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Abstract 
Background & aims: The evolution and spread of Plasmodium falciparum malaria parasite capable of evading antimalarials, 

particularly artemisinin (ART), is a prime concern for malaria control. Mutations in the P. falciparum Kelch 13 (Pfk13) gene confer 

resistance to artemisinin, necessitating molecular surveillance of Pfk13 mutations. This study is aimed at investigating artemisinin 

resistance linked Pfk13-propeller polymorphisms in clinical isolates of P. falciparum from three Local Government Areas (Yola North, 

Numan and Mubi North), of Adamawa State, Nigeria.   

Materials & methods: A total of 240 symptomatic malaria patients were recruited for this study. Eighty febrile patients diagnosed 

with uncomplicated P. falciparum malaria attending two major selected healthcare facilities in each of the three Local Government 

Areas were used. P. falciparum parasite was identified by Rapid Diagnostic Tests (RDTs) and Microscopy. DNA extraction and nested 

PCR were performed on positive samples to amplify the Pfk13 propeller domain. Sequencing and sequence analysis were conducted 

to check for mutations at validated codon positions.    

Results: Out of the 240 samples collected, RDT revealed 100% to be positive for P. falciparum while microscopy confirmed P. 

falciparum presence in 214 samples (89.17%). Extraction and amplification of Pfk13 gene were successful in 163 samples (67.92%). 

Out of 163 successfully amplified samples, no validated mutations linked to artemisinin resistance were found, but the A578S mutation 

was detected in 15.09% of the analyzed samples.   

Conclusion: The absence of Pfk13 gene mutations indicates the sensitivity of the parasites in this study location to artemisinin 

treatments, but the mutant A578S observed needs to be investigated to determine its functional relevance in the Pfk13 propeller-domain. 

However, continuous surveillance and research are crucial to maintain these successes and address any future challenges posed by drug 

resistance.   
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Introduction  
Antimalarial drugs have been central to malaria 

control efforts, particularly in sub-Saharan Africa, 
where Plasmodium falciparum malaria remains the 
deadliest form of the disease (1). Resistance to 
chloroquine necessitated the adoption of artemisinin-
based combination therapies (ACTs), which remain the 
gold standard for malaria treatment globally (2). ACTs 
combine a fast-acting artemisinin derivative with a 
slower-acting partner drug to enhance efficacy and 
reduce the emergence of resistance. Artemisinin 
derivatives, such as artemether, artesunate, and 
dihydroartemisinin, reduce the parasite load by 10,000 
times during the 48-hour erythrocytic cycle, with the 
remaining parasites eliminated by the partner drug (3). 

Since their introduction and scale-up in 2005, 
artemisinin-based therapies have significantly reduced 
malaria morbidity and mortality in endemic regions, 
bringing global malaria elimination back onto the 
agenda (4). Derived from the leaves of Artemisia annua, 
artemisinin, and its derivatives act by inhibiting 
Plasmodium falciparum phosphatidylinositol-3-kinase 
(PfPI3K), providing rapid parasite clearance with 
minimal adverse effects (5). Six ACTs, including 
Artesunate-Amodiaquine (AS+AQ) and Artemether-
Lumefantrine (AL), are recommended by the World 
Health Organization (WHO) for treating malaria 
globally (6). Despite these advancements, P. falciparum 
resistance to all major antimalarial drugs, including 
artemisinin, poses a significant threat to malaria control 
and eradication goals (7).   

Artemisinin resistance (ART-R), characterized by 
delayed parasite clearance following treatment, first 
emerged in Southeast Asia between 2006 and 2008 and 
is linked to non-synonymous single nucleotide 
polymorphisms (NS-SNPs) in the P. falciparum Kelch 
13 (Pfk13) gene (8). Mutations such as C580Y, R539T, 
and Y493H are associated with ART-R and prolonged 
parasite survival (9). Although ART-R mutations are 
prevalent in Southeast Asia, recent studies have 
identified low-frequency mutations in Africa, such as 
R561H and P574L, with potential resistance 
implications (10,11). 

In Nigeria, which bears approximately 25% of 
Africa’s malaria cases, ACTs remain the cornerstone of 
malaria treatment (10, 12). However, molecular 
surveillance of resistance marker genes, such as Pfk13, 
is limited. While studies from Southeast, Southwest, and 
Northwestern Nigeria have provided some insights, data 
from Northeastern Nigeria, including Adamawa State, 
remain scarce. Understanding Pfk13 polymorphisms is 
critical for detecting emerging resistance and informing 
malaria treatment policies in this region. This study 
investigates pfk13 gene polymorphisms in Adamawa 
State to identify potential artemisinin resistance and 
contribute to regional malaria control strategies. 

