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Epigenetics is the study of changes in gene activity that can be transmitted
through cell divisions but cannot be explained by changes in the DNA
sequence. Epigenetic mechanisms are central to gene regulation, phenotypic
plasticity, development and the preservation of genome integrity. Epigenetic
mechanisms are often held to make a minor contribution to evolutionary
change because epigenetic states are typically erased and reset at every
generation, and are therefore, not heritable. Nonetheless, there is growing
appreciation that epigenetic variation makes direct and indirect contri-
butions to evolutionary processes. First, some epigenetic states are
transmitted intergenerationally and affect the phenotype of offspring. More-
over, bona fide heritable ‘epialleles’ exist and are quite common in plants.
Such epialleles could, therefore, be subject to natural selection in the same
way as conventional DNA sequence-based alleles. Second, epigenetic vari-
ation enhances phenotypic plasticity and phenotypic variance and thus
can modulate the effect of natural selection on sequence-based genetic vari-
ation. Third, given that phenotypic plasticity is central to the adaptability of
organisms, epigenetic mechanisms that generate plasticity and acclimation
are important to consider in evolutionary theory. Fourth, some genes are
under selection to be ‘imprinted” identifying the sex of the parent from
which they were derived, leading to parent-of-origin-dependent gene
expression and effects. These effects can generate hybrid disfunction and
contribute to speciation. Finally, epigenetic processes, particularly DNA
methylation, contribute directly to DNA sequence evolution, because they
act as mutagens on the one hand and modulate genome stability on the
other by keeping transposable elements in check.

This article is part of the theme issue ‘How does epigenetics influence the
course of evolution?’

In this theme issue of the Transactions, we have drawn together a selection of
papers that address a common question: how is the newish field of epigenetics
impacting the now mature field of evolutionary biology? Much of our contem-
porary understanding of how evolution works is captured in a body of theory
that developed in the 1940s known as the ‘Modern Synthesis” (MS) [1,2]. The
MS was pivotal because it reconciled Mendel’s demonstration that inheritance
is particulate with Darwin’s theory of natural selection on continuous variation,
and incorporated Fisher’s [3] contributions to population genetics. The MS view
of evolution can be summarized by the statement that evolution proceeds by
changes in allele frequencies within and between populations as a consequence
of natural selection, population subdivision and genetic drift [4]. The MS expli-
citly rejects the possibility of inheritance of acquired characteristics [5]. This
assumption was later reinforced by Crick’s ‘Central Dogma’ of molecular
biology, the idea that information held in DNA is transcribed into messenger
RNAs that are then translated into an amino acid sequence in a protein, with
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no possibility of feedback of information from protein to the
DNA [6]. Furthermore, while quantitative geneticists and
animal breeders have always recognized the importance of
parental (typically maternal) effects in determining the
phenotype of offspring [7,8], parental effects were regarded
as having little or no consequence for evolution because
they lasted one or two generations at most, and had a
negligible bearing on allele frequencies.

Despite the contemporary ascendence of the MS view
of evolution, especially among field-based evolutionary
biologists, there has been, ever since its inception, an alterna-
tive narrative [5]. In the same year that Huxley’s [1] book
promoting the MS was published, Conrad Waddington sent
a letter to Nature that has the following passage:

The battle, which raged so long, between the theories of evol-
ution supported by geneticists on one hand and naturalists on
the other, has in recent years gone strongly in favour of the
former ... The classical ‘naturalist’ theory—the inheritance of
acquired characteristics—has been very generally relegated to
the background ... [because] it has required a type of heredity
... for the existence of which there was no adequate evidence.
Naturalists cannot fail to be continually and deeply impressed
by the adaptation of the organism to its surroundings ... These
adaptive characters are inherited and some explanation must
be provided. If we are deprived of the hypothesis of the inheri-
tance of ... [acquired characteristics], we seem thrown back on
an exclusive reliance on the natural selection of merely chance
mutations. It is doubtful, however, whether even the most statisti-
cally minded geneticists are entirely satisfied that nothing more is
involved than sorting out of random mutations by the natural
selective filter [9, p. 563].

Waddington goes on to postulate an evolutionary mechanism
that acts in concert with natural selection that he termed ‘gen-
etic assimilation’. The essence of the genetic assimilation
argument is based on another of Waddington’s ideas: ‘cana-
lization’. Waddington argued that while the genotypes of a
population tend to be highly variable, the phenotypes are
not. Therefore, despite a variable environment and the inter-
actions of dozens or hundreds of highly variable genes
contributing to a phenotype, their sum tends to lead to a
remarkably similar phenotypic outcome [9,10]. Waddington
proposed that natural selection acts on the regulation
of gene networks so that the networks canalize ‘mormal’
development to what he called ‘wild-type’, the common
phenotype in the wild. Our modern understanding of the
way gene networks work tends to endorse Waddington's
view, in that there is enormous redundancy, buffering and
feedback within them [11,12]. Both empirical and theoretical
studies show that this redundancy tends to produce the same
phenotypic outcome, even if one or two genes within the net-
work are significantly over or under expressed as a result of
mutation, or if an organism is subjected to an extreme
environmental challenge [11,13,14].

But what does canalization have to do with genetic assim-
ilation? Waddington’s argument, which in our view is
persuasive, was that the expression of any extreme phenotype
that has been observed in nature must be genotypically poss-
ible. That is, the possibility of extreme phenotypes must lurk
within the normal genome. These extreme phenotypes are
only expressed when an environmental or genetic challenge
is sufficient to reveal them. Therefore, the selection on the
regulation of a gene network alone should be sufficient to pro-
duce the same extreme phenotype without change in the
average genotype of the genes that directly contribute to a
trait [5,15-17].

This brings us to epigenetics. The term ‘epigenetics” was [ 2 |

also coined by Waddington [18] to mean the processes
whereby the ‘genes of the genotype bring about phenotypic
effects’. But this definition has evolved and multiplied [19].
Today it is typically used to mean the transfer of information
beyond DNA sequence between cell divisions, that influences
gene regulation [20-24]. Epigenetic processes are central to
embryogenesis, helping to guide the development of a ferti-
lized egg into a mature organism with specialist cells,
tissues and organs, all of which express different sets of
genes in different cell lineages. Epigenetic states are of three
main kinds, which we briefly describe below. More detailed
reviews of the molecular mechanisms underlying the main-
tenance and transmission of epigenetic states within and
across generations are provided in this issue [25,26] and
particularly [27].

(a) Chromatin modification

In eukaryotic cells, DNA is packed into chromatin, the
basic unit of which is the nucleosome. A nucleosome is
made of 147 nucleotides (nt) of DNA wrapped around a
multiprotein core made up of two copies of each of the
four histones H2A H2B, H3 and H4. Nucleosomes limit
access to the DNA, and must be loosened up to allow tran-
scription. This loosening is favoured or hampered
depending, notably, on post-translation modifications to his-
tones such as acetylation, methylation or phosphorylation
of specific amino acid residues. Chromatin states can be
retained across cell divisions and in part, this unifies the
genes that are switched on and off in different cell lineages
and, eventually, tissues and organs [20,28].

(b) DNA methylation

DNA methylation is the addition of a methyl group to
specific nucleotides, mainly cytosines (Cs), in eukaryotes. In
mammals and insects, the vast majority of DNA methylation
is at symmetric CG sites (where G is guanosine). Plants exhi-
bit in addition methylation at CHG and CHH sites (where H
is any base but G, see [26]). Note that the opposite strand of
DNA to a C-G is a complementary G-C. In large measure,
this complementarity explains why DNA methylation states
are reliably propagated across cell divisions.

In insects, DNA methylation is mostly within gene
bodies, whereas in mammals and plants it is most prevalent
in transposable elements (TEs) and other repeat sequences
[29]. In mammals, methylation of regulatory sequences
within promoters and enhancers is often associated with
gene silencing and may prevent the binding of transcription
factors [28]. The function of methylation is less clear in
insects, but it is highly heritable and widespread in bees
wasps and ants, suggesting that it has function [29].

