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Abstract

Insecticide resistance is jeopardising malaria control efforts in Africa. Deciphering the

evolutionary dynamics of mosquito populations country-wide is essential for designing
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effective and sustainable national and subnational tailored strategies to accelerate malaria
elimination efforts.

Here, we employed genome-wide association studies through pooled template sequencing to
compare four eco-geographically different populations of the major vector, Anopheles
funestus, across a South North transect in Cameroon, aiming to identify genomic signatures
of adaptive responses to insecticides. Our analysis revealed limited population structure
within Northern and Central regions (Fsr<0.02), suggesting extensive gene flow, while
populations from the Littoral/Coastal region exhibited more distinct genetic patterns
(Fs>0.049). Greater genetic differentiation was observed at known resistance-associated loci,
resistance-to-pyrethroids 1 (rp1) (2R chromosome) and CYP9 (X chromosome), with varying
signatures of positive selection across populations. Allelic variation between variants
underscores the pervasive impact of selection pressures, with rpl variants more prevalent in
Central and Northern populations (Fsr>0.3), and the CYP9 associated variants more
pronounced in the Littoral/Coastal region (Fsr =0.29). Evidence of selective sweeps was
supported by negative Tajima’s D and reduced genetic diversity in all populations, particularly
in Central (Elende) and Northern (Tibati) regions. Genomic variant analysis identified novel
missense mutations and signatures of complex genomic alterations such as duplications,
deletions, transposable element (TE) insertions, and chromosomal inversions, all associated
with selective sweeps. A 4.3 kb TE insertion was fixed in all populations with Njombe
Littoral/Coastal population, showing higher frequency of CYP9K1 (G454A), a known resistance
allele and TE upstream compared to elsewhere. Our study uncovered regional variations in
insecticide resistance candidate variants, emphasizing the need for a streamlined DNA-based

diagnostic assay for genomic surveillance across Africa. These findings will contribute to the
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development of tailored resistance management strategies crucial for addressing the dynamic
challenges of malaria control in Cameroon.

Key words: Genomic, Anopheles funestus, Cameroon, PoolSeq, selective sweeps, P450s

Author Summary

Despite the widespread use of vector control tools to combat malaria in Cameroon, the
disease burden remains high, particularly affecting children and pregnant women. This
persistent burden is linked to intense resistance in malaria vectors, mainly driven by the
overexpression of metabolic insecticide resistance genes. The evolutionary response of
mosquito populations to both control interventions and agricultural environmental stimuli
across Cameroon is not well understood. Understanding these dynamics is crucial for
developing effective and sustainable strategies for malaria elimination country-wide.

Here, we performed a genome-wide survey of Anopheles funestus across four eco-geographic
regions in Cameroon, revealing limited population structure between the northern and
southern regions. For the first time in Cameroon, we observed the emergence and widespread
of two known resistance-related loci, rpl and CYP9 loci. Additionally, we identified both
known and novel replacement polymorphisms, along with complex signatures of genomic
alterations such as large insertions and duplications, linked to selective sweeps. Notably, a
4.3kb structural variant was completely fixed in all regions, while the CYPI9K1 resistant allele
(A454A) was fixed only in the littoral/coastal region but remained under selection elsewhere
highlighting the importance of designing a tailored resistance management strategies crucial

for addressing the dynamic challenges of malaria control in Cameroon.
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Introduction

Malaria, caused by the Plasmodium parasite and transmitted by Anopheles mosquitoes,
remains a major global health challenge with over 249 million cases and 608,000 deaths in
2022 [1]. In the African region alone, malaria contributed to 233 million cases and claimed the
lives of 580,000 individuals in the same year, with children under 5 the most vulnerable to this
disease [1].

Similar to other endemic regions, the fight against malaria in Cameroon relies heavily on
insecticide-based interventions, such as insecticides treated nets (ITNs) and indoor residual
spraying (IRS), which target the major mosquito vectors such as Anopheles gambiae and
Anopheles funestus [2]. For the past years, the National Malaria Control Programme (NMCP)
of Cameroon and their partners have invested much efforts to drive malaria towards
elimination particularly through its National Strategy for the Health Sector, as well as the
National Strategic Plan to Fight Against Malaria between 2019-2023 and 2023-2027 [3]. This
was evidenced by the substantial increase in coverage of long-lasting insecticidal nets (LLINS)
from 21% to 59% between 2011 and 2018 [3]. Additionally, the Cameroon government, under
the "STOP MALARIA" initiative, has recently initiated its fourth LLIN distribution campaign.
This campaign aims to distribute 16,756,200 LLINs in three phases, targeting a total of
27,740,035 Cameroonians. The distribution occurred in different regions, with specific types
of nets provided based on regional characteristics, including standard LLINs, LLINs + PBO (an
inhibitor of P450s enzymes associated with metabolic resistance), and new-generation dual-
Al LLINs (Interceptor G2) [4,5]. Despite concerted efforts of the government and the decline
of malaria incidence in Sub-Saharan African in the past decades [6], malaria still remains
endemic in Cameroon, contributing to approximately 6.46 million cases and 9,000 deaths in

2022 [1].
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92  Unfortunately, the major malaria vector Anopheles species have evolved resistance to all four
93 classes of insecticides (pyrethroids, carbamates, organochlorines and organophosphates),
94  particularly pyrethroids used in bed net impregnation. This resistance has emerged due to the
95 extensive and widespread deployment of vector control tools, combined with the use of
96 pesticides in the agricultural environment [7]. Consequently, insecticide resistance in malaria
97  vectors poses a major threat to the effectiveness of current and future control strategies. The
98 underlying mechanisms of insecticide resistance in these malaria vectors include target site
99  knock-down resistance evidenced in An. gambiae sl and broadly absent in An. funestus [8,9],
100  cuticular resistance [10], behavioural resistance [11] and metabolic resistance. Metabolic
101  resistance acts through metabolism or sequestration of insecticides by metabolic enzymes
102  majorly the cytochrome P450s, Glutathione S transferases and Carboxylesterases clusters [12—
103  14]. However, there are substantial variations in the resistance patterns and its underlying
104  mechanisms across different African regions including Cameroon [15—17]. Such resistance was
105 mainly linked to the over-activity of metabolic resistance genes [15-17].
106  Population genomics plays a crucial role in identifying the molecular mechanisms underlying
107  resistance dynamic and in understanding and predicting their spread in different populations.
108 A population genomic approach is particularly useful when considering the population
109  structure of the species throughout its range. Transitions between biomes and environmental
110 heterogeneity in Anopheles species are frequently linked to local adaptation and ecological
111  divergence [18-20]. Additionally, selection pressures related to pollutants, particularly those
112  specific to certain environments, may confer environments specific signals of local adaptation
113  linked to ecology [21,22]. For example, diverse agricultural practices have been correlated
114  with variations in the frequencies of resistance mechanisms in An. gambiae s.l in Cote d’lvoire

115 [18] and in Cameroon [23].


https://doi.org/10.1101/2024.06.17.599266
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.17.599266; this version posted June 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

116  Temporal Genome-Wide Association Study (GWAS) across Africa revealed notable genomic
117  changes in Anopheles funestus, including the emergence of P450s-based loci (QTL rpl and
118  CYP9) with selective sweeps and reduced genetic diversity [15,17]. Mosquito populations are
119  often considered to be homogenous across a country leading control programs to roll out the
120  same control intervention nation-wide [2,24]. However, past evidence suggests that this one
121 size fits all may not reflect the complexity of the genetic structure at the scale of a single
122 country such as Cameroon where there are strong eco-climatic contrasts from south to north
123 [25,26]. Indeed, in Malawi, it was shown that there was a significant variation of gene
124  expression in relation to insecticide resistance in An. funestus from the southern part to the
125  north [27]. The extent of such variation remains unknown and the detection of genomic
126  signatures of such countrywide variation remain limited. At a time when most NMCPs are
127  opting to use a sub-national tailoring approach to better deploy interventions to ensure that
128  control tools can best match the profile of the local populations [28], it is essential to define
129 nationwide patterns of gene flow, signature of major genomic drivers of resistance to better
130 inform decision on which tool to deploy in different regions.

131  Consequently, investigating the spatial dynamics of adaptive response and the role of
132  selection pressures among natural Anopheles funestus populations across Cameroon is crucial
133 for the successful development and deployment of alternative control intervention tools that
134  will help advance malaria elimination in the country by 2030. To fill this gap in knowledge, we
135 conducted a comprehensive country wide pooled template (PoolSeq) genome wide
136  association study (GWAS) of An. funestus mosquitoes sampled from four eco-geographical
137  sites across Cameroon, a high burden, high impact malaria country [1].

138  Subsequently, we examined population structure and explored genomic differentiation across

139  the whole genome of An. funestus in order to pinpoint distinctive signatures indicative of
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140 evolutionary selection spanning the potential insecticide resistance or novel loci.
141  Furthermore, we conducted a thorough examination of replacement polymorphisms and
142  signatures of complex genomic alterations associated with the selective sweeps to enhance
143  our understanding of the evolutionary dynamics in these regions.