. 
Materials & Methods 

Study Area 
This study was conducted in August 2023 in three 

Local Government Areas (LGAs) of Adamawa State, 
Nigeria: Yola North, Numan, and Mubi North. Yola 
North (9°14′N 12°29′E), the state capital, covers 
13,840.83 km² with a population of 1,255,691. Numan 
(9°10′N 12°55′E) spans 2,193 km² with a population of 
91,549, while Mubi North (10°16′N 13°16′E) covers 
1,212 km² with a population of 151,515. These areas are 
characterized by tropical climates, seasonal rainfall, and 
high malaria endemicity. The LGAs were each selected 
to represent the three geopolitical zones of the state, high 
malaria prevalence, and accessibility to healthcare 
facilities for sampling collection (Figure 1). 
Inclusion and Exclusion Criteria  

Males and females of all age groups diagnosed with 
uncomplicated malaria were included in this study. 
However, pregnant women, individuals with 
complicated malaria, and those with a history of any 
recent treatment with antimalarial drugs were excluded 
from the study. 

 
Sampling 

The convenience sampling method was applied in 
this study. Participants were selected based on ease of 
access, availability at the time of research, and 
willingness to participate in the research. A total of 240 
symptomatic malaria patients were recruited for this 
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study. Eighty febrile patients diagnosed with 
uncomplicated P. falciparum malaria attended two 
major selected healthcare facilities in each of the three 
Local Government Areas mentioned above. Following 
the informed consent of the participants, parent or 

guardian, they were tested with malaria rapid diagnostic 
test (RDT) kit and microscopy was also carried out. 
Dried blood spots (DBS) of positive samples were made 
on 3MM Whatman filter paper. 

 

Fig. 1. Map of Adamawa state by the right, map of Nigeria showing Adamawa state by the bottom left and map of 
Africa showing Nigeria by the top left 

 
Extraction of P. falciparum DNA from Positive 
Samples 

P. falciparum DNA was extracted from the positive 
samples using the Quick-DNA Mini Prep (Zymo-Spin) 
extraction kit based on the manufacturer’s instructions 
(Zymo Research). 

 
PCR Amplification of the Pfk13 Gene 

DNA samples were first screened with P. 
falciparum-specific primers to confirm parasite 
presence. Positive samples were then amplified for the 
K13 gene propeller domain using a nested polymerase 
chain reaction (PCR) protocol based on Ariey et al. (9), 
with modifications to thermocycling conditions. The 
first-round primers (5ꞌ-

GGGAATCTGGTGGTAACAGC-3ꞌ and 5ꞌ-
CGGAGTGACCAAATCTGGGA-3ꞌ) amplified a 2095 
bp fragment (1724435–1726531 bp on chromosome 13, 
GenBank CP017003.1). Second-round primers (5ꞌ-
GCCTTGTTGAAAGAAGCAGA-3ꞌ and 5ꞌ-
GCCAAGCTGCCATTCATTTG-3ꞌ) targeted an 849 bp 
region (1724469–1725318 bp, coding region 444–691 
in the propeller domain). 

Both reactions used 2.6 μL template DNA (first-
round product for the second reaction), 14 μL 2× Taq 
PCR mix (New England Biolabs, UK), 0.7 μL of each 
primer (20 μmol/L), and ddH2O to 25 μL. 
Thermocycling for the first round included 95°C for 2 
min, 30 cycles of 95°C for 30 s, 56°C for 90 s, 72°C for 
90 s, and a final extension at 72°C for 10 min. Second-
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round conditions were similar, with annealing at 60°C. 
Amplicons were visualized by gel electrophoresis. 

 
Gel Electrophoresis of the Nested PCR Products  

The products of Nested PCR, 2095bp (long 
Fragment) and 849bp (Short Fragment) were detected 
by 1.5% agarose gel electrophoresis; the agarose was 
procured from Cleaver Sci. Ltd. (France). Agarose gel 
was treated with Ethidium bromide dye that was 
purchased from Applied Biological Materials Inc. 
(Canada) for Visualization of amplicons on the gel 
documentation system. DNA was eluted in nuclease-
free water (10). 