(c) Small interfering RNA molecules

Cells contain a plethora of small non-coding RNA molecules
(18-50 nt long), some produced transiently with as-yet
unknown roles, while others are tightly regulated and have
important and well-characterized roles in gene regulation.
Here, we concern ourselves with the most well understood
that are known or thought to contribute to gene regulation: (i)
small interfering RNAs (siRNAs) are usually produced in
response to the presence of a double-stranded RNA (dsRNA)
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in the cell (e.g. from an infecting virus), and cause the dsRNA's
degradation, thereby suppressing translation, or guide DNA
methylation and other chromatin modifications over TE
sequences [30]; (ii) microRNAs (miRNAs) are 21-23 nt long
RNAs, produced from longer, genome-encoded precursors.
They bind to complementary target messenger RNAs and
either degrade them or inhibit translation at the ribosome
[31,32]. miRNAs are often thought to have a fine-tuning role
on gene expression; (iii) PIWI-interacting RNAs (piRNAs) inter-
act with PIWI proteins to suppress transcription of TEs during
meiosis in animal gonads [33-35]; and (iv) tRNA-derived frag-
ments (tRFs) are short fragments of a transfer RNA molecule.
The precise biogenesis, regulation and function of tRFs is still
not well understood, but of relevance to our theme issue is
that their prevalence changes in mammalian semen in response
to changing environmental conditions [36-38].

2. Multigenerational epigenetic inheritance

One of the ways an organism responds to its environment is
by tweaking its gene expression to make the best use of the
prevailing conditions. This process often contributes to “phe-
notypic plasticity’, the ability of an organism to develop in
different ways depending on the environment [39,40]. The
transfer of epigenetic information relevant to gene regulation
between mitotic cell divisions leaves open the possibility that
such information is also transferred from parents to offspring
via gametes. If so, parents can potentially contribute their epi-
genetic states to their offspring [26], and thereby help guide
the offspring’s development towards a phenotype that is
pre-adapted to current conditions [24,41,42]. In some circum-
stances, parents may even manipulate gene expression in
offspring in ways that benefit the parent [43].

Despite the plausibility of multigenerational epigenetic
inheritance [24] there are several major impediments,
especially in mammals [22]. In animals, the production of
gametes is confined to specialized tissues: the testis and the
ovaries. This sets up a significant obstacle to the inheritance
of epigenetic states known as the ‘Weismann Barrier’
[44,45]. In mammals, egg production is completed within
the female fetus very early in its gestation. This precludes
any directed alterations to the DNA sequence. Nonetheless,
it is likely that mothers can influence the epigenetic state of
a fetus via factors transferred across the placenta. Thus,
because of the auto-propagation of epigenetic states, it is
not unreasonable to suggest that mammalian mothers could
influence the development of their offspring and even the
developing eggs within female fetuses. If so, and there is
some evidence, this could potentially influence the epigenetic
state of grand-offspring [23,46].

Mammalian fathers are different. In males, spermatogen-
esis is an ongoing process throughout life. Therefore, fathers
have the possibility of affecting gene expression in offspring
in ways that benefit offspring. The fact that mammalian
semen is packed with small RNA molecules provides a
highly plausible mechanism by which they might achieve
this [24,47,48].

The importance of small RNA molecules in epigenetic
inheritance is perhaps best characterized in Caenorhabditis ele-
gans. Examples of transgenerational inheritance include
responses to pathogens such as Pseudomonas [49] and poss-
ibly viruses [50,51] that are propagated over generations.
These mechanisms and the overwhelming evidence for

intergenerational epigenetic inheritance in C. elegans are
reviewed by Frolows & Ashe [25]. They emphasize that
many small RNA molecules aggregate in perinuclear gran-
ules. It is becoming clear that perinuclear granules are
intimately involved in the production of heritable small
RNAs. A single generation of dysfunctional perinuclear gran-
ules leads to the creation of aberrant siRNA molecules that
incorrectly silence genes for multiple generations, even after
functional perinuclear granules are restored [25].

In plants, there is more scope for transgenerational epi-
genetic inheritance and because the Weissmann’s Barrier is
more of a picket fence, there are also more possibilities for
parents to provide information that can benefit their propa-
gules than in animals. Indeed, flowers are formed on the
apical meristem from a lineage of cells that has experienced
everything that the plant has ever seen since it was a seed
[52]. Furthermore, reprogramming of DNA methylation
states between generations appears to be much more limited
in plants than it is in mammals. Thus, like DNA mutations,
alteration in DNA methylation patterns in the apical meris-
tems of a parent plant can potentially be transferred to
offspring [53].

Phenomenologically, radish plants that experience heavy
insect attack appear to ready their propagules to ramp up
the production of spines and toxins [54,55]. Although it is
important to note that effect sizes were small, this may be
an example of adaptive transgenerational epigenetic inheri-
tance [54,55]. Epigenetic inheritance may be particularly
important in spreading adapted traits in species and strains
that propagate clonally [56]. Without any genetic variation,
the only way a clonally propagated plant can achieve herita-
ble adaptation to new environments is via new mutations or
transgenerational epigenetic inheritance.

3. A discussion about terms

As a field, epigenetics and its role in evolution is young, and
for this reason, there is a lack of consensus on terms,
especially across the sub-disciplines of biology. These differ-
ences became abundantly apparent as we edited the papers
contributed to this issue. While we have not attempted to har-
monize the terms used by the authors of the different papers,
below we discuss how some terms are used fluidly, and how
this can sometimes lead to ambiguity and confusion [57].

(a) Epigenetic inheritance, transgenerational epigenetic
inheritance and cultural inheritance

There is a general consensus that ‘epigenetic inheritance’
refers to the transfer of epigenetic information across mitotic
cell divisions [20-23] and transgenerational epigenetic inheri-
tance is the transfer of epigenetic information across multiple
generations [47,58]. We think these are useful definitions.
However, some authors take a much broader view of ‘epige-
netic inheritance’ [59-61], and include notions like
intergenerational cultural transmission. For example, the
language spoken at home is typically transmitted from
parent to offspring and in this sense is a heritable phenotype
despite an absence of any genetic basis.

While we acknowledge the importance of cultural inheri-
tance, particularly in the evolution of human societies, the
papers in this issue are mostly confined to questions where
the basis of inheritance rests on information passed through
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gametes in addition to DNA sequence. Nonetheless, we
acknowledge that this distinction is leaky. For example in
rats, mothers that lick and groom their pups transmit this be-
havioural trait to their offspring when they nurture their own
babies. While this may or may not be learned behaviour,
there is an interesting element of epigenetic inheritance
involved. Pups that are groomed and nurtured by their
mothers show increased acetylation and decreased methyl-
ation in the promotor region of a glucocortoid receptor
gene that promotes responsiveness to serotonin and
decreased stress levels [62]. For this reason, offspring that
have benefited from motherly grooming are likely to grow
up to be more attentive mothers in a virtuous cycle [23].
Another instructive case is adult lactose tolerance in milk-
drinking human societies [63]. Changes in the frequency of
mutants of the MCM6 gene that promote the synthesis of lac-
tase in adult humans are an example of bona fide evolutionary
change brought about by the culturally transmitted practice
of dairying. Here, a change in cultural practices (in this case
adult milk drinking) has brought about genetic change at
the population level mediated by natural selection on genes
that confer lactose tolerance. This is an example of ‘niche
construction” elaborated in Loison’s article in this issue [5].

(b) Parent-specific gene expression and genomic
imprinting

The kinship theory of genomic imprinting proposes that a
gene which is involved in regulating the amount of resources
received by an embryo or juvenile from its mother can be
under divergent selection in its patrigenic (derived from the
father) or matrigenic (derived from the mother) form
[64-66]. This is because matrigenes are in every one of the
mother’s offspring at equal frequency but an offspring’s
patrigenes are only present in siblings that were sired by
the same father. Under these circumstances, a gene can
evolve to be expressed at a level that draws extra maternal
resources in its patrigene form, and to compensate, to be
downregulated or completely switched off in its matrigene
form [64,65], see Oldroyd & Yagound [43].

