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Summary
Background Latin America has been experiencing an Oropouche virus (OROV) outbreak of unprecedented magnitude 
and spread since 2023–24 for unknown reasons. We aimed to identify risk predictors of and areas at risk for 
OROV transmission.

Methods In this multidisciplinary, laboratory-based, modelling study, we retrospectively tested anonymised serum 
samples collected between 2001 and 2022 for studies on virus epidemiology and medical diagnostics in Bolivia, Brazil, 
Colombia, Costa Rica, Ecuador, and Peru with nucleoprotein-based commercial ELISAs for OROV-specific IgG and 
IgM antibodies. Serum samples positive for IgG from different ecological regions and sampling years were tested 
against Guaroa virus and two OROV glycoprotein reassortants (Iquitos virus and Madre de Dios virus) via plaque 
reduction neutralisation testing (PRNT) to validate IgG ELISA specificity and support antigenic cartography. Three 
OROV strains were included in the neutralisation testing, a Cuban OROV isolate from the 2023–24 outbreak, a 
contemporary Peruvian OROV isolate taken from a patient in 2020, and a historical OROV isolate from Brazil. We 
analysed the serological data alongside age, sex, cohort, and geographical residence data for the serum samples; 
reported OROV incidence data; and vector occurrence data to explore OROV transmission in ecologically different 
regions of Latin America. We used the MaxEnt machine learning methodology to spatially analyse and predict OROV 
infection risk across Latin America, fitting one model with presence–absence serological data (seropositive results 
were recorded as presence and seronegative results were recorded as absence) and one model with presence-only, 
reported incidence data from 2024. We computed marginal dependency plots, variable contribution, and permutation 
metrics to analyse the impact of socioecological predictors and fitted a generalised linear mixed-effects model with 
logit link and binary error structure to analyse the potential effects of age, sex, or cohort type bias and interactions 
between age or sex and cohort type in our serological data. We conducted antigenic cartography and evolutionary 
characterisations of all available genomic sequences for all three OROV genome segments from the National Center 
for Biotechnology Information, including branch-specific selection pressure analysis and the construction of OROV 
phylogenetic trees.

Findings In total, 9420 serum samples were included in this study, representing 76 provinces in the six Latin American 
countries previously mentioned. The sex distribution across the combined cohorts was 48% female (4237 of 
8910 samples with available data) and 52% male (4673 of 8910 samples) and the mean age was 29·5 years (range 
0–95 years). The samples were collected from census-based cohorts, cohorts of healthy individuals, and cohorts of 
febrile patients receiving routine health care. The average OROV IgG antibody detection rate was 6·3% 
(95% CI 5·8–6·8), with substantial regional heterogeneity. The presence–absence, serology-based model predicted 
high-risk areas for OROV transmission in the Amazon River basin, around the coastal and southern areas of Brazil, 
and in parts of central America and the Caribbean islands, consistent with case data from the 2023–24 outbreak 
reported by the Pan American Health Organization. Areas with a high predicted risk of OROV transmission with the 
serology-based model showed a statistically significant positive correlation with state-level incidence rates 
per 100 000 people in 2024 (generalised linear model, p=0·0003). The area under the curve estimates were 0·79 
(95% CI 0·78–0·80) for the serology-based model and 0·66 (95% CI 0·65–0·66) for the presence-only incidence-
based model. Longitudinal diagnostic testing of serum samples from cohorts of febrile patients suggested constant 
circulation of OROV in endemic regions at varying intensity. Climate variables accounted for more than 60% of 
variable contribution in both the serology-based and incidence-based models. Antigenic cartography, evolutionary 
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analyses, and in-vitro growth comparisons showed clear differentiation between OROV and its glycoprotein 
reassortants, but not between the three different OROV strains. PRNT titres of OROV-neutralising serum samples 
were strongly correlated between all three tested OROV isolates (r>0·83; p<0·0001) but were not correlated with the 
two glycoprotein reassortants.

Interpretation Our data suggest that climatic factors are major drivers of OROV spread and were potentially 
exacerbated during 2024 by extreme weather events. OROV glycoprotein reassortants, but not individual OROV 
strains, probably have distinct antigenicity. Preparedness for OROV outbreaks requires enhanced diagnostics, 
surveillance, and vector control in current and future endemic areas, which could all be informed by the risk 
predictions presented in this Article.

Funding European Union.

Copyright © 2025 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY-NC-ND 
4.0 license.

Introduction
Oropouche virus (OROV) is an arthropod-borne virus 
(ie, arbovirus) endemic in Latin America. OROV is 
probably maintained in sylvatic and urban transmission 
cycles, both involving biting midges (genus Culicoides) as 
the primary vector. Since 1955, growing numbers of 
human OROV infections have been reported.1 Since 
late 2023, Latin America has been experiencing an 

OROV outbreak of unprecedented magnitude, 
characterised by thousands of reported cases and a wide 
geographical spread, including in densely populated 
areas outside of the Amazon River basin (where OROV 
had previously mostly been detected). Sporadic adult and 
fetal deaths and congenital malformations have been 
reported,2–4 and, in August, 2024, WHO declared OROV a 
high regional public health risk.5
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Research in context

