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Abstract — Entomological parameters such as mosquito biting rates often fail to capture variability in human behavior,
thereby limiting its accuracy for assessing the population-level malaria risk. This study investigated the use of previ-
ously described Anopheles gambiae-based anti-salivary biomarker, anti-gSG6-P1, as a serological marker for Anophe-
les exposure, and examined key entomological, human, and environmental risk factors in Sisaket Province, Thailand.
Blood samples were collected via finger prick from the same set of 184 participants across three seasons: rainy (August
2022), cool-dry (December 2022), and hot-dry (April 2023). Anti-gSG6-P1 IgG levels were quantified using ELISA.
Factor Analysis of Mixed Data revealed that seasonality exerted the strongest influence on anti-gSG6-P1 IgG levels,
which was likely driven by human activities, particularly the frequency of rubber tapping activity in the areas where
Anopheles dirus is present. A higher frequency of rubber plot entry (5-7 days/week) significantly increased anti-gSG6-
P1 IgG responses (1.08 = 0.36) compared with the lower frequency group (0—4 days/week) (0.96 + 0.35). Furthermore,
our findings revealed the complex interplay between anti-gSG6-P1 IgG levels and the seasonality of human behavioral
and vector dynamics. These factors highlight key limitations of the anti-gSG6-P1 IgG biomarker in the Greater Me-
kong Subregion, particularly the lack of well-characterized anti-gSG6-P1 IgG serological response kinetics in regions
where predominant vector species exhibit low salivary peptide homology to An. gambiae. These findings emphasize
the need for new serological tools tailored to malaria vector species present in the Subregion to improve malaria risk
assessment and strengthen vector control strategies.

Key words: Anopheles mosquitoes, Immunological biomarker, Human activity, Rubber plantation, Sisaket Province,
Thai-Cambodia, Malaria risk assessment.

Résumé — La surveillance immunologique utilisant le biomarqueur IgG anti-gSG6-P1 révéle la dynamique spa-
tio-temporelle de I’exposition aux Anophéles et les lacunes dans I’évaluation des risques de paludisme dans la
sous-région du Grand Mékong. Les parametres entomologiques tels que le taux de piqlires de moustiques ne
permettent souvent pas de saisir la variabilit¢é du comportement humain, ce qui limite leur précision pour évaluer le
risque de paludisme au niveau de la population. Cette étude examine 1’utilisation du biomarqueur antisalivaire anti-
gSG6-P1, précédemment décrit et basé sur Anopheles gambiae, comme marqueur sérologique de I’exposition aux
anophéles, et examine les principaux facteurs de risque entomologiques, humains et environnementaux dans la
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province de Sisaket, en Thailande. Des échantillons sanguins ont été prélevés par piqire a la pulpe du doigt sur le
méme groupe de 184 participants au cours de trois saisons : pluvieuse (aolt 2022), fraiche et séche (décembre
2022) et chaude et seéche (avril 2023). Les taux d’IgG anti-gSG6-P1 ont été quantifiés par des tests ELISA.
L’analyse factorielle des données mixtes a révélé que la saisonnalité exerce la plus forte influence sur les taux
d’IgG anti-gSG6-P1, probablement en raison des activités humaines, en particulier la fréquence de la récolte du
caoutchouc dans les zones ou Anopheles dirus est présent. Une fréquence plus élevée d’entrée dans les plantations
d’hévéas (5 a 7 jours par semaine) augmente considérablement les réponses anti-gSG6-P1 IgG (1,08 £+ 0,36) par
rapport au groupe a fréquence plus faible (0 a 4 jours par semaine) (0,96 = 0,35). De plus, nos résultats révelent
I’interaction complexe entre les taux d’IgG anti-gSG6-P1 et la saisonnalit¢ du comportement humain et de la
dynamique des vecteurs. Ces facteurs mettent en évidence les principales limites du biomarqueur anti-gSG6-P1 IgG
dans la sous-région du Grand Mékong, en particulier I’absence de cinétique de réponse sérologique anti-gSG6-P1
IgG bien caractérisée dans les régions ou les espéces vectrices prédominantes présentent une faible homologie
peptidique salivaire avec An. gambiae. Ces résultats soulignent la nécessité de disposer de nouveaux outils
sérologiques adaptés aux espéces vectrices d’agents du paludisme présentes dans la sous-région afin d’améliorer

Introduction

Malaria remains a major global health problem, with the
World Health Organization (WHO) estimating between 225
(2014) and 282 (2024) million annual cases and over 600,000
deaths per year between 2000 and 2024 [55]. The WHO’s
malaria control initiatives during the past decades, targeting vec-
tors and parasites [50, 51], have resulted in a significant decline
in malaria incidence [53]. Consequently, low-transmission
regions have transitioned towards elimination programs, tailor-
ing interventions to local environments, as well as human and
mosquito behavior with the involvement of communities [51].

