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Abstract

Background
The emergence and spread of drug resistance represents one of the biggest challenges for
malaria control in endemic regions. Sulfadoxine-pyrimethamine (SP) is currently deployed
as intermittent preventive treatment in pregnancy (IPTp) to prevent the adverse effects of
malaria on the mother and her offspring. Nevertheless, its efficacy is threatened by SP
resistance which can be estimated by the prevalence of dihydropteroate synthase (dhps)
and dihydrofolate reductase (dhfr) mutations. This was measured among pregnant women
in the health district of Nanoro, Burkina Faso.

Methods
From June to December 2010, two hundred and fifty six pregnant women in the second and
third trimester, attending antenatal care with microscopically confirmed malaria infection
were invited to participate, regardless of malaria symptoms. A blood sample was collected
on filter paper and analyzed by PCR-RFLP for the alleles 51, 59, 108, 164 in the pfdhfr
gene and 437, 540 in the pfdhps gene.
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Results
The genes were successfully genotyped in all but one sample (99.6%; 255/256) for dhfr and
in 90.2% (231/256) for dhps. The dhfr C59R and S108N mutations were the most common,
with a prevalence of 61.2% (156/255) and 55.7% (142/255), respectively; 12.2% (31/255)
samples had also the dhfr N51I mutation while the I164L mutation was absent. The dhps
A437G mutation was found in 34.2% (79/231) isolates, but none of them carried the codon
K540E. The prevalence of the dhfr double mutations NRNI and the triple mutations IRNI
was 35.7% (91/255) and 11.4% (29/255), respectively.

Conclusion
Though the mutations in the pfdhfr and pfdhps genes were relatively common, the prevalence of the triple pfdhfr mutation was very low, indicating that SP as IPTp is still efficacious
in Burkina Faso.

Background
In Burkina Faso, malaria remains a major cause of morbidity and mortality as it accounts for
60.6% of all hospitalizations and 40.4% of all deaths [1]. Plasmodium falciparum is the dominant species, whose transmission is intense and highly seasonal, due mainly to the vector
Anopheles gambiae [2]. Until 2005, chloroquine (CQ) and sulfadoxine-pyrimethamine (SP)
were the first and second line treatment for uncomplicated malaria, respectively. Following
reports of CQ and SP treatment failures, the first line treatment was changed to artemetherlumefantrine (AL), with amodiaquine-artesunate (AS-AQ) as an alternative [3]. Nevertheless,
SP is still recommended for intermittent preventive treatment during pregnancy (IPTp) in Burkina Faso.
IPTp reduces the prevalence of placental malaria, severe anaemia among primigravidae,
pre-term delivery [4, 5], low birth-weight and improves neonatal survival [4–6]. It is considered to be safe, efficacious and easy to administer at antenatal clinics (ANC) [7]. However, in
East Africa, resistance to SP administered as IPTp has been associated with an increased risk of
foetal anaemia and severe malaria in the offspring [8].
Pyrimethamine selectively inhibits dihydrofolate reductase (dhfr), a part of the folate pathway in the malaria parasites, and Plasmodium falciparum resistance, both in vivo and in vitro,
has been associated with specific point mutations (A16V, N51I, C59R, S108N/T and I164L) in
the dhfr gene [9, 10]. Sulfadoxine selectively inhibits dihydropteroate synthetase (dhps) earlier
in the parasite folate pathway; five point mutations (S436A/F, A437G, K540E, A581G and
A613S/T) have been associated with in vitro resistance under low or no folate conditions [11,
12]. Increasing SP resistance is associated with an increasing number of mutations in both the
pfdhfr and pfdhps genes; in Africa, the combined pfdhfr triple mutant (51I-59R-108N) and the
pfdhps double mutant (437G-540E), the so called dhfr/dhps quintuple mutation, are predictive
of SP treatment failure [13]. Therefore, determining the prevalence of these mutations and
their evolution over time can provide reasonably good information on temporal trends in SP
efficacy. The prevalence of molecular SP resistance markers was determined in asymptomatic
and symptomatic malaria-infected pregnant women five years after the introduction of IPTp
with SP in Burkina Faso.
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Methods
Study area, subjects and sample collection
The study was carried out at the Clinical Research Unit in Nanoro (CRUN), situated about 85
km north-west from Ouagadougou. The literacy rate in this area is low for both men and
women (about 23%) and there is a high migration flow towards the capital city and/or the
neighbouring countries [14]. Malaria transmission is high and seasonal, mainly occurring during the months of August-December, with an entomological inoculation rate (EIR) estimated
at 50–60 infective bites/person/year in 2009. The most common vectors are Anopheles gambiae
sensu stricto, Anopheles funestus and Anopheles arabiensis (Diabate A., personal communication). Malaria is one of the most common reasons for attending health facilities while Plasmodium falciparum is the predominant malaria species [15].
Blood samples were collected as part of a study on the clinical presentation of malaria during pregnancy whose results have been reported elsewhere [16]. Briefly, all pregnant women
attending the routine ANC at Nanoro district (Nanoro and Nazoanga health centers) were
invited to participate in the study. A finger prick blood sample for slide and dried spots on filter
paper (Whatmann grade 3) were collected. Molecular genotyping was performed only on samples from women with a positive blood slide (Fig 1). All molecular tests were performed at the
Institute of Tropical Medicine (ITM), Antwerp, Belgium.

