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a b s t r a c t
This study aimed to develop a single-round multiplex PCR method for the identiﬁcation of Anopheles minimus
complex (An. minimus and Anopheles harrisoni) and Anopheles aconitus subgroup (An. aconitus and Anopheles
varuna), and for the simultaneous detection of Plasmodium falciparum and Plasmodium vivax in these vectors.
Five primers were created for a single-round multiplex PCR assay to identify four anopheline mosquitoes combined with three Plasmodium primers for the detection of P. falciparum and P. vivax in vectors. The four species
of anopheline vectors and two Plasmodium species, P. falciparum and P. vivax, could be identiﬁed by the combination of eight primers in the single-round multiplex PCR assay. The ampliﬁed species-speciﬁc products were
380 bp for An. minimus, 180 bp for An. harrisoni, 150 bp for An. aconitus, 310 bp for An. varuna, 276 bp for P.
falciparum, and 300 bp for P. vivax. The sensitivities were 0.5 pg/μl (25 sporozoites/μl) for P. falciparum DNA
and between 0.5 and 5 pg/μl (25–250 sporozoites/μl) for P. vivax DNA. Furthermore, this developed method
could be used to identify ﬁeld caught An. minimus complex, An. aconitus subgroup from Thailand and Lao PDR.
Also, it was successfully used to identify the species An. minimus, An. harrisoni, An. aconitus and An. varuna and
to detect and identify P. falciparum and P. vivax in caught anopheline mosquitoes. The sensitivity of this method
was high for simultaneous detection of P. falciparum and P. vivax in anopheline mosquitoes.
© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Anopheles minimus complex and Anopheles aconitus subgroup are
major malarial vectors in Southern and Southeast Asia including southern China, southern and eastern Taiwan, Vietnam, Cambodia, Laos and
the Ryukyu Archipelago of Japan [1–5]. An. minimus has often been
misidentiﬁed because of its high morphological variability and similarities to other members of the Myzomyia series, such as An. aconitus,
Anopheles pampani and Anopheles varuna. Since An. minimus is a vector
of the human malarial parasite, misidentiﬁcation of this species can be
a real problem for public health ofﬁcials in conducting vector control activities. These two Anopheles groups cannot be identiﬁed using the adult
morphology. Historically, mosquito taxonomy has been achieved mostly via morphological characterization using cytogenetic and isoenzyme
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markers. The taxonomic history of the complex was reviewed by Chen
et al. [6] and Harbach et al. [7]. As deﬁned by Garros et al. [8], the complex includes three genetic species of the An. minimus subgroup within
the Anopheles funestus group that are informally denoted in the literature as An. minimus (former species A), An. harrisoni (former species
C) and Anopheles yaeyamaensis (former species E) [5,7,9,10].
An. minimus is widespread in the Asian region, while An. harrisoni has a
disjunctive distribution in Southeast Asia, and An. yaeyamaensis known
only from Ishigaki Island in the Ryukyu Archipelago, Japan [5]. Other
members of the Myzomyia series are found in Thailand and Southeast
Asia, e.g. the An. aconitus subgroup (including An. aconitus, An. pampani
and An. varuna), Anopheles culicifacies and Anopheles jeyporiensis [11].
Molecular methods for species identiﬁcation have been applied to
important groups of mosquito species complexes. Particularly important are complexes containing vectors of malaria and other vectorborne diseases. Correct and precise identiﬁcation of the target species
has direct medical and practical implications, such as in vector control.
However, there are a variety of circumstances in which molecular
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methods have greatly improved the accuracy of species identiﬁcation. They are applied not only to sibling species, but also to members of closely related groups with similar observed morphological
characteristics [12,13]. The study of polymorphisms was present on
the internal transcribed spacer 2 (ITS2) of ribosomal DNA that
allowed the development of 10 primers that were combined with
universal forward primers using PCR assay [12]. Although the multiplex PCR approach of Garros et al. [8] is effective for the identiﬁcation
of many Anopheles species, it does not combine the identiﬁcation of
malarial parasites in mosquito simultaneously with Plasmodium
primer set.
Furthermore, the lack of clear differentiation and species-speciﬁc
differences in sporozoite morphology severely restricts the utility of
dissection-based determinations. In recent years, many tools for the detection of malarial parasites in infected anopheline mosquitoes have
been developed, such as enzyme-linked immunosorbent assay for
circumsporozoitic antigens (ELISA-CSF) [14] and polymerase chain reaction, oligonucleotide rDNA probe [15], nested polymerase chain reaction (nested PCR) [16], multiplex PCR [17], PCR-restriction fragment
length polymorphism (PCR-RFLP) [18], in situ RNA hybridization method [19], loop mediated isothermal ampliﬁcation (LAMP) [20] and realtime PCR [21]. However, these methods can only detect malarial
parasites in Anopheles mosquitoes.
This study aimed to develop a single-round multiplex polymerase
chain reaction for identifying four Anopheles species, the main malarial
vector in Thailand and Laos–An. minimus, An. harrisoni, An. aconitus
and An. varuna and two Plasmodium species, P. falciparum and P. vivax
in one step monitoring and suitable in ﬁeld mosquito specimens.
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This study was reviewed and approved by the International Ethics
Board at Khon Kaen University, Thailand (IRB no. HE532348).

