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Transposable elements (TEs) are typically targeted by cyto-
sine DNA methylation in plants and mammals (1). Loss of this 
epigenetic modification can lead to increased transposition 
of mobile TEs, but it may also facilitate chromosome rear-
rangements or alter the expression of neighboring genes even 
in the case of decayed copies (1–3). Moreover, because plants 
do not extensively reset DNA methylation through reproduc-
tion (4–6), unlike mammals (7, 8), stochastic or artificially in-
duced loss of this modification at TEs in plants can be 
inherited across multiple generations as epialleles, i.e., inde-
pendently of DNA sequence changes. Indeed, a number of 
such epialleles have been reported, albeit often as a result of 
artificial manipulations (9–12). Some have striking conse-
quences on fitness-related traits, including fruit development 
in oil palm (13) or the onset of flowering in A. thaliana (14–
16), thus raising the possibility that TE-mediated epiallelic 
variation has broad phenotypic consequences. 

While undisputed in plants (10), TE-mediated transgener-
ational epigenetic inheritance (TEI) and its biological signif-
icance remain poorly understood (11, 12, 17). This is due in 
large part to the difficulty of establishing experimentally 
whether DNA methylation variation can be inherited inde-
pendently of DNA sequence polymorphisms (18). Arabidopsis 
thaliana offers a way forward however, thanks to several key 
resources and the deep understanding developed in this 
model species of the molecular players involved in DNA 

methylation of TEs. In particular, the Snf2-like chromatin re-
modeler DDM1 (DECREASE IN DNA METHYLATION 1), was 
shown to be pivotal for the maintenance of methylation at 
the CG, CHG and CHH (where H=A,C,T) sites of TEs by al-
lowing DNA methyltransferases access to heterochromatin 
(16, 19–22). ddm1-induced loss of DNA methylation can be 
stably inherited in the absence of the mutation (23) most 
likely because of disruption to the interplay between DDM1 
and histone variants (24). 

Here, we used a previously generated population of iso-
genic ddm1-derived epigenetic recombinant inbred lines (epi-
RILs) (25–27) to investigate the inheritance of DNA 
hypomethylation at thousands of TE loci across the genome 
and to characterize the molecular underpinnings of the dif-
ferences observed between TE loci as well as between epi-
RILs. We then combined the knowledge gained using the 
epiRILs with genome sequence, DNA methylome, transcrip-
tome, phenotypic and geo-bioclimatic data available for >700 
A. thaliana strains from across the world (28–31), to interro-
gate the scope, dynamics, and biological implications of TE-
mediated TEI in nature. 
 
Inheritance patterns of ddm1-induced hypomethylation 
differ between TEs 
To elucidate the molecular underpinnings of TE-mediated 
TEI in A. thaliana, we first obtained DNA methylome data at 
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single nucleotide resolution for 120 ddm1-derived epiRILs 
(25) taken at generation F9 as well as for the ddm1 and WT 
parental lines. Thanks to their symmetrical nature, CG and 
CWG (where W=A or T) sites offer the most robust estimates 
of methylation levels (fig. S1A). We identified 25,462 regions 
where methylation is reduced by at least 20% at these sites in 
ddm1 and that exhibit similar methylation states across sites 
within each epiRIL (data S1 and S2). Using stringent criteria, 
including the presence of at least 5 differentially methylated 
CGs within a given differentially methylated region (DMR), 
we retained 7,023 DMRs (data S3), hereafter designated as 
TE-DMRs, that are fully contained within TE annotations. 
Importantly, TE-DMRs do not belong to TE copies that are 
mobile in the epiRILs (32), thus alleviating the risk of mis-
mapping of sequence reads in this setting. To determine the 
parental origin of each TE-DMR in the epiRILs, we “epihap-
lotyped” them (Fig. 1A and fig. S1, G and H) using as genetic 
markers 1,092 of the 25,462 DMRs we defined initially. Mark-
ers were chosen among those that segregate the two parental 
methylation states in a manner compatible with Mendelian 
inheritance and so as to be regularly spaced along the five 
chromosomes (data S4). Finally, for each TE-DMR we com-
pared its average CG methylation level in each epiRIL with 
that in the two parental lines, because CG sites exhibit the 
largest differences of methylation between WT and ddm1, 
and we used these comparisons to attribute one of three pos-
sible DNA methylation states of TE-DMRs in the epiRILs: 
WT-like, ddm1-like or intermediate (fig. S2A). 

While inheritance of WT methylation is near systematic 
in the epiRILs (Fig. 1B; see supplementary text, note 1, for 
exceptions), this is not the case for ddm1-induced hypometh-
ylation, consistent with low-resolution DNA methylation data 
(25, 26, 33). Specifically, 89.1% of ddm1-derived TE-DMRs ex-
hibited at least one instance of WT-like or intermediate DNA 
methylation in the epiRILs, indicative of full or partial rever-
sion, respectively (Fig. 1B). Moreover, DNA methylome data 
produced from a random subset of 12 epiRILs propagated to 
generation F21 revealed that once restored in F9, WT-like 
DNA methylation is almost always (99%) stably transmitted 
to F21 (Fig. 1C) and that intermediate DNA methylation at F9 
usually translates into WT-like levels by F21 (Fig. 1C), in 
agreement with the stability of WT methylation and the 
known progressivity of reversion (33), respectively (see sup-
plementary text, note 2). 

Reversion is conspicuous but far from systematic at gen-
eration F9, except for a small number (395) of TE-DMRs. To 
account for the wide range of reversion frequency at this gen-
eration, we defined five categories of TE-DMRs: two extreme 
categories for TE-DMRs that never (r-0%) or always (r-100%) 
revert as well as three categories of non-systematically revert-
ing TE-DMRs, r-low, r-mid, and r-high (Fig. 1D). However, be-
cause some r-0% TE-DMRs have reverted by generation F21 

(Fig. 1, B and C, and fig. S2C) ddm1-induced hypomethylation 
is unlikely to be inherited indefinitely in the absence of selec-
tion even at TE-DMRs of this category. 
 
RdDM-mediated reversion is driven by non-allelic in-
teractions between related TEs 
RNA-directed DNA methylation (RdDM) is required for re-
version (33) and involves 23-24nt small RNAs (sRNAs) (19). 
To determine their origin, we sequenced sRNAs from the two 
parental lines and 10 epiRILs. In keeping with earlier find-
ings (33), the abundance of 23-24nt sRNAs perfectly match-
ing TE-DMRs of the r-0% or r-low categories is drastically 
reduced in ddm1 compared to WT (Fig. 2A and fig. S3A). 
Moreover, we find that the positive correlation between re-
version in the epiRILs and 23-24nt sRNAs abundance in 
ddm1 is strongest for multiple-mappers (Fig. 2A and fig. S3B), 
whose levels also correlate strongly with mCHH levels in this 
mutant background (Fig. 2B and fig. S3C). As residual CHH 
methylation in ddm1 depends almost entirely on RdDM (21, 
33), these findings reveal a predominant role for multiple-
mapping 23-24nt sRNAs in guiding RdDM activity and thus 
reversion. Consistent with this conclusion, reversion in the 
epiRILs is associated with a higher abundance of multi- ra-
ther than single-mapping 23-24nt sRNAs (Fig. 2C) and is 
more frequent in epiRILs where related TE-DMRs have also 
reverted (Fig. 2D). In fact, reversion occurs in 20% of cases 
without any regain or even in the absence of single-mapping 
23-24nt sRNAs (fig. S3, D and E). 

To identify the potential sources of multi-mapping 23-
24nt sRNAs guiding reversion, and because RdDM can be 
driven by 23-24nt sRNAs with imperfect homology (34), we 
examined all 23-24nt sRNAs that can be aligned with up to 
one mismatch to target TE-DMRs. As expected, most (92%) 
of these sRNAs map perfectly to TEs that belong to the same 
TE family or superfamily as the target TE-DMR (fig. S4A) and 
their number also correlates positively with reversion (Fig. 2, 
E and F, and fig. S4, B and C). Moreover, the proportion of 
TE-DMRs that belong to the same TE family and have re-
verted in a given epiRIL correlates positively with the num-
ber of related TE copies inherited from WT in that epiRIL 
(Fig. 2G). These results are in line with observations made 
using transgenes that efficient RdDM-targeting requires 
large amounts of 23-24nt sRNAs (35–39) and demonstrate 
that 23-24nt sRNAs derived from ectopic, WT-inherited 
sources are the main drivers of reversion. 

To determine if specific TE copies, when inherited from 
WT, play predominant roles in driving family-wide reversion 
of TE-DMRs, we performed QTL mapping for each TE family 
using as trait the average CG methylation level of all non-sys-
tematically reverting TE-DMRs (i.e., r-low, r-mid, and r-high) 
of that family that are inherited from ddm1. To maximize the 
number of informative epiRILs, we considered the 105 TE 
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families with at least ten non-systematically reverting TE-
DMRs. In most (99) cases, we detected either one or two ma-
jor QTLepi, which explain on average 13% of variation in fam-
ily-wide reversion and in a manner consistent with the WT-
derived genotype driving reversion (Fig. 2H and fig. S4, D and 
E). These QTLepi tend to overlap with TE-rich pericentro-
meres and almost all of them (92%) encompass one or several 
of the potential sources of trans-acting sRNAs we identified 
(fig. S4D), a strong indication of their role in reversion. Con-
versely, the ddm1-derived QTLepi do not affect WT-derived TE-
DMRs, except in rare cases that mainly concern TE families 
with known trans-demethylation activity (VANDAL and 
ATENSPM families; fig. S4, D to F, and supplementary text, 
note 1). 

