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Abstract. The incidence of zoonoticmalaria,Plasmodium knowlesi, infection is increasing and now is themajor cause
ofmalaria inMalaysia. Here, we describe aWarmStart colorimetric loop-mediated isothermal amplification (LAMP) assay
for the detection of Plasmodium spp. The detection limit for this assay was 10 copies/μL for P knowlesi and Plasmodium
ovale and 1 copy/μL for Plasmodium falciparum, Plasmodium vivax, and Plasmodiummalariae. To test clinical sensitivity
and specificity, 100microscopy-positive and 20malaria-negative sampleswere used. TheWarmStart colorimetric LAMP
was 98% sensitive and 100% specific. Amplification products were visible for direct observation, thereby eliminating the
need for post-amplification processing steps. Therefore, WarmStart colorimetric LAMP is suitable for use in resource-
limited settings.

INTRODUCTION

Malaria continues to be one of the important parasitic in-
fections in Malaysia despite massive investments of man-
agement time and money. Most of the malaria cases are
caused by Plasmodium knowlesi infection, especially in
Malaysian Borneo. Microscopic examination of blood smears
is referred to as the gold standard, although this test is less
sensitive than molecular diagnostic methods.1 However, it
requires experienced and well-trained personnel to distin-
guish parasites accurately. To overcome the deficiency in
microscopy examination,molecularmethods arewidely used.
PCR is highly specific and sensitive; however, it requires ex-
pensive equipment and polymerase chain reaction (PCR) re-
agents that are challenging to acquire in low-resource
settings.

MATERIALS AND METHODS

In an attempt to mitigate this weakness, loop-mediated
isothermal amplification (LAMP) has been developed.2 Loop-
mediated isothermal amplification is a simple and rapid de-
tection method that can synthesize a large amount of DNA
within 60 minutes without the need for complicated and ex-
pensive equipment.
The WarmStart colorimetric LAMP reagent is designed to

allow for the visual detection of LAMP products by direct
observation. The inclusion of pH-sensitive dye phenol red in
themastermix fosters color changes frompink to yellow color
if a positive reaction occurs.Onpositive amplification, protons
are produced because of the drop in pH in the solution,
resulting in a color change. The whole LAMP reaction can be
processed using simple equipment, such as a heating block.
In this study, a total of 100 blood samples collected in

ethylenediaminetetraacetic acid blood tubes (n = 85) and
blood spots (n = 15) were obtained from Sabah and Sarawak
State Health Department. The samples were collected from
the years 2017 to 2019. DNA was extracted from blood spots
and whole blood using the DNeasy® Blood and Tissue Kit

(Qiagen, Hilden, Germany) according to the manufacturer’s
protocol. The samples were previously examined under a
microscope before DNA extraction. Ethical approval was
obtained from theMedical Research and Ethics Committee of
the Ministry of Health Malaysia (NMRR-15-672-23975) and
the Medical Ethics Committee of the University of Malaya
Medical Centre (MEC Ref. No. 817.1). Species identification
was carried out by nested PCR targeting the Plasmodium
small subunit ribosomal RNA gene.3,4

The WarmStart colorimetric LAMP assay was conducted
using the primers targeted on the 18S rRNA gene that has
been described by Lau et al.5 The LAMP assaywas performed
in a 25-μL reaction mixture that consisted of 12.5 μL of
WarmStart colorimetric LAMP 2× master mix (NEB, Ipswich,
United Kingdom) at 65�C in a LoopampRealtime Turbidimeter
(LA500; EikenChemical Co., Ltd., Tokyo, Japan). The reaction
was performed in separate reaction tubes for each Plasmo-
dium species (P. knowlesi, Plasmodium ovale, Plasmodium
vivax, Plasmodium falciparum, and Plasmodium malariae).
To test the analytical sensitivity of the WarmStart colori-

