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Monitoring of antimalarial resistance is important to prevent its further spread, but the available
options for assessing resistance are less than ideal for ﬁeld settings. Although molecular detection is
perhaps the most efﬁcient method, it is also the most complex because it requires DNA extraction and
PCR instrumentation. To develop a more deployable approach, we designed new probes, which, when
used in combination with an inhibitor-tolerant Taq polymerase, enable single-nucleotide polymorphism
genotyping directly from whole blood. The probes feature two strategic design elements: locked nucleic
acids to enhance speciﬁcity and the reporter dyes Cy5 and TEX615, which have less optical overlap with
the blood absorbance spectra than other commonly used dyes. Probe performance was validated on a
traditional laboratory-based instrument and then further tested on a ﬁeld-deployable Adaptive PCR
instrument to develop a point-of-care platform appropriate for use in malaria settings. The probes
discriminated between wild-type Plasmodium falciparum and the chloroquine-resistant CRT
PF3D7_0709000:c.227A>C (p.Lys76Thr) mutant in the presence of 2% blood. Additionally, in allelic
discrimination plots with the new probes, samples clustered more closely to their respective axes
compared with samples using minor groove binder probes with 6-FAM and VIC reporter dyes. Our
strategy greatly simpliﬁes single-nucleotide polymorphism detection and provides a more accessible
alternative for antimalarial resistance surveillance in the ﬁeld. (J Mol Diagn 2019, 21: 623e631;
https://doi.org/10.1016/j.jmoldx.2019.02.004)

The drugs used to treat malaria have followed a pattern
typical for many other antimicrobials. Initially, the drug
works well, but over time, it becomes less effective through
complex mechanisms that lead to the development of drug
resistance. This paradigm was observed for chloroquine
starting in the 1950s, then later with sulfadoxinepyrimethamine in the following decade (reviewed by
Wongsrichanalai et al1). Indications of a similar pattern are
being observed with the current ﬁrst-line treatment for
Plasmodium falciparum malaria.2e14 Several reports also

suggested that resistance emerged at least in part as independent events.15,16 However, recently, microsatellite analysis indicates that a mutant lineage carrying the Kelch13
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PF3D7_1343700: p.Cys580Tyr single-nucleotide polymorphism (SNP) spread from Cambodia to Thailand, Laos,
and Vietnam.17,18 This is a continuously evolving situation,
and it is unclear how and if this parasite lineage will
continue to spread.
For previous generations of antimalarials, resistance arose
from the development and subsequent spread of one or more
parasite SNPs. To monitor and prevent their spread, these
SNPs can be detected with molecular assays, like sequencing
or real-time PCR. However, the tests are relatively expensive,
are labor intensive, and are generally performed in central
laboratories. We sought to make SNP genotyping for antimalarial drug resistance more accessible outside of central
laboratories by developing an assay that has the potential to be
performed directly on blood in a point-of-care setting. To
demonstrate proof of principle for the detection of drug
resistanceeassociated SNPs, we tested our design with the
well-characterized SNP associated with chloroquine resistance, c.227A>C (p.Lys76Thr) of the P. falciparum chloroquine resistance transporter (CRT ) gene.19,20
A common approach for PCR-based SNP identiﬁcation
uses hydrolysis probes because it can be performed in any
laboratory equipped with a real-time PCR instrument. This
technique relies on a large differential melting temperature
between the probes speciﬁc for each polymorphism. The
perfectly matched probe has a higher melting temperature
for its target compared with the other mismatched probe.21
The difference in melting temperatures can be accomplished by using various probe modiﬁcations, like the minor
groove binder (MGB).22 In the present study, locked nucleic
acids (LNAs) were incorporated in the hydrolysis probes
because they, like the MGB, raise the melting temperature
of the probes, resulting in preferential binding of the wildtype probe to the wild-type target and the mutant probe to
the mutant target.23 In the case of LNAs, this is achieved by
a methylene bridge within the ribose sugar of the nucleotide,
resulting in a more rigid or locked conformation. This
structural modiﬁcation does not alter its participation in
Watson-Crick base pairing, but does enhance the probe’s
afﬁnity for its complementary target.24 The increase of the
oligonucleotide melting temperature by LNAs provides a
critical advantage for SNP genotyping and has been
exploited for several assays, including Chlamydia pneumoniae genotyping.23,25e28
In addition to developing the molecular tools for SNP
genotyping, our goal was to apply them within a simpliﬁed
assay design appropriate for a low-resource setting. To avoid
the complexities of sample preparation, a PCR-based assay
that can be performed directly on whole blood was designed.
Blood poses several obstacles for real-time PCR: it inhibits
PCR ampliﬁcation,29,30 and its absorption spectra can interfere with the ﬂuorescent reporter dyes.31 Several manufacturers have developed Taq and other DNA polymerases to be
highly resistant to PCR inhibitors, which are often referred to
as robust polymerases.32e34 For Taq polymerase, this can be
accomplished by an N-terminal deletion that enhances

