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Western equine encephalitis virus (WEEV) is a mosquito-
borne virus that reemerged in December 2023 in Argen-
tina and Uruguay, causing a major outbreak. We inves-
tigated the outbreak using epidemiologic, entomological,
and genomic analyses, focusing on WEEV circulation
near the Argentina—Uruguay border in Rio Grande do Sul
state, Brazil. During November 2023—April 2024, the out-
break in Argentina and Uruguay resulted in 217 human

estern equine encephalitis virus (WEEV) is a

mosquitoborne alphavirus that causes cen-
tral nervous system (CNS) infection in humans and
equids in the United States, Canada, and the south-
ern cone of South America (1). WEEV is transmit-
ted in enzootic and epizootic transmission cycles
mainly by Culex and Aedes mosquitoes among birds
and lagomorphs, which can lead to sporadic spill-
over to equids and humans (2,3). In humans, west-
ern equine encephalitis (WEE) infections are usu-
ally mild or asymptomatic, causing fever, headache,
and myalgia (4). However, some patients experi-
ence encephalitis, which can be fatal in 5%-15% of
cases (5). In equids, WEEV infection can cause neu-
rologic disease (blindness, staggering, and seizures)
with high case-fatality rates, often leading to death
within days. As of July 2024, no specific treatments

cases, 12 of which were fatal, and 2,548 equine cases.
We determined cases on the basis of laboratory and clini-
cal epidemiologic criteria. We characterized 3 fatal equine
cases caused by a novel WEEYV lineage identified through
a nearly complete coding sequence analysis, which we
propose as lineage C. Our findings highlight the impor-
tance of continued surveillance and equine vaccination to
control future WEEV outbreaks in South America.

or vaccines are available to treat or prevent WEEV
infection in humans; inactivated vaccines effectively
prevent the disease in equids (6).

The largest WEEV outbreaks, which caused tens
of thousands of equine and >3,000 human cases, were
reported in the 1930s-1940s. However, <700 con-
firmed cases were reported in the United States after
the 1960s, and none has been reported during the past
25 years (1,4). Similarly, major outbreaks occurred in
South America during the 1970s and 1980s, followed
by isolated cases in Argentina in 1996 and Uruguay in
2009 (1,7,8). In December 2023, a large WEEV reemer-
gence began with a major outbreak in Argentina and
Uruguay. In this study, we contextualize the WEEV
outbreak in Argentina and Uruguay and investigate
active WEEYV circulation in Rio Grande do Sul, Brazil,
a state bordering those countries.
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Materials and Methods

Epidemiologic Data

We obtained epidemiologic data of WEEV cases in
equids and humans in Argentina and Uruguay from
the Pan American Health Organization (9). The data-
set included demographic and clinical characteristics
and the aggregate number of human WEE cases in
Argentina per epidemiologic week from epidemio-
logic week 43 (October 22-28) in 2023 to epidemiolog-
ic week 23 (June 2-8) in 2024. The equine WEE cases
included laboratory-confirmed and suspected cases
based on clinical or epidemiologic criteria.

Equine Samples

We performed molecular screening in brain tissue
samples from fatal horse cases, which were sub-
mitted to the Center for Health Surveillance of Rio
Grande do Sul State during January 1, 2023-April 10,
2024. All samples were stored at —80°C until testing
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/30/9/24-0530-Appl.pdf).

