
http://parahostdis.org 228

© 2025 The Korean Society for  
Parasitology and Tropical Medicine

This is an Open Access article distributed under the 
terms of the Creative Commons Attribution Non-

Commercial License (https://creativecommons.org/
licenses/by-nc/4.0) which permits unrestricted non-

commercial use, distribution, and reproduction in any 
medium, provided the original work is properly cited. 

Received: 7 April 2025
Accepted: 7 July 2025

*Correspondence 
fauzimuh010@gmail.com

Citation
Hitipeuw D, Nuranindita R, Martini M, 

Prasetyo AS, Han JH, Jun H, Jeon BY, 
Garjito TA, Rohmadi R, Muh F.

Genetic diversity and phylogeographic 
structure of Anopheles kochi, Anopheles 

maculatus, and Anopheles vagus: ITS2-
based analysis of highland 

transboundary populations in the 
Menoreh Hills, Java, Indonesia. 

Parasites Hosts Dis 2025;63(3):228-242.

Abstract
Baseline genetic characterization of malaria vector populations provides critical data for 
evidence-based surveillance in persistent transmission foci. This pilot study generated 
preliminary genetic baseline data for Anopheles populations in the Menoreh Hills border 
region between Central Java and Yogyakarta provinces, Indonesia, addressing a key 
geographic gap in regional vector research. Adult female mosquitoes were collected 
from 3 houses with reported malaria cases in Ngadirejo Village using standardized en-
tomological methods, including human landing, animal landing, and resting collections. 
Specimens were morphologically identified and molecularly characterized via ITS2 gene 
sequencing. Phylogenetic analyses were assessed using maximum likelihood methods, 
and genetic diversity indices were calculated to examine population structure. A total of 
62 specimens representing 3 species were collected exclusively through animal landing 
collections: Anopheles vagus (48 specimens, 77.4%), Anopheles maculatus (9 speci-
mens, 14.5%), and Anopheles kochi (5 specimens, 8.1%). An. kochi exhibited high 
haplotype diversity (Hd=0.709) with low nucleotide diversity (π=0.004), while An. macu-
latus showed lower haplotype diversity (Hd=0.480) and higher nucleotide diversity 
(π=0.026). Phylogenetic analysis revealed Purworejo specimens clustered with regional 
populations: An. kochi grouped within Clade I with Indonesian isolates; An. maculatus 
distributed across multiple clades; An. vagus formed a cohesive unit with other Indone-
sian populations. The exclusive success of animal landing collections in the Menoreh 
Hills highlands provides key methodological insights. This study offers essential base-
line reference data, validates cost-effective genetic surveillance approaches, and sup-
ports future large-scale population connectivity studies across the Menoreh Hills malar-
ia transmission complex.
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Introduction

Malaria elimination strategies in Southeast Asia require a comprehensive understanding of 
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vector population genetics to inform evidence-based surveillance, particularly in persistent 
transmission foci where conventional approaches remain inadequate [1]. Indonesia’s goal 
of achieving malaria elimination by 2030 underscores the need for enhanced vector sur-
veillance that incorporates molecular genetic analyses to characterize local vector popula-
tions [2]. Central Java Province is a key region where highland malaria transmission per-
sists despite ongoing control efforts, highlighting the necessity for systematic genetic char-
acterization to guide targeted interventions [3].

The Menoreh Hills region, which spans the administrative boundary between Central 
Java and Yogyakarta, offers a compelling case for genetic investigation due to documented 
persistent transmission [4]. However, molecular genetic data on vector populations in this 
highland ecological zone are largely lacking in the scientific literature, resulting in knowl-
edge gaps that hinder the development of effective surveillance strategies [5]. Highland 
transmission zones pose distinct ecological challenges, as vector behavior and population 
structure may differ markedly from those of better-studied lowland populations.

Molecular genetic approaches have revolutionized vector surveillance by uncovering 
cryptic diversity within species complexes and clarifying patterns of population connectiv-
ity [6]. The internal transcribed spacer 2 (ITS2) region of ribosomal DNA is widely used 
for species-level discrimination due to its reliability and technical accessibility, making it 
well-suited for preliminary genetic characterization [7]. Recent molecular taxonomic stud-
ies across Southeast Asia have increasingly identified morphologically cryptic species com-
plexes within the Anopheles genus, emphasizing the need for molecular confirmation in 
vector identification and baseline genetic assessments [8].

