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Entomo-virological investigation during the epizootic outbreak
of sylvatic yellow fever in Rio Grande do Sul, Brazil,
between 2021 and 2022
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BACKGROUND Yellow fever virus (YFV) re-emerged among non-human primates (NHPs) in Rio Grande do Sul in early
2021, more than a decade after its last detection in the state. The spread of the virus was accompanied by increased mortality
among NHPs.

OBJECTIVES To conduct entomological surveillance and molecular detection of YFV and other Orthoflavivirus species in
mosquito samples collected from affected and potentially receptive areas.

METHODS Mosquitoes were collected during epizootics using human landing catches, BG-Pro traps, and ovitraps. Virus
detection was performed using reverse transcription real-time polymerase chain reaction (RT-qPCR) assays targeting YFV and
pan-Orthoflavivirus sequences.

FINDINGS A total of 1,210 mosquitoes, representing 26 taxa, were collected across 17 municipalities. Psorophora ferox was the
most abundant species, followed by Culex (Culex) spp., accounting for 27% and 12% of the specimens, respectively. Haemagogus
leucocelaenus, the primary YFV vector in the region, was also among the most frequently captured species, representing 7%. In
total, 203 mosquito pools were assembled by species, location, and date of collection. RT-qPCR analysis did not detect YFV or
other Orthoflavivirus RNA in any of the samples.

MAIN CONCLUSIONS Although mosquitoes were collected during a period of active YFV circulation, the absence of virus
detection suggests that arboviral circulation in vector populations may occur at low frequencies, even during outbreaks.
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Orthoflavivirus flavi, widely known as yellow fever
virus (YFV), is the prototype virus of the genus Orthofla-
vivirus, family Flaviviridae. It is an endemic arbovirus in
tropical and subtropical regions.®” In South America, YFV
is maintained through two distinct transmission cycles:
urban and sylvatic. The urban cycle involves the mosquito
Aedes aegypti and humans.® Due to the temporary eradi-
cation of Ae. aegypti between the 1940s and 1960s, along
with human vaccination efforts, the urban transmission
cycle was interrupted, and the virus remained confined to
forested areas, where the sylvatic cycle persists. In these
areas, native mosquitoes of the genera Haemagogus and

Sabethes serve as vectors, non-human primates (NHPs)
act as amplifier hosts.?®) In Brazil, NHPs are used as sen-
tinels for YFV surveillance due to their high susceptibil-
ity to infection.” Humans, within the sylvatic cycle, are
considered incidental hosts, with infections occurring
sporadically, developing disease and viraemia, although
they generally do not sustain transmission.®)

In Brazil, YFV is endemic in the Amazon rainforest,
but epidemic activity has extended to the southern limits
of the Atlantic Forest. YFV circulation in extra-Amazo-
nian regions has been reported since the early 2000s.?)
From 2014 onwards, the virus expanded from the Cer-
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rado biome in northern Brazil to other regions, causing
high mortality in NHPs.® Between 2016 and 2019, YFV
reached the Atlantic Forest in the southeast, the most
densely populated region of the country, triggering the
largest sylvatic YFV outbreak ever recorded in Brazil.
@9 During this period, more than 2,000 human cases
and over 700 fatalities were reported, this significant
outbreak was primarily attributed to the lack of vacci-
nation among the local population.”” Since 2019, YFV
has also been detected among NHPs in southern Brazil®
and, in early 2021, the virus reached Rio Grande do Sul
(RS), Brazil’s southernmost state, after more than a dec-
ade without recorded activity.?”

In the 21st century, the first YFV epizootic outbreak
in RS occurred between 2001 and 2002, and was restrict-
ed to the northwestern region of the state. During this
event, NHP deaths were recorded, but no human cases
were reported.’? The largest sylvatic YFV outbreak in
the RS took place between 2008 and 2009. Again, NHP
deaths began in the northwest and subsequently spread
to central and northern regions."'? This outbreak resulted
in 21 confirmed human cases, including nine fatalities.
Additionally, 204 NHP deaths were confirmed by labo-
ratory diagnosis, although the number of NHPs affected
is estimated to exceed 2,000.'? In the 2021 epizootic
outbreak, the YFV dispersion wave reached the north-
eastern region of RS via neighbouring states, a marked
shift from previous outbreaks, which typically entered
through the northwest, bordering Argentina.”) The virus
then progressed southward, and also affected areas in
the central and northwestern regions of the state.!® In
total, 420 NHP deaths were reported in 2021, of which
126 were laboratory-confirmed as YFV-positive. Nota-
bly, the majority of NHP cases occurred during the first
semester of the year, with a marked decline in reports
coinciding with the onset of the colder season, which is
unfavourable for mosquito activity.!® As a result of prior
vaccination efforts and heightened public awareness, no
human infections were reported throughout 2021.4%

In addition to the circulation of YFV, there is evi-
dence supporting the presence of other orthoflavivirus-
es in RS. In urban settings, dengue virus, transmitted
by Ae. aegypti, has been circulating autochthonously in
humans since 2007, with a marked increase in human
incidence observed from 2021 onward."*'¥ Zika virus
has also been generating human cases since 2017, al-
though with a lower incidence compared to dengue.!3!%
Although no human cases have been officially reported
in RS for other orthoflaviviruses, indirect historical ev-
idence suggests their circulation among wild and live-
stock animals, indicating potential zoonotic risk. Anti-
bodies against Orthoflavivirus nilense (West Nile virus,
WNV) have been detected in birds and horses,*!” and
antibodies for Orthoflavivirus louisense (St. Louis en-
cephalitis virus, SLEV) and Orthoflavivirus ilheusense
(Ilheus virus, ILHV) have been found in NHPs.($!1
Considering the evidence of arbovirus circulation in RS,
this study aimed to analyse sylvatic mosquitoes collect-
ed during the YFV outbreak for the presence of YFV
and other orthoflaviviruses.

