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A B S T R A C T   

The ability to accurately measure the intensity of malaria transmission in areas with low transmission is 
extremely important to guide elimination efforts. Plasmodium falciparum Cell-traversal protein for ookinetes and 
sporozoites (PfCelTOS) is an important conserved sporozoite antigen reported as one of the promising malaria 
vaccine candidates, and could be used to estimate malaria transmission intensity. This study aimed at deter-
mining whether the diversity of PfCelTOS gene reflects the changes in malaria transmission that occurred be-
tween 2007 and 2014 in Dielmo, a Senegalese village, before and after the implementation of insecticide treated 
bed nets (ITNs). Of the 109 samples positive for PfCelTOS PCR, 96 (88%) were successfully sequenced and 
analysed for polymorphisms and population diversity. The number of segregating sites was higher during the pre- 
intervention period (13) and the malaria resurgences (11) than during the intervention period (5). Similarly, the 
number and diversity of haplotypes were higher during the pre-intervention period (16 and 0.914, respectively) 
and the malaria resurgences (6 and 0.821, respectively) than during the intervention period (4 and 0.758, 
respectively). Moreover, the average number of nucleotide differences was higher during the pre-intervention 
(3.792) and during malaria resurgences (3.467) than during the intervention period (2.189). The 3D7 
KSSFNEP haplotype was only observed during the intervention period. Only two haplotypes were shared in both 
the pre-intervention and intervention periods while four haplotypes were shared between the pre-intervention 
and the malaria resurgences. The Fst values indicate moderate differentiation between pre-intervention and 
intervention periods (0.17433), and between intervention and malaria resurgences period (0.19198) as well as 
between pre-intervention and malaria resurgences periods (0.06607). 

PfCelTOS genetic diversity reflected changes of malaria transmission, with higher polymorphisms recorded 
before the large-scale implementation of ITNs and during the malaria resurgences. PfCelTOS is also a candidate 
vaccine; mapping its diversity across multiple endemic environments will facilitate the design and optimisation 
of a broad and efficacious vaccine.   

1. Introduction 

In some countries, including Senegal (Trape et al., 2012; PNLP, 
2018), the burden of malaria has decreased significantly over the last 15 

years (Noor et al., 2014), to the point that standard malaria indicators 
such as the prevalence of infection or the entomological inoculation rate 
cannot be reliably estimated (Tusting et al., 2014). Genomic tools can 
estimate transmission intensity by assessing the changes in parasite 
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population and the complexity of infections with molecular metrics 
(Tusting et al., 2014; Niang et al., 2016). Indeed, the intensity of malaria 
transmission reflects the level of Plasmodium falciparum genetic diversity 
and population structure, with low transmission resulting in lower ge-
netic diversity (Anthony et al., 2005; Escalante et al., 2015; Nkhoma 
et al., 2013). As the Senegalese National Malaria Control Program 
(NMCP) aims to achieve malaria elimination by 2030, ability to measure 
accurately the intensity of transmission in areas where this is low is 
extremely important to guide elimination efforts. This would also allow 
measuring the effectiveness of malaria control interventions, for better 
planning and targeting. Plasmodium antigens are often used to monitor 
malaria parasites population structure. P. falciparum Cell-traversal pro-
tein for ookinetes and sporozoites (PfCelTOS) is an important conserved 
sporozoite antigen (Kariu et al., 2006) that could be used to estimate 
malaria transmission intensity (Doolan et al., 2003). PfCelTOS is a 25- 
KDa cell-traversal protein expressed both in the mosquito ookinete 
and sporozoite stages, playing a crucial role in the locomotory ability of 
both ookinetes and sporozoites in breaking through cellular barriers and 
establishing infection in the new host (Kariu et al., 2006). Because of its 
high immunogenicity (Doolan et al., 2003; Bergmann-Leitner et al., 
2010), PfCelTOS is also a potential vaccine candidate. However, a major 
concern for its use as vaccine candidate is antigenic diversity, which has 
been reported in two studies so far (Oboh et al., 2022; Pirahmadi et al., 
2018). 

