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Abstract

Large-scale population genomic approaches have very recently been fruitfully applied to 

the Arabidopsis relatives Arabidopsis halleri, A. lyrata and especially A. arenosa. In 

contrast to A. thaliana, these species are obligately outcrossing and thus the footprints of 

natural selection are more straightforward to detect. Furthermore, both theoretical and 

empirical studies indicate that outcrossers are better able to evolve in response to 

selection pressure. As a result, recent work in these species serves as a paradigm of 

successful population genomic studies of adaptation both to environmental as well as 

intracellular challenges.
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Introduction

The advent of population-scale genomic approaches is revolutionizing our ability to study 

evolution and adaptation in wild species. The Arabidopsis genus, with several 

outcrossing species, small genomes and a diversity of adaptations, is increasingly being 

leveraged to understand adaptation as well as the influence of processes like repeated 

evolution, hybridization and adaptive gene flow.

Recent genus-wide resequencing showed that hybridization has likely played an 

important role in the history of the outcrossing Arabidopsis species and can to some 

extent blur the boundaries between taxa [1]. Hybridization is particularly extensive 

between tetraploid lineages of A. lyrata and A. arenosa, which show no ongoing 

hybridization at the diploid level, highlighting that genome duplication can cause species 

boundaries to become more porous again after a period of genetic isolation among the 

diploid progenitors [2]. Nevertheless, the large groupings corresponding to the named 

species A. arenosa, A. lyrata and A. halleri can be clearly recognized from genomic 

data. These three species have adapted to a wide range of habitats (e.g. Fig. 1) and 

represent tremendous opportunities for studying adaptive evolution. Importantly, all of 

these species are obligate outcrossers, which means that compared to A. thaliana, 

populations of these species will show stronger local adaptation and the signals will be 

easier to detect (Box 1).

Arabidopsis arenosa 

Arabidopsis arenosa has recently been the subject of a concentrated set of explicitly 

genome-wide studies of adaptive evolution. These provide case studies for how 

population genomic approaches can be fruitfully applied to diverse biological questions, 



from detailed understanding of range-wide demography to novel insights to adaptation 

and evolution. 

Demography. To contextualize studies of adaptation, it is important to understand the 

demographic history of the populations under study. From previous biogeographic 

studies we know that A. arenosa is found throughout Europe, with diploids found in the 

Balkans and along the Baltic coast, and tetraploids through the Alps, Carpathians, and 

Central and Northern Europe [3,4], with a center of diversity in the Western/Northern 

Carpathians of Slovakia [4].

Increasingly, large-scale genomic approaches are being applied to understand species 

histories and demographic dynamics. A particularly powerful tool for demographic 

analyses is reduced representation sequencing (RADseq) which allows cost-effective 

sampling of thousands of individuals [5,6]. RADseq approaches have recently been 

applied in A. arenosa to better understand its history and patterns of genetic 

differentiation across the landscape. A recent study of diploid A. arenosa showed that 

genetic variation sorts into four clearly distinct gene pools, with a fifth showing a hybrid 

origin [3]. Some populations show striking ecological differentiation with only minimal 

genetic differentiation, making them promising models for further investigation of the 

genetic basis of local adaptation, since signals of selection do not need to rise above 

strong noise [3]. A recent analysis leveraging RADseq, POOLseq of whole genomes, 

and whole genome resequencing of barcoded individuals, placed the origin of the 

autotetraploid A. arenosa lineage within a single diploid gene pool from the western 

Carpathian Mountains 15,000-19,000 generations ago [7]. The tetraploids subsequently 

split into five genetically distinct lineages that colonized different geographic regions and 



habitats and some populations subsequently experienced bidirectional gene flow with 

geographically proximal diploids [7]. Demographic studies are summarized in Fig. 2.

