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Abstract
Population connectivity influences the adaptive capacity of disease vectors by mediating the

spread of insecticide resistance alleles. High gene flow poses challenges for tailored
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intervention strategies targeting localised populations, but connectivity is often poorly
characterised for particular geographical regions. This study uses whole-genome data to
investigate the population connectivity of the Anopheles gambiae malaria vector across East-
Central Africa, including understudied populations from Ethiopia. We also investigated
adaptive gene flow using Diplotype clustering at known insecticide resistance loci. Population
structure analyses revealed that Ethiopian populations experience high gene flow with inland
East African An. gambiae including Uganda, inland Kenya, inland Tanzania, and the northern
DRC, likely reflecting ecological continuity across the region. In contrast, coastal populations
of East Africa and south-central DRC were subject to restricted gene flow, consistent with
geographical and ecological barriers to dispersal. Diplotype clustering of the Cyp6aa/p gene
cluster and Cyp9kl revealed that CNV-variant sharing broadly mirrored genome-wide
connectivity patterns, with shared variation present in inland East Africa and the northern DRC,
but distinct CNV-associated clusters in more isolated populations in southeastern DRC. On the
other hand, allele sharing at the Vgsc gene did not follow patterns of population connectivity,
with the Vgsc-1995S allele broadly shared across East Africa and the Vgsc-L995F allele shared
between Ethiopia and populations throughout the DRC. Notably, Ethiopia emerges as a
crossover point where resistance alleles from East and Central Africa can converge, suggesting
it is an important region for the monitoring of emergent and/or expanding adaptations. Findings
highlight the importance of cross-border collaboration and the development of resistance

management strategies that respond to both regional connectivity and local divergence.

Keywords: Anopheles gambiae s.s., genomic insecticide resistance, Adaptive gene flow,
geographical population connectivity, whole-genome sequencing, malaria, Ethiopia, East-

Central Africa

Introduction

Population connectivity impacts the capacity of disease vectors to adapt and persist under
changing ecological conditions, and under selection pressure from population control
interventions 2. This is because connectivity is a factor in the speed at which adaptive traits
spread across geographical regions ** For example, in malaria vector mosquitoes, gene flow
within and between species facilitates the spread of insecticide resistance alleles, which can
disseminate widely, compromising vector control strategies >°. While high levels of

connectivity can accelerate this process, ecological and geographical barriers to vector
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dispersal may slow or redirect it, creating heterogeneous patterns of resistance distribution .
Within the major malaria vector Anopheles gambiae s.s. populations, connectivity among
geographically separated groups complicates efforts to contain resistance to insecticide-treated
bed nets and indoor residual sprays ", which remain the most widespread preventive tools
against malaria transmission !°. Examining patterns of gene flow within this species across East

1,7,11 and

Africa is therefore essential to identify the dispersal corridors of adaptive alleles
design surveillance and/or control programmes that anticipate the spread of resistance across

the heterogeneous environments in this region.

Anopheles gambiae s.s. (hereafter An. gambiae) is recognised as the primary vector of malaria
in many East African countries, alongside the other major species, An. funestus and An.
arabiensis '3, In addition, 4n. coluzzii is important in East and Central African countries,
including the Democratic Republic of the Congo, Kenya and Sudan, where its distribution and
resistance dynamics have been documented ', The country of Ethiopia has long been
considered unique in that An. arabiensis was regarded as the dominant vector '” with An.
funestus, An. nili, and An. pharoensis serving as secondary vectors '!°) but with no
comprehensive reports of An. gambiae populations, which are otherwise widespread across
East and Central Africa 222, However, recent genomic analyses have confirmed its presence
in western Ethiopia 2 after a small number of An. gambiae were first detected by a molecular
assay in central Ethiopia ?*. Its highly efficient vectorial capacity is driven by a combination of

ecological and behavioural traits, including strong anthropophily 2%

and a tendency for indoor
biting and resting; high reproductive potential; and ecological plasticity 2 °. These attributes
are important because they enable An. gambiae to persistently exploit human environments and

sustain transmission even under intensive intervention pressure >°.

Because this taxon has only recently been described from Ethiopia, nothing is yet known about
its population connectivity, including whether it experiences gene flow with populations in
neighbouring countries. However, studies from East and Central Africa show that inland An.
gambiae populations often exhibit extensive gene flow and low differentiation across wide
geographical areas. In contrast, coastal and central African populations may display a greater
divergence due to ecological speciation in coastal habitats, geographical barriers such as river
basins and mountain terrains, and demographic bottlenecks ’*!-*2, Furthermore, evidence from
whole-genome studies suggests this has impacted the sharing of insecticide resistance alleles °.