Fig 1. Study profile.
doi:10.1371/journal.pone.0137440.g001
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Laboratory procedures
DNA extraction. DNA extraction from bloodspots was carried out according to the manufacturer’s instructions using a QIAamp1 DNA Micro Kit 50 (Qiagen, Hilden, Germany).
Eluted DNA was immediately ready for use in amplification reactions or was stored at –20°C
until further processing.
Nested PCR and mutation-specific restriction enzyme digestion. The desired molecular
products within the dhfr and dhps genes were amplified by nested PCR following a standardized protocol described elsewhere [17, 18]. The primary dhfr amplicon was produced by amplifying sample DNA with primer pairs AMP1 and AMP2 [18]. This PCR product was used in a
mutation-specific second PCR reaction to determine the presence of mutations at sites 51, 59,
108 and 164 in the dhfr gene. Two separate sets of PCRs were carried out for each codon, one
for the wild-type allele and one for the mutant allele.
The HotStarTaq DNA polymerase (Qiagen, Hilden, Germany) was used with the manufacturer’s buffer containing 1.5 mM MgCl2. The primers were used at a concentration of 0.2 mM,
and other reaction conditions were as described previously [18] with the following cycling
parameters: initial denaturation at 95°C for 5 min, followed by 35 cycles of denaturation at
92°C for 1 min, annealing at 52°C for 45 sec, extension at 72°C for 45 sec, and a final extension
at 72°C for 10 min. Screening for dhps mutations was carried out as for dhfr screening with the
following modifications. DNA was amplified using primers DPHS-R1 and DHPS-R2. This primary amplification product was subjected to a second round diagnostic PCR as part of a nested
PCR, with the primers DHPS-K and DHPS-K1, followed by restriction enzyme digestion [17].
Digestion products were analyzed on a 2% agarose gel with ethidium bromide.
For all dhfr codons, the P. falciparum strain 3D7 was used as wild-type control and V1S as
mutant control. For the detection of dhps mutations, PS-Mali-clone DNA and PS-Peru-clone
DNA were used as wild-type and mutant control for positions 437 and 540, respectively. The
presence of dhps mutations A437G was evaluated by digestion with AvaII, and of dhps K540E
mutation by digestion with FokI, both enzymes cleaving the mutated sequences.

Statistical methods
Data were entered in Excel version 2007 and analyzed using STATA v10 (STATA Corporation,
College Station, TX, USA). In this analysis, mixed genotypes were considered as mutants, and
the prevalence of each type of allele (wild or mutant) were calculated together with their respective confidence intervals. Participants were categorized as symptomatic and asymptomatic.
Symptomatic women were defined as women having at least one of the following signs and
symptoms: temperature 37.5°C (measured by electronic thermometer) and/or history of
fever in the previous 48 hours, headache, pallor, arthro-myalgia, convulsions, vomiting, dizziness, malaise, fatigue, enlarged liver or enlarged spleen. Asymptomatic women had none of the
above mentioned symptoms.
The frequencies of the mutations were compared between these groups, parasite density,
and age using chi-square test, and a p-value <0.05 was considered as statistically significant.