Dealing with whole genome duplication. Polyploids occur in all eukaryotic lineages, 

but are particularly common in plants [8]. However, recently formed polyploids face 

substantial challenges, particularly with the regular segregation of the additional 

chromosomes [9-11]. How early polyploid lineages can evolve to stabilize meiotic 

chromosome segregation (and any other problems associated with genome duplication) 

has remained largely mysterious. But recent genome scans in A. arenosa have shed 

some light on this. The autotetraploid lineage of A. arenosa arose recently enough to 

remain closely related to its diploid ancestor, but is sufficiently ancient that evolution has 

had sufficient time to stabilize its meiosis, and presumably other problems associated 

with WGD [12**]. This system thus provides a rare opportunity to study the early 

evolutionary stabilization of polyploid lineages and how polyploids might adapt to their 

novel genomic context.

Two population level resequencing scans in A. arenosa yielded a set of genes with clear 

signatures of selection in tetraploids and strong differentiation between diploids and 

tetraploids [12**,13]. Consistent with meiotic chromosome segregation being a major 

challenge for polyploids, among the 19 genes with the strongest evidence for selection 

genome-wide are eight core structural meiosis proteins that have essential roles in 

recombination, chromosome pairing, and segregation [12**]. Other genes with strong 

signatures of selection included several chromatin remodelers, genes implicated in cell 

size regulation, cell cycle regulators, and core transcriptional regulators. The role these 

genes might play in polyploid evolution remains to be tested, but these results highlight 



how the hints provided by genome scans open the door to generation of new testable 

hypotheses.

Interestingly, in the A. arenosa tetraploid lineage, selection targeted genes that are also 

implicated in other polyploid contexts: several genes important for chromosome 

cohesion and segregation were also identified in a yeast screen for genes necessary for 

survival of polyploid but not diploid cells [14], and several have been implicated in 

genome instability in polyploid and derivative aneuploid cells in human cancers 

(reviewed in [15]). This suggests that there are consistencies in the challenges faced by 

polyploid cells even across kingdoms, and that what we learn about the evolution of 

chromosome segregation in a polyploid context from A. arenosa can serve to inform a 

very wide set of research directions[15].

Meiosis gene evolution in diploids. A recent investigation of selection on meiosis 

genes relative to genome-wide patterns showed that several meiosis genes under 

selection in tetraploids were also under selection independently in a diploid lineage [16], 

Though the reasons for this are as yet unclear. However, this study raised a new 

hypothesis: This diploid lineage originates from the Pannonian basin in Hungary, a 

warmer environment than that of the sites the mountain plants from the Carpathians it 

was compared to. Together with abundant evidence that meiotic structures are 

particularly sensitive to high temperature [17], this raised the possibility that this meiotic 

adaptation may have something to do with ambient temperature.

Ruderal habitat adaptation. As seen in many of its relatives, A. arenosa populations 

also vary in respect to their flowering time. In A. arenosa this variation is associated with 

habitat divergence [18,19]: mountain populations found in usually sheltered sites are 



perennial and late flowering in laboratory conditions, and require vernalization 

(prolonged cold treatment) to flower early, while plants from sites on railways are 

consistently early and perpetually flowering in the lab. Transcriptome analysis and 

genome scans for selection were combined to understand the evolution of these “weedy” 

traits in railway A. arenosa populations. The whole-genome transcriptome analysis 

showed that early flowering in railway populations is associated with loss of expression 

of the vernalization-sensitive floral repressor FLC, and an associated abrogation of the 

entire vernalization response [18]. This parallels results from another perennial 

outcrosser, Arabis alpina, where variation in activity of an FLC homolog, PEP1 is causal 

for a similar shift from vernalization responsive late flowering, to rapid cycling and 

perpetual flowering [20]. However, the transcriptome analysis of flowering highlights a 

particular utility of this approach – in the analysis, it became evident that in addition to 

flowering related genes, cold-responsive genes as well as heat-shock factors that are 

normally inducible became constitutive in the railway lineage. This prompted the authors 

to test for elevated heat and cold stress tolerance, and indeed, railway plants showed 

constitutive heat and cold tolerance, while in mountain plants, these responses need to 

be induced by prior exposures [18]. Genome scans for selection in these plants 

complemented these results and provided candidate genes for the upregulation of these 

genes: LHY, a circadian clock gene that is a known inducer of cold-responsive genes 

[21,22], and LARP1, an mRNA splicing factor important in heat response [23]. Whether 

these genes are causal remains to be tested, but this nevertheless provides a case 

study for how transcriptome analyses and genome scans can be effectively combined.

