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Abstract

Macaques are widely distributed in Thailand with remarkable adaptation to living close

to humans in residential, religious sites, markets and tourist areas. They play an essential

role in the persistence of pathogens in the environment. As reservoir hosts, they are

exposed to hematophagous vectors that secrete saliva, a cocktail of bioactive molecules

including antigenic components stimulating host antibody production. Subsequent to the

detection of mosquito-borne pathogens in macaques living in national parks, we aimed

to determine the seroprevalence of antibodies to crude salivary gland extracts (SGEs)

from culicine mosquitoes (Aedes aegypti [Linnaeus, 1762], Ae. albopictus [Skuse, 1895]

and Culex quinquefasciatus [Say, 1823]) and compare individual titres between macaque

species/national parks (33, Macaca arctoides [I. Geoffroy Saint-Hilaire, 1831] [Primates:

Cercopithecidae] from Kaeng Krachan, 23 M. leonina leonina [Blyth, 1863] [Primates:

Cercopithecidae] from Khao Yai and four M. fascicularis [Raffles, 1821] [Primates: Cerco-

pithecidae] from Mu Ko Ranong). The anti-mosquito SGE antibodies found in 60

macaques from three national parks indicate varying levels of host-vector exposure.

Macaque antibody titres were high against culicine mosquitoes. However, the significant

difference among national parks (or macaque species) was only observed against

Cx. quinquefasciatus. Correlation analysis of titres between Aedes SGE and arboviruses

revealed a significantly more intense immune response against Ae. albopictus in DENV3-

positive M. arctoides. Current findings support the concept of salivary biomarkers using

accessible SGE, available from mosquito colonies of interest. However, we observed

cross-reactivity between Aedes species because of crude SGE containing species-shared

proteins. Nevertheless, a potential risk of pathogen transmission is emphasised between

national park visitors and macaques via mosquitoes as bridge vectors. This information

contributes to preventive measures against mosquito bites, including those implemented

in tourist areas.
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INTRODUCTION

Arboviruses such as dengue (DENV), chikungunya (CHIKV) and Zika

(ZIKV) originate in non-human primates (NHPs). Arboreal mosquitoes

transmit them from infected to naïve animals in a sylvatic transmission

cycle and eventually spillover into the human cycle. The adaptation of

NHPs to human habitations is likely to pose a more significant risk due

to spillover transmission via bridge vectors, which are competent mos-

quitoes feeding on wild animals and humans. Human activities like

encroachment on natural forest habitats for hunting, agriculture,

deforestation, urbanisation, or tourism activities by people who are

bitten by arbovirus-carrying mosquitoes contribute to the risk (Han

et al., 2019; Miot et al., 2020; Narat et al., 2017; World Health Organi-

zation, 2020). The resource-sharing and spatial overlap of humans and

macaques are evident in many areas in Thailand, such as neighbour-

hoods, religious sites, schools, business establishments, main roads,

train tracks and marketplaces (Malaivijitnond et al., 2011). Their wide-

spread distribution and the high prevalence of mosquito-borne dis-

eases highlight the importance of studying macaque interactions with

mosquito vectors and their role as reservoir hosts in the sylvatic cycle.

Vector-host contact is measured to understand the dynamics of

pathogen transmission. It is achieved by determining vector density as

a proxy estimate of mosquito bite rate on vertebrate hosts or analys-

ing the collected mosquitoes’ bloodmeal to identify its blood source.

The animal-baited trap is the reference for assessing mosquito biting

rates on animals by tethering (water buffalo) or caging (monkey) ani-

mals inside a larger net, allowing mosquitoes to feed on them (Hawkes

et al., 2017). Another technique, the monkey-baited electrocuting net

trap, utilises the monkey’s odour piped from an enclosed tent opposite

to an electrified grid to collect the attracted mosquitoes. However,

surveillance of mosquitoes via electrocuting net traps showed low effi-

ciency (Malijan et al., 2021). In addition to the trap’s poor performance,

other limitations include the possibility of escapees, animal welfare

concerns due to restraining monkeys as baits in traps and challenges in

setting up the traps (Service, 1993; Silver, 2008). Mosquito collection

from other available trappings (e.g. light or carbon dioxide traps) is

transported to the laboratory for blood meal analysis, which exploits

the host blood left in the mosquito’s abdomen after blood feeding. It

directly identifies potential hosts of mosquitoes from a recent blood-

meal through available serological (haemoglobin crystallisation, passive

hemagglutination inhibition and enzyme-linked immunosorbent assays

or [ELISA]) and molecular techniques (polymerase chain reaction and

sequencing). Serological methods require easy-to-prepare reagents

and simple equipment, and interpretation of immunoglobulin G (IgG)

conjugated results is straightforward (Washino, 1983). Molecular

approaches employ host gene fragment amplification using primers

that amplify the DNA of a wide range of vertebrates. However, both

of these techniques are limited by some factors such as cross-reaction

from closely related species (serological), availability of anti-sera

against target host species (serological), and enough DNA in the blood-

meal and reference libraries of gene sequences for the potential verte-

brate hosts (molecular) (Gutiérrez-López et al., 2022 ).

