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Despite efforts to control malaria, the disease remains a major public health problem, especially in Cote
d'lvoire, where it is the leading cause of morbidity. One of the factors limiting the efficacy of treatments is the
emergence and spread of Plasmodium falciparum resistance to antimalarial drugs, including artemisinin-
based combinations. This study aimed to determine the prevalence of resistance markers in the Pfmdrl and
Pfk13 genes in Cdte d'lvoire. Samples were collected from October 2021 to August 2022 from individuals who
presented a thick drop positive for Plasmodium falciparum at Man, San-Pedro, and Abengourou. Plasmodial
DNA was extracted using the ZYMO Quick DNA kit, followed by nested PCR amplification and Sanger
sequencing. Of the 300 samples, successful sequencing rates were 91% (273/300) for Pfmdrl and 86.3%
(259/300) for Pfk13. Analysis of sequencing data showed a high prevalence of the Pfmdrl 184F mutation
(60.22%), while the 86Y mutation was infrequent (1.9%). For the Pfk13 gene, no mutations associated with
resistance to artemisinin derivatives as observed in Southeast Asia were detected. However, 14 mutations
were identified (5.4%); of which 8 were synonymous mutations (3.1%) and 6 were non-synonymous mutations
(2.3%). This study shows a decrease in the prevalence of mutant allele 86Y and a high prevalence of mutant
allele 184F of the Pfmdrl gene. For the Pfk13 gene, no known artemisinin resistance-conferring mutations
were observed. Their high frequency could compromise the long-term effectiveness of currently
recommended treatments. In terms of research, these results call for continued molecular surveillance to
prevent the emergence of new resistance. From a policy perspective, this situation requires regular
reassessment of treatment protocols.
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INTRODUCTION

Malaria remains a major public health problem in the
world, especially in sub-Saharan Africa. Progress in
global malaria control has stagnated for some years, and
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business-as-usual approach will only further distance
countries and their development partners from the goals
they had set themselves (WHO, 2023). According to the
WHO report, there were 263 million cases and 597,000
deaths in 2023. Nearly 76% of malaria deaths occurred
in children under 5. Africa continues to pay the highest
price. In 2023, it recorded 94% of the total number of malaria
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cases (246 million cases) and 95% of deaths (569,000
deaths). (WHO, 2024).

Because of the recurring phenomenon of resistance to
antimalarial drugs for more than 20 years, most countries
where Plasmodium falciparum malaria is endemic have
gradually updated their treatment policies, switching from
chloroquine, sulfadoxine-pyrimethamine and amodiaquine
(which have had several therapeutic failures) leading to the
currently recommended artemisinin derivative (ACT)
combinations (WHO, 2015). The ACT has been adopted
worldwide as a first-line treatment for uncomplicated
Plasmodium falciparum malaria (WHO, 2022).

ACTSs have been successful in reducing the global malaria
burden; however, the emergence and spread of partial
resistance to artemisinin threatens their effectiveness
(WHO, 2022). Indeed, Plasmodium falciparum adapts more
and continues to develop resistance, even against
therapeutic combinations based on artemisinin derivatives.
For more than a decade, studies have shown that
Plasmodium falciparum can also develop forms of
resistance, even to ACTs. Partial artemisinin resistance,
characterized by the delayed elimination of the parasite
from the bloodstream after artemisinin treatment, is
prevalent in the Greater Mekong sub-region of Southeast
Asia (WHO, 2018). However, WHO recently confirmed the
presence of partial resistance to artemisinin in Rwanda
(Uwimana et al., 2020), the United Republic of Tanzania,
and Eritrea (WHO, 2024).

Several molecular markers of antimalarial resistance have
been studied, in particular the Pfmdrl and Pfk13 genes for
CTA resistance. The Pfmdrl gene codes for a glycoprotein
and is involved in resistance to several antimalarials such
as amodiaquine, lumefantrine, mefloquine, etc. N86Y
mutation points, Y184F, S1034C, N1042D, and D1246Y are
involved in the resistance of the Pfmdrl gene to
antimalarials. The Pfk13 gene is involved in resistance to
artemisinin derivatives. Several mutations are associated
with partial resistance of Plasmodium falciparum, but to
date, thirteen mutations are currently validated by the WHO
as being related to artemisinin resistance. These are
F4461, N458Y, C469Y M476l, Y493H, R539T, 1543T,
P553L, R561H, P574L, C580Y, R622] and A675V. Some
of these changes have been observed recently in Africa,
specifically in Rwanda, Eritrea, Ghana, Ethiopia,
Uganda, Mali and Tanzania (Baina et al., 2024). In Céte
d'lvoire, none of these mutations has yet been observed
(Konaté-Touré et al., 2024). This study aims to determine
the prevalence of molecular markers of resistance in the
Pfmdrl and Pfk13 in Céte d'Ivoire.