performance, but at the cost of removing the 50 /30 exonuclease activity required for cleavage of hydrolysis probes.33,35
In addition, although MGB probes with the reporter dyes
6-FAM (FAM) and VIC have been developed for c.227A>C
(p.Lys76Thr) genotyping, they are not ideal for use with
blood because of the high overlap between blood absorption
and the reporter dyes’ excitation and emission wavelengths.36
The limitations associated with blood were overcome by
incorporating two key changes to the PCR reagents: a robust
Taq polymerase optimized for use with blood and the use of
the ﬂuorescent reporter dyes Cy5 and TEX615, which emit at
sufﬁciently long wavelengths to reduce the optical interference from blood. The assay was also evaluated using Adaptive PCR, a previously described real-time PCR platform that
uses left-handed DNA (L-DNA) additives to monitor the reaction for more reliable point-of-care performance.37
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Materials and Methods
Materials
The P. falciparum reference line 3D7 was cultured, as previously described.38 Genomic DNA from the 3D7 parasite culture was extracted with the Qiagen (Germantown, MD)
DNeasy Blood and Tissue kit, according to the manufacturer’s
protocol. The P. falciparum line 7G8 genomic DNA (MRA926G, MR4; BEI Resources, Manassas, VA) was obtained
through the Malaria Research and Reference Reagent Resource
Center. Human whole blood with citrate phosphate dextrose
anticoagulant was purchased from Bioreclamation IVT
(Westbury, NY). For experiments using packed red blood cells
(RBCs), the cells were washed in phosphate-buffered saline
and used at a ﬁnal concentration of 0.8%, which is equivalent to
2% whole blood for a 40% hematocrit.

Oligonucleotides
Ultramer DNA oligonucleotides containing the 166-base
wild-type and the c.227A>C (p.Lys76Thr) mutant CRT
(PlasmoDB Gene identiﬁcation: PF3D7_0709000; https://
plasmodb.org, last accessed February 1, 2019) amplicons
were synthesized by Integrated DNA Technologies
(Coralville, IA). All of the primer and probe sequences
are shown in Table 1. The custom MGB probes (pfcrt_
76K and pfcrt_76T) were supplied in a premixed solution
with the primers pfcrt_F and pfcrt_R from Applied Biosystems (Foster City, CA). The MGB probes and their
primers have been previously described.36 The 50 ends of
the wild-type and mutant MGB probes were labeled with
FAM and VIC ﬂuorescent reporter dyes, respectively. The
MGB quencher was located on their 30 ends.
A second set of pfcrt_F and pfcrt_R primers as well as the
LNA probes were synthesized by Integrated DNA Technologies. Wild-type probes incorporating between six and
nine LNA bases were labeled with Cy5 on the 50 end. The
probes for the mutant alleles were labeled with either HEX

-
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Table 1

Sequences of Oligonucleotides Used for Real-Time PCR

Name
36

pfcrt_F
pfcrt_R36
pfcrt_76K36
pfcrt_76T36
LNA_W (ML045)
LNA_M (ML047)
ML040
ML044
ML046
ML036
ML037

