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Does variable epigenetic inheritance fuel plant evolution?
Mark A.A. Minow and Joseph Colasanti

Abstract: Epigenetic changes influence gene expression and contribute to the modulation of biological processes
in response to the environment. Transgenerational epigenetic changes in gene expression have been described in
many eukaryotes. However, plants appear to have a stronger propensity for inheriting novel epialleles. This
mini-review discusses how plant traits, such as meristematic growth, totipotency, and incomplete epigenetic
erasure in gametes promote epiallele inheritance. Additionally, we highlight how plant biology may be inherently
tailored to reap the benefits of epigenetic metastability. Importantly, environmentally triggered small RNA
expression and subsequent epigenetic changes may allow immobile plants to adapt themselves, and possibly their
progeny, to thrive in local environments. The change of epigenetic states through the passage of generations has
ramifications for evolution in the natural and agricultural world. In populations containing little genetic diversity,
such as elite crop germplasm or habitually self-reproducing species, epigenetics may provide an important source
of heritable phenotypic variation. Basic understanding of the processes that direct epigenetic shifts in the genome
may allow for breeding or bioengineering for improved plant traits that do not require changes to DNA sequence.
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Résumé : Les modifications épigénétiques influencent l’expression génique et contribuent à moduler les proces-
sus biologiques en réponse à l’environnement. Des changements épigénétiques trans-générationnels de
l’expression génique ont été décrits chez plusieurs eucaryotes. Cependant, les plantes semblent avoir une propen-
sion plus grande pour la transmission d’épiallèles inédits. Dans cette mini-synthèse, les auteurs discutent com-
ment certaines propriétés des plantes, telles que la croissance des méristèmes, la totipotence et l’effacement
épigénétique incomplète chez les gamètes, contribuent la transmission des épiallèles. De plus, les auteurs soulig-
nent de quelle manière la biologie des plantes est adaptée pour récolter les bénéfices d’une méta-stabilité épigé-
nétique. De manière importante, l’expression induite par l’environnement de petits ARN et les changements
épigénétiques subséquents peuvent permettre aux plantes, par ailleurs immobiles, de s’adapter elles-mêmes, ainsi
que possiblement leur progéniture, pour prospérer dans des environnements locaux. Le changement d’états
épigénétiques au cours des générations a des conséquences en matière d’évolution tant dans le contexte naturel
qu’agricole. Chez des populations contenant peu de diversité génétique, telles que les variétés élites ou des espèces
à reproduction autogame, l’épigénétique procure possiblement une source importante de variation phénotypique
héritable. Une compréhension des processus qui mènent à des changements épigénétiques dans le génome
pourrait permettre une sélection ou une ingénierie de caractères améliorés qui ne nécessitent aucun changement
à la séquence d’ADN. [Traduit par la Rédaction]

Mots-clés : petits ARN, méristèmes, développement de la plante, épigénétique, évolution.

Introduction
Plants differ from animals in several fundamental

ways. In addition to being typically autotrophic and im-
mobile, plants react to their environment through devel-
opmental plasticity. Plant cells are totipotent and, unlike
most other eukaryotes, plant development continues af-
ter embryogenesis and throughout the life of the individ-
ual. This is exemplified in plants through developmental

flexibility, where cells arise from stem cell precursors,
become part of the soma, but maintain the potential to
dedifferentiate back into stem cells. This impermanence
in cell fate requires reprogramming of gene expression,
which in part relies upon re-writing epigenetic states in
somatic cells. Although many changes are temporary
during development, some epigenetic changes persist
transgenerationally across passage through gametes.
This paper focuses on how perpetual development and

Received 8 November 2019. Accepted 10 February 2020.

M.A.A. Minow and J. Colasanti.* Department of Molecular and Cellular Biology, University of Guelph, 50 Stone Road East, Guelph,
ON N1G 2W1, Canada.
Corresponding author: Joseph Colasanti (email: jcolasan@uoguelph.ca).
*Joseph Colasanti currently serves as an Editor; peer review and editorial decisions regarding this manuscript were handled by Jianping
Xu.

Copyright remains with the author(s) or their institution(s). Permission for reuse (free in most cases) can be obtained from RightsLink.

