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Genomic analysis of EuropearDrosophila melanogastepopulations reveals

longitudinal structure, continent-wide selection, and previously unknown DNA viruses

Martin Kapurt®** ", Maite G. Barr—f", Fabian Staubatf®, Darren J. Obbatd, R. Axel W.
Wiberg-®® Jorge Vieir&!*t ClZment Goubért?'3 Omar RoteStabelli'4 Maaria Kankare!®*,
Mar'a BogaertdMitrquez®, Annabelle Haudry*?, Lena Waidel®®, Iryna Kozeretska®'"; Elena G.
Pasyukova®® Volker Loeschcke!, MartaPascudt®®, Cristina P. Vieira'®! Svitlana Sergd®,
Catherine MontchamMoreau?, Jessica Abbdtt? Patricia Gibeft'?, Damiano Porceft?® Nico
Posnien?, Alejandro Sinche@racia?’, Sonja Grath?®, flio Sucen&®®?’, Alan O. Berglant®®?,
Maria Pilar Garcia Guerreitd®, Banu Sebnem Onde?, Eliza Argyridod?, Lain Guid*, Mads
Fristrup Schoti™®#2 Bart Deplancke®, Cristina Vieira'? Michael G. Ritchit®, Bas J. Zwaar?,
Eran Taubér®*, Dorcas J. Orendd’, Eva Puema®°, Montserrat AguadZ®, Paul S. Schmidt*”

John Parscit®, Andrea J. Betancodr®, Thomas Flat?® *°, Josefa Gonztlé? *

' The Europea®rosophilaPopulation Genomics ConsortiudrpsEU). > Department of Ecology

and Evolution, Wiversity of Lausanne, G015 Lausanne, SwitzerlarfdDepartment of Biology,
University of Fribourg, CHL700 Fribourg, SwitzerlanfiCurrent affiliations: Department of
Evolutionary Biology and Environmental Sciences, University of ZYrich8Q%¥ ZYrib,

Switzerland; Division of Cell and Developmental Biology, Medical University of Viennal®@d0
Vienna, Austria® Institute of Evolutionary Biology, CSKUniversitat Pompeu Fabra, Barcelona,
Spain? Department of Evolutionary Biology and Ecology, Usisity of Freiburg, 79104 Freiburg,
German.” Institute of Evolutionary Biology, University of Edinburgh, Edinburgh, United Kingdom.
Centre for Biological Diversity, School of Biology, University of St. Andrews, St Andrews, United
Kingdom.® Department of Environmental Sciences, Zoological Institute, University of Basel, Basel,
CH-4051, Switzerland® Instituto de Biologia Molecular e Celular (IBMC) University of Porto, Porto,
Portugal ! Instituto de Investigas<o e Inovaso em Sacede (I8B)yersity of Porto, Porto, Portugal.
12| aboratoire de BiomZtrie et Biologie Evolutive, UMR CNRS 5558, University Lyon 1, Lyon,

France®® Department of Molecular Biology and Genetics, 107 Biotechnology Building, Cornell



#"
$+"
$!
$#"
$$"
$%
$&"
g
$("
$)"
$*"
%+
%!"
Yot
%$
%%
%&
0
%("
%)"
%*"
&+
&
&#'
&$'
&%
&&'

&l n

University, Ithaca, New York 14858/SA.** Research and Innovation Centre, Fondazione Edmund
Mach, San Michele all® Adige, ItdfyDepartment of Biological and Environmental Science,
University of JyvSskylS, JyvSskylS, FinldfiGeneral and Medical Genetics Department, Taras
Shevchen& National University of Kyiv, Kyiv, Ukraine'’ State Institution National Antarctic Center
of Ministry of Education and Science of Ukraine, 16 Taras Shevchenko Blvd., 01601, Kyiv, Ukraine.
18 Laboratory of Genome Variation, Institute of Molecular GeseticRAS, Moscow, Russi&.
Department of BioscienceGenetics, Ecology and Evolution, Aarhus University, Aarhus C,
Denmark?® Departament de Genstica, Microbiologia i Estad’stica, Facultat de Biologia and Institut
de Recerca de la Biodiversitat (IRBidJniversitat de Barcelona, Barcelona, Sp&ihaboratoire
Evolution, GZnomes, Comportement et Ecologie (EGCE) UMR 9191 GNRE&R247 IRD-
UniversitZ Paris SudUniversitZ Paris Sacla91198 Gif sur Yvette Cedex, Fran&eDepartment of
Biology, Section for Evolutionary Ecology, Lund, Swedémepartment of Animal and Plant
Sciences, Sheffield, United KingdoffiUniversitSt G&ttingen, Johasriedrich BlumenbacHnstitut
fYr Zoologie und Anthropologie, G&ttingen, Germanyivision of Evolutionary Biology, Faculty of
Biology, Ludwig-Maximilians-UniversitSt MYnchen, Planegg, Germahinstituto Gulbenkian de
Cisncia, Oeiras, Portugal’ Departamento de Biologia Animal, Faculdade de Ciencias da
Universidade de Lisbo&jsboa, Portugaf® Department of Biology, University of Virginia,
Charlottesville, VA, USA? Departament de Genetica i Microbiologia, Universitat Aut'noma de
Barcelona, Barcelona, SpathDepartment of Biology, Faculty of Science, Hacettepe Uniyersit
Ankara, Turkey>! Laboratory of Systems Biology and Genetics, EfV-IBI-UPDEPLA, CH1015
Lausanne, Switzerlan#: Laboratory of Genetics, Department of Plant Sciences, Wageningen
University, Wageningen, Netherlanéd&Department of Evolutionary arhvironmental Biology and
Institute of Evolution, University of Haifa, Haifa, Isra&lDepartment of Biology, University of
Pennsylvania, Philadelphia, USRInstitute of Integrative Biology, University of Liverpool,
Liverpool, United Kingdom.

Co-correspondnce martin.kapun@uzh.ch, thomas.flatt@unifr.ch, josefa.gonzalez@ibesigqés
" These authors contributed equally to this work

“ Members of thérosophilaReal Time Evolution (DreRTEC) Consortium



L
o
5
o

I& n

(+
¢
"
6"
0%
@
-
("
0"
¢
)+
-
-
)$”

Abstract

Genetic variation is the fuel efvolution, with standing genetic variation especially important for
shortterm evolution and local adaptation. To date, studies of sgatiporal patterns of genetic

variation in natural populations Yabeen challenging, as comprehensive sampling istloglly

difficult, and sequencing of entire populations costly. Here, we address these issues using a
collaborative approach, sequencing 48 pooled population samples from 32 locations, andtperform
first continentwide genomic analysis of genetic variation in Europeessophila melanogasteOur
analyses uncover longitudinal population structure, provide evidence for comtidergelective

sweeps, identify candidate genes for local climat@ttian, and document clines in chromosomal
inversion and transposable element frequencies. We also characterise variation among populations in

the composition of the fly microbiome, and identify five new DNA viruses in our samples.

Introduction

Understading processes that influence genetic variation in natural populations is fundamental to
understanding the process of evolution (Dobzhansky 1970; Lewontin 1974; Kreitman 1983; Kimura
1984; Hudsoret al. 1987; McDonald & Kreitman 1991; Adrian & Comeron 301Until recently,
technological constraints have limited studies of natural genetic variation to small regions of the
genome and small numbers of individuals. With the development of population genomics, we can
now analyse patterns of genetic variationlarge numbers of individuals genomwele, with samples
structured across space and time. As a result, we have new insight into the evolutionary dynamics of
genetic variation in natural populations (e.g., Hohendra. 2010; Chengpt al. 2012; Beguret al.

2007; Pookt al.2012; Harpuet al.2014; Zaniniet al. 2015). But, despite this technological

progress, extensive largeale sampling and genome sequencing of populations remains prohibitively

expensive and too labantensive for most individuaksearch groups.

