
Agriculture has a key role in human society. We depend 
on domesticated plant species such as rice, wheat, soy-
bean and maize to provide fuel, food and fibre resources. 
We face growing pressure to increase the sustainable 
productivity of agricultural systems. The human pop-
ulation continues to expand rapidly, and agricultural 
productivity will need to increase while also limit-
ing potential adverse environmental consequences1,2. 
Humans have been carrying out artificial selection on 
plants for thousands of years to influence various traits 
that shape plants for better growth and performance in 
cultivated environments.

Historically, the bulk of breeding processes relied on 
transgressive segregation. Two varieties would be crossed 
and breeders would select offspring that exhibited 
superior performance relative to the two parents. This 
process has been repeated multiple times to produce the 
current elite varieties for most crops. In many cases, the 
ideal characteristics have changed with increasing mech-
anization and altered agronomic practices. The modern 
elite varieties of crop species have been selected to con-
tain many favourable alleles that increase yield in current 
field environments. Notably, this process relied on the 
selection of traits and was not dependent on any molecu-
lar mechanism of inheritance. This allowed breeding and 
selection to act on all types of heritable variation present 
in plant genomes.

In recent years, new tools and approaches for plant 
improvement have emerged. The availability of cheap 
assays for genotyping plant materials has enabled genomic 
selection, the large-scale prediction of traits based on 
DNA markers for crop improvement3. In addition, 

new traits can be introduced through the addition or 
editing of genetic information, for example, by using 
RNA-guided endonucleases such as the CRISPR–Cas9 
system. These approaches have focused on improving 
crops through changes in nucleotide sequence between 
individuals4.

Although genomic selection and other molecular 
marker-based selection approaches that are currently 
used for plant breeding rely on monitoring genetic var-
iation, there is growing evidence that epigenetics (BOX 1) 
also has the potential to contribute to important traits 
in many plant species. Epigenetics — defined in this 
Review as an inherited change in a phenotype that is 
not solely due to a change in DNA sequences — can have 
important roles in creating variation that is inherited by 
offspring and may not be adequately surveyed in current 
genomic selection platforms. Epigenetic phenomena 
such as paramutation, transgenic silencing, imprinting and 
transposable element inactivation are prevalent in plants, 
and plant species have provided useful model systems 
to study the mechanistic bases of these observations5. 
However, the potential for applying epigenetics to crop 
improvement has received less attention.

There are several important questions that must be 
addressed to determine the potential avenues for crop 
improvement through epigenetic approaches. Researchers 
must understand the level of epigenetic variation within 
species and how factors such as the external environment 
or the internal genomic environment influence epigenetic 
variation. The process of crossing and selection followed 
by widespread propagation of optimized varieties requires 
understanding of the stability of epigenetic information 
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Traits
Any measurable aspect of an 
organism, including 
morphological, biochemical 
and molecular properties.

Transgressive segregation
The situation in which offspring 
(F1, F2 or later generations) 
exhibit phenotypes that 
transgress (are outside of) the 
parental phenotypic range.

Heritable variation
Information in the genome that 
is transmitted to offspring or 
daughter cells.

Genomic selection
The use of genetic markers that 
are spread throughout the 
genome to select individuals 
with desired predicted 
breeding values.
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Abstract | Plant breeding has traditionally relied on combining the genetic diversity present 
within a species to develop combinations of alleles that provide desired traits. Epigenetic 
diversity may provide additional sources of variation within a species that could be captured or 
created for crop improvement. It will be important to understand the sources of epigenetic 
variation and the stability of newly formed epigenetic variants over generations to fully use the 
potential of epigenetic variation to improve crops. The development and application of methods 
for widespread epigenome profiling and engineering may generate new avenues for using the 
full potential of epigenetics in crop improvement.
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Paramutation
An interaction between alleles 
in which one alleles triggers  
a heritable change at the other 
allele, resulting in altered 
expression or chromatin state.

Imprinting
Differential expression of 
alleles depending on 
parent-of‑origin of the allele.

Wide crosses
Crosses between very distantly 
related members of the same 
species or between individuals 
of related species.

across multiple generations. How certain common 
practices in plant breeding and agriculture, such as wide 
crosses, clonal propagation and tissue culture, may influ-
ence epigenetic variation must also be considered. New 
technologies are also providing opportunities to consider 
reshaping plant epigenomes to create useful traits. In this 
Review, we discuss methods and approaches for using 
epigenetic variation to develop improved plant varieties.

Molecular mechanisms of epigenetics
A self-perpetuating signal is the core of most heritable 
epigenetic phenomena, and currently the most well 
understood epigenetic phenomena are linked to stably 
inherited changes in gene expression. The molecular 
mechanisms that contribute to epigenetic phenomena, 
such as histone modifications and DNA methylation, 
often involve self-reinforcing loops. These loops form 
the basis of the developmental programming of gene 
expression, and propagation of these loops across 
generations forms the basis of epigenetic inheritance6. 
Understanding how these loops are initially estab-
lished and how they are maintained is fundamental to 
exploiting epigenetics for the improvement of crop spe-
cies. Several recent reviews7–13 have provided detailed 
information on the various molecular mechanisms 
that contribute to epigenomic information in plants. 
We provide a brief overview of these mechanisms, with 
a focus on DNA methylation, which is the epigenetic 
modification for which the mechanisms of inheritance 
and of variation within plant populations are known in 
the greatest detail. Other types of epigenomic informa-
tion, such as histone variants or histone modifications, 
can also exhibit some level of stable inheritance through 
mitosis14 and probably have key roles in regulating plant 
responses to environmental conditions and development 

(BOX 2). However, it is less clear whether these types of 
epigenomic information are crucial for trait inheritance 
across generations, which is necessary for plant breeding 
and improvement.

