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Abstract: Artemisinin resistance (ART) has been confirmed in Greater Mekong Sub-region countries. Currently, C580Y
mutation on Pfkelch13 gene is known as the molecular marker for the detection of ART. Rapid and accurate detection of
ART in field study is essential to guide malaria containment and elimination interventions. A simple method for collection
of malaria-infected blood is to spot the blood on filter paper and is fast and easy for transportation and storage in the field
study. This study aims to evaluate LAMP-SNP assay for C580Y mutation detection by introducing an extra mismatched
nucleotide at the 3’ end of the FIP primer. The LAMP-SNP assay was performed in a water bath held at a temperature of
56°C for 45 min. LAMP-SNP products were interpreted by both gel-electrophoresis and HNB-visualized changes in color.
The method was then tested with 120 P. falciparum DNA from dried blood spot samples. In comparing the LAMP-SNP
assay results with those from DNA sequencing of the clinical samples, the 2 results fully agreed to detect C580Y. The
sensitivity and specificity of the LAMP-SNP assay showed 100%. There were no cross-reactions with other Plasmodium
species and other Pfkelch13 mutations. The LAMP-SNP assay performed in this study was rapid, reliable, and useful in

detecting artemisinin resistance in the field study.
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INTRODUCTION

There are 87 countries in tropical and sub-tropical regions
of the world suffering the tremendous malaria burden where
an estimated 219 million cases and 435,000 related deaths oc-
cur every year. The most prevalent malaria parasite is P. falci-
parum, found in Africa, Western Pacific, Eastern Mediterranean,
and Southeast Asia [1]. Since 2001, the World Health Organi-
zation had recommended artemisinin combination therapy
(ACT) for uncomplicated falciparum malaria treatment. P. fal-
ciparum strains resistant to artemisinin were reported in west-
ern Cambodia [2] since 2009, where they have spread to other
parts of Southeast Asia, especially Greater Mekong Sub-region
countries (GMS) [3,4]. In Thailand, ACT resistant P. falciparum
is established markedly in joining border areas, for which it
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has subsequently responded by changing the drug policy from
artesunate-mefloquine to dihydroartemisinin-piperaquine in
2015 [1]. The molecular marker associated with delayed para-
site clearance was the single nucleotide polymorphisms
(SNPs) in the Kelch13 propeller domain of P. falciparum gene
(Pfkelch13) [5]. More than 20 SNPs of the Pfkelch13 gene asso-
ciated with artemisinin resistance have been identified in
Southeast Asia [6-8], and at least 12 of the Pfkelch13 SNPs
emerged locally in the GMS. C580Y is one of the SNPs strong-
ly associated with artemisinin resistance, and it has reached a
state of fixation in many parts of the GMS, especially Cambo-
dia, Thailand, and Myanmar [9]. Polymerase chain reaction
(PCR) amplification followed by Sanger sequencing is the
commonly used technique to confirm C580Y mutation. How-
ever, these techniques are not suitable in malaria-endemic ar-
eas, particularly in developing countries, due to their high cost
requiring sophisticated laboratories. They are also not suitable
for field-based study. The LAMP assay is a rapid and relatively
simple technique to amplify the nucleic acids and detect SNP
while not requiring sophisticated equipment. Loop-mediated
isothermal amplification (LAMP) and single nucleotide poly-
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morphism (SNP) or LAMP-SNP assay has been successful in
detecting SNP in Pfrt gene for chloroquine resistance (K76T)
[10] and Pfdhfr gene for pyrimethamine resistance (N51I) [11]
and other organisms [12-16]. Recently, 2 studies had success-
fully detected C580Y using LAMP assay, but special devices
were required in those studies. MinION nanopore sequencer
and other expensive tools [17] were not suitable for a field
study. In addition, the detection of fluorescence color change
[18] requires adding a dye after completing the reaction. Thus,
there is a potential concern for carry-over contamination of
amplification products. In the current study, we present the
LAMP-SNP assay to detect C580Y mutation among the sam-
ples from a field study, comparing the result with those from
DNA sequencing. The method was simple, efficient, and only
required an instrument with a constant incubation tempera-
ture under isothermal conditions. The metal-ion indicator, hy-
droxynaphthol blue (HNB), was incorporated into the LAMP
mixture before incubation. The amplification is to be complet-
ed without opening the tube and the color change from violet
to sky blue can be visualized immediately. This method could

be used for a diagnosis of artemisinin resistance during the
field-work.

