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Abstract. Pyrimethamine and cycloguanil, the major human metabolite of proguanil, are inhibitors of dihydrofolate 
reductase that play a key role in the treatment and prevention of chloroquine-resistant Plasmodium fakiparum infec- 
tions in sub-Saharan Africa. Resistance to these antifolate drugs has emerged in some areas of Africa. Earlier mo- 
lecular studies have demonstrated that point mutations at key positions of the dihydrofolate reductase-thymidylate 
synthase gene are strongly associated with antifolate resistance. However, whether the same or distinct mutations are 
involved in the development of resistance to both pyrimethamine and cycloguanil has not been well established in 
naturally occurring P. fakiparum isolates. In this study, the in vitro responses to both antifolate drugs were measured 
in 42 Cameroonian isolates and compared with the complete sequence of the dihydrofolate reductase domain of the 
gene (from 34 of 42 isolates) to analyze the genotype that may distinguish between pyrimethamine and cycloguanil 
resistance. The wild-type profile (n = 11 isolates) was associated with low 50% inhibitory concentrations (IC,,,s) 
ranging from 0.32 to 21.4 nanamole for pyrimethamine and 0.60-6.40 nM for cycloguanil. Mutant isolates had at 
least one amino acid substitution, Asn-108. Only three mutant codons were observed among the antifolate-resistant 
isolates: Ue-51, Arg-59, and Asn-108. The increasing number of point mutations was associated with an increasing 
level of pyrimethamine IC,,, and, to a much lesser extent, cycloguanil IC5,,. These results support a partial cross- 
resistance between pyrimethamine and cycloguanil that is based on similar amino acid substitutions in dihydrofolate 
reductase and suggest that two or three mutations, including at least Asn-108, may be necessary for cycloguanil 
resistance, whereas a single Asn-108 mutation is sufficient for pyrimethamine resistance. 

Pyrimethamine and proguanil are dihydrofolate reductase 
@HFR) inhibitors that continue to play a major role in the 
chemotherapy of chloroquine-resistant Plasniodiurn falcipa- 
r u m 1  Initially used as a monotherapy in the 1950s and 
1960s, both of these DHFR inhibitors are currently used in 
combination with another antimalarial drug to delay the 
emergence of resistant strains and/or to enhance their spe- 
cific activity against the malaria Sulfadoxine- 
pyrimethamine is indicated for the treatment of acute, un- 
complicated malarial attacks due to chloroquine-resistant P. 
falciparunz infections in areas where this drug combination 
remains generally effective, such as in most of the African 
continent. F’roguanil, in combination with chloroquine, is 
recommended for chemoprophylaxis in nonimmune individ- 
uals traveling to certain areas where malaria is endemic and 
in pregnant women residing in malaria-endemic zones? Pro- 
guanil is also used for the treatment of multidrug-resistant 
P. fak iparum infections in combination with a new antipro- 
tozoan drug, ato~aquone.6*~ 

Pyrimethamine and cycloguanil, the biologically active 
human metabolite of proguanil, share similar chemical struc- 
tures and inhibit the same molecular target.8-g These two fea- 
tures suggest a potential for cross-resistance between the 
drugs. However, earlier in vivo and in vitro studies have 
drawn contradictory conclusions? Another approach based 
on the analysis of the genetic mechanism of antifolate resis- 
tance may help resolve this question. Comparison of the P. 
falciparum dihydrofolate reductase-thymidylate synthase 
(dhfr-ts) gene sequences from several reference clones has 
suggested genetic profìles that are associated with pyrimeth- 
amine resistance and cycloguanil resistance.10*’ * According 
to these studies, a Ser-to-Asn substitution at position 108 

confers resistance to pyrimethamine, while a Ser-to-Thr sub- 
stitution at position 108, associated with a Ala-to-Val sub- 
stitution at position 16, confers resistance to cycloguanil. 
Ancillary mutations at positions 51, 59, and/or 164 are as- 
sociated with elevated levels of antifolate resistance. 

These molecular criteria for antifolate resistance have not 
been fully confirmed in naturally occurring isolates of P. 
fakiparum. In our previous studies on Cameroonian isolates, 
the key dhfr codon was compared with the phenotype de- 
fined by the in vitro sensitivity or resistance to pyrimeth- 
amine.I2 In the present study, the in vitro responses to both 
pyrimethamine and cycloguanil were determined for clinical 
isolates obtained in Cameroon and the DHFR domain of the 
dhfr-ts gene was fully sequenced, with the aim to establish 
whether there is a particular genotype that defines pyrimeth- 
amine and cycloguanil resistance. 

