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Abstract 

Background  As an alternative to PCR methods, LAMP is increasingly being used in the field of molecular diagnostics. 
Under isothermal conditions at 65 °C, the entire procedure takes approximately 30 min to complete. In this study, we 
establish a sensitive and visualized LAMP method in a closed-tube system for the detection of Plasmodium knowlesi.

Methods  A total of 71 malaria microscopy positive blood samples collected in blood spots were obtained 
from the Sarawak State Health Department. Using 18s rRNA as the target gene, nested PCR and SYBR green I LAMP 
assay were performed following the DNA extraction. The colour changes of LAMP end products were observed 
by naked eyes.

Results  LAMP assay demonstrated a detection limit of 10 copies/µL in comparison with 100 copies/µL nested PCR. 
Of 71 P. knowlesi blood samples collected, LAMP detected 69 microscopy-positive samples. LAMP exhibited higher 
sensitivity than nested PCR assay. The SYBR green I LAMP assay was 97.1% sensitive (95% CI 90.2–99.7%) and 100% 
specific (95% CI 83.2–100%). Without opening the cap, incorporation of SYBR green I into the inner cap of the tube 
enabled the direct visualization of results upon completion of amplification. The positives instantaneously turned 
green while the negatives remained orange.

Conclusions  These results indicate that SYBR green I LAMP assay is a convenient diagnosis tool for the detection of P. 
knowlesi in remote settings.
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Background
Malaria is one of the global health diseases caused by 
the deadly parasite Plasmodium spp. which requires 
a rapid and reliable diagnosis tool. Goals have been 
set world-wide to achieve the aim of malaria eradica-
tion programmes. In Malaysia, most malaria cases are 

contributed by Plasmodium knowlesi which was previ-
ously thought to only infect monkeys. This parasite has 
now been shown to infect humans as well [1, 2].

Early and accurate malaria diagnosis is necessary to 
enable effective treatment. Microscopic examination 
is the gold standard in malaria diagnosis. However, the 
limitation of microscopy in detection of low parasitaemia 
samples is of great concern. The results can only be read 
by experienced and well-trained personnel. Recently, 
some rapid test kits were made available as a tool for 
malaria diagnosis. However, malaria cases may be unde-
tected due to low parasitaemia and improper storage 
conditions of the kits. The results may vary depending 
on different types of rapid test kits used. Foster et al. [3] 

Open Access

© The Author(s) 2021, Corrected publication 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 
International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver 
(http://​creat​iveco​mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a 
credit line to the data.

Malaria Journal

*Correspondence:
Yee Ling Lau
lauyeeling@um.edu.my
1 Department of Parasitology, Faculty of Medicine, University of Malaya, 
Kuala Lumpur 50603, Malaysia
2 Sarawak State Health Department, Jalan Diplomatik, Off Jalan Bako, 
Kuching, Sarawak 93050, Malaysia

http://orcid.org/0000-0002-2037-2165
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12936-021-03707-0&domain=pdf


Page 2 of 6Lai et al. Malaria Journal  (2021) 20:166

reported that patients with P. knowlesi were misdiag-
nosed as Plasmodium falciparum by OptiMAL-IT test 
kit or Plasmodium vivax by Paramax-3 test kits. Patients 
with P. knowlesi also could be misdiagnosed as non-
P. vivax/non-P. falciparum with BinaxNOW® Malaria 
kit. Misdiagnosis of Plasmodium spp. results in inac-
curate administration of anti-malarial drugs, leading to 
increased severity of the disease [3].

In order to improve the sensitivity of the rapid test kits, 
molecular methods are widely used. Nested PCR is highly 
sensitive with a low detection limit of 1–5 parasites/µL 
[4]. However, the long turnaround time and requirement 
of expensive equipment and PCR reagents render this 
method inadequate for routine diagnosis in low-resource 
settings.

