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Recombination and selection drive the extent of linkage disequilibrium (LD) among loci and therefore 

affect the reshuffling of adaptive genetic variation. However, it is poorly known to what extent the 

enrichment of transposable elements (TEs) in recombinationally-inert regions reflects their inefficient 

removal by purifying selection and whether the presence of polymorphic TEs can modify the local 

recombination rate. In this study, we investigate how TEs and recombination interact at fine scale along 

chromosomes and possibly support linked selection in natural populations. Whole-genome sequencing 

data of 304 individuals from nearby alpine populations of Arabis alpina were used to show that the 

density of polymorphic TEs is specifically correlated with local LD along chromosomes. Consistent 

with TEs modifying recombination, the characterization of 28 such LD blocks of up to 5.5Mb in length 

revealed strong evidence of selective sweeps at a few loci through either site frequency spectrum or 

haplotype structure. A majority of these blocks were enriched in genes related to ecologically relevant 

functions such as responses to cold, salt stress or photoperiodism. In particular, the S-locus (i.e. 

supergene responsible for strict outcrossing) was identified in a LD block with high levels of 

polymorphic TEs and evidence of selection. Another such LD block was enriched in cold-responding 

genes and presented evidence of adaptive loci related to photoperiodism and flowering being 

increasingly linked by polymorphic TEs. These results are consistent with the hypothesis that TEs 

modify recombination landscapes and thus interact with selection in driving blocks of linked adaptive 

loci in natural populations. 
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1. INTRODUCTION

Recurrent environmental changes or shifts in the genetic background promote selection of independent

alleles segregating in natural populations (Carja, Liberman, & Feldman, 2014). However, the

maintenance of recombining genetic variability may be costly and the evolution of linked loci may be

adaptive for traits under consistent selective pressure (Grant & Flake, 1974; Schwander, Libbrecht, &

Keller, 2014). Numerous studies have accordingly reported clustered alleles contributing to local

adaptation forming “genomic islands of divergence” (Lotterhos, Yeaman, Degner, Aitken, & Hodgins,

2018; Nosil, Funk, & Ortiz-Barrientos, 2009; Via & West, 2008). Factors influencing their origin and

persistence remain elusive, but genomic rearrangements promoting tight linkage and increasing the

stability of combinations of locally co-adapted alleles have been postulated to play a role (Yeaman &

Whitlock, 2011). Such a process may allow several alleles of small effect, which may be hardly

determined against the genome-wide background (Pritchard, Pickrell, & Coop, 2010), to effectively

function and be selected as a single unit of larger effect (Yeaman, 2013).

New combinations of alleles that are produced through recombination and passed on to 

offspring possibly support adaptive walks, but can also break apart favourable combinations of alleles 

with potential reduction in fitness (Orr, 2005). However, molecular mechanisms regulating 

recombination rates along chromosomes remain elusive (Dapper & Payseur, 2017). Although the 

distribution of recombination events is noticeably non-random, commonly restricted to specific regions 

referred to as hotspots (Mézard, Tagliaro Jahns, & Grelon, 2015), recombination is frequently variable 

across the genome and among populations (Stapley, Feulner, Johnston, Santure, & Smadja, 2017). 

Above-average rates of recombination have often been reported in genome regions of high gene density 

and immediately upstream of genes (Hellsten et al., 2013; Shilo, Melamed-Bessudo, Dorone, Barkai, & 

Levy, 2015), but variation in recombination rate is observed at all genomic scales: between 

chromosomes, among regions spanning megabases along chromosomes, and across loci spanning only 

a few kilobases (Haenel, Laurentino, Roesti, & Berner, 2018).  

In most eukaryotes studied to date, meiotic recombination rates appear in strong negative 

association with transposable elements (TEs), with heterochromatic regions such as pericentromeres 

showing high TE densities and strongly reduced recombination (Rizzon, Marais, Gouy, & Biémont, 

2002; Tian et al., 2009; Willing et al., 2015). Such a pattern seemingly holds at a finer scale with local 

increase in TEs collocating with reduced rates of recombination (Pan et al., 2011; Rodgers-Melnick et 

al., 2015). Negative correlation between recombination rates and specific TEs may reflect their biased 

insertion towards heterochromatic regions (e.g. Gao, Hou, Ebina, Levin, & Voytas, 2008), but available 

studies rather showed contrasted patterns with preferential insertion in high-recombining, open 

chromatin regions (e.g. Marand et al., 2017) or lack of specific preferences (e.g. Mirouze et al., 2009; 

Tsukahara et al., 2009). Accordingly, purifying selection against TEs inserted in or near genes has been 
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argued as a more general and prevalent driver of TE accumulation in regions of reduced recombination 

(e.g. Wright, Agrawal, & Bureau, 2003). Available data from Drosophila and Arabidopsis congruently 

supported greater purifying selection on silenced TEs inserted near genes (Hollister & Gaut, 2009; Lee, 

2015). However, this hypothesis remains blind to the actual drivers of recombination rates and to the 

growing evidence of polymorphism for local recombination hotspots within and between populations 

(Baudat et al., 2010; Comeron, Ratnappan, & Bailin, 2012). Suppression of recombination events by 

TEs may originate from their epigenetic silencing leading to repressive chromatin conformations 

(Zamudio et al., 2015). An alternative hypothesis is that chromosomal restructuring induced by highly 

dynamic TEs interact with recombination (Bonchev & Parisod, 2013), as suggested by studies in maize 

showing divergent blocks of TEs around the bz1 locus (He & Dooner, 2009). Accordingly, polymorphic 

TEs of typically several kilobases would locally reduce recombination even in gene-rich, euchromatic 

regions of the genome. A better understanding of the role of TEs as modifiers of the local and large-

scale recombination landscape is necessary to understand their coevolution with genomes (Kent, 

Uzunović, & Wright, 2017). 

