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The genetic basis of epigenetic variation and its consequences for adaptation

Recent population genomic studies in plants have shed new light on natural epigenetic variation by identifying the key genetic determinants, " trans modifiers," which influence epigenetic states genome-wide, and their interplay with environmental factors. Here we review this progress by focusing on the epigenetic control of transposition and life-cycle transitions, highlighting the ecological consequences of this genetic architecture and their evolutionary significance. This knowledge provides an opportunity to address a long-standing question about the establishment of environment-associated epigenetic variation and its relevance in adaptation.

Introduction

Epigenetic mechanisms, which rely on non-DNA-sequence-encoded features, can play a significant role in transcriptional control [START_REF] Pikaard | Epigenetic regulation in plants[END_REF] . As such, epigenetic marks, including DNA methylation, which occurs in three sequence contexts in plants (CG, CHG, and CHH, where H represents A, T, or C), histone modifications, and small RNAs, are essential for transposable element (TE) silencing. Through stable transmission or faithful reconstruction, the epigenetic state of TEs can be maintained via sexual reproduction over generations, presumably because of its importance in maintaining genome integrity [START_REF] Zhang | Dynamics and function of DNA methylation in plants[END_REF] . Part of this transgenerational stability is hard-wired through positive feedback loops between epigenetic marks, such as those observed between methylation of lysine 9 of histone H3 (H3K9me) and CHG methylation (mCHG), or between CHH methylation (mCHH) and small RNAs via RNA-directed DNA methylation (RdDM) [START_REF] Zhang | Dynamics and function of DNA methylation in plants[END_REF][START_REF] To | Local and global crosstalk among heterochromatin marks drives DNA methylome patterning in Arabidopsis[END_REF] .

Nonetheless, heritable epigenetic variation, particularly in the level of DNA methylation over TE sequences, is widely observed in natural populations along climates [START_REF] Richards | Natural epigenetic variation in plant species: a view from the field[END_REF][START_REF] Schmitz | Patterns of population epigenomic diversity[END_REF][START_REF] Kawakatsu | Epigenomic Diversity in a Global Collection of Arabidopsis thaliana Accessions[END_REF] , prompting questions about their origin, functional consequences, and potential evolutionary roles [START_REF] Richards | Natural epigenetic variation in plant species: a view from the field[END_REF][START_REF] Charlesworth | The sources of adaptive variation[END_REF] . When experimentally induced, evidence has shown that epigenetic variation in the form of either moderate or full loss of DNA methylation, notably over TEs, can be inherited over multiple generations, independently of any DNA sequence polymorphisms (i.e. truly epiallelic), and with phenotypic consequences [START_REF] Cortijo | Mapping the epigenetic basis of complex traits[END_REF][START_REF] Reinders | Compromised stability of DNA methylation and transposon immobilization in mosaic Arabidopsis epigenomes[END_REF][START_REF] Lyons | Extensive de novo activity stabilizes epigenetic inheritance of CG methylation in Arabidopsis transposons[END_REF] . However, in genetically diverged natural populations, its entanglement with DNA sequence polymorphisms makes it significantly harder to distinguish truly epiallelic from genetically determined epigenetic variation [START_REF] Richards | Natural epigenetic variation in plant species: a view from the field[END_REF][START_REF] Baduel | The epiallelic potential of transposable elements and its evolutionary significance in plants[END_REF][START_REF] Richards | Inherited epigenetic variation--revisiting soft inheritance[END_REF] .

On par with its importance in animal development, epigenetic regulation also plays a crucial role in adjusting plant life-cycle traits, from germination to reproduction, to seasonal environmental changes [START_REF] Whittaker | The FLC Locus: A Platform for Discoveries in Epigenetics and Adaptation[END_REF][START_REF] Iwasaki | Parental and Environmental Control of Seed Dormancy in Arabidopsis thaliana[END_REF] . In this context, plants often rely on facultative histone marks, such as the Polycomb-deposited H3K27me3, that, in contrast to the meiotically stable marks described above, are dynamically modulated during development and are effectively reprogrammed during embryogenesis [START_REF] Whittaker | The FLC Locus: A Platform for Discoveries in Epigenetics and Adaptation[END_REF][START_REF] Iwasaki | Parental and Environmental Control of Seed Dormancy in Arabidopsis thaliana[END_REF] . While this system is typically not transgenerationally heritable, natural variation in the regulation of these epigenetic states has been reported to play an adaptive role by adjusting life cycles to natural conditions [START_REF] Whittaker | The FLC Locus: A Platform for Discoveries in Epigenetics and Adaptation[END_REF] .