Insecticide resistance in An. gambiae is now widely distributed across Africa 3%,
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The major resistance mechanisms impacting the genome include target-site substitutions in the
voltage-gated sodium channel gene (kdr alleles) *®37 that confer resistance to pyrethroids and
DDT and metabolic detoxification mediated by the amplification of cytochrome P450
monooxygenases (Cyp), glutathione S-transferases (Gste), and carboxylesterase (Coeae) genes
3841 Recent genomic surveillance evidence has shown the geographical spread and rising
frequency of known and novel single-nucleotide polymorphisms (SNPs), such as Vgsc-
L995F/S, Vgsc-V402L, and Vgsc-11527T 37 or Gste2-L119V and Gste2-1114T *>*. These
alleles have been detected at increasing prevalence across East, West, and Central African
populations, suggesting adaptive gene flow and continentwide dissemination. Additionally,
gene copy number amplification at loci such as the Cyp6aa/p gene cluster >*, Cyp6m2 *,
Coeae2f*', and Coeae2-7g *° contributes to metabolic detoxification and cross-resistance to

multiple classes of insecticides.

A recent genomic investigation of An. gambiae whole-genome data from western Ethiopia
revealed high frequencies of known insecticide resistance markers accompanied by a signal of
selection. These have also been previously reported from other East and Central African
countries 2*37414647 They included the non-synonymous substitutions Vgsc-L995F and Vgsc-
L9958 at the voltage-gated sodium channel (Vgsc) gene, which encodes the neuronal target of
pyrethroids, and copy number variants at cytochrome P450 loci (Cypbaa/p, e.g., Cyp6p4,
Cyp6m?2), the detoxification gene Cyp9kl, and the glutathione S-transferase gene Gste2 2.
However, it is unknown whether these markers result from adaptive gene flow across the

broader East and Central African regions or represent independent evolutionary events.

In this study, we analysed whole-genome sequence data of An. gambiae collected from western
Ethiopia and compared them with populations from central and East Africa. Using analysis of
population structure, we investigate whether Ethiopian An. gambiae are connected by gene
flow to geographically nearby populations. We then investigate the adaptive allele sharing of

insecticide resistance loci across the region.

Materials and Methods

Study sites and mosquito collection

This study examined 913 Anopheles gambiae s. s. mosquitoes that were whole-genome
sequenced as part of the data available from the Anopheles gambiae 1000 Genomes (Ag1000G)
project 7. This included 79 samples collected in 2023 from western Ethiopia, specifically

Benishangul-Gumuz and Gambella, during the major and minor malaria transmission seasons



137  as described previously (Gemechu et al., 2026). We also included 50 An. gambiae from Kenya
138  (AG1000G-KE, 1274-VO-KE-KAMAU-VMF00246); 252 from Uganda (1178-VO-UG-
139 LAWNICZAK-VMF00025, AG1000G-UG); 291 from Tanzania (1246-VO-TZ-KABULA-
140 VMF00197, AG1000G-TZ); and 241 from the Democratic Republic of Congo (1264-VO-CD-
141 WATSENGA-VMF00164, AG1000G-CD) collected between 2000 and 2020, publicly
142  available in the Vector Observatory (https://malariagen.github.io/vector-data/ag3/ag3.0.html)
143  (Figure 1).
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144
145  Figure 1. Distribution of study sites across Ethiopia, Uganda, Kenya, Tanzania, and the

146  Democratic Republic of the Congo, overlaid with Koppen climate zones.
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Whole genome sequencing and data processing

DNA of each Anopheles mosquito was extracted using Qiagen DNeasy Blood and Tissue kit
(Qiagen Sciences, MD, USA) according to manufacturer’s protocol. Anopheles gambiae s.s.
specimens were whole-genome sequenced in accordance with the guidelines of Ag1000G 3!.
Briefly, paired-end multiplex libraries were generated according to the Illumina protocol, with
DNA fragmentation performed using Covaris Adaptive Focused Acoustics instead of
nebulisation. Each multiplex contained 12 uniquely tagged individuals, and sequencing was

performed on the [llumina HiSeq X platform to generate 150-bp paired-end reads.

