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Abstract

Malaria is a major public health challenge in low- and middle-income countries with
significant socio-economic impacts. While chemotherapy has greatly contributed to malaria
control, the widespread emergence of resistance to antimalarial drugs threatens progress
towards elimination goals. In parallel, the recent rollout of the RTS,S/AS01 and R21/Matrix-
M malaria vaccine—targeting the Plasmodium falciparum circumsporozoite protein (CSP)—
offers a new prevention tool but may be influenced by parasite genetic diversity. This study
investigated the genetic architecture of Plasmodium falciparum circulating in a community
in the Southwest Region of Cameroon. Seventy-two blood samples were analyzed using
targeted Oxford Nanopore sequencing of pfcrt, pfmdrl, pfdhfr, pfdhps, pfkelch13 and pfcsp
genes. We observed a high prevalence of pfdhfr mutations (98.6% N511I, 98.6% C59R, 97.7%
S108N) and pfmdr1 Y184F (76.1%) mutation. Mutations in pfdhps (54.2% S436A, 2.8% A437G,
38.9% A581G) were also observed. No WHO-validated pfkelch13 artemisinin resistance
markers were found; however, K189T (63.4%) and R255K (4.2%) variants were detected.
Nineteen non-synonymous SNPs were identified in pfcsp, reflecting natural background
variations as vaccination status was not known. These findings support the continued use of
artemisinin-based combination therapies and underscores the need for sustained molecular
surveillance of both antimalarial drug resistance and vaccine-related polymorphisms, to
inform malaria control strategies.

Keywords: malaria; drug resistance; single-nucleotide polymorphisms; targeted
sequencing; vaccine
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1. Introduction

Malaria is a life-threatening parasitic disease caused by Plasmodium species and trans-
mitted by infected female Anopheles mosquitoes. Several Plasmodium species are known
to infect humans including, Plasmodium falciparum, Plasmodium vivax, Plasmodium malar-
iae, Plasmodium ovale, Plasmodium knowlesi and Plasmodium simium [1,2]. Despite contin-
uous efforts to combat the disease, malaria remains a major public health challenge in
low and middle-income countries [3,4], imposing long-term socio-economic burdens on
affected populations [5]. According to the WHO 2024 Malaria Report, an estimated 263 mil-
lion malaria cases and 723,000 deaths occurred in 2023 across 83 malaria-endemic coun-
tries, with the WHO African Region accounting for nearly 90% of the global burden [1].
Plasmodium falciparum (P. falciparum) remains the deadliest species in Africa [1,6], where it
disproportionately affects children under five, causing 73.7% of global malaria deaths [1,6,7].
In Cameroon, malaria is responsible for about 50% of hospitalizations [8,9]. The country
is among the 15 highest-burdened malaria countries, contributing about 2.8% of global
malaria cases in 2023, making it the 12th most affected country worldwide [1].

Given the enormous disease burden, several strategies have been implemented to
strengthen the control and elimination of malaria, including vector control, chemopre-
vention, and vaccine development. Recently, the WHO approved two malaria vaccines
for broad use—RTS,S/AS01 in 2021 and R21/Matrix-M in 2023 [1,10,11]—both recom-
mended for children (aged 5-17 and 5-36 months, respectively) in regions with moderate
to high P. falciparum transmission [1,12,13]. Cameroon was the first country to introduce
the RTS,S5/AS01 vaccine into its Expanded Programme on Immunization (EPI), and by
January 2024, the four-dose RTS,5/AS01 vaccine had been rolled out in 42 high-risk health
districts across the 10 regions [14,15]. Both vaccines were developed using the C-terminal
region (CTR) of the P. falciparum circumsporozoite protein (CSP) from strains 3D7 and NF54,
respectively [16]. However, several single-nucleotide polymorphisms (SNPs), particularly
within the CSP C-terminal region, have been reported among P. falciparum strains across
diverse populations [17-19]. These SNPs may alter antigenicity, enable immune evasion,
and potentially reduce vaccine effectiveness [20,21].

While the quest to develop a potent malaria vaccine continues, the use of antimalarial
drugs has remained the cornerstone for malaria control and elimination over the past two
decades. Quinine, the earliest widely used therapy introduced in the 17th century, was even-
tually replaced by chloroquine, considering its efficacy, affordability, and ease of use [22,23].
However, resistance emerged in the 1950s and 1960s, primarily due to mutations in the
pfcrt (Plasmodium falciparum chloroquine resistance transporter) gene [23-25]. This led to
the withdrawal of chloroquine as a frontline treatment [26,27]. A key example is the pfcrt
K76T mutation, which spread globally, causing complete treatment failure with chloroquine
and serving as a validated marker for chloroquine resistance [28,29]. To address rising
resistance, new drugs were introduced, including sulfadoxine-pyrimethamine (SP, Fansi-
dar) [22], which is still used in Cameroon for malaria chemoprophylaxis in children and
pregnant women [30,31]. Unfortunately, mutations in the pfdhfr (dihydrofolate reductase)
and pfdhps (dihydropteroate synthase) genes such as N51I, C59R, S108N (pfdhfr), and A437G,
K540E (pfdhps) have been reported to reduce SP efficacy, leading to its restriction in many
African countries [30,32-35]. To mitigate resistance, the WHO recommended a shift from
monotherapy to artemisinin-based combination therapy (ACT). Artemisinin and its deriva-
tives (artesunate, artemether, and dihydroartemisinin) are combined with partner drugs
such as lumefantrine, amodiaquine, or piperaquine, to ensure rapid parasite clearance and
delay resistance. ACT is now the WHO-recommended first-line treatment for most uncom-
plicated P. falciparum malaria cases [36]. In Cameroon, artesunate-amodiaquine (ASAQ)
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was approved as the first-line treatment of malaria in 2004, with artemether-lumefantrine
(AL) introduced as an alternative ACT in 2006 [37].