Variation in recombination along chromosomes can experience indirect selection when altering 

haplotype frequencies and promote the sorting of linked combinations of alleles by selection (Yeaman, 

2013). The impact of indirect selection on recombination depends on the degree and form of non-random 

associations between alleles at different loci, or linkage disequilibrium (LD). As far as standing genetic 

variation is concerned, patterns of LD among nearly-neutral sites are determined by recombination, with 

adjacent loci expectedly showing stronger LD than physically unlinked loci. Selection can also impact 

LD between nearby loci showing strong epistatic interactions (Schwander, Libbrecht, & Keller, 2014) 

or when selection on a focal site spreads its action along the chromosome (‘hitchhiking’) and drives 

adjacent nearly-neutral sites towards high frequencies (selective sweep; Cutter & Payseur, 2013; 

Ellegren & Galtier, 2016). When considering mutations, purifying selection that removes such typically 

deleterious alleles also reduces local variation in the vicinity of selective targets (background selection; 

Charlesworth, Morgan, & Charlesworth, 1993). Linked selection expectedly results in transient linkage 

of neutral by-products, whereas selection for tight linkage of co-adapted loci is expected to persist 

longer, but a deeper understanding is necessary of the processes driving the evolution of reduced 

recombination and how it promotes adaptation and speciation in the face of gene flow (Levy, 2013).  

In this study, we address how polymorphic TEs may interact with the recombination landscape 

in populations of Arabis alpina, a model plant species for ecological genomics (Woetzel et al. in prep.) 

Although mixed-mating and predominant outcrossing has been reported within the European range of 

the species (Laenen et al., 2018), self-fertilization appears to be prevalent in the area under scrutiny 

(Buehler, Graf, Holderegger, & Gugerli, 2012). Surveyed populations in this study belong to a single 

recolonizing lineage (Rogivue, Graf, Parisod, Holderegger, & Gugerli, 2018) and, as also apparent from 
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low genome-wide differentiation (FST = 0.13), largely share standing genetic variation (Rogivue, 

Choudhury, Zoller, Joost, Felber, Kasser, Parisod, & Gugerli, accepted). As indirect selection acting on 

recombination modifiers is expectedly stronger under such conditions (Roze & Lenormand, 2005), we 

here assessed the fine-scale association of LD and the density of polymorphic long terminal 

retrotransposons (hereafter referred as TEs) along chromosomes to (i) highlight the role of polymorphic 

TEs in shaping recombination and (ii) address how such interactions may support the rise of LD blocks 

presenting adaptive clusters of genes.  

 

2. METHODS 

2.1. Genome-wide variation 

Paired-end Illumina sequencing generated whole-genome data for 304 individuals of Arabis alpina from 

four geographically proximate regions in the western Swiss Alps: 69 in La Para, 69 in Pierredar, 70 in 

Les Essets, and 96 in Les Martinets, sampled between 2016m and 2457m a.s.l. (Rogivue et al., 

accepted). Belonging to a single recolonization lineage (Rogivue et al., 2018), these populations showed 

limited substructure based on SNPs (FST = 0.13; Rogivue et al., accepted). While individuals were 

sampled 1m apart to avoid clonal replicates as much as possible, the presence of unique multilocus 

genotypes shared by samples was tested using Poppr (Kamyar et al. 2014) in R v3.34 (R Development 

Core Team, 2018). Up to 17% of the individuals presented similar multilocus genotyes, but were usually 

geographically distant and also showed evidence of a high inbreeding coefficient F, as expected from 

the sampling of independent genets in highly inbred populations (Text S1).  

As fully described in Rogivue et al. (accepted), raw reads were filtered after quality control and 

mapped to the reference genome v5.1 (Jiao et al., 2017) with BWA 0.7.12 (Li & Durbin, 2010). Single 

nucleotide polymorphisms (SNP) were called using FreeBayes v1.0.2 (Garrison & Marth, 2012) to 

evaluate background genetic variation. Biallelic SNPs with a minimum allele frequency (MAF) of 

0.025, a maximum of 10% missing data and that were non-overlapping with annotated TEs were retained 

as the dataset of 291,396 SNPs. Reference TEs were annotated (Choudhury, Neuhaus, & Parisod, 2017) 

and polymorphic TEs (i.e. presence/absence of TE insertions at specific loci) were identified using 

TEPID v0.6 (Stuart et al., 2016) as described in Rogivue et al. (accepted). Loci with <0.025 MAF and 

> 10% missing data were removed, and zygosity was determined from coverage at the individual level 

for the remaining set of 20,548 polymorphic TEs. SNPs and polymorphic TEs belonging to the eight 

assembled chromosomes of Arabis were used here.  

