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Abstract

In the past decade, plant biologists and breeders have developed a growing interest in the field of epigenetics, 
which is defined as the study of heritable changes in gene expression that cannot be explained by changes in the 
DNA sequence. Epigenetic marks can be responsive to the environment, and evolve faster than genetic changes. 
Therefore, epigenetic diversity may represent an unexplored resource of natural variation that could be used in plant 
breeding programmes. On the other hand, crop genomes are largely populated with transposable elements (TEs) 
that are efficiently targeted by epigenetic marks, and part of the epigenetic diversity observed might be explained 
by TE polymorphisms. Characterizing the degree to which TEs influence epigenetic variation in crops is therefore a 
major goal to better use epigenetic variation. To date, epigenetic analyses have been mainly focused on the model 
plant Arabidopsis thaliana, and have provided clues on epigenome features, components that silence pathways, and 
effects of silencing impairment. But to what extent can Arabidopsis be used as a model for the epigenomics of crops? 
In this review, we discuss the similarities and differences between the epigenomes of Arabidopsis and crops. We 
explore the relationship between TEs and epigenomes, focusing on TE silencing control and escape, and the impact 
of TE mobility on epigenomic variation. Finally, we provide insights into challenges to tackle, and future directions to 
take in the route towards using epigenetic diversity in plant breeding programmes.

Key words: Arabidopsis, DNA methylation, epigenetics, maize, rice, transposable element.

Introduction

Whereas genomics focuses on the DNA sequence per se and how 
it is organized in a genome, epigenomics concentrates on the 
chemical decorations that affect chromatin structure and how 
they organize the information contained within a genome. These 
chemical decorations comprise DNA methylation and the post-
translational modifications of histone tails, with some of these 
modifications requiring the production of specific small interfer-
ing RNAs (siRNAs). The combination of both post-translational 
modifications of histone tails and methylation at cytosines along 
the genome comprises the epigenome, whereas the term methyl-
ome is restricted to the genome-wide profile of DNA methylation.

TEs have long been under investigation for their mutagenic 
properties (McClintock, 1984), but early on they were also 
considered to be potentially regulating gene expression and 
rewiring gene networks (Britten and Davidson, 1969). With 
the accumulation of case studies involving specific TE inser-
tions, it is now clear that TEs affect gene expression, through 
different types of mechanisms affecting expression levels 
and splicing (Lisch and Bennetzen, 2011; Vitte et al., 2011). 
Although most of these changes seem to relate to the genetic 
properties of the TEs themselves, cases of epigenetic-based 
regulation have also been observed. Notably, TE-induced 
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genetic variation is often associated with epialleles (allelic 
versions that differ only in their epigenetic marks; Weigel 
and Colot, 2012), and it is now clear that part of the epige-
netic variation comes from TE insertions. Moreover, cases of 
TE-induced epigenetic changes modifying surrounding gene 
expression have been implicated in crop adaptation (Lisch, 
2013a; Vitte et al., 2014). This suggests that TEs could have 
an epigenetic impact on the regions in which they insert.

TEs are thus clearly at the interconnection between the 
genome and the epigenome and there is growing evidence 
for recognizing them as drivers of both genome and epige-
nome evolution (Lisch and Bennetzen, 2011; Fedoroff, 2012; 
Rebollo et al., 2012; Lisch, 2013a). Recent genomic and epi-
genomic studies have further renewed a general interest for 
TEs as genetic elements that can impact genome structure, 
function, and evolution. Notably, analyses of plant genomes 
have revealed that TEs are major players in shaping genome 
structure and organization, often outnumbering genes in 
terms of occupied genomic space. Because TEs make up most 
of the genomic fraction, deciphering their functional impact 
is of major importance.

Characterizing the epigenomic features that control TE 
silencing will probably allow for a better understanding of 
both the mechanisms preventing TE movement (therefore lim-
iting genetic impact), and the epigenetic impact of TEs on the 
expression of surrounding regions (therefore linking TEs with 
a phenotype). For these reasons, deciphering the TE epigenome 
has become a major goal for both fundamental research and 
breeding programmes. Within epigenetic marks, DNA meth-
ylation is stable enough to be typed on crop panels, and could 
underlie part of the missing heritability. It could therefore be of 
great interest for crop improvement. But, if most of the methy-
lome is driven by TE structural variation, then these epialleles 
could be completely captured by typing TE genetic variability.

Hence, one major question is to determine the proportion 
of TE insertions that do induce DNA methylation varia-
tion, the type of TE involved, and how stable this epigenetic 
variation is over time. On the other hand, genome stability 
is crucial in crops to ensure a stable phenotype. As TEs are 
potential mutagens, characterizing the processes underlying 
their stability and how they can escape this control is a major 
issue. Because each TE and each species has its own particular 
features, the big challenge is to predict, for each crop, which 
TEs are likely to transpose, and under which conditions.

A large amount of epigenetic studies have been carried out 
in the model species Arabidopsis thaliana (hereafter referred 
to as Arabidopsis) over the past 15  years, including epig-
enomic studies at the whole-genome scale within the past 5 
years. This work has released tremendous information on the 
mechanisms underlying gene regulation, TE silencing, and 
genome functional domains, and has made Arabidopsis the 
main model for plant epigenetics. Nevertheless, Arabidopsis 
is a mustard weed and is not going to feed the planet. Hence, 
transferring the knowledge acquired in this model plant to 
crop species is a major goal to increase crop production. This 
may also be a challenge, if  one considers the large difference 
in genome size, structure, and dynamics that exists between 
Arabidopsis and most crop species.

