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ABSTRACT

Genome-wide screens of genetic variation within and between populations can reveal
signatures of selection implicated in adaptation and speciation. Genomic regions with low
genetic diversity and elevated differentiation reflective of locally reduced effective population
sizes (Ne) arescandidates for barrier loci contributing to population divergence. Yet, such
candidate genemic regions need not arise as a result of selection promoting adaptation or
advancing reproductive isolation. Linked selection unrelated to lineage-specific adaptation or
population divergence can generate comparable signatures. It is challenging to distinguish
between these processes, particularly when diverging populations share ancestral genetic
variation. In this.study, we took a comparative approach using population assemblages from
distant clades assessing genomic parallelism of variation in Ne. Utilizing population-level
polymor phismdata’from 444 re-sequenced genomes of three avian clades spanning 50 million
year s of evolution'we tested whether population genetic summary statistics reflecting genome-
wide variation in Ne would co-vary among populations within clades, and importantly, also
among clades where lineage sorting has been completed. All statistics including population-
scaled recombination rate (p), nucleotide diversity (w) and measures of genetic differentiation
between populations (Fsr, PBS, dy) were significantly correlated across all phylogenetic
distances. Moreover, genomic regions with elevated levels of genetic differentiation were
associated pwithinferred peri-centromeric and sub-telomeric regions. The phylogenetic
stability of diversity landscapes and stable association with genomic features support a role of
linked selection,not,necessarily associated with adaptation and speciation in shaping patterns
of genome-wide heter ogeneity in genetic diversity.

INTRODUCTION

Understanding the processesvgrning heterogeneity of genomede diversity has been a long
standing goal in evolutionary genetics (Ellegren and Galtier 2016), and is of cepiaianteto
adaptation and _speciation research (Seehausen et al. 2014; Wolf and Ellegren 2GHtAraAqil
recent studies_characterising genetic variation of diverging natural populatiantxonomically

diverse set of species identified strong heterogeneity in the gemmeedistribution of genetic

diversity, both within and between populations (engsunflowers (Renaut et al. 2013), monkey

flowers (Puzey et al. 2017), stickleback fish (Roesti et al. 2015), rabbits (Caeheit02014) or
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birds (Ellegren et al. 2012, Poelstra et al. 2014)). Despite commonality in patemsacross this
wide ramge of taxa, elucidating the underlying processes remains challenging (Wolf andrEllegre
2017).

Regions of reduced genetic diversity generally coinciding veltbvated levels of genetic
differentiation (Charlesworth 1998) can be interpreted in the context of adapasiil speciation
under conditions“of gene flow (Nosil and Feder 2013). Building on the idea of a 'genic view of
speciation' (Wu=2001), barrier loci experiencing divergent selectionilwatetrto a reduction of
gene flow between populations.e, reduced effective migration rate {mrelative to gross
migration rate. (m)(Abbott et al. 2013)). However, recombination decouples the locus under
divergent selection from neighboring genetic variation. As a consequence, effecfraanirates

will not only vary“across the genome as a function of the strength of selection (s), but also due to
recombination=rate (r). Effective migration will be most strongly be reduced bgtisalat the
causative locus and increases as a function of genetic didtaheeels experienced by neutral
genetic variation (at equilibrium gam/(1+s/r), (Barton and Bengtsson 1986)). Assuming neutrality,
empirical infarmation on genom&ide migration rate under mutatiahift equilibrium can be
obtained from_measures of gewetifferentiation, usually &~1/(1+Ns(m+u)). Genome scans
assaying local levels of genetic differentiation along the genome may adtitiatow identifying
regions under.selection (Lewontin and Krakauer 1973). Positive selection wilerkedat leves of
genetic diversity, and hencegNresulting in increased levels okf(see also (Cruickshank and
Hahn 2014)). Divergent selection opposing gene flow between populations will furtheasecr
regional genetic differentiation by preventing homogenizing admixture (reducingRegions of

the genome withselevated levels of genetic differentiation and reduced levels ti¢ demesity are

thus often regarded as candidates for hosting barrier loci subject to divergetibrsedec
refractory to the homamizing process of gene flow (‘speciation islands’) (Nosil and Feder 2013).
Although often framed in the context of ecological speciation (Nosil and Feder 2068} lwei

refer to any genetic element conveying ecological, sexualpppostzygotic reproductive isolation
(Wolf et al. 2010)Fhe cumulative effect of multiple barrier loci is eventually expected to transition

to genome-wide barriers, ultimately promoting speciation (Barton 1983; AbbotRéetlal).

