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Assessing of Pfdhps Gene of Sulfadoxine after Five Years of Seasonal
Malaria Chemoprevention Implementation at Two Rural Sites in Mali:

The Quantitative Method

Hamma Maiga™'?, Robert Morrison', Issaka Sagara’, Jennifer Hume!, Sara Healy!, Mahamadoun H. Assadou’,
Abdoulaye Katile’, Amatigue Zeguime?, Jillian Neal!, Irfan Zaidi! and Patrick E. Duffy!

Abstract

Seasonal malaria chemoprevention (SMC) aims to prevent malaria in
children under 5-year of age and this strategy was implemented in Mali
since 2012. Mass administration of sulfadoxine-pyrimethamine plus
amodiaquine (SPAQ) could potentially generate drug-resistant Plasmodium
falciparum parasites after several years. In this study, we investigated the
mean fraction of resistance gene markers in the drug target of sulfadoxine
Pfdhps among children and adults after 5 years of SMC implementation at
two rural sites in Mali. From June to December 2019 at Doneguebougou
and Bancoumana, data were collected from children under 5 years of age
who received SMC as well as older individuals did not receive SMC. In
Doneguebougou specifically, participants were 5 years and older received
an investigational malaria transmission-blocking vaccine (Pfs230D1-
EPA/ASO1) or a comparator vaccine, and all children received artemether-
lumefantrine before vaccination. Genomic DNA was extracted from filter
paper blood spots and whole blood, then nested PCR was used to amplify
the Pfdhps gene. Sanger sequencing of resistance loci fragments and
deconvolution of chromatograms were used to quantify Pfdhps molecular
marker variants and genotypes 1431V, S436F/A, A437G, K540E, A581G
and A613S/T. A total of 456 children and adults were evaluated in
Doneguebougou (n=202) and Bancoumana (n=254). The mean fraction
of resistance markers was significantly different between smc-group
versus non-smec-group in Doneguebougou, but not in Bancoumana for
Pfdhps at codons 431V and 613S/T. Highest mean fraction was found with
the Pfdhps single mutant 436 A/F and 437G in smc-group as well as in non-
smc-group at both sites. Pfdhps 540E was not found in the Doneguebougou
smc-group. There was no difference in the mean fraction of Pfdhps at all
codons by age category (1-4years, 5-8yrs, 9-18yrs and adults), when data
from both sites were combined. The mean fraction of Pfdhps 540E and
581G were low after five years of SMC implementation, suggesting that
sulfadoxine-pyrimethamine remains an effective antimalarial drug in these
two sites in Mali. Otherwise, sulfadoxine resistance molecular markers in
Bancoumana were as high or higher in the non-smec-group as smc-group.

Keywords: Seasonal malaria chemoprevention, Pfdhps, sequencing,

deconvolution method, Mali

Introduction

In Mali, malaria is the top cause for clinical consultation, as well as
morbidity and mortality in children under 5 years and pregnant women
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[1]. In children under 5 years, almost 80-90% are infected
during the rainy season. Seasonal malaria chemoprevention
(SMC), previously referred to as Intermittent Preventive
Treatment in children (IPTc), is a strategy to control malaria
in children, defined as intermittent administration of full
courses of antimalarial drug treatment during the malaria
season in order to maintain therapeutic drug concentrations
in the blood throughout the period of greatest risk [2]. SMC
currently involves monthly administration of sulfadoxine-
pyrimethamine plus amodiaquine (SPAQ) and is a promising
strategy to reduce the burden attributable to malaria in children
under five. African countries or regions that meet these criteria
are mostly in the Sahel sub-region, where both SP and AQ
currently retain their efficacy against Plasmodium falciparum
[2]. In 2012, the World Health Organization (WHO) issued
a policy recommendation that children aged 3-59 months
living in areas of highly seasonal malaria in the Sahel sub-
region should receive SMC. SMC implementation started in
2012 by Medecin Sans Frontiere projects in Mali and Chad;
in 2013 SMC implementation started in Niger, Senegal, Togo
and Nigeria; and in 2014 in Gambia and Burkina Faso [3-7].
Thirteen countries now have SMC programs, reaching about
20 million children [8].

