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Sixty-nine Kenyan Plasmodium falciparum field isolates were tested in vitro against pyrimethamine (PM),
chlorcycloguanil (CCG), sulfadoxine (SD), and dapsone (DDS), and their dihydrofolate reductase (DHFR)
genotypes were determined. The in vitro data show that CCG is more potent than PM and that DDS is more
potent than SD. DHFR genotype is correlated with PM and CCG drug response. Isolates can be classified into
three distinct groups based on their 50% inhibitory concentrations (ICs,s) for PM and CCG (P < 0.01) and
their DHFR genotypes. The first group consists of wild-type isolates with mean PM and CCG ICjs of 3.71 =
6.94 and 0.24 = (.21 nM, respectively. The second group includes parasites which all have mutations at codon
108 alone or also at codons 51 or 59 and represents one homogeneous group for which 25- and 6-fold increases
in PM and CCG ICgs, respectively, are observed. Parasites with mutations at codons 108, 51, and 59 (triple
mutants) form a third distinct group for which nine- and eightfold increases in IC;,s, respectively, of PM and
CCG compared to the second group are observed. Surprisingly, there is a significant decrease (P < 0.01) of SD
and DDS susceptibility in these triple mutants. Our data show that more than 92% of Kenyan field isolates
have undergone at least one point mutation associated with a decrease in PM activity. These findings are of
great concern because they may indicate imminent PM-SD failure, and there is no affordable antimalarial drug

to replace PM-SD (Fansidar).

The spread of chloroquine (CQ)-resistant Plasmodium fal-
ciparum populations in areas in Africa where malaria is en-
demic (5, 23, 48) has required that other drugs be introduced
for malaria treatment. Pyrimethamine (PM) and proguanil
(Paludrine) are specific competitive inhibitors of dihydrofolate
reductase (DHFR), a key enzyme in nucleotide biosynthesis
(13). Sulfadoxine (SD) is thought to inhibit dihydropteroate
synthase (DHPS), an enzyme that catalyzes a reaction in the
synthesis of folate in P. falciparum (13). Proguanil is metabo-
lized to its active form, cycloguanil (CG), and has been used
primarily for chemoprophylaxis. A combination of PM and SD
(Fansidar) acts synergistically to inhibit the folate pathway (9).

Genetic analysis of P. falciparum isolates has demonstrated
that antifolate resistance in P. falciparum is caused by point
mutations in the gene that encodes the protein target of PM,
DHFR, leading to amino acid changes in the active site of the
enzyme. The amino acid serine at position 108 (Ser-108) is
linked to sensitivity to both PM and CG. The Ser-108-to-Asn-
108 mutation confers resistance to PM, and Thr-108 is associ-
ated with resistance to CG (paired with a mutation of Ala-16 to
Val-16). Subsequent mutations of Asn-51 to Ile-51, Cys-59 to
Arg-59, and Ile-164 to Leu-164 enhance the resistance of the
isolates to PM. These findings were based on the determina-
tion of the complete DNA sequence of the DHFR-coding
region in a series of P. falciparum isolates whose sensitivities to
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PM and CG had been previously determined by in vitro testing
(10, 14, 24, 25, 55). Isolates from some sub-Saharan and South-
east Asian countries have been analyzed by DNA sequencing
(3, 4). This technique is reliable but expensive and time-con-
suming, which limits its use in large-scale epidemiological stud-
ies in areas of endemicity. Alternatively, PCR can be adapted
for the rapid detection of sequences differing by a single base
pair (8, 17, 21, 32, 35). Specific primers for allele-specific PCR
(ASPCR) have been designed for the detection of mutations at
codons 16, 108, and 164 in the P. falciparumm DHFR gene (15,
26, 27). This approach has been used to detect mutations at
codon 108 in epidemiological investigations of Brazilian (26)
and Malian (28) P. falciparum isolates and in a comparative
study on isolates from East and West Africa and South Amer-
ica (29). Restriction enzyme digestion of PCR products can
also be used to identify some of these point mutations in the P.
falciparum DHFR gene (12, 53).

