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Abstract
The main malaria vectors of sub-Saharan Africa, Anopheles gambiae sensu stricto and Anopheles
arabiensis are morphologically indistinguishable, but often occur in sympatry and differ in feeding
preference and vector competence. It is important to assess vector species identity for
understanding the vectorial system and establishing appropriate vector control measures. The
currently available species diagnosis methods for An. gambiae sensu latu require equipment to
which public health practitioners in many African countries may not have access. This report
describes a loop-mediated isothermal amplification technique (LAMP) for An. gambiae species
diagnosis. The LAMP method was tested in single mosquito legs and whole body. The sensitivity
and specificity of the LAMP method, in reference to the conventional rDNA-polymerse chain
reaction (PCR) method, ranged from 0.93 to 1.00. The LAMP-based species identification method
can be performed in a water bath and completed within 65 minutes, representing an alternative
method for rapid and field applicable vector species diagnosis.

INTRODUCTION
With more than one million deaths per year, malaria is one of the most fatal infectious
diseases in Africa.1 The majority of malaria-caused deaths occur in children less than 5
years of age. Vector control, mainly through insecticide-treated bed nets (ITNs) and indoor
residual sprays, is one of the most important measures for malaria prevention. In sub-
Saharan Africa, the principal malaria vector species are Anopheles gambiae sensu stricto
(hereafter referred to as An. gambiae) and Anopheles arabiensis, both in the An. gambiae
species complex.2 They are morphologically indistinguishable and often occur in sympatry,
but they profoundly differ in their ability to vector malaria parasites, in host feeding
preferences, resistance to desiccation, larval habitat requirement, and responses to the
application of ITNs. Assessment of malaria risks, deployment of vector control techniques,
and evaluation of the impact of control measures require information on the identity and
abundance of vector species. Therefore, a simple and rapid identification method for An.
gambiae and An. arabiensis is particularly valuable.

To date, several techniques have been developed to discriminate between the member
species of An. gambiae species complex, including polytene chromosome binding patterns,3
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isoenzyme electrophoresis,4 high-performance liquid chromatography of cuticular
hydrocarbons,5 and polymerase chain reaction (PCR) methods targeting ribosomal DNA
(rDNA) species-specific polymorphism.6–8 All these methods require expensive and delicate
laboratory equipment to which public health practitioners in many African countries may
not have access. As such, these techniques are not readily applicable in field settings in
many developing countries.

Here, we describe a novel diagnostic method for discrimination between An. gambiae and
An. arabiensis that can be performed rapidly with limited equipment requirements. This
novel method takes advantage of the peculiarities of the loop-mediated isothermal
amplification (LAMP) technique.9 The LAMP is a one-step nucleic acid amplification that
relies on autocycling strand-displacement DNA synthesis. It is performed under isothermal
conditions using a DNA polymerase with strand displacement activity. The LAMP
technique uses one forward outer primer (F3), one backward outer primer (B3), one forward
internal primer (FIP), and one backward internal primer (BIP). Specifically, the two external
primers initiate the synthesis, and two internal primers have both sense and antisense
sequences in such a way that a loop with a free 3′ end is generated as the amplification takes
place.9 Moreover, the amplification products can be visualized directly.10 The LAMP
method offers a high sensitivity, but requires simple equipment (e.g., a water bath) and no
electrophoresis, rendering the method particularly suitable for field settings where
sophisticated equipment is lacking.

MATERIAL AND METHODS
Mosquitoes

Anopheles gambiae G3 strain and An. arabiensis Dongola strain, obtained from the Malaria
Research and Reference Reagent Resource Center (MR4), were used for LAMP method
development. The LAMP method validation against the conventional rDNA-PCR method
used morphologically identified An. gambiae sensu latu adult mosquitoes collected in two
sites in western Kenya. The first was Asembo Bay (34°22′0E, 0°–14°60′N, elevation about
1,200 m above sea level), Siaya District, Nyanza Province, collected between June and
September 2008. The second was from Iguhu subdistrict (34°–35°E, 0°010″S, elevation
1480–1580 m), Kakamega district, western province, collected in May–June 2008.
Anopheles arabiensis is known to be the predominant species in Asembo Bay after the use
of insecticide-treated bednets,11 whereas An. gambiae is the major malaria vector in
Iguhu.12 Mosquitoes were collected by aspiration and pyrethrum indoor spray catch
methods. Mosquito samples were stored individually at −20°C and sent to the University of
California at Irvine for molecular analyses.