Here, we present the first comprehensive, contiméd¢ genomic analysis of genetic variation of
EuropearDrosophila melanogastebased on 48 poalequencing samples from B alities

collected in 2014 (fig. 1) by the Europe2rosorhila Population Genomics ConsortiudrosEU
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https://droseu.n¥tD. melanogasteoffers several advantages for genomic studies of evolution in

space and time. It boasts a relatively small genome, a broad geographic range, a multivoltine life
history which allows sampling across generations on short timescales, simple standardgsd¢bniqu
collecting wild samples, and a weleveloped context for population genomic analysis (e.g., Powell
1997; Keller 2007; Halest al.2015). Importantly, this species is studied by an extensive

international research community, with a long historgefeloping shared resources (Larracuente &

Roberts 2015; Bilder & Irvine 2017; Haudey al 2020).

Our study complements and extends previous studies of genetic varidlioméianogastemoth
from its native range in seBaharan Africa and from itsasld-wide expansion as a human
commensal. The expansion into Europe is thought to have occurred approximately19,000
years ago and into North America and Australia in the last few centuries (e.g., Latlzi$688;
David & Capy 1988; Li & Stepdn 2006; Keller 2007; Sprengelmewtral 2018; Kapopouloet al.
2018a; Arguellcet al. 2019). The colonization of novel habitats and climate zones on multiple
continents makeB. melanogasteespecially useful for studying parallel local adaptation, with
previous studies finding pervasive latitudinal clines in allele frequencies (e.g., Schmidt & Paaby 2008;
Turneret al.2008; Kolaczkowsket al. 2011; Fabiaret al.2012; Berglanckt al.2014; Machadet al.
2016; Kapuret al.2016a), structural varianssich as chromosomal inversions (reviewed in Kapun &
Flatt 2019), transposable elements (TEs) (Boessy.1998; Gonztleet al.2008; 2010), and
complex phenotypes (de Jong & Bochdanovits 2003; Schmidt & Paaby 2008; Sehahid008;
Kapunet al. 201&; Behrmaret al.2018), especially along 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 & Schlistt@@03; Yukilevich & True

2008a; b; Duchent al.2013; Kaoet al.2015; Berglanabt al.2016).

In contrast, the population genomicsbfmelanogasteon the European continent remains
largely unstudied (Bo"evi# et al.2016; Pookt al.2016; Matecetal. 2018). Because Eurasia was
the first continent colonized Y. melanogasteas 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
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been established the longest (haiseet al. 1988; David & Capy 1988). We analyse our data at three
levels: (1) variation at singleucleotide polymorphisms (SNPs) in nuclear and mitochondrial
(mtDNA) genomes (~5.5 x £ENPs in total); (2) structural 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 theDrosEUconsortium, we collected 48 population sampleS.ahelanogastefrom 32
geographical locations across Europe in 2014 (table 1; fig. 1). We performed pooled sequencing
(PootSeq) of all 48 samples, with an average autosomal covgfiye(supplemetary table S1,
Supplementary Material online). Of the 32 locations, 10 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

genomewide scale.

A description of the basic patterns of genetic variation of these EurBpeaelanogaster
population samples, based on SNPs, is provided in the supplement (see supplementary results,
supplementary table S1, Supplementary Material online). For each sampstimated genome
wide levels of , WattersonO'sand Tajima(B (corrected for pooling; Futschik & Schistterer 2010;
Kofler et al.2011) In brief, patterns of genetic variability and TajimBQeere largely consistent
with what has been previously @pged on other continents (e.g., Fabéhml 2012; Langleet al.
2012; Lacket al.2015, 2016), and genetic diversity across the genome varies mainly with
recombination rate (Langlest al.2012).We also foundittle spatictemporal variation among

European populations in overall levels of sequence varialfifitle 2).

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

microbiota.
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Several genomic regionshow signatures of continentvide selective sweeps

To identify genomic regions that have likely undergone selective sweeps in European populations of
D. melanogastewe used®?ookhmm(Boitard et al.2013; see suppimentary table 3%,

Supplementary Material online), which identifies candidate sweep regions via distortions in the allele
frequency spectrum. We r&ookhmmindependently for each sample and identified several genomic
regions that coincide with previously identified, walipported sweeps in the proximitytéénl
(Kolaczkowskiet al.2011),Cyp6gl(Dabornet al.2002),wapl (Beisswangeet al. 2006), and arouh

the chimeric gen€R18217Rogers & Hartl 2012), among others (supplementary table S2B,
Supplementary Material online). These regions also showed local reductibasdiajima0®,

consistent with seleate sweepgfig. 2; fig. S1 and fig. S2; Supplentary Material online). The

putative sweep regions that we identified in the European populations included 145 of the 232 genes
previously identified usin@fookhmmin an Austrian population (Boitawet al.2012; supplementary

table S2C, Supplementary Maial online). We also identified other regions which have not

previously been described as targets of selective sweeps (supplementary table S2A, Supplementary
Material online). Of the regions analysed, 64 showed signatures of selection across all European
populations (supplementary table S2D, Supplementary Material online). Of these, 52 were located in
the 10% of regions with the lowest values of Tajifa(BuperExactTesp < 0.001). These may
represent contineswide sweeps that predate the colonizatbikurope (e.g., Beisswangetral.

2006) or which have recently swept across the majority of European populations (supplementary table
S2D).Interestingly 43 of the 64 gend$7%)thatshowedsignatures of selection across all European
populations weréocated in regions with reduced Tajim&0a African populationssuggesting that

selective sweeps in these geneght predatehe outof-Africa expansion (Table S2D).

We then asked if there was any indication of selective sweeps particular to a certain habitat. To
this end, we classified the populations according to the KS@miger climate classification (Pes
al. 2007) and identified several putative sweeps ekau® arid, temperate and cold regions
(supplementary table S2A, Supplementary Material online). To shed light on potential phenotypes

affected by the potential sweeps we performed a gene ontology (GO) analysis. For temperate
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climates, this analysis shod/enrichment for functions such as Oresponse to stimulus®, OtransportO,
and Onervous system developmentO. For cold climates, it showed enrichment for Ovitamin and co
factor metabolic processesO (supplementary table S2E, Supplementary Material onlee)ad her

enrichment of any GO category for sweeps associated with arid regions.

Thus, we identified several new candidate selective sweeps in European populdiions of
melanogastermany of which occur in the majority of European populations and whéct future

study, using sequencing of individual flies and functional genetic experiments.

European populations are structured along an eastwest gradient

We next investigated whether patterns of genetic differentiation might be due to demographic sub
structuring. Overall, pairwise differentiation as measure&dywas relatively low, particularly for

the autosomes (autosonfal 0.0130.059;X-chromosomé-st: 0.0430.076; ManAWhitney U test;

p < 0.001; supplementary table S1, Supplementary Material online)X Theomosome is expected

to have higheFsrthan the autosomes, given its relatively smaller effective population size {Mann
Whitney U testp < 0.001; Hutteet al.2007). One populatig from Sheffield (UK), was unusually
differentiated from the others (average pairvise= 0.027; SE= 0.00043 vBsr = 0.04; SE=

0.00055 for comparisons without this population and with this population only; supplementary table
S1, Supplementary Matetianline). Including this sample in the analysis could potentially lead to
exaggerated patterns of geographic differentiation, as it is both highly differentiated and the furthest
west. We therefore excluded it from the following analyses of geograpfecedifiation, as this

approach is conservative. (For details see the Supplementary Material online; including or excluding

this population did not qualitatively change our results and their interpretation.)