PATIENTS, MATERIALS, AND METHODS 

Patients. Most of the patients participated in the clinical 
trials conducted in Yaounde, Cameroon between 1996 and 
1998. Inclusion criteria included an age 2 5  years old, fever 
at consultation (or history of fever within the past 24 hr), a 
monoinfection with P. falciparum based on the microscopic 
examination of Giemsa-stained thin and thick blood smears, 
a parasite density >5,000 asexual parasites/pl of blood; and 
no recent history of self-medication with antimalarial drugs, 
as confirmed by a negative Saker-Solomons urine test re- 
st11t.I~ Patients with signs and symptoms of severe and com- 
plicated malaria, as defined by the World Health Organiza- 

were excluded. Depending on the clinical conditions, 
the patients were keated with the first-line (amodiaquine), 
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second-line (sulfadoxine-pyrimethamine), or third-line drug 
(quinine) used in Cameroon. Informed consent was obtained 
from the patient or the patient's guardian in the case of chil- 
dren. The study was approved by the Cameroonian National 
Ethics Committee and the Cameroonian Ministry of Public 
Health. 

Parasite DNA. Forty-two clinical isolates of P. falcipa- 
rum were obtained by venipuncture before treatment. Venous 
blood samples (5-10 ml of whole blood) were collected in 
a tube coated with an anticoagulant (EDTA) (Vacutainer; 
Terumo Europe N V ,  Leuven, Belgium) and washed three 
times in folate- and p-aminobenzoic acid-free RPMI 1640 
medium by centrifugation (2,000 X g for 10 min) within 3 
hr after blood collection. An aliquot of 1.5-2 m l  of the red 
blood cell pellet was used to extract parasite DNA (contam- ' 
inated with human leukocyte DNA). 

Infected erythrocytes were suspended in 15 ml of ice-cold 
NET buffer (150 mM NaCl, 10 mM EDTA, 50 mM Tris, 
pH 7.5) and lysed with 0.015% saponin. The lysate was cen- 
trifuged at 2,000 X g for 10 min and the pellet was trans- 
ferred to a 1.5-ml microfuge tube and suspended in 500 pl 
of NET buffer. The mixture was treated with 1% N-lauroyl- 
sarcosine (Sigma Chemical Co., St. Louis, MO) and RNAse 
A (100 pg/ml) at 37°C for 1 hr and proteinase K (200 pg/ 
ml) at 50°C for 1 hr. Parasite DNA was extracted three times 
in equilibrated phenol (pH 8), phenol-chloroform-isoamyl al- 
cohol (v/v/v = 25:24:1), and chloroform-isoamyl alcohol (v/ , 

v = 24:l) and precipitated by the addition of 0.3 M sodium : 

acetate and cold absolute ethanol. The extracted DNA was 
air-dried and resuspended in TE buffer (10 mM Tris, 1 mM 
EDTA). Parasite DNA was stored at -20°C until use. 

Polymerase chain reaction. The entire DHFR domain of 
the dhfr-ts gene of P. fifciparum was amplified by the poly- 
merase chain reaction using the PTC-100 thermal cycler (MJ 
Research, Watertown, MA) under the following conditions: 
approximately 200 ng of genomic DNA, 15 pmol of primers 

(sense) and 5'-TTCAT'ITAACATTTTATTATTCGT'ITTC- 
TT-3' (anti-sense), buffer (25 mM KCI, 5 mM (NH4),S0,, 
10 mM Tris, pH 8.8), 2 mM MgSO,, 200 pM dNTP, and 1 
unit of Pwo DNA polymerase (Roche Diagnostics, Meylan, 
France) in a 50-pI reaction at 94°C for 2 min for the first 
cycle and 30 sec in subsequent cycles, 50°C for 1 min for 
the first cycle and 30 sec in subsequent cycles, and 72°C for 
1 min in all cycles, for a total of 30 cycles. The primers 
were designed on the basis of the complete P. falciparuin 
dhfr-ts seq~ence. '~J~ Five microliters of the amplification 
product were loaded on a 1.2% agarose gel, subjected to 
electrophoresis, stained with ethidium bromide, and visual- 
ized under ultraviolet transillumination to confirm the pres- 
ence of the 708-basepair DNA fragment. 

Sequencing of DNA. One of the primers was phosphor- 
ylated at its 5'-end by incubating 1 nanomole of primer in 
a mixture containing 0.5 mM ATP, buffer (10 mM MgCl,, 5 
mh4 dithiothreitol, 70 mM Tris-HCI, pH 7.6), and 20 units 
of T4 polynucleotide kinase (New England Biolabs, Inc., 
Beverly, MA), in a volume Of 100 p1 at 37°C for 15 min. 
The kinase was heat-inactivated at 65°C for 20 min. The 5'- 
end-labeled primer was used to perform the polymerase 
chain reaction described above. The amplified products were 
purified by glass beads (Jetsorb; Genomed Inc., Research 

5'-ATGATGGAACAAGTCTGCGACGTTTTCGAT-3' 

i. 