Nevertheless, P. falciparum has developed resistance to artemisinin and its deriva-
tives [36,38,39]. In 2010, artemisinin resistance was reported in Southeast Asia and was
linked to mutations in the kelch13 gene, which allows the parasite to enter a quiescent,
prolonged ring-state [36]. Thirteen SNPs in the pfk13 BTB/POZ and propeller domains
are now classified as WHO-validated markers of partial artemisinin resistance [40], while
several others remain under evaluation [22,38,39,41-43]. Outside these domains, the K189T
and E252Q mutations have been frequently reported but not yet validated [40]. In addition,
mutations in the pfmdrl gene—including N86Y, Y184F, 51034C, N1042D, and D1246Y—
have been associated with resistance and altered drug responses [44,45]. The emergence
and spread of resistant P. falciparum genotypes is a growing global concern, with increasing
evidence reported across Africa [38,41,42,46-48]. Resistance to ACTs poses a major threat
to the goals of the WHO Global Technical Strategy for Malaria (GTS), which aims to reduce
malaria incidence and mortality by at least 90% by 2030. Molecular markers of resistance
therefore serve as essential tools for the surveillance and monitoring of antimalarial drug
effectiveness across endemic regions in Asia and Africa. In general, the greater the number
of resistant-associated biomarkers detected in a locality, the higher the likelihood that ACT-
and other antimalarial-resistant parasites are circulating. As strongly recommended by
the WHO [6], endemic countries must continuously monitor the spread of these resistance
markers to guide timely updates of national treatment policies. This is particularly impor-
tant given that current vaccines provide only partial protection and are mainly limited to
children, and no alternative drug has yet replaced ACTs as the cornerstone for treatment.
In this study, we investigated the genetic architecture of the P. falciparum from infected
individuals in the Southwest Region of Cameroon, where recurrent malaria episodes persist
despite full treatment courses and is amongst the 10 regions of the RTS,S/AS01 vaccine
roll-out. Using targeted sequencing, we identified mutations in pfcrt, pfmdr1, pfdhfr, pfdhps,
and pfkelch13 genes associated with antimalarial drug resistance, as well as multiple poly-
morphisms in the C-terminal region of pfcsp that may influence the effectiveness of malaria
vaccines in this locality.

2. Results
2.1. General Characteristics of Study Population

This was a cross-sectional, hospital-based study carried out in the Southwest Region
of Cameroon from March to June 2024. A total of 460 individuals with a medical doctor’s re-
quest for malaria testing were enrolled, of whom 171 (37.2%) tested positive for Plasmodium
using the malaria Rapid Diagnostic Test (RDT). Among the RDT-positive cases, 40.9%
(70/171) were confirmed by Giemsa-stained microscopy as P. falciparum, with a minimum
of 106 parasites per 200 white blood cells. Most of the malaria-positive patients were female
(59.1%, 101/171), while 40.9% (70/171) were male. Children under five years accounted
for 19.3% (33/171) of cases, while the largest group was young adults aged 25-64 years
(29.3%, 50/171). and 6.4% (11/171) of participants were elderly (>65 years). About 61%
(94/154) presented with fever (temperatures >37.8 °C) [Table 1]. Information on the malaria
vaccination status of the child participants was not recorded at the time of the study. In
total, 170 samples were available for downstream molecular analysis.
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Table 1. General characteristics of study participants.

Characteristics Percentages (1/N)

Gender Male 40.9% (70/171)
Female 59.1% (101/171
Age (Years) <5 19.3% (33/171)
5-14 20.5% (35/171)
15-24 24.6% (42/171)
25-64 29.2% (50/171)

>65 6.4% (11/171)

Temperatures (°C) 36.4-37.8 39% (60/154)
>37.8 61% (94/154)

2.2. Screening of Samples and Polymerase Chain Reaction (PCR) Amplification of pfkelch13, pfdhft,
pfdhps, pfcrt, pfmdr1, and pfesp Gene Targets