Therefore, isothermal nucleic acid amplification meth-
ods are an alternative to PCR in malaria diagnosis due to 
the cheaper equipment required. LAMP-based assays are 
the most widely reported among the isothermal meth-
ods [5]. Unlike PCR, which requires cycling parameters, 
LAMP is able to amplify nucleic acids at a constant tem-
perature ranging from 60–65  °C. Further innovations of 
this technology enable LAMP to be developed as a port-
able format for field use. The amplified products can be 
visualized via visual judgment of the turbidity or fluores-
cence of the end products.

In this study, SYBR green I LAMP assay was designed 
for the visual detection of LAMP products by direct 
observation of the end products’ colour changes. SYBR 
green I dye is a green fluorescent cyanine dye that has 
high affinity for double stranded DNA as well as RNA. 
During the amplification, SYBR green I dye will bind to 
nucleic acid molecules and fluorescence increases upon 
the accumulation of DNA molecules [6].

Methods
Sample collection and DNA extraction
A total of 71 malaria positive and 20 healthy blood sam-
ples collected in blood spots were obtained from the 
Sarawak State Health Department for this study. Sam-
ples were collected dated from year 2015 to 2020. DNA 
was extracted from blood spots using DNeasy® Blood 
and Tissue Kit (Qiagen, Hilden, Germany) according to 
the manufacturer’s protocol. The samples were examined 
under a microscope prior to DNA extraction. Parasitae-
mia of the collected samples ranged from 0.30 to 3.87% 
(15,000 to 179,000 parasites/µL). Ethics approval was 
obtained from the Medical Research and Ethics Commit-
tee (MREC) of the Ministry of Health Malaysia (NMRR-
15-672-23975) and the Medical Ethics Committee of 
University of Malaya Medical Centre (MEC Ref. No. 
817.1). All malaria samples tested by LAMP or nested 
PCR were collected prior to antimalarial treatment. All 

malaria samples collected were confirmed by microsco-
pist at the hospital and cross-checked by Medical Labo-
ratory Technician at the District Health Office.

Nested PCR
Species identification was carried out by nested PCR 
targeting Plasmodium 18 small subunit ribosomal RNA 
gene (18S rRNA). Primers used were synthesized accord-
ing to Snounou et  al. [7] (Table  1). The cycling param-
eters and conditions have been described in a previous 
study [8].

SYBR green I LAMP
The SYBR green I LAMP assay was conducted using the 
primers targeted on the 18S rRNA gene that has been 
described by Lau et  al. [8]. The LAMP assay was per-
formed in a 25-µL reaction mixture that consisted of 
5.7 µL distilled water, 2.5 µL of 10X isothermal amplifi-
cation buffer, 5.5 µL of MgSO4, 2.7 µL of dNTPs (New 
England Biolabs, Ipswich, Massachusetts, United States), 
4 µL of betaine (Sigma-Aldrich, St. Louis, Missouri, 
United States), 40 pmol of FIP and BIP each, 10 pmol 
of FLP and BLP each, 5 pmol of F3 and B3 each, and 1 
µL of Bst 2.0 WarmStart DNA polymerase (New Eng-
land Biolabs, Ipswich, Massachusetts, United States). 
The template consisted of 4 µL of extracted DNA from 
blood spots. One µL of diluted SYBR green I (Sigma-
Aldrich, St. Louis, Missouri, United States) was placed 
on the inner side of the tube. The closed-tube was then 
incubated at 65 °C in a Loopamp Real-Time Turbidimeter 
LA 500 (Eiken, Taiko-ku, Japan) for 30 min. At the end of 
the reaction, the tubes were cooled to room temperature 
and briefly spun to allow mixing of SYBR green I with the 

Table 1  Primers involved in this study

Name of primers Sequence (5′ to 3′) References

PCR primers

 rPLU1 TCA​AAG​ATT​AAG​CCA​TGC​AAG​TGA​ Snounou et al. [7] 

 rPLU5 CCT​GTT​GTT​GCC​TTA​AAC​TCC​

 PkF1140 GAT​TCA​TCT​ATT​AAA​AAT​TTG​CTT​C Imwong et al. [9]