144

145  Results
146  Overview of alignment and coverage metrics

147  Alignment of PoolSeq GWAS produced 150x2bp reads ranging from 166 million for
148  Gounougou population to 240 million reads for Elende population with a mean of 197 million
149  reads. Filtering them according to read pairing, sequence quality, and mapping quality allowed
150  successful mapping of reads on the An. funestus FUMOZ genome with mapping rates ranging
151  from 29% for Njombe population to 90% for Gounougou population with a mean mapping
152  rate of 65.75%. Most of the mapped reads aligned in pairs (>98%) and less than 8% of the
153  reads for each sample were singletons. The mean coverage was homogeneous across all the
154  samples, except for the sample collected in Njombe (~25x < to the targeted coverage). This
155 low mapping rate can negatively impact the downstream analysis, as certain genomic regions
156  are underrepresented, skewing analyses like comparative genomics between this Njombe
157  population and others. The mean coverages ranged from 25.70x for the Njombe population
158  to0 90.21x for the Tibati population, with a total mean coverage of 62.33x (S1 and S2 Table).
159

160 Population structure

161  Pairwise Fsrvalues were calculated among An. funestus populations collected in the four eco-
162  geographical settings and presented in a correlation heatmap (Fig 1a). Lower Fsr values were

163  observed between An. funestus from Gounougou and Tibati (0.003) but stronger between
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164 Njombe and Elende (0.01), indicating extensive gene flow within the former and limited gene
165 flow within the latter populations. Comparisons between Gounougou versus Njombe and
166  Elende yielded slightly higher Fsr estimates, ranging from 0.04 to 0.05. Tibati versus Njombe
167 and Elende showed Fsrvalues ranging from 0.02 to 0.04, suggesting limited gene flow between
168  populations from Northern to Central and Littoral/Coastal regions of Cameroon. High Fsr
169  values were recorded between all four Cameroon populations and the reference strains FANG
170 and FUMOZ (ranging from 0.21 to 0.35), supporting little or restricted gene flow between
171  Central and Southern African An. funestus populations as previously reported [15] although
172  this difference could also be due to inbreeding in the lab strains.

173  To further confirm the minimal observed population structure, historical relationships and
174  genetic structure among populations were analyzed using Principal Component Analysis
175  (PCA). PCA clearly separated Northern populations (Gounougou and Tibati) from Central and
176 Littoral/Coastal populations (Njombe and Elende), while the clustering of FANG and FUMOZ
177  populations from Southern Africa corresponds with their geographical location, albeit
178  showing genetic divergence (Fig 1c). PCA supports the previous findings by revealing a clear
179  divergence between An. funestus populations from Northern regions and those from Central
180 and Littoral/Coastal regions (Fig 1c), with the majority of variance supported by PC1 (Fig 1b).
181 It clearly separated populations into three main clusters (Fig 1c). Northern populations
182  (Gounougou and Tibati) were genetically more related to each other, while the Elende Central
183  population formed a distinct cluster, separate from both Northern and Littoral/Coastal
184  populations. Notably, the Mibellon 2014 population, despite its Northern location near Tibati
185 (<100 km), clustered with the Njombe Littoral/Coastal population from a different region,
186  suggesting potential genetic similarities between these populations. Mibellon is located more

187 to the west before the Adamawa mountainous chain. This positioning could explain its
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188  differences from Tibati and its similarities with Njombe. These observations imply the
189  presence of region-specific advantageous variants associated with the evolution of insecticide

190 resistance, warranting further detailed investigation.
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192  Figure 1: Genetic differentiation and population structure among An. funestus across
193 Cameroon using pairwise Fsr and PCA approaches. a: Pairwise Fsr correlation heatmap
194  between An. funestus collected in four different eco-geographical settings across Cameroon;
195  b: PCA components capturing the major signals of An. funestus population subdivision across
196 Cameroon; ¢ and d: PCA showing the genetic structure of An. funestus populations across
197  Cameroon with Fig 1c showing that the majority of the variance observed was capture by PC1

198 1 and PC2 compared to PC3 and PC4 in Fig 1d.
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199

200 Windowed measures of pairwise Fsr population genetic

201 differentiation

202  Windowed Interpopulation Fsr comparisons among our four natural An. funestus populations
203  were conducted to quantify the degree of genetic variation between them. Globally, high Fsr
204  values (>0.2) were observed across chromosomes for all relevant pairwise comparisons,
205 including populations from the Northern to Central and Coastal regions of Cameroon. Notably,
206 these signals were prominent around the known gquantitative trait locus (QTL) rpl
207  (chromosome 2) and CYP9 (Chromosome X) resistance-associated loci (Fig 2).

208 Key findings include the presence of low genetic differentiation (Fst ~ 0.06) between
209  Gounougou and Tibati populations at the CYP6 locus only (Fig 2A). Comparisons between
210 Elende and Njombe populations revealed emergence of both loci with a stronger genetic
211  differentiation around the rpl locus (Fsr = 0.47), but lower at the CYP9 (Fsr = 0.1) locus
212  suggesting potential differences in insecticide resistance mechanisms (Fig 2B). Similarly,
213  between Gounougou and Njombe populations, a peak of divergence emerged at both rp1 (Fsr
214 = 0.23) and CYP9 (Fsr = 0.09) loci still stronger at the rp1 locus (Fig 2C). Gounougou versus
215  Elende comparison only evidenced the emergence of rpl locus with lower Fsrvalue (Fsr<0.1)
216  compared to other comparisons (Fig 2D). Comparison between Tibati and Njombe An.
217  funestus populations showed similar pattern as for Elende and Njombe comparison with a
218 high signal of differentiation at both the rp1 (Fsr = 0.44) and the CYP9 (Fsr = 0.09) loci (Fig 2E).
219 When comparing Tibati versus Elende populations, a weak sign of genetic differentiation is
220 seen only at the known rp1 resistance-associated locus (Fsr = 0.02) (Fig 2F). All comparisons
221  except Tibati versus Gounougou, indicated the emergence of an extensive regions of around

222 6 Mbp, with high Fsrvalues but no fixed differences on autosome 2 (Fig 2B-F). This region likely

10
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223  exhibits a pattern characteristic of complex chromosomal rearrangement, potentially
224  involving chromosomal inversion. Exploration of this region revealed several overlapping
225 inversions of significant length, indicating a more complex genetic picture than previously
226  understood using microsatellite markers [29]. Moreover, all comparisons highlighted
227  divergence on the X chromosome around 13.8 Mbp at varying Fsr values, coinciding with
228  diacylglycerol kinase (DGK) locus (AFUN020012). This suggests that while this locus has not
229  been directly linked to insecticide resistance in malaria vectors previously, it could be under
230 selection pressure. The comparison of all these populations to the fully multiple insecticide-
231  susceptible FANG reference strain revealed a stronger selection pressure acting on both the
232 rpl and CYP9 regions with varying Fsr values: For the rpl locus, in Tibati (Fsr = 0.36),
233 Gounougou (Fsr = 0.23), Elende (Fsr = 0.38) and Njombe (Fsr = 0.29) and for the CYP9 locus, in
234 Tibati (Fst=0.19), Gounougou (Fsr = 0.19), Elende (Fst=0.19) and Njombe (Fsr=0.29) (S1 Fig).
235  Knowing that there was no sign of genetic variation associated to insecticide resistance in
236  Mibellon in 2014, additional genomic comparisons using it as a control confirmed major
237  genomic changes in these An. funestus populations across Cameroon. The findings obtained
238  support the previous observations with consistent patterns noted around the differentiated
239  regions. Indeed, pairwise comparisons between Mibellon 2014 and all An. funestus
240  populations revealed that the rpl locus is stronger in Elende and Tibati compared to
241  Gounougou and Njombe, with Fsr values ranging between 0.19 for Gounougou and 0.38 for
242  Elende population while the CYP9 peak was found at higher Fsr (0.29) in Njombe population
243  (Fig 3) indicating that the CYP9-based mechanism is stronger in Littoral/Coastal An. funestus
244  populations compared to others. These findings validate previous observations and highlight

245 regional variations in insecticide resistance mechanisms across Cameroon.

11
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247  Figure 2: Pairwise Fsr genetic differentiation among An. funestus populations in four eco-
248  geographical settings across Cameroon. rpl QTL, standing for Quantitative Trait Locus
249  resistant to pyrethroid 1, denotes the genomic region responsible for 87% of observed
250  pyrethroid resistance in some An. funestus [30]. Additionally, DGK refers to Diacylglycerol

251  kinase (AFUN020012), while CYP9 designates the cytochrome 9 cluster housing the metabolic

252  resistance gene CYP9K1. INV indicates region affected by chromosomal inversion.

12


https://doi.org/10.1101/2024.06.17.599266
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.17.599266; this version posted June 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

(A) Fst: MibtavsTio21 (B) Fst: MibtavsGouz1
AfunF3_2 AunF33 AunF3_x AfunFa 2 AunF33 AfunF3 X

%050] QTL rpl — AUF32 70 — AfunF3 2

QTLrpl DGK

DGK
M il i kA FTOTN E YPTREY PR IU RSN 3 Mwn“_ WMM

551015

180 0
Position (Mbp)
(C) Fst MiblavsEid21 (D) Fst MibtavsNjom21

AfunF3_2 AfunF3_3 AfunF3_X AfunF3_2 AfunF3_3 AfunF3_x

QTL rpl

Foso

QT rpl )

GSTe2 DGk

5 % ES 7 0 0 % Eg 7 §En 5 % ES 7 0 0 % Eg 7 §En
2 5 3 Position (Mop) Position (Mop)

254  Figure 3: Pairwise Fsr genetic differentiation between An. funestus population from four eco-

255  geographical settings and Mibellon 2014 population.