However, divergent selection promotiigeagespecific adaptation or reproductive isolation under
conditions of gene flow is not the only process introducing heterogeneity aerhiss the genome.
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95 Any form of selection that reduces genetic diversity will result in comparable signature®ufegen

wide heterogeneity in N Selection reducing diversity not only at sites under selection, but also at
linked neutrally evolving sitegs collectively referred to as linked selection. This includes both
positive selection (Smith and Haigh 1974) andatieg (background) selection (Charlesworth et al.,
1993; Charlesworth 1994). Although these two selective mechanisms are fundignoéfeagnt, it

100 is difficult to discern_their effect on genetic diversity and differentiation (Stephan 20h€gd
selecion is"expected to be most pronounced in regions of low recombination and high target (gene)
density, and has‘been shown to significantly affect heterogeneity in levels of genetic diversity across
a broad range of arganisms (Nachman and Payseur 2012; Cutter and Payseur 2013; Slotte 2014,
Burri et al. 2015). Genomicegions subject to linked selection are not only depleted of genetic

105 diversity @ ~Ngit), but also experience accelerated lineage sorting resulting in increased levels of

relative genetic differentiation @) (Renaut et al. 2013; Cruickshank and Hahn 20R4)ating
patterns of genetic variation and differentiation to the underlgingess is further complicated by
additional intrinsic and extrinsic factors such as mutation rate variation @gdaphic perturbation
(Strasburg et al. 2012).

110
Several wayssforward have been suggested to differentiate between linked selection yniversall
acting in all populations from lineaggpecific selection promoting adaptation and speciation.
Functional validationof candidate barrier loci flagged during genome scans provides valuable,
independent information on the plausibility of divergent selection opposing gene flow wiera gi

115 populationspecifie=context (Kronforst and Papa 201%heoretical modelgprovide useful null
expectations/to compare with empirical patterns (Bank et al. 2B@grimental evolutiostudies
(Dettman et al.®2007) or manipulative experiments in natural populations -(Sor@sco et al.
2014) allow the link between the nature of selection and genomic patterns of genesitydivéoe
studied under controlled condition®licro-level comparative population approachkveraging

120 information from spatiotemporal contrasts between populations ('speciationucomt (Mallet et
al. 2007; Powell et'al. 2013; Seehausen et al. 201} disentangle the effects of linked selection
unrelated to speeciation (e.g. background selection) from those thought to contribute to teeroduc
isolation in the,face of gene flow (e.g. divergent selection) (Wolf and Ell&ff&n). This includes
the use of natural hybrids (Barton 1983; Gompert and Buerkle 2011) or crosses dendlegtdab

125 (Sednausen et al. 2014\Vithin species and among closely related species, however, a substantial

fraction of genetic variation is shared by ancestry, impeding inference.
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Here we propose aacrolevel comparative approackxtending comparisons of genomwéale
diversity beyond closely related taxa to phylogenetically distant clades, wheagédi sorting has

long been completed. This controls for the effect of shared recent ancesmy,arecegoing gene

flow betweengsclades. Genomic parallelism in patternggefietic diversity across such large
evolutionary distances cannot be explained by processes involving selection on a seffiof speci
genes for 'each lineage. Instead, it is expected that genomic parallelism is mediated by universal

processes shared-in syntenic regions with similar genomic properties among clades.

One candidate parameter to affect genetic dive(8i#¢Ng) of syntenic regions similarly among
cladesis the mutation rat@, which is known to vary across the genome (Hodgkinson and Eyre
Walker 2011)"However, support for a role of mutation rate in modulating the level of genetic
variation and-differendéition across the genome is limited (Cutter and Payseur 2013). While some
studies found a contribution (Dutoit et al. 2017; Smith and &yatker 2017), genetic diversity is
generally only weakly associated with proxies for mutation rate (Cutter and Pagd&uwijay et

al. 2016).Another jparameter that can affect genetic diversity is recombination rate which is
reportedly conserved at broadale between clade@Roesti et al. 2012; Auton et al. 2012;
Kawakami et al'*2014; Tine et al. 2014; Burri et al. 2015; Singhal et al. . 20th)little evidence

for recombinatiorassociated mutation (and hence r~u) (Cutter and Payseur 2013) any form of
linked selection, where the local reduction inthfough selection is contingent on the rate of local
recombinationjs,thus a prime candidate for explaining shared heterogeneity in genetic variation

among cladeg” (Cutter and Payseur 2013).

A macrclevel comparativeperspectiveon the genomevide variation of genetic diversity is
implicit, though not the main focus, oécent work by Van Doren et al. (2017) and Dutoit et al.
(2017) comparing summary statistics of genetic diversity between stonechats and flycatchers, and
between flycatchers and crows, respectively. Here, we assess the contribution of linked selection in
shaping genomuwide landscapes of genetic diversity and differentiation across a wide range of
evolutionarystimescale ranging from few thousand to approximately 50 million years of evolution.
Given the global conservation of recombination landscape for tens of millions sfayeang avian
lineages (Singhal et al. 2015), it is expected that linked selection mediated doybireation
constitutes an important component for the concerted evolution of heterogeneity in geédeme
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diversity. Note that linked $ection resulting in genomic parallelism between clades includes
background selection as well as positive selection acting repeatedly on orthdiogjoasong
clades. We, therefore, predict that summary statistics reflective. afoNonly cevary among
populations of closely related taxa, but also are correlated among cladesvéip@ssuming
karyotypic stability, we would expect genomic regions with locally reduceblyNinked selection
to be stably associated with chromosomal features of suppressechhination such as peri

centromeric or'stielomeric regions.

