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Abstract

Background Malaria remains a significant global health concern, with Plasmodium falciparum being the most
dangerous of the malaria-causing parasites. Sierra Leone, with year-round transmission of malaria, continues to
experience high infection rates, largely due to P falciparum. Although genomic databases have provided valuable
insights into malaria transmission patterns, drug resistance, and population structure, data from Sierra Leone

has been limited. This study aims to build on our previous report by incorporating new samples and providing a
more comprehensive genomic analysis of P. falciparum in Sierra Leone, with a particular focus on genetic diversity,
population structure, and drug resistance.

Methods We collected P falciparum samples from Freetown, Sierra Leone, between December 2022 and March
2023. A total of 35 samples underwent sequencing using the MGISEQ and lllumina platforms, resulting in high-
coverage genomic data. Population structure was assessed using PCA, NJ trees, and STRUCTURE analysis, alongside
comparisons with a global dataset from the pf3k project. Genetic diversity was evaluated using metrics such as 7, 6,
Tajima’s D, and iHS. XPEHH was used to examine selection pressures across different regions.

Results Sequencing yielded over 376,450 high-quality SNPs across 35 Sierra Leone isolates, indicating substantial
genetic variability. PCA, NJ trees, and STRUCTURE analysis revealed that the Sierra Leone isolates formed distinct
clusters from both West African and Southeast Asian samples, with evidence of region-specific genetic adaptation.
The low IBD we found suggested that infections were largely independent. Meanwhile the Tajima’s D and iHS analysis
showed strong directional selection in genes associated with immune evasion and drug resistance genes, exhibiting
ongoing evolutionary pressure due to therapeutic behavior.
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Conclusion This study provides us not only a genomic database but also a profile of R, falciparum in Sierra Leone,
revealing high genetic diversity, strong selection pressure on drug resistance genes, and unique population
structures. Our data emphasize the need for continued genomic surveillance to better manage malaria.

Keywords Plasmodium falciparum, Genomic diversity, Drug resistance, Population structure, Sierra Leone

Introduction

Malaria remains one of the world’s most serious public
health challenges, with Plasmodium falciparum being
the primary cause of the disease, and many studies have
focused on prevention and control efforts in sub-Saharan
Africa [1]. Sierra Leone is one of the countries with the
highest incidence of malaria. Like many West African
countries, malaria transmission occurs throughout whole
year, with the majority of cases being P falciparum.
Despite significant efforts by health authorities to con-
trol malaria, the country continues to report high rates of
malaria cases, with more than 2.6 million cases reported
in 2022. This extremely high rate highlights the signifi-
cant burden of malaria on the country’s population [2].

The introduction of genomic technologies has enabled
researchers to explore the genetic diversity of malaria
parasites worldwide [3]. Genomic studies have helped
to reveal key questions such as population characteris-
tics, multiple infections, co-transmission patterns, gene
flow, and the spread of drug resistance [4—6]. Although
the P falciparum genome was published decades ago
and genomic databases have become routine tools for
tracking transmission patterns and identifying markers
of drug resistance, data from Sierra Leone remain lim-
ited. The lack of comprehensive genomic surveillance has
made it more difficult to integrate genomic information
with epidemiological data. This, in turn, has limited the
effectiveness of national malaria control strategies.

In our previous study, we performed the first whole-
genome analysis of 19 high-density P. falciparum isolates
from Sierra Leone [7]. This provided the first insight into
the genetic diversity and population structure of the par-
asite in this highly endemic region. We found high levels
of repeated infections and low levels of related infections,
suggesting independent transmission events. Building on
this work, this study expanded the dataset to include 35
isolates from the same region. Our goal was to provide a
more detailed and comprehensive analysis of the genetic
landscape. By including more samples and using sophisti-
cated population analysis tools, we hope to further dem-
onstrate the evolutionary pressures facing the parasite in
Sierra Leone. Specifically, we examined genetic diversity,
population structure, and selection on genes associated
with immune evasion and drug resistance. This work
enhances our understanding of P falciparum in Sierra
Leone and contributes to a deeper understanding of
malaria genomics in areas of high transmission.