Triangle Park, NC) and treated with lambda exonuclease 
(Gibco-BRL Life Technologies, Cergy Pontoise, France) to 
generate single-stranded DNA. The single-stranded template 
was used to sequence the amplified product by the dideoxy 
chain termination rea~ti0n.l~ 

According to the previous studies, 5 amino acids at po- 
sitions 16, 51, 59, 108, and 164 of the dhfr-ts gene undergo 
mutational changes.lOJIJs The wild-type genotype, designat- 
ed the 3D7-type profile, was defined as Ala-16/Asn-5 1ICys- 
59/Ser-108me-164. The mutant genotype with a single Ser- 
to-Asn-I08 mutation was designated the HB3-type profile. 
The mutant genotypes with a double mutation were desig- 
nated the Kl-type (Asn-108/Arg-59), the 7G8-type (Asn- 
108me-51), or the FCR3-type (Val-16/Thr-108). The mutant 
genotype with triple mutations Asn-108/Arg-59/Ile-5 1 was 
designated the WZ-type. The genotype with quadruple mu- 
tations Asn-10WArg-59me-5 1Leu-164 was designated the 
Cambodian type.19 
In vitro assay. In vitro drug sensitivity assays were per- 

formed on the clinical isolates without prior adaptation to 
the in vitro culture conditions. Infected erythrocytes were 
suspended in the complete folate- and p-aminobenzoic acid- 
free RPMI 1640 medium consisting of 10% non-immune 
human serum, 25 mM HEPES, 25 mM NaHCO, at a he- 
matocrit of 1.5% and an initial parasitemia of 0.2-1.0%. If 
the blood sample had a parasitemia >1.0%, fresh uninfected, 
type A+ erythrocytes were added to adjust the parasitemia 
to 0.6%. 

The isotopic microtest developed by Desjardins and oth- 
erszo was used in this study.2' Two hundred microliters of 
the suspension of infected erythrocytes were distributed in 
each well of 96-well tissue culture plates. The parasites were 
incubated at 37°C in 5% CO, for 18 hr. 3H-hypoxanthine (1 
pCi/well; Amersham International, Plc., Buckinghamshire, 
United Kingdom) was added to assess parasite growth. After 
an additional 48 hr of incubation, the plates were frozen to 
terminate the in vitro drug sensitivity assay. The plates were 
thawed, and the contents of each well were collected on 
glass-fiber filter papers, washed, and dried using a cell har- 
vester. The filter disks were transferred into scintillation 
tubes, and 2 ml of scintillation cocktail (Organic Counting 
Scintillant@; Amersham International, Plc.) were added. The 
incorporation of 3H-hypoxanthine was quantitated using a 
liquid scintillation counter (Wallac 1409; Pharmacia, Upp- 
sala, Sweden). 

The 50% inhibitory concentration (IC,,), defined as the 
drug concentration corresponding to 50% of the uptake of 
3H-hypoxanthine measured in the drug-free control wells, 
was determined by non-linear regression analysis of loga- 
rithm of concentrations plotted against the parasite growth 
inhibition. The best-fitting sigmoid curve was derived by 
using the Prismm software (Graphpad Software, Inc., San 
Diego, CA). The pyrimethamine IC,, values were classified 
as sensitive ((100 nM), moderately resistant (100-2,000 
nM), and highly resistant (>ZOO0 nM), as in our previous 
s t~dies .~ . '~  Similarly, the IC,, values for cycloguanil were 
classified as sensitive ( 6 0  nM), moderately resistant (50- 
500 nM), and highly resistant (>500 nM). These threshold 
values have been defined arbitrarily to separate three distinct 
in vitro responses observed in our earlier s t ~ ~ d i e s . ~ ~ , * ~  More 
recently, Nzila-Mounda and others have also observed three 

. , I , , , . _ i  ...._ ..... . 



DHFR SEOUENCF AND ANTPOLATE RESISTANCE 273 

o *..e 
o-. 

o' o 

0.1 J 
4 

0.1 1 .O 10.0 100.0 1000.0 10000.0 
Pyrimethamine IC5, (nM) 

FIGURE 1. In vitro responses of Cameroonian isolates of Plans- 
modium falciparwn to pyrimethamine and cycloguanil. The in vitro 
response was arbitrarily classified into three groups: sensitive (py- 
rimethamine 50% inhibitory concentration [IC,,] < 100 nM, cyclo- 
guanil IC,, < 50 nM), moderately resistant (pyrimethamine IC,, = 
100-2,000 nM, cycloguanil IC,o = 50-500 nM), and highly resistant 
(pyrimethamine IC,, > 2,000 nM, cycloguanil IC,, > 500 nM). The 
IC,, values are highly correlated (r = 0.935, P < 0.05). 

distinct groups of Kenyan isolates based on the IC,, of an- 
tifolate drugs.24 The validity of these cut-off values, in par- 
ticular their possible relevance to in vivo responses, has not 
been established. Data were expressed as geometric mean 
IC,, and range. Correlation of the logarithmic values of IC5o 
for pyrimethamine and cycloguanil was calculated by a lin- 
ear regression analysis. Data were analyzed by using the 
Statview software (Abacus Concepts, Inc., Calabasas, CA). 