Recent population genomic and epigenomic studies, in particular the large-scale datasets of the 1001 Genomes and Epigenomes projects in Arabidopsis thaliana , have unveiled some of the environmental and genetic determinants of both stable and transient natural epigenetic variations [START_REF] Schmitz | Patterns of population epigenomic diversity[END_REF][START_REF] Kawakatsu | Epigenomic Diversity in a Global Collection of Arabidopsis thaliana Accessions[END_REF][START_REF]Genomes Consortium: 1,135 Genomes Reveal the Global Pattern of Polymorphism in Arabidopsis thaliana[END_REF] . Notably, the identification of functionally important natural variation at well-known epigenetic regulators ( trans modifiers) has opened new perspectives on the origin and, therefore, the ecological significance of epigenetic variations [START_REF] Kawakatsu | Epigenomic Diversity in a Global Collection of Arabidopsis thaliana Accessions[END_REF][START_REF]Genomes Consortium: 1,135 Genomes Reveal the Global Pattern of Polymorphism in Arabidopsis thaliana[END_REF][START_REF] Dubin | DNA methylation in Arabidopsis has a genetic basis and shows evidence of local adaptation[END_REF] . By focusing on recent evidence on the adaptive impact of TE mobilization and life-cycle transitions obtained primarily in the model plant species, A. thaliana, this review aims at exploring the evolutionary significance of this genetic architecture underlying the epigenome in nature.

The genetic determinants shaping the epigenome in nature

Analysis of genome-wide DNA methylation data over 1,000 A. thaliana strains revealed a wide range of epigenetic variation, both in the levels and the distribution of DNA methylation, and recent genome-wide association studies (GWAS) have shed new light on their genetic determinants [START_REF] Schmitz | Patterns of population epigenomic diversity[END_REF][START_REF] Kawakatsu | Epigenomic Diversity in a Global Collection of Arabidopsis thaliana Accessions[END_REF][START_REF] Dubin | DNA methylation in Arabidopsis has a genetic basis and shows evidence of local adaptation[END_REF][START_REF] Galanti | Genetic and environmental drivers of large-scale epigenetic variation in Thlaspi arvense[END_REF] . Epigenetic variation is mostly explained by local TE insertion polymorphisms (i.e., cis -genetic effects), as the typically heavily methylated states of TE sequences can spread upon insertion to nearby, previously unmethylated regions [START_REF] Hollister | Epigenetic silencing of transposable elements: a trade-off between reduced transposition and deleterious effects on neighboring gene expression[END_REF][START_REF] Quadrana | The Arabidopsis thaliana mobilome and its impact at the species level[END_REF] . In addition, the accumulation of mutations in TE sequences can also alter their methylation levels [START_REF] Dubin | DNA methylation in Arabidopsis has a genetic basis and shows evidence of local adaptation[END_REF][START_REF] Hüther | MethylScore, a pipeline for accurate and context-aware identification of differentially methylated regions from population-scale plant whole-genome bisulfite sequencing data[END_REF][START_REF] Sasaki | Common alleles of CMT2 and NRPE1 are major determinants of CHH methylation variation in Arabidopsis thaliana[END_REF] . In contrast, trans modifiers, generated by allelic variants of key epigenetic regulators that can affect epigenetic landscapes genome-wide, have been found to play an important role in modulating DNA methylation levels over TE sequences genome-wide and both in heterochromatic and in euchromatic regions (Figure 1). Allelic variation at CHROMOMETHYLASE2 ( CMT2), NUCLEAR RNA POLYMERASE D1B ( NRPE1), ARGONAUTE1 ( AGO1 ), and AGO9 was found associated with changes in mCHH levels, and CMT3, MICRORNA823A ( MIR823A) , JUMONJI26 ( JMJ26), as well as alleles containing MULTICOPY SUPPRESSOR OF IRA1 (MSI1) and REPRESSOR OF SILENCING3 (ROS3) with changes in mCHG [START_REF] Kawakatsu | Epigenomic Diversity in a Global Collection of Arabidopsis thaliana Accessions[END_REF][START_REF] Dubin | DNA methylation in Arabidopsis has a genetic basis and shows evidence of local adaptation[END_REF][START_REF] Hüther | MethylScore, a pipeline for accurate and context-aware identification of differentially methylated regions from population-scale plant whole-genome bisulfite sequencing data[END_REF][START_REF] Sasaki | Conditional GWAS of non-CG transposon methylation in Arabidopsis thaliana reveals major polymorphisms in five genes[END_REF] (Table 1). Moreover, some rare alleles of VARIANT IN METHYLATION 1 ( VIM1 ) and HISTONE DEACETYLASE6 ( HDA6 ) have been identified in earlier studies to modulate CG-methylation (mCG) [START_REF] Woo | VIM1, a methylcytosine-binding protein required for centromeric heterochromatinization[END_REF][START_REF] Tessadori | Phytochrome B and histone deacetylase 6 control light-induced chromatin compaction in Arabidopsis thaliana[END_REF] . Such genetic architecture is not unique to A. thaliana, and contributions of trans modifiers have been reported in other Brassicaceae species as well [START_REF] Galanti | Genetic and environmental drivers of large-scale epigenetic variation in Thlaspi arvense[END_REF] .

