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Abstract

Transgenerational epigenetics is defined in opposition to developmental epi-
genetics and implies an absence of resetting of epigenetic states between
generations. Unlike mammals, plants appear to be particularly prone to this
type of inheritance. In this review, we summarize our knowledge about trans-
generational epigenetics in plants, which entails heritable changes in DNA
methylation. We emphasize the role of transposable elements and other re-
peat sequences in the creation of epimutable alleles. We also argue that be-
cause reprogramming of DNA methylation across generations seems limited
in plants, the inheritance of DNA methylation defects results from the failure
to reinforce rather than reset this modification during sexual reproduction.
We compare genome-wide assessments of heritable DNA methylation vari-
ation and its phenotypic impact in natural populations to those made using
near-isogenic populations derived from crosses between parents with exper-
imentally induced DNA methylation differences. Finally, we question the
role of the environment in inducing transgenerational epigenetic variation
and briefly present theoretical models under which epimutability is expected
to be selected for.
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INTRODUCTION

The term epigenetics was coined in 1942 by the geneticist and developmental biologist Conrad H.
Waddington to advocate the need to understand, in the framework of the theory of epigenesis, the
mechanisms by which genes (the basic subject matter of genetics) bring about phenotypic effects
(145). However, developmental genetics as a discipline came only much later, and the term epi-
genetics was not much used until Robin Holliday proposed to designate by it the study of changes
in gene expression that are heritable (through mitosis, as in development or cancer, or through
meiosis) but not due to changes in DNA sequence (50). This new definition stemmed mainly from
both empirical and theoretical work on the inheritance of DNA methylation across cell divisions,
which could explain stable patterns of gene expression. So defined, epigenetics gained immediate
popularity, in great part because it also provided an umbrella term for the numerous phenomena
and processes that do not conform to Mendel’s laws, like X-chromosome inactivation, parental
imprinting, or paramutation (8). Since then, the word epigenetics has acquired numerous and
sometimes widely divergent additional meanings, notably following the realization that far from
being a mere DNA packing device, chromatin is a highly dynamic structure that plays a pivotal role
in the regulation of gene expression (10). As the title of this review implies, it is Holliday’s defini-
tion of epigenetics that we use here. Nonetheless, true to Waddington’s conception, epigenetics is
classically envisaged in the context of development, and there are indeed multiple developmental
processes in plants as well as animals that involve somatically heritable changes in gene expression.

Random X-chromosome inactivation in female mammals, which ensures dosage compensation
between the two sexes, undeniably offers one of the most striking examples of a developmental epi-
genetic switch in eukaryotes. This process is triggered in each cell of the early embryo at random
on one or the other of the two X chromosomes and leads to the stable shutting down, in a clonal
manner and in all somatic lineages, of most of the genes carried by that chromosome (41). Another
striking example is parental genomic imprinting, which affects over 100 loci in the mouse (20). Ge-
nomic imprinting is established in a locus-specific manner in either the male or the female germline
and results in parent-of-origin-dependent gene expression in the progeny. By definition, both X
inactivation and genomic imprinting must be reset at every generation and as was initially hypoth-
esized for X inactivation (115), the two processes rely at least in part on DNA methylation (20, 41).

Plants also exhibit genomic imprinting, but unlike in mammals, this process involves targeted
DNA demethylation rather than methylation and typically does not require resetting (40). Indeed,
genomic imprinting in plants is generally restricted to a single tissue, the endosperm, which feeds
the embryo but does not otherwise contribute to it (40). Plants, being sessile organisms, absolutely
need to align their development with environmental conditions, and a major role for epigenetics
in this context has been identified in at least one case, vernalization. Specifically, in Arabidopsis
accessions that overwinter, the floral repressor gene FLOWERING LOCUS C (FLC) becomes
transcriptionally repressed during cold and remains epigenetically silenced during subsequent
growth in warm conditions, thus allowing flowering (7). Importantly, this memory system is
reset at every generation and does not depend on DNA methylation. Rather, stable repression of
FLC is achieved through another evolutionarily conserved epigenetic mechanism, which involves
Polycomb-group proteins and trimethylation of lysine 27 of histone H3 (H3K27me3) (7).

In contrast to developmental epigenetics, transgenerational epigenetics implies an absence of
resetting of epigenetic states in the germline or the early embryo and may thus reflect failed repro-
gramming (48). In this review, we summarize our knowledge about transgenerational epigenetics
in plants, which, as in mammals, entails heritable changes in DNA methylation but in which the
largest number of cases has been reported. We emphasize the role of repeat sequences in creat-
ing epimutable alleles, and we argue that failed reinforcement rather than failed reprogramming
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of DNA methylation over such sequences is responsible for the inheritance of variants in DNA
methylation states.

NATURAL EPIALLELES

In the context of this review, epialleles are defined as the forms of a gene that are responsible for
heritable phenotypic variation but do not entail a change in DNA sequence (either at the locus
or elsewhere in the genome). Thus, there can be several epialleles for a given allele, and these
will typically be caused by heritable changes in the regulation or level of gene expression. In fact,
epialleles of protein coding genes may lead to distinct products only when alternative transcripts
are formed. There are very few known cases of natural epialleles, and most have been found in
plants (146), which suggests that compared to allelic variation, epiallelic variation is very rare in
nature. However, as discussed below, the question of the relative contribution of epimutations
and DNA mutations to natural phenotypic variation is not yet resolved.

The first natural plant phenotype for which the molecular basis could not be attributed to a
change in the DNA sequence is the peloric variant of Linaria vulgaris (toadflax). Flowers of peloric
plants have radial instead of bilateral symmetry, and genetic analysis indicates that the peloric
phenotype is caused by variation at the Lcyc locus (26). However, no sequence polymorphisms
specific to the mutant allele were found, which instead showed high DNA methylation and reduced
expression compared to the wild type (26). Confirmation that the peloric variant analyzed was
caused by an epimutation rather than a DNA mutation came from the observation of frequent
somatic instability of the peloric phenotype, which is manifested by the appearance of stems with
either semipeloric or almost wild-type flowers. Remarkably, there was a clear correlation between
the intensity of the revertant phenotype and the degree of DNA methylation loss at the Lcyc
locus, indicating that epiallelic variation at a locus can be continuous (26). Although the peloric
variant is often presented as an example of an epiallele that has persisted for several hundreds of
generations, there is actually no indication that this is the case. In fact, peloric plants have low
fertility and the molecularly characterized peloric variant is therefore unlikely to descend from the
original specimen described by Linnaeus. Nonetheless, the eighteenth-century French botanist
Adanson noted that Linnaeus’s peloric plants were unstable (15). This last observation suggests
that Linnaeus’s specimen was also caused by an epimutation, which in turn would indicate that
the Lcyc locus or a specific allele at this locus is particularly prone to epiallelic variation. Thus,
characterizing the precise genomic structure of different alleles of the Lcyc locus may prove useful
in identifying the molecular determinants of frequent epimutability.

