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ABSTRACT: Malaria remains one of the most prevalent infectious diseases and results in significant mortality. Isothermal amplification (loop-mediated

isothermal amplification) is used to detect malarial DNA at levels of ~1 parasite/uL blood in =30 minutes without the isolation of parasite nucleic acid from

subject’s blood or saliva. The technique targets the mitochondrial cytochrome oxidase subunit 1 gene and is capable of distinguishing Plasmodium falciparum

from Plasmodium vivax. Malarial diagnosis by the go/d standard microscopic examination of blood smears is generally carried out only after moderate-

to-severe symptoms appear. Rapid diagnostic antigen tests are available but generally require infection levels in the range of 200-2,000 parasites/uL

for a positive diagnosis and cannot distinguish if the disease has been cleared due to the persistence of circulating antigen. This study describes a rapid and

simple molecular assay to detect malarial genes directly from whole blood or saliva without DNA isolation.
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Introduction
In 2013, there were almost 200 million malarial infections
that resulted in approximately one-half million deaths, 90% of
which occurred in Africa.! A practical alternative to the vacci-
nation approach? to eradicate malaria is the 7est-and-Treat par-
adigm currently being evaluated for the eradication of HIV,3
which predicts that if all symptomatic and asymptomatic indi-
viduals in a region are tested and all of those who test posi-
tive are immediately treated, the burden of disease in that area
will decrease. We believe that the same approach is feasible
for malaria by deploying an inexpensive point-of-care (POC)
diagnostic test for Plasmodium DNA followed by appropriate
therapeutic intervention. Currently, malaria is detected by (1)
microscopic examination of thick and thin blood smears, a labo-
rious process that is time-consuming and requires trained per-
sonnel; (2) laboratory-based polymerase chain reaction (PCR)
tests, which are expensive, time-consuming, and require spe-
cialized equipment and trained personnel; or (3) rapid antigen-
based tests (RDTs), which are generally less sensitive.
Commercially available RDTs for malarial antigens were
first introduced in 1994 and are readily available. The World
Health Organization has noted the shortcomings of the available
RDTs to include (1) poor quality of some products, (2) inability to

detect mutant forms of plasmodia that have deleted the histidine-
rich protein 2 target gene, (3) low sensitivity (500-1,000 para-
sites/uL), and (4) false-positive results long after the infection is
cleared due to residual antigen in the bloodstream.!

Isothermal nucleic acid amplification methods such as
loop-mediated isothermal amplification (LAMP) make use
of a polymerase with built-in strand displacement capabilities
which does not require a high-temperature denaturation step
such as conventional PCR and loop primers to increase the
sensitivity. This is a major advantage for POC devices since the
entire amplification reaction typically occurs under isothermal
conditions at 65°C. The progress of the real-time reaction can
be visualized using an intercalating fluorescent dye such as
SYBR Green, which preferentially binds to double-stranded
DNA. Our goal was to design a POC LAMP nucleic acid
test for the detection of parasites using both blood and oral
fluid, and it requires no sample purification. The assay is com-
pleted in 30 minutes with a sensitivity 10-100-fold greater
than conventional PCR*% and 500-1,000 times more sensitive
than antigen detection. Other investigators have reported the
detection of malarial DNA extracted from blood, saliva, or
urine samples,®™ but mostly utilized purified parasite DNA.
Previous reports using LAMP targeted a conserved sequence
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in parasite 18S rRNA.”!! However, we report here that tar-
geting the mitochondrial cytochrome C oxidase subunit
1 gene improves the assay’s specificity and unlike previously
described assays can discriminate between Plasmodium falci-

parum and Plasmodium vivax infection.>!3

Methods

Malaria-positive blood. The following reagents were
obtained through the Malaria Research and Reference
Reagent Resource Center (MR4) as part of the Biodefense
and Emerging Infections Research Resources Repository
(BEI Resources), National Institute of Allergy and Infectious
Diseases (NIAID), and National Institute of Health:
P. falciparum FCR-3/Gambia Subline F-86, MRA-731,
deposited by W Trager; P. falciparum GB4, MRA-925, depos-
ited by Karen Hayton, Tom Wellems (NIAID); P. falciparum
3D7, MRA-102, deposited by DJ Carucci; P. falciparum
7C46, MRA-172, deposited by TE Wellems; P. vivax
Chesson, MRA-383, deposited by WE Collins; P. vivax
NAM/CDC, MRA-384, deposited by WE Collins; Genomic
samples—MRA 731G, MRA 925G, MRA 102G, and MRA
172; P. falciparum Genomic DNA from P. falciparum FCR-3/
Gambia, MRA-731G; Genomic DNA from P. falciparum
GB4, MRA-925G; P. falciparum Genomic DNA from
P. falciparum 3D7, MRA-102G; and P. falciparum Genomic
DNA—P. falciparum 7C46, MRA-172G.