 
Sequencing 

Successful DNA amplicons of the nested PCR were 
sent to Inqaba BioLabs. (Ibadan) for Sanger sequencing. 

  

Data Analysis 
Sequence electropherograms obtained were trimmed 

and edited with the help of Chromas. Sequence 
alignment and translation of nucleotide sequence to 
amino acid sequences were done using Geneious Prime 
(Version 2023.2) bioinformatics data analysis tool, and 
the results were expressed as percentages. 

 
Results 

Identification of P. falciparum and DNA 
Extraction 

Out of the 240 samples collected, RDTs detected P. 
falciparum in 100% of samples, microscopy confirmed 
it in 89.17%, reflecting potential issues with technician 
expertise or parasitemia levels. Extraction and 
amplification of the Pfk13 gene were successful in 163 
samples representing 67.92% (Table 1).  

 
Table 1. Identification of P. falciparum from samples collected across selected healthcare facilities in Yola North, 

Numan, and Mubi North of Adamawa State 
Healthcare facility Samples 

collected 

RDT Microscopy P.f PCR- confirmed 

(positive) 

Specialist Hospital (SH) Yola  

40 

 

40 (100%) 

 

39 (97.5%) 

 

26 (65%) 

Major Aminu UHC (MA) Yola  

40 

 

40 (100%) 

 

37 (92.5%) 

 

21 (52.5%) 

General Hospital Numan  

40 

 

40 (100%) 

 

35 (87.5%) 

 

31 (77.5%) 

Sabon Pegi Clinic Numan  

40 

 

 

40 (100%) 

 

33 (82.5%) 

 

28 (70%) 

General Hospital Mubi  

40 

 

40 (100%) 

 

37 (92.5%) 

 

28 (70%) 

Lokuwa Clinic Mubi  

40 

 

40 (100%) 

 

33 (82.5%) 

 

29 (72.5%) 

 

Total 

 

240 

 

240 (100%)  

 

214 (89.17%) 

 

163 (67.92%) 

 
Detection of Single Nucleotide Polymorphisms 

Analysis of sequences revealed that validated codon 
positions (F446I, N458Y, C469Y, M476I, Y493I, 

R539T, I543T, P553L, R561H, P574L, and C580Y) 
were uniformly wild type across all samples, suggesting 
no resistance-associated SNPs in the study population. 
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However, the A578S mutant, not associated with 
artemisinin resistance but prominent in African isolates, 
was observed in 8 samples, 3 from Yola North LGA and 

5 from Mubi North LGA representing 15.09 % of the 
analyzed total samples (53). This is summarized in 
Table 2. 

 
Table 2. Single nucleotide polymorphisms of Pfk13 sequences for the six selected healthcare facilities across Adamawa 

State 

Gene 
(codon) Genotypes 

Specialist 
Hospital 
(SH)Yola 

Major Aminu 
UHC 

(MA)Yola 

General 
Hospital 
Numan 
(GHN) 

Sabon Pegi 
Clinic 

Numan 
(SPC) 

General 
Hospital 

Mubi (GHM) 

Lokuwa 
Clinic Mubi 

(LCM) 

         
n  

       
% 

         
n        %            

N 
        
% 

           
n 

        
% 

           
n 

        
% 

           
n % 

Pfk13 
(F446I) 

Wild         10 100 8 100 9 100 8 100 9 100 9 100 

Mutant 0 0 0 0 0 0 0 0 0 0 0 0 

Pfk13 
(N458Y) 

Wild  10 100 8 100 9 100 8 100 9 100 9 100 

Mutant 0 0 0 0 0 0 0 0 0 0 0 0 

Pfk13 
(C469Y) 

Wild  10 100 8 100 9 100 8 100 9 100 9 100 

Mutant 0 0 0 0 0 0 0 0 0 0 0 0 

Pfk13 
(M476I) 

Wild  10 100 8 100 9 100 8 100 9 100 9 100 

Mutant 0 0 0 0 0 0 0 0 0 0 0 0 

Pfk13 
(Y493I) 

Wild  10 100 8 100 9 100 8 100 9 100 9 100 

Mutant 0 0 0 0 0 0 0 0 0 0 0 0 

Pfk13 
(R539T) 

Wild  10 100 8 100 9 100 8 100 9 100 9 100 

Mutant 0 0 0 0 0 0 0 0 0 0 0 0 

Pfk13 
(I543T) 

