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Abstract

Brazil is the most hyperendemic country for dengue, with historically dominant circula-
tion of DENV-1 and DENV-2. Bayesian phylodynamic analyses of 489 Brazilian DENV-3
genomes, including 84 newly generated sequences, reveal a recent and sustained increase
in the effective population size of DENV-3 associated with the recent introduction and
expansion of the 3III_B.3.2 lineage. This increase coincides with a sharp rise in the pro-
portion of laboratory-confirmed dengue cases attributed to DENV-3 among records with
available serotype information from 2024 onwards and a shift in serotype dynamics in
2025, suggesting a change in serotype distribution and a potential risk of renewed DENV-3
outbreaks, particularly in populations with limited prior exposure to this serotype.

Keywords: dengue virus; DENV-3; serotype composition; phylodynamic

1. Introduction

Dengue fever, which can rapidly progress to severe disease and death, is the most
important arboviral infection worldwide. It is caused by four distinct serotypes of
dengue virus (DENV), a member of the family Flaviviridae (genus Orthoflavivirus; species
Orthoflavivirus denguei) [1]. Brazil is the most hyperendemic country for DENV in the world,
with circulation of all four serotypes and the highest absolute number of reported cases
and deaths. Over the past 15 years, DENV outbreaks in Brazil have been driven primarily
by DENV-1 and DENV-2, including the unprecedented 2024 epidemic, with more than
10 million reported cases, surpassing the cumulative total observed from 2011 to 2020 [2,3].

Despite the overall dominance of DENV-1 and DENV-2, a marked increase in the
detection of dengue cases associated with DENV-3, a serotype that has circulated at rela-
tively low levels in recent decades, was observed in 2024 across multiple Brazilian states [4].
This pattern has raised concern among public health authorities, particularly given the
historically low levels of sustained DENV-3 circulation in Brazil and the possibility of
increased population susceptibility to this serotype [5], as well as the expansion of the
mosquito vector’s geographic distribution into regions that have historically reported low
dengue incidence [6].

Under the most recent DENV lineage nomenclature [7], DENV-3 is classified into
five genotypes (I-V). In Brazil, this serotype was introduced in the early twenty-first century,
predominantly as genotype 3III [8]. Previous studies have described the re-emergence
of DENV-3 and the introduction routes of lineage 3III_B.3.2 in Brazil [4,5,9]. However,
whether the recent increase in DENV-3 detection among serotyped dengue cases has been
accompanied by changes in viral genetic diversity remains less clearly characterized. To
address this gap, we integrated 84 newly generated genomes, extended genomic sampling
through 2025, national serotype-specific surveillance data, and Bayesian phylodynamic
reconstruction. Here, we investigated whether the recent increase in DENV-3 detection in
Brazil was accompanied by changes in viral genetic diversity and DENV-3 inferred effective
population size (Ne).

2. Materials and Methods
2.1. Serotype-Specific Confirmed Dengue Cases

To characterize the temporal distribution of dengue cases associated with each DENV
serotype in Brazil, national dengue surveillance data covering the period from January 2014
to December 2025 were retrieved from the Brazilian Notifiable Diseases Information System
(SINAN) [10]. Only laboratory-confirmed dengue cases with available serotype information
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were included, whereas records with unknown or missing serotype information were
excluded. Data covering 2014-2024 were accessed on 9 December 2025, and data for
2025 were accessed on 8 January 2026 to allow for annual data consolidation. Serotype-
specific data were analyzed descriptively to characterize temporal changes in the relative
contribution of DENV-1, DENV-2, DENV-3, and DENV-4 among laboratory-confirmed
cases with available serotype information.

2.2. Clinical Sample Processing, Sequencing, and Genome Assembly

Viral RNA was extracted using the Extracta Kit AN Viral (Loccus Biotecnolo-
gia, Cotia, SP, Brazil) in an automated EXTRACTA 96 system (Loccus Biotecnologia,
Cotia, SP, Brazil), following the manufacturer’s instructions. DENV serotype was con-
firmed using the GeneFinder™ DENYV Typing Real Amp Kit (OSang Healthcare Co., Ltd.,
Anyang, Republic of Korea), a multiplex TagMan real-time RT-PCR assay targeting the
3’ untranslated region (3'UTR) and capable of detecting all four DENV serotypes.

