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Abstract

While linkage disequilibrium (LD) is an important parameter in genetics and evolutionary

biology, the drivers of LD remain elusive. Using whole-genome sequences from across a

species’ range, we assessed the impact of demographic history and mating system on LD.

Both range expansion and a shift from outcrossing to selfing in North American Arabidopsis

lyrata were associated with increased average genome-wide LD. Our results indicate that

range expansion increases short-distance LD at the farthest range edges by about the

same amount as a shift to selfing. However, the extent over which LD in genic regions

unfolds was shorter for range expansion compared to selfing. Linkage among putatively

neutral variants and between neutral and deleterious variants increased to a similar degree

with range expansion, providing support that genome-wide LD was positively associated

with mutational load. As a consequence, LD combined with mutational load may decelerate

range expansions and set range limits. Finally, a small number of genes were identified as

LD outliers, suggesting that they experience selection by either of the two demographic pro-

cesses. These included genes involved in flowering and photoperiod for range expansion,

and the self-incompatibility locus for mating system.

Author summary

Nearby genomic variants are often co-inherited because of limited recombination. The

extent of non-random association of alleles at different loci is called linkage disequilib-

rium (LD) and is commonly used in genomic analyses, for example to detect regions

under selection or to determine effective population size. Here we reversed testing and

addressed how demographic history may affect LD within a species. Using genomic data

from more than a thousand individuals of North American Arabidopsis lyrata from across

the entire species’ range, we quantified the effect of postglacial range expansion and a shift

in mating system from outcrossing to selfing on LD. We show that both factors lead to

increased LD, and that the maximal effect of range expansion is comparable with a shift in

mating system to selfing. Heightened LD involves deleterious mutations, and therefore,

LD can also serve as an indicator of mutation accumulation. Furthermore, we provide evi-

dence that some genes experienced stronger increases in LD possibly due to selection

associated with the two demographic changes. Our results provide a novel and broad view
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on the evolutionary factors shaping LD that may also apply to the very many species that

underwent postglacial range expansion.

Introduction

Linkage disequilibrium (LD) measures the non-random coinheritance of alleles at different

loci [1]. LD is a common operational variable in genetics and evolutionary biology [2], used

among others to map quantitative trait loci [3], estimate effective population size and past

founder events [4,5], or to detect genomic regions under selection[6]. However, LD does not

unequivocally reveal underlying genomic and evolutionary processes because it can be influ-

enced simultaneously by several factors [2]. For example, theory predicts that average LD

increases across the genome due to demographic bottlenecks and enhanced genetic drift [7,8],

and locally in some genomic regions, as a result of selection or structural genomic rearrange-

ments such as inversions [9]. Conversely, gene flow and recombination are predicted to reduce

LD [2]. Because multiple factors can shape LD, identifying the relevant evolutionary processes

is challenging and requires the study of replicate populations at a genomic and genic level.

Here we focused on the role of two demographic factors that are predicted to foremost affect

genetic drift and as a consequence LD. Based on whole-genome sequences of many replicate

populations of North American Arabidopsis lyrata, we assessed the role of range expansion

and mating system shift in shaping current patterns of LD across an entire species’ range.

Range expansion generally happens via serial founder events along the expansion axis and

is accompanied by heightened genetic drift [10]. One of the consequences of genetic drift is

increased LD [2,7,11] that may extend over larger genomic regions [8]. Average genome-wide

LD is predicted to increase because founder events result in the loss of some ancestrally recom-

bined haplotypes and the increase of others [12,13]. However, due to the stochastic nature of

the process of genetic drift, the magnitude of LD is expected to vary greatly across the genome

[11,14]. Drift-induced LD is predicted to constrain the response to directional selection and

the adaptive potential of populations. During range expansion, individuals need to establish,

and populations need to frequently adapt to novel environmental conditions. LD may reduce

the potential for local adaption because it slows the spread of favorable alleles at linked loci on

their way to fixation [15,16]. Furthermore, LD may also involve deleterious mutations as muta-

tional load is predicted to accumulate via genetic drift under range expansion [17]. The inter-

action between LD, genetic drift and mutational load may further reduce the efficacy of

directional selection [18]. Despite the aforementioned theoretical predictions, empirical evi-

dence for an increase in LD with range expansion is limited to humans. Here the expansion

out of Africa was found to be associated with a decline in genetic diversity and an increase in

LD with distance from the presumed origin of the species [19,20], while subsequent founder

events and bottlenecks further contributed to increased LD in some populations [21]. More

research on the magnitude of impact of range expansion on LD is therefore needed, given that

most if not all species once expanded their range, and that most species remain having fairly

dynamic ranges, which has become most obvious under recent climate change [22].

A shift in mating system from outcrossing to selfing evolved repeatedly in many plant fami-

lies [23] as well as in some populations within primarily outcrossing species [24,25]. Selfing

decreases the drift-effective population size relative to outcrossing, reducing genetic variation

[26] and effective recombination [27]. As a consequence, LD is predicted to increase across the

genome. While drift due to selfing is a stochastic process causing variation in LD across the

genome, the effect of drift is predicted to be lower if selfing occurs more rapidly than the loss

of variability from random genetic drift [26]. Extended LD is further predicted to increase the
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effect of linked selection, i.e. hitchhiking effects over larger genomic distances in highly selfing

species [28,29]. A couple of past studies compared LD between closely related pairs of selfing

and outcrossing species, i.e. between Arabidopsis thaliana and A. lyrata [30,31], and between

Capsella rubella and C. grandiflora [32]. They found that LD was generally higher in the selfing

species. A weakness of such comparisons is that species commonly differ in more aspects than

just the mating system because their shared history usually lies back up to some million years.

Better resolution on the role of mating system is likely achieved by comparing populations

within the same species that differ in mating system.

LD may also vary among genomic regions and genes because of selection, be it directional

[2,33], balancing [34,35] or background selection against deleterious mutations [36]. Any of

these three types of selection can locally increase LD. Indeed, locally increased LD is a com-

mon pattern of selective sweeps, whereby a beneficial mutation is swept towards fixation in a

population by natural selection [37], together with hitchhiking genomic variants on either side

of a mutation [38]. The processes causing extended genomic regions of high LD has been pro-

posed to occasionally lead to linkage between co-adapted genes and eventually cause adaptive

divergence among evolutionary lineages and, in the best case, may result in speciation [39].

To study genome-wide patterns of LD in response to range expansion and a shift in mating

system from outcrossing to selfing, we analyzed sequence data from North American Arabi-
dopsis lyrata subsp. lyrata (L.) O’Kane & Al-Shehbaz (hereafter referred to as A. lyrata) across

its entire geographic distribution in North America [40]. The species is a short-lived perennial,

hermaphroditic plant closely related to A. thaliana and both genetically and geographically

distinct from the European subspecies A. lyrata subsp. petraea, with no evidence for gene flow

between the two subspecies [41]. Following the retreat of the glaciers starting about ~20’000

years ago, A. lyrata underwent range expansion from two distinct glacial refugia in North

America [42,43] (Fig 1). Along the expansion, and especially at the edges of the current species’

distribution, several populations shifted their mating system from predominant self-incompat-

ibility and outcrossing to predominant self-compatibility and selfing, or rarely to mixed-mat-

ing [25,42,44]. Both range expansion and a shift to selfing were shown to be associated with a

reduction in genomic diversity and an increase in mutational load [43,45].