Wild  10 100 8 100 9 100 8 100 9 100 9 100 

Mutant 0 0 0 0 0 0 0 0 0 0 0 0 

Pfk13 
(P553L) 

Wild  10 100 8 100 9 100 8 100 9 100 9 100 

Mutant 0 0 0 0 0 0 0 0 0 0 0 0 

Pfk13 
(R561H) 

Wild  10 100 8 100 9 100 8 100 9 100 9 100 

Mutant 0 0 0 0 0 0 0 0 0 0 0 0 

Pfk13 
(P574L) 

Wild  10 100 8 100 9 100 8 100 9 100 9 100 

Mutant 0 0 0 0 0 0 0 0 0 0 0 0 

Pfk13 
(C580Y) 

Wild  10 100 8 100 9 100 8 100 9 100 9 100 

Mutant 0 0 0 0 0 0 0 0 0 0 0 0 

A578S Wild  7 70 8 100 9 100 8 100 6 66.7 7 77.8 
Mutant 3 30 0 0 0 0 0 0 3 33.3 2 22.2 

 
Discussion 

Identification of P. falciparum and DNA 
Extraction 

Pfk13 polymorphism is the variations in the Kelch 13 
(k13) gene of the P. falciparum parasite, which is 
associated with resistance to artemisinin, a critical 
component of malaria treatment. The k13 gene encodes 
a protein that is crucial for the parasite's survival and 

proliferation. Mutations in this gene can lead to changes 
in the structure and function of the protein, thereby 
conferring resistance to artemisinin-based therapies 
(13). 

The emergence of artemisinin-resistant strains of P. 
falciparum poses a significant challenge to malaria 
control and eradication efforts. Pfk13 polymorphisms 
are a key marker for monitoring and understanding the 
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spread of artemisinin resistance. Studies have identified 
several specific mutations in the k13 gene, such as 
C580Y, Y493H, and R539T, that are associated with 
delayed parasite clearance and treatment failure (14). 

The results from the identification and DNA 
extraction of P. falciparum from clinical isolates 
provide significant insights into the detection methods 
of malaria in the study region. The RDT results 
indicated a 100% presence of P. falciparum in the 
samples collected from all the health facilities (Table 1). 
However, the discrepancy between RDT results and 
microscopic examination underscores the importance of 
confirmatory testing. Microscopy, while more labor-
intensive, remains the gold standard for malaria 
diagnosis and can identify mixed infections and lower 
parasite densities that RDTs might miss (15). 

The slightly lower detection rates by microscopy 
compared to RDTs may be attributed to several factors, 
including the skill level of laboratory technicians, the 
quality of the blood smears, and the inherent limitations 
of microscopic diagnosis in detecting low parasitemia. 
These findings align with studies that advocate for the 
use of both RDTs and microscopy to improve diagnostic 
accuracy in clinical settings (16). 

The successful extraction of P. falciparum DNA 
with a high percentage of the samples (77.5%) from one 
of the health centers demonstrates the effectiveness of 
the extraction protocols used (Table 1). Agarose gel 
electrophoresis confirmed the integrity of the extracted 
DNA, which is crucial for subsequent molecular 
analyses such as PCR and sequencing. These results are 
in line with previous studies that have reported high 
success rates of DNA extraction from clinical samples 
using similar methodologies (14). 

The effectiveness of RDTs in initial screening, 
combined with the confirmatory power of microscopy 
and molecular diagnostics, provides a robust framework 
for accurate diagnosis and effective treatment. 
Furthermore, the successful extraction of parasite DNA 
paves the way for genetic studies that can explore drug 
resistance patterns and contribute to the development of 
targeted interventions. 

PCR amplification targeting the Pfk13 gene 
propeller domain was successful in 67.92% of the 
samples collected after PCR identification of P. 
falciparum (Table 1). The efficiency of amplification, as 
indicated by the presence of PCR products 
approximately 849 base pairs in size, reflects the quality 
of the extracted DNA and the robustness of the PCR 
protocols used. The amplification success rates 
observed in this study are consistent with findings from 
other regions. A study by Ménard et al. (17) reported 
amplification success rates of around 75% for the Pfk13 
gene in samples from Southeast Asia, where the 
prevalence of artemisinin-resistant P. falciparum strains 
is high. Similarly, similar amplification success rates 
were noted by Kamau et al. (18) in African samples, 
indicating that the methods used in this study are reliable 
and effective for detecting Pfk13 polymorphisms across 
different settings. 
Detection of Single Nucleotide Polymorphisms 

