



Profile of pfcrt, pfmdr-1 and K13 Propeller genes of Plasmodium falciparum isolates from Bouaflé, Bondoukou and Séguéla, Côte d'Ivoire


abstract
	
Background: With the aim of eliminating malaria, it is necessary to therapeutic efficacy and genetic markers of antimalarial drug resistance in order to ensure treatment efficacy. In this context, this study analyzed the polymorphism variability of the pfcrt, pfmdr-1 and K13 propeller genes in three health regions, Bouaflé, Bondoukou and Séguéla.	Comment by basima .: Intending to eliminate  malaria	Comment by basima .: To eleminate	Comment by basima .: Assess the therapeutic	Comment by basima .: Assess the therapeutic	Comment by basima .: To 	Comment by basima .: remove	Comment by basima .: to  ensure 	Comment by basima .: Replace In order to  with to
Method: A total of 292 P.falciparum-infected blood samples were collected from patients coming for consultation during the period May - November 2019. Demographic information and blood samples were collected. P.falciparum genomic DNA was extracted from blood samples and polymorphisms of pfcrt, pfmdr-1, and K13-propeller were amplified by nested PCR followed by sequencing. Data were analyzed using Word Excel version 2016 and BioEdit version 2012 software.	Comment by basima .: Re-write again	Comment by basima .: 	Comment by basima .: Re write to become((The data were analyzed using Microsoft Excel 2016 and BioEdit 2012 software.))
Results: Analysis of the pfcrt gene in Bouaflé showed a prevalence of 66.66% for the wild-type CVMNK haplotype, compared with 33.33% for the CVIET, CVMET, CVMDT, CVMEK and CVMDK mutants. These results were statistically identical to those obtained in Bondoukou and Séguéla (p>0.05). Analysis of the pfmdr-1 gene yielded the wild-type haplotype N86Y184 with frequencies of 45.45%, 48.15% and 27.78% in Bouaflé, Bondoukou and Séguéla respectively. The N86F184 mutant genotype was described in proportions of 27.27% in Bouaflé, 48.15% in Bondoukou and 58.33% in Séguéla. Y86F184 was observed at a prevalence of 9.1% in Bouaflé (n=1), compared with 3.70% in Bondoukou (n=1) and 11.11% in Séguéla (n=4). Concerning the K13 propeller gene, non-synonymous SNPs of type G674Y and S681F in Bouaflé and P443S and T685P in Bondoukou were reported.	Comment by basima .: Re-Write it is unclear.
Conclusion: This study revealed great genetic variability in antimalarial resistance markers from one site to another, and highlighted major haplotypes such as CVIET for pfcrt, N86F184 and Y86F184 for pfmdr-1, and non-synonymous candidate mutations for resistance such as A675D for K13 propeller. Consequently, monitoring of these markers must be stepped up to ensure the effectiveness of antimalarial treatments.	Comment by basima .: Re -write again 
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1. INTRODUCTION
Malaria is an erythrocytopathy caused by a parasite of the genus Plasmodium, and is transmitted to humans by the bite of a female Anopheles mosquito. The epidemiology and clinical manifestations of this disease are highly variable. It remains a major public health problem in tropical and subtropical countries, particularly in sub-Saharan Africa. It has been estimated that there were 249 million clinical cases of malaria and 608,000 deaths in 2022, of which almost 95% (580,000 deaths) occurred in Africa, according to data from the World Health Organization (WHO 2023). In Côte d'Ivoire, this condition remains the leading cause of morbidity (40%) and mortality (10%) in the population, with around 7.02 million and 14232 deaths in 2021 (WHO, 2021). Among these deaths, children under 5 are the most affected, and the majority are due to Plasmodium falciparum. Despite efforts to control it, malaria remains the primary reason for outpatient consultations (33%) and hospitalizations (62%) (MSLS, 2015).
In terms of treatment, chloroquine (CQ) was one of the first drugs used against malaria in the 1940s after the Second World War. Since then, it has been considered the drug of choice for the treatment of uncomplicated malaria and for chemoprophylaxis (Sow, 2010). Its advantages in terms of rapid efficacy, tolerability, availability in public health and affordability made it more accessible to modest-income families. Thus, its intensive use for almost 12 years led to the development of resistance in P. falciparum in the late 1950s (Wongsrichanalai et al., 2002). In Côte d'Ivoire, the first cases of chloroquine resistance were reported in the Buyo and Adzopé regions in the 1980s (Douchet et al., 1984; Nicoulet et al., 1987). Since then, the spread of chloroquine resistance has been reported in Bouaké, Korhogo, Man and Abidjan, with rates sometimes exceeding 50% (Menan et al., 2007). This situation led to the withdrawal of CQ and its replacement by amodiaquine and the sulfadoxine-pyrimethamine (SP) combination. Unfortunately, therapeutic failures were also noted and led to their replacement by artemisinin derivative-based combination therapies (ACTs) with artesunate-amodiaquine (ASAQ) and artemether-lumefantrine (AL) combinations, recommended as first- and second-line treatment (Ako et al., 2012). These drugs have proved effective, reducing malaria morbidity and mortality in many endemic areas of Africa. (Nyarango et al., 2006; WHO, 2008). However, cases of resistance to CTAs have been reported in some Southeast Asian countries (Ashley et al., 2014).
Due to absence of an effective vaccine, malaria is currently re-infectious, and its management therefore depends solely on antimalarial drugs (WHO, 1984). Indeed, effective antimalarial drugs are essential to malaria control, and monitoring of their efficacy is necessary to inform treatment policies in malaria-endemic countries, and to ensure early detection of drug resistance. In Côte d'Ivoire, however, drug resistance monitoring takes place mainly at sentinel sites of the National Malaria Control Program (PNLP). This means that areas outside sentinel sites are not regularly monitored. However, improved knowledge of malaria in these high-transmission areas, coupled with data from the sentinel sites, could help guide interventions more objectively. With this in mind, we need to map resistance in order to obtain up-to-date data on the prevalence of molecular markers across the country, so that we can better assess resistance to antimalarial drugs. The aim of this work is to study the polymorphism of the pfcrt, pfmdr-1 and K13 genes, in order to address the issue of strengthening the surveillance of resistance to the usual antimalarial drugs in Côte d'Ivoire.	Comment by basima .: The abscence	Comment by basima .: The absence	Comment by basima .: Re-write	Comment by basima .: RE-WRITE	Comment by basima .: This work aims

