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A B S T R A C T

A large multi-country outbreak of Oropouche virus (OROV), a segmented negative-sense RNA virus, is
emerging in Latin America. By analyzing publicly available whole-genome sequences spanning 1955
to 2024, this study reveals accelerated spatiotemporal evolution of OROV, cooperatively driven by
genome mutagenesis and segment reassortment. The strains responsible for the 2023–2024 outbreak
are universally reassortants, but form two divergent lineages, namely the Brazil and western Amazon
basin lineages. This epidemic spreading is primarily fueled by localized transmission within countries
and cross-border spread. Phylogenomic analysis further suggests that the S segment of the viral
genome originated in Brazil around the 1740s, underwent diversification into five distinct clusters by
the 1970s, and experienced rapid proliferation during 2020–2024. In contrast, the L segment origi-
nated in Peru around the 1630s and evolved into two independent clusters by the 1850s. Divergent
evolutionary pressures have driven distinct patterns of amino acid changes in viral proteins between
the Brazil and the western Amazon basin lineages. These mutations are predicted to alter the protein
structures and bear functional consequences for viral fitness and transmission. These findings provide
critical insights into the evolutionary dynamics of OROV and underscore the necessity of genome
surveillance to track the transmission pathways and spatiotemporal evolution.

INTRODUCTION

The Oropouche virus (OROV) is an arbovirus transmitted primarily
by biting midges. The virus was first identified in 1955 in the village of
Oropouche, located in Trinidad and Tobago (Anderson et al., 1961).
Although OROV was traditionally endemic in the Amazon region, the
current 2023–2024 outbreak is rapidly expanding beyond the usual
endemic region and reaching densely populated urban areas. By October
2024, over 10,000 confirmed cases have been reported in Latin America,
in countries including Brazil, Peru, Bolivia, Colombia, Guyana and Cuba

(Anderer, 2024; Pan American Health Organization, 2024; Til-
ston-Lunel, 2024). Additionally, travel-imported cases have been
recorded in the United States, Canada and European countries (Baer
et al., 2024; Capobianchi et al., 2024; Castilletti et al., 2024; Deiana
et al., 2024; Guagliardo et al., 2024; Lenharo, 2024). Like other arbo-
viruses (Harris et al., 2019; Nakase et al., 2023), the OROV outbreak is
thought to be associated with climate change, human mobility, specific
agricultural production (Graf et al., 2024; Iani et al., 2024).

OROV is a single-stranded, negative-sense RNA virus of the family
Peribunyaviridae, genus Orthobunyavirus, species Orthobunyavirus
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oropoucheense, with the genome contains three individual segments: the
small (S), medium (M) and large (L) segments. The S segment encodes
nucleocapsid and a non-structural protein (NSs), the M segment encodes
two glycoproteins and a non-structural protein (NSm), and the L
segment encodes RNA-dependent RNA polymerase (RdRp) (Elliott,
2014; Travassos Da Rosa et al., 2017). As an RNA virus, OROV has an
extremely high rate of mutagenesis, attributed to the RdRp's lack of
proofreading machinery. In addition, the segmented OROV genome
could enhance the likelihood of reassortment events (Elliott, 2014;
Gutierrez et al., 2020). It has been reported that the upsurge of OROV
cases in the Brazilian Amazon from 2022 to 2024 coincides with the
spread of a novel reassortant lineage containing the M segment of vi-
ruses detected in the eastern Amazon region (2009–2018) and the L and
S segments of viruses detected in Peru, Colombia, and Ecuador
(2008–2021) (Naveca et al., 2024). Additionally, the current outbreak
has uniquely spanned at least two consecutive rainy seasons, further
complicating its dynamics (Naveca et al., 2024). Interestingly, in cell
culture models, it has been shown that the 2023–2024 epidemic isolate
(AM0088) exhibits significantly higher replication efficiency than the
historical prototype strain (BeAn19991) isolated from the 1960s (Sca-
chetti et al., 2024). Collectively, these findings suggest that OROV may
be undergoing evolutionary adaptations, resulting in increased trans-
mission efficiency and potentially more severe disease outcomes (Sca-
chetti et al., 2024).

Oropouche fever, caused by OROV, was previously thought to be
generally mild and self-limiting. However, during the 2023–2024
outbreak, severe OROV-associated complications have been reported,
including vertical transmission, stillbirth, newborns with microcephaly,
as well as fatalities in otherwise healthy young adults (Lenharo, 2024;
Martins-Filho et al., 2024; Moutinho, 2024). This prompted us to sys-
tematically investigate the genetic landscapes of OROV from 1955 to
2024, for better understanding the mysterious changes in its epidemi-
ological, clinical features, as well as viral adaptation. Herein, we
retrieved all publicly available OROV sequences to analyze the land-
scape of OROV transmission and spatiotemporal evolution.

Furthermore, we characterized the impact genomic mutations on amino
acid and protein structural changes.