The current findings revealed that all examined 
codons (446, 458, 469, 476, 493, 539, 543, 553, 561, 
574, and 580) in the Pfk13 gene propeller domain 
retained their wild-type sequences. This finding 
indicates the absence of known artemisinin resistance-
associated mutations in the isolates studied. The 
findings align with several studies conducted within 
Nigeria, which have reported the absence of Pfk13 
mutations associated with artemisinin resistance. For 
instance, a study conducted in Gombe State, which 
borders Adamawa State, found no mutations in the 
Pfk13 gene at validated positions linked to artemisinin 
resistance (19). Similarly, studies conducted in Kano 
State (10) and Lagos State (20) also reported no 
mutations in the Pfk13 gene at these validated positions. 

Moreover, a retrospective, cross-sectional, 
community-based study carried out in three Nigerian 
states (Enugu, Plateau, and Kano) by Ajogbasile et al. 
(21) corroborates the findings of this study. 
Additionally, a study conducted in Southwestern 
Nigeria found no mutations in the Pfk13 propeller 
domain, suggesting that artemisinin resistance has not 
yet emerged as a major problem in these areas (22). 
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In neighboring West African countries, similar 
trends have been observed. Studies in Ghana and 
Burkina Faso have reported the predominance of wild-
type Pfk13 sequences, with minimal occurrences of 
resistance-associated mutations (23, 24). These findings 
suggest a consistent pattern across West Africa, where 
ACTs remain effective. 

Comparative data from East and Central Africa 
present a slightly different scenario. In countries like 
Uganda and Kenya, studies have detected a few Pfk13 
mutations, though these have not yet compromised the 
efficacy of ACTs (25, 26). In contrast, reports from the 
Democratic Republic of Congo indicate emerging 
resistance with mutations such as R561H and A675V 
appearing more frequently (11). These regional 
differences within Africa highlight the importance of 
localized surveillance and tailored public health 
strategies. 

Outside Africa, particularly in Southeast Asia, the 
situation is more concerning. The high prevalence of 
Pfk13 mutations, such as C580Y, R539T, and Y493H, 
has been well-documented in countries like Cambodia, 
Thailand, and Myanmar, where they are associated with 
delayed parasite clearance and increased treatment 
failures (27). These mutations have led to significant 
challenges in malaria control and necessitated changes 
in treatment policies. 

However, apart from the validated Pfk13 mutations 
not detected in this present study the most prominent 
SNP observed among sub-Saharan African countries 
like Ghana, Kenya, Gabon, DRC, Uganda, Cameroon, 
and Mali (A578S) which changes the amino acid from a 
non-polar Alanine (GCT) to a polar Serine (TCT) (18), 
though not associated with artemisinin resistance was 
observed in eight (8) out of the total samples analyzed 
in this study. Three SNPs were identified in the samples 
collected from Yola North, specifically from Specialist 
Hospital. In Mubi North, five SNPs were detected, with 
three from General Hospital Mubi and two from 
Lokuwa Clinic Mubi. However, this SNP was not found 
in any of the samples collected from Numan. The 
presence of the mutant allele (A578S) might be 
attributed to commercial activities in those regions 

where it was observed like the International Cattle 
Market in Mubi which harbors different people from 
different parts of Africa. This mutation can alter the 
shape of the Pfk13 protein in the regions it has been 
observed. Although this allele (A578S) was not 
previously associated with clinical or in vitro resistance 
to artemisinin a study by Hawkes et al., (28) associated 
it with prolonged parasite clearance in Ugandan children 
who had severe malaria and were treated with 
intravenous artesunate (28). Also, its closeness to the 
C580Y-validated mutation makes it significant. 
Therefore, more attention must be paid to this mutation 
as it is emerging to be the most prominent mutation 
observed in the Pfk13 gene in sub-Saharan Africa (21). 

The prominent African allele (A578S) observed in 
this present study corresponds with the finding of Igbasi 
et al., (20) in Lagos State in which 1 (0.5%) sample out 
of 195 samples analyzed exhibit the allele and is also in 
line with the study conducted by Ajogbasile et al., (21) 
in the isolates obtained from Enugu State but all 
observed in low frequencies. But this result is contrary 
to the findings reported by Muhammad et al., (19) who 
reported zero prevalence of A578S in Gombe State 
bordering the State of this present study. Ndwiga et al., 
(29) in their review of the frequencies of P. falciparum 
K13 artemisinin resistance mutations in Africa reported 
that A578S has been detected in fourteen (14) countries 
across Africa at frequencies of up to 11% (29). While 
A578S is not directly associated with artemisinin 
resistance, its increasing frequency in sub-Saharan 
Africa, including Adamawa, suggests potential 
evolutionary significance.  