DNA extraction was performed using the Zymo Quick-DNA™ Miniprep Plus Kit fol-
lowing the manufacturer’s protocol. The 170 RDT malaria positive samples were screened
by PCR amplification of the P. falciparum merozoite surface protein 2 (msp2) and kelch13
genes (Figure 1A,B). Of these samples, 68.88% (117/170) were confirmed to have an ac-
tive parasite infection. Subsequently, multiplexed PCR was performed to amplify five
P. falciparum genes associated with antimalarial drug resistance, along with the malaria
vaccine target gene. These included kelch13, multidrug-resistant protein 1 (pfmdr1), di-
hydrofolate reductase (pfdhfr), dihydropteroate synthase (pfdhps), chloroquine resistance
transporter (pfcrt), and the circumsporozoite protein (pfcsp) gene, which is the target of
the current malaria vaccine. A 2% agarose gel electrophoresis was performed to verify
amplicon sizes and integrity (Figure 1C).
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Figure 1. Agarose gel electrophoresis confirmation of P. falciparum active infection and targeted PCR
amplification: (A): Screening by kelch13 amplification: Lanes 1,6, 7, 8,9, 11, 13, 14, 15, 16, 17, 19, 20, 21, 22,
23, 24, 25, 28, 29, 30, 31 = positive samples, while lanes 2, 3, 4, 5, 10, 12, 18, 26, 27, 32 = negative samples.
(B): Screening by msp2 amplification: Lanes 3, 5, 6, 8,9, 9, 10, 13, 14, 17, 19, 23, 26, 27, 28, 31 = positive
samples, while lanes 1, 2, 4, 7, 11, 12, 16, 18, 20, 21, 22, 24, 25, 29, 30, 32 = negative samples. (C): PCR
amplification of P. falciparum antimalarial drug-resistance and vaccine gene targets: Bands correspond
to kelch13, pfesp, pfdhps, pfdhfr, pfmdrl and pfcrt amplicons, respectively. Lane 1-15 = clinical samples.
MW = 100 bp DNA ladder; NC = negative control.
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2.3. Targeted Sequencing Identified Single-Nucleotide Polymorphisms in Gene Targets

The six gene targets were successfully amplified in 72 samples that were positive
for both msp2 and kelch13. Amplicons were purified and quantified yielding a minimum
concentration of 99.96 ng/uL and an A260/280 ratio of 1.69 (Table 2) as determined by
Qubit fluorometric quantification (dsDNA high sensitivity, Promega). All 72 samples were
therefore included in targeted sequencing using the Oxford Nanopore Technologies (ONT)
platform. Nanopore sequencing was performed in two multiplexed batches using an
ONT Flongle R10.1 flow cell. In the first batch of 40 samples, a basecalling-yield of 100%
(189.57 Mb/166.28 Mb) was obtained in 7 h with 345.11 K reads generated. For the second
batch of 32 samples (including 8 duplicates for internal quality control), a basecalling-yield
of 96.05% (274 Mb /294.42 Mb) was obtained in 20 h with 613.98 K reads generated (Table 3).
The generated reads were trimmed, filtered, and aligned to the P. falciparum 3D7 reference
genome using Minimap2, and variant calling was performed with Clair3. The average
coverage-depth was 178.0, 3482, 886.7, 396.3, 407.7 and 2850.7 for pfcsp, pfdhfr, pfmdrl,
pfdhps, pfkelch13 and pfcrt amplicon targets, respectively (Appendix B, Figure Al). A total of
98 variants were identified: 81 SNPs, 4 insertions, and 13 deletions (Appendix A, Table A2).

Table 2. Concentration and absorbance of purified amplicons.

N Minimum Maximum Mean Std. Deviation

DNA Conc (ng/ uL) 72 99.950 247.430 166.765 36.327766
A260/280 72 1.69 1.94 1.8538 0.05345
Valid N 72

(N = Total samples included for targeted sequencing).

Table 3. Run Summary.
Sequencing . Number of Clinical . Reads Estimated Basecalled Basecalled
Batch Code ONT Kit Samples per Run Run Time Generated Bases Bases %

166.28 189.57 o
A Flongle R10.1 40 7h 34511 K Mb Mb 100%
. . 294.42

B Flongle R10.1 32 (+8 duplicates) 19 h 52 min 613.98 K Mb 274 Mb 96.05%
Total 72

2.4. Frequency of Identified Single-Nucleotide Polymorphisms Associated with Drug Resistance

Analysis of antimalarial drug-resistance genes identified a total of 11 non-synonymous
mutations in the study population: two in the pfkelch13 gene (K189T and R255K), one
in the pfcrt gene (K76T), three in pfdhfr (N511, C59R and S108N), four in pfdhfps (S436A,
A437G, A581G and A613S) and one in pfmdrl (Y184F) (Table 4). The prevalence of the
K189T and R255K was 63.4% (45/71) and 4.1% (3/71), respectively, corresponding to a
wild-type allele prevalences of 36.6% and 95.8%, respectively. A high prevalence of the
pfdhfr point mutations associated with pyrimethamine resistance was observed: 98.6%
(70/72) for N511, 98.6% (70/72) for C59R, and 97.8% (69/72) for SI08N. The pfdhfr triple
mutant (N51I/C59R/S108N) was present in almost all samples, with a prevalence of
98.6% (71/72). For the pfdhps point mutations associated with sulfadoxine resistance,
the prevalence was 54.2% (39/72) for S436A, 2.8% (2/72) for A437G, 28.9% (28/72) for
A581G, and 44.4% (32/72) for A613S. The combined pfdhfr + pfdhps quadruple mutation
(N51I/C59R/S108N + A437G), associated with SP resistance, was detected in 2.8% (2/72)
of samples. The pfmdrl Y184F mutation, reported to be associated with resistance to
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amodiaquine, mefloquine, lumefantrine, and possibly artemisinin, was found in 75%
(54/72) of the samples (Table 4). Finally, the pfcrt K76T mutation, which is associated with
chloroquine resistance, was identified in only 4.2% (3/72) of the samples.