There is a burgeoning interest in using mosquito salivary proteins

to probe species antibodies in human sera as a biomarker tool for

assessing human exposure to mosquitoes and other blood-sucking

arthropods, the risk of mosquito-borne disease transmission, and the

efficacy of vector control measures (Sagna et al., 2018). The potential

applications of salivary biomarkers to Aedes, Anopheles and Culex have

been studied worldwide, especially in areas endemic for dengue or

malaria in French Polynesia, Europe, North and South America and

tropical Africa (Drame et al., 2010; Fontaine et al., 2011; Londono-

Renteria et al., 2010; Londono-Renteria et al., 2020; Mathieu-Daude

et al., 2018). In Thailand, humoral immune responses to Anopheles and

Aedes salivary proteins were evaluated for human-exposure risk

assessment to malaria and dengue, respectively (Fustec et al., 2021;

Machain-Williams et al., 2012; Waitayakul et al., 2006). The tool uti-

lises mosquito saliva injected while probing for blood vessels. The

saliva comprises a complex array of proteins, including antigenic com-

ponents recognised by the host immune system and stimulating anti-

body production (Sagna et al., 2018). The salivary biomarker has been

described to be highly sensitive, as evidenced by the heterogeneity of

exposure and relative specificity, and capable of detecting both tem-

poral and spatial variations (Hemme et al., 2016; Leitner et al., 2017;

Poinsignon et al., 2010; Sagna et al., 2018). Moreover, the intensity of

the response is proportional to the degree of exposure to mosquito

bites, and a strong immune reaction to vector bites indicates a higher

risk of transmission and infection (Mathieu-Daude et al., 2018;

Remoue et al., 2006; Sagna et al., 2018). In addition, salivary bio-

markers have also been tested in vertebrate animal hosts such as

chickens, equines, bovines and caprines (Boulanger et al., 2011; Tre-

vejo & Reeves, 2005). Macaques living in Thailand national parks were

found to be infected with dengue, Zika, malaria and Japanese enceph-

alitis, indicating their circulation in the sylvatic cycle (Lakhotia et

al., 2023; Nakgoi et al., 2014; Tongthainan et al., 2020). In this case, it

is crucial to understand whether there is a potential spillover from

vertebrate animals to human hosts by examining contact between the

sylvatic host and local vectors. However, there is limited information

on seroepidemiological studies of macaque-mosquito interactions in

areas endemic to Aedes-borne diseases.

This cross-sectional study aimed to investigate and characterise

the seroprevalence of dominant national park-dwelling macaque

populations against mosquito salivary gland proteins. Crude salivary

gland extract (SGE) from Aedes aegypti (Linnaeus, 1762), Ae. albopictus

(Skuse, 1895) and Cx. quinquefasciatus (Say, 1823) was used to screen

and monitor the macaque antibody response to mosquito exposure.

The antibody titre profiles between macaque species/national parks

and their correlation to arbovirus titres were assessed. The findings of

this study suggest that macaque-mosquito interactions in these areas

may serve as a potential spillover pathway from vertebrate animals to

human hosts.

MATERIALS AND METHODS

Macaque serum samples

We used archived macaque serum samples (n = 60) initially obtained

for an arbovirus seroprevalence study in 2018–2019 (Tongthainan
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et al., 2020). We aimed to survey three different species, and so we

chose three national parks with a different macaque species as the

most dominant according to their distributions that were reported

previously (Aggimarangsee, 1992; Albert et al., 2013; Malaivijitnond &

Yuzuru, 2008; Treesucon, 1988). This comprised 23 blood samples

from wild Macaca leonina (northern pig-tailed macaque) (Blyth, 1863)

(Primates: Cercopithecidae) from Khao Yai National Park (KY), 33 sam-

ples from wild M. arctoides (stump-tailed macaque) (I. Geoffroy Saint-

Hilaire, 1831) (Primates: Cercopithecidae) from Kaeng Krachan

National Park (KK) and four samples from M. fascicularis (long-tailed

macaque) (Raffles, 1821) (Primates: Cercopithecidae) collected in

Chang Island in the Andaman sea, Mu Ko Ranong National Park (RN)

(Figure 1).