Description

Sequence*

Forward primer
Reverse primer
Wild-type probe with MGB
Mutant probe with MGB
Wild-type probe with LNAs
Mutant probe with LNAs
Wild-type probe with LNAs (candidate 1)
Wild-type probe with LNAs (candidate 2)
Wild-type probe with LNAs (candidate 4)
Mutant probe with LNAs (candidate 1)
Mutant probe with LNAs (candidate 2)

50 -TGGTAAATGTGCTCATGTGTTT-30
50 -AGTTTCGGATGTTACAAAACTATAGT-30
50 -6-FAM-TGTGTAATGAATAAAATTTTTGCTAA-MGB-30
50 -VIC-TGTGTAATGAATACAATTTTTGCTAA-MGB-30
50 -Cy5-ATþGþAAþTþAþAþAATþTTTþTþGC-IABRQSP-30
50 -TEX615-GTAATGAAþTþAþCþAAþTTþTTTGCT-IABRQSP-30
50 -Cy5-TGTGTAATGAAþTþAþAþAAþTTTTTGþCT-IABRQSP-30
50 -Cy5-ATþGþAAþTþAþAþAAþTTþTTTþGCT-IABRQSP-30
50 -Cy5-TþGþAAþTþAþAþAATþTTTþTþGCT-IABRQSP-30
50 -HEX-TGTGTAATGAAþTþAþCþAAþTTTTTGþCTA-IABKFQ-30
50 -HEX-TGTGTAATGAAþTþAþCþAAþTþTTTTGCTA-IABKFQ-30

*Locked nucleic acid bases are preceded by a plus sign (þ).
IABKFQ, Iowa Black FQ; IABRQSP, Iowa Black RQ; LNA, locked nucleic acid; MGB, minor groove binder.

or TEX615. The FAM and HEX dyes were quenched with a
30 Iowa Black FQ quencher and the TEX615 and Cy5 dyes
with a 30 Iowa Black RQ quencher. Each was tested for its
SNP discrimination potential in a competition assay with
each probe from the other allele. The probes with the highest
ratio of perfect-match-to-mismatch end point ﬂuorescence,
labeled LNA_W and LNA_M in Table 1, were chosen for
further study. They contained nine and six locked nucleotides, respectively, and were synthesized with a 50 reporter
dye (Cy5 or TEX615) and a 30 Iowa Black RQ quencher.
L-DNA enantiomer oligonucleotides were synthesized by
Biomers (Ulm, Germany). To monitor primer annealing,
L-DNA enantiomers of the pfcrt_F primer and its reverse
complement were synthesized. The previously described
77-mer sequence derived from Mycobacterium tuberculosis
(labeled as TB77) was synthesized and used to monitor
melting of the amplicon.37