Sequencing reads were mapped to the AgamP4 reference genome of Anopheles gambiae using
the BWA-mem (Burrows-Wheeler Aligner) algorithm **~3!, Variant discovery followed the
Agl1000G project framework 3!, with SNPs called using GATK v.3.7.0 2. To ensure robust
inference, samples with insufficient depth (<10X median coverage), poor genome
representation (<50%), or elevated contamination (>4.5%) were excluded. High-quality
biallelic SNPs were organised into haplotypes using a mix of read-backed phasing with
WhatsHap v1.0 >® and statistical phasing with SHAPEIT v4.2 >*. Copy number variants (CNVs)
were identified using the Gaussian Hidden Markov Model approach *4, leveraging normalised
coverage profiles to estimate copy numbers across genomic windows. CNV calls with high
likelihood scores (>1000) were retained, while individuals with excessive coverage variance
were removed to minimise spurious signals. Full data processing pipelines are available via the

MalariaGEN/pipelines GitHub repository >°.
Population connectivity and adaptive gene flow

To investigate the pattern of population connectivity, we constructed an unrooted neighbour-
joining tree (NJT) with city-block distance and performed principal component analyses (PCA)
across the 3L chromosome arm (15-41 Mbp), a genomic region minimally impacted by large
structural variants such as inversions and deletions 7. Analyses were based on 100,000 biallelic
SNPs with a minimum allele count > 2 and no missing genotypes. Both NJT and PCA were
implemented using the MalariaGen data Python package
(https://malariagen.github.io/malariagen-data-python/latest/Ag3.html). To further corroborate

the NJT and PCA, genetic differentiation was measured using pairwise Hudson’s Fsr °°. To
ensure robust estimates, only cohorts with at least 10 samples were included. For the East and

Central African cohorts, diversity statistics, including nucleotide diversity (0r), Watterson’s
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theta (Ow), and Tajima's D, were calculated by sampling site and season to assess temporal
variation. All diversity statistics were computed using the built-in functions of the

malariagen_data Python package.

To investigate evidence for adaptive gene flow in An. gambiae across East-Central Africa, we
performed diplotype clustering on loci previously identified as under selection in Ethiopia **.
Hierarchical clustering was conducted using city-block genetic distance and complete linkage,
implemented in the built-in malariagen data Python function. The heatmap beneath the
dendrogram represents individual heterozygosity, with darker shading indicating higher
heterozygosity. Below this, CNV copy number is shown in light grey where absent. SNP tracks
are also displayed: white and dark shading denote homozygous SNPs, and light grey indicates
heterozygous SNPs.

Results
Genomic population structure

To investigate the genomic population structure of Anopheles gambiae in western Ethiopia, we
applied a principal component analysis (PCA) and a neighbour-joining tree (NJT) using
100,000 SNPs from chromosome 3L, a region commonly used to investigate population
connectivity because it is free from inversions 7. PCA was used to visualize clustering
patterns and relative differentiation among individuals, while the NJT provided a phylogenetic
framework to assess relationships based on pairwise genetic distances. Using both approaches
allowed us to cross-validate signals of population structure and ensure that subtle patterns of
connectivity were not an artefact of a single method. The Ethiopian samples formed a single
cluster on the PCA (Figure 2a) and NJT (Figure 2b), suggesting unrestricted gene flow in
western Ethiopia. Furthermore, low genetic differentiation was observed among western

Ethiopian populations, with Fsr values of 0.000 to 0.003.
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Figure 2. Principal component analysis (PCA) (a) and neighbour-joining tree (b) of
Anopheles gambiae s.s. population structure for Ethiopian samples from the

Benishangul-Gumuz and Gambella regions. Each point represents an individual sample
and points colour represents collection site.
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210  Figure 3. Principal component analysis (PCA) (a) and neighbour-joining tree (NJT) (b)
211 of Anopheles gambiae s.s. population structure for East and Central African samples.
212  Each point represents an individual sample and points colour represents collection site.
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To contextualise the geographic population structure of the Ethiopian populations, we then
extended our analysis to include neighbouring East and Central African populations, including
the Democratic Republic of the Congo, Kenya, Tanzania, and Uganda. The PCA revealed that
the Ethiopian populations from Gambella and Benishangul-Gumuz clustered close to
neighbouring East and Central African populations, including the eastern and western regions
of Uganda, Turkana and Busia in the northwestern regions of Kenya, Kagera in northern
Tanzania, and Nord-Ubangi in northwestern DRC. In the full PCA, these populations formed
a broad inland East African grouping rather than sharply defined clusters. To examine fine-
scale variation within this grouping, we restricted the PCA to these cohorts only (Figure S2).
Under these restricted view, Ethiopian populations (Benishangul-Gumuz and Gambella) and
Nord-Ubangi (northern DRC) separated slightly from one another and from Kenya and
Tanzania cohorts, indicating subtle differentiation despite their overall genetic similarity to
inland East Africa populations. This trend was supported by pairwise Fsr estimates. Ethiopian
and Nord-Ubangi populations showed a higher Fsr range (0.003-0.01) in comparison to
populations in Uganda, northwestern Kenya, and northern Tanzania with a lower Fsrvalue
(0.000 to 0.004). These values indicate that, while Ethiopia and northern DRC remain broadly
connected to inland East Africa, they carry subtle genetic differentiations relative to their
neighbours. In the PCA and NJT of all populations, we also observed that Kongo-Central
formed a separate cluster and had a relatively high Fsr measure of genetic differentiation
(0.014-0.023) in comparison to all other East and Central African populations. Central Kasai
and Haut-Katanga in the central and southern DRC also formed a separate cluster together and
differentiated from other eastern and central African populations with an Fsr of 0.011-0.032.
Finally, the coastal populations of Kilifi (Kenya) and Tanga (Tanzania) formed a distinct PCA
and NJT cluster together, which differentiated from other East and Central African populations

with Fsr values of 0.047 to 0.074 (Figure S4).