Whereas each trans modifier substantially changes DNA methylation levels, their various combinations can generate a wide range of epigenetic variations in natural populations. While strains carrying multiple mCHG-decreasing alleles show additively reduced genome-wide mCHG levels, strains carrying both mCHH-and mCHG-decreasing alleles show entirely reduced asymmetric methylation levels. Given the partial interdependency between mCHH and mCHG pathways, the loss of both pathways results in a wide range of morphological and developmental defects [START_REF] Cao | Locus-specific control of asymmetric and CpNpG methylation by the DRM and CMT3 methyltransferase genes[END_REF] . Presumably because of this pleiotropy, there are very few natural loss-of-function mutants of epigenetic regulators [START_REF] Kawakatsu | Epigenomic Diversity in a Global Collection of Arabidopsis thaliana Accessions[END_REF] , and the control of DNA methylation levels vary instead in a complex quantitative manner in nature, thus high statistical power is required in GWA approaches based on large sample sizes to identify trans modifiers. Further exploration of natural epigenetic trans modifiers beyond A. thaliana and Brassicaceae will contribute to enriching our understanding of the evolutionary history of this genetic architecture. CMT2a, b AT4G19020 mCHH Chromomethylase 2; Alternative CMT2a is a natural CMT2 overexpressor. [START_REF] Kawakatsu | Epigenomic Diversity in a Global Collection of Arabidopsis thaliana Accessions[END_REF][START_REF] Dubin | DNA methylation in Arabidopsis has a genetic basis and shows evidence of local adaptation[END_REF][START_REF] Hüther | MethylScore, a pipeline for accurate and context-aware identification of differentially methylated regions from population-scale plant whole-genome bisulfite sequencing data[END_REF][START_REF] Sasaki | Common alleles of CMT2 and NRPE1 are major determinants of CHH methylation variation in Arabidopsis thaliana[END_REF] AGO1 AT1G48410 mCHH Post-transcriptional gene silencing [START_REF] Kawakatsu | Epigenomic Diversity in a Global Collection of Arabidopsis thaliana Accessions[END_REF][START_REF] Sasaki | Common alleles of CMT2 and NRPE1 are major determinants of CHH methylation variation in Arabidopsis thaliana[END_REF] AGO9 AT5G21150 mCHH siRNA silencing [START_REF] Kawakatsu | Epigenomic Diversity in a Global Collection of Arabidopsis thaliana Accessions[END_REF] JMJ26 AT1G11950 mCHG Putative histone H3K9 demethylase [START_REF] Sasaki | Conditional GWAS of non-CG transposon methylation in Arabidopsis thaliana reveals major polymorphisms in five genes[END_REF] CMT3 AT1G69770 mCHG Chromomethylase 3 [START_REF] Sasaki | Conditional GWAS of non-CG transposon methylation in Arabidopsis thaliana reveals major polymorphisms in five genes[END_REF] MIR823A AT3G13724 mCHG CMT3-targeting microRNA [START_REF] Hüther | MethylScore, a pipeline for accurate and context-aware identification of differentially methylated regions from population-scale plant whole-genome bisulfite sequencing data[END_REF][START_REF] Sasaki | Conditional GWAS of non-CG transposon methylation in Arabidopsis thaliana reveals major polymorphisms in five genes[END_REF] CMT2c AT4G19020 mCHG Chromomethylase 2 HDA6 AT5G63110 mCG Chromatin organization at the NOR [START_REF] Tessadori | Phytochrome B and histone deacetylase 6 control light-induced chromatin compaction in Arabidopsis thaliana[END_REF] Environmental clines of epigenetic variation