RESULTS 

The in vitro activity of pyrimethamine and cycloguanil 
was determined for 42 clinical isolates. Using the earlier 
classification of in vitro responses to antifolate drugs, 18 
isolates were pyrimethamine-sensitive (geometric mean IC50 
= 4.01 nM, range = 0.32-84.8 nM) (Figure 1). All of these 
18 pyrimethamine-sensitive isolates were also sensitive to 
cycloguanil (mean ICso = 3.03 nM, range = 0.6-25.8 nM). 
A total of 26 isolates were cycloguanil-sensitive (mean IC,, 
= 5.17 nM, range = 0.6-42 nM). Of 42 isolates, 18 and 16 
were moderately' resistant to pyrimethamine (mean IC50 = 
713 nM, range = 119-1,978 nM) and cycloguanil (mean 
IC,, = 133 nM, range = 54.4-333 nM), respectively. Six 
isolates were highly resistant to pyrimethamine (mean ICso 
= 3,730 nM, range = 2,280-11,700 nM). None of the iso- 
lates was highly resistant to cycloguanil (ICso > 500 M). 
The in vitro responses to pyrimethamine and cycloguanil 
were highly correlated (r = 0.935, P < 0.05). 

The complete sequence of the DHFR domain of the dhfr- 
ts gene was determined in 34 isolates. Amino acid substi- 
tutions occurred at positions 51, 59, and 108. Eleven isolates 
with the wild-type (3D7-type) profile had geometric mean 
(range) pyrimethamine ICso and cycloguanil IC,, values of 
1.60 nM (@.32-21.4 nM) and 1.64 nM (0.60-6.40 nM), re- 
spectively (Figure 2). Two isolates had a single mutation 
mB3-type profile) at amino acid residue 108. The IC,, val- 
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FIGURE 2. Relationship between the phenotype determined by in 
vitro drug sensitivity assays and expressed as the 50% inhibitory 
concentration (IC,,,) of pyrimethamine (PYR) and cycloguanil 
(CYC), and the dihydrofolate reductase genotype, defined by either 
the absence of mutations (wild-type) or presence of point mutations 
Asn-108 (N108), Asn-108 and Arg-59 (N108 i- R59), and Asn-108, 
Arg-59, and Ile-51 (N108 + R59 i- 151). Mixed refers to the pres- 
ence of one or more mixed alleles at positions 51, 59, and/or 108. 
The solid (corresponding to 100 nM) and dotted (corresponding to 
50 nM) lines are hypothetical cut-off levels for in vitro pyrimeth- 
amine and cycloguanil resistance, respectively.22~23 

. 

ues of pyrimethamine (70.6 nM and 119 nM) and cyclo- 
guanil (8.1 nM and 25.8 nM) for these two HB3-type iso- 
lates were higher than the range of values for the wild-type 
isolates. The Arg-59/Asn-l08 double mutation (Kl-type pro- 
file) was found in two isolates with even higher IC,, values 
for both pyrimethamine (396 nM and 854 nM) and cyclo- 
guanil (56.5 nM and 78.7 nM). The triple mutation Ile-51/ 
Arg-59/Asn-108 (W2-type) was detected in 14 isolates pre- 
senting elevated ICso values for pyrimethamine and cyclo- 
guanil. The ICso values of five isolates with mixed alleles 
were within the range of values displayed by mutant isolates. 
None of the isolates had the mutant codons Val-16, Thr-108, 
and Leu-164. 

DISCUSSION 

As in the previous studies, the in vitro response of pyri- 
methamine and cycloguanil was highly c ~ r r e l a t e d . ~ ~ - ~ ~  These 
results are in agreement with the fact that pyrimethamine 
and cycloguanil share similar chemical structures and inhibit 
the same e n ~ y m e . ~ . ~  Eleven isolates were characterized by 
the wild-type dhfr profile and exhibited low IC,, values. 
These data allow us to deduce that the phenotype and wild- 
type genotype correspond to the antifolate-sensitive pattern. 
The presence of one (Asn-108) or two (Asn-108 + Arg-59) 
mutations in the dhfr-ts gene was clearly associated with an 
increasing level of pyrimethamine IC5o values. Although the 
mean pyrimethamine IC,, values for isolates with a triple 
mutation were higher than the IC,, values for isolates with 
a double mutation, the latter values were within the range 
of values observed in isolates with a triple mutation. Our 
data thus suggest a stepwise increment in the level of resis- 
tance to pyrimethamine that is directly related to the pres- 
ence and number of point mutations, but there was no clear- 
cut difference in the level of resistance between the isolates 
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with double or triple mutations. AS for cycloguanil, the re- 
lationship between the HB3-type :ingle mutation and cyclo- 
guanil resistance was not evident from our data. However, 
the K1-type double mutations (Asn-108 + Arg-59) and the 
W2-type triple mutations (Asn-108 4- Arg-59 + Re-51) 
showed some degree of association with an elevated IC,, for 

When the range of IC,, values for pyrimethamine is com- 
pared between the wild-type isolates (0.32-21.4 nM) and 
mutant isolates with one (71 and 119 nM) to three point 
mutations (323-1 1,700 nM), it can be deduced that the cut- 
off point for in vitro pyrimethamine resistance is between 
22 and 70 nM. The cut-off value for in vitro cycloguanil 
resistance cannot be estimated in the present study due to 
the wide dispersion of the IC,, and the existence of some 
mutant isolates with IC,, values between 10 and 50 nM. 

