
Genotyping of the chloroquine-resistance biomarker 
pfcrt (Plasmodium falciparum chloroquine resistance trans-
porter gene) suggests that, in the absence of chloroquine 
pressure, Plasmodium falciparum parasites in Malawi have 
reverted to chloroquine sensitivity. However, malaria infec-
tions in Africa are commonly polyclonal, and standard PCRs 
cannot detect minority genotypes if present in <20% of the 
parasites in an individual host. We have developed a mul-
tiple site–specifi c heteroduplex tracking assay (MSS-HTA) 
that can detect pfcrt 76T mutant parasites consisting of as 
little as 1% of the parasite population. In clinical samples, no 
pfcrt 76T was detected in 87 pregnant Malawian women by 
standard PCR. However, 22 (25%) contained minority-vari-
ant resistant genotypes detected by the MSS-HTA. These 
results were confi rmed by subcloning and sequencing. This 
fi nding suggests that the chloroquine-resistant genotype re-
mains common in Malawians and that PCR-undetectable 
drug-resistant genotypes may be present in disease-en-
demic populations. Surveillance for minority-variant drug-
resistant mutations may be useful in making antimalarial 
drug policy.

Drug-resistant Plasmodium falciparum malaria contin-
ues to be a growing health problem throughout most 

of the world (1). To combat this threat, governments and 
aid agencies need accurate drug resistance surveillance 
data. The World Health Organization has stressed the need 
for methods of detecting molecular markers of drug resis-
tance that will be useful in predicting responses to both 
clinical and public health interventions (2). This has been 
diffi cult in highly malaria-endemic areas, where infections 
are almost always polyclonal (3,4). In patients with poly-
clonal infections, small drug-resistant parasite populations 
(minority variants) may be masked by larger drug-sensi-

tive populations because standard PCRs are relatively in-
sensitive to minority variants (2). Therefore, new methods 
capable of detecting these subpopulations may lead to bet-
ter drug resistance surveillance and provide a better tool to 
predict outcome.

We describe a new multiple site-specifi c heteroduplex 
tracking assay (MSS-HTA) for detecting the pfcrt (Plasmo-
dium falciparum chloroquine resistance transporter gene) 
K76T mutation. This mutation in a putative transporter 
gene is well-associated with chloroquine resistance in P. 
falciparum (5). The MSS-HTA was compared with a stan-
dard allele-restricted PCR (ARPCR) in clinical samples 
from Malawi, a country where standard PCR analyses and 
a recent clinical trial have suggested that chloroquine-resis-
tant malaria has disappeared (6–9).

Materials and Methods

Study Samples
Informed consent, as approved by the ethics commit-

tees of the University of North Carolina and the Malawi 
College of Medicine/Ministry of Health, was obtained from 
all participants in this research study. The Malaria and HIV 
in Pregnancy Study (MHP) patient samples originated from 
a study of pregnant women attending Queen Elizabeth Cen-
tral Hospital, an urban hospital in Blantyre. The complete 
characteristics of the cohort and study design have been 
described elsewhere (10). The Mpemba and Madziabango 
(MM) patient samples were also collected from pregnant 
women as part of a pilot randomized, open-label, effi cacy 
study of intermittent preventive treatment in pregnancy at 
rural health clinics. The diversity of these infections, as 
well as the cohort and study design, has been described 
elsewhere (3). The characteristics of the patient samples 
used in this study are outlined in Table 1. All samples
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analyzed in this study were from fi lter paper blood spots of 
peripheral blood.

Malaria DNA Stocks
All malaria DNA used in the experiments, other than 

clinical samples, was from MR-4 (www.mr4.org). Wild 
type (pfcrt K76) was from P. falciparum strain 3d7 (MR-4, 
MRA-102G). Two strains of mutant DNA (pfcrt 76T) were 
used in these experiments: P. falciparum strain K1 (MR4, 
MRA-159G) was used for the CVIET-resistant haplotype, 
based on the amino acid sequence from codon 72 to codon 
76, and P. falciparum strain 7g8 (MR4, MRA-152G) was 
used for the SVMNT-resistant haplotype.