Strikingly, in natural settings, epigenetic variation often shows strong environmental correlations, leading many to hypothesize that it can be environmentally induced and/or contribute to local adaptation [START_REF] Kawakatsu | Epigenomic Diversity in a Global Collection of Arabidopsis thaliana Accessions[END_REF][START_REF] Dubin | DNA methylation in Arabidopsis has a genetic basis and shows evidence of local adaptation[END_REF][START_REF] Galanti | Genetic and environmental drivers of large-scale epigenetic variation in Thlaspi arvense[END_REF][START_REF] Foust | Genetic and epigenetic differences associated with environmental gradients in replicate populations of two salt marsh perennials[END_REF][START_REF] Keller | The multivariate association between genomewide DNA methylation and climate across the range of Arabidopsis thaliana[END_REF] . Indeed, statistical approaches that compare genetic and epigenetic phylogeny across individuals have found that some epigenetic variants are not associated with sequence variants [START_REF] Foust | Genetic and epigenetic differences associated with environmental gradients in replicate populations of two salt marsh perennials[END_REF] . Nonetheless, it is important to note that these genome-wide patterns, identified through comparisons of relatedness [START_REF] Foust | Genetic and epigenetic differences associated with environmental gradients in replicate populations of two salt marsh perennials[END_REF] , may not account for trans modifiers, which can have substantial effects on genome-wide epigenetic profiles. For example, mCG levels observed in gene bodies (i.e., gene body methylation) show a strong positive correlation with latitude in A. thaliana , and several trans modifiers including METHYLTRANSFERASE1 ( MET1 ), which is responsible for mCG maintenance, were found to share a similar population structure [START_REF] Kawakatsu | Epigenomic Diversity in a Global Collection of Arabidopsis thaliana Accessions[END_REF][START_REF] Dubin | DNA methylation in Arabidopsis has a genetic basis and shows evidence of local adaptation[END_REF][START_REF] Zhang | Natural variation in DNA methylation homeostasis and the emergence of epialleles[END_REF] . In addition, the geographical distribution of mCHH-decreasing NRPE1 alleles over RdDM-targeted TEs (referred to as NRPE1' [START_REF] Sasaki | Common alleles of CMT2 and NRPE1 are major determinants of CHH methylation variation in Arabidopsis thaliana[END_REF] ) results in the longitudinal cline of mCHH levels, from Western to Eastern Europe. Conversely, mCHG-decreasing alleles show the opposite geographic patterns. These distributions of trans modifiers contribute to geographic and environmental clines of epigenetic variation, which given the allelic repulsion observed between mCHH-decreasing alleles of CMT2 and NRPE1' , are probably under some form of selective pressure [START_REF] Sasaki | Common alleles of CMT2 and NRPE1 are major determinants of CHH methylation variation in Arabidopsis thaliana[END_REF] . While the ecological significance of these opposite patterns remains unclear, stabilizing selection is likely at work to maintain epigenetic homeostasis against deleterious genome-wide hypomethylation in CHH and CHG contexts [START_REF] Sasaki | Common alleles of CMT2 and NRPE1 are major determinants of CHH methylation variation in Arabidopsis thaliana[END_REF][START_REF] Sasaki | Conditional GWAS of non-CG transposon methylation in Arabidopsis thaliana reveals major polymorphisms in five genes[END_REF] , especially through the triggering of TE mobilization, whose dependence on genetic x environment interactions (GxE) is only starting to be fully apprehended [START_REF] Sasaki | Conditional GWAS of non-CG transposon methylation in Arabidopsis thaliana reveals major polymorphisms in five genes[END_REF][START_REF] Baduel | Genetic and environmental modulation of transposition shapes the evolutionary potential of Arabidopsis thaliana[END_REF] .