MATERIALS AND METHODS

Study area - Rio Grande do Sul is the southernmost
state in Brazil, bordering Uruguay and Argentina. The
state covers an area of 281,707 km? and comprises 497
municipalities, with an estimated population of over 10
million people. Two major biomes occur in RS: the Pam-
pa, a grassland biome where forests are limited to ripar-
ian zones and isolated patches, and the Atlantic Forest, a
forest biome influenced by its proximity to the ocean.??

Mosquito sampling and taxonomic identification
- The study was conducted with support from the En-
vironmental Health Surveillance Division (DVAS) of
the Rio Grande do Sul State Health Surveillance Cen-
tre (CEVS). Mosquito collections were carried out from
February 2021 to February 2022 during the summer and
spring seasons in forested areas of several municipalities
in RS. Due to the emergency context of an active YFV
outbreak, sampling procedures were not standardized
across locations. Field strategies were dynamically ad-
justed based on real-time notifications of sick or dead
NHPs recorded by DVAS, prioritizing newly affected
areas (Fig. 1). Mosquito sampling was carried out con-
currently with epizootic investigations and up to 25 days
thereafter. Additionally, collections were extended to
ecologically connected municipalities, areas with YFV
circulation in previous years and two municipalities
[Pinhal da Serra (PDS) and Esmeralda (ESM)] revisited
approximately one year after the initial epizootic events
[Supplementary data (Table)].

In all areas, adult mosquitoes were collected using
the human landing catch (HLC) method, which relies
on the natural production of carbon dioxide (CO-), heat,
and human odour to attract mosquitoes seeking hosts.
Between two and five collectors performed the HLC
method using entomological nets and manual aspirators,
operating during the day (9:00 a.m.-4:00 p.m.), for vari-
able periods depending on field conditions.

At municipalities Santo Antonio das Missdes (SAM),
Derrubadas (DER), and ESM, additional collections were
conducted using BG-Pro traps (Biogents AG, Regens-
burg, Germany). Each trap was baited with 2 kg of dry
ice (as a CO: source) and an artificial attractant (BG-Lure
unit; Biogents AG). Five traps were installed 1.5 metres
above ground level, in the same locations where the HLC
sampling was performed, and operated for 24 hours.

In SAM, 10 ovitraps baited with an infusion of
dried forest floor leaves were installed 1.5 metres above
ground level, each containing two wooden paddles. The
traps remained in place for 15 days. Wooden paddles
bearing mosquito eggs were immersed in water to in-
duce hatching, and the resulting larvae were reared to
adult stage in the laboratory for identification.

Mosquito handling and identification - After collec-
tion, the insects were quickly frozen, transferred to cry-
ogenic tubes, and stored in containers filled with dry ice
(-70 °C). The specimens remained frozen during trans-
port to the laboratory, where they were stored at -80°C
until identification. Mosquitoes were identified under a
stereomicroscope on a cold table set at -20°C, using di-
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Fig. 1: study area in Rio Grande do Sul (RS) State. (A) Map highlighting the spacial position of Brazil and RS. (B) Biome division of RS (Atlantic
Forest and Pampa grasslands). (C) RS map highlighting the affected area by the yellow fever virus (YFV) (in red) according with the criteria
established by the Environmental Health Surveillance Division (DVAS) of the Rio Grande do Sul State Health Surveillance Centre (CEVS) and
the 17 municipalities where mosquitos are collected (in yellow): André da Rocha (ADR), Bossoroca (BOS), Campestre da Serra (CDS), Derruba-
das (DER), Dois Irmaos (DOI), Esmeralda (ESM), Ipé (IPE), Jaquirana (JAQ), Machadinho (MAC), Pinhal da Serra (PDS), Porto Alegre (POA),
Protasio Alves (PRA), Rolante (ROL), Santo Antonio das Missdes (SAM), Sao José do Ouro (SJO), Tupanci do Sul (TDS), Vacaria (VAC).

chotomous keys based on female morphological charac-
teristics."?>2 Identified adult specimens were grouped
into pools (< 10 individuals) according to species, sam-
pling site, and collection date.

Statistical analysis - Species richness and abundance
indices were calculated for the entire mosquito commu-
nity based on the total number of captured specimens.
In areas where multiple collection methods were ap-
plied, the differences in species richness and abundance
among methods were evaluated. The average number of
specimens captured by each method was assessed for
normality using the Shapiro-Wilk test and compared us-

ing analysis of variance (ANOVA), followed by Tukey’s
post-hoc test. Statistical significance was set at p < 0.05.
Analyses were performed using R software.

Virus detection - Mosquito pools were homogenised
in 300 uL of L-15 culture medium containing 1% peni-
cillin-streptomycin, and 10% foetal bovine serum (FBS)
using the Precellys® 24 tissue homogeniser (Bertin
Technologies, France) with glass beads. The homogen-
ates were clarified by centrifugation at 12,500 g for 5
min at 4°C. Supernatants were collected and subjected
to RNA extraction using the Extracta® Kit Fast (Loccus,
Cotia, Brazil) in the EXTRACTA® 96 automated extrac-
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tor (Loccus), following the manufacturer’s instructions.

Reverse transcription was performed using the
High-Capacity cDNA Reverse Transcription Kit (Ap-
plied Biosystems™, Foster City, USA) with 1.5-2 pg of
total RNA in a 20 pL reaction, according to the man-
ufacturer’s protocol. Quantitative polymerase chain re-
action (QPCR) specific for YFV was carried out using
primers and probes targeting a 97 bp region of the YFV
NSI gene.® To detect other members of the Orthofla-
vivirus genus, an additional gPCR was performed using
a pan-Orthoflavivirus assay.®> The list of primers used
for amplification is provided in Table 1.