Generation of Heteroduplex Tracking 
Assay (HTA) Probe

Wild-type P. falciparum DNA was amplifi ed with a 
Peltier thermal cycler (MJ Research, Waltham, MA, USA) 
in a volume of 50 μL. The reaction conditions consisted of 5 
μL DNA, 2.5 U HotStar Taq DNA polymerase (QIAGEN, 
Valencia, CA, USA), 5 μL 10× PCR buffer, 1 μL deoxy-
nucleoside triphosphate mix (catalog no. U1511, Promega, 
Madison, WI, USA), and 2,000 nmol/L forward and re-
verse primers CRT HTA F: 5′-GGAAATGGCTCACGTT-

TAGG-3′, and CRT HTA R: 5′-TGTGAGTTTCGGATGT-
TACAAAA-3′. This reaction was amplifi ed by preheating 
to 95°C for 15 min, followed by 35 cycles of 95°C for 30 
s, 50°C for 30 s, and 72°C for 1 min. The reaction was 
completed with a 10-min hold at 72°C. The 250-bp PCR 
product was cloned into a PCR2.1 TOPO plasmid as de-
scribed in the protocol of the Topo TA cloning kit (Invitro-
gen, Carlsbad, CA, USA), and the sequence was confi rmed 
at the University of North Carolina-Chapel Hill Automated 
DNA Sequencing Facility. Mutations were randomly intro-
duced into the construct at the –3, –1, +1, and +3 nt relative 
to the single nucleotide polymorphism  involved with the 
pfcrt K76T mutation using the QuikChange Site-Directed 
Mutagenesis Kit (Stratagene, La Jolla, CA, USA) (11). Po-
tential probes were then amplifi ed by colony PCR under the 
conditions noted above.

Potential probes were screened against wild-type and 
resistant PCR amplicons by using a heteroduplex mobil-
ity assay on an 8% polyacrylamide gel in 1% Tris-borate-
EDTA buffer. After an annealing reaction, probes were 
evaluated for differential migration between the lanes 
containing the different amplicons. The annealing reaction 
containing 4 μL PCR product from a colony of a potential 
probe mixed with 4 μL PCR product of control DNA, 1 
μL 100-pmol CRT HTA F primer, 1 μL 100-pmol CRT 
HTA R primer, and 2 μL 6× loading dye (Promega) was 
heated to 95°C for 2 min and then allowed to cool at 25°C 
for 5 min. The annealing reaction was then loaded into the 
wells of a nondenaturing acrylamide gel and run at a con-
stant current of 17 mA for 5 h per gel with an SE 600 Gel 
Electrophoresis Unit (Amersham Biosciences, Piscataway, 
NJ, USA). DNA was visualized by UV after staining in 
an ethidium bromide solution for 20 min and destaining in 
double-distilled H2O for 15 min. In all, 77 potential probes 
were screened. The successful probe was sequenced and 
showed a –1 A to C mutation (GenBank accession no. sub-
mission in process).

The plasmid containing the probe was harvested by 
using Promega Wizard Minipreps (Promega) and then am-
plifi ed according to the conditions noted above. The PCR 
product was the blunt-end cloned into the pT7Blue vector 
with the Perfectly Blunt Cloning kit (Novagen, Inc., Madi-
son, WI, USA). The probe was radiolabeled according to 
the methods of Ngrenngarmlert et al. (12).

