi.nlm.nih.gov/pubmed/40356643
https://doi.org/10.1038/s41598-026-38446-2
https://www.ncbi.nlm.nih.gov/pubmed/41764225
https://doi.org/10.1097/ms9.0000000000003160
https://doi.org/10.1093/ve/vead059
https://www.ncbi.nlm.nih.gov/pubmed/38288387
https://doi.org/10.25259/ijmr_2990_2025
https://www.ncbi.nlm.nih.gov/pubmed/42024908
https://doi.org/10.1111/j.1365-3156.2008.02037.x
https://www.ncbi.nlm.nih.gov/pubmed/18248565
https://doi.org/10.1080/22221751.2026.2623695
https://www.ncbi.nlm.nih.gov/pubmed/41591862
https://doi.org/10.1016/j.jcv.2025.105763
https://www.ncbi.nlm.nih.gov/pubmed/39848015
https://doi.org/10.1128/jvi.02957-12
https://www.ncbi.nlm.nih.gov/pubmed/23236058
https://doi.org/10.1126/sciadv.abg4084
https://www.ncbi.nlm.nih.gov/pubmed/34652943
https://doi.org/10.1021/acscombsci.0c00073
https://www.ncbi.nlm.nih.gov/pubmed/32574486
https://doi.org/10.1128/jvi.00432-07
https://www.ncbi.nlm.nih.gov/pubmed/17881453
https://doi.org/10.1016/j.virol.2009.06.037
https://www.ncbi.nlm.nih.gov/pubmed/19631955
https://doi.org/10.1007/s11262-011-0709-2
https://www.ncbi.nlm.nih.gov/pubmed/22222691
https://doi.org/10.3390/v14040703
https://www.ncbi.nlm.nih.gov/pubmed/35458433
https://doi.org/10.1099/0022-1317-83-7-1679
https://www.ncbi.nlm.nih.gov/pubmed/12075087
https://doi.org/10.3390/ijms27136014

Int. J. Mol. Sci. 2026, 27, 6014 28 of 28

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Crill, W.D.; Roehrig, ].T. Monoclonal antibodies that bind to domain III of dengue virus E glycoprotein are the most efficient
blockers of virus adsorption to Vero cells. J. Virol. 2001, 75, 7769-7773. [CrossRef] [PubMed]

Modis, Y.; Ogata, S.; Clements, D.; Harrison, S.C. A ligand-binding pocket in the dengue virus envelope glycoprotein. Proc. Natl.
Acad. Sci. USA 2003, 100, 6986—-6991. [CrossRef] [PubMed]

Teoh, B.-T.; Sam, S.-S.; Tan, K.-K,; Johari, J.; Shu, M.-H.; Danlami, M.B.; Abd-Jamil, J.; MatRahim, N.; Mahadi, N.M.; AbuBakar, S.
Dengue virus type 1 clade replacement in recurring homotypic outbreaks. BMC Ewvol. Biol. 2013, 13, 213. [CrossRef] [PubMed]
Contreras, M.; Stuart, ].B.; Levoir, L.M.; Belmont, L.; Goo, L. Defining the impact of flavivirus envelope protein glycosylation site
mutations on sensitivity to broadly neutralizing antibodies. mBio 2024, 15, €0304823. [CrossRef] [PubMed]

Uslupehlivan, M.; Deveci, R. A molecular docking and glycoinformatics approach reveals viral NS4A-human Sec61G interaction
in Zika/Dengue infections. Future Virol. 2025, 20, 429-441. [CrossRef]

Schmidt, H.M.; Horner, S.M. Towards a Universal Translator: Decoding the PTMs That Regulate Orthoflavivirus Infection. Viruses
2025, 17, 287. [CrossRef] [PubMed]

Mondotte, J.A.; Lozach, P-Y.; Amara, A.; Gamarnik, A.V. Essential Role of Dengue Virus Envelope Protein N Glycosylation at
Asparagine-67 during Viral Propagation. . Virol. 2007, 81, 7136-7148. [CrossRef] [PubMed]

Jamal, Z.; Humayun, F,; Haider, S.A; Hakim, R.; Hill, V,; Saeed, S.Y.; Baele, G.; Ishaq, M.; Ayub, M.; Ullah, A; et al. Genomic
characterization and serotype distribution of dengue virus circulating in Pakistan during 2024. Infect. Genet. Evol. 2025, 134,
105815. [CrossRef] [PubMed]

Shrivastava, S.; Tiraki, D.; Diwan, A.; Lalwani, S.K.; Modak, M.; Mishra, A.C.; Arankalle, V.A. Co-circulation of all the four
dengue virus serotypes and detection of a novel clade of DENV-4 (genotype I) virus in Pune, India during 2016 season. PLoS
ONE 2018, 13, e0192672. [CrossRef] [PubMed]

Edrees, W.H.; Al-Shehari, W.A.; Al-Haddad, A.M.; Alrahabi, L.M.; Al-Haddad, O.S.; Al-Halani, A.A. Dengue fever in Yemen: A
five-year review, 2020-2024. BMC Infect. Dis. 2025, 25, 28. [CrossRef] [PubMed]