Intensive control measures in the Greater Mekong Subre-
gion (GMS), which includes Cambodia, China’s Yunnan Pro-
vince, Laos, Myanmar, Thailand, and Vietnam, have
significantly lowered regional malaria cases since 2015, leading
to an elimination target set for 2030 [13, 49]. Although GMS
cases dropped below 100,000 in 2020-2021 [52], recent years
saw resurgence, surpassing 150,000 in 2022 and reaching
approximately 225,000 in 2023, primarily driven by cases in
Myanmar due to political instability [54].

Another critical challenge for malaria elimination in the
GMS is outdoor transmission, which limits the effectiveness
of standard indoor interventions such as insecticide-treated nets
(ITNs) and indoor residual spraying (IRS) [14, 48]. Outdoor
transmission primarily affects high-risk populations, including
forest goers and rubber tappers, complicating the dynamics of
residual transmission and making it difficult to identify focal
areas or populations for targeted interventions [3, 14].

The entomological inoculation rate (EIR) is used to quantify
malaria transmission intensity defined as the product of the
human-biting rate and the proportion of Anopheles mosquitoes
harboring Plasmodium sporozoite-stage parasites. However, in
the GMS region, human—vector contact is heterogeneous across
populations, especially influenced by microgeographic patterns
of exposure, human behavioral heterogeneity, and mobility [9,
10, 14, 36, 38, 39]. Furthermore, primary transmission foci in
the GMS, particularly forested and peri-forest habitats, are
logistically difficult to access and often under-sampled, intro-
ducing substantial challenges to site representativeness and
increasing the likelihood of sampling bias. These limitations
contribute to considerable uncertainty in biting-rate-based
estimates of transmission risks [37]. Moreover, human

I’évaluation des risques de paludisme et de renforcer les stratégies de lutte antivectorielle.

vulnerability varies based on occupation, location, and socioeco-
nomic status [36, 41, 59], highlighting the need for alternative or
complementary risk-assessment methods capable of capturing
the complexity of transmission landscapes in the GMS.

To overcome the sampling constraints associated with bit-
ing-rate, one promising approach is the use of serological
responses to Anopheles salivary gland proteins injected during
mosquito bites, which serve as biomarkers of human exposure
to bites. Among these, the most well-studied is the gSG6 pro-
tein family, named after the Anopheles gambiae salivary gland
protein 6 [20], identified through transcriptome analyses and
exclusively expressed in the salivary glands of adult female
An. gambiae [12, 18, 20]. In Africa, gSG6 shows strong
sequence conservation and broad binding across both vector
and non-vector Anopheles species, a shorter derivative — the
gSG6-P1 peptide — was developed and first evaluated as a bio-
marker for malaria vector species, An. gambiae, in sub-Saharan
Africa [28]. A positive correlation was demonstrated between
anti-gSG6-P1 IgG levels and exposures to bites of An. gambiae,
suggesting its utility as a proxy for malaria vector bites [25, 28,
32, 33]. Beyond Africa, this peptide has also been evaluated in
the Americas, where the key malaria vectors are not An. gam-
biae but rather An. darlingi, An. albimanus, and An. nunezto-
vari, and it similarly showed positive associations with
mosquito biting pressure [21]. Furthermore, this peptide was
validated in Asia, specifically in Tak Province, Thailand — an
area with high malaria prevalence where Anopheles minimus
is the dominant vector species, suggesting its broader applica-
bility in the GMS [57]. However, malaria vectors in Thailand
and the GMS are highly diverse, with at least seven important
vector species commonly recognized, including An. dirus, An.
baimaii, An. minimus, An. maculatus, An. sawadwongporni,
An. pseudowillmori, and An. aconitus [44]. Therefore, further
validation is required in other regions where different Anophe-
les vector species predominate.

