Here we addressed whethesubstrate-related ecotypes existin selfing and outcrossing
populations of Arabidopsis lyratasubsp.lyrata and whether the genomic footprint
differ s between mating systems The North American subspeciescolonized both rocky
and sandy habitats during postglacial range expansionand shifted the mating system
from predominantly outcrossing topredominantly selfingin a number of regionsWe
performed an association study on poled whole-genome sequencelata of 20selfing or
outcrossing populations, which suggested geneelated to substrate adaptation.
Motivated by enriched geneontology terms, we compared root growth between plants
from the two substrates in a common environment and found that plants originating
from sand grew roots faster and produced more sideoots, independent of mating
system Furthermore, single nucleotide polymorphisms associated with substrate
related ecotypeswere more clustered among selfing populations. @ study provides
evidence forsubstrate-related ecotypesin A. lyrata and divergence inthe genomic
footprint between mating systems The latter isthe likely result of selfing populations
having experiencad divergent selection on lager genomic regionsdue to higher

genomewide linkage disequilibrium.
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Introduction

Ecological specialization as a result of divergent selection between environments has
the potential to rapidly generate distinct ecotypes and eventually separate species

(Schluter 2000; Nosil 2012; Seehauseet al.2014). Ecotype formation has been
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commonly reported in species that underwent postglacial range expansi@following
the last Pleistocene glaciation cycle, includingpecies ofvertebrates (Cutter & Gray
2016), invertebrates(Forbeset al.2017) and plants(Baacket al.2015). In plants,
ecotypes often evolve as a consequencetbe colonization of and subsequent
adaptation to different substrates (e.gTurner et al.2010; Andrew et al.2013; Arnold et
al. 2016; Gouldet al.2017). Recent research focused on understanding trgenomic
underpinning of suchsubstrate-related ecotypes, with an emphasison outcrossing taxa
(Turner et al.2010; Andrew et al.2013; Arnold et al. 2016; Gouldet al.2017). However,
mating system is predicted to have a strong impact on the genetics of ecotype formation
as well as therate of evolution (Hartfield et al.2017). To understand thepotential
impact of the mating system orthe evolution of ecotypes, we made use of a unique
system in which postglacial range expansion was associated both with independent

shifts in the mating system and as we found hereadaptation to different substrates

Theory and empirical studies suggest that at an elgrstage, ecotyps are often
distinct by only few adaptive alleles(Federet al.2012b; Seehausert al.2014). These
may rise to high frequency or even become fixed. In contrastt neutral regions of the
genome gene flow may still be abundan&nd geneticdivergencetherefore limited
(Federet al.2012b; Seehausert al.2014). Because gene flow caoreak up genomic
regions ofadaptive genetic differentiation, mechanisms that shield part of the genome
from recombination are important to further stabilize ecotypes(Butlin 2005;

Kirkpatrick & Barton 2006). Changes in the genome structure such as inversions or the
rearrangements of chromosomes often represerduch mechanismgKirkpatrick &
Barton 2006; Demuthet al.2014; Hooper & Price 2017; Lucek 2018)A less frequently

studied mechanism thatcanalsoreduce gene flow is the shift in mating system from
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obligate outcrossing to selfcompatibility and selfing (Hartfield et al.2017). Self
incompatibility is widespread among hermaphroditic flowering plants andprevents
selfing, but slf-compatibility has repeatedly evolved from outcrossing ancestors in
many flowering plant families (lgic et al.2008) as well as within sgecies(Goodwillie et

al. 2005; Willi & Maattéanen 2010).

Selfingper sehas a couple of implications for adaptation and thus the potential
for ecotypesto evolve (Hartfield et al.2017): Selfingdecreasesthe drift -effective
population size (Pollak 1987), and as a consequencieads to a reductionin genetic
variation and an increase irthe frequency ofslightly deleterious alleles(Wright 1931),
both of which may lower the adaptive potential within selfing populations. Another
effect of selfing isthat effective recombination declines andinkage disequilibrium
generallyincreasesacross the genomé&Nordborg 2000; Slatkin 2008). Because of
increased linkagedisequilibrium , directional selection in the area of a targetegion may
affect a large part of the genomefor selfing than for outcrossing populationsand may
promote the buildup of regions under divergent selectioGordo & Charlesworth
2001). Under polygenic adaptation, initial responses to selection camoreover occur
more rapidly in selfing compared tooutcrossing populationsbecause of thanitial
conversion of dominance and epistatic variation into additive genetic variation
(Cockerham 1984; Hartfieldet al.2017). Long-term responses to selection might
however, be compromised by a lack of available genetic variatiofiNoél et al.2017;

Hartfield et al.2017).

We tested here for substrate-related ecotypes inArabidopsis lyratasubsp.lyrata
by a comparison ofoutcrossing and selfingoopulations growing on sand and rock

substrates The species is ahort-lived perennial and hermaphroditic plant,and it is
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closely related to the model specied. thaliana(Hohmann et al.2014). Following the
retreat of the glaciersstarting about~20’000 years agoA. lyrataunderwent a range
expansion in North America(Griffin & Willi 2014 ; Willi et al. 2018) and colonized
distinct substrates that can be broadly categorized as rock and sand/{lli & Maattanen
2011; Figure 1, Table $). Rocky substrates comprise floexample bare mountaintops of
the Appalachianspare rocky shores of larger lakes andbare cliffs along rivers, while
sandy sites include sand duneen lakes sand depositsalong riversand eroded
sandstone.Along the postglacial range expansiommating system shiftstowards selfing
occurred independently in several regiongMable et al.2005; Willi & Maattanen 2010),
but particularly at the edges ofthe geographicdistribution (Griffin & Willi 2014) . The
mating system ofour studied populations was mainlyinferred by multi -locus
outcrossing rates based onprogeny arrays; populations were considered as selfing if
the outcrossing rate was<0.2 and as outcrossing if the rate was>0.8 (Willi & Maattanen
2010; Foxeet al.2010; Griffin & Willi 2014). The trait of selfincompatibility seems
quite stable throughout thelife of a plant in A. lyrata(Willi & Maattanen 2010). While
populations may have been well connected in the past, ongoing gene fleseemsto be
restricted even among populations separated by a fetwundred meters (Willi &

Maattanen 2010; Foxeet al.2010; Griffin & Willi 2014; TablesS2& ).

Here we assessd whether populations growing on rock orsand showed a
genomicsignature consistent with separate ecotypes irA. lyrata, while also assessing
the impact of mating system shifts onto the genomics stichadaptation. We first
performed agenomewide association study (GWASHor substrate type separately for
selfing andoutcrossing populations Similar to othercases of substraterelated ecotypes

in Arabidopsis we expected a genetic basis for adaptation as opposed to plasticity
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(Alcazaret al.2012; Flood & Hancock 2017)We then testedvhether there is a common
genomic basis for adaptation to different substrates, i.e. on the SNP, gene or gene
ontology levelbetween mating systemGiven that populations occur on ecologically
similar substrates, we expected an overlap in outliers or the genes affected by them.
Based on the aforementioned theoretical predictions, we alsexpected genomewide

LD to be increased among selfing populatits. As a consequencsubstrate dependent
divergent selection may act along a wider range of the genome (Gordo & Charlesworth
2001), resulting in a clustering of tightly linked GWAS outliers in regions under
selection (Rincent et al. 2014} a pattern thatwe subsequently tested forLastly,
because gene ontology terms identified by our association study suggested phenotypic
differentiation in root growth (see Results), we tested for phenotypic differentiation
between individuals from either substrate by acommon garden study on seed material

from selfing and outcrossing populations.

