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Abstract

Large-scale genomic resources can place genetic variation into an ecologically informed context. To advance our understanding of the population
genetics of the fruit fly Drosophila melanogaster, we present an expanded release of the community-generated population genomics resource
Drosophila Evolution over Space and Time (DEST 2.0; https:/dest.bio/). This release includes 530 high-quality pooled libraries from flies collected
across six continents over more than a decade (2009 to 2021), most at multiple time points per year; 211 of these libraries are sequenced and
shared here for the first time. We used this enhanced resource to elucidate several aspects of the species’ demographic history and identify
novel signs of adaptation across spatial and temporal dimensions. For example, we showed that the spatial genetic structure of populations is
stable over time, but that drift due to seasonal contractions of population size causes populations to diverge over time. We identified signals
of adaptation that vary between continents in genomic regions associated with xenobiotic resistance, consistent with independent adaptation
to common pesticides. Moreover, by analyzing samples collected during spring and fall across Europe, we provide new evidence for seasonal
adaptation related to loci associated with pathogen response. Furthermore, we have also released an updated version of the DEST genome
browser. This is a useful tool for studying spatiotemporal patterns of genetic variation in this classic model system.

Keywords: Drosophila melanogaster, dataset, population structure, seasonal selection, local adaptation, ecological genomics

Introduction

Drosophila melanogaster is a foundational model system in
biology. Seminal studies in this species have played important
roles in the development of modern population genetics, from
empirical tests of genetic drift to classic examples of adaptation
(Buri 1956; Lewontin 1974; Parsons 1975; McDonald and
Kreitman 1991; Powell 1997; Casillas and Barbadilla 2017;
Flatt 2020). Beyond its role as a model genetic system (Hales
et al. 2015), D. melanogaster has a fascinating natural history
in its own right. The species originated in southern-central
Africa (Lachaise et al. 1988; Lachaise and Silvain 2004;
Sprengelmeyer et al. 2020), splitting from its sister taxon,
Drosophila simulans, between 1.4 and 3.6 Ma (Obbard et al.
2012; Suvorov et al. 2022). While the species may have origin-
ally been a marula fruit specialist in the seasonal woodlands of
southern-central Africa (Mansourian et al. 2018; Sprengelmeyer
et al. 2020), it later adapted as a human commensal, ultimately
developing a cosmopolitan distribution across all human-
inhabited continents (Kapun et al. 2021; Chen et al. 2024).

The recent development of genomic resources for D. mela-
nogaster has led to key discoveries about its phylogeography.
For example, demographic inference has revealed that fruit
flies expanded out of Africa after the last glacial maximum
~10,000 ya (Kapopoulou et al. 2020), entering Asia around
3 to 4 kya (Chen et al. 2024), and Europe around ~1,800 ya
(Sprengelmeyer et al. 2020). European populations split into
spatially defined clusters across Europe ~1,000 ya (Kapun
et al. 2020, 2021). In the past two centuries, African and
European populations experienced a secondary contact event
in North America and Australia, likely due to mercantile activ-
ities and immigration (Capy et al. 1986; David and Capy
1988; Caracristi and Schlotterer 2003; Kao et al. 2015;
Bergland et al. 2016). Unlike its sister species D. simulans,
D. melanogaster is capable of overwintering across a broad
swath of temperate habitats (Izquierdo 1991; Machado et al.
2016; but see Serga et al. 2015) and can establish resident pop-
ulations across its range (Ives 1945, 1970; Machado et al.
2016; Kapun et al. 2021; Nunez et al. 2024). In temperate re-
gions, D. melanogaster populations peak in size at least twice
during the growing season (June and September; Atkinson and
Shorrocks 1977) and drastically decrease upon the onset of
winter. These yearly boom-and-bust cycles are in part respon-
sible for estimates of “local” effective population size that are
orders of magnitude smaller than the “global” effective popu-
lation size (Duchen et al. 2013; Sprengelmeyer et al. 2020;
Nunez et al. 2024).

