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Mutations in the Plasmodium falciparum gene (dhfr) encoding dihydrofolate reductase are associated with
resistance to antifols. Plasmodium vivax, the more prevalent malaria parasite in Asia and the Americas, is
considered antifol resistant. Functional polymorphisms in the dhfr gene of P. vivax (pvdhfr) were assessed by
PCR-restriction fragment length polymorphism using blood samples taken from 125 patients with acute vivax
malaria from three widely separated locations, Thailand (n � 100), India (n � 16), and Madagascar and the
Comoros Islands (n � 9). Upon evaluation of the three important codons (encoding residues 57, 58, and 117)
of P. vivax dhfr (pvdhfr), double- or triple-mutation genotypes were found in all but one case from Thailand
(99%), in only three cases from India (19%) and in no cases from Madagascar or the Comoros Islands (P <
0.0001). The dhfr PCR products of P. vivax from 32 Thai patients treated with the antifolate sulfadoxine-
pyrimethamine (S-P) were investigated. All samples showed either double (53%) or triple (47%) mutations.
Following treatment, 34% of the patients had early treatment failures and only 10 (31%) of the patients cleared
their parasitemias for 28 days. There were no significant differences in cure rates, but parasite reduction ratios
at 48 h were significantly lower for patients whose samples showed triple mutations than for those whose
samples showed double mutations (P � 0.01). The three mutations at the pvdhfr codons for residues 57, 58, and
117 are associated with high levels of S-P resistance in P. vivax. These mutations presumably arose from
selection pressure.

Drugs which inhibit plasmodial folate biosynthesis represent
a major component of the antimalarial armamentarium. The
sulfonamides and sulfones inhibit dihydropteroate synthase,
and pyrimethamine and cycloguanil (the metabolite of progua-
nil) inhibit dihydrofolate reductase (DHFR). Sequential inhi-
bition results in a synergistic antimalarial effect (6). Unfortu-
nately, resistance to these drugs develops relatively quickly if
they are widely used. Although Plasmodium falciparum ac-
quires resistance readily (10, 11), it has been considered that P.
vivax is intrinsically resistant to pyrimethamine (27). However,
the initial sensitivity of this parasite to proguanil shortly after
its initial deployment in peninsular Malaya in 1947 would sug-
gest that acquired resistance is a more likely explanation for
treatment failure (11). P. vivax in Thailand is considered highly
resistant to sulfadoxine-pyrimethamine (S-P) (15, 20).

Molecular studies associated with detailed clinical and epi-
demiological observations of falciparum malaria have demon-
strated that the major mechanism of resistance to pyrimethamine
and sulfadoxine results from specific point mutations in the
parasite’s dhfr and dhps genes, respectively (6, 8, 13, 19, 23).
These mutations result in the nonsynonymous replacement of

key amino acid residues and thus a much reduced affinity of the
mutant enzyme for the respective drug. Simple and sensitive
methods for the detection of these point mutations have been
devised for the P. falciparum dhfr and dhps genes (1, 2, 5,
12–14, 17–19, 21, 25, 28). Recently, the gene coding for
DHFR-thymidylate synthase of P. vivax has been cloned and
sequenced (3). The presence of mutations in the residues of
the P. vivax enzyme (at positions 15, 50, 58, 117, and 173) which
were predicted by secondary-structure analysis and amino acid
homology to correspond to the five key positions on the P.
falciparum gene (positions 16, 51, 59, 108, and 164, respec-
tively) was determined for 30 P. vivax isolates of various geo-
graphical origins. Although a total of 12 nonsynonymous mu-
tations were observed for these P. vivax dhfr (pvdhfr) gene
sequences, only 3 corresponded to the positions mentioned
above. Double mutations at residues 117 and 58 were observed
most frequently (14 of the 30 samples), but a mutation at
residue 173 was found in only 1 of these samples. No mutations
were found at residue 15 or 50. The only other mutations
encountered more than once were at residues 33 and 57, which
were detected in three and in two samples, respectively. These
results suggested that residues 58 and 117 are linked to py-
rimethamine resistance, but the number of samples analyzed
was too small to provide a firm conclusion (4).

