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Abstract: Arbovirus surveillance in marmosets (Callithrix spp.) that live close to humans helps identify viral
circulation in the environment and contributes to public health. We investigated the exposure to arboviral
infections in 47 captive and free-living Callithrix from urban and peri-urban areas in the semiarid region of
northeastern Brazil (SNB) in 2018. The samples were tested for antibodies against 23 arbovirus antigens and the
presence of Orthoflavivirus zikaense (ZIKV), Orthoflavivirus denguei, Alphavirus chikungunya, and Orthofla-
vivirus flavi using hemagglutination inhibition (HI) and RT-qPCR assays. HI highlighted three samples
seropositivity for Flavivirus (3/47; 6,4%). One of these samples displayed monotypic antibodies to Alphavirus
eastern (formerly known as Eastern equine encephalitis virus; genus Alphavirus). RT-qPCR revealed that one
sample (1/41; 2.4%) of C. jacchus captured in a commercial area of Petrolina-PE was positive for ZIKV. Our
results indicated that marmosets living close to humans in the SNB were exposed to arboviruses, with the
identification of ZIKV, even after the largest epidemic of the virus in the country and the subsequent human
cases reduction. Here, we reinforce the importance of both continuous arboviruses monitoring in wildlife and

preserving natural habitats to promote public health and biodiversity conservation.

Keywords: Callithrix, marmosets, Flavivirus, Alphavirus eastern, Eastern equine encephalitis virus, Orthofla-

vivirus zikaense

INTRODUCTION

Arbovirus emergence and spread are due to increased
contact among humans, arthropod vectors, and other in-
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fected wildlife groups, such as the nonhuman primates
(NHPs), in both sylvan and urban environments (Travassos
da Rosa et al., 1997; Wolfe et al., 1998; Zanella, 2016). The
Zika virus (ZIKV), recently renamed Orthoflavivirus zi-
kaense, is an arbovirus that was first isolated from an NHP.
Similar to other arboviruses, it represents a case of spillover
where the virus was initially restricted to the sylvatic cycle
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and has later adapted to the urban/peri-urban cycle (Dick
et al., 1952; Bueno et al., 2016).

Orthoflavivirus zikaense was identified in humans for
the first time in Brazil 2015 in the Northeast region
(Campos et al.,, 2015), causing a major epidemic in the
country. In 2016, the virus was confirmed as one of the
causative agents of microcephaly in newborns (WHO,
2016). During this period, most cases of ZIKV and
microcephaly in Brazil occurred in the country’s north-
eastern region (Brasil, 2016, 2023). In parallel, ZIKV was
first detected in marmosets (Callithrix jacchus) from areas
close to the human population in the same region between
2015 and 2016 in municipalities which registered cases of
ZIKV-associated microcephaly (Favoretto et al., 2016).
Additionally, other molecular (using RT-PCR and nu-
cleotide sequencing assays) and serological (plaque reduc-
tion neutralization test) studies detected ZIKV in Callithrix
spp. in northeastern, central-western, and southeastern
Brazil (Moreira-Soto et al., 2018; Terzian et al., 2018; Fa-
voretto et al., 2019).

In addition to ZIKV, Yellow fever virus (YEV), recently
renamed Orthoflavivirus flavi was also detected in Callithrix
(by RT-PCR, genome sequencing, immunohistochemistry,
and indirect immunofluorescence) from urban and urban—
rural interface areas during or after outbreaks of the disease
in humans in northeastern and southeastern Brazil (Cunha
et al., 2019; Cunha et al., 2020; Mares-Guia et al., 2020;
Fernandes et al., 2020; Sacchetto et al., 2020; Silva et al.,
2023; Sousa et al., 2023; Garcia-Oliveira et al., 2024). These
findings suggest the circulation and maintenance of YFV in
the enzootic cycle involving marmosets from anthro-
pogenic areas, even in the absence of human cases (Silva
et al., 2023). Other studies in Brazil also reported anti-
bodies against other arboviruses in Callithrix spp., such as
Ilheus virus (ILHV), Oropouche virus (OROV), and Mayaro
virus (MAYV) (Hoch et al., 1981; Pereira et al., 2001; Nunes
et al., 2005; Gibrail et al., 2016).