256

257 Population genomics

258  Analysis of genetic differentiation among An. funestus populations from the four eco-
259  geographical localities allows the identification of two known resistance-associated genomic
260 regions spanning the rp1-QTL and the CYP9 loci. To find out whether these genomic regions
261  are under positive selection, we conducted Tajima’s D and theta m genetic diversity analyses
262  spanning both loci. Tajima’s D distributions were calculated for windows of 50kb assigned to
263  each chromosome arm (AfunF3_2, AfunF3_3, and X) for each population. Median Tajima’s D
264  values were consistently negative across all chromosomes in all populations suggesting
265  population expansion, or demographic events acting on these chromosomes. Lower Tajima’s
266 D values were observed in Tibati, Gounougou, and Elende populations (D < -2) compared to

267 Njombe population (D >-1) but were higher (D>0) in southern African laboratory strains (Fang
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268 and Fumoz) than in other populations (Fig 4). Interestingly, lower median Tajima’s D values
269  were observed across the sex-linked X chromosome in all the four populations, with the lowest
270  medianvaluesin Tibati (D =-2.15), followed by Gounougou (D =-2.05), Elende (D =-1.98), and
271  Njombe (D =-0.9) populations. This observation potentially indicates differences in selective

272  pressures or demographic histories among these populations acting on X chromosome.

Genome-Wide Tajima's D in Anopheles funestus populations across Cameroon
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274  Figure 4: Genome-wide Tajima's D calculated in overlapping windows of 50kb in An.

275  funestus across Cameroon.

276  Zooming in around both resistance-associated loci (CYP6 and CYP9) for a finer resolution in
277  1kb overlapping windows revealed a valley of varying negative median Tajima’s D values
278  spanning the entire rpl locus, notably more pronounced in Elende and Tibati populations
279 compared to the Gounougou and Njombe population (Fig 5A), which exhibited a higher
280 median Tajima’s D. This suggests compelling evidence of a strong selective sweep across the

281  entire rpl QTL cluster (indicated by the red arrow) with a consistent valley observed in Elende
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282 and Tibati populations compared to the other populations aligning with their genetic
283  differentiation patterns. FANG and FUMOZ populations appear to be in equilibrium (Fig 5A).
284  Furthermore, the selective sweep at the rpl locus was supported by a pattern of reduced
285  genetic diversity mainly observed in Elende and Tibati An. funestus populations compared to
286  Gounougou and Njombe populations which have similar pattern (Fig 5C). This demonstrates
287 a consistent valley of selection strongly acting in Elende and Tibati populations than in

288  Gounougou and Njombe in line with their genetic differentiation profile.

(A) Tajima's D around rp1 locus across Cameroon (B) Tajima's D around CYP9_X locus across Cameroon
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291  Figure 5: Selective sweeps around the rpl QTL and CYP9 loci in An. funestus across

292 Cameroon.

293  Concerning the CYP9 locus, a consistent pattern emerged, with Tajima’s D exhibiting negative
294  and lower values specifically in the region spanning the CYP9K1 gene (indicated by the red
295  arrow in Fig 5B). Notably, Elende, Tibati, and Gounougou populations displayed lower Tajima’s

296 D values (D ~ -1.8) compared to Njombe (D ~ -1) and laboratory strains FUMOZ and FANG,
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297  which were closer to equilibrium. This observation suggests a widespread and intensive
298  selective sweep within these three populations, particularly targeting the CYP9 cluster and
299  specifically the CYPIK1 gene, a putative gene associated with insecticide resistance. Despite
300 the overall low genetic diversity observed in all populations, a surprising reduction in diversity
301 was noted in FANG and FUMOZ, probably due to inbreeding (Fig 5D) compared to the natural
302 populations. It was also interesting to note that genetic diversity was more reduced in the
303 Njombe population compared to others, suggesting that genetic variants driving the selection
304  of the CYP9K1 gene could be more impacted in Njombe than in other populations (Fig 5D).
305 This nuanced and dynamic evolutionary history implies complex adaptive processes,
306 warranting further investigation into the genetic mechanisms underlying local adaptation
307 and/or insecticide resistance in these An. funestus populations around this sex-link X
308 chromosome.

309 Additional analyses of minor and major allele frequencies were conducted at both loci across
310 these populations, shedding light on the genetic diversity patterns. Notably, consistently low
311  minor allele frequencies (<0.05) were observed flanking both the rp1 (S8A Fig) and CYP9 (S8B
312  Fig) clustersin all populations, suggesting the presence of rare genetic variants associated with
313  these loci and supporting the previously observed pattern of selective sweeps.

314

315 Variants associated to insecticide resistance evolution in An. funestus
316 across Cameroon

317 Candidate SNPs associated with insecticide resistance

318 A comprehensive scan for replacement polymorphisms led to the identification of 185,623
319 missense variants distributed across chromosomes. Filtering based on allele frequencies,

320 coverage depth, p-values, and variants located around active sites or substrate binding
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321  pockets of relevant genes resulted in the selection of 45 non-synonymous single nucleotide
322  polymorphisms (ns-SNPs) from multiple genes. Special emphasis was placed on missense
323  variants spanning resistance-associated genomic loci, including putative resistance-associated
324  SNPsorlocisuchastherp2, rp3, Ace-1, GABA-based rdl mutations, GSTs cluster, and screening
325  of the voltage-gated sodium channel (VGSC), extending beyond the loci detected in this study.
326  Distinct patterns of SNP allelic frequencies were observed among populations, with Elende
327 (Central), Tibati and Gounougou (Northern) exhibiting a similar pattern, contrasting with the
328 observed pattern in the Njombe (Littoral/Coastal) population (Fig 6 and S3 Table). Notably, the
329  most significant novel ns-SNPs are spread across the rpl locus, predominantly located around
330 the substrate binding pockets of the corresponding genes, such as CYP6P2 (R346C), CYP6P9a
331 (E91D, Y168H), CYP6P5 (V14L), CYP6AA2 (V3A, S498L, P35S), CYP6P9b (V392F, V359I),
332 CYP6AD1 (H35Y), CYP6P4a (H169R), CYP6P1 (L13F) and Carboxylesterase AFUN015793
333  (S307Y), were either highly prevalent or fixed in Elende, Tibati and Gounougou populations.
334 In contrast, they were either absent or present at low frequencies in Njombe, FANG, and
335 FUMOZ laboratory strains, with the exception of CYP6P9a (E91D), which was fixed in Njombe.
336 Conversely, the most significant SNPs in the Njombe population were dispersed across
337 different genes, featuring just one P450s-based ns-SNP, CYP9K1 (G454A). This SNP was nearly
338 fixed in the Njombe population, while Elende, Tibati and Gounougou exhibited them at lower
339 frequencies (<50%).

340 These findings suggest that the single nucleotide polymorphisms (SNPs) surrounding the rpl
341  locus primarily correlate with insecticide resistance in Elende, Tibati, and Gounougou, in
342  contrast to the Njombe population. In Njombe, the CYP9 (CYP9K1) locus appears to be more
343  significant, exhibiting a fixed frequency (89.5%), while in other populations, it is present at

344  moderate frequencies or is still under selection, with frequencies below 50% (Fig 6 and S3
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345 Table). Additional SNPs identified at moderate to high frequencies, which flank the rp1 locus
346 and are more prevalent in Njombe but present at lower frequencies in other populations,
347  include novel variants. Among the novel SNPs are those on CYP6P4b (K295E, E297K), CYP6P4a
348  (E297K, K295E), and CYP6P4b (1288N). Additional novel SNPs have been discovered on CYP6P1
349  (A432V), cytochrome P450 AFUN0O08357 (F374L, R56C), and CYP6AD1 (L311S). A SNP on a
350 transcription factor gene, AFUN019663 (TFIID, T16N) was fixed in all populations (>90%) but
351 at very low frequency in FANG (8.7%), fully susceptible strain. Examination of target site
352  knockdown resistance in these populations revealed no evidence of relevant SNPs in the VGSC
353  capable of driving resistance (Fig 6). Replacement polymorphisms within the G protein-
354  coupled receptor (GPCR) were detected at moderate to high frequencies, with some nearing
355 fixation in Elende, Gounougou, and Tibati populations (GPCR A284V and L272l). In contrast,
356 the Njombe population exhibited low to moderate allele frequencies for different GPCR
357 polymorphisms (P399L, N260K, G318E, and G318R) (Fig 6). Although no hits were found
358 around the rp2 and rp3 loci, scanning for missense variants within these loci revealed no
359 significant SNPs associated with insecticide resistance. The polymorphisms observed were at

360 low frequencies, with the highest variant exhibiting an allele frequency of 27.40% (S3 Table).
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363  Figure 6: Heatmap showing the best replacement polymorphisms associated to insecticide
364 resistance in An. funestus populations across Cameroon. Only the best non synonymous

365 variants identified from frequency, depth, genotypes and p-value based-filtering.

366 Upon examination of the GSTs gene cluster, we identified SNPs at moderate to high allelic
367 frequencies that are present in all four populations. For instance, prominent SNPs were
368 observed in the GSTD1 gene (G191D and Y209F) and the GSTT1 gene (A224T), with allelic
369 frequencies ranging from 60% in the Njombe population to 92.7% in the Tibati population (Fig
370 7). Additionally, the well-known resistance-associated SNP on the GSTe2 gene (L119F), which
371  confers resistance to DDT and permethrin, was found at varying allelic frequencies across
372  locations, ranging from 41.9% in Tibati to 62.6% in the Elende populations (Fig 7). This SNP
373  was closely followed by the F120L mutation on the same gene, which exhibited varying
374  frequencies across locations, ranging from 2.4% to 33.7%. Another SNP on the GSTe2 gene
375  (K146T), previously identified in the An. funestus population in the Democratic Republic of the
376  Congo (DRC), was detected at low frequencies in northern and central populations but was

377  completely absent in the Littoral/coastal population.
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Figure 7: Non-synonymous polymorphisms in GST genes potentially associated with

insecticide resistance in An. funestus across Cameroon.