Despite low overall levels of amowmppulation dferentiation, we found that European
populations exhibit clear evidence of geographicsulcturing. For this analysis, we focused on
SNPs located within short introns, with a leng80 bp and which most likely reflect neutral
population structure (&tidrill et al.2005; Singhet al. 2009; Parsclet al. 2010; Clemente & Vogl

2012; Lawrieet al.2013). Werestricted our analyses polymorphisms in regions of high
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recombinationr(> 3cM/Mb; Comeroret al.2011) and to SNPs at least 1 Mb away from the
breakpoints of common inversiofand excluding the inversion bodies themselvesultingin 4,034
SNPsused for demographic analysicusing on higlrecombination regions is importamtcause
reduced rates of crossing oweldow recombinatiorregionsmight make the identification of putative

targets of selection difficult (cf. Kolaczkowséi al. 2011, Fabianet al.2012.

We found two signatures of geographic differentiation using these putatively neutral SNPs. First,
we identified a weak but signifant correlation between pairwiBer and geographic distance,
consistent with isolation by distance (IBD; Mantel tgst;0.001;R>=0.12, maxFsr ~ 0.045; fig.
3A). Second, a principal components analysis (P@»Aallele frequencieshowed that théhree most
important PC axes explain >25% of the total variance (PC1: 16.71%, PC2: 5.83%, PC3: 4.6%,
eigenvalues = 159.8, 55.7, and 44, respectifafy3B). The first axisPC1, was strongly correlated
with longitude F1.42=118.08p < 0.001;table 2).Again, this pattern is consistent with IBD, as the
European continent extends further in longitude than latitude. We repeated the above PCA using
SNPs in foufold degenerate sites, as these are also assumed to be relatively unaffected by selection
(Akash 1995; Halligan & Keightley 2006; supplementary fig. S3, Supplementary Material online),

and found highly consistent results.

Because there was a significant spatial autocorrelation between samples (as indicated by MoranOs
test on residuals from lineaggressions with PCJ;< 0.001; table 2), we repeated the analysis with
an explicit spatial error model; the association between PC1 and longitude remained sighdieant
lesser extent PC®as likewise correlated with longitudei(s2= 7.15,p < 0.05),but also with altitude
(F142=11.77,p< 0.01) and latitudeH; 42= 4.69,p < 0.05; table 2). Similar to PC2, PC3 was strongly
correlated with altitudeH;.42= 19.91,p < 0.001; table 2). We also examined these data for signatures
of genetic differenation between samples collected at different times of the year. For the dataset as a
whole, no major PC axes were correlated with season, indicating that there were no strong differences
in allele frequencies shared between all our summer and fall saippl€s05 for all analyses; table
2). For the 10 locations sampled in both summer and fall, we performed separate PC analyses for

summer and fall. Summer and fall values of PC1 (adjuRted.98;p < 0.001), PC2R%: 0.74;p <



#!) n
#!* n

B+
B
B
#HSD"
HHYS
HHE!
"
("
H##) "
B
#P+"
#$! "
HH"
#$$"
#$%
#$&"
#$' "

#B("
#$) "
HE*"
#%+
#%!"
#o%o#
#%$

#%%

0.001) and PC3R% 0.81;p < 0.001) were strongly correlated across seasons. This indicates a high

degree of seasonal stability in local genetic variation.

Next, we attempted to determine if populations could be statistically classified into clusters of
similar populations. Usingierarchical model fitting based on the first four PC dra® the PCA
mentioned aboveave found two distinct clusters (fig. 3B) separated along PC1, supporting the notion
of strong longitudinal differentiation among European populations. Similarly, Irsbaded spatial
clustering also showed that populations were separated mainly by longitude (fig. 3C; using ConStruct,
with K=3 spatiallayers chosen based on model selection procedure viavatdation). We also
inferred levels of admixture among pogidas from this analysis, based on the relationship between
Fsrand migration rate (Wrighdt al. 1951) and using recent estimatefNefn European populations
(Ne~ 3.1 x 16; Duchenet al.2011; for pairwise migration rates see supplementary table S3,
Supplementary Material online). Within the Western European cluster and between the cNsters, 4
was similar (NemWE = 43.76, Mlem-between = 45.97); in Eastern Europe, estimatedlgh4
indicate significantly higher levels of admixture, despite the larger geographic range covered by these
samples (Blem= 74.17; Mann Whitney t'est;p < 0.001). This result suggests that the longitudinal
differentiation in Europe might be partly driven by tigvels of genetic exchange in Eastern Europe,
perhaps due to migration and recolonization after harsh winters in that region. However, these
estimates of gene flow must be interpreted with caution, as unknown demographic events can

confound estimates aoigration rates fronfrst (Whitlock & MacCauley 1999).

In addition to restricted gene flow between geographic areas, local adaptation may explain
population sukstructure, even at neutral sites, if nearby and closely related populations are
responding to snilar selective pressures. We investigated whether any of 19 climatic variables,
obtained from the WorldClim database (Hijmatsl. 2005), were associated with the genetic
structure in our samples. These climatic variables represent interpolated aserages0 years of
observation at the geographic coordinates corresponding to our sampling locations. Since many of
these variables are highly intercorrelated, we analysed their joint effects on genetic variation, by using

PCA to summarize the informatidhey capture. The first three climatic PC axes capture more than
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77% of the variance in the 19 climatic variables (supplementary table S4, Supplementary Material
online). PC1 explained 36% of the variance and was strongly correlat®d’b orr <-0.75)with

climatic variables differentiating Ohot and dry® from Ocold and wetd climates (e.g., maximum
temperature of the warmest month, 0.84; mean temperature of warmest quarter0.86; annual

mean temperature,= 0.85; precipitation during the warmegtarterr = -0.87). Conversely, PC2

(27.3% of variance explained) distinguished climates with low and high differences between seasons
(e.g, isothermalityy = 0.83; temperature seasonality; 0.88; temperature annual range;0.78;
precipitation incoldest quarter, = 0.79). PClasstronglycorrelated with latitude (linear regression:

R? = 0.48,p < 0.00), whereaPC2 was strongly correlated witongitude R = 0.58,p < 0.001) PC2

was also correlated withtitude(R? = 0.11,p < 0.05) andwith altitude & = 0.12,p < 0.01).

We next asked whether any of these climate PCs explained any of the genetic structure uncovered
above. Pairwise linear regressions of the first three PC axes based on allele frequencies of intronic
SNPs against the it three climatic PCs revealed that only one significant correlation after
Bonferroni correction: between climatic PC2 (OseasonalityO) vs. genetic PC1 (longitude#asljusted
0.017;R?= 0.49,P<0.001). This suggests that longitudinal differentiation along the European
continent might be partly driven by the transition from oceanic to continental climate, possibly
leading to local adaptation to gradual changes in temperature seasonality aveiite af winter

conditions.

Interestingly, the central European division into an eastern and a western dladeedénogaster
closely resembles known hybrid zones of organisms which form closely related pairs of sister taxa.
These biogeographic patterhave been associated with ldegm reductions of gene flow between
eastern and western population during the last glacial maximum, followed by postglacial
recolonization of the continent from southern refugia (Hewitt 1999). However, in contrast t@many
these taxa, which often exhibit pronounced jpred postzygotic isolation (Szymura & Barton 1986;
Haas & Brodin 2005; Macholdat al.2008, Kniefet al. 2019), we found low genomeide
differentiation among eastern and western populations (averagégiax0.045), perhaps indicating

that the longitudinal division of Europe&n melanogasteis not the result of postglacial secondary

10
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#(%" Climatic predictors identify genomic signatures of local climate adaptation

#(&" To further explore climatipatterns, and to identify signatures of local adaptation caused by climatic
#(' " differences among populations independent of neutral demographic effects, we tested for associations
#(( " of SNP alleles with climatic PC1 and PC2 using BayeScEnv (de Villemereuil §i@a@015). The

#() " total number of SNPs tested and the number of Otop St¢Raldg < 0.05) are given in

#(* " supplementary table S5A (Supplementary Material online). A large proportion of the top SNPs were
#)+" intergenic(PC1: 33.5%PC2: 32.2%pr intronic variant§PC1: 50.1%PC2: 50.5%). Manhattan

#)! " plots ofg-values for all SNPs are shown in fig. 4. These figures show some distinct OpeaksO of highly
#)#" differentiated SNPs along with some broader regions of moderately differentiated SNPs Ffig.

