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In 2008, dihydroartemisinin (DHA)-piperaquine (PPQ) became the first-line treatment for uncomplicated Plasmodium falcipa-
rum malaria in western Cambodia. Recent reports of increased treatment failure rates after DHA-PPQ therapy in this region
suggest that parasite resistance to DHA, PPQ, or both is now adversely affecting treatment. While artemisinin (ART) resistance
is established in western Cambodia, there is no evidence of PPQ resistance. To monitor for resistance to PPQ and other antima-
larials, we measured drug susceptibilities for parasites collected in 2011 and 2012 from Pursat, Preah Vihear, and Ratanakiri, in
western, northern, and eastern Cambodia, respectively. Using a SYBR green I fluorescence assay, we calculated the ex vivo 50%
inhibitory concentrations (IC50s) of 310 parasites to six antimalarials: chloroquine (CQ), mefloquine (MQ), quinine (QN), PPQ,
artesunate (ATS), and DHA. Geometric mean IC50s (GMIC50s) for all drugs (except PPQ) were significantly higher in Pursat and
Preah Vihear than in Ratanakiri (P < 0.001). An increased copy number of P. falciparum mdr1 (pfmdr1), an MQ resistance
marker, was more prevalent in Pursat and Preah Vihear than in Ratanakiri and was associated with higher GMIC50s for MQ, QN,
ATS, and DHA. An increased copy number of a chromosome 5 region (X5r), a candidate PPQ resistance marker, was detected in
Pursat but was not associated with reduced susceptibility to PPQ. The ex vivo IC50 and pfmdr1 copy number are important tools
in the surveillance of multidrug-resistant (MDR) parasites in Cambodia. While MDR P. falciparum is prevalent in western and
northern Cambodia, there is no evidence for PPQ resistance, suggesting that DHA-PPQ treatment failures result mainly from
ART resistance.

In 2000, artesunate (ATS) plus mefloquine (MQ) was introduced
as first-line treatment for uncomplicated Plasmodium falcipa-

rum malaria in all regions of Cambodia. Since then, increasing
proportions of patients have failed treatment with ATS-MQ in
Pailin Province and other areas of western Cambodia (1, 2),
prompting the National Malaria Control Program to recommend
dihydroartemisinin (DHA)-piperaquine (PPQ) as the first-line
treatment for most of western Cambodia in 2008. While DHA-
PPQ has shown excellent efficacy in recent clinical trials in Africa
(3–5) and Asia (6–13), a recent report from western Cambodia
suggests that this fixed drug combination may be failing. Specifi-
cally, the efficacy of DHA-PPQ in Pailin decreased from 92% in
2009-2010 to 75% in 2010-2011; in Pursat Province, it was found
to be 89% in 2010-2011 (14). Whether this decreased efficacy re-
sults from parasite resistance to artemisinin (ART) derivatives,
PPQ, or both has not been determined. However, similar median
50% inhibitory concentrations (IC50s) for PPQ in Pailin, Pursat,
Preah Vihear, and Ratanakiri Provinces in 2010 suggest that this
decreased efficacy is unlikely due to PPQ resistance (14).

PPQ, a bisquinoline antimalarial drug, was widely used to treat
chloroquine (CQ)-resistant P. falciparum malaria in southern
China in the 1970s and 1980s. The use of PPQ monotherapy is
believed to have selected PPQ-resistant parasites, which limited
the use of PPQ by the late 1980s (15). The most recent data avail-
able for Cambodian P. falciparum isolates indicate that the geo-

metric mean IC50s (GMIC50s) for CQ, MQ, quinine (QN), and
ATS were significantly higher in western than eastern Cambodia
from 2001 to 2011 (14, 16), confirming a remarkable disparity in
parasite drug sensitivity between these two regions. These
GMIC50s were also significantly higher in patients with late treat-
ment failures after ATS-MQ therapy than in those who had ade-
quate clinical and parasitological responses (16). Importantly, the
GMIC50s for all four drugs increased significantly from 2006 to
2007 in northeastern Cambodia (16), suggesting that multidrug-
resistant (MDR) parasites may be spreading to or emerging in
areas other than Cambodia’s western border with Thailand.

