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Sustained Oropouche virus transmission in Rio de Janeiro’s Atlantic
Forest: genomic evidence over a two-year period
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BACKGROUND Oropouche virus (OROV), an arbovirus endemic to the Amazon region, has recently expanded into non-endemic
areas including Rio de Janeiro State, Brazil.

OBJECTIVE To characterise the spatio-temporal dynamics and ecological factors associated with OROV transmission in Rio de
Janeiro during 2024-2025.

METHODS We analysed OROV case-associated ecological factors and performed a phylodynamic analysis on 40 viral genomes,
comprising 35 new and five published sequences, sampled from 15 municipalities across the state during 2024-2025.

FINDINGS OROV cases showed significant positive correlations with forest area (r = 0.50, p < 0.0001), banana harvest area
(r=0.39, p <0.01), and cassava harvest area (r = 0.29, p < 0.05); but these factors were autocorrelated, suggesting a confounded
relationship. We identified two OROV sub-clades circulating in the Rio de Janeiro State. The OROV - sub-clade was likely
introduced into the Southern Fluminense region around January 2024, spread primarily by short (> 2 km, 50% of events) and mid-
distance movements (2-9 km; 30%) with a mean dispersal rate of 0.3 km/day, and seed outbreaks in Metropolitan and Northwest
Fluminense regions in 2025. The OROV | clade was likely introduced into Central Fluminense and Coastal Lowlands regions,
later spreading to the Northern Fluminense region.

MAIN CONCLUSIONS Following its introduction in early 2024, OROV persisted in Rio de Janeiro State by spreading through
short-distance movements among municipalities with high forest cover and agricultural areas. The sustained multi-year OROV
transmission in the Atlantic Forest biome highlights the potential for establishment of endemic cycles beyond the Amazon region
and the need for enhanced surveillance in extra-Amazonian areas, where OROV will evolve in a different ecosystem.
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Oropouche virus (OROV) is an arbovirus belonging to
the Peribunyaviridae family, genus Orthobunyavirus, that
causes Oropouche fever, a neglected tropical disease that
is often clinically indistinguishable from other arboviral
diseases.! Unlike other urban arboviruses circulating
in Latin America, OROV is endemic to the Amazon bi-
ome and is primarily transmitted to humans by the biting
midge Culicoides paraensis, a vector adapted to both syl-
vatic and semi-urban environments.® The OROV genome
consists of three single-stranded, negative-sense RNA
segments: L (large), M (medium), and S (small), which
enable rapid viral evolution via segment reassortment
during mixed infections.®” Between late 2022 and early
2024, four Brazilian states in the western Amazon region
(Amazonas, Acre, Rondonia, and Roraima) experienced
extensive OROV outbreaks linked to the spread of a newly
reassortant viral lineage, designated OROV ... @

In 2024, the first confirmed OROV outbreaks out-
side the Brazilian Amazon were reported in several
small municipalities within the Atlantic Forest biome.®
These outbreaks were caused by the novel reassortant
OROV ;10150005 €lade that spread multiple times from
the Amazon basin to non-endemic Atlantic Forest re-
gions of Brazil during early 2024, successfully estab-
lishing local transmission in Southern, Southeastern,
and Northeastern states.®” Viral sub-clades originating
in the State of Amazonas, designated OROV,,  and OR-
OV, ,,.» seeded outbreaks in Santa Catarina (OROV. )
and Espirito Santo (OROV ¢ ), respectively. Meanwhile,
a third sub-clade circulating in the Northern states of
Acre and Rondonia, called OROV, .., gave rise to
lineages detected in Santa Catarina (OROV . ), Espirito
Santo (OROV ¢ and OROV (), and across both Rio
de Janeiro and Espirito Santo (OROV , ..).

The Brazilian State of Rio de Janeiro reported a small
OROV outbreak in 2024 (n = 151), mainly in the South-
ern Fluminense region, followed by a sharp increase in
cases in 2025 (n = 2,463), particularly in rural areas of
the Metropolitan, Southern, and Northern Fluminense
regions.® It remains unclear whether the 2025 epidemic
in Rio de Janeiro resulted from a new viral introduc-
tion or from ongoing transmission of the OROV . lin-
eage introduced in 2024. To clarify this, we conducted
genomic surveillance with phylodynamic analyses of
OROV circulating in Rio de Janeiro State in 2024-2025.

MATERIALS AND METHODS

OROV-positive samples and ethics - As part of a col-
laborative surveillance effort involving the Rio de Janeiro
State Central Laboratory (LACEN/RJ), the Instituto Na-
cional de Infectologia Evandro Chagas (INI) at FIOCRUZ,
Rio de Janeiro, and the Laboratorio de Arbovirus e Virus
Hemorragicos at Instituto Oswaldo Cruz, FIOCRUZ, Rio
de Janeiro, 35 OROV-positive samples identified across
different municipalities of the Rio de Janeiro State be-
tween 2024 and 2025 using a duplex real-time reverse
transcription polymerase chain reaction (RT-PCR) as-
say that detects Oropouche and Mayaro viruses,” were
selected for near-full-genome sequencing [Supplemen-
tary data (Tables I-II)]. This study was approved by the
Ethics Committee of Instituto Oswaldo Cruz (CAAE:

90249218.6.1001.5248). Access to the genetic heritage of
the OROV under investigation is registered in the Nation-
al System for the Management of Genetic Heritage and
Associated Traditional Knowledge (SisGen AOCOD2F).