Over the past two decades, D. melanogaster has been the
subject of numerous population genomics studies, which
have collectively illuminated our general understanding of
the evolution, the demography, and the genetic basis of

adaptation (e.g. reviewed in Casillas and Barbadilla 2017;
Haudry et al. 20205 Guirao-Rico and Gonzalez 2019). Like
many other cosmopolitan drosophilids, D. melanogaster pop-
ulations commonly occur along spatially distributed environ-
mental gradients (e.g. latitudinal and altitudinal), leading to
the formation of clines, with a large body of work providing
evidence for spatially varying (clinal) selection (De Jong and
Bochdanovits 2003; Hoffmann and Weeks 2007; Fabian
et al. 2012; Adrion et al. 2015; Mateo et al. 2018; Flatt
2020). Moreover, populations of D. melanogaster are known
to experience strong fluctuating selection regimes across the
changing seasons (e.g. Schmidt and Conde 2006; Bergland
et al. 2014; Behrman et al. 2015; Rajpurohit et al. 2018;
Erickson et al. 2020; Machado et al. 2021; Rudman et al.
2022; Nunez et al. 2024; reviewed in Johnson et al. 2023).
For example, worldwide analyses of genetic variation have
found that chromosomal inversion polymorphisms are often
involved in both clinal and seasonal adaptation (Lemeunier
and Aulard 1992; Kapun et al. 2016a, 2023; Kapun and
Flatt 2019; Nunez et al. 2024). Likewise, several studies
have successfully linked clinally or seasonally varying poly-
morphisms in D. melanogaster to fitness-relevant phenotypes
(Lemeunier and Aulard 1992; Hoffmann and Weeks 2007;
Schmidt et al. 2008; Pitchers et al. 2013; Cogni et al. 2014;
Paaby et al. 2014; Kapun et al. 2016a, 2016b, 2023;
Durmaz et al. 2019; Kapun and Flatt 2019; Betancourt et al.
2021; Yu and Bergland 2022; Glaser-Schmitt et al. 2024;
Nunez et al. 2024). Populations of D. melanogaster can thus
be thought of as powerful “natural laboratories” to study
adaptation across time and space, and to disentangle the con-
tributions of selection and demography (Jensen et al. 20035;
Ometto et al. 2005; Teshima et al. 2006; Thornton and
Jensen 2007; Pavlidis et al. 2010).

Despite the status of D. melanogaster as a model organism,
generating genomic datasets that capture the breadth and
depth of genetic and phenotypic variation across the cosmo-
politan range of the species is a complex task for single re-
search groups. Furthermore, existing data for this species are
heterogeneous across studies: several studies use resequenced
inbred or isofemale lines (Langley et al. 2012; Mackay et al.
2012; Lack et al. 2015, 2016; Coughlan et al. 2022), while
others use sequencing of outbred individuals sequenced as a
pool (i.e. Pool-Seq, Schlotterer et al. 2014; e.g. Bergland
etal. 2014; Machado et al. 2021; Nunez et al. 2024). For these
reasons, we have previously developed the Drosophila
Evolution over Space and Time (DEST; https:/dest.bio/) re-
source, with the aim of facilitating collaborative population
genomic studies in D. melanogaster (Kapun et al. 2021). The
DEST resource is the result of the collaborative efforts of the
European Drosophila Population Genomics Consortium
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(DrosEU, https:/droseu.net/; Kapun et al. 2020) and the
Drosophila Real-Time Evolution Consortium, DrosRTEC
(Machado et al. 2021). DEST represents both a tool for mapping
genomic data and an open-access data repository of worldwide
genetic variation in the fruit fly. As a bioinformatics tool, DEST
is a pipeline for mapping Pool-Seq reads to a hologenome refer-
ence of fly (i.e. D. simulans and D. melanogaster) and microbial
genomes, as well as for removing contamination from other spe-
cies, such as D. simulans. The tool is a modular mapping pipeline
that uses a Docker image (Boettiger 2015) and Snakemake (Koster
and Rahmann 2012) to ensure independence of operating sys-
tems. As a genomic panel, the original release of the dataset
(DEST 1.0) consisted of 271 Pool-Seq D. melanogaster samples
(>13,000 flies) collected in >20 countries on four continents at dif-
ferent seasons and across multiple years. Using these data, we had
previously described general patterns of phylogeographic struc-
ture across four continents, developed a panel of geographically
informative markers (GIMs) to assess the provenance of fly sam-
ples with 90% accuracy, and inferred some basic demographic
features of population subdivision in Europe (Kapun et al. 2021).