In Dielmo, Central Senegal, malaria endemicity has significantly 
changed over the last 20 years, from holoendemic to hypoendemic, 
thanks to the scale up of insecticide treated bed nets (ITNs) in 2008, with 
mass distribution campaigns in 2011, 2014, 2016, and the use of 
artemisinin-based combination treatment (ACTs) for the management of 
malaria cases since 2006. In this area, malaria is currently in the pre- 
elimination phase with current malaria prevalence <1% and no local 
malaria cases observed between 2018 and 2021. Nevertheless, over the 
last 10 years, in 2010/2011 and 2013/2014, two malaria resurgences 
occurred (Trape et al., 2011; Wotodjo et al., 2015). The main objective 
of this study is to determine whether the genetic diversity, haplotype 
frequency and patterns of selection of PfCelTOS gene can adequately 
reflect the changes in malaria transmission that occurred in Dielmo 
between 2007 and 2014. 

2. Methodology 

2.1. Ethics approval and consent to participate 

Written informed consent was obtained from all participants. The 
study was approved by the Ministry of Health of Senegal, the assembled 
village population, and the National Ethics Committee of Senegal. 

2.2. Study area and sample collection 

The study was carried out in Dielmo, a village in Central Senegal, 
where malaria surveillance of the whole population started in June 1990 
(Trape et al., 1994). The village is at about 280 km south-east of Dakar, 
the capital city, on the marshy bank of the Nema, a small permanent 
stream where anopheline breeding sites can be found throughout the 
year. Malaria transmission was intense and perennial in the 1990s and 
early 2000s but decreased and became seasonal after the implementa-
tion of ITN universal coverage, in July 2008. From being holoendemic in 
1990, Dielmo has been hypoendemic since 2010 (Trape et al., 2014). 
Nevertheless, two malaria resurgences occurred in 2010/2011 and 
2013/2014 (Trape et al., 2011; Wotodjo et al., 2015). Since 2006, 
clinical malaria is treated with artesunate-amodiaquine (ASAQ). Ma-
laria surveillance in this area includes quarterly cross-sectional surveys 
of all villagers, daily visits of all residents and systematic recording of 
body temperature three times a week, with blood test in case of fever or 
history of fever (Trape et al., 2014). During the surveys, blood samples 
were collected by fingerpick for thick blood film, malaria rapid 

diagnostic test (RDT), and later molecular analysis. The samples used in 
this study are capillary blood collected during quarterly cross-sectional 
surveys to assess malaria prevalence in asymptomatic carriers. 

The study period was divided in pre-intervention (2007), interven-
tion (2008–2009, ITNs implementation) and malaria resurgences in 
2010/2011 and 2013/2014. 

2.3. DNA extraction 

Genomic DNA was extracted from blood samples using Qiagen kit for 
Blood and Body Fluid Spin Protocol, following manufacturer recom-
mendations, and eluted in a 200 μl final volume and stored at − 20 ◦C 
until use. 

2.4. qPCR for Plasmodium falciparum diagnostic, PfCelTOS 
amplification and sequencing 

Molecular diagnostic with real time polymerase chain reaction (RT- 
PCR) targeting the var. gene multi-copy acidic terminal sequence (var-
ATS) was performed (Hofmann et al., 2015) with the extracted DNA 
using a volume of 5 μl of TaqMan Universal PCR Master mix (Life 
Technologies LTD, UK), 0.5 μl of nuclease free water, 0.8 μl of the for-
ward and reverse primer each, 0.4 μl of the probe and 2.5 μl of DNA for a 
total reaction volume of 10 μl. 