Besides the two major CYP6 and CYP9-based selective sweeps, we examined target site
insecticide resistance putative genes for evidence of relevant variants associated with
insecticide resistance. Upon examination of the GABA receptor known to confer dieldrin
resistance (rdl) in An. funestus, we identified three SNPs, with particular focus on two major
ones. The first SNP, A296S, was observed at low frequencies in northern regions but was
already fixed in central and littoral/coastal regions. The second SNP, T345S, was found to be

fixed solely in the littoral region (Fig 8). Two SNPs were detected in the VGSC (D1156Y and

21


https://doi.org/10.1101/2024.06.17.599266
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.17.599266; this version posted June 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

388  L1988I) at very low frequencies (<11% and <17%, respectively) across all populations, with
389 Njombe having the highest frequency for both SNPs (10% and 16.7%) while a single SNP was
390 found on Acel (AFUN011616), with a very low frequency in the Elende population (7.5%) and
391 absence in other populations (Fig 8), suggesting that it has no role in insecticide resistance in

392  An. funestus in all these localities across Cameroon.

Allele Frequency (%) 0

N
o
a
o
~
(3]

100

GABA_AfunF3_3:12993239 886G>T (A296S) 9 2 4 0 0
GABA_AfunF3_3:12989397 1033A>T (T345S) 2 0 0 0 0 0
‘T VGSC_AfunF3_3:42353130 6148A>G (12050V) 17 11 9 4 0 0 0
g VGSC_AfunF3_3:42352944 5962C>A (L1988I) 0 9 4 3 7 0 0
g GABA_AfunF3_3:13033804 237A>T (E79D) 3 0 5 0 21 0 0
VGSC_AfunF3_3:42346279 3466G>T (D1156Y) 0 7 3 0 10 0 0
Ace1_AfunF3_2:19555551 2176C>A (L726M) 0 0 0 8 0 0 3
™ I N N I S 4
‘]9’\ QQI QQ' “9‘1' Qq' Q,bo Q&o
% N R4 e/ e/ <
O & o & Y
D 5 S o &
‘00 A 00‘ 00 S
A\ & S
O
<)
Population

393

394  Figure 8: Non-synonymous polymorphisms within the target site genes potentially

395 associated with insecticide resistance in An. funestus across Cameroon.

396 Candidate signatures of complex genomic features associated to

397 resistance evolution in An. funestus across Cameroon

398 A comprehensive large insertion calling was done across the rpl and CYP9 loci using
399 INSurVeyor tools and pertinent insertions were visualized in integrative genomic viewer (IGV).
400 Our analysis revealed evidence of 26,724 insertions spread Genome-wide with around 233
401  spanning the entire rp1 and CYP9 loci. Of these, 2 large structural variants were pertinent and
402 found in all the four populations but not in FANG and FUMOZ reference strains (S2, S3 Figs

403 and S4 Table).
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404 Transposon insertions around the rpl and CYP9 loci potentially associated to

405 insecticide resistance in An. funestus across Cameroon

406  Mobile DNA sequences known as jumping genes play a crucial role in the dynamic nature of
407 genomes, capable of relocating within the genetic material.

408 This study sheds light on a distinctive pattern involving the insertion of two large inserted
409 transposable elements (TEs). One of these TE is found in the intergenic region between the
410 CYP6P9b and CYP6P5 genes on chromosome 2R, specifically within the rp1 locus. The second
411  one occurs upstream of the CYP9K1 gene, in the vicinity of the CYP9 locus on the X
412  chromosome. The initial transposable element (TE) is a 4.3 kb sequence previously detected
413  in the Mibellon area of Cameroon. This sequence has been associated with pyrethroid
414  resistance and reduced parasite infection in An. funestus populations across various regions
415  of Cameroon [31]. The variant is inserted at position 8,556,409 and carries the insertion
416  sequence “CCAAATGTACA. Interestingly, this TE is fixed in all four studied localities (S2 Fig and
417 5S4 Table). The absence of this 4.3kb TE in the FANG susceptible reference strain further
418  support its role in insecticide resistance. The robustness of this TE presence is supported by a
419  high coverage depth and a consistent number of split reads, discordant reads, and supporting
420 reads flanking both the left and right breakpoints. Additionally, the elevated scores (0.971/1
421 and 0.978/1 for the left and right breakpoints, respectively) surrounding these breakpoints
422  further support the potential role of this TE in driving insecticide resistance in these
423  populations (S4 Table).

424  On the other hand, in the upstream region of the CYP9K1 gene, this study identified a second
425 transposable element (TE) similar to the transposon detected between CYP6P9b and CYP6P5.
426  Thisretrotransposon is inserted at position 8,338,432, characterized by an insertion sequence

427  of “CAAATTTC” (S3 Fig and S4 Table). Notably, the pattern of this transposable element was
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428 more pronounced in the Njombe population compared to other populations, hinting at a
429  contrasting distribution of this TE between the Northern, Central An. funestus populations,
430 and the Littoral/Coastal populations of Cameroon (S3 Fig). Like the previously 4.3kb
431  transposable element, this pattern was absent in the FANG susceptible reference strain.
432  Unfortunately, the applied assembly approach encountered challenges in assembling the
433  entire sequence, providing only around 830 bp with a pattern indicative of incomplete

434  assembly represented by underscores ("_") (S4 Table). Despite the incomplete assembly, this

435  transposable element was associated with consistent discordant and supporting reads,
436  displaying a high coverage depth downstream that encompasses the CYP9K1 gene. This
437  observation suggests that this large transposable element could exert an impact on nearby
438 genes, notably the CYP9K1, emphasizing the need for detailed investigations into its

439  properties and potential implications in insecticide resistance.

440

441 Candidate duplications, deletions and inversions around the rp1 and CYP9 loci

442  associated to the selective sweeps in An. funestus across Cameroon

443  While large insertions were initially identified using INSurVeyor, we further investigated
444  additional structural variants, including duplications, deletions, and inversions, utilizing
445  smoove. Our focus was on structural variants with a length greater than 1kb, particularly those
446  flanking the rpl and CYP9 clusters, known to be under selection. Our analysis revealed a total
447  of 324 structural variants distributed across both the rpl and CYP9 genomic regions in An.
448  funestus from the four natural populations, with variant counts of 94, 92, 86, and 52,
449  respectively (S5 Table). These variants comprised tandem duplications, deletions, and

450 complex chromosomal inversions. Notably, 28 of these variants emerged as particularly
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451  relevant, suggesting their potential contribution to An. funestus adaptive response to selective
452  pressures induced by insecticide usage.

453  One noteworthy structural variant was a novel significant 2.4 kb duplication detected on
454  chromosome 2 at position 8,560,624 and confirm by visualisation in IGV (Table 1, S5 Table and
455  S4 Fig). This duplication spanned partial CYP6P4a and CYP6P4b paralogue genes known to be
456  overexpressed in Ghana populations. Intriguingly, this duplication exhibited a heterozygote
457  pattern in Elende, Tibati and Gounougou populations but was absent in Njombe population
458  as well as FANG and FUMOZ laboratory strains, indicating ongoing selection of this duplication
459 in the former populations (Table 1). Characterized by high coverage depth, consistent
460 supporting reads, and sequence quality, this structural variant absence in the FANG reference
461  strain suggested its potential role in insecticide resistance, warranting further investigation
462 (Table 1, S5 Table). Another common duplication across all populations was a 3.5 kb variant
463  partially spanning two carboxylesterases (AFUN015793 and AFUN015787) within the rpl
464  locus. While fixed in Gounougou and Tibati, it presented as a heterozygote in Elende and
465 Njombe populations, remaining absent in FANG (Table 1, S5 Table and S5 Fig).

466  Two major deletions were identified across all populations: a 2.3 kb consistent deletion within
467  the rpl locus spanning partial CYP6P4a and CYP6P4b genes beside the 2.4 kb duplication
468 found, and a 6.5 kb fixed deletion, an insertion in FUMOZ, observed in various localities across
469  Africa [15]. The former was heterozygote with high quality across all populations. The latter
470 (absence of 6.5kb insertion), although present in all four locations, exhibited poor
471  heterozygote quality (Table 1, S5 Table, S6 and S7 Figs). Additionally, a unique 2.5 kb deletion
472  with high heterozygote quality was exclusive to the Njombe population spanning the partial

473  CYP6P4a/b paralogues (Table 1, S5 Table and S7 Fig).
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474  In terms of inversions, multiple events of varying segment sizes, such as the 29 kb and 48 kb
475  inversions downstream of the CYP9K1 gene, were identified. These inversions were
476  heterozygote in Gounougou and Elende populations but absent in other populations,
477  including laboratory strains (Table 1 and S Table). Table 1 and supplementary tables provide
478  detailed information on coverage depth, supporting reads, sequence quality, and
479  heterozygote quality for each identified structural variant, aiding in a comprehensive
480 understanding of their association to An. funestus adaptation to insecticide selection
481  pressures or other ecological factors. The consistent patterns observed across populations
482  underscore the importance of these structural variants in the evolutionary dynamics of
483  mosquito adaptation to ecological pressures and/or responses to environmental pressures
484  such as insecticide resistance.