Samples with cycle threshold (Ct) values below 30 were selected for sequencing.
DENV-3 genome amplification was performed using previously described serotype-specific
primer sets [5]. Genomic libraries were prepared using the COVIDSeq protocol with the
corresponding primer modifications. Libraries were normalized to 4 nM, denatured using
0.2 N NaOH and 400 mM Tris-HCl (pH 8), and sequenced using the NextSeq 500/550 High
Output Kit v2.5 (300 cycles) on an Illumina sequencing platform.

Genome assembly was performed using the VIPER (Viral Identification Pipeline
for Emergency Response) workflow, publicly available at https://github.com/V-GEN-
Lab/viper (accessed on 15 July 2026). Adapter and primer sequences were removed using
Cutadapt v2.8 [11], followed by quality filtering with Trimmomatic v0.39 [12]. Filtered reads
were mapped against reference genomes representing the four DENV serotypes (DENV-1:
NC_001477.1; DENV-2: NC_001474.2; DENV-3: NC_001475.2; DENV-4: NC_002640.1)
using BWA-MEM v0.7.17-r1188 [13]. Reads mapped to each reference were quantified
from the resulting BAM files using SAMtools v1.12 [14], and the serotype was assigned
according to the reference with the highest number of mapped reads.

The BAM file corresponding to the identified serotype was subsequently refined using
Pilon v1.24 [15], followed by remapping of the filtered reads and calculation of assembly
statistics. Consensus genome sequences were generated using iVar v1.3.1 [16] with a
minimum base quality of 20 (-q 20) and minimum depth of 5 (-m 5). Lineage assignment
and genome quality assessment were subsequently performed using Nextclade [7,17].

2.3. Genomic Dataset Assembly and Phylogenetic Analysis

Publicly available and authorized Brazilian DENV-3 genome sequences were retrieved
from the GISAID EpiArbo [18] database (1 = 308; EPI_SET_260126vu; https://doi.org/10
.55876/gis8.260126vu, accessed on 16 December 2025), and from the NCBI GenBank [19]
repository, accessed on 10 December 2025 (1 = 97). Only sequences with >80% genome
coverage and associated metadata, including at least the year of collection and country-level
geographic information, were included in the analyses.

These publicly available sequences were aligned together with the 84 complete
DENV-3 genomes generated by partner institutions within the CeVIVAS initiative,
available at EPI_SET_260126da. The final dataset (n = 489) was aligned using MAFFT
v7.520 [20], and alignments were manually inspected using AliView v1.28 [21] to ensure
correct codon alignment and overall alignment quality. Sequences were quality-filtered
to exclude genomes with excessive ambiguous nucleotides or evidence of sequencing
artifacts prior to phylogenetic and phylodynamic inference; no sequences were excluded at
this stage.
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An initial maximum likelihood (ML) phylogenetic tree was inferred using IQ-TREE2
v2.2.6 [22] (Supplementary Figure S1), applying the GTR+F+I+G4 nucleotide substitution
model, as selected by ModelFinder [23] implemented in IQ-TREE2. The robustness of the
inferred topology was assessed using 5000 Ultrafast Bootstrap [24] replicates. Metadata for
all sequences included in the final dataset are provided in Supplementary Table S1.

2.4. Phylodynamic Analysis

Before phylodynamic inference, the temporal signal of the dataset was evaluated using
TempEst v1.5.3 [25], based on the correlation between root-to-tip genetic divergence and
sampling dates (Supplementary Figure 52). Time-scaled phylogenetic analyses were then
performed in BEAST v1.10.4 [26] under a Bayesian framework, using the SRD06 codon-
partitioned nucleotide substitution model, an uncorrelated relaxed molecular clock, and a
Skygrid coalescent [27] prior with 50 grid points and a time cut-off (TLTP) of 25 years [28].
This coalescent framework was used to infer temporal changes in the effective population
size (Ne) and was interpreted as a coalescent-based proxy for viral genetic diversity over
time.

Markov chain Monte Carlo (MCMC) analyses were run for 100 million states, with
parameters and trees sampled every 10,000 states. Independent MCMC runs were combined
and resampled using LogCombiner v1.10.4 [26]. The convergence of the combined runs
was then assessed in Tracer v1.7.2 [29] through visual inspection of trace plots and by
ensuring ESS values greater than 200 for all relevant parameters.