Whole-genome sequencing and genome assembling
- OROV-positive samples were submitted to total RNA
extraction using the Thermo Scientific™ KingFisher™
Flex Purification System and used in sequencing library
preparation following an adapted version of Illumina’s
COVIDseq assay previously optimised for OROV se-
quencing.® Library preparation was carried out using I1lu-
mina’s COVIDSeq kit, and sequencing was performed on
a MiniSeq version 2.3.0 instrument with the Mid-Output
Reagent Cartridge kit (300 cycles) for a 151 bp x 2 paired-
end run. The procedure was conducted at the Genomic
Platform - Next Generation Sequencing - RPTO1J (Fi-
ocruz Technological Platforms Network). FASTQ reads
were generated on Illumina BaseSpace (https://basespace.
illumina.com), and consensus genomes were assembled
using ViralFlow version 1.2.0.1%9 Reference sequences
AF484424, AF441119, and AY237111 from GenBank
were used for the L, M and S, virus segments of OROV,
respectively. Consensus genomes are available at GISAID
(https://doi.org/10.55876/gis8.250523gx).

OROV whole-genome genotyping - Near-full-length
(> 70% of coverage) OROV consensus sequences of the
S, M, and L genomic segments from Rio de Janeiro, both
generated in this study (n = 35) and previously published
(n=15), were genotyped following the method described
by Naveca et al.® All RJ genomes were aligned using
MAFFT v7.5051D against curated reference datasets
specific to each designated OROV genome segment.
The datasets included (I) a subset of all genomes pre-
viously assigned to each segment type (L1/L2, M1/M2,
S1/S2/S3)® clusterised with CD-HIT v.2.4.8;!? (II) a
clustered subset of all OROV .. ... (L,MS,) clade
genomes available until March 2024; and (III) the fol-
lowing prototype virus sequences, all classified within
the species Orthobunyavirus oropoucheense: OROV
(GenBank accessions L: AF484424, M: AF441119, S:
AY237111), Iquitos virus (L: KF697142, M: KF697143, S:
KF697144), Perddes virus (L: KP691627, M: KP691628,
S: KP691629), and Madre de Dios virus (L: KF697147,
M: KF697145, S: KF697146). The datasets were used to
infer maximum likelihood (ML) trees for each OROV
genomic segment using IQ-TREE v2.2.2.7%% under the
best nucleotide substitution model selected by the Mod-
elFinder software.!¥ Branch support was assessed using
the approximate likelihood-ratio test (aLRT)"> based
on the Shimodaira-Hasegawa-like procedure with 1,000
replicates. The ML trees were visualised using Figtree
v.1.4.4,19 and the Treeio v3.1.7,'” and the ggtree v3.2.149
R packages. Genotypes were defined by the clustering
of RJ sequences with reference sequences exhibiting ro-
bust statistical support (aLRT > 0.90).

OROV subclade assignment - All OROV

BR-2015-2025 A §
genomes from Rio de Janeiro State assigned to the OR-

OV srsoisans Clade were further resolved into its sub-

clades.® To construct a dataset for this analysis, represent-
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ative sequences from established subclades (AMACRO,,
AMACRO,, AM, AM,, AM, ,and RR ) were selected by
a clusterisation approach using CD-HIT v.2.4.80? using
variable cutoff values to obtain datasets of equivalent size.
This dataset was supplemented with the oldest known ge-
nome from this lineage, sampled in Tefé, Amazonas, in
2015. A ML phylogenetic tree was then inferred using the
parameters previously described. The assignment of se-
quences from Rio de Janeiro to specific sub-clades was
determined by the formation of a monophyletic group
with reference sequences from that sub-clade, supported
by robust statistical evidence (aLRT > 0.90).

Bayesian discrete phylogeographic analysis - To elu-
cidate the introduction pathways and subsequent inter-
state dissemination dynamics of OROV in Rio de Janeiro
State, a comprehensive phylogeographic dataset was as-
sembled. This dataset comprised: (I) all available OROV
sequences originating from Rio de Janeiro State; (II) all
available sequences from the parental clades of these Rio
de Janeiro sequences, located in the Amazonian regions;
and (III) the two chronologically earliest genomes iden-
tified within the OROV ... . subclade, which were
sampled in Tefé, Amazonas (2015), and French Guiana
(2020) [Supplementary data (Table I1I)]. The temporal
structure of this selected dataset was evaluated using
TempEst v1.5.3% through a root-to-tip linear regression.
The significance of the correlation between collection
date and genetic distance was assessed using a Pearson
correlation test, with adjustments for multiple compari-
sons made via the Benjamini-Hochberg method for false
discovery rate control. Time-scaled phylogenetic trees
were estimated using the Markov Chain Monte Carlo
(MCMC) approach implemented in BEAST v1.10.4,29
with BEAGLE v4.0.0%) employed to improve compu-
tational efficiency. Bayesian trees were reconstructed
under the nucleotide substitution model selected by the
ModelFinder application,"® the non-parametric Bayes-
ian Skyline coalescent demographic model,*” and a
relaxed molecular clock model with a continuous-time
Markov chain (CTMC) rate reference prior.?® The time
to the most recent common ancestor (T, .,), and the
spatial dynamics of the identified RJ clusters were re-
constructed using a discrete phylogeographic model®?
implemented in BEAST v1.10.4.2% For this analysis, we
employed a CTMC rate reference prior and a symmetric
phylogeographic model. Reflecting the focus on recon-
structing the introduction and dissemination dynamics
of OROV within Rio de Janeiro State, sequences origi-
nating from this state were assigned to their most prob-
able region of infection; in contrast, all other sequences
(i.e., those not from Rio de Janeiro State) were coded
either by their Brazilian state of sampling or, if interna-
tional, by their country of origin. Adequate mixing and
convergence of the MCMC run were confirmed by en-
suring that all continuous parameters achieved an effec-
tive sample size (ESS) exceeding 200, as verified using
Tracer v1.7.0” The maximum clade credibility (MCC)
tree was summarised with TreeAnnotator v1.10%% and
visualised using Figtree v.1.4.419 and also the Treeio
v3.1.7, and ggtree v3.2.11® R packages. The spatial dis-
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semination patterns of major OROV clusters across the
administrative regions of Rio de Janeiro State were geo-
graphically visualised on maps generated using the gg-
plot2 (17), sf v.1.0-20,%% and geobr v.1.9.1%% R packages.