TEs contribute to only about 20% of the Arabidopsis 
genome, which is relatively low compared with other plant 
species. In crops, estimates of the TE fraction from current 
genomic data (which are therefore probably underestimates 
as crop genome assemblies are not as complete as that of 
Arabidopsis) show that only grapevine, orange, melon, and 
strawberry have a TE content below 25%, whereas most 
other crops have a TE content ranging from 30% (peach) 
to 85% (maize) (reviewed in Vitte et al., 2014), with an aver-
age of 49%. Furthermore, while the genome of Arabidopsis 
has been relatively quiet in terms of TE amplification, crops 
with large genomes (e.g. wheat, maize, barley) have under-
gone massive events of amplification of a few TE families 
(Vitte and Bennetzen, 2006). This has probably been caused 
by the destabilization of epigenetic regulation. The genome 
of Arabidopsis is therefore clearly depleted of TEs compared 
with crop genomes. For this reason, crops are probably better 
candidates to discover the epigenomic properties of TEs and 
to investigate the relationship between TE-induced structural 
and epigenetic variation.

Recent advances in sequencing and assembling technolo-
gies, together with the high demand of breeders, have con-
siderably leveraged the accessibility to crop genomes. To 
date, around 40 crop genome assemblies are available, and 
provide a starting point for methylome studies. With the 
knowledge and technical advances gained on the model plant 
Arabidopsis, methylomes are already available for crops such 
as rice (Li et al., 2012), maize (Regulski et al., 2013), tomato 
(Zhong et al., 2013) and soybean (Schmitz et al., 2013b), thus 
allowing first insights into potential convergence and dif-
ferences relative to Arabidopsis in terms of TE epigenomic 
features.

In this review, we describe selected aspects of the epige-
netic control of TEs in plants, highlighting the input made by 
Arabidopsis studies and the convergence or differences exist-
ing with crops. We explore the relationship between TEs and 
epigenomes, how TEs are epigenetically controlled, how they 
eventually escape this control, and how new TE insertions 
induce epigenetic changes. Finally, we provide insights for 
future directions, and the challenges that need to be tackled 
to get a more thorough picture of crop genome regulation.

TEs and the epigenome: an emerging 
picture

Insights from the Arabidopsis epigenome

Owing to the combinatorial aspect of epigenetic marks and 
their responsiveness to both developmental and environmen-
tal cues, an epigenome is dependent on a given condition 
(tissue, growth condition, etc.). Thus, a given plant genome 
corresponds to a series of different epigenomes. The epige-
nome of Arabidopsis seedlings in standard culture conditions 
organizes the chromatin into four main types corresponding 
to active genes, polycomb-repressed genes, silent TEs, and 
intergenic regions (Roudier et al., 2011). In particular, most 
TEs are characterized by a high level of DNA methylation 
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combined with the presence of specific histone marks (for 
example di-methylation at histone 3 lysine 9: H3K9me2; but 
also H3K27me1 and H4K20me1). DNA methylation is also 
found at expressed genes, but to a much lesser extent than in 
TEs. These chromatin marks allow for TE sequences to be 
silenced, thus avoiding their mutational activity.

The TE methylome landscape

To date, most studies of plant epigenomes have been focused 
on DNA methylation, which is more stable than histone marks. 
The DNA methylome of wild-type Arabidopsis seedlings was 
characterized to a single-base resolution using whole-genome 
bisulfite sequencing (Cokus et al., 2008; Lister et al., 2008). 
These first genome-wide profiles of DNA methylation led to 
three main discoveries: (i) DNA methylation occurs at CG, 
CHG and CHH sites, where H can be a C, T, or A (Fig. 1); (ii) 
DNA methylation is highest at the pericentromeric hetero-
chromatic regions where TEs and other repeats are enriched 
(Fig.  2); and (iii) TEs and other repeats are methylated at 
cytosines from CGs, CHGs, and CHHs, whereas methylation 
of genes (or ‘gene-body methylation’) is mainly restricted to 
CGs (Cokus et al., 2008; Lister et al., 2008). More recently, 
single-base resolution maps of the methylome obtained for 
two maize inbred lines (Regulski et al., 2013), tomato (Zhong 
et al., 2013), and soybean (Schmitz et al., 2013b) revealed that 
these trends are true for these other species as well, suggesting 
that they are common to Arabidopsis and other angiosperms, 
including crop species. In Arabidopsis, rice, and maize, regions 
methylated at CGs, CHGs, and CHHs are also enriched in 
small interfering RNA (siRNAs) (Cokus et al., 2008, Li et al., 

2012, Regulski et al., 2013). This is particularly true for TEs, 
as siRNAs participate in the transcriptional repression mech-
anism involving a reinforcement loop between DNA meth-
ylation and histone modifications that controls transposition 
(see below, reviewed in Lisch, 2008).

Different genomes, different methylomes

Although these trends are globally similar between rice, maize 
and Arabidopsis, the methylation landscape of Arabidopsis 
shows some differences with those of crops. When compil-
ing DNA methylation proportions at CGs, CHGs, and CHHs 
from plant species for which whole-genome bisulfite sequenc-
ing analyses have been performed (Fig.  1), we noticed that 
each species shows a specific pattern. The proportion of 
methylated bases at each of these locations globally increases 
with genome size, highlighting the impact of genome TE con-
tent on the methylation pattern observed. Some genome spe-
cificities may also exist, as exemplified by japonica rice and 
tomato.