The GxE of TE mobilization in nature

Indeed, many of the naturally variable trans modifiers described above have been found to be key parts of the regulatory network underlying the epigenetic control of TE mobilization [START_REF] Miura | Mobilization of transposons by a mutation abolishing full DNA methylation in Arabidopsis[END_REF][START_REF] Tsukahara | Bursts of retrotransposition reproduced in Arabidopsis[END_REF][START_REF] Quadrana | Transposition favors the generation of large effect mutations that may facilitate rapid adaption[END_REF] . However, knock-out experiments have clearly demonstrated that fully impairing their function does not always induce TE mobilization [START_REF] Miura | Mobilization of transposons by a mutation abolishing full DNA methylation in Arabidopsis[END_REF][START_REF] Tsukahara | Bursts of retrotransposition reproduced in Arabidopsis[END_REF][START_REF] Quadrana | Transposition favors the generation of large effect mutations that may facilitate rapid adaption[END_REF][START_REF] Ito | An siRNA pathway prevents transgenerational retrotransposition in plants subjected to stress[END_REF] . This is notably the case for the RdDM pathway, whose mutation only triggers transposition after exposure to environmental stress [START_REF] Ito | An siRNA pathway prevents transgenerational retrotransposition in plants subjected to stress[END_REF][START_REF] Baduel | Genetic and environmental modulation of transposition shapes the evolutionary potential of Arabidopsis thaliana[END_REF][START_REF] Thieme | Experimentally heat-induced transposition increases drought tolerance in Arabidopsis thaliana[END_REF] , thus emphasizing the importance of GxE interactions in the regulation of TE mobilization. Such a situation is particularly striking for the COPIA LTR-retroelement dubbed ONSEN ( ATCOPIA78 ), whose promoter contains binding sites for a number of heat-shock factors, notably some where binding was shown in vitro to be impaired by DNA methylation [START_REF] Baduel | Genetic and environmental modulation of transposition shapes the evolutionary potential of Arabidopsis thaliana[END_REF] Such GxE regulations of TE mobilization may play a significant role in nature. Indeed, the NRPE1' alleles seemingly enhance the environmental sensitivity of TEs in nature [START_REF] Baduel | Genetic and environmental modulation of transposition shapes the evolutionary potential of Arabidopsis thaliana[END_REF] . Furthermore, the effect of NRPE1' on transposition appears to be additive with that of multiple mCHG-decreasing alleles resulting in gradually increasing levels of TE mobilization [START_REF] Sasaki | Conditional GWAS of non-CG transposon methylation in Arabidopsis thaliana reveals major polymorphisms in five genes[END_REF][START_REF] Baduel | Genetic and environmental modulation of transposition shapes the evolutionary potential of Arabidopsis thaliana[END_REF] . Rates of germline mutations, to which transposition represents a major contributor in natural populations [START_REF] Baduel | Genetic and environmental modulation of transposition shapes the evolutionary potential of Arabidopsis thaliana[END_REF] , can themselves be a trait under natural selection [START_REF] Zhang | The mutation rate as an evolving trait[END_REF] , as illustrated by a recent vertebrate study [START_REF] Bergeron | Evolution of the germline mutation rate across vertebrates[END_REF] . Therefore, it is only reasonable to expect that, especially in large plant populations where the drift barrier is relatively low [START_REF] Lynch | Evolution of the mutation rate[END_REF] , natural selection can also act directly on the evolution of transposition rates. Supporting this hypothesis, and in line with Barbara McClintock's prediction that organisms may use TEs to adapt to challenging environments by altering TE mobility [START_REF] Mcclintock | The significance of responses of the genome to challenge[END_REF] , NRPE1' is found more frequently in extreme environments at the border of the ecological niche of A. thaliana [START_REF] Baduel | Genetic and environmental modulation of transposition shapes the evolutionary potential of Arabidopsis thaliana[END_REF] . Indeed, although most of the mutations that TEs generate when they insert near or within genes are deleterious and efficiently purged by purifying selection [START_REF] Baduel | Genetic and environmental modulation of transposition shapes the evolutionary potential of Arabidopsis thaliana[END_REF] , some can contribute to rapid adaptation [START_REF] Thieme | Experimentally heat-induced transposition increases drought tolerance in Arabidopsis thaliana[END_REF][START_REF] Van't Hof | The industrial melanism mutation in British peppered moths is a transposable element[END_REF] .