Material & Methods

Sample collection & sequencing

We used a subset of a previously published genomic dataset of populatibased poot
sequencegPool-seq) from Willi et al.(2018; European Nucleotide Archive accession
number PRJEB8335). In short, 28. lyratapopulations growing on distinct substrates,
broadly categorized as rock and san{Willi & Maattanen 2011), were sampled during
the reproductive season in 2007, 2011 or 2014 (Figure 1; Tablely Whereas rock

dwelling populations were collected in rock crevices oon rocky ledges(often growing

on moss and lichens)sand-dwelling populations occurred on the shores of lakes and
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rivers, eroded sandstone ridgesr inland sand deposits At each site, 25lowering
individuals were collected over a surface area of comparable size (about 45@)n
Census size was shown to be smaller in populations on rock compared to those on sand,
but this difference did not translate into reduced genetic diversity and effective
population size (Willi & Maattanen 2011). We incluced all (N=8) available selfing
populations described in a previous studyGriffin & Willi 2014) . Outcrossing
populations (N=12) were selected such thatve had pairs of populations from different
substrates that were geographically and phylogenetically clos@Villi et al.2018) in
order to increase thechanceto detect SNPs associated with environmertependent
selection (Hobanet al.2016). For each population DNA for all individuals was pooled
into a single library, which was then pairedend sequenced for 100 bases (PE100) on
four lllumina HiSeq2000 lanes, using one quarter of each lane (sBeacassettiet al.

2015 for details).

Data preparation

We first trimmed the raw sequences for each population usintgim -fastq.pl, which is
part of the POPOOLATIONL.2.2 software package(Kofler et al.2011a). We used a minimal
base quality threshold of 20 and kept only reads > 84bp. We subsequently mapped all
retained reads against théA. lyratareferencegenome v1.0(Hu et al.2011), which
included the plastid as well as mitochondrial genome®f A.thaliana (Genbank
accessions NC_000932 and NC_001284, respectivelgpng BWA-MEMO0.7.13(Li 2013).
We masked thecentromeric regions as well agwo regions on scaffold 2 (position
ranges: 8'746’475-8'835'273 and 9°128°838-9'212’301), which share very high

similarity with the A. thalianachloroplast genome, suggesting an assembly error in the
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A. lyratareference genomeOnly reads that mapped to scaffolds-VIll, representing the
eight chromosomes ofA. lyratawere retained. We next usedPiICARD2.1.1
(http://broadinstitute.github.io/picard) to remove duplicate reads and SAMrooLsl.3.1

(Li et al.2009) to retain only properly paired reads with mapping quality over 20.

Using SAMrooLs we generatedmpileupfiles for (i) outcrossingand selfing
populations separatelyin order to increasethe number of SNPs available for our
subsequent analyses (see below) and (ii) all 2fopulations combined (Figure 1, Table
Sl). Wecalled SNPs usinyaARSCAN2.4.1 (Koboldt et al.2012), requiring a minimal read
depth of 100 at a given position to ma& a call. FollowingWilli et al.(2018), we used a
minimal variant allele frequency threshold of 0.03. From each VCF file we removed
previously identified repeat sites in theA. lyratagenome(Fracassettiet al.2015) with
BEDrooLs2.26.0(Quinlan & Hall 2010). We further filtered each VCF file with’/CFooLs
0.1.14, removing indels and keeping only biallelic SNP positions that had a depth of 100
500, a minimal genotype quality of 28 and a minor allele frequency of 0.03, allowing a
maximum of 25% missing data in each dataset. Lastly, SNPs with a strand biamofe
than 90% were filtered out. This procedure resulted irthree datasets comprising
500'877,437°228 and 156’024 polymorphic SNPs for outcrossingselfing or all

populations combined, respectively.

Genomewide association study

To identify SNPs associated with substratdependent segregation, we performed a
genomewide association study (GWAS) usinBAYPass2.1 (Gautier 2015). BAYPASS

extends the approachof Coopetal. (2010) and Gunther & Coop(2013) by estimating
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and accounting for the herarchical structure of populations using the (scaled)
covariance matrix of population allele frequenciegGautier 2015). We ran BAYPASS
separately forfive SNPdatasets considering(i) only outcrossing populations, (ii) only
selfing populations, (iii) all 20 populations combined and this combined dataset was
also separately analyzed for (iv) outcrossingnd (v) selfing populations. The combined
datasetwas established to verify results produced by (i) and (ii)Substratetype was
treated as a binary variablein the GWASWe usedthe auxiliary covariate modelwith
default parametersand 5000 burn-in iterations in the MCMC chaipfollowed by 25’000
iterations. To reduce artifacts due to potential variability between runs, we performed
10 independentBAyPassruns for each SNRIataset. We then calculated the average
Bayes Factor (BF), expressed in deciban units (dB), for each SNP as a quantification of
the degree of relationship between substratéype and the standardized allele

frequency. Following the suggestions dBautier (2015), all SNPs were included for each
dataset Outlier SNPs were defined as being the 1% SNPs with the highest average BF
across all runs (i.e. 5008, 4372, 1560 SNRsspectively, for the datasets ofoutcrossing,

selfing or all populations combined).

Outlier SNPs were analyzed for the number of genes they were positioned Tine
number of overlapping outlier genesbetween the outcrossing and selfing datasetsas
tested for being lower or higher than expected by chance. This was done by
resampling analysis based on 10’000 iterations, where each time the same number of
genes that were affected by outliers were drawn from the total pool of covered genes
calculating each time theoverlap. We further employed a gene ontologyGO)
enrichment analysisto identify the biological processeghat genes containing at least

one of thetop 1% outlier SNPswere involved in. Enrichment analyseswere restricted
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to exon regionand based on 10’000 randomization steps in R 3.3.1 (R Core Tean2016)
using SNR2Go(Szkibaet al.2014). We used the most recent annotation @&. lyrata
(Rawatet al.2015) and setafalse discovery rate(FDR < 0.05for the GO enrichment

tests.