SMC has been shown to be safe, but as with all new
interventions, safety monitoring must be maintained to ensure
the drugs remain safe. Thus, it is important to strengthen
national safety monitoring systems. In addition, the impact
of SMC on child health must be determined by surveillance
at clinics and hospitals to assess the reduction in the number
of cases of malaria. Although SMC implementation appears
to have contributed to an increase in frequency of molecular
markers of SP drug resistance after two years implementation
in Mali [4, 5, 9]. The overall efficacy of SPAQ may not be
compromised at this stage. Indeed, (i) there has been no
selection of resistance markers to AQ, (ii) there has been
no spread of SP resistance markers in the general parasite
population in the same area, and (iii) the rate of dhps S40E at
baseline is still at 7%, much lower than the WHO threshold
of 50% which is thought to compromise SP efficacy in
Intermittent Preventive Treatment in pregnancy (IPTp)
[7]. However, progress in malaria control has stalled, with
no significant reductions in the number of malaria cases
worldwide in the past 4 years, per WHO World Malaria
Reports in 2018 and 2019 [8, 10]. Furthermore, the spread of
insecticide and mosquito behavioural resistance compromises
malaria control measures such as indoor residual spraying
(IRS) and insecticide-treated nets (ITN) [11]. This is a
potential threat for future control efforts, necessitating new
approaches for malaria control and ultimately elimination.

An example of such an approach includes administration
of SMC in combination with a malaria vaccine (RTS,S) [12].
A vaccine to interrupt malaria transmission (VIMT), which
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aims to disrupt parasite transmission to both humans and
mosquitoes, would be a valuable additional resource in the
fight to eliminate this disease [12, 13]. Transmission-blocking
vaccines (TBVs) are among the tools being developed for use
during pre-elimination and elimination phases, according to
malERA [14], and could be an effective adjunct to vector
control. Compared to vector control interventions, TBVs are
ecologically safer, cost-effective, and readily enable high
coverage of populations. Notably, sexual stages of the malaria
parasite are critical for the generation of parasite genetic
diversity and regulation of parasite virulence, hence the
effects of TBVs on these phenomena also warrant assessment
and monitoring [11]. In addition, the preventive use of SPAQ
decreases the malaria burden in terms of morbidity and
mortality which would also restrict mosquito infection.

Nonetheless, in 2016, SMC implementation expanded
nationally in Mali [15]. Of concern, the WHO has not yet
standardized methods to monitor the effectiveness of this
strategy in a mass campaign. It is essential to establish a
standardized monitoring system to assess the effectiveness
of SMC while also monitoring for potential development of
drug resistance after several years of mass implementation,
and SPAQ could potentially generate drug-resistant
Plasmodium falciparum parasites after several years. One
study found that the prevalence of SP resistance increased
significantly from 1.6% to 7.1% within after 2 years and 7
rounds of SMC implementation in Mali [9]. However, there
was no significant increase of these markers of resistance in
the general parasite population (non-SMC population). The
widespread deployment of SPAQ for SMC could lead to a
selective advantage for more highly resistant parasite variants,
such as the “quintuple” haplotype, and thus a progressive
loss of efficacy. Therefore, it is essential that any large-scale
SMC program should incorporate a resistance monitoring
component. We hypothesize that SMC implementation will
increase the resistance of molecular makers drug resistance
in children population and will extend to the non-SMC
population. This finding will contribute to monitoring the SP
effectiveness and the spread of drug-resistant parasites. In this
study, we investigate the mean fraction (quantitative method)
of Pfdhps after several years of SMC implementation in two
rural sites in Mali.

