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Abstract

During the early stages of local adaptation and speciation, genetic differences tend to
accumulate at certain regions of the genome leading to the formation of genomic islands of
divergence (GIDs). This pattern may be due to selection and/or difference in the rate of
recombination. Here, we investigate the possible causes of GIDs in Drosophila yakuba
mayottensis, and reconfirm using field collection its association with toxic noni (Morinda
citrifolia) fruits on the Mayotte island. Population genomics revealed lack of genetic structure
on the island and identified 23 GIDs distinguishing D. y. mayottensis from generalist mainland
populations of D. y. yakuba. The GIDs were enriched with gene families involved in the
metabolism of lipids, sugars, peptides and xenobiotics, suggesting a role in host shift. We
assembled a new genome for D. y. mayottensis and identified five novel chromosomal
inversions. Twenty one GIDs (~99% of outlier windows) fell in low recombining regions or
subspecies-specific inversions. However, only two GIDs were in collinear, normally
recombining regions suggesting a signal of hard selective sweeps. Unlike D. y. mayottensis, D.
sechellia, the only other noni-specialist, is known to be homosequential with its generalist
relatives. Thus, whereas structural variation may disproportionally shape GIDs in some species,

striking parallel adaptations can occur between species despite distinct genomic architectures.

Keywords: ecological speciation; structural variation; population genomics; genetic

parallelism; insect-plant interactions.
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Introduction

The genomic landscape of inter-population differentiation is often heterogeneous, with
certain genomic regions, known as genomic islands of divergence (GIDs), emerging above the
average differentiation level (Feder and Nosil 2010; Wolf and Ellegren 2017). GIDs were
originally hailed as a result of divergent selection acting on genes that underlie adaptation to
distinct environment and/or reproductive isolation and counteracting the effects of gene flow
(Turner et al. 2005). Indeed, strong selection reduces neutral diversity around the adaptive
site(s), leading to the formation of fixed or nearly-fixed long tracts of homozygosity within the
population, a phenomenon known as ‘selective sweep’ (Garud et al. 2021). When compared to
other populations not subject to the same selection pressure, these localized low diversity
regions produce higher signals of differentiation, i.e. GIDs. Gene flow on the other hand reduces
differentiation. Despite initial enthusiasm, a plethora of adaptive and non-adaptive mechanisms
were later shown to also form localized long tracts of homozygosity within populations, and
consequently GIDs between populations, even in the absence of divergent selection or gene
flow (Quilodran et al. 2020). Of these, variation in recombination rate, due to heterochromatin
content or structural variation, strongly affects the rate of admixture and the accumulation of
genetic differences in natural populations and statistically bias differentiation estimates (Feder
and Nosil 2010; Cruickshank and Hahn 2014; Booker et al. 2020; Quilodran et al. 2020).
Therefore, proper understanding of the genomic architecture of the study model is essential to

untangle the mechanisms underlying the evolution of GIDs.

Heterochromatic effects on recombination are usually higher near the centromere and,
to a lesser extent, the telomeres (Brand et al. 2018; Hughes and Hawley 2020). They often lead
to a general pattern of low diversity at the extremes of chromosomal arms and intermediate to
high diversity in the middle of the arms (Vijay et al. 2017; Garud et al. 2021). The effect on

diversity is due to interaction with background selection purging deleterious mutations and their
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physically linked neutral variation in low recombining regions and/or the mutagenic effect of
recombination, which will be more pronounced in normally recombining regions.
Consequently, drift can fix distinct neutral mutations in low-recombining regions more readily
than in high-recombining regions due to the reduced effective population size, leading to rapid
complete lineage sorting in the formers and the formation of GIDs (Pease and Hahn 2013).
Similarly, positive selection acting on low recombining regions will have an exaggerated
linkage effect. Indeed, large GIDs were found in centromeric regions in multiple species (White
et al. 2010; Ellegren et al. 2012a). The extent of such centromeric and telomeric effects along
the chromosomal arm differs between species (Brand et al. 2018; Chakraborty et al. 2021a;

Pettie et al. 2022).

Chromosomal inversions are among the most common forms of structural variation, and
a number of studies has unraveled an overlap between inversions and GIDs (Feder and Nosil
2009; Michel et al. 2010; Ellegren et al. 2012b; Sodeland et al. 2016; Huang et al. 2020).
Inversions often suppress recombination in heterozygotes, reducing the rate at which slightly-
deleterious mutations are purged from the population (Berdan et al. 2021; Jay et al. 2021, 2022).
Tracts of neutral and slightly-deleterious mutations can be fixed if different karyotypes were
randomly sampled and reached fixation in diverging populations, leading to the formation of
GIDs. Conversely, the reduction of recombination could conserve one or more favorable allelic
combinations for survival in contrasting environments, hence becoming targets of balancing or
diverging selection depending on the heterogeneity of the environment (Faria et al. 2019; Kapun
and Flatt 2019; Mérot et al. 2021; Hager et al. 2022; Harringmeyer and Hoekstra 2022;
Sanchez-Donoso et al. 2022; Tepolt et al. 2022). The fate of the inversion and consequently the
shape of the GID will mostly depend on the age and the distribution of beneficial alleles (Schaal
et al. 2022). Young inversions usually do not form GIDs, but as time goes, and each karyotype

accumulates mutations, divergence increases and the GID appears as a plateau or multi-peaked
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(Guerrero et al. 2012). However, because recombination may still persist in the middle of the
inversion, a phenomenon known as gene flux, divergence peaks mainly concentrate at the
breakpoints in old inversions (Navarro et al. 2000; Guerrero et al. 2012; Schaal et al. 2022).
Remarkably, inversions in Drosophila also suppress and reduce recombination in their 3 and
up to 12 Mb long regions outside the breakpoints (Koury 2023), which should also lead to the
formation of GIDs outside but close to the breakpoints. Untangling the complex interactions of
selection and inversions in driving GIDs and ultimately speciation therefore requires proper

understanding of the genomic architecture of the study model and its natural variation.

Host shifts or changes in the width of the ecological niche, e.g., specialization, are a
major source of diversification in herbivorous insects (Wiens et al. 2015; Forbes et al. 2017).
The complexity of this phenomenon, which should involve the simultaneous evolution of genes
underlying multiple behavioral and physiological phenotypes with an ultimate impact on
reproductive isolation, has long been a major area of research (Futuyma and Moreno 1988;
Vertacnik and Linnen 2017) . One of the best well-characterized systems at the genomic level
is the specialization of the fly Drosophila sechellia on toxic fruits of noni (Morinda citrifolia)
on the Seychelles islands in the Indian Ocean (Louis and David 1986; Auer et al. 2021).
Drosophila sechellia is a member of the simulans species complex, which comprises two
additional species, namely the cosmopolitan Drosophila simulans and Drosophila mauritiana,
an endemic to Mauritius. Unlike D. sechellia, both species are generalists and are repulsed by
the odor of and intolerant to noni main toxins, octanoic and hexanoic acids (R’Kha et al. 1991;
Amlou et al. 1997, 1998; Drum et al. 2022). The three species represent a sister clade to
Drosophila melanogaster. This facilitated the extension of the unique genetic and genomic
tools from this paradigmatic species to the study of D. sechellia specialization (Matsuo et al.
2007; Lavista-Llanos et al. 2014; Prieto-Godino et al. 2017; Auer et al. 2020). Besides, the three

species show partial reproductive isolation and are karyologically homosequential, making
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them ideal for quantitative trait loci (QTLs) mapping through interspecific crosses (Earley and
Jones 2011; Hungate et al. 2013; Huang and Erezyilmaz 2015; Chakraborty et al. 2021b).
Despite these advantages that can help identifying the genetic basis of potential host-driven
divergence, the divergence of D. sechellia from its generalist sister species D. simulans is
estimated at around 89.000-242,000 years ago (Garrigan et al. 2012; Schrider et al. 2018); its
entire genome has accumulated so many differences that traces of possible GIDs during the
early stages of divergence may be difficult to observe. Besides, a particularly low level of
genetic diversity has been detected in this species (Legrand et al. 2009; Schrider et al. 2018),

further complicating population genomics analyses.