#)$" example, hecircadianrhythmgenetimeoutand the ecdysone signalling gele#s74EFandEip75B

#)%"' all lie rear peaks associated with climatic PC1 (Ohot/dryO vs. Ocold/wetdp fignéls We nde

#)&" that the corresponding gerfesve been identified in previous studies of clinal (latitudinal)

#)' " differentiation in North America®. melanogastefFabianet al.2012; Machadet al.2016).Indeed

#)( " we found a significant overlap between genes associated with PC1 arfdd®#Caf which are

#)) " correlated with latitude) iour study and candidate gene sets from these previous studies of latitudinal
#)* " clines (SuperExactTegt;< 0.001; Fabiart al.2012; Machadet al.2016).For example, out of

#+" 1,974 latitudinally varyindoci along the North American east coafgntified by Fabiaret al. (2012)

#*1' " we found 403 (20%) and 505 (26%f)themto alsobe associated with PC1 and PC2 in European

#*#" populationsrespectivelytable S5BC). Moreover, the BayeScEnv analysis &abFhmmanalysis

#*$" together identify four regions with both climatic associations and evidence for contident

#*06' selective sweeps (supplementary table €SB upplementary Material online). Finally, four other

#*&" BayeScEnv candidate genes were previously identified ast$avfselection in African and North

#* " American populations based on significant McDor&tditman tests (Langlegt al.2012; see

#*( " supplementary table S58, Supplementary Material online).

#*) " We next asked whether any insights into the targets of localisaleculd be gleaned from

11



#** " examining the functions of genes near the BayeScEnv peaks. We examined annotated features within
$++"  2kb of significantly associated SNPs (PC1: 3,545 SNPs near 2,078 annotated features; PC2: 5,572
$+!'"  SNPs near 2,717 annotated featurappiementary table S5B and C, Supplementary Material online).
$+#"  First, we performed a GO term analysish GOwinda(Kofler & Schistterer 2012)o askwhether

$+$" SNPs associated with climatic PCs are enriched for any gene functions. For PC1, we found no GO
$+9% term enrichment. For PC2, we found enrichment for Ocuticle developmentO, and OUDP

$+&' glucosyltransferase activityO. Next, we performed functional annotationicigstéih DAVID

$+' " (v6.8; Huanget al.2009), and identified 37 and 47 clusters with an enrichment score > 1.3 for PC1
$+(" and PC2, respectively (supplementary table-E5Bupplementary Material onlineluang et al

$+)" 2009. PC1 was enriched for categories suchsax @ifferentiationO and Oresponse to nicotineO,

$+*"  whereas PC2 was enriched for functional categories such as Oresponse to nicotineO, Ointegral

$!1+"  component of membraneO, and Osensory perception of chemical stimulusO (supplementary table S5D

$!I' " E, Supplementary Marial online).

Sl We also asked whether the SNPs identified by BayeScEnv show consistent signatures of local
$!$" adaptation. Many associated genes (1,205) were also shared between PC1 and PC2. Some genes have
$!%" indeed been previously implicated in climatic atidat adaptation, such as the circadian rhythm

$!&" genedimelesstimeout andclock the sexual differentiation gefreiitless and thecouch potato

$!I" " locus which underlies the latitudinal cline in reproductive dormancy in North America (e.g., €auber
$!I( " al. 2007; Schmidet al. 2008; Fabiaret al. 2012). Notably, these also include the major insulin

$!) " signaling genemsulin-like receptor(InR) andforkhead box subgroup @oxo), which have strong

$!I* " genomic and experimental evidence implicating these loci inl ctilimatic adaptation along the

$#+"  North America east coast (Paadtyal. 2010; Fabiaret al.2012; Paabt al. 2014; Durmazt al.

$#!'"  2019). Thus, European populations share multiple potential candidate targets of selection with North
$##"  American populations (cFabiaret al.2012; Machadet al.2016; also see Bd'evi# et al.2016).

$#$" We next turned to examining polymorphisms other than SNPs, i.e. mitochondrial haplotypes as well

$#% as inversion and TE polymorphisms.

$#H&!
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Mitochondrial haplotypes also exhibitlongitudinal population structure

Mitochondrial haplotypes also showed evidence of longitudinal demographic structure in European
population. We identified two main alternative mitochondrial haplotypes in Europe, G1 and G2, each
with several suihaplotypegG1.1 and G1.2 and G2.1, G2.2 and G2.3). The twetypds, G1.2 and

G2.1, are separated by 41 mutations (fig. 5A). The frequencies of the alternative G1 and G2 haplotype
varied among populations between 35.1% and 95.6% and between 4.4% and 64.9%valg<fiegct

5B). Qualitatively, three types of European populations could be distinguished based on these
haplotypes: (1) central European populations, with a high frequency (> 60%) of G1 haplotypes, (2)
Eastern European populations in summer, with a teguiency (< 40%) of G1 haplotypes, and (3)

Iberian and Eastern European populations in fall, with a frequency of G1 haplotypes betg6ét 40
(supplementary fig. S4, Supplementary Material online). Analyses of mitochondrial haplotypes from a
North Americarpopulation (Coopeet al.2015) as well as from worldwide samples (Weilffal.

2016) also revealed high levels of haplotype diversity.

While there was no correlation between the frequency of G1 haplotypes and latitude, G1
haplotypes and longitude wereakly but significantly correlated®(= 0.10;p < 0.05). We thus
divided the dataset into an eastern and a westersetiddong the 20% meridian, corresponding to the
division of two major climatic zones, temperate (oceanic) versus cold (continen&@t(Be2007).
This split revealed a clear correlatio=0.5;p<0.001) between longitude and the frequency of G1
haplotypes, explaining as much as 50% of the variation in the western group (supplementary fig. S4B,
Supplementary Material online). Sintilg in eastern populations, longitude and the frequency of G1
haplotypes were correlated € 0.2;p<0.001), explaining approximately 20% of the variance
(supplementary fig. S4B, Supplementary Material online). Thus, these mitochondrial haplotypes
appeato follow a similareastwest population structugsobserved fothe nuclearSNPsdescribed

above

The frequency of polymorphic TEs varies with longitude and altitude

To examine the population genomics of structural variants, we first focused on transposable elements
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(TEs). Similar to previous findings, the repetitive content of the 48 samples ranged from 16% to 21%
of the nuclear genome size (Quesnedli@l. 2005; fg. 6). The vast majority of detected repeats

were TEs, mostly long terminal repeat elements (LTRs; range 7:538%5 %) and long

interspersed nuclear elements (LINEs range 4.12&%2 %), along with a few DNA elements (range
1.16 %- 1.65 %) (supplemntary table S6, Supplementary Material online). LTRs have been
previously described as being the most abundant TEs . threelanogastegenome (Kaminkeet al.

2002; Bergmart al.2006). Correspondingly, variation in the proportion of LTRs best exqulain
variation in total TE content (LINE+LTR+DNA) (Pearsom@.87,p< 0.01,vs.DNA r = 0.58,p =

0.0117, and LINE = 0.36,p < 0.01 and supplementary fig. S5A, Supplementary Material online).

For each of the 1,630 TE insertion sites annotated iD tineelanogastereference genome6.04
we estimated the frequency at which a copy of the TE was present at that sifelesih@iston
Lavieret al.2015; see supplementary table S7, Supplementary Material online). On average, 56%
were fixed in all saples. The remaining polymorphic TEs mostly segregated at low frequency in all
samples (supplementary fig. S5B), potentially due to purifying selection (Goez£E2008; Petrov
et al.2011; Kofleret al.2012; Cridlanckt al. 2013; Blumenstieét al. 2014). However, 246 were
present at intermediate frequencies (>10% and <95%) and located in regionszefamon
recombination (Fistohavier et al.2010; Comerormet al. 2012; see supplementary table S7,
Supplementary Material online). Although some of ghiesertions might be segregating neutrally at
transpositiorselection balance (Charleswoghal.1994; see supplementary fig. S5B, Supplementary

Material online), they are likely enriched for candidate adaptive mutations éRatl2019).