Substrate adaptation. Like its outcrossing Arabidopsis relatives, A. arenosa is found on 

a variety of particularly challenging substrates, from zinc mine tailings [24,25] to beaches 

[3], to serpentine barrens [26]. Serpentine barrens are particularly harsh and represent a 



perfect storm of low mineral nutrient, drought prone, and toxic metal rich conditions and 

thus offer a powerful model of multi-challenge adaptation. A genome resequencing scan 

comparing closely related serpentine and non-serpentine A. arenosa populations found 

evidence for highly localized selective sweeps that point to a polygenic, multitrait basis 

for serpentine adaptation [27**]. Comparing results from that study to a previous study of 

independent serpentine colonizations in A. lyrata [28**] the highest levels of 

differentiation were found in 11 of the same genes, but the alleles selected were not the 

same, providing candidate genes for convergent evolution. In addition, it appears that 

other selected alleles were introgressed geographically proximal A. lyrata populations, 

providing a clear example of transpecies adaptive gene flow [27**].

Narrow peaks – the joy of outcrossers? One thing that has been striking in the 

genomic analyses of selection in A. arenosa is how narrow the peaks of selection are, 

which makes identification of candidate genes unambiguous in most cases. While the 

causes for this are not entirely clear, a major factor is likely mating system. Unlike A. 

thaliana, A. arenosa is an obligate outcrosser. Large effective population sizes and high 

effective recombination rates make selection powerful in outcrossers, and allow 

randomization of linked polymorphisms. This likely helps explain the narrow and strong 

selection peaks, and highlights how much more powerful outcrossers are as models for 

evolution and adaptation (see Box 1). 

Arabidopsis lyrata and A. halleri

The other two major outcrossing species in the Arabidopsis genus are A. lyrata and A. 

halleri. A. lyrata has a published high-quality reference genome [29] and was the subject 

of what may perhaps be called the first truly modern population genomic study in the 

Brassicaceae [28]. This study investigated the basis of adaptation to serpentine soils by 



resequencing pooled samples of four populations, two of which represented independent 

serpentine colonizations. Using a straightforward differentiation metric-based approach, 

an array of sensible candidate loci were identified as potentially mediating serpentine 

tolerance. To some degree these overlap with those found in A. arenosa [27**] 

suggesting selection acted on the same target loci in both species independently, 

highlighting their likely central role in adaptation to this high-stress habitat. 

Arabidopsis halleri is best known as a workhorse for the study of metal 

hyperaccumulation [30-32], but as yet population genomic approaches have not been 

applied to understanding this extremophile adaptation. However, two interesting 

population genomic studies recently outlined the genomic basis for altitudinal adaptation 

in A. halleri. Fischer et al. [33] applied Pool-Seq to populations across a wide altitudinal 

range and found genomic footprints of selection in association with certain climatic 

factors. In a second study, whole-genome resequencing was used to study the genomic 

basis of repeated altitudinal phenotypic divergence despite gene flow over 

microgeographic scales in continuously distributed populations [34]. The results indicate 

that the A. halleri system holds promise that has as yet been largely untapped.

Conclusion

Genomic studies of adaptive evolution performed recently in outcrossing Arabidopsis 

relatives, especially A. arenosa, show that the wild outcrossing species in this genus 

hold great promise for understanding a range of complex polygenic adaptations. Both 

transcriptomic and population genomic resequencing studies have yielded useful 

information, especially when combined. With a diversity of adaptations available in these 

allied outcrossing species, beyond what is observed in A. thaliana, they are poised to 

provide exciting new insights into adaptive evolution. And with the increase in genomic 



resources in the Arabidopsis genus as a whole they are increasingly tractable model 

systems for understanding the genomic basis of adaptation.