P. falciparum positive DNA was used for PfCelTOS gene amplification 
using newly designed primers (Pf CelTOS forward 5′- TCAGAGGAAA-
CAACGGACACA − 3′ and Pf CelTOS reverse 5′- TCACTTTCTGA-
GACGTCTGGTG − 3′) synthesised by IDT DNA (Corralvile IA USA). The 
newly designed primers cover a 475 base pair fragment of PfCelTOS gene 
all within the coding region. PfCelTOS PCR amplification reaction was 
performed in a total reaction volume of 25 μl containing: 5 μl of 
10XThermopol Reaction Buffer (New England BioLabs), 10 μl of 
nuclease free water, 2 μl of dNTPs, 5 μl of gDNA, 1.25 μl of each forward 
and reverse primer (which equates to 0.5 mM concentration of each 
primer) and 0.5 μl of Taq polymerase (New England BioLabs). The PCR 
cycling conditions were as follow: one step at 95 ◦C for 2 min; 35 cycles 
at 95 ◦C for 1 min, 58 ◦C for 2 min and 68 ◦C for 1min30s and extension 
at 68 ◦C for 5 min. 

All PCR products were resolved on 2% agarose gel stained with safe 
green (biosharp, life sciences) and the products were visualized under 
ultraviolet trans-illumination (Biorad GelDoc™ XR + System with 
Image Lab). Only amplified samples were carried forward for subse-
quent purification and sequencing. The amplified PCR products were 
purified using the ExoSAP-IT™ PCR Product Cleanup Reagent enzyme 
(Thermo Scientific, MA, USA) prior to DNA sequencing as per manu-
facturer's instruction. Purified PfCelTOS PCR products were sequenced 
from both directions with PfCelTOS forward and reverse primers 
following Sanger dideoxy chain termination sequencing PCR and anal-
ysis on ABI SeqStudio automatic sequencer (Applied Biosystems). 

2.5. Sequences analysis 

BioEdit Sequence Alignment Editor v.7.2.5 (Hall, 1999) was used for 
the visualization of DNA sequence chromatograms and for alignments. 
The nucleotide sequences were aligned against the corresponding 3D7 
reference strain sequence (Pf 3D7_1216600) from the GenBank 
(https://www.ncbi.nlm.nih.gov) by using ClustalW multiple alignments 
followed by single nucleotide polymorphisms (SNP) identification with 
BioEdit. All identified SNPs were carefully checked by revisualization of 
DNA sequence chromatograms. The nucleotide sequences were trans-
lated into amino acid sequences and the frequencies of different amino 
acid haplotypes circulating during the three study periods were 
determined. 

The haplotypes were classified based on DNA and amino acid se-
quences of the studied samples in comparison with the 3D7 reference 
strain. Sequences generated will be submitted to NCBI database. 
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2.6. Population genetic analysis 

DNA sequences of PfCelTOS gene in FASTA format were grouped 
according to the three study periods (period before and during ITNs 
implementation and malaria resurgences) and analysed using DnaSP 
v6.12.03 (Librado and Rozas, 2009). The amino acid sequence haplo-
type frequencies were determined for the study periods. Genetic test 
approaches were performed to evaluate the SNPs/segregating sites, the 
number of haplotypes, the haplotype (Nei, 1987) (Hd = the probability 
that two randomly sampled alleles are different) and nucleotide (as 
estimated by Π and Ɵw) diversities and the minimum number of 
recombination parameters (Rm). The average number of pairwise 
nucleotide difference per period was estimated by π (Tajima, 1989), and 
the θw value was based on the number of segregating sites in a popu-
lation (Watterson, 1975). Neutrality tests such as Tajima's D (TD), Fu & 
Li’s F* and D* statistics were performed for the 3 periods to determine 
the mode of evolutionary selection acting on the gene. The TD test 
provides the normalized difference between θw and π, where a negative 
value generally indicates abundance of low frequency polymorphism 
showing directional selection or population size expansion and a posi-
tive value indicates balancing selection or a reduction in the population 
size. Analyses were performed on a sliding window of 100 in 25 nu-
cleotides to assess diversity of PfCelTOS gene segments. 

In addition, to demonstrate the genealogical relatedness of the 
different haplotypes during the 3 periods, a network based on the 
method described by Templeton, Crandall, and Sing (TCS) (Templeton 
et al., 1992) was constructed in the PopArt program (Leigh and Bryant, 
2015). 