Various population genetic parameters were estimated in non-overlapping windows of 50kb 

along each of the eight chromosomes of A. alpina. Densities of reference TEs, polymorphic TEs and 

SNPs were accordingly estimated, and outlier regions presenting a density of polymorphic TEs above 

the 97.5th percentile of the whole data were identified.  
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Linkage disequilibrium (LD) was reported to decay by half within 22 to 45kb in these 

populations (Rogivue et al., accepted). Here, LD was estimated as the averaged correlation coefficient 

(r2) between adjacent SNPs less than 1000bp apart within a window of 50kb using Plink (Purcell et al., 

2007). Linked variation captured by LD within windows of 50kb is thus expected to reflect effective 

recombination rates to a large extent. Accordingly, locally inflated LD can be assumed as indicative of 

reduced recombination or footprints of a selective sweep.  

Nucleotide diversity (π) was computed as the number of nucleotide differences between all 

possible pairs of sequences within windows of 50kb in the overall population (Nei, 1987). Similarly, 

divergence among sampling populations (DXY) was estimated as the number of pairwise nucleotide 

difference between sequences from two populations for all combinations of the four populations 

(Hudson, Slatkin, & Maddison, 1992; Wakeley, 1996). The 97.5th percentile of all DXY values was used 

to identify outlier loci across all pairwise population comparisons. These proxies were calculated using 

the R package PopGenome v2.2.4 (Pfeifer, Wittelsbürger, Ramos-Onsins, & Lercher, 2014) with 

implementation of the ‘diversity.stats()’ and ‘diversity.stats.between()’ functions.  

 

2.2. Multiple regression analyses 

We used multiple linear regressions to model the influence of polymorphic TE densities (pte) on LD 

along chromosomes, while taking the nucleotide diversity (π) and the background density of reference 

TEs (te) into account. As SNPs were largely filtered out from genomic regions containing high densities 

of reference TEs, proxies of genomic variation were all included as explanatory variables in linear 

models with all interactions (Full Model: LD ~ pte + te + π + pte * te + pte * π + te * π + pte * te * π). 

Density estimates were logit transformed (log(y/[1 -y])) to fulfil normality. Exhaustive search 

accounting for over-fitting was performed using the LEAPS package v.3 (Lumley, 2017), testing all 

possible combinations of descriptor variables with respect to LD and selecting the best model based on 

minimized Bayesian Information Criterion (BIC).  

Variation in LD was investigated using such models (i) at the chromosome level (i.e. all 

windows of 50kb of each chromosome) and (ii) along chromosomes, using moving windows of 1.5Mb 

(i.e. 30 windows of 50kb each) with a step size of 50kb. Models were evaluated when at least 15 

windows with all data (i.e. pte, te and π) were available. Independent chromosome blocks showing 

correlation of LD and polymorphic TEs were identified by merging all overlapping and adjacent 

windows of 1.5Mb with significant models. Significant p-values were adjusted for false discovery rate 

in multiple testing using the Benjamini-Hochberg procedure within each block. All statistics were 

performed in R v3.34. 
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2.3. Demographic inference 

The sequential Markov coalescent implemented in SMC++ (Terhorst et al., 2017) inferred ancestral 

population sizes of A. alpina in the studied area based on unphased SNPs and LD information across 

the genome. It was run on each population separately as well as on the overall region after masking 

regions containing TEs and genes in the A. alpina reference assembly. Remaining intergenic regions in 

TE-poor regions should indeed be less affected by linked selection and thus adequate for demographic 

inferences. A polarization error was set to 0.5 as the identity of the ancestral alleles is unknown. Finally, 

a mutation rate of 7e−9 per site per generation (estimate for Arabidopsis thaliana, Ossowski et al., 2010) 

was assumed to translate coalescence times into generations using a generation time of 1.5 years (Laenen 

et al., 2018). 

 

2.4. Detection of selective sweeps 

Selection on linked polymorphisms across the regional population was investigated through analyses of 

both the site frequency spectrum (SFS) and haplotype structure in this dataset. An SFS-based method 

may have low power when each particular gene shows limited difference with the overall FST. This is 

expected in case of selfing species for which the genome-wide efficacy of selection is low, hindering 

the detection of outliers. In contrast, haplotype-based methods for detecting recent adaptation look for 

the spread of a beneficial variant that reduces sequence diversity at linked neutral sites. Selfing reduces 

fixation times of beneficial alleles, as homozygote mutations arise earlier, exposing the mutant to 

selection (Charlesworth, 1992); reduced effective recombination under selfing means that recombinant 

haplotypes are less common, making it easier to detect sweeps based on haplotypes. Thus, both SFS and 

haplotype-based methods were used here to detect signatures of selective sweeps. 

 Tajima’s D was here estimated within windows of 50kb using the R package PopGenome 

v2.2.4. Evaluating deviation of allele frequency at segregating sites from an expected population 

evolving neutrally, negative values of Tajima's D indicate excess of rare alleles (selective sweep or 

population expansion) and positive values of D indicate excess of frequent alleles (balancing selection 

or population contraction) (Tajima, 1989). Demographic effects on Tajima’s D were here taken into 

consideration by focusing on local windows presenting significant deviation from genome-wide 

estimates to detect footprints of selection.  