2.2. DNA extraction
DNA was extracted from all mosquitoes using a commercial DNA extraction kit (Qiagen®, Valencia, CA) according to the manufacturer's
protocol (“Puriﬁcation of Total DNA from Animal Tissues” as found in
DNeasy® Blood & Tissue Handbook, Qiagen, Valencia, CA; July 2006)
[23]. The eluted DNA was kept at −70 °C until used.
2.3. Multiplex PCR for conﬁrming Anopheles species
All mosquitoes were conﬁrmed as Anopheles species by using a
single multiplex PCR method proposed by Garros et al. [12]. Brieﬂy,
25 μl PCR reaction mixture was composed of: 1 × PCR buffer; 200 μM
mixed dNTP; 0.16 nmol of each primer, including universal forward
primer (ITS2A) 5′-TGTGAACTGCAGGACACA-3′, An. minimus (MIA) 5′CCCGTGCGACTTGACGA-3′, An. harrisoni (MIC) 5′-GTTCATTCAGCAACA
TCAGT-3′, An. aconitus (ACO) 5′-ACAGCGTGTACGTCCAGT-3′ and
An. varuna (VAR) 5′-TTGACCACTTTCGACGCA-3′; 0.5 units TaqDNA
polymerase (Invitrogen™); and 3 μl DNA template. The PCR cycles
were set as follows: one cycle at 95 °C for 5 min followed by 40 cycles
at 95 °C for 30 s, 45 °C for 30 s, and 72 °C for 40 s, and then an additional extension at 72 °C for 5 min. PCR products were subjected to electrophoresis on 2% agarose gel stained with ethidium bromide. The sizes of
the PCR products of An. minimus, An. harrisoni, An. aconitus and An.
varuna were 310, 180, 200 and 260 bp, respectively.

2. Materials and methods
2.1. Mosquito collection
Female mosquitoes were caught at four collection sites (Fig. 1): two
villages in Pak Tho (13° 8′N, 99° 10′E) and Suan Phueng (13° 32′N, 99°
18′E) districts, Ratchaburi province, in the western part of Thailand, one
village in Sepone district (17° 0.7′N, 106° 7.2′E), Savannakhet province
and one village in Lamam district (15° 34′N, 106° 72′E), Xekong province, in Lao PDR. In Pak Tho and Suan Phueng districts, two mosquito
collection methods were used. The ﬁrst method was outdoor human
landing. Mosquitoes were caught by a two-layer net, from 06:00 pm
to 06:00 am between August 11–12, 2010 and September 10–12,
2012, respectively. Collectors were divided into two teams, one working
from 06:00 pm to 12:00 am and the second team working from
00:00 am to 06:00 am. Each hourly period consisted of 45 min of collection time with a 15-minute break. The second method was the use
of a cattle-baited net trap (4 × 4 × 3 m) for 15 min of every hour. In
Sepone and Lamam districts, mosquitoes were caught by using a lighttrap method between November 23–24, 2011 and September 2–5,
2012 respectively. All mosquito cages were covered with cotton soaked
with 10% sugar solution and kept in a plastic bag until morphological
identiﬁcation could be performed the following day.
All mosquitoes were identiﬁed using the morphology key of Peyton
and Scanlon [22] by experts at the Department of Medical Entomology,
Faculty of Tropical Medicine, Mahidol University, Thailand. After morphological identiﬁcation, all anopheline mosquitoes were blinded and
extracted for DNA.
Laboratory strains of anopheline mosquitoes from the Department
of Medical Entomology, Faculty of Tropical Medicine, Mahidol University, Thailand were 10 An. minimus, 10 An. harrisoni, 10 An. aconitus and 2
An. varuna, used for ITS2 sequencing and controls. Also preserved DNA
of 38 blinded An. minimus and An. aconitus was referenced. Speciﬁc
P. falciparum DNA and P. vivax DNA for quality control protocols of sensitivity tests were contributed by the Department of Parasitology and
Entomology, Faculty of Public Health, Mahidol University, Thailand.