In each ofthe 48 samples, TE frequency and recombination rate were negatively correlated
genomewide (Spearman rank sum tegk 0.01), as has also been previously reporte®for
melanogaste(BartolomZet al.2002; Petroet al.2011; Kofleret al.2012). This renains true when
fixed TE insertions were excluded (population freques@¥%) from the analysis, although it was
not statistically significant for some chromosomes and populations (supplementary table S8,
Supplementary Material online). In both cases ctireelation was stronger when breschle (Fiston

Lavieret al.2010) rather than finscale (Comerost al.2012) recombination rate estimates were
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used, indicating that the former may best capture-terrg population recombination patterns (see

supplementary materials and methods and supplementary table S8, Supplementary Material online).

We next tested whether variation in TE frequencies among samples was associated with spatially
or temporally varying factors. We focused on 111 TE insertiogissegregated at intermediate
frequencies, were located monzerorecombination regions, and that showed an interquartile range
(IQR) > 10 (see supplementary materials and methods, Supplementary Material online). Of these
insertions, 57 were significdptassociated with a at least one variable of interest after multiple testing
correction (supplementary table S9A, Supplementary Material online): 13 were significantly
associated with longitude, 13 with altitude, five with latitude, three with seaso@3ansertions
with more than one of these variables (supplementary table S9A, Supplementary Material online).
These 57 TEs were mainly located inside genes (42 out of 57; Fisher's Exapt>Te€15;

supplementary table S9A, Supplementary Material ejlin

The 57 TEs significantly associated with these environmental variables were enriched for two TE
families: the LTR297family with 11 copies, and the DNpogofamily with five copies $-values
after Yate's correction < 0.05; supplementary table S8PBplementary Material online).
Interestingly, 17 of the 57 TEs coincided with previously identified adaptive candidate TEs,
suggesting that our dataset might be enriched for adaptive insertions (SuperExpetDe801),
several of which exhibit spatiiequency clines that deviate from neutral expectation
(SuperExactTesp < 0.001, supplementary table S9A, Supplementary Material online; cf.;dRath
2019).Moreover,18 of the 57 TEs also show significant correlations with either geographical or
temporal variables in North American populatio8giperExactTesp < 0.001, supplementary table

S9A, Supplementary Material online; dferatet al.2019).

Inversions exhibit latitudinal and longitudinal clines in Europe

Polymorphic chromosomal inversions, another class of structural variants besides TEs; are well
known to exhibit pronounced spatial (clinal) patterns in North American, Australian and other

populations, possibly due to spatially varying selection (review&Gpun & Flatt 2019; also see
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Mettler et al. 1977; Knibbet al. 1981; Leumeunier & Aulard 1992; Hoffmann & Weeks 2007; Fabian
et al.2012; Kapuret al. 2014; Ranest al.2015; Adrionet al.2015; Kapuret al.2016a). However, in
contrast to North Americand Australia, inversion clines in Europe remany poorly characterized
(Lemeunier & Aulard 1992; Kapun & Flatt 2019). We therefore sought to examine the presence and
frequency of six cosmopolitan inversioms(2L)t, IN(2R)NS, In(3L)P, In(3R)M(3R)Mo,
In(BR)Payniin our European samples, using a pandiigiily diagnostidnversionspecific marker
SNPs identified through sequencing of cytologically determined karyotypé&apunet al. (2014

(also see Kapuat al.2016). All 48 samples wer polymorphic for one or more inversions (Figure

6). However, onlyn(2L)t segregated at substantial frequencies in most populations (average
frequency = 20.2%); all other inversions were either absent or rare (average freql{2EestS=
6.2%,In(3L)P = 4%, In(3R)C= 3.1%,In(BR)M0=2.2%, In(3R)Payne= 5.7%) (cf. Kapuret al.

2016, Kapun & Flatt 2019).

Despite their overall low frequencies, several inversions showed pronounced ¢linality
gualitative agreement with findings from other continéb&smeunier & Aulard 1992; Kapun & Flatt
2019) For the analyses below, we testeddotentiallyconfounding effects ddignificant residual
spatial autocorrelatioamong samples; all of these test were negative, excejpi(R)C (MoranO$
&0,p > 0.05 for all tests; table 3). We observed significant latitudinal dimEsiropefor In(3L)P,
In(BR)CandIn(3R)Payndbinomialgeneralized lineamodel:Inversion frequency Latitude +
Longitude + Altiude + Seasqreffect of Latitudep < 0.001for all; see table 3). Clines fém(3L)P
andIn(3R)Payneavere similatbetweerEurope and North Americavith frequenciesor bath
decreasing with latitudgy, < 0.05 seesupplementary table S10, Supplementary Material online
However,all inversiondiffered in their frequency at the same latitude between North America and
Europe p < 0.001 forthe Latitude# Continentinteraction supplementary table S10, Supplementary

Material online).

Latitudinal inversion clines previously observed along thetiNarherican and Australian east
coasts (supplementary fig. S6 and supplementary table S10, Supplementary Material onlinet Kapun

al. 2016a) have been attributed to spatially varying selection, especially in the ta@RdPayne
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%%$% (Durmazet al.2018; Andkrsonet al.2005; Uminaet al. 2005; Kenningtoret al. 2006; Rakcet al.

%$& 2006; Kapuret al 2016a,b; Kapun & Flatt 2019). Similar to patterns in North America (Kapah

%$" 2016a), we observed that clinality of the three inversion polymorphisms was tpatkedger than

%$(" for putatively neutral SNPs in short introns (see supplementary table S11, Supplementary Material
%$)" online), suggesting that these polymorphismesmaintainedonneutraly. Together, these findiisg

%3%$* suggest that latitudinal inversion clinesEurope are shaped by spatially varying selectisrthey

%%* are in North America (Kapuet al.2016a; Kapun & Flatt 2019)

%%! We also detected longitudinal clines fof2L)t andIn(2R)NS with both polymorphisms

%%# decreasing in frequency from east to west(table 3 < 0.01;also cf. Kapun & Flatt 2019).

%%$% Longitudinal clines for these two inversions have also been found in North Anwrikagun &
%%% Flatt 2019). One of these inversioh¥2L)t, also changed in frequency with altitude (table 8
%%& 0.00]). Theselongitudinal and altitudinal inversion clines did, however, not deviate from neutral

%%" expectation (supplementary table S11, Supplementary Material online).
%%(

%%) European Drosophilamicrobiomes contain Entomophthora, trypanosomatids and previously

%9%* unknown DNA viruses

%&+ The microbiota can affect life history traits, immunity, hormonal physiology, and metabolic

%&" homeostasis of their fly hosts (e.g., Trindeal.2017; Martinoet al. 2017) andmightthusreveal

%&%# interestingpatterns ofocal adaptation. We therefore examined the bacterial, fungal, protist, and viral
%&$ microbiota sequence content of our samples. To do this, we characterised the taxonomic origin of the
%&% nonDrosophilareas in our dataset using MGRAST, which identifies and counts short protein motifs
%&& (features') within reads (Meyet al.2008). We examined 262 million reads in to€@ these most

%&" were assigned td/olbachia(mean 53.7%; fig. ;7supplementary tablely a welktknown

%&( endosymbiont obrosophila(Werrenet al.2008). The abundance Wolbachiaprotein features

%&) relative to other microbial protein features (relative abundance) varied strongly between samples,
%&* ranging from 8.8% in a sample fradkraineto almost 100% in samples from Spain, Portugal,

%'+" Turkey and Russia (supplementary table S12, Supplementary Material online). SiMitaiigchia
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%'l " loads varied 10dold between samples, as estimated from the ratibabachiaprotein features to

%'#" Drosophilaprotein features (supplementary table S12, Supplementary Material online). In contrast to
%'$" a previous study (Kriesnet al. 2016),there was no evidence for clinality \@folbachialoads p =

%'9%6 0.13, longitudep = 0.41, latitude; Kendall's rank correlatjoHowever, these authors measured

%'&" infection frequencies while we measuk&fdlbachialoads in pooled samples. Because the frequency

%" " of infection does not necessarily correlate with microbial loads measured in pooled samples, we might

%'(" not have been ablto detect such a signal in our data.