Materials and Methods
Study sites

This study was performed in Bancoumana and
Doneguebougou villages located 60 km southwest and 30
km northwest of Bamako (capital of Mali), respectively.
Malaria transmission is highly seasonal and intense in both
villages during the rainy season from July to December.
Plasmodium falciparum represented from 93 to 97% of
infecting Plasmodium species, while P. malariae represented
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less than 8%, and P. ovale less than 1% of all malaria
infections [16]. The prevalence of P. falciparum infection in
children less than five years of age varies from approximately
30-50% during the dry season to 75% during the rainy season
(Doumbia S, 2002. Determinants of Semi-Immune State in
an Area of Seasonal Malaria Transmission in Bancoumana,
Mali. Doctoral Thesis. New Orleans: Tulane University).
The major vectors are An. gambiae (approximately
95.5%) and An. arabiensis (approximately 4.5%). Annual
Entomologic Inoculation Rate is > 100 infective bites per
person in Doneguebougou and the Koba River near the village
heavily contributes to the persistence of anopheline mosquito
breeding sites. The mean monthly entomologic inoculation
rate in Bancoumana was 2.8 infectious bites per person with
marked seasonal variations (Bagayoko M, 2000. Application
des Systémes d’Information Géographiques a [’Etude
Micro-Epidémiologique de la Transmission du Paludisme
a Bancoumana (Arrondissement de Sibi, Cercle de Kati).
Probably, the Niger River near the village heavily contributes
to the persistence of anopheline mosquito breeding sites.
Both villages are situated in the sudanian area of Mali. The
climate is hot, with daily temperatures ranging from 19 to
40°C. The annual rainfall, mean Relative Humidity and
Wind Speed wirer 1034.2 mm, 49.5 and 2.2 in both villages,
respectively. Precipitation occurs mainly during the rainy
season from June to October/November, which corresponds
to the period of intense malaria transmission. A population
of approximately 9000 and 2500 inhabitants in Bancoumana
and Doneguebougou, respectively people (a full census was
undertaken, in 200 by the MRTC/DEAP). These two villages
contain facilities built by NIAID/NIH for vaccine trials,
hosting more than 20 years of collaboration between NIH and
the research centers at the University of Sciences, Techniques
and Technologies of Bamako, Mali. Doneguebougou and
Bancoumana have been chosen as a site for testing malaria
vaccines based on examination of malariometric indicators
collected over several transmission seasons (including
infection rates, disease prevalence and incidence, entomologic
inoculation rates (EIRs), and demographic data) and a close
relationship between the MRTC and the community. The
main economic activity of these populations is agriculture
and general income levels are very low. Extended families
generally live together in separate compounds within the
village. SMC was started in both village in 2015. This study
was conducted during the high-transmission season (i.e., July
through December 2019).

Study design

The Laboratory of Malaria Immunology and Vaccinology
(LMIV) was commissioned in 2009 to conduct basic and
applied research relevant to malaria immunology and vaccine
development, to pursue novel vaccine concepts, to produce
prototype malaria vaccines, and to conduct early-phase
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clinical trials of promising vaccine candidates in Mali. The
LMIV’s overarching goal is to develop malaria vaccines that
will reduce severe disease and death among African children
and pregnant women and will eliminate malaria from low-
transmission areas of the world. It has an organizational
structure that encompasses both basic discovery and product
development within a small, integrated team. Discovery
sections within LMIV conduct basic research on malaria
pathogenesis and immunology, with an emphasis on studies
in humans who are naturally or experimentally infected
with malaria parasites. It has completed a Phase 1 study of
TBV candidate Pfs230D1M-EPA/ASO1 in adults (NIAID
Protocol #17-1-N006); results indicate that the vaccine is
safe, tolerable, immunogenic, and provides high and durable
transmission-blocking activity. These initial results suggest
that Pfs230D1M-EPA/ASO1 can be employed in a community
wide trial to evaluate its efficacy to reduce malaria infections in
the community in Doneguebougou. LMIV is now conducting
a Phase 2 age de-escalation community trial to ensure the
vaccine is safe to administer to children and efficacious
in family groups. This Phase 2 study will first determine
safety and tolerability of Pfs230D1M-EPA/ASO1 in healthy
Malian children of decreasing ages: 9-18 years old, followed
by 5-8 years old. Children recruited from compounds/
families are enrolled in a staggered manner to receive either
Pfs230D1M-EPA/ASO1 vaccine or comparator, as assigned
by block randomization. For this reason, in 2019, children
under 5 years old did not receive this vaccine but did receive
Artemether-lumefantrine (Coartem®) in Doneguebougou.