In this article, we have extended these observations by ana-
lyzing the pvdhfr gene using a large number of P. vivax samples
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which were obtained from three areas which differ substantially
in their current and previous use of antimalarial drugs: Mada-
gascar and the Comoros Islands, where S-P is not and has not
been deployed; India, where S-P has not been used widely until
recently; and Thailand, where S-P has been used extensively
and where high-level resistance in P. falciparum has developed.
We have correlated the pvdhfr mutation pattern with clinical
and parasitological responses in 32 P. vivax-infected Thai pa-
tients who were monitored for 28 days following treatment
with S-P. A sensitive nested-PCR–restriction fragment length
polymorphism (RFLP) protocol was developed for the study of
mutations in the pvdhfr gene. We present an analysis of muta-
tion frequencies at the five positions which have previously
been suggested to be involved in resistance to S-P. Our epide-
miological and clinical data suggest that of these mutations,
only those occurring at positions 57, 58, and 117 of the P. vivax
DHFR enzyme sequence are implicated in resistance to py-
rimethamine.

MATERIALS AND METHODS

Blood samples. Admission blood samples were collected in three separate
geographical regions from a total of 125 symptomatic patients who acquired P.
vivax infections between 1995 and 1998. Samples from Madagascar or the Co-
moros Islands (n � 9) were obtained from the Centre Hospitalier de Dunkerque,
Rosendael, France; samples from the Indian subcontinent (n � 16) were ob-
tained from Northwick Park Hospital, Harrow, United Kingdom; and samples
from Thailand (n � 100) were collected from adult patients admitted to the
Bangkok Hospital for Tropical Diseases. All samples were collected on admis-
sion before the start of treatment and stored frozen at �30 or �70°C until DNA
extraction. The diagnoses were made by microscopic examination of Field- or
Giemsa-stained thin and thick blood smears. The presence of P. vivax was
confirmed by duplicate PCR analysis of a 5-ul aliquot from each sample.

Patients. A subset of 32 adult patients admitted to the Hospital for Tropical
Diseases in Bangkok, who gave fully informed consent, were treated with a
combination of 1,500 mg of sulfadoxine and 75 mg of pyrimethamine and were
kept under daily parasitological and clinical observation for 28 days. Details of
these studies, which were approved by the ethical committee of the Faculty of
Tropical Medicine of Mahidol University, are to be reported in full elsewhere.
These patients were subdivided into three groups according to the clinical out-
come as follows: the cured group, whose parasites and fevers cleared within 7
days and who showed no further symptoms or detectable parasitemia; the re-
currence group, whose parasites reappeared in the blood circulation between
days 7 and 28 following the initial clearance of the parasitemia; and the failure
group, whose parasites failed to clear during the first 7 days following treatment.
Those patients whose primary treatment failed received standard retreatment
with chloroquine. Parasite counts were determined using microscopy, by count-
ing infected red blood cells per 1,000 red blood cells in thin smears or by
calculating the parasite count per 200 white blood cells in thick smears. Parasite
clearance time was calculated as the time taken for the parasitemia at the time
of admission to fall below detectable levels. Fever clearance time (FCT) was the
duration of time that elapsed before the patient’s temperature returned to
�37.5°C following admission and remained below this temperature for �48 h.
The parasite reduction ratio at 48 h (PRR48) is the ratio of the parasite count
before treatment to that observed at 48 h (26).

DNA template preparation and pvdhfr amplification. Template DNA was
purified from 1 ml of infected blood using the QIAamp DNA kit (Qiagen,
Hilden, Germany). The DNA was eluted with Tris-EDTA buffer (10 mM Tris-
HCl [pH 8.0], 0.1 mM EDTA [pH 8.0]) such that 1 �l of the solution corre-
sponded to 5 �l of whole blood.