Here we present initial results from our longitudinal surveil-
lance program to track the spread and emergence of MDR para-
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sites in Cambodia. Specifically, we used an ex vivo drug suscepti-
bility assay to establish baseline IC50s for six antimalarials (CQ,
MQ, QN, PPQ, ATS, and DHA) in clinical P. falciparum isolates
from western, northern, and eastern Cambodia. In addition, we
tested the performance of a molecular marker (i.e., a P. falciparum
mdr1 [pfmdr1] copy number of �2) in identifying MQ-resistant
parasites in all three regions. Finally, we explored for the first time
whether an increased copy number of a chromosome 5 region
(X5r), a genetic marker associated with a high PPQ IC50 in the
drug-selected P. falciparum PPQR4 line (17), correlates with re-
duced ex vivo susceptibility of clinical parasite isolates to PPQ.

MATERIALS AND METHODS
Parasite isolates. In 2011-2012, we conducted studies to compare parasite
clearance rates in response to ATS in three provinces: Pursat (western
Cambodia), Preah Vihear (northern Cambodia), and Ratanakiri (eastern
Cambodia) (Fig. 1). Patients who sought treatment for symptoms com-
patible with malaria were screened using a rapid diagnostic test (CareStart
Malaria HRP-2/pLDH Pf/Pan; Access Bio Inc., Gyeongnam, South Ko-
rea). Patients with uncomplicated P. falciparum malaria were enrolled if
they met the following inclusion criteria: age, 2 to 65 years; asexual para-
site density, 10,000/�l to 200,000/�l whole blood; and hematocrit, �25%.
Venous blood samples were collected into heparin Vacutainers (Becton,
Dickinson, Franklin Lakes, NJ) prior to ATS treatment, transported on ice
to Phnom Penh, and processed within 24 h. Adults or the parents/guard-
ians of children gave written informed consent. The study protocol was
approved by Cambodia’s National Ethics Committee for Health Research,
the National Institute of Allergy and Infectious Diseases Institutional Re-
view Board, and the University of Oxford Tropical Research Ethics Com-
mittee. This study is registered with ClinicalTrials.gov (NCT01240603).

Antimalarial drug preparation. Stock solutions of chloroquine
diphosphate (CQ), mefloquine hydrochloride (MQ), quinine sulfate
(QN), ATS, and DHA (Sigma, Steinheim, Germany) were prepared in
70% ethanol. Stock solutions of piperaquine tetraphosphate (PPQ) were
prepared in 0.5% lactic acid (Sigma) in culture water (Lonza, Walkers-

ville, MD) to enhance its solubility (18). Twofold serial dilutions of stock
solutions were prepared in culture water. Final drug concentrations
ranged from 2.4 to 2,500 nM for CQ, 1.2 to 1,250 nM for MQ, 4.8 to 5,000
nM for QN, 0.97 to 1,000 nM for PPQ, 0.12 to 125 nM for ATS, and 0.09
to 100 nM for DHA. Fifty microliters of each diluted drug solution was
added in duplicate to 96-well, flat-bottomed plates (Costar 3595; Corn-
ing, Lowell, MA), which were then air dried in a laminar flow hood and
stored for up to 1 month at 4°C. Each plate included two drug-free wells as
negative controls for each drug. The quality of each batch of plates was
validated by measuring the antimalarial drug responses of the P. falcipa-
rum 3D7 line.