Evidence before this study
We searched PubMed on Nov 29, 2024, to review the available 
articles on Oropouche virus (OROV) published after 
October, 2023, when the 2023–24 OROV outbreak began. Use 
of the search strings “Oropouche virus” and “Oropouche” 
resulted in 90 entries, all of which were reviewed. The 
majority (60 [67%] of 90) of the reviewed articles were 
comments on the 2023–24 OROV outbreak or reviews of 
existing evidence. Original research providing new insights on 
OROV mostly focused on molecular detection of acute OROV 
infections in endemic settings and returning travellers, 
genomic characterisation of current OROV lineages, and 
analyses of symptoms and disease severity. In publications 
reporting original data, the 2023–24 outbreak was associated 
with a reassortant OROV lineage first detected in Brazil in 2015. 
OROV infections were sporadically linked to fetal 
malformations and abortions and adult deaths. Studies from 
several non-American countries reported OROV infections in 
returning travellers. Many factors were discussed as potential 
drivers of the 2023–24 OROV outbreak, but substantial 
uncertainty prevails. Ecological modelling, which was available 
only for Brazil, showed high OROV infection risk in the Amazon 
River basin and on the Brazilian coast.

Added value of this study
While other studies on the 2023–24 OROV outbreak have 
typically focused on analysing country-level geographical 
spread, individual socioecological predictors of OROV infection, 
or viral genomes, this is a multidisciplinary study combining in-
vitro, serological, molecular, and genomic methods and spatial 

modelling with both serological data and reported incidence 
across Latin America. Our analyses rely on an unprecedented 
serological OROV dataset of more than 9000 samples covering 
six countries and multiple ecozones. We show that OROV is a 
common arboviral infection in the South American Amazon. 
OROV and OROV reassortants, but not individual OROV strains, 
might represent distinct serotypes. A strain from 
the 2023–24 OROV outbreak (IRCCS-SCDC_1/2024) did not 
stand out from either a historical or another contemporary 
strain in terms of its replication capacity or antigenicity. We 
analyse socioecological predictors of OROV transmission and 
provide spatial risk predictions for OROV transmission across 
Latin America. The risk estimates identified in this study are 
probably associated with the ecological niche of the main 
vector of OROV and cover areas that reported cases during 
the 2023–24 outbreak beyond the Amazon River basin (which 
is known to be a hot spot for OROV infections). Our findings 
provide substantial knowledge to help guide OROV 
containment measures and surveillance strategies.

Implications of all the available evidence
Our evidence shows that OROV infections are highly 
underestimated in Latin America. As climate predictors were 
the most important predictors in our OROV transmission risk 
models, OROV infection risk will probably evolve dynamically 
in the coming decades, with the potential for large-scale future 
outbreaks. Diagnostic testing strategies, clinical practices, 
vaccination research pipelines, and surveillance strategies 
should therefore prioritise OROV to mitigate this potential.
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The potential drivers underlying the 2023–24 OROV 
outbreak that have been considered include, among 
others, a detection bias due to increased OROV testing;6 

a more virulent phenotype of the OROV outbreak 
strain coupled with antigenic differences that facilitate 
immune escape and reinfection;7 a different vector (as 
has been reported in Cuba: Culex quinquefasciatus in 
addition to Culicoides paraensis);1,8 land cover changes, 
such as deforestation;9 and higher vector abundance 
and spread due to extreme weather events, such as 
El Niño, in Latin America.10 Substantial uncertainty 
regarding the causes of the 2023–24 OROV outbreak 
persists, partly due to the absence of comprehensive 
data beyond reported incidence, including serological 
survey data.

We conducted a multidisciplinary study including 
serological testing, in-vitro comparisons of different 
OROV strains, phylogenetic analyses, and mathematical 
modelling to predict OROV transmission risks across 
Latin America and to identify socioecological predictors 
of OROV transmission.

Methods
Study design
We performed a multidisciplinary, laboratory-based, 
modelling study. We retrospectively tested anonymised 
serum samples already available from studies on virus 
epidemiology and medical diagnostics (appendix 3 p 2) 
for OROV-specific antibodies and analysed these 
serological data (alongside age, sex, cohort, and 
geographical residence data; reported OROV incidence 
and vector occurrence data; and all available OROV 
genomic data) to explore OROV transmission in 
ecologically different regions of Latin America (covering 
Bolivia, Brazil, Colombia, Costa Rica, Ecuador, and Peru). 
Coverage was dependent on access to samples. The only 
inclusion criteria for the serum samples were available 
information on the individual’s area of residence and 
unique sample identifiers. Samples with missing age, 
sex, or collection year data were not excluded from 
analysis.

This study was approved under ethical permit 
EA2/031/22 from Charité–Universitätsmedizin Berlin. 
Sampling and sample testing was approved by the ethics 
committee of the Universidad Peruana Cayetano Heredia 
(permits R-087–06–24 and R-167–22–17), the Brazilian 
national ethics committee (Comissão Nacional de Ética 
em Pesquisa; permits 1.408.499, 2.744.551, and 2.869.566), 
the ethics committee of the Industrial University of 
Santander (Comité de Ética en Investigación Científica 
de la Universidad Industrial de Santander; permit 
202124001448301), the Colombian ethics committee for 
biomedical research (Comité de Ética en Investigación 
Biomédica del CDI; permit 202124001473531), the 
human research ethics committee of the Espiritu Santo 
University (Comité de Ética de Investigación en Seres 
Humanos de la Universidad de Especialidades Espíritu 

Santo; permit 2022–002A), the Peruvian bioethics 
committee (Comité lnstitucional de Bioética; permits 
6528 and 6532), the ethics committee of the National 
Health Institute of Colombia (Comité de Ética y 
Metodologías de la Investigación del Instituto Nacional 
de Salud; permit CEMIN 20–2022), the ethics committee 
of the Dr Mario Ortíz Suárez Hospital, Santa Cruz de la 
Sierra, Bolivia (number FWA00026426), and the National 
Health Research Council of the Costa Rican Health 
Ministry (CONIS-457-2021).