PM-SD is cheap and well tolerated and is increasingly being
used as a first-line treatment against uncomplicated malaria in
Kenya. As a result, there is a significant reduction in in vitro
chemosensitivity to PM in Kenyan parasites. In the 1980s, an
average of 20% of the samples tested were classed as PM
resistant (37, 44, 46), but that average rose to about 90%
between 1993 and 1995 (18). We report here the application of
ASPCR and enzyme digestion methods for the detection of
point mutations at codons 51, 59, 108, and 164 of the DHFR
gene in in vitro-adapted Kenyan P. falciparum field isolates.
The goal was to determine whether particular point mutations
in the DHFR-coding region are correlated in each isolate with
the isolates’ chemosensitivities to the DHFR inhibitors PM
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and CCG (the active metabolite of chlorproguanil [CPG] [La-
pudrine]) or to the DHPS inhibitors SD and dapsone (DDS).
CCG and DDS were included in the study because this com-
bination has proved to be particularly potent against P. falci-
parum isolates in vitro (50) and in vivo (1).

MATERIALS AND METHODS

Parasites. Five well-known laboratory reference strains, D6, K1, W282, V1/S,
and FCR3, were used as positive and negative controls to establish the mutation-
specific PCR assay and the restriction enzyme digestion. Their characteristics,
drug profiles, and DHFR genotypes are published elsewhere (10, 14, 25). Field
isolates were collected during a clinical trial of the antifolate combination CPG-
DDS in Kilifi, on the Kenyan coast, between 1993 and 1995 (1). A total of 1 to
3 ml of venous blood was collected from each patient and cryopreserved in 10%
dimethyl sulfoxide in liquid nitrogen until adaptation for in vitro culture.

In vitro adaptation and ch itivity t. P. falciparum isolates
were cultured by the methods of Haynes et al. (16) and Trager and Jensen (38)
with minor modifications as previously described (44). The medium, RPMI 1640
(GIBCO BRL, Paisley, United Kingdom) containing no para-aminobenzoic acid
or folic acid, was supplemented with 10% normal human serum, 25 mM bicar-
bonate, and 25 mM HEPES buffer. PM and CCG were obtained from Sigma
Chemical, Dorset, United Kingdom. Antimalarial activity was measured by using
a radioisotopic technique as previously described (44). Results were expressed as
the drug concentration required for 50% inhibition of [?H]hypoxanthine incor-
poration into parasite nucleic acid (ICs,). Before the chemosensitivity test was
carried out, the following conditions had to be fulfilled: (i) a parasitemia of at
least 4% and (ii) a growth rate of at least threefold per 48 h.

DNA extraction. A total of 3 to 4 ml of an in vitro culture from a blood sample
with a 6% hematocrit and 4 to 5% parasitemia was centrifuged at 3,000 rpm for
5 min. The pellet obtained was lysed with 500 .l of 0.15% saponin for 5 min, and
then 10 ml of TSE buffer (20 mM Tris [pH 8.0], 100 mM NaCl, 50 mM EDTA)
was added. The mixture was centrifuged at 4,000 rpm for 10 min, and the
resulting pellet was resuspended in 100 to 150 pl of TSE and stored at —20°C
until processed. P. falciparum DNA was purified according to a protocol de-
scribed elsewhere (27). Briefly, equal volumes (50 pl) of sample and preheated
5% Chelex-100 (Bio-Rad, Richmond, Calif.) were mixed together and heated for
10 min at 95 to 100°C. The Chelex was removed by centrifuging twice for 1 min
at 15,000 X g, and 1 to 2 pl of the final supernatant was used for PCR.

