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Cambodia is located in an area of resistance to multiple antimalarials and has been the first country to
implement the systematic use of an artesunate-mefloquine combination as first-line treatment for Plasmodium
Jalciparum malaria. Little is known, however, about the prevalence of resistance mutations within the natural
parasite populations, impeding rational drug policy in this context. Using direct sequencing of PCR products,
we have analyzed sequence polymorphism of the dihydrofolate reductase-thymidylate synthase, dihydrop-
teroate synthetase, and multidrug resistance 1 genes in a large number of clinical P. falciparum isolates
collected in various areas of Cambodia. This highlighted a 100% prevalence of haplotypes with multiple
mutations in the target genes of antifolates after more than a decade without use of antifolates for malaria
therapy. A high prevalence of mutations in Pfindrl, including mutations associated with decreased in vitro
susceptibility to mefloquine and quinine, was also observed. In addition, novel, low-frequency mutations were
detected in Pfindrl. Our findings show an alarming rate of multilocus resistance genotypes in Cambodia,
requiring diligent surveillance and imposing limitations on possible future drug combinations.

Plasmodium falciparum resistance to antimalarials has pro-
gressed at a steady rate during the last decades, particularly in
Southeast Asia, and nowadays constitutes a major public
health concern. Cambodia is one of the most affected regions
(26). Chloroquine (CQ) resistance emerged in the early 1960s
along the border between Thailand and Cambodia (11). Due
to the loss of efficacy of CQ, combinations of diaphenylsulfone
or sulfadoxine with pyrimethamine (SP) were gradually intro-
duced in Cambodia from the 1970s onwards. However, treat-
ment failures were rapidly observed, so that a triple therapy
combining mefloquine, sulfadoxine, and pyrimethamine was
introduced in the early 1980s (27, 29). To date, CQ remains
efficacious only in some northeast provinces, but SP has lost
efficacy everywhere in the country. Decreased susceptibility to
mefloquine has also been reported in patients living near the
Cambodia-Thailand border (6, 33). Artesunate in association
with mefloquine has been distributed as the first-line treatment
throughout the country for the last 5 years. Therapeutic effi-
cacy studies performed by the National Malaria Control Pro-
gram in 2001-2002 showed treatment failure rates of the arte-
sunate-mefloquine combination of 0%, 3.4%, 5.6%, and 13.3%
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in Ratanakiri (east), Preah Vihear (north), and Pursat and
Pailin (west) provinces, respectively. More recent in vivo mon-
itoring in the Sampovloum area showed a 5.8% recrudescence
rate (Yi Poravuth, personal communication).

The present situation with an uneven geographic distribu-
tion of drug resistance, with some areas showing quite worrying
rates of multiresistant P. falciparum malaria, requires contin-
ued monitoring of drug resistance in the country (16). Surveil-
lance for drug-resistant malaria is classically based on assess-
ment of therapeutic efficacy and on measurements of in vitro
susceptibility profiles of parasites collected in primary health
care facilities. Surveillance can be carried out on a larger scale
using molecular markers. Little is known about the evolution
of the genes once selection pressures have been withdrawn or
drugs have been replaced by other molecules. In view of the
various selection pressures exerted on the parasite population
in Cambodia over the last 40 years, a descriptive molecular
survey of the overall diversity of the identified target genes is
warranted in order to help rationalize control policy in the
future and design the most appropriate surveillance markers.

Using molecular techniques, we recently described P. falci-
parum chloroquine resistance transporter (Pfcrt) polymor-
phism and its association with in vitro chloroquine resistance in
Cambodia (8, 17). We now report an analysis of the genetic
diversity of the P. falciparum dihydrofolate reductase-thymidy-
late synthase (Pfdhfi-ts), dihydropteroate synthetase (Pfdhps),
and multidrug resistant 1 (Pfindrl) genes in clinical isolates
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FIG. 1. Map of Cambodia with location of the sampling sites.

from Cambodia with documented in vitro sensitivity profiles
for pyrimethamine, quinine, chloroquine, artesunate, and me-
floquine. The aim of this study was to provide an overall pic-
ture of sequence diversity of these genes in several geographic
areas from Cambodia with differing patterns of in vitro resis-
tance.