This study aimed to evaluate the gSG6-P1 peptide as a sero-
logical marker for Anopheles exposure in a malaria transmis-
sion area along the Thailand-Cambodia border. Transmission
in this region is characterized by outdoor and forest-associated
biting, with An. dirus serving as the predominant vector species
[37]. To evaluate gSG6-P1 performance under these ecological
conditions, we quantified anti-gSG6-P1 IgG responses among
populations at elevated risk of vector contact, particularly
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Figure 1. Study locations in Khun Han District, Sisaket Province, Northeastern Thailand. Three villages were selected, including Huai Chan

(A), Kan Throm Tai (B), and Non Thong Lang (C).

rubber tappers in Sisaket Province over the rainy (August
2022), cool-dry (December 2022), and hot-dry (April 2023)
seasons. We further examined associations between anti-
2SG6-Pl-specific IgG levels and human behavioral, entomo-
logical, and environmental factors to determine the peptide’s
effectiveness in reflecting Anopheles exposure and identifying
key determinants of biting risk in the Thailand-Cambodia bor-
der area. This research seeks to improve our understanding of
malaria transmission dynamics and establish a reliable serolog-
ical tool for monitoring transmission risks in the GMS.

Materials and methods
Ethics

The study received ethics approval from the Ethics Review
Committee for Research Involving Human Participants at
Kasetsart University (Certificate of Approval No. CAO63/
035). Formal written ethics clearance for the study protocol
and written informed consent from volunteers were obtained
before the trials commenced.

Study locations

Three villages (Huai Chan, Kan Throm Tai, and Non
Thong Lang) located in the Khun Han District, Sisaket Pro-
vince, were chosen due to the histologically high malaria bur-
den (Fig. 1). These villages are gradually slope up towards
the southern part of the province, where large rubber planta-
tions and primary forests are located. Kan Throm Tai and Non
Thong Lang are situated in lower areas (~200 m), surrounded
by paddy fields and scattered rubber plantations. These two
villages differ in their distance from the forest fringe, with
Non Thong Lang being approximately 4 km closer to the for-
est fringe than Kan Throm Tai. In contrast, Huai Chan Village
is located at a higher altitude (~240 m) and is mostly sur-
rounded by rubber plantations, croplands, and deciduous for-
ests. The southernmost area of Sisaket Province shares a
border with Cambodia (Fig. 1). Agriculture is the main occu-
pation of villagers in these areas. Weather conditions are cat-
egorized into three seasons, which are rainy (May—October),
cool-dry (October—February), and hot-dry (February—May)
[56]. Spatial data were obtained from the USAID website
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(https://landcovermapping.org/en/landcover/) and processed
using QGIS software (version 3.22.7).

Study design and inclusion criteria

A one-year cross-sectional survey was designed to capture
the temporal dynamics of the anti-gSG6-P1 peptide from local
people in at-risk groups. Finger prick blood samples were col-
lected once per season, which started with the rainy (August
2022), cool-dry (December 2022), and hot-dry (April 2023)
seasons. Participants were selected based on the following cri-
teria: 1) age between 18—60 years old, 2) residing in these vil-
lages, 3) Thai citizenship, and 4) work in rubber plots. Each
participant was followed up throughout the three seasons. A
participant was considered a dropout if they were unable to pro-
vide a blood sample during either season.

Dry blood spot collection and interviews

Finger prick blood was collected by local health authorities
using Whatman No. 1 filter papers (Whatman International
Ltd., Banbury, UK), size 3 x 12 cm, following an approved
protocol. Two blood spots were collected from each participant
and labeled with a unique identification code. Each blood sam-
ple was dried before being kept in a plastic zip-lock bag to pre-
vent contamination. All blood samples were then shipped to the
National Center for Genetic Engineering and Biotechnology
(BIOTEC), Bangkok and stored at —20 °C to minimize protein
degradation [4, 7] until further analysis.

To characterize the study population and identify factors
potentially influencing anti-salivary IgG responses, information
on participants’ engagement in rubber plantations was col-
lected. Because season affects occupational and behavioral pat-
terns, participants were asked during each blood collection to
report their average weekly frequency of rubber plantation vis-
its. Additionally, because participants’ residence and rubber
plantation were not always co-located, we hypothesized that
individuals living closer to plantation areas — and therefore
nearer to forest fringes — might experience higher Anopheles
exposure. To assess this potential spatial determinant of risk,
we inquired on the distance between each participant’s resi-
dence and their associated rubber plantation.