In January 2013, a second case of Drosophila species associated with toxic noni was
discovered in Mayotte, another island in the Indian Ocean. This was a population of Drosophila
vakuba, which had higher preference for and survival on noni unlike its continental conspecifics
(Yassin et al. 2016). The noni-specialist population likely diverged from generalist continental
populations nearly 28,000 years ago and specialization was accompanied by precopulatory
isolation between Mayotte and continental flies, earning them subspecific status as
D. y. mayottensis and D. y. yakuba, respectively (Yassin et al. 2016; Yassin 2017). Genomic
comparisons between this single population of D. y. mayottensis and two D. y. yakuba
continental populations identified multiple GIDs, widespread across the genome, consistent
with theoretical expectations (Yassin et al. 2016). Demographic inference also revealed a
substantial amount of persistent gene flow between the specialist and generalist subspecies
indicating that the GIDs may correspond to regions resistant to admixture (Yassin et al. 2016).
Indeed, many D. y. mayottensis GIDs overlap with large noni survival QTLs in D. sechellia
(Yassin et al. 2016). Despite those similarities, D. yakuba is a species where, unlike the

simulans species complex, multiple polymorphic chromosomal inversions have been identified



135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

in continental populations (Lemeunier and Ashburner 1976). Several GIDs in D. y. mayottensis

may therefore be the result of such inversions.

The recent divergence of D. y. mayottensis and the presence of multiple inversions in
D. yakuba make this system ideal to investigate the impact of structural variation on GIDs
formation. Large GIDs in collinear, normally-recombining regions present strong evidence for
selective sweeps (Garud et al. 2021), and we aimed to quantify the extent of such GIDs in D. y.
mayottensis. Hence, we report here the population genomics analysis of three additional
populations of D. y. mayottensis all associated with noni in Mayotte. We identified 23 GIDs
distinguishing the three populations from continental D. y. yakuba, inferred the width of the
telomeric and centromeric effects on diversity and assembled a genome for D. y. mayottensis.
Multiple inversions predominantly overlapped with the GIDs, hence allowing the
discrimination between GIDs presenting genuine signal of selective sweep from those which

may be mere results of structural variation or low recombination.

Materials and methods
Fly collection and establishment of isofemale lines from Mayotte island

Flies were collected in April 2017 from 14 localities on the Grande Terre and Petite
Terre islands of Mayotte. We particularly searched fruiting noni trees but also collected
drosophilids in places with no noni trees. Flies were collected by net sweeping and direct
aspiration over fallen fruits or using standard baits with fermented banana hung from tree
branches. Flies were also bred from ripe fruits brought back to the laboratory. D. y. mayottensis
isofemale lines were established by placing one female and one male in a small vial with instant
Carolina medium and the F; progeny was transferred to an axenic medium in the laboratory.

Fly species that were or could not be bred in the laboratory were killed in absolute ethanol and
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taxonomically sorted in the laboratory. Data on D. yakuba seasonal abundance and attraction

to banana baits in West Africa was obtained from Vouidibio (1985).

Pooled and individual lines genome sequencing

Drosophila yakuba mayottensis were sequenced both as pooled (Pool-Seq) as well as
individual lines (Ind-Seq). For Pool-Seq analyses, we pooled single Fi females per line in three
pools according to the populations, namely Bambo Est (BE), M’tsangamouji (MTS) and Soulou
(SOU), which is the same locality where the subspecies was first collected in 2013. Pools
consisted of 26, 22 and 29 females, respectively, which were sent in ethanol to End2end
Genomics LLC, Davis, California for DNA extraction, PE library preparation using NEBNext
Protocol and double-paired Illumina NovoSeq sequencing at 75x coverage. For Ind-Seq
analyses, DNA was extracted from single flies flash frozen in liquid nitrogen following
QIAamp Mini Kit (Qiagen) protocol without using RNase A. These included 7, 6 and 6 lines
from the three BE, MTS and SOU populations, respectively. The resulting DNA samples were
quantified (Qubit dsDNA HS assay kit, ThermoFisher Scientific), assessed for quality
(Nanodrop ND-2000), and stored at -20°C. Illumina TruSeq Nano DNA libraries were prepared
manually following the manufacturer’s protocol (TruSeq Nano DNA, RevD; Illumina). Briefly,
samples were normalized to 100ng DNA and sheared by sonication with Covaris M220
(microTUBE 50; Sage Science). The samples were end repaired, purified with Ampure XP
beads (Agencourt; Beckman Coulter), adaptors adenylated, and Unique Dual Indices ligated.
Adaptor enrichment was performed using eight cycles of PCR. Following Ampure XP bead
cleanup, fragment sizes for all libraries were measured using Agilent Bioanalyzer 2100 (HS
DNA Assay; Applied Biosystems). The libraries were diluted 1:10,000 and 1:20,000 and
quantified in triplicate using the KAPA Library Quantification Kit (Kapa Biosystems).

Equimolar samples were pooled, and the libraries were size selected targeting 400-700bp range
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to remove adaptor monomers and dimers using Pippen Prep DNA Size Selection system (1.5%
Agarose Gel Cassette #CDF1510; Sage Sciences). Library pools were run on an [llumina HiSeq

4000 platform using the 150bp paired end (PE) Cluster Kit.

Reads alignment and variant calling

As in Yassin et al. (2016) and Ferreira et al. (2021), we used previously published
genomic sequences from two continental D. y. yakuba populations, namely Cameroon (CY)
and Kenya (NY) (Rogers et al. 2014), for comparisons with D. y. mayottensis. Each population
consisted of 10 inbred lines that were sequenced individually. We also used previous Pool-Seq
reads from a single D. y. mayottensis population collected from Soulou in 2013 for temporal

comparisons within the subspecies (Yassin et al. 2016). For all comparisons, reads were mapped

to the D. y. yakuba v.1.05 reference genome obtained from Flybase (https:/flybase.org/,
Thurmond et al. 2019) using Minimap2 software package (Li 2018). Minimap2-generated
SAM files were converted to BAM format using samtools 1.9 software (Li et al. 2009) and after
keeping with mapping quality of > 20. The BAM files were then cleaned and sorted using Picard

v.2.0.1 (http://broadinstitute.github.io/picard/). Popoolation 2 software package v.1.20162

(Kofler et al. 2011) was used to generate a synchronized mpileup file, with the argument --min-
quality 20 to retain only bases with quality scores > 20. Ind-Seq and Pool-Seq data were
genotyped using customized perl scripts associated with this manuscript. In essence, Ind-Seq
lines were genotyped after only retaining sites with a minimum and maximum depths 10 and
100, respectively, since the average depth was ~40x for these libraries. The minimum and
maximum depths for the Pool-Seq libraries were 20 and 200, respectively, because of their
higher sequencing depth (~80x). A variant was called if the minor allele frequency (MAF)
exceeded 25% or 1/2N after depth correction for Ind-Seq or Pool-Seq sequences, respectively,

with N being the number of individuals in a pool.
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Population structure analysis in D. yakuba
We used the rmaverick v.1.10 package

(https://bobverity.github.io/rmaverick/index.html), derived from the MavericK software

(Verity and Nichols 2016), to investigate population structure among the three D. y.
mayottensis populations in addition to the two D. y. yakuba populations. We extracted bi-allelic
single nucleotide polymorphism (SNP) sites that were genotyped in all of the 19 Ind-Seq D. y.
mayottensis and 20 D. y. yakuba lines and with a minor allele frequency across all lines > 20%.
Ind-Seq data were used because they allow individual genotyping. The file was then parsed and
one site every 100 SNPs was sampled, leading to a total of 2,897 presumably independent sites.
The program estimates evidence for 1 to 5 subpopulations (k) and the level of admixture (@)
using the generalized thermodynamic integration (GTI) method. We conducted the MCMC
runs with 10,000 burn-in and 2000 sampling iterations on 50 rungs of the temperature ladder
for each k and tested for convergence every 100 iterations. MCMC performance and the GTI
path were checked for every £, and the log-evidence was compared between the different values
of k to identify the most likely number of subpopulations. The posterior allocations of the

inferred subpopulations across the five localities were then plotted.