Entomologic Surveillance

We carried out entomologic surveillance in the Uru-
guaiana municipality in Rio Grande do Sul, focusing
on 2 nearby horse breeding farms with a recent his-
tory of neurologic equine disease; we later confirmed
1 WEEV-positive case. We deployed 8 CDC light
traps (John W. Hock Co., https://www.johnwhock.
com) and 4 Biogents BG-Pro traps (Biogents, https://
biogents.com) positioned at a height of 1.5 m above
ground level, placed near horses and vegetation. We
conducted mosquito sampling during 2 time periods
at each site: a 24-hour period starting at 6 P.M. and
a 12-hour period of 6 PM.-6 AM. We flash-froze
captured mosquitoes, stored them in liquid nitro-
gen, and transported for storage at —80°C at the Rio
Grande do Sul State Center for Health Surveillance
in Porto Alegre. We identified mosquito species mor-
phologically using standard keys (10,11). We pooled
mosquitoes by species and date, <10 mosquitoes per
pool. We amplified the cytochrome oxidase I gene by
PCR and sequenced for the molecular identification
of mosquito pools, following previously described
methods (12) (Appendix Table 2).

PCR Testing for Viruses

We immersed brain tissue fragments (=2 g/cm?) in
800 pL of TRIzol reagent (ThermoFisher Scientific,
https:/ /www.thermofisher.com) and subjected to
disruption using a Precellys 24 Touch (Thomas Scien-
tific, https:/ /www.thomassci.com). We immediately
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centrifuged the mixture to isolate the supernatant,
from which we extracted viral RNA using the Ex-
tracta Kit Fast-DNA and RNA Viral (Loccus, https://
www .loccus.com.br) according to the manufacturer’s
instructions. We homogenized the mosquito pool
samples with 800 pL of phosphate-buffered saline
and extracted RNA using Extracta Kit Fast-DNA and
RNA Viral. We tested all extracted RNA by quanti-
tative real-time reverse transcription PCR (rRT-PCR)
targeting WEEV using the TagMan RNA to-CT 1-Step
Kit (ThermoFisher Scientific), as previously described
(13). We performed reactions on a CFX Opus 96 Real-
Time PCR System (Bio-Rad Laboratories, https://
www.bio-rad.com). In addition, we screened the
samples using rRT-PCR targeting eastern equine en-
cephalitis (13), West Nile, St. Louis encephalitis (14),
Mayaro, and Oropouche viruses (15) (Appendix Ta-
ble 3). We also tested equine brain tissue samples for
rabies viruses (16).

WEEV Genome Sequencing and Assembly

We conducted WEEV genome sequencing on 3 horse
brain samples that tested positive by rRT-PCR. We
achieved a near-complete genome using the hybrid-
capture-based metagenomic approach enabled by II-
lumina Viral Surveillance Panel and RNA Prep with
Enrichment kit (Illumina, https://www.illumina.
com), according to the manufacturer’s instructions.
We sequenced VSP-enriched libraries on an Illumina
MiSeq platform and processed the generated raw
FASTQ files through the ViralFlow 1.0 pipeline (17)
for assembly, using the 1971 Oregon WEEV strain
71V-1658 (GenBank accession no. NC_003908.1), as a
reference genome.

Phylogenetic Analysis

We generated 3 novel WEEV genomes with >98%
coverage and aligned them with WEEV strains
with complete coding sequences that were avail-
able in the GenBank database as of June 10, 2024.
We performed multiple sequence alignment (MSA)
using MAFFT version 7.450 (https://mafft.cbrc.
jp/alignment/software) as previously described
(18) and conducted manual adjustment using Ge-
neious Prime 2023.0.4 (https://www.geneious.
com). We screened the dataset for recombination
events using all available methods in RDP version
4 (https:/ /rdp4.software.informer.com) (19). We
generated a maximum-likelihood (ML) phylogeny
tree using IQ-TREE version 2 (http:/ /www.iqtree.
org) under a general time-reversible plus invariable
plus gamma model determined by ModelFinder
(20,21). We used the ultrafast-bootstrap approach
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with 1,000 replicates to determine the statistical
support for nodes in the ML phylogeny (22). We
estimated regressed root-to-tip genetic divergence
against sampling dates to examine the temporal
signal and identify sequences with low data qual-
ity of our datasets, such as assembly errors, sample
contamination, data annotation errors, sequencing,
and alignment errors (23). We identified no obvi-
ous outliers. We estimated the dated phylogenetic
tree using BEAST version 1.10.4 (http:/ /beast.com-
munity) under a general time-reversible plus in-
variable plus gamma model (24), an uncorrelated
log-normal relaxed molecular clock (UCLD) model
with an exponential rate distribution as previously
described (1), and a Skygrid tree prior (25) with
102 grids with one grid every 2 years since the root
of the tree. We used BEAGLE (http://beagle-lib.
googlecode.com) to enhance computation speed
(26). Last, we ran the evolutionary analyses inde-
pendently in triplicate for 500 million steps, sam-
pling parameters and trees every 50,000 steps. We
generated maximum clade credibility summary
trees using TreeAnnotator version 1.10.69 (https://
beast.community/treeannotator) and visualized
the phylogenetic tree by using Figtree version 1.4.2
(http:/ /tree.bio.ed.ac.uk/software/figtree).
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Results