Ex vivo drug susceptibility assay. Plasma and buffy coats were re-
moved from venous blood samples, and red blood cells (RBCs) were
washed three times with RPMI 1640 medium (Invitrogen, Carlsbad, CA)
buffered with 25 mM HEPES. Parasitemias were counted from Giemsa-
stained thin blood smears of RBCs. The ex vivo susceptibility of parasites
to antimalarial drugs was assessed using a SYBR green I fluorescence assay
(19). If parasitemia was 0.5% to 1%, assays were performed directly. If
parasitemia was �1%, samples were diluted with uninfected RBCs to
achieve 0.5% to 1% parasitemia. If parasitemia was �0.5%, parasites were
cultured for no more than three cycles to 0.5 to 1% parasitemia. RBC
suspensions (1% hematocrit) were prepared in RPMI 1640 medium sup-
plemented with 0.5% AlbuMAX II lipid-rich bovine serum albumin (In-
vitrogen), 25 mM HEPES, 25 mM NaHCO3, and 0.005% (wt/vol) hypo-
xanthine and transferred (200 �l/well) in duplicate to drug-coated plates.
Plates were incubated for 72 h at 37°C in an atmosphere of 5% CO2 and
subsequently frozen and kept at �20°C. After the plates were thawed for 2
h at ambient temperature to lyse the RBCs and shaking them for 10 min,
the contents of each well were carefully resuspended. A 100-�l cell sus-
pension was removed from each well, and 100 �l of SYBR green I (Invit-
rogen) in lysis buffer (0.02%, vol/vol) was added. The lysis buffer con-
tained Tris (20 mM, pH 7.5), EDTA (5 mM), saponin (0.008%, wt/vol),
and Triton X-100 (0.08% vol/vol) (20). The plates were incubated at am-
bient temperature for 30 min, and SYBR green I fluorescence was quan-
tified using a FLUOstar OPTIMA instrument (BMG Labtech, Cary, NC).
The IC50, defined as the drug concentration at which the SYBR green I

FIG 1 Map of Cambodia showing the three study sites: Pursat (red), Preah Vihear (blue), and Ratanakiri (green) provinces.
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signal was 50% of that measured from drug-free control wells, was calcu-
lated from the inhibitory sigmoid maximum-effect (Emax) model
(ICEstimator, version 1.2; http://www.antimalarial-icestimator.net/Method
Intro.htm) (21).

pfmdr1 copy number estimation. Parasite DNA was extracted from
frozen whole-blood aliquots (200 �l) using a QIAamp DNA minikit (Qia-
gen, Valencia, CA). The pfmdr1 copy number was estimated using a mod-
ified method as described previously (17, 22). The primer sequences used
in the pfmdr1 copy number assay were 5=-CAA GTG AGT TCA GGA ATT
GGT AC-3= (forward) and 5=-GCC TCT TCT ATA ATG GAC ATG G-3=
(reverse) for pfmdr1 and 5=-AGG ACA ATA TGG ACA CTC CGA T-3=
(forward) and 5=-TTT CAG CTA TGG CTT CAT CAA A-3= (reverse) for
P. falciparum ldh (pfldh). Individual real-time PCRs were carried out in
20-�l volumes in a 96-well plate (Bio-Rad, Hercules, CA) with SensiMix
SYBR No-Rox 2� PCR master mix containing SYBR green I (Bioline Inc.,
Taunton, MA), 300 nM each primer, and 2 �l genomic DNA template.
Real-time PCR was performed in a CFX real-time PCR machine (Bio-
Rad) as follows: 15 min at 95°C, followed by 40 cycles for 15 s at 95°C, 30
s at 58°C, and 20 s at 72°C. At the end of each reaction, the cycle threshold
(CT) was manually set to the level reflecting the best kinetic PCR param-
eters, and melting curves were acquired and analyzed. Relative copy num-
ber was calculated on the basis of the ��CT method (2��CT). ��CT was
calculated as (CTldh � CTpfmdr1)/(CTldh cal � CTpfmdr1 cal). DNAs from
clinical parasite isolates and laboratory-adapted parasite lines (3D7 and
Dd2) were analyzed on each plate in duplicate and triplicate, respectively.
The 3D7 and Dd2 parasite lines possess 1 and 2 copies of pfmdr1, respec-
tively.