Laboratory testing
OROV-reactive IgG and IgM class antibodies were tested 
with nucleoprotein-based commercial ELISAs specific 
for IgG and IgM (Euroimmun, Luebeck, Germany). 
As defined by the manufacturer, ELISA ratios of 
more than 1·1 were considered positive. Although 
no human orthobunyavirus closely related to OROV is 
known in Latin America,1 serum samples positive for IgG 
from different ecological regions and sampling years and 
representing the full range of ELISA reactivity were tested 
via plaque reduction neutralisation testing (PRNT) 
to validate IgG ELISA specificity and support antigenic 
cartography (appendix 3 pp 2–3). PRNT is the serological 
gold standard for arboviruses.11 Serum samples were 
tested in two-fold dilutions between 1:20 and 1:5120 for 
their neutralisation of approximately 50 plaque-forming 
units of Guaroa virus (GROV), an American human-
pathogenic orthobunyavirus from a different serogroup to 
OROV to confirm ELISA specificity, and 50 plaque-
forming units of Iquitos virus (IQTV) and Madre de Dios 
virus (MDDV) to compare neutralisation of different 
human-pathogenic OROV glycoprotein reassortants. 
Three OROV lineages were included in the neutralisation 
testing, a Cuban OROV isolate from the 2023–24 outbreak, 
a contemporary Peruvian OROV isolate taken from a 
patient in 2020, and a historical OROV isolate from Brazil 
(appendix 3 p 4). PRNT endpoint titres were calculated in R 
(version 4.3.2) with a generalised linear model.

Spatial modelling
Each serum sample was assigned GPS coordinates at 
the smallest geographical resolution available on the 
basis of individuals’ residence information (appendix 3 
p 2). Reported 2024 state-level OROV incidence data 
up until Sept 15 were extracted from the Pan 
American Health Organization epidemiological alert 
for all Latin American countries except Brazil, for 
which Ministry of Health data were used (appendix 3 
pp 3, 5–6, 12). 14 spatial explanatory predictors were 
included after variable selection, including mini
misation of multicollinearity (appendix 3 pp 7–9, 12). 
The Global Biodiversity Information Facility database 
was used on July 22, 2024,  to download the available 
data on locations of reported occurrence of vectors 
associated with OROV transmission (with no country 
restriction).

For the Global Biodiversity 
Information Facility see https://

www.gbif.org/

https://www.gbif.org/
https://www.gbif.org/
https://www.gbif.org/
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We used the MaxEnt machine learning methodology to 
analyse and predict OROV infection risk across 
Latin America, fitting two types of models: one with our 
presence–absence serological data (with seropositive 
results recorded as presence and seronegative results 
recorded as absence); and one with presence-only, 
reported incidence data from 2024 (appendix 3 p 2–3).12 
MaxEnt was chosen because it has previously been 
shown to robustly model OROV geographical trans
mission risks in Brazil in comparison with other spatial 
modelling and machine learning approaches,13 and 
because it allowed us to use both presence-only and 
presence–absence data.13,14 To analyse the impact of 
socioecological predictors, marginal dependency plots, 
variable contribution, and permutation metrics were 
computed (appendix 3 p 3). The 10th-percentile training 
presence logistical threshold was chosen as a cutoff for 
high-risk versus low-risk estimates (appendix 3 p 3). This 
threshold, as calculated by default settings in MaxEnt, is 
a logistic prediction value below which the lowest 10% of 
training occurrence points fall.

Mixed-effects modelling
To analyse the potential effects of age, sex, or cohort type 
bias and the interaction between age or sex and cohort 
type in the serological data, we fitted a generalised linear 
mixed-effects model with logit link function and binary 
error structure. Cohort identity, which already contained 
country information, was used as the random effect on 
the intercept (appendix 3 p 3).

Genomic analysis
All available OROV genomic sequences for all 
three genome segments were retrieved from the 
National Center for Biotechnology Information on 
Aug 23, 2024. The search query was “Orthobunyavirus 
oropouche ense” (the name of the viral species to which 
OROV and its glycoprotein reassortants belong). 
Retrieved sequences were filtered for at least 
95% completeness of coding regions. Translated 
sequences were aligned with MAFFT (version 7). 
Phylogenetic trees were constructed with MrBayes 
(version 3.1) and a WAG amino acid substitution 
model. Branch-specific selection pressure analyses 
were performed locally with the Hyphy open-source 
software package and the aBSREL test for episodic 
diversification. Underlying phylogenies were generated 
with RAxML with a GTR + G + I nucleotide substitution 
model, and varying numbers of strains across gene 
segments according to availability (170 strains across 
the S segment, 404 strains across the M segment, and 
493 strains across the L segment).

Role of the funding source
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.

Results
In total, 9420 serum samples collected between 
2001 and 2022 were included in this study, representing 
76 provinces in six Latin American countries (figure 1A; 
appendix 3 p 13). The sample set comprised 2171 samples 
from healthy individuals collected in Brazil, Colombia, 
and Bolivia; 2441 samples from individuals in census-
based cohorts collected in Colombia, Costa Rica, and 
Peru for studies on COVID-19 and co-infections; and 
4808 samples from febrile patients seeking routine 
health care collected in Brazil, Colombia, Ecuador, and 
Peru (figure 1B; table). The sex distribution across the 
combined cohorts was 48% female (4237 of 8910 samples 
with available data) and 52% male (4673 of 8910 samples). 
The mean age across the combined cohorts (N=8703 with 
available age data) was 29·5 years (range 0–95 years, 
10–90 percentiles 8–55 years; appendix 3 p 13).