Delimitation of the GIDs in D. y. mayottensis

To estimate the number of segregating sites (S) and between-populations genetic
differentiation (Fsr) from Ind-Seq and Pool-Seq synchronized files, we used a series of
customized perl scripts all available on the Figshare folder associated with this manuscript. Due
to convergence of results (see below), Pool-Seq data were presented for the GIDs analyses since
they have a larger sampling size. We conducted the Population Branch Excess (PBE) analysis

(Yassin et al. 2016) to identify GIDs specifically distinguishing D. y. mayottensis from the two
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continental populations CY and NY. PBE is a standardized version of the Population Branch
Statistic (PBS), which was proposed to identify population-specific allelic changes from Fsr
pairwise comparisons between three populations (Yi et al. 2010). The standardization measures
how PBS at a locus deviates from the chromosome-wide median PBS divided by the median
Fst estimate from the two non-focal populations. Therefore, PBE is less sensitive than PBS to
genome-wide variation in polymorphism levels. Due to the lack of genetic structure within
D. y. mayottensis (see below), Pool-Seq reads of the three populations were pooled into a single
Pool of Pools (PoP). PBS and PBE were made assuming an (PoP,(CY,NY)) tree and were

estimated for non-overlapping 10-kb windows. For a given window on a chromosomal arm:

- log(l - FSTPoP,CY) - log(l - FSTPoP,Ny) + log(l - FSTCY,NY)

PBS =
2

And

PBSpeai
PBE = PBS — —lOg(l - FSTCY NY) X ( - >]
- - log(l - FSTCY,NY)median

We delimited GIDs following common approaches in peak calling based on Fsroutliers,
i.e. by defining a chromosome-wide quantile threshold () above which a window is considered
candidate for selection, a radius (d) in bp (e.g., Schlamp et al. 2016). Windows with PBE values
> 97.5% quantiles were considered outliers, and the radius of a genomic island of divergence
was considered if two outlier windows did not fall more than 500-kb apart. Gene enrichment
tests were conducted for each GID as well as using the whole list of genes from all GIDs using
the online Database for Annotation, Visualization and Integrated Discovery (DAVID)
(Sherman et al. 2022). We used the Functional Annotation Chart of DAVID which provides
enrichment analysis using a modified Fisher Exact Test to identify the most overrepresented
annotation terms associated with a gene list (here D. melanogaster orthologs) as compared to a
background gene set, thereby giving insight into the main biological themes associated with a
GID.
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Defining low diversity and recombining regions and testing their effects on differentiation

For each 10-kb window, we counted the number of SNPs segregating in at least one of
the three populations, i.e. CY, NY and PoP. We conducted a mixture analysis on the number of
SNPs per window using the normalmixEM function in the mixtools package (Benaglia et al.
2010) in R v.4.3 (R Core Team 2023). This revealed two distributions with the lower almost
ending around 500 SNPs (Supplementary Figure S1). We considered this value as a cutoff for
low diversity and pooled windows of low diversity as long as they were not separated by more
that 50-kb intervals, even if such short intervals had slightly more than 500 SNPs. To test the
effect of low diversity on GIDs, we coded windows in the low- and high-diversity regions as 0
and 1, respectively, and conducted an asymptomatic two-sample Fisher-Pitman permutation
test using the oneway _test function in the coin package (Hothorn et al. 2006) in R.

Yassin et al. (2016) estimated regions with low diversity in the CY population as a proxy
of the recombination rate in D. yakuba. More recently, Pettie et al. (2022) estimated the
recombination landscape in this species from crosses between three inbred lines from West and
East Africa. The authors used a reference genome version, Dyak?2.0, that is newer than the one
used by Yassin et al. (2016) and us for population genomics analyses, i.e. Dyak1.05. To convert
Pettie et al.’s (2022) estimates to the 1.05 version, we mapped D. yakuba translated protein
sequences of D. yakuba v.1.05. reference genome (obtained from Flybase) to both the v.1.05
and v.2.1 reference genomes, using miniprot2 software package (Li 2023). We identified low
recombining regions as windows with crossover rates of <4 cM/Mb from Figure 3 in Pettie et
al. (2022). To test the effect of low recombination on diversity and GIDs, we coded windows
in the low- and high-recombination regions as 0 and 1, respectively, and conducted the
asymptomatic two-sample Fisher-Pitman permutation test using the oneway test function in

the coin package (Hothorn et al. 2006) in R as stated above.
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De novo assembly of D. y. mayottensis genome and identification of chromosomal
rearrangements

Offspring of the isofemale lines of D. y. mayottensis collected in 2017 were pooled and
maintained on a standard Drosophila medium as a single mass culture. Thirty females randomly
sampled from this mass culture were used to assemble a reference genome for this subspecies.
Genomic DNA was extracted using the Nucleobond AXG20 kit and buffer set IV from

Macherey-Nagel (ref. 740544 and 740604, https://www.mn-net.com, Diiren, Germany), and

size selection was conducted wusing the SRE XS kit from Circulomics

(https://www.circulomics.com/, Baltimore, Maryland, USA). Fragments less than 10 Kb were

eliminated. The SQK-LSK109 kit from Oxford nanopore technology (Lu et al. 2016),

https://nanoporetech.com/) was then used to prepare the samples for nanopore sequencing
following manufacturer’s protocol. The library was then loaded on a R9.4 flow cell for
sequencing on MinlON. Raw data were basecalled with Guppy v4.0.11.

[llumina short-read sequences from the SOU population that was used in the Pool-Seq
analysis have also been used to reconstruct our genome, using a hybrid assembly strategy,

combining those short accurate Illumina reads to our long Nanopore reads. [llumina sequencing

was realized by Novogene Company Limited (https://en.novogene.com, Cambridge, UK) on
our previously extracted DNA. DNA sequences, from Nanopore and Illumina technologies,
were then assembled using MaSuRCA genome software v3.4.0 with Cabog assembler (Zimin
et al. 2013). The program processes [llumina short reads first using an average pair-end (PE)
read length of 150, a jelly fish hash size of 3200000000, and a kmer size of 99 for deBruijn
graph. Cabog uses the Illumina superreads to correct the Nanopore long reads and then

assembles the corrected long reads. Assembly contiguity was checked using the N50 statistic
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and its completeness was assigned by evaluating the degree of completeness of single-copy-
genes conserved across Diptera using the BUSCO software package (Simao et al. 2015).

To identify chromosomal rearrangements, we mapped D. yakuba translated protein
sequences of D. yakuba v.1.05. reference genome (obtained from Flybase) to both our D. y.
mayottensis assembly and the v.1.05 reference genome, using miniprot2 software package (Li
2023). Miniprot2 alignments were summarized in Pairwise mApping Format (PAF) files, which
were then processed using a customized perl script: First, the longest match of each protein was
retained and the PAF files were joined. D. y. mayottensis scaffolds were then ordered according
to the average midpoint positions of the orthologous sequences on the reference genome, and
oriented according to the frequency of matching or mismatching sense signs. A dotplot was
then drawn using R by assigning for each gene a single dot corresponding to its orthologous
position on the ordered scaffolds of D. y. mayottensis and the reference genome. We used the
cytological position of D. melanogaster orthologs of D. yakuba genes to delimit D. y. yakuba
rearrangements  described by Lemeunier and Ashburner (1976). Similar to
telomeric/centromeric regions, we tested the effect of inversion on GIDs by coding the absence
or presence of inversions as 0 or 1, respectively, and then conducting a permutation test using

the coin package in R. All scripts related to this article were deposited in Figshare.