Copy number of an X5r linked to PPQ resistance. DNAs from Pursat
and Ratanakiri parasite isolates were used to assess the copy number of a
chromosome 5 region (X5r) amplified in an in vitro-selected PPQ-resis-
tant parasite line (PPQR4) (17) using a SYBR green I fluorescence-based
quantitative PCR (qPCR) method. Primer sequences are listed in Table S1
in the supplemental material. Specifically, copy number variations in 11
genes on X5r were interrogated: PF3D7_0519900, PF3D7_0520100,
PF3D7_0520300, PF3D7_0520500, PF3D7_0520600, PF3D7_0520700,
PF3D7_0520900, PF3D7_0521000, PF3D7_0521100, PF3D7_0521300,
and PF3D7_0521500. PF3D7_1324900 (i.e., pfldh) was used as a control
gene. Individual real-time PCRs were carried out in 20-�l volumes in a
96-well plate (Bio-Rad) with SensiMix SYBR No-Rox 2� PCR master mix
(Bioline), 300 nM each primer, and 2 �l DNA genomic template. qPCR
was performed in the CFX real-time PCR machine (Bio-Rad) as follows:
15 min at 95°C, followed by 40 cycles for 15 s at 95°C, 30 s at 57°C, and 20
s at 72°C. At the end of each reaction, the CT was manually set up at the
level that reflected the best kinetic PCR parameters. Melting curve analysis
was performed for each assay to verify that a single melting peak (from
55°C to 99°C) indicating a single specific PCR product for each reaction
was produced. The assay was optimized to achieve approximately equal
amplification efficiencies for the X5r genes and pfldh1 within the ex-
perimental range of DNA concentrations (from 1 ng to 100 ng tem-
plate per reaction mixture). Relative copy number was calculated on

the basis of the ��CT method (2��CT). ��CT was calculated as
(CTldh � CTgene)/(CTldh cal � CTgene cal), where CTgene is the CT of the gene
being tested. Control DNAs from P. falciparum lines Dd2-1pa and PPQR4
possess relative copy numbers of 1 and 2, respectively, for the X5r genes
spanning PF3D7_0519900 to PF3D7_0521500. PPQR4 is a PPQ-resistant
clone derived from the Dd2-1pa parasite lineage possessing a PPQ IC50 of
1,904 nM (R. T. Eastman and X.-Z. Su, unpublished data).

Statistical analysis. All statistical analysis was performed using
Stata/SE software, version 10 (Stata Corporation, College Station, TX).
The ex vivo activity of each antimalarial was expressed as the GMIC50.
Drug concentrations were log transformed. The Mann-Whitney test was
used to determine whether the observed differences in IC50s, pfmdr1 copy
number, or X5r copy number were significant. The chi-square test was
used to compare categorical variables. Correlation analysis was used to
assess the relationships between the IC50s of each drug. The level of sig-
nificance was adjusted using the Bonferroni correction. For all statistical
tests, P values of �0.05 were deemed significant.

RESULTS

A total of 360 P. falciparum isolates were collected from patients
with uncomplicated malaria in Pursat (n � 120), Preah Vihear
(n � 120), and Ratanakiri (n � 120) (Fig. 1). Parasitemias ranged
from 0.02% to 13.80% (mean, 0.98%; 95% confidence interval
[CI], 0.86 to 1.10) and did not differ significantly between sites. Of
these, 310 (86.1%) parasites were tested for their ex vivo suscepti-
bility to six antimalarials. Of these, 212 (68.4%) and 242 (78.1%)
parasites yielded interpretable data for all six drugs and at least
four drugs, respectively. The in vitro susceptibility of the P. falcip-
arum 3D7 line to all six drugs was measured routinely for each
batch of drug plates to control for assay consistency (see Fig. S1 in
the supplemental material).

Table 1 shows the GMIC50s for all six drugs, stratified by Cam-
bodian province. The GMIC50s for CQ, QN, and ATS were signif-
icantly higher in parasite isolates from Pursat than those from
Preah Vihear (P � 0.001) (Table 1; Fig. 2). The GMIC50s for CQ,
MQ, QN, ATS, and DHA were significantly higher in parasites
from Pursat and Preah Vihear than those from Ratanakiri (P �
0.001; P � 0.04 for MQ) (Table 1; Fig. 2). In contrast, the GMIC50s
for PPQ did not differ between provinces. Significant positive cor-
relations between the IC50s of all pairwise drug combinations (P �
0.001) except for CQ versus MQ and all five drugs versus PPQ
were observed (Table 2).