The mechanism by which a gene is distinguished in its
patrigene or matrigene form is called ‘genomic imprinting’.
In mammals and plants, ‘imprints’ typically involve sex-
specific DNA methylation of the promoter regions of the
relevant genes [67,68]. In insects, parent-specific allele
expression levels are repeatedly observed [69-72]. However,
the underlying molecular mechanisms of the imprinting
that cause parent-specific gene expression (PSGE) in insects
have not been conclusively established [43].

The term ‘genomic imprinting’ means many different
things to different people [57]. The original paper discussing
the theoretical possibility of imprinting [65] does not use the
term at all. Instead, this paper refers only to PSGE. Some
authors are using ‘imprinting’ synonymously with PSGE, or
parent-of-origin (PoO) effects on phenotype. To these authors
if a gene shows parentally biased expression, or if reciprocal
crosses show a direction-of-crossing effect, there must be
imprinting in play. However, this is by no means necessarily
true, especially when hybrids between species or subspecies
are involved. Here, interactions between maternally derived
mitochondria and paternally derived nuclear genomes can
have significant consequences for gene expression and phe-
notype [73,74]. Straight-up maternal effects arising, for

example, from the physical size of the mother are also likely. [ 4 |

Consider, for example, the likely PoO effects of reciprocal
crosses between great danes and chihuahuas.

(c) Parent-of-origin effects

A PoO effect occurs when the offspring of reciprocal crosses
are phenotypically different or if there is PSGE. As noted
above it is important to interpret PoE carefully, because it
can also arise from cyto-nuclear interactions. Nevertheless,
strong PoO effects across multiple genes and phenotypes
related to embryogenesis or reproductive capacity is strong
evidence for genomic imprinting, even when an association
with methylation or other epigenetic modifications cannot
be demonstrated.

(d) Parental manipulation

As argued by Oldroyd & Yagound [43] there is a theoretical
possibility that parents directly manipulate gene expression
in embryos. Like genomic imprinting, this could occur as a
consequence of sexual selection on males to compete with
other males to extract additional resources for their offspring
from mothers. The fact that mammalian and insect semen
carries large amounts of small RNAs gives some weight to
this hypothesis.

4. Phenotypic plasticity and its role in genetic
assimilation and evolutionary change

Recall that canalization is Waddington’s idea that distinct
genotypes can result in the same phenotype and that pheno-
type is robust to environmental perturbations (see above)
[17]. Phenotypic plasticity is the flip side of canalization:
the ability of some genotypes to significantly modify their
phenotype to compensate for environmental heterogeneity
[41,75]. For example, animals and plants may tune their
physiology to accommodate unusually high or low tempera-
tures [42]. The significance of phenotypic plasticity to
evolutionary processes is much debated, and a great deal of
this debate hinges on divergent interpretations of its mean-
ing. de Jong [76] takes the view that phenotypic plasticity is
an adaptive trait, subject to the natural section, that allows
organisms of similar genotypes to develop different and
appropriate phenotypes without change to genotype. The
allegedly alternative view is that phenotypic plasticity is a
strong driver of rapid adaptation and evolution [15,39] that
proceeds as follows. First, there must be a significant environ-
mental change that causes a significant plastic response in the
average phenotype of a population. The changed phenotype
is called a ‘phenotypic accommodation” and is independent
of any genetic change [15,77]. If the phenotypic accommo-
dation becomes widespread and is maintained over
generations because of a permanent change in the environ-
ment, then ‘genetic accommodation’ can ensue, which may
involve changed allele frequencies and/or adjustments to
gene regulatory networks [78,79].

In an important contribution on how parental effects may
evolve, Kuijper & Johnstone [80] develop a mathematical
model that predicts the likelihood that paternal effects will
emerge under alternative scenarios of selection favouring
high parent fecundity (expected in spatially structured popu-
lations) versus high parent viability (expected in stable

LLLOOZOZ :9LE § 0S “Y "supi] “iyd  qisi/[eusnol/ba0°buiysiigndianosiesos



environments). In populations that experience fecundity
selection, high-fidelity inheritance is favoured and parental
effects are unlikely to evolve. By contrast, in populations
subject to viability selection, there can be benefits to offspring
mimicking parents, and parental effects are more likely to
evolve. The authors develop some testable predictions
suggested by their model [80].

In another example of phenotypic plasticity, Chen et al.
[81] study phenotypic traits related to pathogenicity in clini-
cal isolates of the recently evolved fungal pathogen
Saccharomyces cerevisize. They show that prions—misfolded
protein aggregates that can often catalyse the conversion of
correctly folded proteins to other forms—are involved in
the gain of pathogenic traits such as drug resistance. Changes
to protein function and subsequently organism phenotype
for multiple generations owing to non-DNA encoded altera-
tions in protein structure is an important form of plasticity
and epigenetic adaptation.

5. Epigenetic adaptation in inbred and clonal
spedies

Experimental studies on plants provide some of the best-
known examples of epigenetic variants that are inherited
across multiple generations [26]. However, it is still unclear
to what extent transgenerational epigenetic inheritance
occurs in plants in nature. Mounger ef al. [56] provide obser-
vations and theoretical evidence that transgenerational
epigenetic inheritance could underlie much of the rapid
adaptation that characterizes invasive plant populations.
Mounger et al. acknowledge, however, that detailed
genome-wide surveys are still lacking, especially for clonal
plants, where epigenetic mechanisms could play an even
more important function. They also stress the need to
measure somatic mutation rates in invasive clonal lineages,
as these could be sufficient to generate or maintain abundant
genetic variation, notably through TE mobilization, which
tends to generate large-effect mutations [26]. Hybridization
and polyploidization affect DNA methylation patterns and
are thought to be important for the invasive success of
some plant species, but here again, the authors stress the
need to monitor TE mobilization before concluding that
DNA variation plays any role in this success, either directly
or indirectly through increased transposition.

An unfortunately iconic non-plant invasive species is the
cane toad Rhinella marina. Cane toads were introduced to
Australia in 1935 in an ill-conceived attempt at biological con-
trol of insect pests in Queensland sugar cane crops [82]. From
an initial population of about 100 individuals, cane toads
have successfully colonized the wet tropics of northern
Queensland through to extremely arid regions in Western
Australia, with disastrous ecological consequences. Using a
complex experimental design involving laboratory and
semi-natural field trials, Sarma et al. [83] set out to determine
whether chemically induced DNA methylation alterations or
alarm cues perceived during the larval stage influence off-
spring defences. Although responses and epigenetic effects
were observed in G2 progeny, suggesting intergenerational
transmission, few were consistent between populations.
Nonetheless, the authors identified several inherited differen-
tially methylated regions (DMRs) in genes that are important
for the response to alarm clues, suggesting a causal role.

Whether these DMRs can be transmitted across multiple
generations and whether they are responsible for the changes
in gene expression observed are important questions for
the future.

6. Epigenetics, conflict and speciation

For the most part, the interests of parents, offspring and
individual genes are completely aligned: building lots of
high-quality offspring [84]. Conflict theory examines what
happens when the interests of interacting relatives are not
completely aligned, usually because of asymmetries in relat-
edness [84-90]. As discussed above, genomic imprinting can
evolve when the selective pressures on a gene differ depend-
ing on whether it was inherited from a mother or a father. But
in polyandrous species it may also be possible for direct par-
ental manipulation of offspring gene expression to evolve, a
possibility explored for social insects in [43].