RESULTS

Phylogenomic analysis captures temporal evolution of OROV

To characterize the phylogenomics of OROV, we retrieved 2147 se-
quences (701 L, 715 M, and 731 S segments) of species Orthobunyavirus
oropoucheense from 1955 to 2024 (accessed on October 10th, 2024)
(Fig. 1). After rigorous screening, 524 strains with complete genome
sequences (L, M, S segments) were included (Fig. 1, dataset A, B, and C).
These consist of 518 OROV, two Iquitos virus (IQTV) (Aguilar et al.,
2011), two Madre de Dios virus (MDDV) (Navarro et al., 2016), and two
Perd~oes virus (PDEV) (Tilston-Lunel et al., 2015) strains (Supplementary
Table S1–S3). Among these strains, 481 were from Brazil, 18 from Peru,
10 from Colombia, 1 from Trinidad and Tobago (Anderson et al., 1961),
1 from French Guiana (Gaillet et al., 2021), 1 from Haiti (Elbadry et al.,
2021), 4 from Panama, 6 from Ecuador 1 from Venezuela, and 1 from
Italy (Supplementary Table S1–S3).

Phylogenetic trees were constructed for each of the three segments
(dataset A, B, and C, Fig. 2A–C, and Supplementary Fig. S1-S3). The
analyses revealed distinct clustering patterns for each segment. For the L
segment, two clusters emerged between 1955 and 2024 (Fig. 2A, and
Supplementary Fig. S1). Cluster LI comprised the earliest OROV isolate,
TRVL9760 (from Trinidad and Tobago, 1955) (Acrani et al., 2015),
alongside strains isolated from Brazil and Panama between 1960 and
2006 (Supplementary Fig. S1). Cluster LII encompassed OROV strains
isolated from Brazil, Peru, Colombia, Ecuador, Haiti, Italy, and French
Guiana between 1991 and 2024, alongside IQTV, and PDEV (Supple-
mentary Fig. S1). The M segment diverged into three clusters
(1955–2024) (Supplementary Fig. S2). Cluster MI included the earliest
isolated OROV strain (TRVL9760), along with strains from Brazil and
Panama collected between 1960 and 2006. Cluster MII comprised strains
isolated from Brazil, Peru, Haiti, French Guiana, and Italy from 2009 to

Fig. 1. Flowchart of the establishment of datasets used in this study. Flow diagram illustrating the establishment of datasets A, B, C, and D. After rigorous screening,
524 L, M, and S segment sequences were included in the dataset A, B and C, respectively. For the phylogeographic and sensitivity analyses, all available S segment
sequences (661 sequences in total) were included in the dataset D.
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2024. The strains isolated from Peru, Colombia, Ecuador, Brazil, and
Panama from 1991 to 2024 formed cluster MIII (Supplementary Fig. S2).
In contrast, the S segment formed five clusters (1955–2024) (Fig. 2C,
and Supplementary Fig. S3). Cluster SI included the earliest strain
(TRVL9760), along with strains from Brazil, Haiti, and Panama collected
between 1960 and 2004. Cluster SII contained PDEV and OROV strains

isolated from Brazil, Peru, and Panama from 1978 to 2018. A minor
cluster, SIII, encompassed OROV strains isolated in Brazil between 1988
and 2000. Another minor cluster, SIV, included two strains from Brazil
isolated in 1980. The cluster SV comprised OROV strains isolated from
Brazil, Peru, Colombia, Ecuador, Haiti, Italy, and French Guiana be-
tween 1999 and 2024, alongside IQTV.
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Fig. 2. Temporal dynamics of OROV. A–CMaximum-likelihood phylogenetic trees of the L (A), M (B), and S (C) segments based on datasets A, B, and C, respectively.
The 2023–2024 outbreak-causing OROV sequences in the phylogenetic trees are highlighted in red (Brazil strains) and green (Peru strains). The first identified OROV
strain (TRVL9760) was highlighted in purple. The 2024 OROV strain identified in Italy was highlighted in the color brown. The scale bar indicates the number of
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Clockor2 software was employed to infer global and local strict molecular clocks of the L segment (dataset A) (D), M segment (dataset B) (E), and S segment (dataset
C) (F) by using the root-to-tip regression method. The evolutionary rates, and linear regression R-Squared were shown in (G).
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Notably, the 2023–2024 outbreak-causing strains formed two
divergent clades: the Brazil and western Amazon basin (Peru, Colombia,
and Ecuador) clades (Fig. 2A–C and Supplementary Fig. S1–S3). Spe-
cifically, the 2023–2024 strains identified in Brazil (containing the
sequence sampled from French Guiana in 2020 (Gaillet et al., 2021)) are
descendants of a monophyletic clade that includes the ILMD_TF29
strain, isolated from a reported case in Brazil in 2015 (Naveca et al.,
2018). In parallel, the 2023–2024 strains identified in northern Peru and
southern Colombia (Usuga et al., 2024) belong to the monophyletic
clade together with the sequences sampled from 2016 to 2022 in Peru,
Colombia, and Ecuador. Nonetheless, three out of seven 2023–2024
Peru strains (FPM01282, FPM01278, and FPM01287, isolated from
southern Peru) are highly identical to the 2023–2024 Brazil sequences
(e.g., LACENPR_ILMD_9982IOM, LVM_ILMD_ZDC-594, LACENA-
C_ILMD_7055) (Fig. 2A–C).

