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ABSTRACT

Zoonotic malaria, particularly caused by Plasmodium knowlesi, has
emerged as a major public health concern in Southeast Asia. Although
Malaysia successfully eliminated indigenous human malaria
transmission in 2018, the continued rise in zoonotic malaria cases
remains a significant challenge to achieving the WHO malaria
elimination certification. Anopheles maculatus has been experimentally
shown to support the complete sporogonic development of P. knowlesi
under laboratory conditions. As the primary vector of human malaria in
Peninsular Malaysia, An. maculatus is also considered a potential vector
of P. knowlesi in natural settings, given its high abundance in areas
where human cases of knowlesi malaria have been reported. Therefore,
this study aimed to determine the blood meal sources of An. maculatus
collected using the human landing catch (HLC) method between March
and June 2024. A total of 150 visibly non-engorged mosquitoes were
subjected to nested PCR targeting vertebrate DNA, followed by species-
specific PCR assays for the detection of human and macaque DNA. Of the
150 samples analysed, 70 (46.7%) were positive for vertebrate DNA. All
70 positive samples contained human DNA, while no macaque DNA was
detected. These findings indicate a strong association with human blood
meals among An. maculatus collected in the study area and provide
insights into the host-feeding behaviour of this species in a zoonotic
malaria-endemic setting. The findings contribute to a better
understanding of local malaria transmission ecology and may support
future vector surveillance and control strategies. Further studies across
broader geographical and ecological settings are recommended to
better characterise the blood-feeding sources of An. maculatus and
their epidemiological significance in zoonotic malaria transmission.
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INTRODUCTION

Zoonotic malaria caused by Plasmodium knowlesi has become an important public health concern
in Southeast Asia, particularly in Malaysia (1,2). Although Malaysia successfully eliminated
indigenous human malaria transmission in 2018, zoonotic malaria cases continue to be reported
annually and now constitute the majority of malaria notifications in the country (2,3). The complex
transmission cycle involving macaque reservoir hosts, Anopheles mosquito vectors, and humans
presents major challenges to malaria elimination efforts and vector control strategies (4,5).

Several Anopheles species, primarily belonging to the Leucosphyrus Group, have been incriminated
as vectors of P. knowlesi in Malaysia, including An. latens, An. cracens, and An. balabacensis (6-8).
However, multiple other Anopheles species coexist within zoonotic malaria-endemic settings, and
are frequently encountered during entomological surveillance activities. Despite their abundance,
many of these species remain poorly investigated for their potential epidemiological relevance in
zoonotic malaria transmission (9).

Anopheles maculatus, the principal vector of human malaria in Peninsular Malaysia, is frequently
collected in areas where human P. knowlesi infections are reported (10,11). Experimental studies
have demonstrated that An. maculatus can support the complete sporogonic development of P.
knowlesi under laboratory conditions, suggesting biological susceptibility to the parasite (12).
Recently, Sebayang reported the detection of P. knowlesi DNA in wild-caught An. maculatus from
North Sumatra, Indonesia, suggesting the potential epidemiological relevance of this species in
zoonotic malaria transmission settings (13). In addition, its opportunistic host-seeking behaviour,
combined with its ability to bite humans frequently when opportunities arise, may increase its
epidemiological relevance in zoonotic malaria-endemic settings. (11,14). However, the ecological
role of An. maculatus in areas with ongoing P. knowlesi transmission remains poorly understood.

The analysis of mosquito blood meal sources provides important insights into host-feeding
behaviour and vector-host interactions that influence malaria transmission dynamics (15). In
zoonotic malaria systems, identifying the extent of mosquito feeding on humans and macaques is
particularly important for understanding potential bridge transmission between reservoir hosts and
humans (16). Molecular detection of vertebrate blood meals has therefore become a valuable
approach for investigating the ecological behaviour of mosquito species in endemic settings
(17,18).