 PkR1550 GAG​TTC​TAA​TCT​CCG​GAG​AGA​
AAA​GA

LAMP primers

 FIP GTT​GTT​GCC​TTA​AAC​TTC​CTT​
GTG​TTC​TTG​ATT​GTA​AAG​CTT​CTT​
AGA​GG

Lau et al. [10]

 BIP TGA​TGT​CCT​TAG​ATG​AAC​TAG​GCT​
TTG​CAA​GCA​GCT​AAA​ATC​GT

 FLP TAG​ACA​CAC​ATC​GTT​

 BLP GCA​CGC​GTG​CTA​CACT​

 F3 CCA​TCT​ATT​TCT​TTT​TTG​CGT​ATG​

 B3 CAG​TGG​AGG​AAA​AGT​ACG​AA
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amplified products. The colour changes were visualized 
by the naked eyes. The kappa (k) statistics was applied to 
calculate the agreement between the results observed by 
the real-time turbidity meter and the colour changes.

Analytical sensitivity and specificity
The analytical sensitivity of the SYBR green I LAMP 
assay was determined by amplifying the fragment via 
PCR using outer LAMP primers (F3 and B3) and cloned 
into pGEM-T vector (Promega, Madison, Wisconsin, 
United States). The recombinant plasmids were extracted 
using QIAprep Spin Miniprep kit (Qiagen, Hilden, Ger-
many) and sent for sequencing to validate its identity. 
The detection limit of the SYBR green I LAMP assay 
was determined by calculating the copy number of the 
plasmid which 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. One µL 
of each of the diluted DNA plasmids was used as the tem-
plate. LAMP assay was repeated twice for each dilution.

Meanwhile, the specificity of SYBR green I LAMP 
assay was tested by using DNA template from 12 non-P. 
knowlesi parasites (4 P. falciparum, 4 P. vivax, 3 Plasmo-
dium malariae and 1 Plasmodium ovale), 1 Toxoplasma 
gondii, 2 Sarcocystis spp., 2 Brugia spp. samples. The 
LAMP assay was repeated twice for each of the templates.

Clinical sensitivity and specificity
The clinical sensitivity and specificity of nested PCR and 
the SYBR green I LAMP assay were evaluated using 71 
P. knowlesi blood samples and 20 healthy donors with 
microscopy as the reference method. Sensitivity was cal-
culated as (number of true positives)/(number of true 
positives + number of false negatives), and specificity was 
calculated as (number of true negatives)/(number of true 
negatives + number of false positives). In addition, 95% 
Confidence Intervals (95% CI) for both sensitivity and 
specificity were calculated using MEDCALC® software 
available at https://​www.​medca​lc.​org/​calc/​diagn​ostic_​
test.​php.

Results
The detection limit of the SYBR green I LAMP assay was 
10 copies/µL. As each Plasmodium parasite will usually 
carry 5–10 copies of 18S rRNA gene [9]. The detection 
limit of this assay was 1–2 parasites/µL. The detection 
limit of the SYBR green I LAMP assay was lower than 
nested PCR, which had a detection limit of 10–20 para-
sites/µL of P. knowlesi, well below the threshold of detec-
tion by microscopy with ~ 30 parasites/µL.

The analytical specificity of the SYBR green I LAMP 
assay was tested using DNA of non-human malaria spe-
cies (Plasmodium coatneyi, Plasmodium cynomolgi, 
Plasmodium fragile, Plasmodium brasilianum, and 
Plasmodium inui), 12 non-P. knowlesi parasites (4 P. fal-
ciparum, 4 P. vivax, 3 P. malariae and 1 P. ovale), 1 Toxo-
plasma gondii, 2 Sarcocystis spp., 2 Brugia spp. samples. 
The results showed that none of these samples were 
amplified by SYBR green I LAMP assay. A representative 
gel image of LAMP assay was shown in Additional file 1.