MATERIALS AND METHODS

Sites and blood sampling. P. falciparum isolates were collected from patients
recruited at home or at health centers during in vivo monitoring of the efficacy
of the artesunate-plus-mefloquine or alternative artemisinin-based combina-
tions, or during regular control surveys performed in the study areas over the
2001-2002 period. The study was approved by the Ethics Committee of the
Cambodian Ministry of Health, and informed consent was obtained from each
participant. Samples were collected in six areas where malaria is endemic: Sam-
povloum and Samlot in western Cambodia, along the Thai border; Anlong Veng
in the north; Kampong Speu in the southwest; and finally Rattanakiri and Snoul,
in the east, near the Vietnamese border (Fig. 1). Venous blood was collected in
EDTA tubes and transported to Phnom Penh at 4°C within 24 to 48 h of
collection. Giemsa-stained thin blood smears were examined upon arrival to
determine parasite density and identify the single-species infections (with only P.
falciparum). The samples were processed for in vitro assays, and the rest was
aliquoted and stored at —80°C before genomic DNA isolation

In vitro assays. In vitro drug sensitivity was assessed using a classical isotopic
48-hour test as fully described elsewhere (16). The final concentrations ranged
from 0.05 to 51.2 nM for artesunate, 1 to 1,024 nM for mefloquine, 5 to 5,120 nM
for chloroquine, 0.1 to 102.4 pM for pyrimethamine, and 6.2 to 6,400 nM for
quinine. Each plate included two drug-free control wells and one control well
without parasites. The results were expressed as the 50% inhibitory concentra-
tion (ICs,), defined as the concentration at which 50% of the incorporation of
[*H]hypoxanthine was inhibited, compared to drug-free control wells. The
threshold ICsgs for in vitro resistance to pyrimethamine, chloroquine, quinine,
mefloquine, and artesunate were 2 pM, 100 nM, 100 nM, 20 nM, and 3 nM,
respectively. Except for pyrimethamine, chloroquine, and mefloquine, these in
vitro thresholds were arbitrarily set and may not reflect in vivo drug susceptibil-
ity. Only isolates with acceptable growth during incubation and homogeneous in
vitro drug responses characterized by typical sigmoid inhibition curves were
included in the study. The validity and reproducibility of the assay were assessed
using 3D7 parasites.

PCR amplification and sequencing. Parasite DNA was extracted directly from
400 to 1,000 wl of infected blood using the phenol-chloroform method. Ampli-
fications were performed in 50 pl reaction buffer containing 2 to 3 ul DNA, 0.5 to
0.8 uM each primer, 200 to 250 uM each deoxynucleoside triphosphate, 2 to 4 mM
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MgCl,, and 2.5 U Tagq polymerase (Promega). The primers used were as follows
(sequences in boldface are universal sequences added for sequencing): dhfrQs (5'-
CTCGAGGAATTCGGATCCTATGATGGAACAAGTCGTCGAC-3') and dh-
frQas (5'-TCTAGAAAGCTTGGATCCTAAGCAGCCATATCCATTGAAATTT-3'),
and dhpsls (5'-CCATTCCTCATGTGTATACAACAC-3") and dhps2as (5'-GT
TTAATCACATGTTTGCACTTTC-3'), designed to amplify the full Pfdhfr-ts
coding sequence (1,827 bp, PlasmoDB PFD0830w) and 1,326 bp of the Pfdhps
(PlasmoDB PF08_0095) sequence, respectively. Two Pfindrl gene regions,
namely, mdrA4 (650 bp) and mdrO (890 bp), located 5’ and 3’ of the gene
(PlasmoDB PFE1150w), respectively, were amplified using primers mdrA1s (5'-
CTCGAGGAATTCGGATCCTGTTGAAAGATGGGTAAAGAGCAGAAAG
AG-3") and mdrA2as (5'-TCTAGAAAGCTTGGATCCTACTTTCTTATTACAT
ATGACACCACAAACA-3'), and mdrO1s (5'-CTCGAGGAATTCGGATCCAG
AAGATTATTTCTGTAATTTGATAGAAAAAGC-3") and mdrO2as (5'-TCT
AGAAAGCTTGGATCCATGATTCGATAAATTCATCTATAGCAGCAA-3'),
respectively. These fragments correspond to the polymorphic domains of Pfindr]
known to contain mutations associated with antimalarial susceptibility. After an
initial step of denaturation at 94°C for 3 min, samples were subjected to 35 to 40
cycles of denaturation at 94°C for 30 s to 1 min; hybridization at 60°C (Pfdhps),
65°C (mdrA), or 58°C (mdrO) for 40 s (Pfdhps) or 2 min (mdrO and mdrA); and
DNA synthesis at 72°C for 2 to 3 min. For Pfdhfr-ts, amplification, hybridization,
and extension were done at the same temperature (66°C); incubation was for 4
min. DNA synthesis was achieved by final extension at 72°C for 10 min.