PCR analysis. The method used to detect point mutations is based on nested
PCR: the first round of PCR allows the amplification of the entire DHFR
domain, and the second round is carried out for the allele-specific amplification.
The DHFR domain was amplified with primers SP1 (26) (5'-ATGATGGAAC
AAGTCTGCGAC-3' [sense]) and 86 (52) (5'-TCATATGACATGTATCTT-3’
[antisense]). Antisense primers DIA3 (5'-GAATCCTTTCCCAGC-3"), DIA9
(5'-GAATGCTTTCCCAGG-3'), and DIA12 (5'-GGAATGCTTTCCCAGT-3)
were used to detect, respectively, Ser, Thr, and Asn codons at position 108 with
the common sense primer SP1 (26, 27). (Two sequences have been published for
DIA3, 5'-GAATGCTTTCCCAGC-3' and 5'-GAATCCTTTCCCAGC-3', the
latter of which contained a typographical error, substituting C for G at the 5th
nucleotide. We used this second sequence in the current work, resulting in the
need to use a slightly lower annealing temperature [7,,] to compensate for an
extra mismatched base in the middle of the primer.) Asn and Ile codons at
position 51 were detected by sense oligonucleotides FRSIW (5'-TTACCATGG
AAATGTAA-3") and FR5IM (5'-TTACCATGGAAATGTAT-3"), respectively
(29), paired with antisense oligonucleotide 86. Antisense FR59W (5'-ATGTTG
TAACTGCACA-3") and FR59M (5'-ATGTTGTAACTGCACG-3') allow the
detection of Cys and Arg codons, respectively, at position 59 with the common
sense primer SP1 (29). The wild-type Ile codon at position 164 was detected by
antisense FR164W (5'-CAACGGAACCTCCTAT-3") (15) and sense SP1 prim-
ers. Amplification of the DHFR domain was carried out under standard condi-
tions. Two hundred micromolar concentrations of each deoxynucleoside triphos-
phate and a one micromolar concentration of each primer were used in the
presence of 3 mM MgCl,. Amplification started at 94°C for 3 min followed by 35
cycles of denaturation at 94°C for 30 s, annealing at 45°C for 45 s, and extension
at 72°C for 45 s with 1.5 U of DNA polymerase enzyme (7ag polymerase)
(Promega, Southampton, United Kingdom) in 50 pl of the reaction mixture. A
total of 10 pl of the reaction mixture was taken for electrophoresis in an ethidium
bromide-stained 1.5% agarose gel. If the band was seen, 1 pl of diluted (1:10, in
sterile water) PCR product was subjected to the second round of PCR. In view
of the wide range of possible parameters for optimal ASPCR conditions (8, 17)
and based on previous observations (26, 27), careful upward and downward
adjustment of PCR T,,, MgCl, concentration, and PCR cycles was investigated
to determine discriminative conditions. DIA3 was used at 52.5°C (7,,,) for 20
cycles. All other sets of primers were amplified by using 15 cycles, and the 7, was
55°C for DIA9 and DIA12, 50°C for DIAS51 and DIAS2, 52.5°C for DIAS9 and
DIA60, and 55°C for DIA164. All PCRs were performed with 0.5 U of Tag
polymerase, and 1.5 mM MgCl, was the optimal concentration. Conditions were
otherwise identical to those described for the first PCR. Amplified alleles were
revealed with ethidium bromide staining after migration in 2% agarose gel.
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TABLE 1. Relationship between DHFR point mutations in Kenyan
field isolates of P. falciparum and in vitro chemosensitivity to the
antifolates PM and CCG

ICsq ()"
DHFR phenotype”
PM CCG

Group 1

108(—) 51(—) 59(—) 3.71 = 6.94 (5) 0.24 = 0.21 (5)
Group 2

108(+) 51(—) 59(-) 150.20 (1) 0.81 (1)

108(+) S51(+) 59(—) 95.18 (1) 1.38 (1)

108(+) 51(=) 59(+)
Total

84.36 = 12.5 (7)
92.88 = 36.02 (9)

1.48 + 0.94 (7)
1.37 = 0.85 (9)

Group 3
108(+) 51(+) 59(+) 815.25 £ 582 (18) 10.80 = 7.2 (18)

“108(—), Ser-108 (wild type); 108(+), Asn-108; 51(—), Asn-51 (wild type);
51(+), Hle-51; 59(—), Cys-59 (wild type); 59(+), Arg-59.