The approximate cut-off value for pyrimethamine resis- 
tance determined in the present study is lower than the val- 
ues fixed arbitrarily in our previous st~dies.’~.~’ In fact, the 
ICso values vary widely from one laboratory to another. The 
major underlying reason may be due to the difference in the 
assay methods. Thus, there are several technical problems in 
the in vitro assays that peed to be resolved before the cut- 
off value can be defined. In vitro assays for antifolate drugs 
are performed with a culture medium that is either poor or 
devoid of folic acid and p-aminobenzoic acid, both of which 
antagonize the schizontocidal action of these drugs.26-28 The 
culture medium that is devoid of folic acid and p-amino- 
benzoic acid does not yield an optimal parasite growth in 
fresh clinical isolates, and serum sources influence the IC,, 
val~es.2~ Although the folate- and p-aminobenzoic acid-free 
RPMI 1640 culture medium was used in our study, each 
batch of serum contaiw variable levels of these two com- 
ponents. These parameters may explain the different levels 
of IC,, values for antifolate drugs determined in the previous 
s t ~ d i e ~ . ~ ~ ~ ~ ~ - ~ ~ * ~ ~ ~ ~ ~ - ~ ~  A standardized isotopic in vitro assay is 
required so that the in vitro responses obtained in one study 
can be compared with those of other studies. The standard- 
ization of the in vitro assay needs to address the problem of 
serum or serum substitute to be used, the type of culture 
medium, tissue culture plates (including the volume of eryth- 
rocyte suspension per well), incubation period, hematocrit, 
parasitemia, and oxygen content of the incubator. Because 
the number of resistant isolates is limited in this study, a 
greater number of isolates should be studied, using a stan- 
dardized in vitro assay, to define the threshold IC,, value 
with more precision. It may also be necessary to exclude 
mixed infections by analyzing polymorphic genetic markers, 
such as merozoite surface antigen genes and circumsporo- 
zoite protein gene, for the correlation of genotype and phe- 
notype. 

Our complete DNA sequencing failed to detect mutations 
or insertions other than in the amino acid residues that were 
previously identified to be variable. In some South American 
isolates, a 5 amino acid insertion after codon 30, designated 
the “Bolivia repeat,” and Cys-to-Arg substitution in codon 
50 are present but do not seem to influence the drug sensi- 
tivity p h e n ~ t y p e . ~ . ~ ~ . ~ ~  In addition, the mutant Leu-164 codon 
seems to be relatively common in the Amazon basin, and 
the mutant Thr-108 codon was reported in 11% of the field 
samples from C ~ l o m b i a ? ~ . ~ ~  However, in the study of Gir- 

cycloguanil. 

. 
1. 

aldo and others?4 ìn vitro andor in vivo sensitivity tests were 
not performed to determine the effect that the Thr-108 codon 
may have in antifolate resistance. 

In the present study, we did not observe any distinct ge- 
netic profile that may be associated with cycloguanil resis- 
tance, independently of pyrimethamine resistance. In our 
previous study, we showed that the presence of quadruple 
mutations (Asn-108, Ile-51, Arg-59, Leu-164) in some Cam- 
bodian isolates is associated with a high level of antifolate 
resistance, in particular with an elevated IC,, for cycloguan- 
iLi9 None of the African isolates studied so far displayed the 
Leu-164 codon.19~24-30.3*.35-36 Thus, contrary to the molecular 
criteria set by Foote and othersi0 and Peterson and others,li 
we failed to identify a differential in vitro response associ- 
ated with a unique genotype for cycloguanil resistance. 

Several hypotheses may explain the absence of a distinct 
genotype associated with cycloguanil resistance in our study. 
First, cycloguanil resistance is absent in Africa. This hy- 
pothesis is unlikely. Several clinical studies conducted in 
Africa have shown the inevitable decrease of efficacy when 
proguanil or cycloguanil was used as a monotherapy or mon- 
oprophylaxis over several weeks to several months? More- 
over, recent studies have reported several cases of prophy- 
lactic failure in nonimune patients under chloroquine-pro- 
guanil pro phyla xi^.^^-^^ Second, the methodology for the de- 
termination of cycloguanil-sensitive or cycloguanil-resistant 
phenotype may not be sufficiently precise, as mentioned pre- 

,: viously. If the phenotype cannot be determined with preci- 
. sion using a standardized assay, the interpretation of the re- 

sults of dhfr-ts gene analysis, may lead to erroneous conclu- 
sions. Third, there may be geographic differences in the ge- 
notype associated with cycloguanil resistance. For example, 

7 in multidrug-resistant Cambodian isolates, quadruple muta- 
tions were observed freq~ent1y.I~ Fourth, there may be no 
difference in the genotype associated with pyrimethamine 
resistance and cycloguanil resistance, at least in African iso- 
lates, except for a higher number of mutations required for 
cycloguanil resistance. 