Box 1: Why is selfing so problematic for studies of adaptation? 

Arabidopsis thaliana is often used to study natural variation. However, A. thaliana is 

predominantly selfing, which not only presents serious technical difficulties for detecting 

targets of selection, but also has profound effects on the adaptive process itself:

Increased homozygosity in selfers reduces genetic diversity and effective population 

size.  This in turn hampers adaptation and causes drift to become an important factor in 

divergence among populations [35]. 

Reduced recombination in selfers increases linkage of adaptive sites to deleterious 

polymorphisms [36**,37].  The effect of linked variation is encapsulated in the Hill-

Robertson effect, which posits that linked deleterious variants (even weak ones) can 

substantially dampen adaptation [38,39]. 

Background effects from unlinked genomic regions can similarly reduce adaptation 

rates, and this effect is far more potent in selfers (e.g. [40,41]). In an extreme case, an 

entire genome can hitchhike: recently Flood et al found fascinating evidence that 

selection on a chloroplast gene in A. thaliana facilitated the spread of a single lineage 

along the British railway system [42**]. This could not occur in an obligate outcrosser, 

where an absolute minimum of two parents must contribute to any novel lineage and 

thus genetic variants would continue to segregate in the population and can sort under 

selection. Both background effects and physical linkage to deleterious polymorphism 

create a “linkage drag” on selection because the units of selection become a 

homogenate across a wider portion of the genome in selfers and are thus less clearly 

positive or negative. 



Fixation of maladaptive alleles increases on account of the conspiracy of increased 

linkage and drift [36**,37]. An elegant study in A. thaliana showed this clearly: using 

transplant experiments and QTL mapping to test the degree of local adaptation, genetic 

loci involved for an Italian and a Swedish A. thaliana accession and recombinants 

between them were investigated [43**]. The recombinant plants often outcompeted 

parents, especially in Sweden, and QTL mapping showed that some locally maladaptive 

alleles were fixed in the native populations. 

Thus, while selfers do adapt, the combined effects of lower effective population sizes, 

increased homozygosity, reduced recombination, stronger drift, greater linkage of 

beneficial mutations to deleterious ones, and the higher rate of fixation of maladaptive 

alleles, presents serious biological obstacle to adaptation in addition to the more often 

discussed technical obstacles for interpreting patterns of differentiation in an adaptive 

framework. Furthermore, selfing species are more likely to fix recessive mutations, while 

outcrossers are more likely to fix dominant ones [44]. Since 85-90% of plant species are 

outcrossing [45], selfing is unrepresentative of the majority of plant diversity. Given these 

considerations, we strongly advocate that for studying mechanisms of adaptive 

evolution, and to allow studies to be more generalizable, outcrossing species are vastly 

superior models for understanding adaptive evolution.
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Figure 1: Habitat and morphological diversity in A. arenosa: This species is found in 

diverse habitats including (A) beaches, (B) high altitude mountain sites, (C) montane 

rock outcrops in forests, (D) ruderal sites including railways in central Europe. Plants 

from (E) a rock outcrop in the Rhine valley, (F) a rail platform in Germany, (G) a 

serpentine rock outcrop in the Alps, (H) a high altitude site in Romania, (I) a high altitude 

tundra site in the Alps, and (J) a lowland rock outcrop in the Pannonian basin of 

Hungary. Photos Filip Kolar, except C and F (KB).

Figure 2: Summary of demographic findings in A. arenosa: Summary of 

demographic studies described in the text, showing both diploid and polyploid 

lineages (after whole genome duplication = WGD). Gene flow events are 

indicated by lines reaching from one lineage to another.
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-Outcrossers are powerful models of adaptation with clear advantages over selfers.

-Arabidopsis arenosa is the subject of many of the most recent large-scale studies.

-Recent studies focused on adaptation to both environmental and intracellular challenge.