MATERIALS AND METHODS

Ethical statement

The study obtained ethical approval from the Research Eth-
ics Committee of Faculty of Medicine, Prince of Songkla Uni-
versity (REC60-096-19-2).

Sample collection and Deoxyribonucleic Acid Extraction
A total of 120 P. falciparum dried blood spots were collected
between 2012 and 2017 from the malaria clinics at the Office
of Disease Prevention and Control 11 and 12, Thailand. The
samples covered the southern provinces of Thailand, such as
Chumphon, Ranong, Phang-nga, Suratthani, and Yala prov-
inces. The blood samples (approximately 50-80 pl) were col-
lected by finger-prick on filter paper (Whatman 3MM, GE
Healthcare, UK). They were positive for P. falciparum, and the
geometric mean of the parasite density using the assumed
WBCs (8,000/pl of blood) was 12,756 parasites/pl (95% CI,
67-200,000 parasites/ul). Individual samples were stored in
their plastic bags at room temperature and sent to the Faculty
of Medical Technology, Prince of Songkla University, Thailand.
According to the manufacturer's instructions, DNA isolation

was performed by a QIAamp DNA Blood Mini Kit (QIAGEN
GmbH, Hilden, Germany). Genomic DNA was eluted into
100 pl of PCR-grade water and kept at -20°C until processing.

Amplification of Pfkelch13 gene and Sequencing

This study used 120 samples; Khammanee et al. [19] had
performed the DNA sequencing of the 104 of these samples
while the rest 16 samples were received from the Office of Dis-
ease Prevention and Control, Thailand, between 2013-2014.
Detection of Pfkelchi3 propeller gene and sequencing of clini-
cal dried samples used in this study have been previously de-
scribed in Khammanee et al. [19]. Briefly, the first round of
PCR amplification used a primer pair K13-1F/K13-2283R. The
size of the PCR product was 2,283 bp. For the second round
of PCR amplification, 3 amplicons were performed on the first
PCR product, consisting of 3 pairs of oligonucleotide primers
that bind to the different target sequences. The product sizes
were 781, 917, and 786 bp from amplification with primer pairs
K13-1F/K13¢694-R, K13c621F/K13c1538R, and K13c1344F/
K13c2129R, respectively. The total reaction mixture in the first-
round PCR was 25 y1l, and the second-round was 100 pl. Each
PCR mixture contained 10x buffer, 2 mM MgCl,, and 0.25
M each of the primers, 0.25 mM each of ANTPs, 0.5 units of
Platinum Taq DNA polymerase (Invitrogen Life Technologies,
Carlsbad, California, USA), and 3 pl of genomic DNA tem-
plate or 5 pl of PCR product of the first-round PCR in the sec-
ond-round PCR. A total of 30 PCR cycles for the first round
PCR and 35 cycles for the second round PCR were undertaken
using Eppendorf Master Cycler (Eppendorf AG, Hamburg,
Germany). The temperature cycles consisted of pre-denatur-
ation at 94°C for 5 min followed by 94°C for 1 min, 58°C for 1
min in the first round PCR and 2 min in the second-round
PCR, 72°C for 2 min, and a final extension at 72°C for 10 min.
DNA template from the 3D7 strain was used as a positive con-
trol and sterile distilled water as a template for a negative con-
trol in each PCR reaction. DNA sequencing was performed by
Macrogen (South Korea). Multiple nucleotide sequence align-
ments were analyzed with BioEdit version 7.1.3.0, using 3D7
strain of P. falciparum (GenBank accession number: PF3D7_
1343700) as a reference to detect C580Y mutations in the gene.