Another example of a spontaneous epimutation causing a striking phenotypic alteration is Cnr
in tomato. Cnr mutant plants produce colorless, non-ripening fruits, and genetic analysis indicates
that the mutant phenotype is caused by a recessive mutant allele at the LeSPL-CNR locus (83).
However, as with the peloric variant of the toadflax, the Cnr phenotype could not be associated
consistently with DNA sequence variation in or around LeSPL-CNR. Instead, the mutant pheno-
type was systematically associated with extensive DNA methylation of the promoter region and
reduced expression of LeSPL-CNR (83). Moreover, methylome analysis of the Cnr mutant and a
normal cultivar indicates that the region immediately upstream of the promoter of LeSPL-CNR
corresponds to a TE that is heavily methylated in both strains (83, 161). As it has been shown that
DNA methylation often spreads from TEs into adjacent sequences in Arabidopsis and maize (1, 33),
it is very likely that the Cnr mutant epiallele was generated through a similar process (Figure 1a).

In maize, epimutable alleles were first described by Barbara McClintock (90), who studied
the effect of the Suppressor-mutator (Spm) transposon on gene expression, and Alexander Brink
(16), who coined the term paramutation to describe allelic interactions leading to non-Mendelian
inheritance patterns. Extensive molecular studies of paramutation at several loci have shown that
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Epigenetic switch:
• Stochastic
• Genetically induced
• Environmentally induced

Creation of epimutable
allele through TE insertion

a b Gene duplication followed by
complex rearrangement of the
duplicated copy

The rearranged copy induces DNA
methylation (by RdDM) and
silencing of the ancestral copy

Cross between a parent
harboring a single copy of the
gene and a parent harboring in
addition the rearranged copy

Parental genotypes Inheritance of DNA
methylation and
silencing of the
ancestral copy,
independent of the
rearranged copy

The rearranged copy
induces DNA methylation
(by RdDM) and silencing
of the ancestral copy

Figure 1
Transposable element (TE)- and repeat-associated epimutable alleles. (a) Creation of an epimutable epiallele
by the insertion of a TE ( gray triangle) near an active gene (thick gray arrow). The TE is initially in the
unmethylated form, and the insertion may alter the expression (blue arrow) of the nearby gene. After an
indeterminate number of generations, the TE becomes methylated and DNA methylation may also spread
into adjacent sequences. DNA methylation (of the TE and/or downstream sequence) alters the expression of
the gene (red X over blue arrow), thus creating a heritable epiallelic variant, which may switch back and forth
stochastically or through the influence of a genetic modifier or in response to environmental changes. (b)
Creation of an epimutable epiallele through gene duplication and rearrangement of the duplicated copy.
The rearrangement is associated with the production of siRNAs, which have the ability to guide DNA
methylation in trans and silence the original gene copy. The F2 population is derived from the F1 progeny of
a cross between a plant with the gene duplication and a plant without it. DNA methylation and silencing of
the original copy are stably inherited even in the absence of the rearranged copy, which can again methylate
in trans and silence an unmethylated gene copy. Abbreviations: RdDM, RNA-directed DNA methylation;
siRNA, small interfering RNA; TE, transposable element.

heritable differences of DNA methylation over repeat sequences are involved and that the fully
methylated epialleles impose their methylation on the less methylated, often unstable epialleles
when the two types of epialleles are brought together through a cross (2). As for Spm, we now
know that the change of phase responsible for epimutability is associated with heritable changes
in DNA methylation that occur either spontaneously or following the repeated confrontation of a
so-called cryptic, fully methylated Spm copy with an active, partially unmethylated element (37).
Another maize TE, called Mutator, also often creates epimutable alleles, and here again, heritable
changes in DNA methylation are involved (85).

Three natural, epimutable, or potentially epimutable alleles have been reported that have
agronomically important phenotypic consequences, and all three involve differences of DNA
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methylation mediated by TE or other repeat sequences. In the case of the Epi-dwarf allele of rice
causing dwarfism, there is clear evidence that it is metastable and that it can in fact be inherited as
distinct epialleles (96). In contrast, the demonstration remains to be established that some alleles at
the g and VTE3(1) loci, which condition, respectively, the production of unisexual flowers in melon
(87) and vitamin E content in tomato (107), are subject to heritable epiallelic variation in nature.

Finally, several epimutable alleles have been described in Arabidopsis, and they all involve TEs or
other repeat sequences (146). FWA is the best characterized, with a tandem repeat that is partially
derived from an ancestral TE insertion forming part of the gene promoter. DNA methylation of
the tandem repeat is responsible for the silencing of FWA during most of the plant life cycle. In
the endosperm, however, the repeats are unmethylated and the gene is active on the maternally
derived chromosome. Stably inherited hypomethylated FWA alleles can be recovered following
experimental induction of loss of DNA methylation and these are associated with much delayed
onset of flowering (38), but naturally hypomethylated epialleles have not been documented (38,
120, 140). In contrast, PAI and FOLT1 genes vary naturally in their DNA methylation and ex-
pression status, with phenotypic consequences (6, 31). However, epiallelic variation at PAI and
FOLT1 results from sequence rearrangements elsewhere in the genome (Figure 1b) and given
that Arabidopsis is mostly self-fertilizing, epiallelic variation at these two loci does not segregate
independently of the inducers in nature. In fact, the only known case of possible natural epiallelic
variation in Arabidopsis is at QQS, which encodes a small protein involved in starch metabolism.
Intriguingly, QQS is a recent de novo–formed gene located in a TE-rich region, which suggests
that genes arising through spurious transcription may be particularly prone to epigenetic variation
until they evolve proper regulatory sequences (125).

DNA METHYLATION LANDSCAPES

With the advent of whole-genome sequencing following bisulfite treatment of DNA, which con-
verts unmethylated cytosine to uracil, it is now possible to determine the methylation status of
every single cytosine within genomes. In fact, the first two methylome studies in eukaryotes were
performed in Arabidopsis (21, 79). These two studies together with previous work performed using
DNA tiling arrays revealed that the genomic distribution of DNA methylation is shaped largely by
TE sequences in Arabidopsis (21, 78, 79, 158, 162). Methylome studies carried out in other plants
have since indicated the generality of this conclusion. Thus, although the compact Arabidopsis
genome (approximately 125 Mb) and other relatively small plant genomes are characterized by a
higher density of TE sequences and DNA methylation in pericentromic regions (19, 21, 77, 79,
99, 123, 161), this is not the case for much larger plant genomes, such as of maize (approximately
2.3 Gb), which instead show a high density of TE sequences and DNA methylation throughout
the chromosome arms (42, 99, 109). Why TE sequences accumulate between genes in only some
species remains enigmatic, especially because DNA methylation over TEs is known to spread to
adjacent genes and affect their expression in both Arabidopsis and maize (1, 33, 51).