Genetic diversity

Genomic diversity was assessed to provide insights in to the demographic history, population
connectivity, and adaptive potential of Anopheles gambiae across East and Central Africa. To
capture these patterns, we examined the genetic diversity statistics nucleotide diversity (0m),
Watterson’s 0w, and Tajima’s D across cohorts from East and Central Africa with a minimum
cohort size of 10 individuals. Ethiopian populations from Gambella and Benishangul-Gumuz

had nucleotide diversity (6r) values ranging from ~0.018 to 0.022 and Watterson's theta (Ow)
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values of ~0.033 to 0.035. These values were broadly comparable to those observed in other
nearby inland East African populations, including 4n. gambiae from western and eastern
Uganda (6n1=~0.025-0.026; 0+=0.035-0.36), Kagera in Tanzania (01=~0.026—0.106; 0y=0.034-
0.111), Busia in Kenya (01=~0.026—0.028; 0+=~0.036—0.04), and Nord-Ubangi in northern
DRC (01=0.027, 0w=0.036). Tajima’s D was more varied across the populations but similar,
with values ranging from (D =-1.27). An exception was a cohort sampled during the dry season
from Kagera, Tanzania, in February 2019, which had a higher nucleotide diversity (6x =0.11)
and lower Tajima’s D (D =-0.2). A collection from the intermittent period before the dry season
from Busia, Kenya, in July also showed slightly higher genetic diversity (6r = 0.03) and a
lower Tajima's D value (D = -1.27), suggesting population expansion at the time these cohorts

were sampled.

Compared with the Ethiopian, inland Tanzanian (Kagera, Tanga), inland Kenyan (Kilifi,
Busia), and northern DRC (Nord-Ubangi) cohorts, the southern and central DRC populations,
including Kongo-Central and Central Kasai, showed a comparatively lower nucleotide
diversity (6 = 0.025) and Watterson’s estimator (6w = 0.03), together with less negative
Tajima’s D values (D =-0.71). Findings indicate a smaller effective population size, consistent
with restricted gene flow between these populations and the wider East African region, as
inferred from population structure analysis. Coastal populations from Kilifi (Kenya) and Tanga
(Tanzania) had the lowest genetic diversity (O = 0.022; 6w = 0.023 and 6 = 0.022; 6 = 0.023,
respectively) and the least negative Tajima’s D-values (D =-0.091 and D =-0.11, respectively),
indicating a population bottleneck in the coastal East African An. gambiae as observed

previously (Figure 4) 3.



270

Nucleotide diversity

0.015 Country
M Ethiopia
w« 001 M Tanzania
e B Democratic Republic of the Congo
0.005 B Uganda
B Kenya
0
6, 6.6 b 2y, Rk R0 0/.>(~ %c e, %R, %, 966,964, 96, fon, Ko, Fe
. - Sap, O
"’% ”’3660”’06//,,”"’@2’°"’4i°’*4f R of ony, "oe"'fef"‘ % Z"%c o (fte’ s, oe%’ sy :""e/f/m 00,
/e (] A
(7 i)/Q’ :4, ?ogj" 0)2/; B ;b s 50,-5 e né,, 2 s.;, P ogej ,':"ezo”"s/ j’o,,of;lo,?oé’lo,’ ye%
U e Y20, Bus, Mg, ey, Wiz, b, 108, Ve,
Yy, Oc 2 5 X205 ey <o by v 01
©205:%e, < 02 %2 202 207,720, Cer 2
23 ,202 2 2 3
(a)
271 Cohort
Watterson estimator
Country
M Echiopia
) M Tanzania
L) M Democratic Republic of the Congo
B Uganda
M Kenya
‘f/; 062 8,6, 6. Rk, Ry Ry, 205, Oy, 04>c Ooc e, O/ec %66, %615, 6 1 oy, on, fen,
ens, Seny., Gon,, %, e, "é’e é’e, . &, Yy, Koy, Sy, M Qv( © e, s, Kt
She, :/,'7 I be//e a,% e%e/ o% Irc;/ (’ra gocg € > e,,, Us’e u% 7 5
Qg iy 3 Voy, 7k, 5 700, 0, . N ey é’o o, o,y "’*e %
Go; Uy, 2035 €, 019 <075 S "0’ 44,"/ c’/0"’ "O 70, 4/ be, 79
1,036995 ", froc,o‘,e,
e/% i N ” “’e e/}e b 0, 6/30 o 9”’6 ) 019
e 3033%&3 23 oe (S 2 éoe 075 20/2 o 20,
(b) 02 72
279 Cohort
Tajima's D
Country
M Ethiopia
a M Tanzania
M Democratic Republic of the Congo
M Uganda
B Kenya
6’/73 é}/) 5’/7 6}/70 )2 73 ?)- %, ke O, Ore O8 (/G OGM/UGLV'('G@ NN
s, %;e"’@eé’s"goe"a**:zes@see‘%k
"sh, /s/,n ey, oe, 4741 CDNCTIRIN ’m%% 0'4:-; %o, o, Ce,, ’e,,, ‘e,.,; t/;,e sy iy
8 Bt e Ny, T Tk 70, Cong, Ko, Yong Cng, oy, "1, g, ey, Defe j%e 000
G,% I, 9093 S, 019 0755 <075y, /4o§ Uy, 0, "//e,,"o 205 % ber
ej ,,630(, b 0>, ? ’5 0:’3 ‘Ie’.l'g re”?bebﬂf ©r e,ob (8 2 69 30/9
3033%@,-2 < é 30 > e 30 072 = 30
(C) 023 2
273 Cohort