Population genetic metrics derived from ITS2 analysis provide insights into demograph-
ic history and evolutionary dynamics, including evidence of population expansion and ge-
netic structuring [9]. Haplotype diversity, nucleotide diversity, and neutrality tests offer 
quantitative frameworks for evaluating population dynamics and establishing reference 
baselines [10]. Such preliminary genetic characterizations are particularly valuable when 
integrated into regional research contexts, where individual studies contribute to a broader 
understanding of vector population structure and behavior.

The strategic importance of establishing baseline genetic data in highland border re-
gions lies in its potential to inform coordinated surveillance frameworks essential for ma-
laria elimination efforts [11]. However, developing appropriate methodological approach-
es requires preliminary validation to optimize collection strategies and implement cost-
effective protocols for genetic characterization, particularly in resource-limited highland 
settings.

This pilot study aims to generate preliminary baseline genetic data for Anopheles popula-
tions in the Menoreh Hills region using ITS2 sequence analysis, thereby providing essential 
foundational knowledge for expanded regional surveillance programs. The specific objec-
tives include documenting Anopheles species present in this highland border zone, assess-
ing initial genetic diversity through ITS2 sequences, and offering methodological guidance 
for future investigations. These findings are expected to inform the design of larger-scale 
genetic studies and contribute critical reference data for vector surveillance research in 
comparable highland transmission areas.
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Materials and Methods

Ethics statement
This study involved human participants in adult mosquito collection protocols and re-
ceived ethical approval from the Health Research Ethics Committee of the National Re-
search and Innovation Agency (BRIN), Indonesia (approval No. 002/KE.03/AMD/01/ 
2024). All participating households provided written informed consent prior to the ento-
mological surveillance and retained the right to withdraw from the study at any time with-
out consequence.

Study sites
The study was conducted in Ngadirejo Village, Kaligesing Sub-district, Purworejo District, 
Central Java Province, Indonesia, an area with persistent malaria transmission document-
ed through 2023. Ngadirejo Village is strategically located within the Menoreh Hills region, 
near the administrative boundary between Loano Sub-district (Purworejo Regency, Cen-
tral Java) and Samigaluh Sub-district (Kulonprogo Regency, Special Region of Yogyakarta). 
Situated at an elevation of 358 meters above sea level, the site features topographical char-
acteristics that create optimal ecological conditions for Anopheles mosquito breeding. The 
village experiences a wet tropical climate, with mean daily temperatures ranging from 22°C 
to 31°C and relative humidity levels between 65% and 95%. The landscape comprises a 
heterogeneous mosaic of potential Anopheles larval habitats, including both perennial and 
ephemeral water bodies (e.g., rivers, springs), agricultural ecosystems (e.g., cultivated 
fields), and anthropogenic environments (e.g., plantations, livestock enclosures) (Fig. 1). 
The local population primarily relies on agriculture and animal husbandry, with common 

Fig. 1. Map of the sampling sites in Ngadirejo Village. Each site is indicated by a red dot. Ngadirejo 
Village features hilly terrain intersected by seasonal waterways. The predominant land cover com-
prises mixed cultivation areas and shrubland, which reach peak fertility during the rainy season.
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practices involving the rearing of cattle, buffalo, goats, and poultry.

Mosquito collections and identification
Adult female mosquitoes were collected in February 2024 during the rainy season from 3 
houses with reported malaria cases, where residents had provided consent to participate in 
the study. Sampling was carried out using standardized entomological methods [12]. Each 
sampling site (i.e., each house) involved 2 surveyors: one stationed indoors and the other 
outdoors. The collection protocol included 3 sequential components: (1) human landing 
collections (HLC), conducted simultaneously indoors and outdoors in 40 min intervals; (2) 
resting collections (RC), performed in the same locations for 10 min intervals; and (3) a fi-
nal 10 min period during which both surveyors jointly conducted animal landing collec-
tions (ALC) from nearby livestock enclosures. This sampling regimen was implemented 
throughout the 12 h nocturnal period (18:00–06:00 local time) to capture the full biting cy-
cle of Anopheles species. Captured mosquitoes were euthanized using diethyl ether (Sigma-
Aldrich, St. Louis, MO, USA) and morphologically identified to species level using taxo-
nomic keys under a stereomicroscope [13]. Individual mosquitoes were then placed in 1.5 
ml microcentrifuge tubes and stored in a freezer at -20°C for subsequent molecular analysis.