2.4. Sequencing of ITS2 and four Anopheles species-speciﬁc primer designs
Anopheles species-speciﬁc primers in this study were designed by
using ITS2 DNA sequences. An. minimus, An. harrisoni, An. aconitus and
An. varuna samples were extracted for DNA using commercial Qiagen®
DNA extraction kits according to the manufacturer's protocol. Universal
forward and reverse primers, ITS2A (5′-TGTGAACTGCAGGACACA-3′)
and ITS2B (5′-TATGCTTAAATTCAGGGGGT-3′) [12], were used for sequencing of PCR products. Each 50 μl PCR reaction mixture was composed of: 1 × PCR buffer; 200 μM mixed dNTP; 0.16 nmol of each
ITS2A and ITS2B primer; 0.5 units Taq DNA polymerase; and 5 μl of
An. minimus, An. harrisoni, An. aconitus or An. varuna DNA. The PCR cycles were set as follows: one cycle at 95 °C for 5 min followed by 40 cycles at 95 °C for 30 s, 45 °C for 30 s, and 72 °C for 40 s, and with an
additional extension of one cycle at 72 °C for 5 min. PCR products
were subjected to electrophoresis on 2% agarose gel stained with
ethidium bromide. The sizes of the ITS2 products of An. minimus, An.
harrisoni, An. aconitus and An. varuna were 850, 850, 750 and 550 bp, respectively. The PCR products were then sequenced. At least two individuals per species were sequenced on both strands. DNA sequences were
aligned using BioEdit version 7.0.9 software program. The appropriate
new forward primer (ITS2F) and four Anopheles species-speciﬁc primers
were designed manually (Fig. 2 and Table 1). The Plasmodium primers
including P. falciparum forward (PF) primer, P. vivax forward primer
(PV) and universal Plasmodium reverse (UR) primer used in this study
were designed by Padley et al. (Table 1) [17].

2.5. PCR for P. falciparum and P. vivax conﬁrmation in anopheline
mosquitoes
P. falciparum and P. vivax in anopheline mosquitoes were conﬁrmed
using nested PCR which previously proposed by Snounou et al. [24],
simple PCR which described by Padley et al. [17], and then sequencing
analysis was performed.
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3. Results
3.1. Sequencing of ITS2 and primer design
The lengths of ITS2 for An. minimus, An. harrisoni, An. aconitus and
An. varuna were 850 bp, 600 bp, 550 bp and 520 bp, respectively. The
reliable ITS2 nucleotide lengths obtained by sequencing each species
for primer designing of An. minimus, An. harrisoni, An. aconitus and An.
varuna, were 504 bp, 517 bp, 510 bp and 505 bp respectively. The ﬁve
universal forward primer sequences and four Anopheles speciesspeciﬁc primers were reverse primers as mentioned above. A criterion
for primer design was that the PCR products after ampliﬁcation should
be speciﬁc for each species and easily visualized on agarose gel. The oligonucleotide sequence of each primer and the melting temperature

(Tm) are shown in Table 1. Three primers for P. falciparum and P. vivax
as designed by Padley et al. [17], were combined to these 5 new designed primers in a single multiplex PCR. The ampliﬁed speciesspeciﬁc products of An. minimus, An. harrisoni, An. aconitus, An. varuna,
P. falciparum and P. vivax, were mentioned above (Fig. 3A).

3.2. Morphological identiﬁcation of anopheline mosquitoes
The morphological identiﬁcations of the total 356 anopheline mosquitoes from 4 collection sites, were 202 (56.74%) An. minimus complex,
78 (21.91%) An. aconitus subgroup, 73 (20.51%) Anopheles dirus, 1
(0.28%) Anopheles maculatus and 2 (0.56%) non-An. minimus related
species (Table 2).