Bayesian continuous phylogeographic analysis - The
intrastate OROV dissemination dynamics in Rio de Ja-
neiro and its diffusion rate were additionally inferred
using a continuous phylogeographic analysis employ-
ing a heterogeneous relaxed random walk model with
a Cauchy distribution.?” For this analysis, an inclusion
criterion was established whereby only clusters compris-
ing more than 30 genomes sampled within Rio de Janei-
ro State were selected. This threshold was implemented
to ensure the robust estimation of cluster-specific epi-
demiological parameters associated with viral dissem-
ination and to more accurately capture the dynamics of
viral circulation within the state. Sequences were coded
based on the spatial coordinates of their city of origin,
and for sequences from the same municipality, a noise
factor (0.01 degrees) was added to the sampling coor-
dinates to ensure each sequence had unique geographic
coordinates. The weighted diffusion rate and its varia-
tion across branches was inferred using the seraphim
R package,?® and migratory events were summarised
with the cross-platform software SPREAD v1.0.7.%% The
spatiotemporal diffusion patterns of the virus and its as-
sociated epidemiological parameters were, respectively,
projected onto maps and graphically plotted. These vis-
ualisations and analyses were conducted in R, utilising
the packages geobr v.1.9.1,¢% ggplot2 (17), sf v.1.0-20,>9
geosphere v.1.5-18¢9 and HDInterval v.0.2.4.6D

Statistical analysis - We obtained municipal-level
data for Rio de Janeiro State on land cover (forest, urban,
and grassland area) and the harvested area of the 10 most
important agricultural products in 2024 from the public
databases of the Instituto Brasileiro de Geografia e Es-
tatistica (IBGE).®**» We used Spearman’s correlation test
to assess relationships between OROV case counts and
ecological factors, as well as the correlations among the
ecological factors themselves, across all municipalities
reporting cases. We used the Mann-Whitney test to com-
pare case counts of OROV, dengue, and chikungunya in
the 10 municipalities with the highest OROV incidence.
Tests were considered statistically significant if the p-val-
ue was < 0.05%. Statistical analyses were performed us-
ing the GraphPad Prism v7.0 (Prism Software, USA).

RESULTS

A total of 2,614 OROV positive cases were detected
in the Rio de Janeiro State during 2024 (n = 151) and
2025 (n =2,463) (Fig. 1A). The majority of OROV cases
(93%) were concentrated in 26 municipalities experienc-
ing medium (15 - 50 cases) or large (> 50 cases) out-
breaks, whereas the remaining 66 municipalities report-
ed few (< 15) or no cases. The highest incidence rates
of OROV (> 150 cases/100,000 inhabitants) were con-
centrated in small, inland municipalities characterised
by small populations (< 60,000 inhabitants) and limited
urbanised areas (< 30 km?). Notably, in 2025, the mean
number of OROV cases (n = 106) in those localities was
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Fig. 1: spatial and temporal distribution of confirmed Oropouche virus

(OROV) infection cases in Rio de Janeiro State, 2024-2025. (A) Tempo-

ral distribution of confirmed OROV cases, aggregated by epidemiological week (bars), and concurrently stratified by administrative region of
infection within Rio de Janeiro State for the 2024-2025 period. Geographical regions depicted on the state map (right) are indicated by colour
(inset legend). (B) Total cases of Chikungunya (CHIKV), Dengue (DENV), and OROV infection in the Rio de Janeiro municipalities with the
highest Oropouche incidence (> 150 cases/100,000 inhabitants). Points are coloured by state region of municipality location, following the
previously established colour scheme. Significance of pairwise comparisons (Mann-Whitney tests) is indicated above each pair of boxplots.