Marmosets are common in urban and peri-urban
forest areas and use anthropic resources directly or indi-
rectly (tree planting, construction of water sources, and
forest fragmentation), thus maintaining proximity to the
human population (Bueno et al., 2016; SEMA, 2018; Sac-
chetto et al.,, 2020). Illegal and legal pet trade and humans’
food provisioning to free-living marmosets expand the
interface between humans and these animals (Gonzales and
Junior, 2016; SEMA, 2018). However, such direct contact
can be problematic since NHPs are highly susceptible to
common human infections, including some arboviral ones

(Wolfe et al., 1998; Gonzales and Junior, 2016). On the
other hand, Callithrix, as a diurnal and arboreal NHP, has
frequent contact with vector mosquitoes in tree canopies
and can provide information on arbovirus circulation in
urban environments. Therefore, monitoring these animals
may be helpful in preventing and control human arbo-
viruses (Wolfe et al., 1998; Rylands et al., 2009; Batista
et al., 2012; Haisi et al., 2022).

To increase the information on the circulation or
maintenance of arboviruses among Callithrix in urban and
peri-urban areas and to contribute to the surveillance of
these diseases in Brazil, we investigated the presence or
previous exposure to arboviral infections in captive and
free-living Callithrix from semiarid Northeast region of
Brazil from June to September 2018, after the large out-
break of ZIKV in humans. The study was performed in two
neighboring cities, Petrolina (Pernambuco State) and Jua-
zeiro (Bahia State), which belong to the states that reported
the most significant number of cases of microcephaly
(representing approximately 55%) in Brazil (Brasil, 2016).

These states are part of the Northeast region, region
which ranked first or second in terms of the number of
probable cases of dengue, chikungunya, and Zika in 2017 in
Brazil (Brasil, 2023). The high number of cases of vector-
borne diseases arises from the social vulnerability and
environmental, sanitary, and economic conditions present
in the region, which favor the vectors proliferation (Brasil,
2017a, b). Additionally, in both cities investigated, small
marmoset groups are common in commercial or residential
areas with some vegetational cover, and people usually feed
these animals that maintain close contact. Given the con-
vivium of people and marmosets in this area of Brazil
displaying such high arbovirus diseases prevalence, we
postulate that marmosets that live nearby would also be
exposed to urban arboviruses.

METHODS

Ethics Statement

The Ethics Committee on the Use of Animals of the Federal
University of Vale do Sdo Francisco (UNIVASF) approved
the study (n° 0008/180418). The research was also
authorized by the Chico Mendes Institute for Biodiversity
Conservation (Sisbio license n°. 62,308-1) and registered in
the National System for the Management of Genetic Her-



itage and Associated Traditional Knowledge (SISGEN) (n°.
AF9D635).

The research followed all applicable institutional and/
or national guidelines for the care and use of animals.

Sampling of Marmosets (Callithrix spp.)

The Juazeiro-BA and Petrolina-PE cities are located in the
mesoregion of the Sdo Francisco River Valley in the
Northeast Region of Brazil and situated in the Caatinga
biome, which has a semiarid tropical climate (CPATSA,
2022). IBGE estimated each city’s population respectively
of 215,183 and 343,865 inhabitants (IBGE, 2018).

As refers to marmoset population, both municipalities
are in a natural hybridization zone of C. jacchus and C.
penicillata, which stretches along the Sdo Francisco River
(SFR), with cryptic hybrids have been previously found
within our sampling area (Malukiewicz et al., 2015). Al-
though none of our individuals exhibited outward phe-
notypic signs of being hybrids (Vivo, 1991; Malukiewicz
et al., 2014), we cannot full discount the fact that these may
be present.