Types of DNA methylation in plants. In plant genomes, 
alterations to cytosine DNA methylation are commonly 
associated with epigenetic phenomena4. DNA methy
lation is a covalent modification of DNA that is inher-
ited on the parent DNA strand through each round of 
DNA replication. DNA methylation occurs at three 
sequence contexts in plant genomes: CG, CHG (where 
H = A, C or T) and CHH (FIG. 1). Several distinct mech-
anisms ensure that DNA methylation is faithfully inher-
ited through cell divisions (FIG. 1a), and many of the 
details of these mechanisms have been determined in 
Arabidopsis thaliana15,16. Methylation at CG sites occurs 
through a self-reinforcing loop that relies on the sym-
metry of CG dinucleotides. Upon each round of DNA 
replication, the newly synthesized unmethylated strand 
creates a hemimethylated substrate that leads to the 
recruitment of the maintenance CG methyltransferase, 
METHYLTRANSFERASE 1 (MET1), and methylation 
of the opposing unmethylated CG site17. Maintenance 
of CHG methylation occurs through a distinct self-
reinforcing loop that requires the activity of the histone 3 
lysine 9 (H3K9) methyltransferases KRYPTONITE (KYP; 
also known as SUPPRESSOR OF VARIEGATION 3–9 
HOMOLOGUE 4 (SUVH4)), SUVH5 and SUVH6, and 
the CHG methyltransferase CHROMOMETHYLASE 3 
(CMT3)18,19. These self-reinforcing enzymes bind 
each other’s products and ensure the maintenance of 
CHG methylation and H3K9me2 at genomic regions. 
Methylation at CHH sites occurs through at least two dis-
tinct mechanisms. CMT2 recognizes H3K9me2 present in 
long transposable elements that are usually found in het-
erochromatin, and that in turn induces the methylation of 
DNA at CHH sites, especially CAA and CTA sites20. CHH 
methylation in euchromatic regions mostly depends on 
the activities of a self-reinforcing loop that is created by 
the production of 24‑nucleotide small interfering RNAs  
(siRNAs) that guide a de  novo methyltransferase, 
DOMAINS REARRANGED METHYLTRANSFERASE 2 
(DRM2), to target sequences21. Recent evidence has sug-
gested that it might be important to consider trinucleotide 
sequence context beyond CHH and CHG (BOX 3). These 
maintenance pathways dominate activities in the epi
genome; however, there are pathways that have evolved 
to silence previously untargeted sequences. Recent stud-
ies have highlighted the potential roles of pathways that 
use 21‑nucleotide small RNAs and RDR6 (REFS 6,22–26) 
in triggering the de novo methylation of previously un
methylated sequences. Although flowering plant genomes 
dedicate substantial efforts to ensuring the maintenance of 
DNA methylation, understanding how it is initially estab-
lished is important for efforts to engineer epigenomes to 
improve crop performance.

Genomic distribution of DNA methylation. A. thaliana 
has been a useful model system to explore the mecha-
nisms of establishing, maintaining and removing DNA 

Box 1 | Defining epigenetics and epigenomics

The term epigenetics has been defined in a number of different ways4. Epigenetics was 
originally coined by Waddington132 to describe how the same genetic information is 
used differently in developmentally distinct tissues. Over time, many researchers came 
to use this term to describe examples of inheritance that could not be defined by 
Mendelian or quantitative genetics, such as imprinting, X‑chromosome inactivation, 
paramutation and transgene silencing4. As molecular genetic approaches have revealed 
differences in chromatin, such as altered DNA methylation and histone modification, 
underlying the silenced state for many of these examples of unusual inheritance, some 
researchers have come to define these chromatin modifications themselves as 
epigenetic. There are currently two distinct classes of definitions of epigenetics that are 
widely used. One set of definitions is based on genetic behaviour and inheritance.  
These definitions seek to use the term epigenetics to describe inherited (mitotic or 
meiotic) changes in gene expression that do not involve changes in DNA sequence.  
The other class of definitions is based on biochemical properties of chromatin and 
defines any change in chromatin as being epigenetic. Both uses of the term epigenetic 
have value, but readers are cautioned to make sure that they understand how the term is 
being used in various publications to interpret whether the authors are describing 
biochemical or genetic properties of a system. We prefer to use the term epigenetics to 
describe the genetic behaviour of a system and to use the term chromatin modifications 
to describe the changes in the biochemical properties of chromatin. Epigenomics is  
used to describe the genome-wide maps of chromatin, which can include genomic 
profiles of chromatin accessibility, histone variants, histone modifications and DNA 
methylation. The epigenome is the collection of chromatin patterns in a particular cell 
and can include both heritable and transient information.
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RNA-directed DNA 
methylation
(RdDM). The mechanism by 
which 24‑nt small interfering 
RNAs can direct DNA 
methylation to specific 
genomic loci.

Accessions
Individuals isolated from  
a single geographical area.  
An ecotype comprises many 
accessions from a similar 
ecological range.

Differentially methylated 
regions
(DMRs). Genomic regions that 
have different levels of 
methylation between sample 
groups. Can be context specific 
(CG, CHG or CHH) or can refer to 
overall methylcytosine content.

methylation in plant genomes; however, as descriptions 
of the DNA methylome for other plant species have 
emerged, variation in these mechanisms has been 
revealed. Genomic regions can be classified into dif-
ferent domains based on the context-specific patterns 
of DNA methylation (FIG. 1b). These include regions 
with substantial methylation in all three contexts (CG, 
CHG and CHH) that probably result from the on
going targeting of methylation to this region through 
RNA-directed DNA methylation (RdDM) and/or CMT2 
(REFS 16,27,28). There are also regions with CG and 
CHG methylation that do not have CHH methylation, 
probably as a result of active maintenance by MET1 
and CMT3 (REF. 16). CG‑only methylated regions of 
the genome probably result from the activity of MET1 
(REF. 29). Many of these CG‑only methylated regions 
occur within the central portions of coding sequences 
and are known as gene body methylation (gbM)30. 
The remaining portions of the genome can be classi-
fied as unmethylated or as having intermediate levels  
of methylation (unclassified). The relative frequency of 
these types of methylation domains substantially varies 
among different plant species31,32 and also exhibits sub-
stantial variation along the length of the chromosome 
(FIG. 1c). The functional consequences of these types of 
methylation on gene expression often depend on the 
location of the methylation relative to the gene. Many 
genes can tolerate substantial levels of methylation 

in flanking regions33. The presence of gbM, CG‑only 
methylation in gene bodies, seems to have fairly min-
imal, if any, effects on gene expression34,35. This type 
of methylation is also associated with moderately 
expressed genes that are slowly evolving, long (in terms 
of base pairs) and often over-represented in ‘house-
keeping’ functions36; and the function of gbM in influ-
encing gene expression variation or specific phenotypic 
traits is still unknown. By contrast, the presence of any 
type of methylation (including CG‑only methylation) 
over the transcription start site is often associated with 
gene silencing31.