To determine the genetic differentiation and the gene flow among 
the parasites population during the three periods, the Wright fixation 
index (Fst) which evaluates the proportion of average diversity in rela-
tion to differences within populations and the haplotype statistic index 
(Hst) were estimated. Statistical significance was evaluated by non- 
parametric permutation-base test with 1000 iterations of samples. Fst 
values are interpreted as low genetic differentiation or high gene flow 
for 0 to <0.05, moderate differentiation or gene flow for 0.05 to <0.25, 
and high differentiation or low gene flow if ≥0.25 (Balloux and Lugon- 
Moulin, 2002). Finally, linkage disequilibrium (LD) test was carried out 
to ascertain if neighbouring SNPs present at different codons are asso-
ciated in a parasite isolate. The r2 value of the SNPs was plotted against 
the positions of the different SNPs. 

3. Results 

3.1. Evaluation of genetic diversity, haplotype frequency and patterns of 
selection of the P. falciparum CelTOS gene 

Of the 109 samples positive for PfCelTOS PCR, 96 (88%) were suc-
cessfully sequenced. Among the 96 sequences with uniform length of 
370 bp, 36 were from the pre-intervention period, 20 from the inter-
vention period, and 40 from the malaria resurgences period (Table 1). 
Among them, 46% (44/96) were from males and 54% (52/96) from 
females. Their age varied between 1.4 and 64.5 years old, with a mean of 
17.9 years. 

For the pre-intervention period, there were 13 segregating sites with 

16 haplotypes while for the intervention period only 5 segregating sites 
with 4 haplotypes were observed. For the period of malaria resurgences, 
there were 11 segregating sites and 6 haplotypes. Haplotype diversity 
was higher (0.914) during the pre-intervention than during intervention 
(0.758) and malaria resurgences (0.821) period. A similar trend was 
observed for the nucleotide diversity values, which was higher during 
the pre-intervention (π = 0.01025, Ɵw = 0.01043) than during the 
intervention (π = 0.00592, Ɵw = 0.00381) and the malaria resurgences 
(π = 0.00937, Ɵw = 0.00699) (Table 2). Likewise, the average number 
of nucleotide difference was higher during the pre-intervention (3.792) 
and during malaria resurgences (3.467) than during the intervention 
period (2.189). There was the same minimum number of putative 
recombination events in the pre-intervention and malaria resurgences 
periods (Rm = 2) while no recombination event was observed during the 
intervention period (Rm = 0). 

LD analysis which helps to determine pair-wise SNPs association was 
evaluated. The r2 value of each pairwise SNP association was computed 
separately. High LD was observed between SNPs located around the 
0–50 base pair; interestingly, additional higher number association was 
noticed in SNPs pair around the 50–75 base pair (Fig. 1). 

Quality-trimmed nucleotide sequences were translated into amino 
acid (AA) and the sequences were aligned with the protein reference 
strain to obtain the haplotype. Mutations at AA positions 100, 104, 116, 
117, 119, 123 and 140 against a reference KSSFNEP haplotype were 
used to characterise population haplotypes. The most common haplo-
type during the 3 study periods was KSSVKEP (Table 3). The number of 
different haplotypes was higher (13) during the pre-intervention period 
than during the intervention (4) and malaria resurgences period (5). The 
3D7 KSSFNEP haplotype was only observed during the intervention 
period, with 40% prevalence. Only two haplotypes (KSSVKEP and 
RSSVKEP) were shared by both the pre-intervention and intervention 
periods; while four haplotypes (NLSFKEP, KSSVKEP, NSSFKEP and 
KSPVKEP) were shared between the pre-intervention and the malaria 
resurgences period (Table 3). 

The evaluation of genealogy relatedness and similarity within and 
between the PfCelTOS population during the three periods by TCS 
further confirmed the number of haplotypes for each period, i.e., 16 for 
pre-intervention period, 4 for intervention period and 6 for malaria re-
surgences (Table 2). The haplotype network revealed a total of 6 shared 
haplotypes (Fig. 2). Hap 13, the most represented, is found throughout 
the study period while Hap 1, Hap 3, Hap 9 and Hap11 were found in 
both the pre-intervention and malaria resurgences periods (Fig. 2). Only 
two haplotypes (Hap 13 and Hap 14) are found in both the pre- 
intervention and intervention periods. 