We estimated near-range LD for both genic and intergenic regions across the genome and

at the level of genes for 52 populations using population-based allele frequency data. Further-

more, we estimated the decay of LD over longer sequence ranges based on two individually

sequenced diploid genomes per population. Apart from testing for an effect of past range

expansion and a shift in mating system on estimates of LD, we considered the impact of gene

density. Increased gene density was shown to be negatively correlated with genetic polymor-

phisms in the closely related plant A. thaliana, most likely due to the enhanced action of selec-

tion in these regions [46]. Structural genomic changes were not considered because they are

thought to be rare in Arabidopsis [47,48]. Next, we tested whether LD commonly involved del-

eterious variants. Analyses were repeated on a population level, by testing for an association

between genome-wide LD and within-population genetic variation or an estimate of deleteri-

ous counts [43]. Finally, we identified genes whose LD estimates were correlated with range

expansion and mating system beyond neutral expectations, to reveal possible candidate genes

associated with either of the two demographic processes.

Material & methods

Plant material and sampling strategy

Plant material from 52 populations of North American A. lyrata covering the entire distribu-

tion was collected during the reproductive seasons in 2007, 2011 and 2014 (Fig 1 and S1
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Table). Two different genomic datasets were used: first, a previously published dataset of popu-

lation level whole-genome sequence data (pool-seq) from an equimolar amount of DNA of 25

individuals that was pooled per population before library preparation (NCBI accession

PRJEB19338;[43]); second, a dataset consisting of more than a hundred newly re-sequenced

genomes with two individuals for each population at ~10X coverage (NCBI accession

PRJEB30473). For both datasets, paired-end sequencing was conducted on an Illumina HiSeq

2000 with a read length of 100 bps and 150 bps for pool-seq and the re-sequenced genomes,

respectively. Two phylogenetic clusters are distinguished in A. lyrata, each with independent

recolonizations from different glacial refugia [43]. Our dataset comprised 21 populations from

the eastern cluster and 31 populations from the western cluster (Fig 1). While the majority of
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Fig 1. Geographic pattern of linkage disequilibrium (LD, distance-corrected r2 between pairs of SNPs) in North American Arabidopsis lyrata (A&B) and the

correlation of zygosity (Δ) scaled by the level of genome-wide heterozygosity (θ) (C&D). (A) Average genome-wide LD for intergenic regions. (B) Average LD for the

gene FPA that is involved in the autonomous pathway of flowering time regulation. Darker gray shading for A&B indicates higher levels of LD; both surfaces were

estimated based on outcrossing populations only. Minimum convex polygon hulls surrounding populations of the western and eastern ancestral genetic clusters are

drawn in black. Triangles indicate the core areas from which recolonization began after the most recent glacial maximum. Lines from these cores are recolonization

routes revealed by projecting the population phylogeny on the map. Circles are the populations sampled in this study: outcrossing (black), mixed-mating (pink), and

selfing (red). Unshaded areas within the polygon hulls are regions with missing data for outcrossing populations. The dashed blue line indicates the maximum extent of

the ice sheet during the last glacial maximum. LD increased with increasing distance from the core areas. The correlation of zygosity (Δ) across intergenic (C) and genic

(D) regions for 104 individual genomes as estimated by MLRHO. Solid lines depict individuals from the eastern genetic cluster and dashed lines from the western genetic

cluster, respectively. Individuals from mixed-mating populations are depicted in pink, and from selfing populations in red. For individuals from outcrossing populations

the grayscale gradient indicates individuals from the range center (gray) to the range edge (black).

https://doi.org/10.1371/journal.pgen.1009477.g001
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these populations were estimated to have established after the withdrawal of the ice, six were

found to be older [43]. Two along the Mississippi River in northern Iowa and one in New Jer-

sey were kept in the study because they were close to the deduced glacial refuge areas (Fig 1; S1

Table). Three others were located in Missouri and included one selfing population, apart from

two outcrossing populations with clear signatures of past exposure to genetic drift, and they

were therefore also kept in the study. For the pool-seq data, all analyses were performed with

and without these six populations and results were nearly identical or–for the detection of out-

lier genes–more conservative when they were included (S1 Text). The mating system of popu-

lations was deduced previously by either progeny array analysis or population inbreeding

coefficient based on microsatellite markers [42].

Data preparation and estimation of LD: Pool-seq

With the trim-fastq.pl script of POPOOLATION 1.2.2 [49], we first trimmed the raw pool-seq

sequences per population using a minimal base quality threshold of 20 and kept only

reads� 84 bps. We mapped all retained reads against the A. lyrata reference genome v1.0 [47]

and the plastid and mitochondrial genomes of A. thaliana (Genbank accessions NC_000932

and NC_001284, respectively) using BWA-MEM 0.7.13 [50]. The centromeric regions were

masked, along with two regions on scaffold II (position ranges: 8’746’475–8’835’273 and

9’128’838–9’212’301) that shared very high similarity with the A. thaliana chloroplast genome,

suggesting an assembly error in the A. lyrata reference genome. Only reads that mapped to

scaffolds I-VIII, representing the eight chromosomes of A. lyrata, were kept. We next used

PICARD 2.1.1 (http://broadinstitute.github.io/picard) to remove duplicate reads and SAMTOOLS

1.7 [51] to retain properly paired reads with mapping quality over 20.

Using SAMTOOLS, we generated a mpileup file comprising all populations. SNPs were called

using VARSCAN 2.4.1 [52], requiring a minimal read depth of 50 at a given position for each

population to make a call. We used a minimal variant allele frequency threshold of 0.03 per

population, which is considered a good threshold for pool-seq data [53]. We removed previ-

ously identified repeat sites in the A. lyrata genome [54] with BEDTOOLS 2.26.0 [55]. Using

VCFTOOLS 0.1.14 [56], we then removed indels and kept only biallelic SNP positions that had a

coverage of 50–500 within a population, a minimal genotype quality of 28, a minor population

allele frequency of 0.03, and a maximum of 50% missing data across all populations. Finally,

SNPs with a strand bias higher than 90% were removed. These procedures resulted in

2’586’251 SNPs for downstream analyses.

We calculated LD between SNP positions for each population separately. Because we

worked with pool-seq data, the range for estimating LD was short, i.e. across paired reads [57],

and ranged between 1 and 500 bps, including the insert size between paired reads. LD was esti-

mated as r2, representing the statistical correlation between pairs of SNPs using the direct esti-
mate method of LDX [57], whereby paired reads were considered only if they overlapped at

both SNP sites. We considered only sites with a read depth greater than five and a minor allele

frequency at either locus > 0.15. The latter has been shown to provide the most accurate esti-

mates of r2 for pool-seq data [57]. Using annotation v1.2 of A. lyrata [58], LD estimates were

separated into genic and intergenic regions, where genic regions comprised both exons and

introns, and intergenic regions covered the sequence between adjacent genes. Genes and inter-

genic regions were included in the analyses only if they contained at least five LD estimates

and<50% of populations had missing data. Of the 32’069 genes in the A. lyrata genome [58],

9’282 (29.1%) were retained for all genic-based LD analyses. The same filtering criteria pro-

duced LD estimates for 4’972 intergenic regions. The filtered datasets comprised a total of

46’159’344 and 18’801’370 pairwise r2 estimates for the genic and intergenic regions,
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respectively, across all populations. Because LD generally decayed with increasing distance

between loci (S1 Fig), we calculated the residuals of a linear model between LD and the log10-

transformed base pair distance between loci across all retained LD estimates. We subsequently

refer to these residuals as distance-corrected LD. Watterson’s θ was estimated with NPSTAT [59]

for genic and intergenic regions separately.