Materials and methods

Sample collection

Blood samples were collected by the 23rd batch of China
Medical Team from clinical malaria patients at the Sierra
Leone China Friendship Hospital (Freetown) between
December 2022 and March 2023. Approval for this study
was obtained from the Ethics Committee of the Chinese
Center for Disease Control and Prevention. All par-
ticipants were fully informed about the study’s protocol,
potential risks, and benefits, and they provided written
informed consent. Blood samples were collected from
patients who tested RDT and microscopically positive
for P. falciparum infection, which was further confirmed
through PCR as single-species infections.

Next-generation sequencing

To ensure high-quality genomic data, only samples with
a high parasite density were selected. DNA was extracted
from frozen blood samples using a QIAGEN DNeasy
Blood & Tissue Kit (Qiagen, UK). As per the require-
ments of the Sierra Leone Ministry of Health, an initial
batch of 50 samples was sequenced locally at the Sierra
Leone-China Biological Laboratory, equipped with an
MGISEQ-200 sequencer donated by BGI. Due to the lack
of automated equipment, sequencing libraries were man-
ually constructed. DNA was fragmented enzymatically
to achieve the desired fragment size, using the MGIEasy
Universal DNA Library Prep Kit (MGI, China). Frag-
ments of approximately 430 bp were selected after end
repair, A-tailing, and adapter ligation. Circularized librar-
ies were prepared using the MGISEQ-200RS sequencing
kit, and DNA nanoballs (DNB) were loaded for sequenc-
ing. The MGISEQ-200 platform generated an average
of 39.6 million paired-end reads (150 bp) per sample.
Adapter sequences and low-quality reads were removed
using Trimmomatic-3.0 [8], and reads were mapped to
the 3D7 reference genome using BWA [9]. Variant call-
ing was performed with the GATK4 workflow [10], yield-
ing 165,000 high-quality SNPs after filtering for missing
calls exceeding 5%. However, only 19 of the 50 samples
met the required >90% genome coverage for downstream
analyses.

To address this, the remaining 31 samples were trans-
ported to China, with approval from the Sierra Leone
Ministry of Health, for re-sequencing on the Illumina
platform. DNA was fragmented into 500 bp segments
using the Covaris S2 system. Libraries were prepared and
sequenced on an Illumina X-10 platform, generating an
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average of 136 million reads per sample (range: 31-329
million). From this second sequencing round, 16 addi-
tional samples met the desired sequencing coverage
threshold. In total, 35 samples with sufficient coverage
were included in the final dataset.

The overall quality of sequencing data from the
MGISEQ-200 platform was observed to be lower than
that from the Illumina X-10 platform. To ensure uni-
form quality for downstream population genetic analy-
ses, we applied consistent preprocessing across both
datasets using Trimmomatic software. Specifically, we
removed the first 15 bp from each read, irrespective of
the reported base quality scores, to minimize platform-
induced biases and improve data comparability.

Population structure, genetics analysis, and selection tests
We assessed population genetic using both the global
dataset and the imported Sierra Leone isolates. For this
analysis, we downloaded the publicly available pf3k proj-
ect dataset [11], which comprises samples from 13 coun-
tries and nearly 3,000 isolates. From this dataset, we
randomly selected 30 samples per country for compara-
tive analysis. The complete list of countries used for this
selection is provided in the supplementary table (Table
S1). Due to variations in sequencing protocols, platforms,
and laboratory conditions, it was necessary to extract a
subset of SNPs common across all datasets. A total of
31,000 loci shared between our data and the reference
datasets were selected for further analysis.

Principal Component Analysis (PCA) was conducted
using the pcadapt R-package [12], while STRUCTURE
analysis was used to assess genetic clustering based on
allele ancestry [13]. The admixture model for values K as
3 to 12 was run, and the optimum number of clusters was
determined using the delta K method [14]. STRUCTURE
was run with 10,000 burn-in steps and 100,000 Markov
Chain Monte Carlo (MCMC) iterations. SNPs with a
minor allele frequency (MAF) below 5% were excluded
from the analysis. To investigate the phylogenetic rela-
tionships among isolates, a maximum likelihood (ML)
phylogenetic tree was constructed using RAXxML-NG
v0.8 [15]. The analysis employed the GTR + G substitu-
tion model, which accounts for reversible nucleotide
substitution rates and site-specific rate heterogeneity.
High-quality SNPs identified in the dataset were used
as input for the analysis. Bootstrapping (1000 replicates)
was performed to assess the robustness of the inferred
tree topology, and the resulting tree was visualized using
FigTree v1.4.4.