In all vascular plants analyzed to date, TE sequences tend to exhibit methylation over their
entire length and in the three possible nucleotide contexts, CG, CHG, and CHH (where H =
C, A, or T). However, levels of methylation are almost always much higher at CG than CHG and
especially CHH sites (typically >80%, 20–60%, and <20%, respectively) (74, 99). Furthermore,
DNA methylation of TE and other repeat sequences is usually associated with dimethylation
of lysine 9 of histone H3 (H3K9me2), a heterochromatic mark that is highly conserved among
eukaryotes, as well as with the presence in variable abundance of matching small interfering RNAs
(siRNAs). Together, these three features contribute to the stable silencing of TEs, which are in
effect portable units of heterochromatin (78).
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Although TE sequences are the major determinants of the DNA methylation landscape in
plants, genes also contribute appreciably through so-called gene body methylation (gbM). In-
deed, genes with moderate expression levels tend to be methylated at CG sites (as well as CHG
sites in conifers) over part of their transcribed region (66, 99, 132, 133, 156). Furthermore, meth-
ylated genes tend to be the same among vascular plants, suggesting functional significance (132,
133). GbM could serve to stabilize transcription by preventing deposition of the histone variant
H2A.Z, maintaining nucleosome phasing, suppressing intragenic cryptic promoters, or regulating
alternative splicing (22). However, in the absence of strong evidence supporting any of these possi-
bilities, it is equally plausible that gene body methylation is merely a by-product of transcriptional
activity over specific genes, with no functional consequences (135). Moreover, the flowering plants
Eutrema salsugineum and Conringia planisiliqua lack gbM altogether, which is also consistent with
it being inconsequential (9).

DNA METHYLATION AND DEMETHYLATION MECHANISMS

Classically, DNA methylation mechanisms are divided into those responsible for establishing this
modification and those involved in maintaining it. DNA methylation can also be lost through
active or passive mechanisms, and it is the interplay between methylation and demethylation that
defines the methylome of a given cell.

Establishment

Little is known about the way genes acquire gbM (9). In contrast, and although many questions
remain, we now have a reasonable understanding of how DNA methylation is established over TE
and other repeat sequences. In particular, plants have evolved a unique de novo DNA methylation
pathway called RNA-directed DNA methylation (RdDM) that specifically targets these. Factors
involved in RdDM have been identified mainly through extensive genetic analyses in Arabidopsis,
and the picture that emerges is one of multiple, often interconnected steps (74, 89). In its current
form, the model for canonical RdDM entails the initial production of short (<45 nt) primary
transcripts that are generated by a plant-specific RNA Pol II derivative, Pol IV (11, 157), or
possibly Pol II in some cases (152). These short transcripts are then converted to double-stranded
RNAs (dsRNAs) by the activity of the RNA-dependent RNA polymerase RDR2. These short
dsRNAs are diced by the Dicer-like protein DCL3 from either end to generate a single 24-nt–
long siRNA in each case, which is loaded into the Argonaute protein AGO4 or its close homologs
AGO6 and AGO9, depending on targets or cell types (11, 157). A Dicer-independent route also
exists (151), which involves the loading of the double-stranded precursor RNAs into AGO4 and the
subsequent trimming of their exposed 3′ end by a 3′-to-5′ distributive exonuclease, also ultimately
generating 24-nt siRNAs (152). These 24-nt siRNAs are called sidRNAs to distinguish them from
the Dicer-dependent 24-nt siRNAs (152), but both types serve to guide AGO4 to matching DNA
targets. Guiding is thought to occur through the formation of an RNA-RNA intermediate with
so-called scaffold transcripts generated by a second plant-specific RNA Pol II derivative, Pol V.
However, a direct RNA-DNA interaction is not ruled out. Either way, guiding also brings AGO4
into physical contact with Pol V (35, 75), and genetic as well as biochemical evidence suggests that
it is at this stage that DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2), the
main Arabidopsis homolog of the mammalian de novo DNA methyltransferase (DMTase) Dnmt3,
is recruited to its target loci (163). The underlying mechanism is unclear but involves the bridging
of AGO4 and DRM2 by the protein RDM1 (39). Unlike Dnmt3, DRM2 methylates Cs in all
sequence contexts, not just at CG sites (3, 74, 89).
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Several observations indicate that Pol IV and Pol V recruitment depends on previous DNA
methylation, which therefore calls into question the function of canonical RdDM in de novo
rather than maintenance DNA methylation (62, 73). Indeed, an alternative RdDM pathway has
been uncovered that may fulfill the de novo function, as it starts with transcripts that are thought to
be produced by Pol II. Furthermore, this alternative pathway involves RDR6 as well as DCL2 and
DCL4 to give rise to 21- to 22-nt rather than 24-nt siRNAs (91, 92, 100, 106). This pathway, called
RDR6-RdDM, is therefore reminiscent of the post-transcriptional gene silencing pathway except
that here the 21- to 22-nt siRNAs associate with AGO4 or AGO6 to direct DNA methylation
rather than with AGO1 to direct mRNA degradation. As RDR6-RdDM does not require Pol IV,
it has been proposed to act upstream of canonical RdDM, thus leading to the notion that de novo
DNA methylation may occur in two steps, initiation and establishment (12, 92, 100). However,
like canonical RdDM, RdR6-RdDM requires Pol V, which suggests either that Pol V can in fact
be initially recruited in a DNA methylation-independent manner or that Pol II also produces
scaffold transcripts (62, 92). Although there is evidence for the latter possibility (160), further
experiments are required to rule out a role for Pol V in the initial step of RdDM (89). Finally, it is
not clear how general this alternative pathway is in initiating DNA methylation, notably because
a third RdDM pathway involving RDR6 and DCL3 was shown to be responsible for triggering
DNA methylation and silencing of newly transposed copies of the retrotransposon Evadé (84).