Natural and induced epigenetic variation
DNA methylation would need to exhibit substantial 
natural variation and be able to influence important 
plant traits to have an important role in traditional 
approaches to plant breeding and improvement. Scans 
of diverse accessions of A. thaliana, maize, rice, soy-
bean and Brachypodium distachyon have revealed sub-
stantial levels of natural variation of DNA methylation 
profiles37–47. In most studies, >99% of the methylome 
is conserved within a species44. However, there are 
still hundreds to thousands of differentially methylated 
regions (DMRs) between accessions. Although some of 
these DMRs reflect subtle differences in gbM that do 
not seem to be associated with altered gene expression,  
many of the DMRs between genotypes reflect altered tar-
geting of RdDM or heterochromatin42–44. Several studies 
have also found higher levels of methylation variation in 
specific accessions that probably reflect functional var-
iation of specific genes involved in the maintenance of 
epigenetic regulation in these accessions48–50.

For the natural variation of DNA methylation to 
affect plant traits it would probably need to alter levels 
of gene expression51,52. For the majority of DMRs, nearby 
genes do not exhibit changes in expression40,53. However, 
for ~10–20% of DMRs, there is a negative association 
between methylation and gene expression40,42,43, sug-
gesting that a subset of methylation variation has the 
potential to influence phenotype. Genes that exhibit 
qualitative, on–off expression differences are more likely 
to be associated with altered levels of DNA methylation 
than are genes with quantitative differences in expres-
sion44. These genome-wide analyses of methylomes and 
transcriptomes highlight the natural variation of DNA 
methylation and its potential to influence gene expres-
sion and plant traits. A number of classical genetic stud-
ies identified natural variation attributed to epialleles that 
affected plant traits such as floral morphology54, fruit 
ripening55 and anthocyanin content56.

Another line of evidence for the potential role of DNA 
methylation in influencing quantitative traits in plants is 
derived from the analysis of epigenetic recombinant inbred 
line (epiRIL) populations in A. thaliana57,58. The epiRILs 
are generated by crossing two genetically identical plants 
that differ in DNA methylation levels owing to one par-
ent being a homozygous mutant for a gene required for 
the proper maintenance of DNA methylation. The selec-
tion of offspring with the wild-type copy of this gene fol-
lowed by multiple generations of self-pollination results 

Box 2 | Histone modifications and interplay with DNA methylation

Although this Review is primarily focused on DNA methylation, there is abundant 
evidence for a role of histone modifications in epigenetic regulation. For example, 
histone H3 lysine 27 trimethylation (H3K27me3) is crucial for the proper control of 
imprinting in endosperm tissue133–135. Moreover, histone modifications have important 
roles in response to environmental cues in plants136,137. Allelic differences in histone 
modifications are linked to altered gene expression in rice138. In addition, map-based 
cloning of rice yield quantitative trait loci (QTL) identified a histone acetyltransferase 
that is important for grain weight and plant biomass139. Whereas histone modifications 
are important for changes in gene expression, evidence that they are stably transmitted 
and have important roles in heritable epigenetic regulation is limited. Several studies 
have provided evidence for short-term memory (lasting for 7–10 days) of environmental 
stress associated with histone modifications140–142, but evidence for the transmission of 
these states to offspring is sparse.

Histone modifications clearly have important roles in gene regulation in plants. A key 
question is whether these histone modifications represent heritable information that 
could be stably passed to offspring for crop improvement. Some histone modifications 
participate in feedforward loops along with DNA methylation, which could provide  
a mechanism for stable inheritance across generations. H3K9me2 and CHG (where H = A, 
C or T) methylation work together in a self-reinforcing loop to propagate an epigenetic 
state in plants28,143. There is also evidence that DNA methylation and certain histone 
modifications can act antagonistically in plants. For example, in Arabidopsis thaliana,  
the loss of DNA methylation in the endosperm or in the mutant met1 leads to the 
accumulation of H3K27me3 and to the repression of gene expression by the Polycomb 
silencing pathway135,144. There is also evidence for an interplay between H3K4me3 and 
the RNA-directed DNA methylation machinery in plants145. Evidence that histone 
modifications alone could provide stable transmission of epialleles in plants remains 
limited. There is some evidence for limited stability of H3K27me3 in animal systems that 
lack DNA methylation146,147. In addition, several heritable epialleles in rice are associated 
with differences in histone modifications135,148, suggesting the potential for stable 
inheritance across generations. Future studies will be important for documenting the 
potential for histone modifications to provide the stable inheritance of epigenetic states 
through mitosis or meiosis in plants.
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in a population of individuals with very similar genomes 
(other than some new transposon insertions) that 
vary in whether particular chromosomal regions were 
stripped of methylation in the original mutant methy-
lome. If one assumes that there is cryptic information 
represented by genes in plant genomes that are silenced 
by DNA methylation, then epiRILs would be expected to 
have the potential to express this cryptic information in a 
portion of the offspring, and these cryptic loci could be 

mapped if they lead to phenotypic variation59,60. Indeed, 
many quantitative traits, such as flowering time, plant 
height and response to abiotic stress, are influenced in 
a heritable manner in epiRILs58–62, and in some cases 
these effects have been mapped to genomic regions 
with altered methylation59,60. Importantly, many of the 
DMRs that are segregating in epiRIL populations are 
also detected as natural variants among A. thaliana 
accessions59. This suggests that the variation uncovered 
in epiRIL populations may also exist as natural variation 
that could be acted on by natural or artificial selection. 
Unfortunately, efforts to create similar populations in 
other plant species have been limited by the lethality of 
mutants that have strong effects on the methylome in 
crops63–65.

Sources of epigenetic variation
There are numerous routes to the formation of epialleles 
(FIG. 2). Broadly speaking, epialleles can arise from either 
non-genetic or genetic sources66,67. Non-genetic sources 
of epialleles include spontaneous epialleles due to the fail-
ure to properly maintain methylation states or through 
the off-target effects of small RNAs. Non-genetic sources 
of epigenetic variation could also include developmental 
or environmental factors that trigger directed chroma-
tin changes or that influence the stability of epigenetic 
states. Genetic sources of epialleles include transposon 
insertions that alter regional chromatin68 and structural 
rearrangements, such as genetically linked or unlinked 
copy number variation51,69. The exposure to these loci in 
cis or in trans can trigger changes in methylation at a locus 