Despite the frequent collection of An. maculatus in knowlesi malaria-endemic areas, information
on its blood-feeding behaviour in such settings remains limited. Therefore, this study aimed to
determine the blood meal sources of An. maculatus collected from a locality with reported human
cases of knowlesi malaria in Negeri Sembilan, Malaysia, using molecular detection methods
targeting vertebrate, human, and macaque DNA.
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MATERIALS AND METHODS

a) Study site and study duration

A cross-sectional study was conducted in Mukim Pantai, Seremban, Negeri Sembilan, Malaysia,
from March to June 2024. The study area is characterised by hilly terrain, with secondary forest,
plantations, ecotourism chalets, and village settlements. Residential areas comprised a mixture of
permanent brick houses and traditional wooden houses, reflecting semi-rural mixed development.
Domestic and stray dogs were commonly observed within the study area. Troops of long-tailed
macaques (Macaca fascicularis) were also frequently observed during field sampling activities,
indicating proximity between human settlements and potential zoonotic reservoir hosts. In the
year preceding the study, three human cases of knowlesi malaria were reported from this locality,
supporting its relevance as a zoonotic malaria-endemic setting (19).

b) Mosquito sampling technique

Anopheles mosquitoes were collected using the Human Landing Catch (HLC) method for three
consecutive nights each month from March to June 2024. Collections were conducted between
18:00 and 00:00 hours at selected sampling sites within the study area. Although resting collections
are conventionally preferred for blood meal analysis, recent studies have demonstrated that
vertebrate host DNA may remain detectable in mosquitoes for up to 72 hours post-feeding.
Therefore, molecular detection of residual vertebrate DNA from HLC-collected mosquitoes was
used in this study as a proxy for recent host-feeding activity. To minimise potential bias associated
with freshly blood-fed mosquitoes, only visibly non-engorged individuals were selected for
molecular analysis as indicators of recent host-feeding behaviour. Mosquitoes exhibiting visible
fresh blood meals were excluded to reduce the likelihood of detecting blood acquired during the
sampling process.

c) Sample identification and processes

All collected Anopheles mosquitoes were morphologically identified using Reid’s taxonomic keys
under a stereomicroscope (20). Only female An. maculatus mosquitoes were included for
subsequent analysis. A visual examination of abdominal status was performed to exclude visibly
engorged individuals from the study. The abdomens of female An. maculatus mosquitoes were
separated from the heads and thoraces under a dissecting microscope, and preserved in 95%
ethanol. The dissected abdomens were transferred into sterile microcentrifuge tubes, transported
to the Medical Entomology Unit, Institute for Medical Research (IMR), and stored at —20 °C before
genomic DNA extraction. A total of 150 female An. maculatus mosquitoes were selected for this
study.

d) Host blood determination

Genomic DNA was extracted from the 150 homogenised mosquito abdomen samples using the
DNeasy Blood and Tissue Kit (Qiagen, Germany) according to the manufacturer’s instructions.
Extracted DNA was subjected to nested PCR targeting the vertebrate mitochondrial Cytochrome ¢
Oxidase Subunit | (COI) gene to detect the presence of vertebrate host DNA. The primers (Table 1)
and amplification protocol used for vertebrate DNA detection were adapted from Alcaide (21).

90 |Page



International Medical Research Journal
Special Issue | August 2026

The first-round PCR amplification was performed in a final reaction volume of 25 pL containing 5 pL
of DNA template, 1x Green GoTaq reaction buffer (Promega), 3.6 mM MgCl, (Promega), 0.75 mM
dNTP mixture (Promega), 0.5 uM each of forward (M13BC-FW) and reverse (BCV-RV1) primers, and
0.25 U GoTaq DNA polymerase (Promega). Cycling conditions consisted an initial denaturation at
94°C for 4 min, followed by 35 cycles of denaturation at 94°C for 40 s, annealing at 45 °C for 1 min,
and extension at 72°C for 1 min, with a final extension at 72 °C for 7 min. Extracted DNA from a
human blood-fed laboratory strain of the An. maculatus mosquito was used as the positive control,
while molecular-grade water served as the negative control. The positive and negative controls
were included in all PCR assays.

For the second-round PCR, 3 ulL of first-round PCR product was used as template in a final reaction
volume of 27 pL. Reaction mixtures were prepared with identical reagent concentrations to those
of the first-round PCR, except that 0.2 U of GoTaq DNA polymerase (Promega) was used with the
primers M13-FW and BCV-RV2. Cycling conditions consisted of an initial denaturation at 94°C for 3
min, followed by a touchdown PCR protocol in which the annealing temperature decreased from
60°C to 45°C over 15 cycles (-1°C per cycle), with denaturation at 94°C for 40 s and extension at
72°C for 1 min. This process was followed by 24 additional cycles of 94°C for 40 s, 45°C for 40 s, and
72°Cfor 1 min, with a final extension at 72°C for 7 min. Positive and negative controls were included
in all PCR assays. Extracted DNA from a human blood-fed laboratory strain of the An. maculatus
mosquito was used as the positive control for humans, and extracted DNA from archived Macaca
fascicularis blood was used as positive control for macaques, while molecular-grade water served
as the negative control. PCR products were visualised on 1.5% agarose gel stained with RedSafe™
(iNtRON Biotechnology, South Korea) under UV illumination (UVP ChemStudio).