DNA extraction, amplification, and sequencing
DNA was extracted from the whole bodies of mosquitoes using the QIAamp DNA Mini Kit 
(Qiagen, Hilden, Germany). The ITS2 region was amplified by PCR using primers ITS2a 
(5´-TGTGAACTGCAGGACACAT-3´) and ITS2b (5´-TATGCTTAAATTCAGGGGG-
T-3´) [14]. PCR reactions were performed using GoTaq Green Master Mix (Promega, 
Madison, WI, USA). Thermocycling conditions for ITS2 amplification were as follows: ini-
tial denaturation at 94°C for 10 min, followed by 40 cycles of denaturation at 94°C for 1 
min, annealing at 56°C for 45 sec, and extension at 72°C for 1 min; with a final extension at 
72°C for 10 min. Amplified PCR products were separated by 1.5% agarose gel electropho-
resis in 1×  TBE buffer using agarose, LE, Analytical Grade (Promega), and TBE buffer, 
10× , Molecular Biology Grade (Promega), and visualized using SYBR Safe DNA Gel Stain 
(Invitrogen, Carlsbad, CA, USA). A 100 bp DNA ladder (Promega) was used to determine 
the size of the PCR products. PCR products showing clear positive bands and representing 
each species were selected for sequencing by Sanger sequencing.

Molecular data processing and phylogenetic analysis
The trace files and chromatograms of ITS2 sequences were manually edited using MEGA 
version 12 [15]. Sequence alignment was carried out using ClustalW [16]. Following align-
ment, species identification was confirmed by comparing the ITS2 sequences of Anopheles 
samples with those available in GenBank using the Basic Local Alignment Search Tool via 
the National Center for Biotechnology Information interface (https://blast.ncbi.nlm.nih.
gov/Blast.cgi). Specimens were classified as Anopheles if they exhibited ≥98% nucleotide 
sequence identity with reference sequences in the database.

Phylogenetic trees were constructed in MEGA version 12 [15] using the Tamura-Nei 
distance model, the maximum likelihood method, and 1,000 bootstrap replicates, with an 
outgroup included to root the tree. To elucidate phylogeographic patterns among Anophe-
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les populations, ITS2 sequences from specimens collected in Purworejo were compared 
with homologous sequences from across Asia retrieved from the GenBank database. These 
sequences, representing populations from mainland Asia, were aligned and analyzed using 
the same phylogenetic reconstruction parameters.

Nucleotide diversity and number of haplotypes
The number of polymorphic (segregating) sites (S), number of haplotypes (h), average 
number of nucleotide differences (k), genetic diversity indices (haplotype diversity (Hd) 
and nucleotide diversity (π)), and neutrality tests (Tajima’s D, Fu and Li’s D, Fu and Li’s F, 
and Fu’s Fs), based on the ITS2 region, were calculated using DNA sequence polymor-
phism software version 5.10.01 to assess the genetic diversity of Anopheles mosquitoes 
within each species. Additionally, haplotype networks for each Anopheles species were con-
structed using the median-joining network method [17] in PopART version 1.7 [18] to vi-
sualize the spatial distribution of ITS2 haplotypes across species.