The pfmdr1 copy number was estimated successfully for all 360
P. falciparum isolates. Overall, the mean (range) pfmdr1 copy
number was 1.8 (0.5 to 5.3) in Pursat, 1.5 (0.6 to 5.7) in Preah
Vihear, and 1.1 (0.6 to 4.7) in Ratanakiri. The proportion of par-
asites with �2 pfmdr1 copies was significantly higher in Pursat

TABLE 1 Ex vivo susceptibility of P. falciparum isolates to six antimalarial drugs in 2011-2012, stratified by Cambodian provincea

Drug

Pursat Preah Vihear Ratanakiri

n GM (range) IC50 (nM) n GM (range) IC50 (nM) n GM (range) IC50 (nM)

Chloroquine 91 347.8 (38.4–880.2) 85 251.8b (16.7–682.9) 77 137.1c (11.8–479.5)
Mefloquine 89 16.5 (1.7–55.4) 86 18.5 (3.6–64.1) 77 15.7c (4.2–40.2)
Quinine 92 252.8 (65.5–544.9) 87 189.3b (31.4–620.2) 78 114.8c (23.2–433.0)
Piperaquine 66 21.0 (2.5–83.8) 83 22.2 (4.9–80.5) 78 21.6 (5.5–72.3)
Artesunate 96 3.5 (1.2–8.5) 86 2.6b (0.4–10.0) 79 1.9c (0.9–5.6)
DHA 96 2.3 (0.6–5.9) 85 2.0 (0.4–6.9) 79 1.4c (0.4–4.3)
a n, number of isolates; GM, geometric mean.
b P � 0.001, calculated using the Mann-Whitney test to compare IC50s between Pursat and Preah Vihear.
c P � 0.001, calculated using the Mann-Whitney test to compare IC50s between Preah Vihear and Ratanakiri.
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(33%) than in Preah Vihear (15%, P � 0.001) and in Preah Vihear
than in Ratanakiri (8%, P � 0.001) (Table 3). Table 4 shows the
GMIC50s for all six drugs, stratified by pfmdr1 copy number.
Compared to parasites with only one copy of pfmdr1, those with
two or more copies of pfmdr1 had 28 to 50% higher GMIC50s for
MQ, QN, ATS, and DHA (P � 0.001) but not for CQ and PPQ.
When data from Pursat were analyzed independently, parasites
with only one copy of pfmdr1 had significantly higher GMIC50s for
CQ (398.3 nM versus 270.8 nM, P � 0.001) and lower GMIC50s
for MQ (13.3 nM versus 25.1 nM, P � 0.001).

The X5r copy number was estimated successfully for all 66
Pursat parasite isolates for which a PPQ IC50 was obtained. Of the

11 X5r markers tested, only two showed copy number variation in
Pursat: PF3D7_0520500 (1, 2, or 3 copies) and PF3D7_0520900 (1
or 2 copies). Parasites with multiple copies of PF3D7_0520500
(n � 16) had slightly higher PPQ IC50s than those with one copy of
PF3D7_0520500 (n � 50) (GMIC50, 26.5 nM versus 19.5 nM; P �
0.082), but the difference was not significant. Only 4.5% (3/66) of
parasites from Pursat had two copies of PF3D7_0520900. In a
subset of 30 parasites from Ratanakiri, PF3D7_0520500 and
PF3D7_0520900 showed no copy number variation.

DISCUSSION

The epicenter for emerging antimalarial drug resistance in P. fal-
ciparum has historically been western Cambodia, where clinical
resistance to both ATS-MQ and ATS monotherapy has been re-
ported over the past 10 years (1, 2, 23, 24). A recent report that
parasite recrudescence rates after DHA-PPQ therapy in Pailin and
Pursat were 25% and 11% (14), respectively, is particularly wor-
risome, suggesting that the first-line artemisinin-based combina-
tion therapy (ACT) for these provinces is already failing. While

FIG 2 Ex vivo susceptibility of P. falciparum isolates to six antimalarial drugs in 2011-2012, stratified by Cambodian province. The geometric mean IC50s (in nM)
and 95% CIs are shown by the horizontal line and whiskers, respectively. *, P � 0.001.