The oligonucleotides used to amplify a fragment of the pvdhfr gene were
designed using a published sequence of the dhfr-ts gene of P. vivax (GenBank
accession no. X98123). Nested- or seminested-PCR amplification strategies were
adopted. In the primary reaction, the whole of the pvdhfr-ts gene, 1,872 bp
excluding the stop codon, was amplified using the oligonucleotide pair VDT-OF
(5�-ATGGAGGACCTTTCAGATGTATTTGACATT-3�) and VDT-OR (5�-
GGCGGCCATCTCCATGGTTATTTTATCGTG-3�). The product of this re-
action was then used to initiate a second round of amplification in which either
the first 611 bp of the 711 bp of pvdhfr, using the oligonucleotide pair VDT-OF

and VDF-NR (5�-TCACACGGGTAGGCGCCGTTGATCCTCGTG-3�), or
the first 238 bp of pvdhfr, using the oligonucleotide pair VDT-OF and VDF-
NR58 (5�-GGTACCTCTCCCTCTTCCACTTTAGCTTCT-3�), were amplified.
A fragment (ca. 250 bp) spanning the repeat region of pvdhfr was amplified using
the oligonucleotide pair VDF-N2F (5�-CGGTGACGACCTACGTGGATGAG
TCAAAGT-3�) and N2R (5�-TAGCGTCTTGGAAAGCACGACGTTGATTC
T-3�).

All amplification reactions were carried out in a final volume of 20 �l, which
included 1 �l of template in the form of genomic DNA for the primary reactions
or of the product of the primary reaction for the secondary amplification. Oli-
gonucleotide primers were each used at final concentrations of 125 nM in the
primary reactions and 250 nM in the secondary reactions. The reaction mixture
contained 10 mM Tris-HCl (pH 8.3), 50 mM KCl, a 125 �M concentration of
each of the four deoxynucleoside triphosphates, and 0.4 U of AmpliTaq poly-
merase (Perkin-Elmer Cetus, Mass.). The reactions were carried out in the
presence of 2 mM MgCl2 for all oligonucleotide combinations except the VDT-
OF–VDF-NR58 pair, for which a concentration of 3 mM MgCl2 was used. The
cycling parameters for the PCR were as follows: an initial denaturation step at
95°C for 5 min was followed by 25 (primary reaction) or 30 (secondary reaction)
cycles of annealing at 64°C (62°C for VDF-N2F–N2R) for 2 min, extension at
72°C for 2 min, and denaturation at 94°C for 1 min. After a final annealing step
followed by 5 min of extension, the reaction was stopped. PCR products were
stored at 4°C until analysis.

Analysis of pvdhfr. The DNA fragments obtained following PCR amplification
or RFLP analysis were analyzed following electrophoresis on 3% MetaPhor
agarose gels (performed in Tris-borate-EDTA buffer). Digestion of 10 �l of the
PCR product was performed using 10 U of each restriction enzyme (New En-
gland Biolabs Inc.) for 3 h at 37°C in a total volume of 20 �l.

RESULTS

Amplification of pvdhfr fragments. In order to improve on
the previously published method, where the detection of the
pvdhfr gene required the presence of 100 or more parasites in
the aliquot to be analyzed, a nested- or seminested-PCR am-
plification strategy was developed. Specific primers, designed
from the previously reported sequence and used in a primary
amplification reaction, generated a single fragment (1,872 bp
of the whole dhfr-ts gene) from P. vivax genomic DNA (Fig. 1).
Three separate secondary amplification reactions were then
carried out. The primer S spanned the repeat region (product
of ca. 250 bp), and the primers F1 and F2 amplified, respec-
tively, the first 611 bp of the pvdhfr gene and a fragment of 238
bp which included the codon for residue 58.

The protocol was optimized using 5-�l aliquots of unin-
fected blood spiked with known numbers of P. vivax-infected
red blood cells. Successful nested-PCR amplification using the
three secondary-reaction primer pairs was obtained reproduc-
ibly from samples containing as little as 1 to 10 P. vivax ge-
nomes (ca. 0.00001%). The specificity of the reaction was con-
firmed by the absence of amplification products when genomic
DNA from P. falciparum, P. malariae, or P. ovale parasites or
genomic DNA from human blood was used as a template.
Specific amplification products were obtained from all the
samples collected in this study.

