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Background. The return of chloroquine-sensitive Plasmo-
dium falciparum to the limited area of Blantyre, Malawi, has
been well demonstrated in several studies.

Methods. To characterize chloroquine susceptibility over a
wide geographic area, infants and children aged 6–59 months
were selected using 2-stage cluster sampling in 8 Malawian dis-
tricts. Pyrosequencing of the pfcrt gene codon 76 region was
performed for children with asexual parasitemia.

Results. Of 7145 children, 1150 had microscopic asexual
parasitemia, and sequencing was performed in 685, of whom
1 had a chloroquine-resistant genotype.

Conclusions. Systematic countrywide sampling demon-
strates that the chloroquine pfcrt genotype has reached near-fix-
ation, raising the possibility of reintroducing chloroquine for
malaria prevention and treatment.
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The emergence and spread of drug-resistant Plasmodium falcip-
arum is a major obstacle to effective malaria control and

eradication, but the return of chloroquine-sensitive malaria to

Malawi offers the possibility that therapies once rendered inef-

fective by drug resistance may become useful again [1, 2]. Mo-

lecular markers of resistance permit characterization of the

dynamics of resistance over time and across geographic regions.

For chloroquine, resistance has been studied using detection of

a single nucleotide polymorphism encoding an amino acid

change at the 76th position of the P. falciparum chloroquine re-

sistance transporter (PfCRT) from a lysine in sensitive parasites

(K76) to a threonine in resistant parasites (76T). The 76T geno-

type has been highly correlated with chloroquine resistance in

vitro and clinical chloroquine treatment failure [3]. Malawi

was the first African country to change its treatment policy

from resistance-compromised chloroquine to more efficacious

treatment with sulfadoxine-pyrimethamine in 1993. Since

then, the prevalence of PfCRT 76T has declined, reaching un-

detectable levels in 2004 around Blantyre, a major Malawian

urban center [1]. In 2005, the return of susceptibility in Blantyre

was confirmed by in vitro experiments and a clinical trial of

chloroquine demonstrating 99% efficacy [2]. A subsequent

trial demonstrated that chloroquine as monotherapy and in

combination with other antimalarials was highly efficacious in

the treatment of uncomplicated malaria in children when used

repeatedly during the course of the year. Chloroquine used

alone or in combination did not lead to the reemergence of

chloroquine resistance during the course of the trial [4].
Based on these findings, there is renewed interest in chloro-

quine as an antimalarial on the continent of Africa. However,

research is needed to demonstrate that chloroquine-based treat-

ments will be effective over a wide geographic area, including in

areas bordering with countries that continued using chloro-

quine for several years after Malawi stopped using it. Chloro-

quine-resistant parasites have remained prevalent in the

countries surrounding Malawi [5–7]. Within Malawi, some

small studies of chloroquine resistance in regions outside Blan-

tyre have been reported. Surveys done at several sites between

2000 and 2005 reported prevalences of PfCRT 76T infections

between 0% and 2% [8, 9]. In 2007, a study using site-specific

heteroduplex tracking assays, a highly sensitive new genotyping

method, detected minority variant PfCRT 76T mutation in

approximately 35% of samples from 2 rural villages near Blan-

tyre [10]. Also in 2007, 9% of infections were found to have

a chloroquine-resistant genotype in Karonga district, which

borders Tanzania [11]. The limited data showing varying levels

of resistance called for a comprehensive evaluation of resis-
tance levels nationwide. To assess the extent and distribution
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of chloroquine-sensitive P. falciparum malaria throughout
Malawi, a cross-sectional study of children in 8 sentinel districts
across Malawi was conducted using a systematic household
sampling strategy, in which the PfCRT 76 genotype was deter-
mined for all children with microscopic parasitemia.