The absence of Pfk13 mutations in the study area is 
reassuring, suggesting that artemisinin-based therapies 
continue to be effective in treating P. falciparum 
infections in Adamawa State. However, the findings 
also emphasize the necessity for continuous molecular 
surveillance to detect any emerging resistance early. 
Continuous molecular surveillance should be integrated 
into Nigeria’s malaria control program to preempt 
resistance emergence. Regular monitoring will ensure 
timely intervention and prevent the spread of resistant 
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strains, safeguarding the efficacy of current treatment 
regimens.   

 
Conclusion 

In conclusion, this surveillance study, although 
restricted to a limited number of field samples, revealed 
the absence of Pfk13 propeller-validated mutations 
associated with artemisinin resistance thereby 
confirming the sensitivity of the parasites in this study 
location to artemisinin treatments. Therefore, any 
artemisinin-therapy failure observed in this study area 
may not be attributed to artemisinin resistance. 
However, the presence of A578S mutation close to the 
validated C580Y needs to be further explored and 
thoroughly investigated to determine its functional 
relevance in the pfk13 propeller domain because of its 
rising frequency in Africa. Future research should focus 
on in vitro studies of A578S to determine its functional 
impact on the pfk13 protein and explore its role in 
parasite survival.  

 
Acknowledgments 

The authors sincerely thank the patients/participants 
for their understanding and cooperation. Also, the 
authors’ appreciation goes to the laboratory 
technologists found in the different study health 
facilities for their support throughout the study period. 

 
Ethical statement 

The ethical clearance to conduct this study was 
obtained from Adamawa state Ministry of Health with 
reference no: S/MoH/1131/1. 

 
Data availability  

The supporting data of this study is always 
obtainable on request from the corresponding author. 

 
Conflict of interest 

Authors declared that there is no conflict of interest. 
Funding/support 

This study is funded by a Grant from TETFUND 
Institutional Based Research (IBR) of Modibbo Adama 
University Yola, Adamawa state, Nigeria 

 
Author contributions 

Author MSJ designed the study and wrote the first 
draft of the manuscript; authors YU and AAP performed 
the experiments; author AA conducted the statistical 
analysis and authors HAZ and AUW managed the 
analyses of the study and literature searches. All authors 
read and approved the final manuscript. 

 
References 
1. World Health Organization (WHO). World malaria report 

2020: 20 years of global progress and challenges. WHO; 

2020. 

2. Maiga FO, Wele M, Toure SM, Keita M, Tangara CO, 

Refeld RR, et al. Artemisinin-based combination therapy 

for uncomplicated Plasmodium falciparum malaria in 

Mali: a systematic review and meta-analysis. Malar. J 

2021;20(1). https://doi.org/10.1186/s12936-021-03890-0 

3. Dhorda M, Amaratunga C, Dondorp AM. Artemisinin 

and multidrug-resistant Plasmodium falciparum – a threat 

for malaria control and elimination. Curr Opin Infect Dis 

2021;34(5):432–9. 

https://doi.org/10.1097/qco.0000000000000766 

4. Okebe J, Mwesigwa J, Kama EL, Ceesay SJ, Njie F, 

Correa S, et al. A comparative case control study of the 

determinants of clinical malaria in The Gambia. Malar. J 

2014;13(1). https://doi.org/10.1186/1475-2875-13-306 

5. Dong Y, Wang J, Sun A, Deng Y, Chen M, Xu Y, et al. 

Genetic association between the Pfk13 gene mutation and 

artemisinin resistance phenotype in Plasmodium 

falciparum isolates from Yunnan Province, China. Malar 

J 2018;17(1). https://doi.org/10.1186/s12936-018-2619-4 

6. World Health Organization (WHO). World Malaria 

Report 2019. 2019. 