Figure 1 | Distribution of chromatin domains in plant 
genomes. Plants have mechanisms to maintain 
methylation in CG, CHG (where H = A, C or T) or CHH 
sequence contexts (part a). CG methylation can be 
maintained following replication by 
METHYLTRANSFERASE 1 (MET1). CHG methylation can be 
targeted by a self-reinforcing loop involving the CHG 
methyltransferase CHROMOMETHYLASE 3 (CMT3) and the 
histone H3 lysine 9 dimethylation (H3K9me2) 
methyltransferase KRYPTONITE (KYP). H3K9me2 is also 
involved in the recruitment of RNA-directed DNA 
methylation (RdDM) activities, which target DOMAINS 
REARRANGED METHYLTRANSFERASE 2 (DRM2) and can 
maintain CHH methylation. Regions of plant genomes  
can be classified into different domains based on  
the context-specific levels of DNA methylation. These 
include CG/CHG/CHH loci (>20% CHH methylation 
levels), CG/CHG-only loci (>40% CG and CHG), CG-only 
loci (>40% CG only), unmethylated loci (<10% methylation 
in all contexts) and loci with intermediate levels (that do 
not meet any of the above criteria) (part b). The relative 
abundance of these domains can vary substantially in 
different plant genomes. Maize and Arabidopsis thaliana 
genomes were divided into 100 bp tiles, and each tile was 
assigned to the first of the categories that it meets (using 
data from REF. 152) (part c). The relative distribution of 
these CG/CHG/CHH, CG/CHG-only and unmethylated 
regions is shown for chromosome 1 in A. thaliana  
and maize (part d). dsRNA, double-stranded RNA;  
nt, nucleotide; siRNA, small interfering RNA; SUVH, 
SUPPRESSOR OF VARIEGATION 3–9 HOMOLOGUE.
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Epialleles
Chromatin differences at  
a locus between different 
individuals or cells. Note that 
an epiallele may be due to 
genetic differences (at 
cis-genomic or trans-genomic 
locations). Thus, some 
epialleles may reflect 
epigenetic variation but others 
may reflect genetic variation.

Epigenetic recombinant 
inbred line
(epiRIL). A quasi-homozygous 
line that is almost identical at 
the genetic level but that 
segregates at the DNA 
methylation level. Produced 
from an initial cross between 
two individuals with few DNA 
sequence differences but with 
contrasting DNA methylation 
profiles, followed by 6–8 
generations of self-pollination.

through various mechanisms, such as the production of 
siRNAs that would trigger RdDM or the recruitment 
of heterochromatin. Individuals that are heterozygous 
for distinct epigenetic states can also undergo para
mutation, or directed allelic interactions that influence 
the formation of epialleles56. A crucial issue for our ability 
to use epigenetic information for crop improvement is  
in understanding the stability of epigenomic patterns in 
an organism. If DNA methylation patterns are generally 
stable through development, then the methylome from 
any one tissue could be used to accurately describe the 
epigenetic profile of an individual and to predict traits. 
By contrast, if DNA methylation is heavily influenced 
by development and differentiation or by environmental 
conditions, then the profiles probably report the state of 
a particular organism rather than reflect the predictive 
properties for a genotype across space and time.

Epigenomic variation during development. As in most 
cases of biology, a nuanced view of the stability of DNA 
methylation among cell types of tissues is required. There 
are well-documented examples of dynamic alterations 
to DNA methylation profiles for specific organs and 
cell types. For example, in the developing endosperm, 
widespread DNA demethylation can be observed that 
is associated with the activation of endosperm-specific 
DNA demethylases70–72. This observation is likely to 
reflect the dynamic changes in methylation that occur 
in specific nuclei of the male and female gametophytes of 
plants73–75. These DNA methylation changes that occur 

during reproduction are important for the imprinted 
regulation of gene expression76, which is primarily 
observed in endosperm tissue and could be important 
for seed size and seed quality traits77,78. In addition, the 
changes in DNA methylation that occur in the sperm 
nuclei of pollen cells73,79,80 could be important for the 
inheritance of DNA methylation and may represent 
potential targets for influencing DNA methylation var-
iation in crop species. There is also evidence for the cell 
type-specific transcriptional activation of certain DNA 
demethylases altering DNA methylomes in tomato fruit 
ripening81 and in the nodule development of Medicago 
truncatula82. However, comparisons of the methylome 
of vegetative tissues in A. thaliana revealed few major 
changes43. A genome-wide analysis of DNA methylation 
in six cell types of roots revealed very few changes in 
CG and CHG methylation, even though there are many 
gene expression changes among these cell types83. One 
of the cell types, columella, exhibits substantially higher 
levels of CHH methylation, primarily at sites that have 
detectable, but low, levels of CHH methylation in other 
cell types83. Thus, altered levels of DNA methylation may 
be important for specific cell types, but the patterns of 
CG and CHG methylation seem to be generally stable 
throughout many vegetative plant tissues.

Epigenomic variation in response to the environment. 
There are similar complexities in the consideration of 
DNA methylation variability in response to environ
mental conditions. Although several studies have 

Box 3 | Beyond CHH and CHG

The study of cytosine methylation in plants uses surrounding nucleotide base composition (sequence context) to 
understand specific molecular processes, that is, methylation is thought to be maintained in the context of CG, CHG or 
CHH, which are dependent on different mechanisms. Recent studies have suggested that the reliance on these three 
contexts has been an oversimplification of context-specific DNA methylation processes in plants20,149. Previous work 
provided clear evidence for the role of chromomethylases such as CHROMOMETHYLASE 3 (CMT3) and ZMET2 in the 
maintenance of CHG methylation in many plant species150,151. However, analyses of all possible trinucleotide contexts show 
that the primary specificity for these enzymes is actually CWG (where W is A or T)20. The remaining CHG site, CCG, has a 
low level of methylation in plant genomes in comparison to CWG sites. Methylation at the CCG sites may have specific 
roles in the spreading of gene body methylation149. In Arabidopsis thaliana, CHH methylation has been attributed to the 
activities of the DOMAINS REARRANGED METHYLTRANSFERASE (DRM) family targeted by RNA-directed DNA 
methylation (RdDM) activities, as well as CMT2 (REFS 27,28). It has been suggested that DRM and RdDM primarily function 
at borders between heterochromatin and euchromatin, whereas CMT2 functions to provide CHH methylation in larger 
heterochromatic regions27. A more careful assessment of the sequence context for methylation suggests that CMT2 is 
primarily responsible for methylation at CWA sites20. This finding suggests that CMT enzymes prefer CWN sites, with CMT3 
preferring to methylate CWG sites and CMT2 preferentially methylating CWA sites (see the figure). In maize, which  
lacks a CMT2 orthologue27, the Zmet2 and Zmet5 gene products seem to be capable of performing both CWG and  
CWA methylation65,20. It remains unknown why CMT enzymes, which are recruited similarly by histone H3 lysine 9 (H3K9) 
methylation, have specificity for different sites and whether CWA and CWG methylation have differing functional 
importance in plant genomes.
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reported potential evidence of altered methylation in 
response to environmental conditions on the basis of 
methylation-sensitive amplified fragment length poly-
morphism (MS‑AFLP) surveys, there have been some 
questions about the reproducibility of these studies84. 
A careful study of the methylomes and transcriptomes 
of A. thaliana and rice in response to phosphate star-
vation revealed almost no changes in A. thaliana and 
~100 changes in rice85. Importantly, many of the DNA 
methylation changes observed in rice seemed to be spe-
cific to CHH sites and were a result, rather than a cause, 
of altered gene expression85. By contrast, several studies 
have found evidence for altered DNA methylation in 
response to salt stress in A. thaliana86,87. 