The monkeys were captured using a ground trap placed near a

waterfall in KK and a feeding area in KY and RN. Macaque trapping

for blood collection was previously described, wherein macaques

were captured by ground trapping and sedated for blood collection by

venipuncture of the inguinal vein. Sex and anthropological measure-

ments (weight, arm length, leg length, tail length and body length)

were taken from captured macaques, in addition to dental casts and

photographs (Tongthainan et al., 2020). Sera from different sites were

stored at �80�C.

KY is in Nakhon Ratchasima province, a 2168 km2 rainforest and

grassland area home to the diverse wildlife of birds, reptiles and mam-

mals, including the northern pig-tailed macaque. Tourists can visit

waterfalls accessible by car or guided on several trails. In KK, the Pa

LaU waterfall and smaller caves can be found in the national park in

the Petchaburi province. Artificial ponds near the campsites are filled

with water during the rainy season for animal water sources. Human

settlements are approximately 5 km away from the stump-tailed

macaque trapping points in KK. Meanwhile, long-tailed macaque col-

lection in RN is located in Ranong province covering land, coast and

marine resources, including beaches, and evergreen and mangrove

forests. Tourists can hike, camp, watch wildlife and visit waterfalls and

viewpoints in RN Marine National Park (Thai National Parks, 2021).

Generally, the wet and dry seasons fall from May to October and

November to April, respectively.

Dissection of mosquito salivary glands

Non-blood-fed 5-day-old laboratory-strain female Ae. aegypti (Bora-

bora strain, Malaysia, F82 generation), Ae. albopictus (Rayong strain,

Thailand, F33 generation) and Cx. quinquefasciatus (Khon Kaen strain,

F I GU R E 1 Map of serum samples collected from macaques in Thailand national parks from 2018 to 2019.
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Thailand, F235 generation) were dissected to obtain the salivary

glands. Mosquito colonies were reared at 27 ± 2�C, 65 ± 10% relative

humidity and 12:12 light and dark cycle in the Department of Medical

Entomology’s physical containment level 2 insectary at Mahidol Uni-

versity’s Faculty of Tropical Medicine. After chilling inside an ice chest

box (�10�C), mosquitoes were immobilised entirely by removing the

legs and wings for dissection of salivary glands on a glass slide with a

drop of 1X phosphate-buffered saline (PBS) under a stereomicroscope

(Nikon SMZ 745T). The salivary gland pair was teased out using a dis-

secting probe after detaching the head from the thorax by gently pull-

ing them in the opposite directions (Schmid et al., 2017). Dissected

salivary glands were rinsed in another drop of 1X PBS before pooling

into 100 pairs per batch (Coleman et al., 2007). The pooled salivary

glands in PBS were manually homogenised using a micropestle for

protein quantification. The protein content of the SGE antigen used

to coat the wells was measured using the Bradford test (Kielkopf

et al., 2020).

Anti-SGE antibody detection and titre determination

The anti-SGE immunoglobulin G (IgG) antibody titre profile was deter-

mined by ELISA. Optimisation was performed through a checkerboard

method to optimise the assay’s serum and secondary antibody condi-

tions. After optimisation of adjusting the antigen, serum and second-

ary antibody concentrations, 96-well flat-bottom microtitre plates

(Immulon® Maxisorp, Nunc, Germany) were coated with 2 μg/mL

SGEs prepared in coating solution at 50 μL/well (KPL, Gaithersburg,

USA). The plates were sealed and incubated at 4�C overnight. We

blocked the plates with a 200 μL blocking buffer of 1X PBS and 5%

non-fat dry milk for at least 30 min at room temperature. Serum sam-

ples, prepared at a two-fold dilution series (1:200 to 1:204,800), were

added to the plate-bound antigen at room temperature for

120 minutes. Next, 50 μL/well of horseradish peroxidase-labelled

goat anti-monkey IgG (Abcam, Cambridge, UK) diluted with 5% non-

fat dry milk at 1:1000 was incubated for 1 h at room temperature. A

washing solution (1X + PBS-Tween20) (Sigma-Aldrich, St. Louis, USA)

was used between reagents to remove unbound materials, and wash-

ing was repeated at least four times. Wells were incubated for 10 min

at room temperature with 50 μL TMB Peroxidase Substrate System

(KPL, Gaithersburg, USA), and enzyme activity was stopped with

50 μL sulfuric acid. An ELISA microplate reader measured absorbance

or optical density (OD) at 450 nm/630 nm (Tecan, Switzerland).