The QTL mapping results imply that the hypomethylated 
epiallelic state at non-systematically reverting TE-DMRs 
should be stable in epiRILs where the main sources of trans-
acting 23-24nt sRNAs are also inherited from ddm1. To verify 
that this is the case, we grew >75 siblings of two randomly 
chosen F9 epiRILs (#92 and #216) that still harbor the hypo-
methylated epiallele at some non-systematically reverting 
TE-DMRs. We selected five TE-DMRs that belong to different 
TE families and have distinct reversion frequencies for anal-
ysis. Importantly, three TE-DMRs belong to TE families for 
which we identified at least one QTLepi (fig. S4D) and hypo-
methylation co-segregates with the ddm1-derived top QTLepi 
in each case (fig. S4G). Using targeted DNA methylation anal-
ysis, we detected either zero or one reversion events among 
F9 siblings, even for the two r-high TE-DMRs (fig. S4H). 
These results demonstrate that hypomethylation can be sta-
bly transmitted when key genomic intervals are ddm1-de-
rived and thus do not produce small RNAs in sufficient 
numbers to guide reversion of matching targets. 
 
ddm1-induced transcription favors the inheritance and 
RdDM limits the occurrence of TE hypomethylation 
Although reversion is usually coordinated at the TE-family 
level (Fig. 2C), 369 TE-DMRs remained in the hypomethyl-
ated epiallelic state in epiRILs where >75% of the related TE-
DMRs have reverted (fig. S5A). These persistently hypometh-
ylated or “stray” TE-DMRs tend to have higher levels of se-
quence divergence with their closest relative and fewer close 
relatives altogether (fig. S5, B and C), in agreement with the 
known reduction of RdDM efficiency when source and target 
diverge in sequence (40). Furthermore, stray TE-DMRs are 
enriched at or near RNA Pol II transcription units that are 
activated in ddm1 (EPigenetically Induced Consensus tAg 
clusTers or EPICATs (41); fig. S5, D to G, and supplementary 
text, note 3), in keeping with the known inhibitory effect of 
Pol II transcription on RdDM (35, 42, 43). However, whether 
the absence of reversion at stray TE-DMRs is due primarily 
to gains of transcriptional activity, to reduced RdDM 

efficiency because of sequence divergence, or to these TE-
DMRs being specifically targeted for active demethylation re-
mains to be determined. 

To explore if RdDM targeting may also affect the sponta-
neous occurrence of the hypomethylated state of TE-DMRs, 
we considered the 106 TE-DMRs with ddm1-like loss of pa-
rental WT methylation in one or two epiRILs only and that 
do not belong to TE families with known trans-demethyla-
tion activity (data S8). To increase our sample size, we ex-
ploited methylome data independently obtained at 
generation F9 for a minimally overlapping set of 169 epiRILs 
(44) and identified in this set another 114 TE-DMRs with sim-
ilar spontaneous ddm1-like hypomethylation (data S8). The 
majority (65%) of the 207 TE-DMRs we identified in total be-
long to the r-0% and r-low categories (fig. S5H) and sponta-
neous hypomethylation is far less frequent (2.3-fold 
reduction) when all of the potential sources of trans-acting 
23-24nt sRNAs are WT-derived (fig. S5I). Thus, we conclude 
that RdDM not only limits the inheritance, but also the spon-
taneous occurrence of epiallelic variation at TE-DMRs. In 
contrast, the presence of EPICATs does not appear to have 
any detectable impact on spontaneous hypomethylation (fig. 
S5J). 
 
TE epivariants are common in nature and most are re-
current, bona fide epialleles 
Having determined the potential for epiallelic variation at 
thousands of TEs across the genome using the epiRILs, we 
then asked how this potential translates in nature. To this 
end, we leveraged WGBS-seq data available from leaf tissues 
for 720 natural strains (29) and calculated for each of the 
7023 experimentally-defined TE-DMRs its average CG meth-
ylation level in each of the strains where it is present (45, 46). 
TE-DMRs are generally part of TE copies that are fixed or 
nearly so at the species level (fig. S6, A and B). However, be-
cause of the stringent filtering we applied to ensure robust 
measures of DNA methylation, we retained for analysis only 
about half of the TE-DMRs present in any given strain (fig. 
S6C and data S9; see supplementary text, note 4, for discus-
sion of these and other biases). 

In keeping with heavy and co-extensive DNA methylation 
being the default state for most TEs in A. thaliana (29, 47), 
the vast majority (85%) of TE-DMRs have high average CG 
methylation across all informative strains (Fig. 3A). Never-
theless, 1,068 TE-DMRs exhibit severe, ddm1-like CG hypo-
methylation in at least one strain (data S10). Almost all of 
these natural epivariants likely result from rare and rapid 
loss of DNA methylation, given that intermediate levels of av-
erage CG methylation are seldom observed and that they gen-
erally have low population frequencies (Fig. 3A and fig. S6D). 
DNA methylation loss extends to CHG and CHH sites, as in 
ddm1 (fig. S6, E and F), although the exact boundaries of 
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hypomethylation may differ (e.g., Fig. 3B). Genome assembly 
of 20 genetically diverse strains using long-read sequencing 
(data S11) confirmed that, thanks to our stringent filtering, 
most (>87%) of natural epivariants we called in each strain 
are at the same location as in the reference genome and are 
not associated with significant local rearrangements (e.g., 
Fig. 3B and supplementary text, note 5, for 100 other exam-
ples and detailed discussion). Moreover, remapping of 
WGBS-seq reads on the ONT genome assemblies validates 
ddm1-like hypomethylation in 97% of cases (Fig. 3C) and so 
does also direct DNA methylation calls on these assemblies 
(e.g., Fig. 3B and supplementary text, note 5), which together 
exclude major mismapping issues (48). 

Naturally epivariable TE-DMRs are strongly skewed to-
ward the r-0% and r-low categories (Fig. 3D), suggesting that 
the inheritance properties of ddm1-induced hypomethylated 
TE-DMRs extend to their natural counterparts. To confirm 
that this is the case and that natural epivariants are therefore 
bona fide epialleles, we first carried out genome-wide associ-
ation studies (GWAS) of natural epivariation at each of the 
490 TE-DMRs that have sufficient epivariant counts. Most 
significant associations with single nucleotide polymor-
phisms (SNPs) are in cis (within 20kb; fig. S7, A and B), yet 
none of these are systematic (fig. S7C), thus ruling out a strict 
dependence of natural epivariation on neighboring SNPs. 

To obtain direct evidence that sequence polymorphisms 
in trans do not dictate epivariation either, we performed link-
age mapping using the population of recombinant inbred 
lines (RILs) previously built between Cvi-0 and Col-0 (49). 
This RIL population is particularly informative in this re-
spect, as Cvi-0 harbors the second largest number of epivari-
ants (113 in total; fig. S6C) among natural strains and also 
because almost all (110) of the corresponding TE-DMRs are 
hypomethylated in at least one other strain (data S13). Tar-
geted (Fig. 3E) as well as whole-genome (fig. S7E) segregation 
analyses indicate that the two parental DNA methylation 
states almost systematically segregate in the RILs together 
with flanking sequence markers, and thus independently 
from sequence variants in trans (see supplementary text, note 
6, for the one exception). In addition, many of the Cvi-0-de-
rived TE-DMRs have regained dense, high level DNA methyl-
ation in at least one RIL (Fig. 3E and fig. S7E), which confirms 
that they are also not strictly conditioned by polymorphisms 
in cis. 

Epivariants present in two or more strains could reflect 
identity by descent or recurrent occurrence. To distinguish 
between these two possibilities, we considered the 780 TE-
DMRs with several instances of epivariation in nature and 
calculated the genetic relatedness (kinship) of the corre-
sponding strains. While almost all (96%) TE-DMRs show hy-
pomethylation in at least two strains that are highly 
divergent (genome-wide kinship <0.25), only half of them do 

so in two or more closely related strains (genome-wide kin-
ship >0.75; fig. S8A). Furthermore, local haplotyping indi-
cates that for the majority (66%) of TE-DMRs, epivariants are 
carried by at least two distinct alleles (fig. S8, B to D). Thus, 
the population frequencies of natural epivariants are deter-
mined in large part by recurrence rather than long-term in-
heritance, consistent with their experimental epiallelic 
counterparts being not indefinitely stable. 
 
Natural epivariants are prevalent near genes 
Unlike in the epiRILs, natural hypomethylated epivariants 
are usually few in any given strain (49 on average; fig. S6C) 
and tend to be either tightly clustered (within 10kb) and cor-
related between strains, or else dispersed and uncorrelated 
(Fig. 4A and fig. S8, E and F). In addition, naturally epivaria-
ble TE-DMRs are usually less pericentromeric (Fig. 4B), 
hence closer to genes than the complete set of experimental 
TE-DMRs (Fig. 4C and fig. S8G). Moreover, the population 
frequency of natural epivariants correlate positively with 
gene proximity, suggesting either that it facilitates their oc-
currence or inheritance, or else that epivariation is counter-
selected away from genes. Supporting a positive effect of gene 
proximity, we identified through GWAS the gene EARLY 
FLOWERING 8 (ELF8) as the single major genetic determi-
nant of the prevalence of natural epivariation within strains 
(Fig. 4, D to F). ELF8 encodes a component of the highly con-
served RNA polymerase-associated factor 1 (Paf-1) complex, 
and previous work showed that when marked by the histone 
H3 modification H3K4me2/me3 (50), which in plants re-
quires Paf1 (51), genes hinder RdDM targeting of neighboring 
TEs. Consistent with these findings, strains with the non-ref-
erence, overexpressing allele of ELF8 (hereafter designated 
ELF8’; see fig. S9, A to H, and supplementary text, note 7, for 
functional analysis) tend to harbor a higher number of natu-
ral epivariants (Fig. 4, E and G) and this trend is most pro-
nounced for TE-DMRs that are located within 2kb of genes 
(fig. S9I). However, examination of the Cvi-0 x Col-0 RILs, 
which segregate the two ELF8 alleles, indicate that increased 
ELF8 activity is insufficient on its own to promote the occur-
rence of epivariants or to stabilize their inheritance (Fig. 3E 
and fig. S9, J and K; see supplementary text, note 8). Thus, 
additional factors are likely involved in the association ob-
served in nature. 