485 Moreover, we conducted coverage analysis around both the rp1 and CYP9 loci using
486  custom scripts. Coverage depth analysis involves computing the number of reads aligned to
487 each genomic position, followed by normalization based on mean coverage depth for
488  comparability. Summarization of normalized coverage within non-overlapping 1000-bp
489  windows aids in identifying patterns of potential copy number variations across genomic
490 regions and populations. The results revealed distinct patterns around these genomic regions.
491 Around the rpl locus, where the two carboxylesterases and 10 major cytochrome
492  P450 genes are found (indicated between the two blue vertical lines in (S9 Fig), no evidence
493  of apparent copy number variations was observed across all populations (S9 Fig). This finding
494  suggests a stable copy number in this region, indicating the absence or the presence at low
495  frequency of significant structural alterations that could impact the associated genes which is

496 in line with heterozygote duplications found in this region.
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497  Conversely, around the CYP9K1 region where a TE was inserted upstream the gene, we
498 identified evidence of copy number variations, exclusively in the Njombe population (S10a Fig,
499  depicted between the two blue vertical lines). This observation implies the potential existence
500 of at least one additional copy of the segment/gene on one of the two chromosomes, as the
501 normal copy number is expected to be two (S10a Fig). Notably, other populations did not
502 exhibit evidence of copy number variations within this specific region. However, there was
503 apparent evidence of potential copy number variations downstream of CYP9K1 gene, where
504  several chromosomal inversions of substantial length were identified (S10 b-f Figs).

505 The absence of copy number variations around the rp1 locus in Elende, Tibati and Gounougou
506 implies its relative stability across populations, contrasting with the dynamic nature of the
507  CYP9K1 region in Njombe population, warranting further investigation into the functional

508 implications of these structural variations.

27


https://doi.org/10.1101/2024.06.17.599266
http://creativecommons.org/licenses/by/4.0/

Table 1: Overview of potential structural variations associated to insecticide resistance in Anopheles funestus population across Cameroon.

Population Chromosome | Start End SVs_type SV_length | GT Associated_Genes

Gounougou | AfunF3_2 8560624 | 8563109 | Duplication 2.4kb 0/1 Spanning partial CYP6P4a and CYP6P4b
Gounougou | AfunF3_2 8527362 | 8534289 | Duplication 6.9kb 0/1 Spanning entire CYP6AA1 and partial CYP6AA2
Gounougou | AfunF3_2 8536226 | 8539803 | Duplication 3.5kb 1/1 Spanning partial 2X Carboxylesterases
Gounougou | AfunF3_X 8358864 | 8373842 | Duplication 14kb 1/1 Spanning CYP9K1 and AFUNO07545 intergenic
Gounougou | AfunF3_2 8560561 | 8562887 | Deletion 2.3kb 0/1 Spanning partial CYP6P4a and CYP6P4b
Gounougou | AfunF3_2 8546959 | 8553509 | Deletion 6.5kb 1/1 Spanning CYP9a and b intergenic region
Gounougou | AfunF3_X 8347608 | 8377466 | Inversion 29kb 0/1 Spanning CYP9K1 and AFUN007545 intergenic
Gounougou | AfunF3_X 8356661 | 8405651 | Inversion 48kb 0/1 Spanning entire AFUNO07545 and next genes
Tibati AfunF3_2 8560700 | 8563104 | Duplication 2.4kb 0/1 Spanning partial CYP6P4a and CYP6P4b

Tibati AfunF3_2 8536338 | 8539804 | Duplication 3.5kb 1/1 Spanning partial 2X Carboxylesterases

Tibati AfunF3_2 8560552 | 8562882 | Deletion 2.3kb 0/1 Spanning partial CYP6P4a and CYP6P4b

Tibati AfunF3_2 8546959 | 8553509 | Deletion 6.5kb 1/1 Spanning CYP9a and b intergenic region

Tibati AfunF3_2 8538070 | 8541606 | Deletion 3.5kb 0/1 Spanning AFUN015973 and P450 AFUNO08357
Elende AfunF3_2 8560655 | 8563261 | Duplication 2.4kb 0/1 Spanning partial CYP6P4a and CYP6P4b
Elende AfunF3_2 8536340 | 8539804 | Duplication 3.5kb 0/1 Spanning partial 2X Carboxylesterases

Elende AfunF3_X 8358865 | 8373797 | Duplication 14kb 0/1 Spanning CYP9K1 and AFUNO07545 intergenic
Elende AfunF3_2 8560530 | 8562886 | Deletion 2.3kb 0/1 Spanning partial CYP6P4a and CYP6P4b
Elende AfunF3_2 8546959 | 8553509 | Deletion 6.5kb 1/1 Spanning CYP9a and b intergenic region
Elende AfunF3_2 8560530 | 8562886 | Deletion 2.3kb 0/1 Spanning partial CYP6P4a and CYP6P4b
Elende AfunF3_X 8347591 | 8377479 | Inversion 29kb 0/1 Spanning CYP9K1 and AFUN007545 intergenic
Elende AfunF3_X 8356839 | 8405693 | Inversion 48kb 0/1 Spanning entire AFUNO07545 and next genes
Njombe AfunF3_2 8536201 | 8539765 | Duplication 3.5kb 0/1 Spanning partial 2X Carboxylesterases
Njombe AfunF3_2 8527362 | 8534289 | Duplication 6.9kb 1/1 Spanning entire CYP6AA1 and partial CYP6AA2
Njombe AfunF3_X 8358940 | 8373624 | Duplication 14kb 1/1 Spanning CYP9K1 and AFUN0Q7545 intergenic
Njombe AfunF3_2 8560518 | 8562882 | Deletion 2.3kb 0/1 Spanning partial CYP6P4a and CYP6P4b
Njombe AfunF3_2 8546959 | 8553509 | Deletion 6.5kb 1/1 Spanning CYP9a and b intergenic region
Njombe AfunF3_2 8561553 | 8564078 | Deletion 2.5kb 0/1 Spanning partial CYP6P4a and CYP6P4b

Legend: SV means structural variant; GT stands for genotype.
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543 Discussion

544  This study aims at deciphering patterns of genetic structure amongst populations of the major
545  malaria vector Anopheles funestus across different eco-climatic landscape in Cameroon while
546 identifying genomic signatures underlying adaptive responses to insecticides. It revealed a
547  genetic subdivision associated with the eco-geographical patterns with northern populations
548  exhibiting extensive gene flow and similar signatures of selective sweep associated with

549  resistance different to southern populations.

550 The population structure patterns in An. funestus populations across
551  Cameroon provide essential insights is subdivided along eco-climatic

552  lines

553  The population structure of malaria vectors is a critical factor in understanding the spread of
554  insecticide resistance haplotypes and guiding effective implementation of intervention
555  strategies like gene drive technology. The nation-wide analysis of An. funestus populations
556 presented in this study provides valuable insights into their evolutionary history, population
557  dynamics, and adaptation across diverse environmental contexts. The observed low Fsr values
558 and the PCA pattern between Gounougou and Tibati (Northern) signify extensive gene flow
559  between these populations. The higher Fsrvalues between Northern and Central (Elende) and
560 Littoral/Coastal (Njombe) populations suggest weaker gene flow between these regions
561 supported by the PCA pattern clearly clustering them separately. These findings align with
562  studies conducted across Africa, which show restricted gene flow between An. funestus
563  populations, both between different regions [15,32] and within regions of the same country
564  [32,33]. Similar restricted gene flow has been reported in An. gambiae s.l. populations,

565 notably in Southern Ghana and Burkina Faso [34,35], as well as in the Asian vector Anopheles
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566  minimus in Cambodia [36]. The Principal Component Analysis (PCA) further support these
567 findings, revealing separate An. funestus population clusters in broad agreement with their
568 respective eco-geographical regions emphasizing the role of geography in shaping genetic
569 relationships. This study provides the foundation for future gene drive implementation in
570 Cameroon, considering both biological, eco-geographical and ethical factors in An. funestus
571  populations.

572

573 Variability in evolutionary selection signals among Anopheles
574 funestus populations in Cameroon is associated with insecticide

575 resistance

576  The four An. funestus populations exhibit both common and varying signals of evolutionary
577  selection dispersed throughout their genomes, particularly on chromosome 2R (CYP6/rpl)
578 and X (CYP9). The rpl locus houses two carboxylesterases and ten major cytochrome P450
579 genes, including the paralogues CYP6P9a/b and CYP6P4a/b, known for breaking down
580 pyrethroids in mosquito populations from Southern and Western Africa, respectively [30,37-
581  39]. Additionally, the CYP9K1 gene within the CYP9 cluster, previously found to be highly
582  overexpressed in Uganda An. funestus populations and involved in pyrethroids metabolism,
583  contributes to the observed signals on X chromosome [17,40,41]. The differentiation in the
584  rplsignal observed in An. funestus populations in Elende, Tibati, and Gounougou (Central and
585  Northern regions) contrasts with the stronger CYP9 signal in the Njombe population (Coastal
586 region), indicating localized selection pressures. This contrasting pattern may arise from
587  varying intensities and types of insecticide usage, leading to distinct selection forces across
588 these populations. The stronger selection on the rp1 locus in areas like Tibati and Elende,