2 TCss are expressed in nanomolar concentrations; values are means = stan-
dard deviations; P < 0.01 for all values.

DIA3, DIA9, and DIA12 amplified a fragment of 350 bp. Specific amplification
at codons 51, 59, and 164 showed, respectively, fragments of 630, 190, and 540 bp.

Three restriction enzymes distinguish the alleles at position 108 (12, 53) (Alul
[Ser], ScrFI [Thr], and BsrI [Asn]) by yielding 350- and 430-bp fragments. Ten
microliters of a 780-bp DHFR gene fragment amplified in the first round of PCR
was precipitated by overnight incubation following the addition of sodium ace-
tate (pH 5) (final concentration, 0.3 M) and 2.5 volumes of cold absolute ethanol.
The DNA was pelleted by centrifugation (5 min, 15,000 X g), washed in 70%
ethanol, air dried, and resuspended in 10 pl of sterile water. The DHFR product
was analyzed by digestion with 2 U each of these enzymes (New England Biolabs,
Beverly, Mass.) under the conditions recommended by the manufacturer. The
products were resolved on a 2% agarose gel to visualize fragments.

Epi Info version 6 (Centers for Disease Control, Atlanta, Ga.) and Unistat-IV
(Magelon, London, United Kingdom) packages were used for statistical analyses
(P < 0.01, the chi-square or Student test) and graphing, respectively.

RESULTS

Sixty-nine P. falciparum isolates were adapted for growth in
vitro and their responses to PM, CCG, SD, and DDS were
determined. The ranges of I1Cs,s were 0.1 to 2408.84 nM for
PM and 0.03 to 37.26 nM for CCG. The IC;,s of SD and DDS
were 0.36 to 74.56 nM and 0.03 to 27.260 nM, respectively.
These 1Cs,s span the range from these expected for parasites
that are sensitive to these drugs to those for parasites that are
highly resistant. In addition, it is clear that CCG is more potent
than PM and DDS is more potent than SD against represen-
tative field isolates from this area of Kenya (Kilifi).

Of the 69 isolates, 37 were considered mixed isolates be-
cause amplification of two different alleles of DHFR was ob-
served in the ASPCR. In order to address clearly the correla-
tion between the DHFR genotype and the response to the
drugs, we concentrated first on those isolates that yielded a
PCR product with only one set of allele-specific oligonucleo-
tide primers. All isolates that met this criterion were tested to
determine their genotype for codons 51, 59, 108, and 164. All
isolates contained the drug-sensitive Ile at position 164, and no
isolates with the rather rare Thr-108 were detected. Table 1
presents the chemosensitivity profile and the DHFR genotypes
at positions 51, 59, and 108 for these 32 isolates. There was a
strong correlation between particular DHFR genotypes and
sensitivity to PM and CCG. We observed three distinct groups
based on the ICs,s of PM and CCG. ICss for the first group
were within the range for drug-sensitive parasites; the mean
ICs, of PM in this group was 3.71 = 6.94 nM, and that of CCG
was 0.24 = 0.21 nM. These isolates all have the wild-type
DHEFR codons at positions 108, 51, and 59. The second group
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FIG. 1. Relationship between PM and CCG in vitro chemosensitivity of Kenyan field isolates. Values are ICs,s of CCG in and logarithmic cycles of ICs, of PM,

both in nanomolar concentrations.

was composed of isolates for which the mean ICy, of PM was
92.88 = 36.02 nM and that of CCG was 1.37 = 0.65 nM. The
mean ICs, of PM is 25-fold higher and that of CCG is 6-fold
higher than the ICs, of these drugs for the sensitive group.
Genetically, this group was heterogeneous. One isolate had a
single change from the wild-type sequence to the Asn codon at
position 108, one had an Asn codon at position 108 and the
change encoding Ile-51, and seven isolates had both Asn-108
and Arg-59 codons. Parasites in which the DHFR has under-
gone mutations at all three positions to Ile-51, Arg-59, and
Asn-108 comprise the largest group. The mean ICs, of PM was
815.25 + 582 nM and that of CCG was 10.8 = 7.2 nM, dem-
onstrating the second step in resistance. These parasites were
225-fold more resistant to PM and 48-fold more resistant to
CCG than the sensitive group. Despite the fairly wide range of
1Cs0s measured within each group, the differences among the
groups were statistically significant (P < 0.01). We have also
established that cross-resistance between PM and CCG is char-
acterized by a polynomial function of the formy = ax® + bx*
+ cx + d (* = 0.80, df = 68). The decrease in the CCG ICss
is pronounced only when the PM ICs, increases by more than
three logarithmic cycles (triple mutants), thus confirming the
high potency of CCG compared with PM. Finally, from the
wild-type parasites to the triple mutants, the PM and CCG
ICss increase, respectively, 220- and 45-fold. All these changes
in ICs,s are statistically significant for both antifolates (P <
0.01) (Fig. 1).