Samples collection

Samples for molecular analysis were collected from
participants of the Doneguebougou and Bancoumana health
centers. In Doneguebougou the participant aged 5 to up
received 3 doses of vaccine or comparator from April to Jun
and all children aged from 5 to 18 years received one dose
of artemether-lumefantrine in July. In Bancoumana children
less than 5 years received seasonal malaria chemoprevention
and other participants did not vaccine. During a high malaria
transmission, children and adults presenting with fever
(axillary temperature > 37.5 °C) or history of fever during
the previous 24 hours were tested for malaria. The presence
of Plasmodium falciparum was initially investigated by a
rapid diagnostic test (HRP2 SD Bioline®) then confirmed and
quantified by microscopy on Giemsa-stained blood smears.
The recruitment period extended from July to December
2019. After obtaining informed consent from parents or
guardians, 1 ml of venous blood was collected in EDTA
anticoagulant tubes among participant up to 5 years among 5
years aged to older and filter paper among children under five
years in Doneguebougou. In Bancoumana, filter paper was
collected among all participants. Parasitized blood samples
were stored frozen at — 80 °C until analysis.
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DNA extraction, PCR and Sequencing

QIAamp DNA blood kit has served to genomic DNA
extraction and the measurement of the concentration and
purity of DNA was achieved using a NanoDrop2000 UV. The
final elute was 50 ul and 100ul for Dried blood spots (DBS)
and whole blood DNA extraction, respectively. Pfdhps
sequences, genes containing mutations 1431V, S436A/
F/H, A437G, K540E, A581G, and A613S/T (previously
associated with parasite responses to sulfonamide) were
amplified by nested PCR using previously published primers
[17]. Briefly, for the first round of PCR, 0.5 for each primer,
Master mix hot-Taq 12.5 pl and 5 pl of DNA in a total
volume of 25 pl completed by nuclease-free water was run
under the following cycling conditions: 94 °C for 3 min then
30 cycles at 94 °C for 30 s, 55 °C for 30 s and extension at 65
°C for 1 min and final extension at 65 °C for 5 min. For the
second round of PCR, a total volume of 50 ul made of 19 pl
nuclease-free water, 0.5 for each primer, Master mix hot-Taq
25 pl and 5 pl of DNA was run under the following cycling
conditions: 94 °C for 5 min then 30 cycles at 94 °C for 30
s, 60 °C for 30 s and extension at 65 °C for 1 min and final
extension at 65 °C for 5 min. PCR products for both genes
were purified by Qiagen kit and concentration was measured
using a NanoDrop2000 UV. The same primers were sent for
cycle-sequencing. Cycle sequencing followed the standard
BigDye3.1 dye terminator protocol (AppliedBiosystems)
on an MJ-Thermocyler. Sequencing reactions were cleaned
on Sephadex G10 columns and analysed on an ABI3130xl
Genetic Analyser. Sanger sequencing of resistance gene
fragments and deconvolution of chromatograms to quantify
molecular marker variants were used to genotype Pfdhps
[18]. We further filtered the dataset to exclude samples
exhibiting either a low fraction of genotype bases because of
low sequencing coverage or SNP sites exhibiting a call rate
of less than 10% in the remaining samples and/or a minor
allele frequency of less than 10%. Samples were excluded
from the log sheet if they exhibited calls for fewer than 90%
of the SNP loci matching the criteria just described. DNA
sequencing analysis of the Pfdhps fragment was carried out to
detect mutations at codons 431, 436, 437, 540, 581 and 613.