Verification of outlier SNPs bgopulation-structure analyses

Genetic differentiation between populations from different substrates is predicted to be
higher at SNPs under putative substrat@ssociated selection than elsewhere in the
genome(Nosil & Feder 2012) overcoming patterns of isolationby-distance (IBD;Nosil
et al.2008). We testedthis prediction by calculating pairwise distance matrices on
locus-basedFstvalues between all populatiors using either all SNPs or the top 1%
outliers of the genomic datasetomprising all 20 populationsin POPooLATION (Kofler et
al. 2011b). We then tested fora pattern of IBDby correlating the genomic distance
matrices with pairwise geographic distance (km) using a Mantel testWe further
employed partial Mantel tests toassess thecorrelation between genetic distance and
difference in substrates while controlling for geographic distancelo further assess if
outliers were affected by demography, i.e. shift, mating system we performed partial
Mantel tests baween genetic distance and difference imating system, while
controlling for geographic distance Significance levels were established using 100’000
permutation steps in the R packag®eGAN2.4-5 (Oksanenet al. 2017). We also
calculatedFsts between population pairs from different substrates usinghe large
outcrossing and selfing datasets.AverageFsts across allbutlier SNPswere then

comparedwith an Fsrdistribution based on 1000 random resampling steps, where each
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time the same number ofSNPsasoutlier SNPswas drawn from the pool of noroutlier

SNPs

To further confirm habitat-dependentgeneticdifferentiation among our outlier
SNPs we performed aprincipal component (PC) analysisith PcADAPT(Luu et al.2017),
respectively, for outcrossing, selfing or all populations combinedn each case, we
generated 25 genotypes for each population based on binomial random drawi test
for segregation between populations from rock and sand substrates along any of the
two leading PC axes we next employed a linear model using the average PC scores per

population.

Distribution of outlier SNPscrossthe genomeand linkage disequilibrium

To testif the distribution of the top 1% outlier SNPdiffered from the
distribution of non-outliers, we calculated the distancéetween adjacent outlier SNPs
for outcrossing and selfing populations as well aghe combined dataet analyzed
separately foroutcrossing andselfing populations. Wesubsequently assignedhe
pairwise distancesto two distance classes across 360’000 bps. In the absence of a
genomewide estimate of LD forA. lyrata, we chose distance classes to reflect estimates
of twice the average LD across the genome Af thaliang i.e.20kb (Kim et al.2007) and
40kb (Nordborg et al.2002), respectively. We then compared the distributiorof
frequencies per distance clasfor outcrossing andselfing populations with aGtest. We
further contrasted the distribution of these distances with a randormull distribution
for each dataet by sampling 10’000 times the same number of SNPs as outliers from

the pool of nonoutlier positions and calculating the distance between adjacent SNPs. A

This article is protected by copyright. All rights reserved.



pattern of increased genomic clusterings suggestedf the frequenciesof SNPs in both
the short and long distance classes exceed the frequencies observed for the random null

distribution.

In a next step, wanvestigated the role of the mating systenand linkage
disequilibrium (LD). First, we tested whetheD differs between outcrossingand
selfing populations. We calculatedLD asr?, i.e.the square of the correlationbetween
allelesof SNPpairs within the paired sequence reads of each population using thirect
estimatemethod of LDx (Feder et al.2012a). Because we worked with Poeteq datathe
range for estimating LD was short i.e.acrosspaired reads We only considered sites
with an intersecting read depth greater than 5 and a minor allele frequency at either
locus > 0.15(Feder et al.2012a; Tuttle et al.2016). We subsequently calculated the
average LDfor eachpairwise distanceand compared populations differing in mating

system using pairedt-tests, applying a FDR.

Finally, we testedhow LD differs betweentop 1% outlier SNPs and SNPs that
were not found to be outliers in the GWAS analysedsingLDx, we calculatedLD
between pairs of outlier SNPsand pairs of non-outlier SNPsfor each population We
weighted the average LDby the respective distancs in base pairs between SNP¥Ve
then tested for a difference in LD between outliers/noroutliers and mating systemfor
both GWAS of théarger separatedatasets and the combined dataset spllily mating

systemusing linear modekin R.
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Root growth

Motivated by the GO term “root morphology that was enriched amongselfing
populations andthat occurred asannotation alsoamong the outliersof the outcrossing
dataset (see Results section), we experimentally tested for differences in root
phenotype under common garderconditions. We had seeds available for 16 te 20
populations studied, produced bythe same individuds that were used forthe genomic
Poolseqanalysis (Table ). We performedthe experiment in two replicates. Two
sterilized seedsof nine individuals per population were stratified in sterile water at 4°C
under dark conditions for two weeks(sample size:16 populations x 9 seed families x 2
replicates =288). All seeds were randomly assigned to a position withione of 36
sterile, 12x12 cm agarplates per replicate Four seedswere put on eachplate along a
horizontal line 2 cm from the topand 1.5 cm away from each other. We used a 1.83 %o
Murashige and Skoog medium mixed with 1 % phyto agar and adjusted the pH to 5.7. To
account for border effects, the positions next to borders were filled with additional
seeds that were not analyzed. We pted all agar plates upright in a Sanyo plant growth
chamber (Sanyo, Moriguchi, Japan) with 12h light:12h dark conditions and
temperatures of 20°C (day) and 18°C (nighfyespectively. The experiment was
conducted between the 1% of May and the 28 of Jure 2017. Every 34 days all agar
plates were scannedand root length and the number of primary side rootf each plant
measuredwith IMAGE]1.45s(Abramoff et al.2004). Westopped measuringwhen a plant
reached a length of 80mm to account for potential border effects on thmse We
selected the best fitting growth model that described the increase in root length and the
number of side roots by fitting seven alternative models separately for each plant: 1)

linear, 2) exponential, 3) power function, 4) threeparameter logistic, 5)two-parameter
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logistic, 6) Gompertz and 7) von Bertalanffy. Models were fit in R followingaccardet al.
(2014). The bestfitting model was Gompertz for both measurements based on Akaike
information criterion (AIC) values (Figure S1). We then used linear mixed models to test
if the maximum relative growth rate parameter of the Gompertz model (i.&s, see

Tjorve & Tjgrve 2017 differed between individuals from different substrates and

mating system using population andseed familyas random effects.

Results

Genomewide association study

Thetop 1% outlier SNPsdentified by BayPassfor the outcrossing (Noutcrossing=5008) and
selfing (Nselfing=4372) datasets were spreadacross the genome (Figure @&b). Of these,
only 24 outliers overlapped between thetwo datasets (Figure 23. However, among all
outlier SNPsof both datasets99 genes vere affected in commorby at least one outlier
SNP(Figure 2d). This overlap was higher than expected by chance as suggestedooy
resampling analysis(p=0.0001). Ofthe 99 sharedgenes 45 were annotated with 90 GO
terms, including root growth (Table S!). Outlier SNPswvere associated with 1247and
582 GO terms for he outcrossing and selfing datset, respectively. Of these, 506 GO
terms overlapped between both dataets and included 9 terms linked taoot
morphology(Table Sb). Twenty-three and 68 GO terms were significantly enriched for
outcrossing and selfing populationsrespectively (Figure 2e Tables $, S7). However,
only one GO term-chromatin remodeling- was enriched in both datasets. For

outcrossing populations, enriched GOs were mainly linked t@sponse to irorand RNA
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procesing (Table ), whereas for selfing populations, 13.4% of enriched GOs were

linked to root morphology(Table &).