%'") " Acetic acid bacteria of the gendsuconobacterGluconacetobacterandAcetobactemwere the

%™ " second largest group, with an average relative abundance of 34.4% among microbial protein features.
%(+" Furthermore, we founevidence for the presence of several genera of Enteroba&eriat{a,

%(!" Yersinia, Klebsiella, Pantoea, Escherichia, Enterobacter, SalmoreltiPectobacteriurh Serratia

%(#' occurs only at low frequencies or is absent from most of our samples, but reaehekigh relative

%($"' abundance among microbial protein features in the Nicosia (Cyprus) summer collection (54.5%). This

%(% high relative abundance was accompanied by an 80x increSseratiabacterial load.

%(& We also detected several eukaryotic microorgasisthough they were less abundant than the
%(' " bacteria. We found trypanosomatids, previously reported to be associat&tagitiphilain other
%((" studies (Wilfertet al. 2011; Chandler & James 2013; Hamiletral. 2015), in 16 of our samples, on

%()" average representing 15% of all microbial protein features identified in these sdmples.

%(*" Fungal protein features make up <3% of all but three samples (from Finland, Austria and Turkey;
%)+" supplementary table S12, Supplementdaterial online). This is somewhat surprising because

%)!" yeasts are commonly found on rotting fruit, the main food substr&leroélanogasterand ceoccur

%)#' with flies (Barataet al.2012; Chandleet al.2012). This result suggests that, although yeasts c

%)$" attract flies and play a role in food choice (Bedtteal. 2012; Buseet al. 2014), they might not be

%)% highly prevalent in or o. melanogastebodies. One reason might be that they are actively digested
%)& and thus not part of the microbiome. We alsanfibthe fungal pathogeentomophthora muscae 14

%)'" samples, making u@.18% of the reads (Elyat al.2018).

%) (" Our data also allowed us to identify DNA viruses. Only one DNA virus has been previously
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described foD. melanogasteKallithea virus; Websteet al. 2015; Palmeet al.2018) and only two
additional ones from other Drosophilid speciesosophila innubilaNudivirus [Unckless 2011],
Invertebrate Iridovirus 31 iD. obscuraandD. immigrangWebsteret al. 2016]). In our data set,
approximatelywo million reads came froallithea nudivirus (Websteet al.2015), allowing us to
assemble the first complef@allithea genome (>30dold coverage in the Ukrainian sample

UA Kha 14 46; Genbank accession KX130344).

We also found reads from five additarDNA viruses that were previously unknown
(supplementary table S13, Supplementary Material online). First, around 1,000 reads come from a
novel nudivirus closely related to bdtlallitheavirus and tdDrosophila innubilanudivirus (Unckless
2011) in samie DK_Kar_14_41 from Karensminde, Denmark supplementary table S13,
Supplementary Material online). As the reads from this virus were insufficient to assemble the
genome, we identified a publicly available dataset (SRR3939042: 2 Dmiadelanogastefrom
Esparto, California; Machadet al. 2016) with sufficient reads to complete the genome (provisionally
named BspartoVirusO; KY608910). Second, we also identified two novel Densoviruses
(Parvoviridag. The first is a relative dfulex pipiensiensovirus, provisionally nameWifain
virusO, found at 9#bld coverage in sample FR_Vil_14 07 (Viltain; KX648535). The second is
Qinvill RoadvirusO, a relative @endrolimus punctatugensovirus, represented by only 300 reads
here, but with high agerage in dataset SRR2396966 from a North American samplesifhulans
permiting assembly (KX648536; Machad al. 2016). Third, we detected a novel member of the
Bidnaviridaefamily, &/esantovirusO, a bidensovirus relatedoembyx mortlensovirus 3vith
approximately 90dold coverage in sample FI_Ves 14 38 (Vesanto; KX648533 and KX648534).
Finally, in one sample (UA_Yal_14 16), we detected a substantial number of reads from an
Entomopoxlike virus, which we were unable to fully assemble (suppleangéable S13,

Supplementary Material online).

Using a detection threshold of >0.1% of t®sophilagenome copy number, the most commonly
detected viruses wekallithea virus (30/48 of the pools) andesantovirus (25/48), followed by

Linvill Roadvirus (7/48) and/iltain virus (5/48), withEspartovirus and the entomopebke virus
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being the rareqR/48 and 1/48, respectivel\Becaus&Volbachiacan protecDrosophilafrom

viruses (Teixeira et al., 2008), we hypothesized\alibachialoads might caelate negatively with
viral loads, but found no evidence of such a correlafion@.83 Kallithea virusp = 0.76 Esparto
virus; p = 0.52 Viltain virus;p = 0.96 Vesanto 1 virug = 0.93 Vesanto 2 virug = 0.5 Linvill Road
virus, Kendall's rank corration).Perhaps this is because #allithea virus, the most prevalent virus
in our data set, is not expected to be affected/bibachia(Palmer et al.,2018%imilarly, Shi et al.
(2018) found no link betweeWolbachiaand the prevalence or abundance of RNA viruses in data

from individual flies.

The variation in bacterial microbiomes across space and time reported here is analysed in more
detail in Wangget al. (2020); this study suggests that some of this variatistristured
geographically (cf. Waltenst al.2020). Thus, microbiome compositioright contribute to
phenotypic differences and local adaptation among populdtitaselkornet al. 2009; Richardsoet

al. 2012; Staubacht al.2013; Kriesneet al.2016;Wang and Staubach 2018).

Conclusions

Here, we have comprehensively sampled and sequenced European popul&ianslahogastefor

the first time(fig. 1). We find that Europedd. melanogastepopulations are longitudinally
differentiated for putatiely neutral SNPs, mitochondrial haplotypes as well as for inversion and TE
insertion polymorphisms. Potentially adaptive polymorphisms also show this pattern, possibly driven
by the transition from oceanic to continental climate along the longitudirsab&iurope. We note

that this longitudinal differentiation qualitatively resembles the one observed for human populations
in Europe (e.g., Cavallbforza 1966; Xiao et al. 2004; Francalacci & Sanna 2008; Novezhhte

2008). Given thab. melanogastets a human commensal (Keller 2007, Argueiial.2019), it is

thus tempting to speculate that the demographic history of European populations might have been
influenced by past human migration. Outside Europe;veast structure has been previouslyrfdun
subSaharan Africa populations Bf. melanogasterwith the split between eastern and western

African populations having occurred ~70 kya (Michalakis & Veuille 1996; Awdaal. 2002;
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Kapopoulouet al.2018b), a period that coincides with a wavdéwaifman migration from eastern into
western Africa (Nielseet al.2017). However, in contrast to the pronounced pattern observed in
Europe, African eastvest structure is relatively weak, explaining only ~2.7% of variation, and is
primarily due to an inveion whose frequency varies longitudinally. In contrast, our demographic
analyses are based on SNPs located in >1 Mb distance from the breakpoints of the most common
inversionsand excluding the inversion bodiesaking it unlikely that the longitudinal fharn we

observe is driven by inversions.

Our extensive sampling was feasible only due to synergistic collaboration among many research
groups. Our efforts in Europe are paralleled in North America bptbe RTECconsortium
(Machadocet al.2019), with whom we are collaborating to compare population genomic data across
continents. Together, we have sampled both continents annually since 2014; we aim to continue to
sample and sequence European and North Amenoasophilapopulations with increasing spadi
temporal resolution in future years. With these efforts, we hope to provide a rich community resource

for biologists interested in molecular population genetics and adaptation genomics.