Fig. 1. Southeast Asia map, black triangles indicating mosquito collection sites: Pak Tho (13° 8′N, 99° 10′E) and Suan Phueng (13° 32′N, 99° 18′E) districts, Ratchaburi province, Thailand,
Sepone district (17° 0.7′N, 106° 7.2′E), Savannakhet province and Lamam district (15° 34′N, 106° 72′E), Xekong province, Lao PDR.
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Table 1
ITS2F primer and four Anopheles species-speciﬁc reverse primers (novel designed as a part
of this study) for An. minimus, An. harrisoni, An. aconitus and An. varuna, and P. falciparum
and P. vivax forward primers and universal Plasmodium reverse primer.

Anopheles species
Universal forward
primer
An. minimus
An. harrisoni
An. aconitus
An. varuna
Plasmodium species
P. falciparuma
P. vivaxa
Universal reverse
primera
a

Fig. 2. Alignment of the nucleotide sequence of the internal transcribed spacer 2 (ITS2) for
four species of An.minimus groups. Colored boxes indicate the primer selection sites, including ITS2F, MINI, HARR, ACON, and VARU.

3.3. Developed single-round multiplex PCR for identifying Anopheles species
and detecting P. falciparum and P. vivax in mosquitoes
The developed single-round multiplex PCR assay for identifying
Anopheles species and detecting P. falciparum and P. vivax in mosquitoes

Primer Sequences
names

Product sizes
(bp)

Tm
(°C)

ITS2F

CCCGACCGATGTACACATTC

–

62

MINI
HARR
ACON
VARU

GTTTTCTCATGCCACAGG
CCTTCAGCGCCCAAGGTT
AGATGCACAGTCCGACAG
AACATGTAGGAACCCGTG

380
180
150
310

54
58
54
54

PF

AACAGACGGGTAGTCATGAT
TGAG
CGGCTTGGAAGTCCTTGT
GTATCTGATCGTCTTCACTC
CC

276

70

300
–

56
66

PV
UR

Padley et al. [17].

was performed. PCR reaction mixture (25 μl) was composed of: 1× PCR
buffer; 600 μM mixed dNTP; 0.2 nmol of each new designed primer
(deﬁned as ITS2F, MINI, HARR, ACON and VARU) (Table 1 and Fig. 2);
0.6 nmol universal reverse primer; 0.3 nmol (each) PF primer and PV
primer; 2.5 units Taq DNA polymerase; and 25−50 ng (5 μl) DNA template (depended on yield of DNA extraction from mosquitoes). In negative control tubes, 5 μl of sterile distilled water was used instead
of DNA template. Ampliﬁcation conditions consisted of an initial
hot start at 95 °C for 5 min, followed by 43 cycles of denaturing at
95 °C for 45 s, annealing at 60 °C for 90 s, extension at 72 °C for
40 s, and then a ﬁnal extension at 72 °C for 5 min. The products of
An. minimus, An. harrisoni, An. aconitus, An. varuna, P. falciparum
and P. vivax were 380, 180, 150, 310, 276 and 300 bp, respectively
(Fig. 3A).
The result of single multiplex PCR developed for this study found
that the 20 anopheline mosquitoes from Pak Tho district and 58 anopheline mosquitoes from Suan Phueng, Thailand were 78 An. minimus
(Fig. 3B). The result by using the method of Garros et al. [12] was also
found to be An. minimus. One of these An. minimus was infected with
P. vivax. Molecular identiﬁcation of 32 mosquitoes in the An. minimus
related species from Sepone district by single multiplex PCR, found
that there were 1 An. minimus, 30 An. aconitus (Fig. 3C) and 1 non-An.
minimus related species. The method of Garros et al. [12] also conﬁrmed
this ﬁnding. Two of the An. aconitus mosquitoes were infected with P.
falciparum. A total of 171 An. minimus related species from Lamam district were found to be 123 An. minimus and 48 An. aconitus. Three of
An. minimus were infected with P. falciparum. These malarial parasites
were conﬁrmed by using PCR method [24,17]. The result was summarized (Table 3). Moreover, the sequence analysis of 5 P. falciparum sequences in An. aconitus and An. minimus from Lao PDR, found that there
was 98–99% identity to 18S ribosomal RNA gene by using nucleotide
BLAST with gene ID number PF3D7_0112300 and PF3D7_1371000
(PlasmoDB). The nucleotide BLAST of one P. vivax sequence in An. minimus
from Thailand was 97% identity to small subunit (SSU) rRNA gene of P.
vivax (GenBank: X13926.1). 38 blinded An. minimus related species
whose DNA was preserved were found to be 28 An. minimus and 10 An.
aconitus by this method, the same as by Garros et al.'s method [12].