Collectively, these findings underscore the substantial genetic evo-
lution of OROV over time and suggest that the current outbreak in Latin
America is driven by the spread of locally circulating strains and cross-
border importation further exacerbates the outbreak.

Increasing tendency in OROV substitution rates from 1955 to
2024

The high rate of mutagenesis in OROV genome is one of the key
factors contributing to genetic diversity. Next, we estimated the genetic
substitution rates of the L, M and S segments using the root-to-tip
regression method (Fig. 2D–F) (Drummond et al., 2003). Dramatic
temporal signals were observed in the L (Fig. 2D), M (Fig. 2E) and S
(Fig. 2F) segment datasets. Substitution rates were then inferred for each
segment from 1955–2024 (Fig. 2G). The global substitution rates were
broadly consistent across segments: the L segment exhibited the highest
rate (8.39E− 4 substitutions/site/year, s/s/y), followed by the S segment
(7.20E− 4 s/s/y), and the M segment (6.90E− 4 s/s/y). Notably, the
substitution rates of both L, M segments have shown tendency towards
higher rates over time (Fig. 2G). For instance, the substitution rate of the
L segment increased from 2.08E− 4 (1955–1989) to 1.16E− 3
(1990–2024) s/s/y, and the M segment from 2.08E− 4 (1955–1989) to
9.89E− 4 (2020–2024) s/s/y (Fig. 2G). Consistently, these findings were
further corroborated by a time-heterogeneous epoch model, which
consistently revealed higher substitution rates for the 1990–2024 period
compared to 1955–1989 across all three segments (Supplementary
Fig. S4) (Sagulenko et al., 2018; Kocher et al., 2021). In conclusion,
these results suggest that the substitution rate of OROV has exhibited an
increasing tendency in recent decades relative to the earlier epoch.

Impact of genetic substitutions on amino acid and structural
changes of viral proteins across evolutionary lineages

To investigate the impact of the high genetic substitution rate on
amino acid changes, the amino acid consequences of OROV-encoded
proteins were mapped (Fig. 3A, G, and H). Overall, 2.4% (54/2252)
amino acids of the L segment encoding RdRp and 1.8% (26/1420) amino
acids of the M segment encoding glycoproteins accumulated mutations
from 1955 to 2024 (Fig. 3A and H), whereas the proteins encoded by the

S segment were highly conserved (Fig. 3G). Specifically, the amino acids
of L and M-encoded proteins remain stable until 1999. However,
approximately 50% of observed mutations were acquired between 2000
and 2019, with the remaining 50% emerging during the four-year period
from 2020 to 2024 (Fig. 3A and H), coinciding with the observed in-
crease in substitution rates over time (Fig. 2G, Supplementary Fig. S4).

To assess the functional implications of these mutations, we visual-
ized their impact on 3D protein structures constructed using AlphaFold3
(Abramson et al., 2024). The analysis focused on RdRp (Fig. 3B–F) and
the spike domain of Gc glycoprotein (Fig. 3I–M), and revealed structural
changes with potential functional consequences across multiple
domains.

For RdRp, mutations were dispersed across several functional re-
gions, including the Core lobe domain, palm domain, Cap-binding
domain, and Zinc binding domain (Fig. 3A). For instance, the V1693I
mutation was located within the RNA-protein contact active site cavity
(Arragain et al., 2020) (Fig. 3F). Epidemic strains from the 2023–2024
outbreaks in Brazil and the western Amazon basin shared some muta-
tions but also exhibited differences in specific positions (Fig. 3D and E).
The Gc glycoprotein's head domain, along with Stem domains I and II,
forms the trimeric spikes on the OROV envelope (Fig. 3I), critical for
virion invasion and the primary target of the neutralizing antibody
response (Hellert et al., 2019). Notably, mutations in the spike domain
are predicted to alter its spatial conformation. Strains from Brazil
accumulated 8 mutations in the spike domain (Fig. 3L), whereas those
from the western Amazon basin acquired 35 mutations (Fig. 3M).
Collectively, these findings suggest that divergent OROV lineages in
Brazil and the western Amazon basin may have been subject to different
selective pressures, contributing to distinct evolutionary trajectories.

OROV strains isolated from the 2023–2024 outbreak are
universally reassortants

The tri-segmented genome of OROV bestowed the capacity for both
reassortment (Naveca et al., 2024; Scachetti et al., 2024) and recombi-
nation. Reassortment is a process by which segmented genomes swap
segments during co-infection of different viral strains within a single
cell, whereas recombination is a process in which similar regions of their
genomes pair together and exchange sequences. Both events can confer
fitness advantages (or disadvantages) and drive genetic divergence.
Correspondingly, the discordant tree topologies among the L, M, and S
segments suggest the occurrence of reassortment events of OROV
(Fig. 2A–C, Supplementary Fig. S1–S3) (Vasconcelos et al., 2011;
Naveca et al., 2024; Scachetti et al., 2024). Therefore, we divided L
segment into LI and LII, M segment into MI, MII, MIII, and S segment into
SI–V clusters to scan reassortment events (Fig. 4A, and Supplementary
Fig. S1–S3). Strikingly, compared to the first OROV strain identified in
1955 (TRVL9760, LI, MI, SI), all OROV strains from the 2023–2024
outbreak were identified as reassortants (Fig. 4A).