Preparation of plasmid DNA as LAMP-SNP C580Y
positive control

In this study, DNA fragments carrying C580Y were cloned
into the pGEM®-T Easy vector (Promega Corporation, Madi-



Khammanee et al.: Pfkelch13 C580Y detected by LAMP-SNP assay 17

son, Wisconsin, USA) to generate recombinant plasmids
PGEMPfkelch13*®", The Escherichia coli ]M109 carrying recom-
binant plasmid was inoculated in 5 ml of LB broth containing
ampicillin resistance and incubated at 37°C overnight with
shaking. The recombinant plasmids were purified using the
GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA) and checked by sequencing
(Macrogen, Korea). Optimization of LAMP reactions used the
recombinant plasmids of pGEMPfkelch13%*Y as a positive
control.

A F3

Optimization of LAMP-SNP C580Y detection

LAMP primers in the study were designed using the Primer
Explorer v4 (https://primerexplorer.jp/lamp4.0.0/index.html)
and were shown in Supplementary Table S1. The structure and
their complementary region of LAMP-SNP primers with C580Y
mutation were targeted on the DNA sequence, as shown in
Fig. 1. The primer set consisted of 4 primers and recognized 6
distinct regions on the Pfkelch13 gene. The outer primers were
F3 and B3 primers recognized at nucleotide positions 1686-
1704 and 1938-1956. The product size was 271 bp. Flc and
F2 represented a forward inner primer (FIP) and Blc and B2

F2

C580Y ATCGTATGAAAGCATGGGTAGAGGTGGCACCTTTGAATACCCCTAGATCATCAGCTATGTATGTTGCTTTTGATAATAAA
WT ATCGTATGAAAGCATGGGTAGAGGTGGCACCTTTGAATACCCCTAGATCATCAGCTATGTGTGTTGCTTTTGATAATAAA

Flc

C580Y ATTTATGTCATTGGTGGAACTAATGGTGAGAGATTAAATTCTATTGAAGTATATGAAGAAAAAATGAATAAATGGGAACA
WT  ATTTATGTCATTGGTGGAACTAATGGTGAGAGATTAAATTCTATTGAAGTATATGAAGAAAAAATGAATAAATGGGAACA

Blc

B2

C580Y ATTTCCATATGCCTTATTAGMécTAGAAGTTCAGGAGCAGCTTTTAATTAECTTAATCAAATATATG TTGTTGGAGGTATT
WT  ATTTCCATATGCCTTATTAGAAGCTAGAAGTTCAGGAGCAGCTTTTAATTACCTTAATCAAATATATGTTGTTGGAGGTATT

B3

C580Y GATAATGAACATAACATATTAGATTCCGTTGAACAATATCAACCATTTAATAAAAGATGGCAATTTCTAAATGGTGTACC
WT  GATAATGAACATAACATATTAGATTCCGTTGAACAATATCAACCATTTAATAAAAGATGGCAATTTCTAAATGGTGTACC

C580Y
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Fig. 1. Sequence alignment of part of the Pfkelch13 gene and schematic representation of LAMP-SNP primers used in the study. (A) Par-
tial Pfkelch13 gene alignment between Pfkelch13 C580Y mutation and Pfkelch13 wild type sequence and location of primers, FIP (F1c-
F2), BIP (B1c-B2), F3, and B3. The PCR amplification obtained from F3 and B3 was inserted into the plasmid. The mutated nucleotide of
artemisinin resistance is shown in bold type, G for the wild type, and A for the Pfkelch13 C580Y mutation. (B) Schematic representation of
the Pfkelch13 C580Y mutation LAMP-SNP primers. For C580Y mutation detection, a single nucleotide changed from guanine to adenine
(TGT>TAT). This study was constructed of FIP primer as a specific primer with the mutation at the 3’ end of the primer and one mis-
matched nucleotide was added at the penultimate position. LAMP-SNP assay was negative for the Pfkelch13 wild type strain.
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for a backward inner primer (BIP). They are unique in that
they each recognize 2 different regions on the target DNA. To
detect a single nucleotide C580Y (TGT>TAT), the primer FIP
was constructed as a specific primer with the mutation at the 3’
end of the primer with one mismatched nucleotide was added
at the penultimate position as shown in Supplementary Table
S1. The conditions for optimization of LAMP-SNP detection
were various concentrations of parameters, including the con-
centrations of MgSO. (New England Biolabs, Inc. Ipswich,
Massachusetts, USA) (4 to 8 mM), inner primer (1.4 to 1.8
M), outer primer (0.2-0.4 pM) and Bst DNA polymerase
(New England Biolabs, Inc.) (4-10 U). Before amplification,
hydroxynaphthol blue (HNB) (Sigma-Aldrich, St. Louis, Mis-
souri, USA) was added to the reaction mixture at a final con-
centration of 120 pM. The reaction was incubated was at dif-
ferent temperatures and times between 55-60°C for 45-60
min, followed by heating at 80°C for 5 min to inactivate the
reaction. Sterile water was used as a negative control, and a
plasmid carrying pGEMPfkelch135" mutation was a positive
control. The 2 methods, HNB-visualization and gel electro-
phoresis, were used to assess the experiments. The results indi-
cated a positive reaction if the amplification product changes
in color from violet to sky blue. They showed the ladder-like
pattern bands on electrophoresis, whereas for a negative result,
the color remained violet, and there were no LAMP product
bands on the gel.