The sequencing strategy was as follows. PCR products were purified using a
P-100 Gel Fine solution and a Multiscreen MAV N45 kit (Millipore). Sequenc-
ing reactions were performed from both ends using ABI Prism BigDye Termi-
nator Cycle Sequencing-Ready Reaction kits and run on a 3700 Genetic Ana-
lyzer (Applied Biosystems). Sequencing was done using gene-specific or
universal sequences introduced within PCR primers. Internal primers were used
for >400-bp PCR fragments. The trace files were base called using phred (9, 10),
and a quality file for each sequence was obtained. Sequences with segments of
=300 bp called with a quality of >20 per base were retained. Sequence assembly
was performed using the Phred Phrap consed package (9, 10, 13). Resulting
contigs were assembled, visually examined individually, and aligned using Clust-
alw software. Since the isolates were not preselected for single genotype infec-
tions, heterogeneity was detected on chromatograms for a limited number of
samples and at a few single nucleotide polymorphism positions. These sequences
were rejected for the analysis of the haplotype. They were retained for the
analysis of prevalence of individual mutations only if one nucleotide was domi-
nant (i.e., >75% of the signal). Haplotypes for drug resistance markers were
reconstituted from full sequences presenting a single allele at all positions and
unambiguous signals at all positions.

Statistical analysis. Statistical analysis was performed using the STATA soft-
ware (Statacorporation). The nonparametric Mann-Whitney U test was used to
evaluate whether differences observed in the in vitro responses to drugs were
significant (P < 0.05).

RESULTS

Pfdhfr-ts. The full-length coding sequence was sequenced in
173 clinical isolates from six different areas. Results are sum-
marized in Fig. 2a. No novel mutation was detected. The C59R
and S108N mutations were observed in all isolates (100% fre-
quency), and the N51I mutation was observed in 91% (20).
The I164L mutation was present at a 42% frequency. It was
less frequent in the east of the country, with only 32% and 19%
prevalence in Rattanakiri and Snoul, respectively. The previ-
ously reported A16V/S, C50R, and V140L mutations were not
detected here (22, 30, 34). Overall, four isoforms were identi-
fied. The N51I C59R S108N triple mutant haplotype was ob-
served in 54% of isolates, and the N51I C59R S108N I164L
quadruple mutant had an overall 40% frequency. Two percent
of the isolates studied carried the C59R S108N I164L triple
mutant haplotype. Thus, triple or quadruple mutants ac-
counted for more than 96% of alleles, and the remaining 4%
carried two mutations—C59R and S108N—which have in-
vaded the entire local population.

All isolates responded weakly to pyrimethamine in vitro,
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with ICss above 5,000 nM. The highest ICs, of pyrimethamine
was associated with the N51I C59R S108N haplotype, but
differences observed in the in vitro responses of the various
haplotypes were below the level of significance (P >=> 0.05).

Pfdhps. The full-length Pfdhps could not be amplified with
sufficient yield and purity to allow sequencing. We therefore
focused on the 3’ region of the gene (1,326 bp), which contains
all mutations reported so far (18, 22, 28). This region was fully
characterized for 53 P. falciparum isolates from five different
sites. No novel mutation was observed. The A437G and A581G
mutations were detected at a 100% frequency (Fig. 2b). The
S436A/F and K540E mutations were very common, with 49
and 65% prevalence, respectively. Consistent with widespread
antifolate resistance in Cambodia, these mutations were ho-
mogeneously distributed over the study sites. Triple and qua-
druple Pfdhps mutants accounted for more than two-thirds of
the parasites examined, with the remaining third correspond-
ing to double mutants. The A613S/T mutation was not ob-
served.

Pfindrl. Two fragments of 650 and 890 bp in size, located at
the 5" and 3’ ends of the gene, respectively, were amplified and
sequenced (Fig. 2¢) in 66 samples. Of the five known muta-
tions, only Y184F and N1042D were observed, with a 64 and
17% frequency, respectively (31). Two new mutations, namely,
E130K and V11091, were observed with a 3.5 and 1.5% fre-
quency, respectively. Both were detected in parasites originat-
ing from the Snoul region bordering Vietnam. The genotype
carrying the single V184F mutation was the most abundant
(64.3% frequency). One-third of the isolates carried the wild-