589  could be attributed to specific insecticide usage more prevalent in the Northern and Central
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590 regions, coupled with distinct ecological or ecoclimatic factors. This pattern may signify the
591 adaptive evolution of these populations in response to localized insecticide selection
592  pressures. Additionally, beside to the intense selection force in Njombe, the limited gene flow
593  between Njombe (Coastal) and Northern populations may contribute to the stronger CYP9
594  signal in Njombe. For the first time in Cameroon, beyond the rpl locus, this study identifies
595 another signal of selection located on the sex-linked X chromosome, with a stronger impact
596 in the Njombe (Littoral/Coastal) compared to other populations. This suggests that resistance
597 in Cameroon is not confined solely to the rpl locus but extends to other genomic regions,
598 highlighting the complexity and adaptability of resistance mechanisms. Comparable findings
599  were observed in Uganda populations using targeted enrichment sequencing, revealing the
600 emergence of both rpl1 and CYP9 signals [40]. The identified signals indicate a robust adaptive
601 and evolutionary response to environmental stimuli, particularly related to detoxification
602 pathway. This adaptive response is potentially driven by sustained pesticide usage in the
603  agricultural practices prevalent in these localities, which host major agricultural activities in
604  Cameroon. Additionally, the extensive use of pyrethroid, organophosphate, and carbamate
605 insecticides in agriculture likely contributes to the development of insecticide resistance in
606 mosquito populations throughout these regions. Another signal of genetic differentiation was
607  consistently observed in all six comparisons at the terminal end of the X chromosome,
608 annotated with diacylglycerol kinase (DGK). This genomic region was detected to be under
609 positive selection in An. gambiae and An. coluzzii in western Burkina Faso [35,42]. Research
610 conducted in Drosophila melanogaster and Caenorhabditis elegans has indicated potential
611 involvement of diacylglycerol kinase (DGK) in the adaptation to environmental changes
612  [43,44]. The Drosophila retinal degeneration A gene (rdg A), which is an orthologue of the DGK

613 gene, has been implicated in light signaling [44,45]. This probably suggests that if light
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614  signaling is regulated similarly in mosquito species, the DGK gene may play a role in the
615 regulation of vision in An. funestus which could impact the mosquito behavior. However,
616  future studies should aim to establish the direct or indirect contribution of this gene to the
617 adaptive response to insecticides in these populations.

618 This study provides evidence of the evolving nature of An. funestus populations across
619 Cameroon, likely driven by persistent and intense pressure from the use of agricultural
620 insecticides. All four populations exhibit signs of selective sweeps and likely experienced
621 recent population expansions with presence of rare alleles. This is supported by evidence of
622  signatures of positive selection associated with reduced genetic diversity across all four
623  populations, with stronger effects observed at the rp1 locus in Elende and Tibati populations
624  compared to Njombe and Gounougou populations. Prior investigations reported emerging
625 genetic differentiation, compelling evidence of selection, and reduced genetic diversity at the
626 QTLrp1l locus in the An. funestus population from Malawi between 2002 and 2014 but not in
627 2014 in Mibellon locality which is in proximity with Tibati, in the Northern Cameroon [32]. The
628 valley of reduced diversity found in our study represents a typical signature of a selective
629 sweep, similar to what was previously described in the Southern African (Malawi and
630 Mozambique) An. funestus populations [15,27]. This finding aligned to previous studies that
631 identify positive selection around target site mutations (i.e. kdr) conferring resistance in many
632 mosquito vectors species except An. funestus [46—-50]. To comprehensively understand the
633  dynamics of resistance-related loci and monitor their spread, expanded genomic surveillance
634  is crucial across other regions in Cameroon. This approach will guide efforts aimed at malaria

635  elimination in the country.
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636 Genetic variants including replacement polymorphisms are
637 potentially driving insecticide resistance in Anopheles funestus

638 across Cameroon

639  Selection pressure can lead to the increase in frequency of novel genetic variants, facilitating
640 the adaptation and survival of malaria vectors. This is evident through the identification of
641  non-synonymous single nucleotide polymorphisms (ns-SNPs) at varying frequencies across
642  various populations in this study. Capitalizing on the strong evolutionary selection affecting
643  metabolic resistance genes (both the P450-based rpl and CYP9 loci), this study sought to
644  explore specific genetic variants associated with the adaptive responses observed in these
645  populations.

646  The An. funestus populations exhibit a multiallelic and multigenic pattern of ns-SNPs across
647 the quantitative trait locus (QTL) rp1 and the CYP9 loci. The most significant novel ns-SNPs
648  originate from CYP6P2 (R346C), CYP6P9a (E91D and Y168H), CYP6P9b (V392F, V359l), CYP6P5
649  (V14L) and CYP6AA2 (V3A, S498L and P35S) genes spread around the rpl locus, approaching
650 fixation or already fixed in Elende and Tibati populations, displaying moderate to high
651 frequencies in Gounougou, and occurring at lower frequencies in the Njombe population as
652  well as in FANG fully susceptible strain. These genetic variations suggest a dynamic interplay
653  between the genetic makeup of these populations and the selective pressures imposed by
654  insecticide usage. These results align with the observed pattern of genetic differentiation,
655 indicating a greater impact of rpl-based genetic variants in Northern and Central populations
656 and lower impact in the Njombe Coastal population. Another fact is that the rpl locus-based
657  genetic variants exert a varying degree of impact on different An. funestus populations,
658  suggesting potential regional differences in the selection pressure and adaptive responses to

659 insecticide resistance. The multiallelic and multigenic pattern observed in these replacement
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660 polymorphisms suggests that they likely underwent collective selection over time and
661 therefore, some of these SNPs may share the same haplotype. Unfortunately, the PoolSeq
662 approach utilized in this study had limitations, preventing the conduct of comprehensive
663  analyses such as haplotype network, clustering, and linkage disequilibrium assessments. This
664  complexity poses a challenge in pinpointing specific haplotype driving insecticide resistance
665  to specific regions. The presence of a 4.3 kb transposable element (TE) insertion, identified
666  within the rpl, precisely in the intergenic region between CYP6P9b (downstream) and CYP6P5
667  (upstream), contributing to pyrethroid resistance adds another layer of complexity, suggesting
668  that it may have an additive impact combined with those ns-SNPs within the rpl. Other novel
669  ns-SNPs found within the rpl at moderate to high frequencies included the known SNPs
670 presented above on CYP6P4a/b paralogues and the SNPs on CYP6P1 (117T), P450 AFUN019478
671  (F60S and F371Y). Except for H169R, all mutations on CYP6P4a and b were recently reported
672  at very low frequencies (<15%) in An. funestus populations in the Democratic Republic of the
673 Congo using amplicon sequencing, potentially indicating a widespread geographical
674  distribution of resistance-associated variants [51]. The GSTe2 (L119F) known point mutation
675 conferring DDT and permethrin resistance in Cameroon (56) and in Benin (57) was identified
676 at moderate to high frequencies across locations suggesting contribution of this mechanism
677 in resistance with varying impact across regions. Interestingly, a new GSTe2 variant (F120L)
678  was identified next the previous one at moderate frequencies potentially meaning that they
679  co-occurred together, a hypothesis that need to be validated in future studies. Additionally, It
680  was also different from the novel mutation, K146T, identified in the Democratic Republic of
681 the Congo [51]. These findings highlight the diverse repertoire of GSTe2 mutations in An.
682  funestus populations, suggesting ongoing evolution and adaptation to insecticide exposure.

683  The presence of novel mutations further underscores the complexity of insecticide resistance
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684  mechanisms, necessitating continuous surveillance to inform targeted control strategies. A
685 search for SNPs on An. funestus Voltage Gated Sodium Channel (VGSC) revealed no
686  knockdown mutations for this species in Cameroon, unlike An. gambiae, where the first
687  genetic marker of resistance against pyrethroids, kdr-L1014F (or L995F), was identified almost
688  25yearsago [52]. The two identified SNPs, D1156Y and L1988lI, were found at low frequencies
689 in all populations (<20%). The apparent lack of a significant role for kdr in adaptive responses
690 toselection pressure underscores the predominant contribution of other mechanisms such as
691  metabolic mechanism in An. funestus populations.

692 In contrast, the most significant and only CYP9-based ns-SNP results in a glycine-to-alanine
693  substitution at position 454 on the CYP9K1 gene. This variant has been reported near fixation
694 in the Njombe population and remains under selection in the Elende, Tibati, and Gounougou
695 populations [41], aligning with the pattern of high differentiation observed in Njombe
696 compared to elsewhere. This suggests that the CYP9K1 gene could be a primary genetic factor
697  associated with the adaptive response in the Littoral/Coastal An. funestus population. In
698  Southern Ghana, a recent study on An. gambiae sibling species reported the presence of a ns-
699  SNP different from the current point mutation. Specifically, the N2241 mutation was identified,
700 indicating that it is undergoing intense selection and is present at a high frequency (~60%) in
701  the An. gambiae sl population in that region [34]. Our finding suggests that different genetic
702  variations are under selective pressure in distinct geographic locations in diverse species,
703  highlighting the dynamic nature of mosquito populations and their responses to
704  environmental factors.