Anti-gSG6-P1 IgG detection by enzyme-linked
immunosorbent assay (ELISA)

The immunological assay to detect human IgG against
gSG6-P1 Anopheles salivary peptide used in this study was
adapted from a previous protocol [57]. In brief, dry blood spot
samples were cut into a circle shape (diameter: 6 mm) and indi-
vidually eluted in 250 pL of 0.1% Tween (Cat# BP337-100,
Thermo Fisher Scientific, Waltham, MA, USA) in 1x phos-
phate-buffered saline (1 x PBS) at 4 °C for 48 h. Then, the filter
paper was removed and eluted blood was divided into three
tubes (~80 pL/tube) before use to reduce degradation from
the freeze-thaw process. All samples were kept at —20 °C for
further analysis with ELISA. The details of ELISA assay in this
study are described in the Supplementary Methods.

Statistical analysis and visualizations

The adjusted optical density (OD) values from all ELISA
samples were analyzed to identify quantitative and qualitative
factors influencing variability of anti-gSG6-P1 IgG responses
using Factor Analysis for Mixed Data (FAMD) with the Facto-
MineR package [19] in RStudio (version 4.2.1). The details of
FAMD analysis are mentioned in the Supplementary Methods.

Statistical comparisons of the IgG levels between two inde-
pendent groups were performed using the Wilcoxon Rank-Sum
Test, while comparisons between two dependent groups were
conducted using the Wilcoxon Signed-Rank Test. Statistical
significance was defined as a p-value <0.05. The data were ana-
lyzed using jamovi 2.3.6 (jamovi.org) and data visualization
was performed in the RStudio program (version 4.2.1).

Results
Population characteristics

A total of 184 participants, aged 1860 years from three vil-
lages, who provided blood samples across all three seasons,
were included in data analyses. Most participants were from
Kan Throm Tai (n = 97; 52.72%), followed by Huai Chan
(n = 59; 32.07%), and Non Thong Lang (n = 28; 15.22%).
Females constituted a larger proportion (n = 116; 63.05%) than
males (7 = 68; 36.95%), and this pattern was consistent across
all three villages (Supplementary Tables 1 and 2). This may be
due to differences in participant availability or willingness to
participate, with females generally being more represented than
males. Participants were categorized into ten-year age intervals
within the population aged 18—60 years old, with the majority
(n = 124; 67%) falling into two active age groups: 41-50
(n = 63; 34%) and 51-60 years old (n = 61; 33%). The distance
between rubber plots and participants’ homes was classified
into three groups: <1 km, 1-5 km, and >5 km. Most partici-
pants lived more than 5 km away (n = 102; 55.43%), followed
by 1-5 km (n = 41; 22.30%), and less than 1 km (n = 6;
3.62%). Rubber plot entry activity varied by season, with
higher frequency (5-7 days/week) reported in the cool-dry
(n = 104; 56.5%) and hot-dry (n = 99; 53.8%) seasons com-
pared to the rainy season (n = 55; 29.9%) (Supplementary
Table 1).

Exploring key variables influencing anti-gSG6-
P1 IgG responses using FAMD

To identify the key factors influencing anti-gSG6-P1 IgG
levels, we conducted FAMD to explore relationships between
population characteristics and antibody levels. This analysis
explored the relationships between population characteristics
(season, frequency of entering rubber plots per week, age, vil-
lage, and distance from residence to rubber plot) and individual
anti-gSG6-P1 IgG levels. The initial step in FAMD involves the
computation of principal dimensions (Dims), which consolidate
the variance from the original variables, thereby simplifying the
interpretation of complex inter-variable relationships within the
dataset. The proportion of total variance in the dataset was
explained by each Dim. Dims 1 and 2 collectively accounted
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Figure 2. FAMD analysis reveals underlying variables influencing the level of anti-gSG6-P1 responses. (A) Squared loadings plot
demonstrating the correlations between categorical and continuous variables with Dims 1 and 2. (B) Plots demonstrating contributions of each
variable to Dims-1 and -2. (C-E) FAMD factor maps represents coordinates of each sample on the Dims-1 and -2, with color overlays
indicating (C) IgG response levels, (D) season, and (E) frequency of rubber plot entry per week (RubberPerWeek).