Size polymorphism of pvdhfr genes at repeat region. The
pvdhfr gene contains a tandem repeat region between nucleo-
tides 262 and 309 (3). Four allelic variants that differed with
respect to the repeat motifs were found previously. The variant
without the deletion was found in 15 of the 30 samples for
which the pvdhfr gene product was sequenced; the sequence
THGGD (15 bp) was missing in 12 of 15 samples, TSGGDN
(18 bp) was missing in 2 of 15 samples, and GGDNAD (18 bp)
was missing in the last 15 samples (4). In the present study,
oligonucleotide primers were designed to amplify a small frag-
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ment spanning this region. Three size variants, designated A,
B, and C from the largest to the smallest in base pairs, respec-
tively (range, ca. 230 to 280 bp), were found in the 125 blood
samples (Fig. 1). The percentages of distribution of pvdhfr
genotypes for vivax malaria patients from all three geographic
regions were 17% for the type A variant, 58% for the type B
variant, and 45% for the type C variant. The genotypes for the
majority of Thai samples were type C (43%), but those for
most of the parasites from the other two regions were type B
(87% of those from India and 100% of those from Madagascar
and the Comoros islands). Mixed-genotype infections were
observed only in Thai isolates (20%).

RFLP determination of specific mutations in pvdhfr. The
presence of mutations in the codons for residues 33, 57, 58,
117, and 173 of the product of the pvdhfr gene (numbered
according to the sequence available under EMBL GeneBank
accession number X98123) was assessed by RFLP analysis
using the enzymes indicated (Fig. 2): the 611-bp product was
digested with SacII (residue 33, P3L), XmnI (residue 57,
F3L), and PvuII (residue 117, S3N), for which digestion was
observed only for the wild-type sequence. The mutation at
residue 173 (I3L) results in the generation of a second StyI
site in the amplified 611-bp fragment. The mutation at residue
58 (S3R) also abolishes the recognition sequence of AluI;

FIG. 1. (A) Schematic representation of the pvdhfr-ts gene, with the linker region (L) and the repeat region (R) indicated. Three fragments
were obtained by nested-PCR amplifications (S, F1, and F2) for further analysis. (B) Three S fragments of different sizes were observed and
designated A, B, and C. In some samples, mixed infections were observed. Electrophoresis was performed in MetaPhor agarose in Tris-borate-
EDTA, and the product was visualized by UV transillumination following ethidium bromide staining.

FIG. 2. MetaPhor electrophoresis of PCR-RFLP products specific for F1 and F2 fragments showing size allelic variants of wild and mutant
types at codons corresponding to pvdhfr residues 33, 57, 58, 117, and 173. The restriction sites of SacII, XmnI, PvuII, StyI, and AluI are indicated.
F, phenylalanine; I, isoleucine; L, leucine; N, asparagine; P, proline; S, serine; R, arginine.
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however, as this enzyme has multiple sites in the 611-bp frag-
ment, the analysis was carried out on the 238-bp amplified
fragment spanning this position (Fig. 2), which is cut twice by
AluI for the wild-type sequence but only once for the mutant
sequence.

Mutation frequencies of pvdhfr genes. Mutations at residue
173 (I3L) were not detected in any of the the samples ana-
lyzed. The overall frequencies of the mutations found for the
four other positions are presented in Table 1. The overall
frequencies of mutant pvdhfr genotypes were 99% for the sam-
ples from Thailand, 25% for those from India, and 44% for
those from Madagascar and the Comoros Islands. Mutations at
residue 33 (P3L) were observed only in 4 of the 9 samples
originating from Madagascar and the Comoros Islands. These
proved to be the only mutations detected in the pvdhfr gene
from these parasites. The mutation at residue 57 (F3L) was
detected in 54 of the 100 Thai samples but only 1 of the 16
Indian samples. Nearly all of the parasites from Thailand car-
ried mutations at residues 58 (S3R) (99 of the 100 samples)
and 117 (S3N) (98 of the 100 samples), but these mutations
were found in only 3 of the 16 Indian samples (P � 0.001).