Assessment of the sensitivity and specificity of LAMP-
SNP C580Y detection

The sensitivity of LAMP-SNP primers was conducted using
the 10-fold dilutions of pGEMPfkelch13%%%, from 5x 10 to
10" copies, and compared with the conventional PCR.

PCR reaction was conducted in a 25 pl total reaction vol-
ume containing 0.25 uM of F3 and B3 primers, 2 mM MgCl,,
0.25 mM of each dNTPs 1U of Taq DNA polymerase (Invitro-
gen Life Technologies) and one il of pGEMPfkelch13%%Y were
added. PCR was performed at 94°C for 5 min, followed by 35
cycles of 94°C for 1 min, 56°C for 1 min, 72°C for 2 min and a
final extension step at 72°C for 5 min. The PCR products were
separated by electrophoresis on a 2% agarose gel and observed
under UV transillumination. LAMP product was determined
by visualizing the HNB post-reaction and running the prod-
ucts on a 2% agarose gel to identify characteristic ladder pat-
terns. The specificity was determined using non-target DNA
templates from Pfkelch13 wild-type, Pfkelch13 P574L muta-

tion, and other Plasmodium species such as P. vivax, . malariae,
and human DNA.

Detection of C580Y mutation in Ptkelch13 gene clinical
specimens

Five pl of DNA isolates from P, falciparum dried blood spots
were performed with LAMP-SNP C580Y detection. The LAMP
product was assessed by observing the color change of HNB
and showing the ladder-like pattern bands on electrophoresis.
Each sample was tested in triplicate.

Data analysis

The LAMP-SNP C580Y detection results were compared
with the results from DNA sequencing, and the detectability of
LAMP-SNP for Pfkelch13 C580Y mutation was measured
against the parasite densities.

RESULTS

DNA sequencing results indicated that 89/120 samples were
wild type and 3 of 89 samples carried point mutations at
P5741, H366L+C447Y+V510G and N554S+1590T, respective-
ly. There were 31/120 samples containing C580Y mutation. All
the DNA samples were subjected to LAMP-SNP assay test.

Optimization, Sensitivity and Specificity assay

The LAMP-SNP assay was carried out at a temperature of 56°C
for 45 min. The reaction used 8 U/tube of Bst DNA polymerase
(New England Biolabs), 5.0 mM Mg*, 1 M betaine (Sigma-Al-
drich) and 0.8 mM dNTPs mix (Thermo Scientific, Vilnius,
Lithuania), respectively. The concentrations of inner and outer
primers were 1.6 pM of each FIP and BIP primers and 0.2 ptM
of each F3 and B3 primers, respectively. The analytical sensitiv-
ity of the LAMP-SNP assay was conducted using the 10-fold se-
rial dilutions of plasmid DNA as a template for the LAMP-SNP
and PCR experiments. The lower detection limit of LAMP-SNP
assay was 50 copies of plasmid, whereas those of the conven-
tional PCR was 500. This result showed that the sensitivity of
LAMP-SNP assay was 10 times higher than that of the conven-
tional PCR detection under the experimental conditions (Fig.
2). The LAMP-SNP assay specificity was examined by testing
Pfkelch13 wild-type, P. vivax, P. malariae, and other Pfkelch13
P574L mutation as well as with the human DNA. The only
plasmid carrying C580Y showed the positive color change
with HNB dye (Fig. 3A) and showed the ladder-like pattern on
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Fig. 2. Sensitivity comparison between LAMP-SNP assay and
conventional PCR using the plasmid contained Pfkelch 135, (A)
LAMP-SNP products were detected base on HNB color change,
(B) Detection of LAMP-SNP products by agarose gel electropho-
resis, (C) Amplified PCR products were visualized by agarose gel
electrophoresis using F3 and B3 primer. In panels A, B and C: M,
100 bp DNA Ladder (Thermo Scientific); Lanes 1-9: 5x 107 to
5x10-1 copies of 10-fold serial dilutions of purified plasmid DNA
contained Prkelch13°%8%, Lane 10: No template control.