The colour changes between positive and negative sam-
ples were blind tested by at least five observers (Addi-
tional file  2). LAMP assay detection using real-time 
turbidity meter and SYBR green I showed perfect agree-
ment with kappa value of 0.98.

A total of 71 microscopy positive samples were col-
lected from Sarawak State Health Department. Twenty 
healthy donors were also collected from the same place. 
None of the healthy donors exhibited any symptoms of 
malaria. Out of 71 positive samples, 47 samples show 
positive by nested PCR while 69 samples show positive 
by SYBR green I LAMP assay (Additional file  3). Posi-
tive and negative reactions were indicated as green and 
orange, respectively (Fig. 1). Two samples were detected 
as negative by both nested PCR and SYBR green I LAMP 
assay. We observed that sample with higher parasitaemia 
were positive by both nested PCR and LAMP. However, 
22 samples with low parasitaemia (< 0.34%) were not 
amplified by nested PCR. Both samples tested negative by 
LAMP and nested PCR had relatively low parasitaemia 

Fig. 1  Detection of LAMP end products by colour changes. Positive 
LAMP reaction changed to green colour (a) while negative LAMP 
reaction remained orange (b)

https://www.medcalc.org/calc/diagnostic_test.php
https://www.medcalc.org/calc/diagnostic_test.php
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(0.3%). To further confirm the identity of the P. knowlesi 
samples (negative for nested PCR but positive for both 
microscopy and SYBR green I LAMP assay), these sam-
ples were subjected to a simple PCR amplification (using 
F3 and B3 primers), the products were cloned into 
pGEM-T vector (Promega, Madison, USA) and sent for 
sequencing. Results show that these samples were 100% 
similar to P. knowlesi.

For clinical sensitivity and specificity test, the SYBR 
green I LAMP assay did not detect any of the negative 
DNA samples. It was 97.1% sensitive and 100% specific 
(Table 2).

The concentration of SYBR green I dye was optimized 
by preparing different concentrations of SYBR green I 
(1000X, 100X, 50X, 20X and 10X) were prepared from 
stock (10,000X). One µL of diluted SYBR green I was 
added to the tube with completed reaction. A positive 
reaction results in a green colour as the dye intercalates 
in the nucleic acid while the negative reaction remains 
orange indicating no amplification has taken place. Fol-
lowing the experiment, 20X and 10X concentration of 
SYBR green I showed positive results. In order to save 
reagent and cost, 10X concentration of SYBR green I is 
recommended to be used.

Discussion
Compared to microscopy, nested PCR was 66.2% sensi-
tive and 100% specific. The SYBR green I LAMP assay 
exhibited higher sensitivity (97.1%) than nested PCR 
(Table 2). Also, among the 71 collected P. knowlesi sam-
ples, the SYBR green I LAMP assay managed to detect 
69 P. knowlesi samples while nested PCR only detected 
47 P. knowlesi samples. The findings presented in this 
study show the SYBR green I LAMP assay is more sen-
sitive than nested PCR for detection of P. knowlesi. 

Additionally, the detection limit of P. knowlesi SYBR 
green I LAMP assay was 10 copies which was lower than 
nested PCR, which had a detection limit of 100 copies. 
The nested PCR in this study may be hampered by sub-
optimal reaction conditions, including utilization of poor 
quality Taq polymerase.

The F3 and B3 primers used here was 100% specific for 
P. knowlesi. The primer sequences do not share sequence 
identity with all other human malaria species including 
closely related P. vivax [10]. The analytical specificity of 
LAMP showed no cross-reactivity with non-P. knowlesi 
parasites.