METHODS

Study Site and Population
We conducted this study within a cross-sectional survey de-
signed to evaluate the prevalence of anemia and malaria in Li-
longwe, Blantyre, Mwanza, Chiradzulu, Phalombe, Nkhotakota,
Rumphi, and Karonga districts in Malawi during the peak ma-
laria transmission season (April through May 2009). These dis-
tricts contain approximately one-third of the Malawian
population, evenly divided between the northern, central and
southern regions. We employed a 2-stage cluster-sampling
model, using enumeration areas from the 2000 census data. A
detailed description of the sampling strategy has been described
elsewhere [12]. Within selected study areas, households were
mapped and among those, 12 were randomly chosen for survey
eligibility. Infants and children between aged 6–59 months of
age in these households were eligible for the study. For those
whose guardian provided informed consent, global positioning
system coordinates of the household location were recorded,
and thick blood film and dried blood spot specimens were col-
lected on 3MM filter paper (Whatman).

DNA Extraction and Polymerase Chain Reaction Amplification
Thick blood films were examined for P. falciparum asexual par-
asitemia by 2 independent microscopists. A third microscopist
read discrepant results. Detailed protocols for DNA extraction,
polymerase chain reaction (PCR) amplification, pyrosequenc-
ing, and allele-specific restriction enzyme analysis are available
at the Web site (http://medschool.umaryland.edu/malaria/
protocols.asp). Briefly, DNA was extracted from filter papers
of participants with microscopic evidence of parasitemia,
using the QIAamp Investigator BioRobot Kit (Qiagen). Ampli-
fication was initially done using a single-step amplification
(with the internal PCR primers described online), designed to
amplify the region containing codons 72–76 of the pfcrt gene.
For each plate, laboratory P. falciparum strains HB3 (chloro-
quine-sensitive strain) and Dd2 (chloroquine-resistant strain)
were used for positive controls, and PCR reagents without
DNA was used for a negative control.

Genotyping
Pyrosequencing was performed on specimens with detectable
DNA by capillary electrophoresis using the QIAxcel DNA
Screening Kit (Qiagen). Briefly, streptavidin-labeled sepharose
beads were bound to biotinylated PCR amplicons and then
sequentially washed with 70% ethanol, denaturation solution,

and washing buffer. The PCR product was then incubated
with the pyrosequencing primers and annealing buffer.
Plates were read and analyzed using PSQ HS 96A single-
nucleotide polymorphism reagents and analysis software
(Biotage version 1.2, Westborough, MA). A threshold for pyro-
sequencing quality was set at 50 relative luminescence units for
a single peak in a conserved nucleotide of the sequence of
interest.

Samples with evidence of PCR product on electrophoresis
but pyrosequencing output of insufficient quality underwent a
nested PCR reaction and repeat pyrosequencing. Infections
were classified as chloroquine sensitive, chloroquine resistant,
or mixed based on the relative luminescence unit peaks cor-
responding to the polymorphic nucleotide position for codon
76. Samples with a threonine at position 76 have luminescence
when the first guanine deoxynucleoside triphosphate is
added, whereas samples with a lysine at this position have
their first luminescent peak when the first thymidine deoxy-
nucleoside triphosphate is added. Samples with evidence
of resistance using pyrosequencing were confirmed using re-
peat pyrosequencing and allele-specific restriction enzyme
analysis.

Ethics Statement
Ethical review and approval were obtained from the University
of Malawi College of Medicine Research (Blantyre) and Ethics
Committee, and the University of Maryland, Baltimore, institu-
tional review board.

RESULTS

A total of 7145 filter paper samples was collected. Of these, 1150
had asexual parasitemia on thick blood smears and global posi-
tioning system coordinates that permitted mapping their loca-
tion. DNA extraction and a single PCR reaction were conducted
on these samples, yielding PCR product in 713 samples. Of
these, 611 yielded pyrograms of sufficient quality for sequence
interpretation. Of the 102 pyrograms of insufficient quality, 74
yielded pyrograms of sufficient quality after nested PCR ampli-
cation. The geographic locations of the 685 samples are shown
in Figure 1.