The average OROV IgG antibody detection rate 
was 6·3% (95% CI 5·8–6·8; figure 2A). In 43 (57%) 
of 76 provinces included in this study, serum samples 
tested positive for OROV-specific IgG. The median 
province-stratified detection rate of OROV-specific IgG 
antibodies varied significantly between countries (from 
1% in Costa Rica to 5% in Ecuador; χ² test, p<0·0001) 
and within distinct ecological regions exemplified by 

Figure 1: Characteristics of the 9420 serum samples tested for Oropouche virus-specific IgG class antibodies
(A) Spatial distribution of the samples. (B) Size and type of included cohorts.
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differences between country provinces (eg, below 1% in 
high-altitude Andean departments and above 10% in 
Amazonian settings; p<0·0001; figure 2B). To validate 
the robustness of the ELISA-based testing, a subset of 
71 IgG ELISA-positive samples collected in Brazil, 
Colombia, Costa Rica, and Peru over a timespan of over 
20 years (2002–22) was tested via PRNT. IgG ELISA 
ratios were significantly correlated with OROV-specific 
PRNT₅₀ titres (Pearson’s correlation r=0·48; p<0·0001) 
but not with GROV-specific (p=0·21) or IQTV-
specific (p=0·077) titres (figure 2C). Among the 
71 samples tested via PRNT, the median PRNT50 titres 
were 94 (95% CI 75–116) for OROV, 41 (95% CI 13–91) 
for IQTV, and 12 (95% CI 8–15) for GROV. Comparative 
endpoint titre testing for OROV, IQTV, and GROV 
revealed that 59 (83%) of the 71 samples (collected from 
Brazil, Colombia, Costa Rica, and Peru) had highest 
neutralisation titres for OROV (figure 2D–E), whereas 
ten (14%) of the 71 IgG ELISA-reactive samples collected 
from Brazil, Colombia, and Peru, but not Costa Rica, 
showed highest neutralisation of IQTV.1,15 Among PRNT-
confirmed samples, the IQTV detection rate was similar 
between Brazil (four [27%] of 15; 95% CI 7–48), Colombia 
(three [17%] of 18, 0–33), and Peru (three [10%] of 30, 
0–23). Only two (3%) of 71 tested samples showed highest 
neutralisation titres for GROV, indicating a high 
specificity of the applied ELISA for OROV and its 
M segment reassortants, such as IQTV, which share 
S segments encoding the N antigen employed by the 
ELISA. This high specificity combined with the 
continuous IgG ELISA ratios among the 71 tested 
samples might indicate that we slightly underestimated 
the true OROV seropositivity in all regions (figure 2A). 
The inclusion of samples from febrile individuals in the 
IgG testing might affect the OROV-specific IgG detection 

rate due to overall increased exposure to arboviruses 
associated with areas of residence and socioeconomic 
factors.16 Therefore, to validate our serological testing, we 
explored whether cohort type (ie, febrile, census-based, 
or healthy), sex, and age affected the IgG detection rate. 
Although statistically significant interactions between 
some variables occurred (appendix 3 pp 10, 14), no 
statistically significant effect of a febrile cohort type was 
observed on the OROV-specific IgG ELISA outcome 
(generalised linear mixed-effects model, p=0·31; 
appendix 3 p 10). Across all samples, the OROV-specific 
IgG detection rate was significantly correlated with age, 
in line with endemic OROV transmission and long-lived 
IgG responses following exposure (Pearson’s correlation, 
p<0·0001, r=0·07; figure 2H, I).

Country Samples Cohort type Geographical 
resolution*

Age Sex

Female Male

BRA_Acr Brazil 254 Healthy City level 40·8 (38·6–42·9; n=252) 57/254 (22%) 197/254 (78%) 

BRA_Bah Brazil 363 Febrile City level 38·2 (36·9–39·5; n=358) 127/363 (35%) 236/363 (65%) 

BRA_Rio Brazil 279 Febrile City level ·· ·· ··

COL_1 Colombia 986 Census-based City level 39·4 (38·1–40·7; n=943) 354/943 (38%) 589/943 (62%) 

COL_2 Colombia 184 Healthy State level† 43·6 (41·8–45·4; n=184) 118/184 (64%) 66/184 (35%) 

COL_3 Colombia 784 Febrile District level‡ 22·3 (21·4–23·1; n=784) 445/784 (57%) 339/784 (43%) 

CR_CCS Costa Rica 883 Census-based District level 36·1 (34·5–37·6; n=620) 372/811 (46%) 439/811 (54%) 

ECU Ecuador 1605 Febrile City level 19·5 (18·7–20·2; n=1605) 803/1605 (50%) 802/1605 (50%) 

PER_1 Peru 226 Febrile District level 17·9 (16·0–19·9; n=187) 92/187 (49%) 95/187 (51%) 

PER_2 Peru 1551 Febrile State level 26·6 (25·6–27·6; n=1477) 706/1475 (48%) 769/1475 (52%) 

PER_3 Peru 572 Census-based Province level§ 35·7 (34·0–37·4; n=572) 217/572 (38%) 355/572 (62%) 

BOL Bolivia 1733 Healthy Province level 31·2 (30·7–31·7; n=1721) 946/1024 (92%) 786/1024 (8%)

All cohorts ·· 9420 ·· ·· 29·5 (29·1–29·9; n=8703) 4237/8910 (48%) 4673/8910 (52%) 

Data are n, mean (95% CI), or n/N (%). *Whenever lower-level administrative information was not unique, we used state-level polygons. If lower-level administrative 
information was missing, higher-level information was used. †First administrative level. ‡Third administrative level. §Second administrative level.

