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A heteroduplex tracking assay used to genotype Plasmodium vivax merozoite surface protein 1 was adapted to a capillary elec-
trophoresis format, obviating the need for radiolabeled probes and allowing its use in settings where malaria is endemic. This
new assay achieved good allelic discrimination and detected high multiplicities of infection in 63 P. vivax infections in Cambo-
dia. More than half of the recurrent parasitemias sampled displayed identical or highly related genotypes compared to the initial
genotype, suggesting that they represented relapses.

Agrowing appreciation of the global burden of Plasmodium
vivax has placed a new emphasis on the development of ma-

laria control and elimination strategies specifically targeting this
species (1–3). Molecular tools that sensitively detect minority par-
asite populations can help achieve a better understanding of P.
vivax transmission dynamics, the development of drug resistance,
and mechanisms underlying hypnozoite relapse (4–7).

Heteroduplex tracking assays (HTAs) are a genotyping
method that detects multiple genetic variants coexisting within a
single isolate by exploiting the conformational structure of DNA
duplexes formed between sample-derived PCR products of a ge-
netic marker of interest and a probe targeting the same marker.
Probe-amplicon heteroduplexes each adopt a unique structure
based on sequence differences in the sample-derived amplicons,
allowing the detection of both single nucleotide polymorphisms
and indels. The heteroduplexes migrate differently in a nondena-
turing polyacrylamide gel, creating a distinct banding pattern.

We previously used an HTA based on the P. vivax merozoite
surface protein 1 (pvmsp1) gene to show that P. vivax infections in
Thailand and Cambodia are frequently polyclonal and that some
genetic variants may be more prone to relapse than others (6, 8).
However, the HTA used a radiolabeled probe, which prevents the
assay from being readily adopted in settings where malaria is en-
demic. To develop a nonradioactive HTA, we adapted the assay to
a capillary electrophoresis (CE) format by creating a fluorescently
tagged probe and using a nondenaturing polymer.

Fluorescently labeled HTA probes were generated by using
previously created plasmids containing 500 bp of variable se-
quence within the pvmsp1 gene spanning interspecies conserved
blocks 5 and 6, which had been cloned from P. vivax strains found
in the MR4 repository (MRA-340G, MRA-341G, and MRA-
343G) and from a Thai clinical sample (Th06) (8). This approach
allows probes to be selected from a single colony, ensuring that
they are clonal. Probes were generated by PCR targeting plasmid
sections surrounding the insert and labeled on a single strand with
a 6-carboxyfluorescein (FAM)-labeled forward primer. For each
PCR, 5 �l of 0.2 ng/�l of plasmid was added to 45 �l of a master
mixture containing 10� PCR buffer, 200 �M each deoxynucle-
otide triphosphate (dNTP), 400 nM each primer listed in Table 1,

and 1.25 U of HotStarTaq DNA polymerase (Qiagen, Valencia,
CA) under the cycling conditions shown in Table 1. The PCR
product was run on a 1% agarose gel and purified with the
QIAquick Gel Extraction kit (Qiagen, Valencia, CA).

Of the four fluorescently labeled HTA probes generated, the
Th06 probe produced the most discrete peak in CE and was cho-
sen for development. We verified that this probe could be used to
detect a range of genetic variants by annealing it to pvmsp1 ampli-
cons from the aforementioned MR4 isolates and finding distinct
peaks for each probe-pvmsp1 amplicon pair by CE. Known mix-
tures of the pvmsp1 amplicons from these monoclonal isolates
were also created to verify that multiple variants could be detected
simultaneously.

The CE-based HTA (CE-HTA) was then applied to samples
collected during a malaria cohort study conducted in Oddar
Meanchay, Cambodia, in 2010 and 2011 (C. Lon et al., submitted
for publication). Genomic DNA was extracted from filter paper
blood spots from 64 P. vivax-infected persons with the QIAamp
96 DNA Blood kit (Qiagen, Valencia, CA) and amplified in dupli-
cate, with appropriate controls, by nested PCR (Table 1). In the
first-round reaction, 2.5 �l of genomic DNA was added to 22.5 �l
of a master mixture containing 10� PCR buffer, 200 �M each
dNTP, 800 nM each primer, and 0.625 U of HotStarTaq DNA
polymerase. In the second-round PCR, 2 �l of the PCR product
from round 1 was added to 48 �l of a master mixture containing
10� PCR buffer, 200 �M each dNTP, 800 nM each primer, and
0.625 U of HotStarTaq DNA polymerase. PCR-purified ampli-
cons were annealed to the probe with 1 �l of 1� EDTA buffer, 0.5
�l of 20 �M pvmsp1 HTA F primer, 4.5 �l of 5 �M probe, and 4 �l
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of PCR-purified pvmsp1 amplicon. The mixture was heated to
95°C for 2 min and then cooled to 25°C for 5 min. A 1.5-�l volume
of the annealed mixture was then prepared for CE on a 310 Ge-
netic Analyzer (Life Technologies, Carlsbad, CA) by adding 10.5
�l of highly deionized formamide and 0.6 �l of GeneScan 1200
LIZ Size Standard (Life Technologies). CE was carried out with a