Results

Distribution of Anopheles species
According to the morphological identification, the mosquitoes collected from Ngadirejo 
Village belonged to 3 Anopheles species: Anopheles kochi, Anopheles maculatus, and Anoph-
eles vagus. A total of 62 mosquitoes were obtained, with An. vagus being the most prevalent 
species (48 specimens, 77.4%), followed by An. maculatus (9 specimens, 14.5%) and An. 
kochi (5 specimens, 8.1%). The collection results indicated that ALC was the only effective 
sampling method in this highland setting, offering valuable insights into local vector host-
seeking behavior. No mosquitoes were captured using indoor HLC, outdoor HLC, or RC 
methods (Table 1). The temporal activity pattern revealed that An. Vagus was active 
throughout the sampling period, with the highest densities recorded during the early eve-
ning (13 specimens between 18:00–20:00, 10 specimens between 20:00–22:00), followed by 

Table 1. Number of Anopheles species collected by collection methods and time of capture

Species Methods
No. of mosquitoes collected by time of capture

Total
18:00–20:00 20:00–22:00 22:00–24:00 24:00–2:00 2:00–4:00 4:00–6:00

Anopheles kochi IHLC - - - - - - -
OHLC - - - - - - -
RC - - - - - - -
ALC 1 1 1 1 1 - 5

Anopheles maculatus IHLC - - - - - - -
OHLC - - - - - - -
RC - - - - - - -
ALC - 1 3 3 2 - 9

Anopheles vagus IHLC - - - - - - -
OHLC - - - - - - -
RC - - - - - - -
ALC 13 10 8 7 7 3 48

IHLC, indoor human landing collections; OHLC, outdoor human landing collections; RC, resting collections; ALC, animal landing collections.
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a gradual decline toward dawn (3 specimens from 04:00–06:00). An. maculatus displayed 
mid-to-late night activity, with individuals collected between 20:00 and 04:00, reaching 
peak densities during the 22:00–24:00 and 24:00–02:00 intervals (3 specimens each). In 
contrast, An. kochi showed a low-density presence, with one specimen recorded in each of 
5 consecutive intervals (from 18:00–20:00 to 24:00–02:00) (Table 1).

Phylogenetic analysis of An. kochi species
Phylogenetic analysis of ITS2 rDNA gene sequences reveals that An. kochi populations seg-
regate into 2 distinct clades with strong bootstrap support (97) (Fig. 2). Clade I includes 
specimens from Indonesia (Waropen, Sulawesi, Jayapura, Pucak, and Purworejo) and Ma-
laysia (Sabah), with the 4 sequenced Purworejo specimens clustering tightly together and 
supported by a high nodal value (83). Clade II exhibits greater geographic diversity, com-
prising specimens from Bhutan, Thailand, Indonesia (South Tapanuli, Padang), Cambodia, 
India, and Myanmar, with varying bootstrap support ranging from 59 to 96.

Phylogenetic analysis of An. maculatus species
The phylogenetic analysis of An. maculatus reveals genetic structuring across Asia, with 

Fig. 2. Phylogenetic tree based on ITS2 rDNA gene sequences of Anopheles kochi. Sequences 
marked with red dots represent those obtained in this study; all others are from GenBank. Gen-
Bank accession numbers are shown after each isolate’s name. The tree was constructed using the 
maximum likelihood method and the Tamura-Nei model in MEGA version 12. Bootstrap support 
was assessed with 1,000 replicates. Anopheles gambiae (OL895514) was used as the outgroup.



Hitipeuw et al. Anopheles genetic diversity in Menoreh Hills, Java

234Parasites Hosts Dis  2025;63(3):228-242 ∙ https://doi.org/10.3347/PHD.25026 

specimens forming 6 distinct Clades (I–VI), each supported by strong bootstrap values 
(Fig. 3). Clade I includes specimens from mainland Asia (Bhutan, India) and Southeast 
Asia (Malaysia, Myanmar, and Indonesia), along with several isolates from Purworejo. In-
donesian populations show considerable genetic heterogeneity, distributed across multiple 
Clades (I, III, and V), with Purworejo samples appearing in Clades I, II, and V. Clade V 
comprises specimens from Kulon Progo, other Indonesian localities, and Thailand, where-

Fig. 3. Phylogenetic tree based on ITS2 rDNA gene sequences of Anopheles maculatus. Sequences 
marked with red dots represent those obtained in this study; all others are from GenBank. Gen-
Bank accession numbers are shown after each isolate’s name. The tree was constructed using the 
maximum likelihood method and the Tamura-Nei model in MEGA version 12. Bootstrap support 
was assessed with 1,000 replicates. Anopheles gambiae (OL895514) was used as the outgroup.
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as Clade III consists specifically of Indonesian samples from Purbalingga, Cilacap, Kulon 
Progo, and Sabang. Clade IV represents a distinct cluster of specimens from China, while 
Clade IV includes Cambodian samples grouped with those from Thailand and Myanmar, 
further highlighting regional genetic differentiation.