To explore what these additional factors might be, we 
used a generalized linear model (GLM) and performed a step-
wise selection of ten parameters, including allelic variation at 
ELF8 and distance to genes, on the basis of their added ex-
planatory power. Results of the GLM indicate that TE copy-
number and allelic variation at ELF8 are the two main pa-
rameters, which explain 5.5% and 3.5% of the variance in the 
proportion of TE-DMRs that are hypomethylated in a given 
strain, respectively (Fig. 4H). The negative correlation with 
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TE copy-number is consistent with RdDM strength increas-
ing with the number of 23-24nt sRNA sources (52, 53) and the 
role of RdDM in limiting both the inheritance and spontane-
ous occurrence of hypomethylation at TE-DMRs in the epi-
RILs (Figs. 2 and 3 and figs. S4 and S5). Indeed, our GLM 
revealed that the weak allele of the RdDM gene NRPE1 (46, 
54) mitigates the negative effect of TE copy-number on epi-
variation. It also confirmed that the impact of gene proximity 
is stronger in strains carrying the ELF8’ rather than the 
ELF8ref allele (fig. S9I). Together, these findings highlight the 
pivotal and antagonistic roles of RdDM and Paf1 activity in 
shaping the prevalence of TE-mediated epiallelic variation in 
nature. 
 
Natural epialleles impact gene expression 
To investigate the functional impact of natural epialleles, we 
first analyzed RNA-seq data available for >700 strains (29) 
and compared for each naturally epivariable TE-DMR the ex-
pression levels of the closest genes between strains with or 
without epivariation. Although we probed just one organ 
(leaf) and one condition (standard growth), we observed ma-
jor (≥2-fold) gene expression changes in cis for 25% of TE-
DMRs (fig. S10A). These changes were skewed toward up-reg-
ulation, particularly when the TE-DMRs overlapped with 
genes or were located immediately upstream (≤500bp) of 
them (fig. S10, A and B). To distinguish between cause and 
consequence, without the confounding effects of DNA se-
quence variants, we produced RNA-seq data from the 10 epi-
RILs that we used for the sRNA studies and asked whether 
the experimental counterparts of natural epivariants associ-
ated with changes in gene expression cause similar expres-
sion changes in the epiRILs. Comparisons could be made for 
99 TE-DMRs in total. For 58 of them the expression changes 
between epiRILs with contrasted epiallelic states were con-
gruent, both in direction and amplitude, with those in nature 
(Fig. 5A and fig. S10C) thus explaining 24% on average of the 
variation in expression levels observed between natural 
strains (data S16). In addition, congruence concerns 30 of the 
32 TE-DMRs located within or upstream (≤500bp) of genes 
(Fig. 5A and fig. S10C) and for 14 of the 17 TE-DMRs with a 
reversion event in the 10 epiRILs sampled, WT expression is 
regained too (Fig. 5B and fig. S10D). Thus, the majority of 
natural epiallelic variants associated with gene expression 
differences in cis are causal and causality is almost systematic 
for TE-DMRs within or upstream of genes. 

Many of the 60 genes for which we could prove a causal 
effect of TE-epiallelic variation on their expression have no 
known function and the phenotypic consequences of their 
misregulation remain to be determined. Among the few 
genes with known function (data S16), two were already re-
ported to be affected by the epigenetic state of the TE se-
quences they contain, QQS (55) and RPP7 (56). While the 

phenotypic impact of the epiallelic up-regulation of QQS (fig. 
S10E) remains to be determined, the inhibition of splicing 
caused by the loss of heterochromatin at the intronic TE pre-
sent in RPP7 (fig. S10F), was shown to considerably reduce 
RPP7-mediated defense against pathogens (57). Thus, epial-
lelic variation at RPP7 may be deleterious in natural settings. 
Further supporting this interpretation, we only observed 
RPP7 epivariation once among informative strains (data S9), 
despite the TE-DMR being of the r-low category. A third gene, 
RAD3 (AT2G05635; fig. S11A), which encodes a DEAD hel-
icase, also stands out because it lies within the major QTLepi 
interval identified for primary root length in the epiRILs (27) 
and it has been implicated in natural variation for root 
growth under conditions of acid mine drainage (58). Epivari-
ants of RAD3 are relatively frequent in nature (95 strains) and 
biogeoclimatic data (31) indicate that they are underrepre-
sented in locations with high NO2 emission levels in summer 
(Fig. 5B and fig. S11B). Because NO2 emissions correlate posi-
tively with levels of soil acidification (59), it is tempting to 
speculate that hypomethylation of the RAD3 TE-DMR, which 
results in more abundant and longer transcripts (Fig. 5C and 
fig. S11A) and is associated with reduced growth of the pri-
mary root (fig. S11C), is selected against in habitats with 
acidic soils. 
 
Natural epivariation may be selected to facilitate stress 
responses 
Given that naturally epivariable TE-DMRs are particularly 
enriched near stress-responsive genes (fig. S11D and data 
S17), we asked if epivariation could influence gene expression 
specifically under stress conditions. For this purpose, we fo-
cused on the r-mid TE-DMR that is located ~900bp down-
stream of the cold- and drought-stress responsive gene 
HVA22E (AT5G50720; fig. S12A). In all of the epiRILs that we 
investigated, HVA22E expression is similarly low in the ab-
sence of stress, irrespective of the DNA methylation status of 
the TE-DMR (Fig. 5, D and E). In contrast, HVA22E induction 
by cold is on average 5-fold higher in the epiRILs where the 
TE-DMR is inherited in the hypomethylated state from ddm1 
rather than in those where it is inherited from WT, and this 
higher level of induction is lost upon reversion (Fig. 5E). Fur-
thermore, cold treatment does not result in a loss of DNA 
methylation in the case of the WT-derived TE-DMR (fig. 
S12B). Altogether, these results indicate that the hypomethyl-
ated epiallele at HVA22E enables plants to enhance their re-
sponse to cold stress, without affecting their basal expression. 

Despite frequent (66%) reversion in the epiRILs, hypo-
methylation at the TE-DMR downstream of HVA22E is rela-
tively common (24%) in nature, which suggests the presence 
of stabilizing genetic or genomic modifiers, or positive selec-
tion in this setting. Although discriminating between these 
possibilities can be challenging, we exploited the fact that the 
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TE-DMR is in the hypomethylated state in Cvi-0 to assess its 
stability in the Cvi-0 x Col-0 RIL population. We analyzed 88 
RILs in total and found that the Cvi-0 allele remained hypo-
methylated in 72% of the 47 RILs that harbor it (Fig. 5F). 
However, this allele regained high levels of DNA methylation 
in 17% of cases and reversion co-segregates in seven of eight 
of these cases with the Col-0 haplotype at the QTLepi interval 
we identified for this TE family in the epiRILs (fig. S12C). In 
addition the Col-0 allele of HVA22E loses DNA methylation 
over the TE-DMR in 29% of the 41 RILs that harbor it. Taken 
together, these results indicate that the Cvi-0 genetic back-
ground stabilizes as well as favors hypomethylation of the 
HVA22E TE-DMR and that conversely, the Col-0 QTLepi pro-
motes reversion. 

Using biogeoclimatic data (31), we observed that hypo-
methylation at HVA22E is preferentially found in habitats 
with high summer frost and low summer precipitation (Fig. 
5G and fig. S12, D and E). Furthermore, analysis of pheno-
typic data compiled in the AraPheno database indicates that 
strains with hypomethylation at the locus tend to have 
smaller stomata (fig. S12, F and G), a cell-type in which 
HVA22E is strongly induced by drought (60). These observa-
tions prompted us to determine if epiallelic variation at 
HVA22E could impact the ability of plants to respond to 
drought. Specifically, we used a high-throughput phenotyp-
ing platform (61) to monitor the growth of 112 epiRILs sub-
jected to mild drought or grown in well-watered conditions. 
These included three lines with a ddm1-derived epiallele still 
in the hypomethylated state and 14 lines where the epiallele 
had reverted. While all epiRILs were equally affected by 
drought during the first seven days of growth under this con-
dition, the epiRILs with the hypomethylated epiallele re-
sumed growth faster than all of the other epiRILs (Fig. 5H, 
fig. S12H, and data S19), indicating that it could act as a se-
lectable engine of enhanced response to stress. 
 
Discussion 
Our study provides a comprehensive assessment of the deter-
minants and biological significance of heritable DNA methyl-
ation variation at TEs in plants. 

The discovery that trans-acting sRNAs are key for rever-
sion to the methylated state reveals the existence of a broad 
epigenetic surveillance mechanism in plants, that is fed by 
and targeted toward TEs, and which modulates their ability 
to serve as vectors of TEI. That pericentromeric TEs are the 
main source of trans-acting sRNAs is consistent with 
methylome data obtained in epigenetic F1 hybrids (62) and 
directly supports the proposition that these sRNAs, which 
have little role in cis, mainly serve to guide DNA methylation 
of related copies located on chromosome arms (63–66). “Clas-
sical” paramutation, which involves epigenetic interactions 
between alleles or epialleles of the same locus (67), would be 

an extreme manifestation of this surveillance mechanism and 
therefore the exception rather than the rule, consistent with 
previous considerations (35, 68–70) as well as results of inter-
strain crosses (this study and (71)). Thus, we propose to view 
the genome as an “epigenetic biome” where the epiallelic po-
tential of each TE locus is shaped via sRNA-mediated inter-
actions involving multiple related TE loci. This view has 
important practical implications, notably for crop improve-
ment using epigenome editing (72) as heritable loss of DNA 
methylation at a given locus may be difficult to achieve when 
matching 23-24nt sRNAs produced in trans are abundant. 