During November 18, 2023-April 6, 2024, a major
WEE outbreak occurred in Argentina and Uruguay,
causing 112 human and 127 equine cases, all labora-
tory-confirmed (Figure 1, panel A). On the basis of
clinical and epidemiologic criteria, Argentina also
reported 68 suspected human cases and 1,481 sus-
pected equine cases, and Uruguay documented 37
suspected human cases and 940 suspected equine
cases. The WEE outbreak began in northeastern Ar-
gentina, spreading to central regions and Uruguay. In
Argentina, 47 confirmed equine cases were reported
across 17 of 23 provinces, peaking in epidemiologic
week 49 of 2023) and declining sharply by epidemio-
logic week 8 of 2024. A total of 107 human WEE cases,
including 12 fatal cases, were identified in 8 provinces
of Argentina; 63/107 (58.9%) were concentrated in
Buenos Aires Province, mirroring the highest equine
case burden of 14/47 (29.8%) (Figure 1, panel A).
The human outbreak peaked between epidemiologic
week 51 of 2023) and epidemiologic week 3 of 2024;
during that period, 58/107 (54.2%) of cases occurred.
Available data show that the human WEE case-pa-
tients were predominantly male (male-to-female ratio
6.6:1), and 76/106 (71.7%) were >50 years of age. The
most common symptoms were fever (82%), headache
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and Brazil. A) Cumulative western equine encephalitis laboratory-

confirmed cases in Argentina and Uruguay reported to the Pan American Health Organization (PAHO) during October 2023-June 2024
(9). B) Locations of deaths among horses in Rio Grande do Sul state, Brazil, that tested positive (blue) and negative (yellow) for WEEV
by rRT-PCR during December 2023—April 2024. The cases were identified by our molecular epidemiology study in Barra do Quarai on
December 21, 2023 (EQ1090), in Uruguaiana on December 28, 2023 (EQ1122), and in Jaguaréo on January 30, 2024 (EQ237). WEEV,

western equine encephalitis virus.
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Figure 2. Maximum-likelihood phylogenetic tree of 3 new WEEYV strains from Rio Grande do Sul state, Brazil (bold text), and reference
sequences. Tip colors indicate WEEV lineage. We used an uncorrelated log-normal relaxed molecular clock model with an exponential rate
distribution for generating the time-rooted tree. Posterior probability scores appear next to key well-supported nodes. Dates at key nodes
are the estimated dates of divergence from a common ancestor, with Bayesian credible intervals. WEEYV, western equine encephalitis virus.

(76%), and mental confusion (63%). Uruguay exhib-
ited a similar pattern; the equine outbreak preceded
human cases. The largest proportion of confirmed
equine cases (28.8%, 23/80) occurred in San José De-
partment, which also reported 3/5 confirmed human
cases (Figure 1, panel A). No WEEV cases were re-
ported in Argentina and Uruguay between epidemio-
logic week 15 of 2023 (April 7-14) and epidemiologic
week 24 of 2024 (June 11-17).