253

Genome 63: 253–262 (2020) dx.doi.org/10.1139/gen-2019-0190 Published at www.nrcresearchpress.com/gen on 13 February 2020.

mailto:jcolasan@uoguelph.ca
http://www.nrcresearchpress.com/page/authors/services/reprints
http://dx.doi.org/10.1139/gen-2019-0190


other plant traits relate to the inheritance of variable
epigenetic allele states, and how epigenetics may drive
plant evolution.

Epigenetics was originally used to explain how cells
within the same organism with identical genomes can pro-
duce incredibly diverse biological structures (Waddington
1957). The term epigenetics was repurposed later to denote
heritable changes in gene expression that do not arise from
changes in DNA sequence (Holliday 1987). Molecular stud-
ies have revealed that the same epigenetic biochemical
marks facilitate both development and transgenerational
changes, although it remains unclear how develop-
ment changes caused by epigenetic changes overlap
with classical forms of gene regulation. In eukaryotes,
most epigenetic marks involve alterations to histone
tail modifications, DNA methylation, and small RNA
(sRNA) expression (Bender 2004). Throughout the ge-
nome these epigenetic marks interact in myriad ways.
Generally, epigenetic marks promote the recruitment
of other marks promoting the same state; i.e., a repres-
sive mark tends to promote the accumulation of other
repressive marks, and an active mark tends to pro-
mote other active epigenetic changes (Krogan et al.
2003; Henikoff and Shilatifard 2011; Sadeghi et al.
2015). This provides a level of redundancy and stability
for any given epigenetic state.

However, epigenetic states are somewhat unstable
and can change over time. If a new state persists, it can
form a new epiallele which is an allele of distinct func-
tion but equivalent DNA sequence to related alleles. The
level of epigenetic stability at a locus is influenced by
several factors, including exogenous stresses (Kashkush
et al. 2003; Wibowo et al. 2016). Genetics also contributes
to epigenetic instability. For example, DNA sequences
close to a gene, notably transposon insertions, often pro-
mote epigenetic instability (Kinoshita et al. 2007; Saze
and Kakutani 2007; Fujimoto et al. 2008; Hollister and
Gaut 2009). Additionally, in plants, unlinked regions
of the genome can act in trans to alter epigenetic
states. Trans interactions between homologous alleles
(trans-homolog interactions) can result in heritable
changes in allele expression (Hollick 2017). Accord-
ingly, sequences with partial homology to a gene or its
DNA regulatory elements can influence epigenetic
changes and gene expression (Matzke et al. 1989; Van
Blokland et al. 1994). Epigenetic trans regulation is of-
ten mediated by sRNA, which use homology to repress
genes and transposons (Fultz et al. 2015; Bousios and
Gaut 2016). This sRNA repression takes place at both
the transcriptional level, via RNA-directed DNA meth-
ylation (RdDM), and at post-transcriptional level,
through mRNA repression and cleavage (Borges and
Martienssen 2015). sRNA-mediated transcriptional si-
lencing interacts with histone tail modifying enzymes
to establish and maintain repressive heterochromatin
(Deleris et al. 2010; Enke et al. 2011; Greenberg et al.

2013). Likewise, heterochromatin-associated histone
marks and DNA methylation recruit the RdDM ma-
chinery to help perpetuate silencing (Law et al. 2013;
Johnson et al. 2014; Liu et al. 2014). Although both
plants and animals have demonstrated inheritance of
novel epigenetic states, plant genes seem particularly
prone to epi-allelism (Quadrana and Colot 2016). Here
we examine some of the possible mechanisms, conse-
quences, and advantages of genomic epigenetic shifts
within plant lineages.

Meristematic growth facilitates the accumulation of
stable epimutants

The shoot apical meristem (SAM) produces the above
ground vegetative and reproductive structures. There-
fore, unlike mammals, plants do not set aside an embry-
onic germline and the next plant generation arises from
the same set of stem cells that produces the somatic
shoot tissues. Moreover, in many plants, somatic cells
can dedifferentiate and form new shoot meristems in the
course of normal development and in response to
trauma. This provides a route for somatic events to be
passed on to the next generation. Thus, because of the
nature of meristematic growth, plants are predisposed to
accumulate epigenetic mutations.