Despite this surveillance mechanism, epiallelic variation 
at TEs is relatively abundant in nature, in large part because 
it recurrently affects fixed or nearly fixed TE copies and we 
have identified several genetic factors that modulate its prev-
alence in strains. Specifically, while RdDM reduces the possi-
bility of TE-mediated TEI, gene proximity and increased 
expression of ELF8, which encodes a component of the evo-
lutionary conserved Paf1 complex, are the two main genetic 
factors that favor it. These findings are in line with results in 
Schizosaccharomyces pombe (73, 74) and A. thaliana (50) in-
dicating respectively that Paf1 and the active histone marks 
it helps deposit inhibit small RNA-mediated epigenetic si-
lencing. Thus, in addition to its many roles in facilitating Pol-
II transcription (51), Paf1 may also help safeguard genes from 
the silencing of neighboring TEs. 

Natural epialleles can alter the expression of neighboring 
genes, notably in response to stress, and their presence cor-
relates with specific environments in some cases. These find-
ings suggest that despite their lower stability compared to 
DNA sequence variants, natural epialleles can be targets of 
selection, consistent with previous evidence (27, 75). Given 
their recurrence and singular inheritance properties, they 
may contribute uniquely to local adaptation, although teas-
ing apart the contribution of epialleles and of DNA sequence 
variants in natural populations remains challenging. In addi-
tion, a key question is whether epiallelic variation may be fa-
cilitated or stabilized in specific environments. Indeed, 
evidence supporting such effects is still lacking (this study 
and (76)), despite well-documented effects of biotic or abiotic 
stresses on the heritable loss of methylation at individual cy-
tosines (77–80). 
 
Material and methods 

Genomic annotations 
All genomic analyses were performed using the TAIR10 Col-
0 reference genome sequence assembly. The reference TE and 
gene annotations were used after removal from the latter of 
the 3,903 genes that belong to TEs (‘transposable_ele-
ment_gene’; https://www.arabidopsis.org/download/). 
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Whole-genome bisulfite sequencing 
To analyze DNA methylation specifically over TEs and sepa-
rately in the three possible sequence contexts CG, CHG and 
CHH, which could not be done with the low resolution 
methylome data previously obtained for >120 epiRILs (25, 26, 
33), we produced single-cytosine resolution methylomes us-
ing Whole-Genome Bisulfite sequencing (WGBS-seq, Illu-
mina HiSeq X Ten). For each epiRIL, genomic DNA was 
extracted from rosette leaves collected at bolting from pools 
of six individuals grown in long days, 16h:8h light:dark, at 
23°C. The 120 ddm1-derived epiRILs largely overlap with 
those previously epihaplotyped using low-resolution methods 
(26) but genomic DNA was extracted from individuals taken 
one generation later (F9) than before and also at generation 
F21 for 12 epiRILs. Single-cytosine resolution methylome data 
for the Col-0 WT and fourth generation ddm1 parental lines 
were obtained using three biological replicates to provide ro-
bust measures of parental methylation levels at individual cy-
tosines. Numbers of sequencing reads reporting methylation 
or no methylation over each cytosine were determined using 
Bismark (81) and pooled for Cs on opposite strands of CG and 
CWG (W=A or T) sites, which are symmetrical (in contrast to 
CCG and CGG sites) and indeed exhibit concordant levels of 
methylation on the two strands (fig. S1A). 
 
Identification of Mendelian and reverting differen-
tially methylated sites (DMSs) in the epiRILs 
To identify differentially methylated CG and CWG sites 
(DMSs) we used a generalized linear model (GLM) approach 
to distinguish in the Bismark output of each site across all 
three WT and three ddm1 replicates a significant genotype 
effect from variation between replicates. To this end, we built 
for each of the 2.35 millions of CG and CWG sites that are 
methylated in WT and that have sufficient coverage (≥5 reads 
per site) in at least 20 epiRILs, a GLM with a negative bino-
mial family and an identity link function using the R package 
MASS and the following formula: MethylatedReads~0+To-
talReads+TotalReads:Genotype, where MethylatedReads 
represents the number of sequencing reads in each sample 
reporting methylation at the site (pooled between both 
strands), TotalReads is the sequencing depth at the site (total 
number of reads supporting both methylation and non-meth-
ylation pooled between strands), and Genotype indicates 
whether the sample is a WT or a ddm1 replicate. Using this 
method we identified 807,450 sites with significant p-values 
for the interaction term (adjusted p<0.05 after Benjamini-
Hochberg correction for multiple testing) and that are hypo-
methylated by at least 20% in ddm1. 

Consistent with previous observations (21), most (72.8%) 
of these DMSs are within annotated TEs or their immediate 
flanks (300bp on either side; fig. S1A). Using the same GLM, 
we then determined the methylation status (i.e., WT-like, 

ddm1-like or intermediate) of these hypomethylated DMSs 
across epiRILs by comparing the levels calculated in each epi-
RIL with the predictions from the GLM for each genotype (R 
function predict.glm): all values below the upper 95% confi-
dence interval (1.96 standard error) for ddm1 were consid-
ered ddm1-like, those above the lower 95% confidence 
interval for WT were considered WT-like, and those that fall 
between these two thresholds were considered intermediate. 
For each DMS, we then compared the ratio of WT-like epi-
RILs across all informative epiRILs to that expected for Men-
delian inheritance (73%, given that the F1 individual used to 
generate the epiRIL population was backcrossed to WT, with 
8% of residual selfing (25)). To take into account the number 
of informative epiRILs, we used a poisson-binomial drawing 
from the selfing (50-50) or the backcrossing (75-25) distribu-
tion: for 20 informative epiRILs the 95% confidence interval 
of Mendelian segregation is 45%-95% while it narrows down 
to 64%-82% when the full set of 120 epiRILs is informative 
(fig. S1C). Following this approach, we identified 202,721 
DMSs (25,1% of total) with WT-like methylation in a percent-
age of epiRILs consistent with Mendelian inheritance and 
587,197 DMSs (72,7% of total) for which this percentage is in-
dicative of either partially or fully penetrant reversion in-
stead. Finally, 17,532 DMSs (2.2% of total) exhibit an excess 
of ddm1-like methylation, which may reflect either trans de-
methylation or else inevitable skewing when the number of 
informative epiRILs is low (fig. S1C). 
 
Identification of differentially methylated regions 
(DMRs) 
As expected from previous analyses (26), parental DMSs next 
to each other tend to show coherent methylation states 
within and between the epiRILs (fig. S1D). We used this prop-
erty to iteratively merge coherently-segregating DMSs into 
differentially methylated regions (DMRs) as long as they were 
of the same class (Mendelian or reverting), separated by no 
more than one DMS of another class, and within 207bp of 
each other. This threshold distance was chosen as the dis-
tance from which the correlation between the methylation 
status of two adjacent DMSs across epiRILs starts to signifi-
cantly increase in variability (fig. S1E). Out of these DMRs we 
removed those based on less than 5 DMSs and thus obtained 
9,422 Mendelian DMRs and 16,040 reverting (data S1). 

We then calculated the correlation between the methyla-
tion states of each pair of the 7,151 Mendelian DMRs that con-
tain at least 5 DMSs covered in all 120 epiRILs (data S2) to 
deduce the rate of linkage decay across chromosome arms 
and pericentromeres (no decay observed in pericentromeres 
given the scarcity of crossing-overs in these regions). Using a 
non-linear regression model with variable variance to esti-
mate the expectations of linkage decay as a function of ge-
nomic distance - linear in pericentromeres where there is 
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almost no decay (R function nlme::gls) and exponential in 
chromosome arms (nlme::gnls) - we filtered out 1729 outlier 
DMRs for which methylation states are either too highly or 
too lowly correlated (outside of 95% confidence intervals) 
with other DMRs across the epiRILs (fig. S1F). High correla-
tion at a distance is observed notably for DMRs overlapping 
VANDAL and ENSPM TE annotations, in line with the ability 
of TEs from these TE families to demethylate cognate TEs in 
trans (82) and we therefore removed all the DMRs corre-
sponding to these TE families. Redundant DMRs which are 
close by (<5kb) and highly correlated (R2>0.6) were also 
trimmed down to one representative DMR. For pericentro-
meric regions, given the high density of DMRs and the scar-
city of crossing-overs, we selected between 80 and 100 evenly 
distributed DMRs for each pericentromere. In total, we ob-
tained a subset of 1,092 evenly distributed and non-redun-
dant Mendelian DMRs (data S4). 
 
Building the epihaplotypic map of 120 F9 epiRILs 
To infer the epihaplotypes from the 1,092 DMRs thus defined, 
we denoised the data using a continuous-time Hidden Mar-
kov Model (HMM, R package MSM), with methylation status 
of DMRs as observed states and the real parental haplotype 
as hidden states. The initial state occupancy probabilities are 
the same as the Mendelian expectation (27% ddm1 vs 73% 
WT). Using recombination rates measured in female back-
crosses (83) we calculated the expected recombination rate in 
our F9 epiRIL population (assuming complete homozygosity 
by this generation) (84). From these recombination rates we 
calculated the expected transition matrix (WT-derived to 
ddm1-derived and the opposite). 

As pericentromeric regions rarely recombine, we used 
ddm1-like and WT-like pericentromeres to calculate the dis-
tribution of methylation states of DMRs within ddm1-derived 
and WT-derived intervals, respectively. We used these distri-
butions as emission probability functions to optimize the 
given transition matrix to adjust for the lack of recombina-
tion events in the pericentromeres. Together with the initial 
state occupancy probabilities and the transition matrix, we 
used these emission probability functions as parameters in 
our HMM to derive epihaplotypic intervals delimited by 
DMRs. Short intervals (<1.5 Mb) were removed from further 
analysis as well as the small fraction (2%) of larger intervals 
with DMRs mainly in the intermediate rather than in the 
ddm1- or WT-like methylation state (see e.g., in fig. S2E), 
which may correspond to regions of residual heterozygosity. 
Finally, we noted five epiRILs (#62, #172, #323, #394 and #506) 
with a high density of ddm1-like DMRs in the wild-type de-
rived pericentromeric region of chromosome 4. Remarkably, 
VANDAL and ENSPM are also hypomethylated in these inter-
vals, despite the absence of a trans-demethylating copy pre-
sent in a ddm1-derived interval. The most parsimonious 

explanation is that these correspond to ddm1-derived inter-
vals with high level or reversion. These intervals were also 
removed from further analysis. 