Maintenance

Once established, DNA methylation is maintained through DNA replication in a process called
DNA methylation maintenance. Unlike mammals, which methylate mainly CG sites and have only
one maintenance DMTase, Dnmt1, plants possess several distinct DMTases that are responsible
for maintaining methylation at either CG, CHG, or CHH sites (74). In Arabidopsis, symmetrical
CG methylation is maintained over both genes and repeat sequences almost exclusively by MET1,
which is the plant homolog of Dnmt1 and functions similarly to it by recognizing, with the help of
the accessory protein VIM1, hemimethylated CGs created by DNA replication (74). In contrast,
maintenance of CHG methylation relies on the chromomethylases CMT3 and to a lesser extent
CMT2 (130, 131), which are plant-specific DMTases characterized by the presence of a chro-
modomain in the catalytic domain. Unlike at CGs, maintenance of methylation at CHGs does
not rely on the recognition of hemimethylated sites but rather on a self-reinforcing loop between
H3K9me2 and CHG methylation. Specifically, CMT2 and CMT3 bind H3K9me2 through their
chromodomain, whereas the H3K9 methyltransferases KYP/SUVH4, SUVH5, and SUVH6 bind
through their SRA domain to methylated CHGs (29). In the case of CHH methylation, template-
based maintenance is excluded because of the asymmetry of the trinucleotide sequence. Instead,
CHH methylation is maintained by canonical RdDM over short TEs as well as the extremities of
long TEs and by CMT2 for the internal part of long TEs (131, 155). This scheme is not universal
however, because CMT2 or CMT3 are absent in some angiosperms (9, 155) and because meth-
ylation of CG sites shows different degrees of symmetry between species (99, 149). Furthermore,
although DNA methylation is very well maintained at the level of whole TEs or genes (5, 66, 119,
120), it is important to remember that individual Cs rarely reach 100% methylation, even at CG
sites.

Maintenance of DNA methylation over TE and other repeat sequences also requires the action
of other factors, such as the ATP-dependent chromatin remodelers DDM1 and DRD1. DDM1 is
the homolog of mammalian Lsh (98) and likely facilitates access of DMTases, especially CMT2,
to H1-containing heterochromatin (155). DDM1 may also be involved in DNA methylation-
independent activities (56). As for DRD1, which has no mammalian homolog, it is involved in
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canonical RdDM (65, 72) and is thus mainly responsible for maintaining CHH methylation over
short TEs and the extremities of long TEs (155). The action of these two chromatin remodel-
ers further highlights the intimate relationship between DNA methylation and other aspects of
chromatin structure (74).

Demethylation

Without continuous maintenance or de novo activities, DNA methylation is progressively diluted
through replication and ultimately lost in a process called passive demethylation. Removal of DNA
methylation can also be achieved through active mechanisms, which differ markedly between plants
and mammals. Indeed, whereas mammals rely on TET enzymes to demethylate DNA (68), plants
have no TET homologs and use DNA glycosylases instead. Arabidopsis has four such enzymes,
ROS1, DME, DML2, and DML3, which excise methylated cytosines (74). The genes encoding
ROS1, DML2, and DML3 are expressed throughout development and are to a great extent
functionally redundant, with their main function likely being to maintain genic regions containing
TE or other repeat sequences free of DNA methylation (79, 105). In contrast, DME is expressed
exclusively in the companion cells of the egg and pollen (i.e., the central cell and the vegetative
cell, respectively). DME is essential for the extensive maternal- and more limited paternal-specific
DNA demethylation of TEs that underlies genomic imprinting in the endosperm (17, 40, 53).
Finally, it should be mentioned that Arabidopsis uses IBM1, a jumonji-domain protein with putative
histone H3 lysine 9 demethylase activity, to prevent CHG methylation over genes (54, 117).

DNA METHYLATION DYNAMICS DURING SEXUAL REPRODUCTION

In comparison to mammals, which extensively reprogram their methylome in the male and female
germlines as well as in the early embryo, starting with the zygote (122), plants appear to undergo
much less DNA methylation reprogramming during their life cycle (67). Indeed, Arabidopsis shows
substantial loss of overall DNA methylation only in the central cell and the endosperm. This
demethylation is DME dependent, as mentioned above, and affects mainly CG sites of TEs (40).
Likewise, some DME-dependent CG demethylation takes place on the paternal side, in the vege-
tative nucleus (VN) of pollen grains, but affects comparatively few TEs (17, 53). In addition to these
two instances of reduced overall DNA methylation, which concern cells that do not contribute
directly to the next generation, there is also an almost complete absence of CHH methylation
in sperm cells (SCs) (17). Based on indirect evidence, the zygote and early embryo may exhibit a
methylome similar to that of SCs (52, 67). Thus, although MET1 and CMT3 are barely detectable
in the egg cell (63), it appears that neither CG nor CHG methylation is actually reprogrammed
across generations to any significant extent. In other words, TEs are likely transmitted through
the two parental germlines in their almost fully methylated state (minus CHH methylation), with
CG and CHG methylation likely being maintained immediately upon fertilization, as both MET1
and CMT3 are readily detected from the zygote onward (63). In contrast, CHH methylation in-
creases progressively as the embryo develops, presumably in an RdDM-dependent manner (52,
63). Indeed, this progressive reestablishment during embryogenesis could be initially aided by the
21-nt siRNAs present in the SCs, which are thought to originate from hypomethylated TEs in
the VN (17, 127). The 24-nt siRNAs that are produced outside the embryo (97), either in the seed
coat or the endosperm, may also contribute, although a direct demonstration of their transport to
the embryo is lacking (52).

The absence of extensive reprogramming of CG and CHG methylation over TE sequences in
the germ cells as well as in the early embryo is also supported by the fact that mutants deficient in
RdDM have near-normal patterns of CG and CHG methylation (131). Nonetheless, RdDM plays
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an essential role in the case of accidentally demethylated TEs, as it allows a fraction of them to
regain normal DNA methylation (136). For reasons that are still unclear, remethylation is typically
achieved gradually over several reproductive cycles rather than at once (135, 136), an observation
that is reminiscent of the phenomenon of transposon cycling in maize (36).

All of the available evidence suggests, therefore, that the methylome of plants is reinforced
rather than reset or reprogrammed during sexual reproduction, which would be consistent with
the relatively minor role of DNA methylation in the regulation of genes in plants compared to
mammals.

EXPERIMENTAL INDUCTION OF HERITABLE DNA METHYLATION
VARIANTS GENOME-WIDE

The first two plant genes known to be involved in DNA methylation are DDM1 and MET1, which
were isolated in a forward genetic screen for Arabidopsis mutants with reduced DNA methylation
of centromeric repeats (64, 144). The loss of DNA methylation in both ddm1 and met1 (initially
called ddm2) affected other sequences as well and, remarkably, it persisted after segregation of the
mutant alleles (64, 144). This suggested for the first time the lack of extensive DNA methylation
reprogramming in plants.