Table 4. Single-nucleotide polymorphisms associated with antimalarial drug resistance in the

study population.
Associated i Allele Frequency
Gene Name Antimalarial Drug Identified SNP %(1/N) Status and Reference
Chloroquine-resistant . o Resistant mutation
transporter, pfcrt Chloroquine K76T 4.2% (3/72) [25,29]
Dihydrofolate . . N511 98.6 0/o (71/72) Associated with SP
reductase, Pyrimethamine C59R 98.6% (71/72) it [28,33,49-51]
pfdhfr S108N 97.7% (70/72) resistance 126,22
. S436A 54.2% (39/72)
?‘Eﬁg‘;}’wmam Sulfadond A437G 2.8% (2/72) Associated with SP
}’dh . ultadoxime A581G 28.9% (28/72) resistance [28,33,49-51]
P A613S 63.4% (32/72)
Associated with
mefloquine,
Multidrug resistance . . o lumefantrine,
protein 1, pfindr1 Several antimalarials ~ Y184F 75% (54/72) chloroquine and
artemisinin resistance
[44,45,51]
Pfkelch13 Artemisinin K189T 63.4% (46/72) May reduce susceptibility
R255K 4.2% (3/72) to artemisinin [52-54]
Pfdhfr triple mutant N51I/C59R/S108N 98.6% (71/72) SP resistance [28,33,50]
Pfdhfr + Pfdhps N51I/C59R/S108N+ 2.8% (2/72) Associated with SP
quadruple mutant A437G o resistance [33,50]

(n/N = number of samples with SNP/total samples).

2.5. Frequency of SNPs in the P. falciparum Circumsporozoite Protein That May Impact Malaria
Vaccine Efficacy

In this study, a total of 51 pfcsp SNPs were identified in the population with
37.25% (19/51) being non-synonymous and 62.27% (32/51) synonymous mutations.
The non-synonymous mutations were observed in amino acid positions spanning
268-361 (Figure 2A) which corresponds to the C-terminal region of the circumsporozoite
protein (273-397) of the pf3D7 reference strain (Figure 2B). Several non-synonymous SNPs
occurred in the Th2R segment of the C-terminal region at high frequencies (>5%), includ-
ing L320I (5.6%), K317E (91.7%), E318K (77.8%), N321K (90.3%), K322R (68.1%), Q324K
(52.8%) and L3271 (20.8%). Other mutations such as K314Q (2.8%), were detected but at
lower frequencies (<5%). In the Th3R segment, non-synonymous SNPs identified at high
frequency (>5%) included N352D/G (12.5/8.3%), D356N (12.5%), D357N (15.5%), D359Q
(15.6%), and A361E (54.2%). Additional mutations such as P354S (2.8%) were present but
at low frequencies (<5%). Other SNPs in the CTR identified at high frequencies (>5%)
included N298K (12.5%), S301N (6.9%) and A302D (91.7%). The direct effects of these SNPs
on vaccine efficacy were not assessed in this study.
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Figure 2. Representation of identified SNPs in the P. falciparum circumsporozoite protein (CSP)
vaccine target: (A) Frequency of SNPs identified within amino acid positions 268-361 (x-axis, right
to left) corresponding to the C-terminal region of the pfcsp segment in the Pf3D7 reference strain.
Structure of the pfesp protein (B), Structure of the RTS,S vaccine target (C), and Structure of the R21
vaccine target (D).