Materials and methods

A detailed description of the materials andthods is provided in the supplementary materials and
methods (see Supplementary Material online); here we give a brief overview of the dataset and the
basic methods used. The 2MsEUdataset represents the most comprehensive spatigoral
samplingof EuropearD. melanogastepopulations to date (fig.1; supplementary table S1,
Supplementary Material online). It comprises 48 sampl&s afelanogastecollected from 32
geographical locations across Europe at different time points in 2014 through a joint effort of 18
research groups. Collections were mostly performed with baited traps using a standardized protocol
(see supplementary materials and meth8dgplementary Material online). From each collection, we
pooled 3840 wild-caught males. We used males as they are more easily distinguishable
morphologically from similar species than females. Despite our precautions, we identified a low level

of D. simulanscontamination in our sequences; we computationally filtered these sequences from the
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&™ " data prior to further analysis (see Supplementary Material online). To sequence these samples, we
&(+" extracted DNA and barcoded each sample, and sequenced the ~gérféasmple as a pool (Peol

&(' " Seq; Schisttereet al.2014), as paireénd fragments on lHumina NextSeq 508equencer at the

&(#" Genomics Core Facility of Pompeu Fabra University. Samples were multiplexed in 5 batches of 10
&($" samples, except for one batch afd@nples (supplementary table S1, Supplementary Material online).
&(%' Each multiplexed batch was sequenced on 4 lanes at ~50x raw coverage per sample. The read length
&(&" was 151 bp, with a median insert size of 348 bp (ranget20%p). Our genomic dataset is italale

&(" " under NCBI Bioproject accession PRINA388788. Sequences were processed and mapjied to the
&((" melanogastereference genome (v.6.12) and reference sequences from common commensals and

&() " pathogens. Our bioinformatic pipeline is availablétgis://githubcom/capoony/DrosEU_pipeline

&(*" To call SNPs, we developed custom softwé@o{SNP seesupplementarynaterial and methogls
&)+" https://github.com/capoony/PoolSNP), using stringent heuristic parameters. In addition, we obtained
&)!' " genome sequences from Africareflifrom theDrosophilaGenome Nexus (DGN;

&)#"  http://www.johnpool.net/genomes.htnskee supplementary table S14 for SRA accession numbers).

&)$" We used data from 14 individuals from Rwanda and 40 from Siavonga (Zambia). We mapped these
&)%' data to thd. melanogastereference genome using the same pipeline as for our own data above, and
&)&" built consensus sequences for each haploid sample by only considering alleles with > 0.9 allele

&)' " frequencies. We converted consensus sequent&siRand used/CFtools(Danecek et al.@11) for

&)(" downstream analyses. Additional steps in the mapping and variant calling pipeline and further

&))" downstream analyses of the data are detailed in the supplementary materials and methods

&)*" (Supplementary Materials online).
&*+||
&*!'"  Supplementary Materials

&*#" Supplementary materials and methods, supplementary results and supplementargBit3.a8d
&*$" supplementary tables 8818 are available at Molecular Biology and Evolution online

&*%'  (http://www.mbe.oxfordjournals.orp/

&*&"
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I"# $ Tables

"% $ Table 1. Sample information for all populations in theDrosEU dataset.Origin, collectiondate, season and sample size (number of chromosojs:

" $ the 48 samples in tHerosEU2014 data set. Additional information can be found in supplementary table S1 (Supplementary Material online).

Numbe Lat Alt

ID Country Location Coll. Date r ID (i) Lon(j) (m) Season n Coll. name
AT Mau_14 01 Austria Mauternbach 20140720 1 48.38 15.56 572 S 80 Andrea J. Betancourt
AT Mau_14 02 Austria Mauternbach 20141019 2 48.38 15.56 572 F 80 Andrea J. Betancourt
TR_Yes 14 03 Turkey Yesiloz 20140831 3 40.23 32.26 680 S 80 Banu Sebnem Onder
TR_Yes_14 04  Turkey Yesiloz 20141023 4 40.23 32.26 680 F 80 Banu Sebnem Onder

Catherine Montchamyp
FR_Vil_14 05 France Viltain 20140818 5 48.75 2.16 153 S 80 Moreau

Catherine Montchamp
FR_Vil_14 07 France Viltain 20141027 7 48.75 2.16 153 F 80 Moreau
FR_Got_14 08 France Gotheron 201407-08 8 44,98 4.93 181 S 80 Cristina Vieira

United

UK_She_14 09 Kingdom Sheffield 20140825 9 53.39 -1.52 100 S 80 Damiano Porcelli
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UK_Sou_14_10

CY_Nic_14 11

UK_Mar_14_12

UK_Lut 14 13
DE_Bro_14_14
DE_Bro_14 15
UA Yal_14 16
UA Yal_14 18
UA_Ode_14 19
UA_Ode_14 20
UA_Ode 14 21
UA_Ode 14 22
UA Kyi_14 23

UA_Kyi_14 24

United
Kingdom
Cyprus
United
Kingdom
United
Kingdom
Germany
Germany
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine

Ukraine

South Queensferry

Nicosia

Market Harborough

Lutterworth
Broggingen
Broggingen
Yalta

Yalta
Odesa
Odesa
Odesa
Odesa

Kyiv

Kyiv

201407-14

201408-10

20141020

20141020

201406-26

20141015

201406-20

201408-27

201407-03

201407-22

201408-29

20141010

201408-09

201409-08

10

11

12

13

14

15

16

18

19

20

21

22

23

24

55.97

35.07

52.48

52.43

48.22

48.22

44.50

44.50

46.44

46.44

46.44

46.44

50.34

50.34

-3.35

33.32

-0.92

-1.10

7.82

7.82

34.17

34.17

30.77

30.77

30.77

30.77

30.49

30.49

39

19

263

126

173

173

72

72

54

54

54

54

179

179

n »u u u u

80

80

80

80

80

80

80

80

80

80

80

80

80

80

Darren Obbard

Eliza Argyridou

Eran Tauber

Eran Tauber

Fabian Staubach
Fabian Staubach
Iryna Kozeretska
Iryna Kozeretska
Iryna Kozeretska
Iryna Kozeretska
Iryna Kozeretska
Iryna Kozeretska
Iryna Kozeretska

Iryna Kozeretska



UA Var_14 25
UA_Pyr 14 26
UA _Dro_14 27
UA_Cho_14 28
UA_Cho_14 29
SE_Lun_14 30
DE_Mun_14 31
DE_Mun_14 32
PT Rec 14 33
ES_Gim_14 34
ES_Gim_14 35
FI_Aka_14 36
FI_Aka_14 37
FI_Ves 14 38
DK Kar_ 14 39
DK_Kar_14 41

CH_Cha_14 42

Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Sweden
Germany
Germany
Portugal
Spain
Spain
Finland
Finland
Finland
Denmark
Denmark

Switzerland

Varva

Pyriatyn
Drogobych
Chornobyl
Chornobyl Yaniv
Lund

Munich

Munich

Recarei

Gimenells (Lleida)
Gimenells (Lleida)
Akaa

Akaa

Vesanto
Karensminde
Karensminde

Chalet ~ Gobet

201408-18

201408-20

201408-24

20140913

20140913

201407-31

201406-19

201409-03

201409-26

20141020

20140813

201407-25

201408-27

201407-26

20140901

201411-25

201407-24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

41

42

50.48

50.25

49.33

51.37

51.39

55.69

48.18

48.18

41.15

41.62

41.62

61.10

61.10

62.55

55.95

55.95

46.57

32.71

32.52

23.50

30.14

30.07

13.20

11.61

11.61

-8.41

0.62

0.62

23.52

23.52

26.24

10.21

10.21

6.70

40

125

114

275

121

121

51

520

520

175

173

173

88

88

121

15

15

872

nw u u u

80

80

80

80

80

80

80

80

80

80

80

80

80

66

80

80

80

Oleksandra Protsenko
Oleksandra Protsenko
Iryna Kozeretska
Iryna Kozeretska
Iryna Kozeretska
Jessica Abbott