for only 30.76% of the total variance, indicating a high level of
complexity in the dataset and this suggests that multiple factors
contribute to the observed variations in IgG levels. The contri-
bution of each variable to the principal dimensions was demon-
strated by squared loading plots (Figs. 2A and 2B). Anti-gSG6-
P1 IgG levels demonstrated a stronger association with Dim 2,
which was primarily influenced by season (36% contribution)
and the frequency of entering rubber plots per week (Rub-
berPerWeek; 35% contribution). This suggests these two factors
are major determinants of anti-gSG6-P1 levels. Dim 1 exhibited
a lesser influence on anti-gSG6-P1 IgG levels, with village
(43% contribution) and distance from residence to the rubber

plot (37% contribution) being its main contributors to the
dimension.

Based on these findings, three key variables — IgG levels,
season, and RubberPerWeek — were selected for further analysis
to assess their directional relationships. The color overlay on
individual data points of the FAMD map revealed the relation-
ship among variables and the IgG levels. Individuals with low
anti-gSG6-P1 IgG levels cluster in the lower left (—, —) quad-
rant and those with high anti-gSG6-P1 IgG levels cluster in the
upper right (+, +) quadrant (Fig. 2C). The color overlay for sea-
son showed that the rainy season corresponded to lower anti-
gSG6-P1 IgG levels, while the cool-dry and hot-dry seasons



6 M. Saeung et al.: Parasite 2026, 33, 11

Season B Rainy B Cool-dry B4 Hot-dry

25
O ° [ ] Hkkk =
E’( 2.0 - s ) ; 1
;‘Q E 8% : |
o 15 requency g 2.
8 > 6 Q- by
e (28 [ ]
23 4 £3
53" 2 L 2T
‘G 8 0 L a1 | \‘
o E ==
sEO05] K& 3 [ |
3 gi \
0.0 n=294 R=258 of n=184  n=184  n=184
o™ o1 © ) &
Frequency in rubber plot/week € il <°
Season
:
Rainy Cool-dry Hot-dry
2.5
hkkk NS NS
% lﬁ 1 r 1
— <« 2.04 & '
ow .
&'ﬁ 15 ° 14 Frequency
g 4
= £ 1.01
s 7 2
= ®
© o o d 0
D E 05' o
0 3
3 . .
0.04 n=129 n=55 n=80 n=104 n=85 n=99

o 6’1

o 6/’( Q/A 6’1

Frequency in rubber plot/week

Figure 3. Frequency of entering the rubber plot/week and seasonal variables affecting anti-gSG6-P1 response. (A) Box plot comparing levels
of anti-gSG6-P1 between participants with low- and high-rubber plot visit frequency. Higher IgG responses were associated with more
frequent visits to the rubber plot, regardless of seasonal variation. (B) Box plot demonstrating temporal dynamics of IgG responses across three
seasons. (C) Box plot demonstrating the combined effect of season and rubber plot entry frequency on anti-gSG6-P1 IgG levels. The box plot
displays the interquartile range, and the whiskers indicate the range of maximum and minimum values. The dot plots display the raw data from
each individual. Statistical analyses were performed using the Wilcoxon Rank-Sum Test, with significance levels indicated as p < 0.05 (*),
p <0.01 (**), p <0.001 (***), p <0.0001 (****), while NS indicates no statistically significant p > 0.05.

were associated with higher anti-gSG6-P1 IgG levels (Fig. 2D).
Furthermore, color overlay for RubberPerWeek revealed that
increased entries into rubber plots corresponded to the individ-
uals with higher anti-gSG6-P1 IgG levels observed during the
cool-dry and hot-dry seasons (Fig. 2E). Conversely, lower
anti-gSG6-P1 IgG levels during the rainy season were associ-
ated with low RubberPerWeek frequencies. These findings
underline a relationship between seasonal rubber plot activity
and IgG responses (Fig. 2E).

Effect of rubber plot visit frequency on anti-
gSG6-P1 IgG levels

While FAMD identified frequency of rubber plots entry as
one of the factors correlated with anti-gSG6-P1 IgG levels, it
did not provide a direct statistical comparison between partici-
pants with varying visit frequencies. Since the participants with
visit frequency between 0—4 times per week were clustered
together in the bottom part of the FAMD map (Fig. 2E), we
separated participants based on rubber plot visit frequency into
two groups, high (5-7 days/week) and low (0—4 days/week)

frequency, then compared the anti-gSG6-P1 IgG levels between
these groups. We found a significant increase in anti-gSG6-P1
IgG levels among the participants with high (1.08 £ 0.36) com-
pared to low (0.96 = 0.35) frequency of rubber plot entry
(Fig. 3A).