274  Figure 4. Plots of the genetic diversity statistics (a) nucleotide diversity, (b) Watterson’s
275  estimator, and (c) Tajima's D of Anopheles gambiae s.s. populations across East and
276  Central African countries, organised by month and collection location.



277  Adaptive gene flow
278
279  To investigate evidence for adaptive gene flow in An. gambiae across East and Central Africa,

280  we performed diplotype clustering on loci previously identified as under selection in Ethiopia
281 23, First, we investigated the voltage-gated sodium channel (Vgsc) gene (2L: 2,350,000—
282  2,450,000), which is linked to target-site pyrethroid resistance >°. The diplotype clustering plot
283  revealed three low-heterozygosity clusters, indicating variation potentially under selection
284  (Figure 4). Cluster A consisted of samples from Kenya (Busia/Teso North), Tanzania
285  (Kagera/Muleba), and Ethiopia (Benishangul-Gumuz and Gambella). It was characterised by
286  the Vgsc-1L995S allele, which is common in East Africa and linked to insecticide resistance
287 16236061 ndividuals in Cluster B also had the L9958 alleles but comprised only samples from
288 Kenya and Tanzania (Figure 4), suggesting the presence of two independent evolutionary
289  backgrounds in East Africa. In contrast, Cluster C, including An. gambiae from Ethiopia
290  (Benishangul-Gumuz and Gambella) and the DRC (Central Kasai, Haut-Katanga, Kongo-
291  Central, and Nord-Ubangi), shared the L995F allele in combination with R254K. Although
292  L995F, which is common in West Africa, is known to confer resistance to pyrethroids *’, the
293  association of R254K has not been previously described. Overall, results reveal that An.
294  gambiae from Ethiopia shares adaptive gene flow for the L995S allele with East African
295  populations and for the L995F allele with Central African populations (Figure 5).
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298 Figure 5. Diplotype clustering of Anopheles gambiae samples at the Vgsc locus for
299 populations across East and Central Africa. The heatmap underneath the dendrogram
300 represents individual heterozygosity, with darker shading indicating higher
301 heterozygosity. Below the heterozygosity layer, CNV copy number is indicated by light
302 shades of grey, denoting its absence. SNP trackers are also displayed: white and dark

303 shading denote homozygous SNPs, and light grey indicates heterozygous SNPs.



304  Within the Cyp6aa/p gene cluster, we examined copy-number variation across the whole
305  cluster and nonsynonymous substitutions within Cyp6p4 because the 236M SNP in this gene
306  has been associated with pyrethroid resistance °. The clustering analysis revealed three major
307  clusters with low heterozygosity. The first low-heterozygosity cluster (Cluster A) is associated
308  with both CNVs at the Cyp6aal gene, ranging from 4 to 12 copies and the Cyp6p4-1333V SNP.
309  The second cluster (Cluster B) had no clear association with CNVs or SNPs. The third cluster
310  (Cluster C), however, comprised individuals from across the region, including Ethiopia
311 (Benishangul-Gumuz and Gambella), Kenya (Busia, Kiambu, and Turkana), Uganda (eastern
312  and western regions), Tanzania (Kagera), and the Democratic Republic of Congo (Nord-
313  Ubangi). All individuals within the cluster had the 1236M substitution associated with
314  insecticide resistance °. Although we also observed some individuals from Tanzania which
315  carried the 1236M allele outside of the cluster, the substitution was generally associated with
316  CNVs with a shared evolutionary background across East Africa and the northern DRC (Figure
317  6).
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320  Figure 6. Diplotype clustering of Anopheles gambiae samples from Uganda, Tanzania, the
321  Democratic Republic of the Congo (DRC), Kenya, and Ethiopia within the whole Cyp6
322  gene cluster and the Cyp6p4 gene locus on chromosome 2R contig. The plot shows diploidy
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relationships. The heatmap beneath represents individual heterozygosity (darker shading
= higher heterozygosity). CNV copy number is indicated below, with light grey denoting
absence. SNP tracks are also displayed: white and dark shading denote homozygous
SNPs, while light grey indicates heterozygous SNPs.

