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MOLECULAR EPIDEMIOLOGY OF MALARIA IN YAOUNDE, CAMEROON IV.
EVOLUTION OF PYRIMETHAMINE RESISTANCE BETWEEN 1994 AND 1998
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Abstract. Pyrimethamine, in combination with sulfadoxine, is currently one of the major alternative drugs used
for the treatment of chloroquine-resistant Plasmodium falciparum malatia infections in Africa. The mechanism of
pyrimethamine resistance has been strongly associated with a single, key point mutation in the dihydrofolate reduc-
tase—thymidylate synthase gene, resulting in the substitution of the wild-type allele Ser-108 by either Asn-108 or Thr-
108. The pyrimethamine-resistant phenotype and/or genotype were determined in 273 Cameroonian clinical isolates
obtained in Yaounde by in vitro assays and polymerase chain reaction-restriction fragment length polymorphism over
a 5-year period. The in vitro assays showed that 42% (18 of 43) and 63% (69 of 110) of the isolates obtained in
19941995 and 19971998, respectively, were resistant to pyrimethamine (50% inhibitory concentration [1Cso] > 100
nM). The polymerase chain reaction showed that 43% (55 of 127) and 59% (50 of 85) of the isolates in 1994~1995
and 1997--1998, respectively, had the mutant Asn-108 allele. The pyrimethamine-resistant genotype (Asn-108) cor-
responded with the pyrimethamine-resistant phenotype (ICs; = 100 nM) in a large majority (> 95%) of the isolates.
The results of our study suggest an increasing prevalence of pyrimethamine resistance in Yaounde. Our study further
suggests that pyrimethamine resistance can be monitored by a technique that can be adopted by malaria research
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centers in Africa.

Pyrimethamine, in combination with sulfadoxine, is one
of the major antimalarial drugs currently used in Africa.!
Pyrimethamine, a 2,4-diaminopyrimidine derivative, was
synthesized and tested for antimalarial activity in the United
Kingdom during the Second World War.? Because of its rel-
atively slow action and the availability' of chloroquine, py-
rimethamine was mainly used for malaria chemoprophylaxis
from the late 1940s to 1960s. Numerous cases of prophy-
lactic failure were reported in the 1950s, usually within 1 or
2 years after pyrimethamine was massively used in an en-
demic region for monoprophylaxis?* The discovery of the
synergistic effect of pyrimethamine and sulfonamides or sul-
fones, which can overcome a moderate level of pyrimeth-
amine resistance, led to the use of this combination for both
prophylaxis and treatment of chlorognine-resistant Plasmo-
dium falciparum in the late 1960s and 1970s.3 However, re-
sistance to sulfadoxine-pyrimethamine combination became
widespread in South America and Southeast Asia in the
1980s, and its use for chemoprophylaxis was discontinued
due to the potentially serious side effects associated with
sulfonamides.’ In the 1990s, the spread of chloroguine re-
sistance has led to an increasing use of sulfadoxine-pyri-
methamine to treat chloroquine-resistant P. falciparum in-
fections in Africa.®

Sulfadoxine-pyrimethamine is currently the first-line drug
in several esdst African countries and second-line drug in
west and central Africa, including Cameroon. Its character-
istic features include a high efficacy against chloroquine-
resistant P Jfalciparum parasites, good tolerance, high com-
pliance due to the single-dose therapy, and safety in young
children. Pyrimethamine is one of the few antimalarial drugs
whose biochemical and genetic mechanism of action and
mechanism of resistance have been well established.”® Early
biochemical studies in bacteria, mammals, and malaria par-
asites have shown that pyrimethamine, a structural analog of
dihydrofolate, inhibits folate metabolism by binding to dihy-
drofolate reductase (DHFR) with a high affinity.>!® The mo-
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lecular basis of the selection of pyrimethamine-resistant P.
falciparum was elucidated when the gene coding for DHFR
was isolated, cloned, and sequenced.'™'? A single point mu-
tation in the amino acid residue 108, resulting in the substi-
tution of the wild-type allele Ser by the mutant allele Asn
(or Thr), was shown to be associated with drug resis-
tance-7.]3—15

In our previous study, we have shown that 43% of the
isolates in Yaounde were carriers of the mutant Asi-108 al-
lele and that a similar proportion of the parasites were re-
sistant in vitro to pyrimethamine.’® In the present study, we
analyzed the key DHFR allele of the clinical isolates ob-
tained in 1997—1998 with the aim to 1) monitor pyrimeth-
amine resistance by techniques that could be performed in
African malaria reference centers and 2) .establish whether
there is any change in the proportion of the pyrimethamine-
resistant isolates in Yaounde.