To empirically address this expectation, we used publicly available germssguencing data

from several _populations or (subpecies of three distantly related clades of avian species
conplexes - Darwin's finchesFicedulaflycatchers and€orvuscrows {Table S1) - with split times
beyond the expected time for complete lineage sorkig {, Supporting Information). For each
population and species comparison within cladesguantifieda set of genetic summary statistics

in syntenic windows of 50 kb in size. Summary statistics were chosen to be reflective of the local

effective population size @ of a genomic region: populatiestakd recombination rate p (~Ngf),
nucleotide diversity @ (~Nglt), genetic differentiation expressed asrf~1/(1+Ne (m+p)) (where

mutation ratesprcan generally be neglected if migration rate m>>p), thedrelgpulation branch

statistic (PBS) accountingif nonindependence of population comparisons, ajayi @Ngh+pt)

reflectingthe average number of nucleotide substitutions between populaftoam®nly parameter

shared by these statistics ig;Nence, cevariation of all statistics in syntenic regionsowid

indicate selection affecting locald¥like in the investigated populations.

MATERIAL ANDMETHODS

Clades

We chose populations and (stdpecies from three phylogenetically divergent clades: Darwin's
finches of the gener&eospiza, Certhidea and Plapiza.,flycatchers of the genuBicedula (F.
albicollis, F. hypoleuca, F. semitorquatand F. speculigera)and crows of the genu€orvus
including the American croMC. brachyrhynche and several taxa from tl@&orvus (corone) spp.
species complex (Vijay etl. 2016). Functionally annotated genome assemblies with high sequence
contiguity are available for one representative eachic#dulaflycatchers E. albicollis, genome

size: 1.13, scaffold / contig N50= 6.5 Mb / 410 kb, National Center for Biotechnology Infonmati
(NCBI) accession number. GCA 000247815.2; (Ellegren et al. 2012); new chromosome build
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(Kawakami et al. 2014)) and for one hooded crow specit@env(is (corone) cornixgenome size:
1.04Gh, scaffold / contig N50 = 16.4 Mb / 94 kb, NCBI accession number: GCA_000738735.1;
(Poelstra et al. 2014, 2015)). The assembly of the medium groundGirfohtisis of comparable

size (1.07 Gb) and the least contiguous among the three both at the scaffold and contig level
(scaffold / contigesN50 = 5.3 Mb / 30 kb, NCBI accession number: GCA_000277835.1; (Rands et al.
2013)).

In all three clades, it has been suggested that shared genetic variation betwegpe(sab)within

clades resulted from incomplete lineage sorting of ancestral polymorphisms, regardless of whether
populations wererconnected by recent gene flow or not (Lamichhaney et al. 2015; Burri €;al. 201
Vijay et al. 2016). However, shared polymorphism is highly unlikely among clades becalsi of t
phylogenetic _distance. Phylogenetic realathips and divergence time estimates between
representatives of all three clades and zebra fil@bnopygia guttajeas shown irFig. 1 has been
extracted as the=econsensus of 10,000 phylogenetic reconstructions from Jetz et al. (R912; 20
using the treenof=6670 taxa with sequence information by Ericson et al. (2006) as the backbone
(http://birdtree.orgf). This places the separation between Corvoidea (crows) and Pédsewdds

finches and flycatehers) at over 50 million years. Assuming a range@ragon time between six

years for hooded crows (Vijay et al. 2016), five years for Darwin's finches (Grantrant X592)

and two years“for flycatchers (Brommer et al. 2004) this corresponds to aB{2asmillion
generations. With an estimated letegm N, of 200,000 for flycatchers and crows (Wolf et al. 2010;

Nadachowska@rzyska et al. 2013; Vijay et al. 2016) and considerably less for Darwin's firldhes (

= 6,000 to 60;000, (Lamichhaney et al. 2015)) this yields a minimum range-b2540\,
generabns asutime to the most common ancestor. This is clearly beyond the expected time for
complete lineage sorting{®2 N, generations; (Hudson and Coyne 2002)), and clades are thus not
expected to share_ancestral polymorphism. The same consideration drottie Bplit between
flycatcher and Darwin's finches assuming approximately 45 million years of diver@eégcl).

Even assuming an earlier, minimal age estimate of the split between Corvoidea and Passerida in the
order of 25 millionsyears ago (Jarvisat 2014; Prum et al. 2015; Jgnsson et al. 2016) and a split
between flyecatchers and finches at 19 million years (Singhal et al. 2015) givesrgdibeyond 12

Ne generations suggesting complete lineage sorting for neutral genetic variation.

Establishing homology among genomes
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Homologous regions between genomes were identified in order to quantify the degreiehto w
genetic diversity, recombination and genetic differentiation landscapes are conserved between
species. To ensure comparability acro$shake clades in the most efficient way, we chose to lift

over coordinates of 50 kb naverlapping windows from the genomes to the independent, well
maintained high=guality zebra finch reference genome (Hubbard et al. 2002)vdiifis the
process of transferring the positions along one genome to another genome based on whole genome
alignments: This“approach assumes a high degree of synteny among species, which ds justifie
given the evelutionary stasis of chromosomal organisation in birds acrosshaoréd0 million

years of evolution (Ellegren 2010). Performing a base by baswvéftcan lead to partial loss of
regions within_a window as well as merging of raajacent windows. While sequencing reads of

one species can be mapped to the genome dhemepecies to identify variants, this strategy
cannot be confidently extended beyond®46 sequence divergence without introducing read
mapping bias«(Vijay et al. 2013; Shafer et al. 2016). To avoid such errors we estimatatisiesst

for each specgin windows prior to the lifover. Converting the coordinates of genomes from
multiple different species into one single coordinate system allows for straightforwardrismmpa

of all statistics derived from the original polymorphism data (in Variant Call Format or vcf).