MATERIAL AND METHOD

Site and period of study

This is a cross-sectional study that took place from
October 2021 to August 2022. It was carried out in three

localities of the Ivory Coast, namely Man, San-Pedro,
and Abengourou.

Man is a city located in the west of the Ivory Coast, 658.8
km from Abidjan. The average temperature in the
coldest month (August) is 24.8°C, the average
temperature in the warmest month (March) is 28.5°C,
and the average annual rainfall is 1500 mm. Sample
collection took place at the Regional Hospital Centre of
Man.

Located 368 km from Abidjan, the city of San-Pedro is in
the southwest of the Ivory Coast. The rainfall in San-
Pedro is much greater in June. Over the years, the
average temperature in San-Pedro is 26.6°C and
precipitation averages 902.2 mm. Sample collection took
place at San-Pedro General Hospital.

Abengourou is located in eastern Cote d'lvoire, 210 km from
Abidjan. During the year, the temperature generally ranges
from 20 to 35°C is rarely below 16°C or above 38°C, and
rainfall averages 826.4 mm. Sample collection took place at
the Abengourou Regional Hospital Centre.

These sites are being studied because of their high
transmission rates throughout the year, but also because of
their geographical, ecological, and epidemiological
diversity. The molecular analyses were carried out at the
Malaria Research and Control Center.

Study sites are shown in Figure 1.
Study population and inclusion criteria

The study population consisted of patients regardless of sex
or age who came to the different health centers in Man, San
Pedro, and Abengourou for suspicion of simple malaria.
Patients with a temperature of 37°C or higher and P.
falciparum mono-infestation with thick droplets and blood
smear were included in this study.

Collection of samples

Two to three microlitres of venous blood were taken from an
EDTA tube from each patient confirmed for malaria by
microscopic examination. Three 25 pL blood spots were
placed on Whatman 3 MM filter paper and then dried at
room temperature, protected from dust and insects, for 24
to 48 hours. The samples were then transported to the
National Institute of Public Health’s Malaria Control and
Research Centre for molecular analysis.

Extraction of plasmodial DNA and detection of
polymorphisms of Pfmdrl and Pfk13

DNA was extracted using the ZYMO DNA® kit following the
manufacturer’s protocol and stored at -20°C.

The genes were amplified by nested PCR. The
MDR1_PCR1_F/MDR1 PCR1 R and
MDR1_PCR2_F/MDR1_PCR2_R primers for the Pfmdrl
gene and the K13_PCR_F/K13 PCR_R and
K13 N1 _F/K13_N1_R primers for the Pfk13 gene were
used, respectively, for the first and second PCR (Table 1).
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Figure 1. Map of Cbte d’'lvoire with study site (source: CNTIG, 2020).

Table 1: Priming sequences for the amplification of Pfmdrl and PfK13 genes.

Primers Nucleotide sequences Genes
MDR1_PCR1_F 5-AGAGAAAAAAGATGGTAACCTCAG- 3’

MDR1_PCR1_R 5-ACC-ACA-AAC-ATA-AAT-TAA-CGG- 3

MDR1_PCR2_F 5-TTTGTATGTGCTGTATTATCAGG- 3 Pfmdr-1
MDR1_PCR2_R 5-GTA-ATA-CAT-AAA-GTC-AAA-CGT-GC- 3’

K13_PCR_F 5- CGGAGTGACCAAATCTGGGA - 3’

K13_PCR_R 5- GGGAATCTGGTGGTAACAGC - 3

K13_N1_F 5- GCCAAGCTGCCATTCATTTG - 3’ PfK13
K13_N1_R 5- GCCTTGTTGAAAGAAGCAGA - 3

The first PCR was performed in a volume of 25 L. For each
amplification, the mixture contained 12.5 pL of the 2X
Master Mix with Standard Buffer (NEW ENGLAND BiolLabs
Inc.) enzyme mix containing dNTP, 10X buffer, MgClI2, and
buffer, as well as two commonly used tracking dyes for DNA
gels; 0.5 pL of each gene-specific primer at 10 uM each,
and 6.5 yL of DNase/RNase-free water. Five microlitres (5
pL) of P. falciparum DNA extract were added to the reaction
mixture. The mixture was placed in a SimpliAmp TM 96-well

plate thermocycler (Thermo Fischer Scientific, Waltham,
MA, United States) according to the following amplification
program: initial denaturation at 95°C for 15 min, followed by
30 cycles of denaturation at 92°C for 30s, hybridization at
58°C for 2 min and extension at 72°C for 2 min. Finally, a
terminal extension at 72°C for 10 min.The second PCR was
performed in a volume of 50 pyL. The mixture for each
amplification contained 25 pL of 2X Master Mix with
Standard Buffer (NEW ENGLAND BioLabs Inc.) enzyme
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Table 2: Socio-demographic and microscopic characteristics of patients.