2. Materialand methods 	Comment by basima .: Materials and methods
    2. 1. Study sites
The study was carried out in three health districts of Côte d'Ivoire with different epidemiological facies: Bouaflé (pre-forest zone), Bondoukou (Sahelian zone) and Séguéla (savannah zone dotted with forest galleries). It was carried out in the regional health (CHR) of the various towns selected. All sites are characterized by four seasons: two rainy seasons (April to July and October to November) and two dry seasons (December to March and October to November). In Bouaflé, samples were taken from August to September 2019. Like other localities in central Côte d'Ivoire, this town has no data on the molecular resistance of P. falciparum malaria to antimalarial molecules. In Bondoukou, the study took place from October to November 2019. The town of Séguéla was chosen for its equatorial-type epidemiological facies, hydrography and vegetation conducive to high anopheline density. In this locality, our survey took place from May to November 2019 (Kouakou et al., 2022). Figure 1 shows the different study sites.	Comment by basima .: Re write	Comment by basima .: Re write
[image: ]
Figure 1: Map of Côte d'Ivoire with study sites (Spatial data source (CNTIC, 2012))	Comment by basima .: Source: (CNTIC, 2012)

     2.2 Type, period and study population 
2.2.1 Type and period of study
This was a prospective descriptive study that took place in three different health regions of Côte d'Ivoire from May to November 2019. It took place in the Regional Hospital Centers (CHR) of Bondoukou, Séguéla and Bouaflé. Molecular analysis took place from July 2020 to February 2021 at the Malaria Research and Control Center of National Institute of Public Health 	Comment by basima .: The national
2.2.2 Study population
Purposive sampling was used to select the study population. It consisted of patients presenting for consultation with clinical signs of uncomplicated malaria in the health facilities selected for the study. Patients meeting the following criteria were included in the study: microscopically confirmed monospecific Plasmodium falciparum infestation; absence of signs of severe malaria; informed consent from the patient or parent in the case of children. Patients who refused to give consent were not enrolled in the present study.	Comment by basima .: Re write