PCR
For reactions with the LNA probes, each 25-mL reaction
contained 1 Taq Mutant Reaction Buffer (DNA Polymerase Technology, St. Louis, MO), 200 nmol/L of each
dNTP (Sigma-Aldrich, St. Louis, MO), 400 nmol/L of each
probe, 900 nmol/L of each primer, 0.25 mL of OmniTaq 3
DNA polymerase (DNA Polymerase Technology), and up
to 3% whole blood or washed RBCs from the P. falciparum
(strain 3D7) parasite culture. The reactions with MGB
probes were composed identically with the exception of the
probes and primers, which were supplied in a 20 mixture
by the manufacturer for a ﬁnal concentration of 200 and 900
nmol/L, respectively. In addition, the target DNA was added
at 107 copies for the synthesized oligonucleotides and 8 ng
(approximately 3  105 copies) for the genomic DNA.
Two PCR instruments were used for this study: the RotorGene Q (Qiagen), a traditional PCR instrument; and the
recently described Adaptive PCR instrument. The latter uses
ﬂuorescently labeled L-DNA analogs of the primers and
amplicon to identify heating and cooling switch points by
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optically monitoring the annealing of L-DNA primers and
melting of the L-DNA amplicon, respectively.37 For the RotorGene instrument, each reaction was performed with the
following conditions: an initial 95 C hold for 3 minutes, followed by 45 cycles at 95 C for 15 seconds and 62 C for 15
seconds. On the Adaptive PCR instrument, the 3-minute initial
denaturation was performed by programming LabVIEW
software version 2017 (National Instruments, Austin, TX) to
monitor the ﬂuorescence signal of labeled L-DNA analogs of
the TB77 amplicon while heating and then maintaining the
ﬂuorescence signal once the melt plateau was reached. The
program maintained the melted state for 3 minutes by turning
the heater on if the ﬂuorescence signal fell below the melt state
and turning the heater off once the ﬂuorescence reached the
melt state. Validation studies with a thermocouple inserted into
the reaction tube conﬁrmed that the hold temperature maintained approximately 88 C  2 C for the denaturation step.
The samples were then cooled until the L-DNA analog of the
pfcrt_F primer annealed to its target. The instrument then
began heating until the L-DNA TB77 amplicon strands separated. This was repeated for a total of 40 cycles. The end point
ﬂuorescence values for the allelic discrimination plots were
taken from PCR cycle number 40, regardless of the instrument.

Results
LNA Probes for CRT c.227A>C Genotyping Are
Comparable to MGB Probes
Our goal was to streamline SNP genotyping assays to make
them more compatible for malaria ﬁeldwork. One of the
main bottlenecks is DNA extraction because it is time and
labor intensive, and consequently, is usually performed in a
traditional laboratory setting. Aside from the inhibitors
found in blood, the excitation and emission spectra of
commonly used probe reporter dyes are also incompatible
with the absorbance spectra of blood. To overcome this
problem, the Cy5 and TEX615 reporter dyes were assessed
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Figure 1

Comparison of the minor groove binder
(MGB) and locked nucleic acid (LNA) CRT c.227A>C probes
in blood with a traditional PCR instrument. Each panel
combines reactions with 0% to 3% whole blood. The results are shown as wild-type (solid line) or mutant
(dashed line) oligonucleotide (oligo) of the CRT amplicon
or a no-template control (dotted line). Each sample was
performed in duplicate on the Rotor-Gene instrument. The
normalized ﬂuorescence intensity for the MGB (A and B)
and the LNA (C and D) probe pairs is plotted for each
cycle. In all cases, as the percentage of blood increases,
the ﬂuorescence intensity decreases. The FAM (A) and VIC
(B) ﬂuorescence intensities are more dramatically attenuated by the addition of blood compared with the Cy5 (C)
and TEX615 (D) reporter dyes.

because they excite and emit in the orange-red end of the
spectrum, where blood absorbance is lower.
The strategy for evaluating the probes in blood was to
increase the experimental complexity one step at a time.
First, the LNA probes were compared with previously
described MGB genotyping probes36 by using ampliconlength oligonucleotide targets. They were initially validated on the traditional Rotor-Gene PCR instrument. These
same probes were further tested on the ﬁeld-deployable
Adaptive PCR device. Once their performance was
conﬁrmed on these two instruments, the Adaptive PCR instrument was used to assess the LNA probes’ allelic
discrimination potential, ﬁrst in genomic P. falciparum
DNA and then with P. falciparumeinfected RBCs.
In the ﬁrst set of experiments, the LNA probes were evaluated side by side with MGB probes in increasing concentrations of blood. Synthesized amplicon-length oligonucleotides
were used as targets to simplify the experimental parameters.
As expected, the overall ﬂuorescence intensity of the probes is
inversely proportional to the percentage of blood in the reaction. The intensities of the FAM and VIC reporter dyes
(Figure 1, A and B) decrease more with the addition of blood
compared with the Cy5 and TEX615 dyes (Figure 1, C and D),
which is presumably caused by the overlap of the blood
absorbance spectra with their excitation and emission wavelengths. The absence of ampliﬁcation of the wild-type
sequence in the VIC and TEX615 ampliﬁcation plots
(Figure 1, B and D) suggests that neither of the mutant probes
has observable mismatch binding to the wild-type oligonucleotide. However, both the MGB and LNA wild-type probes
exhibit leakage (Figure 1, A and C), indicating that the wildtype probes bind to the mutant oligonucleotides at a low
level. This is likely a consequence of the middle nucleotide of
the CRT codon 76 changing from an adenine to a cytosine in
the mutant sequence, which increases the afﬁnity of the mutant
probe to the mutant sequence. The wild-type probes, therefore,