The original proposal for the evolution of PSGE (and by
extension genomic imprinting) is based on the potential for
genomic conflict in the endosperm, the nourishing tissue
that surrounds the embryo in the seeds of flowering plants
[65]. The endosperm acquires nutrients from the mother
plant, which are then used to nourish the embryo in the
seed. Haig & Westoby [65] argued that PSGE evolved in flow-
ering plants as a consequence of conflict between the optimal
expression levels of genes involved in furnishing the endo-
sperm with resources. The double dosage of maternal genes
relative to paternal genes in the endosperm allows maternally
derived genes greater control over the amount of maternal
resources that are provided to the endosperm [91]. If this
hypothesis is correct then the ploidy level of the endosperm
is central to seed viability. As reviewed by Kohler et al. [92],
inappropriate gene expression levels underpin the seed
arrest observed when plants of different polyploidy levels
are crossed. Remarkably, the so-called ‘triploid block’
suggests that gene dosage in the endosperm often causes
post-zygotic reproductive isolation, and thereby reinforces
reproductive isolation. However, an important challenge for
the future will be to identify the genes involved as well as
their mode of action, as it is unclear if endosperm-based
hybridization barriers have a common genetic basis.

7. Epigenetics, phenotypic plasticity and
adaptation

Transgenerational epigenetic inheritance can either facilitate
or impede the pace of adaptation of a population. In our cur-
rent period of rapid environmental change, there is an urgent
need to better understand the evolutionary basis of phenoty-
pic plasticity and adaptation, and the ability of populations to
survive and thrive under the novel conditions under which
they increasingly find themselves [93-95]. It is generally
held that epigenetic processes may allow more rapid adap-
tion than DNA-based changes [96], but this may be a naive
hope. Three papers in this issue consider the adaptive value
of epigenetic inheritance and parental effects.

First, Baduel & Colot [26] analyse the types, sources and
consequences of TE-associated epivariation in plants, in
which most DNA methylation is associated with TEs. In
Arabidopsis, around one-third of TE-sequences maintain
differences in DNA methylation states over at least eight
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and presumably many more generations. Intriguingly, many
of these differences overlap with epialleles found in nature.
Despite this overlap, the frequency of epialleles in nature
appears similar to levels of sequence-based genetic variation,
suggesting that, in Arabidopsis at least, epiallelic variation is
unlikely to allow for rapid adaptation. However, Baduel
and Colot then point out that additional epigenetic variation
at TEs can also be induced by environmental stressors, and
that such changes probably do contribute significantly to
evolvability by generating rapid and transient phenotypic
plasticity. This review canvases work performed in species
other than Arabidopsis and it becomes clear that plant species
differ so widely in their TE content and life history, that these
differences must influence the impact that TE-associated epi-
variation has within a particular species. The second half of
Baduel and Colot’s review considers the evolutionary signifi-
cance of TE-associated epiallelic variation. They conclude that
such variation comes in different flavours, and that each fla-
vour has a unique potential for contributing to adaptation
and evolution. They suggest that the mobilization of TEs
owing to environmentally induced epigenetic changes prob-
ably provides plants with a powerful means of phenotypic
exploration and adaptation.

Second, McGuigan et al. [93] consider the possible role
that epigenetic processes may play in rapid responses to
climate change. A few instances of the strong correlation
between the frequency of epialleles and environmental
differentiation have been reported, even where genetic
differentiation is weak. However, the authors strongly
caution that there are very few convincing cases where
measures of epigenetic variation have been linked to fitness.
This may be because in variable environments, epigenetic
settings inherited from parents may not be appropriate for
the conditions being experienced by offspring, and are just
as likely to detract from offspring fitness as they are to
enhance it [80,93].

Third, Crean & Immler [97] examine the impact that
environmental changes can have on gametes, particularly
but not exclusively, the male gametes of external fertilizers.
These changes, which can be genetic or epigenetic, can influ-
ence future generations both directly and indirectly and be
adaptive (e.g. better resilience to higher salinity) or maladap-
tive (e.g. stress transmission). Crean and Immler also consider
the importance of the gametic environment in the context of
human assisted reproductive technology (ART), and in agri-
culture and fisheries. Owing to perturbations in the gametic
environment, ART techniques may cause unanticipated and
under-appreciated changes to population traits that are only
now starting to come to light.

8. Direct effects of epigenetics on genome
evolution

Thus far we have focused on the effects of epigenetic
inheritance and transgenerational epigenetic inheritance on
phenotypic plasticity and adaptation and how these may
help drive evolution. However, it is also important to note
that DNA methylation and other chromatin modifications
directly affect the rate of mutation in DNA. Hence epigenetic
mechanisms directly affect genome evolution.

It is now 40 years since it was shown in bacteria that 5-
methylcytosines (5 mC) are mutation hotspots. This situation

is caused by the less efficient repair of thymine compared to
uracil, respectively, produced by the spontaneous deamina-
tion of methylated cytosines and unmethylated cytosines
[98,99]. In eukaryotes, CpG dinucleotides are the main targets
of C methylation and the higher mutability of 5 mC results in
a general depletion of CpG dinucleotides relative to the local
density of Cs and Gs in the genomes of any organism subject
to DNA methylation in the germ line, as reviewed by Yi &
Goodisman [100]. However, as alluded to by the authors,
beyond this direct and striking effect of DNA methylation
on the mutation rate, there are also indirect effects mediated
by chromatin, stemming from the fact that it modulates the
exposure of DNA to insults, as well its accessibility to
repair activities.

The study of epigenetic mechanisms and sex chromosome
evolution and regulation have a rich shared history. In
mammals, inactivation of the X chromosome via heterochro-
matinization is necessary to achieve appropriate gene dosage
between the sex chromosomes. Less known is how epigenetics
affects the evolution of sex chromosomes, which has been
mainly viewed as the succession of mutational events that
enable autosomes to differentiate each other. As reviewed by
Muyle et al. [101], findings from a wide range of plant and
animal species provide clear evidence that epigenetic pro-
cesses play important causal roles in the evolution of sex
chromosomes as well as in the regulation of sexual pheno-
types. They describe how the Y chromosome accumulates
sequence repeats and TEs that must be epigenetically silenced.
TE suppression on the Y chromosome can impede the
expression of Y-linked genes, a process that could accelerate
Y chromosome degeneration. Epigenetics also serves to modu-
late hard-wired sex determination, and thereby enable sex
reversal or lability in response to environmental cues. Such
sex phenotype leakiness is probably adaptive as it can have
profound effects on demography. For example, it can be
advantageous for dioecious plants (i.e. plants with distinct
male and female individuals) to switch to hermaphroditism
during a period of rapid range expansion.

9. Epigenetics and the development of castes

in social insects

One of the most striking examples of phenotypic plasticity
are the morphologically and/or behaviourally distinct
castes (think worker honeybees compared to queen bees)
of social insects (see the cover picture of this issue for a strik-
ing example). How are these castes formed from identical
genomes? Oldroyd & Yagound [29] take us through the evi-
dence that epigenetic changes are functionally responsible for
caste formation and leave us with the take-home message
that the jury is still out: changes to DNA methylation, small
RNAs and chromatin have been observed between individ-
uals from different castes, but it is far from certain whether
these are functional changes.

10. Concluding remarks

There are growing calls for an extended evolutionary syn-
thesis that incorporates all forms of inheritance: DNA,
epigenetic and cultural [59,102,103,60] into one overarching
view of how evolution proceeds. The field of evolutionary
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epigenetics has been characterized by evidence for fascinat-
ing phenomena like an apparent rapid adaptation by a
population in response to a predator or temperature
change, and a corresponding reduction in phenotypic
plasticity [104]. Such experiments clearly support the hypo-
thesis of phenotypic assimilation as a mechanism of rapid
adaptation, but do not prove it. To do so needs a multilevel
approach: identification (or better, experimental introduction)
of an environmental challenge, identification of a phenotypic
response that is mediated by epigenetic changes, and then
evidence of selection as demonstrated by non-synonymous
changes in DNA that compensate for or complement
epigenetic changes. This is a tall order, especially for wild
populations. However, we now have the opportunity to
make these connections using epigenomic methodologies.
Endler [105,106] pioneered studies of experimental evolution
in wild fish populations, and was able to show rapid pheno-
typic adaptation: toning down of sexual signalling in

populations exposed to predators. Such systems can be

manipulated by experimental addition or removal of preda-
tors in different subpopulations [107] and provide the
opportunity to relate environmental change, corresponding
changes in epigenotype, the transmission of changed epige-
netic states through gametes, corresponding changes in
gene expression in offspring, and changes in genotype
across longer time scales. Experiments such as these (which
could include cultural perturbations) will undoubtedly
expand our understanding of how evolution works.