Whole genome alignments between species can be represented in the form of chain files that record

the links between. orthologous regions of the genome. We downloaded chain files from e UCS

website fittps://genome.ucsc.eduib transfer the coordinates in bed format from flycatcher and
Darwin's Finch,genomes onto tlzebra finchgenome using the program liftOver (Kuhn et al.
2007) 1. For the crow genome where no chain files were available, we first aligned the crow
genome to thesflycatcher genome using LASTZ (Harris 2007) to obtain a .psl file whkh w
subsequently converted to a chain file using JCVI utility libraries (Tang et al. 2018 )chHain file
was then used to transfer the crow coordinates to zebra finch coordinates (vihdgcasing the
liftOver utility’ (Hinrichs et al. 2006).

Orthology could_be established for a large proportion of the original genomes. Depending on
parameter-settings controlling stringency ('minmatch’) and cohesion ('minblockghtpecovery

ranged from as little as 13% to over 90%ig( S1, Table S2). To find an optimal combination of
parameter values and to validate-bfter quality, we made use of the fact that GC content in
orthologous regions of avian genomes is expected to be strongly conserved across long evolutionary
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distances (Weber et al. 2014ye calculated GC content in 50 kb windows from the three

different assemblies and compared these values to the GC content at the nesgaurshpbsitions

lifted over to the zebra finch genome. Pearson's correlations were high across a broad set of
parameter values jin all clades ranging from @&F. While liftOver is able to transfer the
coordinates framsthe focal genome onto positions along the zebra finch genome thesatimas pos

do not retain_the window structure from the original genomes. To be able to comparipopul
genetic summary-statistics between species in orthologous windows, we defined Std&vavi

along thezebra*finehgenome. For eackindow, we then calculated a mean value across all regions
that were lifted over and overlapped a given window. To ensure that this proceduleulaitiog

means did not unduly influence comparability across species, we compared the ofalBi€s
contentfrom each of the focal genomes after taking the mean across overlapping regiorns®o the
content in thezebra finchgenomic windows. Although correlation coefficients were lower than
those seen directly after liftOver, they still exceeded 0.78, 0.82 f@.&2arwin's finch, flycatcher

and crow respectively across a broad 'minmatch’ and 'minblock’ parameter Hpa&i,(Table

S2). The high correlation of GC content across the liftOver steps suggestshehitt tover
procedure of moving the windows from one genome assembly to another was reliable at the
window size _being _evaluated. Finally, an optimal combination of stringency, cohesigreecent
recovery was chesen on the basis of the (visually inferred) inflection point of thienshép

between @ correlation and recover¥ig. S1).

It could be seen,that certain regions of the genome were systematically more susceptible to drop out
during liftOver'than others for all cladeBig. S2). In particular, regions located on scaffolds that
have not beentlinked to any specific chromosome and those that have not been plaaddataa p
position along a chromosome were more difficult todifer than other regions of the genome.
Hence, for the purpose of this study, we have excluded these regions in all subsequest. divalys
ensure that liftOver did not introduce a bias in the regions being analysed, we corhpa@d t
content distribution of the regions that could be lifted over at different values ofmthendtch”
parameterKig. S3)«No clear ewlence of bias with regard to GC content of the successfully lifted

over regionsiemerged.

Datasets

We compiled the following publicly available populatiorsequencing datasets for the three clades
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(Table S1). Populations with less than three individuakse excluded in all species.
1. Crows in the genu€orvus(124 genomes resequenced, 55 population comparisons within
and between 2 focal species, the American c@wbrachyrhynchosand various (sub)

290 species andgpopulations within t@e (corone) spp.comgdex). Population genetic summary
statisticsmincluding genetic diversityr), population recombination rate (p), genetic
differentiation_ (fst, PBS, dy) across the European crow hybrid zone have been
characterised using high coverage whole genomsegaencing data of 60 individuals
samplesrinta 2x2 population design betweemiara crows(Corvus (corone) coronegnd

295 hooded crowdqC. (c.) cornix)(Poelstra et al. 2014). This study has been followed by a
broader sampling regime with a total 818 crows from theCorvus (c.) sppspecies
complex/including a parallel hybrid zone Russia betweer€. (c.) cornixand C. (c.)
orientalis;a‘contact zone between the latter ahd(c.) pectoralisand numerous other
allopatriespopulations (Vijay et al. 2016). The system is relatively young, such that 12% of

300 segregating genetic variation shdbeen estimated to be shared between Eurasian and
American crows €. brachyrhynchosjVijay et al. 2016) which split at approximateBy
million years ago (Jgnsson et al. 201697 &Bnd d, ranged from 0.016.486 and 0.0015
0.0018 respectively. A broad rangenr0.0010-0.0033) and Tajima's D (0.5895 1b.974)
suggests'perturbation by populatigmecific demographic histories.