The investigation was performed on 47 Callithrix spp.
specimens. Of these, 18 were captive (C. jacchus = 07; C.
penicillata n = 11), and were sampled at the Center for
Wild Animal Screening (CETAS) of Cemafauna, located in
Petrolina-PE, Brazil (Table 1). These animals were ob-
tained from domestic captivity by the legal authorities of
inspection agencies in Bahia and Pernambuco. For free-
living Callithrix, 29 animals (C. jacchus = 09; C. penicil-
lata = 20) were captured through Tomahawk traps (Ta-
ble 1). Capture locations included university centers,
vocational education center, culture center, the Petrolina
airport, and business and residential areas of both Petrolina
and Juazeiro municipalities. We chose these trapping places
due to the coexistence and/or proximity between humans
and marmosets (Fig. 1).

All sampled Callithrix spp. were sedated using 10%
ketamine (50 mg/kg dose) to measure their temperature
and weight and collect blood samples. We collected a
maximum volume of 1 ml of blood from each animal (due
to their weight and small size) by venipuncture (femoral
vein) and centrifuged the blood to obtain the serum. When
serum volume was insufficient, we used stored whole blood
for molecular analysis.
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Arboviruses Detection in Callithrix spp.

The serological and molecular diagnoses of the NHPs were
performed at the Instituto Evandro Chagas (IEC), located
in Ananindeua, Para, Brazil.

Hemagglutination Inhibition (HI) Assay

The serological identification of total antibodies (IgG and
IgM) was performed in serum samples (n = 47) using the
hemagglutination inhibition (HI) assay, according to
Clarke and Casals (1958) and adapted for microplates by
Shope (1963). The samples were tested for 23 arbovirus
sucrose-acetone antigens from four different genera: Al-
phavirus, Flavivirus, Orthobunyavirus, and Phlebovirus
(Table 2). Samples displaying a reaction > 1:20 were con-
sidered positive.

Reverse Transcription—Polymerase Chain Reaction (RT-
qPCR)

The molecular diagnosis was performed on blood or serum
samples (n = 41) with sufficient volume for the reverse
transcription—polymerase chain reaction (RT-qPCR) assay.
Total RNA extraction was performed from 140 pL of
sample, enriched with 2pL of exogenous MS2 RNA (con-
centration of 0.8 ng/pL) for extraction control, using a
PureLink® RNA mini-Kit following the manufacturer’s
instructions.

The RNAs were submitted to RT-qPCR using the
SuperScript III Platinum One-Step q-RT-PCR System
(Invitrogen®) according to the manufacturer’s specifica-
tions. Previously described primers and probes were used
to detect Orthoflavivirus denguei (DENV serotypes 1-4)
(Santiago et al., 2013), Orthoflavivirus zikaense (ZIKV 1086,
1162¢, and 1107-FAM) (Lanciotti et al., 2008), Alphavirus
chikungunya (CHIKV 6856, 6981, and 6919-FAM) (Lan-
ciotti et al., 2007), and Orthoflavivirus flavi (YFallF, YfallR,
and YFallP) (Domingo et al., 2012). Primers and probes for
exogenous RNA (MS2) (Menting et al., 2011) were also
added to each sample to confirm the successful RNA
extraction.

RT—qPCR was carried out in an ABI PRISM 7500 Fast
Real-time PCR thermocycler (Thermo Fisher Scientific®)
using negative controls (of extraction and qPCR) and a
positive control (viral RNA extracted from lyophilized
antigens isolated from IEC). The cycling conditions used
for all the primers were 50 °C for 30 min and 95 °C for two
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Table 1. Callithrix spp. from Captivity and Free-living used in the Study (2018), Presenting the Origin, Species, Sex, and Age of

Individuals.