Here, we introduce the second release of the DEST resource
(DEST 2.0), with expansions in several methodological and bio-
logical aspects. From a methodological perspective, we have
broadened the utility of our Docker application to allow for
single—end reads to be mapped, a change that allows for older
datasets to be integrated into DEST. We have explored levels
of contamination by other species in DEST pools using a highly
efficient k-mer-based approach (Gautier 2023). We have also es-
timated genome-wide rates of recombination using our Pool-Seq
data by applying a deep learning approach (ReLERNN; Adrion
etal. 2020). All data on genetic variation and population genetic
summary statistics can be visualized and retrieved using our new
and improved genome browser, which has been built with the
latest JBrowse version 2 (Diesh et al. 2023).

From a biological standpoint, DEST 2.0 includes a substantial
expansion of the size and scope of the initial dataset. The current
release includes 530 high-quality Pool-Seq samples (>32,000
flies), comprising a combination of the previous DEST release
with newly sequenced pools, collected between 2016 and 2021
by DrosEU, as well as publicly available Pool-Seq samples
from published studies of wild-derived D. melanogaster
(Hoffmann et al. 2002; Reinhardt et al. 2014; Svetec et al.
2016; Fournier-Level et al. 2019; Lange et al. 2022; Nunez
etal. 2024). To showcase the utility of DEST 2.0, we performed
several analyses to infer demography and selection, powered by
the rich spatial and temporal density of our dataset. Below, we
divide these analyses into two general categories: “spatial in-
sights” and “temporal insights.” For each category, we highlight
case studies of demographic inference and genome-wide scans
for adaptive differentiation. Our analyses provide novel insights
into patterns of demography and selection of natural D. mela-
nogaster populations and generate hypotheses that can be tested
with the power of the Drosophila genetics toolbox in future
work. In general, our work illustrates the value of DEST 2.0 as
an open resource for the Drosophila evolutionary genetics and
genomics community.

Results
DEST 2.0, an Expanded Drosophila Population
Genomics Resource

The current DEST release (version 2.0) includes 530 high-
quality samples as well as an additional 207 pools that fell
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below our quality thresholds and were excluded from the ana-
lysis (see supplementary table S1, Supplementary Material on-
line). In its totality, the 737 pooled libraries originated from
multiple sources, including both releases of the DEST dataset
(i.e. 1.0 and 2.0), the Drosophila Genome Nexus (DGN; Lack
et al. 2016; including one sample from D. simulans; see
Fig. 1a), as well as from previous publications (Hoffmann et
al. 2002; Reinhardt et al. 2014; Svetec et al. 2016;
Fournier-Level et al. 2019; Lange et al. 2022; Nunez et al.
2024). The 737 samples within DEST 2.0 vary in sequencing
characteristics, ranging from a read depth (RD) of 4x to
300x and from an effective haploid sample size (7.; the sample
size accounting for pool size and Pool-Seq sampling effects) of
3.7 to 77.2 (supplementary fig. S1 and text S1, Supplementary
Material online; see Kolaczkowski et al. 2011; Feder et al.
2012; Gautier et al. 2013).