The diplotype clustering of the Cyp9k! gene region (X:15,240,572—15,242,862) revealed two
major low-heterozygosity clusters (Figure 6). Cluster A comprised 4n. gambiae samples
exclusively from Kongo-Central (DRC), characterised by an association with copy-number
variation (CNV) ranging between four and five copies. Cluster B included populations from
Ethiopia (Benishangul-Gumuz and Gambella), Uganda (eastern and western); Tanzania
(Kagera); Kenya (Busia); and Nord-Ubangi (DRC) and also included individuals with CNVs
ranging between one and five copies. Findings suggest a shared evolutionary origin of Cyp9k!
CNVs across East Africa and northern DRC but a unique diplotype background in central DRC
(Figure 7).
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Figure 7. Diplotype clustering of Anopheles gambiae samples from Uganda, Tanzania, the
Democratic Republic of the Congo (DRC), Kenya, and Ethiopia within the Cyp9klI gene
locus on chromosome X. The heatmap beneath represents individual heterozygosity
(darker shading = higher heterozygosity). CNV copy number is indicated below, with
deep orange denoting selection for the CNV.

The diplotype clustering of the Gste2 gene region (3R:28,590,243-28,602,280) revealed two
low-heterozygosity clusters with a relatively high number of individuals greater than 20 (Figure
8). Two major clusters were present. Cluster A comprised individuals from Tanga (Tanzania),

Kilifi (Kenya), and Haut-Katanga (DRC). Although characterised by the substitution K92R,
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individuals within this cluster did not have CNVs or a SNP previously associated with
insecticide resistance, and therefore, it is unclear whether individuals within this cluster are
under selection. Cluster B included An. gambiae from eastern and western Uganda, Kagera
(Tanzania), Busia (Kenya), and Gambella (Ethiopia). However, once again, there were no
CNVs or SNPs associated with the cluster and no clear link to a metabolic resistance marker.
The lack of low homozygosity variation associated with insecticides is not unexpected, given
that only a small and indistinct selection peak at Gste? was previously observed in the

Ethiopian cohorts 23 (Figure 8).
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Figure 9. Diplotype clustering of Anopheles gambiae samples from Uganda, Tanzania, the
Democratic Republic of the Congo (DRC), Kenya, and Ethiopia within the Gsze2 gene
locus on chromosome 3R. The heatmap beneath represents individual heterozygosity
(darker shading = higher heterozygosity). CNV copy number is indicated below, with
light grey denoting absence. SNP tracks are also displayed: white and dark shading
denote homozygous SNPs, while light grey indicates heterozygous SNPs.

Discussion

Our findings demonstrate that An. gambiae populations across East Africa exhibited broad
regional connectivity, including western Ethiopia, inland Kenya, inland Tanzania, Uganda, and
the northern DRC. This pattern is consistent with recent genomic evidence showing high
effective migration rates across East-Central inland populations, potentially driven by similar
environmental conditions °. Importantly, the connectivity we observed likely reflects the
ecology of An. gambiae, which favours open, humid savanna and peri-forest habitats with

abundant temporary pools that are widely distributed over the inland landscapes.

c of the Congo
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However, within this highly connected region, we also found evidence of subtle geographical
population structure between western Ethiopian populations and Nord-Ubangi in the northern
DRC. This differentiation may be promoted by the intervening East African arid valley floors
and steep escarpments, as well as montane ridges, which interrupt the continuity of suitable
breeding habitats. In western Ethiopia, expansive lowland floodplains provide seasonal pools
that sustain An. gambiae, the rifts' dry basin and rugged terrain reduce habitat availability and
constrain dispersal corridors toward central Africa. These ecological discontinuities likely limit
effective migration and contribute to the observed genetic divergence between Ethiopian and
northern DRC populations %2, We also observed evidence of restricted gene flow between the
wider eastern and northern DRC regions and An. gambiae from other locations in Central
Africa, including Central Kasai and southern Haut-Katanga. Nord-Ubangi in the northern DRC
lies at the northern fringe of the Congo Basin tropical rainforest, forming a transition zone
between dense forest and open savanna. Central Kasai itself lies within the dense Congo Basin
rainforest, which may restrict mosquito dispersal due to deep canopy shade that blocks sunlight,
the absence of breeding pools for larval development, and the lack of human hosts in the
interior forest %, Haut-Katanga is characterised by plateau and savanna ecosystems where
arid conditions may also restrict gene flow by imposing severe desiccation stress on adults and