metric LAMP primer, fragments amplified by outer LAMP pri-
mers for each of the species were cloned into pGEM-T vector
(Promega, Madison, WI). The recombinant plasmids were
extracted using the Qiagen Spin Miniprep kit (Qiagen, Hilden,
Germany) and sent for sequencing to validate their identity. To
determine the limit of detection of the colorimetric LAMP
primer, the copy number of the plasmid was calculated based
on the following formula: number of copies = (amount of
plasmid [ng] × 6.022 × 1023)/(length of plasmid [bp] × 1 × 109 ×
650). A 10-fold serial dilution of the plasmid (106 copies to one
copy) was performed with sterile distilled water. To detect the
sensitivity of the WarmStart colorimetric LAMP assay, 1 μL of
each of the dilutedDNAplasmidswas used as the template. In
theworkpresentedhere, thedetection limit forP. knowlesiand
P. ovalewas10copies,whereas thedetection limit forP. vivax,
P. falciparum, and P. malariae was as low as 1 copy. Loop-
mediated isothermal amplification was repeated twice for
each of the dilutions. The limit of detection of the WarmStart
colorimetric LAMP assay was lower than that of nested PCR,
which had a detection limit of 100 copies for P. knowlesi and
P. ovale and 10 copies for P. vivax and P. malariae,5 well less
than the threshold of detection for microscopy with ∼50 par-
asites/μL.6
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The specificity of the WarmStart colorimetric LAMP assay
was tested using DNA templates from non-Plasmodium par-
asites, including one Toxoplasma gondii, two Sarcocystis
spp., and five Brugia spp. samples. The results show that the
specificity was 100%.
The clinical sensitivity and specificity of nestedPCRand the

WarmStart colorimetric LAMP assay were evaluated using
100 blood samples (parasitemia ranged from 0.1% to 3.6%)
and 20 healthy donors, with microscopy as the reference
method. Sensitivity was calculated as follows: (number of true
positives)/(number of true positives + number of false nega-
tives), and specificity was calculated as follows: (number of
true negatives)/(number of true negatives + number of false
positives). The WarmStart colorimetric LAMP assay did not
detect any of the negative DNA samples. It was 98% sensitive
and 100% specific (Table 1).

RESULTS

Loop-mediated isothermal amplification sensitivity and
specificity were the same for DNA isolated from blood or dried
blood spots. Samples could be collected in the form of blood
spots on a filter paper or in a blood tube. In the present study,
seven samples were identified as Plasmodium malaraie and
one sample as P. ovale based onmicroscopy; however, these
samples were detected as P. falciparum via both WarmStart
colorimetric LAMP and nested PCR. Apart from this, one
P. vivax–positive sample based on microscopy was detected
asP. knowlesi via both colorimetric LAMPand nestedPCR.Of
100 samples, two samples were identified as P. knowlesi and
P. vivax, respectively, based on microscopy but negative via
both WarmStart colorimetric LAMP and nested PCR.

Compared with microscopy, nested PCR revealed 94%
sensitivity and 100% specificity. The WarmStart colorimetric
LAMP assay exhibited higher sensitivity (98%) than nested
PCR (Table 1). Furthermore, theWarmStart colorimetric LAMP
assay managed to detect 98 samples (42 P. knowlesi, three
P. ovale, 19 P. vivax, 18 P. falciparum, and 16 P. malariae),
whereas nested PCR only detected 94 positive samples (38
P. knowlesi, threeP.ovale, 19P. vivax, 18P. falciparum, and16
P.malariae). Four sampleswere identifiedasP. knowlesiunder
microscopy but were negative for nested PCR. However, the
WarmStart colorimetric LAMPassaymanaged to identify these
four samples as P. knowlesi. This shows that the WarmStart
colorimetric LAMP assay was more sensitive over nested PCR
for P. knowlesi. However, for other species, LAMP and nested
PCR showed similar results for sensitivity and specificity
(Table 2).

DISCUSSION

WarmStart colorimetric LAMP monitoring relies on color
changes of the endproduct, hence eliminating laborious post-
amplification work, such as gel electrophoresis and ethi-
dium bromide gel staining. In addition, the pH indicator dye
was included in the reaction mixture beforehand during
manufacturing, thereby avoiding the additional dye for end
products after amplification. The cap of the tube was not
opened and, subsequently, this helped reduce the airborne
aerosol being released into the surrounding areas, which
can contribute to contamination. In the present study,
positive and negative reactions were indicated by a yellow
and pink color, respectively. The color change can signifi-
cantly differentiate positive and negative reactions. Addi-
tional fluorescent intercalating dyes (such as SYBR Green
(Sigma-Aldrich, St. Louis, MO) and PicoGreen) along with
colorimetric HNB dye (Sigma-Aldrich) being added to the
reaction mix has also been widely used. However, the re-
sults were subjective to individual eyes as the color changes
between the positive and negative reactions were not
significant.7,8 These two studies revealed that the color
changes based on SYBR and HNB were not significantly
distinguishable. To minimize the volume of the WarmStart
colorimetric LAMPbuffer, a different total reaction volume of
15 μL, 20 μL, and 25 μL was tested. By setting up a similar
reaction amplification temperature and timing, the results
show no difference among 15 μL, 20 μL, and 25 μL. Thus,
only 7.5 μL of the 2× master mix was needed per reaction.