Data analysis

The adjusted optical density (ΔOD) was calculated as the difference

between the OD readings in the antigen-containing wells (ODx) and

the blank well (ODn) to determine the level of IgG immune response.

From the ΔOD, the serum antibody titre was determined to be the

maximum serum dilution that produced an (ΔOD) value of 0.2. After

verifying that data follow a Gaussian distribution, the mean antibody

titre for each macaque species or national park was assessed for

significance using one-way ANOVA and post hoc Bonferroni test with

a 95% confidence interval (CI) for the differences. A margin (mean

antibody titre ±0.1) for each mosquito species was determined for the

categorisation of individuals into low (mean � 0.1) and high (mean

+ 0.1) exposed groups as described by Aka et al. (2020). Pearson

correlation coefficient of exposure was compared using the Kruskal–

Wallis test for group differences and the post hoc Mann–Whitney

test (95% CI) for the pairwise comparison. A previous study by

Tongthainan et al. (2020) on the archived macaque sera found DENV

and ZIKV neutralising antibody titres primarily on M. arctoides of KK.

Thus, we compared (independent t-test at 95% CI) anti-SGE IgG titres

between arbovirus DENV1-4 and ZIKV-positive and ZIKV-negative M.

arctoides groups in KK. Pearson correlation coefficients were deter-

mined to measure cross-reactivity between IgG antibodies or anti-

genic variations between mosquito species under study. The

statistical tests were carried out using GraphPad Prism version 8.4.3

(GraphPad Software, La Jolla, California, USA, www.graphpad.com)

and SPSS® version 23.0.0.0 (IBM, Chicago, USA) software. For all sta-

tistical analyses, significance was considered if p ≤ 0.05.

RESULTS

Mosquito salivary gland proteins

Bradford assay of the SGE antigen showed the following protein con-

centrations in one batch of pooled SGE (100 pairs): 4.33 mg/mL for

Cx. quinquefasciatus, 2.48 mg/mL for Ae. albopictus and 2.14 mg/mL

for Ae. aegypti.

Macaque anti-SGE antibody titres

The anti-SGE antibody profiles of M. arctoides, M. leonina and M. fasci-

cularis to specific mosquito antigens in the collection sites were exam-

ined using an endpoint titre ELISA-based assay (Figure 2). Here,

antibodies to Ae. aegypti, Ae. albopictus and Cx. quinquefasciatus were

present in 60 macaques from KK, KY and RN National Parks. The

mean anti-Cx. quinquefasciatus antibody titre significantly differed

between national parks (or macaque species) (p = 0.003). Specifically,

the mean antibody titre to Cx. quinquefasciatus was higher in M. arc-

toides from KK than in M. leonina from KY (one-way ANOVA, post hoc

Bonferroni test, p = 0.002, Figure 2). No significant differences were

noted between sites/macaque species for immune responses to Ae.

aegypti (p = 0.066) and Ae. albopictus (p = 0.584). Antibody titres

(log2) to Ae. aegypti SGE was highest in M. fascicularis from RN (geo-

metric mean titre [GMT, (log2)] 36,204, 95% CI 12,016–109,084),

followed by KK (GMT 19,491, 95% CI 13,726–20,609) and KY

(GMT 14,440, 95% CI 9483–21,989) (Figure 2, panel 1;

Supplementary Information S1, Tables S1 and S2). For anti-Ae. albo-

pictus SGE titres (log2), the highest to lowest titres were observed in

KK (GMT 30,927, 95% CI 22,708–42,120), RN (GMT 25,600, 95%

CI 10,402–63,001) and KY (GMT 12,800, 95% CI 7333–22,344)

(Figure 2, panel 2; Supplementary Information S1, Tables S1 and S2).
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Lastly, antibody titres (log2) to Cx. quinquefasciatus SGE were

observed in KK (GMT 26,143, 95% CI 21,636–31,590), RN (GMT

25,600, 95% CI 25,600–25,600) and KY (GMT 12,800, 95% CI

10,147–16,147) (Figure 2, panel 3; Supplementary Information S1,

Tables S1 and S2).