3. Discussion

Continuous monitoring of the spread of molecular markers of drug resistance in
malaria-endemic countries is critical as this not only improves treatment options for pa-
tients with recurrent infections but also guides national treatment, control, and prevention
strategies. This study assessed the genetic architecture of P. falciparum circulating in a
community in the Southwest Region of Cameroon, where recurrent malaria episodes have
been reported despite completion of recommended treatment regimens; this region is
amongst the 10 regions included in the RTS,S/AS01 vaccine roll-out. Here, we sequenced
the antimalarial drug-resistance gene targets (pfcrt, pfdhfr, pfdhps, pfkelch13, pfmdrl), as
well as the vaccine target (pfcsp), in 72 actively infected samples. Nanopore sequencing
identified a total of 11 non-synonymous SNPs in the population: two in the pfkelch13 gene
(K189T and R255K), one in the pfcrt gene (K76T), three in pfdhfr (N511, C59R, and S108N),
four in pfdhfps (S436A, A437G, A581G, and A613S), and one in pfmdrl (Y184F) (Table 4).
Although no kelch13 candidate mutations validated by WHO for artemisinin resistance
were identified, the K189T 63.4% (46/72) and, for the first time in this region, R255K 4.2%
(3/72) variants were detected. These mutations have been reported in several studies
examining genetic variations associated with drug resistance. Both K189T and R255K
have been linked to delayed parasite clearance in some P. falciparum isolates in Southeast
Asia and Africa [52-54] but their direct role in mediating resistance remains inconclusive.
The pfcrt K76T mutation, detected in only 4.2% (3/72) of samples, is a well- established
marker of chloroquine resistance and can also contribute to cross-resistance with other
antimalarials, such as amodiaquine and quinine. This reduces parasite sensitivity to mul-
tiple drugs and complicates treatment efforts [28,29]. Chloroquine resistance, which first
emerged in the Southwest Region of Cameroon [55,56], spread nationwide and led to the
replacement of chloroquine as the first-line therapy with alternatives such as amodiaquine,
sulfadoxine—pyrimethamine (SP), and, later, artemisinin-based combinations including
artesunate—amodiaquine (ASAQ) and the artemether-lumefantrine (AL) in response to
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rising drug resistance [30,31,37]. While some studies have suggested reconsidering chloro-
quine because of an apparent resurgence of sensitive strains [57-59], our findings do not
clearly indicate such a trend, partly due to incomplete pfcrt genotype information for
some isolates. The pfmdrl Y184F mutation detected in most of the samples (75%, 54/72) is
noteworthy. Together with the pfcrt K76T genotype, it has been frequently reported across
endemic regions and is under investigation for its potential role in modulating parasite
susceptibility to ACT partner drugs [44,45]. Continued molecular surveillance remains
essential to monitor these alleles and their possible clinical relevance.

In Cameroon, SP is primarily used for intermittent preventive treatment of malaria in
pregnancy (IPTp), intermittent preventive treatment of infants (IPTi), and seasonal malaria
chemoprevention (SMC). Mutations in pfdhfr and pfdhps are responsible for SP resistance. In
this study, we observed very high prevalence of pfdhfr mutations [98.6% (71/72) N511, 98.6%
(71/72) C59R, and 97.7% (70/72) S108N] alongside pfdhps mutations [S436A (54.2%, 39/72),
A437G (2.8%, 2/72), A581G (38.9%, 28/72) and A613S (44.4%, 32/71)]. These high frequencies
are consistent with previous reports from several regions of Africa, where similar mutation
patterns have been observed in association with reduced SP efficacy [30,32,50,51,60]. Al-
though our study did not directly access drug efficacy, the high prevalence of these mutations
suggests continued selection pressure that may favor the persistence and accumulation of
resistant-pfdhfr and pfdhps alleles in this local parasite population. Importantly, the combined
pfdhfr + pfdhps quadruple mutant genotype (511/59R /108N + A437G), which was identified
in only 2.8% of the isolates, has been linked in other studies to high-level SP resistance [30,49],
raising concerns about the continued efficacy of SP in preventive programs.

The C-terminal region of the P. falciparum parasite circumsporozoite protein, from
which the RTS,S and R21 malaria vaccines were developed, has been reported to exhibit
several SNPs across different populations [17-19,21]. Some of these SNPs have been
predicted in some studies [20,21] to affect antigenicity, potentially influencing vaccine
effectiveness. Cameroon was the first country to introduce the malaria vaccine into its
EPI in 2021. By 2024, the four-dose RTS,S/AS01 vaccine had been rolled out in 42 high-
risk health districts across the 10 regions, including the southwest region [15,16]. This
widespread rollout reflects Cameroon’s diverse geo-ecological profile and provides a
unique opportunity to assess pfcsp’s genetic architecture and how this might affect vaccine
effectiveness, particularly as vaccination expands across the country. In this study, a total
of 51 pfcsp SNPs were identified, with 37.25% (19/51) being non-synonymous and 62.27%
(32/51) synonymous mutations. Because the vaccination status of the child participants was
not recorded in this study, the pfcsp SNPs reported herein are interpreted as representing
the natural background diversity within circulating P. falciparum populations rather than
any vaccine-driven adaptations. Several of these non-synonymous SNPs occurred in
the Th2R segment of the CTR at a high frequency (>5%), including L3201 (5.6%), K317E
(91.7%), E318K (77.8%), N321K (90.3%), K322R (68.1%), Q324K (52.8%), and L3271 (20.8%).
The Th2R segment is recognized by CD4+ T-helper cells after antigen presentation and
promotes B cell proliferation, leading to antibody production against CSP antigens during
immunization [61,62]. Similarly, non-synonymous SNPs occurring in the Th3R segment
of the CTR at high frequency (>5%) included N352D/G (12.5/8.3%), D356N (12.5%),
D357N (15.5%), D359Q (15.55), and A361E (54.2%). The Th3R segment also stimulates
CD4+ T-helper responses and indirectly activates CD8+ T-cell after vaccination with the
CSP antigens [61,62]. This observation is consistent with previous studies reported by
Maima et al., (2024), Amegashie et al., (2020), and Dieng et al., (2023) [17,20,21]. Though
the direct effects of these SNPs on vaccine efficacy were not assessed in this study, they
overlap with the SNPs previously reported in the CTR by Amegashie et al., (2020) [17].
Given that ThR2 and ThR3 regions are involved in the CD4+ and, to a lesser extent,
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CD8+ T cell responses, the presence of polymorphisms may help the parasite to evade host
immune pressure, thereby compromising overall vaccine efficacy [20]. Our findings thus
provide a valuable baseline for future monitoring of the potential selection of variants
under increasing vaccine pressure. Hence, future studies integrating genomic surveillance
with vaccination records and immune responses will better highlight the relevance of CSP
polymorphisms to ongoing malaria vaccine rollout in Cameroon.