The diagnostic accuracy of LAMP assay was found 
to be different when using different target genes for P. 
knowlesi. By using beta tubulin as target gene, Iseki et al. 
managed to detect down to 100 copies/µL DNA template 
[11]. While Lau et al. managed to detect down to 10 cop-
ies/µL of DNA template by using AMA-1 as the target 
gene. While using mitochondrial as the target gene, Brit-
ton et  al. managed to detect 1.4 parasites/µL as lowest 
detection limit [12]. The present study managed to detect 
down to 10 copies/µL DNA template by using 18S rRNA 
as target gene.

SYBR Green I was used as the fluorescence dye in 
this study due to its visualization via observation col-
our changes is significant in comparison to other green 
fluorescence dye such as calcein-manganese II chloride 
(MnCl2) dye. Moreover, calcein-MnCl2 methodology is 
less sensitive [13]. Results from the present study indicate 
that 10X dilution of SYBR was optimal for this assay.

SYBR green dye is not recommended to be added 
into the reaction mixture before the start of reaction as 
it inhibits the reaction [14]. Therefore, SYBR green I is 
suggested to be added into reaction tube upon the com-
pletion of the LAMP amplification. Green and orange 
colour end products indicate positive and negative result, 
respectively. The method from this study possess an 
advantage over other published closed-tube LAMP assay. 
Karthik et al. developed a closed-tube LAMP assay based 
on agar dye capsule [15]. However, this method was tedi-
ous as it needed a high temperature to melt the molten 
agar and required more materials to perform the LAMP 
assay. The closed tube SYBR green I LAMP assay devel-
oped in the present study was simple and did not require 
a lot of materials and time.

In 2011, Tao et  al. reported an established visualized 
closed-tube LAMP method for field detection of P. vivax 
[16]. The method was performed by incorporation of a 
microcrystalline wax-dye capsule containing the SYBR 
Green I dye to a normal LAMP reaction prior to the ini-
tiation of the reaction. This microcrystalline wax-dye 
capsule methodology is laborious, time consuming and 
requires a PCR machine for wax melting if compared to 

Table 2  Overall sensitivity and specificity of the nested PCR and 
LAMP assay

Methods P. knowlesi Healthy 
donor

Overall 
Sensitivity 
(%) (95% CI)

Overall 
Specificity 
(%) (95% CI)

Microscopy

 Positive 71 0

 Negative 0 20

Nested PCR

 Positive 47 0 66.2 (54–77) 100 (83.2–100)

 Negative 24 20

LAMP

 Positive 69 0 97.1 (90.2–
99.7)

100 (83.2–100)

 Negative 2 20
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SYBR green I LAMP assay in the present study. Thus, 
the method in this study is highly potential to be devel-
oped for the use in resource-limited areas, specifically in 
malaria endemic regions.

In the current format of SYBR green I LAMP assay, 
carry-over contamination can be eliminated. It was 
because the cap of the tube was not necessary to open 
since the dye was added into inner cap of the tube prior 
to the start of amplification. Following the amplification, 
the tube was briefly spun to allow mixing of SYBR green 
I with the amplified products. Positive and negative reac-
tion indicate green and orange colour, respectively that 
can be visualized by naked eyes. The SYBR green I LAMP 
developed here was different from other studies, at which 
SYBR green I dye was added into the reaction tube upon 
completed amplification [17, 18]. The SYBR green I 
LAMP assay here also did not require the preparation of 
agar-dye capsule or wax-dye capsule as in other studies. 
This will help to save both timing and cost reagents.

Conclusions
Rapid, reliable, and species-specific diagnostic tools 
are indispensable for effective control of malaria. Light 
microscopy-based diagnosis to date is the gold standard 
method. However, it demands technical expertise and 
suffers low detection limits in field conditions. SYBR 
green I LAMP assay is a robust method for the detection 
of human P. knowlesi. Therefore, the SYBR green I LAMP 
assay has potential for use in resource-limited settings.
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LAMP	� Loop-mediated isothermal amplification
DNA	� Deoxyribonucleic acid
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