305

2. Ficedula flycatcherg200 genomes resequenced with 30 population comparisons across the
4 focalyspecied- albicollis, F. hypoleuca, Fsemitorquata and F. speculige@nd two
outgroup specie§. parva and F. hyperythra).Species diverged approximately 2 million
years agorand populations differ slightly in genomiée levels of differentiation (7: 0.0029-

310 0.0039). A total of 30 populatiooomparisons within and across species provide a broad
contrast across a spectrum of geneamge differentiation (kr: 0.0120.981 and d:
0.0031-0.0050) (see (Burri et al. 2015)).

3. Darwin's fincheq120 genomes resequenced, 44 population comparisons across the 6 focal
315 speciesGeospiza conirostris, Geospiza difficilis, Camarhynchus pallidus, Certhidea, fusc
Certhidea olivaceaand Pinaroloxias inornata).The differentiation landscape of Darwin's
finches has been studied using whole genorsegeiencing da and has been instrumental
in the identification of adaptive loci associated with beak shape evolutiondilaaney et
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al. 2015)1. This set of populations across several species differs slightly in genome-wide

levels of diversity (m: 0.0003-0.0012, seelfamichhaney et al. 2015)). Species are estimated
to share common ancestry ~1.5 million years ago, yielding 44 population comparisons
ranging acress a broad spectrum of genenue differentiation (kr: 0.1920.897) and
divergencey(d: 0.0022-0.0047).

Genetic diversity'data

In all three study systems segregating genetic variation and related summary statistics have been
characterized in nanverlapping windows across the genome using similar strategies based on the
Genome Analysis. Toolkit GATK (DePristot eal. 2011) (seeTable S3 for methodological
comparison and consult individual studies for additional details). We used thedinat variant

calls from each”individual to calculate a set of summary statistics. vcf (Variant Calatydiles

were obtaned=from Lamichaney et al. (2015) for Darwin's finches, Burri et al. (2015) for
flycatchers and Vijay et al. (2016) for crows. Each of the statistics were calculated in 50 kb

windows for all scaffolds longer than 50 kb.

Population recombination rate ) and nucleotide diversity ()

To generate an“estimate of the populaticaied recombination rate in Darwin's finches p we

followed theapproach described in Vijay et al. (2016). In brief, we used LDhelmet (Chan et al.,
2012) on genotype data phased vi@stPHASE (Scheet and Stephens 2006). The required mutation
matrix was approximated from zebra finch substitution rates following Singhal. €2015).
Population recombination rate data for crows and flycatchers were estimated using the same
approach and"were extracted from Vijay et al. (2016) and Kawakami et al. ,(2843@ctively.
Pairwise nucleotide diversitywas calculated from the .vcf files using the R package Hierfstat. The

number of usable Invariant sites were identified based on per base pair sequencing coverage of
individuals to use only those sites that are covered by at least 5 reads in more ftludirtheal

individuals in each population.

Genetic differentiation (Er, PBS, )

Fst was estimated using Weir and Cockerham's estimator based on genotypes from the .vcf files
using the procedure implemented in the Hierfstat package (Goudet 2005) amtbethe average

of variance components. To avoid pseueplicated populations comparisons we also calculated
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lineagespecific kst in the form of population branch statistics (PBS)sing the formula
PBS_ Popl=(eg(1-Fst(Popl Pop2)+{eg(1l-Fst(Popl_ PopR)-log(1-Fst(Pop2_Pop3)/2. |
following the definition by Nei (1987) was estimated with custom scripts ondbkes bf the R
package HierfstafPoelstra et al. 2014). The number of usable invariant sites,farattulation

355 were identifiedsbased on peade pair sequencing coverage of individuals to use only those sites

that are covered by at least 5 reads in more than half of the individuals in both papulati

Quantifying similarity of genomic landscapes within and among clades
We used Pearson correlations as a simple means to characterize the degreariatiao in

360 genomewide distribution patterns for a given summary statistic. Correlation coefficients were
calculated on the basis of homologous windows within and between cladesdqgep Bbr irra-
population measurey,(n) we calculated all possible combinations between two populations (with
more than threesindividualsyl...n andj=i+1....n. For interpopulation metrics (&, PBS, dy) we
calculated all possible combinations betwgepulation comparisonk (e.g. popA vs. popB J

365 (e.g. popC vs. popD) except for flycatcher wherg Wwas only available for 16 populations
comparisons (cf. Burri et al. 2015)his yields a distribution of correlation coefficients for each
summary statistic (see also (Vijay et al. 2016)jgnificance in cevariation between populations or
population comparisons was attributed if more than 95% of the distribution were above zero
(significantipositive, correlation) or below zero (significant negative correlation).

370
Overlap with centromeresnd subtelomeres
LiftOvers to the zebra finch genome in principle allow associating outlier reffioms genome
scans (e.g. islands of elevated differentiation) with genomic features such as centromeres or sub
telomeres. This approach works under tilssumption of karyotype conservation across large

375 evolutionary timescales (Ellegren 2010) is conservative in that overlap is only expected if
centromere position is conserved between zebra finch and the taxon under coosiderati
Evolutionary lability ofthese features, partly expected due to known linsageific inversions in
zebra finch (Romanov et al. 2014; Kawakami et al. 2014; Hooper and Price 2015) would reduce
any real correlation (Type Il error), but is unlikely to introduce spurious corredafiype | error).