Whole mouth-stimulated saliva and negative blood
samples. Negative blood samples were obtained through
the New York University Medical Center, and whole
mouth-stimulated saliva (WMSS) was collected!* at the
Bluestone Research Center, New York University College of
Dentistry, as previously described, using protocols approved
by the New York University Langone School of Medicine
IRB #05-51. As this research utilized existing, deidentified
specimens, it was exempted from the requirement to obtain

IRB approval under §46.101, b, (4).

Collectors. The following are the sample collection devi-
ces used Puritan HydraFlock (Puritan Diagnostics, Catalog
#—25-3406-H), AN6FLOQSwabs (COPAN Flock Technolo-
gies, Catalog #—4479429), and OraQuick ADVANCE HIV-
1/2 kit (OraSure Technologies Inc.—Buffer and microloop).

LAMP primers. The primers specific for P. falciparum
(Table 1) targeted the mitochondrial cytochrome oxidase sub-
unit 1 gene (GenBank #AB570973.1) were optimized by vary-
ing the concentrations of each primer pair individually in the
master mix, and the optimal concentration was selected based
on the shortest C, value. Primers were synthesized commer-
cially (Sigma-Aldrich).

Amplification facilitators/enhancers. Bovine serum
albumin (BSA) 2 mg/mL—BSA Protein Assay Standard
(Thermo Scientific: Catalog #23209); BSA heat shock fraction,
protease free, fatty acid free, essentially globulin free,pH 7,=98%
(10 mg/mL—Sigma Catalog #A-7030); fraction V (10 mg/
mL—Sigma Catalog #A-9418); albumin, from bovine serum
(10 mg/mL—Sigma Catalog #A-3294); MSD blocker A
(8 mg/mL—Meso Scale Discovery Catalog #R93AA-1); eth-
ylenediaminetetraacetic acid (EDTA) (1.5 mg/mL—Sigma
Catalog #EDS-500G); sodium citrate tribasic dihydrate
(3.2%—Sigma Catalog #54641-500G); glycerol (10%—Alfa
Aesar Catalog #—J16059); SuperSignal West Pico Stable Per-
oxide Solution (Thermo Scientific Catalog #34077); MgCl,
(2 mM—TFisher Scientific Catalog #M33-500).

DNA isolation.

Dried blood spots/dried saliva spots. Spots of infected
blood and saliva (Malaria Institute of Macha) were dried
on Whatman filter paper. A Harris UNI-CORE punch
(Catalog #WB100029) was used to cut three 2-mm-diameter
disks from each dried blood spot (DBS) containing
P. falciparum 3D7 at applied concentrations of 10°, 103, and
108 parasites/uL and placed in 1.5-mL polyethylene microfuge
tubes.’® Parasite DNA was extracted from the DBS using
QIAamp DNA Mini Kit (QIAgen) (Catalog #51304) as per

Table 1. LAMP primer sequences for P. falciparum.

P. falciparum (mitochondrial cytochrome C oxidase subunit 1 gene)"

FOP CTCCATGTCGTCTCATCGC

BOP AACATTTTTTAGTCCCATGCTAA

FIP ACCCAGTATATTGATATTGCGTGACAGCCTTGCAATAAATAATATCTAGC
BIP AACTCCAGGCGTTAACCTGTAATGATCTTTACGTTAAGGGC

LF CGGTGTGTACAAGGCAACAA

LB GTTGAGATGGAAACAGCCGG

P. falciparum and P. vivax (18S rRNA gene)'?

FOP GTCGATCAGGAAGGTTTCA

BOP GTAACGACTTCCCCATTGT

FIP CCTGAGCACCTTAACTTCCCTATCCTTAAATCTCGTAACCATGC
BIP TTACCGTCGGGCCGTATGATCGCTAGTGTGAGACTCCTA

Abbreviations: FOP, forward outer primer; BOP, back outer primer; FIP, forward inner primer; BIP, back inner primer; LF, forward loop primer; BLP, back loop primer.
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the manufacturer’s instructions. Briefly, lysis buffer (180 uL)
was added, and the tubes were incubated with shaking
(Eppendorf Thermomixer) for 60 minutes at 85°C followed by
centrifugation at 14,000 x g and the addition of Proteinase K
(400 pg, Ambion Catalog #AM2548) to the lysate, which was
then incubated at 56°C for 60 minutes. The DNA was eluted
in 150 uL of elution solution and quantified either spectro-
photometrically (NanoDrop 2000 Spectrophotometer—
Thermo Scientific) or fluorometrically (Quant-iT RiboGreen
RNA Assay kit—Invitrogen: Catalog #R11490) as per the
manufacturer’s instructions and stored at —20°C.