This article has no additional data.
All authors wrote the paper.
We have no competing interests.

A.A. is supported by an Australian Research Council Future
Fellowship FT180100653 and Discovery project DP200102904. V.C.
is supported in part by Investissements d’Avenir ANR-10-LABX-54
MEMO LIFE, 506 ANR-11-IDEX-0001-02. B.P.O. is supported by a
resident fellowship at the Wissenschaftskolleg zu Berlin.

1. Huxley J. 1942 Evolution: the modern synthesis. 16.  Pfennig DW, Ehrenreich IM. 2014 Towards a gene 27. Stajic D, Jansen LET. 2021 Empirical evidence for
London, UK: Allen and Unwin. regulatory network perspective on phenotypic epigenetic inheritance driving evolutionary

2. Mayr E. 1942 Systematics and the origin of species. plasticity, genetic accommodation and genetic adaptation. Phil. Trans. R. Soc. B 376, 20200121.
New York, NY: Columbia University Press. assimilation. Mol. Ecol. 23, 4438—4440. (doi:10. (doi:10.1098/rsth.2020.0121)

3. Fisher RA. 1930 The genetical theory of natural 1111/mec.12887) 28.  Almouzni G, Cedar H. 2016 Maintenance of
selection. Oxford, UK: Claredon Press. 17.  Ehrenreich IM, Pfennig DW. 2016 Genetic epigenetic information. Cold Spring Harb. Perspect.

4. Simpson GG. 1944 Tempo and mode in assimilation: a review of its potential proximate Biol. 8, a019372. (doi:10.1101/cshperspect.a019372)
evolution. New York, NY: Columbia Ununiversity causes and evolutionary consequences. Ann. Bot. 29. Oldroyd BP, Yagound B. 2021 The role of
Press 117, 769-779. (doi:10.1093/aob/mcv130) epigenetics, particularly DNA methylation, in the

5. Loison L. 2021 Epigenetic inheritance and evolution: ~ 18. Waddington CH. 1942 The epigenotype. Endeavour evolution of caste in insect societies. Phil. Trans. R.
a historian’s perspective. Phil. Trans. R. Soc. B 376, 1, 18-20. Soc. B 376, 20200115. (doi:10.1098/rsth.2020.0115)
20200120. (doi:10.1098/rsth.2020.0120) 19. Haig D. 2011 Comentary: the epidemiology of 30. Gutbrod MJ, Martienssen RA. 2020 Conserved

6.  Crick F. 1970 Central dogma of molecular biology. epigenetics. Int. J. Epidemiol. 41, 13-16. (doi:10. chromosomal functions of RNA interference. Nat.
Nature 227, 561-563. (doi:10.1038/227561a0) 1093/ije/dyr183) Rev. Genet. 21, 311-331. (doi:10.1038/541576-019-

7. Griffing B. 1956 Concept of general and specific 20. Stewart-Morgan KR, Petryk N, Groth A. 2020 0203-6)
combining ability in relation to diallel crossing Chromatin replication and epigenetic cell memory. ~ 31. (Cannell |G, Kong YW, Bushell M. 2008 How do
systems. Aust. J. Biol. Sci. 9, 463—-493. (d0i:10.1071/ Nat. Cell Biol. 22, 361-371. (d0i:10.1038/s41556- microRNAs regulate gene expression? Biochem. Soc.
B19560463) 020-0487-y) Trans. 36, 1224-1231. (doi:10.1042/BST0361224)

8. Mather K, Jinks JL. 1971 Biometrical genetics. 21, Martin C, Zhang Y. 2007 Mechanisms of epigenetic ~ 32. Gebert LFR, MacRae 1). 2019 Regulation of
London, UK: Chapman and Hall. inheritance. Curr. Opin. Cell Biol. 19, 266-272. microRNA function in animals. Nat. Rev. Mol. Cell

9. Waddington CH. 1942 Canalization of development (doi:10.1016/j.ceb.2007.04.002) Biol. 20, 21-37. (doi:10.1038/541580-018-0045-7)
and the inheritance of acquired characters. Nature 22. Heard E, Martienssen RA. 2014 Transgenerational 33. (astel SE, Martienssen RA. 2013 RNA interference in
150, 563-565. (doi:10.1038/150563a0) epigenetic inheritance: myths and mechanisms. Cell the nudleus: roles for small RNAs in transcription,

10.  Waddington CH. 1957 The strategy of the genes. 157, 95-109. (doi:10.1016/j.cell.2014.02.045) epigenetics and beyond. Nat. Rev. Genet. 14,
London, UK: George Allen and Unwin. 23. Youngston NA, Whitelaw E. 2008 Transgenerational 101-112. (doi:10.1038/nrg3355)

11. Siegel MA, Bergman A. 2002 Waddington'’s epigenetic effects. Annu. Rev. Genom. Hum. Genet. ~ 34. Girard A, Sachidanandam R, Hannon GJ, Carmell
canalization revisited: developmental stability 9, 233-257. (doi:10.1146/annurev.genom.9.081307. MA. 2006 A germline-specific class of small RNAs
and evolution. Proc. Nat/ Acad. Sci. USA 99, 164445) binds mammalian Piwi proteins. Nature 442,
10 528-10 532. (doi:10.1073/pnas.102303999) 24. Boskovi¢ A, Rando 0J. 2018 Transgenerational 199-202. (doi:10.1038/nature04917)

12. Shapiro JA. 2011 Evolution: a view from the 21st epigenetic inheritance. Annu. Rev. Genet. 52, 21-41.  35. Sakakibara K, Siomi MC. 2018 The PIWl-interacting
century. Upper Saddle River, NJ: FT Press Science. (doi:10.1146/annurev-genet-120417-031404) RNA molecular pathway: insights from cultured

13.  Stearns SC. 2002 Progress on canalization. Proc. Nat/ ~ 25. Frolows N, Ashe A. 2021 Small RNAs and chromatin silkworm germline cells. Bioessays 40, 1700068.
Acad. Sci. USA 99, 10 229-10 230. (doi:10.1073/ in the multigenerational epigenetic landscape of (doi:10.1002/bies.201700068)
pnas.172388999) Caenorhabditis elegans. Phil. Trans. R. Soc. B 376,  36. Short AK, Yeshurun S, Powell R, Perreau VM, Fox A,

14.  Wagner A. 2000 Robustness against mutations in 20200112. (doi:10.1098/rsth.2020.0112) Kim JH, Pang TY, Hannan AJ. 2017 Exercise alters
geneti networks of yeast. Nat. Genet. 24, 355-361.  26. Baduel P, Colot V. 2021 The epiallelic potential of mouse sperm small noncoding RNAs and induces a
(doi:10.1038/74174) transposable elements and its evolutionary transgenerational modification of male offspring

15. West-Eberhard MJ. 2003 Developmental plasticity significance in plants. Phil. Trans. R. Soc. B 376, conditioned fear and anxiety. Transl. Psychiatry 7,

and evolution. Oxford, UK: Oxford University Press.