Table: Characteristics of study cohorts

Figure 2: Detection of OROV-specific IgG antibodies and comparative 
neutralisation of OROV strains and reassortants

(A) OROV IgG ELISA ratios. (B) OROV IgG ELISA detection rate by province and 
country. (C) Correlation between IgG ELISA ratios and OROV neutralisation. 

(D) PRNT titres of IgG ELISA-positive samples for OROV, IQTV, and GROV. 
(E) PRNT titre comparison of IgG ELISA-positive samples for OROV, IQTV, and 

GROV. (F) Antigenic cartography of IgG ELISA-positive samples for three OROV 
strains and glycoprotein reassortants (MDDV and IQTV). (G) Antigenic 

cartography of IgG ELISA-positive samples for three OROV strains not including 
IQTV and MDDV. Both axes in panels F and G show antigenic distance with each 

grid square representing one antigenic unit (ie, a two-fold change in 
neutralisation titre). (H) Age-stratified OROV-specific IgG detection among all 
cohorts with at least a 5% detection rate. (I) Age-stratified OROV-specific IgG 

detection in Loreto, Peru, the studied province with the largest number of 
samples and at least a 5% detection rate. GROV=Guaroa virus. IQTV=Iquitos 

virus. MDDV=Madre de Dios virus. OROV=Oropouche virus. 
OROV-CUB2024=OROV isolated from serum of an Italian tourist returning from 

Cuba in 2024. OROV-PER2020=OROV isolated from febrile patient in Peru 
in 2020. OROV-PT1960=prototypic OROV derived from BeAn19991 isolated in 

1960 with unclear passage history. The prototypic virus strain is a defined 
reference strain. PRNT=plaque reduction neutralisation testing.
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The 2023–24 OROV outbreak strains were hypothesised 
to evade pre-existing immunity and to be more replication 
competent than other OROV strains. However, genomic 
distances for this strain are small for all three segments, 
particularly on the amino-acid level (appendix 3 p 14).7,17 

To explore neutralisation of OROV and its reassortants, 
46 serum samples collected between 2002 and 2020 in 
Brazil, Colombia, Costa Rica, and Peru were tested by 
PRNT₅₀ against a historical OROV isolate from Brazil 
in 1960 (BeAn19991), a genetically diverse contemporary 

Figure 3: Phylogenetic and in-vitro comparison of Oropouche viruses
(A) Phylogeny of Oropouche virus M segments. For clarity of presentation, viruses are identified by their country and year of isolation with the exception of selected OROV strains, prototypic strain 
PT1960, IQTV, MDDV, and the outgroup PDEV. Major glycoprotein lineages M1 and M2 are shown next to the brackets. (B) Growth kinetics of selected OROV strains and reassortants in Vero E6 cells 
infected with an MOI of 0·1. (C) Growth kinetics of selected OROV strains and reassortants in Vero E6 cells infected with an MOI of 0·01. (D) Average plaque size of different OROV strains. (E) Plaque 
morphology of OROV strains. (F) Amino acid exchanges in selected Oropouche viruses in glycoproteins and the non-structural Nsm protein encoded by the M segment, in comparison with the 
BeAn19991 reference sequence. AM0059=OROV isolate AM0059/Brazil/2024 (GenBank accession PP992528). AM0088=OROV isolate AM0088/Brazil/2024 (GenBank accession PP992527). 
BeAn19991=a historical OROV isolate from Brazil in 1960. BR-2024 Iani=OROV isolate OROV_AC_04.24_2024 (GenBank accession PQ168299). IQTV=Iquitos virus. MDDV=Madre de Dios virus. 
MOI=multiplicity of infection. OROV=Oropouche virus. OROV-CUB2024=OROV isolated from serum of an Italian tourist returning from Cuba in 2024. OROV-PER2020=OROV isolated from febrile 
patient in Peru in 2020. OROV-PT1960=prototypic OROV derived from BeAn19991 isolated in 1960 with unclear passage history. PDEV=Perdões virus. PRNT=plaque reduction neutralisation testing.

BA

F

BeAn19991

OROV-CUB2024

OROV-PER2020
BR-2024 Iani

OROV-PT1960
AM0059
AM0088

Glycoprotein C (Gc)Glycoprotein N (Gn) Nsm

400 800600200 1000 1200 14201

BeAn19991

OROV-CUB2024

OROV-PER2020
BR-2024 Iani

OROV-PT1960
AM0059
AM0088

GcGn Nsm

M segment

0·2

Haiti 2014

Brazil 1968

MDDV

Peru 2022

Brazil 1979

IQTV

Brazil 2015

Peru 2024

Brazil 2022

Brazil 1996

Colombia 2020

Brazil 2003

OROV-PER2020

Peru 1992

Brazil 1994

Peru 1995

Colombia 2017

Ecuador 2016

French Guiana 2020

Brazil 2006

OROV-PT1960

O
RO

V 
M

1
O

RO
V 

M
2

Peru 1994

Peru 2008

Panama 1989

Brazil 2004

Colombia 2021

Brazil 2006

Brazil 1980

Panama 1989

Panama 1989

Peru 1998

Brazil 1960

OROV-CUB2024

Colombia 2021

Peru 2000

Brazil 2009

BeAn19991

Peru 1997

PDEV

AM0059, Brazil 2024

Brazil 1961

Colombia 2024

AM0088, Brazil 2024

Brazil 1991

Ecuador 2016

MOI=0·1

1·0 × 103

5·0 × 106

1·0 × 107

1·5 × 107

2·0 × 107

Days post infection

Ge
no

m
e 

eq
ui

va
le

nt
s p

er
 µ

L

MOI=0·01

Days post infection
0 1 2 3 4 5 0 1 2 3 4 5

O
RO

V 
pl

aq
ue

 si
ze

 (m
m

2 )