Overall, the new epihaplotypes (data S4) are more resolu-
tive and extend further than the initial ones (Fig. 1A and fig. 
S2E). Indeed, despite excluding intervals that are poorly re-
solved or that could reflect residual heterozygosity, we can 
nonetheless now infer unambiguously the WT or ddm1 origin 
~93% of the genome sequence of each epiRIL on average, 
compared to 82% before (fig. S2E). 
 
Analysis of DNA methylation levels at TE-DMRs in the 
epiRILs 
To analyze the inheritance of DNA methylation variation at 
TEs in the epiRILs, we focused on the 7,023 parental DMRs 
that are ≥100bp-long, comprise at least 10 DMSs (at least 75% 
of which must be of the same class), overlap annotated TEs, 
and are located within the newly defined WT and ddm1-de-
rived epihaplotypic intervals. Average DNA methylation lev-
els for each C context (CG, CHG, or CHH) within each TE-
DMR was calculated within each of the parents and each of 
the 120 epiRILs as the total proportion of methylated reads 
summed over all the sites of the given context within the TE-
DMR that are covered by at least 5 reads. 

To define lower and upper thresholds of WT-like and 
ddm1-like mCG levels, respectively, we took the first percen-
tile of average mCG levels over these TE-DMRs in the three 
WT replicates and the last percentile in the three ddm1 repli-
cates (fig. S2A). The methylation state of a TE-DMR in an epi-
RIL was considered ddm1-like when its mCG level was strictly 
lower than the former threshold (0.3944), WT-like when it 
was strictly higher than the latter (0.7586), and intermediate 
otherwise (data S5). Reversion frequency per TE-DMR was 
calculated as the proportion of F9 epiRILs that inherited the 
TE-DMR from the ddm1 parent and present WT-like mCG lev-
els (counted as 1 event of reversion) or intermediate mCG lev-
els (counted as 0.5 event of reversion). The thresholds 
between r-low, r-mid, and r-high were set arbitrarily at rever-
sion frequencies of 33 and 66%, respectively. Persistently hy-
pomethylated or “stray” TE-DMRs were identified for non-
VANDAL and non-ENSPM TE families with at least 4 TE-
DMRs, as those that remain ddm1-like in epiRILs where 75% 
or more of the TE-DMRs from the same TE family have fully 
reverted. 
 
Small RNA mapping and analysis 
Total RNA was extracted with Trizol according to manufac-
turer’s instructions (Invitrogen) from pools of seedlings of 
ddm1 and ddm1rdr2, ddm1rdr6, and ddm1dcl2dcl3 com-
pound mutants as well as from inflorescences collected from 
pools of 5-10 siblings of 10 F9 epiRILs selected for having con-
trasted epihaplotypic combinations (Fig. 1A and data S4). 
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sRNAs were sequenced by Fasteris with Illumina for the mu-
tants and by the BGI with DNBseq for the 10 F9 epiRILs. 

Reads were mapped using bowtie2 (85) using the --very-
sensitive mode (-L 15 -N 1 -p 4) from which unmapped reads 
and secondary alignments were removed using samtools view 
(-F 260) (86). The total number of reads ranging in length 
from 15 to 30nt and mapping on nuclear chromosomes was 
extracted using samtools view to obtain the sRNA library size 
of each sample. Multi-mapping reads (attributed randomly to 
any of its mapping locations by bowtie2 in the default mode) 
were distinguished from unique-mapping reads based on the 
presence of an XS:i field in the BAM output of bowtie2 and 
no-mismatch reads were selected based on the XM:i field. For 
each category of mapping reads (multi- or single-mapping) 
the coverage over TE-DMRs in reads of a given length (19 to 
26nt-long) was normalized by the sRNA library size of each 
sample in millions of reads (reads per million, RPM). TE-
DMRs were considered to lose all or almost all of their single-
mapping no-mismatch 23-24nt sRNAs in ddm1 when read 
counts were >0 RPM in WT and in ddm1 either 0 or at least 
99% lower (fig. S3C). For representation purposes a pseudo-
count of 0.001 was added to all read-counts. 

To identify all potential sources of multi-mapping sRNAs, 
multi-mapping reads were aligned, either allowing mis-
matches or not, at up to 50 locations using the --very-sensitive 
mode of bowtie2 (-L 15 -N 1 -p 4 -k 50). 23 or 24nt-long reads 
mapping with or without mismatches over each TE-DMR 
were then identified using BedTools intersect and their (up 
to 50) no-mismatch alignments were counted across TE or 
gene annotations using htseq-count in the -m intersection-
strict mode. 
 
QTLepi mapping of reversion at the TE family level 
Out of 1092 DMRs used for epihaplotyping, we selected as 
genetic markers for interval mapping a subset of 139 that are 
non-redundant, have no missing information, and are sepa-
rated by >250kb when located within chromosome arms and 
by >1Mb when within pericentromeric regions (within 5Mb 
of centromeres) to take into account the lower recombination 
rates in these regions. These 139 markers (data S4), which 
cover ~84.4% of the A. thaliana genome and are on average 
separated by 749.7kb, were then used as input for classical 
interval mapping as implemented in the mqmscan function 
in R/qtl. For each of the 105 TE families with at least 10 non-
systematically reverting TE-DMRs (all but r-0% and r-100%), 
we used as a trait the average CG methylation level in each 
epiRIL of the subset of those TE-DMRs that are ddm1-de-
rived. The mapping was performed using a step size of 2, and 
significance was determined for each TE family using 1000 
permutations of the data, with LOD significance thresholds 
corresponding to 5% genome-wide false positive rates. For 
representation purposes, LOD scores were then normalized 

by the significance threshold (fig. S4D). The marker with the 
highest LOD score was used as top epiQTL and the second 
marker with the highest LOD score that is not within a con-
tinuous interval of LOD scores above the significance thresh-
old minus 1 with the top marker was used as second epiQTL. 

The percentage of variance explained by the epiallelic seg-
regation at each of the epiQTLs was estimated by adding iter-
atively their epihaplotypes as parameters in a logistic GLM. 
We also used the epihaplotype at the top epiQTL in a logistic 
GLM of average CG methylation levels over the same TE-
DMRs but within WT-derived intervals to identify the 24 TE 
families where it is significantly associated with the epihap-
lotypic segregation at this locus (p-value<0.05) and thus 
where effects within ddm1-derived intervals may be the result 
of trans-demethylating effects (fig. S4F). 
 
MRSE-based identification of TE-DMR revertants in 
large siblings panels 
To determine the methylation states of different categories of 
TE-DMRs in individual siblings of given F9 epiRILs, we ob-
tained from NEB two methylation-sensitive restriction en-
zymes (MSREs): MspI and AvaII, whose digestion is blocked 
by DNA methylation and whose restriction sites are typically 
found once or twice per TE-DMR (MspI | NEB, AvaII | NEB). 
We then selected TE-DMRs that represented a diversity of 
non-systematic reversion categories (r-low to r-high) and i) 
for which we could design primers (data S6) that specifically 
amplify a 100 to 200nt-long region containing a digest site of 
MspI and/or AvaII, ii) were present in contrasted methyla-
tion states in the two epiRILs chosen (#92 and #216) and iii) 
for which we could confirm their differential methylation be-
tween 4 Col-WT and 4 Col-ddm1 plants by comparing di-
gested and non-digested samples using qPCR (Roche 
LightCycler 480). We then measured methylation states using 
this method on DNA extracted using Macherey-Nagel 96-well 
plate extraction kit (Macherey-Nagel, NucleoSpin 96 Plant II) 
from rosette leaf tissue from 96 F9 2-weeks old siblings of the 
two epiRILs. All qPCR measures were done in duplicates and 
calculations were performed on the mean of the two dupli-
cates unless inconsistent (standard deviation >1 Ct), in which 
case they were discarded. Expected numbers of reversion 
events were calculated on the basis of the frequency of rever-
sion among ddm1-derived F9 epiRILs and assuming a rever-
sion rate per generation that is constant over generations and 
equal across lines (frequency of non-reversion in F9 = (1-re-
version rate)^8). 
 
Phylogeny and divergence of TE sequences 
Divergence between related TE-DMRs was calculated by 
building a phylogeny of all the TE-DMRs within each TE fam-
ily using phyml (v3.3.3) (87) with parameters -s SPR -d nt -a 
e -q --no_memory_check after trimming the MAFFT (v7.487) 
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(88) alignment of fasta sequences using trimal (89) in -
phylip3.2. For each TE-DMR the distance to the closest TE-
DMR was retrieved from the phylogeny of the corresponding 
TE family using the DendroPy-4.4.0 python library (90). 
 
Identification of spontaneous hypomethylation events 
in the epiRILs 
In a first step, we identified in the set of 120 F9 epiRILs all 
the cases where a TE-DMR, that do not belong to any of the 
VANDAL or ENSPM TE families, present one or two cases of 
ddm1-like hypomethylation within WT-derived epihaplotypic 
intervals. In order to avoid potentially confounding sponta-
neous hypomethylation with epihaplotyping errors at the 
edge of epihaplotypic interval, we then filtered out the 14 
such TE-DMRs where hypomethylation is observed at a TE-
DMR that is separated from the edge of their WT-derived in-
terval by less than two TE-DMRs that are in a WT-like meth-
ylation state. 