Mosquito bite exposure prevalence

The macaques were classified based on the immune response to the

SGE antigen to characterise exposure to mosquito bites. The mean

titre (log2) ± 0.1 was the threshold value to categorise individuals into

low or high mosquito bite exposure groups (Aka et al., 2020). The

seroprevalence of differential exposure to the feeding of mosquito

species was presented as a proportion of SGE antibody-positive

macaque species. Seroprevalence of high exposure to Cx. quinquefas-

ciatus between macaque species/national parks was significantly dif-

ferent (p < 0.05), specifically between KK (79%, 26 of 33) and KY

(30%, 7 of 23) (p < 0.05) and between KY (30%, 7 of 23) and RN

(100%, 4 of 4) (p = 0.027). KK-inhabiting macaques were highly

exposed primarily to Cx. quinquefasciatus (79%, 26 of 33), compared

to the bites of Ae. aegypti (45%, 15 of 33) and Ae. albopictus (33%, 11

of 33). Higher exposure against Cx. quinquefasciatus (100%, 4 of 4)

was also detected in M. fascicularis, followed by Ae. aegypti (75%, 3

of 4) and Ae. albopictus (25%, 1 of 4). For M. leonina, high exposure

rates to Ae. aegypti (35%, 8 of 23) were observed, followed by its

contact with Cx. quinquefasciatus (30%, 7 of 23) and Ae. albopictus

(13%, 3 of 23); however, they were not significantly differ-

ent (p > 0.05).

Arbovirus neutralisation titres and exposure to bites of
Aedes vectors

When comparing IgG levels between DENV- and ZIKV-exposed and

non-exposed groups in the anti-Ae. aegypti (Figure 3a) and Ae.

F I GU R E 2 Immunoglobulin G SGE (salivary gland extract) antibody endpoint titres (log2) to three mosquito species: Aedes aegypti (circle), Ae.
albopictus (square) and Culex quinquefasciatus (triangle) from national park-dwelling macaques determined by ELISA. Serum samples were
collected from M. leonina, M. arctoides and M. fascicularis from Khao Yai (KY) National Park in Nakhon Ratchasima, Kaeng Krachan (KK) National
Park in Prachuap Khiri Khan and Mu Ko Ranong (RN) National Park in Ranong, respectively. Horizontal bars show the geometric mean with 95%
CI. Differences between macaque species/national parks were tested using one-way ANOVA and post hoc Bonferroni test (p values are indicated
in the top panel).

282 AGUILA ET AL.
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albopictus (Figure 3b) groups, we detected significantly higher immune

responses against Ae. albopictus in M. arctoides positive with DENV3

(independent t test, p = 0.034) and DENV4 (independent t test,

p = 0.026) than the arbovirus-negative macaque group. The associa-

tion of DENV3 neutralisation titres against macaques’ anti-SGE anti-

body titres to arbovirus vector, Ae. albopictus revealed a significant

correlation (r = 0.404, p = 0.022) (Table 1).

Cross-reaction of antibodies between mosquito
species

The IgG antibody levels against the three salivary antigens were com-

pared for each macaque individually in the three national parks using

a Pearson correlation test, and the corresponding p values were deter-

mined. Moderate cross-reactivity of macaque IgG antibody responses

F I GU R E 3 Comparison of salivary gland extract antibody titres (log2) against Aedes aegypti (a) and Ae. albopictus (b) between dengue virus/
DENV—(a) and Zika virus/ZIKV—(b) positive (+ve) and -negative (�ve) stump-tailed macaques (Macaca arctoides) from Kaeng Krachan National
Park (p values are indicated in the top panel).

CULICINE SALIVARY ANTIBODY DETECTION IN MACAQUES 283
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was observed between Ae. aegypti and Ae. albopictus (r = 0.405,

p = 0.001) (Figure 4). No significant cross-reactivity was observed

between the mosquito genera Aedes and Culex (Figure 4b,c).

DISCUSSION

Here, we present a sero-immunological analysis of the macaque anti-

body response to the salivary antigen of Ae. aegypti, Ae. albopictus and

Cx. quinquefasciatus using ELISA. The results have practical public

health relevance for Aedes-borne diseases, which are common in most

tropical and subtropical countries. Specifically, our results detected

reactivity to crude SGE proteins, although there is cross-reactivity

between Aedes mosquitoes, suggesting that the IgG response to vec-

tor saliva may represent a proxy exposure of vertebrate animals to

mosquito bites.

Previously, NHPs (Erythrocebus patas [Schreber, 1774] [Primates:

Cercopithecidae] and M. mulatta [Zimmermann, 1780] [Primates: Cer-

copithecidae]) in Puerto Rico were found seropositive to SGEs of Ae.

aegypti and Cx. quinquefasciatus in addition to Ae. mediovittatus (Bigot,

T AB L E 1 Comparison of IgG antibody response against Aedes salivary gland extracts in Macaca arctoides serum samples with dengue virus/
DENV1-4 and Zika virus/ZIKV neutralisation titres from KK National Park.