380 Twentytwo centromere and 20 stilomere positionsvere obtained for zebra finch from Knief &
Forstmeier (2016). Regions identified as centromeres were on average ~1Mb long (mean: 960,100
bp; range: 150,000 bp to 5,350,000 bp) while the-teldmeric regions were shorter (mean:
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169800; range: 50,000 bp 288,700 bp). Some of the stddomeric regions and centromeres were
located at the extreme ends of the chromosomes and orthologous regions could not bel identifie
the draft assemblies of the crow, flycatcher and Darwin's finch. These regions arenetther

assembled insthe draft genomes, or synteny could not be unambiguously assigned.

Of the 42 regions.that have been identified as centromeres -telsaieric regions in zebra finch,
orthologous regions could be identified for a subset of 38 in thatélger (mean recovery, i.e.
mean of the fraetion of each of the regions mapped: 0.69), 39 in crow (mean recovery: 0.83) and 25
in the Darwin's Finch genome (mean recovery: 0.55). The relatively low recov@grin's finch

is most likely owing to the lower quality of its genome, which is more fragmentedrth@iehomes

of flycatcher ‘and, particularly, of crow. The st#dlomeres of chromosome 5, 13 and 21 could be
lifted over in Aeither crow nor flycatcher genomes suggesting a systematic bias for gimse @
reduce the effeet*of such bias, we not only looked for overlap of outlier peaks (as defoved bel
with centromeres or stiglomeres, but also for overlap with increasing distance from the inferred
positions of these features in five incremestabs of 10 kb. In the case of random association no
relationship would be expected with distance. In the case of genuineasissosignificance of the

overlap should decrease with distance.

To relate characteristics of the genomic differentiation landscape to chromosomal features, we
proceeded as follows. For each taxon, we chose two independent population comparisons with the
highest genom&vide average & values. This strategy is owing to the fact that clear ‘background
peaks' caused by'shared linksalection only start crystallising at an advanced level of population
divergence (Burritet al. 2015; Vijay et al. 2016). This is theoretically éggeand has been shown

in crows where an increase in genewide Fst is accompanied by an increase in aatoglation
between windows, peak overlap and the degree -whdation in differentiation landscapes (Vijay

et al. 2016). Population pairs used and their corresponding differentiation statrgtishown in

Table $4. We then used positions along thebra finch genome to calculate the percent of
centromeres and.stiblomeres that overlapped with differentiation outlifrab{e S5). To check if

the percentwof overlap we observed was more than that expected by chance, wedpérenute
positions of centromeres and st@bomeres within each chromosome 1000 times using the shuffle
option in bedtools (Quinlan and Hall 2010) and calculated the percent of overlap thapected

by chance alone. A significant association is inferred at type | error lev@l8@5/ 0.001 if the test
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statistic derived from the empirical centromereftelbmere distribution exceeded a maximum of

4/04times by test statistics derived from the permuted distributions.

RESULTS

Co-variation within clades (micro-level)

Previous studies iftycatcher (Burri et al. 2015; Kawakami et al. 2017) and crow (Vijay et al. 2016)
have shown that"populatiercaled recombination rate (p), nucleotide diversity () and measures of
genetic differentiation (&, PBS and g) were significantly correlated ebveen population
(comparisons) within each clade. Extending the population comparison of p, n, Fst, PBS and g, to
Darwin's finch_complex corroborate the generality of this finding. Gerwitle patterns of these
summary statistics summarized ig. 2 and Table S6 were positively correlated among all
populations in“€ach of the three clades. For p, correlation coefficients were highest in flycatchers
(mean r=0.43);followed by Darwin's finches (= 0.27) and crows (r=0.19). Nucleotide diversity &
showed strngest cevariation in flycatchers (r=0.95), followed by crows (r=0.70) and Darwin's
Finches (r=0.49). Correlation ofsfFwas consistently positive between all population pairs in
Darwin's finches (r=0.46), flycatchers (mean r=0.42) and crows (r=0.36)carhagation for PBS
was even stronger thar+ (r=0.64 in Darwin's finches, r=0.46 in flycatchers and r=0.42 in crows).
dyy showed significantly positive correlations between pairs of populations wlin @ade with
mean correlation.coefficients of @,70.85 and 0.94 in flycatchers, crows and Darwin's finches,
respectively. Importantly, ,J was negatively correlated withsF(mean range r9.45 t0-0.19).
This is predicted.by lonterm linked selection (acting alreadytire ancestor) and is opposetthe
expectation for divergent selection in the face of gene flow (Nachman and Payseur 2012;
Cruickshank and-Hahn 2014).