Phylogenetic analysis of An. vagus species
The phylogenetic analysis of ITS2 rDNA sequences reveals clear evolutionary relationships 
among An. vagus populations across Asia. The maximum likelihood tree displays 3 major 
clades, each supported by strong bootstrap values (Fig. 4). Clade I contains all 12 An. vagus 

Fig. 4. Phylogenetic tree based on ITS2 rDNA gene sequences of Anopheles vagus. Sequences 
marked with red dots represent those obtained in this study; all others are from GenBank. Gen-
Bank accession numbers are shown after each isolate’s name. The tree was constructed using the 
maximum likelihood method and the Tamura-Nei model in MEGA version 12. Bootstrap support 
was assessed with 1,000 replicates. Anopheles gambiae (OL895514) was used as the outgroup.
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specimens from Purworejo (NGA 13–24, where NGA refers to specimens collected from 
Ngadirejo Village), which form a well-supported monophyletic group with bootstrap val-
ues ranging from 71 to 99. These Purworejo samples cluster closely with other Indonesian 
populations from Banyuwangi, Padang, and Waropen, as well as with specimens from 
Timor Leste, Vietnam, Malaysia, Myanmar, and parts of South Asia (India), indicating a 
shared genetic lineage within a broader Asian context. Clade II includes specimens from 
Southeast Asia (Cambodia, Thailand, and Vietnam), East Asia (China), South Asia (India 
and Sri Lanka), and Indonesia (Karama and Asmat). In contrast, Clade III is composed ex-
clusively of An. vagus specimens from Timor Leste, suggesting a geographically distinct 
lineage.

Genetic diversity
The genetic diversity analysis of 3 Anopheles species reveals distinct patterns in their popu-
lation structures (Table 2). An. kochi exhibited the highest haplotype diversity (Hd=  
0.709±0.070) but the lowest nucleotide diversity (π=0.004±0.001). In contrast, An. macu-
latus displayed the lowest haplotype diversity (Hd=0.480±0.093) yet showed the highest 
nucleotide diversity (π=0.026±0.006) and the greatest average number of nucleotide dif-
ferences (k=8.285). An. vagus presented intermediate values for both diversity metrics 
(Hd=0.606±0.047; π=0.011±0.005) (Table 2). Neutrality test results for An. kochi showed 
negative values across all indices, including Tajima’s D (-1.41332), Fu and Li’s D (-1.95942), 
Fu and Li’s F (-2.09480), and Fu’s Fs (-1.271), suggesting potential population expansion or 
purifying selection. For An. maculatus, Tajima’s D was slightly negative (-0.28083), whereas 
Fu and Li’s D (1.46770, P<0.05), Fu and Li’s F (1.01587), and Fu’s Fs (5.372) were all posi-
tive, indicating a more complex demographic history. In the case of An. vagus, Tajima’s D 
was negative (-1.66325), while Fu and Li’s D (0.93358), Fu and Li’s F (0.08802), and Fu’s Fs 
(2.118) yielded positive values (Table 2), reflecting mixed evolutionary signals.

Haplotype relationship
The haplotype network analysis of 3 Anopheles species reveals distinct population genetic 
structures with clear regional patterns (Fig. 5). For An. kochi, the Purworejo specimens 
(NGA 01–04) cluster exclusively within Hap_1, sharing genetic identity with Malaysian se-
quences while diverging from other Indonesian samples, which are distributed across 
Hap_2 to Hap_4. Similarly, all An. maculatus samples from Purworejo (NGA 05–12) are 
grouped within the predominant Hap_1, which exhibits notable genetic homogeneity 

Table 2. Genetic diversity indices and neutrality test values of 3 Anopheles species based on ITS2 sequences