Malaria-positive blood DNA. A stock of malaria genomic
DNA was purified from malaria-positive blood (MPB) using
Dynabeads SILANE Viral NA kit (Invitrogen) (Cata-
log #—37011D) as per the manufacturer’s instructions to be
used as an external positive control and standard.

Isothermal — amplification (LAMP). Infected whole
blood was heated at ~90°C for five minutes to lyse blood
cells and parasites, releasing target DNA. LAMP reac-
tions contained 17 UL of a complete master mix (OptiGene:
Catalog #1SO-004), 4 uL of primers, and 4 pL of sample
DNA in a total volume of 25 uL. OptiGene Isothermal mas-
ter mix was used for all experiments and required only the
addition of primers and target nucleic acid. The P. falciparum-
specific LAMP reaction mix contained final concentrations
of 0.2 pM for outer primers, 1.6 M for inner primers, and
0.8 uM for the loop primers. The P. vivax-specific LAMP
reaction mix contained final concentrations of 1.5 UM for
outer primers and 2.5 uM for inner primers and did not
require loop primers. Reactions were followed in real time at
65°C for 30 minutes using either a Genie II or III instrument
(OptiGene/Pro-Lab Diagnostics) and analyzed using Genie
Explorer Software (OptiGene). Amplification was confirmed
by observing the banding patterns after electrophoresis on
2% agarose gels stained with ethidium bromide.

Results

Detection using dried blood spots. DNA isolated from
DBS spotted with 10°, 103, or 10° parasites/uL yielded con-
centrations of 1.7-2.0 ng/uL, respectively. The P. falciparum
mitochondrial cytochrome oxidase subunit 1 gene was readily
detected using LAMP (Fig. 1).

Amplification without DNA isolation. Experiments
using MPB directly for LAMP were carried out to test the
possibility of eliminating a DNA isolation step. Our studies
indicated that a 1:1,000 dilution of blood allowed nucleic acid
amplification with detection in real time (Fig. 2A). Although
undiluted (1x) and 1:10 dilutions of blood were not visualized
by real-time fluorescence, amplification did occur as verified by
agarose gel electrophoresis of the amplification reaction prod-
ucts (Fig. 2B). The apparent inhibition of real-time amplifica-
tion was attributed to fluorescence quenching by blood proteins.

Parasite concentration determination. The gold stan-
dard used for diagnosing malaria is microscopic observation
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Figure 1. LAMP of DNA isolated from DBS showing real-time amplification
in the positive control (genomic Plasmodium DNA) and amplification from
DNA isolated from DBS containing 10 and 108 parasites/uL.

of thin and thick blood-smeared slides, where the number of
parasites per microliter is counted. The samples obtained from
BEI were not characterized with a parasite titer. DNA from
the genomic sample MRA 731G, as a representative MPB,
was isolated and used to create a standard curve of DNA con-
centration as a function of the respective real-time amplifica-
tion cross-over thresholds (C,) values observed from real-time
amplification (Fig. 3). This allowed calculating the DNA
concentration and estimating the parasite count. We calcu-
lated that the MRA 731 sample contained ~54 ng of parasite
genomic DNA/uL blood.

Mu et al reported that the P. falciparum genome consists
of ~23 x 10° bp.!® Dolezel et al'’ calculated the parasite’s DNA

content in picograms by the following formula:

Genome size (bp)
0.978x10° pg/bp

1 parasite =

Thus, 1 parasite = 23 x 10° bp = 0.0235 pg. This formula
and the concentration were determined from the amplification
standard curve (Fig. 3); 1 ng of DNA contains ~42,553 para-
sites and 1 uL. of MRA 731 blood sample contains ~2,297,862
parasites.

The number of parasites in 1 uL. of MPB was also deter-
mined by the isolation of DNA from all the MPB samples
using the Dynabeads SILANE viral NA kit. The isolated
DNA was quantified using the Quant-iT RiboGreen assay
kit, and the number of parasites was calculated (Supplemen-
tary Table 1). The values obtained by the isolation of DNA
from MPB (MRA 731) using Dynabeads (~36 ng/uL) and
from the standard curve (Fig. 3B, ~54 ng/uL) were considered
similar when taking into account the efficiency of extraction
and recovery by the Dynabeads SILANE Viral NA kit.