City Origin—Collection date Species—Samples Sex Age Total
F M A S

Petrolina, Per- Captivity CETAS Cemafauna (June  C. penicillata V177; V178; V179; V180; V181; 03 08 11 00 11

nambuco, Bra- 2018) V182; V183; V190; V191; V192; V193
zil
C. jacchus V184; V185; V186; V187; V188; V189; 03 04 06 01 07
V194
Total individuals in captivity 06 12 17 01 18
Juazeiro, Bahia, Free life  University Center I (Au- C. penicillata V195; V196; V197; V198; V199; 03 03 04 02 06
Brazil gust 2018) V200
University Center II C. penicillata V219; V220; V221; V222; V223 02 03 04 01 05
(September 2018)
Vocation Education Cen-  C. penicillata V215; V216; V217; V218 03 01 04 00 04
ter (September 2018)
Culture Center (September C. penicillata V210; V211; V212; V213; V214 04 01 04 01 05
2018)
Subtotal 12 08 16 04 20
Petrolina, Per- Free life  Airport (August 2018) C. jacchus V201; V202; V203 02 01 03 00 03
nambuco, Bra- Business Area (September  C. jacchus V208; V209 00 02 02 00 02
zil 2018)
Peridomestic Area (August C. jacchus V204; V205; V206; V207 01 03 03 01 04
2018)
Subtotal 03 06 08 01 09
Total free-living 15 14 24 05 29
individuals
Total studied 21 26 41 06 47
subjects
F: Female; M: Male; A: Adult; S: Subadult.
minutes, followed by 45 cycles of 95 °C for 15 s and 60 °C RESULTS

for one minute.

The test results were analyzed using 7500 Real-Time  HI Assay
PCR System software (version 2.0.6; Thermo Fisher Sci-
entific®, Waltham, Massachusetts, USA), considering the
detectable values of Ct (cycle threshold) < 37 for DENV 1-

4 (Santiago et al., 2013), YFV (IEC protocol), and the

Of the 47 samples analyzed in the HI assay, three were
seropositive (6.4%), displaying heterotypic reactions (an-

tibodies reactive for more than one virus from the same

internal control MS2 (Menting et al., 2011) and Ct < 38
for ZIKV (IEC protocol) and CHIKV (Lanciotti et al.,
2007).

genus) among the tested viruses of the genus Flavivirus.
These samples belonged to two captive individuals from
CETAS (V178—C. penicillata; V188—C. jacchus) and one
free-living individual from the Petrolina peridomestic area
(V205—C. jacchus) (Table 3).

However, only V188 sample reacted simultaneously to
viruses of two genera (Flavivirus and Alphavirus), and
displayed a monotypic reaction (antibodies for a single
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Figure 1. Capture locations for Callithrix spp. in anthropized areas of the municipalities of Petrolina-PE and Juazeiro-BA, 2018, Brazil.

virus in the same genus) for EEEV with a 1:40 titration
(Table 3).

RT-qPCR Assay

Among the 41 samples tested via RT-qPCR, one (2.44%)
was positive for the ZIKV envelope glycoprotein target
gene, with an average Ct of 34.3. The positive sample be-
longed to a free-living C. jacchus individual (sample V209,
male, adult, 279.8 g weight, and 37.3 °C body temperature)
captured in the Petrolina-PE business area in August of
2018.

DiscussioN

Our results suggest that Callithrix spp. from the Brazilian
northeastern semiarid region, living in captivity or in urban
and peri-urban areas, were exposed to arboviruses, espe-
cially Flavivirus, ZIKV, and EEEV. Orthoflavivirus zikaense
is one of the main arboviruses that circulates and causes

epidemics in the Brazilian urban human population
(Donalisio et al., 2017; Brasil, 2020). Although EEEV does
not commonly circulate among humans, it has the poten-
tial to spread in Brazil and worldwide as synanthropic
mosquitoes are its vectors (Aréchiga-Ceballos and Aguilar-
Setién, 2015; Donalisio et al., 2017). However, additional
studies would be necessary to accurately determine the
exposure of the investigated marmoset to EEEV.

HI

Serological surveys in potential free-living or captive
reservoirs constitute initial studies to understand viral
dynamics and issues related to vertebrate host susceptibil-
ity, even though the pathogen has not been isolated (Batista
et al., 2012). The HI assay is considered sensitive and ideal
for seroepidemiological studies, as HI antibodies appear in
the first
detectable for a long time (Travassos da Rosa et al., 1997,
1998).

week after infection onset and remain
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Table 2. Arbovirus Sucrose-acetone Antigens Tested on Serum Aamples of Callithrix spp. in this Study According to the Virus Family
and Genus.