20200123. (doi:10.1098/rsth.2020.0123)

e1114. (doi:10.1038/tp.2017.82)


http://dx.doi.org/10.1098/rstb.2020.0120
http://dx.doi.org/10.1038/227561a0
http://dx.doi.org/10.1071/BI9560463
http://dx.doi.org/10.1071/BI9560463
http://dx.doi.org/10.1038/150563a0
http://dx.doi.org/10.1073/pnas.102303999
http://dx.doi.org/10.1073/pnas.172388999
http://dx.doi.org/10.1073/pnas.172388999
http://dx.doi.org/10.1038/74174
http://dx.doi.org/10.1111/mec.12887
http://dx.doi.org/10.1111/mec.12887
http://dx.doi.org/10.1093/aob/mcv130
http://dx.doi.org/10.1093/ije/dyr183
http://dx.doi.org/10.1093/ije/dyr183
http://dx.doi.org/10.1038/s41556-020-0487-y
http://dx.doi.org/10.1038/s41556-020-0487-y
http://dx.doi.org/10.1016/j.ceb.2007.04.002
http://dx.doi.org/10.1016/j.cell.2014.02.045
http://dx.doi.org/10.1146/annurev.genom.9.081307.164445
http://dx.doi.org/10.1146/annurev.genom.9.081307.164445
http://dx.doi.org/10.1146/annurev-genet-120417-031404
http://dx.doi.org/10.1098/rstb.2020.0112
http://dx.doi.org/10.1098/rstb.2020.0123
http://dx.doi.org/10.1098/rstb.2020.0121
http://dx.doi.org/10.1101/cshperspect.a019372
http://dx.doi.org/10.1098/rstb.2020.0115
http://dx.doi.org/10.1038/s41576-019-0203-6
http://dx.doi.org/10.1038/s41576-019-0203-6
http://dx.doi.org/10.1042/BST0361224
http://dx.doi.org/10.1038/s41580-018-0045-7
http://dx.doi.org/10.1038/nrg3355
http://dx.doi.org/10.1038/nature04917
http://dx.doi.org/10.1002/bies.201700068
http://dx.doi.org/10.1038/tp.2017.82

37.

38.

39.

40.

4.

42.

43.

4,

45.

46.

47.

48.

49.

50.

51.

52.

Sharma U et al. 2016 Biogenesis and function of
tRNA fragments during sperm maturation and
fertilization in mammals. Science 351, 391-396.
(doi:10.1126/science.aad6780)

Chen Q et al. 2016 Sperm tsRNAs contribute to
intergenerational inheritance of an acquired
metabolic disorder. Science 351, 397-400. (doi:10.
1126/science.aad7977)

West-Eberhard MJ. 1989 Phenotypic plasticity and
the origins of diversity. Ann. Rev. Ecol. Syst. 20,
249-278. (doi:10.1146/annurev.es.20.110189.
0013471)

Price TD, Qvarnstrom A, Irwin DE. 2003 The role of
phenotypic plasticity in driving genetic evolution.
Proc. R. Soc. Lond. B 270, 1433—1440. (doi:10.1098/
rsph.2003.2372)

Seebacher F, White (R, Franklin CE. 2014
Physiological plasticity increases resilience of
ectothermic animals to climate change. Nat. Clim.
Change 5, 61-66. (doi:10.1038/nclimate2457)
Beaman JE, White (R, Seebacher F. 2016 Evolution
of plasticity: mechanistic link between development
and reversible acclimation. Trends Ecol. Evol. 31,
237-249. (doi:10.1016/j.tree.2016.01.004)

Oldroyd BP, Yagound B. 2021 Parent-of-origin
effects, allele-specific expression, genomic
imprinting and paternal manipulation in social
insects. Phil. Trans. R. Soc. B 376, 20200425.
(doi:10.1098/rsth.2020.0425)

Weismann A. 1893 The germplasm: a theory of
heredity. New York, NY: Charles Schribner’s Sons.
Haig D. 2007 Weismann rules! OK? Epigenetics
and the Lamarckian temptation. Biol. Philos.

22, 415-428. (doi:10.1007/510539-006-

9033-y)

Li CCY, Maloney CA, Cropley JE, Suter CM. 2010
Epigenetic reprogramming by maternal nutrition:
shaping future generations. Epigenomics 4,
539-549. (doi:10.2217/epi.10.33)

Rodgers AB, Morgan (P, Leu NA, Bale TL. 2015
Transgenerational epigenetic programming via
sperm microRNA recapitulates effects of paternal
stress. Proc. Natl Acad. Sci. USA 112, 13 699—

13 704. (doi:10.1073/pnas.1508347112)

Ashe A, Whitelaw E. 2007 Another role for RNA: a
messenger across generations. Trends Genet. 23,
8-10. (doi:10.1016/j.tig.2006.11.008)

Moore R, Kaletsky R, Murphy C. 2019 Piwi/PRG-1
argonaute and TGF-B mediate transgenerational
learned pathogenic avoidance. Cell 177,
1827-1841.21812. (d0i:10.1016/j.cell.2019.05.024)
Ashe A, Sarkies P, Le Pen J, Tanguy M, Miska EA.
2015 Antiviral RNA interference against Orsay virus
is neither systemic nor transgenerational in
Caenorhabditis elegans. J. Virol. 89, 12 035-12 046.
(doi:10.1128/JV1.03664-14)

Rechavi 0, Minevich G, Hobert 0. 2011
Transgenerational inheritance of an acquired small
RNA-based antiviral response in C. elegans. Cell 147,
1248-1256. (d0i:10.1016/j.cell.2011.10.042)
Lanfear R. 2018 Do plants have a segregated
germline? PLoS Biol. 16, €2005439. (doi:10.1371/
journal.pbio.2005439)

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Wibowo A et al. 2018 Partial maintenance of organ-
specific epigenetic marks during plant asexual
reproduction leads to heritable phenotypic variation.
Proc. Natl Acad. Sci. USA 115, E9145-E9152.
(doi:10.1073/pnas.1805371115)

Agrawal AA, Laforsch C, Tollrain R. 1999
Transgenerational induction of defences in

animals and plants. Nature 401, 60—63. (doi:10.
1038/43425)

Agrawal AA. 2002 Herbivory and maternal effects:
mechanisms and consequences of transgenerational
induced plant resistance. Ecology 83, 3408—3415.
(doi:10.1890/0012-9658(2002)083[3408:HAMEMA]2.
0.00;2)

Mounger J, Ainouche ML, Bossdorf 0, Cavé-Radet A,
Li B, Parepa M, Salmon A, Yang J, Richards CL. 2021
Epigenetics and the success of invasive plants. Phil.
Trans. R. Soc. B 376, 20200117. (doi:10.1098/rsth.
2020.0117)

Haig D. 2014 Coadaptation and conflict,
misconception and muddle, in the evolution of
genomic imprinting. Heredity 113, 96-103. (doi:10.
1038/hdy.2013.97)

Perez MF, Lehner B. 2019 Intergenerational and
transgenerational epigenetic inheritance in animals.
Nat. Cell Biol. 21, 143-151. (d0i:10.1038/s41556-
018-0242-9)

Jablonka E, Lamb MJ. 2005 Evolution in four
dimensions. Cambridge, MA: Bradford Books, MIT
Press.

Jablonka E, Lamb MJ. 2020 Inheritance systems and
the extended evolutionary synthesis. Cambridge, UK:
Cambridge University Press.

Bonduriansky R, Day T. 2009 Nongenetic inheritance
and its evolutionary implications. Ann. Rev. Ecol.
Syst. 40, 103-125. (doi:10.1146/annurev.ecolsys.39.
110707.173441)

Weaver ICG, Cervoni N, Champagne FA, D"Alessio AC,
Sharma S, Seckl JR, Dymov S, Szyf M, Meaney MJ.
2004 Epigenetic programming by maternal behavior.
Nat. Neurosci. 7, 847—-854. (doi:10.1038/nn1276)
Gerbault P, Liebert A, Itan Y, Powell A, Currat J,
Burger J, Swallow DM, Thomas MG. 2011 Evolution
of lactase persistence: an example of human niche
construction. Phil. Trans. R. Soc. B 366, 863-877.
(doi:10.1098/rsth.2010.0268)

Haig D. 2000 The kinship theory of genomic
imprinting. Ann. Rev. Ecol. Syst. 31, 9-32. (doi:10.
1146/annurev.ecolsys.31.1.9)

Haig D, Westoby M. 1989 Parent-specific gene-
expression and the triploid endosperm. Am. Nat.
134, 147-155. (doi:10.1086/284971)

Patten MM, Ross L, Curley JP, Queller D,
Bonduriansky R, Wolf JB. 2014 The evolution of
genomic imprinting: theories, predictions and
empirical tests. Heredity 113, 119-128. (doi:10.
1038/hdy.2014.29)

Colot V, Rossignol JL. 1999 Eukaryotic DNA
methylation as an evolutionary device. Bioessays
21, 402-411. (doi:10.1002/(SICI)1521-
1878(199905)21:5<402::AID-BIES7>3.0.00;2-B)
Bartolomei MS, Ferguson-Smith AC. 2011
Mammalian genomic imprinting. Cold Spring Harb.