have inherently lower melting temperatures and, accordingly,
lower speciﬁcity than their mutant probe counterparts.
The LNA probes were further tested for their discriminatory potential in mixed infections. To mimic a low percentage
of a drug-resistant isolate compared with a drug-sensitive
isolate, 106 copies of the mutant oligonucleotide were combined with 9  106 copies of the wild-type oligonucleotide for
a total reaction copy number of 107. In addition, a mixture
containing 5  106 copies of each oligonucleotide was also
evaluated. For comparison, 106, 5  106, and 9  106 copies
of each oligonucleotide alone were also included. The wildtype and mutant oligonucleotides clustered near their
respective axes on the allelic discrimination plot
(Supplemental Figure S1). The mixed reaction samples were
located in the zone between the individual oligonucleotides,
indicating that the LNA probes can detect the chloroquineresistanceeassociated SNP in the context of a mixed infection, as low as 10% of the total copy number.
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Direct PCR in Blood with Adaptive PCR Instrument
We recently reported the design of a PCR platform called
Adaptive PCR that does not rely on temperature checkpoints. Instead, it monitors the denaturation and annealing
of ﬂuorescently labeled, mirror-image L-DNA molecules
to switch between heating and cooling steps, which
signiﬁcantly simpliﬁes instrument programming and calibration.37 To develop an SNP genotyping process appropriate for ﬁeld deployment, next, the probes’
discrimination potential was tested in the simpler Adaptive
PCR device. Subsequent experiments were performed in
the Adaptive PCR instrument.
For the evaluation of the LNA probes in the Adaptive
PCR instrument, the L-DNA analog of the 166-bp CRT
amplicon could not be synthesized because of the length

-
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Figure 2

Performance of the locked nucleic acid CRT c.227A>C probes in
blood with the Adaptive PCR instrument. The wild-type (A and B) or mutant (C
and D) oligonucleotide or a no-template control (E and F) was ampliﬁed in
the presence of 0%, 1%, 2%, or 3% whole blood on the Adaptive PCR device.