Ethical considerations
After reviewing the study protocol, the Institutional Ethics Committee of the Centre Muraz,
Bobo-Dioulasso, Burkina Faso (registration no. 005-2010/CE-CM) approved the study. Participants were only included after obtaining their written informed consent.
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Table 1. Baseline characteristics by presence or not of symptoms.
Asymptomatic
n = 157

Symptomatic
n = 198

p-value

<20

13(8.3%)

11(11.2%)

0.66

20–34

128(81.5%

79(80.6%)

Age group (years)

35

16(10.2%)

8(8.2%)

Parasite density

710.61(541.45–932.62)

1107.46(747.48–640.82)

0.08
0.77

Parity
Nulliparous

13(8.3%)

10(10.2%)

1 to 3

101(64.3%)

59(60.2%)

4

43(27.3%)

29(29.6%)

Anemia

95(60.5%)

75(76.5%)

0.01

0

47(30%)

28(28.6%)

077

1

90(57.3%)

60(61.2%)

2

20(12.7%)

10(10.2%)

IPTp(doses received)

doi:10.1371/journal.pone.0137440.t001

Results
Six hundred pregnant women were included in the study, of whom two hundred and fifty six
(42.7%) had a microscopically-confirmed malaria infection (Fig 1). Most of them (81%) were
aged 20–34 years old and had already one to three children (85%). Parasite density was not
associated with the occurrence of symptoms (Table 1).
Most samples could be successfully genotyped, 99.6% (255/256) for the dhfr gene and 90.2%
(231/256) for the dhps gene (Fig 1). More than half of the samples had the dhfr C59R (61.2%,
156/255) and/or the S108N (55.7%, 142/255) mutations while only 12.2% (31/255) had the
N51I mutation, and no I164L mutation was found (Table 2).
There were 6 different dhfr alleles; the prevalence of the sequence NCSI (wild type) was
30.2% (77/255). Among the mutant alleles, the double mutation NRNI was the most frequent
(35.7%, 91/255), followed by the triple mutation IRNI (11.4%, 29/255) (Table 3).
More than a third of the samples (34.2%, 79/231) carried the dhps mutations A437G but
none of them had the mutation K540E.
The occurrence of the mutations N51I and A437G were significantly associated with higher
parasite density (Table 4). No other factor (age, parity and number of SP doses taken) was
found to be associated with the risk of double or triple mutation.

Discussion
Despite several studies on the association between genetic polymorphisms and response to SP
treatment, the role of certain dhfr and dhps mutations in treatment outcome is still poorly
Table 2. Prevalence of the dhfr and dhps point mutations associated with SP resistance.
dhfr (N = 255)

dhps (N = 231)

Codon

51

59

108

164

437

540

Mutant, n(%)

31(12.2)

156(61.2)

142(55.7)

0

79(34.2)

0

[95% CI]

[8.7–16.7]

[55.1–67.0]

[49.5–61.7]

-

[28.4–40.5]

-

doi:10.1371/journal.pone.0137440.t002

PLOS ONE | DOI:10.1371/journal.pone.0137440 September 14, 2015

5/9

DHFR/DHPS Mutations and Sulfadoxine-Pyrimethamine Efficacy as IPTp

Table 3. Dhfr mutations among isolates.
NCSI

ICSI

NRSI

NCNI

NRNI

IRSI

ICNI

IRNI

n

77

0

34

22

91

2

0

29

%(x/255)