705
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706 Candidate signatures of complex genomic evolution potentially

707 driving insecticide resistance in Anopheles funestus across Cameroon

708 We have documented a series of complex genomic anomalies within the CYP6 rpl cluster,
709 likely linked to the previously reported selective sweeps driven by selection pressure in An.
710  funestus populations across Cameroon. These complex features encompass a novel
711  duplication of a 2.4 kb segment containing partial paralogous CYP6P4a/b sequences and a 3.5
712 kb fragment partially spanning the two rpl-associated carboxylesterases. Several studies have
713  investigated the overactivity of metabolic resistance genes, such as CYP6AA1 with supporting
714  evidence of duplications occurring in An. funestus populations across Africa [53]. The findings
715  align with previous evidence of CYP6AA1 gene duplications observed in An. coluzzii [54,55]
716  and An. gambiae populations from East and Central Africa resistant to deltamethrin. In the
717  latter populations, the copy number variation (CNV) Cyp6aap_Dupl has been identified as
718  being linked to deltamethrin resistance and has demonstrated rapid dissemination in these
719  regions [56]. These results deviate from the anticipated copy number pattern, as there is no
720 evidence of an increased copy number within the rpl locus. This inconsistency may be
721  explained by the presence of deletions within these duplications, some of which are larger in
722  size, spanning entire genomic segments or by the genotype pattern who indicates that these
723  duplications are heterozygote and therefore still under selection in these localities. Common
724  deletions for all four populations included a 2.3kb of partial CYP6P4a/b sequences and a 6.5kb
725  intergenic deletion between CYP6P9a/b, an insertion in the FUMOZ reference genome
726  previously reported in Malawi and across other African countries [15,17]. While the Southern
727  Africa insertion was absent in all four populations, other duplications were identified as
728  unique to the Njombe and Elende populations, confirming the contrasting pattern of genomic

729  evolution in the Central and Littoral (Coastal) regions compared to the Northern region.
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730  Specifically, a 14 kb duplication was found to be already fixed in Njombe but not in Elende,
731  where it is still under selection in line with pattern of copy number variant. This duplication
732  spans the intergenic region of CYP9K1 and the next gene, AFUN0O07545, aligning with the
733  pattern of increased copy number previously presented around this region in Njombe.

734  We detected evidence of a selective sweep at the CYP9 locus, encompassing the CYP9K1 gene
735 in the Njombe population, characterized by an increased copy number and high coverage
736  depth flanking this genomic locus. This was unique to the Njombe population, not observed
737  in other locations. Interestingly, this population exhibited at least one additional copy of the
738 gene, aligning with the observed genetic differentiation pattern. Additionally, within the
739  coding region of the CYP9K1 gene, we identified a fixed ns-SNP (G454A). This specific SNP,
740  previously fixed in the Ugandan population [40], has been identified as a major driver of
741  pyrethroid resistance evolution in Mibellon, Cameroon with overexpression of the
742  corresponding gene and fixation in Njombe natural population while still under selection
743  elsewhere [15,41]. Furthermore, upstream of the CYP9K1 gene, a transposon insertion similar
744  to the one detected in Uganda [15] with incomplete assembled sequence due to the long
745  length, appeared to be consistently present in the Njombe population compared to other
746  localities. This observation suggests possible evidence of gene flow between Eastern and
747  Central Africa. The overexpression of this gene was associated with the presence of an
748 identical transposable element (TE) and gene duplication, causing an extensive selective
749  sweep in An. funestus population in 2014 in Uganda [17,57], which we hypothesized could be
750  the same scenario happening in Njombe Coastal An. funestus population. Future studies
751  should also prioritize unravelling the complete sequence of this substantial transposable
752  element (TE) employing third-generation sequencing techniques.

753
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754  Conclusion

755  This study offers conclusive evidence of distinct patterns of selective sweeps acting on two
756  major loci, rpl and CYP9, accompanied by genetic variants and complex genomic alterations
757  in An. funestus populations across Cameroon. These adaptations have emerged in response
758  to varying selection pressure in An. funestus populations across four agricultural settings in
759  Cameroon. Future investigations should expand genomic surveillance across the Central
760  African regions to track the dynamics of resistance-related loci, haplotypes and guide efforts
761  toward malaria elimination, considering the complex and multigenic nature of insecticide
762  resistance in An. funestus populations. Further investigations are warranted to elucidate the
763  functional consequences of these novel replacement polymorphisms and these genomic
764  complex features, their impact on resistance phenotypes, and their potential role in shaping
765  the evolutionary dynamics of insecticide resistance in malaria vectors.

766

767 Models

768  Ethical considerations

769  This study underwent review and approval by the National Ethics Committee for Health
770  Research (CNERSH) of Cameroon, with the identification number

771  2021/07/1372/CE/CNERSH/SP.

772 Sample collection

773 An. funestus mosquito samples were collected from four distinct eco-geographical locations
774  across Cameroon, including Gounougou (9°03'00”N, 13°43’59”E) in the north and Tibati
775  (6°27'57”N; 12°37'30”E) in Central-North, Elende (3°41’57.27”N, 11°33’28.46"’E) in the

776  central, and Njombe (4°35'00”N, 9°40'00"E) in the littoral/coastal regions (Fig 9). These
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777  regions are characterised by two main climates: the equatorial and sub-tropical climate found
778 in the Littoral/Coastal region (Njombe) and Centre region (Elende), and the tropical climate
779  presentin the Northern regions (Gounougou and Tibati).

780  Gounougou, located near the Benoué River, houses a significant hydroelectric dam providing
781  electricity and supporting irrigation for 15,000 hectares of downstream crops. The presence
782  of vegetation along the riverbanks and a large rice field creates favourable conditions for the
783  primary malaria vector, Anopheles funestus, with extensive insecticide use, including
784  pyrethroids and DDT [58]. Tibati is in the Adamawa region of Cameroon located between the
785  north and south ecoclimatic zones in Cameroon. Elende is a rural village located about 2 km
786  from the Yaoundé-Nsimalen International Airport. Elende relies on subsistence farming for
787  crops like cassava, cocoa, and vegetables, significantly enhanced by pesticide application [59].
788  Njombe-Penja is located in the Moungo department in the Littoral region. The town is
789  renowned for its expansive plantations, The cultivation spans various crops, including cocoa,
790 pepper, and exotic flowers, covering a combined production area of 5,000 hectares. Intensive
791  pesticide use may contribute to the selection of resistant phenotypes in malaria vectors. An.
792 gambiae and An. funestus are the principal malaria vectors responsible for a substantial
793  malaria transmission in these eco-geographical regions [58,59]. An. funestus populations from
794  these ecoregions have been reported to exhibit high resistance intensity to both types | and Il
795  pyrethroid insecticides. In all localities, collection with consent of blood-fed adult female
796  Anopheles funestus mosquitoes resting indoors occurred between 06:00 a.m. and 10:00 a.m.,
797  utilizing torches and Prokopack electric aspirators (John W Hock Co, Gainesville, FL, USA).
798  Additionally, the genomic study included two laboratory reference strains and one field strain
799  collected at Mibellon (North-West) in 2014: FUMOZ from Southern Mozambique, exhibiting

800 multiple insecticide resistance, and FANG from Southern Angola, a fully susceptible strain used
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for validating positive selection signals [60]. This Mibellon 2014 sample served as a
geographically closer negative control than the FANG sample, because there was no evidence

of selection detected in this population [15].

Legend:
9 Gounougou

9 Elende Gou

9 Tibati

Njombe

Q  Mibellon

e Tibati
Mibellon

Figure 9: Study sites map.

DNA extraction, sequence library preparation and pool whole

genome sequencing

PoolSeq GWAS experiment used one biological replicate consisting of 40 individuals per pool
in each locality. Genomic DNA was extracted from individual female mosquito using the

DNeasy Blood and Tissue kit from Qiagen [61]. Molecular species identification was
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811  subsequently performed as previously described by [62]. The DNA samples were purified
812  using Rnase A and quantified using a Qubit instrument then pooled in pool of 40 individuals
813  per replicate in equal amounts of DNA. Library preparation, quality control and pair-end (2 x
814 150 bp) whole-genome sequencing with NovaSeq lllumina sequencer was carried out to a

815  target 50x coverage by Novogene (Cambridge, United Kingdom).

816 Computational analyses

817 Quality control of fastq files, mapping, filtering and creation of synchronized

818 format

819 The pipeline for the analyses of our PoolSeq dataset is available on GitHub repository via

820  https://github.com/Gadji-M/PoolSeq OMIcsTouch. Briefly, quality control procedures were

821  executed using FastQC (fastqc, 2019), and the results were subsequently piped into Multigc
822  for aggregation and visualization of the final outcomes [63]. Alighment was conducted using
823  the reference genome of An. funestus (VectorBase-61_AfunestusFUMOZ_Genome.fasta)
824  sourced from VectorBase (https://vectorbase.org/vectorbase/app/downloads/release-
825  61/AfunestusFUMOZ/fasta/data/). in 'bowa mem' [64], output was then piped using "samtools
826  view -Sb -" to generate a BAM file containing only reads with a quality Phred score greater
827 than 10 (-g 10). The alignment files in BAM format underwent sorting, marking, and
828  deduplication processes using the PICARD tool (https://broadinstitute.github.io/picard/). The
829  synchronized file function is the principal input files for PoPoolation2 [65], and therefore is
830 key for the downstream analyses. It contains the allele frequencies for each population (pool)
831 ateverybase of the reference genome in a condensed format. To generate a synchronized file,
832  aninitial multiple pileup file (mpileup) was created by amalgamating data from all population
833  pools. The "Samtools mpileup -B -Q 0" command was employed to produce a unified mpileup

834  file. Subsequently, the generated mpileup file underwent processing using the "java -ea -jar
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835  mpileup2sync.jar --threads 40" command in PoPoolation2 to yield the synchronized output
836 file [65].

837 Tracing selective sweeps with population-based genomics analysis

838 The synchronized file was used in downstream analyses for the estimation of various
839  population genomic estimators. Indeed, a bespoke popoolation2-based shell script,
840  "Fst_sliding_windows.sh" [65] was employed to assess precise allele frequencies and pairwise
841  Fsrgenetic differentiation across various population pools. The script "perl snp-frequency.pl"
842  with synchronized file as input, facilitated the computation of exact allele frequency
843  differences, with parameters set at --min-count 2, --min-coverage 10, and --max-coverage 5%.
844  Principal Component Analysis (PCA) for population structure analysis utilized output from
845  "perl snp-frequency.pl". Additionally, pairwise average Fsr for all possible comparison among
846  all pools was determined using the custom script "Fst_sliding_windows.sh" across sliding
847  windows ranging from 5kb to 100kb. The formatted Fsr files and relevant comparisons were
848  visualized using the ggplot2 package in R [66]. Additionally, Genome-wide Fsr and
849  heterozygosity between populations were computed using poolfstat [67].