To enhance the reliability of reassortment event identification, we
concatenated the three segments (S, M, and L, datasets A, B, and C) for
isolates with complete genomes and analyzed the concatenated align-
ment using seven independent methods implemented in RDP4 (Martin
et al., 2015). Reassortment events were considered valid if supported by

Fig. 3. Structural analysis of OROV RdRp and Gc spike proteins. A The amino acid substitution dynamic of RdRp were analyzed and illustrated throughout the
timeline from 1955 to 2024. The frequency of amino acid at each position was aligned and calculated based on the background set (1955–1989). The positions for
which the most common character in the query set differs from that in the background set (1955–1989) were selected. The RdRp domains were labeled based on the
RdRp of La Crosse virus (PDB 6Z6B) (Arragain et al., 2020). B–E The protein structure of RdRp of different time intervals was constructed by using AlphaFold3
(Abramson et al., 2024). The functional domains were labeled with colors the same as (A). The mutations were labeled with the color red. For RdRp, the mutations
were dispersed on multiple functional domains, including the Core lobe domain, the Palm domain, the Cap-binding domain, and the Zinc binding domain. F
Schematic representation of one mutation (V1693I) located in the RNA–protein contacts active site cavity. G same as (A) for S-encoding proteins. H same as (A) for
M-encoding proteins. I The prominent trimeric spikes of the OROV envelope were constructed with AlphaFold3. The spike was composed of the head domain, stem
domain I, and II of Gc protein (Hellert et al., 2019). J–M The mutations that occurred in the head domain, stem domain I, and II of Gc protein were labeled with the
color red.
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at least four of the seven detection methods available in RDP4 (Gutierrez
et al., 2020). The analysis successfully identified the two previously
known reassortants: IQTV (Aguilar et al., 2011) and PDEV (Til-
ston-Lunel et al., 2015) (Supplementary Table S4). Correspondingly, all
strains isolated during the 2023–2024 outbreak were identified as
reassortants (Supplementary Table S4).

These reassortment events were further verified using the Coalescent
with Reassortment Constant Population (CoalRe) model (Fig. 4B) (Bar-
ido-Sottani et al., 2018; Muller et al., 2020). The CoalRe model esti-
mated a reassortment rate of 0.036 (95% HPD: 0.027–0.042) per year
per lineage. The M and S segment reassortment events that originated
from the 2023–2024 outbreak were highly supported (PP = 91 and 86,
respectively) and probably occurred around 2008 and 1989, respec-
tively (Fig. 4B).

The timeline of successive reassortment events from 1955 to 2024 is
illustrated in Fig. 5A and Fig. 5B, revealing the formation of two
divergent lineages. For instance, the Brazil lineage, represented by strain
LACENAM_ILMD_3230FPP, consists of LII, MII, SV, whereas the western
Amazon basin lineage, represented by strain IFPI21318, consists of LII,
MIII, SV (Fig. 4A). Notably, all S segments of OROV identified after 2020
belong to the V cluster (Fig. 4A). Phylogenetic analysis indicated that
cluster V first appeared in the Iquitos virus (IQTV) from Iquitos, a city
located in northern Peru (Figs. 4A and 5B). The IQTV was a reassortant
containing the S and L segments of OROV and the unknown M segment
of a novel Simbu serogroup virus (Aguilar et al., 2011).

In addition, we scanned recombinant events by using seven inde-
pendent methods implemented in RDP4 (Martin et al., 2015). Recom-
bination was considered with evidence from at least four of the seven
methods (Gutierrez et al., 2020). Intriguingly, we only identified
7/524 M, 1/524 L, and 0/524 S segments as potential recombinant se-
quences (Supplementary Table S5), indicating that recombination is rare
and likely not a major driving force in OROV evolution.

Molecular clock analysis reveals an ancient origin of OROV, but
a recent radiation out of South America

We analyzed all available S segment sequences (Fig. 1, dataset D,
Supplementary Table S6) to construct the spatiotemporal evolutionary
landscape of OROV. Our analysis revealed a negative correlation be-
tween OROV's nucleotide substitution rates and the timeline (Fig. 2G).
Based on that, a time-dependent rate (TDR) model, dividing sequences
into four epochs (1955–1989, 1990–2000, 2001–2019, and
2020–2024), was applied to estimate the time to the most recent com-
mon ancestor (tMRCA). We obtained an estimate indicating a strong
TDR effect in dataset D (S segment, β1 = − 0.539, 95% HPD: − 0.662 to
− 0.422). Estimated mean substitution rates for root, 1990–1999,
2000–2019, and 2020–2024 epochs were 2.49E− 4, 3.40E− 4, 5.02E− 4,
and 1.43E− 3 s/s/y, respectively (Supplementary Fig. S5A). In compar-
ison, the uncorrelated relaxed clock (UCLD) model produced an overall
substitution rate of 1.49E− 3 s/s/y, equivalent to the rate estimated for
the 2020–2024 epoch by the TDR model (Supplementary Fig. S5A). This
suggests that the UCLD model overestimates substitution rates and
correspondingly underestimates divergence times (Supplementary
Fig. S5B).