Epihaplotyping of the 169 epiRILs that minimally over-
laps with ours (37 epiRILs are in common) for which single-
cytosine resolution methylome data were obtained inde-
pendently by others (44) was performed following the 
method described by the authors: i.e., based on the WT-like 
(>0.5) or ddm1-like (<0.5) mCG levels of 140 of the 144 DMRs 
they identified as stably segregating (4 were removed as they 
deviate by more than 7% from the 75% of WT-like expected). 
Using this epihaplotypic map, we identified 393 TE-DMRs 
with one or two events of ddm1-like mCG levels within WT-
derived intervals that do not belong to the VANDAL and 
ENSPM superfamilies. However, we found events of hypo-
methylation within WT-derived intervals to occur almost sys-
tematically on the same epiRILs (Pearson correlation > 0.8) 
for two blocks of 55 and 196 TE-DMRs on Chr3 and Chr5, re-
spectively (fig. S5E), suggestive of an epihaplotyping error 
over the corresponding intervals that are most likely ddm1-
derived. 129 TE-DMRs remained after filtering out the 264 
TE-DMRs with Pearson correlation>0.8. 
 
Epivariation over TE-DMRs in natural strains 
Processed bisulfite sequencing data (BS-seq) and paired-end 
short reads whole-genome sequencing (WGS) data from 
leaves of 720 genomes of A. thaliana were obtained from the 
1,001 Genomes Project (1001genomes.org and sig-
nal.salk.edu/1001.php). For each strain, we calculated the av-
erage CG methylation weighted by the sequencing depth at 
each site over TE-DMRs within TEs that are present in the 
strain based on previous work (46). In addition, WGS cover-
age was calculated using the tool bam-readcount (91) in order 
to detect potential structural variation unaccounted for by 
sole TE presence/absence polymorphisms. Specifically, for 
each TE-DMR in each genome, we filtered out regions that 
have not enough WG-seq coverage (>5% of TE-DMR with 0 

coverage) or an excess of reads (median TE-DMR coverage > 
2x genome wide median coverage). In addition, we filtered 
out TE-DMRs with a number of CG sites overly divergent 
from the reference genome (>50%) or with less than 5 BS-seq 
reads per CG on average. 
 
Analysis of DNA methylation over TE-DMRs in 20 de 
novo assembled genomes 
Long-read Oxford Nanopore Technology (ONT) sequencing 
data were produced for 20 strains (chosen to represent each 
genetic group; data S11) out of the 720 for which BS-seq data 
are available. High-molecular-weight genomic DNA was ex-
tracted from grinded leaves (92) and sequenced at ~30X 
(N50=37kb; data S11) following recommended guidelines on 
ONT MinION flow cell (R9.4.1). 

Basecalling was performed using Guppy v6.4.6 with the 
dna_r9.4.1_450bps_sup_plant.cfg model. Long-read fastq 
files were used for de novo assembly using two different as-
sembly tools: Flye (93) and NextDenovo (94), from which the 
assembly with the best N50 was selected. To fix base errors 
in the assemblies, we polished the genomes using medaka 
with long-read data 
(https://github.com/nanoporetech/medaka), and two rounds 
of NextPolish (95) with short-read data. Finally, the contigs 
of assemblies are scaffolded using Ragtag (96) based on align-
ment on the reference genome (TAIR10). The location of ref-
erence genes and TEs were identified within each genome 
assembly using Liftoff (97), then TE-DMRs were located 
within their TE by blast. TE-DMRs were considered to be lo-
cated at the same region in the de novo assembly when sur-
rounded by the same reference genes in the genome assembly 
as in TAIR10. For this analysis we required that at least one 
the three nearest genes (restricted to TAIR10 IDs ending in 0 
to avoid mis-annotated TE-genes that are themselves likely to 
be translocated between strains) on each side of the TE-
DMRs in the de novo assemblies were also found surround-
ing the TE-DMRs in the reference genome. When located in 
synteny, TE-DMRs were considered full-length when their 
length in the de novo assembly was greater than 80% of that 
in TAIR10. BSseq data was then remapped on each de novo 
assembly using Bismark (81) to calculate mCG levels over the 
TE-DMRs. For visual inspection (see supplementary text, 
note 5), DNA methylation was also called directly from ONT-
sequencing data using DeepSignal-plant (98) and reciprocal 
alignments of each assembly to the TAIR10 reference genome 
were produced using Minimap2 (99) with the -ax asm5 op-
tion. 
 
Kinship, local haplotyping, and GWAS 
Genome wide IBS and aBN kinship matrix were calculated 
using the emmax-kin-intel64 function of EMMAX 
(https://genome.sph.umich.edu/wiki/EMMAX) with 
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parameters -v -s -d 10 and -v -d 10, respectively, on the PLINK-
transposed (v1.90p) (100) vcf of the short variants identified 
in the 1001 Genomes (1001genomes_snp-short-in-
del_with_tair10_only_ACGTN.vcf from https://1001ge-
nomes.org/data/GMI-MPI/releases/v3.1/) out of which we 
only kept bi-allelic SNPs with a minimum MAF of 0.05 and a 
minimum missing genotyping rate of 0.1 and found within 
the 720 strains with BS-seq data (SNP720.MAF005.g01 vcf). 

Local haplotyping of each TE-DMRs was calculated using 
BEAGLE (101) on the SNP720.MAF005.g01 vcf in windows of 
1 kb (500 bp on each side of the most central SNP within each 
TE-DMR). Local PCAs (fig. S8, C and D) were performed on 
the SNPs from SNP720.MAF005.g01 located within 1 kb 
around the TE-DMR. 

GWASs were performed using emmax-intel64 with pa-
rameters -v -d 10 using the aBN kinship matrix and the 
SNP720.MAF005.g01 vcf. For epivariation prevalence at each 
TE-DMR, we only analyzed the 490 naturally epivariable TE-
DMRs with at least 5 ddm1-like epivariants and with low ge-
nomic inflation (λGC<1.1). For heatmap representation of the 
results (fig. S7A) we subsampled to the SNPs with the highest 
p-values within 20 kb windows across the genome. For ge-
nome-wide epivariation prevalence, we used as phenotype 
the proportion of natural ddm1-like epivariant per strain 
among all naturally epivariable TE-DMRs present in the 
strain. 
 
McrBC-qPCR analysis of TE-DMR epivariation in Cvi-
0 x Col-0 RILs 
We selected for an extended segregation analysis 40 of the 115 
naturally hypomethylated TE-DMRs identified in Cvi-0 to 
represent a variety of superfamilies and reversion categories 
(Fig. 3E). Genomic DNA was extracted from frozen leaf tissue 
using Qiagen DNeasy Plant Mini Kit, and 30 to 100ng was 
used for McrBC (NEB) overnight digestion (15hr). Levels of 
unmethylated DNA over a target region were calculated as 
the fraction of DNA concentration measured by qPCR re-
maining following McrBC digestion compared to the same 
sample where McrBC is replaced by water (undigested). Effi-
ciency of digestion was confirmed using the ddm1-independ-
ent DNA methylation at the 3′ end of AT5G13440 as a 
positive control, and the unmethylated AT5G13440 as a neg-
ative control (primers listed in data S14). 

Using primers designed with primer3 
(https://github.com/primer3-org/primer3) to specifically am-
plify each region (data S14), we first confirmed for 34 out of 
the 38 TE-DMRs that they are differentially methylated be-
tween Col-0 and Cvi-0 in freshly harvested tissue of two sib-
ling plants. The remaining 4 TE-DMRs either displayed WT-
like methylation in Cvi-0 (1 TE-DMR), hypomethylation in 
Col-0 (1 TE-DMR), or did not amplify in Cvi-0 (2 TE-DMRs), 
and we therefore excluded them from further analysis. Using 

McrBC-qPCR, we then measured the methylation levels of the 
34 differentially methylated TE-DMRs across a diverse set of 
36 F8 Cvi x Col RILs (data S15), that include the 20 of the 
minimal set identified by Simon et al. (49) as well as 16 addi-
tional with maximal genetic differences to the initial set of 
20. TE-DMRs were considered hypomethylated when McrBC-
qPCR methylation levels were below 40%, WT-like methyl-
ated when above 60%, and intermediate otherwise. TE-DMRs 
and ELF8 alleles were considered as Cvi-derived when both 
bordering markers are of the Cvi-genotype (B), Col-derived 
when both are A, and NA otherwise (C or D genotypes or non-
agreeing bordering markers). Reversion events were identi-
fied as Cvi-derived TE-DMRs with WT-like methylation lev-
els. 

Genetic associations between TE-DMR methylation levels 
and the genetic maps of these RILs (49) were computed using 
the mqmscan function of the qtl R package with a win-
dow.size of 10 and a step.size of 2. The significance threshold 
at alpha = 0.05 was calculated using mqmpermutation with 
the same parameters as well as n.perm = 10 and batchsize = 
25. LOD scores were normalized by the significance threshold 
for heatmap visualization (Fig. 3E). 

For the 10 RILs for which BS-seq data was publicly avail-
able (102), mCG levels were calculated over all naturally epi-
variable TE-DMRs with ddm1-like methylation in Cvi-0 
(N=104; figs. S7E and S9K) or with WT-like methylation in 
Cvi-0 (N=465; fig. S9J). Average mCG levels were calculated 
over both replicates of each RIL and compared to each repli-
cates of the Col-0 and Cvi-0 parental lineages sequenced as 
part of the same study (fig. S7E and fig. S9, J and K). Hypo-
methylation and WT-like methylation were classified using 
the thresholds defined in the epiRILs (<0.3944 for ddm1-like 
and >0.7586 for WT-like). Genotypes were again determined 
using concordant bordering markers, with reversion events 
identified as Cvi-derived TE-DMRs with WT-like methylation 
levels, while spontaneous hypomethylation events as Col-de-
rived TE-DMRs with ddm1-like methylation levels. Correla-
tions between methylation levels and genotypes were 
calculated as a Pearson correlation coefficient. 
 