Preparation of the DNA template
We used two methods to extract mosquito DNA. The first method used the Promega Wizard
Genomic DNA purification kit (Promega, Madison, WI), and the extracted DNA from
individual mosquitoes was used for LAMP method development. The second method
(termed as cheap method) involved simple procedures, and was intended for applications
under field settings. Extracted DNA from the second method was used for comparison
between the LAMP method and rDNA-PCR method for An. gambiae and An. arabiensis
species identification. Briefly, mosquito legs or the remaining carcasses were ground in a
freshly prepared extraction buffer (0.5% SDS, 0.2 M NaCl, 25 mM EDTA, 10 mM tris HCl
ph 8, RNasi 20 mg/mL). Following incubation at 37°C for 60 min, proteinase K (20 mg/mL)
was added, and then incubated at 50°C for 60 min. The tube was centrifugated at 13,000 rpm
for 10 min, and the supernatant was recovered and precipitated in cold 100% ethanol. The
DNA was washed with 70% ethanol, dried, and re-suspended in molecular grade water.
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LAMP assay
The LAMP primers were designed using the program PrimerExplorer V413 based on the
intergenic spacer region (IGS) of An. gambiae and An. arabiensis 28S rDNA sequences. The
LAMP reactions were carried out using the loopamp DNA amplification kit, following
manufacturer’s recommended procedures (Eiken Chemical Co., Tokyo, Japan). Briefly, 2 µL
of genomic DNA (about 5 to 10 ng) were placed in a reaction tube along with 12.5 µL of
reaction buffer, 5 pmol of F3 and B3 primer, 40 pmol of BIP and FIP primers, 1 µL of Bst
DNA polymerase, and 1 µL of fluorescent reagent calcein. Molecular grade water was added
to reach a final volume of 25 µL. Reaction tubes were placed under isothermal conditions, at
63°C for 1 hr, followed by 5 min at 80°C to inactivate the enzyme. The color of the final
amplification product was inspected visually: a positive amplification shows a turbid yellow
liquid, whereas in the absence of amplification, the reaction mixture retains a clear orange-
like color.9 We first tested the specimen using An. gambiae specific primers, and then
repeated the reaction using An. arabiensis -specific primers. If a specimen were amplified by
both An. gambiae -specific primers and An. arabiensis -specific primers, the specimen was
recorded as “hybrid.” When a sample was identified as hybrid, the LAMP reaction was
repeated two other times with each set of primers to confirm the result.

To reduce the costs associated with LAMP amplification, we performed the LAMP assays
using reduced reaction volumes: reduction by half (12.5 µL final volume) and by two-thirds
(8.3 µL final volume) from the original 25 µL reaction. The concentration of the primers was
maintained at 40 pmol for FIP/BIP and 5 pmol for F3/B3.

rDNA-PCR for species identification
To determine the specificity and the sensitivity of the LAMP method, we compared the
species identity results from the LAMP method with the rDNA-PCR method6 for mosquito
samples collected in Asembo (N = 23) and Iguhu (N = 124). The rDNA-PCR method is the
most frequently used method for species diagnosis of mosquitoes of the An. gambiae
complex. It is based on a PCR reaction involving primers designed on the IGS 28S rDNA
sequence: one primer is species-specific, the other is based on a sequence conserved among
the species of the complex.6 Gel electrophoresis of the resulting PCR product allows the
identification of the species based on a different size for the PCR fragments: An. gambiae
DNA generates a PCR fragment of 390 bp, An. arabiensis a fragment of 310 bp.6 The
original rDNA-PCR protocol did not include An. bwambae, which was shown later to
harbor enough polymorphism in the same IGS 28S rDNA region to allow the design of a
species-specific primer.14 The hybrids identified by the rDNA-PCR method were repeated
three times to confirm the diagnosis result. The specificity and the sensitivity of the LAMP
method were calculated using the rDNA-PCR method as the “gold standard.”15,16