In extreme environments, transposition-enhancing alleles such as NRPE1' would be akin to the "mutator" alleles described in bacteria. These alleles are typically favored in harsh conditions as long as the advantage of increasing genetic diversity is greater than the cost of the higher mutation load [START_REF] Healey | Prevalent mutator genotype identified in fungal pathogen Candida glabrata promotes multi-drug resistance[END_REF][START_REF] Eshel | Clone-selection and optimal rates of mutation[END_REF][START_REF] Sniegowski | Evolution of high mutation rates in experimental populations of E. coli[END_REF][START_REF] Lynch | Genetic drift, selection and the evolution of the mutation rate[END_REF] . Yet, unlike these typically transient mutator alleles, multiple and relatively divergent NRPE1' alleles segregate at low frequency across the species range, indicative of a likely ancient origin. This long-term retention may be helped by the low population sizes at the borders of the species range which is a key parameter in the selection of trans modifiers of mutation rate (so called drift barrier [START_REF] Lynch | Evolution of the mutation rate[END_REF] ). Nonetheless, it is also enticing to speculate that, unlike classical mutator alleles, the environmentally-conditioned effect of alleles such as NRPE1' might mask the mutator phenotype unless exposed to stressful environments, where its increased transposition would be positively selected.

The GxE of epigenetically regulated life-cycle transitions

Epigenetic regulations of seasonal-environmental sensing play a central role in optimizing phenology in natural environments. Even though it may be an extreme case, the control of flowering time by FLOWERING LOCUS C ( FLC ), a MADS-box protein-coding gene that encodes a key suppressor of flowering [START_REF] Whittaker | The FLC Locus: A Platform for Discoveries in Epigenetics and Adaptation[END_REF] , illustrates the adaptive importance of such mechanisms. Early in the life cycle, FLC is highly expressed thus inhibiting flowering until plants experience prolonged winter-like conditions, known as vernalization. Inhibition of FLC during and after vernalization results from the cooperation of the H3K27me3 machinery and long noncoding RNAs [START_REF] Whittaker | The FLC Locus: A Platform for Discoveries in Epigenetics and Adaptation[END_REF][START_REF] Yang | Plant long non-coding RNAs: biologically relevant and mechanistically intriguing[END_REF] . Sequence variation at this locus can have a major impact on the epigenetic regulation of FLC , particularly when located within its first intron, which contains a long-noncoding RNA COLDAIR and a short element with two Sph/RY motifs that are essential for the H3K27me3-dependent silencing [START_REF] Yuan | A cis cold memory element and a trans epigenome reader mediate Polycomb silencing of FLC by vernalization in Arabidopsis[END_REF][START_REF] Li | Multiple FLC haplotypes defined by independent cis-regulatory variation underpin life history diversity in Arabidopsis thaliana[END_REF] . Moreover, the first intron of FLC is also a hot spot for TE insertions segregating in natural A. thaliana populations, where they are recurrently associated with early flowering and a shift to milder winter environments [START_REF] Quadrana | The Arabidopsis thaliana mobilome and its impact at the species level[END_REF][START_REF] Baduel | Genetic and environmental modulation of transposition shapes the evolutionary potential of Arabidopsis thaliana[END_REF] , a pattern also observed in other Brassicaceae species [START_REF] Quadrana | The contribution of transposable elements to transcriptional novelty in plants: the affair[END_REF] . Interestingly, one such TE-containing allele has no impact on flowering time under standard growth conditions, but early flowering is induced upon heat shock because of the stress sensitivity of the ATCOPIA78 TE it contains [START_REF] Quadrana | Transposition favors the generation of large effect mutations that may facilitate rapid adaption[END_REF] . This example illustrates how transposition-induced genetic variation can bring an additional layer of epigenetic regulation to a locus, but also how such variants may link the epigenetic control of TEs to that of key developmental genes.