Man n (%) San-Pedro n Abengourou n Total n (%) p-value
(%) (%)
Sex
Male 51 (17) 50 (16,67) 35 (11,67) 136 (45,33)
Female 49 (16,33) 50 (16,67) 65 (21,67) 164 (54,67) 0,036
Age group
<5 56 (18,67) 54 (18,00) 46 (15,33) 156 (52)
[5-14] 32 (10,67) 23 (7,67) 15 (5) 70 (23,33) 2.e7°
215 12 (4) 23 (7,67) 39 (13) 74 (24,67)
Parasite density
Mean 45035,6 16044,06 11488,78 24189,48+
26653,11

mix containing dNTP, 10X buffer, MgCI2, and buffer, as
well as two commonly used tracking dyes for DNA gels;
1 pL of each gene-specific primer at 10 uM each, and 18
pL of DNase/RNase-free water. Five microliters (5 yL) of
P. falciparum DNA extract were added to the reaction
mixture. The mixture was introduced into the same
SimpliAmp TM 96-well plate thermocycler (Thermo
Fischer Scientific, Waltham, MA, United States)
according to the following amplification program: initial
denaturation at 95°C for 15 min, followed by 40 cycles of
denaturation at 92°C for 30s, hybridization at 60°C for 1
min and extension at 72°C for 1 min. Finally, a terminal
extension at 72°C for 10 min. The amplification products
were visualized by electrophoresis on a 1.5% agarose
gel. Subsequently, all samples that were successfully
amplified were sent for sequencing.

Sequencing and sequence analysis

The successful PCR amplification products were
sequenced by the Sanger method by BGI Tech®. The
sequences were analyzed by alignment with BioEdit TM
software. Identification involved the detection of codons
of interest 86, 184 of the Pfmdrl gene. For the Pfk13
gene, the analysis also looked at all codons involved in
resistance to artemisinin derivatives identified in South-
East Asia, as well as other mutations using the reference
strain.

Statistical analyses

The data was entered with the Epi-Info software and
analyzed with R version 4.3.2. The different parameters
were compared using the chi square test, and all
differences were considered significant at p < 0.05. The

analysis of Pfmdrl and Pfk13 gene polymorphism was
performed by identifying wild-type and mutant alleles
present at specific loci.

Ethical considerations

The National Committee has approved this study for
Ethics in Life and Health Sciences (CNESVS) under ref.
255/MSHPCMU/CNESVS-km. All participants gave free
and informed consent before inclusion in the study.

RESULTS
Socio-demographic and microscopic patient data

A total of 300 Plasmodium falciparum positive samples
were analyzed in this study. The patients' ages ranged
from 2 months to 70 years, and the mean age was 11.32
years with a standard deviation of 15.15 years. Parasite
densities ranged from 250 to 200,000 trophozoites/pL of
blood, with mean densities of 45035.6, 16044.06, and
11488.78/uL of blood, respectively, in Man, San-Pedro,
and Abengourou (Table 2).

Polymorphisms of Pfmdrl

Of the 273 amplified samples, 269 were successfully
sequenced. The mutant allele Y184F was predominant,
while the N86Y mutant allele was infrequent. Five mutant
alleles 86Y (1.9%) and 162 mutant alleles 184F (60.22%)
were observed in this study (Figure 2). A significant
difference was observed between the prevalence of the
184F mutant allele and the prevalence of the Y184
sensitive allele (p=0.022).
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Figure 2: Prevalence of the N86Y and Y184F alleles of the Pfmdrl gene.

Table 3: Synonymous and non-synonymous mutations of Pfk13.