To further explore the temporal dynamics of the anti-gSG6-
P1 IgG responses, we also analyzed seasonal variations in anti-
gSG6-P1 IgG levels, which were the lowest during the rainy
season (0.88 + 0.34), increased during the cool-dry season
(1.02 £ 0.31), and peaked during the hot-dry season
(1.15 = 0.36) (Fig. 3B). When considering both frequency
and seasonal variations, distinct anti-gSG6-P1 IgG level pat-
terns between the high- and low-frequency groups over differ-
ent seasons were observed. During the rainy season, individuals
with a high frequency of rubber plot entry had significantly ele-
vated anti-gSG6-P1 IgG levels (1.05 £ 0.37) compared to those
with low entry frequency (0.81 + 0.31). In contrast, during the
cool-dry season, the anti-gSG6-P1 IgG levels in the low-fre-
quency group increased to 1.03 + 0.30, reaching a level compa-
rable to the high-frequency group, which remained unchanged
at 1.01 £ 0.31. During the hot-dry season, the IgG levels were
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elevated across both groups, with high-frequency individuals
reaching 1.16 + 0.38 and low-frequency individuals at
1.12 £ 0.35 (Fig. 3C).

Spatio-temporal dynamics of anti-gSG6-P1 IgG
responses in the study population

When stratified by village, our analysis revealed similar pat-
terns in two villages, Kan Throm Tai and Non Thong Lang. In
both villages, the anti-gSG6-P1 IgG levels were lowest during
the rainy season (0.73 £0.31 and 0.83 + 0.24, respectively) and
increased during the cool-dry season (1.08 = 0.29 and
1.02 + 0.28) and hot-dry season (1.15 #+ 0.38 and
1.21 £+ 0.25, respectively) (Fig. 4). In contrast, Huai Chan vil-
lage had a distinct population IgG response pattern. The IgG
levels were highest during the rainy season (1.15 £ 0.27),
decreased to their lowest during the cool-dry season
(0.91 £ 0.32), and then increased again during the hot-dry sea-
son (1.10 £ 0.38) (Fig. 4). This unique pattern of elevated IgG
levels observed in Huai Chan during the rainy season may be
due to a higher proportion of residents in Huai Chan frequently
entering rubber plots during the rainy season (5-7 times per
week) compared to the other two villages (Supplementary
Table 1).

Discussion

A longitudinal serological and behavioral survey conducted
among rubber tappers in malaria-prone areas of Sisaket Pro-
vince identified key factors influencing anti-gSG6-P1 IgG
responses, including frequency of visits to rubber plantations

and season. Entry into rubber plantation or forest ecotypes
has previously been associated with increased malaria transmis-
sion risk, due to the prevalence of vectors in these ecotypes
[34]. Consistent with this, our two-year longitudinal entomolog-
ical survey (July 2022 to March 2024) in Khun Han District,
Sisaket Province [37] revealed that the majority (72%) of
Anopheles mosquitoes were collected from rubber-forest eco-
types, with An. dirus comprising 84% of captured mosquitoes
[37]. Although An. dirus was present year-round, its abundance
fluctuated seasonally starting from 24% in the rainy season,
peaked at 68% during the cool-dry season (68%), and reduced
to the lowest during the hot-dry (7%) seasons.

We found that anti-gSG6-P1 IgG responses do not solely
reflect contemporaneous vector density. Rather, exposure risk
appears to be shaped by a varying combination of entomolog-
ical and human behavioral factors depending on the season.
Anti-gSG6-P1 IgG responses were lowest during the rainy sea-
son (0.88 £ 0.34 normalized ODy;¢ nm), coinciding with low
rubber plot visitation rates (04 days/week for 129 participants,
versus 5—7 days/week for 55 participants). Then, responses
increased from the rainy season to the cool-dry season
(1.02 £ 0.31), coinciding with both: peak 4n. dirus abundance
and increased rubber tapping activity during the cool-dry season
(5-7 days/week for 104 participants). However, responses
remained elevated at 1.15 + 0.36 during the hot-dry season
despite low Anopheles abundance during this period, likely sus-
tained by continued high-frequency rubber plot visits (5-7
days/week for 99 participants). Increased human activity in rub-
ber plantations and forest-adjacent areas during periods of lower
mosquito abundance in the hot-dry season may partially com-
pensate for reduced vector density. Additionally, sustained high
anti-gSG6-P1 IgG levels during the hot-dry season may reflect
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carry-over antibody responses induced by high exposure during
the peak vector density from the preceding cool-dry season [35,
37]. This highlights the complex interplay between vector ecol-
ogy and human behavior in shaping exposure risk, and more
importantly, reveals important gaps in our understanding of
the kinetics and persistence of anti-gSG6-P1 IgG responses,
particularly following exposure to different Anopheles species.