Haplotype structure in the populations was determined by imputing loci with missing data and 

phasing SNPs using BEAGLE v5 (Browning & Browning, 2007) with default settings and an overall 

effective population size of 100 based on SMC++ (see Figure S1). After BEAGLE locally clustered 

haplotypes based on their similar probabilities for alleles conditional on the genotype of individuals, 

hard selective sweeps were distinguished from soft sweeps using SelectionHapStats (Garud, Messer, 

Buzbas, & Petrov, 2015). Defining haplotype homozygosity as H1 = � 𝑝𝑝𝑖𝑖2𝑖𝑖=1,…𝑛𝑛  (pi being the 
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frequency of the ith most common haplotype and n the number of observed haplotypes), it is expected 

to be particularly high for hard sweeps. In contrast, haplotype homozygosity after excluding the most 

abundant haplotype (H2) is expected to be larger for soft sweeps than for hard sweeps. Accordingly, a 

summary statistics (H12), combining frequencies of the first and the second most common haplotypes 

as H12 = (𝑝𝑝1 + 𝑝𝑝2)2 + � 𝑝𝑝𝑖𝑖2𝑖𝑖>2 = H1 +  2𝑝𝑝1𝑝𝑝2, is expected to be large following both a hard sweep 

(i.e. with only a single dominant haplotype) and a soft sweep model (i.e. with at least two frequent 

haplotypes). Accordingly, high H12 together with low H2/H1 is consistent with a hard sweep fixing a 

single haplotype, whereas elevated H2/H1 rather suggests a soft sweep arising from standing genetic 

variation or, although rather unlikely here, recurrent mutations. As the possible range of H2/H1 varies 

inversely with H12, such a test has high power to differentiate hard and soft sweeps when H12 is large 

(Garud et al., 2015). Such haplotype homozygosity was here estimated in window sizes of 50 SNPs, 

with a step size of 10 SNPs between centres of windows. Windows presenting H12 values above the 

genome-wide median of H12 were grouped into regions considered as having undergone a selective 

sweep. Using highest H12 values as representative of considered regions, the top 50 regions were 

selected as candidates showing strongest and/or most recent selective sweeps. Blocks of significant 

correlations between polymorphic TEs and LD that were flanking such top 50 regions were defined as 

influenced by such sweeps. Candidate blocks presenting at least three values of H2/H1 greater than 0.05 

(included within the block) were considered as influenced by soft sweeps. 

 

2.5. Gene ontology enrichment  

Using high-quality annotations of genes from the A. alpina reference genome v5.1 (Jiao et al., 2017) 

and their assigned ontology (Willing et al., 2015), the enrichment of gene ontology (GO) terms in each 

of the LD blocks was tested using topGO v2.28 (Alexa, Rahnenfuhrer, & Lengauer, 2006). Significance 

of terms was determined using Fisher’s exact tests. We used the “weight01” method in topGO as it was 

shown to improve the explanatory power of GO groups by taking hierarchical relationships among terms 

into account (Alexa et al., 2006). Regions were considered significantly enriched for genes related to a 

specific biological process when they displayed a corrected p-value <0.05 and also harboured at least 

five genes associated to the focal GO term. GO enrichment was accordingly evaluated for each block as 

compared to the whole genome to identify closely located genes related to similar functions. The 

enrichment of genes included in candidate blocks showing positive or negative correlation of 

polymorphic TEs with LD was similarly compared to the whole genome. 
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3. RESULTS 

3.1. Distribution and association between LD and polymorphic TEs  

Along the eight chromosomes of A. alpina, we found high LD within windows of 50kb in genomic 

regions of high TE density such as pericentromeres, although such a pattern appeared disrupted at 

several locations (Figure S2). The filtering of SNPs from regions with dense reference TEs may have 

influenced LD to a certain extent, but genome-wide patterns suggest otherwise as LD was significantly 

and positively associated with pairwise nucleotide diversity in most chromosomes (Table S1).  

Looking at the fine scale along the eight chromosomes of A. alpina, multiple regressions 

highlighted 57 blocks showing significant association between polymorphic TE density and LD while 

taking reference TE density and pairwise nucleotide diversity into account. Such blocks associating LD 

with polymorphic TEs were detected on all chromosomes, in TE-rich pericentromeric regions as well 

as chromosome arms of more euchromatic nature (Figures 1, S2). Noticeably, blocks were detected on 

the arm of chromosome 4 with very high LD following the increasing density of polymorphic TEs. This 

finding contrasts with the expected high LD observed in regions of high reference TE density but rather 

low LD along chromosome arms, as seen in case of e.g. chromosome 5.  

Focusing on blocks presenting outlier polymorphic TE densities, 28 candidate blocks made of 

overlapping and adjacent windows presented significant association between polymorphic TE density 

and LD (Table 1). The length of these blocks ranged from 1.1 Mb to 5.3 Mb, totaling 74.5Mb (20%) of 

the genome of A. alpina that appeared here with high levels of polymorphic TEs associated to local LD 

(Figure S2). Across chromosomes, a total of 18 blocks of up to 4.3Mb (called P01 to P18) showed 

positive association indicative of reduced recombination (high LD) in regions of otherwise high TE 

density. These blocks included a known supergene (S-locus) that is responsible for self-incompatibility 

and strict outcrossing on Chromosome 7 (P15). Blocks with low polymorphic TE density not considered 

and the remaining 10 blocks up to 5.3Mb (called N01 to N10) showed negative correlations between 

polymorphic TEs and LD, indicating high recombination in regions of high density of polymorphic TEs. 

