Supplementary methods
(a) Plant cultivation under growth chamber conditions
Field-collected A. arenosa seeds were surface-sterilized in 1.5-mL polypropylene tubes. We incubated seeds in 1.5 mL 70% (v/v) ethanol (anal. grade) for 5 min, washed in 1 mL sterile ultrapure water for 1 min, followed by two 10 min incubations in 3.25% (w/v) NaOCl with 0.05% (v/v) Tween 20, and four washes with 1 mL sterile ultrapure water. The sterilized seeds were then transferred onto round polystyrene petri plates (9.2 cm Ø x 16 mm, Sarstedt, Nümbrecht, Germany), each filled with 40 mL 0.5x MS medium containing 1% (w/v) sucrose, and solidified with 1% (w/v) agar (type M), incubated at 4°C in the dark for 3 days, then placed vertically into a climate-controlled growth chamber for 10 days (22°C/18°C, 11 h light, 120 µmol m-2 s-1; Percival, CLF Plant Climatics, Emersacker, Germany). For vegetative propagation of A. halleri plants vegetative stolons (~ 2 cm in length) were cut from mother plants and transferred into peat:sand mix for rooting and pre-cultivation for 17 days (see Methods).

(b) DNA extraction from freeze-dried plant leaves
CTAB buffer was composed of 2% (w/v) CTAB, 10% (v/v) 1 M Tris pH 8.0, 28% (v/v) 5 M NaCl, 4% (v/v) 0.5 M EDTA pH 8.0, 0.1% (v/v) 2-mercaptoethanol [1] and it additionally contained 1.5% (w/v) PVP-40 and 1% (w/v) Na2S2O5. The samples were mixed with the CTAB buffer by vigorous vortexing for 1 min and then incubated for 60 min at 65°C. We added 0.9 mL chloroform (containing 4% v/v isoamylalcohol), mixed gently and centrifuged at 8000 g for 10 min at room temperature. The aqueous layer was recovered (~0.75 mL) and mixed with 5 µL of 10 mg mL-1 RNAse A. and incubated for 20 min at 37°C followed by an extraction with 0.75 mL phenol:chloroform mix (50% v/v phenol (TE-buffered pH 7.5-8.0), 48% v/v chloroform, 2% v/v isoamylalcohol) and centrifugation at 8000 g for 10 min at 10°C. The aqueous phase (0.6 mL) was mixed by inverting 45 times with 0.48 mL isopropanol and centrifuge at 8000 g for 15 min at 4°C for precipitation of DNA. The pellet was washed twice with 0.4 mL ice-cold 80% (v/v) ethanol (anal. grade) and air-dried at RT for 5 min before addition of 40 µL T0.1E (10 mM Tris-HCl, 0.1 mM EDTA, pH 7.6) and gentle mixing.

(c) Statistical analysis of environmental and phenotypic data
To test whether A. halleri and A. arenosa share the same edaphic microhabitats at a common site, we performed one-way ANOVA on linear models of the form “concentration of element / proton ~ species” in R [2]. We tested for normal distribution of the residuals using the Shapiro test and for homoscedasticity of the variants using the Breusch-Pagan test (R-package olsrr [3]). In case of violation of these assumptions, we log or rank (base functions in R; rank with ties.method set to random) transformed the corresponding variable prior to ANOVA (R-package MASS [4]). To select elements that differ significantly between at least one metalliferous and both non-metalliferous populations, we performed a one-way ANOVA on linear models of the form “concentration of element / proton ~ populations” in R [2]. The same procedure was performed to test normal distribution and homoscedasticity. In case of violation of these assumptions, we Box-Cox transformed [5] the corresponding variable prior to ANOVA (R-package MASS [4])

(d) Library preparation and next generation sequencing (NGS)
For library preparation, we used 300 to 500 ng of gDNA (instead of 1 µg). Libraries were quantified using a Qubit dsDNA HS assay with an incubation time of 20 min. We obtained 125-bp paired-end reads on a Illumina’s HiSeq 2500 platform. Multiplexing of libraries was done as advised by Illumina; however, instead of quantifying the PCR-free libraries using qPCR, we ran a “quant lane”, that is, we multiplexed up to 96 samples and sequenced one lane. According to the yield of the quant lane, our consecutive sequencing strategy involved iterative sequencing runs until we reached a minimum of 10-fold average coverage for each sample, based on the number of raw reads. In total, we obtained 192x109 bp and 327x109 bp raw sequence data for A. halleri and A. arenosa, respectively.