DENV1 DENV2 DENV3 DENV4 ZIKV

Ae. aegypti 0.033 (0.853) �0.060 (0.739) 0.029 (0.875) 0.119 (0.508) 0.141 (0.442)

Ae. albopictus 0.300 (0.090) 0.247 (0.165) 0.404 (0.022)* 0.193 (0.282) 0.130 (0.477)

Note: The upper values are Pearson correlation values, and the values below, enclosed in parentheses, are the p values (*p value ≤ 0.05).

F I GU R E 4 Pairwise correlation (Pearson coefficient r, p values) among IgG-SGE (salivary gland extract) antibody titres (log2) against mosquito
species in national park-dwelling macaques in Thailand: (a) Aedes aegypti and Ae. albopictus, (b) Ae. aegypti and Culex quinquefasciatus and (c) Ae.
albopictus and Cx. quinquefasciatus.
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1861) (Diptera: Culicidae) and Ae. tritaeniorhynchus (Wiedemann,

1821) (Diptera: Culicidae) (Hemme et al., 2016). Our findings corrobo-

rate those of Hemme et al. (2016), who found that Ae. aegypti and

Cx. quinquefasciatus fed upon macaques, thus highlighting the role of

NHPs and their susceptibility to dengue infection (Gwee et al., 2021)

and transmission of mosquito-borne arboviral diseases. Other mos-

quito species, such as Anopheles spp. malaria vectors (An. minimus

[Theobald, 1901] [Diptera: Culicidae] and An. dirus [Peyton & Harri-

son, 1979] [Diptera: Culicidae]) might also have fed upon the

macaques as Fungfuang et al. 2020 found Plasmodium-infected NHPs;

thus, potentially explaining the higher titres observed in our study.

Also, An. latens [Sallum et al., 2005] [Diptera: Culicidae] and An. intro-

latus [Colless, 1957] [Diptera: Culicidae] are proven vectors of mon-

key malaria in southern Thailand (Yanmanee et al., 2023). In addition,

other biting dipterans could be present in national parks, such as Sto-

moxyini flies (Changbunjong et al., 2012). NHPs seropositive to den-

gue and Zika have been found in Thailand, suggesting sylvatic cycles

might also occur there (Nakgoi et al., 2014), although there have been

no sylvatic mosquito or viral characterisation studies (Valentine et

al., 2019).

Given that concurrent mosquito abundance and landing rate on

NHPs in our study sites were not conducted, we reviewed vector bio-

nomics and its associations with ecology, environment, land develop-

ment and human incursions. The mosquito species selected are locally

incriminated as vectors of mosquito-borne diseases and are widely

distributed across regions in Thailand (Saeung, 2012). Predominant

mosquito genera collected in Thailand forest parks were mainly Culex,

Aedes, Anopheles and Uranotenia (Srisuka et al., 2022; Thongsripong

et al., 2013). Discarded containers are considered key mosquito devel-

opment sites, increasing the risk of vector abundance (Sahavechaphan

et al., 2020; Thammapalo et al., 2021). Trash (e.g. bottles and chip

bags) left by visitors of KY National Park prompted Thailand’s Minister

of Natural Resources and Environment to implement stricter mea-

sures on waste disposal (Compton, 2020), as these items provide ideal

mosquito development habitats and discarded food attract NHPs. In

Brazil, there were reports of the coexistence of urban and sylvatic

mosquitoes in forested areas (Ahebwa et al., 2023; Hendy et al.,

2020; Rosa-Silva et al., 2023). In the KK National Park, human settle-

ments may also contribute to the presence of peridomestic vectors in

the fragmented forest areas (Thongsripong et al., 2013) and could

account for the observed anti-Ae. aegypti antibody titres. Culex quin-

quefasciatus and Ae. albopictus also were collected abundantly in a

breeding facility of long-tailed macaques (Novianto et al., 2022).