To determine the detection limit of the pan-Orthofla-
vivirus assay, serial dilutions of a plasmid (10-107 copies/
pL) were prepared in triplicate. The plasmid was gen-
erated by cloning a 260 bp fragment of the NS5 gene
(obtained from the YFV vaccine strain) into the TOPO
TA vector (Invitrogen), following the manufacturer’s
instructions. Plasmid concentration was measured by
spectrophotometry, and the same plasmid was used as a
positive control in all PCR assays. Considering that the
first dilution of the control plasmid contained 14 x 108
genomic copies per microliter of the target fragment, the
detection limit obtained was between 1 and 10 copies/re-
action. For both assays’ amplifications were performed
under the following conditions: incubation at 55°C for
2 min, polymerase activation and initial denaturation at
95°C for 20 s and 45 cycles of denaturation at 95°C for 1
s and extension/annealing at 60°C for 25 s.

RESULTS

Between February 2021 and February 2022, 17 mu-
nicipalities in RS were sampled, 14 of which were con-
sidered YFV affected areas, based on the detection of
the virus in NHPs. In total, 1,210 individuals from the
Culicidae family were collected. It was possible to cat-
egorize the specimens into 26 taxa; of these, 20 species
were identified (Table II).

The most abundant mosquito species was Psoropho-
ra ferox, followed by Cx. (Cux.) spp., comprising 27%
and 12% of the mosquitoes collected respectively. These
taxa were also the most widespread, being present in
more than half of the sampled municipalities (52.9%).

The yellow fever vector Hg. leucocelaenus was the fifth
most abundant (7%) and was present in almost half of
the municipalities sampled (47%). Species of the genus
Sabethes and Aedes also appear among the most collect-
ed mosquitoes in this study (Fig. 2).

When comparing the HLC and BG-Pro collection
methods, there were no statistical differences between
the total mosquito capture averages (p = 0.82). However,
when comparing the capture of specific genera, it was
observed that the BG-pro traps captured more Culex, but
these traps did not capture any mosquitoes of the genus
Haemagogus. When ovitraps were used, 30 individuals
were collected, all belonging to the species Hg. leucoce-
laenus (Fig. 3).

In total, 203 pools of mosquitoes, separated by spe-
cies, location and date of collection, were processed
and submitted to a specific RT-qPCR for YFV and to
a Pan-Orthoflavivirus RT-qPCR. All 203 pools tested
negative in both RT-qPCR assays.

DISCUSSION

At the beginning of 2021, YFV reached RS, the
southernmost state in Brazil. Virus spread in different
municipalities was accompanied by deaths of native
NHPs.© Seeking to identify YFV and other arboviruses
circulating in sylvatic areas in RS, mosquitoes were ob-
tained from the same sites where circulation of YFV was
identified when samples from NHPs were examined.

Regarding the abundance and distribution of the
mosquito species found, Ps. ferox was the most abun-
dant in the sampled areas. This mosquito is notably
aggressive and exhibits a generalist feeding behaviour,
obtaining blood from multiple mammalian groups, in-
cluding NHPs, and to a lesser extent, from birds.?® Due
to this behaviour, this species has been found naturally
infected with several viruses, such as YFV, although in
vector competence tests it has not been able to transmit
this virus.® The high proportion of Ps. ferox described
here corroborates with previous findings in RS.?” Spec-
imens classified as Cx. (Cux.) spp. were the second most
abundant and constant in the sampled areas. These were
identified to the subgenus level due to the high similar-
ity between species. Members of this group are prob-

TABLE I

Primers and probes used for yellow fever virus (YFV) and pan-Orthoflavivirus real-time
quantitative polymerase chain reaction (RT-qPCR) assays

qPCR assay Primer & Probe Sequence (5°- 3%)
YFallF GCTAATTGAGGTGYATTGGTCTGC
YFV YFallR CTGCTAATCGCTCAAMGAACG
YFallP FAM-ATCGAGTTGCTAGGCAATAAACAC-TAMRA
Flavi all S2 TACAACATGATGGGMAAACGYGARAA
Flavi all AS4 GTGTCCCAGCCNGCKGTRTCRTC

Pan-Orthoflavivirus Flavi all probe 1
Flavi all probe 2

Flavi all probe 3

FAM-TGGTWYATGTGGYTNGGRGC-TAMRA
FAM-CCGTGCCATATGGTATATGTGGCTGGGAGC-TAMRA
FAM-TTTCTGGAATTTGAAGCCCTGGGTTT-TAMRA




5[13

Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 121, 2026

"(DVA) eLedeA (SAL) IS op wuedny, (OfS) 01nQ op 9sof 0BS ‘(JNVS) SAOSSI

Sep oruoiuy ojues ‘(JOY) AUE[0Y (VUd) SPA[V 01spioid (VOd) 2139[V 03104 (SAd) B1RS EP [equid ‘(DVIA) oquIpeydeN ‘(Ov() euerinber ‘(g41) 9d] ‘ONSH) eplerowsy (JOQ) sorww] siod “(YaA)
sepeqniIo (SAD) e11ds ep ansadwe)) {(SOF) ©oo1ossod ‘(YAV) BYI0Y Bp Ipuy :sanifediorunwu (snuanjad0ona) sn3o3puwanyy Jo 90UINI00 YIIM sonI[edIorunu MON .. ‘AJA Aq Po31odjje saniediotuniay,