MATERIALS AND METHODS

Patients. The study was part of the clinical trials.con-~
ducted in Yaounde, Cameroon since 1994.1%1% A total ofiv%73
venous blood samples from malaria-infected Camerognian
patients residing in Yaounde were analyzed. The resuits‘}of
136 samples collected in 1994—1995 were presented in ‘our
earlier work.' These data were compared with those of the
samples collected during 1997 and 1998. Similar patient
populations were studied during the 5-year period by apply-
ing the same inclusion criteria to screen symptomatic pa-
tients presenting spontaneously at the Nlongkak Catholic
missionary dispensary in Yaounde. Inclusion criteria includ-
ed an age = 5 years old, fever at consultation (or history of
fever within the past 24 hr), monoinfection with P. falci-
parum (parasite density > 5,000 asexual parasites/pl of
blood), no recent history of self-medication with antimalarial
drugs, as confirmed by a negative Saker-Solomons urine test
result,'® easy access to health services in Yaounde for daily
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monitoring, and informed consent by the patient and/or pa-
tient’s guardian in the case of children. Our previous studies
have shown that clinical parameters and hematologic and
blood biochemistry do not differ significantly between the
adult population (> 15 years old) and the pediatric popula-
tion (between 5 and 15 years old); thus, the patients consti-
tute a homogeneous population for our clinical studies.!”18
Patients with signs and symptoms of severe and complicated
malaria, as defined by the World Health Organization,? se-
vere anemia (hemoglobin < 5.0 g/dl), and moderate and se-
vere malnutrition, were excluded. The patients were treated
with chloroquine, amodiaquine, pyronaridine, or sulfadox-
ine-pyrimethamine and, for those responding with a thera-
peutic failure, quinine or halofantrine. The study was ap-
proved by the Cameroonian National Ethics Cominittee and
the Cameroonian Ministry of Public Health.

Parasite DNA. The FCR3/Gambia strain was maintained
in a continuous culture according to the standard technique
described by Trager and Jensen.?! This strain was used as a
control for the Thr-108 residue in the DHFR-thymidylate
synthase (TS) gene since this amino acid residue appears to
be a rare mutation in African isolates.?? Clinical isolates
of P. falciparum were obtained by venipuncture before treat-
ment. Venous blood samples (5—10 ml of whole blood) were
collected in a Vacutainer tube coated with an anticoagulant

(EDTA) (Terumo Europe N. V., Leuven, Belgium) and’

washed 3 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
ml of red blood cell pellet was used to extract parasite DNA
(contaminated 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 3 times in
equilibrated phenol (pH 8), phenol-chloroform-isoamyl al-
cohol (v/v/v 25:24:1), and chloroform-isoamyl alcohol (v/v
24:1) and precipitated by the addition of 0.3 M sodium ac-
etate 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 polymerase chain reac-
tion-restriction fragment length polymorphism protocol used
in this study was modified from the methods that were pre-
viously described.!$?6%" The entire DHFR domain of the
DHFR-TS gene of P. falciparum was amplified by the poly-
merase chain reaction using the PTC-100 thermal cycler (MY
Research, Watertown, MA) under the following conditions:
approximately 200 ng of genomic DNA, 15 pmol of primers
5'-ATGATGGAACAAGTCTGCGACGTTTTCGAT-3'
(sense) and 5'-TTCATTTAACATTTTATTATTCGTTTITC-
TT-3' (anti-sense), buffer (25 mM KCl, 5 mM (NH,),SO,,
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-pl 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. Five microliters
of the amplification product was loaded on a 1.2% agarose
gel, subjected to electrophoresis, stained with ethidium bro-
mide, and visualized under ultraviolet transillumination to
confirm the presence of the 708-basepair DNA. fragment.