Higher IgG antibody levels were observed in Côte d’Ivoire, particularly

in areas with intensive agricultural activities associated with mosquito

development sites (collection buckets) for Ae. albopictus in the rubber

plantation (Yobo et al., 2018). It is hypothesised that mosquito vectors

access development sites in the national parks and will feed upon

available humans or NHPs for egg development and continuation of

the life cycle. In terms of feeding behaviour, mosquito body size

affects its bloodmeal, wherein smaller Ae. aegypti and Ae. albopictus

mosquitoes have adapted to more frequent host-seeking behaviour

and multiple blood meals (Farjana & Tuno, 2013). Aedes albopictus, in

particular, exhibits exophagic and opportunistic feeding with high host

plasticity (Delatte et al., 2010). Culex quinquefasciatus exhibits a longer

probing time on mammalian hosts than on birds (Ribeiro, 2000). This

behaviour of the Aedes and Culex mosquitoes could trigger a more

intense immune response since more saliva proteins are injected into

the host. In rural Thai villages, Ae. aegypti preferentially fed on humans

with a rare occurrence of bloodmeals obtained from other animal

hosts, such as bovine, cat, chicken, rat and swine (Ponlawat & Harring-

ton, 2005). The occurrence of mixed bloodmeal reflects multiple feed-

ing patterns based on the available host species in the area (Pengsakul

et al., 2017). Anthropophilic Ae. aegypti and Cx. quinquefasciatus from

villages in Koh Chang Island, Thailand, were detected with multiple

host blood-feeding patterns, including monkeys (Khaklang & Kittaya-

pong, 2014). Aedes albopictus, on the other hand, exhibits greater zoo-

phagy than anthropophagy, contributing to its capacity as a bridge

vector of mosquito-borne arboviruses (Fikrig et al., 2023; Pereira Dos

Santos et al., 2018; Richards et al., 2006). Aside from vector biology,

host activity (such as movement, resting behaviour and attractiveness)

may also contribute to variations in the frequency of mosquito bite

exposure. The ecological shift of stump-tailed and long-tailed

macaques from the mountains to the human community was

observed at Wat Tham Khao Daeng, Amphoe Ron Phibun, Nakhon-

sithammarat Province (Malaivijitnond & Hamada, 2005). Stump-tailed

macaques were more adapted to humans and stayed longer in the vil-

lage to play, groom and mount on partners than long-tailed macaques

(Malaivijitnond & Hamada, 2005). The 16 species of macaques found

primarily in southern Asia (Napier & Napier, 1985) are omnivorous,

adaptable to almost any ecological niche and have unregulated, exten-

sive and often close contact with humans, such as recreation travel-

lers, tourists or religious worshippers. Such scenarios are commonly

observed in temples and national parks in Southeast Asia (Jones-Engel

et al., 2006), as well as in Thailand (Malaivijitnond & Hamada, 2005).

A previous study by Tongthainan et al. (2020) on the archived

sera used in the current study detected neutralising antibody titres to

DENV and ZIKV, primarily in M. arctoides from KK National Park. As

such, we compared the IgG levels against the SGE of virus infected

and uninfected Aedes vectors in KK-inhabiting macaques. We found

limited associations and differences between the immune reaction to

mosquito SGE and neutralisation titres to Zika and dengue serotypes.

Salivary proteins work as an immunosuppressant at high concentra-

tions but modulate the immune response at low concentrations, spe-

cifically down-regulating TH1 (T helper 1) and antiviral cytokines and

unaffected or amplified TH2 (T helper 2) cytokines (Schneider &

Higgs, 2008). Previous studies found that a high immune response

against mosquito saliva was associated with dengue-infected individ-

uals, concluding the accuracy of IgG antibodies for the risk of dengue

infection (Cardenas et al., 2019; Londono-Renteria et al., 2013).

Machain-Williams et al. (2012) also observed that DENV2-infected

children have higher antibody titres to Ae. aegypti secreted saliva.

Consequently, the observed different findings may reside in the anti-

gen utilised to capture the antibodies. In contrast to extracted saliva

from the earlier study, we used crude SGE proteins in the baseline

detection of IgG antibodies; SGE contains extraneous proteins not
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secreted in the saliva (Wongkamchai et al., 2010). These protein fami-

lies are specific or ubiquitously shared at different taxonomic levels;

families, genera and species of mosquitoes and other biting dipterans

(sand fly, black fly, midge, stable fly, etc.), as well as other hematopha-

gous arthropods like ticks (Ribeiro et al., 2010; Sagna et al., 2018). The

shared proteins in the crude SGE could support the cross-reactivity of

immune responses between mosquito species, as seen in several stud-

ies between Ae. aegypti, Ae. albopictus, Cx. quinquefasciatus and even

with An. minimus due to shared salivary antigens (Doucoure et al.,

2012; Doucoure et al., 2013; Fontaine et al., 2011; Wongkamchai et

al., 2010). In the current study, species-relatedness could further cor-

roborate the cross-reactivity between the two Aedes spp. belonging

to the same subgenus, Stegomyia. As in the earlier study of Hemme et

al. (2016), they detected no significant mosquito-specific cross-reac-

tivity between Aedes of different subgenera: Ae. aegypti (subgenus

Stegomyia), Ae. mediovittatus (subgenus Gymnometopa) and Ae. tae-

niorhynchus (subgenus Ochlerotatus) (Hemme et al., 2016).