Real-time LAMP. Blood samples were diluted to elimi-
nate fluorescence quenching resulting from blood proteins
in order to follow the amplification in real time. Blood was
diluted 1,000-fold in PBS and then serially diluted 10-fold up
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Figure 2. (A) Direct LAMP of MPB without prior DNA isolation. Serial dilution of blood samples from 1:1,000 to 10,000 dilutions allowed following the

amplification with real-time detection of fluorescence. However, smaller di

lutions of blood (ie, 1x and 1:10) showed an apparent lack of amplification in

real time. It should be noted that a dilution of 1:100 was not consistently sufficient to allow real-time detection depending on the blood sample. (B) Image
of the agarose gel electrophoresis of the samples amplified in (A). All of the samples showed the characteristic ladder pattern for LAMP after isothermal

amplification.

to 1:10® to determine the lowest dilution detectable by LAMP.
The lowest dilution detected was 1 x 10° of MPB in water
(Fig. 4), which is equivalent to 1.5 parasites/uL of MPB or
0.01 parasites/pL in the 25 pL of reaction mix. This experi-
ment supports the high sensitivity of LAMP, and its use for
diagnosing recently infected asymptomatic patients.
Enhancers. Methods to reduce or eliminate the apparent
fluorescence quenching of blood in real-time LAMP besides
dilution were explored. Previous reports indicated that a buf-
fer composed of 320 nM of saccharose, 5 nM MgCl,, 1%
Triton X-100, 10 mM Tris—HCI (pH 7.5) was successful in
using a whole blood sample for amplification by PCR in the

diagnosis of brucellosis.!® Hypotonic solution, increased pH,

and MgCl, concentration have also been successfully used in
the genotypic identification of closely related alleles.’ The
addition of anticoagulants was shown to be helpful in the
amplification of human hemochromatosis and apoE genes.
Na-heparin, a commonly used anticoagulant for the collection
of blood from humans, was cited to be better than using either
EDTA or sodium citrate.?°

'The addition of BSA (0.24 uM) or glycerol (0.87 uM) was
confirmed in our system to facilitate DNA amplification.?>2*
Heating whole blood samples in a microwave? or at 99°C
for 10 minutes were also reported to be successful for LAMP
of the P. falciparum 18S ribosomal RNA gene.?® Other
reagents used as enhancers included EDTA (410 uM),
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Figure 3. (A) LAMP as a function of concentration of genomic DNA sample MRA-731G. (B) Graph of the resulting C, values as a function of MRA-731
DNA concentration (ng/uL) (n = 7). (C) Annealing curves of the genomic sample MRA-731 for each dilution yielded a single amplicon product.
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Figure 4. LAMP curves for a serial dilution of MPB blood (MRA-731) from
1:1,000 to 10,000,000.

Na citrate (0.01 uM), MgCl, (0.08 uM), and H,O, (0.04%)
and observed the following: C’s: BSA—630 seconds, glycerol
solution—1,230 seconds, EDTA — 1,200 seconds, hydrogen
peroxide solution—1,305 seconds, and MgCl,—1,560 seconds
(Fig. 5A). BSA was prepared by initial fractionation by heat shock.
The amplification of 0.8% MPB (50 pL of the 1:10 diluted
MPB) was performed after incubation with shaking at 70°C for
15 minutes with the enhancer tested. BSA was considered the
best facilitator based on amplification starting earlier than for
the other compounds tested (Fig. 5). The observed annealing
temperature was consistently 87.7°C for all samples, suggesting
that no alternative products were produced (Fig. 5B).

Heat lysis. Heat treatment of blood was found to facili-
tate LAMP without the need for isolating parasite DNA.2>2¢
We examined the temperature range from 75°C to 95°C and
show that dilution with PBS of MPB (1:40), followed by
heating for five minutes at 90°C, gave reproducible amplifica-
tion (Fig. 6).
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Figure 5. (A) LAMP of MPB treated with agents indicating that BSA facilitates amplification more efficiently than other agents when heated at 70°C for
15 minutes. (B) Image of the electrophoresis gel of the LAMP amplified treated MPB.
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Figure 6. Effect of temperature on the LAMP cross-over threshold (C,).
All incubations were for 5 minutes at the indicated temperature, followed
by a 4-uL aliquot amplified using LAMP.