We further assessed whether linked SNPs within genic regions were deleterious. For this,

we employed the program SIFT 4G [60], which indicates for each missense variant if it is delete-

rious or tolerated based on site conservatism when compared to homologous sites of a larger

database. We ran SIFT 4G with the suggested parameters [60], using the SNP set from the pool-

seq data. From the output, we split the pairwise LD estimates into three categories: LD between

two deleterious variants, LD between a deleterious and a tolerated variant, and LD between

two tolerated variants. For a total of 14’770’554 r2 estimates, both involved SNPs could be

annotated by SIFT. Of these, 200’577, 2’129’990 and 12’514’150 estimates occurred between

two deleterious variants, between a deleterious and a tolerated variant or between two tolerated

variants, respectively.

Data preparation and estimation of LD: Individual genomes

For the re-sequenced individual genomes, we trimmed the raw sequences with TRIMMOMATIC

0.36 [61] using a minimal base quality threshold of 20 and kept only reads� 50bp. We mapped

all retained reads against the A. lyrata reference genome and removed duplicates and repeat

sites as for the pool-seq dataset. For each individual, we calculated the correlation of zygosity

(Δ) across all genic sites and across all intergenic sites used for the pool-seq data with MLRHO

2.9 [62]. The correlation of zygosity measures the strength of correlation between loci across

individual genomes and provides an estimate for LD [63]. However, rather than resulting in

individual pairwise estimates, MLRHO measures Δ across all loci for each individual. Following

the suggestions of Lynch et al. [63], we included only sites with a minimal genotype quality of

28 and a sequence depth between twice and five times the average genome wide depth for each

individual. We ran MLRHO in steps of 1 bp along the first 5’000 bps and in steps of 100 bps for a

distance of 5-50k bps. We scaled Δ by the level of heterozygosity (θ) estimated for each genome

by MLRHO as Δ/θffi r2 [63].

Estimation of genome-wide recombination

We assessed if background recombination across the genome of A. lyrata could impact LD.

For this, we used the software RELERNN [64]. While classic software tools require many indi-

vidually sequenced specimens per population to confidently estimate recombination,

RELERNN implements a machine learning algorithm that can also handle pool-seq data. We

ran RELERNN following the suggested best-practice for pool-seq data [64] with the necessary

few specific adjustments for A. lyrata: For the initial simulation step, we set a recombination

rate of 3.55e-9 crossovers per base per generation, based on the only empirical estimate in this

genus from A. thaliana [65]. At this step, RELERNN implements MSPRIME [66] to simulate

100’000 training examples and 1’000 validation and test examples based on the observed SNP

data for each population. In a next step, RELERNN uses the simulated dataset to train a recur-

rent neural network for which we used the standard settings as suggested by [64], applying

also a minor population allele frequency of 0.03. With the trained network, the original data is

then assessed including a bootstrap approach to estimate the 95% confidence interval. Because

the calculation of recombination was computationally prohibitive, we ran RELERNN sepa-

rately for four populations from the cores of distribution with high genomic diversity (IA1,

MD4, NY1, WI1, see below). Importantly, RELERNN estimates recombination within self-set
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bins, whose sizes are optimized based on the SNP density of the initial datasets; consequently

bins differed in lengths (IA1: 137’500 bps, MD4: 63’100 bps, NY1: 61’100 bps, WI1: 61’400

bps). Therefore, we estimated averages of recombination rate for each population, and genic

and intergenic region that we used in our LD analyses. Finally, we estimated the relationship

between distance-corrected LD and recombination rates that were estimated for each of the

four populations for genic and intergenic regions, respectively, with Pearson product-moment

correlations. Because LD and background recombination as estimated here were not highly

correlated (see Results), we did not include this variable in our statistical analyses.

Statistical analyses

i) Preliminaries. Three preliminary analyses were performed. First, we tested for a differ-

ence in LD between genic and intergenic regions. We applied paired t-tests between the aver-

age genome-wide distance-corrected r2 or the average correlation of zygosity (Δ) scaled by the

level of heterozygosity of genic and intergenic regions across populations. For Δ, we focused

on the first 500 bps, which represents the range for which r2 was estimated from pool-seq data.

Because selection may result in extended genomic regions of increased LD [39], we sec-

ondly aimed at identifying such regions by using pool-seq data only. For this, we employed a

hidden Markov model (HMM) as implemented in [67]. We modeled two states (low vs. high)

on LD averaged for each genic and intergenic region for each population (S2 Fig) with the R

package HiddenMarkov. We then estimated the mean LD for each state and the transition rate

matrix among states from the data with a Baum-Welch algorithm [68]. Finally, we used the

Viterbi algorithm to predict the most likely sequence of hidden states from the data and esti-

mated parameters.

Third, we estimated the relationship between r2 of pairs of SNPs from pool-seq data and Δ
from individual sequencing. We performed Pearson product-moment correlations between

the mean per-population log10-transformed Δ averaged over the first 500 bps and r2, separately

for genic and intergenic regions.

ii) LD based on pool-seq. A first main analysis tested for the relationship between LD on

the one hand, and expansion history or mating system on the other hand. For this, we imple-

mented linear mixed-effects models with restricted maximum likelihoods (REML) –a widely

used statistical approach in genetics and more broadly across the field of biology [69–71], with

the lme4 package [72] in R 3.5.1 [73]. Analysis was done separately for genic and intergenic

regions. Dependent variable was distance-corrected r2 estimated from pool-seq data, and the

four fixed effects were: phylogenetic cluster, log10-transformed expansion distance, mating sys-

tem, and gene density. While the former three were predictors on the level of the population,

the latter was a predictor on the level of chromosomal subunits. Phylogenetic cluster assign-

ment of populations in west or east was based on previous analyses. Expansion distance was

calculated based on a map-projected population phylogeny constructed with genome-wide

SNP frequency data [43]. Core areas were defined as the geographic location of the most recent

common ancestor of the first population with a current location that had been covered by ice

during the last glaciation period. For every population, expansion distance was calculated

either as the sum of great circle distances along the map-projected nodes back to the core or,

for the six older populations (S1 Table) as the great circle distance directly to the core, in km.

Mating system was approximated by the population inbreeding coefficient, FIS, calculated by

microsatellite analyses based mostly on the same plant material as we used for pool-seq

[25,42]. Gene density was found to vary across the A. lyrata genome (S3 Fig). We approximated

gene density by the mean base-pair distance of each gene to its respective up- and down-

stream neighboring genes. For analyses on intergenic regions, gene density was approximated
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by the size of each intergenic region. Random effects included population crossed with scaffold

and, at the lowest hierarchical level, gene ID or ID of the intergenic region nested within scaf-

fold. For all models, significances were estimated with a type III Wald χ2 test. We did not

include an interaction between range expansion and mating system because they were highly

non-significant (genic: χ2 = 0.11, p = 0.741; intergenic: χ2 < 0.01, p = 0.992).