Analyseswere repeated based orthe smaller SNP datasetomprising all
populations. Figure S2 shows the distribution of théop 1% outlier SNPsas well asthe
intersection between outlier SNPs, genes with outlier SNPand gene ontology terms
affected by outliers between the GWAS performed on outcrossingelfingor all
populations together. Four GOterms linked to RNA processingvere enrichedwhen all
populations were included in the GWAS$Table 8). When analyzingthe SNPs of the
combined dataset separately for outcrossingnd selfingpopulations, the proportions of
overlapping top 1% outliers SNPs and genes containing outliensere similar to the
onesobserved betweenthe larger datasets(i.e.Figure 2d, €). For the combined dataset
but with analysessplit by mating system outlier SNPs, genes with such SNPs, GOs and
enriched GO termsvere not a complete subsebf thoserevealedwith the respective
larger datases (Figure S3. An interesting difference were the intersectionof enriched
GO terms between outcrossing (Table9$ and selfing populations(Table SL0); while the
overlap was low inoutcrossing populations(6%, relative to those unigque to GWAS on
the combined data set; Figure S3B0%overlappedfor selfing populations. Of the
enriched GO termdor selfing populations, 23.3%were associated withroot

morphology.
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Verification of outlier SNPs by populatiestructure analyses

For the SNPdatasetincluding all 20 populations, Mantel tests suggested a pattern of
isolation-by-distance (IBD) using all SNPr = 0.349,p < 0.001; Table &) or only the top
1% outliers (r = 0.277,p = 0.006; TableS3). When controlling for geographic distance,
partial Mantel tests implied a strongassociationbetweengenetic differentiation and
substrate type for outlier SNPqr = 0.502,p < 0.001) but notfor the remaining SNPqr =
0.086,p = 0.060).Partial Mantel tests between genetic differentiation and mating
system, again controlling for geographic distanceyere significant for both outlier SNPs
(r =0.148,p = 0.035)and all other SNPqr = 0.196,p = 0.006), suggesting higher
differentiation when mating system differed. Using the largeSNPdatasets, pairwise
outlier-basedFsrvalues betweenpopulations from different substrates were
significantly higher than across the rest of the genomi®r outcrossing populations
(Figure $4). But this was not true for selfing populations, potentially as a result dhe
overrepresentation of SNPswith high Fsts (>0.95) in all pairwise comparisons involving

selfing populations as opposed to comparisons beeen outcrossing ones (Figure 5.

The principal component analysis using only outlierSNPsconfirmed the GWAS
outliers by separatingpopulations from different substratesalong the first PC axes
(outcrossing: F1,10=49.29,p<0.001; selfing:F1,6=18.52,p=0.005; combined dataset:
F1,16=33.59,p<0.001; Figures 3 & S5. This was however not true for the second PC axes
(outcrossing: F1,10=0.01,p=0.999; selfingF1,6=0.14,p=0.717; combined dataset:
F1,18=0.27,p=0.689). For nonoutlier SNPs, n@ssociation with substrate was found
suggesting that theSNPsassociated with different substrates were part of the top 1%

outliers (PC1: outcrossingf1,10=0.25,p=0.630; selfingF1,6=2.81,p=0.145; combined
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dataset: F1,186=2.95,p=0.103; PC2outcrossing: F1,10=0.17,p=0.691; selfingF1,6=0.54,

p=0.492; combined datasetFi,15=0.63,p=0.439).

Distribution of outlier SNPs acroshe genome and linkage disequilibrium

When calculating the distance among outlier SNPs and assigning them to distance
classes, SNPs were differently distributed between outcssingand selfingpopulations
(40kb windows - separate datasetss= 281.6, d.f. = 8§ < 0.001, 40kb windows -

combined datasetG=15.8, d.f. = 8p = 0.046- Figure &; 20kb windows: G= 637.6, d.f.

17,p < 0.001- Figure B). Consisten with a clustering of outlier SNPs we found an
overrepresentation for SNPs at relative short and long distances for both outcrossing
and selfing populations, butclustering was more pronounced among selfing compared

to outcrossing populations

Short-distance LD (i.e. betweelsNPson the same paired readswas generally
high in all of our studied populations (Figure; meanr2 - outcrossing: 0.604 +0.034
SD; mean-r2 selfing: 0.680 +0.014 SD). LD was significantly higher (p<0.001 after FDR)
in selfing compared to outcrossing populations in all but one comparison (MI6 vs. ON7,
see TableSl11), with LD being on average 11.9% (8% SD) higher, but there was also

considerable varianceamong population pairs

Pairwise LD betweenoutlier SNPswas significantly higherthan betweenpairs of
non-outlier SNPsfor both the large Ao = 0.153,p < 0.001) and combinedoutcrossing
dataset(ALp = 0202, p < 0.001;Figure 4). For selfing populationsthe pairwise LD
between pairs of outlier and nonroutlier SNPswvas consistently high anddid not

significantly differ, neither for thelarge (Ao = 0.026,p = 0.704) nor the combined
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dataset (ALp = 0.024, p = 0.09)). In outcrossing populations, we found a pronounced
increase inLD from pairs of non-outliers to pairs of outliers, also reflected in the
significant interaction term of mating systemby-SNP type farge dataset:F1 3s=13.9,p =

0.001; combined dataset:F1 3= 106.8,p < 0.007).

Root growth

Following the removal 0f102 individuals that failed to germinateand 32 individuals
from eight agar platesthat developed fungus, our experimental assay of root growth
resulted in data for a total of 154 individuals (9.6 £ 4.8 SD per populationyhe
maximum relative growth rate in root length and the number of primary side roots was
higher in plants from sandthan those fromrock (root length: x. =7.64, p = 0.006;
primary side roots: x; =4.71, p = 0030; Figure 9. Individuals from sandgrew roots
faster and formed more side roots than individuals from rock under commorgarden
conditions. There wasno significantinteraction between mating system and substrate
(Type Il Waldx2-test: root growth: x; = 0.04, p =0.848; number of primary side roots:x:
=0.16,p =0.688) as well as no significant effect of mating system on the measured
trait s (root growth: x1 =1.73,p =0.188; number of primary side roots:x1 =0.98,p =

0.322).
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Discussion

Postglacialsubstraterelated ecotypesin A. lyrata

In plants, ecotype formation is frequently triggered by the colonization and subsequent
adaptation to different substrates (e.gTurner et al.2010; Andrew et al.2013; Arnold et
al. 2016; Gouldet al.2017). Our genomewide association studyidentified SNPs, genes
and gene ontology termdirectly or indirectly associatedwith divergent adaptation to
rock and sand substratsin A. lyrata. The gene amtology term analysis suggested
differences inroot morphologybetween populations from different substrates And
indeed, phenotypic and potentially adaptivedifferences between plants from the two
substrate typeswere confirmed under experimental conditians, which is consistent

with the evolution of substraterelated ecotypes. Hants from sandsubstratesalso

showed faster root growth than those from rock(Figure 5).