Statistical analysis

This was an exhaustive study. All the confirmed malaria
cases detected during the study period in the reference site
(Doneguebougou) were collected and the same number were
taken in Bancoumana site. At each site we have two groups,
the smc-group defined by children under 5 years of age who
received seasonal malaria chemoprevention (SMC) and non-
smc-group that is defined by the children and adults did not
receive smc drugs. Wilcoxon Rank Sum test with a continuity
correction was used to compare the mean fraction of Pfdhps
mutations at codons 1431V, S436F/A, A437G, KS540E,
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A581G and AG613S/T between smc-group versus non-
smc-group in each site. Statistical analysis was performed
using R® software version 4 and the significant p-value was
inferior to 0.05.

Ethics

Trial protocol (19-1-N086/N°2019/10/CE/FMPOS; 21
March 2019) was approved by ethics committees of the US
National Institutes of Health (Bethesda, MD, USA), Faculte
de Medecine et d’Odonto-stomatologie, and Mali Ministry
of Health (Bamako, Mali). Studies were conducted with the
US Food and Drug Administration (FDA) Investigational
New Drug Application. This study was registered
with ClinicalTrials.gov (NCT03917654). Before the study
was started. overall community and local authorities'
permission were also obtained in addition to parent or
guardian informed consent.

Results
Study characteristics

DNA was extracted from 456 samples, 148 from children
under five years of age and 308 from individual aged from
5 to 65 years. The samples were positive for Plasmodium
falciparum parasites (Figure 1). The total sample in
Doneguebougou and Bancoumana were 202 and 254 with (57
and 91) for smc-group and (145 and 163) for non-sme-group,
respectively. The mean parasitemia of the participants under
S-year age group (999.41 ul/mm?®) was higher than the mean
parasitemia in the 5 to older of age group (385.40ul/mm?),
p=0.003 (Data not shown).

Mean fraction of sulfadoxine resistance markers in
Doneguebougou and Bancoumana

Eight amino acid variants were commonly found encoded
in the Pfdhps gene at the six codons of interest: 1431V,
S436F/A, A437G, K540E, A581G, A613S/T in the Figure
2 and Figure 3. In addition, two novel Pfdhps mutations
were discovered at low prevalence in Bancoumana: D484T
(0.35%), D545N (0.27%) in smc-group and D545N (0.17%)

N=456

|
Bancoumana
n=254

Age >=5yrs
n=163

[
Doneguebougou
n=202

Age >=5yrs
n=145

Age <5yrs
n=57

Age <Syrs
n=91

Figure 1: Study profile
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in non-smc-group (Table not shown). The mean fraction of
mutant S436F/A and A437G were presents at high frequency
in smc-group and in non-smc-group in Doneguebougou
(47.3% vs. 47.0%, p=0.78 and 76.8% vs. 69.0%, p=0.33)
and in Bancoumana (42.5% vs. 40.0%, p=0.58 and 74.6% vs.
81.7%, p=0.27), respectively. The Pfdhps K540E and A581G

100 100
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mean fraction of dhps431V
=y
mean fraction of dhps436F/A
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100
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mean fraction mutations were lower observed and similar
in smc-group versus non-smc-group in Doneguebougou
(0.0% vs. 2.7%, p=0.12 and 6.8% vs. 3.5%, p=0.15) and
in Bancoumana (0.5% vs. 3.3%, p=0.37 and 1.6% vs.
3.7%, p=0.14), respectively. However, the mean fraction of
resistance markers was significantly differed between smc-

mean fraction of dhps437G

0

mean fraction of dhps540E
mean fraction of dhps581G

25 25

-

0 0
( A’ non-sme-group Smc-group /g non-sme-group sme-group ( C non-sme-group sme-group
A \u} A4
100 100 100
75 75

non-sme-group

=1
S

o1
S

mean fraction of dhps613S/T

no
(3]

il

non-smc-group

0
smc-group ( F’

Smc-group

— 0
D > non-sme-group Smc-group ( F‘)
j—g

/

Figure 2: Mean fraction of resistance allele at DHPS codons 431, 436, 437, 540, 581 and 613 in Doneguebougou
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group versus non-smc-group in Doneguebougou and not in
Bancoumana, respectively, for Pfdhps 431V (5.8% vs. 0.6%,
p=0.01 and 4.3% vs. 4.2%, p=0.84), or for Pfdhps 613S/T
(18.0% vs. 4.5%, p=0.001 and 7.1% vs. 12.7%, p=0.15).
There was no difference in the mean fraction of Pfdhps at