3.4. Sensitivity of single multiplex PCR
The sensitivities for the detection of P. falciparum and P. vivax in An.
minimus and An. aconitus were determined. A representative experiment
on positive control which contained undiluted speciﬁc P. falciparum
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Fig. 3. Ampliﬁed fragments using the species-speciﬁc multiplex PCR assay to identify members of the An. minimus groups, and P. falciparum and P. vivax. (A) Lane 1 was 100 bp DNA ladder;
Lanes 2–8 were negative control, 300 bp of P. vivax DNA, 276 bp of P. falciparum DNA, 310 bp of An. varuna DNA, 150 bp of An. aconitus DNA, 180 bp of An. harrisoni DNA and 380 bp of An.
minimus DNA, respectively. (B) Lane 1 was 100 bp DNA ladder; Lanes 2, 3, 5, 6, 7, 8 and 9 were 380 bp of An. minimus (Thai ﬁeld strains); Lane 4 was 380 bp of An. minimus and 300 bp of P.
vivax-infected An. minimus. (C) 8 anopheline mosquitoes caught from Sepone district, Savannakhet province, Laos. Lanes 1 and 9 were 100 bp DNA ladder; Lanes 2 and 8 were 150 bp of An.
aconitus (ﬁeld strains) and 276 bp of P. falciparum-infected An. aconitus; Lanes 3, 4, 5, 6, 7 and 9 were 150 bp of An. aconitus (Laos ﬁeld strains). (D) Lane 1 was 100 bp DNA ladder; Lane 2
was negative control; Lanes 3, 4 and 5 were 380 bp of An. minimus (Laos ﬁeld strains) infected with P. falciparum from Lamam district, Xekong province, Lao PDR.

Table 2
Total anopheline mosquitoes caught from 4 collection sites: Pak Tho and Suan Phueng
districts, Ratchaburi province, Thailand, Sepone district, Savannakhet province and
Lamam district, Xekong province Lao PDR.
Anopheles species

An. minimus complex
An. aconitus subgroup
An. dirus
An. maculatus
Other Anopheles species
Total

Thailand

Lao PDR

Total

Pak Tho

Suan Phueng

Sepone

Lamam

20
0
31
1
0
52

58
0
42
0
0
100

1
30
0
0
1
32

123
48
0
0
1
172

202
78
73
1
2
356

DNA and P. vivax DNA (0.5 ng/μl) by adding serial dilutions was determined and showed in Fig. 4A and B. The diluted P. falciparum DNA and
P. vivax DNA, 1:10 (0.05 ng/μl), 1:100 (0.5 pg/μl), 1:1000 (5 pg/μl),
1:10,000 (50 pg/μl) and 1:100,000 (500 pg/μl), combined with 5 ng/μl
An. minimus DNA and An. aconitus DNA were detected. However, the
combination series were seen on the stained gel electrophoresis. The
sensitivity of this method could not be detected above 5.0 pg/μl dilution
for P. falciparum in An. minimus and An. aconitus while the sensitivity for
1:10, 1:100, 1:1000, 1:10,000 and 1:100,000 P. vivax DNA combined
with 5 ng/μl An. minimus DNA and An. aconitus DNA were 0.5 pg/μl
(Fig. 4C). However, a combination series of Plasmodium DNA and
Anopheles DNA that contained 25−250 sporozoites/μl according to
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Table 3
Summary of the An. minimus related species and malarial parasites identiﬁed by morphology, Garros et al. [12], Snounou et al. [24], and Padley et al. [17] methods and developed singleround multiplex PCR.
No.

Morphology

No. (%)

Garros et al.
Anopheles spp.

No. (%)

Snounou et al.

Padley et al.