In a second main analysis, the link between LD and load was assessed for genic regions.

The goal was to test whether distance-corrected LD estimates increased with expansion dis-

tance or mating system independent of whether SNPs were tolerated or deleterious. The analy-

sis as described above was repeated on genic regions. However, additional fixed effects

included the three SNP types (deleterious-deleterious, deleterious-tolerated, tolerated-toler-

ated) and their interaction with range expansion and mating system. For all linear mixed-

effects models, we inspected the residuals visually for normality and homoscedasticity.

Two additional analyses focused on effective population size (Ne) or mutational load, and

were performed on the level of the population. If genetic drift is an important driver of LD, we

would expect LD in genic and intergenic regions to increase with lower genomic estimates of

Ne [4]. We used Watterson’s θ of intergenic regions as a proxy for effective population size

because in the absence of substantial gene flow (as is the case for A. lyrata [25]), only effective

population size and mutation rate should determine genomic diversity. We also incorporated

a previously published estimate of mutational load, measured as the ratio of the number of

non-synonymous to synonymous polymorphic sites adjusted for the average frequency of the

allele derived from A. thaliana (Pnfn/Psfs) [43]. We tested for correlations between average

genome-wide distance-corrected LD in genic and intergenic regions and θ and mutational

load using Pearson product-moment correlations.

iii) LD based on individual genome sequences. A third main analysis targeted the role of

expansion history or mating system on the length over which LD unfolds based on the correla-

tion of zygosity (Δ) estimated across individual genomes. The output of MLRHO is Δ that is aver-

aged across the genome separately for each bp distance interval between variants. Therefore,

we fitted linear mixed-effects models for each bp interval. Response variable was log10-trans-

formed Δ, scaled by the level of heterozygosity of either genic or intergenic regions. Because Δ
is estimated across the entire genome, our model included only three of the four fixed effects

used for the pool-seq data: phylogenetic cluster, range expansion and mating system. As we

had two individuals per population, we included population as a random effect. P values were

corrected for multiple testing with a false discovery rate (FDR) correction. To quantify the

range of LD, we estimated for each individual the bp distance where the scaled log10-trans-

formed Δ reached a low value of 0.1.

iv) Identification of genes impacted by range expansion and mating system shift. We

used distance-corrected near-range LD estimated from pool-seq data to identify genes with a

significant relationship with range expansion and mating system shift. Gene-by-gene, we

tested whether LD was affected by range expansion or mating system with a linear mixed-

effects model that included phylogenetic cluster, log10-transformed expansion distance and

mating system as fixed effects. We further included an interaction term between expansion

distance and mating system. P-values were adjusted for multiple testing using a FDR correc-

tion. For each gene, we further assessed if LD increased more than expected by chance during

range expansion or mating system shift or in other words, whether the model coefficients for a

gene were outside of the respective genome-wide coefficient ± 2 SE among all genic sites

(Table 1). We then identified the gene ontology (GO) terms for the genes that remained signif-

icant (p< 0.05), using the annotation of [58] and restricting our analysis to biological pro-

cesses. Finally, because it has been shown that balancing selection may particularly affect some

genomic regions during a switch in mating system in A. lyrata [74,75], we also compared levels
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of Watterson’s θ among the genes that showed a strong effect of range expansion or mating

system with the level of θ averaged across all genic regions using paired t-tests.

Results

Preliminary analyses

Preliminary analyses showed that first, the average genome-wide estimates of LD were higher

for genic than intergenic regions for both distance-corrected r2 (paired t-test: t1,51 = 38.45,

p< 0.001) and the correlation of zygosity–Δ (t1,105 = 8.17, p< 0.001). Second, the HMM anal-

ysis did not identify any extended region of increased LD in any population. Although our

studied regions were spread across the entire genome (S2 Fig), some potential islands of low

recombination may not have been included as we focused on regions with minimal number of

polymorphic sites. Watterson’s θ among the 9’285 genes included in our study was indeed on

average higher than among all other genes (paired t-test: t1,51 = 25.62, p< 0.001, average differ-

ence of θ: 0.002). Third, LD estimated by average r2 from pool-seq data and LD estimated by

average Δ were significantly correlated (genic regions: ρ = 0.716, t1,51 = 7.25, p< 0.001; inter-

genic regions: ρ = 0.719, t1,51 = 7.32, p< 0.001, S4 Fig).

Rates of recombination as estimated from pool-seq data by RELERNN varied across the

genome of A. lyrata, but decreased in most cases towards the centromeres (S5A Fig). The cor-

relation between distance-corrected LD and recombination within each population was

though not strong (genic: range of ρ 0.017–0.076; intergenic: range of ρ 0.017–0.033; S5B Fig).

Factors driving genome-wide linkage disequilibrium: Pool-seq

Genome-wide distance-corrected LD (r2) estimated from pool-seq data was strongly associated

with distance of range expansion and a shift in mating system from outcrossing to selfing for

both genic and intergenic portions of the genome (Table 1; Figs 1 and S6 Fig). The model-pre-

dicted relative increase in LD between the shortest and longest expansion distance was 509%

for genic regions and 78% for intergenic regions. The model-predicted relative increase in LD

between the most outbred and the most inbred population was 637% for genic regions, and

130% for intergenic regions. Furthermore, LD declined with lower gene density by 141% for

genic regions, for which gene density was estimated as the average distance between neighbor-

ing genes. In line, LD declined with lower gene density by 395% for intergenic regions, for

Table 1. Results of the linear mixed-effects models on genome-wide linkage disequilibrium (LD, distance-corrected r2 between pairs of SNPs) or the correlation of

zygosity (Δ) of genic regions and (top) intergenic regions (bottom). For each fixed effect, the model estimate (β) as well as the chi-square statistics (χ2) with the associ-

ated p value from type III Wald χ2 tests are given. For the correlation of zygosity, the results for Δ at 1000 bps distance are shown (see also S7 Fig). Only results for fixed

effects are shown.

LD (r2) Correlation of zygosity (Δ)
Fixed effect β ± SE χ2 P β ± SE χ2 P
Genic regions

Genetic cluster (east) 0.00595 ± 0.00438 1.845 0.1744 0.06643 ± 0.04334 2.349 0.1253

Log10 expansion distance 0.03872 ± 0.00947 16.719 <0.0001 0.13219 ± 0.04067 10.563 0.0012

Mating system (FIS) 0.02824 ± 0.00844 11.186 0.0008 0.88161 ± 0.08349 111.495 <0.0001

Log10 distance to adjacent genes -0.01290 ± 0.00104 154.101 <0.0001 - - -

Intergenic regions

Genetic cluster (east) 0.00844 ± 0.00369 5.237 0.0221 0.06211 ± 0.05054 1.510 0.2191

Log10 expansion distance 0.02774 ± 0.00797 12.108 0.0005 0.11890 ± 0.04743 6.283 0.0122

Mating system (FIS) 0.02853 ± 0.00711 16.106 <0.0001 0.32472 ± 0.09737 11.121 0.0008

Log10 size intergenic region -0.01444 ± 0.00169 73.401 <0.0001 - -

https://doi.org/10.1371/journal.pgen.1009477.t001
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which gene density reflected the size of the respective region. Finally, genetic cluster had only a

significant effect for intergenic regions (Table 1).