To ensure the highest possible quality of each sample, we cal-
culated a suite of sequencing statistics, including the PCR dupli-
cation rate, fraction of missing data, coverage, and number of
private SNPs across the totality of the dataset (all 737 pools).
In addition, we also estimated the pn/ps statistic (i.e. the ratio
of the number of genome-wide nonsynonymous polymorphisms
to the number of genome-wide synonymous polymorphisms, as
in Kapun et al. 2021; supplementary fig. S2, Supplementary
Material online), and assessed non-D. melanogaster contamin-
ation through competitive mapping and k-mer approaches
(Kapun et al. 2021; Gautier 2023; supplementary fig. S3,
Supplementary Material online). Next, we used a principal com-
ponent analysis (PCA) on all quality control metrics to assess
whether samples should be included or excluded from down-
stream analyses (see Fig. 2a and supplementary fig. S4,
Supplementary Material online; see the “Estimation of
Nucleotide Diversity” section in Materials and Methods).
Finally, 136 samples that consisted of multiple replicates from
the same locality, each with low coverage, were collapsed into
a single sample. For a more detailed description of data filtering
procedures and recommendations for users, see supplementary
text S2, Supplementary Material online. Based on the results of
these analyses, we obtained a final high-quality dataset of 530
samples and 4,789,696 SNPs across autosomes and the X
chromosome for downstream analyses. The high-quality dataset
contains representative samples from 45 countries across all con-
tinents (22 from Africa, 40 from Asia, 302 from Europe, 141
from North America, 17 from Australia, and 7 from South
America; Fig. 1a) and across a time span of 12 years (2009 to
2021). In total, our 530 high-quality samples represent 164 local-
ities; of these, 112 were sampled only in 1 year (68%), 18 were
sampled across 2 years (11%), and the rest (34; 21%) were
sampled multiple times across several years (Fig. 1b). Overall, de-
scriptions and basic subsetting of SNP statistics for DEST 2.0 are
shown in Table 1. Unless stated otherwise, all of the following
analyses are based on the 530 high-quality samples.

Estimates of Nucleotide Diversity and
Recombination Rates

To describe patterns of genetic variation in the DEST 2.0 data,
we analyzed nucleotide diversity 7 (Tajima 1983, 1989) esti-
mated with npStat (Ferretti et al. 2013). This analysis was con-
ducted on a subset of 504 samples with masked BAM files (see
the “Masked gSYNC Files” section in Materials and Methods).
As previously observed (Begun and Aquadro 1993; Andolfatto
2001; Mackay et al. 2012; Kapun et al. 2021; Coughlan et al.
2022), we found that sub-Saharan African populations had

9202 1940100 60 U0 1s8nB Aq £617/£28/2€ LIESW//ZH/SI01E/SqW/WOo"dNO"DILUSPEDE WO} POPEOJUMOQ


https://droseu.net/
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data

Population Genomics of D. melanogaster Using DEST 2.0 - https://doi.org/10.1093/molbev/msaf132 5

(@)

60°N - @
® ©
40°N - o o® OM o
e 4 o
20°N -
o: L P N )
0°- ) o ©°
oc - ® °
20°S A 5 o
o
40°s - <?
160°W  120°W  80°W 40°W 0° 40°E 80°E 120°E 160°E
Set © DEST1.0 © DEST20 © DGN
(b)
2009 | [2010| |2011| [2012| |2013 | |2014| [2015| |2016| |2017 | | 2018 | | 2019 [ 2020 | | 2021
60°N - o o| | d od || 0% || og || eop|| e
oo 4 (]
ol ool | oo || e2d | 96 LA JIE- AP
30°N - ° 8 0%o ° °
(0] e
-O q
2 °
§ o :
L] L]
30°S A
L ]
CO0 OO0 COO COG OO0 COO COB OO0 COB OOt Cod oo 0o
88 88 988 88 88 588 888 88 888 88 288 288 288
Julian day

Fig. 1. Spatial and temporal scales of DEST. a) World map showing 530 high-quality samples part of DEST 1.0 (Kapun et al. 2020), DEST 2.0 (this study),
and the DGN (Lack et al. 2016). b) Sampling density across years of sampling contained in the DEST dataset. The colors are consistent with (a).

higher levels of genetic variation than other populations
(Fig. 2b), consistent with out-of-Africa demography (Li and
Stephan 2006; Lack et al. 2016; Arguello et al. 2019;
Kapopoulou et al. 2020; Kapun et al. 2021).