Identifying GIDs potentially due to selective sweeps in D. y. mayottensis

To detect for traces of potential selective sweeps, we scanned the genome for long tracts
of homozygosity. We used the H-scan software package (Schlamp et al. 2016) which estimates
for each SNP the average length of pairwise homozygosity tracts, known as the H-statistic. We
run the program on the 19 unphased Ind-Seq lines from Mayotte due to the lack of genetic
structure in D. y. mayottensis (see below). Only SNPs that were present in all 19 individuals

were sampled. The program was run using default parameters, i.e. measuring tract lengths in

14



332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

terms of base pairs (bp) rather than SNPs, because of the presumably recent divergence of D.
y. mayottensis (Yassin et al. 2016). SNP-based methods can miss the detection of recent
complete sweeps. As with PBE, we defined our outlier threshold as SNPs having H statistics >
97.5% quantile. We then defined GIDs that were potentially formed by selective sweeps as
those with H statistics above this threshold but falling neither in a low-recombining telomeric

or centromeric region, nor in an inversion specific to D. y. mayottensis.

Results

Drosophila yakuba mayottensis is strictly associated with noni in Mayotte

In April 2017, we investigated the association between D. y. mayottensis and noni
across the two main islands of Mayotte, i.e. Grande Terre and Petite Terre. Out of 14 collection
sites, we identified noni trees in 9 locations, mostly near the coastline. However, the trees were
not always at the same fruiting stage, with fallen ripe fruits found at only three locations, namely
Soulou (the same locality for the 2013 sample, hereafter SOU), M’tsangamouji (MTS) in the
humid northwest and Bambo Est (BE) in the arid southeast (Figure 1A). D. y. mayottensis flies
were collected through net sweeping or direct aspiration over fallen, rotting noni fruits only at
those three locations. No single D. y. mayottensis fly was collected using fermenting banana
traps at those sites or at any other site on the island, although the noni trees at Bambo Est were
present amid a banana plantation (Figure 1B). In West Africa, such traps often collect tens or
hundreds of D. y. yakuba (Rio et al. 1983; Vouidibio 1985; Llopart et al. 2005; Prigent et al.
2013; Turissini and Matute 2017) (Figure 1B; 4* P < 0.001 for comparison with data from
Vouidibio (1985)). The total number of collected D. y. mayottensis was low, ~200 flies
throughout the 10-days duration of the expedition, compared to ~600 flies that were collected

during the last 2 days of the January 2013 at a single location (David et al. 2014). This indicates
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a strong seasonality in the abundance of the species, consistent with other observations on
D. y. yakuba on the continent (Vouidibio 1985; Prigent et al. 2013), and highlights the necessity
of year-round investigations. We also observed that flies were more abundant on noni fruits that
have been nibbled and thrown to the ground by the brown lemur (Eulemur fulvus) than on intact

fallen fruits (Figure 1C).

Isofemale line sequencing of the three Mayotte populations reveal low level of differentiation

on the island

We established 29, 22 and 26 isofemale lines from wild-caught flies from the three
collection sites, i.e., MTS, SOU and BE, respectively. As in Yassin et al. (2016), we sequenced
a single F; fly per line in three pools according to the populations (Pool-Seq). The level of
genetic differentiation estimated in 10-kb windows in SOU between the 2013 and 2017 samples
was low (Fsr = 0.0504 £ 0.0001; Supplementary Figure S2A), as well as the level of
differentiation between the three 2017 geographical samples (Fsr = 0.0450 + 0.0001;
Supplementary Figure S2B). The genetic differentiation among D. y. mayottensis populations
was significantly lower than that between the two D. y. yakuba populations from Cameroon
(CY) and Kenya (NY) (Fsr= 0.0718+0.0003; Student’s #-test P < 2.2 x 10°'® for both analyses).
To gain further insights on the population genetic structure both within and between D. yakuba
subspecies, we sequenced 6, 6, and 7 individual isofemale lines from MTS, SOU, and BE,
respectively (Ind-Seq). In agreement with the Fsr results, genetic structure analysis using
rmavrick provided strong evidence for three subpopulations, with one subpopulation
predominating in the three localities of D. y. mayottensis and a second subpopulation
predominating in D. y. yakuba (Figure 2A,B). The third subpopulation mainly corresponded to
a single inbred line from Cameroon (CY), which was highly homozygous for alleles alternative

to the reference genome. Most importantly, the structure analysis supported a substantial level
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of admixture (o) with a mode approaching 0.07 (Figure 2C), in agreement with previous
demographic models (Yassin et al. 2016). Reconducting the analysis with a lower MAF
threshold of 5% produced similar results for D. y. mayottensis, although no population structure

was found for D. y. yakuba, i.e. k = 2 rather than 3 (Supplementary Figure S3).

The distribution of segregating sites shows large centromeric and telomeric effects

The distribution of SNPs per 10-kb windows identified long tracts of low diversity
extending from either the telomere or the centromere, with the tracts being longer towards the
telomere on the X chromosome and the centromeres for the autosomes (Figure 3A, as in Yassin
et al. 2016; Pettie et al. 2022). We also identified a short tract of low diversity in the middle of
the X chromosome between 9.62-10.94. This tract likely colocalizes with a small
heterochromatic block that was previously cytogenetically identified (Lemeunier et al. 1978;
Roy et al. 2005). A fine-map of recombination rates in D. y. yakuba also identified a valley of
low recombination in this area (Fig. 3 in Pettie et al. 2022). Therefore, we also considered this
tract as a low-recombining region. Asymptomatic two-sample Fisher-Pitman permutation test
permutation showed strong overlap between population genetic diversity estimates and
recombination rates (Z = -86.49; P < 2.2 x 10°) as expected from theory and postulated by

Yassin et al. (2016).

Differentiation between the two D. yakuba subspecies identified 23 GIDs specific to Mayotte

To quantify the level of genetic differentiation between Mayotte and mainland
populations, we estimated Fsr in 10-kb windows across the genome, from which the PBE
statistics were derived to detect windows specific to Mayotte. Because of the lack of genetic

structure among the three populations of D. y. mayottensis, we pooled either the Ind-Seq or the
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Pool-Seq sequences of the three populations in a single population, referring to them as Pool of
Individuals (Pol) and Pool of Pools (PoP), respectively. Results did not greatly differ between
the two methods (Supplementary Figure S4), and we will show here analyses on the PoP data
due to its larger sampling size and consequently reduced ascertainment bias. The PBE analysis

showed 23 GIDs falling above the 97.5% quantiles in D. y. mayottensis (Figure 3B; Table 1).

Eight GIDs were enriched for specific gene families (Table 1). Gene families that were enriched
for the whole list of genes from all GIDs included LITAF (LPS-induced TNF-activating factor)
endosome-associated membrane proteins, glucose-methanol-choline (GMC) oxidoreductases,
cytochrome P450, UDP-glycosyltransferases, maltose-alpha-glucosidases, serine-type
endopeptidases, and glutathione-S-transferases at P < 0.05 after False Discovery Rate (FDR)
correction for multiple testing. All these gene families have major roles in the metabolism of
ecdysteroids, lipids, sugars, proteins and xenobiotics, as it would be expected in cases of major
dietary shifts. Asymptotic two-sample Fisher-Pitman permutation test also confirmed the strong
correlation between PBE and diversity (Z =21.43, P <2 x 107'%) as well as recombination (Z =
15.97, P < 2 x 10°'%). Indeed, 16 out of 23 GIDs fell within low-recombining telomeric or
centromeric region, and one GID fell 0.43 Mb apart from the low recombining region in the

middle of the X chromosome.

GIDs in D. y. mayottensis predominantly overlap with chromosomal inversions

Our hybrid assembly of the D. y. mayottensis genome yielded 563 fragments with an
N50 of 6.9Mb, and a BUSCOVS score of 99.5%. Comparing the assembly to the v.1.05
reference genome assembly of D. y. yakuba identified 10 large (>100 kb-long) structural
variations with a characteristic contrary diagonal-shape (solid arrows in Figure 4A). The

intersection of these contrary diagonals corresponded to the breakpoints of 6 inversions and
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their numbers depend on the length of the inversion and the evolutionary trajectory separating
the configurations of the two assemblies (Figure 4; Supplementary Figure S5).