There is certainly evidence for a number of DNA 
methylation changes arising as a result of tissue culture, 
which represents a very unnatural environment but 
which is often used for agricultural improvement (FIG. 3). 
Plants derived from tissue culture exhibit a surprisingly 
high level of phenotypic variation from the donor mate-
rial, a phenomenon known as somaclonal variation88. 
Early studies found evidence that tissue culture could 
reactivate transposons that had been epigenetically 
silenced, triggering new genetic mutations in plants 
derived from tissue culture89,90. There is also evidence for 
direct epigenetic changes that influence the expression91 
or the splicing of genes92 that result from tissue culture. 
Genome-wide profiling has revealed the hypermethyla-
tion of CHH sites in A. thaliana cell suspension cultures93 
and rice callus tissue94. In rice or maize plants derived 
from tissue culture there is less evidence for widespread 
changes in CHH methylation, but several hundred loci 
exhibit reduced levels of CG and/or CHG methylation 
that can be stably inherited94,95. These studies have pro-
vided strong evidence that the tissue culture process can 
influence epigenetic variation in plants. 

Other studies96,97 have found limited evidence for 
widespread changes in methylation in response to 
environmental conditions other than tissue culture. 
An analysis of A. thaliana plants with almost identical 
genomes that had been growing in naturally varying 
environments for ~100 years revealed very few differ-
ences in DNA methylation profiles98. An emerging con-
sensus is that certain stresses may trigger specific changes 
in methylation at a small number of loci, often associ-
ated with transposable elements99. However, the bulk of  
the methylome, especially in CG and CHG sequence 
contexts, seems to be stable. 

The stability of DNA methylation in response to 
environmental variation is a crucial factor in how 
researchers would approach the use of epigenetics for 
agricultural improvement. If widespread reprogram-
ming of methylation occurs in response to the environ
ment and is adaptive, then one could envision using 
Lamarckian approaches to adapting plants to specific 
environments. For example, this line of thought would 
suggest that researchers could improve the cold toler-
ance of a species simply through the exposure of paren-
tal plants to severe cold stress. There is limited evidence 
for heritable gains in stress tolerance traits owing to 
environmental exposures in the absence of genetic 

Figure 2 | Sources of epigenetic variation. Epialleles that differ for chromatin  
modifications (such as DNA methylation) and gene expression can arise through various 
mechanisms (part a). Natural sources of epigenetic variation include spontaneous changes, 
genetic changes in cis, such as transposon insertions, structural rearrangements and genetic  
changes in trans that could result in small interfering RNA (siRNA) signals including 
methylation, interactions among alleles in wide crosses and polyploids. Induced sources  
of epigenetic variation might include mutations in the epigenetic machinery, such as in the 
epigenetic recombinant inbred lines (epiRILs), chemical treatments with inhibitors of DNA 
methylation and other chromatin modifications, directed epigenome editing and treatments 
with tissue culture or other stresses. The ways in which several of these processes may affect 
epialleles is shown on plant chromosomes (part b). Epialleles can be generated by the passage 
of a chromosome through a mutant background (such as METHYLTRANSFERASE 1 (met1), 
which erases all CG methylation. When this chromosome is reintroduced to functional MET1 
some of these regions are efficiently re‑methylated, but others remain unmethylated, 
providing an opportunity to assess cryptic information in these regions. Natural variation 
among genotypes (parents A and B) is often stably inherited following crosses. However, at 
some loci, there can be changes in epialleles state due to trans-chromosomal methylation 
(TCM) or trans-chromosomal demethylation (TCdM). 5‑AzaC, 5‑azacytidine.
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variation. Alternatively, if DNA methylation is generally 
stable in response to variable environments, then selec-
tion for epigenetic states could be relevant for large-scale  
agricultural application, even though plants will be 
grown in a variety of environments.

Dynamic behaviour of DNA methylation in wide 
crosses and polyploids. The act of creating populations 
in itself could provide a source of novel phenotypic 
variation if the parental epigenomes are sufficiently 
diverged. Classical genetic studies have provided evi-
dence at a handful of loci for paramutation100, the 
directed interactions between alleles that result in 
altered epigenetic states. Crosses between different 
A. thaliana accessions with distinct epigenomes have 
provided evidence for paramutation-like phenomena, 
known as trans-chromosomal methylation (TCM) and 
trans-chromosomal demethylation (TCdM) (FIG. 2), 
in which the chromatin status of one allele influences 
the status of the other allele101,102. These phenomena 
occur at a subset of loci that exhibit different epigenetic 
states in the two parents. In the case of TCM there is 
an observed association with increased 24‑nucleo-
tide siRNAs at the affected allele. TCM events can be 
inherited by subsequent generations, leading to lasting 
changes in gene expression101. In addition to TCM and 
TCdM, it has also been observed that in some regions 
of the genome that are methylated in both parents, both 
alleles become hypermethylated in the hybrid plants103. 
This hypermethylation is dependent on 24‑nucleotide  
siRNAs and the RdDM pathway. In general, the genomic 
regions affected by TCM, TCdM or hypermethylation 
represent a minority of methylated regions between 
accessions, but the frequency of such events could 
be dependent on the epigenomes being sufficiently 
diverged.