Accordingly, we retained the TDR-based estimates for downstream
analyses. The median tMRCA of OROV S segment dataset D was esti-
mated to date back to the 1740s [~284.7 years before present (YBP),
95% HPD: 217.6–359.1 YBP] (Fig. 6A, Supplementary Fig. S5B).

Subsequently, S segment diversified into five clusters between the 1880s
and 1970s (Fig. 6A). Specifically, cluster SI was the oldest (tMRCA:
~128.8 YBP, 95% HPD: 106.5–258.2 YBP), whereas cluster SIV (tMRCA:
~53.1 YBP, 95% HPD: 46.6–62.8 YBP) relatively younger. The cluster
SV formed in the 1900s (~110.9 YBP, 95% HPD: 78.2–148.1 YBP), was
the only cluster associated with the 2023–2024 outbreak (Fig. 6A).
Notably, the tMRCA estimated in this study predate previous findings,
which suggested a median tMRCA of 1940 (95% HPD: 1916–1955)
(Gutierrez et al., 2020). This discrepancy, attributed to the
time-dependent rate phenomenon in viral evolution, provides new in-
sights into OROV's origins.

Next, we employed a Bayesian discrete phylogeographic approach to
investigate the areas of origin and propagation routes of OROV, and the
Bayesian stochastic search variable selection (BSSVS) procedure was
used to provide a sufficient description of viral dissemination. Bayesian
phylogenetic analysis identified Brazil as the most probable ancestral
location of OROV (Fig. 6A, root state posterior probability = 0.69).
Between the 1800s and 1950s, OROV gradually spread to the Peru and
Caribbean regions and was first discovered in Trinidad and Tobago in
1955 (Fig. 6B). From the 1970s to the 1990s, OROV spread to Panama,
Colombia, Ecuador, and Haiti. From the 1990s to the 2010s, the virus
became sporadic in multiple countries/regions and formed a bidirec-
tional transmission route between Peru and Brazil. From 2020 to 2024,
the number of infected individuals continuously increase, which even-
tually led to the large 2023–2024 outbreak and the virus further spread
to new regions such as French Guiana. Two imported OROV cases
recently identified in Italy (IRCCS-SCDC_1/2024 and IRCCS-
SCDC_1442/2024) originated from Brazil, then spread to Cuba, and
were further imported to Italy (Fig. 6B and C).

To evaluate the robustness of the model and dataset, Bayesian
phylogenetic analyses were conducted using datasets A, B, and C (Sup-
plementary Fig. S6). Results from datasets B and C were consistent,
confirming similar evolutionary patterns. However, the L segment
(dataset A) analysis suggested Peru as the ancestral location. Both the L
segment (dataset A) (Supplementary Fig. S6B) and the M segment
(dataset B) (Supplementary Fig. S6C) showed earlier tMRCA (~389.4
YBP, 95% HPD: 330.9–450.6 YBP; and ~2878.1 YBP, 95% HPD:
2163.7–3662.3 YBP, respectively) than those estimated based on the S
segment dataset C (~225.8 YBP, 95% HPD: 140.2–283.6 YBP) (Sup-
plementary Fig. S6A) and dataset D (~284.7 YBP, 95% HPD:
217.6–359.1 YBP) (Fig. 6A). These results suggest that the three seg-
ments may originate from different ancestors or have undergone un-
known recombination events.

DISCUSSION

In this study, our in-depth phylogenomic analysis reveals that
mutagenesis and reassortment cooperatively drive the accelerated
evolution of OROV. This is similar to influenza A viruses, which are
also single-stranded negative-sense RNA viruses with a segmented
genome. For Influenza A, pandemics have been sparked by the emer-
gence of reassortant strains with critical mutations that gain adapta-
tion to human hosts (Taylor et al., 2023). Although the mutation-prone
feature of OROV appears to be obvious (Gutierrez et al., 2020), the
impact of reassortment and mutagenesis on its evolution remains
largely underestimated. In fact, the wide range of reservoirs, including
pale-throated sloths and non-human primates (Wesselmann et al.,
2024), as well as the arthropod transmission route of OROV provide