The first contrary diagonal intersection was found on the X chromosome and indicated
a ~1 Mb-long inversion between X:8,648,348..9,652,060, just adjacent to the heterochromatic
block in the middle of this chromosome. Lemeunier and Ashburner (1976) did not detect any
inversion on chromosome X in D. y. yakuba. Following their nomenclature, we call this new
subspecies-specific inversion X¢b, and note that it overlaps with GID2. We also noted a collinear
connection between X:13,477,771..17,070,823 on a single scaffold (grey) that could have
resulted from double inversions, but no direct evidence for breakpoints was observed at this
region (Figure 4A).

The second and third contrary diagonal intersections were found on chromosomal arm
2L and corresponded to a large, ~12 Mb-long inversion between 2L.:8423810..20352247. The
distal breakpoint of this inversion, i.e. the second contrary diagonal, fell in the middle of an
artificial inversion that has long been recognized as a misassembled portion of this
chromosomal arm in the reference genome v. 1.05 between 8,586,415 and 11,101,068 (Cande
et al. 2012), and which have been corrected in newer versions of this genome (Miller et al.
2018) (Supplementary Figure S6). The breakpoints of this artificial inversion correspond to two
scaffolds in the D. y. mayottensis assembly (indicated with blank arrows in Figure 4A) and are
delimited in Figure 4B. Lemeunier and Ashburner (1976) found four polymorphic inversions
in mainland D. y. yakuba, namely 2Lh, 2Ll, 2Lm and 2Ln, with 2Lh being ancestral to 2L/, and
2Lm and 2Ln independently derived from 2L/ (Figure 4B). We found the large inversion in D.
y. mayottensis to be independently derived from 2L/ too, and called it 2Lo (Figure 4B). The
proximal end of this inversion falls within the large subcentromeric region of 2L. Compared to
the two most common inversions of the mainland, i.e. 2Lh and 2L/ (Lemeunier and Ashburner

1976), four GIDs (5 to 8) fall in an inverted order in 2Lo (Table 1).
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The fourth contrary diagonal intersection fell in the subcentromeric region of
chromosomal arm 2R at 2R:182,816..436,892 but did not overlap with a major GID. It hence
corresponded to a new inversion that we call 2Ro. The fifth to the eight contrary diagonal
intersections fell within the normally recombining region of 2R. Their cytogenetic positions
corresponded to the breakpoints separating chromosomal inversions 2Rn and 2R/ (Lemeunier
and Ashburner 1976). The reference genome has the 2Rn order indicating that 2Rj
(2R:8,717,812..18,133,566), the most common inversion in D. yakuba (Lemeunier and
Ashburner 1976), is present in D. y. mayottensis. Because we have used a mass culture of D. y.
mayottensis following the pooling of multiple isofemale lines, and because of the absence of
excess variability at the breakpoints of this inversion among the three populations of Mayotte,
2Rj is likely fixed in this subspecies. Both 2Rn and 2R; inversions independently derived from
a hypothetical 2Ri order (2R:11,157,330..18,066,346) that has never been observed in natural
populations (Figure 4B; Lemeunier and Ashburner 1976). The fifth and the eight contrary
diagonal intersections correspond to the breakpoints of the 2Rj inversion relative to 2Ri,
whereas the sixth and the sevenths contrary diagonal intersections correspond to the breakpoints
of the 2Rn inversion relative to 2Ri. Two GIDs, 11 and 14, fell ~1.7 Mb apart from the
breakpoints separating 2R;j from 2Ri, whereas GID12 and 13 overlapped with the breakpoints
separating 2Rn from 2Ri. Remarkably, the large GID13 is inverted in inversion 2Rk
(2R:10,365,887..14,704,259), another common 2R inversion in D. y. yakuba that was not
detected in D. y. mayottensis (Figure 4B; Table 2).

The nineth and tenth contrary diagonal intersections were found in the subcentromeric
regions of chromosomal arms 3L and 3R, respectively. Each corresponded to ~0.2 and 0.8 Mb-
long inversions and overlapped with GIDs 16 and 17, respectively. These small subcentromeric
inversions were not detected by Lemeunier and Ashburner (1976) and we denoted them 3Lk

(3L:23,737,761..23,929,648) and 3Ri (3R:1..818,622), respectively (Figure 4A; Table 2).
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Permutation analysis showed a significant overlap between GIDs and inversions (Z =-22.17, P
< 2.2 x 10°'%). Summary of the eight inversions associated with GIDs, i.e. corresponding to the
six inversions between D. y. mayottensis and D. y. yakuba assemblies as well as the hypothetical
2Ri and the D. y. yakuba-specific 2Rk not present in the reference genome, along with their

geographical distribution, is given in Table 2.

Evidence for selective sweeps within GIDs in normally-recombining, collinear regions

To gain further insights on the extent of potential selective sweeps within the GIDs
distinguishing D. y. mayottensis from D. y. yakuba, we conducted the H-scan analysis which
estimates the length of homozygosity tracts for each SNP within D. y. mayottensis. Both
selective sweeps and low recombination are expected to lead to high H values. As expected, H
was highly correlated with low recombining regions (Figure 5A). The highest H value outside
the low-recombining regions was found on the GID overlapping with the subspecies-specific
Xtb inversion, a region that is itself adjacent to the low-recombining heterochromatic block in
the middle of the X chromosome. The highest A values on the autosomes coincided with the
breakpoints of the subspecies-specific 2Lo and the ancestral 2Ri inversion. All GIDs except
one, GID10, had H values above the 97.5% quantile (Figure 5A). These included the two GIDs
falling in normally-recombining regions and not overlapping with inversions, i.e. GID4 and
GID23, both had high H values, supporting the action of a hard selective sweep. To further
identify the target of such potential sweeps, we investigated H profile at each SNP in the two
GIDs. For GID4, the highest H fell adjacent to a gene orthologous to D. melanogaster CG17242
(Figure 5B). This gene is a serine protease homolog of the S1A family. It is a seminal fluid
protein that affects male reproductive success (Patlar and Civetta 2022), and whose rate of
sequence evolution provided evidence for positive selection in other Drosophila species (Wong

et al. 2012). For GID23, the highest H fell in the mid of a cluster of Osiris paralogs (Figure 5C),
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whose implication in underlying resistance to octanoic acid, noni’s main toxin, has been
demonstrated in D. melanogaster and D. sechellia (Hungate et al. 2013; Andrade Lopez et al.
2017; Lanno et al. 2017, 2019), hence providing further support for the action of a selective

sweep.

Discussion

Identifying the loci underlying population divergence at the early stages of speciation
has long been a central topic in evolutionary genetics. The observation that the genomic
landscape of divergence at these stages usually forms few islands provided an initial promise,
but the enthusiasm has rapidly faded by the realization that such islands can also “accidentally”
arise by a plethora of neutral processes with no obligatory impact on reproductive isolation or
habitat specialization. Therefore, the ability to distinguish islands whose divergence signal can
be genuinely attributed to selection from those whose signals may have been driven by other
confounding, mainly structural effects, is an important challenge. In this study, we combined
field observation with population and structural genomics, to investigate the potential
mechanisms underlying the evolution of GIDs in the noni-specialist subspecies Drosophila
vakuba mayottensis. First, we showed that D. y. mayottensis GIDs were subspecies-specific.
There was no different pattern of divergence whether Fsr was inferred by comparing mainland
populations to the Soulou population collected in January 2013 or April 2017, or to any other
noni-associated D. y. mayottensis population collected in 2017 across the island. Second, we
found that the two subspecies had distinct inversions. Of the 23 GIDs distinguishing D. y.
mayottensis from two mainland D. y. yakuba populations, 21 fell either in low-recombining

telomeric or centromeric regions, or close to or within subspecies-specific chromosomal
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inversions, corresponding to 36 and 63% of the outlier windows in the PBE analysis,
respectively.