limitations with synthesis. Therefore, in its place, the previously published M. tuberculosis target sequence and its
complement, which were synthesized as L-DNA oligonucleotides, were substituted.37 The GC-rich, 77-bp TB77
sequence has a melting temperature of 87 C, which is
approximately 13 C higher than the AT-rich, 166-bp CRT
amplicon sequence (data not shown), and ensures that the
naturally occurring D-DNA target will be sufﬁciently denatured during the heating step. The L-DNA analog of the
CRT forward primer and its complement were used to
monitor annealing of the primers to their target.
Whole blood at a ﬁnal concentration of 1%, 2%, or 3%
was added to each sample. Phosphate-buffered saline was
added to a subset of samples for a 0% blood comparison.
Detection of the wild-type and mutant CRT amplicon-length
oligonucleotides was compared (Figure 2). Small blips in
the ampliﬁcation curves were occasionally observed for
reactions performed on the Adaptive PCR instrument and
were attributable to glitches in the early instrument software.
The infrequent spikes were isolated to individual cycles and
did not change the interpretation of the data.
The TEX615-labeled mutant probe identiﬁed the mutant
sequence (Figure 2D) without detectable mismatch binding
(Figure 2B). Although the Cy5-labeled wild-type
probe detected the wild-type oligonucleotides (Figure 2A),
a small, delayed ampliﬁcation curve was also observed for
the mutant sequence (Figure 2C). This corroborates the
earlier ﬁnding that the wild-type probe has lower
speciﬁcity than the mutant probe (Figure 1). Ampliﬁcation
curves were not observed for the no-template control
samples (Figure 2, E and F).
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To further assess the probe pairs, the end point ﬂuorescence
values from each experiment were plotted in an allelic
discrimination plot (Figure 3). Each allele is expected to
have high signal from its probe and low signal from the
probe for the other allele, and consequently, cluster near its
respective axis.39 However, in the Rotor-Gene experiments
with the MGB probe pair, the decrease in ﬂuorescence
caused by the addition of blood resulted in poor clustering
regardless of the allele (Figure 3A). For comparison, in the
same instrument with the LNA probes, the wild-type samples locate closer to the Cy5 axis and the mutant samples to
the TEX615 axis (Figure 3B). Despite the greater separation
between alleles, the 0% blood no-template sample was an
exception as it clusters with the mutant samples (Figure 3B).
The emission and excitation wavelengths of the TEX615
dye have greater overlap with the absorbance of blood than
those of the Cy5 dye. Therefore, the Cy5 initial ﬂuorescence
is less impacted by the presence of blood than the TEX615
dye. At 2% and 3% blood, the TEX615 ﬂuorescence starts
lower than 0% blood sample, and even after ampliﬁcation,
the end point value remains below the no-template control
sample (Figure 1D).
However, when plotting the same LNA probes from the
Adaptive PCR experiment, all blood dilutions of the notemplate controls clustered tightly near the origin
(Figure 3C). The wild-type samples clustered near the Cy5
wild-type axis, and the mutant samples clustered near the
TEX615 mutant axis (Figure 3C). As the percentage of
blood was increased, the overall ﬂuorescence intensity
decreased. The ﬂuorescence decrease was more notable for
the TEX615 dye than the Cy5 dye with the Adaptive PCR
instrument. The tighter clustering of the Cy5 and TEX615
probes indicated that they are better reporter dyes for use
with blood than the FAM and VIC probes (Figure 3A).
When compared with the same experiment performed in the
traditional Rotor-Gene instrument (Figure 3B), the wildtype and no-template control (Figure 3C) samples clustered more tightly in the experiment was performed in the
Adaptive PCR device. These data indicate that the LNA
probes work at least as well in the Adaptive PCR
instrument.

The LNA Hydrolysis Probes Discriminate between SNPs
in Genomic DNA
Molecular analyses with short oligonucleotide targets do not
accurately reﬂect the complexity of clinical pathogen
testing. Therefore, the CRT c.227A>C (p.Lys76Thr) probes
were further tested using genomic DNA isolated from two
different strains of P. falciparum parasites: the chloroquinesensitive 3D7 (wild-type) strain and the chloroquineresistant 7G8 (mutant) strain. In addition to the canonical
chloroquine-resistance c.227A>C (p.Lys76Thr) DNA
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Allelic discrimination plots for each PCR instrument. The end point ﬂuorescence values are plotted in allelic discrimination plots for the RotorGene (A and B) and Adaptive PCR (C) instruments. For the former, minor groove binder (MGB; A) and locked nucleic acid (LNA; B) probes were tested, whereas
LNA probes were evaluated in Adaptive PCR (C).

Figure 3

sequence change, a second nonsynonymous mutation in the
7G8 strain is also present, which results in the c.214T>A
(p.Cys72Ser) SNP. However, this SNP is upstream of the
probe sequence and was not expected to inﬂuence probe
binding.
All samples were tested in the presence of a ﬁnal concentration of 2% blood, which sought to provide a balance between maximizing available targets and maximizing the
ﬂuorescence signal. Robust ampliﬁcation curves were
observed with their corresponding SNP genotyping probes
(Figure 4). Similar to the previous experiments (Figures 1 and
2), delayed mismatch ampliﬁcation curves were observed
with the wild-type (Figure 4A) but not the mutant probe
(Figure 4B), indicating the wild-type probe had some low
afﬁnity for the mutant target sequence.
The c.227A>C (p.Lys76Thr) SNP was detectable from
genomic parasite DNA, even in the presence of 2% blood,
indicating that the LNA probes can be used to detect the
c.227A>C (p.Lys76Thr) chloroquine-resistance SNP from
parasite DNA. Furthermore, the addition of blood to the
PCR did not substantially interfere with SNP detection.