Single-round multiplex PCR

PF

PV

PF

PV

Anopheles spp.

No. (%)

PF

PV

no. (%)

no. (%)

no. (%)

no. (%)

no. (%)

no. (%)

Location: Pak Tho district, Ratchaburi province, Thailand; 13° 8′N, 99° 10′E
1
An. minimus complex
20 (7.1)
An. minimus
20 (7.1)
2
An. aconitus subgroup
0
An. aconitus
0
Total
20 (7.1)
20 (7.1)

0
0
0

1 (0.4)
0
1 (0.4)

0
0
0

1 (0.4)
0
1 (0.4)

An. minimus
An. aconitus

20 (7.1)
0
20 (7.1)

0
0
0

1 (0.4)
0
1 (0.4)

Location: Suan Phueng district, Ratchaburi province, Thailand; 13° 32′N, 99° 18′E
1
An. minimus complex
58 (20.7)
An. minimus
58 (20.7)
2
An. aconitus subgroup
0
An. aconitus
0
Total
58 (20.7)
58 (20.7)

0
0
0

0
0
0

0
0
0

0
0
0

An. minimus
An. aconitus

58 (20.7)
0
58 (20.7)

0
0
0

0
0
0

Location: Sepone district, Savannakhet province, Lao PDR, 17° 0.7′N, 106°7.2′E
1
An. minimus complex
1 (0.4)
An. minimus
1 (0.4)
2
An. aconitus subgroup
30 (10.7)
An. aconitus
30 (10.7)
Total
31 (11.1)
31 (11.1)

0
2 (0.7)
2 (0.7)

0
0
0

0
2 (0.7)
2 (0.7)

0
0
0

An. minimus
A. aconitus

1 (0.4)
30 (10.7)
31 (11.1)

0
2 (0.7)
2 (0.7)

0
0
0

Location: Lamam district, Xekong province, Lao PDR; 15° 34′N, 106° 72′E
1
An. minimus complex
123 (43.9)
An. minimus
123 (43.9)
2
An. aconitus subgroup
48 (17.1)
An. aconitus
48 (17.1)
Total
171 (61.1)
171 (61.1)
Total
280 (100)
280 (100)

3 (1.1)
0
3 (1.1)
5 (1.8)

0
0
0
1 (0.4)

3 (1.1)
0
3 (1.1)
5 (1.8)

0
0
0
1 (0.4)

An. minimus
A. aconitus

123 (43.9)
48 (17.1)
171 (61.1)
280 (100)

3 (1.1)
0
3 (1.1)
5 (1.8)

0
0
0
1 (0.4)

PF, Plasmodium falciparum; PV, Plasmodium vivax.

0.2 pg of malarial DNA of equivalent to 10 sporozoites/μl was reported
and accepted [25].
4. Discussion
Morphological criteria for An. minimus complex and An. aconitus
subgroup are often difﬁcult to apply because they share overlapping
morphological characteristics. Some technical issues, such as inadequate sampling, laboratory-rearing difﬁculties and preservation of specimens, are major problems for mosquito identiﬁcation. Determination
of a malarial sporozoite rate in anopheline mosquitoes and correct

identiﬁcation of Anopheles species are important components of malarial
control programs and epidemiological studies, allowing the assessment
of the transmission risk and the effect of any control interventions. At
present, molecular markers are increasingly used to resolve identiﬁcation issues. An allele-speciﬁc PCR (AS-PCR) approach has already provided a powerful identiﬁcation tool for the study of anopheline
species complexes, such as Anopheles maculipennis [26], Anopheles
gambiae [27], Anopheles quadrimaculatus [28], An. dirus [29], An. funestus
[12], and An. minimus group [12]. Also, in the past, identiﬁcation of
Plasmodium-infected anopheline mosquitoes by salivary gland dissection was a very laborious job [30]. Nowadays, molecular techniques