TABLE 2 Pairwise correlations between IC50s for six antimalarial drugsa

Drugs correlated n r P value

ATS vs DHA 260 0.701 <0.001
CQ vs QN 252 0.600 <0.001
QN vs ATS 252 0.589 <0.001
MQ vs QN 251 0.545 <0.001
MQ vs ATS 246 0.449 <0.001
QN vs DHA 251 0.407 <0.001
CQ vs ATS 247 0.337 <0.001
MQ vs DHA 245 0.312 <0.001
CQ vs DHA 246 0.281 <0.001
PPQ vs DHA 221 0.183 0.096
CQ vs PPQ 222 0.172 0.150
QN vs PPQ 225 0.104 1.000
CQ vs MQ 248 0.108 1.000
MQ vs PPQ 221 0.087 1.000
PPQ vs ATS 222 0.042 1.000
a Data for P. falciparum isolates from Pursat, Preah Vihear, and Ratanakiri were
combined in this analysis. CQ, chloroquine; MQ, mefloquine; QN, quinine; PPQ,
piperaquine; ATS, artesunate; DHA, dihydroartemisinin; n, number of isolates.
Boldface indicates a statistically significant difference.

TABLE 3 pfmdr1 copy number in P. falciparum isolates in 2011-2012,
stratified by Cambodian province

pfmdr1
copy no. Cutoff range

No. (%) of isolates

Pursat Preah Vihear Ratanakiri

1 0.52–1.69 80 (67) 102 (85a) 111 (92b)
2 1.70–2.49 12 (10) 10 (8) 8 (7)
3 2.50–3.49 15 (12) 2 (2) 0 (0)
4 3.50–4.49 8 (7) 1 (1) 0 (0)
5 4.50–5.70 5 (4) 5 (4) 1 (1)
a P � 0.001, calculated using the Mann-Whitney test to compare the pfmdr1 copy
number between Pursat and Preah Vihear.
b P � 0.001, calculated using the Mann-Whitney test to compare the pfmdr1 copy
number between Preah Vihear and Ratanakiri.
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ART resistance is well documented in western Cambodia (23–26),
PPQ resistance has not been reported from any area where malaria
is endemic in recent years. To monitor P. falciparum resistance to
first- and second-line antimalarial therapies, we used a SYBR
green I fluorescence assay to measure the ex vivo susceptibilities of
parasites to currently used drugs. This inexpensive method yields
a high proportion of interpretable data and generates IC50s similar
to those obtained using the “gold standard” isotopic method (20).
Clinical parasite isolates were obtained from Pursat, western
Cambodia (where MDR parasites have been identified); Preah
Vihear, northern Cambodia (where MDR parasites are expected
to emerge); and Ratanakiri, eastern Cambodia (where MDR par-
asites have not been documented). Our study, which defines base-
line ex vivo IC50s for six antimalarials in three provinces for refer-
ence in ongoing surveillance efforts, indicates that MDR P.
falciparum is now present in a major region of northern Cambodia
where the efficacy of DHA-PPQ therapy was 100% as recently as
2009 (14).

Our study confirms the high prevalence in western Cambodia
of MDR parasites showing reduced ex vivo susceptibility to CQ,
MQ, QN, and ART derivatives, as well as an increased pfmdr1 copy
number. Compared to parasites from Ratanakiri, those from
Preah Vihear showed increased IC50s to CQ, MQ, and QN, as well
as an increased pfmdr1 copy number, suggesting that MDR para-
sites have spread to or independently emerged in this northern
Cambodian province. The finding that 8% of parasites from
Ratanakiri have an increased pfmdr1 copy number suggests that
MQ resistance may be spreading to or emerging independently in
eastern Cambodia. The recent identification of multiple ART-re-
sistant P. falciparum subpopulations (KH2, KH3, and KH4) pre-
dominating in Pursat and one ART-sensitive subpopulation
(KH1) predominating in Ratanakiri (27) suggests that these par-
asite subpopulations may also differ in their ex vivo IC50s for CQ,
MQ, and QN, all of which differ substantially between the two
provinces. This possibility is supported by the presence of two
parasite groups (PG1 and PG2) in Pursat which differ significantly
in their ex vivo IC50s for MQ (23). Whether increases in antima-
larial IC50s and pfmdr1 copy number in Preah Vihear reflect the
spread of KH2, KH3, and KH4 parasites from western to northern
Cambodia requires further investigation.