An extreme example that led to a high frequency 
of epigenomic variation, known as ‘epigenomic shock’, 
was demonstrated in A. thaliana after examining the 
DNA methylome of hybrids between a wild-type 
parent and a MET1‑deficient parent104,105. The met1 
mutants exhibited loss of CG methylation, increased 
transposon expression and increased CHG meth-
ylation in some gene bodies. The increase in CHG 
methylation is attributed to the loss of DNA methyl-
ation in an intron of the IBM1 gene, which encodes 
the H3K9 demethylase INCREASE IN BONSAI 
METHYLATION 1. The loss of methylation in the 
intron of IBM1 and the subsequent decrease in its 
expression is exacerbated in the hybrid plants105. 
Furthermore, most of the 2,000 transposons transcrip-
tionally re‑activated in the met1 parent are immune 
from re‑silencing in the hybrids105. These results indi-
cate that, when the two genomes (alleles exposed to 
met1 or wild-type MET1) are initially present in the 
nucleus, there is an imbalance in heterochromatin 
that is not immediately re‑established even though the 
machinery is present. The mechanistic basis for this 
observation is still unknown. However, it is intrigu-
ing that IBM1 has a heterochromatin-like region in its 
intron, which enables this gene to potentially ‘sense’ 

Figure 3 | Epigenetic variation and clonal propagation. The vegetative propagation 
of plants creates the opportunity to generate and harness epigenetic variation. 
Whether epigenetic variants arise spontaneously or are induced, they can be stably 
maintained and propagated through grafting or tissue culture if the epialleles are 
stably maintained through mitosis (part a). For plants that are generated by tissue 
culture, the process of tissue culture can induce a number of epigenetic changes 
(part b). In many agricultural species, tissue culture is a necessary part of plant 
transformation and clonal propagation. Tissue culture represents an extreme form of 
environmental stress and a unique developmental trajectory. Profiling of chromatin 
marks may therefore be necessary to identify beneficial or deleterious epialleles.  
In grafted plants, the scion tissue may have targeted epigenetic variation owing to the 
expression of mobile signals such as small interfering RNAs (siRNAs) in the rootstock 
(part c). RdDM, RNA-directed DNA methylation.
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Polyploidization
Whole-genome duplication 
events that can occur through 
the doubling of the 
chromosomes in a single 
species (autopolyploidization) 
or through a cross between 
related species followed by 
chromosome doubling 
(allopolyploidization).

Linkage disequilibrium
A measure of whether alleles at 
two loci coexist in a population 
in a nonrandom manner. Alleles 
that are in linkage 
disequilibrium are found 
together on the same 
haplotype more often than 
would be expected under  
a random combination of 
alleles.

the surrounding heterochromatin environment. 
A similar epigenome sensing mechanism has also 
been proposed for the DNA demethylase REPRESSOR 
OF TRANSCRIPTIONAL GENE SILENCING 1 
(ROS1)106,107. Modulation of the strength of silencing at 
a heterochromatin-like region in the ROS1 promoter is 
correlated with the expression levels of this gene. The 
ability of IBM1 and ROS1 to sense heterochromatin is 
likely to allow them to serve as important integrators 
that are required for the maintenance of epigenome 
stability.

Other examples of increased epigenome varia-
tion have been observed throughout the process of  
polyploidization108. Whole-genome duplication is a sig-
nificant contributor to the evolution of plant genomes. 
The successful doubling of genomes requires proper 
reinforcement of silenced regions within each set of 
chromosomes. Whole-genome duplications occur 
through autopolyploidization (doubling of chromo-
some) or through allopolyploidization (doubling of 
chromosome through the hybridization of distinct 
genotypes). There is extensive literature on the impact 
on genetic variation during these processes but until 
recently there were very few studies resulting from 
the investigation of epigenome dynamics during 
polyploidization. A study of the epigenomes of rice 
autopolyploids revealed that tetraploids had increased 
non‑CG methylation class II DNA transposons com-
pared with diploids109. This non‑CG methylation was 
also associated with the presence of 24‑nucleotide 
siRNAs, which are associated with the RdDM pathway. 
A transcriptome study between the diploids and the 
tetraploids revealed only a couple of hundred differ-
entially expressed genes, many of which also exhibited 
altered DNA methylation levels109.

The consequences of epigenome dynamics might 
not be consistent between autopolyploids and allo
polyploids. A preliminary study of DNA methylomes 
from a variety of allopolyploids in the monkeyflower 
Mimulus spp. indicated that widespread reductions 
in CHH methylation of transposons were observed 
immediately after the hybridization of the two 
genomes110. However, the level of CHH methylation 
is intermediate in newly synthesized allopolyploids 
and equilibrates to the parental levels in later genera-
tions, as assessed by DNA methylome analysis of syn-
thetic and natural allopolyploids produced from the 
same parental genotypes110. Interestingly, symmetric 
methylation of CG and CHG sites is unchanged even 
though the transcriptome of one of the parents domi-
nates the other parent. However, a causal link between 
alterations in CHH methylation and documented 
dominant transcriptome of one parent has not yet 
been determined.

There is great potential for creating epigenetic var-
iation at specific loci using hybrids and/or crossing 
parents with vastly different epigenomes. The abil-
ity to create novel populations using the approaches 
outlined above will result in phenotypic variation. 
Whether the phenotypes that arise are linked to 
epigenetic variation and whether the newly created 

epigenetic states are stably inherited over generations, 
and agronomically favourable, will be an active area 
of investigation.

Inheritance of epigenetic variation
The question of stability of DNA methylation inher-
itance across generations is crucial to deciding the value 
of epigenomic information for crop improvement.  
If the inheritance of DNA methylation is very stable, 
approaching the level of genetic information, then any 
epialleles will be faithfully inherited and new epialleles 
will occur only rarely. However, if DNA methylation  
patterns are unstable then we might expect the rapid  
formation, or loss, of epialleles within populations.

In a scenario of very stable inheritance of DNA 
methylation, the epialleles would have high levels of  
linkage disequilibrium with nearby genetic polymorphisms. 
Genome-wide association studies (GWAS) or genomic 
selection approaches based on dense single nucleo-
tide polymorphism (SNP) maps would thus probably 
tag the majority of DMRs, and these DMRs could be 
mapped to regions or captured for crop improvement 
even if the specific causative change was not identified. 
By contrast, if DMRs are unstable then they will have 
limited linkage disequilibrium with nearby SNPs and 
would have additional information that is not effectively 
tagged by dense SNP maps. The exact level of instability 
would influence the portion of epialleles that would be 
effectively surveyed in controlled populations (such as 
biparental populations of recombinant inbred lines) or 
in association panels67. Partially stable inheritance would 
probably provide sufficient stability for mapping in pop-
ulations with limited numbers of generations, such as 
recombinant inbred lines, but would probably not be 
suitable for association panels in which higher stabilities 
would be required. Additional studies documenting the 
exact stability of DMR inheritance and modelling link-
age disequilibrium across generations will be important 
for our ability to effectively survey the effects of DNA 
methylation and potential links to genetic variation.