For distance-corrected r2 estimated between annotated SNPs, LD again significantly

increased with expansion distance and mating system, while it declined with decreasing gene

densities (Table 2). Importantly, both the type of SNP pairs and the interaction between the

types of SNP pairs with expansion distance and mating system were significant (Table 2). The

model indicated that LD increased for all three types of SNP pairs towards the range margins

(Fig 2A) and with increased inbreeding (Fig 2B), but that the effect was less strong for LD esti-

mates involving two deleterious SNPs. In contrast, LD between pairs of tolerated SNPs

increased to a similar degree with expansion distance as it did between a deleterious and a tol-

erated SNP, but to a lesser degree with mating system. Furthermore, population-level analyses

confirmed a link between LD, drift and load. Genome-wide average LD (r2) for both genic and

intergenic regions increased with declining Watterson’s θ by comparable magnitudes (genic:

ρ = 0.727, t1,51 = 7.49, p< 0.001; intergenic: ρ = 0.744, t1,51 = 7.86, p< 0.001; Fig 3A). Further-

more, LD for both genic and intergenic regions increased with increasing mutational load

(Pnfn/Psfs) (genic: ρ = 0.636, t1,51 = 5.83, p< 0.001; intergenic: ρ = 0.637, t1,51 = 5.84, p< 0.001;

Fig 3B).

Factors driving genome-wide linkage disequilibrium: Individual genomes

The extent over which LD estimated by the scaled correlation of zygosity (Δ) unfolds varied

among populations (Fig 1C and 1D): the log10-transformed Δ reached a value of 0.1 at an aver-

age of 4’637 bps (range: 1’168–16’601 bps) for genic regions and at an average of 1’129 bps

(range: 259–3’191) for intergenic regions. In line, the range at which Δ reached 0.1 differed on

average by 3’509 bps between genic and intergenic regions (paired t-test: t1,105 = 12.85; 95%CI:

2’967–4’050) and increased with the distance of range expansion and a shift in mating system

to selfing (Table 1). Genetic cluster was only significant for the intergenic region (Table 1),

where LD extended over longer ranges in the western cluster.

The statistical models run separately for each bp distance interval between variants of genic

regions implicated that range expansion affected Δ consistently over the first 16.0 kb with only

four exceptions (Panel B in S7 Fig); a shift in mating system to selfing affected Δ consistently

over the first 23.3 kb (Panel C in S7 Fig). For intergenic regions, range expansion affected Δ
consistently over the first 2.3 kb (Panel E in S7 Fig) and mating system over the first 4.4 kb

(Panel F in S7 Fig). While genetic cluster did not significantly affect Δ for genic regions, it did

so for intergenic regions, however, not consistently over extended stretches (Panels A and D in

S7 Fig). For example at 1000 bps distance only range expansion and mating system showed a

significant effect on Δ for both genic and intergenic regions (Table 1).

Table 2. Results of the linear mixed-effects model on genome-wide linkage disequilibrium (LD) using only distance-corrected r2 between pairs of SNPs in genic

regions that were annotated by SIFT. For each fixed effect, the model estimate (β), as well as the chi-square statistics (χ2) with the associated p value from a type III Wald

χ2 tests are given. Only results for fixed effects are shown.

LD (r2)
Fixed effect β ± SE χ2 P
Genetic cluster (east) 0.00591 ± 0.00437 1.829 0.1762

Log10 expansion distance 0.02739 ± 0.00969 17.391 <0.0001

Mating system (FIS) 0.01779 ± 0.00886 12.078 0.0005

Log10 distance to adjacent genes -0.01189 ± 0.00113 113.989 <0.0001

SIFT-SNP type -0.03575 ± 0.00577 49.428 <0.0001

Log10 expansion distance � SIFT-SNP type 0.01231 ± 0.00223 31.138 <0.0001

Mating system (FIS) � SIFT-SNP type 0.01023 ± 0.00283 38.577 <0.0001

https://doi.org/10.1371/journal.pgen.1009477.t002
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Genes likely impacted by range expansion and mating system shift

Gene-specific analyses of distance-corrected LD revealed 271 and 23 genes (2.9% and 0.2%

of all studied genes) significantly associated with expansion distance and mating system,

respectively, following a false discovery rate (FDR) correction. Only the unannotated gene

AL1G48560 overlapped between the two sets of genes (S2 and S3 Tables), and only for

AL2G23990 a significant interaction between the two predictors was found. A total of 190 and

11 annotated genes were associated with 396 and 42 unique GO terms with range expansion

and mating system, respectively, where 26 GO terms overlapped between the two datasets (S2

and S3 Tables). Eight genes and 12 GO terms for expansion distance were linked to flowering
or photoperiod, including the gene AL4G42150, a homolog of FPA in A. thaliana in which it

regulates flowering time [76]. Some of the other genes for range expansion were associated

with abiotic stress (6 genes, 8 GOs), growth or maturation (5 genes, 12 GOs), roots (4 genes, 10

GOs) and trichomes (3 genes, 2 GOs). For mating system, one GO term was linked to recogni-
tion of pollen, being associated with the gene AL7G32710, which is the homolog to ARK3 that

flanks the self-incompatibility locus region in A. lyrata [77]. While change in LD for

AL7G32710 was strongly associated with the shift in mating system (χ2 = 15.12, p< 0.001; Fig

4), it was not affected by range expansion (χ2 = 0.26, p = 0.611). Further analyses showed that

the gene that flanks the self-incompatibility locus on the other side (AL7G32750 or Ubox) was

somewhat associated with mating system (Fig 4; χ2 = 5.72, p = 0.017, not significant after FDR)

but not with range expansion (χ2 = 0.38, p = 0.535).

Outlier genes for expansion distance had a slight yet significantly lower genetic diversity

compared to non-outlier genes (Δθ = 0.0002; paired t-test: t1,51 = 14.10, p< 0.001; Fig 5), in
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https://doi.org/10.1371/journal.pgen.1009477.g002
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line with a potential overall signature of directional selection. In contrast, outlier genes for

mating system had a significantly increased θ compared to non-outlier genes (Δθ = 0.0038;

paired t-test: t1,51 = 29.30, p< 0.001; Fig 5), consistent with a potential overall signal of balanc-

ing selection.

Discussion

Linkage disequilibrium (LD) is a commonly measured feature of the genome, yet the relative

importance of the factors that drive LD are often unknown [2]. Here we showed how patterns

of LD on a genome-wide scale are strongly influenced by demographic history, mating system,

and gene density (Table 1). Both postglacial expansion distance and a shift to self-fertilization

were associated with an increase in LD across the genome, consistent with the increased action

of genetic drift, whose effects can be detected over more than 10kb sequence length. The two

demographic processes each also affected a distinct set of genes more strongly compared to

background increases in LD, suggesting potential targets of selection or linked selection

imposed by these demographic processes or factors related to them.