As a whole, these blocks where TE insertions seemingly have an impact on LD and may influence linked 

selection accounted for 21.4% of polymorphic TEs segregating within the population and 22.5% of 

genes annotated in A. alpina.  

 

3.2. Pattern of selection 

Inferences based on unphased SNPs suggested similar demographic histories of the four populations in 

the last 500-1000 years (Figure S1). Despite fluctuation in the last ca. 50 generations, the impact of 

demography on inferences of selection is here expectedly minimal and we therefore examined to what 

extent candidate blocks showing high density of polymorphic TEs associated with high LD were 

consistent with signatures of selective sweeps. Using Tajima’s D along chromosomes (Figure S3), six 
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out of the corresponding 18 candidate blocks presented significantly negative D values as compared to 

genome-wide estimates (Table 1). In contrast to such evidence of selective sweeps in regions of high 

LD, three blocks showed positive Tajima’s D indicative of linked alleles maintained under balancing 

selection.  

Haplotype homozygosity further supported signals of selective sweeps using the H12 statistic 

(Figure S3). Grouping consecutive windows with H12 values greater than the median value of H12 

(0.35), a total of 986 regions with a maximum length of 1.7Mb were highlighted. Those regions were 

assigned their highest H12 value and 11 out of the top 50 regions (H12 values between 0.82 and 0.95) 

showed overlap with nine chromosome blocks where LD was associated with polymorphic TEs (Table 

1). As compared to evidence based on Tajima’s D, this approach identified four additional candidate 

blocks consistent with selective sweep. In particular, two blocks showing marginally higher Tajima’s D 

values (p-value >0.01) were characterized here as the result of selective sweeps based on H12 values. It 

further distinguished soft from hard selective sweeps based on the H2/H1 statistic, and the top 50 loci 

with maximum H12 values overlapped with several blocks listed in Table 1. Four blocks showing 

positive correlation between LD and polymorphic TEs contained at least three haplotypes with H2/H1 

values >0.05 and were thus considered consistent with soft selective sweeps.  

 More generally, signatures of adaptive divergence were inspected through the local increase of 

DXY along chromosomes above the 97.5% percentile of its genome-wide distribution. Although values 

of pairwise comparisons involving individuals form La Para vs all other populations generally appeared 

higher, windows of 50kb here showing significantly increased DXY were coinciding with regions under 

selective sweep as identified by haplotype-based signals.  

The S-locus (P15) was highly ranked among the top 50 regions with strong H12 support for 

selective sweep, although not identified as such by Tajima’s D (Table 1). This block is located in the 

region of high H2/H1 values (Figure S3), supporting at least two frequent haplotypes segregating in the 

population. Such a signal of soft sweep noticeably coincides with a significant increase in DXY above 

the 97.5th percentile of all DXY values that indicates putatively adaptive divergence in this region (Figure 

S4). 

 

3.3. Functional characterization of genes within candidate blocks 

Candidate blocks showing significant association of LD with polymorphic TEs contained between 70 

and 840 (average 274) annotated genes covering up to 38.8% of the blocks. Among candidate blocks, 

19 showed significant enrichment of specific GO terms. Blocks with high density of polymorphic TEs 

and high LD were enriched in ecologically relevant GO terms related to cold acclimatization (11 

significant genes, 28.95% of genes under this term in Arabis), response to salt stress (127 genes, 13.57%) 

and photoperiodic control of flowering time (20 genes, 20%; Table S2). In particular, a block enriched 
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in GO terms related to response to cold showed 21 genes across 2.5Mb of chromosome 8 (P18), whereas 

others highlighted carbohydrate metabolic process (P04, 20 genes in 1.65Mb) or shoot system 

development (P05, 18 genes in 2Mb). Moreover, we found genes related to response to bacterium (N09, 

Figure S5) and response to oxidative stress (N10) in blocks with significantly negative association 

between polymorphic TEs and LD (Table S3).  

 The block enriched in cold-responding genes (P18; Figure 2) showed positive correlation of LD 

with polymorphic TEs and presented high H12 values suggestive of a strong selective sweep. Consistent 

with a scenario of adaptive divergence, significant peaks of increased DXY were further identified 

throughout this region, especially among individuals from La Para as compared to all other populations. 

This LD block presented not only 21 genes enriched in response to cold, but also nine genes related to 

photoperiodism and seven genes related to repression of flower development (Table S4). In particular, 

an Arabis gene (Aa_G720620) is orthologous to the FLOWERING LOCUS M (FLM) in Arabidopsis 

thaliana and is thus certainly involved in temperature-dependent flowering. Other genes orthologous to 

MADS AFFECTING FLOWERING3 (MAF3, Aa_G585310) and MAF4 (Aa_G585320) were identified 

here. The haplotype-based signature of selective sweep encompasses cold-responding genes as well as 

genes responding to photoperiodism and flowering present in central position. Both the density of 

polymorphic TEs and LD, which were already high as compared to whole-genome estimates, further 

increased in the middle of the block with predominantly heterozygous copies of the abundant and 

recently active retrotransposon ATLANTYS2 at this position. 