Within the genusArabidopsis substrate-driven ecotype formation has so far
rarely been found(Alcazaret al.2012; Flood & Hancock 2017) The best example is
adaptation to serpentine soils and heawymetal tolerance in outcrossingA. lyrata
(Turner et al.2010; Arnold et al.2016). The latter evolved over a similar time scale as
our studied populations - since the end of the last glaciation cycle and range expansion
since then- and adaptation involves only few genomic regions that are linked to iron
transport. As for other flowering plants, differences in soil water availability may be
another important aspect of substrate that can impose divergent selection because
water availability represents a significant limiting factor for photosynthesis(Andrew et
al. 2013; Gouldet al.2017). The postglacial range expansion and colonization of rogk
and sandy substrates in North AmericanA. lyratamay be associated with divergent

selective regimes that are linked to water availabilityOur finding that plants from
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sandy substratesshow faster root growth in length anda highernumber of primary
side rootsis consistent with physiological predictions that sand dwelling plants should
grow faster and deeper roots to increase their wategextraction capability (Jacksoret al.
2000). Changes in root growth are likely to be polygenic with 399 genes . lyrata
being annotated with GO terms linked t@oot morphology(Rawat et al.2015). In
addition to root morphology, GO terms were also associated witilant growth and
stress responsesn all datasets(Tables S4S8). We suggest to further investigate
differences in plant and/or leaf growth as well as to test for differences in response®

different stress factors, such as nematodes.

Even though we coulddentify ecotypes, our study also illustrates some of the
difficulties of GWASwhen studying populations with different mating systems Average
Bayes Factors (BF) were uplifted, i.avere higher than zero for each dataset (Figure2
& S2).Potential reasons for this include: thebinary response variablefor substrate, few
populations studied, or becausewe deal with a complex demographic history including
mating system shifts and different glacial refugia, which may not be fully overcome by
BayPass(Gautier 2015). We therefore used severaadditional verification approaches
for outlier SNPs. Partial Mantel testsand principal component analysesboth on outlier
and non-outlier SNPsconfirmed that genetic differentiation at outlier SNPs but not at
non-outliers, was strongly related with substrate (Figure 3). Furthermore, GWAS
outliers showed increased genetic differentiationbetween outcrossing populations of
the two substrate types compared tanon-outliers loci (Figure $4). Other methods of
finding outliers, such asthose relying ondivergence(Fst) were unsuitable for our type

of study because selfing populations had aexcess of nearly fixedllelesacross the

This article is protected by copyright. All rights reserved.



genome(Figure S4& S5, whichremains a keychallengein the study of adaptation in

selfing taxa (Hartfield et al.2017).

While our study is an example how GWAS and subsequent gene ontology
analysis can suggest traits that can be studied phenotypicall@Oterms related to root
morphologywere only enriched among selfing populationsAlthough several outlier
SNPs overlapped wh genes annotated withroot morphologyfor outcrossing
populations, these were not enrichedTables S4S10). This could represent a technical
artifact of GO enrichment analyses that compare a set of outliers against the background
of non-outliers to test for overrepresentations. Consequently, the more GOs are
involved, the less likely it is for GOs to be enriched (Tipney & Hunter 2010). This is the
case for ouroutcrossing populations where four times as many genes contained outlier
SNPs than for selfingpopulations (Figure 2d).To further pinpoint causative genes,
further in -depth studiesusing more nearbyecotype pairsare needed ideally combining

experimental work together with gene expression analyses

Mating system shift &he evolution ofecotypes

A shift to selfing is generally associated with increased genonweide linkage
disequilibrium (LD), that may be enhanced by padiottlenecks (Wright et al.2013;
Hartfield etal. 2017). Across the genome, LD may further vary punctuallg.g. through
background or directional selection(Hartfield et al.2017). We concordantly found that
average genomewide short-range LD was significantly elevatedin selfing compared to
outcrossing populations (Figure 9, Table 31). Independent of mating systeml.D

decayed only over the first fifty base pairs before stabilizing at eelatively high level
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(Figure ). This is consistent with findings from the close selfing relativé. thaliana

(Nordborg et al.2002).

Ecotypes are often ephemeral because isolating genomic mechanisms that
prevent gene flow, recombination and thus the breakup of selected genomic regions are
missing (Nosil et al.2009; Nosil 2012; Seehauseet al.2014). As selfing should reduce
intraspecific gene flow(Willi & Maattanen 2011; Wright et al.2013; Hartfield & Glémin
2016), it may act as such an isolating mechanism and could hetpstabilize ecotypes
allowing to maintain genomic regions of increased differentiatior{Hu 2015). The
analysesof GWAS outliers revealed signi¢ant clustering of outlier SNPSn populations
of both mating systemswhen compared to a random null distributionand clustering
was more pronounced amongelfing populations(Figures 2 & S2. A clustering of
putative outlier SNPsfound by GWAScan be the result of tight linkage in regions under
selection(Rincentet al.2014). In line, we found that pairs of physically nearby outlier
SNP0f outcrossing populations showed a sharp increase in average LD compared to
pairs of non-outlier SNPs In contrast, LDbetween pairs of outlier and between pairs of
non-outlier SNPs was similarly high in selfing populationgFigure 4). The results of
generally high LD and clustering of outliers in selfing population§~igure 5) suggests
that this reproductive mode may promote the buildup of regions under divergent

selection (Gordo &Charlesworth 2001; Federet al.2012b).

The theoretical prediction of reduced response to selection in selfing populations
seems less supported. Even though selfing has been considered as constraining adaptive
evolution (Noél et al.2017), we found that selfing and outcrossing did not differ in root
characters related torock or sand. Thissuggeststhat genetic variation to respond to

selection must have been sufficient in the selfing populations, and that the response to
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directional selection was not too constrained by genetic drift. We cgoresumethat
directional seledion must have been strong because for the same populations studied,
we found good evidence fodecreased efficacy of purifying selection; selfing and lorg
term small outcrossing populations hadncreased mutational loadthat translated in
reduced population performance under common garden conditions (Willi 2013
Evolution; Willi et al. 2013 Heredity; Willi et al. 2018). Slfing does notseem topreclude

considerable adaptive chang¢o environmental heterogeneity.

Conclusions

Our genomewide association analysis provided evidence for habitat dependent
differentiation in A. lyratabetween two broadly defined substrate categories, i.e. rock
and sand, in both selfing an@utcrossing populations. Gene mtology analysis on outlier
SNPs motivated a common garden study, which confirmed that populations from rock
and sand differed, with seedlings from sandy substrates shomg faster root growth
(Figure 5). The colonization of different substrates during the range expansion .
lyrata seems thus to havériggered substrate-related adaptation, independent of
mating system.SNPs associated with substrateelated differentiation were more
clustered across the genoméor selfing populations (Figures 2 & S2. Thisseems to be
the result of selection on someSNPsunderlying the distinct ecotypes combined with
increasedgenomewide LD due to a selfing reproductive mode. Hence,the switch to
selfing may initially boostthe evolution of distinct ecotypes by increasing genomic
regions ofdivergence(Via 2009; Federet al.2012b; Hartfield et al.2017). Finally,
selfing is a widespread phenomenon among plan{sgic et al.2008). Similar processes

may therefore be at play in other taxa that underwent postgicial range expansions and
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established in different environments(Grundt et al.2006; Birky & Barraclough 2009;

Foxeet al.2009; Hu 2015).