(e) Initial processing of NGS data, alignment and variant discovery
Genome scan and large-effect variant identification pipeline
Adapter sequences were clipped from the ends of the reads using the program cutadapt 1.14 [6], allowing ≤ 0.15 sequence divergence (error rate) over ≥ 4 bp in length for identifying adapters. Processed reads of ≥ 25 bp were maintained and aligned to the Arabidopsis lyrata reference genome [7] using the program bwa mem version 0.7.15 [8], with a seed size of k = 10 for an initial match of 10 bp length. The resulting SAM file was converted into a BAM (htslib of SAMTOOLS 1.3.1) [9]. Duplicate reads were removed with 2.7.1 MarkDuplicates function (PICARD-TOOLS, http://broadinstitute.github.io/picard). The AddOrReplaceReadGroups function (PICARD-TOOLS) was used to assign reads to read groups corresponding to samples. The RealignerTargetCreator and the IndelRealigner tools of GATK 3.7 [10-12] were then used to realign regions that had been poorly aligned in the initial alignment. 
The GATK HaplotypeCaller was used to call single nucleotide polymorphisms (SNPs) and insertions/deletions (indels) in relation to the reference genome for each sample, with settings of a minimum base quality score of 25, a minimum mapping quality score of 25, an expected heterozygosity of 0.02 for A. halleri and 0.04 for A. arenosa, expected indel heterozygosity of 0.01 for A. halleri and 0.02 for A. arenosa, and ploidy of 2 for A. halleri and 4 of A. arenosa. We employed the read filters DuplicateRead, BadMate and BadCigar with Emitting Reference Confidence scores (ERC) set to BP_Resolution. For all samples of one species from a given population pair, joint genotyping and calculation of allele frequencies was performed using the GATK GenotypeGVCFs choosing newQual, as well as SNP and indel heterozygosities as in the HaplotypeCaller. 
In order to be able to cross-validate potentially high-effect variants, all SNPs were additionally called within each population pair by the UnifiedGenotyper from GATK 3.7, with a minimum base quality score of 25, a standard minimum confidence threshold for calling of 25, a downsampling to a coverage of 200, heterozygosity and ploidy settings and read filters as specified above, with the genotype likelihood model set to SNP. For indels, we additionally used the program GROM [13] on the realigned data retaining variants with settings as used in the GATK HaplotypeCaller, retaining only those indels with a minimum standard deviation for discordance of 30. Indels were retrieved from the output with “grep "SPR:SEV:SRD:SCO:ECO:SOT
:EOT:SSC:HP\|SPR:EPR:SEV:EEV:SRD:ERD:SCO:ECO:SOT:EOT:SSC:ESC:HP"”.
SNPs and Indels were filtered separately using the GATK VariantFiltration, SelectVariants and VariantsToTable. SNP and indel filtering parameters were set based on GATK best practices recommendations, “hard filtering” [11]. We retained SNPs and indels that were biallelic with no missing genotypes. For SNPs, we additionally required a minimum QualByDepth (QD) of 2, maximum FisherStrand (FS) of 40, minimum RMSMappingQuality (MQ) of 50, minimum MappingQualityRankSumTest (MQRankSum) of -2.5, minimum ReadPosRankSumTest (ReadPosRankSum) of -4 and maximum StrandOddsRatio (SOR) of 4. For indels, we additionally required a minimum QD of 20, maximum FS of 40, minimum ReadPosRankSum of -4 and maximum SOR of 4. For both SNPs and indels, the minimum depth of coverage was set to 2, and subsequently all sites with a coverage ≤ the 2.5 percentile and ≥ 97.5 percentile were excluded. Variants were then assigned to their respective populations and vcf files transformed into tables. The site frequency spectra were visualized with the hist function in R showing the absolute allele frequencies of all SNPs. 