Given that our study sampled a single community in the southwest region, the rel-
atively small sample size may limit the representativeness of our findings. We therefore
recommend that future studies expand sampling to include larger populations and multiple
districts across the southwest region, as well as other geo-ecological zones of Cameroon.
This would provide representative and population-level data for both antimalarial drug-
resistance and malaria CSP vaccine polymorphism surveillance. For pfcsp-vaccine related
surveillance, we recommend future monitoring of the NANP-repeat and C-terminal regions,
haplotype analysis, and antigenicity predictions.

4. Materials and Methods
4.1. Study Design and Ethical Considerations

This was a cross-sectional, hospital-based study conducted in the Southwest Region
of Cameroon. The study was approved by the Cameroon National Ethical Committee
for Research in Human Health (approval number: 2023/10/1602/CE/CNERSH/SP). In-
formed consent/assent forms were provided and thoroughly explained to all participants,
before enrollment. All participants signed the consent/assent forms before enrollment.
Participation was entirely voluntary, and participants were free to withdraw at any time.
Confidentiality was strictly maintained throughout the data collection, analysis, and report-
ing. Consenting participants of all age groups confirmed positive for malaria by both RDT
and microscopy were recruited after providing demographic, phenotypic, and laboratory
information through a participant questionnaire.

4.2. Study Site and Sample Collection

The study sampled P. falciparum isolates from populations in the Southwest Region
of Cameroon, particularly within the Muea Health District. This district lies within the
equatorial forest zone of Southern Cameroon and is classified as holoendemic, with intense
and perennial malaria transmission [49,63]. Samples were collected between March and
June 2024, during the rainy season. Consenting participants with a medical doctor’s
request for a malaria test, and who voluntarily completed the research questionnaire, were
recruited. Two milliliters (2 mL) of venous blood were collected from each consenting
participant under sterile conditions into labeled EDTA tubes by a laboratory technician.
Samples were diluted in DNA/RNA Shield (in a ratio of 1:3) and stored at —20 °C for
downstream molecular analysis. This procedure ensured the integrity of nucleic acids and
inactivated potential pathogens during collection, storage, and transportation.

4.3. Malaria Parasitemia Determination

During sample collection, participants were prescreened with a malaria RDT, using
50 uL of whole blood (CareStart'™ Malaria (HRP2) Ag RDT, ACCESSBIO, Somerset, NJ,
USA). Two drops of blood were then placed on a slide and air-dried for further analysis by
light microscopy. Giemsa-stained thick and thin smears of peripheral blood were prepared
(for some samples). The level of parasitemia was determined by counting the number of
parasites per 200 white blood cells, assuming a standard white blood cell count of 8000/ L
of blood [64]. A smear was considered negative only if no malaria parasites were seen in
100x high-power fields.
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4.4. DNA Extraction and Purification

Genomic DNA was extracted from whole blood samples using the Zymo Quick-
DNA™ Miniprep Plus Kit (Zymo Research, Tustin, CA, USA). Briefly, diluted whole blood
samples in DNA/RNA shield were thawed at room temperature (25 °C), and 20 pL of
Proteinase K was added to 400 puL of the blood sample in a 1.5mL micro centrifugation tube.
Mixtures were vortexed thoroughly and incubated at room temperature (25 °C) for 20 min.
One volume (420 pL) of Genomic Binding Buffer was added, and the mixture was vortexed
and transferred into a Zymo-Spin™ IIC-XLR column (Zymo Research, Tustin, CA, USA)
in a collection tube for centrifugation at 13,000x g for 1 min. The eluate was discarded, and
400 pL of DNA Pre-Wash Buffer was added to the spin column in a new collection tube and
centrifuged at 13,000 ¢ for 1 min. After discarding the flow-through, 700 uL of g-DNA
Wash Buffer was added and centrifuged at 13,000 x g for 1 min, followed by a second wash
with 200 pL of g-DNA Wash Buffer under the same conditions but for 3 min to ensure
removal of residual wash buffer. Thereafter, the spin column was transferred to a labeled
1.5 uL microcentrifuge tube, 30 pL of DNA Elution Buffer was added and the column was
incubated at room temperature for 30 min. Columns were centrifuged at 14,000 g for
1 min, to elute DNA. The eluted DNA was stored at —20 °C for downstream analysis.