2.2.3 Data collection and blood sampling
Once consent had been obtained, patients were asked to complete a questionnaire to gather socio-demographic data. At the end of the questionnaire, 2 to 5 mL of venous blood were collected in a violet-capped tube containing EDTA (Ethylene Diamine Tetra Acetic). To confirm cases of malaria and determine parasitemia, thick drop (GE) and blood smear (FS) tests were performed. Next, three (3) 75 µL spots of blood were placed on Whatman 3 MM filter paper, then dried at laboratory temperature and protected contamination for 24 hours. The samples were then transported to the Malaria Research and Control Center of National Institute of Public Health for molecular analysis.	Comment by basima .: was
   2.3. Molecular testing
2.3.1 Extraction of plasmodial DNA
P. falciparum DNA extraction was performed using the Tianlong® kit (Xi'an TianLong Science and Technology Co., Ltd) following the manufacturer's recommendations.
   2.3.2   Nested PCR amplification
The nested PCR technique was used to amplify the DNA fragments of the genes studied. For each of the pfcrt, pfmdr1 and K13 propeller genes, amplification of the first PCR was carried out in a final volume of 25 μL versus 50 μL for the second PCR. The reaction medium for the first PCR consisted of 0.5(10µM) of each primer, 6.5 μL of "DNase/RNase free" water, 12.5 μL of Taq Master Mix (OneTaq® 2X Master Mix with Standard Buffer) and 5 μL of DNA. The second PCR was performed using a reaction mixture of 13 μL of pure water, 0.5μL of each primer (10µM), 25 µL of Master Mix (OneTaq® 2X Master Mix with Standard Buffer) and 5 μLDNA. Reaction media were then placed in a thermal cycler (SimpliAmp, Thermo Fischer Scientific, Waltham, MA, USA) according to the amplification programs shown in Tables I and II. Five microliters (5µL) of the second PCR product were analyzed agarose gel electrophoresis. Amplified DNA fragments (pfcrt, pfmdr-1 and K13) from P. falciparum were sequenced using the Sanger method. Sequencing was carried out by BGI Tech® (china). The results were then received as FASTA files, together with the chromatograms. Table III shows the different primer sequences used.






Table I: Amplification program for pfcrt and pfK13 genes 
	
	Steps
	Cycles
	Temperature (°c)
	Time (min)
	Number cycles

	     




 PCR 1
	1
	Initial denaturation 
	95
	  15 min
	1

	
	2
	Denaturation
	95
	    30 s
	 

	
	
	
	
	
	

	
	3
	Hybridization
	58
	2 min
	30

	
	4
	Extension
	72
	2 min
	 

	
	5
	Final extension
	72
	10 min.
	1

	

	

	     


 PCR 2
	1
	initial denaturation
	95
	  15 min
	1

	
	2
	 
	95
	    30 s
	 

	
	
	Denaturation
	
	
	

	
	3
	Hybridization
	60
	1 min
	40

	
	4
	Extension
	72
	1 min
	 

	
	5
	Final extension
	72
	10 min.
	1



Table II: pfmdr-1 gene amplification program
	
	Steps
	Cycles
	Temperature (°c)
	Time (min)
	Number cycles

	     




 PCR 1
	1
	Initial denaturation 
	95
	  5 min
	1

	
	2
	Denaturation
	95
	    1 min 
	 

	
	
	
	
	
	

	
	3
	Hybridization
	58
	1 min 30s
	35

	
	4
	Extension
	72
	2 min
	 

	
	5
	Final extension
	72
	8 min.
	1

	 

	     



 PCR 2
	1
	initial denaturation
	95
	  3 min
	1

	
	2
	 
	95
	    30 s
	 

	
	
	Denaturation
	
	
	

	
	3
	Hybridization
	60
	30 s
	35

	
	4
	Extension
	72
	1 min
	 

	
	5
	Final extension
	72
	5 min.
	1



Table III: Sequences of primers used 
· Pfcrt gene primers
	Gene
	PCR
	Primers names
	Primer sequence (5'-3' direction)
	Size of PCR products

	        pfcrt
	PCR 1
	A
	GCGCGCGCATGGCTCACGTTTAGGTGGAG
	250

	
	