14 € ! 8 14 [ 6 9 [ S S 4! S 01 € S € SsauyIry
S 9 I (44 8¢ C 081 8¢l 4 €1 L 86T L L6l L 6C 9 Qouepunqy
ST (9561 ‘oyrewrey 29 ©I110))) 152do] (P1duio1uoyg) piduoady
€ (z¥61 “eaonbia)) 29 sueT) 1s1avp (D1duwouoyg) p1duwoad
I T 4 6S C (5061 ‘) L2puaa1piynd uodoso.rdoysri
€ T “dds (1dworuoyg) viduwoady
4 4 [34 6 € ¥ “dds prdwoady
4 ! (L061 ‘Preqoay L) snand.ind (say1oqng) sayoqvg
I 9s I ! ! 1 L4 L €061 ‘PIBQOSYL Snartdiqv (say1aqus) say1oqvg
1 971 (5061 ‘ZIn]) suaosa.unp (snjnuojldg) sayaqng
turyleqes
1 4 L6 (8781 “I[BM ) SUD]j111} (VILOSUDJN) DIUOSUDIN
4 (1061 ‘preqoaYy L) suvjjryopnasd (D1uosuvpy) pILOSUDI
[ (2161 ‘PIeqoay L) sisuajanzauaa (vuavioyoudyy) viprjajjinbo)
S “dds (1uavjoyoudyyy) vipiiajmbo)
TUITUOSURIA!
[4 [4 811 ! I 14 I 8 14 ‘dds (xajn)) xom)
I ! [ C 10)BU0109 odnin) (xayn)) xain)
rany
1 19 1€ 1 6 1 8¢ 1 4 (6181 ‘IpIoquInY UOA) X0.13f (nuosouryjuvy) v.ioydo.rosg
1 1S s | sk C wx 1 %% GI I wx €1 (61 ‘uouurys 2 18AQ) SnU20]2200N3] (sn3aysodouoy)) sn3o3vuavE]
I I (5681 ‘osnyS) snidrdoqp (v1duwo3a1s) sapay
1 4 C (9681 “IN[eA\) SUd.LI) (DAD2]ODUIOJOA]) SPAY
1 4 0l 4! € (8181 ‘1uepuoy]) stwyndpos (snypjoaajys(0) sapay
I (8781 ‘UuBWOPAA ) snajnf (snipjo.12]ys>0) sapay
81 L I z (€061 *PIBQOAYLL) 2/1ltd (SNIDI0L2]YI0) S2PIY
€ 4 (b061 “z]) syupan]f (SniSip.1025.1095) sapay
ipsy
deurdIn)
€ I “dds (snyoudy.iossdy) sajoydouy
4 QL8] ‘e3ez[RqQLIIY YOUAT S1S.4011q]D (Snyoudy.i0ssAN) sajaydouy
L 8061 ‘qeud| 2 JeA( 1zn.42 (v1zs2342Y) sajaoydouy
4 4 4 1761 100y sisuaununyf (sajpydouy) sajaydouy
Jeurjoydouy
#*JOVA +SAL x0fS WVS +10¥ +«VId «VOd xSAd OVIN «OVI =dAdl «NSH «10d ¥AA =SAD SOd AV BXe],

Ayediorunpy

NS op opueln) ory Jo sanifediorunu /] Ul ggg Alenuer pue (707 £1enIiqo] usomidq poejod[oo 9epIdl[n)) JO ddULpUNqy

II419VL



6]/13  Nicolas Felipe Drumm Miiller et al.

300

200

100

Abundance (n)

o
Ps. ferox #

C o D 500 =00 N 8 S a0 Q02
S 332285098 NGEcSRESLEFEST
" S8 F2FSICEISTLET a5 25
-~ = k_®3"':00®'~&,\:,\3~c},(5:‘.:3&
xgEE%AEQ%Q\ tgms,QUjQ S %S o
[y ] -~ R .
S3c 883888 s$FES3E8253538 %
S Q T ® © S x < aq . S < o
~ S o .. & 0 I - 0o N S 9 <
x% 38 o588 <Y 5558 <2 ¢
cn = SN < oF5<? L >
> o o
I 5 = O
—
&
»
q) pr—
= 50 I
©
2
Q
c
=]
€ 25
£
)
Q
o
2 4 I [ T
Y da o589 %232a353385 028373
253322 IPLcFcSETLTcSI3IFTNELHS L
Q o C [o} S =5 2 1 Q. T S O
23T 02 F§Ss2LSST[FToIL2FE2 5SS
=% 358 .38c€Es558E3S53a383E0~ETS
X 6 T S22 QLEESTI QoS S - X905
3‘0®-Q§<U,b.o E__Q\xgkq;\:_::()s‘s‘
(SR O = g O g s = =2 3 3 TSI YSES
= 8. “28<g<x2SICgSsw®a T3
> 3% ¢ < =3 . e S ¢ © < > @ 9
S 2 <NE 2§ I <oo o =<
S o S
T (>_§ O =

Fig. 2: abundance (A) and presence (B) of 26 mosquito taxa collected between February 2021 and February 2022 in Rio Grande do Sul.