The last hypothesis seems to be the most likely explana- 
tion, based on the available phenotype and genotype data on 
African isolates. The in vitro responses to pyrimethamine 
and cycloguanil are highly correlated, and their levels, es- 
pecially that of pyrimethamine, are directly associated with 
the number of mutations in the dl$r-ts gene. In the study 
conducted by Parzy and others?, the widely different IC,, 
levels for cycloguanil (>300-fold difference between the 
most sensitive and the most resistant isolates) were ex- 
plained solely on the basis of an increasing number of point 
mutations in codons 51, 59, and 108, as in our study. No 
additional, new mutation was detected by a full-length se- 
quencing of the gene for 28 isolates in their study. Similarly, 
sequence analysis of DHFR alleles in other studies has 
shown that antifolate resistance in African field isolates was 
attributable to mutational changes in only three codons (51, 
59, and 108).24”2”5 

These considerations seem to suggest that the differential 
molecular critena for pyrimethamine resistance (Asn-108) 
and cycloguanil resistance (Thr-108Nal-16), which were es- 
tablished on the basis of the genotype of several reference 
clones of P. falciparunz,io~i’ may not be applicable to the 
field isolates. The basis of the differential response may be 
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the number of mutations in the dhfr-ts gene, at least for 
African isolates of P. falciparum. This possibility is sup- 
ported by experimental studies involving the transformation 
of wild-type P. falciparum and Saccharomyces cerevisiae 
strains with recombinant vectors carrying different types and 
combinations of dhj?  mutation^.^.^^ Thus, a search for a sin- 
gle mutation at codon 108 of the gene seems to be appro- 
priate for detecting pyrimethamine resistance but inadequate 
to detect cycloguanil resistance, as suggested by relatively 
low predictive values of the mutation for in vitro cycloguanil 
res is tan~e.~ ' .~~ These findings may have an important impli- 
cation for the design of epidemiologic surveillance of drug 
resistance by genotype analysis, especially in areas, such as 
in east Africa, where antifolate drugs are rapidly losing ef- 
fectiveness for both chemoprophylaxis and treat men^^^.^^ 

Acknowledgments: We thank Sisters Solange Menard and Marie- 
Solange Oko ahd their nursing and laboratory staff at the Nlongkak 
Catholic missionary dispensary for precious aid in recruiting pa- 
tients. 

Financial support: The study was supported by Zeneca Pharma (La 
Defense, France), the Agence Universitaire de la Francophonie, and 
the French Ministry of Cooperation and Development. 
Authors' address: Leonardo Basco and Pascal Ringwald, OCEAC, 
BP 288, Yaounde, Cameroon. 

REFERENCES 

1. World Health Organization, 1990. Practical chemotherapy of 
malaria. World Health Organ Tech Rep Ser 805. 

2. Peters W, 1987. Chemotherapy and Drug Resistance iiz Malaria. 
Second edition. London: Academic Press. 

3. Peters W, 1990. The prevention of antimalarial drug resistance. 
Pharmacol Ther 47: 499-508. 

4. Wemsdorfer WH, Payne D, 2991. The dynamics of drug resis- 
tance in Plasmodium falcipanim. Phaimacol Ther 50: 95- 
121. 

5. World Health Organization, 1999. Intemational Travel and 
Health. Geneva. 

6. Looareesuwan S, Viravan C, Webster HK, Kyle DE, Canfield 
CJ, 1996. Clinical studies of atovaquone, alone or in combi- 
nation with other antimalarial drugs, for treatment of acute 
uncomplicated malaria in Thailand. Am J Trop Med Hyg 54: 

7. Radloff PD, Philipps J, Nkeyi M, Hutchinson D, Kremsner PG, 
1996. Atovaquone and proguanil for Plasmodium falciparzim 
malaria. Lancet 347: 1511-1514. 

8. Cortese JF, Plowe CV, 1998. Antifolate resistance due to new 
and known Plasmodizim falcipanim dihydrofolate reductase 
mutations expressed in yeast. Mol Biocheni Parasitol 94: 

9. Fidock DA, Nomura T, Wellems TE, 1998. Cycloguanil and its 
parent compound proguanil demonstrate distinct activities 
against Plasmodium falciparum malaria parasites transformed 
with human dihydrofolate reductase. Mol Phannacol 54: 

10. Foote SJ, Galatas D, Cowman AF, 1990. Amino acids in the 
dihydrofolate reductase-thymidylate synthase gene of Plas- 
inodiuni falcipanim involyed in cycloguanil resistance differ 
from those involved in pyrimethamine resistance. Proc Natl 
Acad Sci USA 87: 3014-3017. 

11. Peterson DS, Milhous WK, Wellems TE, 1990. Molecular basis 
of differential resistance to cycloguanil and pyrimethamine in 
Plasmodium falciphrum malaria. Proc Natl Acad Sci USA 87: 

12. Basco LK, Ringwald P, 1998. Molecular epidemiology of ma- 
laria in Yaounde, Cameroon. I. Analysis of point mutations 
in the dihydrofolate reductase-thymidylate synthase gene of 
Plasmodium falciparum. Am J Trop Med Hyg 58: 369-373. 

62-66. 

205-214. 

1140-1 147. 

3018-3022. 

13. Mount DL, Nahlen BL, Patchen LC, Churchill FC, 1989. Ad- 
aptations of the Saker-Solomons test: simple, reliable colon- 
metric field assays for chloroquine and its metabolites in 
urine. Bull World Health Organ 67: 295-300. 