Generalized linear modeling of genetic determinants 
Association between the presence of ddm1-like epivariants 
over the 1068 naturally epivariable TE-DMRs and a set of se-
lected genetic parameters was calculated using a binomial 
Generalized linear model (logit link) using R glm function. In 
order to limit the risk of overfitting, we restricted our analysis 
to the following set of the genetic parameters which we 
deemed most biologically relevant: copy number of each TE 
family in each genome, genotype at ELF8 (using the top SNP 
at 2:2431793 identified in our GWAS), genotype at NRPE1 (us-
ing the top SNP at 2:16719082 identified in previous studies 
(46, 54)), presence of an EPICAT as defined previously (41) 

D
ow

nloaded from
 https://w

w
w

.science.org at T
singhua U

niversity on Septem
ber 29, 2025

https://science.org/
https://1001genomes.org/data/GMI-MPI/releases/v3.1/
https://1001genomes.org/data/GMI-MPI/releases/v3.1/
https://github.com/primer3-org/primer3


First release: 18 September 2025  science.org  (Page numbers not final at time of first release) 12 
 

within, under 500bp, or >500bp from the TE-DMR, distance 
to the nearest gene, density of CG sites, and length of the TE-
DMR. TE family copy-numbers were estimated using average 
read-depth after remapping short-read sequencing to a li-
brary of consensus TEs as described previously (103). For all 
10 parameters, the variables were tested as fixed effects in the 
glm, and for NRPE1 and ELF8 genotypes we also included in-
teraction effects with copy-number and gene distance respec-
tively. Discrete parameters such as genotypes or associations 
with EPICATs were considered as categorical variables, while 
quantitative parameters were Z-scored (R scale function) to 
avoid range effects. For each fixed or interaction effect, an 
individual GLM was built to assess their significance in ex-
plaining the prevalence of ddm1-like epivariation over the 
1068 naturally epivariable TE-DMRs after including the three 
first components of the PCA of the aBN kinship matrix calcu-
lated from the SNP720.MAF005.g01 vcf to take into account 
population structure (together the three PCs explain ~55% of 
the variance). If significant (p<0.05), the variable with the 
largest R2 (McFadden adjusted) was included in the GLM, to 
then iteratively test the effect of the remaining variables. For 
significant interaction effects, the variable was included 
along with its fixed effect. 
 
Environmental associations with AraClim biovaria-
bles 
196 quantitative AraClim biovariables were downloaded from 
https://gramene.org/CLIMtools/arabidopsis_v2.0/AraCLIM-
V2/ and Z-scored (R scale function). To detect potential asso-
ciations between these biovariables and the occurrence of 
epivariation at a TE-DMR of interest (among the 490 TE-
DMRs with sufficient epivariant counts, see GWAS methods), 
we tested each biovariable individually as an additional ex-
planatory variable in a binomial GLM (logit link) which in-
cluded the first three PCs of the kinship matrix and the two 
main trans modifiers of the number of ddm1-like epivariation 
per strain, namely TE copy-number and ELF8. P-values were 
then corrected using the Benjamini and Hochberg correction 
for multiple testing using the R p.adjust function. When sev-
eral AraClim variables were found to be significant (adjusted 
p<0.05), the one explaining the largest fraction of variance 
(McFadden adjusted R2) was selected. 
 
RNA-seq analyses in natural strains and in the epiRILs 
For analysis of gene expression in natural strains, RNA-seq 
data of the 728 strains analyzed previously (29) was down-
loaded from GEO (Accession GSE80744). For analysis of gene 
expression in the epiRILs, total RNA was extracted with Tri-
zol according to manufacturer’s instructions (Invitrogen) 
from rosette leaves collected from pools of 5-10 siblings of the 
same set of 10 F9 epiRILs selected for sRNA analysis and se-
quenced by the BGI. Reads were mapped using STAR (104) 

with options --outFilterMultimapNmax 1 --alignIntronMax 
10000. Coverage over exons was calculated using bedtools 
coverage and read counts were then normalized over entire 
transcripts using R package DEseq2. A pseudo count of 0.001 
was added to all normalized expression levels to compute log 
ratios. 

For each naturally epivariable TE-DMRs, expression levels 
of the two closest genes were compared between strains car-
rying the TE-DMR with ddm1-like or with WT-like methyla-
tion by computing the log10 ratio between the median 
expression in the first set over that in the second set of strains 
(hypo/hyper log ratios) as well as the p-value of a Wilcoxon 
rank-sum test between the two sets. To obtain random expec-
tations of hypo/hyper log ratios (gray lines in fig. S10A) we 
shuffled randomly the strain labels among all strains with 
RNA-seq data and repeated the reshuffling for a total of 10 
times. For each of the two closest genes, the percentage of 
variance in expression level that is explained by natural epi-
variation at the TE-DMR was calculated as the fraction of 
sum of squares between hypo and hyper strains over the total 
sum of squares. 

For TE-DMRs where epivariation in nature is associated 
with ≥2-fold expression changes at one of the two nearest 
genes, we searched in the set of 10 epiRILs sequenced for 
those that were stably inherited hypomethylated from the 
ddm1 parent in at least one of the epiRILs. To limit the pos-
sibility of indirect epihaplotypic effects that could be due to 
the co-occurrence of multiple hypomethylated TE-DMRs in 
the epiRILs, we restricted our analysis to naturally epivaria-
ble TE-DMRs that are within 5kb of the nearest gene and 
which are not separated from it by another naturally epivar-
iable TE-DMR. For the 99 TE-DMRs matching these criteria 
we then calculated hypo/hyper log10 ratios of gene expres-
sion averages between the epiRILs where they are ddm1-de-
rived and hypomethylated and the epiRILs where they are 
WT-derived and WT-like methylated. Gene expression 
changes were considered to be congruent between epiRILs 
and nature (fig. S10C) if both log ratios were of the same sign 
and the fold-change was also ≥2-fold in the epiRILs or the p-
value in the epiRILs was <=0.05. For the TE-DMRs that have 
reverted to WT-like methylation in at least one but not all of 
the epiRILs where it is ddm1-derived, we also calculated the 
log10 ratio of gene expression averages between the epiRILs 
where they are ddm1-derived and hypomethylated and the 
epiRILs where they are ddm1-derived and WT-like methyl-
ated (rev/hypo log ratios; fig. S10D). 
 
Phenotypic associations with AraPheno 
417 quantitative phenotypic variables were downloaded from 
the AraPheno database (https://arapheno.1001genomes.org/) 
and Z-scored (R scale function). For each of them we re-
trieved from the SNP720.MAF005.g01 vcf the genotypes in 
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the 720 strains with BS-seq data at up to 5 of the top signifi-
cant SNPs identified in araGWAS 
(https://aragwas.1001genomes.org/#/). To account first for 
population structure and the effect of these top SNPs, we 
built for each Z-scored AraPheno variable a Gaussian GLM 
(identity link) with R glm function using as explanatory var-
iables the first three principal components of the kinship ma-
trix as well as the genotypes at the top significant SNPs (if 
still significant in the subset of 720 strains). To detect resid-
ual associations between the occurrence of epivariation at a 
TE-DMR of interest (among the 490 TE-DMRs with sufficient 
epivariant counts, see GWAS methods) and variation at one 
of these AraPheno, we tested the epivariation as an additional 
categorical predictor in each GLM. P values were then cor-
rected using the Benjamini and Hochberg correction for false 
discovery rate using the R p.adjust function and significant 
associations (adjusted p <0.05) were ranked by the fraction 
of phenotypic variance explained (McFadden adjusted R2). 
 
ELF8 sequence analysis 
RNA extractions were performed on flash-frozen ground tis-
sue (shoots) from Col-0 WT using Macherey-Nagel Nucleo-
spin RNA plant kit following manufacturer’s instructions. 
Reverse-transcriptase was performed using SuperScript IV 
(ThermoFisher Scientific) with oligo d(T)20 primers and 
cDNA was amplified by PCR using primers listed in data S18. 
The PCR product was gel extracted using Macherey-Nagel 
Nucleospin Gel and PCR Cleanup kit and sequenced from 
both primers by Sanger sequencing by Eurofins Genomics. 
The resulting cDNA sequences and the ELF8’ of Cvi-0 ob-
tained by blast were analyzed and aligned to the ELF8 
TAIR10 sequence using Geneious 10.2.6 (www.geneious.com). 
 
Analysis of HVA22E cold-stress induction in epiRILs 
with contrasted epiallelic states at TE-DMR 
In order to establish that the TE-DMR is stably inherited in 
the ddm1-like or WT-like methylation states independently of 
the cold-stress, F10 offsprings were first obtained from F9 sib-
lings of epiRILs #150 and #229 (ddm1-like at AT5TE74320) as 
well as of epiRILs #558 and #193 (WT-like at AT5TE74320) by 
bulk propagation in standard growth conditions. F10 progeny 
of each epiRIL was grown on MS-media in Petri dishes in 
standard growth conditions (23°C) for 2 weeks. Cold-stress 
(CS) was performed by transferring plates on ice at 4°C for 
24 hours. Shoots of seedlings exposed (CS) or not (CTL) to the 
cold-stress were simultaneously collected at the end of the 
24h cold-stress and flash-frozen individually. Methylation 
levels of AT5TE74320 were measured in individual F10 seeld-
ings using McrBC-qPCR on flash-frozen shoot tissue as de-
scribed above (primers listed in data S14). 

For HVA22E expression analysis, F10 offsprings of the 
same epiRILs as above (#150 and #229, #558 and #193) as well 

as that of #114 (ddm1-like at AT5TE74320), and of #36, and 
#232 (ddm1-derived but reverted at AT5TE74320) were ob-
tained from F9 siblings propagated in a manner as described 
above. F10 progeny of each epiRIL was grown in liquid MS-
media in 6-well plates (~15 seedlings per well) in standard 
growth conditions (23°C) for 2 weeks. Cold-stress (CS) was 
performed by transferring plates on ice at 4°C for 24 hours. 
Entire seedlings were collected in pools (one for each well, 
i.e., ~15 seedlings per pool), liquid media was removed by 
rinsing in 4°C sterile water, extra water was removed by pad-
ding on paper towels, and pools were flash-frozen in 1.5ml 
Eppendorf tubes. 

