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Epigenetic variation has been observed in many plant
populations. This variation can influence qualitative and
quantitative traits. A key question is whether there is novel
information in the epigenome that is not captured by SNP-
based genetic markers. The answer likely varies depending on
the sources and stability of epigenetic variation as well as the
type of population being studied. We consider the epigenetic
variation in several plant systems and how this relates to
potential for hidden information that could increase our
understanding of phenotypic variation.
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The availability of low-cost genetic marker technologies
enabled connections between genotype and phenotype in
many plant populations. These resources allow for the
detection and characterization of quantitative trait loci
(QTL) as well as the development of genomic prediction
approaches. However, in many cases the sum of QTL
effects remains well below the heritability of the trait.
This so-called ‘missing heritability’ can arise due to a
variety of reasons including rare alleles, the inability to
detect minor effect QTL and epistasis [1]. Epigenetic
variation, heritable variation that is not solely explained
by sequence differences, could also contribute to missing
heritability. We will discuss the prevalence and potential
impacts of epigenetic variation in plant populations.

The term epigenetics is used in different contexts to
describe both biochemical and genetic phenomena. In
this review we will focus on using the term epigenetic to
refer to heritable variation that is not fully linked to
genetic (sequence) differences. At the molecular level

epigenetic variation can be associated with differences in
chromatin modification (DNA methylation, chromatin
accessibility, histone variants, histone modifications),
small RNAs or even protein structure (prions). DNA
methylation has received the most attention as a molecu-
lar marker for potential epigenetic variation due to it’s
relatively high heritability and the high-throughput
methods for documenting genome-wide patterns [2].
As we consider the potential role of epigenetics we will
largely focus on studies that have evaluated variation,
heritability and impacts of DNA methylation but we
expect that additional studies will highlight potential
roles for other molecular mechanisms of epigenetic
variation.

Our desire to understand the role of epigenetic variation
in plant populations stems from the potential for its
contribution to phenotypic variation. Identifying the
causative basis for QT'L, genetic or epigenetic, increases
our understanding of how variation arises and how to
create or alter alleles for crop improvement. Current SNP-
based QTL or GWAS approaches may fail to identify key
contributors to variation of a trait if the causative chro-
matin modification is not captured by genetic markers.
The key question we explore here is the degree to which
variation in a chromatin modification such as DNA meth-
ylation will be tagged by SNPs or other genetic markers.
To address this question we must consider the sources
and stability of chromatin variation and the structure of
the population being considered.

Sources and stability of ‘epigenetic’ variation
As we seek to understand the importance of epigenetic
variation in plant populations, it is necessary to consider
the sources and stability of this variation. The inheritance
of an epigenetic state could potentially range from high
levels of stability, like a genetic variant, to complete
instability from one generation to the next. Many studies
that have sought to understand the sources and stability of
epigenetic variation use DNA methylation in plant popu-
lations as a proxy for epigenetics. Genome-wide analyses
of DNA methylation identify many differentially meth-
ylated regions (DMRs) among individuals [3-5]. While
many quantitative differences in DNA methylation level
for a locus have been identified, the regions changing
between highly methylated and unmethylated states are
most likely to represent heritable differences that may
contribute to altered gene expression. It is tempting to
consider all chromatin variation as true epigenetic varia-
tion, independent of sequence. However, there is
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2 Epigenetics

abundant evidence that a significant portion of this varia-
tion in DNA methylation might be explained by genetic
changes [6]. Richards [7] created useful terminology for
considering the interaction of genetic and epigenetic
variation (Box 1). As we consider the potential for
DNA methylation variation to provide additional infor-
mation beyond SNPs, it might be helpful to separate the
sources of epigenetic variation into local (cis-acting) var-
iants and other factors. Examples of local genetic variants
that are strongly associated with an altered chromatin
state (i.e. obligatory epialleles) will likely be quite stable
and offer limited potential for novel information based
solely on the chromatin state. In contrast, other sources of
epigenetic variation including trans-acting genetic var-
iants that trigger stable chromatin variants, environmental
factors or spontancous epimutation have the potential to
create variation that is not predicted based on SNPs or
other genetic markers.