61-cm capillary and a diluted polymer consisting of 600 �l of POP
Conformational Analysis Polymer (Life Technologies), 263 �l of
deionized water, 108 �l of autoclaved glycerol, and 108 �l of 10�
EDTA. Duplicate samples were run with the following parame-
ters: a 30°C run temperature, a 9.5-kV injection voltage, a 10-s
injection length, a 7-kV run voltage, and a 180-min run length.
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FIG 1 (A) Sample CE-HTA output. Each sample run contained peaks corresponding to the single-stranded probe, probe homoduplex (double-stranded probe
reannealed to itself), and one or more heteroduplex peaks (probe bound to pvmsp1 fragment) representing different pvmsp1 variants. Light gray peaks represent
size standards. (B) Allele frequencies of pvmsp1 sequence variants by HTA migration index. A total of 166 clones were identified from 63 P. vivax infections. The
six most common clones, which accounted for 41% of the total, are shaded dark gray. (C) Distribution of MOIs. The number of coinfecting pvmsp1 clones per
isolate among the 63 Cambodian samples (45 initial and 18 recurrent) is shown. (D) CE-HTA peaks in a subject with recurrent parasitemias. The relatedness of
variants in successive infections is highlighted in subject 81, who suffered three consecutive recurrences, each about 5 weeks following treatment with dihydro-
artemisinin-piperaquine.

TABLE 1 Sequences of the primers and probes used in the HTA

Amplification Primer sequence Amplification program

pvmsp1 probe
HTA forward 5=-FAM-TGCAGGTCGACTCTAGAGGAT-3= 95°C for 15 min; 20 cycles of 95°C for 15 min, 55°C for 2 min,

72°C for 1 min; 72°C for 10 minHTA reverse 5=-ACGGCCAGTGAATTCGAG-3=

pvmsp1 ICB5-6 amplicon
Round 1

MB5W 5=-AGACARGCGAGAAACCTG-3= 94°C for 10 min; 35 cycles of 94°C for 50 s, 50°C for 50 s, 72°C
for 1 min; 72°C for 2 minMB6 5=-TATATATTGTAAACCATTTCC-3=

Round 2
pvmsp1 HTA F 5=-GATGGTCCTCAAAAGGGAAA-3= 94°C for 10 min; 35 cycles of 94°C for 50 s, 55°C for 50 min,

72°C for 1 min; 72°C for 2 minpvmsp1 HTA R 5=-GACATGCGTAAGCGGATTTT-3=
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In the end, 63 samples from 45 persons were successfully
amplified in duplicate and evaluated by CE-HTA. With the
GeneMapper software (Applied Biosystems), CE-HTA peaks with
heights of �50 U were assigned a migration index based on their
migration relative to the size standard (Fig. 1A). It is important to
note that the size standard was used in a nontraditional manner, as
a way to quantify relative migration and not base pairs, thus acting as
a proxy for migration efficiency. Allele assignments were made by
placing the heteroduplex peaks into bins of 10 size standard units, as
this was the standard deviation of the migration index for the homo-
duplex and single-stranded probe peaks among all of the runs.

A total of 32 distinct alleles were identified among the 45 sub-
jects. These were alphabetically labeled A to FF, with the hetero-
duplex formed by allele A with the probe adopting the most effi-
cient conformation and exhibiting the fastest migration (Fig. 1B).
The most frequent allele was allele X, which accounted for 9%
(15/166) of the clones identified and was present in nearly a quar-
ter of the samples (15/63, 24%). The six most common alleles
accounted for 44% of the clones identified. Impressively, the vir-
tual heterozygosity (HE), a measurement of the genetic diversity of
a given locus within the study population, was calculated to be
0.95. This was greater than the HE of 0.86 we previously found
with the traditional HTA format, likely because of the higher dis-
criminatory power afforded by the CE format. This HE is compa-
rable to the HE of the most discriminatory microsatellite markers
used to genotype P. vivax (8, 9). Unfortunately, the pvsmp1 CE-
HTA probe selected was based on a slightly different pvmsp1 se-
quence, precluding a direct comparison with our prior study.