RNA extractions were performed on flash-frozen ground 
tissue from three pools of F10 seedlings using Macherey-
Nagel Nucleospin RNA plant kit following manufacturer’s in-
structions. Reverse-transcriptase was performed using Super-
Script IV (ThermoFisher Scientific) with oligo d(T)20 primers 
and cDNA was cleaned up for qPCR using Macherey-Nagel 
Nucleospin PCR Cleanup. Expression levels of HVA22E were 
normalized by the average of two reference genes ACTIN2 
(AT3G18780) and PP2AA3 (AT1G13320). Primers used for 
qPCR are listed in data S18. 
 
Phenotyping of epiRILs growth rates in mild-drought 
or well-watered conditions 
Growth and phenotyping of epiRILs on the Phenoscope 
(https://phenoscope.versailles.inrae.fr/) were performed as 
described previously (61). Briefly, using seeds obtained from 
the Versailles Arabidopsis Stock Center 
(https://publiclines.versailles.inrae.fr/), six plants per epiRIL 
were grown in individual pots, three of which were main-
tained at 60% (control) of the maximum soil water content 
(SWC) and the other three at 30% (mild-drought) of this max-
imum. First, seeds were germinated at soil saturation (= 100% 
of the maximum SWC) and seedlings were set up on the robot 
(= day 0 on the Phenoscope) at 8 days after sowing (DAS). 
Control and mild-drought SWC were stably reached and 
maintained from 12 and 16 DAS, respectively. Instant Relative 
Expansion Rates (RER instant) were calculated as the relative 
growth rate of the projected rosette area, integrated over 
+/−3 days windows. The projected rosette area was extracted 
by segmentation from daily zenithal images. 
 
Statistical analyses 
Unless specified otherwise, p-values are obtained by two-
sided Wilcoxon rank sum test and statistical analyses and 
graphics were performed and obtained in MATLAB. 
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Fig. 1. Inheritance patterns of ddm1-induced hypomethylation. (A) Epihaplotypic map of 120 F9 epiRILs. 
Centromeric regions are shaded. EpiRIL ID number is indicated on the left. (B) Distribution of methylation states 
(ddm1-like, intermediate, or WT-like mCG levels) of TE-DMRs within WT-derived or ddm1-derived intervals in the 120 
F9 epiRILs. Black triangles point to the 10 contrasted epiRILs selected for RNA-seq. (C) Distribution of methylation 
states in the 12 epiRILs with F9 and F21 data. (D) Distribution of reversion frequencies measured at F9. Colors 
indicate the five categories of TE-DMRs we defined based on reversion frequency (r-0% to r-100%) and the pie chart 
indicates their relative proportion. 
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Fig. 2. Reversion is driven mainly by trans-acting sRNAs. (A) Levels of 23-24nt 
single- (top) and multi-mapping (bottom) sRNAs in WT and ddm1 over the five TE-DMR 
reversion categories. (B) Levels of mCHH vs levels of 23-24nt single- (top) and multi-
mapping (bottom) sRNAs in WT and ddm1 (log10 RPM). The coefficient of correlation 
(R2) of the linear regression (dotted line) is indicated. (C) Levels of 23-24nt single- and 
multi-mapping sRNAs over TE-DMRs in 10 sequenced F9 epiRILs, depending on their 
parental origin and DNA methylation state. Only TE-DMRs that reverted in at least one 
of the 10 epiRILs were considered. (D) Reversion frequencies of TE-DMRs in relation to 
whether or not the epiRILs exhibit reversion for at least one other TE-DMR of the same 
TE-family. (E) Number of potential 23-24nt sRNA sources belonging to the same TE 
family as the focal TE-DMRs, for each of the five reversion categories. (F) Genomic 
localization of three representative r-0%, r-mid, and r-100% TE-DMRs (indicated by 
triangles) and of related TE copies, including those that are potential sources of 23-
24nt sRNAs (indicated by arcs). (G) Percentage of reverted TE-DMRs per TE-family 
relative to the proportion of related TEs that are WT-derived. (H) Average mCG levels 
of ddm1- or WT-derived TE-DMRs per TE family in relation to the epihaplotype at the 
single or two major QTLepi #1 or #2. Relations are only shown for the 75 TE families for 
which the QTLepi do not affect the methylation status of WT-derived TE-DMRs. 
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Fig. 3. TE epivariants are recurrent in nature. (A) Distribution of average mCG levels over TE-DMRs in 720 
natural strains. TE-DMRs with mCG under 0.39 were considered ddm1-like and over 0.76 as WT-like (density 
of average mCG levels is represented in cyan over the color bar). (B) BS-seq mC levels and coverage over 
three TE-DMRs in the WT and ddm1 parents, four epihaplotypically contrasted epiRILs and four natural 
strains including two that exhibit epivariation over one (ATCOPIA70) of the three TE-DMRs. (lower panel) 
Alignment of TAIR10 against the Cvi-0 genome assembly in the corresponding region, with DNA methylation 
tracks from BS-seq data remapped on assembly and directly called from ONT sequencing data. (C) 
Comparison in 20 strains of average mCG levels measured by aligning BS-seq data on the de novo genome 
assembly vs on the TAIR10 reference genome assembly over TE-DMRs that are found at the reference 
location neither truncated nor missing in these 20 strains. The black dashed line represents linear regression. 
Red lines represent upper and lower thresholds for ddm1-like and WT-like methylation, respectively. 
Congruence is indicated by the percentage in each rectangle defined by these two thresholds. (D) Proportion 
of TE-DMRs with natural epivariation across the five reversion categories. (E) Heatmap of the mQTL mapping 
LOD scores in 36 Cvi-0 x Col-0 RILs for 34 TE-DMRs located across all five chromosomes. LOD score values 
are in shades of red or blue for associations in cis or trans, respectively. The unmethylated ATCOPIA23 copy 
present in Cvi-0 on Chr5 that is closely related to that present methylated on Chr3 in Col-0 (fig. S7D), is 
indicated with a white diamond. The number of reversion events is represented for each TE-DMR as a bar 
colored by the ELF8 genotype of the RILs in which they occurred. Frequency of reversion or stable 
inheritance by genotype are summarized in pie charts. 
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  Fig. 4. Natural epivariants are enriched near genes. (A) Distance between closest naturally 
epivariable TE-DMRs in the hypomethylated state in the epiRILs and in natural strains. (B) 
Metaplot of the density of TEs, genes, ddm1-induced TE-DMRs in relation to their distance 
from centromeres (left y-axis). The proportion of ddm1-induced TE-DMRs that are also 
epivariable in nature is represented in green (right y-axis). (C) Distance to the nearest gene 
(+1bp for log representation) of all ddm1-induced TE-DMRs, naturally epivariable TE-DMRs 
and those for which epivariation segregate at low or high frequency (LF, first two quartiles; 
HF, last two quartiles). (D) Manhattan-plot of p-values of GWAS of prevalence of natural 
epivariation by genome. (E) Prevalence of natural epivariation among strains carrying the 
reference ELF8ref or non-reference ELF8’ alleles. (F) Close-up Manhattan-plot of GWAS p-
values around ELF8, colored by linkage with the leading SNP (2:2431793). Coding-sequence 
polymorphisms with the Cvi-0 ELF8’ allele are indicated above. Asterisk marks a frame-
shifting single-nucleotide deletion in the Col-0 TAIR10 sequence that is not detected in re-
sequenced Col-0 ELF8 cDNA (see supplementary text, note 7). (G) ELF8 expression in 
strains carrying the ELF8ref or ELF8’ alleles. (H) Marginal effects (log odd ratio) and likelihood 
ratio index (McFadden adjusted R2) of each explanatory variable in GLM of natural 
epivariation prevalence ranked by R2. 
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Fig. 5. Natural epivariation has functional consequences. (A) Comparison of the hypo/hyper log10 ratios 
measured in the epiRILs and in nature for each of the 99 naturally epivariable TE-DMR with ≥2-fold gene expression 
differences in nature and for which the 10 epiRILs are informative. Position of TE-DMRs relative to the affected 
genes is indicated by a color code. (B) Localization of Eurasian A. thaliana strains with epivariation at the RAD3 
locus against NO2 atmospheric levels in June 2005 (AURA_NO2_M_2005-06-01 from 
https://neo.gsfc.nasa.gov/). Boxplot of average NO2 atmospheric levels in summer (2004-2010) at the collection 
site of strains with or without epivariation at RAD3 TE-DMR. (C) Comparison of RAD3 expression level between 
strains with or without epivariation at the fixed RAD3 TE-DMR (left panel) and between the 10 epiRILs according to 
the epiallelic state of the RAD3 TE-DMR (right panel). (D) DNA methylation levels at the AT5TE74320 TE-DMR 
located downstream of HVA22E in seven selected F9 epiRILs. (E) Expression levels of HVA22E measured in pools 
of F10 seedlings of the seven epiRILs grown under control conditions or exposed for 24h to cold-stress. (F) 
Methylation state of the AT5TE74320 TE-DMR in 88 Cvi-0 x Col-0 RILs depending on its parental origin (left two pie 
charts). Genotype of top marker within the ATHAT1 QTLepi interval for 8 RILs with reversion (right pie chart). (G) 
Comparison of rainfall in summer (2001-2010) at the collection site of strains with or without epivariation at the 
fixed AT5TE74320 TE-DMR (NC=0) downstream of HVA22E. The presence of outliers and their numbers are 
indicated by a red triangle. (H) Comparison of the difference in daily relative growth rate (RER ratio) of epiRILs 
grown on the Phenoscope in mild-drought vs well-watered conditions depending on the epiallelic state of the 
HVA22E TE-DMR. 
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