FIG. 2. Sequence polymorphism in the Pfdhfi-ts, Pfdhps, and
Pfmdrl genes and resulting amino acid changes in clinical P. falciparum
isolates from Cambodia as deduced by a PCR and direct sequencing
strategy. Filled boxes show the position of the observed single nucle-
otide polymorphism for each haplotype. Empty boxes indicate a wild-
type sequence at that position. The prevalence of the various muta-
tions and haplotypes is indicated, as well as the in vitro responses of
isolates to pyrimethamine (PYR), chloroquine (CQ), mefloquine
(MF), quinine (QN), and artesunate (AS). In vitro responses are
expressed as the GMICs,. (a) Pfdhfr-ts sequence polymorphism and its
association with in vitro pyrimethamine resistance in 173 P. falciparum
isolates from six different sites in Cambodia: Rattanakiri (n = 25),
Snoul (n = 43), Kampong Speu (n = 21), Samlot (n = 17), Sampov-
loum (n = 62), and Anlong Veng (n = 5). (b) Pfdhps sequence poly-
morphism in 53 P. falciparum isolates from Rattanakiri (n = 2), Snoul
(n = 26), Kampong Speu (n = 2), Sampovloum (n = 13), Samlot (n =
7), and Anlong Veng (n = 3). (¢) Pfmdrl sequence polymorphism and
its association with in vitro susceptibility to a panel of antimalarials in
66 P. falciparum isolates from Rattanakiri (n = 2), Snoul (n = 21),
Kampong Speu (n = 6), Sampovloum (n = 20), Samlot (n = 15), and
Anlong Veng (n = 2). *, new mutations. The boxed GMICjss indicate
values above the threshold for in vitro resistance (16). In panel a, 95%
confidence intervals observed for pyrimethamie were 5.07 to 14.0 pM
(n = 26) and 3.06 to 11.8 uM (n = 27) for the ACIRNVI and ACIR-
NVL Pfdhfr-ts haplotype, respectively. In panel c, confidence interval
values observed for the NEYSNVD (wild type), NEFSNVD, and
NEFSDVD Pfmdrl haplotypes were 69.0 to 288.2 nM (n = 6), 82.5 to
263.4 nM (n = 12), and 25.8 to 230.2 (n = 4), respectively, for CQ; 9.6
t0 33.2nM (n = 7),27.2 to 81.6 nM (n = 13), and 16.9 to 55.6 nM (n
= 5), respectively, for mefloquine; 33.0 to 187.8 nM (n = 7), 78.3 to
253.1 nM (n = 11), and 66.5 to 491.7 nM (n = 3), respectively, for
quinine; and finally 0.56 to 1.65 nM (n = 7), 2.22 to 4.66 nM (n = 13),
and 0.74 to 9.6 nM (n = 5), respectively, for artesunate. nd, no data.



3150 KHIM ET AL. ANTIMICROB. AGENTS CHEMOTHER.
Ch. 4 Ch.5 Ch.7 Ch.8
DHFR MDR1 CRT* DHPS
n=173 n=28 n=66 n=40 n=53
0 R z ¥ w ©Q 8 5 = _ o L = - W W w w - L v w o E
2 § 52 8%3 83333 2§ gﬂﬁ,ﬂ_?agggs%: 55z 2
I 9 £ 0 5 3 = zZ L 5 =z S 37 E ¥ g I = d 2 B 2 & T T 2 3 2
mE L - | o H H | C I 1--
M >90% 50-70% 10-30% ] 1-10% [] no observed

FIG. 3. Synopsis of multilocus genotypes in P. falciparum isolates from Cambodia. *, mutations in the Pfcrt gene have been reported elsewhere

(8, 17).

type allele. These originated from the eastern and southern
regions. The parasites carrying the single Y184F mutation re-
sponded poorly to chloroquine, mefloquine, and quinine,
whereas the Y184F N1042D double mutant responded satis-
factorily to chloroquine while having a geometric mean ICs,,
(GMICs,) to quinine and mefloquine higher than that of the
parasites with a wild-type codon at these positions. The Y184F
single and Y184F N1042D double mutants had significant, or
nearly significant, elevated GMICss to artesunate (P of 0.002
and 0.07, respectively) and mefloquine (P of 0.02 and 0.05,
respectively); other differences were below significance (P >
0.05).

DISCUSSION

Together with our previous reports highlighting associations
of some specific Pfcrt haplotypes with the level of in vitro CQ
susceptibility in Cambodia (8, 17), the work presented here
constitutes the first multilocus inventory of sequence polymor-
phism in Cambodia and even in the Mekong region, the epi-
center of multidrug resistance in Southeast Asia.