69.

70.

1.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

Perspect. Biol. 3, a002592. (doi:10.1101/cshperspect. n

a002592)

Gailbraith DA, Kocher SD, Glenn T, Albert |, Hunt GJ,
Strassmann JE, Queller DC, Grozinger CM. 2016
Testing the kinship theory of intragenomic conflict
in honey bees (Apis mellifera). Proc. Natl Acad. Sci.
USA 113, 1020-1025. (doi:10.1073/pnas.
1516636113)

Galbraith DA, Ma R, Grozinger CM. 2021 Tissue-
specific transcription patterns support the kinship
theory of intragenomic conflict in honey bees (Apis
mellifera). Mol. Ecol. 30, 1029-1041. (doi:10.1111/
mec.15778)

Smith NMA et al. 2020 Paternally-biased gene
expression follows kin-selected predictions in female
honey bee embryos. Mol. Ecol. 29, 1523-1533.
(doi:10.1111/mec.15419)

Marshall H, van Zweden JS, Van Geystelen A, Benaets
K, Wéickers F, Mallon EB, Wenseleers T. 2020 Parent
of origin gene expression in the bumblebee, Bombus
terrestris, supports Haig's kinship theory for the
evolution of genomic imprinting. Evol. Lett. 4,
479-490. (do0i:10.1002/evI3.197)

Dowling DK, Abiega KC, Arngvist G. 2007
Temperature-specific outcomes of cytoplasmic-
nuclear interactions on egg-to-adult development
time in seed beetles. Evolution 61, 194-201.
(doi:10.1111/j.1558-5646.2007.00016.x)

Healy TM, Burton RS. 2020 Strong selective effects
of mitochondrial DNA on the nuclear genome. Proc.
Natl Acad. Sci. USA 117, 6616—6621. (doi:10.1073/
pnas.1910141117)

Schlichting CD. 1986 The evolution of phenotypic
plasticity in plants. Ann. Rev. Ecol. Syst. 17,
667—693. (doi:10.1146/annurev.es.17.110186.
003315)

de Jong G. 2005 Evolution of phenotypic plasticity:
patterns of plasticity and the emergence of
ecotypes. New Phytologist 166, 101-118. (doi:10.
1111/}.1469-8137.2005.01322.x)

West-Eberhard MJ. 1998 Evolution in the light of
developmental and cell biology, and vice versa.
Proc. Natl Acad. Sci. USA 95, 8417-8419. (doi:10.
1073/pnas.95.15.8417)

Pigliucci M, Murren CJ, Schlichting CD. 2006
Phenotypic plasticity and evolution by genetic
assimilation. J. Exp. Biol. 209, 2362-2367. (doi:10.
1242/jeb.02070)

Loughland |, Little A, Seebacher F. 2021 DNA
methyltransferase 3a mediates developmental
thermal plasticity. BMC Biol. 19, 11. (doi:10.1186/
$12915-020-00942-w)

Kuijper B, Johnstone RA. 2021 Evolution of
epigenetic transmission when selection acts on
fecundity versus viability. Phil. Trans. R. Soc. B 376,
20200128. (doi:10.1098/rsth.2020.0128)

Chen YR, Ziv |, Swaminathan K, Elias JE, Jarosz DF.
2021 Protein aggregation and the evolution of
stress resistance in dlinical yeast. Phil. Trans. R. Soc.
B 376, 20200127. (doi:10.1098/rsth.2020.0127)
Shine R. 2010 The ecological impact of invasive
cane toads (Bufo marinus) in Aust. Q. Rev. Biol. 85,
253-291. (doi:10.1086/655116)


http://dx.doi.org/10.1126/science.aad6780
http://dx.doi.org/10.1126/science.aad7977
http://dx.doi.org/10.1126/science.aad7977
http://dx.doi.org/10.1146/annurev.es.20.110189.001341
http://dx.doi.org/10.1146/annurev.es.20.110189.001341
http://dx.doi.org/10.1098/rspb.2003.2372
http://dx.doi.org/10.1098/rspb.2003.2372
http://dx.doi.org/10.1038/nclimate2457
http://dx.doi.org/10.1016/j.tree.2016.01.004
http://dx.doi.org/10.1098/rstb.2020.0425
http://dx.doi.org/10.1007/s10539-006-9033-y
http://dx.doi.org/10.1007/s10539-006-9033-y
http://dx.doi.org/10.2217/epi.10.33
http://dx.doi.org/10.1073/pnas.1508347112
http://dx.doi.org/10.1016/j.tig.2006.11.008
http://dx.doi.org/10.1016/j.cell.2019.05.024
http://dx.doi.org/10.1128/JVI.03664-14
http://dx.doi.org/10.1016/j.cell.2011.10.042
http://dx.doi.org/10.1371/journal.pbio.2005439
http://dx.doi.org/10.1371/journal.pbio.2005439
http://dx.doi.org/10.1073/pnas.1805371115
http://dx.doi.org/10.1038/43425
http://dx.doi.org/10.1038/43425
http://dx.doi.org/10.1890/0012-9658(2002)083[3408:HAMEMA]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2002)083[3408:HAMEMA]2.0.CO;2
http://dx.doi.org/10.1098/rstb.2020.0117
http://dx.doi.org/10.1098/rstb.2020.0117
http://dx.doi.org/10.1038/hdy.2013.97
http://dx.doi.org/10.1038/hdy.2013.97
http://dx.doi.org/10.1038/s41556-018-0242-9
http://dx.doi.org/10.1038/s41556-018-0242-9
http://dx.doi.org/10.1146/annurev.ecolsys.39.110707.173441
http://dx.doi.org/10.1146/annurev.ecolsys.39.110707.173441
http://dx.doi.org/10.1038/nn1276
http://dx.doi.org/10.1098/rstb.2010.0268
http://dx.doi.org/10.1146/annurev.ecolsys.31.1.9
http://dx.doi.org/10.1146/annurev.ecolsys.31.1.9
http://dx.doi.org/10.1086/284971
http://dx.doi.org/10.1038/hdy.2014.29
http://dx.doi.org/10.1038/hdy.2014.29
http://dx.doi.org/10.1002/(SICI)1521-1878(199905)21:5%3C402::AID-BIES7%3E3.0.CO;2-B
http://dx.doi.org/10.1002/(SICI)1521-1878(199905)21:5%3C402::AID-BIES7%3E3.0.CO;2-B
http://dx.doi.org/10.1101/cshperspect.a002592
http://dx.doi.org/10.1101/cshperspect.a002592
http://dx.doi.org/10.1073/pnas.1516636113
http://dx.doi.org/10.1073/pnas.1516636113
http://dx.doi.org/10.1111/mec.15778
http://dx.doi.org/10.1111/mec.15778
http://dx.doi.org/10.1111/mec.15419
http://dx.doi.org/10.1002/evl3.197
http://dx.doi.org/10.1111/j.1558-5646.2007.00016.x
http://dx.doi.org/10.1073/pnas.1910141117
http://dx.doi.org/10.1073/pnas.1910141117
http://dx.doi.org/10.1146/annurev.es.17.110186.003315
http://dx.doi.org/10.1146/annurev.es.17.110186.003315
http://dx.doi.org/10.1111/j.1469-8137.2005.01322.x
http://dx.doi.org/10.1111/j.1469-8137.2005.01322.x
http://dx.doi.org/10.1073/pnas.95.15.8417
http://dx.doi.org/10.1073/pnas.95.15.8417
http://dx.doi.org/10.1242/jeb.02070
http://dx.doi.org/10.1242/jeb.02070
http://dx.doi.org/10.1186/s12915-020-00942-w
http://dx.doi.org/10.1186/s12915-020-00942-w
http://dx.doi.org/10.1098/rstb.2020.0128
http://dx.doi.org/10.1098/rstb.2020.0127
http://dx.doi.org/10.1086/655116

83.