RESULTS
LAMP primer design and amplification using laboratory-reared mosquitoes

Using the PrimerExplorer V4 program, we designed LAMP primers to encompass the IGS
region of the 28S rDNA gene of An. gambiae and An. arabiensis, previously shown to
harbor species-specific polymorphism6 (Table 1). The forward outer primer (F3) and
backward outer primer (B3) were designed to contain two point mutations each. The FIP and
the BIP contain seven point mutations and an insertion/deletion of three bases. The LAMP
amplification of An. gambiae and An. arabiensis uses two separate sets of primers (Table 1).

We tested the utility of the designed LAMP primers and amplification protocol using DNA
samples from laboratory-reared mosquitoes (An. gambiae G3 and An. arabiensis Dongola
strains). Results of this test confirmed that the primers designed on the IGS 28S rDNA
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sequence of An. gambiae work exclusively on An. gambiae DNA, and did not amplify An.
arabiensis DNA (Figure 1B). Similarly, the primers designed for An. arabiensis specifically
amplified An. arabiensis DNA, but not An. gambiae (Figure 1A).

To reduce the amount of reagents for LAMP reaction, we compared three volumes of LAMP
reactions (25, 12.5, and 8.3 µL final volumes). We found that reducing LAMP reaction
volume has no impact on the ability to distinguish the two species (Figure 2). Consequently,
the lowest volume (8.3 µL) was adopted for LAMP method validation with field collected
An. gambiae s.l. mosquitoes.

LAMP method specificity and sensitivity on field-collected mosquitoes
A total of 147 An. gambiae s.l. mosquitoes, 23 from Asembo Bay and 124 from Iguhu were
tested. Results of the LAMP-based species identification assay are summarized in Table 2.
Out of the 147 mosquitoes tested, 18 mosquitoes were identified as An. arabiensis (14 from
Asembo Bay, 4 from Iguhu); 108 as An. gambiae (1 from Asembo Bay, 107 from Iguhu);
and 12 as hybrid between An. gambiae and An. arabiensis (1 from Asembo Bay, 11 from
Iguhu). Nine mosquitoes (7 from Asembo Bay, 2 from Iguhu) showed no amplification with
either primer sets. The number of mosquitoes that were not amplified by the LAMP method
was the same as that with the conventional rDNA-PCR species identification method, with
the exception of three samples from Asembo Bay that were identified as hybrids by the
rDNA-PCR method (Table 2).

To assess the specificity and the sensitivity of the LAMP-based species identification
method, all 147 field caught mosquitoes were subjected to the conventional rDNA-PCR
species identification method.6 For samples from Asembo Bay, results from the two
methods were congruent, with the exception that three specimens identified as hybrids
between An. gambiae and An. arabiensis by the rDNA-PCR method showed no
amplification by the LAMP method. In Iguhu, results were consistent between the two
methods except that 8 out of 118 samples, which scored as An. gambiae by the rDNA-PCR
method, were identified as An. gambiae / An. arabiensis hybrid by the LAMP. In
comparison to the rDNA-PCR method, the LAMP method showed a sensitivity between
0.93 and 1.00, and a specificity of 1.00 (Table 2). Overall, the two methods yielded similar
species composition for the two sites (G = 4.80, degrees of freedom [df] = 3, two-tailed test,
P = 0.19).

Because An. gambiae s.l. mosquito head is often used for Plasmodium falciparum sporozoite
detection and abdomen for bloodmeal analysis, mosquito leg is the preferred body part for
species identification. We therefore tested whether mosquito leg is sufficient for species
diagnosis by the LAMP method. The DNA from a single mosquito leg and from the
remaining body carcass was extracted using the second method described previously. Even
though the LAMP products from the single mosquito leg were slightly fainter than the ones
from the remaining body carcass, mosquito species can be determined with certainty (Figure
3). Therefore, a single mosquito leg is sufficient for LAMP-based An. gambiae and An.
arabiensis species diagnosis.