Type of mutation Codon Reference AA Mutant AA Frequency
nucleotide nucleotide (%)

441 cca P cce P 1(0,4)
478 acc T acg T 1(0,4)
595 ggt G ggc G 1(0,4)
469 tgc C tgt C 1(0,4)

Synonymous 666 gta Vv gtc \% 1(0,4)
667 cca P cce P 1(0,4)
687 gga G ggt G 1(0,4)
690 ggc G ggt G 1(0,4)

Non synonymous 522 agt S tgt C 1(0,4)
532 tgt C tct S 1(0,4)
578 gct A tct S 2(0,8)
602 gaa E gat D 1(0,4)
621 gct A tct S 1(0,4)

AA: amino acid AA:

Polymorphisms of Pfk13

Of the 259 samples that were successfully amplified, the
entire K13 gene domain was successfully sequenced for
254 samples with a mono-infestation of P. falciparum. No

mutations associated with artemisinin resistance, as
seen in Southeast Asia, were observed. On the whole
fragment of the Pfk13 gene ranging from codon 432 to
705, 14 mutations were found in 13 isolates, including 5
non-synonymous mutations and 8 synonymous mutations.
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Specific mutations were observed at the codons listed in
Table 3.

DISCUSSION

Molecular markers like Pfmdrl and Pfk13 are crucial for
monitoring drug resistance in malaria control to identify
mutations and guide treatment policies for malaria. The
ACTs have been adopted as a first-line treatment in Cote
d'lvoire since 2007, and to date, resistance has not yet
been confirmed. This study aims to evaluate the
prevalence of N86Y and Y184F mutant alleles of the
Pfmdrl gene and the Pfk13 gene.

The Pfmdrl gene contributes to a multigenic resistance
profile through mutations in different codons. Analysis of
mutations in the N86Y, Y184F, and D1246Y codons
were associated with 4-aminoquinoline resistance and
clinical failure to amodiaquine treatment (Venkatesan et
al., 2014). In our study, we studied the simple nucleotide
polymorphisms N86Y and Y184F.

The cessation of chloroquine use and the adoption of
ACTs as first-line treatment led to an increase in the
prevalence of wild-type K76 mutations of the Pfcrt and
N86 and D1246 genes in Africa (Asua et al., 2021,
Wamae et al.,, 2019). The results of this study are
consistent with these observations. Our results are also
similar to those observed by Konaté-Touré et al. (2024),
who found a prevalence of 86Y and 184F mutations of
5.9% and 64.2%, respectively.

The low prevalence of 86Y mutant alleles observed in
this study may simply reflect the relatively common use
of AL. Indeed, some studies have shown that
lumefantrine positively selects the mutant N86 allele in
contrast to amodiaquine, which positively selects the
mutant 86Y allele (Sondo et al., 2016). For example, in
Uganda, AL is the treatment of national choice, and its
widespread use has led to both an increase in the
prevalence and frequency of wild Pfmdrl N86 alleles and
a parallel increase in mutant Pfmdrl 184F alleles. This
was accompanied by a decrease in sensitivity to
lumefantrine and an increase in sensitivity to
aminoquinolines over time (Tumwebaze et al., 2015). In
addition, the infrequent use of AS-AQ as a first-line
alternative treatment for simple malaria in Uganda may
also partly explain this decline in prevalence of mutant
alleles (Achol et al., 2019).

The prevalence of the mutant allele Pfmdrl 184F was
high in our study. This trend was observed in a study
conducted in Abidjan, which revealed a frequency of
57% of this mutant allele (Trebissou et al., 2014). Several
authors have shown that the high frequency of Pfmdrl
184F could indicate increased resistance to piperaquine
(PPQ), especially when associated with the wild-type
allele Pfmdrl N86. Previous studies have established
significant resistance to PPQ in NFD parasites carrying
the haplotype IET in Southeast Asia (Veiga et al., 2016).

In addition, reports indicated that the Pfmdrl 184F
mutation decreased sensitivity to lumefantrine (Leski et
al., 2022). The widespread use of artemether-
lumefantrine (AL) therapy has also led to the selection of
strains containing Pfmdrl Y184F. According to studies,
the Pfmdrl 184F mutation does not directly cause
phenotypic resistance, but it modifies the kinetics of drug
transport, resulting in a decrease in sensitivity. When
combined with the Pfmdrl N86Y and Pfcrt mutations, the
Pfmdrl 184F mutation contributes to resistance. Avci et
al. found in their work that although this mutation is the
most widespread, its presence alone does not directly
affect resistance to antimalarial drugs, which could pose
a risk of relapse (Avci et al., 2024). The role of the
Pfmdrl 184F mutation in drug resistance remains
unclear. Other studies suggest that the use of CQ would
have favoured the selection of various haplotypes of
Pfmdrl at different locations, based on the predominant
alleles of Pfcrt and other genes present in these
populations. An analysis of the genetic diversity around
the Pfmdrl gene could thus provide evidence that
selective scanning has promoted the spread of these
alleles, as shown for Pfdhfr and Pfdhps alleles that are
associated with resistance to the
sulfadoxine/pyrimethamine (SP) combination
(Humphreys et al., 2007).