Differences in DNA methylation patterns are also clearly 
visible at the chromosome-wide level. Notably, whereas 
Arabidopsis shows a clear distinction between the highly meth-
ylated centromeres and the less extensively methylated chromo-
some arms, this trend is much less true for rice (Fig. 2). This is 
probably due to the fact that the rice genome is larger and more 
densely populated with TEs (Nobuta et al., 2007). Indeed, the 
DNA methylation pattern observed clearly follows TE density 
(Fig. 2). Finally, whereas a positive correlation between feature 
length and methylation density is true for both genes and TEs 
in Arabidopsis (Cokus et al., 2008), it is true only for genes in 

Fig. 1. Differences in DNA methylation content for several plant species. Global methylcytosine content (%) is given for: CGs (red), CHGs, (blue), CHHs 
(green). Arabidopsis data were taken from Cokus et al., 2008 and Feng et al., 2011 (shoot and flowers); rice data were taken from Chodavarapu et al., 
2012 (expanded leaves from 6 weeks old plants); tomato data were taken from Zhong et al., 2013 (leaves); soybean data were taken from Schmitz et al., 
2013b (leaves); maize data were taken from Gent et al., 2013 (unfertilized ears after silk emergence).
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rice (Li et al., 2012), suggesting that rice TEs are saturated with 
methylation independently of their length, whereas these of 
Arabidopsis are not. Hence, differences in genome organization 
and TE composition clearly model the epigenomic landscape 
in plants. It is likely that most crop species, with genomes larger 
than Arabidopsis, are also more densely methylated.

Genome-scale epigenomic studies have also shed light 
onto TE methylation-based regulation. For instance, recent 
studies showed that although most plant TEs are methylated 
at CGs, CHGs, and CHHs, not all TEs are methylated. In 
Arabidopsis, a quarter of TEs are unmethylated and another 
15% show atypical methylation patterns. Most of the TEs 
with low-level methylation are short and have a lack of CG 
sites (Ahmed et al., 2011), suggesting that old degraded copies 
are no longer methylated, owing to the accumulation of small 
deletions and sequence degeneracy mediated by the deamina-
tion of 5-methylcytosines. This seems also true for rice, where 
the age of TEs was found to negatively correlate with DNA 
methylation levels, with methylated TEs being significantly 
younger than unmethylated ones (Vonholdt et al., 2012). TEs 
with low methylation were also found closer to genes than 
methylated ones, just as young elements were, suggesting that 
TEs located near genes are both young and poorly methyl-
ated (Vonholdt et al., 2012).

On the other hand, in maize, analysis of single-base resolution 
methylation profiles and siRNAs revealed that CHH methylated 
sites are enriched in the close vicinity of genes, and correlate with 
gene expression (Gent et al., 2013). TEs enriched in the close 
vicinity of genes (<1 kb) are also enriched in 24-nt siRNAs and 
are thus more efficiently tamed by the RdDM pathway than 
other TEs located further away, pointing to a more efficient con-
trol of TE silencing in regions that can modify expression.

In conclusion, although Arabidopsis studies have revealed 
global DNA methylation trends that are conserved within 
angiosperms, DNA methylation patterns vary among species. 
This variation follows the structural genomic features of each 
species, revealing the strong interconnection between genome 
structure and the shape of its epigenome.

Epigenome regulatory pathways: variations 
on a theme

Epigenetic regulatory pathways: first clues from 
Arabidopsis mutants

Within the last two decades, a combination of forward and 
reverse genetics studies in Arabidopsis has allowed the char-
acterization of the main epigenetic regulators in this species. 

Fig. 2. Landscapes of DNA methylation TE density in Arabidopsis and rice chromosomes. (A) Chromosome-wide distribution of DNA methylation (red: 
mCG, blue: mCHG, green: mCHH) in sliding windows of 100 kb or 50 kb in Arabidopsis and rice, respectively. (B) Chromosome-wide distribution of 
repeat density (in %) in sliding windows of 100 kb. Chromosome coordinates are given in Mb. Arabidopsis data adapted by permission from Macmillan 
Publisher Ltd: Nature. Cokus et al., 2008. Shotgun bisulphite sequencing of the Arabidopsis genome reveals DNA methylation patterning. Copyright 
2008. Rice data adapted from Nobuta et al. 2007, and Li et al., 2012. Adapted by permission from Macmillan Publisher Ltd: Nature Biotechnology, 
Nobuta et al. An expression atlas of rice mRNAs and small RNAs. copyright (2007); Li et al., 2012. Single-base resolution maps of cultivated and wild rice 
methylomes and regulatory roles of DNA methylation in plant gene expression. BMC Genomics 13, 300.
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For instance, the components involved in shaping the DNA 
methylome have been well characterized (Law and Jacobsen, 
2010) and the availability of methylomes from over 80 
mutants of these genes (Stroud et al., 2013) further extended 
our understanding of their different roles. Several methyl-
transferases are involved in the maintenance of DNA meth-
ylation during replication at different cytosine contexts in the 
genome: MET1 perpetuates methylation at CGs, CMT3 at 
CHGs, and CMT2 is thought to ensure methylation at CHHs 
(Law and Jacobsen, 2010; Zemach et al., 2013). Additionally, 
24-nt siRNAs originate from precursors generated by the 
plant-specific RNA polymerase IV, which guides the siRNAs 
to highly heterochromatic regions (Wierzbicki et  al., 2012). 
At the target loci, these siRNAs direct, by complementarity 
to the DNA sequence, DNA methylation at CGs, CHGs, and 
CHHs through the methyltransferase DRM2 in a process 
named RNA-directed DNA methylation (RdDM) (Furner 
and Matzke, 2010; Haag and Pikaard, 2011; Zhang and Zhu, 
2011). In Arabidopsis mutants impaired in DNA methylation 
TE mobility has been observed showing that DNA meth-
ylation plays an important role in preventing TE mobility 
(Miura et al., 2001; Tsukahara et al., 2009; Ito et al., 2011; 
Zemach et al., 2013).