We also analyzed samples that contained more than one
DHEFR allele. When these were grouped according to the 1Css
of PM and CCG, the same trend was observed. Isolates fell

into three distinct groups: Asn-51, Cys-59, and Ser-108 (first
group); Asn-108 with or without Asn-51 or Cys-59 (second
group); and Ile-51, Arg-59, and Asn-108 (third group). How-
ever, in these mixed isolates, the ICy, depends both on the
intrinsic sensitivity of the alleles present and the relative pro-
portions of the alleles, so the discrimination between groups
and the mean ICys for them was less pronounced.

Because we are also interested in the responses of these
isolates to sulfa drugs, we tested their sensitivity to SD and
DDS (Table 2). These drugs are thought to target the DHPS
enzyme in folate synthesis, not DHFR, so we were surprised to
see that the sensitivity of the isolates to SD and DDS also fell
into two distinct groups corresponding to the DHFR genotype
of the parasites. For the triple mutants (Ile-51, Arg-59, and
Asn-108) ICsys of SD were 29.77 = 17.3 uM and those of DDS
were 12.0 = 8.5 uM. For all the isolates with DHFR alleles of
the other genotypes, ICs,s of SD were 11.97 + 10.73 pM and
those of DDS were 2.89 = 3.34 nM, indicating that the isolates
were four- and twofold more sensitive than the triple-mutant
group. Despite the wide range of values, this difference was
highly significant (P < 0.01) for both drugs. This reduction in
sensitivity affected more than half of the isolates assayed, so it
represents a change that may be important clinically.

It is important to determine the contribution of each muta-
tion to the drug sensitivity of the enzyme the gene encodes.
This has been studied by using purified enzymes in vitro but
not in field samples. To begin this study, we collected the data
in a different way, as shown in Table 3. Here, the 1C5,s of PM
and of CG are correlated with the data showing whether the
isolates express the codon in the drug-sensitive or mutated
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TABLE 2. Relationship between DHFR point mutations in Kenyan
field isolates of P. falciparum and in vitro chemosensitivity to the
antifolates SD and DDS

ICsg (n)”
DHFR phenotype”
SD DDS

Group 1

108(—) 51(—) 59(—) 7.42 = 6.0 (5) 127 2.1 (5)

108(+) 51(—) 59(-) 37.20 (1) 2.98 (1)

108(+) S1(+) 59(—) 18.79 (1) 10.16 (1)

108(+) 51(—) 59(+) 10.64 = 9.6 (7) 2.98 = 3.0 (7)

Total 11.97 = 10.73 (14) 298 = 3.24 (14)

Group 2

108(+) 51(+) 59(+) 29.77 + 17.3 (18) 12.0 + 8.5 (18)

“108(—), Ser-108 (wild type); 108(+), Asn-108; 51(—), Asn-51 (wild type);
51(+), Hle-51; 59(—), Cys-59 (wild type); 59(+), Arg-59.

b ICss are expressed in micromolar concentrations; values are means * stan-
dard deviations; P < 0.01 for all values.

form. In all cases, the ICs,s for isolates with the wild-type
codon were lowest, the ICs,s for those with mutated alleles
were highest, and the 1Cs,s for mixed populations of alleles lay
between these two extremes. These differences were also
highly significant statistically (P < 0.001).