84.

85.

86.

87.

88.

89.

90.

9.

Sarma RR et al. 2021 Intergenerational effects of
manipulating DNA methylation in the early life of
an iconic invader. Phil. Trans. R. Soc. B 376,
20200125. (doi:10.1098/rsth.2020.0125)

Burt A, Trivers R. 2006 Genes in conflict: the biology
of selfish genetic elements. Cambridge, MA: Harvard
University Press.

Trivers RL. 1974 Parent-offspring conflict. Am. Zool.
14, 249-264. (doi:10.1093/ich/14.1.249)

Ratnieks FLW. 1988 Reproductive harmony via
mutual policing by workers in eusocial Hymenoptera.
Am. Nat. 132, 217-236. (doi:10.1086/284846)
Ratnieks FLW, Foster KR, Wenseleers T. 2006 Conflict
resolution in insect societies. Ann. Rev. Entomol. 51,
581-608. (doi:10.1146/annurev.ent0.51.110104.
151003)

Wenseleers T, Helanterd H, Hart A, Ratnieks FLW.
2004 Worker reproduction and policing in insect
societies: an ESS analysis. J. Evol. Biol. 17,
1035-1047. (doi:10.1111/j.1420-9101.2004.00751.)
Gardner A, Ubeda F. 2017 The meaning of
intragenomic conflict. Nat. Ecol. Evol. 1, 1807-1815.
(doi:10.1038/541559-017-0354-9)

Hosken DJ, Hodgson DJ. 2014 Why do sperm carry
RNA? Relatedness, conflict, and control. Trends Ecol.
Evol. 29, 451-455. (doi:10.1016/j.tree.2014.05.006)
Baroux C, Spillane C, Grossniklaus U. 2002
Evolutionary origins of the endosperm in flowering
plants. Genome Biol. 3, reviews1026.1021. (doi:10.
1186/gb-2002-3-9-reviews1026)

92.

93.

9%.

95.

9.

97.

98.

9.

Kahler C, Dziasek K, Del Toro-De Ledn G. 2021 Postzygotic
reproductive isolation established in the endosperm:
mechanisms, drivers and relevance. Phil. Trans. R. Soc. B
376, 20200118. (doi:10.1098/rsth.2020.0118)
McGuigan K, Hoffmann AA, Sgro CM. 2021 How is
epigenetics predicted to contribute to dimate
change adaptation? What evidence do we need?
Phil. Trans. R. Soc. B 376, 20200119. (doi:10.1098/
rsth.2020.0119)

Hoffmann AA, Sgro (M. 2011 Climate change and
evolutionary adaptation. Nature 470, 479-485.
(doi:10.1038/nature09670)

Scheffers BR et al. 2016 The broad footprint of
climate change from genes to biomes to people.
Science 354, aaf7671. (doi:10.1126/science.aaf7671)
Bonduriansky R, Crean AJ, Day DA. 2011 The
implications of nongenetic inheritance for evolution
in changing environments. Evol. Appl. 5, 192-201.
(doi:10.1111/j.1752-4571.2011.00213.x)

Crean AJ, Immler S. 2021 Evolutionary
consequences of environmental effects on gamete
performance. Phil. Trans. R. Soc. B 376, 20200122.
(doi:10.1098/rstb.2020.0122)

Coulondre C, Miller JH, Farabaugh PJ, Gilbert W.
1978 Molecular basis of base substitution hotspots
in Escherichia coli. Nature 274, 775-780. (doi:10.
1038/274775a0)

Duncan BK, Miller JH. 1980 Mutagenic deamination
of cytosine residues in DNA. Nature 287, 560-561.
(doi:10.1038/287560a0)

100.

101.

102.

103.

104.

105.

106.

107.

Yi SV, Goodisman MAD. 2021 The impact of
epigenetic information on genome evolution. Phil.
Trans. R. Soc. B 376, 20200114. (doi:10.1098/rstb.
2020.0114)

Muyle A, Bachtrog D, Marais GAB, Turner JMA.
2021 Epigenetics drive the evolution of sex
chromosomes in animals and plants. Phil.

Trans. R. Soc. B 376, 20200124. (doi:10.1098/rsth.
2020.0124)

Jablonka E, Raz G. 2009 Transgenerational
epigenetic inheritance: prevalence, mechanisms,
and implications for the study of heredity and
evolution. Q. Rev. Biol. 84, 131-176.

Pigliucc M, Miiller GB. 2010 Elements of an
extended evolutionary synthesis. In Evolution, the
extended synthesis (eds M Pigliucci, GB Miiller),
pp. 3-17. Cambridge, MA: MIT Press.

Scoville AG, Pfrender ME. 2010 Phenotypic plasticity
facilitates recurrent rapid adaptation to introduced
predators. Proc. Nat/ Acad. Sci. USA 107,
4260-4263.

Endler JA. 1980 Natural selection on color patterns
in Poecilia reticulata. Evolution 34, 76-91.

Endler JA. 1986 Natural selection in the wild.
Princeton, NJ: Princeton University Press.

Reznick DN, Ghalambor CK, Crooks K. 2008
Experimental studies of evolution in guppies: a
model for understanding the evolutionary
consequences of predator removal in natural
communities. Mol. Ecol. 17, 97-107.


http://dx.doi.org/10.1098/rstb.2020.0125
http://dx.doi.org/10.1093/icb/14.1.249
http://dx.doi.org/10.1086/284846
http://dx.doi.org/10.1146/annurev.ento.51.110104.151003
http://dx.doi.org/10.1146/annurev.ento.51.110104.151003
http://dx.doi.org/10.1111/j.1420-9101.2004.00751.x
http://dx.doi.org/10.1038/s41559-017-0354-9
http://dx.doi.org/10.1016/j.tree.2014.05.006
http://dx.doi.org/10.1186/gb-2002-3-9-reviews1026
http://dx.doi.org/10.1186/gb-2002-3-9-reviews1026
http://dx.doi.org/10.1098/rstb.2020.0118
http://dx.doi.org/10.1098/rstb.2020.0119
http://dx.doi.org/10.1098/rstb.2020.0119
http://dx.doi.org/10.1038/nature09670
http://dx.doi.org/10.1126/science.aaf7671
http://dx.doi.org/10.1111/j.1752-4571.2011.00213.x
http://dx.doi.org/10.1098/rstb.2020.0122
http://dx.doi.org/10.1038/274775a0
http://dx.doi.org/10.1038/274775a0
http://dx.doi.org/10.1038/287560a0
http://dx.doi.org/10.1098/rstb.2020.0114
http://dx.doi.org/10.1098/rstb.2020.0114
http://dx.doi.org/10.1098/rstb.2020.0124
http://dx.doi.org/10.1098/rstb.2020.0124

	How does epigenetics influence the course of evolution?
	Introduction
	Chromatin modification
	DNA methylation
	Small interfering RNA molecules

	Multigenerational epigenetic inheritance
	A discussion about terms
	Epigenetic inheritance, transgenerational epigenetic inheritance and cultural inheritance
	Parent-specific gene expression and genomic imprinting
	Parent-of-origin effects
	Parental manipulation

	Phenotypic plasticity and its role in genetic assimilation and evolutionary change
	Epigenetic adaptation in inbred and clonal species
	Epigenetics, conflict and speciation
	Epigenetics, phenotypic plasticity and adaptation
	Direct effects of epigenetics on genome evolution
	Epigenetics and the development of castes in social insects
	Concluding remarks
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	References