OROV-PT1960

(n=105)

OROV-PER2020

(n=142)

OROV-CUB2024 

(n=198)

0

0·2

0·4

Virus

C

D E

OROV-PT1960

OROV-PER2020

OROV-CUB2024 

Ge
no

m
e 

eq
ui

va
le

nt
s p

er
 µ

L

OROV 2015–24 reassortant clade
Tested via PRNT
OROV (other clades)

OROV-CUB2024
OROV-PER2020
OROV-PT1960
MDDV
IQTV

Virus

1·0 × 103

5·0 × 106

1·0 × 107

1·5 × 107

2·0 × 107



Articles

www.thelancet.com/infection   Vol 25   September 2025	 1027

OROV isolate from Peru, a 2023–24 outbreak OROV 
isolate from Cuba, covering most antigenic and 
phylogenetic OROV diversity (particularly regarding the 
M segment), and the two human-pathogenic reassortants 
IQTV and MDDV (figure 3A, appendix 3 p 15). Compared 
with the historical BeAn19991 strain, the Cuban 2023–24 
outbreak isolate and the contemporary Peruvian isolate 
are 98·2% and 95·7% conserved (averaged across all 
viral proteins), respectively, at the amino-acid level. In 
contrast, IQTV and MDDV are only 85·0% and 82·7% 
conserved, respectively, compared with OROV 
BeAn19991. The Cuban isolate shares 99·7% identity on 
the amino-acid level with Brazilian isolates from 2024, 
differing in 11 amino acids of which only two differences 
occur in the major glycoprotein Gc, which is the 
most important target of neutralising antibodies in 
orthobunyaviruses (figure 3F; appendix 3 p 16).18 PRNT₅₀ 
titres were strongly correlated between all three tested 
OROV isolates (Pearson’s correlation, p<0·0001, r>0·83). 
Neutralisation titres against IQTV and MDDV were 
strongly correlated (Pearson’s correlation, p<0·0001, 
r>0·99) but neither was correlated with OROV PRNT₅₀ 
(Pearson’s correlation, p>0·05, r<0·22) or PRNT₉₀ titres 
(appendix 3 p 11). Similarly, in antigenic cartography, the 
three OROV isolates clustered closely together within 
less than one antigenic unit, whereas IQTV and MDDV 
were clearly separated from OROV by approximately 
three antigenic units. The antigenic distance between 
IQTV and MDDV was roughly two antigenic units 
(figure 2F–G; appendix 3 p 15). Neutralisation patterns 
were comparable among samples collected before 2015, 
when the reassortant OROV 2015–24 clade was first 
detected, and samples collected after 2015 (appendix 3 
p 15).

Similarly to the results for neutralisation by human 
sera, the 2023–24 outbreak-associated OROV isolate did 
not stand out from other OROV isolates in terms of its 
growth kinetics and plaque size. At two different 
multiplicities of infection (a ratio that compares the 
number of inoculated virus to the number of target cells), 
the 2024 outbreak-associated strain grew identically or 
slower than the prototype and contemporary strains 
(figure 3B, C). Median plaque sizes were significantly 
smaller for the Cuban 2024 outbreak-associated strain 
than for the contemporary Peruvian strain (t test, 
p<0·0001; figure 3D, E). No evidence for diversifying 
evolution segregating the outbreak clade from other 
OROV clades was found in analyses of the OROV 
genomic segments (appendix 3 p 17).

To investigate potential variation in OROV infection 
rates between different seasons and years,19 we tested 
serum samples from four Peruvian regions collected 
from patients with acute febrile disease in at least 
2 different years with real-time RT-PCR and IgM ELISA 
for OROV (appendix 3 p 2). In total, 110 (7·7%) of 
1422 samples tested positive: 25 (1·8%) of 1422 tested 
positive via PCR and 85 (6·0%) of 1422 tested positive 

via IgM ELISA. OROV incidence varied significantly 
among regions, ranging from 1·7% to 17·7%, and 
between different years, ranging from 6% (56 of 965, 
95% CI 4–7) to 22% (16 of 73, 12–32; χ² test, p<0·0001) 
(figure 4 A–E; appendix 3 p 10), confirming regional and 
yearly differences in OROV transmission activity in 
line with previous investigations from the Peruvian 
Amazon.17,20 Together, molecular and serological testing 
suggest that OROV is sustained constantly with seasonal 
human OROV infections in endemic regions such as the 
Amazon River basin. Substantial incidence in multiple 
years, evidence for OROV transmission in areas that have 
never reported infections, higher than 10% IgG detection 
rates in Amazonian settings, and the stringent increase 
of detection rates with age are in stark contrast to a few 
hundred reported cases in several Latin American 
countries before and during 2024, indicating stark under-
reporting of OROV infections.7