DISCUSSION
The An. gambiae species complex comprises seven morphologically indistinguishable
species, of which only An. gambiae and An. arabiensis are the principal malaria vectors in
sub-Saharan Africa; the other five species (Anopheles melas, Anopheles merus, Anopheles
bwambae, and Anopheles quadriannulatus species A and B) have limited geographic
distribution or are not competent malaria vectors.2,7,8,17–20 It is on this basis that the present
study focused on developing a rapid and field applicable diagnostic method for An. gambiae
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and An. arabiensis. The LAMP method was based on the 28S rDNA gene sequences
previously shown to harbor point mutations and insertions/deletions among An. gambiae,
An. arabiensis, An. melas, An. merus, An. quadriannulatus, and An. bwambae.6,14 Because
the LAMP method requires four primers that recognize six different regions of the target
DNA, it is supposed to be extremely specific.9 Consequently, based on the expected
specificity of the LAMP amplification and the fact that the IGS region of the 28S rDNA was
shown to contain enough polymorphism to allow the PCR-based identification of the
members of the An. gambiae species complex,6–8,14 it is very unlikely that the LAMP
primers here described for the identification of An. gambiae and An. arabiensis will also
amplify other members of the An. gambiae species complex.

The major difference between the LAMP and the rDNA-PCR methods is that the LAMP
method does not require a thermocycler and does not require gel electrophoresis. The
LAMP-based diagnostic method is performed under isothermal conditions (e.g., in a water
bath), and is completed within 65 minutes. Furthermore, the species identity results can be
determined visually based on the turbidity and the color of the reaction mixture. During the
LAMP amplification, large amounts of pyrophosphate ions are generated leading to a white
precipitant that can be directly visualized.9 To facilitate the discrimination between positive
and negative LAMP results, the fluorescent dye calcein can be used as in the present
study.10 When calcein is added to the reaction mixture, the positive LAMP products appear
turbid yellow-green, whereas the negative retain a clear orange-like color.

We showed a high sensitivity of the LAMP-based species diagnosis method. In comparison
to the rDNA-PCR method for An. gambiae s.l. species diagnosis, the LAMP method
exhibited a sensitivity of 0.93 and a specificity of 1.0 for An. gambiae; for An. arabiensis
sensitivity and specificity were both 1.0. The discrepancy between the LAMP method and
rDNA-PCR method was in the detection of An. gambiae / An. arabiensis hybrids, with the
number of hydrids detected by the two methods being substantially different for the Iguhu
samples (Table 2). In nature, hybrids have been observed at a very low rate.21 However, the
present study found a quite high proportion of hybrids by the two methods (8.2% by LAMP
method and 4.8% by rDNA-PCR method). Because the hybrids were confirmed by repeating
both methods three times, the high proportion of hybrids in the population is not likely
caused by contaminations or misidentification. Overall, the two methods detected a similar
species composition in the two study sites. Similar to the rDNA-PCR method, the LAMP
assay can detect species identity when DNA from a single mosquito leg is used. Thus, other
body parts of a mosquito can be used for other tests, such as head for sporozoite infection
and abdomen for bloodmeal source test.