 

4. DISCUSSION 

4.1. Pattern of nucleotide diversity and LD in Arabis alpina populations 

Whole-genome sequencing of 304 individuals of A. alpina highlighted limited genomic variation and 

low genetic substructure among our geographically proximate sampling sites, contrasting with reports 

from other species (Fischer et al., 2013; Hellsten et al., 2013; Rogivue et al., accepted). These 

populations indeed have reduced effective population sizes as expected following postglacial expansion 

under regular selfing (Koch et al., 2006; Buehler et al., 2012; Rogivue et al., 2018). Correspondingly 

low effective recombination rates are expected to limit both the fixation of adaptive alleles due to 

positive selection (Hartfield & Glémin, 2014) and the removal of deleterious alleles by purifying 

selection (Arunkumar, Ness, Wright, & Barrett, 2015). Nearly-neutral alleles are mostly expected under 

such circumstances (Eyre-Walker, 2006), and selective sweeps were accordingly supported for only a 

few loci in our study.  

 Reduced diversity in regions of low recombination is well supported by both theory and 

empirical data (Cutter & Payseur, 2013; Nachman, 2002). Findings of the present study using local 

variation in LD to reflect recombination rates along chromosomes, however, hardly support these 
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predictions and rather highlight pairwise nucleotide diversity being positively associated with LD. Loss 

of variation in typically euchromatic regions of chromosome arms rather than in heterochromatic 

pericentromeres thus appears coherent with nucleotide diversity shaped by purifying selection that 

would efficiently remove deleterious mutations in highly recombining regions with low linkage 

(Arunkumar et al., 2015; Slotte, 2014). Reduced effective recombination rates would also increase the 

effect of selection on linked sites belonging to several alleles of small effect over larger genomic 

distances (Charlesworth et al., 1993). A similar distribution of nucleotide diversity and negative 

correlation with recombination rate was also reported in rice (Flowers et al., 2012), although this study 

showed reduced variation at the ends of chromosomes, whereas here it appeared interspersed along 

chromosomes in A. alpina. Polymorphisms still segregating within and among surveyed populations 

appear mostly as nearly-neutral variation.  

 

4.2. Transposable elements and recombination along chromosomes 

The presence of high TE loads in chromosomal regions with high LD is consistent with either the 

accumulation of their copies where recombination is low or with a direct role played by TEs in locally 

reducing recombination in A. alpina. The genome-wide pattern detected here hardly rejects the former 

hypothesis assuming background selection to preferentially remove TEs across highly recombining 

regions of chromosome arms in such a selfing species. However, it would require a strong pressure of 

deleterious TE-induced mutations that the relatively ancient TE dynamics of A. alpina may hardly offer 

(Choudhury et al, 2017; Willing et al., 2015). Polymorphic TEs surveyed here are indeed mostly 

representative of standing genetic variation (Rogivue et al., accepted) and thus seem consistent with TE 

copies driving the recombination landscape. In addition to avoid recombination modifiers along 

chromosome arms to be treated as a black box, such a hypothesis is empirically supported by TE 

insertions causing major reduction in recombination rate at a hotspot in budding yeast (Ben-Aroya, 

Mieczkowski, Petes, & Kupiec, 2004) as well as studies that showed polymorphic arrangements of TEs 

affecting recombination in maize (He & Dooner, 2009). Accordingly, chromosomal blocks showing 

correlation of high LD and high density of polymorphic TEs across euchromatic regions of A. alpina 

suggest that TEs may modify recombination even in gene-rich regions. 

Molecular mechanisms linking TEs and recombination remain elusive, but epigenetic silencing 

of TEs is expected to promote compaction of chromatin that might interfere with recombination 

initiation typically occurring in regions of open chromatin (Kent et al., 2017). Such an effect is expected 

to act similarly in collinear (i.e. conserved) and polymorphic TEs and may thus contribute to not only 

reduce recombination in pericentromeres, but also to locally decrease recombination along chromosome 

arms. However, effective silencing of TEs likely spreads towards adjacent loci and, in gene-rich regions, 

may suppress expression with chiefly detrimental impact on phenotypes (Cridland, Thornton, & Long, 
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2015; Hollister & Gaut, 2009; Stuart et al., 2016). Accordingly, Castanera et al. (2016) reported blocks 

of TEs likely inherited as supergenes that localized together with strongly repressed genes. Suppression 

of recombination through silencing of polymorphic TEs cannot be ruled out, but heterochromatinization 

of gene-rich blocks in A. alpina seems unlikely as such loci should have been purged from recombining 

chromosome arms. Noticeably, a direct impact of TE-related rearrangements promoting chromosomal 

mispairing and reduction in efficient resolution of cross-overs may also contribute to reduction in 

recombination (Schubert & Vu, 2016). Local as well as global correlations between polymorphic TEs 

and LD along chromosomes of A. alpina match predictions of such a structural hypothesis. Selfing and 

low effective population size have likely supported the initial rise of such chromosomal rearrangements 

(Hoffmann & Rieseberg, 2008), promoting the segregation of polymorphic TEs here under scrutiny at 

relatively high frequencies. However, molecular underpinnings of interactions between TEs and 

recombination however deserve further investigation. 