7. Nyaaba N, Andoh NE, Amoh G, Amuzu DSY, Ansong 

M, Ordóñez-Mena JM, et al. Comparative efficacy and 

safety of the artemisinin derivatives compared to quinine 

for treating severe malaria in children and adults: A 

systematic update of literature and network meta-

analysis. PLoS ONE 2022; 17(7):e0269391. 

https://doi.org/10.1371/journal.pone.0269391 

8. Straimer J, Gnädig NF, Witkowski B, Amaratunga C, 

Duru V, Ramadani AP, et al. K13-propeller mutations 



 Molecular surveillance of artemisinin resistance linked PFK13 gene polymorphisms in Adamawa State, Nigeria Mahmoud Suleiman Jada, et al. 

 

83 

confer artemisinin resistance in Plasmodium falciparum 

clinical isolates. J. Sci 2014;347(6220):428–31. 

https://doi.org/10.1126/science.1260867 

9. Ariey F, Witkowski B, Amaratunga C, Beghain J, 

Langlois AC, Khim N, et al. A molecular marker of 

artemisinin-resistant Plasmodium falciparum malaria. 

Nat 2013;505(7481):50–5. 

https://doi.org/10.1038/nature12876 

10. Abubakar UF, Adam R, Mukhtar MM, Muhammad A, 

Yahuza AA, Ibrahim SS. Identification of Mutations in 

Antimalarial Resistance Gene Kelch 13 from 

Plasmodium falciparum Isolates in Kano, Nigeria. Trop. 

med. infect 2020;5(2):85. 

https://doi.org/10.3390/tropicalmed5020085 

11. Uwimana A, Legrand E, Stokes BH, Ndikumana JLM, 

Warsame M, Umulisa N, et al. Emergence and clonal 

expansion of in vitro artemisinin-resistant Plasmodium 

falciparum Kelch 13 R561H mutant parasites in 

Rwanda. Nat. Med 2020;26(10):1602–8. 

https://doi.org/10.1038/s41591-020-1005-2 

12. Bhatt S, Weiss DJ, Cameron E, Bisanzio D, Mappin B, 

Dalrymple U, et al. The effect of malaria control on 

Plasmodium falciparum in Africa between 2000 and 

2015. Nat 2015;526(7572):207–11. 

https://doi.org/10.1038/nature15535 

13. Chebore W, Zhou Z, Westercamp N, Otieno K, Shi YP, 

Sergent SB, et al. Assessment of molecular markers of 

anti-malarial drug resistance among children 

participating in a therapeutic efficacy study in western 

Kenya. Malar. J 2020;19(1). 

https://doi.org/10.1186/s12936-020-03358-7 

14. Dafalla OM, Alzahrani M, Sahli A, Helal MAA, 

Alhazmi MM, Noureldin EM, et al. Kelch 13-propeller 

polymorphisms in Plasmodium falciparum from Jazan 

region, southwest Saudi Arabia. Malar J 

2020;19(1):1483. https://doi.org/10.1186/s12936-020-

03467-3 

15. Madkhali AM, Ghzwani AH, Al-Mekhlafi HM. 

Comparison of Rapid Diagnostic Test, Microscopy, and 

Polymerase Chain Reaction for the Detection of 

Plasmodium falciparum Malaria in a Low-Transmission 

Area, Jazan Region, Southwestern Saudi Arabia. 

Diagnostics 2022;12(6):1485. 

https://doi.org/10.3390/diagnostics12061485 

16. Dahal P, Khanal B, Rai K, Kattel V, Yadav S, Bhattarai 

NR. Challenges in Laboratory Diagnosis of Malaria in a 

Low-Resource Country at Tertiary Care in Eastern 

Nepal: A Comparative Study of Conventional vs. 

Molecular Methodologies. J. Trop. Med 2021:1–9. 

https://doi.org/10.1155/2021/3811318 

17. Ménard D, Khim N, Beghain J, Adegnika AA, Shafiul-

Alam M, Amodu O, et al. A Worldwide Map of 

Plasmodium falciparum K13-Propeller Polymorphisms. 

N Engl J Med 2016; 374(25):2453–64. 

https://doi.org/10.1056/nejmoa1513137 

18. Kamau E, Campino S, Amenga-Etego L, Drury E, 

Ishengoma D, Johnson K, et al. K13-Propeller 

Polymorphisms in Plasmodium falciparum Parasites 

from Sub-Saharan Africa. J. Infect. Dis 2014. 

https://doi.org/10.1093/infdis/jiu608 

19. Muhammad I, Sale P, Salisu M, Muhammad T, Abubakar 

B, Maidala A, et al. Molecular analysis of Bio-makers of 

Chloroquine resistance in Plasmodium falciparum Isolate 

from Gombe Local Government Area, Gombe State, 

Nigeria. Cell. Mol. Biomed. Rep 2022;2(1):42–55. 