comparable to dengue (n = 103) and significantly higher
(p <0.001) than Chikungunya (n = 9) (Fig. 1B).
Statistical analysis of municipalities with OROV
detection (Fig. 2A) revealed that case number was
moderately correlated with the forest area [r = 0.50;
95% confidence interval (CI): 0.30-0.66, p < 0.0001],
but was not significant correlated (p > 0.05) with ei-
ther urbanised or grasslands area (Fig. 2B-D). Analysis
of the 10 state’s top agricultural commodities revealed
weak positive correlations between OROV case num-
bers and the harvesting area of banana (r = 0.36; 95%
CI: 0.13-0.55, p = 0.0018) and cassava (r = 0.29; 95%
CI: 0.06-0.49, p = 0.012) [Fig. 2E, G and Supplemen-
tary data (Figure)]. However, banana and cassava har-
vesting area was also correlated with forest area (p <
0.01), indicating that these variables are confounded
(Fig. 2F, H). In municipalities with low banana+cas-
sava harvested area (< 20 ha, n = 29), a moderate cor-
relation between OROV cases and forest arca persisted
(r=0.51; 95% CI: 0.17-0.75, p = 0.0045) (Fig. 21). Con-
versely, in municipalities with low forest area (< 10,000
ha, n = 33), the correlation between OROV cases and ba-
nana/cassava harvesting area was no longer significant

(p > 0.05) (Fig. 2J-K). This suggests that forested en-
vironments appear to be a more important factor for
OROV spread in Rio de Janeiro than cultivated areas.
To trace the origin of the OROV spreading across Rio
de Janeiro State, we sequenced 35 OROV genomes (com-
plete or partial) recovered from March 2024 to February
2025 across 15 municipalities in all five state regions, en-
compassing areas affected by large (n = 6), medium (n =
4), and small (n = 5) outbreaks (Fig. 3A-B). Most OROV
genomes were sampled in the Southern Fluminense (n =
14) and Metropolitan (n = 20) regions. The ML phyloge-
netic analyses of individual genomic segments confirmed
that all new genomes from Rio de Janeiro consistently
clustered within the OROV__ - lineage (Fig. 3C).
Next, a concatenated alignment of genomic segments L,
M, and S was generated, comprising all OROV sequences
from Rio de Janeiro State generated in this (n = 35) and
in a previous (n = 5) study, and sequences representative
of major OROV,, ... ... Amazonian sub-clades previous-
ly described.® The new ML analysis indicates that most
OROV sequences from Rio de Janeiro (n = 36) were nested
within the OROV sub-clade, while four sequences

AMACRO-II
branched within the OROV, . sub-clade (Fig. 3D).
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BR-2019-2024

To model the OROV diffusion process in Rio de Ja-
neiro, we thus included in subsequent analyses the ear-
liest known sequences of the OROV, . . - clade de-
tected in 2015 and 2020, all OROV sequences from the
Amazonian region classified within sub-clades OROV,

OROV and OROV and all sequenc-

MACRO-I’ AMACRO-II” AM-II”

es from non-Amazonian states nested within those Am-
azonian sub-clades.“® The correlation between genetic
divergence and sampling time supports a significant (p <
0.05) temporal structure for the selected OROV dataset
(Fig. 4A). Bayesian discrete phylogeographic analysis
revealed a clear geographic division: all sequences from
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Rondénia; RR: Roraima; SC: Santa Catarina; AMACRO: Amazonas (AM) + Acre (AC) + Ronddnia (RO).

Metropolitan, Southern Fluminense, and Northwest
Fluminense regions grouped within the OROV . sub-
clade (nested in OROV, . ... ), whereas those from the
Coastal Lowlands, Northern Fluminense, and Central
Fluminense regions belonged to the OROV | sub-clade
(nested in OROV,,, ) (Fig. 4B).

This analysis also indicates that the OROV . sub-

clade was likely introduced from the Acre State [posteri-

or state probability (PSP) = 1] into the Southern Flumin-
ense region (PSP = 0.67) around 18 January 2024 (95%
highest posterior density (HPD): 16 December 2023 - 13
February 2024). It subsequently spread to the Metropol-
itan region on 07 February 2024 (95% HPD: 09 January
2024 - 29 February 2024), and from there to the North-
western Fluminense region and to the Espirito Santo
State, before moving back from Espirito Santo into the
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Northwestern Fluminense region (Fig. 4C). Meanwhile,
the OROV | sub-clade was likely introduced from Es-
pirito Santo State (PSP = 1.0) into the Coastal Lowlands
region (PSP = 0.91) around 21 November 2024 (95%
HPD: 12 October 2024 - 28 December 2024), and later
spread from the Coastal Lowlands to the Northern Flu-
minense region (Fig. 4D). We also detected a second in-
troduction of the OROV | sub-clade from Espirito San-
to into the Central Fluminense region, though we found
no evidence of subsequent local dissemination.

We next applied a continuous spatial diffusion model
with non-homogeneous dispersion rates to reconstruct
the fine-scaled dispersion of the OROV,, . sub-clade.
The epicentre of the OROV . sub-clade was placed in
the municipality of Pirai, in the Southern Fluminense re-
gion, from where the virus moved northwards into the
Metropolitan and Northwest Fluminense regions in the
first half of 2024 and remained circulating in the Metro-
politan region during the second half of 2024 (Fig. 5A).
Most viral migration events occurred over very-short (<
2 km, 50%) and short (2-10 km, 30%) distances and the
average dispersion rate of the OROV,, .. sub-clade was
estimated at 0.3 km/day (95% HPD: 0.2-0.4 km/day)
(Fig. 5B-C). It is interesting to note that during the pe-
riod of cryptic circulation from July to November 2024,
during which no cases were detected, the median OROV
dispersion rate dropped from 0.4 km/day to 0.1 km/day
(Fig. 5D). Despite this reduction, the virus continued to
spread undetected in the Metropolitan region, sustained
by at least two independent transmission chains that
generated new infections during that period (Fig. SE).