We estimate that the material cost for one LAMP reaction based on the current price for the
loopamp DNA amplification kit by the manufacturer (Eiken Chemical Co.) is about 1.6 US
dollars per reaction if 8.3 µL final reaction volume is used. Additionally, it has been
suggested that purchasing the chemicals for the LAMP reaction separately, rather than in kit
form, will reduce the overall cost of the LAMP reaction to less than one dollar.22 Recently,
the LAMP method was successfully applied to the identification of oocysts and sporozoites
of Plasmodium berghei in Anopheles stephensi mosquitoes.23 This report, along with
modern advancements of the LAMP technique toward the simultaneous detection of two
amplicons in a single reaction24 further enhance the feasibility and convenience for field
application of the LAMP method for mosquito species diagnosis, and detection of P.
falciparum sporozoites simultaneously.
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Figure 1.
LAMP method for Anopheles gambiae and Anopheles arabiensis species diagnosis. A,
LAMP reaction using An. arabiensis -specific primers; and B, LAMP reaction using An.
gambiae -specific primers. Tubes 1–3: DNA samples from three An. arabiensis Dongola
individuals; Tubes 4–6: DNA samples from three An. gambiae G3 individuals. Tube 7:
negative control with water as a template. Positive samples are shown with a turbid yellow
liquid, with a white precipitate (tubes 1–3 in panel A and tubes 4–6 in panel B) that results
from amplification success. A clear orange-like liquid (tubes 4–7 in panel A and tubes 1–3
and tube 7 in panel B) indicates lack of LAMP amplification. This figure appears in color at
www.ajtmh.org.
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Figure 2.
Effects of LAMP reaction volumes on the ability of Anopheles gambiae species diagnosis.
One An. gambiae mosquito collected from Iguhu, Kakamega was used as template for all
reactions. A, 25 µL final reaction volume; B, 12.5 µL final reaction volume; and C, 8.3 µL
final reaction volume. Tube 1: LAMP reaction using An. arabiensis- specific primers; and
tube 2: LAMP reaction using An. gambiae -specific primers. A turbid yellow liquid (tube 2)
indicates positive amplification, whereas a clear orange-like liquid (tube 1) shows lack of
application. No difference in the ability to diagnose An. gambiae species was detected
among the LAMP reactions with different volumes. Please note the white precipitate
(pyrophosphate ions) generated by the LAMP reaction in the bottom of the tube. This figure
appears in color at www.ajtmh.org.
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Figure 3.
LAMP-based Anopheles gambiae and Anopheles arabiensis identification using template
DNA from a single mosquito leg and whole body. LAMP assay using An. arabiensis -
specific primers (tubes 1–4) and An. gambiae -specific primers (tubes 5–8). Tubes 1 and 5:
negative controls using water as template; tubes 2 and 6: the positive controls using DNA
extracted by Promega Wizard Genomic DNA purification kit (Promega, Madison, WI) from
the whole body of An. arabiensis Dongola and An. gambiae G3, respectively; tube 3: single
leg of An. arabiensis Dongola; tube 4: whole body of An. arabiensis Dongola; tube 7: single
leg of An. gambiae G3; and tube 8: whole body of An. gambiae G3. Tubes with a turbid
yellow liquid, with a white precipitate, indicate positive amplification (tubes 2–4 and 6–8),
and those showing a clear orange-like liquid indicate lack of LAMP amplification (tubes 1
and 5). This figure appears in color at www.ajtmh.org.
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Table 1

Primer sequences of the LAMP-based Anopheles gambiae and Anopheles arabiensis species identification
method

Species Primer Sequence (5′-3′)

An. gambiae F3 ACGTAACACTAGTGAGCTTGTC

B3 CCACCTCGACACACGACG

FIP GGTGTGTAAGCTTACTGGTTTGGTGCGTGCCTCGTTCTCGA

BIP ATAAGTTAATCCGTTTGGGCCGGTAACCGAACATGGTCAACAACA

An. arabiensis F3 AGGACACTTAACACTAATGAGC

B3 CTCGACACACGACCTGTT

FIP CGAGCATGTGTAAGCTTACTGGTTCTCGACTTGATTGTCTTGATG

BIP AGTTGTATAAGTTGACCCGTTTGGCAACCGAACATGGTCAACACC
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Table 2

Sensitivity and specificity of the LAMP-based Anopheles gambiae and Anopheles arabiensis species
identification method, in comparison to the conventional rDNA-polymerase chain reaction (PCR) method

No. mosquitoes (Asembo Bay, Iguhu) Sensitivity Specificity

Species LAMP method rDNA-PCR (95% CI)* (95% CI)*

An. gambiae 108 (1, 107) 116 (1, 115) 0.93 (0.87–0.96) 1.0 (0.89–1.00)

An. arabiensis 18 (14, 4) 18 (14, 4) 1.0 (0.82–1.00) 1.0 (0.97–1.00)

Hybrid 12 (1, 11) 7 (4, 3)

Not amplified 9 (7, 2) 6 (4, 2)

Total 147 (23, 124) 147 (23, 124)

*
95% CI refers to 95% confidence interval.
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