Samples positive for vertebrate DNA were subsequently subjected to species-specific PCR assays
targeting human and macaque DNA using primers described by Gunathilaka (22). PCR
amplifications for human and macaque DNA detections were performed separately in individual
reaction tubes. Each reaction was carried out in a final volume of 27 uL containing 3 pL of DNA
template, 1x Green GoTaq reaction buffer (Promega), 3.6 mM MgCl, (Promega), 0.6 mM dNTP
mixture (Promega), 0.75 uM each of forward and reverse primers, and 0.25 U GoTag DNA
polymerase (Promega). Cycling conditions consisted of an initial denaturation at 94°C for 4 min,
followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 62°C for 1 min, and extension
at 72°C for 1 min, with a final extension at 72°C for 10 min. PCR products were visualised on 1.5%
agarose gel stained with RedSafe™ (iNtRON Biotechnology, South Korea) under UV illumination
(UVP ChemStudio). PCR preparation, amplification, and post-PCR analyses were conducted in
separate designated areas to minimise contamination.

Table 1. List of primers for PCR

. Amplicon
PCRAssay Primer Name Sequence (5'-3) . P Reference
Size (bp)
Primary PCR? M13BC-FW 5’-TGT AAAACG ACG GCCAGT HAAYCA (21)
YAA RGA YAT YGG-3’
BCV-RV1 5’-GCY CAN ACY ATN CCY ATR TA-3
Secondary PCR?*  M13-FW 5’-GTA AAA CGA CGG CCA GTG -3’ 758
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BCV-RV2 5-ACY ATN CCY ATR TAN CCR AAN GG-3'

Human DNA®  Human-F 5’-TTC GGC GCA TGA GCT GGA GTC C-3' 228 (22)
Human-R 5'-TAT GCG GGG AAA CGC CAT ATC G-3'

Macaque DNA®  ponkey-F 5’-CCT CTT TCC TGC TGC TAA TG-3' 222 (22)

Monkey-R 5-TTT GAT ACT GGG ATA TGG CG-3’

2Vertebrate DNA detection via nested PCR
b Species-specific DNA detection

e) Data analysis

Data were cross-checked, verified, and compiled into a single dataset using Microsoft Excel
(Microsoft Corporation, USA). Descriptive statistical analyses were performed to determine the
frequency and proportion of vertebrate DNA-positive samples and species-specific PCR detections.
Detection rates for human and macaque DNA were calculated and expressed as percentages of the
total vertebrate DNA-positive samples to describe the host-feeding sources of An. maculatus
collected in the study area.

RESULTS

A total of 150 female Anopheles maculatus mosquitoes collected using the HLC method were
included in this study. All selected mosquitoes were visibly non-engorged before molecular analysis.
Nested PCR targeting vertebrate mitochondrial COI DNA detected vertebrate host DNA in 70 of 150
(46.7%) An. maculatus abdomen samples analysed. Representative agarose gel electrophoresis
results confirming successful vertebrate PCR amplification are shown in Figure 1.
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Figure 1. Representative agarose gel electrophoresis image of nested PCR amplification targeting vertebrate
COI DNA from An. maculatus. Lanes S1-S14, representative mosquito samples, with samples S2, S3, S6, S7,
S8, S9,
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and S11 showing positive amplification; lane ladder, 100bp DNA ladder; lane NTC, no-template negative
control; lane Vert. PC, vertebrate positive control. The expected amplicon size was 758 bp.

Species-specific PCR analysis subsequently detected human DNA in all vertebrate DNA-positive
samples, whereas macaque DNA was not detected in any sample analysed. Representative agarose
gel electrophoresis images of the species-specific PCR assays are presented in Figure 2.
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Figure 2. Representative agarose gel electrophoresis of species-specific PCR assays for human and macaque DNA
detection in vertebrate DNA-positive An. maculatus samples. Lane BMA1 — BMA7, representative of vertebrate DNA-
positive; lane ladder,100-bp DNA ladder; lane NTC, no-template negative control; lanes Human PC, human positive
control; lane Macaque PC, macaque positive control, representative samples. The expected amplicon sizes were around
228 bp for human DNA and 222 bp for macaque DNA.

The distribution of vertebrate and species-specific PCR results is summarised in Table 2.