Chromosomal inversions can play an important role in promoting local adaptation,
either through reducing gene flow at selected genomic regions or through bringing to a new
habitat an advantageous allelic combination segregating at the ancestral range (Faria et al. 2019;
Mérot et al. 2020; Schaal et al. 2022). Depending on the age of the inversion, selection can lead
to the formation of GIDs within the inversions or near their breakpoints (Guerrero et al. 2012;
Fuller et al. 2017; Kapun et al. 2023). GIDs falling in the subspecies-specific inversions Xtb
and 2Lo include several ecologically-relevant candidates that are involved in the metabolism of
ecdysone, lipids and carbohydrates (GMC oxidoreductases (lida et al. 2007; Glaser-Schmitt
and Parsch 2018); maltases (Inomata et al. 2019)), ethanol tolerance (Adh (Siddiq and Thornton
2019)), and hexanoic acid sensing (pdm3 (Arguello et al. 2021)). The 2Rj inversion that is fixed
in D. y. mayottensis is, on the other hand, widespread in D. y. yakuba, and it is ancestral to three
2R inversions that are specific to the mainland subspecies (Lemeunier and Ashburner 1976).
GIDs near the breakpoints of this ancestral inversion contain important clusters of
detoxification genes of cytochrome P450 oxidases and glutathione-S-transferases, which are
involved in basal resistance to noni toxins in D. sechellia and its close relatives (Peyser et al.
2017; Lanno and Coolon 2019). Alternatively, both derived and shared inversions might have
been fixed by drift, although demographic models do not suggest major bottlenecks during D.
v. mayottensis colonization of Mayotte (Yassin et al. 2016). Testing the potential role of derived
and shared inversions would require experimental isolation of each karyotype and comparison
of the effect of each on different noni use traits, but the large breadth of these inversions would
complicate fine-scale QTL mapping or genome-wide association studies (GWAS) in D. yakuba.

High levels of differentiation in collinear, high recombining regions constitute strong

signals of hard selective sweeps. Only 2 GIDs (4 and 23) satisfied these conditions. Most
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notably, GID23 consisted of syntenic members of the Osiris gene family. The role of these
genes in conferring resistance against noni’s main toxin, octanoic acid, has been demonstrated
through genetic mapping (Hungate et al. 2013) and transcriptomic analyses in D. sechellia
(Lanno et al. 2017), as well as functional gene silencing in D. melanogaster (Andrade Lopez et
al. 2017; Lanno et al. 2019). The other GID also involves genes with a potential role in
resistance to plant chemical defenses in other insects, such serine-type endopeptidases (Hoang
et al. 2015; Alyokhin and Chen 2017; Lanno and Coolon 2019). These genes therefore are best
candidates for future functional genetics analyses. However, hard selective sweeps indicate a
particular mode of selection wherein the selected alleles were absent or had low frequency at
the onset of selection. Alternatively, incomplete selective sweeps wherein the selected alleles
may have not reached fixation yet or soft selective sweeps on alleles segregating at intermediate
frequencies in the ancestral range could also be important factors, although loci under these
patterns of sweeps will hardly be detected by GID analyses. A signal of soft selective sweep on
the odorant receptor Or22a, a gene that controls D. sechellia attraction to methyl hexanoate,
the main noni volatile (Auer et al. 2020), was recently demonstrated in D. y. mayottensis
(Ferreira et al. 2021). However, the efficiency of this approach will be limited to collinear,
normally recombining regions, which constitute a relatively small proportion of the D. yakuba
genome.

Identifying the type of selection pressures responsible of GIDs formation may be
difficult. Whereas we focused here on the adaptations to the highly toxic noni fruit, we cannot
rule out that other environmental factors have also forged the divergence landscape in D.
vakuba. For example, GID2 which is associated with the X7b inversion encompasses Flotillin2
(Flo2), a gene that underlies the defensive melanic response against parasitoids (Howell et al.
2012) and indeed collected D. y. mayottensis flies had high incidences of melanic capsules

sequestering dead larvae of Leptopilina victoriae (David et al. 2014). Similarly, the drosophilid
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community, the level of urbanization, and the alternations of the rain and dry seasons greatly
differ between the island and the mainland (Vouidibio 1985; Prigent et al. 2013; David et al.
2014). Besides, some GIDs may underlie the asymmetric precopulatory reproductive isolation
between the two subspecies (Yassin et al. 2016) or other sources of reproductive isolation that
have not yet been identified. For example, the serine-endopeptidases of GID4 are enriched in
the female spermatheca and some, such as Send, are involved in the female postcopulatory
sexual selection (McDonough-Goldstein et al. 2022). All these factors can constitute non-
mutually exclusive selective pressures acting on the D. y. mayottensis genome.

Although it is highly recommended to infer demographic model to properly identify the
signals of selective sweeps, the inference of such models is often complex for most organisms
(Garud et al. 2021). In the case of D. yakuba, high depth genome sequences from mainland
populations are available from two populations, each represented by only 10 inbred lines
(Rogers et al. 2014). Low sampling and inbreeding can therefore influence the model, in
particular through neglecting the effects of “ghost populations” on the rate of admixture and
divergence time estimates (Hancock and Blackmon 2020; Tricou et al. 2022; Marchi et al.
2024). Further sampling of wild D. y. yakuba closer to the Comoros archipelago, such as in
Mozambique and Madagascar, is highly needed. In addition, the timing of the arrival of the
noni host plant, which is of Oriental origin, to the islands of the Western Indian Ocean, has long
been debated (Lachaise and Silvain 2004). This information is crucial to infer and properly
model the timing of the sweeps on loci potentially involved in the adaptation to the toxic host,
but our knowledge of the phylogeography of the host plant in these islands is still limited.

Will early stages of divergence always lead to the formation of GIDs? Our conclusion
suggests that this will predominantly depend on the genomic architecture, since ~99% of the
outlier 10-kb windows in the GIDs distinguishing the two D. yakuba subspecies were found in

low recombining telomeric or centromeric regions or large chromosomal inversions. The extent
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of both phenomena largely depends on the species, even in cases of parallel responses to the
same selective pressures. Indeed, shared polymorphic inversions had promoted parallel
adaptations in different geographical populations in many cases (Mérot et al. 2018; Lucek et al.
2019; Morales et al. 2019; Matschiner et al. 2022). However, this situation cannot explain the
recurrent specialization on toxic noni fruits in distinct islands of the Indian Ocean between D.
vakuba and D. sechellia. Despite their striking host plant convergence (Yassin et al. 2016;
Ferreira et al. 2021), the divergence between the two species is deep and their genomic
architectures are quite different. Nearly 35.3% of the genome in D. yakuba has low number of
segregating sites extending from the telomeres and centromeres (Yassin et al. 2016; Pettie et al.
2022). In D. simulans and D. mauritiana, only 10.5% of the genome has low number of
segregating sites (Brand et al. 2018). The three species of the simulans clade are homosequential
and chromosomal inversions were very rarely reported in D. simulans (Chakraborty et al.
2021b). As functional genetics analyses will continue to be undergone in both species, the
degree of genic parallelism underlying the recurrent specialization on a toxic resource despite
distinct genomic architectures will be clarified.