During December 2023-April 2024, we conducted
a molecular diagnostic and entomologic study to in-
vestigate the presence of WEEV in Rio Grande do Sul
state, Brazil. In the entomologic surveillance, we cap-
tured 971 mosquitoes across 7 genera that were com-
bined into 117 pools for further analysis (Appendix
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Table 2). The most prevalent genus was Culex, con-
stituting 664/971 (68.4%) mosquitoes. All mosquito
pools tested negative for WEEV, eastern equine en-
cephalitis, West Nile, St. Louis encephalitis, Mayaro,
and Oropouche viruses.

During January 1, 2023-April 10, 2024, we re-
ceived brain samples from 31 fatal horse cases from
22/497 (4.4%) municipalities in Rio Grande do Sul.
We tested 31 horse brain tissue samples by rRT-
PCR and detected WEEV RNA in 3 (9.7%) with cycle
threshold (Ct) values of 26-27 (Figure 1, panel B; Ap-
pendix Table 1). All 3 horses exhibited signs of neuro-
logic disease (i.e., paralysis and incoordination) and
none was vaccinated against WEEV. One horse was
2 months of age and died on December 21, 2023, in
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Barra do Quarai municipality; the second was 2 years
of age and died December 28 in Uruguaiana munici-
pality. Those municipalities are located on the Brazil
border with Argentina and Uruguay. The third case
was a 5-month-old horse that died on January 30,
2024, in Jaguardo municipality, on the Brazil-Uru-
guay border. In addition, those 3 fatal horse cases
were positive for rabies virus by rRT-PCR; the etio-
logic cause of death remained inconclusive for the
other 22 fatal horse cases (Appendix Table 1).

Next, we used Illumina sequencing to gener-
ate the nearly complete (>98%) coding sequences
for 3 WEEV strains with a mean depth of coverage
of 606-fold/nt. We submitted sequences to GenBank
(accession nos. PP544260, PP669617, and PP66961).
The maximume-likelihood phylogenetic analysis
showed that 3 WEEV strains circulating in the Rio
Grande do Sul state in 2024 clustered together in a
well-supported clade (posterior probability = 1) with
6 genome sequences of WEEV obtained from equine
cases in Uruguay during the outbreak of 2023-2024
(Figure 2). That clade represents a novel WEEV lin-
eage closely related to the 1958 CBAS87 strain from
Argentina, which we proposed as the C lineage (Fig-
ure 2). We confirmed that our genomic dataset had
a strong temporal signal based on regression of ge-
netic divergence from root-to-tip against sample col-
lection dates (R, = 0.7763) (Figure 3, panel A). Those
novel WEEV strains from Brazil shared 94.9-97.6%
nucleotide identity with the 1958 CBAS87 strain (Ap-
pendix Table 2). The time to the most recent common
ancestor (tMRCA) for WEEV strains associated with
the 2023-2024 outbreak in Brazil was estimated to be

early 2019 (95% Bayesian credible interval early 2012
to mid-2022) with a mean evolutionary rate of 2.6 x
107 substitutions/nucleotide/year (UCLD, mean 2.6
x 107, median: 2.6 x 107 95% height posterior den-
sity 1.8 x 10™ - 3.5 x 10™ substitutions/nucleotide/
year). Using Skygrid reconstruction with a grid with
an interval of 2 years based on tMRCA for all WEEV,
we found an effective population size that has been
decreasing between the late 1960s and 1980s (Figure
3, panel B). We found no evidence of recombination
in WEEV strains of the C lineage.