Epimutants typically are associated with changes in
DNA (cytosine) methylation. Plants methylate DNA in
three different cytosine contexts: CG, CHG, and CHH
(where H is A, C, or T). DNA methylation is associated
with a heterochromatic DNA environment that is less
accessible to gene regulators. When DNA methylation
occurs over a DNA regulatory element, (e.g., promoter,
distal enhancer, splice sites) it is often associated with
repression of that DNA regulatory element (Haring et al.
2010; Osabe et al. 2017; Philips et al. 2019; Zicola et al.
2019). However, plant DNA methylation frequently oc-
curs over the coding sequences of expressed genes in a
process known as gene body methylation. The function
of gene body methylation remains enigmatic, as loss of
the gene body methylation did not have an overt effect
on gene expression (Bewick et al. 2016; Zilberman 2017).
However, the unknown function of gene body meth-
ylation comes at the cost of elevated rates of mutation
over methylated genes (Kiefer et al. 2019).

Plants do not undergo genome wide epigenetic era-
sure in germinal cells to the same extent as mammals,
and plant DNA methylation patterns can persist in the
next generation (Kawashima and Berger 2014). During
male gametogenesis, lowered DNA methyltransferase ac-
tivity coupled with cell divisions dilutes CHH cytosine
methylation patterns without explicit erasure (Calarco
et al. 2012). In tandem, unique sRNA driven epigenetic
reprogramming occurs during gametogenesis and em-
bryogenesis (Mosher et al. 2009; Slotkin et al. 2009;
Ibarra et al. 2012; Vu et al. 2013; Martinez et al. 2018).
Moreover, plants can specifically demethylate DNA
through DNA glycosylation (Law and Jacobsen 2010).
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However, directed DNA demethylation affects only a few
genes and many methylation patterns are maintained
across the passage of reproduction (Choi et al. 2002;
Penterman et al. 2007; Quadrana and Colot 2016). The
combination of meristematic growth and the lack of
widespread epigenetic erasure in germ cells fosters the
passage of somatic epimutations to the next generation.

An early example of plant epiallelism was observed at
the Zea mays (maize) gene Pericarp color1 (P1), which exem-
plifies features common to other epialleles (Das and
Messing 1994). A functional P1 maternal gene causes red
colouration of the cob and kernels. An epimutation at
the P1 locus gave rise to a somatic sector that encom-
passed the developing inflorescence (Das and Messing
1994). This sector produced transgenerationally stable
epialleles that exhibited tissue-specific loss of expression
(with stochastic gain of expression late in corn kernel
development). Loss of expression was due to increased
DNA methylation of repeats at the 5= and 3= end of the
gene. The stochastic re-pigmentation correlated to loss
of DNA methylation later in development that reacti-
vates expression in the kernel. Levels of methylation
fluctuated through the passage of generations and so-
matic reversions to the unmethylated state occasionally
produced fully pigmented kernels. The process of rever-
sion to the previous epigenetic state is often observed in
epialleles, and although the frequency varies, reversion
is usually rare. Similarity in methylation patterns and P1
transcript levels were highest between siblings and more
different when compared with distant relatives (Das and
Messing 1994). This supports the notion that epigenetic
states “drift” from the parental state upon the passage of
generations; that is, at any given locus, the next genera-
tion possesses an epigenetic state similar, but not iden-
tical, to the parental state. The P1 epiallele exhibits
conserved characteristics of plant epialleles (Jacobsen
and Meyerowitz 1997; Cubas et al. 1999; Manning et al.
2006; Zhang et al. 2012). Specifically, genesis of an epial-
lele in a somatic lineage, drift in expression away from
the parental state after reproduction, and occasional re-
version to the ancestral allele expression state are fre-
quent hallmarks of epigenetic instability.