able vectors of SLEV and WNV in South America.
@829 Corroborating this study, a review shows that this
genus is widely distributed throughout RS.¢” Hg. leu-
cocelaneous was also frequently found in the sampled
areas. This species has a wider distribution, occurring
from the Amazon to the southern limit of the Atlantic
Forest.®? It is noteworthy to mention that in Brazil and
in other countries the genus Haemagogus has a major
importance as the main vectors in the YFV sylvatic
transmission cycle. The epidemiological importance of
Hg. leucocelaneous increases in south of Brazil, where
other species of this genus are absent.®? Although not
the most abundant, this species has been consistently
recorded in studies conducted in the Atlantic Forest of
Rio Grande do Sul.®™? Our findings reveal the presence
of this species in municipalities where it had not been
previously recorded, highlighting the potential suscepti-
bility of these areas to YFV circulation. Here, the most
abundant and widespread species of genus Sabethes,
which can also be related to YFV spread, was Sa. al-
biprivus, that has already been found naturally infect-

ed by YFV in Argentina, close to the west border of
RS.®» This species was also found infected during the
dry period in the Brazilian Cerrado.® Despite limited
evidence of natural infections of this species, its role as
secondary vector of YFV cannot be neglected. Sa. pur-
pureus and Sa. aurescens were also found, however, to
this date, they have not been found naturally infected
by YFV. Members of the genus Aedes were also found
here, including Ae. scapularis and Ae. albopictus, both
previously found infected with YFV in Brazil.®*3% The
latter is very opportunistic and strongly anthropophilic,
so it’s frequently captured in urbanised areas and in the
transition between forest and city.®™3® The likelihood of
spillover events is closely linked to the ecological and
behavioural traits of mosquito species, particularly their
host-feeding preferences, population density, and adapt-
ability to anthropogenic environments. For this reason,
Ae. albopictus is often highlighted as a possible bridge
between the urban and sylvatic cycle of YFV.®? In addi-
tion to reports of natural infection, vector competence
assays have confirmed its ability to acquire and trans-



DER ESM

160 1

Abundance (n)
s K

N
o

BG-Pro

L..

Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 121, 2026

BG Pro HLC Ovitrap

7113

Genus

- Aedes

. Anopheles

B coquillettidia

- Culex

| Haemagogus

. Mansonia

- Psorophora
Sabethes

. Trichoprosopon

- Wyeomyia
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(SAM), where collections were carried out with human landing catch (HLC), BG-Pro traps and ovitraps. The bar colours represent the different

genera of mosquitoes sampled.

mit YFV, although at low rates.“” As in previous studies
carried out in forested areas of Porto Alegre (POA), the
Ae. albopictus has been captured in higher abundance
than Hg. leucocelaenus.®™®

Although there were no significant differences be-
tween the total average of captures between the BG-Pro
traps and HLC, in this study these traps did not capture
mosquitoes of the genus Haemagogus; however, they
captured more Culex, which are nocturnal vectors and
were captured in smaller quantities manually. These
findings are consistent with another study carried out
in forest areas in the metropolitan region of RS, where
these traps captured a large number of nocturnal vectors,
mainly of the Culex genus and only one individual of the
Haemagogus genus.®® Others studies conducted on the
Amazon rainforest also demonstrate low efficiency in
capturing Haemagogus mosquitoes from BG-Pro traps
compared with HCL.#'? A study comparing different
collection methods carried out in the Atlantic Forest of
the State of Sao Paulo also showed low efficiency in
capturing YFV vectors using light-traps baited with the
artificial attractant BG-Lure.*> Even though these traps
are highly effective in capturing urban vectors, the few
studies using these traps to collect wild mosquitoes in
Brazil indicate low efficiency in capturing mosquitoes of
the genus Haemagogus. The ovitraps installed at SAM
captured only Hg. leucocelanus eggs, demonstrating the
strong potential of this method in monitoring the main
vector of YFV in RS. This methodology has already
proven effective in capturing Haemagogus mosquitoes
in the Atlantic Forest.“ It also enables molecular detec-
tion of YFV in mosquito samples after development into
adult stage.“>

In the present study, viral RNA was not detected fol-
lowing application of RT-qPCRs (either when specific
primers for YFV or when primers for a wider group of
orthoflaviviruses were used). In the zoonotic outbreak
of YFV recorded in the RS between 2001 and 2002, the
YFV was isolated from the vector Hg. leucocelaenus,
the infection rate found in that occasion was 8.7%.19

The largest YFV outbreak recorded in Rio Grande do
Sul occurred between 2008 and 2009. During this peri-
od, YFV was again isolated from the vector Hg. leucoce-
laenus, with an infection rate of 3.7%. On that occasion,
Ae. serratus was also found infected and was considered
a potential secondary vector.®? In the present study,
however, this species was not sampled. Notably, these
previous studies differed from the current approach by
collecting mosquito specimens from a limited number
of municipalities and employing intracerebral inocula-
tion in mice as the primary method for viral detection.
The low YFV infection rates reported in those studies
may explain the absence of YFV-positive samples in the
present survey.

Although no positive sample for orthoflaviviruses
were detected in the present study, this result agrees
with other studies carried out in Brazil. These methods
have already been used on mosquito samples collected
in urban parks in Sdo Paulo, mainly with Ae. aegypti and
Cx. spp. and, similar to this study, no positive samples
were found.“® These primers and probes were applied
to historical samples, the Iguape virus was detected in
samples of Anopheles cruzii, and Ilheus virus in samples
of Culex sp., Coquillettidia juxtamansonia and An. tri-
annulatus.*” This same RT-qPCR was also used for vi-
ral identification after inoculation of mosquito samples
from Brazil in cell culture. After inoculation in C6/36
cells it was detected Zika virus in pools of 4n. cruzii,
Limatus durhamii and Weomyia confusa, dengue virus
serotype 2 in Cx. spp. and Cx. vaxus and the insect spe-
cific virus (ISV), virus Guapiagu, from samples of Ae.
scapularis and Ae. Terrens. %4

It is possible that strategies that aim to increase the
initial viral load, such as previous inoculation in cell cul-
ture or in mice brain, could improve the detection of Or-
thoflavivirus in samples with low viral loads. Further-
more, although orthoflaviviruses were not detected, the
possibility of circulation of ISV and arboviruses belong-
ing to other genera, such as Alphavirus or Orthobunya-
virus, cannot be ruled out. In addition, it is important to
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highlight that the presence of potential YFV vectors in
the study areas indicate the possibility of virus circula-
tion as soon as it reaches enough hosts to establish an
outbreak. This fact, by itself, shows how imperative is
to keep the surveillance of mosquitoes in areas where
previous outbreaks of YFV were recognised.
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Memoérias do IOC thanks the anonymous reviewers for their contribution to the peer review of this work.