Epigenetic pathways are not fully conserved among 
species

Methylome analyses in other plant species revealed that the 
importance of the RdDM pathway could differ between spe-
cies. In soybean, relative levels of CHG and CHH were higher 
than observed in Arabidopsis, suggesting that RdDM might 
be more prevalent in this species (Schmitz et al., 2013b). In 
other cases, the lack of homologues for some epigenetic regu-
lators suggests that the silencing pathways differ among spe-
cies. For example, CMT2, the enzyme responsible for CHH 
methylation in the absence of siRNAs, has homologues in 
rice but not in maize (Zemach et al., 2013), although these 
two species diverged only 50–70 million years ago (Wolfe 
et  al., 1989). Similarly, the DNA glycosylase DEMETER, 
which plays a major role in epigenetic regulation and genomic 
imprinting in Arabidopsis by actively demethylating methyl-
cytosines, has no homologue yet described in rice (Zemach 
et al., 2010; Chen and Zhou, 2013). In gymnosperms, phy-
logenetic studies inferred the loss of DCL3 (Dolgosheina et 
al., 2008). Accordingly, small RNA sequencing did not allow 
for the identification of 24-nt siRNAs in Norway spruce 
(Yakovlev et al., 2010).

In conclusion, although many genetic components 
have been deeply characterized in Arabidopsis, the path-
ways found, and, in turn, their contribution to epigenome 
establishment and maintenance may not be fully conserved 
in other plant species. Studies on a few other species have 
revealed differences, but this is probably only the tip of  the 
iceberg. More studies on epigenetic mutants are needed in 
other plant species to reconstruct the phylogenetic history 
of  these gene sets. Crop species will be very useful, as they 
sample various families from both the angiosperm monocots 
and dicot clades, and from the gymnosperms. Deciphering 

the impact of  these differences in terms of  epigenome and 
transcriptome variation will be a major goal to better char-
acterize to what extent they are involved in shaping plant 
phenotypes.

Impact of epigenetic release on TE mobility

Methylome dynamics during development: 
demethylation without transposition

In Arabidopsis, the methylome analysis of wild-type plants 
over 30 generations revealed both the overall transgenera-
tional stability of the DNA methylome and the spontane-
ous occurrence of occasional changes in DNA methylation 
(Becker et  al., 2011). On the other hand, the methylome is 
dynamic during plant development.

In pollen grains, DNA methylation is nearly lost at CHHs 
at the microspore stage and in sperm cells (Calarco et  al., 
2012). Interestingly, the new TE insertions that could be 
detected in pollen grains were not transmitted to the prog-
eny (Slotkin et  al., 2009). Demethylation takes also place 
in the endosperm in both Arabidopsis and rice and this is 
accompanied by an upregulation of TEs in this tissue, but 
in this case the impact on genome stability has not yet been 
addressed (Hsieh et  al., 2009; Zemach et  al., 2010; Ibarra 
et al., 2012). This developmentally regulated relaxation of TE 
control is thought to play a role in the establishment of the 
plant immunity against TEs (Martínez and Slotkin, 2012). In 
maize, demethylation was also reported during the transition 
from vegetative to floral development leading to the tran-
scriptional activation of a DNA transposon (Li et al., 2010; 
Lisch, 2013b). Although no impact on genome stability could 
be detected, this observation raises the question about possi-
ble differences in epigenetic regulation in monocotyledonous 
versus dicotyledonous plant. Finally, recent studies in tomato 
revealed that the methylome was highly dynamic during fruit 
ripening, although no impact on TE mobility could be shown 
(Zhong et al., 2013).

Stress-induced destabilization of silencing

Environmental conditions also affect the methylome. In 
experiments where Arabidopsis plants were challenged with 
bacterial elicitors, demethylation was observed, owing to 
the impairment of  the RdDM pathway and to active dem-
ethylation (Yu et al., 2013). Here again, the impact on TE 
remobilization was not addressed, but the upregulated TEs 
are potentially mobile, suggesting that the somatic genome 
stability might be affected by biotic stresses. Heat stress 
also leads to reactivation and remobilization of  TEs (Ito 
et  al., 2011) and a role for nucleosome positioning could 
be involved in the genome response to stress (Pecinka and 
Mittelsten Scheid, 2012). In rice, stress induced by tissue cul-
ture leads to the induction of  several TEs (Hirochika, 1993; 
Komatsu et  al., 2003). In the case of  the Karma element, 
transcription was shown to be due to hypomethylation, 
whereas prolonged culture was required for transposition 
(Komatsu et al., 2003).
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New TE insertions observed in Arabidopsis mutants 
and EpiRILS