Seed dormancy is another critical life-history trait that prevents seed germination until environmental conditions become favorable. Natural variations in seed dormancy are partly associated with imprinted genes, whose expression in the endosperm is parentally-biased, and controlled by epigenetic marks, including H3K27me3, H3K9me2, and DNA methylation [START_REF] Iwasaki | Parental and Environmental Control of Seed Dormancy in Arabidopsis thaliana[END_REF] . Natural variation of DNA methylation has also been described at these genes to be associated with intraspecific variations in their imprinting and potentially critical ecological consequences [51] . While the genetic basis of epigenetic variation at imprinted genes remains unexplored, it would not be surprising if trans modifiers of DNA methylation over TEs and genes coregulate both ecologically significant imprinted genes and TE mobilization. Untangling how both components contribute to the selective pressure on the genetic architecture of epigenetic variation will be critical to understanding its evolutionary history.

Conclusions

Although epigenetic mechanisms can overrule DNA-sequence effects on transcriptional regulations, paradoxically, genetic variation is still the primary source of epigenetic variation in nature, thus providing a basis for selection to shape the epigenome within a traditional population genetics framework. By discussing the potential adaptive consequences of cis and trans modifiers of epigenetic states, we highlight how environmental clines of epigenetic variation are likely to result from selection acting on its genetic architecture (Fig. 1). On the other hand, the importance of epigenetic regulations over major developmental genes can potentially bias the selective pressures acting on trans modifiers of TE DNA methylation. Thus, it is not surprising that the epigenetic pathways involved in the regulation of development and those involved in TE control have gradually separated from the single ancestral Polycomb-based regulation over evolutionary times [52] . Yet, the generation by transposition of new TE-associated alleles, which may bring ecologically relevant transcriptional regulations to loci involved in life-cycle transitions, is likely constantly establishing new ties between the epigenetic control of TEs and that of major developmental phenotypes. Further understanding the evolutionary history of the genetic architecture underpinning the epigenome in Brassicaceae and beyond will be key to fully apprehend the complex ecological significance of epigenetic variation in nature.

Figures Figure 1. A molecular model of epigenetic contributions to environmental adaptation.

The schematic representation shows possible epigenetic architecture underpinning phenotypic variation. Three genetically and epigenetically divergent strains are represented: one that diverges from the top strain by cis allelic variation near a protein-coding gene, and the other by an allelic variant (allele X') of a trans modifier leading to reduced DNA methylation over TEs genome-wide (Low TE DNA methylation strain). Upon environmental change from A to B, the expression of the gene is activated, except in the presence of the cis modifier, and transposition is triggered in the low TE DNA methylation strain generating new cis variants. Altogether the genetic and GxE determinants of epigenetic variation lead to phenotypic and further genetic variation across the strains, some of which may be adaptive and maintained by natural selection in the pool of future generations. Studying recent TE mobilization in over 1000 genomes of A. thaliana collected across the globe, the authors identified both genetic and environmental determinants of transposition in nature and its contribution to local adaptation. These results revealed that TE mobilization is a major, yet finely modulated, generator of genetic variation which may be key in the demise or rescue of native populations in times of climate crises. While bisulfite sequencing has become a standard method for DNA methylation analysis, the identification of differentially methylated genome regions from large-scale data sets is still challenging. In this study, the authors have developed a pipeline that utilizes unsupervised methods and demonstrated its performance using the 1001 epigenome dataset. Notably, the GWAS results for mCHG and mCHH complement the findings of previous GWAS studies conducted by [START_REF] Sasaki | Common alleles of CMT2 and NRPE1 are major determinants of CHH methylation variation in Arabidopsis thaliana[END_REF][START_REF] Sasaki | Conditional GWAS of non-CG transposon methylation in Arabidopsis thaliana reveals major polymorphisms in five genes[END_REF] .
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