30.2

0

13.3

8.6

35.7

0.8

0

11.4

95%CI

24.8–36.2

-

9.7–18.1

5.7–12.7

30.1–41.7

0.2–2.8

-

8.1–15.9

51
59
108
164

doi:10.1371/journal.pone.0137440.t003

understood. SP resistance increases with the increasing number of point mutations in the dhfr
and dhps genes [19]. In Nanoro, among pregnant women, the most prevalent dhfr allele’s
mutations were 59R and the 108N, as more than half of the isolates carried one of them. However, the prevalence of the double mutation 59R and 108N was much lower, about 36%, and
the triple mutation 108N-51I-59R had an even lower prevalence, around 11%. Though single
or double mutations in the dhfr gene have been associated with pyrimethamine resistance [20–
23], the dhfr triple mutation is known to confer intense pyrimethamine resistance in vitro [24]
and is associated with an approximate 1,000-fold reduction in pyrimethamine susceptibility
[25]. Nevertheless, SP is systematically administered to all pregnant women in the second and
third trimester attending ANC, while only a proportion of them would carry a malaria infection, often of low density. For other non-infected pregnant women at the time of treatment, SP
would have a prophylactic effect as it would clear emerging malaria infections for a given
period of time. The low prevalence of the triple dhfr mutations indicates that in Nanoro SP
should be able to clear malaria infections present at the time of its administration, particularly
when considering that their density would be generally low. The effect of the dhfr double or triple mutation on the duration of the protection period is unknown but its duration may be
shorter and parasites carrying the double or triple mutation may be able to emerge earlier than
the wild ones.
No isolate had the dhps double mutation, at position 437 and 540, commonly associates
with sulfadoxine resistance [26, 27]. Indeed, in more than a third of all isolates it was possible
to identify only the 437 mutation, which usually occurs first in the progressive selection of
resistant parasites [28]. Such mutation, alone or combined with the K540E, has been associated
with treatment failure with SP [27, 29, 30]. Nevertheless, in Nanoro, the A437G prevalence was
Table 4. Trends of the molecular markers according to the parasite density.
Parasite density(geometric mean)
Symptomatic

Asymptomatic

12558.38

3970.26

(5078.04–31057.85)

(2391.12–6592.31)

1419.81

1076.25

(841.74–2394.88)

(754.03–1536.17)

dhfr 108

1576.97

1454.58

(890.82–2791.60)

(1024.57–2065.06)

dhps 437

1873.07

708.17

(989.73–3544.78)

(443.41–1131.01)

dhfr 51
dhfr 59

P-value

0.02
0.37
0.80
0.01

doi:10.1371/journal.pone.0137440.t004
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low compared to that found in north western Burkina Faso where in the year 2000 the prevalence was already above 50% and had increased to almost 80% in 2009 [31].
The low prevalence of the triple dhfr mutation is surprising when considering that SP was
extensively used as first line treatment in Burkina Faso and that in other areas of Burkina Faso
it was significantly higher [32], with suggestion of its increase over time [31]. Such discrepancy
may be due to differences in drug pressure and differing access to ACT treatment. Indeed,
before 2005, SP was used as second line treatment and after 2005 as first line treatment, before
the large scale implementation of ACT. The remaining high prevalence of dhfr triple mutants
could indicate a less than optimal access to ACT in Ziniare [32] and Nouna [31], while in
Nanoro the ready access to ACT could have resulted in a decreased prevalence of the triple
mutants. Such phenomenon has already been observed in South America where a significant
decline of the prevalence of dhfr triple mutants coincided with the change of the treatment policy from SP to ACT [33, 34], suggesting a lower fitness of SP-resistant parasites in the absence
of a significant drug pressure. Nevertheless, in Malawi the prevalence of mutant parasites did
not decrease after five years without SP as first line treatment, indicating no fitness cost of the
dhfr triple and dhps double mutant haplotypes in the absence of strong SP pressure [35].
None of the isolates carried the dhps K540E mutation while more than one third had the
A437G mutation. This is not surprising when considering that none of the recent studies carried out in Burkina Faso found isolates with the K540E mutation [31, 32]. Nevertheless, these
same studies reported a much higher prevalence of the A437G mutation in other parts of the
country, over 70%, possibly indicating a much higher drug pressure compared to Nanoro.
Infections carrying one or more of the dhfr mutations were associated to higher parasite
density together with the presence of symptoms. This was true for the dhfr 51 and dhps 437
mutations. This could have major implications for the severity of the disease and for selection
pressure as these mutations do not seem to confer a survival disadvantage for the parasite.

Conclusion
Mutations in the Pfdhfr and Pfdhps genes associated with SP resistance were relatively common
among pregnant women in the study area. Nevertheless, the prevalence of the triple dhfr mutations was very low suggesting that SP may still be efficacious when used as IPTp. Nevertheless,
molecular markers linked to SP resistance should continue to be monitored.