The stability of inheritance of DNA methylation 
across multiple generations has been evaluated in sev-
eral different ways. Perhaps the most direct assessment 
was through the detailed analysis of DNA methylation in 
a mutation accumulation population in A. thaliana110–113. 
A single A. thaliana individual was used to found a pop-
ulation that was propagated by single-seed descent for 
30 generations114. Genomic sequencing of the orig-
inal parent and the offspring after 30 generations 
revealed the spontaneous mutation spectrum and rate 
for A. thaliana115. Methylome sequencing was used to 
assess the rate of epimutation111,112. Two distinct types 
of DNA methylation change could be evaluated in these 
populations: single cytosine changes in methylation 
and regional changes (that is, DMRs). Although there 
were only ~20 SNPs per individual following 30 gener-
ations, there were thousands of differentially methyl-
ated cytosines. However, although methylation at single  
cytosines exhibited reduced stability relative to the 
genetic sequence, DMRs were identified only at hun-
dreds of regions following 30 generations, demonstrating 
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Scions
Shoot or branch of a plant that 
is grafted to a rootstock.

Grafting
The joining of living material 
from two individuals to 
generate a chimaera. In plants 
this generally is performed 
through grafting of a scion  
(a branch or bud) from one 
plant to a rootstock from 
another plant.

Rootstock
The root system of a plant with 
the shoot removed onto which 
another variety is grafted.

the greater stability of regional methylation levels than 
of individual modifications. There is also variability 
for the stability of DNA methylation inheritance based 
on the sequence context113. Several recent studies have 
attempted to address the question of whether environ-
mental conditions influence the stability of inheritance 
of DNA methylation. Hagmann et al.98 investigated 
the methylomes of A. thaliana plants grown in natural 
environments for ~100 years and found relatively few 
differences, suggesting that methylomes can be stably 
transmitted, even in varying environments, for many 
generations. However, in A. thaliana plants subjected 
to salt stress86 and in rice plants subjected to multiple 
generations of drought stress116, there is evidence for 
increased rates of DNA methylation changes, suggesting 
that severe environmental stress may trigger altered rates 
of methylation stability. The use of populations with 
little or no genetic variation has greatly contributed to 
our understanding of the stability of DNA methylation  
variants on distinct timescales.

Considerably more natural variation in DNA methy
lation exists in genotypes that have greater genetic var-
iation. Numerous studies have assessed the inheritance 
of variable methylation in the presence of segregating 
genetic information. Genome-wide association scans of 
DNA methylation in diverse A. thaliana accessions reveal 
that many DMRs have significant associations with local 
SNPs or small insertions and deletions (indels), suggest-
ing stable inheritance, whereas other DMRs are associ-
ated with changes in other genomic regions, suggesting 
trans-acting control43,45. An association-based approach 
revealed that nearly 50% of DMRs in maize exhibit  
significant associations with local SNPs, suggesting  
relatively stable inheritance40.

The analysis of inheritance for DNA methylation in 
recombinant inbred populations of maize and soybean 
has revealed generally stable inheritance with rare exam-
ples of unexpected patterns40,42,117. Several studies have 
provided evidence for some examples of potential para
mutation-like behaviour, or TCM, in which the meth-
ylation state of one allele affects the methylation level 
of the other allele when present together in a hetero
zygous state40,101,102. In reality, it is quite possible that 
there are various different underlying causes for DMRs, 
and these are likely to be reflected in varying levels of 
stability for the inheritance of these DMRs. Some DMRs 
may be the result of nearby structural variation45,69,118 
and might be fairly faithfully inherited along with the 
genetic polymorphism. Other DMRs may reflect sto-
chastic changes in epigenetic state, with no accompa-
nying change in DNA sequence, and may exhibit less 
stable inheritance. A careful analysis of epiRIL popula-
tions provides evidence for this range of behaviours57,119. 
The numerous DMRs between the parent plants exhibit 
a variety of behaviours in the epiRIL population119. Many 
of the DMRs return to wild-type methylation in the  
F1 generation and all subsequent generations, suggesting 
that the DNA methylation can be effectively re‑targeted 
to these regions by genetic information57. Some of the 
remaining DMRs exhibit very stable inheritance and 
can be used to map which genomic regions experienced 

demethylation and the impact on phenotypic variation59. 
Other DMRs exhibit partial stability and slowly return 
to wild-type methylation levels over multiple genera-
tions119. The range of stability for the behaviour of DMRs 
may also hold true for natural variation40,42,103,104,109, and 
the source of an epiallele can probably influence stability 
over generations. Epialleles that are the result of genetic 
variation, such as nearby transposon insertions, may be 
fairly stable, as the source of information programming 
the chromatin modification is consistently present at the 
locus. Other epialleles that are the result of spontane-
ous variation may be less stable, as there is no source of  
reinforcement of the epigenetic information.

Epigenetics in clonally propagated species
In most cases, plant breeding efforts have focused on 
harnessing natural variation through genetic crosses and 
the evaluation of progeny. This is often followed by the 
creation of stable inbred or hybrid varieties that can be 
sold as seeds for agricultural production. However, for 
other species, we have been forced to use clonal propa
gation to maintain ideal varieties. Many fruits are the 
result of clonal propagation and are based on a single 
genetic variety. In these species, there is the potential 
for epigenetic variation among different ‘sports’ or 
clonal propagants, and epigenetic variation that arises 
among cells or tissues could be passed on through  
scions or clonal propagation if it is stable (FIG. 3a). In spe-
cies that use tissue culture for clonal propagation, the 
tissue culture itself might also induce novel epigenetic 
variation (FIG. 3b). Many fruit crops are widely propa-
gated through grafting. In these species, there are oppor-
tunities for directed epigenetic changes from rootstock 
to scion or vice versa120,121. In these cases, a rootstock  
or scion that produces a mobile signal, such as an siRNA, 
can direct methylation changes across the graft (FIG. 3c). 
This could be used in agricultural species to target  
epigenetic changes122.