Thus, with respect to amino acid positions 57, 58, and 117,
the majority (12 of the 16) of Indian samples had parasites with
the wild-type genotype (F-S-S at the respective positions), 2
had parasites with a genotype with a single mutation (L-S-S in
one case and F-S-N in the other), and 3 had parasites that
harbored a double-mutation genotype (F-R-N). Mixed-geno-
type infections were found in 2 of the 16 Indian samples (F-S-S
plus L-S-S and F-S-N plus F-R-N).

The situation was markedly different for the parasites in the
100 Thai samples, where only 1 sample contained the wild-type
genotype, 59 contained a double-mutation genotype (L-R-S in
1 case and F-R-N in 58 cases), and 53 carried a triple mutation
(L-R-N) (P � 0.0001). Mixed-genotype infections were found
in 14 of the 100 samples from Thailand, with F-R-N plus
L-R-N observed 13 times, while in the remaining sample the
presence of mixed mutations at residues 57 and 58 did not
allow us to categorize the genotypes unambiguously.

The relationships of the genotypes of PCR-RFLP products
and allelic size variations of all studied samples are shown in
Table 2. Evaluations of genotypes using both the PCR-RFLP
products and allelic size variations showed a high prevalence of
type B in triple mutations and type C in double mutations. The

percentage of the type B genotype (either on its own or mixed
with the C genotype) in triple-mutation pvdhfr (47 of 53 sam-
ples; 87%) was significantly higher than those of the other
genotypes of the PCR-RFLP product (P � 0.01). The percent-
age of the type C genotype in double-mutation pvdhfr isolates
(either alone or mixed) (45 of 49 samples; 92%) was also
significantly higher than those of the other genotypes of the
PCR-RFLP products (P � 0.01). The majority of mixed geno-
types (A, B, and C) per sample had triple mutations (18 of 20
samples; 90%).

Relationship of pvdhfr genetic mutations to clinical re-
sponses following S-P treatment. Of the P. vivax-infected Thai
patients whose samples were analyzed in the present study, 32
were treated with S-P. These patients were kept under obser-
vation for 28 days at the Hospital for Tropical Diseases in
Bangkok as part of chemotherapy studies to be reported else-
where. The patients can be divided into three groups by their
clinical and parasitological responses to S-P treatment. The
parasites did not clear in 11 patients (high-grade resistance),
recurrence of P. vivax was observed after initial clearance in a
further 11 patients, and cure for up to 28 days was obtained in
only 10 (31%) patients. Samples from these patients were
analyzed with respect to mutations at residues 57, 58, and 117
encoded by the pvdhfr gene. All the patients harbored parasites
carrying mutations at residues 58 and 117, and an additional
mutation at residue 57 was observed in 15 of the 32 patients.
Thus, double mutations of the pvdhfr gene (resulting in F-R-N)
alone were seen in samples from 17 patients, triple mutations
were seen in those from 11 patients, and mixed-genotype in-
fections (double mutations plus triple mutations) were seen in
those from the remaining 4 patients.

There were no significant differences in age or parasitemia
(geometric mean, 11,761 parasites/�l range, 900 to 107,765 per
�l) at time of admission whether the patients were grouped by
clinical outcome or by number of observed pvdhfr mutations.
As expected, FCT correlated with the overall cure rate. There
was a significant difference in FCT between the cured and the
recurrence groups (28 and 52 h, respectively) and the failure
group (100 h) (P � 0.001). PRR48 also corresponded to overall
treatment efficacy, with median values of 3.3 (range, 0.33 to
15.7) for the failure group, 10.4 (range, 2 to 75.8) for the
recurrence group, and 28.9 (range, 2 to 1,500) for the cured
group.