The study of a molecular marker such as the Pfk13 gene
is crucial for monitoring drug resistance in malaria control
programs. This allows mutations to be detected and
appropriate treatment policies to be adapted (Ikegbunam
et al., 2021). The resistance mechanisms associated
with KELCH are not clearly understood. In Céte d'lvoire,
artemisinin-based therapies have been introduced as
first-line treatment for malaria since 2007 (Konate et al.,
2018), and to date, resistance has not yet been
confirmed. First-line antimalarial drugs administered in
Céte d'lvoire include artemether lumefantrine (AL),
artesunate amodiaquine (ASAQ). Others are commonly
used dihydroartemisinin-piperaquine (DHA-PPQ) and
artesunate-pyronaridine (ASPY) (). In this study, the
Pfk13 gene sequence data of codons 432 to 705 were
studied. No known mutations in the Pfk13 gene
associated with reduced susceptibility of parasites to
ART were identified. However, it is necessary to report
all SNPs observed in this gene because these new
mutations detected could signal the emergence of drug
resistance, especially when the molecular markers of
resistance in Africa have not yet been revealed (Matrevi
et al., 2022).

Pfk13 single-nucleotide polymorphisms (SNPs) that are
related to delayed parasite clearance after treatment with
ACTs are now widespread in Southeast Asia (WHO,
2022). Until recently, they had not been a problem on the
African continent (Bwire et al., 2020). Validated SNPs
used as molecular markers to predict clinical treatment
outcomes and track partially artemisinin-resistant malaria
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parasite strains include F4461, N458Y, C469Y, M476l,
Y493H, R539T, 1543T, P553L, R561H, P574L, C580Y,
R622l, and A675V (WHO 2018). Recent studies have
demonstrated the emergence of novo and clonal
expansion of the Pfk13 R561H mutation in some East
African countries, notably Rwanda and Tanzania (Bwire
et al., 2020; Uwimana et al., 2020).

Thirteen SNPs were detected at low frequency in this
study, of which eight were synonymous mutations and
five were non-synonymous mutations. The Ab578S
mutation, the most common Pfk13 gene in Africa, was
observed in two isolates. This mutation is particularly
prevalent in Uganda, Kenya, and the Republic of the
Congo (Ménard et al., 2016), as well as on the Ivory
Coast (Konaté-Touré et al., 2024). However, it is
important to note that A578S is not associated with
partial resistance to either clinical or in vitro artemisinin
(Ménard et al., 2016). The S522C mutation observed in
this study has already been described in several African
countries, specifically in Gabon, the Democratic Republic
of the Congo, the Central African Republic, Kenya, and
Togo (Ménard et al., 2016) and in Céte d’lvoire (Konaté-
Touré et al., 2024). Some studies in Africa have revealed
mutations in P. falciparum parasites even before the
introduction of ACTs in malaria treatments, such as
E602D in Cote d’lvoire (Djaman et al., 2017) and Y588C,
E556K (Leang et al., 2015). E602D was also observed.
The observed A621S and C532S mutations are not
involved in decreased sensitivity to artemisinin
derivatives.

The high prevalence of the mutant allele of the Pfmdrl
gene observed in Cote d'lvoire suggests continuous drug
selection pressure. This could gradually reduce the
effectiveness of currently recommended ACTs by
selecting resistant strains and promoting treatment
failure. As for the Pfk13 gene, the non-synonymous
mutations observed could be precursors of emerging
resistance to artemisinin derivatives in Africa.

Although this study provides valuable data on the
prevalence of mutations associated with antimalarial
resistance, it has certain limitations related to
geographical scope, the absence of clinical data, and the
lack of functional analyses.

CONCLUSION

More than a decade after the introduction of ACTs in
Céte d'lvoire, the present study showed a significant
decrease in the prevalence of mutant allele 86Y and a
high prevalence of mutant allele 184F in isolates of P.
falciparum for the Pfmdrl gene. For the Pfk13 gene, no
known mutations that confer resistance to artemisinin
derivatives were observed. These findings underscore
the need for ongoing molecular surveillance to inform
malaria treatment policies in Cote d'lvoire and prevent
the emergence of new resistance.
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Functional studies of these non-synonymous mutations
are necessary because they could represent emerging
local forms of resistance. These results highlight the
importance of maintaining molecular surveillance in
order to guide malaria treatment policies in Cote d'lvoire
and prevent the emergence of new resistance.
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