Bayenv2/EAA Pipeline
To prepare the raw sequencing data for mapping we concatenated the fastq.gz files from the different sequencing lanes, followed by removing adapter sequence from reads that had inserts shorter than 250 bp, using CUTADAPT 1.9 [6]. We mapped both species to a North American Arabidopsis lyrata reference genome [7] using BWA MEM [9]. We concluded this to be a valid approach as 88.3 % and 90.0 % of reads mapped to this reference for A. arenosa and A. halleri, respectively. We assume a similar phylogenetic distance of A. arenosa and A. halleri from A. lyrata, thereby avoiding a mapping bias. Next, we marked duplicate reads using “MarkDuplicates” from PICARD-TOOLS 1.134 [11]. Using PICARD-TOOLS’ “AddOrReplaceReadGroups” we added read groups and indices to the sequencing bam files. The last step of the mapping part of the processing pipeline was to re-align the reads to accommodate indels using the GATK tools “RealignerTargetCreator” and “IndelRealigner” [10]. These steps created analysis-ready bam files. Before we proceeded to discover variants in the analysis-ready bam files, we assessed the depth of coverage in our sample set by using the GATK tool “DepthOfCoverage” (DOC) with the restriction to a minimum base quality of 25 and a minimum mapping quality of 25 (both values are on a PHRED scale). We restricted the calculation of DOC to the annotated gene space and excluded all individuals with < 70% of bases with a minimum DOC of 4.
After this DOC selection we had 31 A. arenosa and 34 A. halleri individuals from two metalliferous (Klet, Mias) and two non-metalliferous (Kowa, Zapa/Zako) populations. We used the GATK tool “HaplotypeCaller” to discover and call genetic variants (SNPs, indels and multi-nucleotide-polymorphisms) for each individual. To speed up the process, we ran the eight main scaffolds of the A. lyrata reference genome in parallel. We specified output at bp-resolution: that is each single base is listed in the GVCF. For better organisation, we combined all individuals of one species of one population into multisample GVCFs using “CombineGVCFs”. From this stage onwards, the two sibling-species were processed separately from each other. The last step of the variant discovery was joint genotyping by using the GATK tool “GenotypeGVCFs”. Because all samples are genotyped together, rare variants are more readily identified, rather than mistaken for sequencing errors.
For the DIVERGENCESCAN and environmental association analysis (EAA), we filtered the VCFs in the following way: First, we excluded all indel and mixed sites, restricting the remaining sites to be biallelic, using the GATK tool “SelectVariants”. Second, we flagged sites that were either of QD < 2.0, FS > 60.0, MQ < 40.0, MQRankSum <- 12.5, ReadPosRankSum < -8.0 or HaplotypeScore < 13.0, using the tool “VariantFiltration”. We filtered for each quality criterion by a separate command to ensure that we flag any site that failed at least one of the criteria. Third, to exclude potential paralogous sites and avoid potential conflicts of different genetic variants between paralogs, we masked sites that had excess read depth that we defined as 1.6x the mode of the read depth distribution across all individuals for one species. For the lower read depth cutoff we took the read depth that covers each sequenced chromosome at least once (DP < 124, DP > 692 for autotetraploid A. arenosa and DP < 68, DP > 719 for diploid A. halleri). Excess read depth was flagged using the GATK tool “VariantFiltration”. Fourth, we excluded all sites that failed any of the above filters, using “SelectVariants”. Fifth, we split the data into cohorts depending on desired contrasts. We used “SelectVariants” to extract the cohorts from the filtered VCF. Sixth, we export the allele counts per cohort using the tool “VariantsToTable”. The allele count tables per cohort are the basis for the following analyses of DIVERGENCESCAN and EAA (see section (i)).

(f) Genome Scans, large-effect variant identification, candidate gene lists and convergent evolution 
Analyses were performed in R version 3.4.4. The genome scans were done using custom R scripts (https://github.com/syllwlwz/Divergence-Scans). For each population pair, the genome was partitioned into windows of 25 consecutive SNPs, for which we calculated  the pairwise metrics Differentiation-Diversity residuals (DD) [14, 15] Wright’s Fixation Index (FST) [14, 16, 17], Two-Dimensional Site Frequency Spectrum Composite Likelihood Ratio test (Nielsen 2dSFS) [14, 15, 18], Maximum Absolute Net Divergence (dXY) [14, 19], and TF-LK’ P-value (extended Lewontin and Krakauer test, Flk) [20], VarLD [21]. Flk was calculated using the software hapflk version 1.3.0 [22]. For A. arenosa, the heterozygosity was adjusted to  for FST and Flk. The 25-SNP windows were ranked for each metric using the rank function, with the “ties” option set to minimum. The single population metrics Tajima’s D [23] and Fay and Wu’s H [24] were calculated for windows of 25 consecutive SNPs based on within-population sequence variation. Tajima’s D and Fay and Wu’s H were standardized genome- and population-wide employing the function decostand using the method “standardize” in the R-package vegan [25]. File format was converted from vcf to bed with GATK VariantsToBinaryPed, and SweeD [26, 27] was calculated with the program SWEED with a grid size of 100,000 for A. halleri and 200,000 for A. arenosa and a folded site frequency spectrum. Windows exceeding 100,000 bp in length were excluded for both pairwise and the single population metrics. 
Candidate windows for selection were identified as the 0.1%ile for either one of the pairwise metrics FST, DD, Nielsen 2dSFS, Flk or dXY (see also later filtering). Tajima’s D, Fay and Wu’s H and SWEED nearest windows were associated with candidate windows using the “nearest” command in the R-package GenomicRanges [28] For the population pair Klet and Kowa of A. halleri, DD results were not taken into consideration because the pre-requisite of a positive correlation of diversity with divergence was not fulfilled. VarLD outliers were not considered because the underlying assumption of high linkage disequilibrium (LD) at selected loci appeared not to be fulfilled.