T'rans-acting genetic variation and genetic background
can influence epigenetic variation and stability. There are
well-characterized examples of genetic variants that cre-
ate allelic interaction in trans (paramutation) or at
unlinked genomic sites [8]. These may result in epige-
netic variants that are initially predictable based on
genetic variation such as SNPs. However, the behavior
of this chromatin variation following segregation can
create scenarios in which the epigenetic state is

Box 1 Spectrum of potential genetic influences on chromatin
variation

Variation for chromatin state in different haplotypes can range from
completely dependent on genetic variation to being completely
independent. According to Richards [7] an obligatory epiallele
occurs when a genetic change (such as a transposon insertion or
structural variant) triggers a chromatin change. For example, a
transposon insertion may trigger high levels of DNA methylation for
the transposon itself as well as the flanking sequences [65]. At the
other extreme a pure epiallele would represent instances in which
epigenetic variation arises with no genetic influence. Pure epialleles
could arise through spontaneous epimutation or through variation
triggered by environmental or developmental conditions. Between
these two extremes there is the potential for several types of facili-
tated epialleles. One instance of facilitated epiallele would occur
when the presence of a genetic variant, like a transposable element,
predisposes a region to chromatin variation but is not completely
penetrant. This leads to partial but not complete association of the
genetic variant and the chromatin state. Another instance of a
facilitated epiallele could occur with trans-acting effects. For exam-
ple, a genetic variant that creates an inverted repeat (as seen at the
PAI locus in Arabidopsis [66] could lead to small RNAs that could
trigger high levels of DNA methylation at the other allele or at other
genomic locations with high homology to the inverted repeat
sequence. Importantly, if the hypermethylation state is heritable high
levels of DNA methylation could be maintained even after segrega-
tion of the triggering locus. This would result in an apparent pure
epiallele that originally was attributed to a genetic variant. These
examples highlight the complexities in determining the linkage
between chromatin variation and genetic changes.

uncoupled with the original genetic trigger. For example,
the altered epigenetic states following paramutation can
be very stable or decay over the course of several gen-
erations [9]. Instances of genetic variants that trigger a
stable trans-acting epigenetic change but are themselves
lost due to segregation will create epigenetic variants that
are not well-tagged by SNPs or other genetic markers.

In contrast to epigenetic changes that are triggered by
trans-acting variants there are also spontaneous epige-
netic changes. The best knowledge of spontaneous epi-
mutation frequencies in plants has come from analyses of
mutation accumulation lines in Arabidopsis that have
minimal genetic variation [10-13]. The rates of sponta-
neous epigenetic variation for single sites are several
orders of magnitude higher than rates for SNPs [14,15]
(Figure 1). Model based approaches designed to estimate
epimutation rates suggest some variation for different
plant species but place the estimates in a generally similar
range [16°°]. Similar estimates were obtained for maize
based on population genetics based approaches [17°]. It is
more difficult to estimate frequencies for differentially
methylated regions but estimates suggest these occur at
an overall frequency similar to site-specific methylation
changes [18°°]. These different approaches to estimate
epimutation rates in various plant species suggest slightly
different rates but still place epigenetic variation into a
unique position of being quite heritable but far less stable
than genetic changes. Several studies have investigated
whether the frequency of spontancous epimutations may
be influenced by different environments or conditions
[19-30]. While some treatments, such as tissue culture,
have been associated with increased changes in DNA
methylation, the influence of abiotic stresses on DNA
methylation has varied from negligible to significant in
different studies. The analysis of DNA methylation pat-
terns in wild Arabidopsis populations suggested rates of
accumulation of epimutations in natural environments
that is similar to that observed in mutation accumulation
lines, suggesting limited roles for environmental variation
influencing epimutation rate [31]. It is likely that the
specific rate of epimutations and their distribution in
different genomic regions may be influenced by environ-
mental factors as well as genetic background.