Plant life strategies may benefit from epigenetic
instability

Do epigenetically unstable alleles confer any benefit to
an organism? Many selective advantages come at a trade-
off and are only advantageous under certain conditions.
Unlike genetic mutations, epimutations can revert to a
previous expression state (Catoni et al. 2017). Thus, a
plant population can have both expressed and silenced
epialleles. This instability allows individuals to express a
beneficial phenotype, without completely altering the
ancestral genetic state for possible expression in its prog-
eny. The relative stability of these epigenetic changes
allows for selection that favours a specific expression
state. After reproduction, epigenetic drift creates diver-

sity in progeny by producing a range of expression states
distributed around the parental level (Das and Messing
1994). This drift from the parental epigenetic state in
offspring is consistent with classical observations of the
maize R locus after paramutation, which is a type of
trans homolog interaction wherein an allelic interaction
transgenerationally changes expression (Styles and
Brink 1966). Styles and Brink (1966) observed that ex-
pression at the R locus was progressively influenced by
different parental states in otherwise genetically identi-
cal individuals. Intriguingly, the influence of the paren-
tal epigenetic state on progeny epigenetics and
expression has also been demonstrated in mice (Surani
et al. 1990). Since drift in epigenetic state is relative to the
pre-existing state, new epigenetic states will be close to
that found in the previous reproductively successful gen-
eration. This slight epigenetic drift would produce a
range of progeny phenotypes like that found in the par-
ent.

Plant developmental plasticity in different environ-
ments is well documented and the processes controlling
plant environmental response could also contribute to
direct gradual epigenetic changes. There is evidence of
histone changes influencing phytohormone and circa-
dian rhythm pathways which, in turn, regulate many
aspects of plant growth and development in response to
the environment (Hao et al. 2016; Yamamuro et al. 2016;
Chen and Mas 2019). Emerging evidence suggests that
several of these histone modifying enzymes may directly
or indirectly regulate DNA methyltransferases, possibly
changing DNA methylation at important downstream
gene regulators (Saze et al. 2008; Deleris et al. 2010; Liu
et al. 2012; Stroud et al. 2013; Ng et al. 2014; Hristova et al.
2015; Zhang et al. 2015; Yu et al. 2017; Forestan et al. 2018).
If this interaction elicits stable methylation changes, it
could bridge environmental plasticity and transgenera-
tionally stable phenotype adaptations, fostering a sort of
“epigenetic assimilation”. In this model, repeated expo-
sure to a particular environmental stimulus would re-
peatedly recruit the same histone modifying enzymes to
a response gene, repeatedly re-enforcing an open or
closed chromatin state. If these repetitive chromatin re-
modelling events gradually change DNA methylation it
could result in an epiallele with a more constitutive ex-
pression state.

Any new range of epiallele expression could undergo
stabilizing selection that favours the parental expression
state, or directional selection that favours a more ex-
treme expression state. Transgenerational metastability
has the potential to provide a continuous range of gene
expression, thus creating continuous phenotypic varia-
tion (plasticity/polyphenism) without requiring a change
in genotype (Cubas et al. 1999). This phenotypic flexibil-
ity may be of considerable value in genetically narrow
populations. Many plants habitually self-fertilize, or re-
produce clonally, so somatic epimutation could provide
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an important source of functional diversity to supplant
genetic changes. Indeed, the importance of epigenetic
variation has been suggested by studies of asexual
Taraxacum officinale (dandelion) (Verhoeven et al. 2010;
Verhoeven and van Gurp 2012). Increased variation
through epigenetic changes may also contribute to the
process of bet hedging, wherein organisms produce off-
spring with variable phenotypes above and below a fit-
ness optimum (Herman et al. 2014). This increased
variability, although disadvantageous in the current en-
vironment, leaves the progeny poised to exploit changes
in the environment and is especially important in unsta-
ble ecosystems. Additionally, plants often produce high
numbers of potential offspring. This high fecundity,
combined with strong seedling selection, may allow in-
creased tolerance to deleterious epigenetic variants in
offspring. Maladaptive epigenetic changes in a few seeds
may not constrain individual reproduction due to the
volume of seed produced and the paucity of individuals
that reach maturity.