TABLE 1
Overall sensitivity and specificity of the nested PCR and LAMP assay

Method P. knowlesi P. ovale P. vivax P. falciparum P. malariae
Healthy
donor

Overall sensitivity,
% (95% CI)

Overall specificity,
% (95% CI)

Microscopy
Positive 42 4† 21* 10 23† 0 – –

Negative 0 0 0 0 0 20 – –

Nested PCR
Positive 37 + 1* 3 19 10 + 8† 16 0 94 (87.4–97.8) 100 (83.2–100)
Negative 5 0 1 0 0 20 – –

LAMP
Positive 41 + 1* 3 19 10 + 8† 16 0 98 (92.9–99.8) 100 (83.2–100)
Negative 1 0 1 0 0 20 – –

LAMP= loop-mediated isothermal amplification;P. falciparum=Plasmodium falciparum;P.malariae=Plasmodiummalariae;P. knowlesi=Plasmodiumknowlesi;P. ovale=Plasmodiumovale;P.
vivax = Plasmodium vivax.
* One P. vivaxmicroscopy-positive sample was detected as P. knowlesi by both LAMP and PCR.
†Seven P. malariae and one P. ovale microscopy-positive samples were detected as P. falciparum by both LAMP and PCR.

TABLE 2
Sensitivity and specificity of the nestedPCRandLAMPassay for each
of the species

Plasmodium spp. Method Sensitivity, % (95% CI) Specificity, % (95% CI)

Plasmodium
knowlesi

Nested PCR 88.1 (74.4–96) 98.7 (93.1–99.9)
LAMP 97.7 (87.4–99.9) 98.7 (93.1–99.9)

Plasmodium
ovale

Nested PCR 75 (19.4–99.4) 100 (96.9–100)
LAMP 75 (19.4–99.4) 100 (96.9–100)

Plasmodium
vivax

Nested PCR 90.5 (69.6–98.8) 100 (96.3–100)
LAMP 90.5 (69.6–98.8) 100 (96.3–100)

Plasmodium
falciparum

Nested PCR 100 (69.2–100) 92.7 (86.2–96.8)
LAMP 100 (69.2–100) 92.7 (86.2–96.8)

Plasmodium
malariae

Nested PCR 69.6 (47.1–86.8) 100 (69.2–100)
LAMP 69.6 (47.1–86.8) 100 (96.3–100)

LAMP = loop-mediated isothermal amplification.
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Subsequently, the cost per reaction can be saved. Using
similar reagents, Baek et al.9 prepared a total 10-μL reaction
volume for each reaction during the detection of thrombo-
cytopenia syndrome virus. The result shows no difference
with the commonly used 25-μL total reaction.
There is still some room for improvement in terms of the

WarmStart colorimetric LAMP. Thismethod cannot be used to
detect multiple pathogens at the same time. Further im-
provement of this method may allow simultaneous detection
of five human Plasmodium spp. Addition of different labels,
such as Cy3, Cy5, FITC, ROX, and Texas Red, to the loop
primers of each species results in the amplified DNA product
emitting fluorescence at different wavelengths for the re-
spective species.

CONCLUSION

WarmStart colorimetric LAMP assay is a robust method for
the detection of human Plasmodium spp. This technique re-
quires 30 minutes to complete the whole amplification pro-
cess and shows higher sensitivity than nested PCR. The
results of WarmStart colorimetric LAMP can be inspected
easily by direct observation without additional color dye being
added to the reaction tube at the end of the amplification. The
risk of contamination can be reduced as detection is accom-
plished within a closed system without opening the reaction
tube. Therefore, the WarmStart colorimetric LAMP assay has
potential for use in resource-limited settings.
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