the agarose gel (Fig. 3B). The LAMP assay did not amplify the
DNA of the other organisms and human DNA.

Performance of LAMP-SNP assay for Pfkelch13 C580Y
mutation detection in clinical dried blood spot samples
To validate the applicability of the LAMP-SNP assay for
Pfkelch13 C580Y mutation, the assay was compared with the
results from DNA sequencing. The LAMP-SNP assay detected
Pfkelch13 C580Y mutation in 31 samples which were showed
as positive by DNA sequencing (sensitivity=100%), while the
rest 89 samples carrying C580 showed negative LAMP assay
(specificity = 100%). Positive and negative predictive values of
detection were 100%. For samples, agarose gel indicated a pos-
itive result (the ladder-like pattern bands) though the HNB
dye did not change color. This would be due to the amplifica-
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1Kb
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100 bp

Fig. 3. The specificity of the LAMP-SNP C580Y detection. (A)
The specificity of LAMP-SNP assay using HNB (note the sky-blue
color for a positive sample). (B) Confirmation of results of the
LAMP-SNP assay products using agarose gel (1.5%) electropho-
resis. In panels A and B: M, 100 bp DNA Ladder (Thermo Scien-
tific); Label 1: plasmid pGEMPrkelch13°%Y; Label 2: plasmid
pPGEMPfkelch13 wild type strain; Label 3: gDNA of P, vivax; Label
4: gDNA of R malariae; Label 5; gDNA of Prkelch13 P574L muta-
tion; Label 6: human DNA; Label 7: no template control.

Table 1. Detectability of LAMP-SNP for Pfkelch13 C580Y muta-
tion in clinical samples

Mutation?
LAMP-SNP C580Y
result C580Y C580 Other
mutation Wild type mutations
Positive 39 0 0
Negative 0 86 3
Parasite densities range ~ 67-200,000  78-200,000 159-11,840

(rang, parasite/pl)

“Results from DNA sequencing of the Pfkelch13 gene.
®Other mutations: P574L, H366L+C447Y+V510G, and N554S +1590T.

tion of the target sequence. Speed vacuum centrifuge was done
to increase the concentration of DNA. Twenty microliters of
PCR-grade water were added into an individual DNA sample,
providing approximately a 5-fold increase in DNA concentra-
tion (from mean DNA concentration of 5.9 ng/ul to 28.9 ng/
). The results of the LAMP-SNP assay were in concordance
with those from the un-concentrated genomic DNA. All posi-
tive samples had products that exhibited a color of HNB dry
changed from violet to sky blue, as shown in Supplementary
Fig. S1. Table 1 shows the parasite density of 120 clinical sam-
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ples. It ranged from 67-200,000 parasites/pl. From 31/120
(25.8%) samples positive for C580Y LAMP-SNP detection, 21
of them (67.7%) had no parasitemia data available and only
10 samples (32.3%) had parasitemia ranging from 67-
200,000 parasites/pl (mean 26,286.1 parasites/pl). Therefore,
in this study, LAMP-SNP assay detected the parasitemia level
as low as 67 parasites/pl (>2 ng/pl of DNA). Among the re-
maining 89 samples which were negative for C580Y, 40 sam-
ples (44.9%) had no parasitemia data available, whereas 49
samples (55.1%) had parasitemia levels of 78-200,000 para-
sites/pl (mean 7,878.3 parasites/pl). This highlighted that
LAMP-SNP detection sensitivity was not different regardless of
lower or higher parasitemia among Pfkelch13 C580Y and wild-
type C580 samples. The low parasite densities of 67 (mutant)
vs. 78 (wild-type) parasites/pil and high parasite densities of
200,000 parasites/pl (equally in both groups) could be detect-
ed by this method. There were no false-positive and false-neg-
ative due to high and low parasitemia, respectively.