Pairwise IBD was checked using hmmIBD [16] with
default parameters and auto-estimated allele frequencies.
Within-sample genomic diversity, relative to the over-
all population, was determined using the Fy fixation
index in the bahlolab/moimix R-package [17]. Samples
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with Fy,g approaching 1.0 were considered monoclonal.
Fys < 0.95 indicated mixed infections. Genotypic errors
were evaluated by checking heterozygosity calls; loci with
multiple segregating alleles were refined by retaining the
major allele and discarding the minority allele to avoid
errors due to genetic complexity or hypnozoite-induced
relapses.

For high-quality SNPs, we estimated nucleotide diver-
sity (7), Watterson’s estimator (6 ), genetic differen-
tiation (Fgr), and Tajima’s D value for all genes using
ARLEQUIN Ver3.5 [18]. Tajima’s D tests were performed
to assess deviations from neutral evolution and identify
genes under selection.

Selection and haplotype analyses

To detect signals of recent or ongoing positive selection,
we used integrated haplotype score (iHS) and cross-
population extended haplotype homozygosity (XP-EHH)
analyses implemented in Selscan-Ver1.10a [19]. iHS was
calculated for each SNP by tracking the decay of hap-
lotype homozygosity for both ancestral and derived
haplotypes extending from each SNP. iHS values were
standardized in frequency bins across the entire genome,
identifying loci subject to moderate-frequency selective
sweeps.

XP-EHH was used to compare site-specific extended
haplotype homozygosity between the Sierra Leone iso-
lates and reference populations. Initially, we aimed to
compare SL with West Africa to highlight unique selec-
tion signals in Sierra Leone. However, this comparison
did not yield significant results or identify key genes,
likely due to the genetic similarity and shared selective
pressures between Sierra Leone and other West African
populations. To address this, we compared Sierra Leone
with Asian populations, which provided a clearer con-
trast due to the distinct selective environments in these
regions. This approach allowed us to identify loci under
differential selection pressures between geographically
distant populations, emphasizing the unique evolution-
ary dynamics in Sierra Leone.

Results

We successfully sequenced 35 P falciparum samples
from Sierra Leone, achieving a comprehensive dataset
with substantial sequencing depth. Each sample gener-
ated a large number of reads, with a total ranging from
approximately 27 million to 589 million reads, maintain-
ing an average mapped ratio above 9X and 1X coverage
exceeding 90% for most samples (Table S2). This robust
sequencing effort revealed approximately 376,450 high-
quality SNPs across the samples, indicating extensive
genetic variability and potential regions of high evolu-
tionary pressure or selection. The distribution of SNP
numbers across the genome highlighted significant
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variability, with some regions exhibiting dense clusters
of SNPs, suggestive of potential hotspots for genetic
diversity or selective pressure. Compared the total SNP
numbers across several countries (Fig. 1A), we found a
wide distribution of SNP numbers in Sierra Leone, with
some samples showing extremely high values, signifi-
cantly higher than any other country. This suggests a high
genetic diversity or possible sequencing discrepancies
that might be unique to the samples from this region.
Meanwhile we calculated nucleotide diversity (i) for
5,600 genes in three groups: Asia, West Africa, and Sierra
Leone (Fig. 1B). The mean m values for these groups were
0.0015, 0.0016, and 0.0022, respectively, while the median
values were 0.0007, 0.0008, and 0.0006. The slightly
higher mean m value in Sierra Leone suggests greater
genetic diversity, potentially reflecting local transmission
dynamics and historical selective pressures.

The analysis of Fy,g values across 34 Sierra Leone iso-
lates revealed a range of 0.583 to 0.99, with the major-
ity falling below 0.95, consistent with high-transmission
settings. This aligns with the high prevalence of com-
plex infections observed in the region. For comparison,
similar Fyg patterns have been reported in neighboring
West African countries such as Guinea, Mali, and Cote
d’Ivoire, as demonstrated in Amambua-Ngwa et al. [20].
These findings underscore the genetic complexity and
high transmission intensity of P falciparum in Sierra
Leone.