Among all the samples with evaluable genotypes using pyro-
sequencing with allele-specific restriction enzyme analysis con-
firmation, only 1 had evidence of resistance. Pyrosequencing
output shown in Figure 2 suggested that this was a minority re-
sistant genotype. This sample was taken from a child living in
Mwanza district, which borders both the Blantyre district and
Mozambique. Based on these results, the proportion of infec-
tions with detectable resistance in Malawi was 0.1% (95% con-
fidence interval, <0% to .4%), and the proportion of infections
with detectable resistance in Mwanza district was 0.7% (<0% to
2.0%).
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DISCUSSION

This study demonstrates near fixation of chloroquine-sensitive
P. falciparum genotypes over a broad geographic range in Ma-
lawi in 2009, including rural areas and areas bordering Zambia,
Mozambique, and Tanzania. Further sampling would be valu-
able from the northern region given the comparatively small
number of samples from that area and the previously reported
levels of resistance [11]. Known high-transmission regions for
malaria, including the Nsanje and Chichwawa river valleys,
should also be evaluated in future studies. With this caveat,
these data suggest that the phenomenon of return of chloro-
quine susceptibility after discontinuation of widespread chloro-
quine use is not isolated to Blantyre but has taken place
throughout Malawi.

Significant reservations attend the reintroduction of chloro-
quine for malaria treatment or prevention in Africa because

of continued high-level resistance in many countries and the
potential for rapid expansion of resistant parasites under re-
newed drug pressure. Evidence from Malawi suggests that chlo-
roquine-susceptible malaria is a reexpansion of susceptible
parasites that survived, probably in semi-immune hosts during
periods of high chloroquine drug pressure [13]. This suggests
that this same reversion to the chloroquine susceptibility is pos-
sible throughout Africa. Of note, the PfCRT allele that predom-
inates Africa (CVIET), as was seen in our single resistant
sample, has been proposed as a less-fit chloroquine resistance
allele [14]. The SVMNT chloroquine resistance allele, which
is also associated with amodiaquine resistance, is widely preva-
lent in South America and Asia but has been rarely observed in
Africa. This may help explain why a return of chloroquine sen-
sitivity has been seen after chloroquine withdrawal in Africa but
not in Southeast Asia. Particular attention must be paid to re-
gions in Africa where the SVMNT allele has been found when
considering future chloroquine use.

Conversely, chloroquine susceptibility may come to dominate
the parasite population more quickly in other areas of Africa than
occurred in Malawi with current malaria treatment strategies. It
has been suggested that the use of lumefantrine has promoted the
rapid decline of chloroquine resistance by selective pressure on
PfCRT favoring the wild-type chloroquine-sensitive K76 [15],
and pooled analyses of molecular and clinical data from arte-
mether-lumefantrine trials in Africa are being done to assess
this possibility. The trend toward chloroquine susceptibility is
now also being seen in other regions of Africa, where the use
of chloroquine persisted much longer. With the emerging threat
of artemisinin resistance and continuing use of sulfadoxine-pyri-
methamine for intermittent preventive therapy in pregnant
women, infants, and children despite high levels of antifolate
resistance, all available tools should be considered to continue
to provide efficacious, safe, and inexpensive antimalarials.

Although the vast majority of samples in this study had chlo-
roquine-sensitive genotypes, the 1 resistant sample and low lev-
els of resistance reported in other studies suggest that a small
reservoir of these parasites persists. Because of the danger of
rapid expansion of this reservoir under drug pressure, any rein-
troduction of chloroquine should be with efficacious partner
drugs and monitored with continued resistance surveillance.
Overall, the data presented here support the consideration of
chloroquine as a safe and effective drug that should be consid-
ered as a component of new regimens for malaria treatment and
prevention in Malawi and other settings where chloroquine-
susceptible P. falciparum predominates. The use of chloroquine
as a component of mass drug administration for malaria elim-
ination or prevention in vulnerable populations (e.g., pregnant
women and persons with human immunodeficiency virus in-
fection) may be particularly attractive because any selection of
resistance would not compromise the efficacy of current first-
line antimalarial drugs.

Figure 1. Map of sample distribution. Dots indicating chloroquine-
sensitive samples represent multiple geographically proximal samples.
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