https://doi.org/10.55705/cmbr.2022.335753.1033 

20. Igbasi U, Oyibo W, Omilabu S, Quan H, Chen S, Shen H, 

et al. Kelch 13 propeller gene polymorphism among 

Plasmodium falciparum isolates in Lagos, Nigeria: 

Molecular Epidemiologic Study. Trop. Med. Int. Health 

2019;24(8):1011–7. https://doi.org/10.1111/tmi.13273 

21. Ajogbasile FV, Oluniyi PE, Kayode AT, Akano KO, 

Adegboyega BB, Philip C, et al. Molecular profiling of 

the artemisinin resistance Kelch 13 gene in Plasmodium 

falciparum from Nigeria. PLoS ONE 

2022;17(2):e0264548. 

https://doi.org/10.1371/journal.pone.0264548 

22. Oboh MA, Ndiaye D, Antony HA, Badiane AS, Singh 

US, Ali NA, et al. Status of Artemisinin Resistance in 

Malaria Parasite Plasmodium falciparum from 

Molecular Analyses of the Kelch 13 Gene in 

Southwestern Nigeria. Biomed Res. Int 2018;2018:1–5. 

https://doi.org/10.1155/2018/2305062 

23. Gansané A, Moriarty LF, Ménard D, Yerbanga I, 

Ouedraogo E, Sondo P, et al. Anti-malarial efficacy and 



 Molecular surveillance of artemisinin resistance linked PFK13 gene polymorphisms in Adamawa State, Nigeria Mahmoud Suleiman Jada, et al. 

 

84 

resistance monitoring of artemether-lumefantrine and 

dihydroartemisinin-piperaquine shows inadequate 

efficacy in children in Burkina Faso, 2017–2018. Malar. 

J 2021;20(1). https://doi.org/10.1186/s12936-021-03585-

6 

24. Matrevi SA, Tandoh KZ, Bruku S, Opoku-Agyeman P, 

Adams T, Ennuson NA, et al. Novel pfk13 

polymorphisms in Plasmodium falciparum population in 

Ghana. Sci. Rep 2022;12(1). 

https://doi.org/10.1038/s41598-022-11790-9 

25. Ikeda M, Kaneko M, Tachibana SI, Balikagala B, 

Sakurai-Yatsushiro M, Yatsushiro S, et al. Artemisinin-

Resistant Plasmodium falciparum with High Survival 

Rates, Uganda, 2014–2016. Emerg. Infect. Dis 

2018;24(4):718–26. 

https://doi.org/10.3201/eid2404.170141 

26. De Laurent ZR, Chebon LJ, Ingasia LA, Akala HM, 

Andagalu B, Ochola-Oyier LI, et al. Polymorphisms in 

the K13 Gene in Plasmodium falciparum from Different 

Malaria Transmission Areas of Kenya. Am J Trop Med 

Hyg 2018;98(5):1360–6. 

https://doi.org/10.4269/ajtmh.17-0505 

27. Lê HG, Naw H, Kang JM, Võ TC, Myint MK, Htun ZT, 

et al. Molecular Profiles of Multiple Antimalarial Drug 

Resistance Markers in Plasmodium falciparum and 

Plasmodium vivax in the Mandalay Region, Myanmar. 

Microorganisms 2022;10(10):2021. 

https://doi.org/10.3390/microorganisms10102021 

28. Hawkes M, Conroy AL, Opoka RO, Namasopo S, Zhong 

K, Liles WC, et al. Slow Clearance of Plasmodium 

falciparum in Severe Pediatric Malaria, Uganda, 2011–

2013. Emerg. Infect. Dis 2015;21(7):1237–9. 

https://doi.org/10.3201/eid2107.150213 

29. Ndwiga L, Kimenyi KM, Wamae K, Osoti V, Akinyi M, 

Omedo I, et al. A review of the frequencies of 

Plasmodium falciparum Kelch 13 artemisinin resistance 

mutations in Africa. Int J Parasitol Drugs Drug Resist 

2021;16:155–61. 

https://doi.org/10.1016/j.ijpddr.2021.06.001 

 
 
 
This is an open-access article distributed under the terms of the Creative Commons Attribution-noncommercial 4.0 International License which permits copying and 

redistributing the material just in noncommercial usages as long as the original work is properly cited. 
 