Species n S h
Diversity±SD

k
Neutrality tests

Haplotype (Hd) Nucleotide (π) Tajima’s D Fu and Li’s D Fu and Li’s F Fu’s Fs 

Anopheles kochi 27 11 7 0.709±0.070 0.004±0.001 1.630 -1.41332 -1.95942 -2.09480 -1.271
Anopheles maculatus 43 35 9 0.480±0.093 0.026±0.006 8.285 -0.28083 1.46770* 1.01587 5.372
Anopheles vagus 38 18 5 0.606±0.047 0.011±0.005 2.255 -1.66325 0.93358 0.08802 2.118

n, No. of sequences; S, No. of polymorphic (segregating) sites; h, No. of haplotypes; Hd, haplotype diversity; π, nucleotide diversity; k, average No. of nucleo-
tide differences. 
*P<0.05.
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Fig. 5. Haplotype networks based on ITS2 rDNA gene sequences for 3 Anopheles species. (A) 
Anopheles kochi, (B) Anopheles maculatus, and (C) Anopheles vagus. Each colored circle represents a 
distinct haplotype, with the size of the circle proportional to the number of sequences sharing that 
haplotype. Networks were generated using PopART version 1.7. The number of mutations separat-
ing haplotypes is indicated by dashes along the connecting lines. Geographic origins are color-
coded.
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across a wide geographic range, including Indonesia, Malaysia, Thailand, Vietnam, Cam-
bodia, Myanmar, China, India, and Bhutan. The An. vagus specimens from Purworejo 
(NGA 13–24) also form a cohesive genetic group within Hap_1, clustering with other In-
donesian samples and a single Timor Leste sequence, while showing clear genetic diver-
gence from Southeast and South Asian populations grouped in Hap_3. The observed mu-
tation patterns in the network diagrams further illustrate evolutionary relationships among 
haplotypes, highlighting varying levels of genetic distance that separate regional popula-
tions.

Discussion

This pilot investigation provides essential baseline genetic data and demonstrates effective 
methodological approaches for expanded studies of Anopheles populations in the Menoreh 
Hills region. The strategic importance of this regional focus becomes evident in light of re-
cent spatiotemporal analysis by Rejeki et al. [19], which documented persistent malaria 
transmission across the Menoreh Hills cross-border areas. That study reported over 3,800 
cases between 2005 and 2015, with cross-border zones contributing 39%–47% of regional 
malaria cases during 2011–2015, establishing this transboundary region as the largest con-
tributor of malaria cases in Java despite ongoing control efforts. Recent molecular discover-
ies of novel Anopheles species in neighboring Central Java areas [14,20] highlight the pres-
ence of cryptic diversity within the regional vector complex, reinforcing the strategic sig-
nificance of the present genetic characterization in updating regional surveillance frame-
works. The exclusive clustering of An. maculatus specimens from Purworejo within Hap_1 
mirrors patterns observed in adjacent Kulon Progo populations [14], suggesting regional 
genetic connectivity across the Menoreh Hills ecological zone. The predominance of An. 
Vagus, alongside the presence of An. maculatus [21] and An. kochi [22], recognized as pri-
mary and secondary malaria vectors, respectively, further supports the need for systematic 
genetic baseline data, especially given the documented cryptic diversity within the macula-
tus complex in neighboring regions.

The genetic diversity patterns reveal distinct demographic signatures among the 3 
Anopheles species, establishing crucial baselines for regional population monitoring. An. 
kochi populations exhibit a classic signature of recent demographic expansion, character-
ized by substantial haplotype diversity alongside minimal sequence divergence. Although 
species-specific demographic studies of An. kochi remain limited, this pattern is consistent 
with theoretical models of demographic expansion observed in population genetic analy-
ses of related Southeast Asian Anopheles species [23,24], suggesting historical bottleneck 
events followed by rapid population growth [25]. The monophyletic clustering of Purwore-
jo specimens with Malaysian isolates likely reflects ancient biogeographic connections, 
when lowered Pleistocene sea levels unified the Sunda Shelf landmasses [26]. Chaiphong-
pachara et al. [27] proposed that such genetic patterns signify expansion events far enough 
in the past to allow haplotype diversification via mutation, yet recent enough to limit nu-
cleotide divergence. In contrast, An. maculatus exhibits a more complex population struc-
ture, marked by restricted haplotype diversity and elevated nucleotide divergence [20,28]. 
The presence of Purworejo specimens in 3 distinct phylogenetic clades suggests either 
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multiple independent colonization events or ongoing gene flow between this site and dis-
tant regions [14]. This genetic complexity has important epidemiological implications, as 
cryptic subpopulations may exhibit differences in vector competence [29], host preferences 
[30], and insecticide susceptibility [31]. An. vagus demonstrates intermediate diversity in-
dices, with genetic clustering patterns consistent with other Indonesian populations 
[32,33], contributing to the establishment of regional genetic signatures critical for future 
connectivity analyses.