 

4.3. LD blocks and selection 

Chromosomal blocks with higher LD indicative of reduced recombination in regions with high density 

of polymorphic TEs included the S-locus supergene (P15) encoding self-incompatibility to ensure 

outcrossing (Vekemans, Poux, Goubet, & Castric, 2014). This block of 2.2 Mb presented genomic 

variation indicative of a soft selective sweep in the surveyed population. Although consistent with 

positive rather than the expected frequency-dependent selection, such a soft sweep pattern may reflect 

recent balancing selection initiated 0.02–0.4 Ne generations ago (Fijarczyk & Babik, 2015). Populations 

under scrutiny appear mostly selfing (e.g. Rovigue, et al., accepted) and their low Ne makes a recent 

transition to selfing unlikely. The pattern highlighted here at the S-locus may have been generated by 

selective sweeps of non-functional alleles conferring advantageous selfing in alpine populations of A. 

alpina. Extended LD at multiple frequent haplotypes showing reduced differentiation among 

populations is an expectedly long-lasting pattern (Fijarczyk & Babik, 2015), and further characterization 

of such a locus will have to disentangle how TEs interact with recombination and selection to shape 

complex signals of genomic variation. 

 Another LD block enriched in cold response genes (P18) was identified here as having 

undergone a hard selective sweep as indicated by the haplotype-based H12 statistics. This 2.5Mb locus 

presented several genes orthologous to loci contributing to vernalisation response in A. thaliana. In 

particular, the centre of the block shows orthologue of FLM that appears to be key to the repression of 

flowering at low ambient temperatures (Lutz et al., 2015). Moreover, expression of the nearby MAF4 

during cold conditions ensures that vernalisation is not achieved prematurely (Kim & Sung, 2013). This 

block further presented genes related to the regulation of transcription and may trigger chromatin 

modifications and repression of FLM expression as is the case for PEP1 in A. alpina (Wang et al., 2009). 
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Cold-induced freezing tolerance enhanced by short photoperiods highlights systemic responses to the 

environment mediated by the circadian clock in A. thaliana (Franklin, Toledo-Ortiz, Pyott, & Halliday, 

2014) and species such as the perennial ryegrass present intraspecific variation in interactions between 

the circadian network and freezing tolerance (Paina, Byrne, Domnisoru, & Asp, 2014). Accordingly, 

such a block enriched in cold-responding as well as photoperiodic and flowering genes may be of 

functional significance in natural populations of A. alpina. In view of increasing evidence that genes are 

not distributed randomly across chromosomes in eukaryotes (Boycheva et al., 2014; Pavlidis et al., 

2012), the enrichment of similar GO terms within blocks of A. alpina suggests a role of TEs in modifying 

linkage in such regions. The pattern of increased LD being modulated by higher polymorphic TE density 

in the middle of the locus P18 particularly supports the hypothesis that recently inserted TEs increased 

linkage among adjacent loci, although uncoupling cause and effect is challenging (Kent et al., 2017). 

Low-recombining regions were suggested to shield sets of adaptive variants and offer examples of 

‘selection at linked sites’ in threespine sticklebacks (Samuk et al. 2017), whereas González et al. (2008) 

evidenced selection in the regions flanking two TE insertions and later linked them to fitness effects 

related to insecticide resistance in Drosophila melanogaster (Guio, Barrón, & González, 2014; Mateo, 

Ullastres, & González, 2014). It remains to be demonstrated to what extent polymorphic TEs in the P18 

block are here coupling cold-responding genes with genes related to photoperiodism and flowering, 

supporting the emergence of linked loci under selection.  

 

4.4. TEs, selection and the recombinational landscape 

The evolutionary arms race of TEs and host genomes can create complex recombination landscape 

across chromosomes (Kent et al., 2017), as also highlighted here through large blocks of chromosome 

arms presenting high LD going along with high density of polymorphic TEs. To what extent and how 

polymorphic TEs could act as recombination modifiers through either heterochromatinization or 

chromosomal restructuring remains elusive. Although TE silencing in gene-dense regions is still largely 

unknown (Takuno, Seymour, & Gaut, 2017), the expected suppression of expression along flanking 

sites should mostly yield deleterious variation removed by background selection. 

The present study on the impact of polymorphic TEs on LD in A. alpina suggests some 

interactions between selection and specific LD blocks. Several loci highlighted here with indirect 

evidence of selective sweeps suggest that TEs may be central players of adaptive processes. The 

majority of LD blocks highlighted here were consistent with polymorphic TEs promoting long-range 

linked selection. However, a few blocks along euchromatic regions of A. alpina presented negative 

correlation between LD and polymorphic TE density, as expected if high density of polymorphic TEs 

had promoted elevated recombination (McVean, 2010). Such loci in particularly weak LD were 

generally enriched in functions requiring high allelic diversity such as plant resistance genes (e.g. N09, 
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Figure S5). Retrotransposons conferring partial resistance to bacterial pathogens have already been 

reported (Wang et al., 1998) and, as postulated for the hot pepper genome, high TE dynamics may foster 

crucial variation proving vital to the evolution of plant disease resistance (Kim et al., 2017). The 

significance of similar blocks related to other factors such as oxidative stress in heterogeneous alpine 

environment remains to be determined, but chromosome blocks identified here were generally 

consistent with the predictions that different genome fractions evolve at variable rates under different 

constraints (Choi et al., 2016; Dong, Raffaele, & Kamoun, 2015). Such blocks identified in high-

resolution datasets from natural populations should be fully characterized regarding not only their 

functionality, but also their fitness effects (Barrett & Hoekstra, 2011), and thereby contribute to decipher 

the surmised role of TEs in genome restructuring and adaptive processes (Bonchev & Parisod, 2013). 
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Table 1 Blocks along eight chromosomes (Chr) of Arabis alpina showing significant correlation 