	B
	GGGCCCGGCGGATGTTACAAAACTATAGTTACC
	

	
	PCR 2
	SECI_F
	TGTGCTCATGTGTTTAAACTT
	145

	
	
	SECI_R
	CAAAACTATAGTTACCAATTTTG
	



· Pfmdr-1 gene primers
	Gene
	PCR
	Primers names
	Primer sequence (5'-3' direction)
	Size of PCR products

	
	PCR 1
	MDR1.1_F
	AGAGAAAAAAGATGGTAACCTCAG
	      590

	        Pfmdr-1
	
	MDR1.1_F
	ACCACAAACATAAATTAACGG
	

	
	PCR 2
	MDR1.2_F
	TTTGTATGTGCTGTATTATCAGG
	       393

	 
	
	MDR1.2_F
	GTAATACATAAAGTCAAACGTGC
	



· K13 gene primers
	Gene
	PCR
	Primers names
	Primer sequence (5'-3' direction)
	Size of PCR products

	        K13
	PCR 1
	 K13_F
	TTACTTTTGAATTTCCCTTTTTATTTCCA
	2049

	
	
	K13_R
	GGGAATCTGGTGGTAACAGC
	

	
	PCR 2
	K13_N1_F
	GCCAAGCTGCCATTCATTTG
	848

	
	
	K13_N1_R
	GTAATACATAAAGTCAAACGTGC
	



   2.4 Data analysis
BioEdit® was used to search for mutations. Analysis carried out by aligning the sequences with the reference sequences of the corresponding genes available online in the GenBank public database (http://www.ncbi.nlm.nih.gov). The area of interest was that containing codons 86 and 184 for the pfmdr1 gene and codons 72, 73, 74, 75 and 76 for the pfcrt gene. For the K13 propeller gene, sequencing focused on the domain comprising codons 458, 476, 493, 539, 543 and 580. However, a portion of 850 bp was sequenced in order to search for possible candidate markers of artemisinin resistance. Strain PF3D7_1343700 was used as a reference. All data were recorded on Microsoft Excel™ version 2016 software. Xlstat software was used to analyze the data. Comparison of the different parameters was performed using the Chi 2 test and Fisher's exact test. The significance level was set at 0.05.	Comment by basima .: to
3. RESULTS
   3.1 Patient demographics and parasitology
A total of 292 Plasmodium falciparum-infected blood samples were collected from all study sites. This population comprised 139 women (47.6%) and 153 men (52.), giving a sex ratio (M/F) of 1.10. Mean age was 12.88 years (4 months to 65 years). Parasite densities, ranging from 260 to 270000 parasites/µL of blood, were determined by reading the thick drops. The geometric mean parasite density was 12654.61 parasites/µL blood. Infestation rates were higher in children under 5 years of age (41.47%) than in other age groups. A significant difference (p = 0.082) was observed between the parasite densities of the different age groups. Details are given in Table IV.

Table IV: Patient characteristics 

	 
	Parasite density Average (parasite/µL blood)
	Total (%)
	         p. value

	
	
	
	

	Gender

	Male
	13605,98
	153 (52,4)
	
          0,002

	Female
	12307,17
	139 (47,6)
	

	Total
	292 (100)
	 

	Age (years)

	01-04 
	21633,48
	74 (25,34)
	
            0,0079

	05-14
	10579,64
	82 (28.08)
	

	15 and over
	5216,06
	136 (46,57)
	

	Total
	292 (100)
	 