Fig. 4. Phylogenetic and reassortment analysis of OROV. AMaximum-likelihood phylogenetic analysis of the L segment. For each isolate, the clusters (I to V) of L, M,
and S were annotated based on phylogenetic analysis (Vasconcelos et al., 2011). The left panel illustrated the nucleic acid similarity plot of two representative 2024
outbreak-causing strains from Brazil (LACENAM_ILMD_3230FPP) and Peru (FPI21318), respectively. B Reassortment network of OROV complete genomes. Reas-
sortment network of OROV complete genomes was estimated using CoalRe and visualized via icytree.org (https://icytree.org/). Reassortment events are indicated by
dashed lines. The color of each branch represents the number of segments carried by that branch. The intensity of the dashed line color indicates the posterior
probability (PP) value: darker shades denote PP > 70, while lighter shades denote PP < 70. For reassortment events associated with the 2024 OROV outbreak, their
respective PP values, segment names, and Years Before Present (YBP) are labeled on the corresponding nodes.
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Fig. 5. The timeline of successive reassortment events from 1955 to 2024. A The composition ratio of subclusters (L, M, and S segments) varies over time. Years
without sequences have been deleted. The dashed line distinguishes two time periods (1955–1989, 1990–2024). B Schematic representation of the reassortment
dynamics of two divergent 2023–2024 outbreak lineages throughout the timeline (1955–2024). The reassortment dynamics of OROV in each period were illustrated
based on the phylogenetic and reassortment network analyses of L, M, and S segments (Supplementary Fig. S1–S3; Table S4, and Fig. 4B).
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ample opportunities for both reassortment and mutagenesis (Briese
et al., 2013; Elliott, 2014). We demonstrate the changes in virus amino
acid sites and structural predictions from 1955 to the present (Fig. 3).
Interestingly, accumulated mutations are associated with structural
changes in viral proteins. For example, the head domain, stem domain
I, and II of Gc protein form trimeric spikes of the OROV envelope
(Fig. 3H–M), which are essential for entering host cells and are the
major target of neutralizing antibodies (Hellert et al., 2019). Some of
the mutations (T857A in the L segment, and R1342K in the M segment)

have been specifically associated with fatal cases (Iani et al., 2024).
Unfortunately, we are unable to access the viral sequences from cases
with severe complications, including cases of vertical transmission and
fatalities (Martins-Filho et al., 2024). Profiling the mutation land-
scapes and reassortment events in these strains would be crucial to
understanding their potential roles in pathogenesis. Eventually, func-
tional investigations, such as using reverse genetics (Acrani et al.,
2015) and robust experimental models (Gunter et al., 2024), are
required to demonstrate the causative relation.

Fig. 6. Time-scaled phylogenetic analyses of OROV and its propagation roadmap. A The Maximum Clade Credibility (MCC) tree with a time-dependent rate of OROV
was generated based on the S segment dataset D. The geographic regions were labeled with the indicated colors. The root state posterior probabilities were calculated
using TreeAnnotator. B The transmission roadmap of OROV from the 1740s to 2024 was illustrated by spreaD3 based on the MCC tree (S segment dataset D). The
sizes of red circular indicate the relative intensity of local spread, with larger circles indicating a higher number of tree branches at that location through time (He
et al., 2022). C The transmission roadmap of OROV was summarized on the map.
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Reassortment and genetic drift are important molecular genetic
mechanisms that confer the genetic diversity in segmented RNA viruses
in nature (Simon-Loriere and Holmes, 2011). Mechanistically, reas-
sortment can produce abrupt, large-scale shifts in viral phenotype by
exchanging intact genome segments and thereby combining distinct
functional modules responsible for replication and entry (Mcdonald
et al., 2016). For 2024 outbreak strains, CoalRe and whole-genome
phylogenetic analysis implicate M-segment reassortment in the origin
of two geographically distinct lineages: one in Brazil (LII, MII, SV) and
another in the western Amazon basin (encompassing Peru, Colombia,
and Ecuador, LII, MIII, SV) (Fig. 2A–C, Fig. 4). Specifically, compared to
the strains isolated between 1955 and 1989, the Brazil lineage accu-
mulated eight mutations in the spike domain (Fig. 3L), whereas the
western Amazon basin lineage acquired 35 mutations (Fig. 3M). Such
reassortment-driven genomic reshuffling, together with lineage-specific
amino-acid changes, is therefore expected to have functional conse-
quences for virus entry, antigenicity and host tropism. For instance, the
K614 and F620 mutations found in the Brazil and western Amazon basin
lineages are located at the apex of the spike head domain and may
modulate receptor-binding affinity (Supplementary Fig. S7B) (Hellert
et al., 2019). In addition, the S578 and N683 substitutions in the western
Amazon lineage lie at the protomer–protomer interface within the
trimeric head domain, where they may perturb inter-subunit contacts
and remodel the antigenic surface of the spike (Supplementary
Fig. S7C). The localized circulation of these lineages further supports
those differential selective pressures have driven their divergence.
Functional relevance is supported by a recent report showing increased
replication efficiency for a Brazil-lineage isolate (AM0088) relative to a
historical prototype (BeAn19991,1960s) (Scachetti et al., 2024). How-
ever, differences in replication capability and propagation efficiency
between the Brazil and western Amazon basin lineages remain unclear.
It is crucial to assess their replication efficiency in mammalian cells and
transmission efficiency via insect vectors (Mcgregor et al., 2021; Sca-
chetti et al., 2024). Moreover, our phylogenetic analysis (Fig. 2A–C), in
conjunction with previous epidemiological data (Moreira et al., 2024;
Usuga et al., 2024), suggests that cross-border transmission has facili-
tated the co-circulation of the Brazil and western Amazon basin lineages
within the Amazon basin. This co-circulation raises concerns about the
potential emergence of new reassortant strains. Although the structural
predictions are computational but generate clear, testable hypotheses
that link reassortment and specific amino-acid changes to potential
shifts in viral fitness and outbreak potential.