Pyrimethamine and cycloguanil target the bifunctional en-
zyme dihydrofolate reductase-thymidylate synthase. Dapsone
and, particularly, sulfadoxine in association with pyrimeth-
amine (Fansidar) inhibit the dihydropteroate synthetase. For
both enzymes, specific polymorphisms have been associated
with therapeutic failures (14). Consistent with a complete loss
of efficacy of SP throughout the country and very high ICs for
pyrimethamine in vitro, triple or quadruple Pfdhfr-ts mutants
were observed in nearly all isolates examined. The NS51I,
C59R, and S108N mutations have reached fixation. No wild
types and single Pfdhfr-ts mutants were detected. Similarly,
there was no wild-type or single mutant allele for Pfdhps.
Triple and quadruple mutants accounted for more than two-
thirds of the parasites examined with the remaining third cor-
responding to double mutants. To our knowledge, no similar
situation has been reported elsewhere, including in Thailand,
Laos, and Vietnam, where the inefficacy of antifolate drugs has
long been established. In all three countries, resistance-asso-
ciated mutations have a lower frequency (1, 2, 18, 30).

The P-glycoprotein homologue 1 modulates susceptibility to
several antimalarials including mefloquine, quinine, chloro-
quine, and possibly artemisinins (5, 7, 24). Pfimdrl showed
considerable polymorphism in Cambodian isolates, although

there was no picture of complete invasion of the population by
specific mutations as observed for the antifolate targets. Two
new mutations were detected at low frequency, and interest-
ingly out of the five mutations previously described only Y184F
and N1042D were observed (12). The N86Y, S1034C, and
D1246Y codons were absent. This again differs from the situ-
ation reported for Thailand, where 86Y and 1034C mutants
are present at a significant level (21, 23). In contrast, the
observed high frequency of the Y184F mutation in the set of
Cambodian samples studied here is in line with data from
Thailand (21, 23). Interestingly, parasites with a wild-type
Pfmdrl haplotype originated from the eastern and southern
regions, where the selection pressures exerted by quinine and
mefloquine are also the weakest. An association of the Y184F
mutation with mefloquine resistance in Asia was reported by
Pickard et al. (21), who also noticed an increased susceptibility
to chloroquine in isolates with a wild-type Pfimdrl allele, which
was not observed here. This discrepancy might reflect different
geographic prevalences of Pfcrt haplotypes associated with
chloroquine susceptibility and/or of Pfindrl copy number and
allelic form of the amplified copy, a parameter that was not
investigated here (3, 8, 17, 23). An estimate of Pfimdrl copy
number in our collection of Cambodian isolates is needed to
help clarify the association of this locus with susceptibility to
mefloquine and possibly other antimalarials in the country.
The characterization of the various Pfindrl alleles present in
Cambodia will help in the design of such studies.

Our previous work showed an unusually high rate of Pfert
mutations associated with resistance to chloroquine. The K76T
mutation was observed in 93% of Cambodian isolates together
with specific multiple mutant haplotypes (8, 17). Actually, the
synopsis presented in Fig. 3 shows that Cambodian isolates
have now accumulated numerous mutations at multiple loci.
These data point to an alarmingly high rate of resistance mu-
tations in key target genes of several antimalarials. Such a high
frequency of multiresistant parasite genotypes a couple of de-
cades after withdrawing use of antifolates and chloroquine for
P. falciparum malaria indicates fixation, a situation that differs
from the reversion to wild-type Pfcrt alleles after chloroquine
withdrawal in some African settings (15). These differences
may have arisen from differing patterns of drug policies and
pressures after withdrawal.

The countrywide distribution of numerous resistance muta-
tions, including those associated with decreased susceptibility
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to mefloquine, is of concern for the future of mefloquine-based
combinations. Fortunately enough, artesunate and mefloquine
combinations were efficacious despite a significant rate of me-
floquine resistance in the population (19). Furthermore, de-
ployment of the combination halted the progression of meflo-
quine resistance and possibly reduced it (4, 19). Since our data
indicate a higher prevalence of mutations in Cambodia than
Thailand, accurate and regular monitoring of drug resistance
in Cambodia is needed to adapt guidelines for better manage-
ment of malaria cases. It is worth noting that Cambodia was
the first country to introduce the artesunate-mefloquine com-
bination as first-line treatment for uncomplicated P. falciparum
malaria. The current levels of multidrug resistance in Cambo-
dia have therefore important implications for the design of
epidemiologic surveillance of drug resistance using molecular
markers. This is particularly important in view of recent evi-
dence showing for both antifolates and chloroquine that resis-
tance alleles have arisen in Southeast Asia and subsequently
invaded Africa (25, 32). Thus, the present situation in Cambo-
dia may well prefigure future situations in Africa and in other
areas of endemicity where resistance is presently less preva-
lent. Our data also indicate that any future drug combinations
and development of novel antimalarial compounds should tar-
get such multiresistant genetic backgrounds.
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