Family Genus Virus Abbreviation
Togaviridae Alphavirus Alphavirus eastern (Eastern equine encephalitis virus) EEEV
Alphavirus western WEEV
Alphavirus mayaro MAYV
Alphavirus mucambo MUCV
Alphavirus chikungunya CHIKV
Flaviviridae Flavivirus Orthoflavivirus nilense VNO
Orthoflavivirus flavi (Yellow fever virus) YFV
Orthoflavivirus denguei 1 DENV-1
Orthoflavivirus denguei 2 DENV-2
Orthoflavivirus denguei 3 DENV-3
Orthoflavivirus denguei 4 DENV-4
Orthoflavivirus ilheusense ILHV
Orthoflavivirus louisense SLEV
Orthoflavivirus cacipacoreense CPCV
Bussuquara virus BSQV
Rocio virus ROCV
Orthoflavivirus zikaense ZIKV
Peribunyaviridae Orthobunyavirus Orthobunyavirus tacaiumaense TCMV
Peribunyaviridae Orthobunyavirus maguariense MAGV
Orthobunyavirus caraparuense CARV
Orthobunyavirus oropoucheense OROV
Orthobunyavirus catuense CATV
Phenuiviridae Phlebovirus Phlebovirus icoaraciense ICOV

Table 3. Serological Results of Total Antibodies (HI antibodies) in Callithrix spp. Captive and Free-living Captured from June to
September 2018 in Brazil.

Origin Sample Callithrix Species Virus Genus Virus Antibodies title
Captivity (CETAS—Cemafauna, Petrolina-PE) V178 C. penicillata Flavivirus ILHV 1:20
SLEV 1:20
V188 C. jacchus Flavivirus VNO 1:20
ILHV 1:20
SLEV 1:20
BSQV 1:40
CPCV 1:40
ROCV 1:20
Alphavirus EEEV 1:40
Free-living (Peridomestic area, Petrolina-PE) V205 C. jacchus Flavivirus SLEV 1:40
VNO 1:40

DENV-4 1:20

ILHV: Orthoflavivirus ilheusense; SLEV: Orthoflavivirus louisense; VNO: Orthoflavivirus nilense; BSQV: Bussuquara virus; CPCV: Orthoflavivirus
cacipacoreense; ROCV: Rocio virus; EEEV: Alphavirus eastern (Eastern equine encephalitis virus); DENV-4:Orthoflavivirus denguei 4.



In HI, however, cross-reactivity between arboviruses of
the same genus is expected due to antigenic similarities. In
these cases, it is not possible to define which virus species
precisely infected the individual, only the viral genus
(Travassos da Rosa et al., 1994). Based on this and being
the HI employed in basic Flavivirus serology (Travassos da
Rosa et al., 1997), our results indicate that the captive and
free-living animals (Petrolina-PE) who presented hetero-
typic antibodies against different members of the Flavivirus
(V178, V188, V205) were exposed to this viral genus.

Flaviviruses are known worldwide to cause some of the
most impactful emerging diseases in terms of morbidity
and mortality (Mackenzie et al., 2004). Currently, the main
urban flaviviruses circulating in the Brazilian urban human
population are DENV and ZIKV (Donalisio et al., 2017;
Brasil, 2020). DENV is considered the most important ar-
bovirus in humans due to the high numbers of cases,
deaths, and people living in areas at risk of infection
(Mackenzie et al., 2004; Lopes et al., 2014).

In Northeast Brazil, Pernambuco recorded 131,576
probable cases of dengue from 2007 to 2013, with Petro-
lina-PE ranking fifth in the state’s “municipality infection”
ranking (Brasil, 2019). It is essential to highlight that wild
cycles of DENV in the Americas have not yet been identi-
fied (Degallier et al., 2001). However, experiments con-
firmed the C. jacchus and C. penicillata susceptibility to
DENV infection (Omatsu et al., 2012; Ferreira et al., 2014),
stressing the relevance of DENV monitoring in the species.