HTA
The MSS-HTA was performed under the conditions 

noted by Ngrenngarmlert et al. with some modifi cations 
(12). An annealing reaction consisting of 4 μL PCR product 
(either a control or sample DNA) was mixed with 1 μL 10× 
annealing buffer (1 mol/L NaCl, 100 mmol/L Tris-HCl, pH 
7.5, 20 mmol/L EDTA), 2 μL 6× loading dye, 500 nmol/L 
CRT HTA F primer, 500 nmol/L CRT HTA R primer, and 

Table 1. Characteristics of patient samples* 
Characteristic Value (range) 
Age (y) 
 Total 21.9 (15–35) 
 MHP patients 23.7 (17–31) 
 MM patients 21.2 (15–35) 
Parasite density (no. parasites/200 leukocytes) 
 Total 243.6 (4–2,202) 
 MHP patients 599.7 (4–2,202) 
 MM patients 83.3 (5–750) 
Gravidity 
 Total 2.26 (1–9) 
 MHP patients 
 MM patients 

2.37 (1–3) 
2.21 (1–9) 

Anemia (hemoglobin <11 g/dL) 
 Total 64/87 (73.6%) 
 MHP patients 21/27 (77.8%) 
 MM patients 43/60 (71.7%) 
HIV status 
 Total† 38/58 (65.5%) 
 MHP patients 27/27 (100%) 
 MM patients 11/31 (35.5%) 
Clinical symptoms‡ 
 Fever 14/27 (51.8%) 
 Headache 18/27 (66.7%) 
 General body pain 13/27 (48.1%) 
Preventive measures‡ 
 Bed net use§ 6/19 (31.6%) 
*MHP, Malaria and HIV in Pregnancy; MM, Mpemba and Madziabango. 
†29 patients declined testing. 
‡Data only available for MHP patients. 
§No data available for 8 patients. 
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1 μL radiolabeled probe in a total volume of 12 μL. The an-
nealing reaction and electrophoresis were carried out under 
the same conditions as the heteroduplex mobility assay not-
ed above. All MSS-HTA gels included the following con-
trols: water, a nontemplate control PCR, and PCRs from 
the 3 genomic DNA stocks. The gels were dried onto fi lter 
paper (Whatman, Florham Park, NJ, USA) and exposed to 
BioMax MR X-ray fi lm (Eastman Kodak, Rochester, NY, 
USA) for ≈48 h at 25°C. In addition, the gels were exposed 
to a phosphorimager screen for 48 h, and band intensities 
were quantifi ed by using a GE Storm 860 Phosphorimager 
(Amersham Biosciences) and ImageQuant version 5.2 soft-
ware (Molecular Dynamics, Sunnyvale, CA, USA).

ARPCR
ARPCR detection of pfcrt 76T was performed accord-

ing to the methods described by Djimde et al. (13). The 
primers for the assay were modifi ed according to Wilson 
et al. (8).

Minority Variant Detection
MSS-HTA and ARPCR were both run against mixtures 

of control DNA in quadruplicate. Differing proportions of 
wild-type genomic DNA and CVIET-resistant haplotype 
genomic DNA were mixed to a fi nal sample concentration 
of 0.1 ng/μL. If a band was not visible to the eye, or only 
visible in 1 replicate, it was not counted.

Detection of Minor Variants in Clinical Samples
MSS-HTA was used to screen clinical samples in du-

plicate. All MHP samples were assayed by MSS-HTA and 
ARPCR. MM samples were all initially assayed by MSS-
HTA. ARPCR was performed on all samples positive by 
HTA and on a random selection of 20 MSS-HTA–negative 
samples.

Ten samples that were positive by MSS-HTA were 
selected and Topo TA–cloned (Invitrogen). Twenty-fi ve 
colonies from each of these 10 samples were screened by 
colony real-time PCR to determine if the plasmid construct 
contained a wild-type or resistant pfcrt insert (8,12). A se-
lection of 2 mutant and 4 wild-type plasmids isolated from 
these colonies was then sequenced.

Results
DNA from standard culture strains was used. The 

MSS-HTA probe formed heteroduplexes with different 
mobilities when annealed to P. falciparum DNA amplicons 
from wild-type parasites (Figure, panel A, lane C) and from 
parasites containing each of the 2 major resistant haplo-
types: SVMNT (Figure, panel A, lane D) and CVIET (Fig-
ure, panel B, lane E).