The posterior distribution of trees was summarized using TreeAnnotator v1.10.4 [26]
to generate a maximum clade credibility (MCC) tree. Temporal changes in DENV-3 Ne
were inferred from the posterior distribution of trees to characterize changes in viral genetic
diversity through time. All downstream analyses and data visualization were performed
in R using RStudio v2023.09.1 and the packages tidyverse [30], lubridate [31], ape [32],
ggtree [33], ggplot2 [34], readr [35], and dplyr [36].

3. Results and Discussion

Our analysis revealed substantial temporal variation in the inferred DENV-3 Ne in
Brazil (Figure 1b). Following the detection of the first autochthonous DENV-3 case in
December 2000, marking the introduction of this serotype in the country, viral circulation
was primarily dominated by lineage 3III_C.2. During this early phase, inferred Ne increased
steadily, preceding and encompassing the largest recorded DENV-3 epidemic in Brazil
during 2002-2003, consistent with increasing viral genetic diversity. This increase was
followed by a transient decline between approximately 2004 and 2006, compatible with a
post-epidemic reduction in circulating viral diversity. Subsequently, from around 2007 to
2008, inferred Ne partially recovered, coinciding with the emergence and co-circulation of
lineage 3III_C.2.2 alongside 3III_C.2, suggesting an increase in sampled lineage diversity
during this period.

A comparable temporal pattern was observed during the recent period, although in a
distinct epidemiological and surveillance context. From 2022 onwards, inferred DENV-3
Ne increased again, temporally coinciding with the introduction and rapid expansion of
lineage 3III_B.3.2 in Brazil. The phylogeographic context of this lineage, including evidence
for multiple independent introductions into Brazil, was previously investigated by our
group [5], while its recent re-emergence in Brazil has also been reported elsewhere [4,9].
This recent increase in inferred Ne, consistent with increasing DENV-3 genetic diversity,
preceded the marked rise in the proportion of laboratory-confirmed dengue cases attributed
to DENV-3 among records with available serotype information from 2024 onwards. During
part of the observed period, DENV-3 surpassed DENV-1 among serotyped confirmed cases,
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although DENV-2 remained the predominant serotype nationally at the end of the period
analyzed (Figure 1a).

Together, these findings indicate that the recent increase in DENV-3 detection in Brazil
was accompanied by a phylodynamic signal of increasing viral genetic diversity. Impor-
tantly, inferred Ne does not represent a direct estimate of the number of infected individuals
and should not be assumed to be proportional to disease incidence. Although the tem-
poral similarity between the early 2000s and the recent period should not be interpreted
as evidence that a future epidemic will necessarily occur, it provides a useful context for
understanding the epidemiological relevance of the recent expansion of lineage 3III_B.3.2.

This phylodynamic pattern should also be considered alongside broader ecological
and immunological conditions that may favor renewed DENV-3 spread in Brazil. The geo-
graphic expansion of Aedes mosquitoes into previously less affected regions [6,37], together
with the prolonged period of limited DENV-3 circulation and multiple recent introduction
events into different regions of the country [5], may have created favorable conditions for
the establishment and dissemination of this serotype. One plausible, although untested,
hypothesis is that population susceptibility to DENV-3 may be relatively high, particu-
larly among younger cohorts with limited prior exposure to this serotype. This scenario
is especially relevant because the large dengue epidemic recorded in Brazil in 2024 was
predominantly driven by DENV-1 and DENV-2 [38], potentially leaving DENV-3-specific
susceptibility unevenly distributed across the population. However, this interpretation
should be made cautiously because the present study does not include serological or popu-
lation immunity data, and the temporal gap in genomic sampling limits direct inference on
viral circulation dynamics during the period of low DENV-3 detection.

In Brazil, DENV transmission typically shows a marked seasonal pattern, with most
cases occurring between December and June and regional peaks shaped by rainfall, temper-
ature, and vector suitability [39]. In this context, the recent introductions of the 3III_B.3.2
lineage [5], together with the increase in inferred Ne and in the proportion of serotyped
confirmed cases attributed to DENV-3, suggest that DENV-3 may become an increasingly
important contributor to dengue cases in Brazil during upcoming transmission seasons. If
sustained, this scenario could alter the relative contribution of circulating serotypes and
increase the need for targeted monitoring of DENV-3-associated outbreaks.