FIRST REVIEW ROUND

REVIEWERS” COMMENTS
REVIEWER #1

In this manuscript, Miiller and colleagues report an entomo-virological investigation of sylvatic yellow fever
during an epizootic outbreak in Rio Grande do Sul, Brazil. The study is well-performed and scientifically relevant,
especially for the fields of public and environmental health. The quality of the tables and figures is very good. The
English is suitable for scientific purposes. However, before publication, I have some suggestions, as detailed below:

- Title: Consider using the term “investigation” instead of “surveillance.” Although the authors’ work is part of
an ongoing surveillance effort, the study reports the investigation of a single outbreak. Just a suggestion.

- Page 4, line 7: Do not begin sentences with acronyms (e.g., YFV). In these cases, the full name should be used.

- Page 8§, lines 51 to 60: This paragraph describing sensitivity and other technical aspects of RT-qPCR should be
moved to the methods section. Keep in results only the next paragraph (“In total...”), where the results concerning
RT-qPCR are indeed described.

- Discussion, page 10, lines 50-55: Please, discuss further the potential impact of opportunistic/anthropophilic
mosquitoes on the risk of zoonotic spillover events.

- Supplementary Table I: Enter collection dates in English format.

REVIEWER #2

In this manuscript, the authors describe entomo-virological surveillance conducted during a sylvatic yellow
fever epizootic outbreak, aiming to detect yellow fever virus and other Orthoflavivirus species using molecular
tools in mosquitoes from Rio Grande do Sul, Brazil, between 2021 and 2022.

After reading the manuscript, some issues remain unclear.

I suggest including more recent references; for example, citations 1 and 3 appear to be outdated.

Page 3 line 59: The term “incidental hosts™ as applied to humans in the context of sylvatic yellow fever requires
clarification. Although humans are not part of the natural sylvatic transmission cycle, they are susceptible to
infection and can develop disease upon exposure. Moreover, they may become sufficiently viremic to potentially
contribute to virus amplification, particularly in certain epidemiological contexts.

Referring to them as incidental may be misleading, as it could suggest a passive or irrelevant role, which is
not accurate. If the authors intend to emphasize that human infections occur sporadically or do not sustain the
sylvatic cycle, it would be helpful to rephrase this for clarity, to avoid the impression that humans play no role in
transmission dynamics.

Pag 4 line 9: ““...from 2014: There seems to be a discrepancy regarding the start of the YFV outbreak in
Brazil. The text mentions 2014, but most sources report it began in 2016. Could the authors clarify this?

Page 4 line 27: . In the Introduction, it may be important to include a paragraph summarizing the epidemiological
situation in Rio Grande do Sul during 2019-2021 ( or 2022). This could include the number of confirmed human
cases, the number of epizootics detected in the region, and the observed impact on non-human primate (NHP)
mortality. Providing this background would help contextualize the study and clearly define its objectives.

Page 4, lines 37-53: The authors present evidence of the circulation of other Orthoflavivirus species; however,
it would be helpful—if available—to include epidemiological data on human cases during the 2021-2022 period.
This information would contribute to a clearer definition of the study’s objective and help contextualize the
virological findings within the broader public health framework.

Page 5 line 30. It should be NHP

Page 5 line 30. In order to clarify the objective, it would be helpful to provide information related to the
epizootics that occurred during 2021-2022, when the entomological studies were carried out. The introduction
currently lacks epidemiological information regarding the epizootic events during the period in which the mosquito
captures took place.

Page 5, lines 40—54: What was the duration of the manual mosquito capture efforts at each affected site?

Page 5 line 57- page 6 line 21: Why were mosquito collections not conducted uniformly across all
municipalities? Providing an explanation for the differences in sampling effort or methodology between locations
would help clarify the study design and support the interpretation of the results (figure 3).

Page 7 line 11. Centrifugal force should be expressed in g (relative centrifugal force, RCF), as this allows for
standardization regardless of rotor diameter.

Page 8, lines 41-48: Was the comparison made during the same time periods? Perhaps the BG-Pro traps did
not capture any Haemagogus mosquitoes due to their placement. Is it possible that these traps were located inside
houses or in other suboptimal sites? What might have been the results if the authors had placed the traps in the
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canopy of trees, in the same locations where the ovitraps were installed?

Page 9, lines 17-19: Once again, the Introduction lacks sufficient epidemiological information regarding the
outbreak that affected Rio Grande do Sul. Including detailed data on the extent and impact of the outbreak would
strengthen the context and justification of the study.

Page 10 line 50: In the phrase “...the transition between forest and city.(31,32 For this reason,...” the parentheses
around the citations are not properly closed. Please close the parentheses for references (31, 32).

Page 11 line 10- 17: I suggest that the conclusions presented here be reconsidered, given that the sampling effort
and trap placement were not uniform across all locations.

Page 12 line 20-30: Did the authors perform mice inoculation in order to isolate viruses? Clarification on this
point would be helpful.

Figure 2: Were the samples collected from February 2021 to February 2022 or until January 2022? Clarification
on this timeline would be helpful. In addition, it is difficult to understand part B. Is the percentage shown for all
cities? What did the authors intend to explain with this figure?

Figure 3: Why does the comparison of different sampling methods include only three cities? Were the same
methods not applied across all sampled locations? Providing clarification on the sampling design would improve
understanding of the results.