14. Warrell DA, Molyneux ME, Beales PE 1990. Severe and com- 
plicated malaria. Trans R Soc Trop Med Hyg 84: 1-65. 

15. Bzik DJ, Li WB, Horii T Inselburg J, 1987. Molecular cloning 
and sequence analysis of the Plasmodizim falciparzim dihy- 
drofolate reductase-thymidylate synthase gene. Proc Natl 
Acad Sci USA 84: 8360-8364. 

16. Snewin VA, England SM, Sims PFG, Hyde JE, 1989. Charac- 
terization of the dihydrofolate reductase-thymidylate synthe- 
tase gene from human malaria parasites highly resistant to 
pyrimethamine. Gene 76: 41-52. 

17. Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG, 
Smith JA, Struhl K, 1995. Short Protocols in Moleczilar Bi- 
ology. Third edition, New York: John Wiley & Sons, Inc. 

18. Hyde JE, 1990. The dihydrofolate reductase-thymidylate syn- 
thetase gene in the drug resistance of malaria parasites. Phar- 
maco1 Ther 48: 45-59. 

19. Basco LK, Eldin de Pécoulas P, Wilson CM, Le Bras J, Maza- 
braud A, 1995. Point mutations in the dihydrofolate reductase- 
thymidylate synthase gene and pyrimethamine and cyclo- 
guanil resistance in Plasmodium falcipanim. Mol Biochem 
Parasitol 69: 135-138. 

20. Desjardins RE, Canfield CJ, Haynes JD, Chulay JD, 1979. 
Quantitative assessment of antimalarial activity in vitro by a 
semiautomated microdilution technique. Antiinicrob Agents 
Chemother 16: 710-718. 

21. Bickii J, Basco LK, Ringwald P, 1998. Assessment of three in 
vitro tests and an in vivo test for chloroquine resistance in 
Plasmodium falcipanim clinical isolates. J Clin Microbio1 36: 

22. Basco LK, Ramiliarisoa O, Le Bras J, 1994. In  vitro activity of 
pyrimethamine, cycloguanil, and other antimalarial drugs 
against African isolates and clones of Plasmodizim falcipa- 
rum. Am J Trop Med Hyg 50: 193-199. 

23. Ringwald P, Bickii J, Basco LK, 1996. In vitro activity of an- 
timalarials against clinical isolates of Plasmodium falciparum 
in Yaounde, Cameroon. Am J Trop Med Hyg 55: 254-258. 

24. Nzila-Mounda A, Mberu EK, Sibley CH, Plowe CY Winstanley 
PA, Watkins W, 1998. Kenyan Plasmodium falcipanim 
field isolates: correlation between pyrimethamine and chlor- 
cycloguanil activity in vitro and point mutations in the dihy- 
drofolate reductase domain. Antiinicrob Agents Chemother 

25. Reeder JC, Rieckmann KH, Genton B, Lorry K, Wines B, Cow- 
man AF, 1996. Point mutations in the dihydrofolate reductase 
and dihydropteroate synthetase genes and in vitro suscepti- 
bility to pyrimethamine and cycloguanil of Plasmodium fal- 

243-247. 

42: 164-169. 

cipanim isolates from Papua New-Guinea. Am J Trop Med 
Hyn 55: 209-213. 

26. Sixsmith DG, Watkins WM, Chulay JD, Spencer HC, 1984. Iiz 
vitro antimalarial activity of tetrahydrofolate dehydrogenase 
inhibitors. Am J Trop Med Hyg 33: 772-776. 

27. Milhous WK, Weatherly W, Bowdre JH, Desjardins RE, 1985. 
In vitro activities of and mechanisms of resistance to antifol 
antimalarial drugs. Antimicrob Agents Chemother 27: 525- 
530. 

28. Payne D, Wernsdorfer WH, 1989. Development of a blood cul- 
ture medium and a standard in vitro microtest for field-testing 
the response of Plasmodizim falcipanim to antifolate antima- 
larials. Bull World Health Organ 67: 59-64. 

29. Ringwald P, Meche FS, Bickii J, Basco LK, 1999. I i z  vitro cul- 
ture and drug sensitivity assay of Plasmodizim falcipanim 
with non-serum substitute and acute phase sera. J Clin Mi- 
crobiol37: 700-705. 

30. Barzy D, Doerig C, Pradines B, Rico A, Fusai T, Doury JC, 
1997. Proguanil resistance in Plasmodium falciparum African 
isolates: assessment by mutation-specific polymerase chain re- 
action and in vitro susceptibility testing. Am J Trop Med Hyg 
57: 646-650. 

31. Basco LK, Ramiliarisoa O, Ringwald P, Doury JC, Le Bras J, 
1993. riz vitro activity of cycloguanil against African isolates 



276 

. . .  . . .  . . . .  ._ ..-’:, ..& :>:&<& ............. :. ..i ._i .r-----L” ,.,- :... .... ............ .. 

of Plasmodium falciparuin. Antimicrob Agents Clzemotlzer 37: 

32. Plowe CV, Cortese E, Djimde A, Nwanyanwu OC, Watkins 
WM, Winstanley PA, Estrada-Franco JG, Mollinedo RE, Avi- 
la JC, Cespedes JL, Carter D, Doumbo OK, 1997. Mutations 
in Plasmodium falciparum dihydrofolate reductase and dihy- 
dropteroate synthase and epidemiologic patterns of pyrimeth- 
amine-sulfadoxine use and resistance. J Infect Dis 176: 1590- 
1596. 