The interpretation of our findings is limited by temporal and geographic gaps in
genomic sampling. From 2010 through 2022, the absence of available Brazilian DENV-3
genomes (Supplementary Figure S3) constrained demographic inference, resulting in
a long branch leading to the 3III_B.3.2 lineage. This pattern should be interpreted as
reflecting substantial unsampled diversity rather than as direct support for continuous local
persistence or a specific reintroduction scenario. In addition, the newly generated genomes
were geographically concentrated in Minas Gerais and the Federal District, with limited
representation from other states. Because heterogeneity in genomic sampling can influence
the diversity captured by the dataset and, consequently, the inferred Ne trajectory, part of
the recent increase in inferred DENV-3 Ne may reflect differences in genomic sampling
and data availability across regions, in addition to underlying epidemiological processes.
Therefore, the geographic distribution of available genomes shown in Supplementary
Figure 54 should not be interpreted as a direct measure of regional genomic surveillance
intensity, as comparable denominators across regions, such as the number of suspected
cases, samples tested, or samples selected for sequencing by state, were not available for all
data sources.
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Figure 1. Temporal trends and phylodynamic reconstruction of DENV-3 in Brazil. (a) Proportion of
laboratory-confirmed dengue cases by serotype from 2014 to 2025. (b) Time-scaled phylogeny
and Bayesian Skygrid estimate of DENV-3 effective population size (Ne), with shaded areas
representing 95% HPD (Highest Posterior Density) intervals and dashed lines indicating key
epidemiological events.
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4. Conclusions

Despite these limitations, our study provides evidence that the recent increase in
DENV-3 detection among serotyped surveillance records in Brazil was accompanied by a
phylodynamic signal of increasing DENV-3 Ne, consistent with an expansion of viral genetic
diversity and the circulation of lineage 3III_B.3.2. Together with national serotype-specific
surveillance data, these findings indicate a recent shift in the relative contribution of
DENV-3 to dengue cases in Brazil, although DENV-2 remained predominant nationally at
the end of the period analyzed.

These findings should be interpreted cautiously considering uneven genomic surveil-
lance across the country, the geographic concentration of newly generated genomes, and
temporal gaps in available DENV-3 genomic data. Therefore, although the results support
the epidemiological relevance of the recent expansion of DENV-3, they should not be
taken as evidence of uniform nationwide circulation or as a direct prediction of future
epidemic dynamics.

Strengthening genomic surveillance integrated with epidemiological, clinical, im-
munological, and environmental data will be essential to monitor DENV-3 dynamics and
detect changes in circulating serotypes in real time. In this context, tetravalent vaccination
remains an important component of dengue preparedness in Brazil; however, its future
impact on DENV-3 circulation will depend on vaccine coverage, implementation strategies,
target populations, and the evolving serotype composition across the country.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pathogens15091001/s1, Figure S1. Maximum likelihood phyloge-
netic tree of Brazilian DENV-3 genomes. Tips are colored according to data source: publicly available
sequences retrieved from GISAID and GenBank, and new genomes generated in this study through
the CeVIVAS initiative. Branch lengths are scaled in substitutions per site; Table S1. Metadata of
Brazilian DENV-3 genome sequences used in phylogenetic and phylodynamic analyses, including
sample identifiers, collection dates, lineage assignments, and country of origin; Figure S2. Root-to-tip
regression analysis of the Brazilian DENV-3 dataset. The genetic divergence (root-to-tip distance)
is plotted against sampling dates to assess the temporal signal. The strong linear relationship
(correlation coefficient = 0.98; R? = 0.96) indicates a robust molecular clock signal, supporting the
suitability of the dataset for time-scaled phylogenetic and phylodynamic analyses; Figure S3. Tempo-
ral distribution of DENV-3 genomes sequenced in Brazil between 2001 and 2025. The line plot shows
the annual number of genomes available, with points representing the total number for each year.
Years with no available genomic data are shown with zero counts, highlighting prolonged periods
of limited genomic surveillance.; Figure S4. Geographic distribution of Brazilian DENV-3 genomes
included in this study. (a) Brazilian states represented in the genomic dataset according to data source.
“Both sources” indicates states with both newly generated genomes and publicly available sequences,
“This study only” indicates states represented only by newly generated genomes, and “Public data
only” indicates states represented only by sequences retrieved from public databases. (b) Number
of Brazilian DENV-3 genomes by state, data source, and lineage among sequences included in the
dataset. Sequences without state-level metadata are shown separately as “No state metadata” in
panel b and were not represented in the map.
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