DISCUSSION

Our findings revealed that the 2024-2025 OROV
epidemic in Rio de Janeiro State was primarily driven
by sustained local transmission of the OROV .. sub-
clade introduced in early 2024, alongside multiple inde-
pendent introductions of the OROV ¢ | sub-clade from
the neighbouring state of Espirito Santo. The OROV
&5 sub-clade fuelled outbreaks in Southern Fluminense,
Metropolitan, and Northwestern Fluminense regions,
which together account for over 75% of the state’s re-
ported OROV cases. Meanwhile, the OROV sub-
clade likely drove outbreaks in the Coastal Lowlands
and Northern Fluminense regions.

During 2024-2025, OROV transmission expanded
from its endemic Amazon region into the Atlantic Forest
biome, where it established autochthonous transmission
cycles. This phenomenon was reported across several
municipalities of the Southeastern (Espirito Santo, Mi-
nas Gerais, and Rio de Janeiro), Northeastern (Alagoas,
Bahia, Ceara, and Pernambuco) and Southern (Santa
Catarina and Parand) states of Brazil.®"343% Those stud-
ies revealed that OROV outbreaks in the Atlantic Forest
biome were initially driven by repeated introductions of
the OROV , .. ..,s clade from the Acre/Rondonia and
Amazonas states. Our study, however, detected recurrent
extra-Amazonian viral migrations of the OROV, .. and
OROV | sub-clades between Rio de Janeiro and Espirito
Santo states. A recent study also detected extra-Amazoni-

an viral migrations of the OROV,, .. sub-clade from Rio

de Janeiro to Pernambuco, and of the OROV,_, sub-clade
from Pernambuco to Paraiba and Sergipe states.®” These
findings indicate that long-distance movement of infected
individuals between Southeastern and Northeastern states
also contributes to sustaining extra-Amazonian OROV
transmission networks in Brazil.

The OROV,, . sub-clade spreads primarily over short
distances (< 10 km) among contiguous forested munici-
palities of Rio de Janeiro, likely driven by the dispersal
of local infected vectors. Indeed, the average dispersion
rate of the OROV , . sub-clade was estimated at 0.3 km/
day (95% HPD: 0.2 - 0.4 km/day), consistent with known
active flight ranges of Culicoides spp. Vectors.“*#42 This
mean dispersion rate was lower than those estimated for
sub-clades circulating in the Amazonas State (0.66 km/
day) and in Acre, Rondonia, and Roraima states (1.00 km/
day), but the proportion of short-distance OROV move-
ments (< 10 km) was comparable between Rio de Janeiro
(80%) and Northern (70%) states.® This indicates a simi-
lar pattern of OROV dispersal across both the Amazonian
and Atlantic Forest biomes, and further suggests that the
mean viral dispersion rate is likely influenced by vector
flight range and the geographic distribution range of viral
sub-clades, rather than any possible phenotypic differenc-
es among OROV sub-lineages.

The exceptional unprecedented expansion of OROV
raises questions about potential shifts in vector-virus in-
teractions.“? Entomological studies conducted in 2024
detected OROV RNA in Culex quinquefasciatus and Ae-
des albopictus within an urban setting of the Brazilian
Amazon, as well as in Cx. quinquefasciatus in Cuba,*¥
suggesting the possible involvement of alternative vec-
tors in the transmission of current OROV strains. Other
studies, however, indicate that those mosquitoes species
are not efficient vectors for transmission of either histor-
ic or current OROV isolates.*-? Instead, a recent study
shows that the current OROV strain has a shorter extrin-
sic incubation period and higher transmission potential
in C. sonorensis than the historic one®® Our findings
show a correlation between OROV cases and the extent
of municipal forest area, suggesting that urban vectors
were likely not a primary driver of the epidemic in Rio
de Janeiro. We propose that the synergistic effect of in-
creased vector competence in biting midges, permissive
climatic and ecologic factors, and high rates of human
mobility could contribute to the establishing OROV
transmission cycles beyond the endemic region.

OROV transmission outside the Amazon biome is
concentrated in small municipalities where ecological
conditions likely favour proliferation of biting midges,
but the precise ecological niches exploited by OROV,
including potential reservoirs, remains unclear. Some
studies conducted at the Atlantic forest biome found a
weak/moderate positive correlation (r = 0.39-0.55) be-
tween the number of OROV cases and the cultivated area
of some crops including: banana, coffee, cacao, coconut,
and pepper.©3® Our findings indicate weak positive cor-
relations between OROV cases and the harvesting area
of banana (r = 0.36) and cassava (r = 0.29). However,
the cultivated area of these crops was also positively
correlated with forest cover (r = 0.46-0.49), which itself
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was positively correlated with OROV cases (r = 0.50).
A recent study that uses advanced statistical models to
handle complex ecological interrelationships, indicates
that evergreen trees’ land cover and proximity to human
settlements contribute to the spread of OROV in Latin
America.® This supports that establishment of agricul-
tural or residential areas near forests may constitute a
high-risk environment for OROV transmission among
humans in non-endemic regions.