Seed production from many meristems increases the
diversity of heritable epigenetic states

Unlike metazoans, plants can have multiple cell lin-
eages that give rise to progeny since multiple shoot mer-
istems arising from the soma give rise to flowers and
seeds. The ability to produce offspring from divergent
somatic lineages further compounds the advantages pro-
vided by epigenetic instability by providing a larger pool
of cells in which variants can arise and be passed to
offspring. Developmentally late epigenetic events are
unlikely to affect all seed producing cell lineages, as the
resulting clonal sectors will not encompass all stem cell
niches. Therefore, any “epigenetic experimentation”, or
slight alterations to the ancestral epigenetic state, is ex-
pected to be variable even within the same parent.

The production of seed from different meristems re-
lates to the genetic mosaicism hypothesis, which posits
that different mutations accumulate in separate meris-
tems, resulting in a mosaic of diverse genetic chimeras
within the same plant. The genetic mosaicism hypothe-
sis was originally developed to reconcile how long-lived
perennials can compete in a molecular arms race with
their short-lived pathogens (Whitham 1981; Gill 1986). In
the decades since this idea was proposed there has been
little sustained research into the genetic mosaicism hy-
pothesis (Simberloff and Leppanen 2019). However, some
evidence exists to support the genetic mosaicism hy-
pothesis in both polycarpic (plants with bodies formed
from repeating physiological units) and clonal mono-
carpic (plants with bodies of one physiological unit)
plants (Gill et al. 1995). Genetic differences have been
observed in distal somatic tissues in one Quercus robur
(oak) tree and several populations of Thuja plicata (west-
ern cedar) (O’Connell and Ritland 2004; Schmid-Siegert
et al. 2017). More genome-wide studies, ideally conducted
on several individuals, are needed to establish the fre-

quency of somatic (epi)mutation and if this frequency is
related to stressful growth conditions.

Intra-organism competition between perennial buds
for shared resources like water, nutrients, and light (en-
ergy) weeds out maladaptive somatic variants before re-
production. Likewise, competition between different
shoot branches promotes any changes that benefit shoot
growth. For example, somatic selection favours branches
resistant to biotic stresses (Gill 1986; Gill et al. 1995).
Indeed, recent studies of polycarpic Eucalyptus melliodora
and Tsuga canadensis (eastern hemlock) have supported a
role for mosaicism in providing somatic variability in
insect pest susceptibility (Padovan et al. 2013; Simberloff
and Leppanen 2019). Somatic variability has also caused
the genetic evolution of herbicide resistance in obligate
asexual populations of Hydrilla verticillate three indepen-
dent times (Michel et al. 2004). Of the few studies inves-
tigating the genetic mosaic hypothesis none measure
transposon changes, despite their established impor-
tance in endogenous mutagenesis and their ability to
change the epigenetic environment. Like genetic mosa-
icism, epigenetic states can arise in different meristems,
thus increasing intra-organism variability. Somatic
intra-organism competition can help select the most
advantageous variants even before seeds are set, help-
ing epigenetic instability produce beneficial variants.
The resulting (epi)genetic mosaic of meristems will pro-
duce abundant and variable seedlings, which will com-
pete in the next generation to produce the fittest
variants.

Regimented cell divisions within meristems poses a
conundrum for the genetic mosaicism hypothesis in that
different cell layers consistently give rise to the same
somatic tissues. For example, the subepidermal (L2) layer
produces the eudicot germline (Satina et al. 1940;
Stewart and Burk 1970; Dermen and Stewart 1973; Dawe
and Freeling 1990). Consistent with the genetic mosa-
icism hypothesis, somatic mutations that occur in the L2
layer of the meristem have the potential to be selected
upon somatically and passed to the next generation.
However, beneficial mutations occurring outside of the
L2 layer can provide an advantage in somatic competi-
tion but are not heritable. It has been demonstrated in
somatic tissues that mobile sRNA can cause vegetatively
stable changes in DNA methylation to modify gene ex-
pression (Melnyk et al. 2011a; Yu et al. 2018). This mobility
of sRNA potentially sidesteps the conundrum caused by
the heritability of advantageous changes outside of the
L2 layer. That is, if epigenetic changes produce cell-to-cell
mobile sRNA, an epigenetic change initiated in one mer-
istematic cell layer could spread to encompass the entire
stem cell niche. This would allow a beneficial epigenetic
change initiated outside of the L2 layer, such as in epi-
dermal initials, to influence the germline. In this way,
intra-organism selection could act on epigenetic varia-
tion originating in meristem layers other than the L2 and
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pass these traits to the germline, despite these tissues
not contributing to the gametes genetically.