Advances in third-generation sequencing currently allow the construction of highly
contiguous assemblies, hence providing better understanding of the role of structural variation
in GIDs formation. Although our assembly for D. y. mayottensis based on the hybrid approach
of both short and long reads did not lead to the inference of whole chromosomes, all
chromosomal arms were represented by few, long scaffolds hence giving us confidence with
the identification of the breakpoints of the new inversions. Indeed, our assembly well identified
on a single scaffold the breakpoints of large inversions previously characterized by classical
cytogenetic analyses. As new genomic approaches to produce chromosome-level genome
assemblies are being produced in multiple non-model organisms, our understanding of the

extent of the impact of the telomeres, centromeres and structural variation on GIDs formation
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will continue to improve. Our quantification of this effect to reach ~99% of outlier windows in

D. yakuba is a significant step towards this goal, but further similar studies in other organisms

with distinct architectures will show how much our finding can be generalized.
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Table 1 — Position, structural features and candidate genes or families of the 23 genomic islands

of divergence (GIDs) distinguishing noni-specialist Drosophila yakuba mayottensis from

generalist mainland species. Correspondence with recombination rate (R), inversions (I) and

selective sweeps (H) are given. For R, low (L) and high (H) rates were obtained from Pettie et

al. (2022) who used collinear parents. For H, whether a signal was detected (Y) or not detected

(N) from the H-scan analysis is given. P levels from DAVID gene ontology enrichment

analyses for each GID.
GID Coordinates (Mb) | R I H Candidate genes

1 X:3.63-4.30 L Y

2 X:8.68-9.30 L |Xth |Y |Flo2; Glucose-methanol-choline
oxidoreductase (ecdysteroid  metabolic
process, P <7 x 102%)

3 X:21.22-21.77 L Y

4 21.:2.21-2.27 H Y | Serine-type endopeptidase activity (P<1x 10
%), endonuclease (P <1 x 107%)

5 21.:14.51-14.83 H | 2Lo Adh

6 21.:16.20-17.15 H | 2Lo pdm3; maltose alpha-glucosidase activity (P <
2 x 1019), sugar metabolism and transport, P =
0.022)

7 21.:18.23-18.25 L |[2lo |Y

8 2L:21.11-21.57 L |[2lo |Y

9 2R:2.09-2.23 L Y

10 2R:4.62-5.57 L N | Catsup; UDP-glycosyltransferases
(metabolism of xenobiotics by cytochrome
P450, P <0.05)

11 2R:6.72-6.93 H 2R |Y

12 2R:10.43-10.76 H | 2Rj, Cytochrome P450 (P <1 x 10)

2Rk
13 2R:14.79-17.57 H | 2Rj, |Y |LITAF (P < 2 x 10%); glutathione S-
2Rk transferase (P < 0.05)

14 2R:19.54-19.63 H|2Rj |Y

15 2R:21.11-21.13 L Y

16 3L:21.76-22.40 L Y

17 3L:23.47-24.20 L |3k |Y
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1004

1005

1006

1007

18 3R:0.00-0.33 L |3Ri |Y

19 3R:3.31-4.71 L Y

20 3R:6.81-6.83 L Y

21 3R:10.82-12.12 L Y | UDP-glucuronosyl/UDP-glucosyltransferase
(P<5x107)

22 3R:13.38-13.42 L Y | Ace, Osi22

23 3R:17.96-17.98 Y | Osi2, Osi3, Osi4, Osi5 (Proteins of unknown

function DUF1676, P <1 x 10®)
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1016

1017
1018

Table 2 — Inversions delimitations according to the intergenic regions on the reference genome.
Approximate positions of the left and right breakpoints of each inversion relative to the
reference genome are given in terms of intergenic regions (e.g., A/B and C/D genes in reference

genome will lead to A/C and B/D configuration in inversion). Gene names and their

corresponding cytological positions are given according to D. melanogaster orthologs.

Inversion names, breakpoints and geographical distribution into West Africa (W), East Africa

(E) and Mayotte (M) are given following Lemeunier and Ashburner (1976) and this study.

Inversion Coordinates Left breakpoint | Right breakpoint | Geographic GIDs
name (length) (A/B) (C/D) distribution

Xtb X :8,648,348- CG12540 Acl3E (13C7)/ M 2
9,652,060 (12E11)/ CG7860 (13D3)
(1.0 Mb) CGi14414 (12F1)

2Lo 21.:8,423,810- Hacdl (33B5)/ | bin3 (42A12)/ M 5,6,7,8
20,352,247 RA5 (33BS) tomboy40
(11.9 Mb) (42A14)

2Ro 2R:182,816- CG3262 (40F6)/ | CG3635 (40F2)/ | M
436,892 Ir40a (40F4) Clamp (40F2)
(0.3 Mb)

2Rj 2R:8,717,812- CG30047 mth (61C1)/ W, E.M 11, 12,
18,133,566 (49A1)/ EDTP (54B7) 13, 14
(9.4 Mb) ana3 (48F11)

2Ri 2R:11,157,330- Hr51 (51F7)/ ppkl2 (58E1)/ 12, 13,
18,066,346 CG34205 CG4847 (54C1) 14
(6.9 Mb) (58C1)

2Rk 2R:10,365,887- CG30076 CG42697 W, E 12,13
14,704,259 (51A8)/ (55E1)/
(4.3 Mb) CG43919 GEFmeso (55D3)

(51B1)

3Lk 3L:23,737,761- Ckllalpha ND-MLRQ M 17
23,929,648 (80D1)/ (80F2)/
(0.2 Mb) nAChRalpha4 CG17454 (80F9)

(80D5)

3Ri 3R:1-818,622 5-HT2A4 (82C4)/ | Spartin (82C5)/ | M 18

(0.8 Mb) CGY9775 (82C5) | €CG33927 (82D1)
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Figure legends

Figure 1 — Association of Drosophila yakuba mayottensis with noni (Morinda citrifolia) on the
island of Mayotte. A) Frequency of D. yakuba (blue) among drosophilids (red) collected on the
island of Mayotte in January 2013 (after David et al. (2014)) and April 2017. The size of the
pie charts reflects the total number of collected flies per site. Grey shades refer to vegetation
density. B) Abundance of D. yakuba flies among drosophilids collected using standard
fermenting banana traps in Congo (after Vouidibio (1985) and in Mayotte. C) A brown lemur

(Eulemur fulvus) eating a noni fruit in Mayotte (O Amir Yassin).

Figure 2 — Population structure analysis within and between D. yakuba subspecies as analyzed
by rmaverick supports lack of structure in D. y. mayottensis despite substantial admixture. A)
Structure plots for different values of subpopulations (k) for five D. yakuba populations (CY =
Cameroon, NY = Kenya, MTS = M’Tsangamouji, SOU = Soulou, BE = Bambo Est). Each bar
represents one individual (from Ind-Seq data), with colors referring to the posterior probability
of belonging to each of the k& subpopulations. B) Full posterior distribution of k after
transforming and normalizing log evidence values showing k = 3. C) Posterior probability
(density) plot of the admixture parameter (o) from the MCMC run of the £ = 3 model supports

a substantial degree of admixture (~0.07).

Figure 3 — High genetic differentiation among the two D. yakuba subspecies from Pool-Seq
data. A) Distribution of segregating sites (SNPs) in 10-kb windows showing the extent of
telomeric and centromeric effects as well as the heterochromatic block on diversity at the mid

of the X chromosome (gray areas). These areas correspond to regions with low recombination
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rate ( Pettie et al. 2022). Each chromosomal arm according to the D. y. yakuba v.1.05 reference
genome is represented by different color. B) Population Branch Excess (PBE) identification of
the genomic islands of divergence (GIDs), enumerated in red, distinguishing D. y. mayottensis
from the two D. y. yakuba populations. Horizontal dashed line corresponds to the 0.975 quantile

threshold.

Figure 4 — Genomic islands of divergence (GIDs) predominantly overlap with major
chromosomal inversions. A) Dot plot comparing D. y. mayottensis hybrid assembly with the D.
v. yakuba reference genome v1.05. Each D. y. mayottensis scaffold is given in different color
with the position of the GIDs indicated by their number. Shaded grey and pink areas indicate
low recombining regions and GID spans, respectively. Solid colored arrows indicate inversion
breakpoints, blank arrows indicate the breakpoints of an inversion misassembly on 2L. B)
Schematic presentation of major inversions on chromosomal arms 2L (left) and 2R (right). Each
chromosomal arm is presented as a set of colored arrows with the head of the arrow pointing to
the orientation of the corresponding segment in the D. y. yakuba reference genome (first row),
except for the two misassembled segments of 2L (whose orientation is corrected in the second
row). Inversion names, breakpoints and geographical distribution into West Africa (W), East
Africa (E) and Mayotte (M) are given following Lemeunier and Ashburner (1976) and this
study. GIDs names and positions on the reference genome are given in red on the first row.
Crossing lines connect the breakpoints between the configurations. Note that the three 2L
inversions all independently evolved from 2L/, whereas the 2R inversions had two independent
origins from 2Rj, with one origin leading to a hypothetical 2Ri from which the reference 2Rn
was derived, and another origin leading to 2Rk from which 2Rm was derived. The grey shaded

area surrounding the centromere (black circle) refer to the low recombining region.
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Figure 5 — Evidence for selective sweeps in regions in normally-recombining regions falling
more than 3 Mb outside inversion breakpoints. A) Distribution of H statistics, i.e. average
length of homozygosity tracts for each SNP in kilobases (kb) as estimated by the H-scan
program from unphased Ind-Seq data. Color code and horizontal dashed line are as in Figure
3. Red vertical dashed lines refer to the position of the inversion breakpoints. Horizontal
dashed line refer to the 97.5% quantile value. B) Distribution of H statistics in the only two
GIDs falling in normally-recombining region, distant from chromosomal inversion
breakpoints, GID4 and GID23, showing the likely targets of selective sweeps. Gene names

refer to the D. melanogaster orthologs.
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Supplementary figures legends

Figure S1— Bimodal distribution of the number of segregating sites (SNPs) per 10-kb windows

from Pool-Seq data.