To determine the extent to which the loss of DNA methylation induced by ddm1 or met1 can
be inherited, two populations of epigenetic recombinant inbred lines (epiRILs) were established,
starting with a cross between mutant and wild-type parents of the same genetic background. F2
progeny homozygous for the wild-type allele were selected and used to generate multiple inde-
pendent lines through six rounds of propagation by single seed descent (61, 110) (Figure 2a).
Methylome analysis was conducted for three met1-derived epiRILs at the F8 generation, and
recombined parental chromosomal segments were readily identified in each case. However, non-
parental DNA methylation differences were also detected in very high numbers across the genome
(110), presumably because of the misregulation in met1 mutants and in subsequent generations of
at least two genes, ROS1 and IBM1, involved directly or indirectly in DNA demethylation (88,
113, 114). Moreover, although TEs are not mobilized in met1 despite their massive transcriptional
reactivation, a handful of TEs do transpose in the met1-derived epiRILs (94, 110), in part because
of further DNA methylation changes that take place in the F1 (113).

In contrast to the met1-derived epiRILs, the ddm1-derived epiRILs exhibit relatively few non-
parental DNA methylation differences (55), consistent with the absence in ddm1 of any appreciable
misregulation of ROS1 or other genes involved in DNA methylation control (131, 136, 155). At the
same time, because TE sequences lose methylation at CHG and CHH sites as well as CG sites in
ddm1 (136, 155), more TEs are mobilized in ddm1 and the ddm1-derived epiRILs than in met1 and
the corresponding epiRILs (24, 46, 61, 84, 95, 126, 138). Importantly, a methylome analysis was
performed on 123 ddm1-derived epiRILs (generation F8), thus enabling a systematic assessment of
the transgenerational stability of ddm1-induced loss of DNA methylation (23). Over 2,600 regions
of differential DNA methylation between the ddm1 and wild-type parental lines were examined,
which as expected align almost exclusively with TE sequences. Approximately two-thirds of these
differentially methylated regions (DMRs) are present mainly or only in the methylated state in
the epiRILs (generation F8), indicating partially or fully penetrant reversion to wild-type DNA
methylation. Furthermore, these parental DMRs are characterized by an abundance of matching
24-nt siRNAs (23), which is consistent with RdDM being responsible for the efficient reacquisi-
tion of DNA methylation over these specific regions (136). In contrast, the remaining parental
DMRs segregate according to Mendel’s laws, indicating stable inheritance of the ddm1-induced
hypomethylated state over hundreds of regions across the genome even after eight generations.
Indeed, a genetic map could be constructed based on these stable parental DMRs, which turned
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Figure 2
Experimental versus natural populations for transgenerational epigenetic studies: pros and cons. (a) A plant with a mutation (such as
ddm1 or met1) that induces altered levels of DNA methylation genome-wide is crossed with an isogenic wild-type plant. A single F1
plant is selfed or backcrossed to the wild-type parent to segregate out the inducing mutation, and nonmutant F2 progeny are used to
obtain a population of isogenic epigenetic recombinant inbred lines (epiRILs) by repeated selfing (six generations) and single seed
descent. (b) Strains are collected from the wild and grown under controlled conditions. (c) Several independent lines are propagated for
a large number of generations by repeated selfing and single seed descent from a unique parent to generate so-called mutation
accumulation (MA) lines. (d ) Two different strains are crossed, and the F2 progeny is used to obtain a population of RILs by repeated
selfing (six generations) and single seed descent. Note the accumulation of mutations that also occurs during the propagation of RILs
and epiRILs, especially as a result of transposable element (TE) mobilization in the latter case. Abbreviations: EWASs,
epigenome-wide association studies; epiQTL, epigenetic quantitative trait locus.

out to be very similar to classical genetic maps built using DNA sequence variants between natural
accessions (23, 59).

GENOME-WIDE ASSESSMENT OF NATURAL DNA
METHYLATION VARIATION

An increasing number of studies have explored DNA methylation variation in nature (Figure 2b).
The first extensive survey was performed in Arabidopsis using a methyl-sensitive enzyme and
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Southern blot analysis to determine the DNA methylation level across accessions of the large
tandem arrays of rRNA genes that form the nucleolus organizer regions (NORs). Natural vari-
ation in NOR methylation was readily observed and found to be heritable (112, 153). Through
a quantitative genetics approach, both cis- and trans-acting factors associated with this variation
were identified, with the NORs themselves being the most significant determinants (112, 150). As
the number of rRNA genes correlates strongly with DNA methylation levels, this is likely the main
causal factor, although heritable DNA methylation variation per se may also be involved (150).

The first chromosome-wide analysis of natural DNA methylation variation in Arabidopsis was
based on DNA microarray technology and thus did not enable CG, CHG, and CHH methylation
to be distinguished. Nonetheless, this analysis revealed that DNA methylation over genes varies
greatly between accessions, whereas it is much more stable over TE sequences (140). Whole-
genome analyses at the resolution of single cytosines have since been performed for hundreds of
natural accessions, confirming this picture and in addition providing detailed qualitative as well as
quantitative assessments of natural variation in DNA methylation (66, 120).

In the two most comprehensive studies to date, 140 and an additional 975 accessions taken from
across the globe were investigated (66, 120). For several accessions, the methylome of mixed-stage
inflorescences was compared to that of leaves, and few DNA methylation differences were detected,
thus confirming that DNA methylation patterns are largely invariant between tissues or organs.
In contrast, extensive variation was observed among accessions, but mostly at the single cytosine
level (Table 1). Specifically, any two accessions differ from each other by between 90,000 and
500,000 differentially methylated positions [DMPs; also called single methylated polymorphisms
(SMPs)], with CHH-DMPs being the most abundant (64% of all DMPs versus 23% and 16% for
CG- and CHG-DMPs, respectively) (120). These values are similar to those reported for single
nucleotide polymorphisms (SNPs) among accessions (18, 80) and phylogenies based on DMPs or
SNPs are highly correlated (120), which suggests that DMPs are to a large extent caused by SNPs
in cis or in trans. However, although SNPs are enriched over TE and other repeat sequences and
therefore tend to accumulate in pericentromeric regions (18, 80), the patterns of DMP diversity are
much more complex (120). CG- and CHG-DMPs are less abundant and more often methylated
in pericentromeric than in gene-rich regions, which reflects the robustness of CG and CHG
methylation over TEs. In contrast, CHH-DMPs are most abundant over TEs and tend to be
present in the unmethylated form, consistent with CHH methylation being almost exclusively
found at these sequences and at low levels (<20%) over individual sites.