Sohrab, S.S.; Madani, T.A.; Kafrawy, S.A.E.; Al-Bar, H.M.; Elzein, A.M.A_; Farraj, S.A.A.; Uthman, N.A.; Hassan, A.M.S.; Bajrai,
L.H.; Azhar, E.I. Full-genome sequencing and analysis of DENV-3 serotype isolated from Yemen. J. Infect. Public Health 2021, 14,
803-810. [CrossRef] [PubMed]

Page, M.].; Moher, D.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ]. M.; Akl, E.A.; Brennan,
S.E.; et al. PRISMA 2020 explanation and elaboration: Updated guidance and exemplars for reporting systematic reviews. BMJ
2021, 372, n160. [CrossRef] [PubMed]

Chauhan, J.S.; Rao, A.; Raghava, G.PS. In silico platform for prediction of N-, O- and C-glycosites in eukaryotic protein sequences.
PLoS ONE 2013, 8, €67008. [CrossRef] [PubMed]

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

Pond, S.L.K,; Frost, S.D.W.; Muse, S.V. HyPhy: Hypothesis testing using phylogenies. Bioinformatics 2005, 21, 676—679. [CrossRef]
[PubMed]

Weaver, S.; Shank, S5.D.; Spielman, S.J.; Li, M.; Muse, S.V.; Kosakovsky Pond, S.L. Datamonkey 2.0: A Modern Web Application for
Characterizing Selective and Other Evolutionary Processes. Mol. Biol. Evol. 2018, 35, 773-777. [CrossRef] [PubMed]
Kosakovsky Pond, S.L.; Frost, S.D.W. Not So Different After All: A Comparison of Methods for Detecting Amino Acid Sites
Under Selection. Mol. Biol. Evol. 2005, 22, 1208-1222. [CrossRef] [PubMed]

Murrell, B.; Wertheim, J.O.; Moola, S.; Weighill, T.; Scheffler, K.; Kosakovsky Pond, S.L. Detecting Individual Sites Subject to
Episodic Diversifying Selection. PLoS Genet. 2012, 8, €1002764. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27136014


https://doi.org/10.1128/jvi.75.16.7769-7773.2001
https://www.ncbi.nlm.nih.gov/pubmed/11462053
https://doi.org/10.1073/pnas.0832193100
https://www.ncbi.nlm.nih.gov/pubmed/12759475
https://doi.org/10.1186/1471-2148-13-213
https://www.ncbi.nlm.nih.gov/pubmed/24073945
https://doi.org/10.1128/mbio.03048-23
https://www.ncbi.nlm.nih.gov/pubmed/38193697
https://doi.org/10.1080/17460794.2025.2581464
https://doi.org/10.3390/v17020287
https://www.ncbi.nlm.nih.gov/pubmed/40007042
https://doi.org/10.1128/jvi.00116-07
https://www.ncbi.nlm.nih.gov/pubmed/17459925
https://doi.org/10.1016/j.meegid.2025.105815
https://www.ncbi.nlm.nih.gov/pubmed/40876701
https://doi.org/10.1371/journal.pone.0192672
https://www.ncbi.nlm.nih.gov/pubmed/29470509
https://doi.org/10.1186/s12879-024-10429-6
https://www.ncbi.nlm.nih.gov/pubmed/39762726
https://doi.org/10.1016/j.jiph.2021.03.014
https://www.ncbi.nlm.nih.gov/pubmed/34044250
https://doi.org/10.1136/bmj.n160
https://www.ncbi.nlm.nih.gov/pubmed/33781993
https://doi.org/10.1371/journal.pone.0067008
https://www.ncbi.nlm.nih.gov/pubmed/23840574
https://doi.org/10.1093/molbev/msab120
https://www.ncbi.nlm.nih.gov/pubmed/33892491
https://doi.org/10.1093/bioinformatics/bti079
https://www.ncbi.nlm.nih.gov/pubmed/15509596
https://doi.org/10.1093/molbev/msx335
https://www.ncbi.nlm.nih.gov/pubmed/29301006
https://doi.org/10.1093/molbev/msi105
https://www.ncbi.nlm.nih.gov/pubmed/15703242
https://doi.org/10.1371/journal.pgen.1002764
https://www.ncbi.nlm.nih.gov/pubmed/22807683
https://doi.org/10.3390/ijms27136014

	Introduction 
	Results 
	Study Selection and Characteristics 
	Meta-Analysis and Subgroup Analyses 
	Publication Bias 
	Nucleotide and Deduced Amino Acid Sequence Analysis 
	Nucleotide and Amino Acid Sequence Analysis of DENV-1 
	Nucleotide and Amino Acid Sequence Analysis of DENV-2 
	Nucleotide and Amino Acid Sequence Analysis of DENV-3 
	Predicted O Glycosylation Sites in the E Protein of DENV-1, DENV-2, and DENV-3 
	Predicted N-Linked Glycosylation Sites in the E Protein of DENV-1, DENV-2, and DENV-3 

	Phylogenetic Analyses of DENV-1, DENV-2 and DENV-3 
	Predominance of Purifying Selection with Episodic Adaptive Signals in DENV Serotypes S 

	Discussion 
	Materials and Methods 
	Systematic Review and Meta-Analysis Methodology 
	Quality Assessment and Statistical Analysis 
	Sequence Data Retrieval and Processing 
	Nucleotide and Amino Acid Sequence Analysis 
	Phylogenetic Analysis and Genotype Assignment 
	Selection Pressure Analysis 
	Ethical Statement 

	Conclusions 
	References