Figure S2 — Low temporal and spatial genetic differentiation among D. y. mayottensis
populations on the island of Mayotte. A) Pairwise Fsr values for 10-kb windows between Pool-
Seq data from Soulou collected in January 2013 and April 2017. B) Average pairwise Fsr values
for 10-kb windows between Pool-Seq data from the three populations collected in Mayotte in
April 2017. Gray areas reflect subtelomeric and subcentromeric regions with low recombination
rate (Yassin et al. 2016; Pettie et al. 2022). Each chromosomal arm according to the v.1.05

reference genome is represented by different color.

Figure S3 — Population structure analysis within and between D. yakuba subspecies using a
minor allel frequency of 5% rather than 25% given in Figure 2. A) Structure plots for different
values of subpopulations (k) for five D. yakuba populations (CY = Cameroon, NY = Kenya,
MTS = M’Tsangamouji, SOU = Soulou, BE = Bambo Est). Each bar represents one individual
(from Ind-Seq data), with colors referring to the posterior probability of belonging to each of
the k subpopulations. B) Full posterior distribution of & after transforming and normalizing log
evidence values showing k& = 2. C) Posterior probability (density) plot of the admixture
parameter (o) from the MCMC run of the £ = 2 model supports a substantial degree of

admixture (~0.05).
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1100 Figure S4 — High genetic differentiation among the two D. yakuba subspecies from Ind-Seq
1101 data as shown from the Population Branch Excess (PBE) analysis. Color code and horizontal

1102  dashed line are as in Figure 3.

1103

1104 Figure S5 — Dot plots showing chromosomal inversions breakpoints for A) Xtbh, B) 2Lo, C)
1105 2Ro, D) 2Rj, E) 3Lk, and F) 3Ri. Each dot corresponds to an orthologous gene. For each plot,
1106  the names of the scaffold of the D. y. mayottensis genome and of the chromosomal arm of the

1107  D. y. yakuba genome are given.

1108

1109  Figure S6 — Dot plot comparing D. y. yakuba reference genome v2.1 with the D. y. yakuba

1110 reference genome v1.05. Each v2.1 chromosome/scaffold is given in different color.

1111

1112

51



A o>

M'Tsangamouji
(MTS

5km Banana | Not @ o
bait yak yak

Mayotte | 210 0

Congo 6531 | 383

2013 2017 ¢
Soulou (SOU)

2013 2017
Mt Combani

Bambo Est
(BE)

e <50 @ <500 @ <5000 [J2013 © 2017 & Both

Figure 1


AY
Figure 1


A B Probability

0.00 0.25 0.50 0.75 1.00

D. y. yakuba D. y. mayottensis

cY NY MTS | Sou BE T

0.050 0.075 0.100 0.125
alpha (admixture)

Figure 2


AY
Figure 2


3R

3L

2R

2L

Figure 3

o o o o o To] ~ Te] o (9] o (e}
o o o o ~— (@) o o o ~ ~
S 2 S o S 6 oS oS © $ 9
< soyIs bunebalbas smopuim gy-0| M (39d) sseax3 youe.g uoneindod


AY
Figure 3


>

D. y. mayottensis assembly

» Xtb - 2lo 2Ro » 2Rj » 2Ri » 3Lk 3Ri
19%
17 20
1112 4314
910 1p
. ° 3/‘4 4; -
W
4
bl ,//M\ j
Py .
X 2L 2R 3L 3R

D. y. yakuba reference genome v.1.05

Ref ‘2Ll mlsassem.bli

2L1 (W/E)

5 6 7 1011 14 15

%h] WE H
2Lo ‘M‘ 2Rj (W/E/M E .

» !@l
HE (D BB B

2Rk (W/E)

D. yakuba chromosome 2

Figure 4


AY
Figure 4


3Lk 3Ri

2Rk
2Ri

2Ro

2lo

Xtb

2Rj

80 |

20 -

3R

3L

2R

2L

— (0¢ISO

[ ]2us0

— Ommhmwmmo
= vtmm ’

= €50600190

= CHSO
Sy
= J1s0 850

— 9150
—90ps0 .Y

S &S00 4 m.

e
8 LSO

= /622490 .

E969z+90 ¢
189L€99 .n-
122690 B

.Wo

=2r21190 ) |

= 6V07£90 -S
0/2¥9D h

Lpuss

7 6€22490 <.

= | puog ¢HeS

= 6£2/ 190
= | pusS

£1292¥90

5 Uil zipua,

20

Yol o
—

~

(o) H

GID23

GID4

Figure 5


AY
Figure 5


Number of windows

\

T
500

T
1000

1
1500

Number of segregating sites per window

Figure S1


AY
Figure S1


FST

FST

0.5
0.4
0.3

0.2
0.1
0.0

0.5
0.4
0.3

0.2
0.1
0.0

Soulou 2017 vs. Soulou 2013

Average 3 D. y. mayottensis 2017 populations

X 2L 2R

Figure S2

3L

3R



AY
Figure S2


B

Probability

0.00 0.25 0.50 0.75 1.00

alpha (admixture)

Figure S3

D. y. yakuba D. y. mayottensis
cY NY mMrs | sou | Be | 1
MR IRRRRARTARIRY -
i -
[ .
_ M
o =l
0.050 0.075 0.100 0.125



AY
Figure S3


R e e |

0.20

|

"
L = BV O W’ o W
. e < Q < <
S ©o ©o S o©o o o

(394) Sseox3 youeig p_\o.cm\mqo&

3R

3L

2R

2L

Figure S4


AY
Figure S4


Scaffold 2489 Scaffold 3411

Scaffold 3504

100000 150000 200000 250000 300000 350000 400000

1000000 1500000

500000

1200000 1400000 1600000

1000000

1 Xtb J
©
‘.. m
| <
N
\\ o
O
. v
\, ©
. (@)
n
\O
\
9.0;+06 9,5;+06 1.0;+07
X
D
_ *
2Ro
.l
. N
.. @
ﬂ-
N
) L®)
L ] o
=
©
(@)
IR )
1e4‘-05 294"05 3&105 4e4‘-05 5e+|»05 6e1|-05
2R
F
3Lk
AN
. D wa
. o)
. I p)
. o
. O
=
©
. (@)
%))
2360‘0000 2370‘0000 2380‘0000 2390I0000

3L
Figure S5

1.2e+07

4.0e+06 8.0e+06

0.0e+00

4.0e+06 8.0e+06 1.2e+07

0.0e+00

1e+06 2e+06 3e+06 4e+06 5e+06

0e+00

T I T T T
0.0e+00 5.0e+06 1.0e+07 1.5e+07 2.0e+07
i / \

I I I I I I I
8.0e+06 1.0e+07 1.2e+07 1.4e+07 1.6e+07 1.8e+07 2.0e+07
7
i 4
~
'\
- L

T T T T T

0e+00 1e+06 2e+06 3e+06 4e+06

3R


AY
Figure S5


D. y. yakuba reference genome 2.1

7

2L 2R 3L
D. y. yakuba reference genome v.1.05

Figure S6

3R



AY
Figure S6