To address regional surveillance needs and establish efficient baseline characterization 
protocols, this pilot investigation applies a focused methodological design that maximizes 
scientific value through resource-efficient genetic screening. The intensive genetic charac-
terization of available specimens, achieved through strategically targeted single-day collec-
tion protocols, demonstrates proof-of-concept efficiency for preliminary population as-
sessment while validating methodologies for broader-scale investigations. The exclusive 
success of ALC in this highland environment sets an important methodological precedent 
for optimizing vector surveillance in similar ecological contexts. This collection pattern of-
fers 2 key analytical insights. First, it suggests that vector host-seeking behavior in highland 
regions differs markedly from that in lowland areas, necessitating specialized collection 
strategies for effective surveillance. Second, the single-day protocol provides a resource-ef-
ficient approach for initial population assessments in settings with limited capacity. These 
methodological findings help address critical knowledge gaps in highland vector surveil-
lance, where standardized lowland protocols often underperform. As such, they offer evi-
dence-based guidance for optimizing surveillance strategies across Indonesia’s ecologically 
diverse highland malaria transmission zones.

The evolutionary forces shaping these vector populations appear to differ markedly 
across species, offering valuable insights into regional population dynamics that inform 
surveillance and control strategies. The neutrality indices for An. kochi collectively indicate 
recent demographic expansion or purifying selection [24,25], while the contrasting pattern 
observed in An. maculatus, particularly the positive Fu and Li’s D value, suggests balancing 
selection may be maintaining genetic diversity [34]. This type of selection is often advanta-
geous in variable environments, where heterogeneous selection pressures favor the reten-
tion of diverse genetic variants [35]. In An. Vagus, the mixed signals from neutrality tests 
point to a complex evolutionary scenario, potentially involving both demographic fluctua-
tions and selective pressures. Haplotype network topology adds further insight into disper-
sal patterns and barriers to gene flow. Notably, the wide geographic distribution of the pre-
dominant An. maculatus haplotype, spanning Southeast, East, and South Asia [28], stands 
in contrast to the more geographically restricted distribution of An. vagus haplotypes. This 
disparity may reflect differences in dispersal capacity, ecological specialization, or historical 
range expansion trajectories [14,26]. The tight clustering of Purworejo An. vagus speci-
mens with other Indonesian samples, distinct from mainland Southeast Asian populations, 
suggests regional genetic structuring consistent with established biogeographic boundaries 
[32,33].

These genetic characterizations establish foundational reference data critical for expand-
ing regional surveillance programs aligned with Indonesia’s 2030 malaria elimination tar-
gets. They also provide a validated methodological framework for systematic genetic moni-
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toring across highland transmission foci. The observed genetic relationships among 
Anopheles populations in the Menoreh Hills generate essential baseline signatures for fu-
ture studies on population connectivity and for the development of evidence-based sur-
veillance strategies. The validated collection protocols, established genetic baselines, and 
demonstrated analytical approaches form a robust methodological foundation for larger-
scale studies currently in development, aimed at systematic genetic characterization across 
the broader Menoreh Hills transmission complex. The resource efficiency achieved in this 
pilot study establishes a scalable model for rapid genetic assessment in Indonesia’s diverse 
highland transmission zones, delivering essential genetic data through focused, intensive 
sampling. Future multi-site investigations incorporating additional genetic markers will 
expand upon these baseline signatures to examine patterns of regional connectivity, adap-
tive genetic variation, and their implications for targeted, evidence-based vector control. 
Overall, these findings provide essential reference data for designing regional genetic sur-
veillance frameworks, particularly for coordinated monitoring across highland transmis-
sion zones in the Menoreh Hills, where understanding vector population dynamics is criti-
cal for achieving malaria elimination.
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