Acknowledgments
We are grateful to all the women who participated in this study. We thank the entire medical
laboratory and administrative staff of the Clinical Research Unit of Nanoro, the medical staff at
the CSPSs of Nanoro and Nazoanga for their valuable contribution. We would particularly like
to thank Prof Harald Noedl and Prof Christopher Plowe for their support.

Author Contributions
Conceived and designed the experiments: UDA MCT JPVg. Performed the experiments: MCT
RF CVO ARU. Analyzed the data: AK AE JBO RTG HT. Contributed reagents/materials/analysis tools: UDA. Wrote the paper: MCT AE JPVg UDA.

References
1.

Programme National de Lutte contre le Paludisme (PNLP). Directives nationales pour la prise en
charge du paludisme dans les formations sanitaires du Burkina faso. Ministère de la santé, 2010.

2.

Cuzin-Ouattara N, Van den Broek AH, Habluetzel A, Diabate A, Sanogo Ilboudo E, Diallo DA, et al.
Wide-scale installation of insecticide-treated curtains confers high levels of protection against malaria

PLOS ONE | DOI:10.1371/journal.pone.0137440 September 14, 2015

7/9

DHFR/DHPS Mutations and Sulfadoxine-Pyrimethamine Efficacy as IPTp

transmission in a hyperendemic area of Burkina Faso. Trans R Soc Trop Med Hyg. 1999; 93:473–479.
PMID: 10696400
3.

Tinto H, Ouédraogo JB, Zongo I, Van Overmeir C, Van Marck E, Guiguemdé TR, et al. Sulfadoxinepyrimethamine efficacy and selection of Plasmodium falciparum DHFR mutations in Burkina Faso
before its introduction as intermittent preventive treztment for pregnant women. Am J Trop Med Hyg.
2007; 76:608–613. PMID: 17426157

4.

Maiga OM, Kayentao K, Traore BT, Djimde A, Traore B, Traore M, et al. Superiority of 3 over 2 doses of
intermittent preventive treatment with sulphadoxine-pyrimethamine for the prevention of malaria during
pregnancy in mali: a randomized controlled trial. Clin Infect Dis. 2011; 53:215–223. doi: 10.1093/cid/
cir374 PMID: 21765069

5.

Aziken ME, Akubuo KK, Gharoro EP. Efficacy of intermittent preventive treatment with sulphadoxinepyrimethamine on placental parasitemia in pregnant women in Midwestern Nigeria. Int J Gynaecol
Obstet. 2011; 112:30–33. doi: 10.1016/j.ijgo.2010.07.027 PMID: 20947080

6.

Kayentao K, Kodio M, Newman RD, Maiga H, Doumtabe D, Ongoiba A, et al. Comparison of intermittent preventive treatment with chemoprophylaxis for the prevention of malaria during pregnancy in Mali.
Int J Infect Dis. 2005; 191:109–116.

7.

Sicuri E, Bardaji A, Nhampossa T, Maixenchs M, Nhacolo A, Nhalungo D, et al. Cost-effectiveness of
intermittent preventive treatment of malaria in pregnancy in southern Mozambique. PLoS One. 2010;
5:e13407. doi: 10.1371/journal.pone.0013407 PMID: 20976217

8.

Harrington WE, Mutabingwa TK, Kabyemela E, Fried M, Duffy PE. Intermittent Treatment to Prevent
Pregnancy malaria does not confer benefit in an area of widespread drug resistance. Clin Infect Dis.
2011; 54:224–230.

9.

Foote SJ, Galatis D, Cowman AF. Amino acids in the dihydrofolate reductase-thymidylated synthase
gene of Plasmodium falciparum involved in cycloguanil resistance differ from those involved in pyrimethamine resistance. Proc Natl Acad Sci USA. 1990; 87:3014–3017. PMID: 2183221

10.

Peterson DS, Milhous WK, Wellems TE. Molecular basis of differential resistance to cycloguanil and
pyrimethamine in Plasmodium falciparum malaria. Proc Natl Acad Sci USA. 1990; 87:3018–3022.
PMID: 2183222

11.