Further analyses comparing anti-gSG6-P1 IgG levels
between high- and low-frequency visit groups, combined with
daily Anopheles biting rates [37], demonstrated that both ento-
mological and behavioral factors drive temporal variations in
Anopheles biting risk. During the rainy season, when Anopheles
biting rates averaged 7 bites/person/night, participants entering
rubber plots >5 days per week exhibited significantly higher
anti-gSG6-P1 IgG levels than those with fewer visits. However,
in the cool-dry season, when Anopheles biting rates peaked at
19.5 bites/person/night, the IgG levels did not significantly dif-
fer based on visit frequency. This suggests that even infrequent
exposure may be sufficient to elicit an IgG response when mos-
quito density is high. However, this interpretation requires fur-
ther validation as there is currently no available kinetic data on
the number of mosquito bites required to elicit an IgG response.

Although we observed a clear overall relationship between
anti-gSG6-P1 1gG responses and the combined effects of ento-
mological and human behavioral factors, village-level analyses
revealed heterogeneity that could not be fully explained by the
data collected in this study. In Kan Throm Tai and Non Thong
Lang, anti-gSG6-P1 IgG levels were low during the rainy sea-
son and increased during the cool-dry and hot-dry seasons
(Supplementary Figure 1A), consistent with periods of higher
vector abundance (Supplementary Figure 1B) and/or increased
rubber plot visitation (Supplementary Figure 1C), and in line
with the overall trend. In contrast, Huai Chan exhibited a dis-
tinct pattern with elevated anti-gSG6-P1 IgG levels during the
rainy season that may reflect an earlier seasonal increase in
An. dirus density and high rubber forest visits in this village
(Supplementary Figures 1B, 1C). Anti-gSG6-P1 IgG levels
then decreased during the cool-dry season, aligning with lower
rubber plot visitation rates (Supplementary Figure 1C). The ele-
vated anti-gSG6-P1 IgG levels were observed in the hot-dry
season despite lower vector abundance and rubber plot visita-
tion rates (Supplementary Figures 1B, 1C), suggesting the influ-
ence of additional, unmeasured factors affecting exposure or
serological responses. To better resolve these complex and
site-specific dynamics, more detailed longitudinal studies with
frequent entomological, behavioral, and serological data collec-
tions are required. Such research would enable a comprehensive
assessment of the temporal dynamics of IgG responses in rela-
tion to human activity and mosquito abundance. Ultimately,
these insights will improve our understanding of malaria trans-
mission, particularly in the context of outdoor exposure, and
will help refine vector control strategies.

Our study demonstrated limitation of the gSG6-P1 peptide
specificity and sensitivity as a general biomarker for Anopheles
bites. Although initially developed for An. gambiae exposure,
the gSG6-P1 peptide appears to perform accurately in sub-
Sahara African regions where An. gambiae is prevalent [2, 6,
11, 17, 27, 28, 33, 40]. However, inconsistent results have been
reported from regions with limited or no An. gambiae presence