To explore the impact of epigenetic regulation on plant 
phenotypes, populations of epigenetically altered plants 
have been developed, followed by systematic genome-wide 
epigenetic mapping of the individuals. In these studies, epi-
genetic variation was induced by crossing wild type with 
genetic mutants impaired in epigenetic regulators. The hypo-
methylation induced was transmitted to the wild-type prog-
eny after the original mutation had been segregated away.  
Recombination led to the production of individuals with 
mosaic epigenomes containing wild-type and hypomethyl-
ated chromosomal fragments, leading to epigenetic recom-
binant inbred lines (epiRILs). Two such populations have 
been developed in Arabidopsis in which the hypomethylation 
originates either from a MET1 methyltransferase mutant 
(Reinders et al., 2009) or from a DDM1 chromatin remodel-
ler mutant (Johannes et al., 2009). Phenotypic characteriza-
tion of these epiRILs revealed that the epigenetic variation 
produced induces phenotypic diversity regarding both devel-
opmental traits and response to biotic and abiotic stresses 
(Johannes et  al., 2009; Reinders et  al., 2009). Importantly, 
this alteration of the epigenome also led to the remobiliza-
tion of endogenous TEs of both class I (retrotransposon) and 
class  II (DNA transposon) (Johannes et al., 2009; Mirouze 
et al., 2009; Reinders et al., 2009; Marí-Ordóñez et al., 2013), 
suggesting that the alteration of the DNA methylation path-
way produced was strong enough to reactivate TEs. The 
remobilized TEs were autonomous, encoding all the genetic 
machinery allowing for their mobility, and moved without 
any stress application, sometimes leading to developmental 
phenotypes and sterility (Mirouze et al., 2009).

Insights on TE regulation following transposition in 
Arabidopsis

For one of  these remobilized retrotransposons, Evadé, the 
burst of  amplification observed was limited to early genera-
tions, a high number of  neo-copies leading to the demise of 
this element (Marí-Ordóñez et  al., 2013). Detailed analy-
sis of  the onset of  silencing at this element showed that 
the production of  abundant 21-nt siRNAs (typical of  the 
post-transcriptional gene silencing, also known as PTGS, 
pathway) recruited the transcriptional gene silencing (TGS) 
pathway, with the methylation starting at the body of  the 
element, and spreading towards its promoter (Marí-Ordóñez 
et  al., 2013). This discovery illustrated that, although TEs 
could get reactivated in these hypomethylated populations, 
active TEs might eventually be re-silenced by the epigenetic 
machinery. Overall, numerous epiRILs showed a phenotypic 
stability, indicating that TE bursts could be rapidly tamed 
in Arabidopsis. Whether this is also true in other species 
with a different set of  TEs, less active silencing pathways, or 
more environmentally chaotic lives needs to be determined. 
Considering the large differences in the extent of  natural TE 
bursts that has been observed between species, some TEs 
have clearly been able to escape the plant silencing control, 

either by producing large numbers of  copies within a few gen-
erations, or by repeatedly overcoming the silencing pathway, 
producing a few neo-copies after each destabilization event.

In conclusion, although TE reactivation was undoubt-
edly shown in mutants affected in epigenetic regulators, and 
even in their wild-type segregating progeny, the impact of the 
epigenome dynamics (during development or in response to 
stress) on the genome might have been underestimated. In 
crops with a high TE content this could have phenotypic con-
sequences and could be underly part of the genotype × envi-
ronment interaction.

Differences in phenotypic effect following 
epigenetic destabilization

Epigenetic mutants have stronger phenotypes in crops 
than in Arabidopsis

Arabidopsis has a low amount of TEs, and the only active TEs 
have been observed in mutant plants with altered epigenetic 
regulatory pathways (Bucher et al., 2012). In contrast, TEs are 
highly abundant in crops and some TEs are active in wild-type 
genetic backgrounds of rice and maize (Lisch, 2002; Jiang et al., 
2003; Nakazaki et al., 2003; Naito et al., 2009; Lisch, 2012). 
Given that epigenetic silencing prevents TE mobilization, 
could these differences be related to different strength of their 
silencing regulatory pathways? In particular, most Arabidopsis 
mutants impaired in their silencing pathways have no or lit-
tle phenotype. Might the consequences of mutating epigenetic 
regulators in crops be stronger? Several examples highlight that 
this could be the case. For instance, rice mutants affected in 
the DNA methyltransferase DRM2 involved in RdDM are 
sterile, while Arabidopsis mutants have no phenotype (Moritoh 
et al., 2012, Cao and Jacobsen, 2002); rice RNAi lines for the 
DDM1 gene can show developmental phenotypes leading to 
progressive loss of fertility (Higo et al., 2012). Similarly, rice 
epigenetic mutants affected not in DNA methylation but in the 
deposition of histone marks (H3K4 demethylase mutant, Cui 
et al., 2013; H3K9 methyltransferase, Ding et al., 2007) have 
increased transpositional activity. In maize, mutants affected in 
the RdDM pathway were identified by forward genetics stud-
ies for being impaired in paramutation (Alleman et al., 2006; 
Sidorenko et al., 2009; Arteaga-Vazquez and Chandler, 2010). 
These results suggest that epialleles and/or TE movement 
could be implicated in the observed developmental abnor-
malities. A  mutant impaired in an ARGONAUTE-coding 
gene involved in the siRNA pathway also show developmental 
abnormalities, especially during female reproductive develop-
ment (Singh et al., 2011). Altogether, these examples suggest 
that the epigenetic control of genome stability in crops might 
be more essential for proper plant development than it is for 
Arabidopsis.