The recent study of oil palm points to one avenue 
for epigenetic information being used for agricultural 
improvement in clonally propagated species92. Most oil 
palms are hybrids derived from a cross between two 
subspecies. Once a high-performing cross is identified, 
it is widely deployed across many plantations by using 
tissue culture to develop many clones. Unfortunately, 
a subset of the clones that have passed through tissue 
culture exhibits a ‘mantled’ phenotype that destroys the 
productivity of the tree92,123. The mantled trait is not 
apparent until maturity, years after planting. The analysis 
of genomic DNA methylation has identified a DMR that 
is associated with the mantled trait. Changes in DNA 
methylation of an intron of the EgDEF1 gene result in 
aberrant transcripts for a floral identity gene that lead to 
undesirable morphology changes92. Understanding the 
epigenetic basis for this trait could provide avenues for 
using DNA methylation profiling to identify the defec-
tive clones. For example, some sports of popular apple 
varieties exhibit unusual colour patterns, and there is 
evidence for DNA methylation changes at the promot-
ers of transcription factors that are known to regulate 
anthocyanin production124. Maintaining apples with 
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consumer-preferred coloration would require DNA 
methylation profiles of cuttings. In addition to remov-
ing deleterious alleles, there may also be opportunities 
to unleash epigenetic information in clonally propagated 
species to generate new beneficial alleles. For example, 
phenotypic variants in the strawberry were generated 
through treatment with the methylation inhibitor  
5‑azacytidine and could be vegetatively propagated125.

Epigenome engineering for crop improvement
Researchers have uncovered several examples of epi
alleles that can provide major morphological variation. 
However, the experimental identification of epialleles 
that are linked to phenotypic variation is a slow pro-
cess that often relies on spontaneous epimutations. 
However, the creation and study of epiRILs using 
A. thaliana radically changed the rate at which epi
alleles could be generated and associated with pheno
typic traits. The epiRIL populations that have been 
developed display extensive phenotypic variation, 
ranging from altered disease resistance to variation 
in biomass57,58, to name a few examples. The ability 
to perturb DNA methylomes and then to create indi-
viduals with mosaic methylomes reveals that there is 
a pre-existing untapped source of allelic variation pres-
ent in plant genomes. Accessing this allelic variation 
has proved difficult in plants other than A. thaliana, 
as other studied plants are more sensitive to severe 
genome-wide alterations to DNA methylation63–65. 
Therefore, novel approaches that moderately perturb 
the DNA methylomes of crop plants and/or methods 
that are more precise will need to be developed to  
create novel epiallelic variation in other plant species.

A promising new methodology for engineering DNA 
methylation states in a site-specific manner in plant 

genomes uses the fusion of enzymes that can add or 
remove DNA methylation with proteins that are guided 
to specific DNA sequences (FIG. 4). Enzymes such as 
zinc finger nucleases (ZFNs), transcription activator-
like effector nucleases (TALENs) and CRISPR–Cas9 
systems are being rapidly developed to edit genome 
sequences. Recently, these systems have been used to 
engineer epigenomes, primarily in mammalian cell 
lines126–128. This has been accomplished by using the same 
sequence-specific guides and swapping the nucleases 
with enzymes such as DNA methyltransferases, DNA 
demethylases or, in the case of CRISPR–Cas9, by fusions 
with a nuclease-dead form of Cas9 (dCas9)129. The first 
demonstration of site-specific epigenome engineering 
in plants was accomplished in A. thaliana using a ZFN 
fused to SUVH9, a protein that is integral to RdDM130. 
This fusion could direct DNA methylation to target 
DNA sequences and caused expected phenotypic conse-
quences. However, it is unclear how widespread the use 
of this methodology could be, as the reported example 
relied on a locus that had pre-existing siRNAs and no 
DNA methylation, which is a rare event in most plant 
genomes. Regardless, genome-editing technologies are 
rapidly improving to a point that plant epigenomes will 
be readily engineered in the not too distant future.

The development of methodologies to site- 
specifically engineer DNA methylation states in plant 
genomes will also prove extremely useful for hypo
thesis testing, as was demonstrated with ZFN–SUVH9 
(REF. 130). Currently, the identification of correlations 
between changes in DNA methylation, gene expres-
sion and phenotypic variation is without tests for 
causality. For crop species that are transformable, the 
ability to identify causal relationships between differ-
ential methylation and the observed phenotypic var-
iations will greatly expand the understanding of the 
role of DNA methylation in controlling gene expres-
sion. This methodology will also facilitate the iden-
tification of epigenetic quantitative trait loci (epiQTL) 
from epiRIL populations and from epigenome-wide 
association studies. Finally, this methodology could 
be useful to prevent the silencing of transgenes or even 
to reactivate silenced transgenes in pre-existing lines. 
Transgene silencing is a major nuisance to engineer-
ing crop genomes, and there is no clear understanding 
of why transgene silencing occurs. Regardless, devel-
oping systems that could survey and demethylate  
transgene integrations could prove highly valuable.

One of the challenges associated with the site- 
specific engineering of DNA methylation states is 
knowing which sequences to target. These epigenome 
editing tools are useful for hypothesis testing, but are 
not feasible for engineering DNA methylation states 
at a seemingly unlimited number of possibilities in 
crop genomes. One possible way to circumvent this 
obstacle is to develop methods for epimutagenesis, or 
widespread random perturbation of DNA methylomes. 
Methodologies to achieve this include the use of chemi-
cal inhibitors of maintenance DNA methylation, such as 
5‑azacytidine and zebularine131, as well as the engineer-
ing of DNA methyltransferases or DNA demethylases to 

Figure 4 | Epigenome editing tools. The genome is a mosaic of methylated and 
unmethylated regions. CRISPR systems containing a nuclease-dead Cas9 (dCas9) protein 
fused to a DNA methyltransferase or a protein involved in the recruitment of de novo 
methylation could trigger the methylation of previously unmethylated regions, resulting 
in reduced gene expression or gene silencing. Alternatively, a targeted dCas9 fusion to  
a demethylase enzyme could be used to demethylate cryptic genes, resulting in the 
novel expression of previously methylated genes. gRNA, guide RNA.
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act in a genome-wide manner. These approaches may 
provide new avenues for generating epigenetic diversity 
in crop species in which loss‑of‑function mutations in 
key components of the DNA methylation machinery are 
inviable63–65. The development of epimutagenesis could 
be especially useful if applied to polyploid genomes, 
as they have a richer source of allelic variants that are 
silenced by DNA methylation. Regardless, substantial 
effort will need to be dedicated to understanding the 
stability of newly created epialleles between cell divi-
sions and between generations for the widespread adop-
tion of technologies to engineer DNA methylation in 
crop genomes.

Conclusions
There is a crucial need to improve the efficiency of 
production of food and fuel supplies for a growing 
population. Properly harnessing epigenetic variation 
may provide new opportunities for crop improvement. 
Technological advances have provided new insights 
into the sources and inheritance of epigenetic variation.  
The coming years are likely to see increased opportuni-
ties for monitoring and manipulating crop epigenomes.  
It will be crucial to develop a detailed understanding of 
how to predict the stability for epigenetic variants such 
that we can use epigenetics for the stable improvement 
of agricultural traits.
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