[25, 57]. These variations suggest that while gSG6-P1 may
serve as a biomarker for Anopheles exposure, its effectiveness
varies significantly depending on the dominant local vector spe-
cies. Our findings align with previous studies showing limited
peptide sensitivity for certain species, including Anopheles ara-
biensis in Tanzania [17] and Anopheles farauti in the Solomon
Islands [29]. Differences in specificity and sensitivity of sali-
vary peptide biomarkers across regions are likely due to varying
sequence similarities between local Anopheles species and the
An. gambiae salivary peptide. For instance, the strong correla-
tion observed in Tak Province, Thailand, was likely due to the
dominance of An. minimus, whose salivary peptide shares 87%
sequence similarity with the 4An. gambiae gSG6-P1 peptide
[57]. Conversely, the weaker changes in gSG6-P1 IgG
responses observed in our study area, where An. dirus domi-
nates and shares only 47.8% salivary peptide similarity [57],
underscores the peptide’s limited sensitivity in highly diverse
vector regions such as the GMS [24, 31, 43]. Therefore, devel-
oping alternative serological biomarkers tailored specifically to
prevalent local Anopheles species, especially main vectors such
as An. dirus, is essential to accurately assess malaria transmis-
sion risks. Such biomarkers could be identified through com-
parative genomic, salivary glands transcript/proteomic
analyses across Anopheles species, followed by immunogenic-
ity screening of candidate proteins or peptides.

Given that sibling species within Anopheles complexes can
vary widely in vector competence, from primary vectors to non-
vectors [22], another key direction for future research is the
development of species-specific anti-salivary biomarkers. The
ability to differentiate exposure to bites from specific Anopheles
species is critical to accurately assess transmission risk.
Although this remains technically challenging — due to limited
salivary peptide sequence data and high sequence similarity
among peptides — achieving species-specific resolution is bene-
ficial for guiding targeted and effective malaria control
strategies.

With growing concerns over zoonotic simian malaria trans-
mission in Thailand [5, 16, 23, 26], Malaysia [8, 30, 42, 45,
47], and other Southeast Asian countries [15], understanding
the dynamics of transmission is crucial — particularly in identi-
fying key transmission hotspots, as well as vectors and reser-
voirs involved. In these regions, several members of the
Leucosphyrus group, including the Anopheles leucosphyrus
and An. dirus complexes, act as bridge vectors, facilitating
the transmission of simian malaria parasites to humans [1, 46,
58]. With slight modifications of the ELISA protocol, Anophe-
les species specific salivary biomarkers could serve as a valu-
able tool for assessing vector exposure in both humans and
non-human primates such as macaques. When integrated with
parasite surveillance in vectors and reservoirs, these biomarkers
could provide critical insights into parasite-vector-host interac-
tions, enhance malaria surveillance efforts, and support the
development of more targeted control strategies for both human
and zoonotic malaria transmission.

Our study highlights critical research gaps in the kinetics of
anti-salivary IgG responses to Anopheles bites, which should be
addressed for the reliable implementation of this biomarker as a
surveillance tool. Key questions remain, including: i) the mag-
nitude of anti-gSG6-P1 IgG response following mosquito bites
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at varying biting intensities, ii) how quickly anti-gSG6-P1 IgG
levels increase after exposure to mosquito bites, iii) the decay
rate of anti-salivary IgG antibodies over time, iv) how repeated
exposure to mosquito bites affects the IgG response, and v) how
anti-gSG6-P1 IgG responses vary after bites from different
Anopheles species. Addressing these questions through con-
trolled laboratory studies and subsequent field validations will
provide better understanding of the dynamics of immune
responses to Anopheles bites and improve the utility of salivary
peptide-based biomarkers for malaria risk assessment and
improve vector surveillance strategies.

Conclusions and perspectives

This serological survey using an anti-gSG6-P1 salivary bio-
marker demonstrated that malaria transmission results from a
complex interplay of human, vector, parasite, and ecological
components, all of which can be influenced by seasonality.
Focusing solely on one component of malaria transmission
might be insufficient or inaccurate for interpreting risk. Our lon-
gitudinal study, which integrated immunological surveillance
with entomological and human behavioral data, identified out-
door transmission zones associated with rubber-forest ecotypes
as key areas of human—vector contact. While the gSG6-P1 sali-
vary peptide has shown promise in identifying high-risk groups
for malaria infection in the setting where An. dirus is present, the
development and validation of species-specific salivary peptides
biomarkers for other dominant Anopheles vectors is essential to
improve the resolution and interpretability of immunological
based surveillance. This is particularly important in regions
where vector species composition varies, or where zoonotic
simian malaria transmission is emerging. Importantly, the
methodological framework and insights from this study are
applicable beyond the Thai-Cambodia border. In other malaria-
endemic areas with complex ecologies and heterogeneous vector
populations, this integrative surveillance approach can support
the identification of transmission hotspots, guide targeted inter-
ventions, and enhance the precision of malaria risk assessments
across diverse geographic and epidemiologic settings.
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