The sensitivities of MSS-HTA and ARPCR to detect 
subpopulations of resistant pfcrt were tested by using artifi -

cial mixtures of wild-type and mutant genomic P. falciparum 
DNA. MSS-HTA detected mutant CVIET variants compris-
ing as little as 1% of the total population (Figure, panel A, 
lanes N and O). In contrast, the allele-restricted PCR could 
not detect mutants comprising <20% of the total population 
(Figure, panel B, lanes I and J). In addition, the MSS-HTA 
accurately and reproducibly quantifi ed mutant populations 
comprising as little as 1% of the sample (Table 2).

The 2 assays were then applied to clinical samples 
from malaria-positive Malawian pregnant women (Table 3). 
In total, 87 clinical samples were screened. Twenty-seven 
samples (MHP) were collected as part of a study of pregnant 
women conducted in Blantyre. CVIET-resistant haplotype 
P. falciparum DNA was detected in 1 sample (3.7%) by 
MSS-HTA and in none by ARPCR. In addition, 60 samples 
(MM) from 2 rural health centers were initially screened 
with the MSS-HTA. This method detected CVIET-resis-
tant haplotype DNA in 21 (35%) of the clinical samples. In 
these samples, the amount of mutant genotype was quanti-
fi ed with the phosphorimager and averaged 3.3% (SD 1.4, 
range 1.1%–8.3%) of the parasite population. ARPCR was 
conducted on all samples positive by MSS-HTA as well as 
20 random samples that were negative by MSS-HTA and 
failed to detect any samples with mutant DNA.

To confi rm the presence of mutant DNA in the sam-
ples, 10 samples positive by MSS-HTA were cloned and 
25 colonies from each sample were screened by real-time 
PCR. Of the 250 screened colonies, 6 (2.4%) had the mu-
tant genotype in the plasmid construct. Two mutant and 4 

Figure. Evaluation of sensitivity of multiple site–specifi c heteroduplex 
tracking assay (MSS-HTA). A) MSS-HTA tested against known 
concentrations of Plasmodium falciparum DNA. Visible bands 
representing mutant DNA remain until the 1% population (lanes N 
and O). B) the same dilution series assayed with allele-restricted 
PCR, where visible mutant bands (366 bp) are not seen past the 
20% mutant population (lanes I and J). The lanes marked with 
W and M represent wild-type and mutant restricted reactions, 
respectively. *, base pair ladder; P, probe alone.
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wild-type plasmid constructs were then sequenced to con-
fi rm the MSS-HTA results. All of the mutant plasmid con-
structs that were sequenced contained the CVIET-resistant 
haplotype, and none of the wild-type plasmid constructs 
contained the single nucleotide polymorphism associated 
with pfcrt 76T.

Discussion
Minority-variant drug-resistant parasite populations 

that were undetectable by PCR were found to be common 
in polyclonal Malawian P. falciparum infections. The pres-
ence of minority drug-resistant variants is consistent with 
results of other studies, which have shown patients with 
genotypicaly wild-type infections before therapy exhib-
iting genotypicaly mutant infections after unsuccessful 
chemotherapy (14,15). In Malawi, where chloroquine was 
replaced with sulfadoxine-pyrimethamine in 1993, the prev-
alence of the resistance marker pfcrt 76T, as determined by 
PCR, has been reported to have almost disappeared (6–9). 
However, our data suggest that the reversion to genotypi-
cally sensitive malaria is incomplete and that minority pfcrt 
76T–bearing parasite strains are “lurking” within persons 
at levels undetectable by standard PCR. One caveat is that 
our study population comprised pregnant women with high 
HIV prevalence, so whether the results are applicable to the 
general population is unclear.