    3.2 Study of haplotypes associating codons 72-76 of the pfcrt gene	Comment by basima .: associated with codons
The 145-bp PCR products of the pfcrt gene covering codons 72-76 were successfully sequenced in 98.7% (153/155) of cases, distributed as follows: 24 in Bouaflé, 60 in Bondoukou and 69 in Séguéla. The CVMNK wild-type haplotype was observed at a prevalence of 66.66% in Bouaflé (16/24), 95% in Bondoukou (57/60) and 95.6% in Séguéla (66/69). The CVIET, CVMET, CVMDT, CVMDK and CVMEK mutant haplotypes have also been described. Among these mutants, the CVIET type (isolates with M74I, N75E and K76T mutations) was detected at a proportion of 12.5% (n=3) in Bouaflé, compared with 2.89% (n=2) and 1.66% (n=1) in Séguéla and Bondoukou respectively. These data are not significantly different (P=0.05). CVMET and CVMDT types (isolates with N75E, N75D and K76T mutations) were described in proportions of 4.16% (n=1) in Bouaflé and 1.14% (n=1) in Séguéla for CVMET, and 8.33% (n=2) in Bouaflé and 3.33% (n=2) in Bondoukou. The CVMET and CVMDT were not observed in Bondoukou and Séguéla respectively. New haplotypes including only N75D and N75E mutations were found. CVMDK and CVMEK were reported only in Bouaflé, at a proportion of 4.16% (n=2). (Figure 2).
[image: ]
Figure 2: Prevalence pfcrt gene haplotypes
   3.3 Frequency of Pfmdr-1 gene mutations
For the pfmdr-1 gene, 74 P. falciparum isolates were successfully genotyped, including 11 from Bouaflé, 27 from Bondoukou and 36 from Séguéla. The wild-type N86Y184 genotype was observed in 45.45% of isolates in Bouaflé, 48.18% in Bondoukou and 27.77% in Séguéla. The N86F184 mutant genotype was detected at 36% (n=3) in Bouaflé, 48% (n=13) in Bondoukou and 58% (n=21) in Séguéla. Comparison of these data using the Fisher exact test revealed they were not statically different (P>0.05). The Y86F184 double mutant genotype was observed in 9.1% (n=1) in Bouaflé, 3.70% (n=1) in Bondoukou and 11% (n=4) in Séguéla. The Y86Y184 double mutant was detected only in Séguéla, at 2.77% (n=1). On the other hand, this genotype was not observed in Bouaflé and Bondoukou. Non-synonymous mutations S112L (single mutant) and D156Y/Y184F (double mutant) were also detected in Bouaflé isolates (see figure 3).
[image: ]
Figure 3: Prevalence of pfmdr-1 gene haplotypes in the differents area	Comment by basima .: different areas
   3.4 Frequency of PfK13 proppeler gene mutations	Comment by basima .: propeller
Sequence analysis of the K13 proppeler gene showed that the allelic form giving the sensitive NYRIC haplotype (N458, Y493, R539, I543 and C580) was predominant, with frequencies of 85.71%, 81.25% and 65.21% respectively in Bouaflé, Bondoukou and Séguéla. No significant difference was observed between the frequencies of the sensitive haplotype (p>0.05). In addition, 12 SNPs were detected at all three sites, including 8 non-synonymous mutations and 4 synonymous mutations (Table V). The distribution of non-synonymous mutations was described as follows: G674Y (n=1), S681F (n=1) at Bouaflé; P443S (n=1), T685P (n=1) at Bondoukou; L663V (n=1), A675D (n=1), D680E (n=1), N689K (n=1) in Séguéla. Synonymous mutations were distributed as follows: Y616Y (n=1) in Bondoukou and L663L (n=1), V666V (n=1) and P667P (n=2) in Séguéla. The frequency of mutations was higher in Séguéla, with 50% of non-synonymous mutations and 80% of synonymous mutations. On the other hand, these mutations were less frequent in Bondoukou and Bouaflé, each with 25% non-synonymous mutations and 20% synonymous mutations in Bondoukou. On the other hand, no mutations involving codons 458, 493, 539, 543 and 580, described as responsible for artemisinin resistance, were observed.	Comment by basima .: propeller	Comment by basima .: No significant difference was observed in the frequencies of the sensitive haplotype (p > 0.05). 	Comment by basima .: 

Table V: Prevalence of pfK13 propeller gene haplotypes
	Codons' position
	Wild Amino Acids
	Wild codons
	Mutant Amino Acid
	Mutant codons
	Workforce N
	Sites