Towards populations of epigenetically modified crops

To our knowledge, no epiRIL population has been described 
in any crop. Indeed, many crop species lack hypomethyl-
ated mutants, because all the components contributing to 
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epigenetic regulation have not been identified, because the 
genetic redundancy brought by their polyploid origin makes 
it difficult to generate null mutants for all paralogues, or 
because corresponding mutants have severe phenotypes, 
therefore disabling the generation of epiRILs.

One alternative strategy to overcome this issue is to develop 
populations of artificially hypomethylated plants as shown 
for several crops. In Brassica rapa, germinating plants were 
treated with 5-azacytidine, a chemical leading to hypometh-
ylation, and were then propagated under normal conditions 
for three generations. Some plants displayed developmental 
abnormal phenotypes, thus suggesting an impact of the treat-
ment on genome stability and/or epigenetic control (Amoah 
et  al., 2012). Although the new phenotypes could not be 
correlated with locus-specific changes in DNA methylation, 
this approach illustrates that hypomethylating chemicals can 
be used in crops to induce phenotypic variation. However, 
whether the affected loci correspond to epialleles or to TE 
neo-insertions is still an open question. In rice, treatment with 
5-azacytidine led to the transposition of the non-autonomous 
nDart1-0 element (Tsugane et al., 2006).

Although further analyses in other species are required to 
decipher the extent to which global hypomethylation induces 
TE transposition, these analyses reveal the potential of using 
5-azacytidin treatments to mimic mutants impaired in silenc-
ing pathways. This approach may also be relevant to induce 
new adaptive phenotypes in crops (Akimoto et al., 2007).

The dialogue between the genome and the 
epigenome: the particular status of TEs

TEs and epialleles: from historic cases to genome-
wide analyses

By definition, epigenetic changes are independent from the 
information brought by the genetic sequence. Nevertheless, 
analysis of various epialleles from different species revealed 
highly stable to highly metastable cases, and thus led to the 
classification of epialleles into ‘pure epiallele’, ‘facilitated epi-
allele’, and ‘obligatory epiallele’ (Richards, 2006). Acquisition 
or retention of epigenetic marks at a specific locus can indeed 
be influenced by cis- or trans-acting genetic variation. For 
instance, epigenetic regulation pathways can contribute 
trans-acting factors of epigenetic variation. On the other 
hand, cis-acting DNA polymorphisms can also be involved. 
Within these, TE polymorphisms in the flanking region of a 
gene are often responsible for facilitated and obligatory epial-
leles. In some cases, the presence of the transposon is strictly 
associated with epigenetic silencing of the nearby sequence 
(Lippman et al., 2004, Liu et al., 2004) leading to an obliga-
tory epiallele. In others, the methylation status at the TE can 
be variable and determines the phenotype (Michaud et  al., 
1994), leading to a facilitated case of epiallele. There are also 
several examples in which heterochromatic spreading of TE 
silencing influences the expression of nearby genes. This is 
the case of FWA (Soppe et al., 2000; Kinoshita et al., 2004) 
and BNS (Saze et  al., 2008) in Arabidopsis, and CmWIP1 
in melon (Martin et al., 2009). However, these cases are too 

limited to estimate the propensity to which TE heterochro-
matic spreading induces epialleles.

DNA methylation whole-genome profiling analyses have 
been used to get a broader view of the extent to which the 
TE methylation is interlinked to that of their flanking regions. 
These studies confirmed that TE spreading does exist at the 
genome-wide level in Arabidopsis (Cokus et al., 2008; Ahmed 
et  al., 2011), and maize (Eichten et  al., 2012). Interestingly, 
this phenomenon was shown to be restricted to particular TE 
families in maize (Eichten et al., 2012). In rice, the observation 
that methylated long terminal repeat (LTR) retrotransposons 
are removed from regions surrounding genes gave indirect 
clues of TE spreading (Vonholdt et al., 2012).

Besides the cis-effect induced by TE methylation spreading, 
a novel role for TE-derived small RNAs was recently unrav-
elled in Arabidopsis (Fig. 2). In two reported cases, siRNAs 
produced from a TE could regulate in trans the expression 
of an endogenous gene in trans (McCue and Slotkin, 2012; 
McCue et  al., 2013). Based on the analysis of deregulated 
genes in a ddm1 hypomethylated mutant, the authors could 
estimate that 20–300 genes could be regulated by TE-derived 
siRNAs. As this was observed even in the TE-poor Arabidopsis 
genome, the significance of this long distance control of TEs 
on host genes is likely to bring more surprises in the larger 
genomes of crops. Strikingly, transcriptomic studies revealed 
that 80% of genes are tagged with small RNAs in rice com-
pared with only 30% in Arabidopsis (Beló et al., 2008), sug-
gesting that siRNA-mediated regulation of gene expression 
might be of higher importance at least in this species. Another 
striking example is the production of a miRNA by a TE in rice 
(Nosaka et al., 2012; Nosaka et al., 2013). Interestingly, the 
authors show that a CACTA transposon has co-evolved with 
its host and encodes a miRNA that targets a DNA methyl-
transferase (DRM2), revealing an unexpected and direct con-
trol of host epigenetic regulators by TE-encoded small RNAs.