Acknowledgement

We thank MarcoFracassetti and Olivier Bachman for generating the genomic daaad

five anonymous reviewers for their constructive feedback on an earlier version of this
study. We are grateful toSusanna Ried| andMarkus Funk for performing the root

growth experiment. Sampling permits were gratefully admitted by:lowa Department of
Natural Resources, Marylandepartment of Natural Resources, Missouri Department of
Conservation, Nature Conservancy of Eastern New York, Nature Conservancy of
Maryland, Nature Conservancy of Ohio, Ontario Parks, Palisades Interstate Park
Commission, Rock Island Lodge Wawa, United States Ni#onal Park Service,

Wisconsin Department of Natural Resourced his work was supported bythe Swiss
National Science Foundation®PO0P3_123396, PPOOP3_146342, 31003A_166322) and
the Fondation Pierre Mercier pour la Science, Lausanne. Sequencing was dathe
Genetic Diversity Centre ETH Zirich, and at the Department of Biosystems Science and

Engineering of ETH Zrich in Basel and the University of Basel.

Data Accessibility Statement

We used a subset of a previously published genomic dataset of populatibased pooled
(Pool-seq) sequences\Villi et al.2018; European Nucleotide Archive accession number
PRJEB8335)VCF files, R scripts and thphenotypic data are deposited on DRYAD

(doi: XXXXXX).

This article is protected by copyright. All rights reserved.



References

Abramoff, M., MagalhdesP., Ram S (2004) Image processing with ImageBiophotonics
International, 11, 36-42.

Alcazar, R, PecinkaA., Aarts M. G. M., FranszP.F., Koornneef M. (2012) Signals of
speciation within Arabidopsis thalianain comparison with its relatives. Current
Opinion in Plant Bology, 15, 205-211.

Andrew, RL., Kane N.C, Baute GJ, GrassaC.J, RiesebergL.H. (2013) Recent nonhybrid
origin of sunflower ecotypes in a novel habitatMolecular Ecology, 22, 799-813.

Arnold, B. J., Lahner, B., DaCosta, J. M., Weismann, C. M., Hollister, J. D., Salt, D. E.,
Bomblies, K., Yant, L. (2016). Borrowed alleles and convergence in serpentine
adaptation. Proceedings of the National Academy of Sciences of the United States of
Amaeaica, 113,8320-8325.

Baack, E., Melo, M. C., Rieseberg, L. H., @Gdizientos, D. (2015). The origins of
reproductive isolation in plants. New Phytologist207, 968-984.

Birky, C. W. Jr, Barraclough, T. G. (2009). Asexual speciation. In: Schon, I., Martens, K.,
Dijk, P. (eds)Lost sex2009, Ftedn, Springer, Heidelberg, Germany. pp. 2e216.

Butlin, RK, (2005) Recombination and speciationMolecular EEology, 14, 2621-2635.

Chiang, G.C.K., Barua, D., Kramer, E.M., Amasino, R.M., Donohue, K. {28,09)
flowering time gene, flowering locus C, regulates seed germination Arabidopsis
thaliana. Proceedings of the National Academy of Sciences UB¥G, 11661-11666.

Cockerham C.C. (1984) Additive by additive variance with inbreeding and linkage.
Genetics108, 487-500.

Coop G, Witonsky, D., Di RienzgA., Pritchard, JK. (2010) Using environmental
correlations to identify loci underlying local adaptation.Genetics185, 1411-1423.

Cutter, A. D., Gray, J. C. (2016). Ephemeral ecological speciation and the latitudinal
biodiversity gradient. Evolution, 70, 2171-2185.

Demuth, J. P., Flanagan, R. J., Delph, L. F. (2014). Genetic architecture of isolation
between two species of Silene with sex chromosomes and Haldane's ridgolution,
68, 332-342.

Feder, A. F., Petrov, D. A., Bergland, A. O. (2012a). LDx: estimatianlade
disequilibrium from high -throughput pooled resequencing dataPLoS ONE,
e48588.

Feder, J. L., Egan, S. P., Nosil, P. (2012b). The genomics of speevatiorgeneflow.

This article is protected by copyright. All rights reserved.



Trends in Genetig®8, 342-350.

Flood, P. J., Hancock, A. M. (2017). The genomic basis of adaptation in pl@uisent
Opinion in Plant Biology36, 88-94.

Forbes, A. A, Devine, S. N., Hippee, A. C., Tvedte, E. S., Ward, A. K. G., Widmayer, H. A.,
Wilson, C. J. (2017) Revisiting the picular role of host shifts in initiating insect
speciation.Evolution, 71, 1126-1137.

Foxe, J. P., Slotte, T., Stahl, E. A., Neuffer, B., Hurka, H., Wright, S. I. (2009). Recent
speciation associated with the evolution of selfing ilCapsellaProceeding®f the
National Academy of Sciences of the United States of Amgetiy 5241-5245.

Foxe JP., Stift, M., Tedder, A. Haudry, A., Wright, S.I., Mable, B. K010) Reconstructing
origins of loss of seHincompatibility and selfing in North AmericanArabidopsis
lyrata: a population genetic contextEvolution, 64, 3495-3510.

Fracassetti, M., Griffin, P. C., Willi, Y. (2015). Validation of pooled whgkEnome re
sequencing inArabidopsis lyrata PLoS ONFLO, e0140462.

Gautier, M. (2015). Genomavide scan for adaptive divergence and association with
population-specific covariates Genetics201, 1555-1579.

Goodwillie, C., Kalisz, S., Eckert, C. G. (2005). The evolutionary enigma of mixed mating
systems in plants: occurr@ce, theoretical explanations, and empirical evidence.
Annual Review in Ecology, Evolution and Systematics,43679.

Gordo, I., Charlesworth, B. (2001). Genetic linkage and molecular evoluti@urrent
biology, 11, R684-R686.

Gould, B. A., Chen, Y., LowD. B. (2017). Pooled ecotype sequencing reveals candidate
genetic mechanisms for adaptive differentiation and reproductive isolation.
Molecular Ecology26, 163-177.

Griffin, P. C., Willi, Y. (2014). Evolutionary shifts to sefiértilisation restricted to
geographic range margins in North America\rabidopsis lyrata Ecology Lettersl?,
484-490.

Grundt, H. H., Kjglner, S., Borgen, L., Rieseberg, L. H., Brochman20@s)(High
biological species diversity in the arctic floraProceedings of the National Academy
of Sciences of the United States of Amerifa3, 972-975.

Gunther, T., Coop, G. (2013). Robust identification of local adaptation from allele
frequencies.Genetics195, 205-220.

Hartfield, M., Glémin S. (2016) Limits to adaptation in partially selfing gecies.Genetics
203, 959-974.

This article is protected by copyright. All rights reserved.



Hartfield, M., Bataillon, T., Glémin, S. (2017). The Evolutionary interplay between
adaptation and selffertilization. Trends in Geneti¢83, 420-431.

Hoban, S., Kelley, |. L., Lotterhos, K. E., Antolin, M. F., Bradburd, G., Lowry, D. B. ..,
Whitlock, M. C. (2016). Finding the genomic basis of local adaptation: pitfalls,
practical solutions, and future directions.The Ameican Naturalist, 188, 379-397.

Hohmann, N., Schmickl, R., ChiangyT, Lucanova, M., Kolar, F., Marhold, K., Koch, M. A.
(2014). Taming the wild: resolving the gene pools of nomodel Arabidopsis
lineages.BMC Evolutionary Biologyl4, 224.

Hooper, D.M., Price, T.D. (2017) Chromosomal inversion differences correlate with
range overlap in passerine birdsNature Ecology & Evolutionl, 1526-1534.