Different populations; different potential for epigenetic
variation

The stability of epigenetic variation and epimutation rates
become critical factors as we consider the potential for
untagged epigenetic variation in different types of plant
populations and there are different factors that become
importantin disentangling genetic and epigenetic variation
in these different populations. The potential to capture
DNA methylation variation through the use of SNP-based
profiling will vary in different populations as a consequence
of the dynamics of the age, stability and mechanisms that
generate epialleles (Figure 2). We will begin with plant
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Relative stability of DNA methylation and SNPs. Several studies have monitored the epimutation rates for DNA methylation at specific sites (5mC -
green) or for differentially methylated regions (DMRs-blue) in comparison to SNPs (black). The specific studies are referenced at the approximate
position of the reported rates. Although DNA methylation levels are highly heritable they are orders of magnitude less stable than SNPs.
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The potential to capture or tag epialleles using SNPs or other genetic variants is influenced by the population type, age, stability and mechanistic
basis of the epiallele. (a) The potential to capture epiallelic variation using genetic variation is relatively low in clonal or inbred populations. Bi-
parental population and diverse association panels will exhibit a range in which some epialleles are well tagged while others are not captured. (b)
In all types of populations the age and stability of inheritance for epialleles will influence the ability to capture this information using SNPs.
Relatively young variants will also be difficult to tag using genetic variation scans. Epialleles that are older will exhibit a range potential capture by
genetic variation resulting from different stabilities of inheritance. (c) The ability to tag epialleles with genetic variation will also vary based on the
mechanistic basis of the epiallele origin. Both spontaneous epialleles and cis-linked genetic causes of epialleles will have a range of potential
capture depending on the age and stability. It is likely that there are greater frequencies of young, unstable spontaneous epialleles and older
stable genetic (cis) epialleles. Genetic epialleles induced by a trans-acting locus (TAL) trigger will exhibit a range of potential capture by genetic
variation. If the TAL trigger has incomplete penetrance for inducing a chromatin change there will be low capture by genetic variation. Loci with
high penetrance of the TAL effect but unstable inheritance of the induced epigenetic state will be well tagged by genetic variation in bi-parental or
association populations. However, in cases in which the TAL induces a stable effect that remains after the TAL is segregated away there will only
be partial association between the TAL and the chromatin change.
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4 Epigenetics

populations with minimal genetic variation and progress to
populations with higher levels of genetic variation.

Clonal populations and inbred lines

T'he simplest populations from a genetic perspective will
be clonal populations or inbred lines. Many crop species
are clonally propagated which result in a population with
relatively little genetic variation and this means that new
variants (genetic or epigenetic) will not be tagged by
SNPs (Figure 2a). In these species, characterizing spon-
taneous epigenetic variation will likely be very important
for understanding sports or somaclonal variants [32]. One
prominent recent example was the discovery of the Bad
karma locus in somaclonal variants of oil palms [33,34].
This epigenetic variant arises at moderate (5-20% of
individuals) frequency in clonally propagated oil palms
and epigenetic assays have been developed to use for
culling of affected individuals. Several recent studies
have also provided insights into the epigenetic variability
in some fruit species such as apple [35-37], grape [38,39]
or poplar [40-42]. While these studies suggest promise for
linking chromatin variants to novel phenotypes that have
arisen in specific sports, it is worth noting that in general
there is quite limited breeding progress using selection on
inbred materials, suggesting limited potential for sponta-
neous epigenetic variants that allow for rapid shifts in
quantitative traits. However, in some special cases there
can be major epigenetic variation within inbred popula-
tions. The epiRILs were intentionally generated through
crossing plants that are homozygous mutant for factors
critical for DNA methylation with wild-type plants
[43,44]. The off-springthat are homozygous wild type
(lacking mutant alleles for DNA methylation pathways)
segregate for genomic regions that have experienced loss
of methylation. These populations give insight into the
stability of epigenetic variants and show highly variable
behavior for different loci. Some loci quickly regain wild-
type methylation levels while others show stochastic rare
recovery or stable unmethylated states [45]. These popu-
lations also show quantitative trait variation suggesting
that segregation for varying chromatin states can influ-
ence many traits [46°,47-50]. EpiRILs provide examples
of how epigenetic variants that are not tagged by SNPs
could result in quantitative trait variation.

Bi-parental populations

As we shift to consider populations with segregating
genetic variation it becomes more challenging to disen-
tangle genetic and epigenetic sources of phenotypic
variation [6]. These populations often have much higher
rates of chromatin variation but this is present in haplo-
types that also have genetic variants. Since genetic var-
iants can have local effects on chromatin or trans effects at
allelic positions (i.e. paramutation) or elsewhere in the
genome, it becomes important to be able to resolve
whether chromatin state differences are controlled by
other genetic variants. One major challenge is that the

lower stability for epigenetic variants relative to genetic
variants changes the potential to use imputation
approaches. While high-quality information on genetic
variation from parents of a population can be accurately
imputed to off-spring based on a smaller number of
markers that define recombinations this approach should
not be applied to high resolution maps of chromatin
variants from parental genomes due to the lower stability
of these variants.