3.2. PfCelTOS selective signatures, genetic differentiation, and gene flow 
across the three periods 

To determine if the pattern of diversity of PfCelTOS from each period 
deviated from neutral expectations, the TD test was performed. A low 
negative TD value (− 0.05638) was noted during the pre-intervention 
period while the TD values during the intervention (1.69373) and ma-
laria upsurges (1.03326) periods were highly positive (Table 2). 
Nevertheless, none of the values reached statistical significance (p >
0.10). Similar results were obtained by the Fu & Li's (D & F) tests whose 
values did not reach statistical significance except for that during the 
malaria resurgences period with the D test (P < 0.05) (Table 2). 

Genetic differentiation indices were significantly different between 
the three periods (Chi2 = 112.585; p < 0.001; df = 36). Hst values for 
PfCelTOS show significant differences between the three study periods. 
This is confirmed by the Fst values that show moderate differentiation 
between pre-intervention and intervention periods (0.17433), and be-
tween intervention and malaria resurgence periods (0.19198); there was 
also moderate differentiation between pre-intervention and malaria 
resurgences periods (0.06607) (Table 4). 

Table 1 
Characteristics of individuals by period.   

2007 2008–2009 2010–2011/2013–2014 

Number 36 20 40 
Age (years)    

Mean 16.59 15.24 20.38 
Range 1.4–64.4 7.8–20 4.8–64.5 
Sex    
Male 12 12 20 

Female 24 8 20  
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4. Discussion 

New preventive tools such as an efficacious malaria vaccine are 
needed to progress towards elimination and eventually eradication of 
malaria. The currently available malaria vaccines, RTS,S / AS01, 
recently recommended for use by WHO, is based on the P. falciparum 
circumsporozoite protein, and provides modest protective efficacy 
(Castelli and Tomasoni, 2022), although when used in combination with 
seasonal malaria chemoprevention can significantly decrease the inci-
dence of clinical malaria (Chandramohan et al., 2021). A major concern 
for the development of a malaria vaccine is the high and diverse vari-
ations of the target antigens that could reduce its efficacy by selecting 
“resistant” parasites (Genton et al., 2002). Therefore, understanding 
antigenic diversity and the natural dynamics of any vaccine candidate 
antigen against interventions and changes in malaria epidemiology is 

important for vaccine development (Escalante et al., 2002; Volkman 
et al., 2012). Moreover, monitoring accurately changes in transmission 
intensity is important to guide elimination efforts. PfCelTOS is both a 
candidate malaria vaccine and a marker to measure transmission in-
tensity (Kariu et al., 2006; Doolan et al., 2003). Understanding its ge-
netic diversity is thus important as it could inform the use of this marker 
for vaccine development and surveillance. Nevertheless, there is a 
paucity of information on PfCelTOS genetic diversity. To our knowledge, 
only two studies evaluated PfCelTOS genetic diversity from global iso-
lates and in two Nigerian sites (Oboh et al., 2022; Pirahmadi et al., 
2018). The diversity of PfCelTOS from Dielmo reflected changes in 
malaria prevalence, with significant high genetic diversity in the pre- 
implementation, declining to moderate to low diversity during inten-
sive malaria intervention implementation period and then recovered 
following malaria resurgences. The number of segregating sites was 

Table 2 
Genetic diversity and pattern of selection of Plasmodium falciparum Celtos by study period in Dielmo and in two states of Nigeria.   

Dielmo (Senegal) Nigeria (Oboh et al., 2022) 

Genetic metric 2007 2008–2009 2010–2011/2013–2014 Cross River State Edo State 

Number of isolates 36 20 40 25 25 
SNPs/Segregating sites 13 5 11 11 34 
Number of Haplotypes 16 4 6 10 4 

Haplotype diversity 0.914 0.758 0.821 0.89 0.757 
Nucleotide diversity      

π 0.01025 0.00592 0.00937 0.01033 0.03993 
Ɵw 0.01043 0.00381 0.00699 0.0093 0.02505 

Average number of Nucleotide difference 3.792 2.189 3.467 3.823 14.773 
Minimum number of recombination events (Rm) 2 0 2 2 0 