Hu, T. T., Pattyn, P., Bakker, E. G., Cao, J., ChREén@la#k, R. M,, ..., Guo, Y-L. (2011). The
Arabidopsis yrata genome sequence and the basis of rapid genome size change.
Nature Genetic43, 476-481.

Hu, XS. (2015). Mating system as a barrier to gene flo®yvolution, 69, 1158-1177.

lgic, B., Lande, R., Kohn, J. R. (2008). Loss ofisetimpatibility and its evolutionary
consequenceslnternational Journal of Plant Science$69, 93-104.

JacksonRB., Sperry, JS, Dawson T.E. (2000) Root water uptake and transport: using
physiological processes in global predictionslrends in Plant S§ience 5, 482-488.

Kim, S, Plagno] V., Hy T.T., Toomajian, C., Clark, R. M., Ossowski, S., Ecker, J. R., Weigel,
D., Nordborg, M(2007) Recombination and linkage disequilibrium inArabidopsis
thaliana. Nature Genetics39, 1151-1155.

Kirkpatrick, M., Barton, N. J. (2006). Chromosome inversions, local adaptation and
speciation.Genetics173, 419-434.

Koboldt, D. C,, Zhang, Q., Larson, D. E., Shen, D., McLellan, M. D,, Lin, L., ..., Wilson, R. K.
(2012). VarScan2: somatic mutation and copy number alteration discovery in
cancer by exome sequencingsenome Research2, 568-576.

Kofler, R., OrozcdgerWengd, P., De Maio, N., Pandey, R. V., Nolte, V., Futschick, A., Kosiol,
C., Schigtterer, C. (2011aRoPoolation a toolbox for population genetic analysis of
next generation sequencing data from pooled individual$?LoS ONBb, 15925.

Kofler, R., Pandey, R. V., Schlétterer, C. (201RyPoolation2 identifying differentiation
between populations using sequencing of pooled DNA samples (P<g#q).
Bioinformatics, 27, 3435-3436.

Li, H. (2013). Aligning sequence reads, clone sequences asdembly contigs withBWA:
MEM arXiv 1303.3997v2.

This article is protected by copyright. All rights reserved.



Li, H., Handsaker, B., Wysoker, A., Fennel, T., Ruan, ]., Homer, N,, ..., 1000 Genome Project
Data Processing Subgroup (2009). The sequence alignment/Map format and
SAMtools.Bioinformatics, 25, 2078-2079.

Lucek K (2018) Evolutionary mechanisms of varying chromosome numbers in the
radiation of Erebiabutterflies. Genes9, 1-9.

Luu, K., Bazin, E., Blum, M. G. B. (206adapt an R package to perform genome scans
for selection based on principal component analysi$/olecular Ecology Resources
17, 67-77.

Mable, B. K., Robertson, A. V., Dart, S., Di Berardo, C., Witham, L. (2005). Breakdown of
self-incompatibility in the perennial Arabidopsis lyrata(Brassicaceagand its
genetic consequencegvolution, 59, 1437-1448.

Noél, E., JarneP., GIémin S,MacKenzie, A., Segard, A., Sarda, V., Davi(R(L.7)
Experimental evidence for the negative effects of selértilization on the adaptive
potential of populations. Current Biology 27, 237-242.

Nordborg, M. (2000) Linkage disequilibrium, gene trees andeffing: An ancestral
recombination graph with partial self-fertilization. Genetics154, 923-929.

Nordborg, M., Borevitz, ]. 0., Bergelson, |., Berry, C. C., Chory, J., Hagenblad, J., ..., Weigel,
D. (2002). The extent of linkage disequilibrium inArabidopsis thalianaNature
Genetics30, 190-193.

Nosil P (2012)Ecological Speciationlst edition.Oxford University Pres$xford, UK.

Nosil, P., Feder, J. L. (2012). Genomic divergence during speciation: causes and
consequencesPhilosophicalTransactions of the Royal Society of London Series B:
Biological Science867, 332-342.

Nosil, P., Harmon, L. J., Seehausen, O. (2009). Ecological explanations for (incomplete)
speciation.Trends in Ecology and Evolutio24, 145-156.

Paccard, A., FruleuxA., Willi, Y. (2014). Latitudinal trait variation and responses to
drought in Arabidopsis lyrata Oecologial75, 577-587.

Pollak, E. (1987) On the theory of partially inbreeding finite populations. I. Partial
selfing. Genetics117, 353-360.

Quinlan, A. R., Hall, I. M. (201@BEDToolsa flexible suite of utilities for comparing
genomic featuresBioinformatics, 26, 841-842.

R Core Team 2016. R: A language and environment for statisticahguting. R
Foundation for Statistical ComputingVienna, Austria. www.kproject.org.

Rawat, V., Abdelsamad, A., Pietzenuk, B., Seymour, D. K., Koenig, D., Weigel, D., Pecinka,

This article is protected by copyright. All rights reserved.



A., Schneeberger, K. (2015). Improving the annotation Afabidopsis lyratausing
RNA-Seq dataPLoS ONELO, e0137391.

Rincent, R,, Moreauy L., Monod H., Kuhn, E., Melchinger, A., Malvar, R.A. ..., Mary-Huard,
T.(2014) Recovering power in association mapping panels with variable levels of
linkage disequilibrium. Genetics197, 375-387.

Schluter D (2000) The Ecology of Adaptive Radiation. 2nd edition. Oxford University Press
Oxford, UK.

Seehausen, 0., Butlin, R. K,, Keller, 1., Wagner, C. E., Boughman, J]. W., Hohenlohe, P. A, ...,
Widmer, A. (2014). Genomics and the origin of specidsature Reviews Genetict5,
176-192.

Slatkin, M. (2008). Linkage disequilibrium- understanding the evolutionary past and
mapping the medical future Nature Reviews Genetic3, 477-485.

Szkiba, D., Kapun, M., Haeseler von, A., Gallach, M. (2@NMP.2GOfunctional analysis
of genomewide association studiesGenetics197, 285-289.

Tipney, H., Hunter, L. (2010An introduction to effective use of enrichment analysis
software. Human Genomics,,£202-206.

Tjerve, KM.C, Tjarve E. (2017) The use of Gompertz models in growth analyses, and
new Gompertzmodel approach: An additionto the Unified-Richards family. PLoS
ONE 12, e0178691.

Turner, T. L., Bourne, E. C., Wettberg von, E. J., Hu, T. T., Nuzhdin, S. V. (2010).
Population resequencing reveals local adaptation @&rabidopsis lyratto serpentine
soils.Nature Genetics42, 260-263.

Tuttle, EM., Bergland A.O,, Korody, M.L., Brewer, M.S., Newhouse, D.J., Minx, P., ...
Balakrishnan, C.N. (2016) Divergence arfdnctional degradation of a sex
chromosome-like supergene.Current Biology 26, 344-350.

Via, S. (2009). Natural selection in action during speciatioRroceedings of the National
Academy of Sciences of the United States of Amgtieéa Suppl 19939-9946.

Willi, Y., Maattanen, K. (2010). Evolutionary dynamics of mating system shifts in
Arabidopsis lyrata Journal of Evolutionary Biology23, 2123-2131.