As reported in previous studies, we found that a Ser-to-Asn
mutation at position 108 was a precondition for antifolate
resistance and that point mutations at codons 51 and 59 oc-
curred independently. In an attempt to address the order of
appearance of point mutations at codons 51 and 59, we deter-
mined the frequencies of these mutations in populations with
single alleles for DHFR. The results show that alleles that
carried a mutation at codon 59 (61%) were more frequent than
those that carried a mutation at codon 51 (35%). This differ-
ence was significant (P < 0.05), which may indicate the earlier
appearance of the mutation at codon 59 or a stronger selection
for the mutation at codon 59 than that at codon 51 if we
exclude random selection.

DISCUSSION

Our findings provide further information on the association
between DHFR genotype and parasite chemosensitivity, in
addition to confirming previous reports. We found a strong
correlation between antifolate drug response and DHFR ge-
notype, as previously reported for laboratory reference strains
(10, 24, 25, 55), field isolates (3), and purified enzyme mea-
sured in vitro (34). The occurrence of point mutations at
codons 51 and 59 did not affect significantly the profile of
chemosensitivity to PM and CCG compared to that of isolates
with the codon 108 mutation alone. This observation, obtained
with field isolates, is not consistent with those obtained with
culture-adapted strains or studies of purified enzyme in vitro
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(34). In these situations, the ancillary mutations at codon 51 or
59 gave rise to a significantly higher level of PM resistance than
a mutation at codon 108 alone (10, 25, 55).

When the activity of an enzyme that carried both Asn-108
and Arg-59 was measured in vitro, it had a significantly lower
k.. than the wild-type enzyme or an enzyme with the Asn-108-
Ile-51 combination (34). If this is the case in vivo, one would
not expect the corresponding genotype to predominate in the
field populations. However, 7 of 32 of our populations did
show both mutations in the same isolate. Previous studies
compared single laboratory reference strains, and this discrep-
ancy could result from differences in genetic background
among the isolates studied directly in the field. We have found
that only when point mutations occurred at codons 51 and 59
together with the Asn-108 mutation was resistance to PM and
CCG significantly increased.

In our study, no Thr-108 was detected, confirming the rarity
of this phenotype in field isolates (3, 4, 26, 29). This mutation
had been described only in laboratory reference strains, is
always paired with a substitution of Ala for Val at codon 16,
and is associated with CG resistance (14, 25). Recently, how-
ever, one field isolate from Papua New Guinea with both
Thr-108 and Ala-16 was described (31). The substitution of
Ile-164 for Leu-164 has been found only where resistance to
PM-SD is well established, e.g., in Southeast Asia (3, 4, 54) and
Bolivia (29). Our results and those reported by Plowe et al.
(29) and Wang et al. (42) show that this mutation is not cur-
rently frequent in field isolates from the Kilifi region. Recently,
new mutations (29, 42, 54) and a repetitive insertion (29)
associated with antifolate resistance in DHFR have been de-
scribed. Although isolates in this study were not screened for
these new genotypes, none of the other Kenyan field isolates
analyzed have these genetic modifications (29, 42).

Several earlier studies pointed out that sulfa drugs may act
against P. falciparum by mechanisms other than the inhibition
of DHPS (9, 11, 19, 43). Our results showing a correlation
between response to the sulfa drugs and DHFR genotype is
inconclusive, since we did not analyze DHPS genotypes, al-
though the involvement of DHFR in sulfa drug activity has
been reported to occur in bacteria (30) and in Plasmodium
chabaudi (33). Several studies have suggested that point mu-
tations in DHPS may underlie sulfa drug resistance in P. fal-
ciparum isolates (7, 29, 40, 41). However, our study did not
address this issue because of our current working hypothesis
that the primary mutations that govern parasite resistance to
PM-SD occur in DHFR (47).