4.5. Molecular Identification of Actively Infected Samples and Amplification of Drug-Resistance
and Vaccine Gene Targets

RDT-positive samples were further screened by PCR amplification of the P. falciparum
merozoite surface protein 2 (msp2) and kelch13 genes. Targeted PCR amplification was also
performed for the kelch13, crt, mdrl, dhfr, dhps, and csp genes. Previously designed pairs of
gene-specific primers (Appendix A, Table Al) were used, and PCR was performed using a
2720 Thermal cycler (Thermo Fisher Scientific, Foster City, CA, USA). PCR was performed
in 100 puL PCR tubes. A total of 2 pL of each primer pair (10uM for kelch13, mdrl, and
crt gene targets, and 50 uM for dhfr and dhps) in a final volume of 15 pL, containing 2 pL
genomic DNA, 7.5 pL of PCR master mix, and 3.5 pL of distilled water. The PCR master
mix contained standard reaction components (1x Taq buffer, 0.05 U/uL Taq polymerase,
2.0 mmol/L MgCl2, 0.4 mmol/L dNTPs, and 10 x DNA loading dye). PCR cycling conditions
followed primer-specific requirements, as described in Appendix A, Table Al.

4.6. Confirmation of PCR Amplicons by Agarose Gel Electrophoresis

A 2% agarose gel was prepared to analyze the screening and amplification products
of gene targets in infected samples. Two grams of agarose were dissolved in 100 mL of
0.5x TAE (Tris Acetate EDTA) buffer with 1 uL./100 mL of SYBR Safe-DNA Gel Stain. The
mixture was swirled and allowed to solidify. Five microliters of PCR product were loaded
into each well, electrophoresed at 100 V for 45 min, and visualized under ultraviolet light
using a Gel Doc XR+ (BioRad, Hercules, CA, USA).

4.7. Purification and Quantification of Amplicons

Individual targeted amplicons were pooled together and purified using the Wizard
SV Gel and PCR Clean-Up System according to the manufacturer’s protocol.

The concentration of each purified pooled amplicon was determined using a Nan-
oDrop spectrophotometer (EzDrop 1000 UV /Vis spectrometer, New Taipei City, Taiwan
(R.O.Q)). The spectrophotometer was blanked using 1 uL of nuclease-free water, after
which 1 uL of PCR sample was loaded, the lid closed, and the concentration and purity
measured at 260/280 nm absorbance (purity range 1.67-2.00). This was repeated for each
sample. In parallel, DNA quantification was also performed using the Qubit fluorometer
with a high-sensitivity dsDNA assay kit (Promega, Madison, WI, USA), to ensure accurate
quantification for downstream library preparation.
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4.8. Targeted Sequencing to Identify Single-Nucleotide Polymorphisms

For each clinical sample (PCR product), targeted sequencing was performed using
the Oxford Nanopore Technologies (ONT) platform. The procedure encompassed library
preparation, sequencing and bioinformatics analysis (Figure 3). A multiplex library was
prepared using the ONT Ligation sequencing amplicon-Native Barcoding Kit 96 V14 (SQK-
NBD114.96, Oxford, UK) according to the manufacturer’s instructions. Sequencing runs
were performed on a Flongle R10.1 flow cell in two batches: the first with 40 clinical
samples and a second with 32 clinical samples (including 8 duplicates for internal quality
assessment). Real-time basecalling, demultiplexing and barcode trimming were performed
using MinKNOW software version 24.06.16 (Bream 8.0.13, configuration 6.0.19, Dorado
7.4.14, MinKNOW Core 6.0.15) and the resulting raw data were generated in FASTQ files
for downstream analysis.
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Figure 3. Overview of sequencing workflow.

4.9. Bioinformatics Analysis

Following real-time basecalling, demultiplexing, and barcode trimming, the FASTQ
files were quality-checked using PycoQC tool version 2.5.2 [65]. Thereafter, the sequences
were aligned to the P. falciparum 3D7 reference genome using Minimap?2 version 2.28 [66]
with the map-ont preset. SAMtools version 2.21 utilities [67] were used to sort and index the
resultant alignments, generating sorted BAM files. In addition, coverage-depth statistics of
the 3D7-aligned BAM files were determined using the same tool. Variant calling for SNPs
identification was performed using Clair3 version 1.0.9 [68]. High-accuracy variant-calls
with potential SNPs and Haplotype differences were extracted as VCF files. The SNPs were
filtered by quality (score > 10) and coverage-depth (>5) using BCFtools version 1.21 [67].
Unique PlasmoDB IDs for each identified SNP were generated in R, and these IDs were
queried against the PlasmoDB database (https://plasmodb.org/plasmo/app accessed on
25 February 2025) to determine whether the SNP identified were present in the database
or were novel. The identified SNPs were downloaded into an Excel file for downstream
statistical inference and interpretation.
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4.10. Data Analysis

All data were entered and processed using Microsoft Excel version 2507. Data are
expressed as means =+ SD for continuous variables and as numbers (n) or percentages (%)
for categorical variables.