Brooks DR, Wang P, Read M, Watkins WM, Sims PFG, Hyde JE. Sequence variation of the hydroxymethyldihydropterin pyrophosphokinase: dihydropteroate synthase gene in lines of the human malaria
parasite, Plasmodium falciparum, with differing resistance to sulfadoxine. Eur J Biochem. 1994;
224:397–405. PMID: 7925353

12.

Triglia T, Cowman AF. Primary structure and expression of the dihydropteroate synthase gene of Plasmodium falciparum. Proc Natl Acad Sci USA. 1994; 91:7149–7153. PMID: 8041761

13.

Vinayak S, Alam MT, Mixson-Hayden T, McCollum AM, Sem R, Shah NK, et al. Origin and evolution of
sulphadoxine resistant Plasmodium falciparum. PLos Pathog. 2010.

14.

Tinto H, Valea I, Sorgho H, Tahita MC, Traore M, Bihoun B, et al. The impact of clinical research activities on communities in rural Africa: the development of the Clinical Research Unit of Nanoro (CRUN) in
Burkina Faso. Malar J. 2014; 13:113. doi: 10.1186/1475-2875-13-113 PMID: 24655351

15.

Pfeiffer K, Some F, Müller O, Sie A, Kouyaté B, Haefeli WE, et al. Clinical diagnosis of malaria and the
risk of chloroquine self-medication in rural health centres in Burkina Faso. Trop Med Int Health. 2008;
13:418–426. doi: 10.1111/j.1365-3156.2008.02017.x PMID: 18397402

16.

Tahita MC, Tinto H, Menten J,Ouedraogo JB,Guiguemde RT, van Geertruyden JP, et al. Clinical signs
and symptoms cannot reliably predict Plasmodium falciparum malaria infection in pregnant women living in an area of high seasonal transmission. Malaria Journal. 2013; 12:464. doi: 10.1186/1475-287512-464 PMID: 24373481

17.

Duraisingh MT, Curtis J, Warhurst DC. Plasmodium falciparum: detection of polymorphisms in the dihydrofolate reductase and dihydropteroate synthetase genes by PCR and restriction digestion. Exp Parasitol. 1998; 89:1–8. PMID: 9603482

18.

Plowe CV, Djimde A, Bouare M, Doumbo O, Wellems TE. Pyrimethamine and proguanil resistanceconferring mutations in Plasmodium falciparum dihydrofolate reductase: polymerase chain reaction
methods for surveillance in Africa. Am J Trop Med Hyg. 1995; 52:565–568. PMID: 7611566

19.

Sibley CH, Hyde JE, Sims PF, Plowe CV, Kublin JG, Mberu EK, et al. Pyrimethamine-sulfadoxine resistance in Plasmodium falciparum: what next? Trends Parasitol. 2001; 17:582–588. PMID: 11756042

20.

Nzila AM, Mberu EK, Sulo J, Dayo H, Winstanley PA, Sibley CH, et al. Towards an understanding of
the mechanism of pyrimethamine-sulfadoxine resistance in Plasmodium falciparum: genotyping of
dihydrofolate reductase and dihydropteroate synthase of Kenyan parasites. Antimicrob Agents Chemother. 2000; 44:991–996. PMID: 10722502

PLOS ONE | DOI:10.1371/journal.pone.0137440 September 14, 2015

8/9

DHFR/DHPS Mutations and Sulfadoxine-Pyrimethamine Efficacy as IPTp

21.

Basco LK, Ringwald P. Molecular epidemiology of malaria in Yaoundé, Cameroon.II. Baseline frequency of point mutations in the dihydropteroate synthase gene of Plasmodium falciparum. Am J Trop
Med Hyg. 1998; 58:374–377. PMID: 9546422

22.

Cowman AF, Morry MJ, Biggs BA, Cross GA, Foote SJ. Amino acid changes linked to pyrimethamine
resistance in the dihydrofolate reductase-thymidylate synthase gene of Plasmodium falciparum. Proc
Natl Acad Sci USA. 1988; 85:9109–9113. PMID: 3057499

23.