We inferred levels of genome-wide recombination across 74
samples representative of the populations analyzed (see the
“Recombination Landscape” section in Materials and
Methods), using the deep learning method ReLERNN (Adrion
et al. 2020; see Fig. 2c; supplementary fig. S5, Supplementary
Material online). Overall, recombination rate is highly heteroge-
neous among samples and among chromosomes (two-way
ANOVA, F73,9,=19.7, P<1.0x 107, and Fj 59, =1,599.4,
P<1.0x107% , respectively; Tukey’s HSD tests, all pairwise
comparisons between chromosomes P < 1.0 x 1077, except for
3R vs. 2R, where P =0.074). In most populations, there is a sig-
nificant positive correlation between recombination rate and
genetic diversity, consistent with recurrent genetic hitchhiking
and background selection (Begun and Aquadro 1993;
supplementary table S2, Supplementary Material online).

The presence of common cosmopolitan inversions had a no-
ticeable impact on the recombination landscape. Average recom-
bination rates were significantly lower around the inversion
breakpoints for six out of the seven inversions analyzed
(Wilcoxon test, P<0.01; for inversions In(2L)t, In(2R)NS,
In(3L)P, In(3R)Payne, In(3R)C and In(3R)K; supplementary
table S3, Supplementary Material online). Recombination was
also lower for those regions spanning five of these inversions
than for the rest of the chromosome (Wilcoxon test, P < 0.01;
for inversions In(2L)t, In(2R)NS, In(3R)Payne, In(3R)C, and
In(3R)K; supplementary table S3, Supplementary Material
online).

PCAs showed that populations belonging to the same geo-
graphic region share similar recombination landscapes

(supplementary fig. S6 and table S1, Supplementary Material
online for metadata). The geographic pattern is more evident
when considering relative values of recombination, i.e. the ra-
tio of the average recombination rate of each window to the
average recombination across the respective chromosome,
and is therefore informative on the recombination landscape
rather than the absolute recombination rate (compare panels
A and B with panels C and D in supplementary fig. Sé6,
Supplementary Material online).

Spatial Population Structure is Defined by
Latitudinal and Longitudinal Clines

To investigate patterns of population structure in the DEST
2.0 dataset, we performed PCA on all 530 samples that passed
quality filters. We used biallelic SNPs from the euchromatic re-
gions of the four major autosome arms (Fig. 3a; also see
supplementary fig. S7, Supplementary Material online).
When all autosomes are considered, PC1 divides samples
from sub-Saharan Africa from all other continents. At the level
of individual regions, PC1 is correlated with both latitude and
longitude in North America (r=-0.7; P<2x107'® and
r=-0.60; P<2.2x107'°, respectively) and longitude in
Europe (r=-0.80; P <2.2x 10~'%; Fig. 3b and c). These pat-
terns of population structure were consistent with previously
published studies (Kapun et al. 2020, 2021; Machado et al.
2021). Notably, both PC1 and PC2 primarily divided
African samples from all other clusters, and PC2 also sepa-
rated samples in Europe from samples in North America,
South America, and Australia.