limiting larval development to short-lived habitats 7!,

In addition to a lower population size due to geographic isolation, a population experiencing
more extreme environmental conditions may be affected by temporal bottlenecks that promote
genetic differentiation relative to more stable populations °. We found slightly lower genetic
diversity and less negative Tajima’s D in both Haut-Katanga and Central Kasai compared to
the wider, connected region, suggesting that populations in south-central DRC may experience
a different demography. We further found restricted gene flow between inland East Africa and
the coastal populations of Kenya and Tanzania. Unlike inland East Africa, where perennial
wetland and riverine systems sustain large, interconnected populations, coastal habitats are
fragmented and ephemeral, drying outside the rainy season '8, These ecological conditions

may reduce effective population size and amplify genetic drift to promote population structure
1,9,58,66

In addition to landscape and environmental barriers, targeted vector control interventions such

as ITNs and IRS can induce severe population bottlenecks and genetic differentiation '®%.

d 10,67

Across East and Central Africa, these interventions are widely implemente creating

intense selection pressures >®. However, deployment is not uniform, as IRS campaigns are
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concentrated in high-burden zones such as coastal Kenya ®® and Tanzania %°, as well as southern
DRC 7°. At the same time, inland East Africa and northern DRC rely more heavily on ITN.
Notably, Kilifi region on the Kenyan country coast also received an ITN campaign during the

sampling period, supplementing IRS efforts in coastal zones .

This heterogeneity suggests
that intervention intensity may contribute to macrogeographic population structure, potentially
acting synergistically with ecological barriers to exacerbate bottlenecks in naturally isolated or
unstable habitats, but it requires further investigation, including a more detailed assessment of

differences in insecticide-based control measures.

Our investigation of adaptive allele sharing across East-Central Africa showed a locus-specific
pattern in the relationship between genome-wide population structure and adaptive gene flow.
At the Cyp6aa/p gene cluster and Cyp9kl, CNV variant sharing identified through diplotype
clustering broadly mirrored genome-wide population connectivity, with inland cohorts
exhibiting a common cluster consistent with their connectivity. In comparison, the isolated
populations, such as Haut-Katanga and Central Kasai in the DRC, carried distinct CNV-
associated clusters independent of the wider inland group. Amplifications at Cyp6aa/p and
Cyp9kl are well-established drivers of metabolic resistance, enhancing detoxification of
pyrethroids and contributing to widespread resistance phenotypes >!>*72  Their broad
dissemination across inland East-Central Africa likely reflects both selection pressure from
long-term pyrethroid use and the capacity of these CNVs to spread rapidly through connected

populations 77

. The concordance between Cypb6aa/p variant sharing and genome-wide
connectivity suggests that metabolic resistance loci can diffuse efficiently across regions where
ecological continuity sustains large, interconnected mosquito populations, reinforcing the need

for regional surveillance and harmonised insecticide resistance management strategies.

In contrast, at the Vgsc locus, the L995F variant was restricted to Ethiopia and the DRC, despite
population connectivity with inland East Africa. L995F, the canonical ‘kdr-west’ mutation,
has historically been associated with West and Central African populations %37 Its presence
in Ethiopia likely reflects long-range gene flow along the Nile-Congo corridor, while its
absence in Kenya, Tanzania, and Uganda underscores the dominance of the alternative L995S

(kdr-east) mutation in East Africa 7>

This discordance suggests that adaptive allele
dissemination can diverge from genome-wide connectivity. In this case, patterns may be
shaped by locus-specific selection pressures, ecological contexts, and historical introduction

events !, which should be considered when interpreting resistance evolution.
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Conclusion

This study demonstrates that adaptive allele sharing in Anopheles gambiae across East-Central
Africa is locus-specific, with metabolic resistance variants broadly mirroring genome-wide
connectivity, while target-site mutations remain geographically restricted. Therefore,
resistance evolution in An. gambiae must be addressed through strategies that anticipate locus-
specific dynamics. Importantly, Ethiopia emerges as a genomic “melting pot’’, where Vgsc-
L995F/S alleles from Central and East Africa converge, creating a critical zone for monitoring
emergent resistance loci and their interception. This convergence highlights Ethiopia as an
important area for regional policy coordination, since variants introduced here may have the

potential to spread across wider inland Africa.