Supplementary Table I: The table presents information only for the year 2021. Is there missing data for 2022, or
was data for that year not collected? Clarification on this point would be helpful.

AUTHORS’ RESPONSE TO THE REVIEWERS

We sincerely thank the reviewers for their valuable comments and insightful suggestions. Their feedback has
greatly contributed to improving the quality and clarity of our manuscript. We carefully considered each point raised
by the reviewers and implemented several modifications were made that we believe have strengthened the work.

Kind regards,

The research team

REVIEWER COMMENTS:

Reviewer 1:

In this manuscript, Miiller and colleagues report an entomo-virological investigation of sylvatic yellow fever
during an epizootic outbreak in Rio Grande do Sul, Brazil. The study is well-performed and scientifically relevant,
especially for the fields of public and environmental health. The quality of the tables and figures is very good. The
English is suitable for scientific purposes. However, before publication, I have some suggestions, as detailed below:

- Title: Consider using the term “investigation” instead of “surveillance.” Although the authors’ work is part of
an ongoing surveillance effort, the study reports the investigation of a single outbreak. Just a suggestion.

The term “surveillance” has been replaced with “investigation” throughout the manuscript to more accurately
reflect the scope of the study.

- Page 4, line 7: Do not begin sentences with acronyms (e.g., YFV). In these cases, the full name should be used.

The manuscript has been revised to ensure that sentences do not begin with acronyms.

- Page 8, lines 51 to 60: This paragraph describing sensitivity and other technical aspects of RT-qPCR should be
moved to the methods section. Keep in results only the next paragraph (“In total...”), where the results concerning
RT-qPCR are indeed described.

The paragraph describing the sensitivity and technical aspects of RT-qPCR has been relocated to the
Methods section.

- Discussion, page 10, lines 50-55: Please, discuss further the potential impact of opportunistic/anthropophilic
mosquitoes on the risk of zoonotic spillover events.

To address this point, we have expanded the discussion by adding the following sentence:

“The likelihood of spillover events is closely linked to the ecological and behavioral traits of mosquito species,
particularly their host-feeding preferences, population density, and adaptability to anthropogenic environments.”

- Supplementary Table I: Enter collection dates in English format.

The collection dates in Supplementary Table I have been revised to follow the English date format.

Reviewer 2:

In this manuscript, the authors describe entomo-virological surveillance conducted during a sylvatic yellow
fever epizootic outbreak, aiming to detect yellow fever virus and other Orthoflavivirus species using molecular
tools in mosquitoes from Rio Grande do Sul, Brazil, between 2021 and 2022.

After reading the manuscript, some issues remain unclear.

I suggest including more recent references; for example, citations 1 and 3 appear to be outdated.

A portion of the literature has been updated to reflect recent findings. However, certain references, were
retained as they represent foundational and original contributions to the field. These works provide essential
context and accurately describe the epidemiological conditions at the time they were produced, which remain
relevant to the historical and scientific framing of our study.

Page 3 line 59: The term “incidental hosts™ as applied to humans in the context of sylvatic yellow fever requires
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clarification. Although humans are not part of the natural sylvatic transmission cycle, they are susceptible to
infection and can develop disease upon exposure. Moreover, they may become sufficiently viremic to potentially
contribute to virus amplification, particularly in certain epidemiological contexts. Referring to them as incidental
may be misleading, as it could suggest a passive or irrelevant role, which is not accurate. If the authors intend to
emphasize that human infections occur sporadically or do not sustain the sylvatic cycle, it would be helpful to
rephrase this for clarity, to avoid the impression that humans play no role in transmission dynamics.

The terminology has been revised to improve clarity and to better reflect the role of humans in the sylvatic
yellow fever cycle. The revised text now states: “Humans, within the sylvatic cycle, are considered incidental
hosts, with infections occurring sporadically, developing disease and viremia, although they generally do not
sustain transmission.” This modification acknowledges the potential for human involvement in virus amplification
while emphasizing their non-sustaining role in the sylvatic transmission cycle.

Pag 4 line 9: ““...from 2014”: There seems to be a discrepancy regarding the start of the YFV outbreak in Brazil.
The text mentions 2014, but most sources report it began in 2016. Could the authors clarify this?

The reference to 2014 was intended to highlight the initial detection of YFV expansion beyond the endemic
Amazon region, which occurred in less populated areas and resulted in limited human cases and NPH deaths
detection. However, the widespread outbreak involving both humans and NHPs began in 2016, when the virus
reached more densely populated areas, leading to increased media coverage and scientific output. Minor revisions
have been made to the paragraph to improve clarity.

Page 4 line 27: In the Introduction, it may be important to include a paragraph summarizing the epidemiological
situation in Rio Grande do Sul during 2019-2021 (or 2022). This could include the number of confirmed human
cases, the number of epizootics detected in the region, and the observed impact on non-human primate (NHP)
mortality. Providing this background would help contextualize the study and clearly define its objectives.

In accordance, we have added a paragraph to the Introduction summarizing the epidemiological situation of
YFV in RS. This includes historical outbreak data, the detection of epizootics among NHPs, and the human cases.

Page 4, lines 37-53: The authors present evidence of the circulation of other Orthoflavivirus species; however,
it would be helpful—if available—to include epidemiological data on human cases during the 2021-2022 period.
This information would contribute to a clearer definition of the study’s objective and help contextualize the
virological findings within the broader public health framework.

We have incorporated epidemiological data on human cases of Orthoflavivirus infections during the 2021-2022
period. Specifically, we added information regarding the occurrence of urban arboviruses (dengue and Zika)
reported in human populations during the study period. Furthermore, the original paragraph describing the
detection of Orthoflavivirus species in wild and livestock animals was retained, with a clarification that these
findings represent historical evidence.