C. jacchus from CETAS (V188), which displayed EEEV
seropositivity, was the only specimen that presented a
reactive sample to the Alphavirus genus and a monotypic
reaction in the study. This result suggests that the animal
had been previously exposed to EEEV. However, even
though the HI is sensitive, more specific tests (such as a
neutralization test) would be necessary to accurately
determine natural exposure to the virus, which was not
possible in this study due to serum depletion. In experi-
mental studies, already tested and confirmed this virus
infection in Callithrix spp. (Adams et al., 2008; Porter et al.,
2017).

Outbreaks of EEEV have already been observed in
horses in the Brazilian states of Pernambuco, Ceara, and
Paraiba (Silva et al.,, 2011), indicating circulation of the
viral agent in the Northeast region. Moreover, two of the
three mosquitoes genera transmitting EEEV to humans
(Aedes and Culex) (Rust, 2012) are abundant in the
Northeast region.
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Alphavirus eastern is considered the most invasive and
neurovirulent togavirus, with lethality in humans ranging
from 30 to 70%. The infection may cause seizures, hem-
orrhage, coma, encephalomyelitis, and severe neurological
sequelae (Rust, 2012; Aréchiga-Ceballos and Aguilar-Setién,
2015). Because it is considered a pathogen of global threat
(Aréchiga-Ceballos and Aguilar-Setién, 2015), our findings
in this study are of interest to public health.

The Callithrix spp. seropositives from CETAS might
have been infected in loco or during domestic captivity
before being captured by inspection agencies. Given the
hypothesis of domestic exposure, the infection might have
occurred outside Petrolina-PE, as the animals could have
been in another municipality or state (considering animal
traffic). However, for all the seropositives Callithrix in this
study, due to the lack of more robust evidence, we cannot
affirm that the exposure of the marmosets to arboviruses is
related to close contact with humans, although such
proximity is already a proven problem (Mitz-Rensing and
Bleyer, 2018; Terzian et al., 2018; Bonfim et al., 2022;
Oliveira and Santos, 2023).

The only HI-seropositive free-living individual (V205,
Flavivirus-seropositive) in our study was in daily contact
with humans who used to feed it. The animal was captured
in a peridomestic area (a residence backyard) in the urban
area of Petrolina-PE close to the SFR, an area where cryptic
natural hybrids of C. jacchus versus C. penicillata have al-
ready been genetically identified (Malukiewicz et al., 2014,
2015).

Due to the capture location, it is possible that the V205
animal was a cryptic hybrid. In survey in southeastern
Brazil, all Callithrix spp. positive for YFV (14.1%) were
morphologically identified as hybrids (Cunha et al., 2020).
Another study in the
hybridization can influence the pathophysiology of YFV in

same region suggested that

Callithrix spp. (Cunha et al., 2019). Investigating these
genetic aspects in Callithrix could reveal links between
hybridization, arbovirus resistance, or susceptibility (com-
pared to parental taxa) and implications for the genus itself
and public health.

For humans, arboviruses cause, in general, socioeco-
nomic damages (absenteeism, medical costs, transient or
permanent complications, and mortality), burdening the
country and affecting population quality of life (Lopes
et al., 2014; Teich et al., 2017). In 2016, Pernambuco spent
approximately R$128 million on direct (associated with
dengue, Zika, and chikungunya) and indirect medical costs
and Aedes aegypti control expenses (Teich et al., 2017).
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Currently, there are no effective drugs, vaccines, or treat-
ments for most arboviruses; therefore, every effort to mit-
igate the impacts of infections is essential, especially for
regions heavily affected by these diseases (Lopes et al., 2014;
Donalisio et al., 2017).

