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the North American and Australian east coasts. In addition to
parallel local adaptation, these latitudinal clines are, however,
also affected by admixture with flies from Africa and Europe
(Caracristi and Schlötterer 2003; Yukilevich and True 2008a,
2008b; Duchen et al. 2013; Kao et al. 2015; Bergland et al.
2016).

In contrast, the population genomics of D. melanogaster
on the European continent remains largely unstudied
(Bo!zi!cevi"c et al. 2016; Pool et al. 2016; Mateo et al. 2018).
Because Eurasia was the first continent colonized by
D. melanogaster as they migrated out of Africa, we sought
to understand how this species has adapted to new habitats
and climate zones in Europe, where it has been established
the longest (David and Capy 1988; Lachaise et al. 1988). We
analyze our data at three levels: 1) variation at single-
nucleotide polymorphisms (SNPs) in nuclear and mitochon-
drial (mtDNA) genomes (!5.5"106 SNPs in total); 2) struc-
tural variation, including TE insertions and chromosomal
inversion polymorphisms; and 3) variation in the microbiota
associated with flies, including bacteria, fungi, protists, and
viruses.

Results and Discussion
As part of theDrosEU consortium,we collected 48 population
samples of D. melanogaster from 32 geographical locations
across Europe in 2014 (table 1 and fig. 1). We performed
pooled sequencing (Pool-Seq) of all 48 samples, with an av-
erage autosomal coverage #50" (supplementary table S1,
Supplementary Material online). Of the 32 locations, ten
were sampled at least once in summer and once in fall
(fig. 1), allowing a preliminary analysis of seasonal change in
allele frequencies on a genome-wide scale.

A description of the basic patterns of genetic variation
of these European D. melanogaster population samples,
based on SNPs, is provided in Supplementary Material
online (see supplementary results and table S1,
Supplementary Material online). For each sample, we es-
timated genome-wide levels of p, Watterson’s h, and
Tajima’s D (corrected for pooling; Futschik and
Schlötterer 2010; Kofler et al. 2011). In brief, patterns of
genetic variability and Tajima’s D were largely consistent
with what has been previously observed on other conti-
nents (Fabian et al. 2012; Langley et al. 2012; Lack et al.
2015, 2016), and genetic diversity across the genome
varies mainly with recombination rate (Langley et al.
2012). We also found little spatiotemporal variation
among European populations in overall levels of sequence
variability (table 2).

Below we focus on the identification of selective sweeps,
previously unknown longitudinal population structure across
the European continent, patterns of local adaptation and
clines, and microbiota.

Several Genomic Regions Show Signatures of
Continent-Wide Selective Sweeps
To identify genomic regions that have likely undergone selec-
tive sweeps in European populations of D. melanogaster, we
used Pool-hmm (Boitard et al. 2013; see supplementary table
S2A, Supplementary Material online), which identifies candi-
date sweep regions via distortions in the allele frequency
spectrum. We ran Pool-hmm independently for each sample
and identified several genomic regions that coincide with
previously identified, well-supported sweeps in the proximity
of Hen1 (Kolaczkowski et al. 2011), Cyp6g1 (Daborn et al.
2002), wapl (Beisswanger et al. 2006), and around the chime-
ric gene CR18217 (Rogers and Hartl 2012), among others
(supplementary table S2B, Supplementary Material online).
These regions also showed local reductions in p and Tajima’s
D, consistent with selective sweeps (fig. 2 and supplementary
figs. S1 and S2, Supplementary Material online). The putative
sweep regions that we identified in the European populations
included 145 of the 232 genes previously identified using Pool-
hmm in an Austrian population (Boitard et al. 2012; supple-
mentary table S2C, Supplementary Material online). We also
identified other regions which have not previously been de-
scribed as targets of selective sweeps (supplementary table
S2A, SupplementaryMaterial online). Of the regions analyzed,
64 showed signatures of selection across all European popu-
lations (supplementary table S2D, Supplementary Material
online). Of these, 52 were located in the 10% of regions
with the lowest values of Tajima’s D (SuperExactTest;
P< 0.001). These may represent continent-wide sweeps
that predate the colonization of Europe (Beisswanger et al.
2006) or which have recently swept across the majority of
European populations (supplementary table S2D,
Supplementary Material online). Indeed, 43 of the 64 genes
(67%) that showed signatures of selection across all European
populations were located in regions with reduced Tajima’s D
(lowest 10%) in African populations, suggesting that selective
sweeps in these genes might predate the out-of-Africa
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FIG. 1. The geographic distribution of population samples. Locations
of all samples in the 2014 DrosEU data set. The color of the circles
indicates the sampling season for each location: ten of the 32 loca-
tions were sampled at least twice, once in summer and once in fall
(see table 1 and supplementary table S1, Supplementary Material
online). Note that some of the 12 Ukrainian locations overlap in
the map.