Unlike DMPs, DMRs are relatively few between any two accessions, as only approximately
53,000 DMRs were identified among 140 accessions (120). However, in the majority of cases,
DMPs and DMRs do not coincide. This last observation together with the fact that differential
methylation of individual cytosines is not known to have any effect in vivo suggests that most natural
DMPs are functionally inconsequential. Furthermore, most DMRs are located within genes, in
agreement with previous observations (140), and are in the CG context only (CG-DMRs), as
expected for gbM (66, 120). Although the higher prevalence of CG-DMRs within genes conflicts
with the reported evolutionary conservation of gbM, it can be explained in part by local variations
rather than by a presence/absence of methylation along genes. In any case, given the absence of
evidence for a role of gbM (9), it is likely that most natural CG-DMRs in genes are functionally
inconsequential as well.

The remaining DMRs, called C-DMRs, correspond mainly to TE sequences and are present
mostly in the methylated state across accessions (66, 120), in keeping with previous observations
(140). Like CG-DMRs over genes, C-DMRs over TEs tend to reflect variation in the degree of
methylation rather than presence/absence of DNA methylation, although the possible confound-
ing effect of variation in TE copy number between accessions should be considered. In addition,
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Table 1 Epimutation rates in nature

Organism Experiment
Locus or
context Epimutation rate (units) Method Reference(s)

Arabidopsis Mutation
accumulation lines

CG-DMP 1,000 (DMP/generation) Bisulfite 5, 119

Non-CG-DMP <0.033 (DMP/generation)a Bisulfite 5, 119

CG-DMP
(forward)b

2.56 × 10−4 [DMP/(CG
site · generation)

Bisulfite 139

CG-DMP
(reverse)c

6.30 × 10−4 [DMP/(CG
site · generation)]

Bisulfite 139

CG-DMR 0.8–1.3 (DMR/generation) Bisulfite 5, 119

C-DMR 0.34 (DMR/generation) Bisulfite 5, 119

Accessions from
North America

CG-DMP 717 (DMP/generation) Bisulfite 47

Non-CG-DMP 22 (DMP/generation)a Bisulfite 47

CG-DMR 2.6 (DMR/generation) Bisulfite 47

C-DMR 1.1 (DMR/generation) Bisulfite 47

Accessions collected
worldwide

CG-DMP 0.17 (DMP/SNP) Bisulfite 120

Non-CG-DMP 0.60 (DMP/SNP)a Bisulfite 120

Maize RILs (F7 population) DMR 4.6 × 10−6–1.7 × 10−3

(DMR/generation)
meDIP-chip 76

Rice F1 hybrids DMP 8 × 10−3

[DMP/(cytosine · generation)]d
Bisulfite 19

DMR 75–340 (DMR/generation)d Bisulfite 19

Instability of
epi-dwarf phenotype

DWARF1
(forward)

0.13 (phenotypic
switch/generation)

Phenotypic 95

DWARF1 (revert) 0.27 (phenotypic
switch/generation)

Phenotypic 95

Tomato Instability of Cnr
phenotype

Cnr <3.3 × 10−4 (revertant
plants/generation)

Phenotypic 83

Soybean RILs (F3 population) CG-DMR 127 (DMR/generation)d Bisulfite 83

C-DMR 41 (DMR/generation)d Bisulfite 118

aRates may be underestimated because of reduced statistical power to detect differences in DNA methylation at CHH and CHG sites.
bRate of DNA methylation gain.
cRate of DNA methylation loss.
dRate includes stochastic epimutation as well as paramutation.
Abbreviations: DMP, differentially methylated position; DMR, differentially methylated region; meDIP-chip, immunoprecipitation of methylated DNA
followed by microarray hybridization; RILs, recombinant inbred lines; SNP, single nucleotide polymorphism.

almost 9,000 genes overlap with C-DMRs in at least one of 846 accessions analyzed. However,
although gbM is consistent across most of these accessions, this is not the case for TE-like DNA
methylation within genes, which is typically a very rare occurrence for any given gene (66). Exami-
nation of this type of variant indicates that they most likely result from the presence of methylated,
low frequency TE insertions within or close to genes and from the spreading of DNA methylation
from these TE insertions into flanking sequences (108, 120).

Genome-wide association studies (GWASs) have revealed that CG-DMRs are usually not
linked to DNA sequence variation and must therefore represent either inherent stochastic fluc-
tuations in gbM or true heritable DNA methylation variants. In contrast, one-third of C-DMRs
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are associated with local and distal sequence variation, indicating in these cases a possible causal
relationship, such as the presence of a TE insertion, as mentioned above (1, 108, 120). For the
remaining two-thirds of C-DMRs, the absence of association with DNA sequence variation could
reflect bona fide heritable DNA methylation variants. Consistent with this possibility, a sizeable
fraction (30%) of the stable DMRs identified in the ddm1-derived epiRILs, which by design are
inherited independently of DNA sequence changes, overlap with natural C-DMRs (24).

DNA methylation variation among local Arabidopsis populations was also investigated. One
study analyzed 150 accessions from Sweden and another 13 accessions from North America and
the results were consistent with those obtained from the two worldwide surveys (30, 47). In addi-
tion, a trans modifier of DNA methylation specifically affecting CHH methylation was identified
among the Swedish accessions and maps to the CMT2 locus (30); however, no causal sequence
variants were found. As the 13 American accessions are near clonal and have only recently diverged
from each other, they could be used to assess methylome stability in natural settings in the absence
of large-scale DNA sequence variation. Approximately 3,200 DMRs with extreme methylation
differences were detected. These DMRs map predominantly in intergenic regions but are oth-
erwise equally located in genes and TEs. Furthermore, these DMRs tend to be stably inherited
and are often associated with DNA sequence variants (47). Thus, the methylome appears to be
remarkably stable over short timescales in nature, and DNA methylation variation is likely caused
in large part by DNA sequence variation.

To obtain direct estimates of the rate of spontaneous DNA methylation variation, methylome
analyses were carried out on several Arabidopsis mutation accumulation (MA) lines (5, 119, 139)
(Figure 2c). DMPs accumulate in these lines at a rate of approximately 1,000 per generation,
which is three orders of magnitude higher than the rate of DNA mutations (102). As in natural
populations, most DMPs occur at CG sites within genes and one-third of these DMPs are shared
among lines, implying that some CG-DMPs are recursive. These results indicate that DNA
sequence variation is unlikely to be the cause of epimutability at individual cytosines, which in
turn suggests that the strong correlation observed between DMPs and SNPs in natural accessions
(120) simply reflects common ancestry between the two types of variation. In contrast to DMPs,
DMRs are as rare as DNA sequence mutations in the MA lines. Moreover, DMRs are mostly
CG-DMRs and mainly affect genes (5, 119), suggesting that the vast majority of these spontaneous
DMRs are functionally inconsequential.