Fig. 4. The diluted P. falciparum DNA and P. vivax DNA combined with 5 ng/μl An. minimus DNA and An. aconitus DNA by using multiplex PCR were detected. The combination series were
seen on the stained gel electrophoresis. The positive bands of diluted series P. falciparum DNA combined with 5 ng/μl An. minimus DNA were presented; Lane 1: DNA ladder 100 bp, Lane 2:
negative control, Lanes 3–7: P. falciparum DNA of 500 pg/μl, 50 pg/μl, 5 pg/μl, 0.5 pg/μl and 0.05 pg/μl combined with 5 ng/μl An. minimus DNA, respectively (A). The bands of diluted
P. falciparum DNA: Lane 1 — 1:10 (500 pg/μl), Lanes 2 — 50 pg/μl, Lane 3 — 5 pg/μl, Lane 4 — 0.5 pg/μl and Lane 5 — 0.05 pg/μl combined with 5 ng/μl An. aconitus DNA; were shown;
Lane 6 — negative and Lane 7 — DNA ladder 100 bp (B) and the diluted series of P. vivax DNA of 500 pg/μl, 50 pg/μl, 5 pg/μl, 0.5 pg/μl and 0.05 pg/μl combined with 5 ng/μl An. minimus
DNA were seen in Lanes 1–5, where Lane 6 — negative and Lane 7 — DNA ladder 100 bp were presented (C).
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are increasingly used for the detection of malarial parasites in anopheline mosquitoes because these methods have high sensitivity which
can be used to identify Plasmodium species and the nested PCR approach described by Snounou et al. [24], which is regarded as the
“gold-standard”, is sensitive and speciﬁc only for malarial parasites.
The single-round multiplex PCR method described by Padley et al.
[17] for the detection of P. falciparum and P. vivax is a very simple and
proven method that it has to be sensitive and speciﬁc enough for the detection of malarial parasites in ﬁeld caught mosquitoes from Thailand
and Lao PDR in this study. The single multiplex PCR assay developed
for the present study has an advantage over other molecular methods
in that 8 primers can all be combined in a multiplex PCR mixture for
the simultaneous ampliﬁcation of four Anopheles species, the major malaria parasite vectors in Southeast Asia, and two Plasmodium species.
Therefore, each unknown specimen can be identiﬁed without
performing four separate PCRs for four Anopheles species, and without
one or two separate PCRs for the detection of P. falciparum and P.
vivax in mosquitoes. Moreover, this method can be used by using the
certain primers that the species of mosquitoes are obviously morphologically identiﬁed in the same PCR condition, i.e. if An. minimus and
An. harrisoni are suspected, the primers for An. aconitus and An. varuna
can be omitted. On the contrary, if An. aconitus subgroup was suspected,
the primers for Anopheles complex can be omitted.
The multiplex PCR products of An. minimus, An. harrisoni and An. varuna were 380, 180 and 310 bp, respectively. Most An. aconitus PCR
products usually show 1−4 bands, but the marker of An. aconitus was
150 bp. However, their non-speciﬁc bands do not interfere with the
markers of other anopheline mosquitoes in this study and do not interfere with Plasmodium PCR products (276 bp for P. falciparum and
300 bp for P. vivax). This developed method was applied to identify
ﬁeld caught anopheline mosquitoes from Pak Tho district, Ratchaburi
province, Thailand during the rainy season of 2010. The results revealed
that there were 59.6% (31/52) An. dirus, 38.5% (20/52) An. minimus
complex and 1.9% (1/52) An. maculatus. All An. minimus complexes
were An. minimus and only 1 (1.9%) was infected with P. vivax. In
2012, anopheline mosquitoes caught in Suan Phueng district,
Ratchaburi province, Thailand showed 42% (42/100) An. dirus and 58%
(58/100) An. minimus complex. These entire An. minimus complexes
were An. minimus as shown by the single multiplex PCR approach.
This ﬁnding was in accordance with the previous study/studies [31],
which found that there was some overlapping between An. dirus and
Anopheles baimaii (formerly known as An. dirus species A and species
D, respectively) along the Thai–Myanmar border, which showed genetic signatures of population expansion. The An. minimus complex is also
widespread in hilly areas throughout the south and Southeast Asian region, extending northward to about 32° 30′ N in China, westward to
Uttar Pradesh (India), southward through Thailand and into peninsular
Malaysia, and eastward to Taiwan and the Ryukyu Archipelago of Japan
[6,32,33]. Species of the complex are regarded as important vectors of
human malaria throughout their distribution range [6,34]. In western
Thailand, An. minimus has been found to consist of two species, based
on a lack of heterozygotes at two enzyme loci in sympathy; these
have been informally designated as species A and C. The presence of
the two species in western Thailand was conﬁrmed by Sharpe et al.
[35]. However, this study found only one species, An. minimus. In
Savannakhet province, Lao PDR, female mosquitoes were caught in November 2011. Most (96.9%, 31/32) were An. aconitus, and the rest (3.1%,
1/32) were An. minimus. Two (6.3%, 2/32) of these ﬁndings were infected with P. falciparum. Vythilingam et al. [36] studied anopheline mosquitoes in eight provinces in Lao PDR; An. maculatus, An. dirus and An.
minimus were found to be the major malarial vectors. However, An.
aconitus was the species most prominently found during December. In
Sepone district, Xekong province, Lao PDR, female mosquitoes caught
in September 2012 were 71.5% (123/172) An. minimus, 27.9% (48/172)
An. aconitus by single multiplex PCR and 0.6% (1/172) other Anopheles
species. The infected rate in An. minimus related species (An. minimus