PCA and NJ-tree constructions elucidated the genetic
relationships within the Sierra Leone samples as well as
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between these samples and reference populations from
West Africa and Southeast Asia. The PCA depicted a
distinct clustering of Sierra Leone samples, highlighting
their unique genetic backgrounds when juxtaposed with
other regions (Fig. 2A, B). Samples from West Africa dis-
played a broader spread across the PCA plot, indicating
a higher genetic diversity which might reflect the diverse
genotypes circulating due to intense malaria transmission
and subsequent recombination events within this region.
In the ML-tree (Fig. 2C), Asian samples formed a tight
cluster, reflecting a lower genetic diversity which could
suggest recent population bottlenecks or limited lineage
expansions within this region. In contrast, African sam-
ples exhibited more phylogenetic diversity with multiple
sub-clusters, consistent with the continent’s status as a
high-burden malaria region with extensive genetic vari-
ability among circulating strains.

STRUCTURE analysis, optimized at K= 5, further
delineated the genetic ancestry of the Sierra Leone
samples, revealing five principal genetic ancestries dis-
tinct from those observed in the reference populations
(Fig. 2D). This pattern underscores the potential unique
genetic adaptations of the Sierra Leone malaria parasite
populations, which might be shaped by local transmis-
sion dynamics and environmental factors, such as the
seasonality of malaria transmission and interactions with
diverse host populations. Further investigation on differ-
ent K value revealed that STRUCTURE could reliably dif-
ferentiate Asian and African populations, but it struggled
to resolve finer distinctions within African populations
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Fig. 1 Comparison of SNP Abundance and Nucleotide Diversity () Across Populations in Africa and Asia. A Total SNP counts for individual countries
across Africa and Asia, showing variation in genetic diversity across regions. B Mean nucleotide diversity (1) for 5,600 genes in three population groups:
Asia, West Africa, and Sierra Leone. The Sierra Leone group demonstrates higher mean nucleotide diversity, consistent with complex population dynamics
and local selection pressures



Zhan et al. BMC Genomics (2025) 26:584

Page 5 of 10

o The Gambia

* Guinea
Thailand
Ghana

= Cambodia

* Mali

» Bangladesh

® Malawi

= Vietnam

= Myanmar

= Laos

* DR Congo
Senegal

oSsL

L ]
.ﬁ
I.-
§ AA%AQAQ AA
b A
o
I
o
&® o
88 o o Y
o
€ 8° o oooogo »" :
o 000 3
%o . ! be
.T
B F128.3k%
S |
& .
g ° " n "y
o0 ' e "*
°N L ]
R -
- ) &

F23.86%

Ghana Mali Malawi DRCongo

The Gambia Guinea Senegal B

m k5
m k4
mk3
mk2
mkl

d Cambodia Vietham Myanmar Laos Sierraleone

Fig. 2 Structure and Phylogenetic Relationships of P, falciparum Samples from Sierra Leone and Reference Populations. A PCA of Sierra Leone and refer-
ence populations from West Africa and Southeast Asia, based on F1 and F2 axes, showing clear separation between African and Asian populations. Sierra
Leone samples (open circles) cluster separately, indicating a distinct genetic profile. B PCA plot highlighting F2 and F3 axes, further distinguishing Sierra
Leone samples from reference. C ML-tree based on genome-wide SNP data, illustrating the genetic diversity across samples. Sierra Leone samples (open
circles) form a separate cluster but show higher genetic diversity. D STRUCTURE analysis showing genetic ancestry inferred from K= 5. Sierra Leone
samples exhibit unique genetic ancestry components, distinct from reference. The West African populations show greater genetic diversity with more
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(Figure S1). The genetic structuring observed suggests
that the Sierra Leone samples possess unique genetic
configurations, setting them apart from other West Afri-
can regions, reflecting localized evolutionary histories
and adaptations.