(+, positive; -, negative) between linkage disequilibrium (LD) and density of polymorphic 

transposable elements (PolyTE; Figure S2). Signatures of selective sweep are based on Tajima’s 

D and haplotype-based scores (H12; Figure S3). Enriched GO term within each block with 

maximum number of genes (-, no significant term; Tables S2, S3). 

Block 
No. 

Chr Start 
(Mb) 

Length 
(Mb) 

PolyTE 
correlation 
with LD 
(Count) 

Da H12 (max 
H12, Soft 
Sweep)b 

GO enrichment (with number of genes) 

P01 1 7.2 1.6 + (123) - * NS Protein autophosphorylation:7 
P02 1 24.9 1.8 + (104) NS NS - 
P03 2 21.8 1.6 + (86) + *** NS - 
P04 3 3.6 1.6 + (117) - *** Sig (0.87,+) Carbohydrate metabolic process:20 
P05 4 0 2.0 + (102) NS Sig (0.95) Shoot system development:18 
P06 4 10.1 2.5 + (144) - *** NS - 
P07 6 6.9 2.1 + (168) + *** NS Ubiquitin-dependent catabolic process:8 
P08 6 29.7 1.6 + (94) + * Sig (0.88) Response to salt stress:11 
P09 7 1.4 2.8 + (149) - ** NS Defense response to bacterium:26 
P10 7 6.1 1.6 + (96) NS Sig (0.83) Cellular amino acid metabolic process:9 
P11 7 17.3 1.5 + (99) NS NS - 
P12 7 24.2 1.5 + (88) NS NS - 
P13 7 29.9 1.1 + (57) - *** NS - 
P14 7 38.5 1.5 + (117) NS NS Response to abscisic acid:9 
P15 7 43.0 2.2 + (125) NS Sig (0.87, +) Response to abscisic acid:13 
P16 8 0 2.0 + (147) NS NS Abscisic acid-activated signaling:7 
P17 8 25.7 1.6 + (106) - * Sig (0.85, +) - 
P18 8 47.0 2.5 + (119) NS Sig (0.86) Response to cold:21 
N01 2 30.5 1.7 - (140) NS NS Lipid metabolic process:10 
N02 2 34.6 5.3 - (290) - *** NS Response to cadmium ion:38 
N03 3 8.4 3.4 - (192) + * Sig (0.86,+) Response to salt stress:20 
N04 4 33.7 2.0 - (99) + *** NS - 
N05 5 2.6 2.1 - (148) - *** NS - 
N06 5 6.1 3.0 - (224) - *** Sig (0.91) Chromosome organization:21 
N07 5 26.7 1.7 - (118) - *** NS Cellular localization:9 
N08 6 22.5 4.5 - (393) + *** NS Ion transport:15 
N09 7 33.8 3.7 - (172) - *** NS Response to bacterium:7 
N10 7 40.0 2.6 - (222) + *** NS Response to oxidative stress:15 

a Tajima’s D, with – for excess of rare alleles (selective sweep) and + for excess of frequent alleles 
(balancing selection), p-values: ***≤0.001, **≤0.01, *≤0.05 
b H12 test where blocks containing loci ranked among the top 50 peaks from genome-wide 
estimates are represented as significant selective sweep (Sig), with the maximum H12 value 
reported in the blocks as well as evidence of soft sweep (+) in between parentheses; NS, non-
significant.  



Figures  

 
Figure 1 Correlation of polymorphic LTR retrotransposons (TEs) with linkage disequilibrium (LD) in 
Arabis alpina. a) Ideogram of the eight chromosomes showing eighteen blocks with high LD positively 
correlated with polymorphic TEs (red) as well as ten blocks with negative correlation (blue; numbered 
according to Table 1). b) Pattern of high LD in windows of 50kb of high-density polymorphic TE density 
is shown at the start of chromosome IV, contrasting to the pattern along chromosome V, where the overall 
TE density increases with LD. Each solid line represents a LOESS smooth of the corresponding feature 
along each chromosome. Genome-wide patterns are presented in Figures S2 and S3. 
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Figure 2 Representation of chromosome block P18 enriched in cold-responding genes in Arabis alpina. a) 
DXY among all pairs of four studied alpine populations, with dotted line representing the 97.5 percentile 
across all pairs of populations (symbols according to panel with La Para: Pa, Essets: Es, Pierredar: Pi, 
Martinets: Ma). b) Haplotype-based H12 statistic for selective sweep with dotted line representing median 
value of genome-wide H12 estimates, c) pattern of linkage disequilibrium (LD), d) polymorphic LTR 
retrotransposon (TE) density, and e) location of genes related to cold, photoperiodism and flowering 
(coloured accordingly). 
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