The transmission of OROV in municipalities with
periurban and agricultural areas adjacent to well-pre-
served Atlantic Forest remnants creates an ecological
interface that may intensify contact between humans,
vectors, and reservoirs, thereby facilitating the virus ex-
change between urban and sylvatic transmission cycle.
In 2024, a significant gap of 4.5 months with no report-
ed human OROV cases was observed in Rio de Janeiro,
spanning the dry season from early July to mid-Novem-
ber. Notably, our phylogeographic analysis suggests that
from July to November 2024, the rate of spread of the
OROV,, . sub-clade was substantially reduced from
0.4 to 0.1 km/day, but the virus continued to move and
seed new infections through contiguous forest areas of
the Metropolitan region. We hypothesise that Atlantic
Forest remnants in Rio de Janeiro’s Metropolitan region
may have served as a dry-season refuge for the OROV
&5 Sub-clade, sustaining a cryptic sylvatic transmission
cycle characterised by a slow viral dispersion rate. This
sylvatic reservoir, in turn, could have contributed to new
urban transmission cycles in municipalities near forest-
ed areas during the following rainy season in 2025.

Our study has three major limitations. First, the
estimated origin of the OROV, .. sub-clade around
mid-January 2024 should be interpreted with caution due
to: (i) absence of genomic data before March 2024, and
(ii) the probable underreporting of early cases in official
surveillance because of possible clinical misdiagnosis.
6% Second, our viral genomic dataset covered 10 of the
26 municipalities in Rio de Janeiro State that reported
medium or large OROV outbreaks. While the main con-
clusion of multi-year persistence for the OROV, . sub-
clade is supported by the available data, the precise dis-
persal routes of the OROV, .. and OROV . | sub-clades
may have been influenced by the lack or the very low
number of viral genomes from several heavily affected
municipalities. A third limitation is the lack of geolocal-
ised data from human infections, which precluded a fine-
scale spatial analysis of the relationship between OROV
cases and forested area. Future studies should prioritise
the systematic collection of geolocated data, coupled
with the genomic analysis of representative viral samples
from diverse municipalities across Rio de Janeiro.

In summary, these results highlight the potential for
sustained autochthonous OROV transmission in Atlan-
tic Forest regions of Rio de Janeiro State, and suggest
the possibility of establishing an endemic transmission
cycle beyond the Amazon region. These findings un-
derscore the importance of routinely including OROV
in differential diagnoses of acute febrile illnesses in all
Brazilian states and the need to implement a One Health
OROV surveillance approach focused on the vectors and

potential vertebrate hosts in the Atlantic forest biome.
The successful transmission of OROV in Rio de Janeiro
also raises concerns about the potential expansion of this
arbovirus beyond South America.
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OPEN PEER REVIEW

Memoérias do IOC thanks the anonymous reviewers for their contribution to the peer review of this work.

FIRST REVIEW ROUND

REVIEWERS” COMMENTS
REVIEWER #1

In the article by Arantes et al., “Sustained Oropouche virus transmission in Rio de Janeiro’s Atlantic forest:
genomic evidence over a two-year period,” the authors characterize OROV dissemination in Rio de Janeiro state
during 2024-2025. An outbreak began in Southern Fluminense in 2024 (n = 151) and, by April 30, 2025, had
expanded to 1,075 reported cases, with widespread transmission in rural areas of the Metropolitan and Northern
Fluminense regions. To investigate this, the authors applied genomic surveillance and phylodynamic methods to a
dataset of 40 OROV genomes, including 35 newly generated sequences (16 from 2024 and 19 from 2025) from clinical
samples collected across 15 municipalities in Rio de Janeiro. The discrete phylogeographic analysis inferred two
main routes of OROV dissemination in Brazil. The OROVRIJ/ES clade was introduced into Southern Fluminense
around January 2024, subsequently spreading to the Metropolitan region, Northwest Fluminense, and Espirito Santo.
The OROVES-I clade originated in Espirito Santo and was introduced into Central Fluminense and the Coastal
Lowlands, later reaching Northern Fluminense. Under a continuous diffusion model, OROVRIJ/ES dispersal occurred
predominantly via very short and short-distance (>10 km, 80%) movements, with a mean rate of 0.3 km/day (95% CI:
0.2—-0.4). This rate declined from 0.5 km/day in January 2024 to 0.1 km/day by January 2025. The authors conclude
that the OROVRI/ES sub-clade persisted cryptically in the Metropolitan region during late 2024, subsequently
seeding new outbreaks in early 2025. These findings underscore the potential for sustained OROV transmission
across multiple years in Rio de Janeiro’s Atlantic Forest and highlight the risk of extra-Amazonian expansion. Overall,
this manuscript is an important contribution and can be accepted after minor revisions.

Minor revisions:

1) In the abstract, adjust the placement of the sentence fragment “(16 from 2024 and 19 from 2025)” to read
as follows: “To investigate this, the authors applied genomic surveillance and phylodynamic methods to a dataset
of 40 OROV genomes, including 35 newly generated sequences (16 from 2024 and 19 from 2025) from clinical
samples collected across 15 municipalities in Rio de Janeiro.”

2) Add in the Introduction that OROV has a segmented genome, enabling reassortment, which has facilitated its
spread beyond the Amazon.

3) In the Materials and Methods section, the authors should provide a detailed description of the primers and
assay conditions used for the RT-qPCR.

4) Page 7, line 154: the word “using” appears duplicated.

5) In the Results section, please specify how many of the 35 novel OROV genomes are complete and how many
are partial (currently reported as “A total of 35 novel OROV genomes [complete or partial]”).