c.227A>C SNP Genotyping Directly from Infected Red
Blood Cells
In a ﬁnal test of these probes and the potential point-of-care
advantages of the Adaptive PCR instrument’s design, PCR
ampliﬁcation was performed directly from blood. Unlike the
earlier experiments, which used puriﬁed DNA, SNP genotyping was performed without an initial DNA extraction step.
As P. falciparum infects RBCs, the potential to perform PCR
directly on blood would eliminate the requirement for a DNA
extraction step. To this end, infected RBCs were added
directly to the Adaptive PCR sample and no DNA extraction
step was performed. For optimal ampliﬁcation, the samples
were held at the initial denaturation temperature for 3 minutes
for cellular lysis.
Cultured parasites at a parasitemia of 4% were added to
the reaction tube at a concentration equivalent to 2% whole
blood. To ensure that the ampliﬁed DNA is from the
infected RBCs and not the media, the supernatant following
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the wash was also tested. The wild-type probe (Figure 5A),
but not the mutant probe (Figure 5B), detected the drugsensitive 3D7 strain. These results are similar to those
obtained with genomic parasite DNA spiked into blood
(Figure 4). Although no experiment could be performed
with a chloroquine-resistant parasite culture, it can be
expected that the mutant probe would detect the c.227A>C
SNP directly from infected red blood cells, similarly to the
genomic DNA spike (Figure 4).
A small ampliﬁcation curve was observed for the wash
supernatant as well; however, this curve was at a much
lower level (Figure 5A). Unlike the delayed ampliﬁcation
curve representing mismatch binding, observed in
Figure 4A, the supernatant curve indicates that, even after
washing, either free DNA or parasites are present in the
supernatant at a lower concentration, ie, a small portion of
the DNA detected in the infected RBC sample may be
attributable to DNA that is not associated with infected
RBCs (Figure 5A). No ampliﬁcation was observed for the
uninfected and no-template negative controls. As expected,
ampliﬁcation curves were not observed for the mutant probe
(Figure 5B). The ﬂuorescence intensity of the mutant probe
was normalized to a positive control, which contained the
mutant oligonucleotide.

A
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M
W

Figure 4

Single-nucleotide polymorphism genotyping from genomic
Plasmodium falciparum DNA in the presence of 2% blood. Each Adaptive
PCR sample was spiked with 2% blood and P. falciparum genomic DNA
(gDNA) from either a chloroquine-sensitive/reference strain (3D7; solid red
line) or a chloroquine-resistant strain (7G8; dashed red line). As a positive
control, a subset of samples was spiked with the amplicon-length oligonucleotide (blue lines). The wild-type probe is labeled with Cy5 (A), and
the mutant is labeled with TEX615 (B). NTC, no-template control.
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Figure 5 The c.227A>C probes enable single-nucleotide polymorphism
genotyping directly from Plasmodium falciparumeinfected red blood cells
(RBCs). Ampliﬁcation curves for the wild-type (A) and mutant (B) probes.
Washed, packed RBCs from a 3D7 (wild-type) culture were added to an
Adaptive PCR sample at a ﬁnal concentration of 0.8%. The same concentration of the supernatant after washing was also evaluated for the presence of parasite DNA. Uninfected packed RBCs and no-template controls
served as negative controls.

Together, the data indicate that SNP genotyping can be
performed directly from P. falciparumeinfected RBCs. The
initial preheating step is sufﬁcient to lyse the RBCs and
parasite cells, resulting in the release of genomic DNA.
Despite the presence of blood in the reaction, the sample
composition does not prevent ampliﬁcation for SNP
detection.