Genomic Analysis of European D. melanogaster Populations . doi:10.1093/molbev/msaa120 MBE

3

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article-abstract/doi/10.1093/m
olbev/m

saa120/5837682 by Bibliothèque cantonale et universitaire - Fribourg user on 08 July 2020

Genomic Analysis of European Drosophila melanogaster
Populations Reveals Longitudinal Structure, Continent-Wide
Selection, and Previously Unknown DNA Viruses
Martin Kapun ,*†¶§,1,2,3 Maite G. Barr!on,†,1,4 Fabian Staubach,‡,1,5 Darren J. Obbard,1,6

R. Axel W. Wiberg ,1,7,8 Jorge Vieira,1,9,10 Cl!ement Goubert,1,11,12 Omar Rota-Stabelli,1,13

Maaria Kankare ,‡,1,14 Mar!ıa Bogaerts-M!arquez,1,4 Annabelle Haudry,1,11 Lena Waidele,1,5

Iryna Kozeretska,1,15,16 Elena G. Pasyukova,1,17 Volker Loeschcke,1,18 Marta Pascual,1,19,20

Cristina P. Vieira,1,9,10 Svitlana Serga,1,15 Catherine Montchamp-Moreau,1,21 Jessica Abbott,1,22

Patricia Gibert,1,11 Damiano Porcelli,1,23 Nico Posnien ,1,24 Alejandro S!anchez-Gracia,1,19,20

Sonja Grath,1,25 !Elio Sucena,1,26,27 Alan O. Bergland,‡,1,28 Maria Pilar Garcia Guerreiro,1,29

Banu Sebnem Onder,1,30 Eliza Argyridou,1,25 Lain Guio,1,4 Mads Fristrup Schou,1,18,22 Bart Deplancke,1,31

Cristina Vieira,1,11 Michael G. Ritchie ,1,7 Bas J. Zwaan ,1,32 Eran Tauber,1,33,34 Dorcas J. Orengo,1,19,20

Eva Puerma,1,19,20 Montserrat Aguad!e,1,19,20 Paul Schmidt ,‡,1,35 John Parsch,1,25 Andrea J.
Betancourt,1,36 Thomas Flatt ,*†‡1,2,3 and Josefa Gonz!alez*†‡1,4

1The European Drosophila Population Genomics Consortium (DrosEU)
2Department of Ecology and Evolution, University of Lausanne, Lausanne, Switzerland
3Department of Biology, University of Fribourg, Fribourg, Switzerland
4Institute of Evolutionary Biology, CSIC-Universitat Pompeu Fabra, Barcelona, Spain
5Department of Evolutionary Biology and Ecology, University of Freiburg, Freiburg, Germany
6Institute of Evolutionary Biology, University of Edinburgh, Edinburgh, United Kingdom
7Centre for Biological Diversity, School of Biology, University of St. Andrews, St Andrews, Scotland
8Department of Environmental Sciences, Zoological Institute, University of Basel, Basel, Switzerland
9Instituto de Biologia Molecular e Celular (IBMC), University of Porto, Porto, Portugal
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19Departament de Genètica, Microbiologia i Estad!ıstica, Facultat de Biologia, Universitat de Barcelona, Barcelona, Spain
20Institut de Recerca de la Biodiversitat (IRBio), Universitat de Barcelona, Barcelona, Spain
21Universit!e Paris-Saclay, CNRS, IRD, UMR !Evolution, G!enomes, Comportement et !Ecologie, 91198, Gif-sur-Yvette, France
22Section for Evolutionary Ecology, Department of Biology, Lund University, Lund, Sweden
23Department of Animal and Plant Sciences, Sheffield, United Kingdom
24Johann-Friedrich-Blumenbach-Institut für Zoologie und Anthropologie, Universit€at Göttingen, Göttingen, Germany
25Division of Evolutionary Biology, Faculty of Biology, Ludwig-Maximilians-Universit€at München, Planegg, Germany
26Instituto Gulbenkian de Cîencia, Oeiras, Portugal
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