In conclusion, although the source of epigenetic variation 
was first uncovered for a small number of well-characterized 
cases, various examples at the genome-wide level illustrate the 
complexity of the interaction between TEs and the genome 
in which they reside, and highlight the differences existing 
between species. However, they have only limited insights for 
linking TEs and epialleles, as they could not assess whether 
DNA methylation pattern of a particular region could change 
owing to TE insertion.

Linking TE structural variation and epipolymorphisms

As mentioned above, identifying causal associations between 
TEs and epialleles has been difficult. Deciphering the 
TE-based origin of an epiallele necessitates correlative stud-
ies between TE polymorphisms and DNA methylation at 
the whole-genome scale for many individuals showing TE 
structural variation. This can be achieved by comparing: (i) 
individuals from different species, (ii) individuals from dif-
ferent accessions of a given species, and (iii) individuals from 
recombinant inbred lines derived from parents showing TE 
structural variation. These three types of analyses have been 
developed, and led to complementary information.
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A first comparison between Arabidopsis thaliana and 
Arabidopsis lyrata showed that highly methylated TEs are 
underrepresented near genes, suggesting that the silencing 
(and spreading) of TEs located near genes might have del-
eterious consequences (Hollister and Gaut, 2009; Hollister 
et al., 2011). This is in accordance with the pattern observed 
from a single genotype in rice (Vonholdt et al., 2012).

Within the Arabidopsis species natural epigenetic varia-
tion was detected especially at genes (Vaughn et  al., 2007). 
Population epigenomic studies further revealed that natural 
epigenomic variation was widespread in this species and that 
single cytosine methylation polymorphism was not correlated 
with genotype (Schmitz et  al., 2013a). Recently, compari-
son of genome-wide differences in TEs, siRNAs, and gene 
expression among three Arabidopsis accessions revealed that 
expression of genes located within 2 kb of conserved TEs is 
more stable than that of genes close to polymorphic TEs. TEs 
targeted by 24-nt siRNA were also located further away from 
genes, suggesting that silencing of TEs affects neighbouring 
genes in this species (Wang et al., 2013).

Because of  its extensive TE-based structural variation, 
the relationship between structural variation and DNA 
methylation has been particularly well studied in maize. 
Immunoprecipitation of  methylated DNA followed by 
hybridization on a tiling array (‘MeDIP on chip’) was first 
used to investigate the DNA methylation profile of  two 
American inbred maize lines in low-copy regions (Eichten 
et al., 2011). This study revealed 690 genomic regions that 
are differentially methylated between the two genotypes. 
Most of  these are located in intergenic regions, with only 
71 being located near genes (<500 bp). Investigation of  ten 
regions (totalling 2 Mb) with low genomic diversity (1 SNP 
per 44.2 kb) and no evidence for structural variation revealed 
a total of  nine differentially methylated regions (DMRs), 
i.e. cases of  DNA methylation differences that are not 
directly conditioned by local genomic differences, at least in 
cis (Eichten et al., 2011). Subsequent analysis of  13 of  the 
DMRs in selected genotypes from a population of  near-iso-
genic lines (NILs) derived from the same two lines revealed 
that DMRs are stable, with no evidence of  paramutation-like 
effects.

When a larger number of lines was analysed, thousands of 
DMRs were found between the reference inbred line B73 and 
at least one genotype (Eichten et al., 2013). Using association 
scans, the authors showed that most (77%) DMRs could be 
predicted from SNPs typing. Interestingly, DMRs were more 
likely to be located near a spreading element and less likely to 
be located >500 bp from a TE, suggesting that most DMRs 
associated with genetic variation are likely to result from DNA 
methylation spreading at TEs. Further analysis of DMRs in 
recombinant inbred lines showed that most DMRs exhibit 
local (cis) control of DNA methylation, with the majority cor-
responding to obligatory epialleles (Eichten et al., 2013). Few 
examples of trans-acting control and paramutations were found. 
Surprisingly, a single-base methylome analysis of recombinant 
inbred lines identified thousands of loci where DNA methyla-
tion did not segregate in a Mendelian fashion but was inherited 
from one parent, suggesting that paramutation may be a com-
mon phenomenon in maize (Regulski et al., 2013). Similarly, 

in soybean, less than 10% of the DMRs detected between two 
parental genotypes did not follow classical laws of inheritance 
(Schmitz et al., 2013b).

Technical challenges that need to be 
tackled

To date, information on a TE epigenome is available only for a 
few plant species, and further work will be needed to discover 
the importance of pure epialleles in various crops. Arabidopsis 
was the first plant genome to be sequenced (Arabidopsis 
Genome Initiative, 2000) and its first methylome map was 
published 8  years later (Cokus et  al., 2008; Lister et  al., 
2008). Development of methodologies on this model plant 
has greatly facilitated the exploration of rice and maize epig-
enomes, with only 4 years separating the release of the maize 
genome sequence (Schnable et al., 2009) and it first single-base 
resolution methylome maps (Gent et al., 2013; Regulski et al., 
2013). Most of the 39 crop genome sequences available have 
been released since 2009 (reviewed in Michael and Jackson, 
2013). The coming years are therefore likely to see a boom of 
epigenomic analyses in crops. With a genome assembly cov-
ering over 85% of the genome length and a contig N50 over 
25 kb (which is probably a minimum to analyse gene and TE 
features), eleven more crop species from monocots and dicots 
are good candidates for epigenomic studies: banana, cotton, 
cucumber, foxtail millet, grapevine, peach, pear, plum, potato, 
sorghum, and soybean.