Co-variation across clades (macro-level)

Next, we investigated whether the summary statistics indicative of Igcaséd in the inaclade

comparisons_also eearied in syntenic regions between clades. Though effect sizes were lower,
correlations wereconsistently positive for all summary statiskitg. @B, Table S7). Mean
Pearson's correlation coefficient in the populasoaled recombination ratg)(ranged from 0.099
(crow vs. flycatcher) to 0.172 (flycatcher vs. Darwin's finch); for nucleotide diversity (;1) from
0.082 (flycatcher vs. Darwin's finch) to 0.271 (crow vs. flycatcher). Patterns of genetic

differentiation were also similar between clades wigh ranging from 0.115 (crow vs. flycatcher)
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to 0.163 (crow vs. Darwin's finch) and PBS ranging from 0.185 (crow vs. Darwin's finch) to 0.231
(flycatcher vs Darwin's finch)..g showed the highest intetade correlations ranging from 0.224
(flycatcher vs. Darwin's finch) to 0.342 (crow vs. flycatcher). As in the m&rel comparisons,

dyy and Fst were negatively correlated among clades (mean rar@e2=to-0.16). The strength of
correlation in allvef these summary statistics was not systematically associated with deéirgenc

representing 50 million years of independent evolutitg. (2B, Table S7, Fig. $4).

Overlap withstruetural genomic features

We next sought to investigate the potential impact of structural genomiceteathere theffect of
linked selection might be particularly pronounced. We evaluated whether regions of heghkge!
differentiation, were associated with regions of suppressed recombinatiocerddj@ peH
centromeric and sutelomeric regions as predicted frahe location of such regions in zebra finch
(karyotype dataris'not available for both crow and collared flycatéingr3A). For each clade, we
focused on the two most divergent population/species comparisons (Burri et al. Jai5t\Al.
2016). In allthree clades, the overlap was significantly larger than expected by chance in at least
one comparison of each species (percentage of overlap in flycatchers: 58.53% and 60\98%, cr
21.95% and_31.7%, Darwin's finches: 14.63% and 29.27%g. GB). When egions next to
centromeres andy,stiblomeric regions were considered separately, there was a significant
association for. subelomeric regions in all three cladeBid. S5), whereas the association for

regions next to centromeres was significant onlyyiodtcher Eig. S6).

DI SCUSSION

In this study wesquantified genomede patterns of genetic diversity within and between multiple
populations for each of three phylogenetically distant avian clades with spdis tbeyond the
expected time for complete lineage sorting. We asked the question whether these 'landscapes of
genetic diversity' covaried across micrevolutionary timescales among populations within clades,

and across mactevolutionary timescales among clades.

As previously. reported, genomdde heterogeneity in genetic variation captured by population

genetic statistics reflective of localgNco-varied among populations within clades. Studies in

sunflowers (Renaut et al. 2013, stonechats (Van Doren et al. 2017), crows (Vijay et al.r2D16) a

flycatchers (Burri et al. 2015) similarly reported that landscapes of variation in genetic diversity
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were correlated among populations and closely related species differing in doeestypee and the

level of gene flow. An explanation for the correlated pattern of diversity, trerefequires a
mechanism universally affecting all populations. Variation in the strengthnkéd selection
mediated by jocal levels of recombination rate shared among populations has been saggested
primary forceqsinyflycathers, for example, where pedigree based recombination rate data is
available, linked selection serves an explanation for genomic parallelism amongtiooguand
species without'the need to invoke population specific adaptation and edepextdent settion

in the face ofrgene-flow (Burri et al. 2015).While mutation rate may contributeapiregy genome

wide variation in genetic diversity, linked selection appears to be the dominant nsecl{Buitoit

et al. 2017).

The present“study adds a maermlutionary, comparative axis providing evidence for linked
selection at syntenic regions across large phylogenetic distances whenaibuton of shared
ancestry, gene flow or common environmental factors can be excluded. Summary statistics
capturing information on Nwere correlated among clades spanning over 50 millions of years of
divergence. The degree of correlation among clades was remarkable considering divergence times
of several million _generations, gaps in syntenic alignments and the statistical error associated with
population genetie,estimates from moderate samples sizes. With recombination rate being the key
mediator of'linked.selection, an explanation of genomic parallelism ithfdugh linked selection
requires conserved recombination lang&sa among the clades under investigation. Unlike
mammals, relatively stable karyotype in birds (Ellegren 2010) argue for the \catiserof
recombinatiop’landscape; however, the extent of such conservation is not cledicihapat the

level of individual®™chromosomes. Comparative analysis among chicken, zebra finch and collared
flycatcher suggests that intchromosomal r@rrangements occurred at roegligible rates, and

that lack of recombination around (magolromosome centres appears to be ifipeto zebra

finch (Kawakami et al. 2014). It is thus not straightforward to predict the defmevariation in
recombination rates at kiesolution considered here. The observed correlation in popukdaded
recombination rates between clades, however, is consistent with the assurhaticovdrall
recombination, landscapes are sufficiently similar to mediate common patterns of linked selection.
Nevertheless, it has been suggested that recombination rate could slightlyeyemgéthin clades

in birds (Kawakami et al. 2017), indicating that genetic diversity and differentiadidd evolve in

a species or cladepecific manner. It should further be noted that mutation rate variationg(u~N
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r~Nel) could also contribute to the correlation. Howeeempared to the effect of recombination
rate its effect on genomeide variation of genetic diversity seems minor (Cutter and Payseur 2013;
Dutoit et al. 2017).