Restriction fragment length polymorphism. Approxi-
mately 1-2 pg of the amplified DHFR-TS gene fragment
were incubated separately with Alu I (New England Biolabs,
Beverly, MA), Bsr I (New England Biolabs), and ScrF 1
(New England Biolabs) restriction endonucleases in a mix-
ture containing different buffers (for Alu I, 5 mM NaCl, 1
mM Tris-HCI, 1 mM MgCl,, and 0.1 mM dithiothreitol, pH
7.9; for Bsr 1, 10 mM NaCl, 5 mM Tris-HCI, 1 mM MgCl,,
and 0.1 mM dithiothreitol, pH 7.9; for ScrF I, 5 mM potas-
sium acetate, 2 mM Tris-acetate, 1 mM magnesium acetate,
and 0.1 mM dithiothreitol, pH 7.9) in a final volume of 50
pl. The reaction mixtures were incubated for 3 hr at 37°C
with Alu I and ScrF I and at 65°C with Bsr L. At the end of
the incubation period, the restriction enzymes were heat-in-
activated for 20 min at 65°C for Alu 1 and ScrF I and 80°C
for Bsr 1. Ten microliters of the restriction fragments were
loaded on a 1.2% agarose gel, subjected to electrophoresis,
stained with ethidium bromide, and visualized by ultraviolet
transillumination.

Only a single restriction site for Alu I, Bsr 1, and/or ScrF
I is present in the 708-basepair polymerase chain reaction
product, depending on the amino acid residue at position 108
of the DHFR-TS gene. Thus, the cleavage of the 708-base-
pair DNA fragment into 2 fragments (324 basepairs and 384
basepairs) by Alu I, Bsr 1, and ScrF I indicates the presence
of the wild-type codon Ser-108, mutant codon Asn-108, and
mutant codon Thr-108, respectively. If 2 or 3 restriction en-
zymes yielded 2 cleaved fragments, the presence of mixed
alleles was deduced. The wild-type Ser-108 allele in the
DHFR-TS gene is associated with pyrimethamine sensitivity,
while. the mutant Asn-108 allele is associated with pyri-
methamine resistance.”3-162224-27 Tt has been suggested that
the mutant Thr-108 allele may be associated with cyclo-
guanil (active metabolite of proguanil) resistance.?*

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 uninfeci-
ed, type A* erythrocytes were added to adjust the parasit-
emia to 0.6%. '

The isotopic microtest developed by Desjardins and others
was used in this study.?® Two hundred microliters of the sus-

- pension of infected erythrocytes were distributed in each

well of the 96-well tissue culture plates. The parasites were
incubated at 37°C in 5% CO, for 18 hr. *H-hypoxanthine (1
wCi/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-
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Figure 1. Proportions of pyrimethamine-sensitive (50% inhibi- DHER allele at position 108

tory concentration [ICs] < 100 nM) isolates, pyrimethamine-resis-
tant (ICs, = 100 nM) isolates, and parasites with the wild-type dihy-
drofolate reductase (DHFR) allele Ser-108, mutant allele Asn-108,
or mixed alleles (Ser + Asn) in samples of Cameroonian isolates of
Plasmodium falciparum collected in 1994-1995 (white columns)
and 1997-1998 (black columns).

vester. The filter disks were transferred into scintillatiofx
tubes, and 2 ml of scintillation cocktail (Organic Counting
Scintillant®; Amersham International, Plc.) were added. The

incorporation of SH-hypoxanthine was quantitated using a.
liquid scintillation counter (Wa_.llac 1409; Pharmacia, Upp- )

sala, Sweden).