Although Arabidopsis has a tiny genome (125 Mb), the 
median genome size for these 11 crops is 523 Mb, leading to 
costs four times higher than for Arabidopsis analyses. Whole-
genome bisulfite sequencing studies require an average genome 
coverage of 10×, often necessitating an original sequencing 
effort over 40×. In particular, as CHH sites are lowly methyl-
ated, high sequencing depth is often necessary to accurately 
state their methylation status (Becker et al., 2011). Sequencing 
costs may also increase owing to high rate of ambiguously 
mapped reads that need to be discarded, for instance owing 
to the high intra-specific structural variation existing within 
a species (as exemplified with maize) or to the high amount 
of duplicated regions within the genome. This may be par-
ticularly an issue for crops, which are often polyploid. For 
instance, in the paleopolyploid maize, DNA methylation pro-
files of nearly identical paralogue genes are difficult to assess 
owing to mapping issues of bisulfite treated reads (Takuno 
and Gaut, 2013). This might be even more problematic with 
recently formed polyploids. Fortunately, most polyploid crops 
are allopolyploid, so that polymorphisms differentiating the 
two original species may help distinguishing homeologs. 
Techniques involving longer reads may help overcome this 
problem, but costs need to be reduced.

These cost issues will clearly necessitate the development 
of techniques that will allow for detailed analysis of single 
genomes, but also to simultaneously compare a large num-
ber of samples (e.g. mutants grown in different conditions), 
or individuals (e.g. from RILS, epiRILs, or natural popula-
tion). Although the costly bisulfite-seq method will give a 
high resolution allowing for detailed characterization of the 
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methylome of few individuals in crop species, other technolo-
gies such as MeDIP-seq or targeted bisulfite-seq may also be 
useful to compare many samples. Sequencing of small RNAs 
may also be used as a proxy to estimate TE DNA methyla-
tion, although it might bias results towards loci regulated by 
the RdDM pathway.

Current status and future directions

TEs and the epigenome: a model

TEs are silenced by a double-lock system involving small 
RNAs, DNA methylation, and histone modifications (Rigal 
and Mathieu, 2011). Nevertheless they can destabilize the 
epigenetic control pathways and propagate themselves, as 
observed in mutants impaired in DNA methylation (Miura 
et al., 2001; Tsukahara et al., 2009; Ito et al., 2011; Zemach 
et  al., 2013). TEs also intimately interact with their sur-
rounding regions, and can modify epigenome features of 
the region in which they insert, potentially leading to the 
formation of  epialleles that can in turn be inherited. Owing 
to these particular features, TEs are strong components in 
linking genomic and epigenomic variation in plants (Fig. 3): 
genome composition (in terms of  TE content and silencing 
pathways composition), in interaction with environmental 

cues, can modify the TE epigenome and induce genetic var-
iation (through new TE insertions), which in turn induces 
epigenetic variation (through TE cis and trans effects).

TE-induced epigenetic variation and its use for crop 
improvement

While preliminary data suggest that differentially methyl-
ated cytosines could contribute to phenotypic differences in 
Arabidopsis (Pennisi, 2013), whether natural selection oper-
ates on epialleles is still an open question although the subject 
of intense investigations (Hirsch et al., 2012). The importance 
of epialleles in crop phenotypic variation and domestication 
remains unknown, but it has been suggested. TEs have played 
an important role in domestication (Lisch, 2013a). Beyond 
domestication, whether artificial selection has selected for or 
against structural variants caused by TE activity and their 
associated regulatory effects remains unknown. Similarly, 
understanding conditions promoting TE remobilization has 
to be considered to better understand whether environmental 
cues affect genome (and subsequent epigenome) stability.

Epiallele diversity has been proposed to represent a novel 
source of phenotypic diversity that could be applied to crop 
breeding. Clearly, part of this epigenetic diversity can be 
explained by TE variation, so that capturing TE variation or 

Fig. 3. Model for TE-derived genomic and epigenomic modifications. Grey boxes with coloured lines represent genes, each colour highlighting a 
different gene. Red boxes represent TEs. Red lollipops highlight methylated cytosines. Interaction between genetic composition of epigenetic pathways 
and environmental cues destabilizes silencing pathways and potentially induces DNA hypomethylation. This hypomethylation releases silencing of a 
gene located close to a TE (blue gene). It might also induce the mobilization of a TE, leading to a new insertion (close to the green gene). In parallel, 
hypomethylation of a TE may generate siRNAs targeting a gene (purple gene) and leading to a decrease of its expression. Following insertion, the new TE 
copy may induce DNA methylation spreading, thus decreasing the neighbouring gene expression (green gene).
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SNPs in linkage disequilibrium with TEs will capture it. But 
pure epialleles have also been observed, opening new oppor-
tunities to better characterize the genotype/phenotype interac-
tion. Whether these epialleles are really ‘purely epigenetic’ or 
derive from ancient TE insertions that are no longer detectable 
in the genome remains to be determined. In any case, the cur-
rent independence of epialleles from genetic variability make 
them good candidate to explain part of the missing heritability.
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