The analyses of LD in this study were based on either short ranges using population-pool

sequencing or longer ranges using sequences of individuals of each population. Estimates of

LD were used that were most appropriate for the two datasets. For pool-seq, it was the correla-

tion of SNPs (r2), and for individual genomes, it was the correlation of zygosity (Δ) that was

scaled by the genome-wide level of heterozygosity. On the one hand, our study clearly showed

that the two approaches of estimating LD delivered highly concordant results (S4 Fig). On the

other hand, the two types of sequence data provided complementary insights. The sequence

Fig 3. Relationship between Watterson’s theta (θ) (A), mutational load (B) and average genome-wide linkage disequilibrium (LD, distance-corrected r2 between pairs of

SNPs). Mutational load was estimated as the product of non-synonymous polymorphic sites (Pn) and their mean derived allele frequency (fn) divided by the analogous

product but for synonymous polymorphic sites (Psfs). Each symbol represents the average estimate of a population. Open and filled symbols are the genomic estimates for

intergenic and genic regions, respectively. Circles represent populations from the west, triangles those from the east. Symbol colour indicates the mating system:

outcrossing (black), mixed-mating (pink), and selfing (red). The model-predicted regression lines are shown for intergenic (dashed line) and genic (solid line) regions.

https://doi.org/10.1371/journal.pgen.1009477.g003
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data of population-pools allowed us to investigate LD over short ranges and increased resolu-

tion in analyses, by performing them on the level of genes or sections of intergenic regions. LD

estimates from pool-seq were also useful in pinpointing genes putatively experiencing selec-

tion. However, multiple short-range LD estimates were required for single genes or intergenic

regions, causing some bias for polymorphic regions (Fig 3) and probably the underrepresenta-

tion of regions of low recombination. In contrast, the individual-based re-sequence data per-

mitted to estimate the sequence length over which LD extended due to range expansion and

the shift in mating system.

Both range expansion and mating system shift increased genome-wide LD (Figs 1 and S4).

Populations near the edges of current distributions had been shown to often carry the signa-

ture of small population size because of repeated founder events during earlier range expan-

sion [10]. Such founder events are expected to increase LD, as demonstrated for humans with

their expansion history out of Africa [19,20] and for one northern population of European A.

lyrata subsp. petraea [78]. Edge populations can also be small and isolated in the absence of

recent expansion due to reduced habitat suitability or long-term isolation [79], which may

similarly cause higher LD. Consistent with these predictions, LD increased in A. lyrata with

expansion distance or direct distance to the core of the glacial refugium when using pool-seq

data (Figs 1A and S4) and extended over larger sections as shown with individual-level

sequences (Figs 1B and 1D). Similar to range expansion, selfing should decrease the drift-effec-

tive population size relative to outcrossing [26], reduce effective recombination [27,80] and

result in increased LD across the genome [32]. Genome-wide LD in A. lyrata was indeed

Fig 4. Relationship between average linkage disequilibrium (LD, distance-corrected r2 between pairs of SNPs) in the two genes flanking the self-incompatibility locus

and mating system, expressed by the population inbreeding coefficient (FIS): AL7G32710-ARK3 (A) and AL7G32750-Ubox (B). Each symbol represents the average

estimate of a population. The symbol type reflects the genetic clusters (circle for west, triangle for east) and the symbol colour the mating system: outcrossing (black),

mixed-mating (pink), and selfing (red). Significance is reported for the effects of expansion distance and mating system, from separate linear models on the data for

each gene. For the gene AL7G32750-Ubox in B, the relationship with mating system was not significant following a False Discovery Correction.

https://doi.org/10.1371/journal.pgen.1009477.g004
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significantly higher in predominantly selfing compared to predominantly outcrossing popula-

tions (Figs 1 and S4), and it extended further, potentially reflecting reduced effective recombi-

nation [27,80]. Consequently, the switch in mating system to selfing, even if it is only partial,

can increase LD to a level that is equal or higher than otherwise observed only among outcross-

ing populations at the very edge of the geographic distribution (Figs 1 and S4).

Patterns of LD varied across the genome of A. lyrata (S2 Fig) and average genome-wide LD

was significantly higher in genic compared to intergenic regions (Fig 3). The observation of

increased LD in genic regions is consistent with findings in humans [81] and A. thaliana [82],

and has generally been attributed to increased selection and/or reduced recombination within

genes [83]. In A. thaliana, increased gene density was shown to be negatively correlated with

genetic diversity, and increased LD seemed to result from increased background selection
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and–to a lesser degree–from selective sweeps [46]. Consistent with these observations, we

showed that LD in A. lyrata was negatively correlated with our proxies of gene density in the

analyses of both genic and intergenic regions (Table 1). Because we found no support that

background recombination was strongly linked with LD (S5 Fig), increased LD in genic

regions of A. lyrata may be a result of selection–as in A. thaliana. Our results further suggest a

complex interplay between demography and selection, as model-predicted increases in LD

with range expansion and a shift in mating system to selfing were about five times stronger for

genic compared to intergenic regions. A likely scenario is that range expansion and a shift to

selfing increase background and directional selection on (combined) variants with larger phe-

notypic effects.

The increase in genome-wide LD with expansion and a shift in mating system to selfing

involved neutral and deleterious polymorphisms. Focusing on annotated genic SNPs (Table 2,

Fig 2), we showed here that the increase in LD with range expansion and mating system shift

occurred to a similar degree when involving putatively neutral sites or a putatively neutral and

a deleterious site (Fig 2). Indicated by the significant interaction terms in our model (Table 2),

the increase in LD was less strong between two putatively deleterious sites (Fig 2). The latter

could reflect the effect of increased purging of densely arranged deleterious mutations when

they increase in frequency because of expansion and a mating system shift to selfing [84]. The

overall pattern of LD being coupled with load was also confirmed by our population-level anal-

yses, as average genome-wide LD for genic and intergenic regions was positively related with

the number of deleterious counts (Fig 3B) but negatively with genetic diversity in intergenic

regions, indicating higher LD in populations of small effective size [4,85] (Fig 3A). These

results suggest that LD is a good predictor of mutational load caused by genetic drift [86], but

similar studies in other systems are required to assess whether the pattern is general.

Postglacial range expansions are often limited in geographic extent–a pattern that is

hypothesized to be driven by factors such as decreasing habitat suitability [79], loss of adaptive

genetic variation during range expansion [87] and accumulation of mutational load [17].

Given our findings, we suggest that range expansions may also be limited by increasing LD

because selection acting on one locus is likely to involve one or more deleterious loci that are

linked. This is supported by theory, first by the Hill-Robertson inference, which postulates that

increased LD reduces the efficacy of selection by reducing the probability for fixation because

selection on one locus will interfere with selection on another linked locus [15,16]. While orig-

inally described for advantageous mutations [15], more recent theoretical [18] and empirical

work [88,89] suggests that the Hill-Robertson inference may also apply when deleterious

mutations are involved and may constrain adaptation [18]. Second, the model of Peischl et al.