Parasites with pvdhfr genes carrying the double or triple
mutation were equally distributed between the three clinical-
outcome groups. Although parasite clearance time and FCT
did not differ significantly between the patients harboring par-

TABLE 1. Distribution of pvdhfr mutations at five specific codons

Countries Total no. of
samples

No. of wild-type
samples

No. of samples with
mutation at codons

for residue:

33 57 58 117 173

Thailand 100 1 0 54a 99b 98 0
India 16 12 0 1c 3d 3 0
Madagascar and

Comoros islands
9 5 4 0 0 0 0

a Included 40 with mutant genotypes and 14 with mixed infections of wild-type
and mutant genotypes.

b Included 98 with mutant genotypes and 1 with mixed infections of wild-type
and mutant genotypes.

c Both wild-type and mutant genotypes present.
d Included two with mutant genotypes and one with mixed infections of wild-

type and mutant genotype.

TABLE 2. pvdhfr allelic size variants classified according
to number of point mutations

No. of point
mutations

No. of samples with indicated allelic variants Total no. of
samplesA B C A�B A�C A�B�C

None 17 1 18
Single 1 4 5
Double 4 43 1 1 49
Triple 35 7 6 5 53

Total 1 60 44 7 7 6 125
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asites with double or triple mutations (P � 0.05), there was a
significant difference in the PRR48s (P � 0.01) (Fig. 3). The
median PRR48 for the patients with parasites with double
mutations was 13 (range, 2 to 1,500), and that for those with
triple mutations was 3.3 (range, 0.3 to 108). The interval from
treatment to reappearance of parasitemia in the recurrence
group was shorter for patients with parasites with triple muta-
tions (13 days; range, 11 to 21) than that for those admitted
with infections with parasites with double mutations (18 days;
range, 11 to 28), but this difference was not statistically signif-
icant (P � 0.05).

The association between allelic size variants (repeat region)
and the specific mutant genotypes was evaluated in all 32
monitored patients (Table 3). Of the triple- and double-muta-
tions PCR-RFLP genotypes, type B (either on its own or mixed
with other genotypes) was significantly more commonly asso-
ciated with the triple mutations (13 of 15 [87%] versus 2 of 15
[13%]) (P � 0.05) while type C (either on its own or mixed with
the type A genotype) was significantly more commonly associ-
ated with the double mutations (16 of 17 [94%] versus 1 of 17
[6%]) (P � 0.05). There were no significant differences in the
incidence of these associated genotypes (triple mutants and
type B variants or double mutants and type C variants) be-
tween patients with different clinical outcomes (cure, recur-
rence, or treatment failure).

DISCUSSION

The dhfr gene of P. falciparum has been studied extensively.
Elegant molecular, epidemiological, and modeling studies
have led to the identification of defined residues, most of which
are closely associated with the active site, where mutation
results in the loss of the parasite’s sensitivity to the DHFR
inhibitor pyrimethamine (2, 5, 6, 12, 13, 16–18, 23, 24, 28).
Analysis of the predicted amino acid sequence of the pvdhfr
gene product revealed potential analogous polymorphic resi-
dues in this enzyme. Sequence analysis of 30 P. vivax isolates
has provided preliminary evidence that residues 58 and 117 are
implicated in pyrimethamine resistance, since nonsynonymous
mutations at these positions were noted in 13 of the 16 isolates
originating from Southeast Asia (3, 4).

In this report we present a highly sensitive nested-PCR–
RFLP detection method which we used to analyze the fre-
quency of mutations at defined residues of the gene product in
isolates from 125 P. vivax-infected blood samples. These were
collected from three geographical regions which differ histor-
ically in their use of antimalarial drugs. Chloroquine is the
first-line treatment of P. vivax throughout the Indian subcon-
tinent and the Indian Ocean islands (9). S-P use is rare in
Madagascar and the Comoros Islands and has been relatively
infrequent in India. Although chloroquine is also used to treat
vivax malaria in Thailand (7, 22), the prevalence of highly
chloroquine-resistant falciparum malaria resulted for a time in
the widespread use of S-P. This compound is still available
widely in areas where malaria is endemic and is still a first-line
treatment in the adjacent countries Laos and Myanmar. Our
samples therefore represent a decreasing East-to-West change
in drug pressure, and we reasoned that this decrease might be
reflected in the accumulation of mutations in the pvdhfr gene
of parasites from these regions. Five residues were targeted for
analysis in this study, of which three (residues 58, 117, and 173)
are predicted to correspond to residues 59, 108, and 164 of the
P. falciparum gene product.