To understand spatial risk patterns of OROV infection 
across Latin America, we fitted two models with presence–
absence serological data and 2024 presence-only incidence 
data based on acute cases (figure 5A–C, appendix 3 p 18). 
The area under the curve estimates were 0·79 

Figure 4: Detection of acute OROV infections in Peru
(A) OROV-specific IgM ELISA ratios. The dotted line indicates the 1·1 threshold above which results are considered 
positive according to the manufacturer’s instructions. (B) Average OROV detection rate. Retrospective detection of 
OROV infections in 2001 and 2002 in Junín (C), in 2020 and 2021 in Lima (D), and in 2020 and 2021 in Loreto (E). 
Bars indicate 95% CIs (B–E). OROV=Oropouche virus.
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(95% CI 0·78–0·80) for the serology-based model 
and 0·66 (0·65–0·66) for the incidence-based model. 
When running the trained models to predict OROV 
transmission risk across Latin America, both showed a 
high risk in the Amazon River basin, around the coastal 
and southern areas of Brazil, and in parts of 
central America and the Caribbean islands (figure 5A). 
The serology-based model predicted high OROV 
transmission risk for areas where no serological data had 
been collected but cases had been reported in 2024 
(appendix 3 p 18) and individual risk values in the 
serology-based and incidence-based models also indicated 
a statistically significant moderate positive correlation 
(Spearman’s rank correlation, r=0·54, p<0·0001). 
Although predicted risk values in the serology-based 
model showed a statistically significant positive correlation 
with state-level incidence rates per 100 000 people in 2024 
(generalised linear model, p=0·0003), some states deviate 
from model predictions (appendix 3 p 19), which could 
characterise changes in risk patterns during the 
2023–24 outbreak or reporting biases. In comparison to 
the serology-based model, the incidence-based model 
predicted a higher general risk across Latin America, 
which might indicate risk overestimation potentially 
linked to the use of presence-only incidence data biased by 
the concentration of medical care and laboratory 
diagnostics in urban settings (figure 5A–C). In particular, 
the incidence-based model predicted a higher risk of 
OROV infection around the southeastern part of 
the Amazon River basin, the coastlines of Brazil and 
Chile, and in parts of central America and the Caribbean 
islands, and lower risk in areas towards the northern parts 
of South America, partly contradicting reported cases 
during the 2023–24 outbreak (figure 5A–C).

In both the serology-based and incidence-based 
models, climate variables, including isothermality (an 
indicator of the constancy of temperature across 
seasons), and precipitation variables were the most 
important predictors, characterised by high permutation 
and variable contribution estimates (figure 5D–K; 

appendix 3 p 19). In total, climate variables accounted for 
more than 60% of variable contribution in the models. 
In both models, distance to human settlements (a proxy 
for anthropogenic land cover changes such as 
deforestation) and evergreen broadleaf tree land cover 
were the only predictors related to human infrastructure 
that showed at least 10% variable contribution. 
Deforestation contributed to less than 4·5% of variable 
contribution in both models (figure 5D–K; appendix 3 
p 11).9 Marginal dependency plots showed a negative 
association between altitude and distance to human 
settlements and predicted risk, whereas for evergreen 
broadleaf tree land cover, precipitation, and isothermality, 
a positive association was observed (figure 5F–K). These 
findings might be similar to the conditions commonly 
found in tropical settings, such as minimal seasonality, 
abundant rainfall, and extensive evergreen vegetation, 
which could be associated with increased transmission 
risk in these climates and ecozones. When comparing 
the available occurrence data for vectors to our risk 
predictions, only C paraensis had a mean risk prediction 
above the high-risk cutoff of 0·30 (95% CI 0·29–0·31) in 
the serology-based model, despite having fewer reported 
occurrences (n=95) than the other vectors. In contrast, 
the average predicted risk for GPS points with reported 
vector occurrences was significantly higher for all other 
vectors in the incidence-based model (Wilcoxon signed-
rank test, p<0·0001; appendix 3 p 20). This finding could 
be explained by a recent change in vector range or, more 
probably, reporting biases affecting the model.

Discussion
In this study, we investigated OROV transmission 
patterns across Latin America and show that climatic 
factors probably contribute substantially to the spread of 
OROV. Our findings, including an unprecedented 
serological survey, provide evidence that OROV 
infections in Latin America have been consistently 
under-reported, which is supported by retrospective 
detections of OROV during dengue fever outbreaks.6,21

Comparative neutralisation testing did not confirm 
escape from antibody-mediated immunity as a major 
driver for OROV transmission, which had been 
indicated in a previous study.7 Although high protein 
similarities between the tested OROV lineages might 
support cross-neutralisation among OROV lineages, 
further studies are needed to explore differences 
between studies, including the time since primary 
OROV infection (potentially allowing for repeated 
infection with OROV) and potential artifacts of high-
passage isolates, highlighting the relevance of using 
contemporary low-passage strains for comparative 
testing. Beyond immune escape, genetic adaptations 
could also affect OROV replication.22,23 At least 
two different OROV lineages are currently co-endemic 
in the Amazon rainforest.24 Surveillance in co-endemic 
regions and in-vivo infection studies could verify 