IBD analysis among the Sierra Leone samples revealed
extremely low relatedness, with a median IBD value of
0.021. This suggests high genetic heterogeneity and indi-
cates that most infections are independently acquired.
The vast majority of the sample pairs (74.96%) have an
IBD value of 0.1, indicating that only a minimal propor-
tion of their genomes are identical by descent (Fig. 3A).
This suggests that while these individuals are infected by
the same species, the infections are likely from diverse
sources or different transmission chains. The highest IBD
value observed is over 0.5, occurring in only 0.17% of

sample pairs, which indicates an extremely rare instance
of high genetic similarity, potentially suggesting a close
transmission link or less diversity in those particu-
lar cases. The analysis of conserved genomic segments
within these samples confirmed the minimal shared
genetic material, highlighting the independent nature of
malaria infections within this region (Fig. 3B). With 35
samples forming 595 pairs, around 35,000 highly similar
segments were identified involving 2,900 genes. Notably,
only 188 genes had segments appearing more than 50
times, including 70 var genes, 65 rif genes, and 15 stevor
genes, suggesting that these VSA genes contain numer-
ous conserved regions, which may be linked to their roles
in immune evasion and other vital functions [21].

The analysis of evolutionary pressures using Tajima’s
D test across 5,600 genes of P. falciparum isolates from
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Fig. 3 Analysis of Identity-by-Descent (IBD) in P, falciparum Samples from Sierra Leone. A Distribution of IBD fraction across 595 sample pairs from Sierra
Leone. The vast majority of sample pairs have an IBD fraction below 0.1, indicating low relatedness between infections, with only 1 pair (0.17%) exceeding
0.5.This suggests that most infections are independently acquired, reflecting high transmission and low genetic relatedness among the parasite popula-
tion in Sierra Leone. B Distribution of highly conserved IBD segments across the 14 chromosomes, showing the number of IBD segments identified in
genes associated with immune evasion, including var, rifin, and stevor. Notably, only 188 genes contained highly conserved segments that appeared more
than 50 times, primarily concentrated in genes related to immune evasion, indicating the functional importance of these gene families in the population

Sierra Leone reveals predominantly negative values
(Table S3), particularly within drug resistance loci, sug-
gesting a significant influence of directional selection
(Fig. 4A). We compared the distribution of Tajima’s D
values from isolates in Sierra Leone and West Africa
(Fig. 4B). We have listed potential drug resistance genes
identified based on prior studies and reviews on drug
resistance compound screening (Table S6) [22-26], and
these genes tend to show more negative Tajima’s D val-
ues in Sierra Leone samples. This difference suggests that
drug resistance genes may be under more intense selec-
tion pressure due to drug treatment regimes, which often
lead to the rapid emergence of resistant strains [27]. In
contrast, genes associated with invasion appear to be
more evenly distributed across the spectrum of Tajima’s
D values. Further analysis with iHS identified signifi-
cant recent positive selection on several SNPs across the
genome (Fig. 4C, Table S4). Notably, high iHS values
were observed in SNPs within the pfcrt gene, linked to
chloroquine resistance, reflecting persistent selective
pressures that may correspond to historical treatment
strategies [28]. Comparative rsb analysis between Sierra
Leone and Asian populations delineated differential
selection pressures, with Sierra Leone samples showing

widespread selection across the genome, affecting genes
involved in immune evasion such as the var, rifin, and
stevor families, and those associated with drug resistance
(Fig. 4D, Table S5). These findings suggest ongoing evo-
lution driven by both immune response and treatment
practices. In contrast, Asian samples exhibited selection
signals predominantly at the telomeric regions of chro-
mosomes, enriching for VSA genes, which could indicate
localized adaptation.

Our detailed investigation into the genetic basis of
drug resistance in Sierra Leone malaria strains revealed
distinct patterns of evolution in key mutations [29],
underscored by negative Tajima’s D values (Table 1).
For example, the K76 T mutation in pfert, associated
with chloroquine resistance [30], continues to show
signs of positive selection (iHS of 1.68). Mutations such
as N86Y and Y184 F in pfindrl also showed significant
iHS values [31], while sulfadoxine-pyrimethamine (SP)
resistance-associated mutations such as S108 N in pfd-
hfr and A437G in pfdhps were prevalent [32], indicating
persistent resistance in these genes. In our analysis of the
kelch13 gene, no validated markers of ACT resistance,
such as C580Y, R561H, R6221, C469Y, or A675 V, were
detected in our dataset. However, two non-synonymous
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Fig. 4 Selection Pressure Analysis of P falciparum Genes from Sierra Leone Isolates. A Tajima's D values calculated across 5,600 genes from isolates in
Sierra Leone, highlighting directional selection on several key loci, including drug resistance genes such as dhfr and cPheRS, and immune evasion genes
(var, rifin, stevor). Negative Tajima’s D values across many genes suggest the influence of directional selection. B Comparative analysis of Tajima’s D values
between Sierra Leone and West African isolates. While most genes cluster around neutral evolution, drug resistance genes and some surface antigen
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evasion gene families and drug resistance loci. The higher iHS scores reflect recent positive selection on these loci. D Rsb analysis between Sierra Leone
and Asian populations showed distinct selection patterns between regions, with the Sierra Leone population exhibiting widespread selection signals
across genes related to immune evasion and drug resistance