[17] proposed the scenario in which the expansion process leads to the heightened accumula-

tion of mutational load if recombination is low, such that the two processes combined can be

the sole reason for range limits. Several findings of this study suggest a combination of factors

that restrict the distribution of A. lyrata: the strong increase in LD both with expansion dis-

tance and a shift to selfing particularly in genic regions, the involvement of deleterious SNPs in

increased LD, and a general association between LD and deleterious counts. As declining

drift-effective size towards range edges is a common pattern [90], and recombination is gener-

ally limited to some extent, the combined importance of load and LD to range limits might be

of general relevance.

In addition to the genome wide-patterns of LD, we identified sets of genes for which the

increase of LD was outside of the 95% confidence interval of genic LD to range expansion or

shift in mating system. These genes have potentially experienced selection or are linked to

genomic regions under selection caused directly by the two demographic processes or by envi-

ronmental factors associated with them (S2 and S3 Tables). Along its range expansion, A.
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lyrata has adapted to a variety of environments, and many of our outlier genes were indeed

associated with traits known to vary along latitudinal clines or between sites with different

temperature regimes and photoperiod lengths in Arabidopsis [76,91] and A. lyrata in particu-

lar [92,93]. For instance, the outlier genes for range expansion included FPA, which is involved

in the autonomous pathway of flowering time regulation, as well as PDP2, which is part of the

photoperiod-dependent pathway of flowering time regulation in Arabidopsis [76,91]. Similarly,

the outlier genes for mating system shift included AL7G32710, the equivalent of ARK3 in A.

thaliana, flanking the region of the self-incompatibility locus. Increased LD across the self-

incompatibility locus and its neighboring genes has previously been reported for A. lyrata
[74,94]. Consistent with these findings, we found that both flanking genes showed increased

LD among predominantly selfing populations (Fig 4). To which degree this pattern holds true

for the two genes within the self-incompatibility locus that are responsible for self-incompati-

bility in A. lyrata could not be inferred because this genomic region is highly variable among

populations [95] and requires individual sequencing of the target genes [96]. Heightened

genetic diversity can be locally maintained by balancing selection, e.g. at the self-incompatibil-

ity locus [74,94,97] or in genomic regions coding for disease resistance [35]. Thus, the signifi-

cantly increased level of overall genetic diversity that we observed in LD outlier genes for

mating system (Fig 5) could reflect past balancing selection in some of these regions of the

genome but requires further in-depth studies.

In summary, linkage disequilibrium, despite its widespread use and importance in genetics, is

a conundrum [2]. Here we showed that genome-wide LD is strongly affected by both post-glacial

range expansion and a shift in mating system toward selfing. Both processes increased LD sub-

stantially, for both presumably neutral and deleterious mutations, supporting that genome-wide

LD is a good predictor of mutational load. The two demographic processes affected a few genomic

regions even more strongly, potentially by imposing selection directly or by being associated with

changes in the selection regime in response to a changing environment. Further theoretical explo-

rations, ideally involving simulations, are though needed to establish a general framework for the

impact and interplay of the factors driving LD during range expansion.
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S4 Fig. Relationship between the average estimated LD based on pool-seq data and the corre-
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S5 Fig. Genome wide recombination across four populations from the range center esti-

mated from pool-seq data. A–recombination (c/bp) estimated for genic (black/grey) and

intergenic (red/orange) regions used in this study with the blue lines indicating the smoothed

average recombination across each genome. The eight scaffolds of the A. lyrata genome are

indicated with alternating shading (black/red vs. grey/orange). Green bars indicate centro-

meric regions. B–relationship between recombination rate and LD estimated from pool-seq

data for genic (top) or intergenic (bottom) regions.
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S6 Fig. Relationship between genome-wide linkage disequilibrium (LD, distance-corrected r2

between pairs of SNPs) for genic (A) and intergenic (B) regions and expansion distance (or dis-

tance from core for rear-edge populations). Each symbol represents the average estimate of a pop-

ulation. The symbol type reflects the genetic clusters (circle for west, triangle for east) and the

symbol color the mating system: outcrossing (black), mixed-mating (pink), and selfing (red).

(EPS)

S7 Fig. The level of significance (p values) adjusted for multiple testing with a false discovery

rate (FDR) for the different fixed effects of linear mixed-effects models for genic (A-C) and

intergenic (D-F) regions. Response variable was the correlation of zygosity (Δ) scaled by the

level of genome-wide heterozygosity (θ) for each bp distance for 1–5,000 bps and in bins of

100 bps between 5’001–50’000 bps. P values that were significant (i.e. p< 0.05) after an FDR

are highlighted in blue.

(TIFF)

S1 Table. Overview of the 52 studied populations. Indicated are the coordinates, the genetic

cluster expansion distance from the core of each cluster, FIS based on microsatellite markers

and the mean LD (r2 corrected for distance between SNPs) for genic and intergenic regions for

each population across the genome.
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the gene pools of non-model Arabidopsis lineages. BMC Evol Biol. 2014; 14: 224. https://doi.org/10.

1186/s12862-014-0224-x PMID: 25344686

42. Griffin PC, Willi Y. Evolutionary shifts to self-fertilisation restricted to geographic range margins in North

American Arabidopsis lyrata. Ecol Lett. 2014; 17: 484–490. https://doi.org/10.1111/ele.12248 PMID:

24428521

43. Willi Y, Fracassetti M, Zoller S, Van Buskirk J. Accumulation of mutational load at the edges of a species

range. Mol Biol Evol. 2018; 35: 781–791. https://doi.org/10.1093/molbev/msy003 PMID: 29346601

44. Mable BK, Robertson AV, Dart S, Di Berardo C, Witham L. Breakdown of self-incompatibility in the

perennial Arabidopsis lyrata (Brassicaceae) and its genetic consequences. Evolution. 2005; 59: 1437–

1448. PMID: 16153030

45. Koski MH, Layman NC, Prior CJ, Busch JW, Galloway LF. Selfing ability and drift load evolve with

range expansion. Evol Lett. 2019; 3: 500–512. https://doi.org/10.1002/evl3.136 PMID: 31636942

46. Nordborg M, Hu TT, Ishino Y, Jhaveri J, Toomajian C, Zheng H, et al. The pattern of polymorphism in

Arabidopsis thaliana. Plos Biol. 2005; 3: e196. https://doi.org/10.1371/journal.pbio.0030196 PMID:

15907155

47. Hu TT, Pattyn P, Bakker EG, Cao J, Cheng J-F, Clark RM, et al. The Arabidopsis lyrata genome

sequence and the basis of rapid genome size change. Nat Genet. 2011; 43: 476–481. https://doi.org/

10.1038/ng.807 PMID: 21478890

48. Zapata L, Ding J, Willing E-M, Hartwig B, Bezdan D, Jiao W-B, et al. Chromosome-level assembly of

Arabidopsis thaliana Ler reveals the extent of translocation and inversion polymorphisms. P Natl Acad

Sci USA. 2016; 113: E4052–E4060. https://doi.org/10.1073/pnas.1607532113 PMID: 27354520

49. Kofler R, Orozco-terWengel P, De Maio N, Pandey RV, Nolte V, Futschik A, et al. PoPoolation: a

toolbox for population genetic analysis of next generation sequencing data from pooled individuals.