Wang P, Lee CS, Bayoumi R, Djimde A, Doumbo O, Swedberg G, et al. Resistance to antifolate in Plasmodium falciparum monitored by sequence analysis of dihydropteroate synthetase and dihydrofolate
reductase alleles in a larger number of field samples of diverse origin. Mol Biochem Parasitol. 1997;
89:161–177. PMID: 9364963

24.

Gregson A, Plowe CV. Mechanisms of resistance of malaria parasites to antifolates. Pharmacol Rev.
2005; 57:117–145.

25.

White NJ. Intermittent presumptive treatment for malaria. PLoS Med. 2005; 2(e3).

26.

Plowe CV, Kublin JG, Dzinjalamala FK, Kamwendo DS, Mukadam RA, Chimpeni P, et al. Sustained
clinical efficacy of sulfadoxine-pyrimethamine for uncomplicated falciparum malaria in Malawi after 10
years as first line treatment: five year prospective study. BMJ. 2004; 328:545. PMID: 14757706

27.

Kublin JG, Dzinjalamala FK, Kamwendo DD, Malkin EM, Cortese JF, Martino LM, et al. Molecular markers for failure of sulfadoxine-pyrimethamine and chlorproguanil-dapsone treatment of Plasmodium falciparum malaria. J Infect Dis. 2002; 185:380–388. PMID: 11807721

28.

Plowe CV, Cortese JF, Djimde A, Nwanyanwu OC, Watkins WM, Winstanley PA, et al. Mutations in
Plasmodium falciparum dihydrofolate reductase and dihydropteroate synthase and epidemiologic patterns of pyrimethamine-sulfadoxine use and resistance. J Infect Dis. 1997; 176:1590–1596. PMID:
9395372

29.

Omar SA, Adagu IS, Warhurst DC. Can pretreatment screening for dhps and dhfr point mutations in
Plasmodium falciparum infections be used to predict sulfadoxine-pyrimethamine treatment failure?
Trans R Soc Trop Med Hyg. 2001; 95:315–319. PMID: 11491006

30.

Pearce RJ, Pota H, Evehe MS, Ba E, Mombo-Ngoma G, Malisa AL, et al. Multiple origins and regional
dispersal of resistant dhps in African Plasmodium falciparum malaria. PLoS Med. 2009; 6:e1000055.
doi: 10.1371/journal.pmed.1000055 PMID: 19365539

31.

Geiger C, Compaore G, Coulibaly B, Sie A, Dittmer M, Sanchez C, et al. Substantial increase in mutations in the genes pfdhfr and pfdhps puts sulphadoxine-pyrimethamine-based intermittent preventive
treatment for malaria at risk in Burkina Faso. Trop Med Int Health. 2014; 19:690–697.

32.

Coulibaly SO, Kayentao K, Taylor S, Guirou EA, Khairallah C, Guindo N, et al. Parasite clearance following treatment with sulphadoxine-pyrimethamine for intermittent preventive treatment in BurkinaFaso and Mali: 42-day in vivo follow-up study. Malar J. 2014; 13:41. doi: 10.1186/1475-2875-13-41
PMID: 24484467

33.

Bacon DJ, McCollum AM, Griffing SM, Salas C, Soberon V, Santolalla M, et al. Dynamics of malaria
drug resistance patterns in the Amazon basin region following changes in Peruvian national treatment
policy for uncomplicated malaria. Antimicrob Agents Chemother. 2009; 53:2042–2051. doi: 10.1128/
AAC.01677-08 PMID: 19258269

34.

Zhou Z, Griffing SM, de Oliveira AM, McCollum AM, Quezada WM, Arrospide N, et al. Decline in sulfadoxine-pyrimethamine-resistant alleles after change in drug policy in the Amazon region of Peru. Antimicrob Agents Chemother. 2008; 52:739–741. PMID: 18025120

35.

Artimovich E, Schneider K, Taylor TE, Kublin JG, Dzinjalamala FK, Escalante AA, et al. Persistence of
sulfadoxine-pyrimethamine resistance despite reduction of drug pressure in Malawi. J Infect Dis. 2015;
212:694–701. doi: 10.1093/infdis/jiv078 PMID: 25672905

PLOS ONE | DOI:10.1371/journal.pone.0137440 September 14, 2015

9/9