The 50% inhibitory concentration ICsp), deﬁned as the
drug conceatration corresponding to 50% of the uptake of
3H-hypoxanthine measured in the drug-free control wells,
was determined by nonlinear regression -analysis of the log-
arithm of concentrations plotted against the parasite growth
inhibition. The best-fitting sigmoid curve was derived by
using the Prism® software (GraphPad Software, Inc., San
Diego, CA). The pyrimethamine IC;, values were classified
as sensitive (< 100 nM) or resistant (= 100 nM), as in our
previous studies.32

Sampling and statistical tests. The method of se]ecnon
of blood samples collected during 1994 and 1995 for either

_genotypic (n = 127), phenotypic (n = 43), or both genotypic

and phenotypic studies (n = 34) was described in our pre-
vious study.’s For samples collected during 1997 and 1998,

all available fresh blood samples (n = 110) were tested for’

in vitro pyrimethamine sensitivity, regardless of the treat-
ment that the patient received. Both phenotypic and geno-
typic markers were determined for 58 of 110 samples. These
correspond to samples from patients treated with sulfadox-
ine-pyrimethamine. The genotype, but not the phenotype, of
27 additional samples obtained from adult patients’ treated
with amodiaquine was determined. Samples from children
treated with amodiaquine, chloroquine, or pyronaridine were
not tested for genotypic analysis. The statistical significance
of the difference in the proportions of pyrimethamine resis-
tance, determined by in vitro assays (n = 153) and molecular
techniques (n = 196), between the 2 time periods was eval-

uated by the chi-square test. Samples with mixed Ser and

Asn-108 alleles (n = 16) were not taken into consideration

'in the statistical analysis.

FiGURE 2. Distribution of the 50% inhibitory concentrations
(ICss), expressed in nM, for the Cameroonian Plasmodium falci-
parum isolates carrying the wild-type -dihydrofolate reductase
(DHFER) allele Ser-108, mutant allele Asn-108, and mixed alleles
(Ser + Asn). The threshold IC,, value for pyrimethamine resistance
was arbitrarily defined as = 100 nM in our previous studies.?*

RESULTS

The in vitro pyrimethamine sensitivity was determiried in
153 clinjcal isolates during 1994-1995 and 1997-1998.
Twenty-five (58%) of 43 isolates obtained in 1994-1995 and
41 '(37%) of 110 isolates obtained in 1997-1998 were sen-

- sitive to pyrimethamine (ICs,' < 100 nM) (Figure 1). The

amino acid residue of the key allele at position 108 of the
DHFR-TS gene was determined in a total of 212 Came-
roonian isolates obtained in Yaounde. Of 127 isolates ob-
tained in 19941995, 66 (52%), 55 (43%), and 6 (5%) pre-
sented the wild-type allele Ser-108, mutant type allele Asn-
108, and mixéed alleles Ser-108 + Asn-108, respectively
(Figure 1). Of 85 isolates collected in 1997-1998, 25 (29%),
50 (59%), and 10 (12%) isolates had.Ser-108, Asn-108, and
mixed alleles, respectively. For both phenotypic and geno-
typic markers of pyrimethamine resistance, there was a sta-
tistically significant increase (P < 0.05) in the proportion of
drug resistance in 1997-1998 compared with 1994-1995.
Except for the polymerase chain reaction product amplified
from the FCR3 strain, none of the 85 samples obtaiped in
1997-1998 yielded a digestion product after‘treatmer{;“ with
ScrF 1, indicating the absence.of the Thr-108 amind;acid
residue among our clinical isolates. RS

The in vitro activity of pyrimethamine and DHFR allele
were determined for 58 of 85 isolates collected during 1997
and 1998. The distribution of the pyrimethamine ICs, value
in relation to the key DHFR allele 108 is shown in Figure
2. Nineteen of 20 isolates carrying the wild-type Ser-108
allele were pynmetharmne sensitive, and 30 of 31 isolates
carrying the mutant Asn-108 allele were pyrimethamine re-
sistant. One pyrimethamine-sensitive isolate (IC;, = 104~
nM) and 1 pyrimethamine-resistant isolate (ICso = 71 nM)
displayed discordant ICs, values, but these values were close
to the borderline value. Except for one polyclonal isolate,
clinical isolates with mixed alleles (n = 7) were resistant to
pyrimethamine.
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DISCUSSION