Nucleotide substitution rates in viruses are generally inversely
correlated with the measurement timescales (Ho et al., 2005; Aiewsakun
and Katzourakis, 2016). For OROV, accelerated substitution rates have
been observed from 1955 to 2024 (Fig. 2G). To better understand
OROV's evolutionary history, we divided the timeline into four epochs
(1955–1989, 1990–2000, 2001–2019, and 2020–2024) and constructed
time-scaled maximum clade credibility (MCC) trees for the L, M, and S
segments. Consistent with previous research (Gutierrez et al., 2020), the
tMRCA of the L segment and M segment predate that of the S segment
(Supplementary Fig. S6). Additionally, applying a time-dependent rate
model further amplified the tMRCA gap among the three segments
(Gutierrez et al., 2020). Phylogeographic analysis revealed propagation
routes inferred from L segment sequences that differ from the origin
regions suggested by the S and M segments. This significant disparity in
tMRCA estimates and origin regions suggests that the three segments
may have originated from different ancestral lineages or undergone
unrecognized recombination events (Saeed et al., 2001; Aguilar et al.,
2011; Briese et al., 2013; Ladner et al., 2014; Tilston-Lunel et al., 2015;
Gutierrez et al., 2020). Our findings underscore the importance for
comprehensive, long-term whole-genome surveillance, encompassing
all three segments (L, M, and S), to fully describe the transmission and
reassortment dynamics of OROV. However, similar to other RNA vi-
ruses, the OROV RNA genome degrades rapidly in the environment,
making it impossible to obtain ancient genomes to calibrate the

temporal signals over a long-time scale. Thus, owing to the TDR phe-
nomenon (Ho et al., 2005), these insurmountable restrictive factors may
lead to underestimation of tMRCA to some extent (Membrebe et al.,
2019). Additionally, the scarcity of available OROV sequences prior to
the 2023–2024 outbreak introduces potential sampling biases that could
influence evolutionary analyses. In particular, the underrepresentation
of sequence diversity in earlier decades may result in an underestima-
tion of long-term substitution rates, potentially exaggerating the
apparent acceleration observed in recent years. Despite these chal-
lenges, our study utilized all publicly available OROV full-length
genome sequences and applied a time-dependent rates model,
providing insights into the evolutionary history of OROV. To the best of
our knowledge, this approach represents the most reliable method
currently feasible based on the available OROV genomic resources.

CONCLUSIONS

Currently, there is major emphasis on identifying the possible factors
that drive the current outbreak, including viral adaption, climate
change, human and animal mobility, and deforestation (Graf et al.,
2024; Iani et al., 2024; Naveca et al., 2024; Scachetti et al., 2024;
Wesselmann et al., 2024). However, our findings highlight that com-
prehending the genomic evolution is equally important for under-
standing the emergence of the OROV outbreak. Additionally, further
in-depth functional investigations are urgently required to effectively
respond to this ongoing outbreak and prepare for future ones.

MATERIALS AND METHODS

Establishment of datasets

All available Orthobunyavirus oropoucheense sequences (2147 se-
quences, accessed on October 10th, 2024) were collected from the
GenBank (https://www.ncbi.nlm.nih.gov/genbank). “Oropoucheense”
[All Fields] OR “Oropouche” [All Fields] was used as the search term.
Sequence-related information, e.g., accession ID, strain ID, segment,
collection date, geographical location name, host, length, and country
was also retrieved by using PhyloSuite (v1.2.2) (Zhang et al., 2020).
Sequences were divided into L, M, and S segments based on the infor-
mation provided by NCBI. Only the strains with the all three segments
were included. In total, 524 strains containing all three segments were
included in the dataset A–C (Fig. 1, Supplementary Table S1–S3).
Correspondingly, the amino acid sequences of all coding regions of each
strain in dataset were downloaded from the NCBI protein database
(https://www.ncbi.nlm.nih.gov/protein). To investigate changes in
substitution rates, strains were divided into two 34-year groups:
1955–1989 and 1990–2024.

In order to reveal the spread and origin of OROV, we constructed the
dataset D of S segment which included all available S segment sequences
to preserve more comprehensive “geographic” and “collected data” in-
formation (Supplementary Table S6). The Madre de Dios virus was
excluded due to the poor homology of its three segments to OROV.

For further details regarding the datasets constructed and used,
please refer to Supplementary Table S1–S3, and Table S6.

Phylogenies and Bayesian analysis

Sequences were aligned using the MAFFT 7 (Katoh and Standley,
2013). IQ-TREE (version 2.2.0) (Minh et al., 2020) and FastTree (Price
et al., 2009) were used to construct the maximum likelihood (ML)
phylogenetic tree (performing 1000 replicates of bootstrap). The Jatobal
virus (strain ID: BeAn 423,380) was used as the out-group. ModelFinder
(in IQ-TREE package) was employed to identify the best model for the
ML phylogenies and Bayesian analysis. Clockor2 was used to check the
temporal signal (Featherstone et al., 2024). The distinct cluster was
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identified considering the bootstrap support of more than 75% and the
branch length (>0.001) (Cui et al., 2014).