Plant sRNA machinery could promote adaptive epigenetic
changes

The environment of the maternal parent has been ob-
served to influence the phenotype of its progeny to im-
prove offspring fitness in a similar environment (Sultan
1996; Galloway 2005; Galloway and Etterson 2007). Al-
though the molecular mechanism behind this environ-
mental adaptation remains undiscovered, it is thought
that some environmentally initiated epigenetic changes
could adapt the phenotype of any progeny to life to that
environment (Bruce et al. 2007; Chinnusamy and Zhu
2009; Boyko and Kovalchuk 2011). Indeed, large scale
Arabidopsis population studies have correlated DNA
methylation to climate and the methylation of a newly
discovered epiallele might contribute to environmen-
tal adaptation (Kawakatsu et al. 2016; He et al. 2018).
Likewise clonal poplar populations exhibit global
DNA methylation differences that have been related
to environmental conditions and drought exposure
(Raj et al. 2011). Environmentally induced epigenetic
change, if mitotically stable, could contribute to indi-
vidual polyphenism, where different phenotypes are
exhibited by the same genotype in different environ-
ments.

Furthermore, if environmentally induced epigenetic
shifts are stable across generations, they could facilitate
adaptive evolution to better suit progeny for that envi-
ronment. This form of adaptation is reminiscent of the
inheritance of acquired characteristics popularized by
Lamarck (Lamarck 1809; however, see Burkhardt 2013)
which persisted throughout the 19th century. Darwin
suggested hypothetical “gemmules” would carry infor-
mation about the environment to the developing germ-
line to prime the next generation for success in that
environment (Darwin 1868). Although Lamarckian evo-
lution has been largely discredited in animals (however,
see Wang et al. 2017), mobile plant sRNAs have been
proposed as possible analogs to Darwin’s gemmules
(Martienssen 2008, 2010; Brosnan and Voinnet 2011). Sev-
eral properties of sRNA make it a good candidate as a
potential gemmule-like molecule: (i) sRNA can move via
the shared plant cytoplasm (symplasm) and has been
detected in the plant vasculature, indicating that sRNA
moves systemically (Melnyk et al. 2011b); (ii) plants con-
tain unique RNA-directed RNA polymerases that can
elicit secondary sRNA production to amplify a weak sig-
nal into a strong response (Mourrain et al. 2000; Allen
et al. 2005); (iii) sRNA-induced DNA methylation is trans-
generationally stable due to a silencing feedback loop
(Matzke and Mosher 2014); (iv) unlike proteinaceous tran-
scription factors, sRNA rapidly evolves new sequences
that can target any region of the genome for epigenetic
changes via homology. If sRNA can act as gemmule-like
molecules, sensory organs (leaves and roots) could per-

ceive environmental signals, elicit sRNA expression (in
the phloem), which would then move via the vasculature
to the SAM to epigenetically regulate meristem gene ex-
pression. Since the same meristem gives rise to both the
above-ground somatic tissues and germ cells, environ-
mentally triggered sRNA expression could facilitate epi-
genetic changes that alter growth in this generation and
the next. Although phloem-mobile plant sRNA has been
shown to enter root apical meristems and late develop-
ment flowers, phloem-derived sRNA entry into the SAM
remains undocumented in the literature (Melnyk et al.
2011a; Zhang et al. 2014). Phloem-to-SAM sRNA transport
would provide a channel for environmental sensing to
directly influence meristem gene expression. Due to the
immobile nature of plants, local environmental adapta-
tion is of utmost importance and plants may have
evolved mechanisms to facilitate environmentally trig-
gered epigenetic adaptation for individuals and their off-
spring. However, stable adaptive epigenetic changes
elicited by environmental stress have yet to be reported.