Based on earlier clinical studies in the 1950s and 1960s,
pyrimethamine resistance bas been known to emerge rapidly
in malaria endemic areas where pyrimethamine alone had
been distributed in a large scale.® Selection of resistant par-
asites under massive drug pressure has been hypothesized to
be the underlying cause of this phenomenon. The results of
recent molecular studies on field isolates originating from
various geographic regions strongly indicate that the first and
key genetic event involved in the acquisition of pyrimeth-
amine-resistant phenotype is a single Ser-to-Asn point mu-
tation at position 108 of the gene.!62224-27.33-35 Additional mu-
tations at positions 51, 59, and/or 164 are associated with a
higher level of pyrimethamine and/or cycloguanil resis-
tance.?*? Further experimental proofs have been provided
by gene expression in a heterologous system and transfection
of malaria parasites with DHFR-TS genes carrying different
combinations of mutations35-*® These observations suggest
that the genetic basis of the rapid spread of pyrimethamine
resistance is associated with the relative ease in selecting
- parasites carrying Asn-108 allele in an endemic area where

pyrimethamine (or trimethoprim), alone or in combination
with- sulfonamides, is used for antimalarial (or antibacterial)
treatment.

The key amino acid substitution at position 108 can be
detected rapidly with precision using a combination of poly-
merase chain reaction and restriction fragment length poly-
morphism. 626274142 Using this technique, we have demon-
strated the presence of pyrimethamine-resistant clinical iso-
lates in Yaounde. As in our previous studies,'¢ there was a
strong association between the key DHFR-TS allele at po-
sition 108 and in vitro sensitivity and resistance to pyri-
methamine. With the exception of a few isolates, the thresh-
old ICs, value of 100 nM for pyrimethamine allowed the
separation of 2 discrete populations of clinical isolates, those
with a Ser-108 allele and those carrying an Asn-108 allele.
However, parasites with mixed alleles cannot be readily as-

- signed to one of these groups. In our previous studies, there
were as many mixed populations of parasites with both al-
leles that were sensitive and resistant to pyrimethamine. 62227
The ICy; values of mixed populations may be determined by
the phenotype of dominant subpopulations. Unless quanti-
tative polymerase chain reaction or clohing of the initial iso-
late is performed, we cannot determine the approximate pro-
portion of Asn-108 carriers in relation to Ser-108 carriers in
a given isolate.

Our comparative study over a 5-year period in similar
patient populations in Yaounde revealed an alarming trend.
Our in vitro surveillance showed an increase in the propor-
tion of pyrimethamine-resistant isolates, from 42% in 1994—
1995 to 63% in 1997-1998. In parallel, our polymerase
chain reaction-based technique showed a similar increase
(from 43% in 1994-1995 to 59% in 1997-1998) in the pro-
portion of isolates carrying the mutant Asn-108 allele. We
may deduce from our data that there is an increasing prev-
alence and spread of pyrimethamine resistance in Yaounde
during the 5-year period. Our data are also in agreement with
the intense drug pressure exerted in Cameroon, as suggested
by the volume of sales of antimalarial drugs containing py-
rimethamine that are imported in the country (Ducret J-F,

unpublished data). Thus, our study seems to reveal the dy-
namic evolution of the development of pyrimethamine re-
sistance, which may reflect the underlying genetic cause in-~
volved in the past, rapid development of pyrimethamine re-
sistance in Asian and South American continents.

At present, pyrimethamine resistance detected in Came-
roon by both in vitro and molecular assays has not yet been
correlated with in vivo resistance. There is a clear need to
establish whether there is a direct correspondence between
in vitro and in vivo tests for pyrimethamine resistance. Two
possible factors, however, may confound the results of these
studies in the field. First, the synergistic effect of pyrimeth-
amine-sulfadoxine combination may overcome drug resis-
tance and mask low to moderate level of pyrimethamine re-
sistance.? Second, semi-immune patients may be capable of
eliminating residual, drug-resistant parasites by mounting an
effective immune response. Despite these potential problems
in the interpretation of results, additional molecular, in vitro,
and in vivo surveillance is required to gain further insight
into the dynamics involved in the spread of antifolate resis-
tance.

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

Financial support: The study was financed in part by the UNDP/
World Bank/WHO Special Program for Research and Training in
Tropical Diseases, Agence Universitaire de la Francophonie, and the
French Ministry of Cooperation and Development.