In addition to showing more allelic discrimination than the
traditional HTA, the CE-HTA maintained sensitive detection of
minority variants within isolates. For each sample run, the num-
ber of distinct heteroduplex peaks in separate bins was summed as
the sample’s multiplicity of infection (MOI). Only peaks that were
duplicated between both replicates of a given sample were
counted. The mean calculated MOI was 2.6, with a range of 1 to 8
(Fig. 1C). Seventy-one percent of the samples were polyclonal,
containing more than one variant. These estimates are consistent
with our prior Cambodian study (8) and on a par with MOI esti-
mates from Thailand and Papua New Guinea based on microsat-
ellite markers (10, 11).

As part of the cohort study, subjects who developed P. vivax
malaria were treated with dihydroartemisinin-piperaquine by di-
rectly observed therapy, followed weekly by light microscopy con-
firmed retrospectively by PCR for at least 42 days posttreatment,
and then followed monthly with the same testing until the study
ended. They were not treated with primaquine to prevent relapse
until the end of the study. Our study sample contained 11 persons
who suffered one or more recurrent parasitemias at a median of 63
days posttreatment that could represent relapses (Table 2; Fig.
1D). When consecutive parasitemias in these persons were com-
pared, 80% (12/15) of the initial and recurrent genotypes were
“related” in that they had one or more pvmsp1 variants in com-
mon. Two of these pairs (2/12) contained identical genotypes,
while two-thirds (8/12) were “highly related” in that at least half of
the variants seen in the recurrent parasitemia were also seen in the
initial or immediately preceding parasitemia. The last two (2/12)
were not highly related (81R¡81RR and 80¡80R). This supports
our previous observation that, even with the use of a highly dis-
criminatory assay, the bulk of recurrent P. vivax parasitemias in

Cambodia appear to be related (8). Still, half of the related pairs
(6/12) contained a novel variant in the recurrent parasitemia.

We believe the 10 identical or highly related genotype pairs are
more likely to represent relapse rather than reinfection (indicated
by asterisks in Table 2). Recrudescence of the same alleles because
of treatment failure after dihydroartemisinin-piperaquine is felt
to be unlikely. Five novel variants were seen in 4 of these 10 recur-
rences suspected to represent relapses. The novel variants seen in
these suspected relapses (often referred to as heterologous hypno-
zoites [12]) may represent latent hypnozoites inoculated more
remotely prior to the initial parasitemia or minority variants not
readily detectable at the time of initial sampling. However, an-
other possibility is that reinfection also triggers the relapse of la-
tent hypnozoites. It is important to note that the initial para-
sitemias may themselves also represent relapses from infection
prior to study enrollment.

In conclusion, we have successfully combined the sensitive de-
tection of minority variants by HTA with the practical advantages
of using CE for malaria genotyping. The pvmsp1 CE-HTA re-
ported here achieved a high level of allelic discrimination among
P. vivax parasites in a northern Cambodian cohort while revealing
the relatedness of parasites found in initial and recurrent episodes.
The probe for this CE-HTA is nonradioactive and easily gener-

TABLE 2 Genotypes of subjects with recurrent P. vivax parasitemia(s)
by HTA

Sample MOI Variant(s)

Time to
recurrence
(days)

Identical and identical-related pairs
81 1 BB
81Ra 1 BB 35
81RR 3 Z BB DD 34
81RRRa 2 Z DD 31
151 2 C D
151Ra 2 C D 126

Related pairs
80 7 D E H I N O FF
80R 5 B I Y Z BB 56
80RRa 4 B L Z CC 42
87 3 M Z AA
87Ra 2 B M 81
96 2 M AA
96Ra 1 AA 71
123 1 X
123Ra 2 C X 26
130 5 N P S T X
130Ra 3 P X DD 68
130RRa 2 P X 43
153 5 H K O S X
153Ra 1 X 115

Unrelated pairs
125 1 Y
125R 3 H I R 82
152 4 G H I L
152R 1 X 94
154R 2 H J 64
154RR 4 I K L N 62

a Identical or highly related recurrent parasitemias that are suspected to arise from
relapse.
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ated, as once a gene target sequence is cloned, it takes only a simple
PCR using universal primers to create a fluorescently labeled
probe; however, probe sequences should be standardized for com-
parison between genotyping studies. This practical method of
characterizing in-host diversity in clinical P. vivax infections can
be used to shed light on P. vivax transmission and mechanisms of
relapse, an understanding of which is important to guide future
malaria elimination strategies in areas where P. vivax is endemic.

Nucleotide sequence accession number. The sequence ob-
tained in this study has been deposited in GenBank under acces-
sion number KF509888.
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