Table 2. Detection of vertebrate, human, and macaque DNA in Anopheles maculatus collected
between March and June 2024

Sampling Total Samples Vertebrate DNA Human DNA Macaque DNA

Month Tested (n) Positive, n (%) Positives, n (%) Positives, n (%)
March 2024 50 24 (48.0) 24 (100.0) 0(0.0)
April 2024 50 27 (54.0) 27(100.0) 0(0.0)
May 2024 30 6 (20.0) 6 (100.0) 0(0.0)
June 2024 20 13 (65.0) 13 (100.0) 0(0.0)
Total 150 70 (46.7) 70 (100.0) 0(0.0)

2 Percentage for human and macaque DNA detection was calculated based on vertebrate DNA-positive samples only
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DISCUSSION

The present study demonstrated the detection of vertebrate host DNA in visibly non-engorged
Anopheles maculatus collected using the Human Landing Catch (HLC) method from a knowlesi
malaria-endemic locality in Negeri Sembilan, Malaysia. Species-specific PCR analysis identified
human DNA in all vertebrate DNA-positive samples, while macaque DNA was not detected in any
sample analysed. These findings suggest human-associated feeding activity among An. maculatus
within the study area and are consistent with previous reports describing this species as an
anthropophilic mosquito with strong human-biting tendencies in Peninsular Malaysia and other
Southeast Asian settings (11,23). As the principal vector of human malaria in Peninsular Malaysia,
An. maculatus is commonly associated with peri-domestic and semi-rural environments where
close human-vector contact may facilitate exposure to both human and zoonotic malaria
transmission systems (10, 24). The predominance of human DNA observed in the present study is
also comparable to findings reported by Jeyaprakasam (25), who identified human blood as the
dominant vertebrate blood source among field-collected Anopheles mosquitoes in zoonotic
malaria-endemic settings in Malaysia.

The absence of macaque DNA in all analysed samples should be interpreted cautiously and does
not necessarily exclude the possibility of macaque feeding by An. maculatus under natural
conditions. Although An. maculatus is generally regarded as an anthropophilic mosquito, previous
studies have reported occasional collections of this species in macaque-baited traps, suggesting
possible opportunistic attraction to macaque hosts under natural conditions (7). Similarly, studies
from Thailand have reported that An. maculatus exhibits mixed anthropophilic and zoophilic feeding
behaviour, with mosquitoes feeding on both humans and animal hosts depending on local
ecological conditions (23). Several factors may have contributed to the study’s findings, including
biases in the HLC method towards collecting human-seeking mosquitoes, limited vertebrate host
screening, temporal variation in host-feeding behaviour, and possible degradation of residual
vertebrate DNA in non-engorged mosquitoes.

The exclusive detection of human DNA in this study should be interpreted with caution, as
mosquitoes were collected using the human landing catch (HLC) method, which is inherently biased
toward anthropophilic, host-seeking females. Consequently, HLC preferentially samples
mosquitoes actively attracted to humans and may not fully represent the natural host-feeding
behaviour of An. maculatus. To minimise the influence of blood meal acquired immediately during
the capture, only visibly non-engorged mosquitoes were included in the molecular analysis. This
approach was intended to decrease the likelihood of detecting DNA from a fresh blood bolus while
allowing the detection of residual vertebrate host DNA from previous blood-feeding events. Previous
studies have demonstrated that vertebrate host DNA can remain detectable in mosquitoes for up to
72 h after blood feeding, supporting the use of non-engorged mosquitoes for retrospective blood
meal analysis (25). Nevertheless, because HLC selectively captures mosquitoes seeking human
hosts, the predominance of human DNA observed in this study should not be interpreted as
definitive evidence of an inherent preference for human hosts. Rather, the findings indicate that
An. maculatus had previously fed on humans before being recaptured while host-seeking. Future
investigations incorporating complementary collection methods, such as resting collections,
together with a broader range of vertebrate host-specific assays, would provide a more
comprehensive assessment of the natural blood-feeding behaviour of An. maculatus.
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In addition, vertebrate DNA-positive samples that were negative for macaque DNA may potentially
represent blood remnants from other vertebrate hosts that were not included in the species-
specific screening assays as prioritisation was necessary and only human and macaque hosts were
selected based on their relevance to the zoonotic transmission of Plasmodium knowlesi. The
absence of macaque DNA detection may also reflect low-frequency macaque feeding events that
were not captured within the present sample size. In zoonotic malaria ecosystems, mosquito host
selection may vary according to ecological conditions, host availability, habitat disturbance, and the
degree of human encroachment into forested environments (5,9). Therefore, the present findings
should be interpreted as evidence of recent human-associated feeding activity rather than
definitive host preference.