DISCUSSION

C580Y mutation in the Pfkelch13 gene is one of the molecu-
lar markers of artemisinin resistance spreading throughout the
greater Mekong region [6]. It is paramount important to iden-
tify the key mutation with simplicity and rapidity for treat-
ment and epidemiological surveillance. LAMP has been previ-
ously studied to detect C580Y mutation, with the LAMP com-
bined with the MinION sequencing method [17] and SNP-
LAMP method [18]. Both studies are useful for the detection
of C580Y mutation but require the equipment of high cost. In
this study, the FIP primer was constructed by creating one mis-
matched nucleotide at the 3’ end of the primer at the penulti-
mate position supposed to bind with C580Y mutation. The
LAMP-SNP primer sets for Pfkelch13 C580Y mutation detec-
tion successfully amplified target plasmid DNA. The reaction
conditions were optimized to prevent nonspecific amplifica-
tion, including titration of MgSO, and reaction temperature
parameters. The lower detection limit of this procedure was 50
copies of the reference pGEMPfkelch13*%, This result was
concordant with a previous study [17] but our method pro-
duced the result faster and applied in a common laboratory
with simple instruments. The reaction was completed in less
than 1 hr to amplify 271 bp LAMP product at 56°C by incuba-
tion in a water bath or heat block.

The applicability of the method was evaluated using the

clinical dried blood spot samples. Our method detected the
mutation in 31 out of 120 samples, which was in agreement
with DNA sequencing as the gold-standard method for detect-
ing mutation. The sensitivity of detection was 67 parasites/jl
and the assay achieved 100% sensitivity and specificity for the
detection of C580Y. The LAMP-SNP assay procedure in this
study would be invaluable for public health due to its rapid
detection of artemisinin resistance in the malaria-endemic re-
gion.

In the study, genomic DNA was extracted from dried blood
spot and the purified DNA was eluted in 100 pl of elution buf-
fer. The LAMP-SNP assay showed the sensitivity to detect ap-
proximately 2 ng/pl of DNA from dried blood spots (67 para-
sites/j1l) detected on the agarose gel. Simultaneously, this was
not visualized in detection with the naked eye for HNB color
changes. We tried to optimize the concentration of magne-
sium and dNTPs in various concentrations but did not observe
the color changes of HNB. This problem may have occurred
from the source of the sample. Dried blood spots were collect-
ed between 2012-2017 with a small blood volume, approxi-
mately 50-80 l. After drying, these samples were kept on filter
paper (Whatman 3MM) and stored at room temperature with
silica beads of an individual plastic bag. The humidity in a
plastic bag would be higher after keeping a filter paper for a
longer period of time because it was not replaced with a new
silica bead, rendering the DNA degradation. To overcome this
potential problem, we used a speed vacuum centrifuge to re-
duce the DNA solution volume. The reduction of the volume
of the DNA solution yielded higher DNA concentration and it
is sufficient to synthesize the larger fragment of DNA by Bst
DNA polymerase., In the meantime, the concentration of the
Mg* ion decreased, and the color of HNB changes to sky blue,
indicating a positive reaction. Nevertheless, the method from
this study would apply to the detection of more than one SNP.
The other important mutations associated with artemisinin re-
sistance, including N458Y, Y493H, R539T, and 1543T, may be
subjected to detection by multiplex-LAMP.

In conclusion, the LAMP-SNP assay to detect Pfkelch13
C580Y was highly sensitive, specific, and rapid for detecting
artemisinin resistance. The method will be useful for field
study even in less well-equipped laboratories and can be used
to detect C580Y in mobile populations who are the likely
source of transnational spread and carry parasites asymptom-
atically.
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