Taken together, these contrasting scenarios suggest that effective resistance management
requires a dual operational strategy: coordinated cross-border monitoring and harmonised
insecticide intervention policies to tackle the risk of rapid resistance allele dissemination across
highly connected populations. This is combined with site-specific interventions tailored to
ecological isolates such as the Congo Basin rainforests and Haut-Katanga and coastal East
Africa populations, where divergent resistance trajectories are likely to emerge. Such an
integrated approach combining regional coordination with locally tailored strategies will be
critical to sustain malaria control in East-Central Africa and prevent adaptive alleles from
undermining intervention effectiveness. Future actions should prioritise integrating genomic
surveillance into routine vector control programmes, strengthening cross-border collaboration,
and developing adaptive resistance management strategies that respond to both regional

connectivity and local divergence.
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® Democratic Republic of the Congo
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727  Figure S1. Map of the study regions showing ecological zones.
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732  Figure S2. Further analysis of the biggest cluster in principal component analysis (PCA)

733  plot of the inland regions across East and Central African Anopheles gambiae populations
734  for the fine-scale differentiation.



Fst B standard error

Eth Benishangul-Gumuz June 2023 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001

‘th Benishangul-Gumuz October 2023( 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
Eth Gambella July 2023 0.003 0.003 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
Eth Gambella November 2023 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
TZ Kagera February 2019 0.007 0. 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
TZ Kagera March 2019 0.007 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001

TZ Kagera March 2015 0.007 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001

TZ Kagera June 2013 0.007 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001

TZ Tanga January 2013 0.070 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000
DRC Nord-Ubangi July 2015 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
DRC Central-Kasal August 2020 0.029 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
DRC Haut-Katanga January 2020 0.032 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
DRC Kongo-Central December 2019 0.060 0.019 0.017 O. 0.000 0.001 0.000 0.000 0.001 0.001 0.001 0.001 0.001
DRC Kongo-Central January 2020 0.060 0.019 0.017 0.001 0.000 0.000 0.001 0.001 0.001 0.001 0.001
UG Eastern region Octtober 2012 0, 0.066 [ALEY 0.021 0.000 0.000 0.000 0.000 0.000 0.000 0.001
UG western region Octtober 2012 0.057 0.007 0.016 0.000 0.000 0.000 0.000 0.000 0.001
UG western region November 2012 0.057 0.007 0.016 0.000 0.000 0.000 0.000 0.000 0.001
UG Eastern region June 2016 . E 0.066 0.021 0.002 0.002 0.000 0.000 0.000 0.001
UG-Eastern region June 2017 . . 0.066 0.021 0.002 0.002 0.000 0.000 0.000 0.001
Kenya Busia December 2019 . E 0.066 0.022 0.002 0.002 0.000 0.000 0.000 0.001

Kenya Busia July 2019 . . A 0.022 0.001

Kenya Kilifi 2000 0.065 0.065 0.065
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736  Figure S3. Pairwise genetic differentiation (Fsr) among Anopheles gambiae populations
737  across East and Central African regions, with darker shades of blue indicating higher
738  values.
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Figure S4. Diplotype clustering of Anopheles gambiae samples across East and Central

African Anopheles gambiae populations within the Cyp6aa/p gene cluster on chromosome
2R.
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750  Figure S5. Diplotype clustering of Anopheles gambiae samples across East and Central
751  African Anopheles gambiae populations within the Cyp6aa/p gene cluster on chromosome
752 3R contigs.
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Table S1. Mosquito samples used in analysis

Supplementary Tables

Country Locations Year Month Sample Total
number
Uganda Eastern 2026 June 24 252
2027 June 21
2012 October 112
Western 2012 October 49
November 46
Tanzania Kagera 2015 March 13 291
June 19
2019 February 12
March 215
Tanga 2013 January 32
Kenya Kilifi 2000 January 19 50
Busia 2019 July 14
Turkana 2006 February 1
Kiambu 2019 July 1
Ethiopia Gambella 2023 July 7 31
November 1
Benishangul- June 12 48
Gumuz October 36
DRC Central Kasai 2020 August 77 241
Haut-Katanga January 46
Congo-central 2019 December 20
2020 January 22
Nord-Ubangi 2015 July 76
Total 913




761  Table S2. The sample sets and accession numbers for Anopheles gambiae sequence data.

Sample sets Accession numbers
1324-VO-ET-GOLASSA-VMF00257 ERR12314211-ERR 12314243
1324-VO-ET-GOLASSA-VMF00257 ERR12326237-ERR12326277
1324-VO-ET-GOLASSA-VMF00275 ERR12983154-ERR 12983193
1324-VO-ET-GOLASSA-VMF00275 ERR13101381-ERR13101432
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