Detection of parasites from saliva. WMSS samples
were spiked with the malarial genomic sample MRA-172,
and Hydraflock and Copan collectors were submerged in
500 uL of 0.1 ng/uL (~4,255 parasites/uL) of spiked saliva
for one minute, transferred to a Mobicol column (Fig. 7A),
inserted in a microfuge tube, and centrifuged at 2,400 rpm
for five minutes, and 4 pL of eluted DNA was (Fig. 7B)
taken for amplification. Both the collectors transferred a
volume of ~150 pL. with an average of 96% volume recov-
ery. Both collectors picked up ~50% of the genomic sample,
though only 8% and 0.02% of the total sample were recov-
ered from the Hydraflock and Copan collectors, respectively
(Figs. 7 and 8).

P. falciparum detection specificity. We targeted the
P. falciparum mitochondrial cytochrome oxidase subunit 1
gene, which is specific for P. falciparum and does not amplify

Eppendorf
Centrifuge
Tube (1.5 ml)

Mobicol

Column Eluted

Saliva

Figure 7. (A) Mobicol column with loaded Copan collector head.
(B) Mobicol assembly post-centrifugation with eluted sample after
centrifugation from the Copan collector head suspended in Mobicol
column inserted in the 1.5-mL Eppendorf centrifuge tube.

Spiked Saliva: Post Collection -

sl / , Mfi%egéillva: CopanSvygtﬁl%gdfw _

Spikes Saliva:
Hydraflock Swab Eluted

Relative Fluorescence Units (x10%)

o . . . . , .
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Time (sec)

Figure 8. LAMP of spiked WMSS samples recovered from Hydraflock
and Copan collectors.

P. vivax genomic DNA (MRA 383 and MRA 384; Fig. 9).
Primers that target and amplify the 18S rRNA gene present in
all Plasmodium species (falciparum, vivax, malaria, and ovale)

have been reported.!??

Discussion
These results suggest that the diagnosis of malaria can be
achieved by using LAMP of DBS isolated from infected
individuals (Fig. 1). MPB was used to demonstrate that nucleic
acid isolation was not required for amplification, although
the dilution of parasite-infected blood needs to be diluted to
prevent quenching or inhibition of the amplification reaction
(Fig. 2A and B). A 1,000 fold dilution of the blood samples
was required to consistently detect the Plasmodium target with
real-time detection without first isolating the parasite DNA
(Fig. 4). BSA was found to be the best agent (Fig. 5), and
together with preparing the blood/parasite sample for nucleic
acid amplification by dilution and heat lysis were the best for
facilitating amplification (Fig. 6). Target specificity was dem-
onstrated for P, falciparum. A proof-of-concept study showed
that malaria could be diagnosed from oral samples collected by
cheek-swab collectors (Figs. 7 and 8).

Primers that target highly conserved mitochondrial

sequences in Plasmodium species!>?8

and targeting the highly
conserved Pvr64 family of genes and the alpha-tubulin gene
in P. vivax**3° have also been reported. These are being
explored for their ability to differentiate species using LAMP
(Fig. 9). The advantage of the mitochondrial sequences is that
they are highly conserved, which facilitates the distinguishing
of falciparum in a mixture of genetic variation.

We designed a rapid LAMP-based assay for the detec-
tion of Plasmodium parasites using both blood and oral fluid
without sample purification. The optimized protocol is suit-
able for POC diagnosis of malaria infection by P. falciparum.
Heat lysis coupled with dilution allows the amplification of
parasites without the need to first purify target DNA with
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Figure 9. (A) LAMP detection of P. falciparum DNA using LAMP primers targeted to the parasite’s mitochondrial cytochrome oxidase subunit 1 gene.
The P. falciparum-specific primers did not amplify two different samples of P. vivax DNA. (B) LAMP detects both P. falciparum and P. vivax DNA when

targeting the 18S rRNA gene present in all Plasmodium species.

both high sensitivity and specificity from a subject’s blood
or saliva samples. The technique is rapid (ie, ~30 minutes to
result) with a detection limit of ~1-2 parasites/uL and can
detect either P. falciparum alone or difterentially with P. vivax
using primers directed against ribosomal RNA. BSA was
used as an amplification enhancer, but further study needs to
be done to optimize its use.
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Supplementary Material

Supplementary Table 1. Calculation of the number of parasites present in a microliter of blood.

MPB CONCENTRATION (ng/pL) NUMBER OF PARASITES/uL
MRA-731 36 15,31,908

MRA-925 10 4,25,530

MRA-102 23 9,78,719

MRA-172 2 85,106

MRA-383 43 18,29,779

MRA-384 62 26,38,286
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