33. Kublin JG, Witzig RS, Shankar AH, Zurita JQ, Gilman RH, 
Guarda JA, Cortese JE Plowe CV, 1998. Molecular assays for 
surveillance of antifolate-resistant malaria. Lancet 351: 1629- 
1630. 

34. Giraldo LE, Acosta MC, Labrada LA, Praba A, Montenegro- 
James S, Saravia NG, Krogstad DJ, 1998. Frequency of the 
Asn-108 and Thr-108 point mutations in the dihydrofolate re- 
ductase gene in Plasmodiuiiz falcipaiuin from southwest Co- 
lombia. Am J Trop Med Hyg 59: 124-128. 

35. Wang P, Lee CS, Bayoumi R, Djimde A, Doumbo O, Swedberg 
G, Dao LD, Mshinda H, Tanner M, Watkins WM, Sims PFG, 
Hyde JE, 1997. Resistance to antifolates in Plasmodiurn fal- 
ciparurn monitored by sequence analysis of dihydropteroate 
synthetase and dihydrofolate reductase alleles in a large num- 
ber of field samples of diverse origins. Mol Biochein Parasitol 

36. Jelinek T, Ronn AM, Curtis J, Duraisingh MT, Lemnge MM, 
Mhina J, Bygbjerg IC, Warhurst DC, 1997. High prevalence 
of mutations in the dihydrofolate reductase gene of Plasmo- 
dium falciparum in isolates from Tanzania without evidence 
of an association to clinical sulfadoxine/pyrimethamine resis- 
tance. Trop Med bit Health 2: 1075-1079. 

924-925. 

89: 161-177. 

BASCO AND RINGWALD 

37. Basco LK, Le Bras J, Charmot G, Vilde JL, Vachon F, Coulaud 
JP, 1992. Chloroquine and proguanil prophylaxis in travelers 
to Kenya. Lancet 339: 63. 

38. Steffen R, Fuchs E, Schildknecht J, Naef U, Funk M, Schla- 
genhauf P, Phillips-Howard P, Nevi11 C, Sturchler D, 1993. 
Mefloquine compared with other malaria chemoprophylactic 
regimens in tourists visiting east Africa. Lancet 341: 1299- 
1303. 

39. Adera T, Wolfe MS, McGuire-Rugh .K, Calhoun N, Marum L, 
1995. Risk factors for malaria among expatriates living in 
Kampala, Uganda: the need for adherence to chemoprophy- 
lactic regimens. Am J Trop Med Hyg 52: 207-212. 

40. Wu Y, Kirkman LA, Wellems TE, 1995. Transformation of Plas- 
modiunr fakiparum malaria parasites by homologous integra- 
tion of plasmids that confer resistance to pyrimethamine. Proc 
Natl Acad Sci USA 90: 1130-1 134. 

41. Le Bras J, Durand R, di Piazza JP, Pradines B, Longuet C, Parzy 
D, 1998. Plasmodiurn falciparuiiz resistance to mefloquine, 
chloroquine and cycloguanil and prevention of malaria in 
travelers from France to Africa. Presse Med 27: 1419-1423. 

42. Durand R, di Piazza JP, Longuet C, Sécardin Y, Clain J, Le Bras 
J, 1999. Increased incidence of cycloguanil resistance in ma- 
laria cases entering France from Africa, determined as point 
mutations in the parasites’ dibydrofolate reductase genes. Ann 
Trop Med Parasito1 93: 25-30. 

43. Curtis J, Duraisingh MT, Warhurst DC, 1998. In vivo selection 
for a specific genotype of dihydropteroate synthetase of Plas- 
modium falciparuin by pyrimethamine-sulfadoxine but not 
chlorproguanil-dapsone treatment. J Infect Dis 177: 1429- 
1433. 





The American Journal of 

TROPICAL 
MEDICIN 
HYGIENE 

. . .  

. .  . .  s&..lt.. . ' . . O ' F F I C I . A L , ' . J . : O . U R N A L  O F  . ' ' . . .  
. . THE AMERICAN SOCIETY OF TROPICAL MEDICLNE AND HYGIENE . . . . ' 

. , .  . 
. .  

, .  

* .  . - .  
. - .  : .. 

.. . . , .:, ..,. 0 . .  

. :_ 

. . ,- ~. .... .:- ,.... ,.--.. ..... - . . ... .. --..__i -._. ~ i *____.: _ _ _ _ _ _ _  ~ ..;, ;___m "./ , . .  .. . , .  
. .  . .  .....-. . .  . .~'i^.-- . _.: ..... " ...-. 

. .  
. . .  . .  . . . .  

. .  

. .  . .  . .  . .  
. I  

. .  
I '  . .  . . .  \ .  

. .  

. ,  
. I  

' .  , .. . .  . , . . .  . , . .  , . .  
. .  . .  

-..-..-._- 
. . . . . A .  , 



i 

Q 