While nearly all Cambodian parasites showed reduced ex vivo
susceptibility to CQ (IC50 � 100 nM) in this study, the GMIC50s
for CQ differed significantly by province. Specifically, these
GMIC50s decreased from Pursat to Preah Vihear to Ratanakiri,
thus corresponding with the historical pattern of CQ resistance in
Cambodia. Unlike previous studies (16, 28), the present study

found no correlations between the ex vivo IC50s for CQ and MQ.
Two previous studies have associated particular P. falciparum crt
(pfcrt) genotypes with levels of ex vivo CQ susceptibility in Cam-
bodian parasite isolates (29, 30). Understanding the relationships
between ex vivo CQ IC50s and pfcrt haplotypes will likely benefit
from more detailed analysis of whole-genome sequence data and
an accounting of the P. falciparum population structure (27). How
the variation in CQ IC50s and pfcrt haplotypes will be impacted by
Cambodia’s recent withdrawal of CQ as the first-line treatment
for P. vivax malaria awaits future studies. To address these ques-
tions, all parasite isolates for which we have ex vivo IC50 data are
presently being Illumina sequenced and genotyped at 420,000
worldwide single nucleotide polymorphisms (SNPs) in an effort
to relate coding SNPs known or suspected to be associated with
drug resistance to our ex vivo IC50 data.

In the present study, the GMIC50 for MQ was slightly lower in
Pursat than in Preah Vihear, but this difference was not signifi-
cant. Nevertheless, this pattern differs from that observed for MQ
in a previous study (16) and for other quinolines (i.e., CQ and
QN) in the present study, in which parasites showed significantly
higher GMIC50s in Pursat than in Preah Vihear. One potential
explanation for this is that MQ pressure was removed from Pursat
in 2008 after ATS-MQ was replaced with DHA-PPQ as first-line
therapy for P. falciparum malaria in western Cambodia. Our find-
ings are consistent with those of Imwong et al., who found that the
pfmdr1 copy number was significantly lower in parasite isolates
obtained from western Cambodia in 2007 than in those obtained
in 2005 (31). They are also consistent with experimental data
showing that pfmdr1 amplification is associated with decreased in
vitro survival fitness in the absence of MQ exposure (32). The
recent alleviation of MQ pressure in Cambodia may thus lead to
rapid outbreeding of parasite populations in the near future. On
the other hand, the continued use of ART derivatives in Cambodia
may also be maintaining or increasing MQ IC50s. In support of
this possibility, we found significant correlations between the
IC50s for MQ and those for ATS and DHA, suggesting cross-resis-
tance between MQ and ART derivatives. Also, one study suggests
that P. falciparum lines have the capacity to develop resistance to
ART derivatives in vitro by amplifying and increasing expression
of pfmdr1 (33), which is associated with MQ resistance. An im-
proved understanding of the relationships between pfmdr1 copy
number, MQ IC50s, and ATS-MQ failure rates requires coordi-
nated studies of ex vivo drug susceptibility and in vivo drug
efficacy.