Minority-variant drug-resistant mutations are impor-
tant in other diseases, such as HIV (16). The presence of 
minority-variant drug-resistant mutations in P. falciparum 
has been previously demonstrated by subcloning dihydro-
folate reductase genes into yeast vectors and growing them 
under drug pressure (17). However, this technique cannot 
determine the frequency of minority variants either in a sin-
gle host or in a population. To our knowledge, our results 
show, for the fi rst time, that minority-variant drug-resistant 
mutations, representing several percentages of the parasites 
in a single host, are common in populations.

In response to the apparent reemergence of genotypi-
cally sensitive malaria, Laufer et al. recently completed a 
chloroquine effi cacy trial in pediatric patients from urban 
Blantyre (9). The cumulative effi cacy of chloroquine was 
99% (95% confi dence intervals 93%–100%) with only 1 
treatment failure occurring in the chloroquine arm. The high 
effi cacy rate of chloroquine therapy is not inconsistent with 
the results of our study. In urban Blantyre, we only found 
1 patient with minority-variant pfcrt 76T. In addition, suc-
cessful response to therapy requires not only susceptibility 
of the parasite to the drug but also factors such as acquired 
immunity, drug absorption, and nutrition. At this point, it is 
still unclear how minority-variant drug-resistant parasites 
will interact with these other factors. Further research in 
this area is needed.

Signifi cantly more patients carried minority-variant 
pfcrt 76T (35%) at the rural sites (p = 0.001, Fisher exact 
test) than at the urban site (3.7%). Why such a marked dif-
ference was found in the prevalence of pfcrt 76T between 
the 2 sites is not clear. One possibility is that the transition 
from chloroquine to sulfadoxine-pyrimethamine may have 
occurred later in rural areas than in urban areas. Also, limit-
ed drug pressure may continue to be exerted on the parasites 
within Malawi  because, as of early 2006, chloroquine was 
still available in local pharmacies (11). Another possible 
factor that may infl uence the prevalence of minority-vari-
ant drug-resistant parasites is external pressure from areas 
of high-level resistance such as Zambia and Mozambique. 
Mpemba and Madziabango lie on a major highway between 
Blantyre and the border with Zambia. Importation of cases 
of malaria by travel along this highway may lead to a gra-
dient of resistance extending from the border to Blantyre. 
More studies on the epidemiology of minority-variant pfcrt 
K76T are needed to better understand the causes of this dif-
ference in the prevalence of pfcrt 76T.

In conclusion, MSS-HTAs can gather information 
on lurking drug resistance overlooked by standard PCRs. 

Table 2. Sensitivity testing of HTA on mixes of genomic DNA at known concentrations* 
Phosphorimager data 

% Mutant Average wild-type (%) SD weight Average mutant (%) SD mutant 
50 48.1 2.39 51.9 2.39
20 77.0 2.56 23.0 2.55
10 88.9 2.34 11.1 2.34
5 94.8 0.95 5.2 0.95
1 98.7 0.22 1.3 0.22
0.1 100 0 ND ND
*HTA, heteroduplex tracking assay; ND, none detected. 

Table 3. Detection of pfcrt 76T in clinical samples* 

Clinical site No. samples
No. positive samples

by HTA (%)
No. positive samples

by ARPCR (%)
Avg mutant population  

by HTA (%) SD
MHP 27 1 (3.7)† 0 (0) 3.2 0.07
MM 60 21 (35)† 0 (0) 3.3 1.4
*HTA, heteroduplex tracking assay; ARPCR, standard allele-restricted PCR; MHP, Malaria and HIV in Pregnancy; MM, Mpemba and Madziabango. 
†p = 0.001, Fisher exact test. 
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The method is currently performed by using radiolabeled 
probes, which may not be feasible in many underdeveloped 
countries. Implementing this method for public health pur-
poses would require substitution of fl uorescently labeled 
or biotinylated labeled probes for the radioisotope. MSS 
HTAs for other drug-resistance loci need to be developed 
so that the clinical and public health implications of minor-
ity variants can be fully assessed.
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