RT-qPCR

RT—qPCR revealed ZIKV infection in free-living C. jacchus
(V209) captured in the urban business area of Petrolina-PE
during the post-epidemic period in the country. The largest
ZIKV epidemic in Brazil occurred between 2015 and 2016,
totaling 265,156 probable cases, 40.3% of which occurred
in the Northeast region (Brasil, 2023). Despite the con-
siderable incidence decrease in the region since 2017
(Brasil, 2023), concerns about the virus persist due to the
economic and social impacts caused.

In urban areas with high occupation and disorderly
urban growth, the primary ZIKV vector, Aedes aegypti, has
a significant population density (Parra et al., 2022; Gomes
et al., 2023). This situation commonly occurs in Brazilian
Northeast Semiarid region, where socioeconomic vulnera-
bilities (infrastructure, water supply, human development,
and family income) and recurrent water scarcity promote
the vector proliferation (Brasil, 2017a, b).

Although the most significant number of cases of ar-
boviruses transmitted by A. aegypti occur during the rainy
season (January to June) (Silva et al., 2020; Sousa et al.,
2021; Figueredo et al., 2023), the population begins to store
water in open containers in the dry period in the region
(the period in which V209 was captured), and these con-
tainers become artificial breeding grounds for mosquitoes
(Brasil, 2017a, b). These containers are responsible for
more than 75% of the vector reproduction sites in the re-
gion (Almeida et al., 2020; Brasil, 2017a, b). In 2018 (the
year of our sampling), due to the number of properties
with A. aegypti larvae, the city of Petrolina-PE was in
outbreak alert for urban arboviruses, such as zika (Brasil,
2018).

Based on our identification of ZIKV-positive Callithrix
in the dry period, which is associated with a reduction in
the number of human cases, we highlight concerns
regarding the possible circulation or maintenance of the
virus in the enzoonotic cycle due to conditions in the re-
gion. A Ministry of Health analysis (2015-2016) predicted
the Brazilian Northeast Semiarid region would remain
heavily affected by ZIKV (and other arboviral epidemics)
due to maintenance of socioeconomic vulnerabilities

(Brasil, 2017a, b). This forecast has been confirmed: since
2019, the Northeast has shown the highest number of
probable ZIKV cases in the country, while other regions
have shown a decline (Brazil, 2023). Therefore, we warn of
close human-marmoset contact, mainly in densely popu-
lated areas with competent vectors in the region, even
outside epidemic periods.

Due to reported cases of ZIKV infection in Callithrix
spp., studies have discussed the role of Callithrix (and other
neotropical NHP species) in the urban transmission cycle
of the virus and the possibility of species acting in the
establishment of a ZIKV sylvatic cycle in Brazil (Favoretto
et al., 2016, 2019; Moreira-Soto et al., 2018; Terzian et al.,
2018).

Some evidence supports the hypothesis that these
NHPs can act as reservoirs and amplification hosts that
participate in the urban ZIKV maintenance and transmis-
sion (proposed by Terzian et al., 2018). One piece of evi-
dence is the detection of ZIKV in marmosets living close to
humans in urban or peri-urban areas (as seen in our
findings) in the states of Ceara, Minas Gerais, and Sao
Paulo between 2015 and 2017. The ZIKV strains detected
were highly similar to those circulating in the country or
related to the American lineage (Terzian et al., 2018; Fa-
voretto et al., 2019).

Other evidence grounds on experimental ZIKV infec-
tions in C. jacchus and C. penicillata established and
maintained in these animals after the viral exposure (Chiu
et al., 2017; Terzian et al., 2018; Berry et al., 2019). C.
jacchus showed high susceptibility to the strain tested and
represented a possible reservoir of ZIKV as it sustained the
rapidly established infection (Berry et al., 2019). Infection
manifestations in marmosets were similar to those in hu-
mans, including asymptomatic infections, as seen in the
ZIKV-positive C. jacchus in this study, which displayed no
visible signs of disease (Chiu et al., 2017; Terzian et al.,
2018; Berry et al., 2019). Finally, a mathematical study
using NHPs (including C. jacchus and C. penicillata) sug-
gested a high probability of establishing a sylvatic ZIKV
cycle in the Americas since the NHP species that can be-
come ZIKV hosts are abundant in South America, espe-
cially in Brazil (Althouse et al., 2016).