There are several limitations in the study. In our study, macaque

species was confounded by national park as only one species was

studied from each park. Previous studies that sampled macaques in

Thailand national parks (Aggimarangsee, 1992; Albert et al., 2013;

Malaivijitnond & Yuzuru, 2008; Treesucon, 1988) found species-

specific localisation patterns with typically one macaque species

being dominant in each park. This may be influenced by the varying

environmental and ecological factors supporting species survival, as

Lekagul & McNeely (1988) reported. In Thailand, long-tailed

macaques are the most commonly observed primate species among

the 13 species present (Lekagul & McNeely, 1988). This species is

especially prevalent in Southern Thailand, as reflected in our study

(Aggimarangsee, 1992; Malaivijitnond & Yuzuru, 2008). Meanwhile,

M. leonina and M. arctoides have been reported locally in Thailand

(Albert et al., 2013; Malaivijitnond & Yuzuru, 2008; Treesu-

con, 1988). The current study has a low sample size, particularly for

M. fascicularis at RN National Park (n = 4), which may limit the gen-

eralizability of the findings. A larger sample size is recommended for

a more comprehensive and conclusive result to strengthen the

understanding of macaque distribution patterns in national parks.

Our study focused on macaque seroprevalence to Culicine SGE,

and its evaluation could be improved by addressing the cross-reac-

tions observed. The way forward may include ELISA experiments with

species-specific proteins or peptides. For further study, the Nterm-34

kDA peptide for Ae. aegypti may provide a more specific antibody

response for Ae. aegypti exposure (Fustec et al., 2021). The duration

to which the crude SGE may be used to measure mosquito exposure

in seroepidemiological studies or evaluate the effectiveness of vector

control interventions is unclear. Some studies have found that the

anti-gSG6 antibody response may serve to assess the impact of inter-

ventions in the short term (less than a year) (Drame et al., 2010). In

contrast, other studies have found that the antibody response can

assess the impact of interventions in the longer term (Idris et al.,

2017). The need to develop an alternative biomarker for vector con-

trol applications to gSG6 is highlighted in these studies. Entomological

data on mosquito population, density and natural infectivity in

national parks are needed to support and confirm macaque exposure

to Culicine mosquitoes.

Like human hosts, macaques are exposed to mosquito blood-

feeding in the wild and may develop an immune response against

immunogenic salivary proteins. In our study, we detected immune

responses against mosquito bites in macaques from national parks in

Thailand. This aids in establishing the utility of salivary biomarkers for

NHPs as a proxy for mosquito-monkey contact. Serological assays

provide an alternative and simple method to assess the human or

monkey-biting rates due to ethics regulations of animal experimenta-

tion and limitations of animal-baited traps, such as low trap efficiency,

logistical challenges and, more importantly, concerns for animal wel-

fare. Serological data could serve as a basis for risk management in

national parks and tourist sites where people can become infected

when encroaching on these habitats and are bitten by mosquitoes car-

rying arboviruses or if infected forest mosquitoes move into areas of

human habitation to obtain a blood meal. This could aid public health

authorities in mitigating or curbing the sylvatic transmission cycle and

spillover into an urban transmission cycle through mosquito manage-

ment techniques such as biocontrol using various natural predators,

environmental management or modification, landscape and urban

planning, coordination and cooperation between policymakers, law

enforcement officers and pubic members, public education and

awareness campaigns, relocation of farmlands further away from the

forests, or avoidance of outdoor activities during the feeding period

of vectors (Lee et al., 2022).

CONCLUSION

Our findings provide baseline information about the mosquito bite

exposure of macaques found in Thailand’s national parks despite

detecting cross-reactive immune responses. The study presents the

seroprevalence of culicine mosquito saliva for macaques, comple-

menting currently available entomological techniques in determining

vector-host interactions.

It suggests a risk of sylvatic transmission of known or novel path-

ogens between animal hosts and humans living within or near the

national parks or those merely visiting the forested tourist areas.

Through studying anti-SGE immune responses, areas with heightened

host-vector contact can be identified or mapped to enhance surveil-

lance and raise vigilance to prevent outbreak occurrence. Neverthe-

less, data gathered could serve as a basis for risk management in

national parks by mitigating the risk of vector-host interfaces, such as

recommending tourists use repellents or bed nets for overnight visi-

tors or to take prophylaxis.
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