100

75

50

mean fraction of dhps431V

25

(/_IA) non-sme-group smc-group

100

75

mean fraction of dhps436F/A
w
&

o
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all codons by categories age (1-4yrs, 5-8yrs, 9-18yrs and
adults), p>0.05, respectively, when data were combined from
Doneguebougou and Bancoumana in Figure 4. And the high
level of mean fraction was observed in Pfdhps at codon 437G
and low level in Pfdhps at codon 540E.
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Figure 3: Mean fraction of resistance allele at DHPS codons 431, 436, 437, 540, 581 and 613 in Bancoumana
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Discussion

This study is the first to report the mean fraction of
molecular markers of resistance to sulfadoxine across Mali
sites in sub—Saharan Africa as they implement seasonal
malaria chemoprevention (SMC). It is also the first study to
report the presence of Pfdhps in vaccine sites considered as
control malaria areas in Mali. In this study, we focused on
the Pfdhps-540E mutation, which, combined with Pfdhps-
436F/A or Pfdhps-437G, and Pfdhps-581G confers resistance
to sulfadoxine—pyrimethamine. The aim of this study was
to provide an overview of molecular marker drug resistance
of SMC to prevent malaria morbidity in children less than
5 years and to measure the impact of this strategy on the
participants did not receive sulfadoxine/pyrimethamine plus
amodiaquine (SPAQ). In Doneguebougou and Bancoumana,
malaria endemic areas, the molecular markers of Pfdhps S40E
and 581G were low and still absent after five years of SMC
implementation, suggesting that sulfadoxine-pyrimethamine
remains an effective antimalarial drug in these two sites in
Mali. We found that SMC has evidence increased of the mean
fraction of resistance alleles of Pfdhps at codons 436F/A and
613S/T in SMC participants than participants did not receive
SMC. We also found that sulfadoxine resistance molecular
markers were as high or higher in the non-smc-group as
smc-group in Bancoumana site only. In both sites, the mean
fraction of drug resistance was higher in Pfdhps at codons
436F/A and 437G. At end the drug resistance molecular
marker of Pfdhps at all codons was similar by category
age (1-4years, 5-8yrs, 9-18yrs and adults) when data were
combined from both sites.

We used the relatively novel approach of deconvolution
to quantitatively determine the fraction of resistance alleles
in individual samples at multiple SNPs in Plasmodium
falciparum dihydropteroate synthase (Pfdhps) [18]. We found
that resistance alleles at codons at Pfdhps 437G was closed
to saturation in parasite samples from Doneguebougou and
Bancoumana in smc-group and non-sme-group. By contrast,
the mean fraction of parasites carrying the resistance allele at
Pfdhps at codons 540F and 581G were considerably lower in
both sites. Interesting these fractions were similar in parasite
samples from participants did or did not use SMC. We also
found that smc-group that used SMC harbored a significantly
higher fraction of parasites with the resistance alleles of Pfdhps
at codons 436F/A and 613S/T, suggesting selection for more
highly drug-resistant parasites in Doneguebougou. We have
not found any difference of all fractions of parasites with the
resistance allele in Bancoumana and these data suggesting the
extension of resistance from smc-group to non-smec-group.
This last step in selection may have clinical relevance, since
in vivo studies have demonstrated an association between
treatment failure among children and adults and the mutant
alleles at codons 540E and 581G [19, 20]. SP is currently
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used for intermittent preventive treatment (IPTp) of women
in the last two trimesters of pregnancy in Mali since 2004
[15]. SP as IPTp is known to provide some benefit despite the
presence of high level of the Pfdhps 540E. However, a study
on effectiveness of SP in preventing low birth weight caused
by malaria in pregnancy reported that when the estimated
prevalence of this quintuple mutation at Pfdhfr-dhps reaches
50%, then the effectiveness of SP for IPTp is compromised
[21]. And, WHO recommended the replacement of SP as
IPTp when the quintuple mutant parasites exceed 50%. Also,
WHO recommended the SP-IPTi where parasite resistance to
SP is not high — defined as a prevalence of the Pfdhps S40E
mutation of under 50% [22].