	443
	P
	(CCA)
	S
	(TCA)
	1
	Bondoukou

	663
	L
	(CTA)
	V
	(GTA)
	1
	Séguéla

	674
	G
	(GGA)
	Y
	(TAT)
	1
	Bouaflé

	675
	A
	(GCT)
	D
	(GAT)
	1
	

	680
	D
	(GAT)
	E
	(GAA)
	1
	Séguéla

	689
	N
	(TCG)
	K
	(TTT)
	1
	

	681
	S
	(ACA)
	F
	(CCA)
	1
	Bouaflé

	685
	T
	(AAT)
	P
	(AAG)
	1
	Bondoukou

	616
	Y
	(TAT)
	Y
	(TAC)
	1
	Bondoukou

	663
	L
	(CTA)
	L
	(TTA)
	1
	Séguéla

	666
	V
	(CCA)
	V
	(CCT)
	1
	Séguéla

	667
	P
	(GTA)
	P
	(GTC)
	2
	Séguéla



4. Discussion
Mutations in the chloroquine resistance gene were predominantly associated changes from CVMNK (wild haplotype) to CVIET (mutant haplotype). The prevalence of the CVIET type was 8.33% in Bouaflé, 1.7% in Bondoukou and 2.89% in Séguéla. We observed a reduction in chloroquine resistance alleles, which could explained by the decreasing pressure due to the withdrawal of chloroquine several years ago. Similarly, there has been a gradual decrease in CQ-R alleles in Abidjan (33%), San Pedro (15%) and Abengourou (9%), as reported by authors on the same subject (Konaté et al., 2018). Also, this downward trend in CQ-R was confirmed by Dagnogo et al. for work carried out in various localities (Dagnogo et al., 2018). This decline CQ- R strains is thought to be due to the effective withdrawal chloroquine from the therapeutic regimen by the Ivorian authorities (MSHP, 2007). Thus, authors have indicated that when a drug pressure is discontinued, the proportion of susceptible parasites increases while that of resistant parasites decreases (Kublin et al., 2003); this could lead to the restoration of the efficacy of the antimalarial drug concerned (Duraisingh, 2005; Hayward et al., 2005). Thus, replacing CQ with artesunate-amodiaquine (ASAQ) and artemether-lumefantrine (AL) for the management of malaria would favour the reduction of alleles involved in resistance. However, it is advisable to follow the correct procedures and prescriptions to avoid selection pressure. For example, in Malawi, the successful implementation of national information campaigns and effective control of drug administration methods led, 10 years later after the adoption of ACTs, to the re-emergence of susceptibility to CQ (Mwai et al., 2009). However, it should be noted that the fight eliminate or even control malaria is complex and multifaceted due to the migratory movements of populations, which can transport resistant isolates from one area to another. There is also the recurring problem of self-medication by populations, especially the most disadvantaged. We observed other haplotypes in addition to the CVIET haplotype. Among these haplotypes, those from Bouaflé appear to be the most significant due to their relatively high frequency. This result may be the result of several factors, such as climatic and hydrographic conditions, which are responsible for the intensity of malaria transmission in this area, as well as the maintenance of the parasite's development cycle (Myers-Hansen et al., 2020). Although several previous studies have shown a clear increase in the susceptibility of isolates to CQ after its withdrawal (Flegg et al., 2013; Frosch et al., 2014), one report noted that the return of susceptibility to CQ across African regions is not a synchronous process (Zhang et al., 2018).	Comment by basima .: With changes	Comment by basima .: remove	Comment by basima .: to eliminate	Comment by basima .: To eleminate	Comment by basima .: re write these sentences again to become as (( This outcome may be influenced by various factors, including climatic and hydrographic conditions, which play a crucial role in the intensity of malaria transmission in this region and support the maintenance of the parasite's development cycle.))
Analysis of the pfmdr-1 gene focused on amino acids N86 and Y184. The combination of these amino acids forms different haplotypes which are involved in reduced sensitivity to antimalarial drugs such as Lumefantrine and Amodiaquine. The presence of Y86 single mutant or Y86Y184 double mutant isolates found in Séguéla (2.77%) could therefore suggest a low level of resistance to amodiaquine, as observed in work in Abengourou (8.5%) and San Pedro (4.5%) (Konaté et al., 2018). Also, the presence of the N86F184 single mutant haplotype or the F184 allele found in the high proportions could suggest a reduction in lumefantrine sensitivity. These results are similar to those obtained in Abidjan, where the prevalence