In addition to these extensive analyses in Arabidopsis, more limited methylome surveys have been
performed in maize, soybean, and rice, and all have revealed a similar picture (19, 32, 34, 76, 77,
118). In the case of maize and soybean, RILs were used (Figure 2d ), which confirmed that natural
DMRs tend to cosegregate with DNA sequence variants. However, inheritance independent of
such variants was proven for a few DMRs (32, 34, 76, 118).

LINKING HERITABLE DNA METHYLATION VARIATION
TO PHENOTYPIC VARIATION GENOME-WIDE

As DNA methylation variants are typically associated with sequence polymorphisms in nat-
ural populations, assessing the heritability and impact on phenotypic variation of the former
independently of the latter poses many technical difficulties (60). By design, the met1- and
ddm1-derived epiRILs circumvent the issue of DNA sequence variation almost completely.
Moreover, both met1 and ddm1 mutations induce a number of severe phenotypic alterations that
are inherited independently of the inducing mutation, and some of these are caused by heritable
DNA methylation defects (86). Thus, the met1- and ddm1-derived epiRILs provide a powerful
system to investigate genome-wide the phenotypic effects of heritable DNA methylation variation
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per se, using quantitative genetics. Although this avenue was not pursued with the met1-derived
epiRILs, presumably because of the low number of lines obtained and the extensive instability of
the methylome across generations (110), it proved extremely effective when applied to the large
population of ddm1-derived epiRILs (24, 61, 69, 71, 116, 159). Indeed, a number of ecological,
molecular, and physiological traits have been evaluated in this population of over 500 lines and
most traits were found to vary heritably. Phenotypic variation among the ddm1-derived epiRILs is
usually of smaller amplitude than that found in classical RILs (24, 61, 69, 71, 116, 159). Nonethe-
less, heritability in the ddm1-derived epiRIL population reflects that observed among natural
accessions, thus suggesting that epiallelic variation contributes to heritable differences in complex
traits in nature (116). Moreover, using the genetic map of the ddm1-derived epiRILs and linkage
analysis, several quantitative trait locus (QTL) intervals defined by stable DMRs were identified for
a variety of traits. As TEs are mobilized in both ddm1 and the epiRILs, whole-genome sequencing
was used to rule out the possibility that new TE insertions are the cause of these trait variants (24,
69). As in classical QTL mapping experiments, the next challenge is to identify the causal variants,
which may be greatly aided by the development of DNA methylation editing methods based on
the clustered regularly interspaced short palindromic repeat (CRISPR)-Cas9 system (137, 143).

Based on the results obtained with the ddm1-derived epiRIL population, it can be safely ar-
gued that at least in plants, DNA methylation variants underlie part of the natural variation in
complex traits. Moreover, because by definition DNA methylation and sequence variants need
not align with each other, the former likely explain some of the so-called missing heritability that
often plagues GWASs (14, 147). Although in their infancy, epigenome-wide association stud-
ies (EWASs) should therefore prove extremely useful in identifying causal DNA methylation
variation. In fact, an EWAS has already been applied successfully in one case, to identify the
epigenetic alteration that underlies the metastable mantled somaclonal variant of oil palm (101).
Genome-wide DNA methylation profiling of several dozen somaclonal ramets with either a man-
tled or a normal phenotype was carried out and a single DMR, which in this case spans a TE,
was consistently associated with the phenotypic variation. Further investigation demonstrated that
hypomethylation of this TE, a retroelement called Karma, leads to the expression of an alternative
spliced form of the DEFICIENS-like homeotic gene MANTLED, which in turn triggers homeotic
transformation, parthenocarpy, and loss of oil yield (101). In addition, two EWASs have been
carried out together with a GWAS in Arabidopsis to identify the contribution of DNA methylation
variation to differences in gene expression among natural accessions (66, 93). Results of these stud-
ies indicate that most DNA methylation variants with significant association are located close to
the gene in question (i.e., in cis) and are in linkage disequilibrium with SNPs, thus preventing a rig-
orous assessment of the respective contribution of DMRs and SNPs to gene expression differences.
Nonetheless, several of the identified cis-DMRs are uncorrelated with SNPs, indicating that at least
in these cases they are bona fide epigenetic variants, with potential effects on gene expression (93).

GENOME-WIDE ASSESSMENT OF THE ROLE OF THE
ENVIRONMENT IN HERITABLE DNA METHYLATION VARIATION

For a variety of reasons, transgenerational epigenetic variation is often considered as a possible
response of organisms to environmental changes (4, 25, 49, 13, 111). Hence, numerous studies
have been conducted to determine the role of the environment in inducing changes in DNA
methylation that are heritable, with mixed results.

For instance, Arabidopsis plants propagated under harsh conditions (high salt) showed a slightly
higher rate of heritable methylation variation at CG sites (CG-DMPs as well as CG-DMRs), but
the increase in the rate of CG-DMRs was of the same order as that of DNA mutations (58). In
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a more comprehensive study, it has been shown that hyperosmotic stress repeated over several
generations induces robust hypermethylation of CHG and CHH sites over TEs, which affects the
expression of genes associated with adaptive phenotypic stress responses (148). However, these
DNA methylation variants and stress responses are only transmitted to the next generation and
specifically through the female germline because of extensive DME-dependent erasure of non-CG
methylation in the male germline (148).

In contrast, Arabidopsis plants treated with either virulent or avirulent bacteria, the bacterial
flagellin-derived peptide flg22, or salicylic acid display widespread hypomethylation of TEs (28,
154). Furthermore, this hypomethylation, which is likely caused by a reduction in RdDM activity
(154), is associated with increased expression of several immune response genes, indicating that it is
functionally important (28, 154). Although inheritance of these changes has not been investigated,
it is suggested by observations indicating that the immune response to pathogen attack can be
transmitted over at least two generations and that this response is mimicked by mutants deficient
in non-CG methylation (81, 82).

Finally, it has been shown that in rice, but not in Arabidopsis, the upregulation of genes caused by
phosphorus deprivation leads to the hypermethylation of adjacent TEs by an unknown mechanism
that does not involve RdDM components (121). However, this hypermethylation is not transmitted
to the next generation; instead, it is reversed as the upregulated genes return to their initial, low-
expression state once phosphorus deprivation has ceased (121).