and An. aconitus) was 1.8% (3/171). Vythilingam et al. [37] found that
the main malarial vectors in Xekong province were An. aconitus, An.
dirus, An. maculatus and An. minimus during August 2000 to October
2001. The data derived from ﬁeld caught anopheline mosquitoes from
Thailand and Lao PDR, proved that this developed multiplex PCR assay
was suitable to be used to identify and detect main malarial vectors in
Southeast Asian regions.
In fact, the anopheles DNA has higher concentration than the DNA
sporozoites of malarial parasites in these mosquitoes, but our study
found that the band of malarial DNA was more intense than the band
of mosquito DNA because this multiplex PCR condition was forcing
higher annealing temperature to reduce the non-speciﬁc bands of mosquito DNA products (especially An. aconitus) so the sensitivity to detect
the mosquito DNA was reduced (the band was less intense but high
enough to identify these 4 anopheline mosquitoes). The high annealing
temperature was more suitable for amplifying the malarial DNA so that
the band of malarial PCR product may be more intense than the PCR
product of the mosquitoes.
For testing the reproducibility of this developed multiplex PCR method, all ﬁeld caught mosquitoes were blinded and sent to the other laboratory (Private laboratory (Rapid Assay and Molecular Business under
MP Group) at MP MEDGROUP CO., LTD. (www.mpmedgroup.com),
168/24-25 Kakniwat Road, Ladprao, Bangkok, Thailand 10230) to identify these mosquitoes and infected malarial parasites in these vectors
by using the new ordered 8 same sequenced primers and new PCR reagents. The results obtained were identical to those of this study,
which, therefore, proves that this method is simple and reproducible
and can be applied for malarial vector epidemiological studies and assessment of transmission risk. In the case of An. varuna (rare malarial
vector), the PCR product (310 bp) and P. vivax (300 bp) may be not obviously separated. As a result, when the two bands appear, another
method for conﬁrming malarial sporozoites must be performed.
The sensitivities of this method for P. falciparum and P. vivax in
anopheline mosquito DNA detection were 25 sporozoites/μl and between 25 and 250 sporozoites/μl, respectively. The previous study has
shown that the mean count of sporozoites in one P. falciparum oocyst
was 3385 (range = 1359− 4554) and the mean count of sporozoites
in one P. vivax oocyst was 3688 (range = 1954−5577) [38] so this single multiplex PCR was high enough to detect only one in each oocyst of
P. falciparum and P. vivax. The sensitivity may be higher when using the
dissected mosquitoes (thorax or abdomen) due to the reduction of mosquito DNA. However, the sensitivity of this method may be lower than
that of Snounou et al. [24], and other high sensitivity methods [15],
but this method is rapid, cheap, and simple which is suitable for epidemiological study.
5. Conclusion
The single multiplex PCR method developed for the present study can
be used for the identiﬁcation of four anopheline mosquitoes: two species
of the An. minimus complex (An. minimus and An. harrisoni) and two of
the An. aconitus subgroup (An. aconitus and An. varuna), which are the
main vectors of malarial infection in Thailand and Lao PDR. This method
can also detect and identify malarial parasites in mosquitoes simultaneously. The sensitivities of this method for P. falciparum and P. vivax in
anopheline mosquito DNA detection were 25 sporozoites/μl and between
25 and 250 sporozoites/μl, respectively. This method is rapid, cheap, and
simple which is suitable for epidemiological study.
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