Test of Neutrality      
Tajimas's D − 0.05638b 1.69373b 1.03326b 0.37982 2.24344 

Tajima's D(Syn): 0.74772 b n.a. 0.96335b – – 
Tajima's D(NonSyn): 1.19656 b 1.69373b 0.82398b – – 

Tajima's D (NonSyn/Syn) ratio 1.60027 n.a. 0.85533 – – 
Fu and Li's D − 0.01245b 1.18636b 1.44072* 0.65893 1.72336 
Fu and Li's F − 0.03147b 1.53213b 1.54031a 0.67066 2.21302 

* = P < 0.05; a = 0.10 > P > 0.05 and b = p > 0.10; not significant. All analyses were carried out with a sliding window of 100 in a 25 nucleotides stepwise length. The 
Singleton variable sites are 2 at positions 295 and 345. 

Fig. 1. Linkage disequilibrium (LD) between the SNPs of Plasmodium falciparum Celtos gene from malaria parasite isolates between 2007 and 2014 in Dielmo.  
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substantial in the pre-intervention (13) and the malaria resurgences (11) 
periods, although they were lower than those previously observed in 
Nigeria (34 in Edo), Senegal (26), Gambia (25), Mali (20) and Uganda 

(14) (Pirahmadi et al., 2018; Oboh et al., 2022). During the intervention 
period, the number of segregating sites was low (5), of similar magni-
tude than the one reported from Iran (9), a low endemic area (Pirahmadi 
et al., 2018). Similarly, haplotype diversity was higher in the pre- 
intervention (0.914) and malaria resurgences periods (0.821), and 
comparable to those reported from Senegal (0.940), Gambia (0.897), 
Mali (0.857) and Nigeria (Edo = 0.890), while during the intervention 
period, haplotype diversity was markedly lower (0.758) and comparable 
to that of Cross-River State (0.757), Nigeria, which is known to be meso- 
endemic (Oboh et al., 2022). Other parameters such as nucleotide di-
versity show a similar pattern, i.e., higher transmission in the pre- 
intervention and malaria resurgences periods than in the intervention 
period. This is to be expected as high transmission results in an increased 
parasite recombination and ultimately increased diversity (Mohd Abd 

Table 3 
Distribution of different haplotypes in P. falciparum isolates according to the 
different periods of intervention in Dielmo, Senegal.  

Amino acid 
haplotypes 

2007 N 
(%) 

2008–2009 N 
(%) 

2010–2011/2013–2014 N 
(%) 

KSSFNEP – 8 (40.0) – 
NLSFKEP 8 (22.2) – 4 (10.0) 
KSSVKEP 8 (22.2) 4 (20.0) 16 (40.0) 
NSSFKEP 4 (11.1) – 4 (10.0) 
KHSVKEP 4 (11.1) – – 
RSSVKEP 3 (8.3) 4 (20.0) – 
KISVKEP 2 (5.6) – – 
KSSVKET 1 (2.8) – – 
RSSVNAP 1 (2.8) – – 
KSSFKEP 1 (2.8) – – 
KSPVKEP 1 (2.8) – 12 (30.0) 
NLSFKQP 1 (2.8) – – 
KISVNEP 1 (2.8) – – 
KSSVNEP 1 (2.8) – – 
NSSFNEP – 4 (20.0) – 
RFSVNEP –  4 (10.0) 

The consensus nucleotides of isolates were translated into amino-acid sequence 
and compared with the sequence of the reference strain protein. Mutations were 
located at amino acid positions 100, 104, 116, 117, 119, 123, 140. The reference 
amino acids at those positions is KSSFNEP. “-“shows haplotype is absent. 

Fig. 2. Templeton, Crandall, and Sing (TCS) network providing a summary of the diversity of PfCelTOS haplotypes obtained from 96 DNA sequences in Dielmo 
during 3 periods. 
Circles represent each PfCelTOS haplotype and are scaled according to the haplotypes' frequency. Each haplotype is denoted as “Hap”. Haplotypes from pre- 
intervention (2007), intervention (2008–2009) and malaria resurgences (2010–2011/2013–2014) periods are colour-coded red, green and blue, respectively. 