Authors® address: Leonardo K. Basco and Pascal Ringwald,
OCEAC/IRD, BP 288, Yaounde, Cameroon.

REFERENCES

1. Watkins WM, Mberu EK, Winstanley PA, Plowe CV, 1997. The
efficacy of antifolate antimalarial combinations in Africa: a
predictive model based on pharmacodynamic and pharmaco-
kinetic analyses. Parasitol Today 13: 459-464.

2.- Falco EA, Goodwin LG, Hitchings GH, Rollo IM, Russell PB,
1951. 2,4-diaminopyrimidines—a new series of antimalarials.
Br J Pharmacol 6: 185-200.

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

4. Wernsdorfer WH, Payne D, 1991. The dynamics of drug resis-
tance in Plasmodium falciparum. Pharmacol Ther 50: 95—
121.

5. Phillips-Howard PA, Bjorkman AB, 1990. Ascertainment of risk
of serious adverse reactions associated with chemoprophylac-

tic antimalarial drugs. Bull World Health Organ 68: 493-504.

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

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

8. Foote SJ, Cowman AF 1994. The mode of action and the mech-
anism of resistance to antimalarial drugs. Acta Trop 56: 157~
171.

9. Ferone R, Burchall JI, Hitchings GH, 1969. Plasmodium bergh-
ei dihydrofolate reductase: isolation, properties, and inhibition

. by antifolates. Mol Pharmacol 5: 49-59. :

10. Ferone R, 1984. Dihydrofolate reductase inhibitors. Peters W,
Richards WHG, eds. Antimalarial Drugs II. Current Anti-
malarials and New Drug Developments. Berlin: Springer-Ver-
lag, 207-221.

11. Bzik DJ, Li WB, Horii T, Inselburg J, 1987. Molecular cloning
and sequence analysis of the Plasmodium falciparum dihy- °




806

12.

13.

14.

15.

- 16.

17.

18.

19.

20.
21.

22.

23.

24,

25.

26.

27.

drofolate reductase-thymidylate synthase gene. Proc Natl
Acad Sci USA 84.: 8360-8364.

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.

Cowman AE, Morry MJ, Biggs BA, Cross GA, Foote SJ 1988.
Amino acid changes linked to pyrimethamine resistance in the
dihydrofolate reductase-thymidylate synthase gene of Plas-
modium falciparum. Proc Natl Acad Sci USA 85: 9109-9113.

Peterson DS, Walliker D, Wellems TE, 1988. Evidence that a
point mutation in dihydrofolate reductase-thymidylate syn-

- thase confers resistance to pyrimethamine in falciparum ma-
laria. Proc Natl Acad Sci USA 85: 9114-9118.

Zolg JW, Plitt JR, Chen GX, Palmer S, 1989. Point mutations
in the dihydrofolate reductase-thymidylate synthase gene as
the molecular basis for pyrimethamine resistance in Plasmo-
dium falciparum. Mol Biochem Parasitol 36: 253-262.

Basco LK, Ringwald B, 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.

Ringwald P, Bickii J, Basco L, 1996. Randomised trial of py-
ronaridine versus chloroquine for acute uncomplicated falci-
parum malaria in Africa. Lancet 347: 24-28.

Ringwald P, Bickii J, Basco LK, 1998. Efficacy of oral pyron-
aridine for the treatment of acute uncomplicated falciparum
malaria in African children. Clin Infect Dis 26: 946-953.

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

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

Trager W, Jensen JB, 1976. Human malaria parasites in contin-
uous culture. Science 193: 673-675.

Basco LK, Eldin dé 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 falciparum. Mol Biochem
Parasitol 69: 135-138.

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

Wang P, Lee CS, Bayoumi R, Djimde A, Doumbo O, Swedberg
G, Dao LD, Mshinda H, Tanner M, Watking WM, Sims PFG,
Hyde JE, 1997. Resistance to antifolates in Plasmodium fal-
ciparwm monitored by sequence analysis of dihydropteroate
synthetase and dihydrofolate reductase alleles in a large num-
ber of field samples of diverse origins. Mol Biochem Parasitol
89: 161-177.