Figure 5: Seasonal variation of OROV incidence and machine learning-based 
spatial risk prediction for central and South America
(A) Risk prediction with the model fitted with presence–absence serological 
data. (B) Risk prediction with the model fitted with presence-only incidence 
data. In both cases, risk predictions are averages of five model runs (appendix 3 
p 18). (C) Predicted risk difference between the incidence-based and serology-
based models. Blue characterises a decreased risk in the incidence-based model 
compared with the serology-based model. Red indicates an increase in risk. 
(D) Relative variable contribution of single variables in the two models. 
(E) Permutation estimates of single variables in the two models. (F–K) Marginal 
dependency plots for all predictors with more than 10% variable contribution in 
at least one model. The thick lines characterise the mean response of 50 replicate 
MaxEnt runs, whereas the thin lines characterise one of 50 individual model 
iterations. The fluctuation of predicted risk at extreme endpoints is probably 
attributable to the scarcity of predictor data at such values, especially in the 
serology-based model, which is based on true presence–absence data with an 
overall smaller N in comparison with the incidence-based model, for which 
pseudo-absences were generated (appendix 3 pp 2–3).
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in-vitro findings and provide important data on whether 
OROV lineages and reassortants differ in attack rate, 
effective reproduction number, and regional occurrence 
patterns compared with other lineages.1 In this study, 
antigenic distances between OROV and OROV 
glycoprotein reassortants have been found to be 
comparable to those discriminating between dengue 
virus serotypes,25 suggesting that MDDV and IQTV 
probably represent at least one antigenically distinct 
group from OROV.

Beyond potential viral adaptation, our spatial models 
emphasise the importance of climatic predictors linked 
to rainfall and temperature variation. With climatic 
variables being the most important predictors explaining 
OROV transmission risk in our models, the influence of 
extreme weather events, including El Niño, probably 
played a key role in the 2023–24 OROV outbreak.17,26 
Changing weather conditions could favour increased 
OROV transmission by increasing the number of vector 
populations, favouring transovarial transmission, or 
enhancing viral replication in ectothermic vectors (as has 
been seen with dengue virus, which spread to high-
altitude regions that had previously acted as transmission 
barriers).27 In regions with a high estimated risk for 
OROV transmission where OROV cases have not yet 
been reported, increased surveillance is crucial to fully 
comprehend and respond to the current and future 
OROV outbreaks.

In addition to climatic factors, changes in land use and 
land cover can influence vector abundance. For example, 
logging and fires in the Brazilian Amazon have been 
linked to increased malarial vector occurrence and 
incidence.28 Although their influence was less 
pronounced than that of climatic variables in our 
analyses on OROV, factors such as proximity to human 
settlements and evergreen broadleaf tree land cover 
showed some contribution in our models, in line with 
the correlation found between reported OROV cases in 
Brazil in 2024 and proximity to agricultural plantations 
such as palm oil plantations, which are commonly found 
close to rain forests.29 The minimal contribution of 
deforestation in our models could hypothetically be 
attributed to OROV cases predominantly occurring in 
areas that have already (or recently) been deforested and 
underscores the importance of obtaining granular, up-to-
date deforestation data. Although we explored a number 
of land cover variables, long-term cohort studies and 
vector studies exploring the abundance of OROV vectors 
along a gradient of recent deforestation and land use 
change are necessary.

Our serology-based spatial model shows high 
discriminative ability, highlighting the value of 
employing cross-sectional serological datasets in the 
prevention of infectious outbreaks and epidemic 
responses, despite their complexity and cost.13,30 In 
contrast, incidence data can be biased by geographically 
heterogeneous testing, especially in the early phases of 

outbreaks when testing infrastructure in remote areas 
and awareness of emerging pathogens are scarce.31 
Ideally, future modelling of incidence rates during 
outbreaks should incorporate negative testing data to 
reduce the effect of methodological choices, such as the 
creation of pseudo-absence points, on modelling outputs.

This study has several limitations. Our serological 
results are limited by the absence of PRNT confirmation 
for all IgG ELISA-positive samples and the uncertain 
durability of OROV-specific IgG antibody responses. 
However, IQTV detection rates were similar in the 
Amazon regions of Brazil, Colombia, and Peru. The 
ecology of IQTV, including its spread by Culicoides vectors, 
and its reported geographical occurrence are probably 
very similar to those of OROV, minimising the potential 
impact of IQTV detection on our predictions.1 Detection 
of OROV-specific IgG was correlated with age, suggesting 
long-lived antibody responses and supporting the 
endemicity of OROV. Data scarcity and quality limited 
our geospatial predictions and modelling, potentially 
introducing selection, information, and reporting biases. 
For example, age data could not be included in spatial 
models and continent-wide climate data were not 
available for 2024. Although diverse, unrepresentative 
cohorts and varying reporting periods for predictors were 
used, our subanalyses showed that cohort type had 
no significant effect on OROV occurrence. When 
possible, we conducted sensitivity analyses and adjusted 
variable selection across models for different time 
periods.

Overall, our findings highlight that OROV is a majorly 
neglected arbovirus and that climate variables and, to an 
unclear extent, anthropogenic land cover changes are 
main drivers of its transmission. Our results indicate 
that OROV outbreaks are likely to occur with strong 
variation in case numbers and geographical spread 
depending on environmental and weather conditions. 
Regions without known OROV circulation are at risk of 
becoming endemic for OROV, as was observed during 
the 2023–24 outbreak. Our findings emphasise the need 
to prioritise Oropouche fever in regional diagnostic 
testing and surveillance frameworks, which can be 
informed by our risk predictions; conduct experimental 
and epidemiological vector studies; adapt vector control 
to include midges; develop vaccines; and increase 
awareness among potentially endangered communities, 
clinicians, and public health stakeholders.
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