5. Conclusions

In this study, we identified high prevalences of mutations in pfdhfr and others in
pfdhps genes associated with sulfadoxine-pyrimethamine resistance. The high frequency of
pfmdrl Y184F (75%) marker observed further suggests ongoing selection by antimalarial
drug use in the population. No WHO-validated marker for artemisinin resistance was
detected; however, the pfkelch13 K189T and R255K mutations, were observed. Nineteen
non-synonymous SNPs were also identified in the pfcsp gene likely reflecting natural
background variations as vaccination status was not recorded; however, the potential
impact of these SNPs on parasite recognition by vaccine-induced responses remains to
be determined. Overall, these findings support the continued use of ACTs in this region
but underscore the urgent need for sustained molecular surveillance of antimalarial drug-
resistant markers, particularly of SP-resistant markers, to inform and strengthen malaria
control strategies. Additionally, monitoring pfcsp polymorphisms alongside vaccination
records in future studies will be important to evaluate potential impact on vaccine efficacy
to inform regional control strategies.
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Abbreviations

The following abbreviations are used in this manuscript:

SNP Single-nucleotide polymorphism

ACT Artemisinin-based combination therapy

pfert Plasmodium falciparum chloroquine resistant transporter
pfdhfr Plasmodium falciparum dihydrofolate reductase

pfdhps Plasmodium falciparum dihydropteroate synthase

pfmdrl Plasmodium falciparum multidrug resistance 1

pfesp Plasmodium falciparum circumsporozoite protein

PCR Polymerase chain reaction

ONT Oxford Nanopore technology

SP Sulfadoxine-pyrimethamine

EPI Expanded Programme on Immunization

AL Artemether-lumefantrine

ASAQ Artesunate-amodiaquine

BTB/POZ Bric-a-brac, Tramtrack, and Broad-complex/Poxvirus and zinc finger
WHO World Health Organization

CIR C-terminal region

GTs Global Technical Strategy

RDT Rapid Diagnostic Test

RTS,S/AS01  Repeat T epitopes and Surface antigen

IPTp Intermittent preventive treatment of malaria in pregnancy
IPTi Intermittent preventive treatment of infants

SMC Seasonal malaria chemoprevention

Appendix A

Appendix A.1

Table A1l. Thermocycling parameters for amplification of gene targets.

Gene Target Primer Sequence (Forward and Reverse) Reaction Conditions Reaction Components
MSP2 5'-ATG AAG GTA ATT AAA ACA TTG TCT ATT-3' 19Ifﬁnc732TIC“'l ﬁincg’zo OS'CSfm?n
5-ATA TGG CAA AAG ATA AAA CAA GTG TTG-3' ’ 4°C oo 4’0 % !
! Go taq (7.5 uL), F/R primer (2 uL),
5'-GGG AAT CTG GTG GTA ACA GC-3' . - oqo o H,0 (3.5 uL), gDNA (3 uL)
kelch13 ampl ) , 94 °C 3 min; 94 °C 30's; 61 °C nft12 s ,
5-CGG AGT GAC CAA ATC TGG GA-3 1min30s; 72 °C 1 min 30's; 72 °C Total volume = 15 uL.
Kelch13 5-AAG CCT TGT TGA AAG AAG CA-3/ 10 min, 4 °C co; 40x
nested 5-GGG AAC TAA TAA AGA TGG GC-3'
Pfes 5-TGG GAA ACA GGA AAA TTG GTA T-3'
P 5'-TAC GAC ATT AAA CAC ACT GGA A-3' Go taq (12.5 uL), F/R primer (csp
P 5/-GTT TTC GAT ATT TAT GCC ATA TGT G-3' 2 uL; dhfr 1.2 uL; dhps2 uL),
5'-TGA TAA ACA ACG GAA CCT CC-3' nfH20 (3.3 uL), gDNA (4 ul),
Dl 5/-TTT GTT GAA CCT AAA CGT GC-3' ?4 .C.57‘2“§’g f‘* C gg S; gg (C; Total volume =25 uL
fahp 5'AAC ATT TTG ATC ATT CAT GCA AT-3' un 72 7 ©in 5Y S;
5 min, 4 °C oo; 40 x
Phndrl 5-TGT GTT TGG TGT AAT ATT AAA GAA CA-3' )
fim 5'-ACA TAA AGT CAA ACG TGC ATT T-3/ Go taq (7.5 uL), F/R primer (2 uL)
; ; nfH20 (3.5 uL), gDNA (2 pL),
Pfert 5-TGT CTT GGT AAA CAC GCT CA-3 Total volume = 25 uL.

5-AGT TGA GAG TTT CGG ATG TT-3




Int. J. Mol. Sci. 2025, 26, 10764 14 of 17

Appendix A.2

Table A2. Variants Identified from variant calling Analysis.

Chromosome Length Variants Variants Rate
Pf3D7_03_v3 1,067,971 82 13,024
Pf3D7_04_v3 1,200,490 3 400,163
Pf3D7_05_v3 1,343,557 2 671,778
Pf3D7_07_v3 1,445,207 3 481,735
Pf3D7_08_v3 1,472,805 6 245,467
Pf3D7_13_v3 2,925,236 3 1,462,618

Total 9,455,266 98 96,482

Appendix B
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Figure A1. Coverage-depth for Amplicon targets: The y-axis shows the median number of reads
covering each amplicon target per sample. The average coverage-depth was 178.0, 3482, 886.7, 396.3,
407.7 and 2850.7 for pfcsp, pfdhfr, pfimdr1, pfdhps, pfkelch13 and pfcrt amplicon targets, respectively.
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