Mutations of pvdhfr were significantly more common in Thai
parasites (99 of the 100 samples) than in those (8 of 25 sam-
ples) found in patients from India, Madagascar, and the Co-
moros Islands (P � 0.0001). Nearly all the parasites from
Thailand had mutations at both residues 58 and 117, whereas
these mutations were detected only in 19% of the Indian sam-
ples. A similar, albeit less-pronounced, trend was observed for
mutations at residue 57, which were noted in 2 of the 30
samples studied previously (4). Triple mutations were found
exclusively in Thai parasites. None of the 125 samples showed

FIG. 3. PRR48 of 32 patients with vivax malaria treated with S-P.
The clinical responses were classified as cure (�), recurrence (F), or
treatment failure (E).

TABLE 3. Distribution of allelic size varients of samples with either double or triple mutations of pvfdhr with respect to clinical outcome

Group of patients
No. of patients with samples showing allelic mutations in codons 57, 58, and 117

(repeat region[s]) resulting in amino acids:

L-R-Na L/F-R-Na F-R-Na

Treatment failure (n � 11) 5 (B), 1 (A�B) 5 (C)

Recurrence (n � 11) 2 (B), 2 (A�B) 1 (A�C) 6 (C)

Cure (n � 10) 1 (B) 1 (A�C), 2 (A�B�C) 5 (C), 1 (A�B�C)

a L, leucine; R, arginine; N, asparagine; F, phenylalanine.
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evidence of a mutation at residue 173. These results provide
strong supportive evidence that residues 58 and 117 are in-
volved in pyrimethamine resistance, and residue 57 is then
added to this list. Although the data seem to indicate that
residue 173 might not play a role in this resistance, it is possible
that the fixation of mutations at this site occurs only after
sustained drug pressure, as is thought to be the case for residue
164 of the dhfr gene product of P. falciparum. Alternatively,
these triple mutations in P. vivax may confer such high levels of
resistance that there is no additional selection for residue 173.
The fact that mutations at residue 33 were not found in any of
the samples except those from Madagascar and the Comoros
Islands supports the suggestion of Eldin de Pécoulas et al. (4)
that this mutation is idiosyncratic. The existence of “neutral”
genetic variants of P. vivax in different regions is consistent
with the observation that the frequency of the deletion variants
in a region of pvdhfr, which is thought not to be of catalytic
importance, differs between genetically isolated parasites.

Many factors affect the therapeutic response in malaria pa-
tients. In this study, parasites harboring triple mutations were
cleared significantly more slowly than those with double muta-
tions following S-P treatment, irrespective of subsequent clinical
outcome. The lower fractional reduction in parasite numbers in
samples with triple mutations suggests that these parasites are
intrinsically less susceptible to antifolate treatment.

In conclusion, we provide epidemiological and clinical data
which are strongly suggestive of a role of mutations in three
defined residues of the pvdhfr gene in resistance to S-P. The
PCR-RFLP methodology to detect these mutations is practical
and simple and can be applied in most research laboratories in
countries of P. vivax malaria endemicity. Confirmation that
defined genetic mutations result in the resistance of P. vivax to
pyrimethamine would be much helped by a routine in vitro
test. Further sequencing of samples would also be desirable in
determining whether there are other key residues. Finally,
molecular studies similar to those performed for the enzyme of
P. falciparum, using recombinant proteins with a known pat-
tern of mutations, will ultimately demonstrate to what extent
each residue contributes to the alteration of the inhibition
constant of the drug and whether synergistic interactions be-
tween mutations are a feature of pyrimethamine resistance in
P. vivax.
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