Employing positional information according to the A. lyrata reference genome, each window was converted to its gene content based on any overlap with the coding region and up to 2,000 bp upstream (promoter region), with the R-packages GenomicRanges, GenomicFeatures and IRanges [28]. Orthologous Arabidopsis thaliana gene identifiers were retrieved for A. lyrata genes based on an orthogroup analysis through ORTHOFINDER [https://github.com/davidemms/OrthoFinder] [29]. Each OrthoGroup contains genes that are inferred to share a recent common ancestor prior to speciation. Genes not assigned to an OrthoGroup comprise species-specific genes as well as incorrect annotations. Primary transcripts of protein coding genes for A .thaliana (TAIR10) (www.arabidopsis.org; May 24, 2017) and A. lyrata [30] were downloaded from Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html; May, 2017; [31]).
Genes lacking an A. thaliana orthologue were submitted for a local blastx on the nr database [32], choosing the "7 qseqid sseqid pident length mismatch gapopen qstart qend sstart send evalue bitscore stitle" option for the output format with a maximum number of high scoring pairs (HSPs) of 1, a maximum number of aligned sequences of 1 and all “Arabidopsis“-containing entries in the species field excluded from the database with the negative_gilist option.

All variants (SNPs and indels) were annotated and their effects predicted by SNPEFF [33] based on the Arabidopsis lyrata annotation version 2 [30]. Genome scan metrics and allele frequency plots over candidate genomic regions were generated with custom R scripts for manual inspection of the selected candidates for each population pair. Metrics plots were rated from A (most promising) to C (likely false positive) based on the following criteria in the assessment of 25-SNP windows (for A): (i) The 0.1%ile of the respective pairwise metric(s) was reached within the candidate gene (or its promoter region); (ii) the 0.1%ile of the pairwise metric(s) did not extend over a larger region comprising two or more entire consecutive genes; (iii) at least one pairwise set of single-population metrics was consistent with positive selection in the metalliferous population. Allele frequency plots were assigned manually to classes A (most promising) to D (false positive), based on the following criteria (for A): (i) Several local SNPs exhibited an absolute allele frequency difference > ~0.7; (ii) pronounced allele frequency differences did not extend over a larger region comprising two or more entire genes; (iii) high abundance of non-synonymous SNPs in the candidate gene. Genes in the bottom class for either one of these two assessments were eliminated from the group of candidate genes. In a further step, we maintained only those candidate genes for which (a) the standardized Tajima’s D or Fay and Wu’s H value of the closest 25 SNP window was negative, or the SWEED Likelihood was positive in the metalliferous population, and (b) values were more extremely negative or positive, respectively, in the metalliferous population for at least one of these three metrics. Metrics and allele frequency plot ratings and single population metrics values are documented in supplemental datasets S2, S3, S4, and S5.