Discussion

We contextualized the major WEE outbreak in South
America in 2023-2024 and identified a new WEEV
lineage associated with this outbreak from 3 fatal
horse cases from Rio Grande do Sul, Brazil. The new
lineage forms a distinct clade evolving independently
for many decades from those circulating in North
America (1,4,27). Our findings strongly suggest that
WEEV has been circulating in South America since
2009 with cases likely unreported. We hypothesize 2
complementary explanations for the lack of reported
WEE cases from April 2009-November 2023 in South
America: limited enzootic circulation of the WEEV
between vectors and resident/migratory birds, or a
lack of WEEV surveillance, particularly in rural or
remote areas, where cases might go undetected. The
WEE outbreak in South America appears to have
ended in April 2024, when the last case was reported.
This cessation of cases may be due to the increased or
mandatory immunization of horses against WEE in
Argentina, Uruguay, and Brazil. Widespread equine
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Figure 3. Phylogenetic analysis of WEEYV strains from Rio Grande do Sul state, Brazil, and reference sequences. A) Regression of
sequence sampling dates against root-to-tip genetic distances in a maximum likelihood phylogeny of the WEEV strains. Sequences are
colored according to geographic source. Line indicates the correlation; shading indicates 95% Cls. B) Effective population size of WEEV
through time using the Skygrid model. Thin blue lines represent 95% Bayesian credibility interval, and the thick blue line represents the
posterior median. Vertical dotted lines indicate the best estimates for the time of the root of the tree (left) and the upper highest posterior

density (right). WEEV, western equine encephalitis virus.
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immunization in the region may contribute to sup-
pressing WEEV re-emergence in the near future.

Some experimental murine model studies indi-
cate reduced virulence of recent WEEV isolates (B3
strains) compared with earlier isolates (A, Bl, B2
strains), which could explain decreased human and
equine cases in North America (1,4,28). Alternative-
ly, the lack of reported WEE cases in North America
since 1999 may a result of WEEV’s silent or under-
reported circulation, because WEEV continued to be
detected in mosquitoes during 2004-2007 (29). In con-
trast, the large numbers of neurologic and fatal cases
in humans and equids in Argentina, Brazil, and Uru-
guay in 2023-2024 suggest that contemporary WEEV
strains circulating in South America might be more
virulent than those currently circulating in North
America. Further research is needed to elucidate the
virulence determinants that might explain this appar-
ent difference between WEEV lineages from South
and North America.

The first limitation of our study is that we fo-
cused on identifying active WEEV infections using
molecular methods only in fatal horse cases. Hors-
es with mild signs of disease should also be tested.
Also, age-stratified serologic studies are needed to
determine the extent of previous WEEV exposure
in the equine and human populations, and pat-
terns of past infections. Second, we did not detect
WEEV RNA in any mosquitoes, which may be ex-
plained by the generally low (e.g., <1%) arbovirus
infection rates observed in mosquitoes, even during
outbreaks, and including WEEV. For instance, 0.02%
(55/271,889) of mosquitoes captured in California,
USA, during 2004-2013 were positive for WEEV
by rRT-PCR (29). Also, our entomologic investiga-
tion showed that Culex spp. were the most abun-
dant mosquito species in the region; further studies
with an emphasis on Culex spp. mosquitoes, as well
as the Aedes albifasciatus mosquito, a previously in-
criminated WEEV vector (3,30), are needed to better
understand the transmission dynamics of WEEV in
South America. Third, we were unable to determine
whether ecologic drivers were associated with the
current outbreaks, but further studies should inves-
tigate climate factors, anthropogenic changes, and
migratory bird routes and activity (31).

In conclusion, our study identified active WEEV
circulation in Rio Grande do Sul, Brazil, and a nov-
el viral lineage associated with fatal cases in horses.
These findings highlight the critical need for continu-
ous laboratory diagnosis and surveillance for WEEV
in both horses and humans, as well as ecologic stud-
ies using a One Health approach to better understand
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the transmission dynamics and ecologic drivers
contributing to WEEV re-emergence in South Ameri-
ca. Finally, horse immunization should be considered
to mitigate the effect on animal health.

This article was preprinted at https:/ /www.medrxiv.org/
content/10.1101/2024.04.15.24305848v1.
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