John Parsch

John Parsch

Jorge Vieira

Lain Guio

Lain Guio

Maaria Kankare
Maaria Kankare
Maaria Kankare

Mads Fristrup Schou
Mads Fristrup Schou

Martin Kapun
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CH_Cha_14 43
AT _See_14_44
UA_Kha_14 45

UA_Kha_14 46

UA Cho 14 47
UA_Cho_14 48
UA Kyi 14 49

UA Uma_14 50

RU_Val_14 51

Switzerland

Austria

Ukraine

Ukraine

Ukraine

Ukraine

Ukraine

Ukraine

Russia

Chalet ~ Gobet
Seeboden

Kharkiv

Kharkiv

Chornobyl
Applegarden
Chornobyl Polisske
Kyiv

Uman

Valday

201410-05

20140817

201407-26

20140914

20140913

20140913

20141011

20141001

20140817

43

44

45

46

47

48

49

50

51

46.57

46.81

49.82

49.82

51.27

51.28

50.34

48.75

57.98

6.70

13.51

36.05

36.05

30.22

29.39

30.49

30.21

33.24

872

591

141

141

121

121

179

214

217

80

80

80

80

80

70

80

80

80

Martin Kapun
Martin Kapun
Svitlana Serga

Svitlana Serga

Svitlana Serga
Svitlana Serga
Svitlana Serga

Svitlana Serga

Elena Pasyukova
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" $ Table 2. Clinality of genetic variation and population structure.Effects of geographic variables and/or seasonalityemomewide average levels of

I"( $ diversity ¢," and TajimaCB; top rows) and on the first three axes of a PCA based on allele frequencies at neutrally evolving sites (bottom raks)s The v
I"l'$ represenE-ratios from general linear models. Bold type indic&testios that are significant after Bonferroni correctjadjusted#G0.0055). Asterisks in

1&) $ parentheses indicate significance when accounting for spatial autocorrelation by spatial error models. These modelsal@raiaulyhen MoranOest,

I&* $ as shown in the last column, was significapt<*0.05; **p < 0.01; ***p < 0.001.

1&+$
Factor Latitude Longitude Altitude Season | Moran's |
%) 4.11* 1.62 15.23*** 1.65 0.86
I (Aut) 0.91 2.54 27.18** 0.16 -0.86
" (%) 2.65 1.31 15.54*+* 222 0.24
" (Aut) 0.48 1.44 13.66*** 0.37 -1.13
Dx) 0.02 0.38 5.93* 3.26 -2.08
Dawy — 0.09 0.76 5.33* 0.71 -1.45
PC1 0.63 118.08***(***)  3.64 0.75 4. 2%**
PC2 4.69* 7.15* 11.77*  1.68 -0.32
PC3 0.39 0.23 19.91** (.28 1.38
1&# $
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&Y% Table 3. Clinality and/or seasonality of chromosomal inversionsThe values represeRtratios frombinomialgeneralized linear models to account for
I&" $ frequency data. Bold type indicates deviance values that were significant after Bonferroni correction ¢4&jhi§i@d1) Asterisksin parentheses indicate
1&&$ significance when accounting for spatial autocorreldbipspatial error models. These models were only calculated when MbtasiQas shown in the last

& $ column, was significant.pr< 0.05; **p < 0.01; ***p < 0.001

1&( $
Factor Latitude Longitude Altitude  Season | Moran's |
In(2L)t 2.2 10.09** 43.94** 0.89 -0.92
IN(2R)NS 0.25 14.43%** 2.88 2.43 1.25
In(3L)P 21.78%** 2.82 0.62 3.6 -1.61
In(3R)C 18.5%**(***)  0.75 1.42 0.04 2.79*
In(3R)Mo 0.3 0.09 0.35 0.03 -0.9
In(BR)Payne  43.47*** 0.66 1.69 1.55 -0.89

1&!'$
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FIGURE LEGENDS

Fig. 1. The geographic distribution of population sampleslLocations of all samples in the 2014
DrosEUdata set. The color of the circles indicates the sampling season for each location: ten of the
32 locations were sampled at least twice, once in summer anéhdallgsee table 1 and

supplementary table S1, Supplementary Material online). Note that some of the 12 Ukrainian

locations overlap in the map.

Fig. 2. Candidate dgnals of selective sweepn European populations The central panel shows

the distribution of Tajima@sin 50 kb sliding windows with 40 kb overlap, with red and green

dashed lines indicating Tajima®s 0 and-1, respectively The top panel shows a detail of a genomic
region on chromosomal arBRin the vicinity ofCyp6glandHen1(highlighted in red), genes

reportedly involved in pesticide resistance. This strong sweep signal is characterized by an excess of
low-frequency SNP variants and overall negative Tajirbei@sil samples. Colored solid lineepict
TajimaO® for each sample (see supplementary fig. S2 for color codes, Supplementary Material
online); the black dashed line shows Tajinla@seraged across all samples. The bottom panel shows
a region orL previously identified as a potentiatgat of selection, which shows a similar strong

sweep signature. Notably, both regions show strongly reduced genetic variation (supplementary fig.

S1, Supplementary Material online).

Fig. 3. Genetic differentiation among European populations(A) AverageFstr among populations

at putatively neutral sites. The centre plot shows the distributibgrofalues for all 1,128 pairwise
population comparisons, with tiervalues for each comparison obtained from the mean across all
4,034 SNPs used in tlamalysis. Plots on the left and the right show population pairs in the lower
(blue)and upper (red) 5% tails of tier distribution. (B) PCA analysis of allele frequencies at the
same SNPs reveals population-stitucturing in Europe. Hierarchical modgtihg using the first

four PCs showed that the populations fell into two clusters (indicated by red and blue), with cluster

assignment of each population subsequently estimatkartmans clustering. (C) Admixture
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proportions for each population inferrbd modetbased clustering witGonStructare highlighted as
pie charts (left plot) or Structure plots (centre). The optimal number of 3 spatial layers (K) was

inferred by crossalidation (right plot).

Fig. 4. Manhattan plots of SNPs withg-values < 0.05n BayeScEnv association tests with PC1 or

PC2 of bioclimatic variables.Vertical lines denote the breakpoints of common inversions. The gene
names highlight some candidate genes found in our study and which have previously been identified
as varying clinly by Fabianet al (2012) and Machadet al.(2016) along the North American east
coast. Note that-values of 0 (which are infinite on a lagale)areplotted at the top of each figure
abovethegrey daskdotted horizontal line# orderto separate them from the other candidates gyith
values > 0Thesezero valuesre unlikely to be spurious as the ddasiof these infinite values tend

to line up with peaks of lag(g) below the dashed linsuggesting that tlyerepresenhighly

significant continuations of these peaks.

Fig. 5. Mitochondrial haplotypes.(A) TCS network showing the relationship of 5 common
mitochondrial haplotypes; (B) estimated frequency of each mitochondrial haplotype in 48 European

samples.

Fig. 6. Geographicpatterns of structural variants. The upper panahows stacked bar plots with

the relative abundances tohnsposable elemenfBEs) in all 48 population sample¥he proportion

of each repeat class was estimated from sampled reads with dnaPipeTE (2 samples per run, 0.1X
coverage per sample). The lower panel shows stacked bar plots depicting absolute frequencies of six

cosmopolitan inversions in all 48 populatiangles.

Fig. 7. Microbio ta associated withDrosophila Relative abundance &frosophilaassociated

microbes as assessed by MGRAST classified shotgun sequences. Microbes had to reach at least 3%

relative abundance in one of the samples to be represented
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