In addition to the evaluation of candidate genes from genome scans, the genome-wide output of SNPEFF (see above) was used to identify large-effect variants. We chose SNPs called by both HaplotypeCaller and UnifiedGenotyper and predicted by SNPEFF to have a “high impact”, i.e., generate a frameshift or a stop codon. Furthermore, we chose indels called by both the HaplotypeCaller and GROM, with the predicted indel positions differing by at most the length of the indel and predicted by SNPEFF to have a “high impact”. Based on the identified variants, we considered as candidates genes for containing selected large-effect variants those genes for which SNPs and indels exhibited a minimum allele frequency difference of 0.4 and an allele frequency of ≥ 0.9 or ≤ 0.1 in the population at the metalliferous site. Genes with different high effect mutations and allele frequencies of one higher in the one population of a pair and of another higher in another population were excluded.
[bookmark: _GoBack]To verify that the identified candidates genes were neither duplicated nor sequenced at insufficient depth, coverage was calculated from the realigned bam files with BEDTOOLS’ coverage function [34] based on the A. lyrata reference genome, with a histogram output. The histogram output was then converted into a calculable input with custom R scripts using the data.table package [35], and the mean and median calculated per gene or per exonic gene content. In addition, to earmark genes with potential paralogues in the genome, the number of paralogous genes within the same orthogroup was extracted from the ORTHOFINDER results for A. halleri [36], A. lyrata and A. thaliana, respectively, with the data.table package within custom R scripts. 
To identify common candidate genes, the function “merge” was used with the parameter “by” set to the Arabidopsis lyrata gene identifier to merge datasets for all combinations of population pairs. To visualize these, Venn diagrams of candidate genes were generated with VENNY 2.1.0 [37] based on the Arabidopsis lyrata gene identifiers. To compare observed and expected gene numbers, hypergeometric tests were performed using the phyper function with lower.tail = F and log.p = FALSE to calculate the probability of finding this many or more genes in the overlap. Inputs were (i) the number of genes in common between two population pairs reduced by one, (ii) the number of genes in the first population pair, (iii) the number of genes in the second population pair, and (iv) the difference between the total number of genes annotated in the A. lyrata genome (33,221) and the number of genes in the first population pair (https://github.com/syllwlwz/Divergence-Scans/blob/master/Genome_scan
_analysis/hypergeom_convergent_evol.R, supplemental table S5). To account for possible species-specific genes or genes with missing data in one of the two compared population pairs, the test was repeated employing an approximated minimum total number of genes of 25,000, and all statistically significant observations were robust to this change (see Figure 3A). 
A gene function enrichment test was performed for each population pair using the CLUEGO app version 2.5.2 [38] in CYTOSCAPE version 3.6.1 [39] using the A. thaliana gene identifiers and gene ontology (GO) BiologicalProcess 21.11.2017 including 22,365 available unique genes and 5,480 terms. GO Term Fusion was enabled to fuse GO parent-child terms based on similar associated genes and only pathways with a p-value below or equal to 0.05 were kept. The network specificity was kept at the default medium. The enrichment test was computed for all candidates without the additional candidate genes containing large-effect indels and SNPs.

(i) Identifying divergence signatures, EAA, and compilation of candidate gene lists 
We restricted the length of the SNP-based windows for population genetic metrics calculations to be shorter than the longest gene in the A. lyrata annotation [30]. We did this to avoid poorly annotated regions and regions largely deprived of SNPs, such as the centromeric region.
To identify the most diverged windows, we wrote the PYTHON3 pipeline DIVERGENCESCAN (https://github.com/SailerChristian/Divergence_Scan). In the DIVERGENCESCAN, we first selected the windows that are ≥ 99.5%ile of the empirical distributions for each metric. Second, to identify the genes the identified divergence windows are part of, we used BEDTOOLS’ “intersect" [34, 40], specifying that the divergence window must overlap by at least 1 base with an annotated gene coding locus. Those genes are the DIVERGENCESCAN candidate genes.
The DIVERGENCESCAN candidate gene list is purely based on genomic data and therefore contains genetic differences that are due to causes other than only soil elemental driven selective pressure, such as genetic drift. Therefore, we tested the divergence scan candidates for association to environmental variables using BAYENV2 [41], which allows for testing in a two-step process. After calculating the median per population of the soil trace metal element (TME) concentrations we log transformed them and used the standardized values. The first step of BAYENV2 is to calculate the variance-covariance matrix that corrects for neutral population structure using presumably neutral four-fold degenerated sites. Second, we extracted the SNPs for all DIVERGENCESCAN candidate genes and converted the file format to BAYENV2 input format using a custom PYTHON3 script. The second step of BAYENV2 is to calculate the Bayes factor (BF), Spearman’s ρ and Pearson’s correlation coefficient rs, which is the actual EAA. We used 100 000 iterations.
To annotate the effects of the found SNPs with SNPEFF [33], we added the A. lyrata v2.0 annotation to the SNPEFF database and annotated the corresponding SNPs only (no upstream or downstream). Next, we combined per SNP allele frequency, dXY and FST data with the SNPEFF annotation and the results from BAYENV2. We selected only SNPs that have BF ≥ 100 [13] for the selected elements (environmentally associated SNP, EA SNP) and further required that the EA SNP causes a non-synonymous change. We did this per contrast divergence scan candidate gene list and species (four lists).
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