The high potencies of CCG compared with PM and of DDS
compared with SD in vitro confirm observations from other in
vitro studies (50) and of field isolates (39). We also observed
cross-resistance between PM and CCG, but this phenomenon
was pronounced only in isolates that carried the triple muta-
tion in the DHFR. Even on these highly PM-resistant isolates,
CCG remains effective since the change in ICs, from that for

TABLE 3. Effect of each DHFR point mutation irrespective of the other two on PM and CCG ICss for Kenyan P. falciparum field isolates

IC5, for isolates with mutation at codon (1)

DHFR genotype 108

51 59

PM CCG PM

CCG PM CCG

Wild type
Mixed alleles
Mutated alleles

3.71 + 6.94 (5)
97.52 = 99.70 (24)
447.60 = 515.09 (40)

0.24 + 0.20 (5)
228 + 2.20 (24)
6.00 + 6.57 (40)

66.20 = 68.60 (24)
140.18 =+ 83.63 (21)
646.18 = 588.98 (24)

146 =230 (24) 3470 + 4421 (15)  1.178 = 1.43 (15)
238+ 1.71(21) 14811 =96.10(12)  2.52 + 2.26 (12)
8.68 +7.23 (24) 42774 = 511.42(42) 591 + 6.47 (42)

“1Csps are in nanomolar concentrations; P < 0.01 for each group compared with the other two.
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wild type is about 50-fold compared to a change of more than
225-fold in the ICs, of PM. This is comparable to results
obtained with laboratory reference strains (47).

Surprisingly, only about 8% of Kenyan field isolates now
have the wild-type DHFR, which indicates the operation of a
powerful selective pressure over recent years. In Kenya, during
the 1980s, PM-SD was rarely used for malaria treatment be-
cause it offered no advantage over CQ. Owing to the spread of
CQ resistance (5, 6, 22), PM-SD has been used increasingly as
the first-line treatment of uncomplicated malaria in this region.
In Kilifi, this change from CQ to PM-SD was made in 1992.
Based on in vitro analysis in 1986, Spencer et al. (37) found
nearly 30% of the isolates to be resistant to PM in Malindi,
along the Kenyan coast (this proportion was probably high
since the assay employed normal medium rather than medium
with no added folic acid). Two subsequent in vitro studies in
the same area, in 1986 in Jilore (44) and in 1987 to 1989 in
Kilifi (46), showed approximately 20% of the isolates to be
resistant to PM. Parasites in our study were collected between
1993 and 1995 in Kilifi, and results show that more than 92%
of isolates are resistant to PM. Thus, within a short time, there
has been a major increase in the prevalence of PM-resistant
isolates. In this area, there are no sources of PM-SD other than
the district hospital. For home-based treatment, most patients
are treated with either CQ or an antipyretic agent (20). In spite
of limited availability and restricted use of PM-SD, PM che-
mosensitivity has decreased over a short time, demonstrating
the powerful selection that results from the use of this partic-
ular antimalarial treatment. Our findings are of great concern
since there is no affordable alternative antimalarial drug to
replace PM-SD.

PM-SD treatment was not associated with clinical failure in
the Kilifi trial from which our isolates were obtained. However,
return of parasitemia within 21 days is now common, in con-
trast to the situation in the early 1980s (36), indicating low-
level drug resistance (2). This early return of parasitemia after
PM-SD treatment is likely to be associated with a high preva-
lence of parasites carrying the triple mutations in DHFR,
which represent nearly 60% of our isolates. In Tanzania, in-
fections which exhibit an R1 response to PM-SD remain sen-
sitive to the CPG-DDS combination (39), a fact which is sup-
ported by pharmacodynamic and pharmacokinetic theory (47).
Since CPG-DDS is a short-half-life combination (45, 51), im-
mediate introduction into operational use in East Africa may
delay further selection of antifolate resistance factors. Studies
by us and others in East Africa indicate that the mutation at
codon 164, which is associated with high-level resistance to all
antifolate treatment drugs (47), at present must occur at a very
low frequency, since it has not been detected (29). Continued
use of PM-SD with the associated strong resistance-selective
pressure (46) is likely to quickly select for the mutation at
codon 164, as has happened in Southeast Asia. Once this
occurs, CPG-DDS will probably also become ineffective as a
short-course treatment of malaria (49). An important oppor-
tunity to extend the useful therapeutic life of antifolate anti-
malarial drugs in Africa exists.
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