Nzila-Mounda A, Mberu EK, Sibley CH, Plowe CV, Winstanley
PA, Watking WM, 1998. Kenyan Plasmodium falciparum
field isolates: correlation between pyrimethamine and chlor-
cycloguanil activity in vitro and point mutations in the dihy-
drofolate reductase domain. Antzmlcrob Agents Chemother
42: 164-169.

Eldin de Pécoulas P, Basco LK, Abdallah B, Djé MK, Le Bras
T, Mazabraud A, 1995. Plasmodium falciparum: detection of
antifolate resistance by mutation-specific restriction enzyme
digestion. Exp Parasitol 80: 483-487.

Eldin de Pécoulas P, Basco LK, Le Bras J, Mazabraud A, 1996.
Association between antifol resistance in vitro and DHFR

28.

29.
30.
31.
32.

33.

34.
35.
36.
37.
38.-
39.

40.

41.

42.

BASCO AND RINGWALD

point mutation in Plasmodium falciparum isolates. Trans R
Soc Trop Med Hyg 90: 181-182.

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

Peterson DS, Milhous WK, Wellems TE, 1990. Molecular basis
of differéntial resistance to cycloguanil and pyrimethamine in
Plasmodium falciparum malaria. Proc Natl Acad Sci USA 87:
3018-3022.

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

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

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.

Plowe CV, Djimde A, Bouare M, Doumbo O, Wellems TE,
1995. Pyrimethamine and proguanil resistance-conferring in
Plasmodium falciparum dihydrofolate reductase: polymerase
chain reaction methods for surveillance in Africa. Am J Trop
Med Hyg 52: 565-568.

Plowe CV, Cortese JE 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.

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 vifro suscepti-
bility to pyrimethamine and cycloguanil of Plasmodium fal-
ciparum isolates from Papua New Guinea. Am J Trop Med
Hyg 55: 209-213.

van Dijk MR, Waters AP, Janse CJ, 1995. Stable transfection of
malaria parasite blood stages. Science 268: 1358-1362.

‘Wu Y, Kirkman LA, Wellems TE, 1996. Transformation of Plas-
modium falciparum malaria parasites by homologous integra-
tion of plasmids that confer resistance to pyrimethamine. Proc
Natl Acad Sci USA 93: 1130-1134. ‘

Sirawaraporn W, Sathitkul T, Sirawarapormn R, Yuthavong Y,
Santi DV, 1997. Antifolate-resistant mutants of Plasmodium
Sfalciparum dihydrofolate reductase. Proc Natl Acad Sci USA
94: 1124-1129.

Sirawaraporn W, Yongkiettrakul S. Sirawaraporn R, Yuthavong
Y, Santi DV, 1997. Plasmodium falciparum: asparagine mu-
tant at residue 108 of dihydrofolate reductase is an optimal
antifolate-resistant single mutant. Exp Parasitol 87: 245-252.

Cortese JE, Plowe CV, 1998. Antifolate resistance due to new
and known Plasmodium falciparum dihydrofolate reductase
mutations expressed in yeast. Mol Biochem Parasitol 94:
205-214. .

Curtis J, Duraisingh MT, Trigg JK, Mbwana H, Warhurst DC,
Curtis CE 1996. Direct evidence that asparagine at position
108 of the Plasmodium falciparum dihydrofolate reductase is
involved in resistance to antifolate drugs in Tanzania. Trans
R Soc Trop Med Hyg 90: 678-680.

Zindrou S, Le DD, Pham TX, Nguyen PD, Nguyen DS, Skold
O, Swedberg G, 1996. Rapid detection of pyrimethamine sus-
ceptibility of Plasmodium falciparum by restriction endonu-
clease digestion of the dihydrofolate reductase gene. Am I
Trop Med Hyg 54: 185-188.






&aaé’-%‘s:}

S%f\}:

I

NUMBER 5

NOVEMEER 1999

VOLUME 61

rican

Journal of

TROPICAL

The Ame

OF

L JOURNAL .
F TROPICAL MEDICINE AND HYGIENE

FICIA
CIE 0)

.0

AMERICAN $§

?

MEDICIN
HYGIENE

H.'—L'

'€/
>,

47 DEC. 1993

PM €6