The SMC selection for resistant parasites is not surprising,
given that single dose SP treatments increased the prevalence
of resistance alleles in children [23-25]. However, our data
based on Pfdhps 436F/A and 613S/T of Doneguebougou
confirmed this effect in children, as was observed in African
children receiving SMC [5, 9, 26]. In contrast the mean
fraction of Pfdhps 540E was not found in Doneguebougou
after 5 years of SMC implementation. In both sites we did
not find the difference of resistance molecular markers from
smc-group compared to non-smc-group that suggests the
evidence extension of these markers to older population. This
result harbor of the other results from Africa but not with
one Malian study implemented in the high seasonal malaria
transmission which the molecular marker of SP resistance
were high significant compared to the non-smc population
[9]. The high level of Pfdhps 436F/A and 437G was similar in
many smc implemented studies in Africa [4, 5,9, 17,27]. The
mean molecular markers of resistance to SMC drug (Pfdhps
540E and 581G) occurred at low prevalence, consistent with
the effectiveness of SMC observed in other studies [9, 26, 28].
However today, there was evidence of selection for resistance
to sulfadoxine in parasites sampled from the age group that
did not receive SMC but lived in areas where SMC was
deployed. Our study was similar with ACCESS-SMC study
[28]. Resistance to the sulfadoxine—pyrimethamine should
continue to be monitored via standardized methods, across
all regions where SMC is used, to provide early warning of
loss of effectiveness.

Our data showed that mutations associated with
Sulfadoxine resistance were rare in the Sahel region of Mali.
The finding of high prevalence of the Pfdhps 437G synonym
of “quadruple mutant” variant genotype comprising this drug
and was consistent with previous reports [19] which may
reflect the long history of usage of SP as IPTp. Thus, although
our data suggested there is no imminent threat to SMC
efficacy in our study, the presence of all the genetic elements
for full-blown resistance to the main drug (SP) highlights the
need for careful monitoring of resistance markers. Efficacy
could deteriorate quickly under strong selective pressure;
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an example in a more recent SPAQ effectiveness study in
Mali, a four-fold increase in Pfdhfr-dhps quintuple mutation
was reported within eight months after the last dose of SMC
compared to the baseline [9]. Another study from Sahel of
Africa have shown the same result [28]. Also, the prevalence
of the double Pfdhps mutation (437G and 540E) increased
one year after a switch to first line SP in Tanzania [29].

Not surprising, we did not find Pfdhps 540E in
Doneguebougou compared to Bancoumana. In a previous
study in Mali, Pfdhps 540E was reported in district of
Koutiala and Kita, where a four-fold increase in the quintuple
mutant genotype was observed after seven rounds of SMC [9,
30]. The Pfdhps 540E was reported in Segou after two years
of SMC implementation, where they found two individuals
harboring parasites with this mutation at baseline [28].
Also, Pfdhps 540E was reported in Dangassa with intense
seasonal malaria transmission while Nioro-du-Sahel has
an unstable and short seasonal malaria transmission where
SMC was implemented several years [31]. Other Malian
researchers found 540E mutation in Siby, Ouelessebougou
and Djioliba after two-year pilot SMC implementation [5],
but one study did not find Pfdhps 540E. Studies in south
Niger were previously reported absence of Pfdhps 540E, but
this mutation was observed in Gaya [32]. The Pfdhps 540E
was previously reported in Burkina Faso in Nanoro region
[33] and in Boussé health district, Kourweogo province [34],
North Burkina Faso (Koupéla) though they did not find any
in Koupela, Eastern Burkina Faso and in the district of Lena,
southeastern of Burkina Faso [26]. In Nanoro region, SP has
been freely available for malaria treatment through clinics
run and this high level of drug pressure might have led to the
selection of 540E. In Guinea, the Pfdhps 540E was previously
reported in Laine refugee camp, southeast Guinea [35]. Thus,
it is not clear if this important allele may be widespread in
Mali despite very low prevalence. Though such increase in
the mutant genotypes was still lower than the rates observed
in east Africa [36, 37]. We are not observed a similar increase
in Doneguebougou and Bancoumana after several rounds of
SMC in subsequent malaria seasons.