Several types of genetically variable plant populations
offer distinct potential for considering the role of epige-
netic variation (Figure 2a). Bi-parental populations
(including F2, recombinant inbred lines and near isogenic
lines) provide opportunities to monitor the stability of
chromatin variants and the potential for trans-acting
control of DNA methylation. In general, studies in these
populations have revealed widespread evidence for rela-
tively stable inheritance of DNA methylation levels
based on the stable inheritance of epialleles with some
examples of unstable inheritance [5,51-54]. While these
bi-parental populations can be quite useful for insights
into inheritance patterns of chromatin variation, they
offer very limited ability to separate genetic and epige-
netic variation. Since these populations often have lim-
ited genetic resolution each chromatin variant is often in
linkage disequilibrium with many nearby SNPs or other
genetic changes. Each QTL will potentially contain
multiple genetic and epigenetic variants and isolating
the causative variant can be challenging. In addition,
the potential to tag epialleles using SNP variation will
be influenced by the age of the epiallele, the stability of
the epigenetic state and the mechanistic basis of the
epiallele (Figure 2b,c).

Diverse association panels

Moving to diverse association panels with GWAS can
provide increased genetic resolution. In these popula-
tions there are both increased numbers of crossovers as
well as additional generations that provide additional
opportunity for the accumulation of spontancous epi-
mutations. This increases the opportunity to identify
chromatin variants that are not well tagged by genetic
variants. T'o date there have been relatively few scans of
chromatin profiles in very large diverse plant popula-
tions. The only comprehensive profiling of DNA meth-
ylation at true population scales has been performed in
Arabidopsis [3,4,55]. While there are many single-base
methylation polymorphisms that are detected in this
population, the phylogeny based on methylation poly-
morphisms is highly similar to SNP-based phylogeny
suggesting overall stable inheritance of DNA methyla-
tion patterns [3]. Many of the differences in DNA
methylation in Arabidopsis populations appear to have
a genetic basis with examples of local, cis-acting var-
iants as well as trans-acting variants that frequently map
to genomic locations of genes known to play a role in
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the regulation of DNA methylation [4,55]. More limited
scans have been performed in brachypodium [56], rice
[57°], soybean [58°] and maize [5,17°,59°°]. The analysis
of 45 soybean methylomes from wild accessions and
domesticated lines reveals many changes in DNA meth-
ylation that are often associated with higher levels of
nearby genetic variation [58°]. Similarly, the analysis of
nearly 100 maize and teosinte methylomes identifies
many differences in DNA methylation that include
many examples that are associated with genomic
regions that have undergone selection during domesti-
cation [17°]. These DNA methylation differences may
have functional consequences that were the basis of
selection or may simply reflect variants that ‘hitch-
hiked’ with selection for nearby genetic variants. A
capture-based profiling of DNA methylation at selected
regions of the maize genome in combination with high-
depth SNP panels on the same population reveals that
only about half of the differentially methylated regions
were effectively captured by SNPs [59°°]. Importantly,
using the DNA methylation variants could effectively
predict variation for some gene expression or metabolite
traits that were not strongly associated with SNPs
providing evidence for potential value of DNA meth-
ylation profiles for predicting traits.

Conclusions

The analyses of diverse populations in several plant species
highlight the potential for novel epigenetic variants thatare
not well captured in SNP-based scans to influence plant
traits. Further studies will be necessary to document the
full role of epigenetics in quantitative trait variation in plant
populations. [t will be important to design these studiesina
fashion that can disentangle the effects of chromatin varia-
tion as opposed to hitch-hiking of a stable chromatin variant
with nearby genetic changes. Many of the current popula-
tion genetics based analyses of loci involved in domestica-
tion or adaptation will not have sufficient power to fully
resolve the genetic and epigenetic variation at selected loci.
However, in some cases these studies have pointed to
intriguing potential for epigenetic variation at these loci.
Several recentstudies have reported potential technologies
for targeted addition or removal of DNA methylation at
specific loci [60°°,61-64]. These approaches provide new
opportunities for disentangling the role of DNA methyla-
tion and genetic variation by providing ways to trigger a
methylation change with no genetic variation. A more
complete understanding of the sources and stability of
epigenetic variation in different plant populations will be
critical as we seek to determine the importance, and
potential value, of chromatin profiles for understanding
phenotypic variation in plants.
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