Table 1 The evaluation of key mutations in drug resistance genes highlighted distinct patterns of evolution

Gene  Description Mutation Ratio(%) Tajima'sD Highest [iHS| Mutation associated resistance
pfert chloroquine resistance transporter ~ C72S 0 —-0.97438 1.68131 chloroquine
V73S 0 chloroquine
M74] 0 chloroquine
N75E 0 chloroquine
K76 T 23 key marker for chloroguine resistance
pfmdr1  multidrug resistance protein 1 N86Y 3 —1.98965 1.65961 chloroquine and mefloguine
Y184 F 49 altered susceptibility to multiple antimalarials
D1246Y 0 altered drug susceptibility
pfdhfr  dihydrofolate reductase N51I 0 —2.37805 - sulfadoxine-pyrimethamine
C59R 0 sulfadoxine-pyrimethamine
64l 0 sulfadoxine-pyrimethamine
S108 N 86 sulfadoxine-pyrimethamine
pfdhps  dihydropteroate synthase S436 A 26 —1.41477 1.92893 sulfadoxine
A437G 86 sulfadoxine
K540E 6 sulfadoxine, combined with dhfr mutations
A581G 0 sulfadoxine
A613S 20 sulfadoxine
k13 kelch13 gene C580Y 0 —-1.79161 0.741735 artemisinin
R561H 0
R622I 0
C469Y 0
A675V 0
K189T 40
Y493H 9
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mutations, K189 T (40%) and Y493H (9%), were identi-
fied. While these mutations are not currently associated
with resistance phenotypes, their high prevalence war-
rants further investigation into their potential functional
impacts.

Discussion

Even without the impact of COVID-19 on the pub-
lic health system, Sierra Leone remains an area of high
transmission of P falciparum, and persistent malaria
infection provides ideal conditions for the evolutionary
adaptation of the parasite. Based on our data, we propose
that the heavy burden of malaria on the local population,
combined with repeated infections and high transmission
rates, may have resulted in a genetic landscape shaped by
both immune pressure and drug treatment. Compared to
previous sequencing reports, this more comprehensive
genomic study could accurately reveal the local adapta-
tion of P, falciparum and demonstrate the characteristic
of the Sierra Leone population based on methods such as
IBD or selection pressure testing.

We propose that the high malaria prevalence in Sierra
Leone is closely associated with a dynamic and diverse
genetic landscape, which may be caused by frequent
reinfections and intensive transmission rates [33]. The
low Fy values observed in our samples suggest a com-
plex infection with multiple parasite genotypes. This may
point to frequent reinfection events rather than chronic
or monoclonal infections [34]. In addition, the low IBD
values between samples, with nearly 75% of sample pairs
being uncorrelated, suggest that these infections are
mostly independent and may have originated from dif-
ferent transmission events. This high degree of genetic
diversity, coupled with the elevated SNP numbers com-
pared to other regions, highlights the extensive trans-
mission in Sierra Leone, where the introduction of new
parasite genotypes through superinfection is common.
As showed by previous studies [35-37], we took a high
prevalence in Sierra Leone as a result of the frequent
introduction of genetically distinct strains, driven by
intense local transmission dynamics.