The two Pfdhps mutations 581G and 613S/T, which
are thought to enhance resistance to SP in the presence
of quintuple mutation in East Africa, were here found in
Burkina Faso, Chad and Nigeria for the first time [28] and
other sites in Mali [28, 31]. These mutations were more
likely to occur in the presence of Pfdhps mutations to
1431V, S436A and A437G which were high in levels in this
study. It was not clear whether the Pfdhps haplotype had
any role in modulating parasite susceptibility to SP in the
absence of mutant K540E as in the case of Doneguebougou
site. Although still a minor variant, the 581G reached less
than 7% in Doneguebougou and Bancoumana while 613S
reached similar or higher prevalence in West Africa [28].
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As the two Pfdhps mutations 581G and 613S were thought
to increase the resistance to SP in the East African context
[38]. Ascertaining the role of each Pfdhps mutation using the
standard in vitro sensitivity test gave highly variable results
and poor reproducibility and has not been successful possibly
due to de novo folate synthesis which necessitate the use of
folate free costly media [39]. In the absence of reliable in
vitro and in vivo data, careful monitoring of the prevalence
of different Pfdhps mutation combinations after large scale
SMC intervention could give an insight into the relevance of
the different Pfdhps mutations. Our data showed no difference
in the mean fraction mutations associated with SP resistance
between children under 5 years of age and those between
5-8-year, 9—18-year-olds and adults. This was unexpected
as older children were more likely to clear mutant parasites
compared to children under 5 due to difference in immunity
[40]. However, a similar finding was previously reported in
Benin seven years after the introduction of SP as first line of
treatment [41] and recently in West Africa study [28]. This
could change due to a large-scale SMC intervention in the
area since 2012. In Mali, children who received SMC had
higher prevalence of mutations associated with SP compared
to the non-SMC population eight months after SMC and no
significant increase was observed in the non-SMC population
[9]. And a similar observation was observed in the different
studies in Mali and Burkina Faso [5, 26, 34].

The molecular markers prevalence data reported here
will provide a crucial information for assessing the impact
of a sustained scale-up of SPAQ as a secasonal malaria
chemoprevention in sub-Saharan Africa. Vigilance on these
markers must be accentuated in view of the increase in these
markers in the non-SMC population. It will compromise
intermittent preventive treatment (IPTp) in pregnant women
in countries where SP is used as IPTp but also increase
the risk of respiratory infections in children who will use
Cotrimoxazole as treatment and the prevention of opportune
HIV infections among the immunosuppressed. One of the
limitations in our study was to use the different method to
study the molecular marker for better comparison, second, we
have not studied the molecular markers of pyrimethamine and
amodiaquine. As we know the effectiveness of SPAQ as SMC
in sub-Saharan Africa may not be immediately threatened not
only because of the low level of quintuple mutant genotype
but also due to low prevalence of Plasmodium falciparum
chloroquine resistance transporter (Pfcrt) and Plasmodium
falciparum multi drug resistance 1 (Pfimdrl) mutations
associated with Amodiaquine (AQ) resistance. In addition,
the effect of SMC drugs on the spread of SP and AQ resistant
mutations and in turn on the loss of effectiveness of SPAQ is
still unclear. Third, the baseline data is not evaluated in this
study.
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Conclusions

The mean fraction of Pfdhps 540E and 581G were low
after five years of SMC implementation, suggesting that
sulfadoxine-pyrimethamine remains an effective antimalarial
drug in these two sites in Mali. Otherwise, sulfadoxine
resistance molecular markers of Bancoumana were as high
or higher in the non-smc-group as smc-group. These data
should be complemented by periodic nationwide molecular
surveillance to detect emergence of resistant genotypes.
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