Despite the more extensive use of PPQ in western Cambodia
and the recent report of frequent DHA-PPQ treatment failures in

TABLE 4 Ex vivo susceptibility of P. falciparum isolates to six antimalarial drugs in 2011-2012, stratified by pfmdr1 copy number

Drug

One pfmdr1 copy Multiple pfmdr1 copies

P valueanb GMc (range) IC50 (nM) n GM (range) IC50 (nM)

Chloroquine 205 231.6 (11.7–775.1) 48 250.5 (38.3–880.2) 0.536
Mefloquine 204 15.7 (1.7–55.4) 48 22.9 (4.3–64.1) <0.001
Quinine 208 166.9 (23.2–620.2) 49 250.7 (61.8–605.6) <0.001
Piperaquine 178 22.1 (4.9–83.8) 49 20.2 (2.5–73.1) 0.727
Artesunate 210 2.5 (0.4–8.8) 51 3.7 (1.2–10.0) <0.001
DHA 209 1.8 (0.5–6.2) 51 2.3 (0.6–6.9) 0.001
a P values were calculated using the Mann-Whitney test. Boldface indicates a statistically significant difference.
b n, number of isolates.
c GM, geometric mean.
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Pailin and Pursat (14), we found that the ex vivo susceptibility of
clinical parasite isolates to PPQ did not differ between Pursat,
Preah Vihear, and Ratanakiri. This suggests that resistance to
other quinoline drugs (e.g., CQ, MQ, and QN) does not induce
significant cross-resistance to PPQ. In support of this, we found
no correlations between the IC50s for PPQ and those for CQ, MQ,
and QN. While presently there is no IC50 cutoff value for defining
ex vivo PPQ resistance, we did find that PPQ IC50s do vary con-
siderably, ranging from 2.5 to 83.8 nM in Pursat. To explore
whether a candidate PPQ resistance marker (increased X5r copy
number) (17) is associated with the natural variation in this
phenotype, we genotyped Pursat parasites for copy number
variation in 11 gene markers spanning X5r. While we did find
copy number variation in PF3D7_0520500 (1, 2, or 3 copies) and
PF3D7_0520900 (1 or 2 copies), an increased PF3D7_0520500
copy number did not significantly associate with higher ex vivo
PPQ IC50s in Pursat, although the sample size was relatively small.
As previously reported for Thai parasite isolates (34), we found no
copy number variation in the other nine X5r gene markers tested.
Whether ongoing use of PPQ-based ACTs in Cambodia and Thai-
land may eventually select for an increased X5r copy number
awaits future studies. Analysis of ex vivo PPQ IC50s and whole-
genome sequence data may reveal additional candidate molecular
markers for PPQ resistance. The failure to demonstrate regional
differences in parasite susceptibility to PPQ, while showing clear
differences for the other drugs, does not exclude the possibility of
the emergence of PPQ resistance in P. falciparum. However, it
does suggest that the poor therapeutic responses to DHA-PPQ
recently observed in western Cambodia are caused by parasite
resistance to DHA and not to PPQ.

The ex vivo susceptibilities of parasite isolates to ATS and DHA
were higher in Pursat and Preah Vihear than in Ratanakiri, but the
clinical relevance of this finding is limited for two reasons. First,
the mean IC50s for ATS and DHA are small relative to the variation
in the range of IC50s at all three sites. Second, while parasite clear-
ance rates in response to ATS are slower in western than in eastern
Cambodia, parasite clearance half-lives do not correlate with
DHA IC50s (23). Instead, several lines of evidence suggest that
ART resistance reflects reduced ring-stage susceptibility to DHA,
and so 48- to 72-h drug exposures in conventional in vitro tests
may not capture the important differences between ART-resistant
and ART-susceptible parasites. In a novel ring-stage survival assay
(RSA) (35), Witkowski et al. found that in vitro-adapted parasites
from Pailin survive high-dose pulses of DHA much better than
those from Ratanakiri (35). The parasite survival rates measured
in the RSA also do not correlate with IC50s for ART derivatives
(35). Whether these survival rates correlate with parasite clearance
half-lives is under investigation. While the SYBR green I fluores-
cence assay may be less useful than the RSA for studying the in vivo
ART resistance phenotype of slow parasite clearance, ex vivo drug
susceptibility data may inform basic scientific and clinical inves-
tigations of drug cross-resistance phenomena. Measuring the ex
vivo susceptibility of P. falciparum isolates also has an important
role in the surveillance of ACT partner drug resistance, the iden-
tification of molecular markers for drug-resistant parasites, and
the confirmation of clinical ACT failures.
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