Table 4 
Genetic differentiation of PfCelTOS gene by study period (n = 96).  

Periods 2007 2008–2009 2010–2011/2013–2014 

Hst values    
2007 – 0.05653*** 0.03119** 

2008-2009 – – 0.08719*** 
Fst values    

2007 – 0.17433 0.06607 
2008–2009 – – 0.19198  

*** P < 0.001. 
** P < 0.01. 
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Razak et al., 2016), while low transmission is associated with lower 
parasite genetic diversity (Anthony et al., 2005; Escalante et al., 2015; 
Nkhoma et al., 2013). Similarly, nucleotide polymorphisms are also 
correlated with transmission intensity (Escalante et al., 2001; Garg et al., 
2007). Thus, genetics parameters such as number of segregating sites 
and haplotypes, haplotype diversity, average pairwise nucleotide di-
versity and average number of pairwise nucleotide seem to be associated 
with transmission intensity in Dielmo as they decreased following mass 
distribution of ITNs, which coincided with a significantly lower number 
of clinical cases (Wotodjo et al., 2017). With reduced opportunities for 
parasite outcrossing in the vector, the predicted PfCelTOS recombination 
events were zero during massive ITN interventions against the vector. 

The observation of significant LD between the mutations at different 
codons is an evolutionarily challenge for malaria elimination especially 
in the areas that are in the pre-elimination phase in Senegal. Hence, it is 
important that continuous monitoring of parasite diversity be carried 
out in the study area and other malaria endemic regions where pre- 
elimination is the next malaria milestone. 

Most of the amino-acid substitutions, 13 out of 16, were detected 
during the pre-intervention period, reflecting the higher genetic di-
versity and in line with the nucleotide diversity value. Only one 
haplotype (KSSVKEP) was present across the three study periods while 2 
haplotypes were shared between the pre-intervention and intervention 
period, and 4 between the pre-intervention and malaria resurgences 
period, reflecting the difference in transmission intensity between the 
intervention and the other 2 periods. This reduction in haplotype di-
versity translated into high differentiation between the temporal pop-
ulations as indicated by moderate Fst values. Interventions and 
reduction of population size can therefore result into significant drift in a 
population. The Fst value was higher (0.255599) between Edo State and 
Cross river isolates (Oboh et al., 2022) than that observed in Dielmo, 
regardless the period. However, this value from Nigeria was lower than 
that reported between Iran and Senegal (0.31628), Gambia (0.39380), 
Mali (0.31819) and French Guiana (0.80723) isolates but higher than 
that from Ugandan isolates (0.18168) (Pirahmadi et al., 2018) which 
was explained by the geographical heterogeneity. 

PfCelTOS is antigenic and interacts with immune responses, which 
can exert a selective pressure on allelic forms of the antigen. This was 
evident with Tajima's D measurements, which were low at the time of 
higher malaria prevalence prior to the implementation of ITNs. The low 
values are explained by the abundance of low frequency SNPs, an 
indication that balancing selection from immunity was affecting PfCel-
TOS diversity. However, more positive TD values were obtained 
following population collapse, and this did not return to low values with 
the malaria resurgences due to the demographic event from the bottle-
neck imposed by interventions (Tetteh et al., 2009; Weedall and Con-
way, 2010). The census sizes for the various study periods were small 
and may not accurately reflect the allele frequency spectrums interro-
gated. As PfCelTOS is involved in parasite-host interactions, and is a 
vaccine target, additional population genetic studies across different 
malaria endemicities will be helpful. 

In conclusion, PfCelTOS genetic diversity seems to vary with in-
tensity of transmission, with higher polymorphisms recorded before the 
large-scale implementation of ITNs and during the malaria resurgences. 
This suggests PfCelTOS antigen is a good and reproducible malaria 
transmission marker. Data from other areas in Senegal and other African 
countries are needed to confirm the potential use of PfCelTOS as a 
marker of transmission intensity. Moreover, given PfCelTOS is a candi-
date vaccine, it will be important to generate data on its antigenic di-
versity from different endemic regions. 
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