The patterns seen across chromosome-specific PCA were
strongly correlated to that of the other chromosomes for both
PCs 1 and 2 (731 -other chr.=0.906 to 0.957, 2R _other chr. = 0.933

9202 1940100 60 U0 1s8nB Aq £617/£28/2€ LIESW//ZH/SI01E/SqW/WOo"dNO"DILUSPEDE WO} POPEOJUMOQ


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf132#supplementary-data

—~
O
=

Nunez et al. - https://doi.org/10.1093/molbev/msaf132

L ]
=4 ]
~— 0.0075 A #
2
.a ’ o
P o (e}
2 :
S 0.0050 % o %T
S -
3 - E@E@% o e
5 il ’
<
O 0.00254 ©
S o
T T T ° = 88
-5 5 G A A R A P
PC 1 (39.5%) IR U Lot
PN CF o &
ARSI P R\ SR o
& & & F & &
_ NS S o
© Pass B8 Collapse 4 ?o%?amination 2 N
. 24
Abnormal High
Pn/Ps V' missing data
(c)
In(2L)t
S 3x10781
)
S~
o
2
o
c 2x10781
Ke]
T
£
¥e)
% 1x1078
5]
o)
o
0x10*01
oM 5M 10M 15M 20M

Chromosome 2L

Fig. 2. Patterns of filtering, genetic variation, and recombination in DEST 2.0. a) Visualization of filtering information of samples using PCA. Each dot is a
sample’s QC metric, and the color indicates the filtering decision (legend: Pass: samples that pass the filter and are used in downstream analyses;
Collapse: biological and/or technical replicates collapsed into a single representative sample; otherwise, samples were excluded due to abnormal pn/ps
levels of high levels of missing data or contamination). b) Autosomal nucleotide diversity () calculated across continents (see the “Estimation of
Nucleotide Diversity” section in Materials and Methods for details). c) Recombination landscape of chromosome 2L in samples representative of the 74
D. melanogaster populations analyzed (one gray line per sample). Light blue area highlights the region spanning the In(2L)t inversion. Average (black line)
and overall distribution envelope (orange shaded ribbon; delineated by the average values +1.96 SD) are shown.

Table 1 SNP calling information for DEST 2.0 across major autosomes and chromosome X

SNP type 2L 2R 3L 3R X
Total (all) 1,080,586 901,878 1,069,441 1,212,752 525,039
Bi-allelic 1,048,510 877,852 1,039,460 1,182,310 516,077
Inside inversions 569,713 228,826 631,556 159,598 NA

In recombining regions (¢ > 0) 997,162 836,457 976,915 1,074,768 482,162
Protein coding 796,420 731,794 793,866 944,372 40,4881
Intergenic 828,039 659,966 824,903 929,539 401,586
Synonymous 95,275 91,052 90,635 101,504 49,055
Nonsynonymous 71,534 75,921 72,843 90,905 25,072
Proportion of missing data 0.0511 0.0507 0.0508 0.0493 0.0533

SNPs inside the inversion are estimated for In(2L)t for 2L, In(2R)NS for 2R, In(3L)P for 3L, and the joint region among [n(3R)K, In(3R)P, and In(3R)Mo.

Estimated recombination rates (i.e. rate of cross-over; ¢”). Functional annotations are only reported for biallelic sites.

t0 0.967, 731 -other chr.=0.912 to 0.967, 73R other chr. = 0.906 to
0.967; note that all P-values are <1.0 x 10~'%). PC3 is peculiar
in that the whole-genome results were similar only for the
2R-3L comparison (r=-0.923; P<1.0x107"%) and the
2L-3R comparison (r=0.287; P=1.77x10"""), but not
for the other comparisons (supplementary table $4,
Supplementary Material online). Notably, we observe that pat-
terns in PC3, specifically within 2L and 3R, were strongly

influenced by the frequencies of In(2L)t and In(3R)Payne, two
large adaptive cosmopolitan inversion polymorphisms (Kapun
et al. 2023; Nunez et al. 2024).

We investigated clines in the frequencies of cosmopolitan in-
version polymorphisms in DEST 2.0 using inversion-specific
SNPs that are in strong linkage disequilibrium with the inversion
breakpoints (Kapun et al. 2014; supplementary fig. S8,
Supplementary Material online). Many inversions showed
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