850 To showcase evidence of selective sweeps among populations/phenotypes, Genome-wide
851  Tajima's D values and theta pi nucleotide diversity (1) were computed for each pool sample in
852  overlapping windows of 50kb using grenedalf (https://github.com/Iczech/grenedalf). All the
853  genomic regions detected with high signal of genetic differentiation and potentially under
854  strong evolutionary processes were analysed in detail by performing fine-scale resolution
855  analysis zooming into them in overlapping windows of 1 kb moving in steps of 0.5 kb via

856  grenedalf (https://github.com/Iczech/grenedalf).

857
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858  Variant calling and filtering

859 A comprehensive variant calling was done with VarScan command line-based tools. It employs
860 heuristic and statistic thresholds based on user-defined criteria to call variants using Samtools
861 mpileup data as input to detect SNPs/indels in individual and pooled samples [68]. Outputs
862  SNPs obtained post VarScan were filtered to just retain bi-allelic variants. The final SNPs and
863  indels variants calling format (vcf) files were annotated and variants were predicted using
864  SnpEff [69] which annotates and predicts the effects of genetic variants (such as amino acid
865  changes). For that, An. funestus database was built and SnpEff was run with java -Xmx8g -jar
866  snpkEff.jar command line then the output file was filtered with SnpSift and bcftools [69,70].
867

868 Exploring complex genomic evolutionary signatures

869 Combination of computational tools including INSurVeyor [71] and Smoove

870  (https://github.com/brentp/smoove) coupled to Integrative Genomic Viewer (IGV) were

871 used to detect and visualized complex signatures of genomic anomalies including large
872  duplications, large chromosomal inversions, large translocations and large indels (large
873  SVs). Large structural variants were defined as variation of the DNA segment or gene
874 in the genome including more than 1,000 bp. Large SVs analysis used the BAM
875 alignment file for each An. funestus population. INSurVeyor used python programming
876 language through "python insurveyor.py" command to detect all genomic alterations

877  associated to insertions (large insertions) whereas smoove through conda, was used to detect
878  additional structural variations (SVs) not detected by INSurVeyor such as inversions, deletions
879  and duplications via "smoove call' command line. The identified variants were annotated

880  using “smoove annotate” and filtered with bcftools filter [70].
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881  The structural variants detected through computational approach were further visualized in
882  IGV. The examination and visualization of BAM alignment files aimed to deduce genomic
883  anomalies through consideration of four key metrics. Firstly, an increased coverage depth
884  spanning specific gene clusters or genomic regions, indicating potential duplication with the
885  presence of more than one copy of the genomic fragment or the insertion of a large DNA
886 fragment. Secondly, the identification of read pairs with incorrect insert sizes within the
887  genomicregions. Thirdly, the detection of abnormal relative read pair orientations suggesting
888 a variety of structural variations, including duplication, intra or inter chromosomal
889  translocation, indels, and chromosomal inversions. Lastly, the observation of multiple
890 seemingly chimeric and discordant reads spanning putative breakpoints, either clipped or not,
891 in the alignment, further contributed to the inference of genomic alterations.

892

893 Supporting information

894  S1 Fig. Pairwise Fsrgenetic differentiation between Anopheles funestus population from
895  four eco-geographical settings and FANG highly susceptible laboratory strain. A, B, C,D, E, F
896 represent genome-wide comparisons between control versus FANG, Tibati versus FANG,
897  Gounougou versus FANG, Elende versus FANG, Djombe versus FANG and FANG versus FUMOZ
898  highly resistant populations, respectively.

899

900 S2 Fig. Evidence of a 4.3kb transposon insertion between CYP6P9b and CYP6P5 is observed
901 in Anopheles funestus populations across Cameroon. The screenshot from Integrative
902  Genomics Viewer (IGV) displays coverage depth and aligned reads for pooled template whole

903 genome sequences of FANG, FUMOZ, Gounougou, Tibati, Elende, and Njombe. The red
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904 markers in the circle indicate the TE insertion, displayed with a characteristic pattern in blue
905 vertical rectangle. The coverage depth plots reveal increased coverage downstream of the TE
906 insertion in all populations. The grey rectangles separated by thin lines represent normal
907 reads aligned in pairs, while green rectangles represent discordant reads.

908

909 S3 Fig. Evidence of a substantial transposon insertion, with an unknown size, observed
910  upstream of the CYP9K1 gene in Anopheles funestus populations across Cameroon. The red
911 markers in circle indicate TE insertion in all populations, characterized by a pattern as blue
912  vertical rectangle, apparently more prevalent in Njombe population compared to others
913  where it is still under selection. The coverage depth plots reveal increased coverage
914  downstream of the TE insertion in the Njombe population but not in others, including FANG
915 and FUMOZ. The grey rectangles represent normal reads aligned in pairs, while thick black
916 rectangles represent discordant reads.

917

918 S4 Fig. Evidence of a 2.4kb duplication, spanning partial CYP6P4a and b paralogues, is
919  observed with an unusual insert size, represented by green rectangles separated with thin
920 lines and framed in the blue boxe. These duplications are present in Gounougou, Tibati, and
921  Elende but absent in Njombe, FANG, and FUMOZ. A red framed box with reads of unusual
922  sizes, separated by red thin lines, corresponds to a 2.3kb deletion found in all populations,
923  while the orange framed box represents a 2.5kb deletion only found in the Njombe
924  population. The drop in coverage is noticeable in the Njombe population coverage track. Grey
925 rectangles, separated by thin lines, represent normal aligned reads. Overlapping duplications
926 and deletions point to a complex genomic alteration that need further investigations.

927
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928 S5 Fig. Evidence of a 3.5kb duplication, spanning partial 2x carboxylesterases (rpl-based
929 carboxylesterases), is represented by an unusual insert size as green rectangles, separated
930 by a thin line and framed in a blue box. This duplication is consistent in all field populations
931  but with lower supporting reads in Njombe. It is absent in FUMOZ and has just two supporting
932 reads in FANG. The grey rectangles present on the alignment track of FUMOZ represent
933  normal aligned reads viewed in pairs and separated by a thin line.

934

935 S6 Fig. Evidence of a 2.3 kb deletion, spanning partial CYP6P4a and b paralogues, is
936 represented by an unusual large insert size in red rectangles, separated by a thin line and
937  boxed with red boxes. This deletion is more consistent in Gounougou, Tibati, and Elende but
938  with lower supporting reads in Njombe. Conversely, another deletion of 2.5kb was only found
939 in Njombe, overlapping with the 2.3kb deletion, shown in an orange box with a drop in
940 coverage depth in this population. All these deletions were absent in FANG and FUMOZ. The
941  greyrectangles present on the alignment track of FANG and FUMOZ represent normal aligned
942 reads viewed in pairs and separated by a thin line.

943

944  S7 Fig. Evidence of a 6.5 kb deletion (absence of insertion) between CYP6P9a and b
945 (intergenic) paralogues is represented by an unusual large insert size in red rectangle,
946  separated by a thin line and framed in red boxes. This corresponds to an insertion in FUMO?Z,
947  which is absent in all our field Cameroon populations, including FANG. The grey rectangles
948  represent normal aligned reads viewed in pairs and separated by a thin line.

949

950 S8 Fig. Minor and Major allele frequencies spanning the entire rpl and CYP9K1 loci in

951  Anopheles funestus populations across Cameroon.

46


https://doi.org/10.1101/2024.06.17.599266
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.17.599266; this version posted June 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

952

953  S9 Fig. Coverage analyses showing regions potentially affected by CNVs around the QTL rp1
954  locus in An. funestus populations across Cameroon.

955

956  S10 Fig. Coverage analyses showing regions potentially affected by CNVs around the CYP9
957  cluster in An. funestus populations across Cameroon. Each dot represents a coverage
958  window of 1000 bp.

959

960 S1 Table. Alignment statistics of An. funestus PoolSeq whole genome sequencing data
961  across Cameroon.

962

963 S2 Table. Coverage statistics of An. funestus PoolSeq whole genome sequencing data across
964 Cameroon.

965

966 S3 Table. Missense and putative variants associated to major selective sweeps in An.
967  funestus population across Cameroon.

968

969 S4 Table. Structural variants-based insertions associated to major selective sweeps in An.
970  funestus populations across Cameroon.

971

972 S5 Table. Structural variants-based duplications and deletions associated to major selective
973  sweeps in An. funestus across Cameroon.

974

47


https://doi.org/10.1101/2024.06.17.599266
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.17.599266; this version posted June 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

975 Author contributions

976  CSW conceived and design the study. MG implemented the study design, executed the
977  experimental work and analysed data. MG, JAKO, JH and CSW collaborated on data analysis,
978  visualization, and biological interpretation of findings. MG, MT, MJW and LM provided
979 laboratory resources, conducted field and experimental work. MG drafted the manuscript
980  with assistance from CSW and contributions from all co-authors. CSW and BO provided
981  supervision. All authors participated in reviewing and approving the final version of the
982  manuscript for submission.

983

984 Code availability

985 All the Codes used to analyse the data are available in the GitHub repository
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