6) In the discussion need many improvements:

6.1) Cite recent studies documenting the spread of OROV outside the Amazon, with confirmed cases in Espirito
Santo, Rio de Janeiro, Minas Gerais, Mato Grosso, Bahia, and Santa Catarina;

6.1.1) Godinho et al., 2025. Insights into the expansion of Oropouche virus in Brazil: epidemiological and
environmental aspects. Exp Biol Med (Maywood). 250:10647. doi: 10.3389/ebm.2025.10647.

6.1.2) Medeiros et al., 2025. Case Series of Adverse Pregnancy Outcomes Associated with Oropouche Virus
Infection. Viruses. 17(6):816. doi: 10.3390/v17060816.

6.1.3) Mendonga et al., 2025. Oropouche orthobunyavirus in Urban Mosquitoes: Vector Competence,
Coinfection, and Immune System Activation in Aedes aegypti. Viruses. 17(4):492. doi: 10.3390/v17040492.

6.1.4) Schwartz, 2025. Novel Reassortants of Oropouche Virus (OROV) Are Causing Maternal-Fetal Infection
During Pregnancy, Stillbirth, Congenital Microcephaly and Malformation Syndromes. Genes (Basel). 16(1):87. doi:
10.3390/genes16010087.

6.2) Relate the Rio de Janeiro outbreak to the national scenario, demonstrating that it is not an isolated event but
part of a broader trend of virus spread;

6.3) Discuss the importance of ecological and environmental factors. For example, (i) highlight the role
of the remaining forest cover in the Atlantic Forest and the proximity of rural/periurban areas in maintaining
transmission; and (ii) discuss the possibility of multiple vectors being involved (Culicoides vs. mosquitoes), which
is still under debate.

6.4) Add study limitations: (i) sample restricted to the state of Rio de Janeiro and the 20242025 period; (ii)
underrepresentation of asymptomatic or undiagnosed cases; (iii) reliance on official surveillance data, subject to
underreporting; (iv) possible bias in spatial representation (not all affected municipalities had genomes included).



14|16 Ighor Arantes et al.

6.5) Add future perspectives: (i) importance of strengthening genomic surveillance to monitor potential
reassortments, since OROV has a segmented genome; (ii) need to integrate human, vector, and wild reservoir
surveillance (One Health approach); (iii) development of sensitive differential diagnostic tests for OROV,
especially in regions endemic for dengue, ZIKV, and CHIKY, to avoid misdiagnoses; (iv) putting the study into an
international perspective: expansion beyond the Amazon reinforces that neglected arboviruses can become national
and even regional challenges.

7. Page 17, line 366: Please correct the link to the epidemiological dashboard — there is an unintended space
(gap) in the URL.

8. Always use “Rio de Janeiro state” (or “the state of Rio de Janeiro”) consistently. In some places, it simply
appears as “Rio de Janeiro,” which can be confusing for the city.

AUTHORS’ RESPONSE TO THE REVIEWERS

REVIEWER COMMENTS:

Reviewer: 1

In the article by Arantes et al., “Sustained Oropouche virus transmission in Rio de Janeiro’s Atlantic forest:
genomic evidence over a two-year period,” the authors characterize OROV dissemination in Rio de Janeiro state
during 2024-2025. An outbreak began in Southern Fluminense in 2024 (n = 151) and, by April 30, 2025, had
expanded to 1,075 reported cases, with widespread transmission in rural areas of the Metropolitan and Northern
Fluminense regions. To investigate this, the authors applied genomic surveillance and phylodynamic methods to a
dataset of 40 OROV genomes, including 35 newly generated sequences (16 from 2024 and 19 from 2025) from clinical
samples collected across 15 municipalities in Rio de Janeiro. The discrete phylogeographic analysis inferred two
main routes of OROV dissemination in Brazil. The OROVRIJ/ES clade was introduced into Southern Fluminense
around January 2024, subsequently spreading to the Metropolitan region, Northwest Fluminense, and Espirito Santo.
The OROVES-I clade originated in Espirito Santo and was introduced into Central Fluminense and the Coastal
Lowlands, later reaching Northern Fluminense. Under a continuous diffusion model, OROVRIJ/ES dispersal occurred
predominantly via very short and short-distance (>10 km, 80%) movements, with a mean rate of 0.3 km/day (95% CI:
0.2—-0.4). This rate declined from 0.5 km/day in January 2024 to 0.1 km/day by January 2025. The authors conclude
that the OROVRI/ES sub-clade persisted cryptically in the Metropolitan region during late 2024, subsequently
seeding new outbreaks in early 2025. These findings underscore the potential for sustained OROV transmission
across multiple years in Rio de Janeiro’s Atlantic Forest and highlight the risk of extra-Amazonian expansion. Overall,
this manuscript is an important contribution and can be accepted after minor revisions.

Minor Revisions:

1) In the abstract, adjust the placement of the sentence fragment “(16 from 2024 and 19 from 2025)” to read
as follows: “To investigate this, the authors applied genomic surveillance and phylodynamic methods to a dataset
of 40 OROV genomes, including 35 newly generated sequences (16 from 2024 and 19 from 2025) from clinical
samples collected across 15 municipalities in Rio de Janeiro.”

Reply: The text was changed accordingly.

2) Add in the Introduction that OROV has a segmented genome, enabling reassortment, which has facilitated its
spread beyond the Amazon.