Page 5 line 30. It should be NHP

The revised acronym now states: “NHP”.

Page 5 line 30. In order to clarify the objective, it would be helpful to provide information related to the
epizootics that occurred during 2021-2022, when the entomological studies were carried out. The introduction
currently lacks epidemiological information regarding the epizootic events during the period in which the mosquito
captures took place.

As noted in our previous response, we have incorporated detailed information regarding the YFV outbreak in
RS into the Introduction.

Page 5, lines 40—54: What was the duration of the manual mosquito capture efforts at each affected site?

We have updated the supplementary table to include the specific duration of mosquito collection at each location.

Page 5 line 57- page 6 line 21: Why were mosquito collections not conducted uniformly across all
municipalities? Providing an explanation for the differences in sampling effort or methodology between locations
would help clarify the study design and support the interpretation of the results (figure 3).

Mosquito collections were not standardized across all municipalities due to the emergency nature of the field
activities, which were conducted during an active YFV outbreak as part of epizootic investigation procedures. The
field team adapted their sampling strategy in response to real-time notifications of sick or dead NHP, relocating to
newly affected forest areas as needed. In several instances, primate samples were collected directly by municipal
teams, and vector sampling could not be performed at those sites. Additionally, mosquito collections were extended
to neighboring municipalities that had not reported epizootics but were ecologically connected to affected areas,
as well as to municipalities with confirmed YFV circulation in previous years. To enhance transparency, the
supplementary table now includes the duration of mosquito collection at each sampling site, and the manuscript
text has been revised to clarify these methodological considerations.

Page 7 line 11. Centrifugal force should be expressed in g (relative centrifugal force, RCF), as this allows for
standardization regardless of rotor diameter.

The revised version now states: “12,500 g”.

Page 8, lines 41-48: Was the comparison made during the same time periods? Perhaps the BG-Pro traps did
not capture any Haemagogus mosquitoes due to their placement. Is it possible that these traps were located inside
houses or in other suboptimal sites? What might have been the results if the authors had placed the traps in the
canopy of trees, in the same locations where the ovitraps were installed?
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When more than one sampling method was employed, all were applied within the same forest fragment. The
methodology section has been revised to clarify this aspect.

Page 9, lines 17-19: Once again, the Introduction lacks sufficient epidemiological information regarding the
outbreak that affected Rio Grande do Sul. Including detailed data on the extent and impact of the outbreak would
strengthen the context and justification of the study.

As noted in our previous response, we have incorporated detailed information regarding the YFV outbreak in
RS into the Introduction.

Page 10 line 50: In the phrase “...the transition between forest and city.(31,32 For this reason,...” the parentheses
around the citations are not properly closed. Please close the parentheses for references (31, 32).

The parentheses around references “(31, 32)” have been properly closed.

Page 11 line 10-17: I suggest that the conclusions presented here be reconsidered, given that the sampling effort
and trap placement were not uniform across all locations.

We respectfully acknowledge the reviewer’s suggestion. However, we have chosen to maintain the conclusions
as originally presented. Collections were conducted within the same forest fragments, ensuring consistency in
environmental context. Although the primary objective of this study was not to evaluate collection methodologies,
the findings obtained during our investigation, alongside supporting evidence from the literature, are relevant for
clarifying the limitations of BG-Pro traps in capturing sylvatic yellow fever vectors. While BG-Pro traps are highly
effective for urban vector surveillance, our results reinforce that they do not perform adequately for Haemagogus
spp. under the conditions tested. We believe this observation contributes meaningfully to the understanding of
YFV vector surveillance strategies in forested environments.

Page 12 line 20-30: Did the authors perform mice inoculation in order to isolate viruses? Clarification on this
point would be helpful.

Mice inoculation was not performed in the present study. The manuscript has been revised to explicitly clarify
this aspect. Our virological analyses were limited to RT-qPCR detection.

Figure 2: Were the samples collected from February 2021 to February 2022 or until January 20227 Clarification
on this timeline would be helpful. In addition, it is difficult to understand part B. Is the percentage shown for all
cities? What did the authors intend to explain with this figure?

The samples were collected from February 2021 through February 2022. The figure legend has been revised to
correct the previously unclear wording regarding the sampling period. Regarding Figure 2B, the percentages represent
the presence of each vector species across the total sampled municipalities. A higher percentage indicates that a given
species was detected in a greater number of municipalities. The primary objective of this figure is to illustrate the
relative dissemination of each vector species throughout the sampled territory of RS during the study period.

Figure 3: Why does the comparison of different sampling methods include only three cities? Were the same
methods not applied across all sampled locations? Providing clarification on the sampling design would improve
understanding of the results.

The comparison presented in Figure 3 includes only three municipalities because the only sampling method
applied across all locations was human landing catch (HLC). Other methods were used selectively, depending
on logistical feasibility and local conditions during the outbreak response. This rationale is now clarified in the
methodology section following recent revisions, and we believe the current version of the manuscript adequately
reflects the sampling design and its implications for data interpretation.

Supplementary Table I: The table presents information only for the year 2021. Is there missing data for 2022, or
was data for that year not collected? Clarification on this point would be helpful.

Data collection was primarily conducted in 2021, during the peak of the yellow fever outbreak. However, some
areas (PDS and ESM) were revisited approximately one year after the initial epizootic events. These follow-up
collections are indicated in the supplementary table. No additional data collection campaigns were conducted in
2022 beyond these targeted revisits.

SECOND REVIEW ROUND

REVIEWERS’ COMMENTS
REVIEWER #1

The authors answered to my comments satisfactorily.

REVIEWER #2

No comments.
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