The magnituderoeficorrelations of all summary statistics was not related to divergendei ginsd)(

with sometimes_neticeably higher correlation coefficients for the phylogemgtitdér flycatcher

crow comparison;than for the younger flycatetiech comparisonable S7). This suggests that

the strength of'ewariation may be underestimated by factors such as genome quality, population
sampling and/or differences in the degree of rearrangements between clades. Due to these
limitations, a direct comparison of effect sizes between-i@tna interclade comparisons which
would allow the separation of populatispecific selection from selection shared across all clades
under consideration is at present not possible. However, substantiatiation among clades
indicates that*genomic regions with properties amenable to linked selectiomgeduecemained

stable across millions of years of evolution. The observation fhata$ generally reduced in areas

of high relative differentiation (&, PBS) both within and across clades points towards a selective
process continuously purging diversity and reducing effective population size (Cruickshank and
Hahn 2014). Van Doren and co-authors (2017) also reportedr@dion in Fst, dyy andr across the

shorter evolutionary distance between flycatchers and stonechat, and similarlyledribiat linked
selection continuously erodes local genetic diversity possibly before the divergencesef the

species.

Linked selection can occur in the forof background selection (Charlesworth 1994) or recurrent
hitch-hiking dynamics by selective sweeps (Smith and Haigh 1974). Consistent with both types of
selection, recent population genetic studies of flycatchers and crows suggest ttsaty davel
differentiation landscapes were associated with variation in recombination rate and gene density (as
a proxy for the target of selection) within clades (Burri et al. 2015; Vijay et al. 20168pecies

with moderate effective population sizes, beneficial nta are expected to be limited, and the
distribution of fitness effects are likely to differ between species {Biakker and Keightley 2007).
Parallel positive selection forming the basis of adaptation or divergent eelafftecting the same
genomic regions in different clades is thus expected to be rare. Backgrounasalactihe other

hand appears to be less limited by mutational input, assuming that the vast majority of new
mutations are deleterious. Given its lelegm effects it will also be owlslightly affected by the
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transitory populatiorspecific demographic change (Ewing and Jensen 2016; Beissinger et al. 2016;
Coop 2016). Based on modehsed coalescent simulation, Corda¢tig and ceworkers (2015)
suggested that for species with lowttecate population sizes (including flycatchers) background
selection would prevail over hitdhiking in relative importance (but see Coop (2016) and Munch

et al. (2016))«importantly, linked selection based on either background selection or selective
swe@s will reduce‘ancestral genetic variation and consequently generaie gatieens of reduced
genetic diversity‘in‘low recombination regions. The observed negative dommddatween Er and

dyy is consistent*with predictions of linked selection of bb#tkground and positive selection
reducing not only| populatiespecific, but ancestral genetic variation. Yet, it cannot fully be
excluded that loci directly governing population specific adaptation or promoting population
divergence can emerge in parhlanong clades. Such an explanation would, however, need to
invoke continuous: and frequent occurrences of selective sweeps reducing genetienvatia
syntenic regions=between clades. The inclusion of more species from larger evolutionary distances
with distinct biogeographic histories will help to further resolve the relative contribution of factors

influencing local genetic diversity.

In all clades_under investigation, we found evidence for reduced diversity and @levate
differentiation atsecandidate €pi-)centromeric regions. A similar association was suggested for
mouse (Carneiro.et al. 2009), Swainson's thrushes (Delmore et al. 2015) arebatickiish
(Roesti et al. 2013). These studies are consistent with the idea that strongly reduced reoambinat
rate in the vicinity,,of centromeres will most strongly be affected by dink&ection. However,
centromeric positions in crow, flycatcher and Darwin's finch were approximated relative to
centromeres ‘inmzebra finch. Zebra finch is known for its mangatiespecific inversions
(Kawakami et al. 2014; Weissensteiner et al. 2017) which may have reduced thatiassot
genetic differentiation with the predicted centromere locations in the target species. Recent work in
crows, however, corroborates an impact of independently predicted, putativgc@meromeric
regions on population recombination, genetic diversity and differentiation (Wemisenset al.
2017). In additionsto putative centromeric regions, we found evidence for an association of sub
telomeric regions with variation in genetic diversity. Yet, $elomeric regions are not necessarily
characterized by low recombination in birds (Backstrém et al. 2010; Kawakami2éldl)which

Is consistent with an explanation invoking recurrent positive selection ratherbéwdground
selection reducing local NHowever, in other systems it has been shown thatedaimeric regions
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experience low recombination rates, similar to centromeres (Roesti2€13). Further evaluation

of this hypothesis Mlirequire finescale recombination rate estimates across all clades.

In conclusion, we jadvocate the use of comparative, phylogenetic approaches to shed light
populationtevel=processes introducing heterogeneity in patterns of diversity, difegientiand
divergence along.the genome. Most insight will be gained in taxa withqpiglity, chromosome

level genome~assemblies with correct placement of centromeric anteleoieric regions.
Independent estimates of mutation and recombination rates are further crucial to assess the genomic
stability of these central processes across evolutionary timescales. On the bioinformatic side,
unbiased methods for translating orthologous genomic coordinates among a large number of

distantly related species are re@qd.
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