Reply: Regarding the potential fitness implications of the reassortment that gave rise to the M1L2S2 genotype,
the literature is conflicted. While some reports describe augmented viral kinetics, pathogenicity, and immune
escape (DOI: 10.1016/51473-3099(24)00619-4), another study (DOI: 10.1016/ S1473-3099(25)00110-0) integrating
serology, antigenic cartography, and in-vitro phenotyping found that the 2023-2024 outbreak strain did not
outperform historical or contemporary OROV strains in replication kinetics or plaque size, and that strong
antigenic differentiation is evident chiefly between OROV and its M-segment glycoprotein reassortants (e.g., IQTYV,
MDDV), not among OROV strains themselves. Results of the later study were considered by us at the moment as
more reliable and are cited in the discussion section of the manuscript.

3) In the Materials and Methods section, the authors should provide a detailed description of the primers and
assay conditions used for the RT-qPCR.

Reply: The Methodology section was updated to include the reference of the primers and assay conditions used
in the RT-qPCR reaction (DOI: 10.1590/0074-02760160062)

4) Page 7, line 154: the word “using” appears duplicated.
Reply: The text was changed accordingly.

5) In the Results section, please specify how many of the 35 novel OROV genomes are complete and how many
are partial (currently reported as “A total of 35 novel OROV genomes [complete or partial]”).
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Reply: A supplementary table was added to the manuscript containing the coverage of the tree segments for the
genomic sequence samples in Rio de Janeiro.

6) In the discussion need many improvements:

6.1) Cite recent studies documenting the spread of OROV outside the Amazon, with confirmed cases in Espirito
Santo, Rio de Janeiro, Minas Gerais, Mato Grosso, Bahia, and Santa Catarina;

6.1.1) Godinho et al., 2025. Insights into the expansion of Oropouche virus in Brazil: epidemiological and
environmental aspects. Exp Biol Med (Maywood). 250:10647. doi: 10.3389/ebm.2025.10647.

6.1.2) Medeiros et al., 2025. Case Series of Adverse Pregnancy Outcomes Associated with Oropouche Virus
Infection. Viruses. 17(6):816. doi: 10.3390/v17060816.

6.1.3) Mendonga et al., 2025. Oropouche orthobunyavirus in Urban Mosquitoes: Vector Competence,
Coinfection, and Immune System Activation in Aedes aegypti. Viruses. 17(4):492. doi: 10.3390/v17040492.

6.1.4) Schwartz, 2025. Novel Reassortants of Oropouche Virus (OROV) Are Causing Maternal-Fetal
Infection During Pregnancy, Stillbirth, Congenital Microcephaly and Malformation Syndromes. Genes (Basel).
16(1):87. doi: 10.3390/genes16010087.

Reply: We thank the reviewer for the suggestion to expand the Discussion section and for pointing us to
the relevant literature. The manuscript was initially conceived as a concise report, which led to a more focused
discussion. We agree that a more comprehensive discussion significantly strengthens the paper, and we have now
expanded it accordingly, incorporating the suggested studies.”

6.2) Relate the Rio de Janeiro outbreak to the national scenario, demonstrating that it is not an isolated event but
part of a broader trend of virus spread;

Reply: The Discussion section of the manuscript was updated to reflect the national picture of sustained
autochthonous Oropouche transmission across multiple Brazilian states.

6.3) Discuss the importance of ecological and environmental factors. For example, (i) highlight the role
of the remaining forest cover in the Atlantic Forest and the proximity of rural/periurban areas in maintaining
transmission; and (ii) discuss the possibility of multiple vectors being involved (Culicoides vs. mosquitoes), which
is still under debate.

Reply: To better understand the role of ecological factors, we incorporated new analyses examining
associations between Oropouche burden and land-use patterns in the different municipalities of the Rio de Janeiro
state. The results, detailed in the Results section, guide our discussion on the potential vectors facilitating OROV
dissemination in Rio de Janeiro.

6.4) Add study limitations:

(1) sample restricted to the state of Rio de Janeiro and the 2024-2025 period;

(i1) underrepresentation of asymptomatic or undiagnosed cases;

(ii1) reliance on official surveillance data, subject to underreporting;

(iv) possible bias in spatial representation (not all affected municipalities had genomes included).
Reply: The Discussion section was updated based on the reviewer’s suggestions.

6.5) Add future perspectives:

(1) importance of strengthening genomic surveillance to monitor potential reassortments, since OROV has a
segmented genome;

(i1) need to integrate human, vector, and wild reservoir surveillance (One Health approach);

(iii) development of sensitive differential diagnostic tests for OROV, especially in regions endemic for dengue,
ZIKV, and CHIKYV, to avoid misdiagnoses;

(iv) putting the study into an international perspective: expansion beyond the Amazon reinforces that neglected
arboviruses can become national and even regional challenges.

Reply: The Discussion section was updated based on the reviewer’s suggestions.

7. Page 17, line 366: Please correct the link to the epidemiological dashboard — there is an unintended space
(gap) in the URL.
Reply: The text was changed accordingly.

8. Always use “Rio de Janeiro state” (or “the state of Rio de Janeiro”) consistently. In some places, it simply
appears as “Rio de Janeiro,” which can be confusing for the city.
Reply: The text was changed accordingly.
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SECOND REVIEW ROUND
REVIEWERS’ COMMENTS
REVIEWER #1
The manuscript meets all the criteria requested for evaluation. Moreover, the authors have thoroughly
addressed all reviewers’ comments and incorporated all necessary revisions. The manuscript is now suitable for

acceptance in MIOC.
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