Previous studies have suggested that genes associated
with immune evasion and drug resistance in P falci-
parum are subject to directional selection [38, 39], and
our data supports this notion. Genes involved in immune
evasion, such as those in the rifin, var, and stevor fami-
lies, exhibit clear signs of strong selective pressure in our
analysis, as evidenced by negative Tajima’s D values and
significant iHS scores. The iHS values further confirm
that specific alleles in these immune evasion gene fami-
lies are under strong positive selection, suggesting that
these genes play a crucial role in the parasite’s ability to
persist despite immune challenges. Moreover, our XP-
EHH analysis between Sierra Leone and other regions,
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particularly Southeast Asia, highlights distinct evolution-
ary pressures, with immune evasion genes being under
stronger selection in Sierra Leone. This finding contrasts
with drug resistance genes, which, while still under selec-
tion, exhibited less extreme Tajima’s D values, suggesting
that drug pressure, though present, may not be the pri-
mary driver of selection in this population. Some studies
have suggested that immune evasion mechanisms are the
dominant force shaping the parasite’s genetic landscape
[40, 41], and our data stands with this view.

The analysis of drug resistance genes, such as pfcrt and
pfmdrl, revealed distinctly negative Tajima’s D values
and high iHS scores, consistent with strong directional
selection. However, it is important to note that most
genes in the genome also exhibited negative Tajima’s D
values and significant iHS and rsb signals, which could
reflect broader demographic processes, such as popu-
lation expansion or bottlenecks, rather than selection
specific to resistance genes. This emphasizes the need
for careful interpretation of selection signals. For drug
resistance genes like pfcrt, these patterns may not solely
reflect ongoing drug use but could also result from his-
torical drug pressures. These findings highlight the
enduring impact of both historical and current treatment
practices on the evolution of P. falciparum populations.
While immune evasion genes appear to be the dominant
force driving selection, the persistent selection pressures
on drug resistance loci underscore their continued rel-
evance in shaping the genetic landscape of Sierra Leone
populations.

Our data validates the presence of key drug resistance
mutations previously reported in this region [42], includ-
ing K76 T in pfcrt, N86Y and Y184 F in pfmdri, and
S108 N and A437G in pfdhfr and pfdhps, all of which
show strong signs of directional selection with negative
Tajima’s D values. The persistence of mutations like K76
T in pfcrt, despite the dramatic reduction and abandon-
ment of chloroquine use across Africa, suggests potential
cross-resistance with newer therapies and highlights the
residual effects of past drug use. Notably, the high iHS
values for K76 T in pfcrt (1.68) and Y184 F in pfmdrl
further indicate ongoing positive selection due to con-
tinued reliance on artemisinin-based combination thera-
pies (ACTs) [43, 44]. Similarly, the mutations S108 N in
pfdhfr and A437G in pfdhps, both exhibiting high preva-
lence and significant selection pressure, underscore the
entrenched nature of SP resistance in the region. The lack
of the C580Y mutation in kelchl3, associated with arte-
misinin resistance, suggests that artemisinin resistance is
not yet a significant issue in Sierra Leone, consistent with
reports indicating low access and adherence to ACTs.

However, the continued presence of older resistance
alleles, even as drug policies evolve, reflects the enduring
impact of historical drug use. Based on the data we have
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found and our work in local hospitals, we believe that
limited access to new antimalarial treatments in Sierra
Leone increases the likelihood that people will rely on
older drugs, thereby maintaining selection pressure on
these alleles [45, 46]. This highlights the importance of
continuing to track the adaptive dynamics of drug resis-
tance in this high-transmission area.

Given these results, we also recognize the urgent need
to continue genomic surveillance to understand the
changing landscape of P falciparum in Sierra Leone.
Although we see that high transmission rates, immune
evasion, and drug resistance will continue to shape
the genetic characteristics of the parasite, local health
authorities should adopt adaptive strategies to respond to
the continued threat of malaria.

Conclusion

As previously reported, our study demonstrates the role
of transmission dynamics, immune evasion, and drug
resistance in shaping the genetic diversity of P falci-
parum in Sierra Leone. The genome-wide data provided
a clearer picture of the genetic landscape of local parasite.
High genetic diversity and low IBD values highlight wide-
spread transmission and frequent reinfection. Immune
evasion genes, including var, rifin, and stevor, continue
to face strong directional selection, indicating ongo-
ing adaptation to host immune responses. The mutation
frequencies in drug resistance genes, such as pfcrt and
pfdhfr, are consistent with previous studies and also dem-
onstrate unique diversity in the Sierra Leone population.
As with the data we reported in China [47, 48], we once
again emphasize the need for continued genetic surveil-
lance to better control malaria and address the ongoing
threat of drug resistance.
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