The frequent detection of human-associated vertebrate DNA in An. maculatus collected from a
zoonotic malaria-endemic locality highlights the importance of mosquito-human interactions
within the broader context of P. knowlesi transmission ecology. The semi-rural characteristics of
the study area, including the proximity of human settlements to forested habitats and macaque
populations, may favour peri-domestic mosquito-host interactions. Previous studies have
suggested that zoonotic malaria transmission may increasingly occur outside deep forest
environments, particularly in areas undergoing environmental modification and human
encroachment (5,9). Mosquito species that frequently feed on humans within zoonotic malaria-
endemic environments may increase the opportunities for parasite spillover between wildlife
reservoirs and human populations. Although An. maculatus has not been incriminated as a natural
vector of P. knowlesi, its widespread distribution, anthropophilic behaviour, and demonstrated
susceptibility to P. knowlesi under experimental conditions warrant continued ecological
surveillance in zoonotic malaria-endemic settings (7).

Blood meal analysis of mosquitoes is important for understanding host-feeding behaviour and
assessing disease transmission risk. However, conventional resting-collection methods used for
blood meal analysis are often operationally challenging in forested zoonotic malaria-endemic
environments, where mosquito resting sites may be difficult to locate and access. Consequently,
alternative molecular approaches using HLC-collected mosquitoes may provide useful
supplementary ecological information regarding recent host-associated feeding activity. The
present study demonstrated that vertebrate host DNA could still be detected in visibly non-
engorged HLC-collected mosquitoes, supporting previous reports that residual blood meal DNA
may remain detectable in mosquitoes for prolonged periods following feeding (21). This
observation suggests that some mosquitoes may have been in the later stages of blood digestion,
during which visible blood remnants were no longer apparent upon morphological examination,
despite the persistence of detectable host DNA. In addition, detection of vertebrate DNA in visibly
non-engorged mosquitoes may also reflect residual blood remnants from interrupted or partial
feeding events. Although vertebrate DNA detection is likely to decrease progressively as blood
digestion advances, molecular detection of residual vertebrate DNA from HLC-collected mosquitoes
may still provide valuable insights into vector-host interactions in field settings. Such approaches
may be particularly useful in zoonotic malaria-endemic areas where understanding mosquito-
human contact is important for assessing local transmission ecology and guiding vector surveillance
activities.
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Several limitations should be acknowledged in the present study. First, the use of HLC collections
may have preferentially selected mosquitoes actively seeking human hosts, potentially increasing
the likelihood of detecting human-associated blood remnants. Second, only human and macaque
DNA were targeted in the species-specific PCR assays, whereas An. maculatus may also feed on
other vertebrate hosts present within the study area, including domestic animals and wildlife. In
addition, the study was conducted within a single locality over a relatively short sampling period,
which may not fully represent temporal or geographical variation in host-feeding behaviour.
Future studies incorporating larger sample sizes, alternative mosquito collection methods such as
resting catches and CDC light traps, broader vertebrate host screening, and simultaneous parasite
detection assays would provide a more comprehensive understanding of the ecological and
epidemiological relevance of An. maculatus in zoonotic malaria transmission settings.

CONCLUSION

In conclusion, the present study detected human-associated vertebrate DNA in non-engorged
Anopheles maculatus collected using the HLC method in a Plasmodium knowlesi-endemic locality
in Negeri Sembilan, Malaysia. These findings demonstrate that residual human-associated
vertebrate DNA can be successfully detected in non-engorged An. maculatus, providing evidence
of recent mosquito-host interactions, and supporting the utility of molecular blood meal analysis
in non-engorged mosquitoes. However, because HLC preferentially samples anthropophilic, host-
seeking mosquitoes, the predominance of human DNA should not be interpreted as definitive
evidence of the natural host preference An. maculatus. Likewise, the absence of detectable
macaque DNA does not necessarily indicate the absence of feeding interactions between An.
maculatus and macaque hosts, as it may reflect methodological limitations, including sampling bias
and the restricted range of vertebrate hosts included in the species-specific assays. Further studies
incorporating complementary mosquito collection methods, broader vertebrate host screening,
larger sample sizes, and more diverse ecological settings are warranted to better characterise the
host-feeding ecology of An. maculatus and its potential role in the transmission dynamics of
zoonotic malaria.
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