Discussion
The LNA probes designed for this study enable SNP genotyping directly from blood (Figure 5). As a consequence,
drug-resistance testing for malaria can be performed without
an additional DNA extraction step, which signiﬁcantly decreases the test time and complexity. Although the World
Health Organization no longer recommends chloroquine as
a ﬁrst-line treatment for P. falciparum infection,40 this study
provides the framework for the general detection of SNPs in
blood. It is particularly valuable for malaria investigations
because malaria parasites infect red blood cells, but the
approach can be further extended to studies of genetic
markers in other organisms.
Because of the demonstrated effect of blood on ﬂuorescence intensity, the choice of the reporter dyes is critical.
Several of the most common reporter dyes (ie, SYBR Green,
FAM, HEX, and VIC) fall into the green-yellow range of the
spectrum, which overlaps with the absorbance spectra of
blood. Cy5 and TEX615 were selected because they are
orange-red dyes, which were found to be more compatible
with the blood absorbance spectra than those traditionally
used in MGB genotyping probes (Figure 1). In addition, the
selection of a more inhibitor-tolerant Taq polymerase was the
second essential feature of this work. OmniTaq 3 was chosen
for our study on the basis of its performance in blood and its
retention of 50 /30 exonuclease activity. The ﬁelddeployable Adaptive PCR instrument further complements
the molecular biology reagents. Together, these tools can be
used to perform SNP genotyping directly from blood in the
ﬁeld.
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Historically, monitoring of resistance to artemisinin, the
current ﬁrst-line therapy for P. falciparum infection, has been a
tedious process. The standard approaches are based on parasite
phenotype after drug treatment either clinically or in a ringstage survival assay.41e43 In addition to a delayed-clearance
phenotype, artemisinin-resistant parasites generally also harbor 1 of 20 different nonsynonymous mutations in the propeller
domain of the gene that encodes for the Kelch13 protein.44 A
potential approach would be to assess several SNPs simultaneously with all drug-resistance markers in the same ﬂuorescence channel and a positive control in a separate channel.
Although it would not be possible to determine the exact position if an SNP was found, the test would quickly provide
information regarding the patient’s resistance status. One recent
study used the ampliﬁcation-refractory mutation system to
detect the ﬁve most prevalent SNPs associated with resistance.45 Their strategy and ours offer ﬁeld-deployable approaches for complex molecular analyses. They have the
potential to serve as a quick preliminary assessment of artemisinin resistance, thereby replacing sequencing as a screening
tool.
Although the reagents outlined in this study could, in
theory, also be used as a molecular detection test, they are
likely less sensitive than is required to detect low copy
numbers. PCR-based detection of malaria infection usually
relies on ampliﬁcation of targets that appear multiple times
in the genome, thereby increasing the copies of the starting
material.46,47 Molecular markers of drug resistance, like
those targeted in our assay, are usually found only once
within each genome and, therefore, have inherently lower
starting copy numbers. As such, the test described herein
has lower sensitivity for the detection of malaria. It is better
suited for assessing antimalarial resistance status from patients with well-established malaria infections, in whom it is
expected that a high level of sensitivity is not required.
Although monitoring and containment are important to
prevent the further spread of drug-resistant parasites, designing
ﬁeld-deployable methods to rapidly detect artemisinin resistance has been challenging. Our strategy eliminates the most
time- and labor-intensive step: DNA extraction. By generating
a procedure that overcomes the obstacles presented by blood,
we have developed a simple and straightforward method to
quickly identify SNPs associated with drug resistance. As a
consequence, higher-throughput testing and more rapid
sample-to-result turnaround will be possible, which will enable
more comprehensive studies. The approach outlined herein
could be optimized for assessing resistance to artemisinin or
future drugs, and it could provide informative clues regarding
the drug’s efﬁcacy, thereby preventing its further spread.
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