Willi, Y., Maattanen K. (2011) The relative importance of factors determining genetic
drift: mating system, spatial genetic structure, habitat and census size Arabidopsis
lyrata. New Phytologist189, 1200-12009.

Willi, Y., FracassettiM., Zoller, S, Van Buskirk J (2018) Accumulation of mutational
load at the edges of a species rangdolecular Biology and Evolution35, 781-791.

This article is protected by copyright. All rights reserved.



Wright, S (1931) Evolution in mendelian ppulations. Genetics16, 97-159.

Wright, S. I., Kalisz, S., Slotte, T. (2013). Evolutionary consequences offedifization
in plants. Proceedings of the Royal Society B: Biological Sciera&8; 20130133.

Yeaman, S., Aeschbacher, S., Birger, R. (2016). The evolution of genomic islands by
increased establishment probability of linked allelesMolecular Ecology25, 2542-
2558.

Figure Legends:

Figure 1: Map of theArabidopsis lyratapopulations studied. The color ofouter circles
indicates the predominant mating system, outcrossing in graeand selfing in orange
while the color of theinner circle indicatesthe substrate, sand in red and rock in blue
(see Table & for detailed information). Population abbreviations use the official
abbreviation for each US state and Canadian province followed by a sampling index
number. The actual distance between populations ON5 ON6and ON7are inflated on

the map(see Table S2 for distances between populans).

Figure 2 The genomicsignature ofsubstrate-related A. lyrataecotypes.Manhatten plots
depict the distribution of average Bayes Fact@of ten GWASuns on theindependent
variable of substrate typefor (a) 500’877 biallelic SNPs of outcrossing populations and
(b) 437’228 SNPs of selfing populations The 1% SNP with the highestBayes Factoare
highlighted in color. Chromosomes are indicated by alternating black and grey shading.
Venn diagramsshow (c) the overlapin the 1% outlier SNPsof GWASuns for

outcrossing populations, selfing populations and all populations combined (based on

combined SNP datasef)d) the number of genes affected by outliers ane) the number

This article is protected by copyright. All rights reserved.



of gene ontology (GO) terms affected by outliers. For GOs the numberdrackets

represent the number of significantly enriched G@erms.

Figure 3 Principal component (PC) analyses using either the top 1% outlier SNPs
identified by GWAS & & 9 or non-outlier SNPs(b & d), separately foroutcrossing (a &
b) and selfing (c &d) populations. The wlor of the inner circleindicates substrate type,
rock in blue and sand in reclthe color of the outer circle indicates the mating system,
outcrossing in green and selfing in orange25 individuals were simulated for each
population based on the populationbased Poolseq data using a binomial random

distribution. The two leading PC axes arpresented.

Figure 4: Averagelinkage disequilibrium (LD), weighted for the distance between SNP
pairs, between pairs of outlier or nonoutlier SNPsrespectively, for outcrossing and
selfing populationsfrom rock (blue) or sand (red) substrate (a) Analyses for the large
SNP datasetgq,b) analyses for the combined dataset split by mating systerRvaluesare
given for the differencein LD betweenoutlier and non-outlier SNPswithin mating

system.

Figure 5. Boxplots summarizing phenotypic differences between individuals from rock
(blue) and sand (red) substrate in a&common-gardenlab experiment. Shown are the
maximum relative Gompertz growth rate for(a) length of the main rootand (b) the

number of primary side roots.Sample sizegN) are indicated.
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Figure S1:Boxplots summarizing estimates of Akaike’s Information Criterion (AIC) for
each experimental individual andthe sevenfitted growth models for (a) length of the

main root and (b) the number of primary side roots.

Figure S2:The genomicsignature ofsubstrate-related A. lyrataecotypesbased on the
dataset 0f156’024 polymorphic SNPs shared by all populationgvlanhatten plots depict
the distribution of average Bayes Factor of te@@WASuns on the independent variable
of substrate typewhen (a) all populations were included, or (b) only outcrossing or(c)
only selfingpopulations. The 1% SNB with the highest Bags Factorare highlighted in
color. Chromosomes are indicated by alternating black and grey shading. Venn
diagramsshow (d) the overlapin the 1% outlier SNPsof GWAS on the threelataset,
(e) the number of genes affected by outliers anff) the number ofgene ontology (GO)
terms affected by outliers. For GOs the numbers in brackets represent the number of

significantly enriched GQterms.

Figure S3 Venn diagrams showing the overlapetween GWAS resultof the large SNP
datasets of outcrossing and selfingpopulations separately and thecombined but
smaller SNP datasetOverlap is showrfor (from left to right) : the number of 1% outlier
SNPs, the number of genes affected by outlieesnd the number of gene ontology (GO)
terms affected by outliers. For GO numbers in brackets represent the number of

significantly enriched GQterms.
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Figure S4 Pairwise Fs1s between populations on rock and sand that are eithér)
outcrossing or (b) selfing using only the top 1% GWAS outliers (green dots)ldgk
boxplots depict observedFsis between each population pair based on 1000 resampling
events picking randomly each time the same number of SNPs as the top 1% outliers
from all non-outlier SNPs in thedataset In all but one cases (ON1 vs. ON1E}s was
outside of the boxplot distribution, suggesting significant differentiation from a random

genomic background.

Figure $: Matrix of distribution plots of pairwise Fst-valuesbetween rock and sand

populations that are either(a) outcrossing or(b) selfing.

Figure $: Principal component (PC) analyses usinfp) the top 1% GWAS outliers o(b)
the non-outlier SNPs Analyses were performed on the combined SNRlatasetfor all 20
populations, irrespective of mating systemThe mating system and sulisate type of

populations is indicated.

Figure &: The clustering of GWAS outlierascalculated bythe distance between
adjacent outlier positions. The distribution of these distances is shown fdhe separate
(a-c) and combined (df) datasets for outcrossing (a & d) and selfing (b & e) populations
in 40kb bins. The blue polygon depicts the range of a null distribution obtained from
10’000 resampling replicates. The deviation of the observed values for each distance
class from the nulldistribution is further shown (c & f). The latter differed significantly

between outcrossing(green) and selfingpopulations (orange) for both the separately
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analyzed datases$ (G= 281.6, d.f. = 8 < 0.001) and theanalyses on thecombined

dataset (G=15.8, d.f. = 8p = 0.046).

Figure S8B: The clustering of GWAS outlierascalculated bythe distance between
adjacent outlier positionsin 20kb bins, for (a) outcrossing and(b) selfing populations,
and (c) the deviation of the observed values for each distance class from the null
distribution . GWAS was here performed on the large and separate SNP datasete
blue polygon(a, b) depicts the range of a null distribution obtained from 10’000
resampling replicates The deviation betweenobservedand expected (under a null
distribution) valuesdiffered significantly between outcrossing(green) and selfing

populations (orange) (G= 637.6, d.f. = 17p < 0.001).

Figure D: Average linkage disequilibrium (LD r2]) for up to 200 bp distance between
SNPs for(a) outcrossing and(b) selfing populations. LD in populations on rock is

highlighted in blue andthat of populations on sand in red.
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