To estimate the temporal and spatial dynamics of OROV on various
continents, we constructed time-scaled phylogenetic trees using BEAST
v1.10.4 and BEAGLE (Suchard et al., 2018). Markov chain Monte Carlo
(MCMC) runs 250 million generations under a Bayesian Skyline de-
mographic model (Suchard et al., 2018). A time-dependent-rate model
and an uncorrelated lognormal relaxed clock (UCLD) model were used
as previously described (Ding et al., 2024). Specifically, we divided the
timeline to 4 epochs (1955–1989, 1990–2000, 2001–2019, and
2020–2024). We used normal priors with mean = − 5.09 (β0) and 0 (β1)
and standard deviation = 5 and 5 for the intercept and slope coefficients
of the log-linear relationship between the substitution rate and time,
respectively (corresponding to an expected rate of ~6E− 3 sub-
stitution/site/year at time 0 and no prior assumption on the direction of
the relationship). The BayesianMCMC output was analyzed using Tracer
(version 1.7). The first 10%–30% of the states from each run were dis-
carded as burn-in. Trees were summarized as maximum clade credibility
(MCC) trees using TreeAnnotator (in the BEAST package) and then
visualized in FigTree (version 1.4.4). We employed a Bayesian discrete
phylogeographic approach to investigate the areas of origin and prop-
agation routes of OROV, and the Bayesian stochastic search variable
selection (BSSVS) procedure was used to provide a sufficient description
of viral dissemination (Lemey et al., 2009). Discrete geographic areas
were defined based on the geographical regions of the countries from
which the sequences were sampled. SpreaD3 was used to visualize the
MCC trees (Bielejec et al., 2016).

Recombination and reassortment analyses

Recombination refers to intra-segmental sequence rearrangement,
involving the joining of genetic material from different viral lineages
within a single genomic segment. The S, M and L segment sequences of
524 strains were scanned for recombinant, respectively, using the seven
methods (RDP GENECONV, Bootscan, Maxchi, Chimaera, SiSscan, 3Seq)
implemented in RDP4. Sequences were identified as recombination with
the support of at least four methods simultaneously (Gutierrez et al.,
2020). P < 0.05 is considered statistically significant.

Reassortment refers to inter-segmental genomic shuffling, where
entire genome segments (L, M, or S) are exchanged between co-infecting
viruses, and generating progeny with novel segment combinations. The
phylogenetic trees of three segments were used to identify the reas-
sortment events. The strains are labeled as the reassortant if their three
segments are not in the same cluster in the ML and MCC trees (Til-
ston-Lunel et al., 2015; Naveca et al., 2024). And then, the three seg-
ments were concatenated and scanned for reassortment using the seven
methods (RDP GENECONV, Bootscan, Maxchi, Chimaera, SiSscan, 3Seq)
implemented in RDP4 (Martin et al., 2015). Sequences were identified as
reassortment with the support of at least four methods simultaneously
(Gutierrez et al., 2020). P < 0.05 is considered statistically significant.
Furthermore, OROV reassortment events were also reconstructed using
the Coalescent with Reassortment Constant Population (CoalRe) model
as implemented in the BEAST2 package and following previous studies
(Barido-Sottani et al., 2018; Muller et al., 2020; Naveca et al., 2024).
The reassortment rate parameter was assigned an exponential prior with
a mean of 0.25, consistent with previous studies (Muller et al., 2020;
Naveca et al., 2024).

Identify the amino acid mutations

Amino acid sequences of all coding regions of each strain were
downloaded from the NCBI protein database (https://www.ncbi.nlm.
nih.gov/protein). The frequency of each amino acid at each position
in an alignment for the query set and background set (1955–1989) was

calculated by VESPA (Korber and Myers, 1992) and selected the posi-
tions for which the most common character in the query set differs from
that in the background set (1955–1989).

Structural analysis of OROV proteins

Three-dimensional structural models of the OROV RdRp (L segment)
and Gc glycoprotein spike domain (M segment) were generated using
the AlphaFold3 web interface (https://alphafoldserver.com/) (Abram-
son et al., 2024). The modeling was performed in ‘single sequence’
(monomer) mode for the full-length RdRp, and in ‘three sequences’
(trimer) mode for the spike domain. No custom template restrictions or
advanced MSA parameters were modified. The server's built-in pipeline
automatically performed MSA generation, template search (Use PDB
templates with cutoff November 10, 2024). For each structure, five
models were generated with three recycles, and were ranked by the
predicted template modeling (pTM) and interface predicted template
modeling (ipTM) score. The top-ranked model with the highest pTM and
ipTM score was selected for downstream visualization and mapping of
lineage-specific amino acid substitutions. The pTM score above 0.5 and
the ipTM score above 0.8 represent confident high-quality predictions.
The annotation of functional domains in RdRP region is based on the
previously reported La Crosse virus (Orthobunyavirus) (Arragain et al.,
2020).
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