of the F184 mutation was 57% (Trebisssou et al., 2014). Similarly, the results of a recent study conducted Abengourou and San-Pedro in 2018 reported an overall prevalence of 64% for pfmdr-1 F184 mutants (Konaté et al., 2018). The high frequency of the Y184F allele would also indicate increased resistance to piperaquine (PPQ) when associated with N86. Indeed, a previous study showed significant PPQ resistance in N86F184D1246 parasites with a 74I 75E 76T background in Southeast Asia (Veiga et al., 2016). Therefore, these cases should be monitored in areas where AL and DHA-PPQ are used as first-line antimalarial drugs. According to several authors, ASAQ and AL appear to exert opposing selection pressures on the pfmdr-1 gene polymorphism (She et al., 2016). It should also be noted that our study revealed S112L non-synonymous single mutants and D156Y/Y184F double mutants in the Bouaflé locality. The analysis shows that these alleles have been identified for the first time in Côte d'Ivoire and that their modulation should be monitored to see whether or not they are involved in resistance to the usual antimalarial drugs.
In this study, of the major mutations (N458Y, Y493H, R539T, I543T, and C580Y) associated with artemisinin resistance were observed. These results are similar to those work carried out by Konaté and colleagues in Abengourou, San-pedro and Abidjan. These studies described non-synonymous mutations other than those found mainly in Southeast Asia (Konaté et al., 2018). In addition, various studies carried out in several African countries have shown similar results, with none of the polymorphisms associated with resistance to Artemisinin derivatives in sub-Saharan Africa observed (Kamau et al., 2015; Taylor et al., 2014). All these results show that P. falciparum is still susceptible to artemisinin. However, the A675D mutation, described in Southeast Asia and Nigeria (Cheeseman et al., 2015; Oboh et al., 2018; Igbasi et al., 2019) as a candidate mutation for delayed parasite clearance to CTAs, was observed at a proportion of 4.34% in Séguéla. The same applies to the non- synonymous L663V mutation. This raises concerns about the emergence of artemisinin resistance alleles in Africa. All these results could suggest that the isolates circulating in Séguéla are less susceptible to artemisinin derivatives. However, these results need to be compared with other in vivo studies to see if they are correlated. On the other hand, the L663L synonymous mutation observed at a frequency of 4.34% was also described a recent study in Côte d'Ivoire (Konaté et al., 2018), Equatorial Guinea and in Cameroon (Berzosa et al., 2021; Nkemngo et al., 2022). In addition, the V666V mutation found in Séguéla has been reported in parts of Africa and Southeast Asia (Zhang et al., 2018; Oboh et al., 2018). These mutations could increase the risk of emergence and dissemination of artemisinin resistance in Africa. Consequently, more careful monitoring of the evolution of these resistance markers is needed in malaria-endemic regions and particularly in Côte d'Ivoire in order anticipate countermeasures to ensure the efficacy of current antimalarial treatments.	Comment by basima .: to

5. Conclusion
The present study assessed the frequency of different mutations in the pfcrt, pfmdr1 and pfk13 genes, molecular markers of resistance to the usual antimalarial drugs in P. falciparum isolates from Bouaflé, Bondoukou and Séguéla. The results showed an increase in the prevalence of the CVMNK haplotype compared with previous studies. With regard to the pfmdr-1 gene, the high frequency of the N86F184 mutant allele suggests a reduced sensitivity to lumefantrine via Lumefantrine Artemether (LA). Similarly, there is a potential risk of artemisinin resistance in Côte d'Ivoire, even though the mutations described in Southeast Asia and associated with P. falciparum resistance to CTAs have not been reported, as candidate resistance mutations have been observed. It is therefore important to exercise caution when using artemisinin-based combination therapies. Continuous molecular monitoring is necessary to anticipate countermeasures and ensure treatment efficacy.


Consent 
All authors declare that ‘written informed consent was obtained from the patient (or other approved parties) for publication of this study and accompanying images.
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