On the other hand, other studies involving these spe-
cies did not find such evidence. In one of them, the re-
searchers did not detect ZIKV in any NHPs analyzed in
three municipalities (Northeast, Southeast, and South Re-
gions of Brazil) between 2018 and 2020, 30% (n = 30/100)
of which were Callithrix spp. (Haisi et al., 2022).



Another study involving C. jacchus and C. penicillata
(n = 20/207; 9,7%) from urban and peri-urban areas se-
verely affected by ZIKV in Northeast and Midwest Brazil
(2012-2017) suggested that NHPs were not easily infected
by the virus, even with intense local transmission. The
authors argued that human population-acquired immunity
limits urban transmission cycles. However, it is possible to
establish sylvatic transmission cycles involving neotropical
NHPs (Moreira-Soto et al., 2018). Such cycles could
maintain ZIKV in the Americas until it is possible a new
human outbreak; therefore, more studies covering different
geographic areas and higher diversity of neotropical NHPs
are needed (Moreira-Soto et al., 2018).

If ZIKV establishes a sylvatic cycle with neotropical
NHPs, as it has in Africa (Althouse et al., 2016), eradication
may become impractical, with severe epidemiological im-
pacts. This could lead to new challenges in controlling
possible outbreaks of congenital ZIKV syndrome (Althouse
et al, 2016; Haisi et al., 2022), along with neurological
complications (such as epilepsy, seizures, and hydro-
cephalus), ocular and cardiovascular deficiencies, and
Guillain—Barré syndrome cases associated with ZIKV
(Tureta et al., 2019). Biodiversity may also be threatened by
new routes of infection and transmission between animal
species (Althouse et al., 2016; Haisi et al., 2022).

The preservation of forests, conservation of biodiver-
sity, and urban vector control are measures that can miti-
gate the zoonoses spread and reduce contact between
humans and potential ZIKV wildlife reservoirs (Borzée,
et al., 2020; Hilderink and Winter, 2021). To prevent hu-
man outbreaks and monitor viral circulation in the envi-
ronment, surveillance in NHPs is recommended, as these
animals act as sentinels (Batista et al., 2012; Cunha et al.,
2019; Fernandes et al., 2020; Sousa et al., 2023). This active
surveillance requires fieldwork and challenging technical
standards, involving costs, and should be supported (Brazil,
2017; Callefe and Neto, 2020). Orthoflavivirus zikaense
studies in Callithrix spp. in Brazil are still recent and scarce.
Therefore, efforts are needed to understand better the
participation of this genus in virus maintenance in the
urban transmission cycle and to evaluate the potential of
Callithrix as a vertebrate reservoir to establish a possible
sylvatic cycle of the virus in Brazil.
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CONCLUSION

Our results suggest the exposure of captive or free-living
marmosets (Callithrix spp.) which lives close to humans in
the semiarid region of northeastern Brazil to arboviruses
(Flavivirus, ZIKV, and EEEV). Moreover, our results ex-
pand the still recent information on circulating ZIKV
among marmosets in Brazil, even after the large outbreak in
humans. Concerning EEEV, the finding of HI antibodies in
Callithrix in the region is relevant, not only due to its
virulence but because the mosquitoes that transmit this
virus are abundant in Northeast Brazil. However, addi-
tional studies would be necessary to accurately determine
the exposure of the investigated marmoset to EEEV, even
with previous evidence of circulation of the viral agent in
the region. Here, we reinforce the importance of continu-
ous monitoring of arboviruses in wildlife and preserving
natural habitats to promote public health and biodiversity
conservation. This approach is crucial, especially concern-
ing ZIKV (positive in RT-qPCR), which is frequent in
Brazilian urban areas, and as Callithrix spp. are neotropical
NHP species susceptible to the virus and in intense contact
with human populations.
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