Plants are immobile and must endure stresses at all costs
Plants, because they are sessile and cannot behave like

animals to avoid stresses, must endure environmental
extremes or perish. To live through stressful conditions,
adequate perception and subsequent physiological adap-
tion must occur. High levels of stress have been shown
to trigger “genome shock”. McClintock (1984) describes
genome shock as the way an organism responds to stress
it is unprepared for by invoking genomic rearrangements,
duplications, and transposon activation. Epigenetic chan-
ges regularly accompany transposon activation and there-
fore it seems likely that epigenetic variation accompanies
genome shock. Accordingly, genome shock might produce
a burst of novel (epi)genetic variation that leads to changes
that provide adaption to an otherwise lethal stress, which
offsets any deleterious (epi)genetic changes. For example,
in Linum usitatissimum (flax), growth in differing environ-
ments elicits genome shock and causes large genetic
changes that alter plant phenotype to potentially adapt to
that new environment (Cullis 1987; Schneeberger and
Cullis 1991). In polycarpic plants, if any part of the plant
adapts it may allow the organism to survive. Meanwhile,
the modular nature of polycarpic plants would restrict any
maladaptive changes to portions of the plant, further ame-
liorating the risks of genome shock. In a monocarpic spe-
cies, if one individual in a population evolves to tolerate a
stress, it may allow that species to persist in that environ.
High fecundity would allow for a few newly stress-tolerant
individuals to rapidly expand in abundance. Seed dispersal
is geographically tied to the maternal parent and any ben-
eficial changes affecting the female germ cells would pro-
vide novel adaptions to the local environment. In this way,
both polycarpic and monocarpic plants may be more toler-
ant than other higher eukaryotes to the negative effects of
genome shock. Tolerance to genomic changes may allow
plants to respond to local climate extremes and condition
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their progeny to adapt and thrive in a changing world.
Rapid plant adaptation to environmental change will be
invaluable during rampant climate change in the 21st cen-
tury.

Perspectives
The possible benefits conferred by epigenetic adap-

tation may provide parallel advantages to augment
plant genetic evolution. Various components of plant
biology leave plants poised to exploit epigenetic evo-

lution (Fig. 1). Understanding the processes underpin-
ning plant epigenome evolution will allow for better
manipulation of plant evolution without the need for
DNA sequence changes. This could become useful in
modern breeding programs where elite germplasm har-
bours very little genetic diversity due to years of artificial
selection. Several preliminary breeding experiments
have supported selection of epigenetic states in an array
of plants, although the stability of these changes has

Fig. 1. Plant traits poise individuals and populations to benefit from epigenetic changes to the genome. (A) Epigenetic
changes within selfing and asexual reproducing populations provide functional diversity despite genetic similarity. (B) The
potentially deleterious effects of epimutation are offset by the production of a high number of potential progenies, as few
offspring must survive for the plant to reproduce successfully. (C) Competition between branches for limited resources can
select for fit epigenetic changes that arise during vegetative growth before seed production. (D) Production of seed from
divergent meristems produces numerous variations on the parental epigenetic state, further increasing the phenotypic
diversity produced from an individual genotype. (E) Meristematic growth, and incomplete erasure of epigenetic marks during
reproduction, allows somatic epigenetic changes to pass to the next generation. (F) Plant possess small RNA molecular
machinery that could facilitate adaptive epigenetic changes in response to environmental sensing. (G) Most seed are dispersed
close to the female parent. Any environmentally adaptive epigenetic changes produced will be relevant to the next
generation. (H) Plant sessility prevents stress avoidance and stresses must be weathered to survive. Extreme stresses trigger
large-scale genetic and epigenetic changes as a final effort to endure.
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varied (de la Rosa Santamaria et al. 2014; Yang et al. 2015;
Raju et al. 2018; Schmid et al. 2018). A better understand-
ing of the epigenetic mechanisms could allow breed-
ers to create variants through the manipulation of
endogenous epigenetic responses to a chosen stress.
Thereafter, stable epigenetic diversity could be substi-
tuted for genetic diversity to fuel artificial selection
for tolerance of this stress. Indeed, if plants direct
their epigenetic evolution, why should we not direct
them towards our own goals?
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