PLoS ONE. 2011; 6: e15925. https://doi.org/10.1371/journal.pone.0015925 PMID: 21253599

50. Li H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXivorg.

2013. Available: http://arxiv.org/abs/1303.3997

51. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map format

and SAMtools. Bioinformatics. 2009; 25: 2078–2079. https://doi.org/10.1093/bioinformatics/btp352

PMID: 19505943

52. Koboldt DC, Zhang Q, Larson DE, Shen D, McLellan MD, Lin L, et al. VarScan 2: somatic mutation and

copy number alteration discovery in cancer by exome sequencing. Genome Res. 2012; 22: 568–576.

https://doi.org/10.1101/gr.129684.111 PMID: 22300766

53. Lynch M, Bost D, Wilson S, Maruki T, Harrison S. Population-genetic inference from pooled-sequencing

data. Genome Biol Evol. 2014; 6: 1210–1218. https://doi.org/10.1093/gbe/evu085 PMID: 24787620

54. Fracassetti M, Griffin PC, Willi Y. Validation of pooled whole-genome re-sequencing in Arabidopsis lyr-

ata. PLoS ONE. 2015; 10: e0140462. https://doi.org/10.1371/journal.pone.0140462 PMID: 26461136

55. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformat-

ics. 2010; 26: 841–842. https://doi.org/10.1093/bioinformatics/btq033 PMID: 20110278

56. Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, et al. The variant call format and

VCFtools. Bioinformatics. 2011; 27: 2156–2158. https://doi.org/10.1093/bioinformatics/btr330 PMID:

21653522

57. Feder AF, Petrov DA, Bergland AO. LDx: estimation of linkage disequilibrium from high-throughput

pooled resequencing data. PLoS ONE. 2012; 7: e48588. https://doi.org/10.1371/journal.pone.0048588

PMID: 23152785

58. Rawat V, Abdelsamad A, Pietzenuk B, Seymour DK, Koenig D, Weigel D, et al. Improving the annota-

tion of Arabidopsis lyrata using RNA-seq data. PLoS ONE. 2015; 10: e0137391. https://doi.org/10.

1371/journal.pone.0137391 PMID: 26382944

59. Ferretti L, Ramos-Onsins SE, Perez-Enciso M. Population genomics from pool sequencing. Mol Ecol.

2013; 22: 5561–5576. https://doi.org/10.1111/mec.12522 PMID: 24102736

60. Vaser R, Adusumalli S, Leng SN, Sikic M, Ng PC. SIFT missense predictions for genomes. Nat Protoc.

2016; 11: 1–9. https://doi.org/10.1038/nprot.2015.123 PMID: 26633127

61. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinfor-

matics. 2014; 30: 2114–2120. https://doi.org/10.1093/bioinformatics/btu170 PMID: 24695404

62. Haubold B, Pfaffelhuber P, Lynch M. mlRho—a program for estimating the population mutation and

recombination rates from shotgun-sequenced diploid genomes. Mol Ecol. 2010; 19: 277–284. https://

doi.org/10.1111/j.1365-294X.2009.04482.x PMID: 20331786

PLOS GENETICS Drivers of linkage disequilibrium across a species’ geographic range

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009477 March 26, 2021 20 / 22

https://doi.org/10.1186/s12862-014-0224-x
https://doi.org/10.1186/s12862-014-0224-x
http://www.ncbi.nlm.nih.gov/pubmed/25344686
https://doi.org/10.1111/ele.12248
http://www.ncbi.nlm.nih.gov/pubmed/24428521
https://doi.org/10.1093/molbev/msy003
http://www.ncbi.nlm.nih.gov/pubmed/29346601
http://www.ncbi.nlm.nih.gov/pubmed/16153030
https://doi.org/10.1002/evl3.136
http://www.ncbi.nlm.nih.gov/pubmed/31636942
https://doi.org/10.1371/journal.pbio.0030196
http://www.ncbi.nlm.nih.gov/pubmed/15907155
https://doi.org/10.1038/ng.807
https://doi.org/10.1038/ng.807
http://www.ncbi.nlm.nih.gov/pubmed/21478890
https://doi.org/10.1073/pnas.1607532113
http://www.ncbi.nlm.nih.gov/pubmed/27354520
https://doi.org/10.1371/journal.pone.0015925
http://www.ncbi.nlm.nih.gov/pubmed/21253599
http://arxiv.org/abs/1303.3997
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1101/gr.129684.111
http://www.ncbi.nlm.nih.gov/pubmed/22300766
https://doi.org/10.1093/gbe/evu085
http://www.ncbi.nlm.nih.gov/pubmed/24787620
https://doi.org/10.1371/journal.pone.0140462
http://www.ncbi.nlm.nih.gov/pubmed/26461136
https://doi.org/10.1093/bioinformatics/btq033
http://www.ncbi.nlm.nih.gov/pubmed/20110278
https://doi.org/10.1093/bioinformatics/btr330
http://www.ncbi.nlm.nih.gov/pubmed/21653522
https://doi.org/10.1371/journal.pone.0048588
http://www.ncbi.nlm.nih.gov/pubmed/23152785
https://doi.org/10.1371/journal.pone.0137391
https://doi.org/10.1371/journal.pone.0137391
http://www.ncbi.nlm.nih.gov/pubmed/26382944
https://doi.org/10.1111/mec.12522
http://www.ncbi.nlm.nih.gov/pubmed/24102736
https://doi.org/10.1038/nprot.2015.123
http://www.ncbi.nlm.nih.gov/pubmed/26633127
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1111/j.1365-294X.2009.04482.x
https://doi.org/10.1111/j.1365-294X.2009.04482.x
http://www.ncbi.nlm.nih.gov/pubmed/20331786
https://doi.org/10.1371/journal.pgen.1009477


63. Lynch M, Xu S, Maruki T, Jiang X, Pfaffelhuber P, Haubold B. Genome-wide linkage-disequilibrium pro-

files from single individuals. Genetics. 2014; 198: 269–281. https://doi.org/10.1534/genetics.114.

166843 PMID: 24948778

64. Adrion JR, Galloway JG, Kern AD. Predicting the landscape of recombination using deep learning. Mol

Evol Biol. 2020; 526: 68. https://doi.org/10.1093/molbev/msaa038 PMID: 32077950

65. Ossowski S, Schneeberger K, Lucas-Lledó JI, Warthmann N, Clark RM, Shaw RG, et al. The rate and

molecular spectrum of spontaneous mutations in Arabidopsis thaliana. Science. 2010; 327: 92–94.

https://doi.org/10.1126/science.1180677 PMID: 20044577

66. Kelleher J, Etheridge AM, McVean G. Efficient coalescent simulation and genealogical analysis for

large sample sizes. PLoS Comput Biol. 2016; 12: e1004842. https://doi.org/10.1371/journal.pcbi.

1004842 PMID: 27145223

67. Soria-Carrasco V, Gompert Z, Comeault AA, Farkas TE, Parchman TL, Johnston JS, et al. Stick insect

genomes reveal natural selection’s role in parallel speciation. Science. 2014; 344: 738–742. https://doi.

org/10.1126/science.1252136 PMID: 24833390

68. Baum LE, Petrie T, Soules G, Weiss N. A maximization technique occurring in the statistical analysis of

probabilistic functions of Markov chains. Ann Math Stat. 1970; 41: 164–171.
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