In addition to these experimental studies, two population-wide surveys have been performed
with the explicit aim of exploring the extent to which natural environments may shape the methy-
lome. Using near-clonal North American Arabidopsis accessions, which diverged less than a few
hundred years ago, the accumulation of DNA methylation variants under natural conditions was
assessed. Although these accessions were sampled from a wide range of environments, the rate
of DNA methylation variants was not higher than that measured using MA lines propagated in a
greenhouse (47). In contrast, methylome analysis of 150 Swedish accessions grown at two different
temperatures (10◦C and 16◦C) revealed increased CHH methylation over TE sequences at 16◦C,
but only in some accessions. GWASs identified a significant association with allelic variation at the
CMT2 locus (30), which in turn correlates with the environmental conditions where the accessions
grow naturally (124). These results therefore suggest that CHH methylation variation, which by
itself cannot be inherited (see above), is a plastic response to environmental changes and is under
genetic control. Whether or not this plastic response is adaptive remains to be determined.

Plant species can be propagated artificially through tissue culture, which represents an ex-
treme form of environmental challenge and leads to so-called somaclonal variation. Methy-
lome studies in several species have revealed that tissue culture induces a massive loss of
DNA methylation and associated siRNAs over TEs (101, 128, 129, 134, 142), which in the
case of oil palm could be demonstrated to underlie the mantled somaclonal variation, as men-
tioned above (101). Importantly, the mantled phenotype caused by hypomethylation of the
Karma TE inserted in the MANTLED gene reverts at high frequency and revertants show
normal Karma DNA methylation (101), presumably because Karma is efficiently targeted by
the DNA methylation reinforcement activities that are associated with sexual reproduction.
Some plant species, such as dandelions, can produce seeds asexually in a process termed
apomixis. Whether DNA methylation dynamics across generations differ between the apomic-
tic and sexual modes of reproduction is not known. Nonetheless, experiments with apomictic
dandelions grown in different environments have shown that environmentally induced DNA
methylation variation can be transmitted to the next generation, with potential phenotypic conse-
quences (141). However, maternal effects cannot be ruled out as subsequent generations were not
analyzed.
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SOME FINAL CONSIDERATIONS

It is now clear that plants have a large potential for heritable DNA methylation variation over
TE or other repeat sequences as well as adjacent regions and that this variation by itself may have
phenotypic consequences. There is also convincing evidence that part of this potential is realized
in nature, even though this cannot be demonstrated easily, because of the confounding effect of
sequence variation. Furthermore, we are beginning to understand what determines the variable
transgenerational stability of DNA methylation variation, which ranges from a few to tens and
possibly hundreds or thousands of generations. However, we are far from knowing how much of
this additional inheritance system actually contributes to heritable phenotypic variation in natural
populations, nor do we know the role of the environment in the creation of environmentally
induced epimutations, which seems less prevalent than was usually anticipated.

Despite these limitations, theoreticians have already integrated transgenerational epigenetic
variation into population genetics models to determine conditions under which epimutable alleles,
which are assumed to switch their state at high rates compared to mutations, could distort long-
term evolutionary dynamics (27, 43–45, 57, 70, 103, 104). Here, we simply mention three models
that illustrate different interesting properties of environmentally induced epimutable alleles in
relation to the dynamics of adaptation and may in turn inform future empirical investigations of
transgenerational epigenetic variation (Figure 3).
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Figure 3
Selective advantage of transgenerational epigenetic variation. Selective advantage conferred by a novel
epimutable allele (with high or low epimutation rate) in a hypothetical population as a function of (a) the
population fitness or (b) the frequency of environmental changes. (c) Selective advantage conferred by a novel
epimutable allele (that originated in a population with high or low fitness) as a function of the relative fitness
effect of the epigenetic switch.
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One model predicts that the phenotypic variation provided by the switch between epiallelic
states is more advantageous when the population has a low or intermediate fitness value. A second
model focuses on the effect of environmental cues on the selection of epimutatble alleles. It is
shown that epimutability can be selected when the population faces contrasting environments on
a regular basis, as this increases the frequency of matches between phenotypes and environment.
Moreover, the more frequent or dramatic these regular environmental fluctuations are, the higher
the number of distinct epimutable alleles that can be selected at a given locus (43–44) (Figure 3b).
In other words, the longer the fitness trajectory, the higher the selection coefficient for epimutable
alleles is expected to be (103, 104) (Figure 3a). A third model goes one step further by considering
together epimutations and classical mutations. It predicts that the contribution of epimutations
to adaptive walks (i.e., the paths across the fitness landscapes) is maximal when the alternative
epialleles have minimal fitness effects, thus enabling the fine-tuning of phenotypes late in adap-
tive walks (70) (Figure 3c), an interesting prediction given the low amplitude of the phenotypic
variation observed experimentally with epiRILs (61). Nonetheless, this model also predicts that
epimutations are more important early than late in adaptive walks.

Thanks to the power of genomics and epigenomics, combined with carefully designed ex-
periments in natural as well as controlled environments, the contribution of transgenerational
epigenetics to natural phenotypic variation will hopefully become better understood in the years
to come.

SUMMARY POINTS

1. Plants may be particularly prone to transgenerational epigenetic variation, which entails
heritable changes in DNA methylation.

2. Epiallelic variation is mostly associated with the presence of TE and other repeat
sequences.

3. We propose that failed reinforcement rather than failed reprogramming of DNA meth-
ylation is responsible for the inheritance of DNA methylation variants and thus the
creation of epimutations.

4. EpiRILs and natural accessions provide powerful complementary means for studying
transgenerational epigenetics.

5. Direct evidence of the inheritance of environmentally induced changes in DNA meth-
ylation is still lacking, thus questioning the role of the environment in creating epiallelic
variation.

FUTURE ISSUES

1. Our understanding of transgenerational epigenetics has been greatly aided by the cre-
ation of epiRILs in Arabidopsis. Additional epiRIL populations created using alternative
inducers of heritable DNA methylation variation as well as multiple strains that dif-
fer from each other by a large number of TE insertion polymorphisms are needed in
Arabidopsis and other species.
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2. The difficulty of inducing heritable DNA methylation variation in a locus-specific manner
has hampered studies of transgenerational epigenetic variation. Use of the CRISPR-Cas9
system for DNA methylation editing should remedy this and may also lead to important
developments in plant breeding.

3. RdDM plays a major role in preventing transgenerational DNA methylation variation.
However, we still have a very poor understanding of what determines the differential
efficiency of RdDM over TEs and other repeat sequences.

4. Including natural DNA methylation variants as explanatory variables in GWASs may
help resolve part of the problem of missing heritability.

5. TEs and other repeat sequences are typically overlooked in population genomics studies,
which limits the exploration of epiallelic variation in nature. Efforts to include these
sequences are therefore essential.

6. More work is required to determine the role of the environment in epiallelic variation.
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