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Although there is keen interest in the potential adaptive value of epigenetic variation, it is unclear what conditions favor the
stability of these variants either within or across generations. Because epigenetic modifications can be environmentally sensitive,
existing theory on adaptive phenotypic plasticity provides relevant insights. Our consideration of this theory suggests that stable
maintenance of environmentally induced epigenetic states over an organism’s lifetime is most likely to be favored when the
organism accurately responds to a single environmental change that subsequently remains constant, or when the environmental
change cues an irreversible developmental transition. Stable transmission of adaptive epigenetic states from parents to offspring
may be selectively favored when environments vary across generations and the parental environment predicts the offspring
environment. The adaptive value of stability beyond a single generation of parent-offspring transmission likely depends on
the costs of epigenetic resetting. Epigenetic stability both within and across generations will also depend on the degree and
predictability of environmental variation, dispersal patterns, and the (epi)genetic architecture underlying phenotypic responses to
environment. We also discuss conditions that favor stability of random epigenetic variants within the context of bet hedging. We
conclude by proposing research directions to clarify the adaptive significance of epigenetic stability.
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The past 20 years of work on epigenetics has altered our under-
standing of the molecular variation that shapes phenotypes and
its patterns of inheritance. (For the purposes of this article, we
define epigenetics as regulation of gene expression by molecu-
lar mechanisms other than DNA sequence change, such as DNA
methylation, histone modifications, and small RNA molecules.) In
place of fixed Mendelian factors that change in frequency across
generations according to consistent selective trajectories, epial-
lelic variation constitutes reversible, transiently heritable effects
on gene expression that can be generated either randomly or in
response to cellular or external environmental cues (reviewed by
Lemos et al. 2008; Jablonka and Raz 2009; Bollati and Baccarelli
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2010). Evolutionary biologists face the task of bringing this aspect
of variability to models of adaptive evolution. One major chal-
lenge in this effort is to understand the adaptive consequences
of epigenetic stability versus instability as a mode of phenotypic
variation.

A starting point is provided by existing theoretical ap-
proaches to the evolution of environmentally mediated phenotypic
expression (i.e., phenotypic plasticity), including both individual
(within-generation) plasticity, and the effects of parental envi-
ronments on offspring (transgenerational plasticity or parental
environmental effects). Because these aspects of plasticity theory
involve the adaptive evolution of induced, transiently heritable
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variation, they provide relevant insights into the evolution of epi-
genetic changes that are also transmitted with various degrees of
stability, both within and across generations. In addition, epiallelic
effects on gene expression, such as DNA methylation changes,
can be a proximate mechanism for both individual and trans-
generational plasticity (well-documented examples include yeast
metabolic plasticity [Herrera et al. 2012], Arabidopsis flower-
ing time plasticity [Yaish et al. 2011], and inherited effects of
diet on mouse development [Cropley et al. 2006]; for further
examples, see Jablonka and Raz 2009; Holeski et al. 2012).
However, it is not yet known the extent to which epigenetic
mechanisms mediate plastic responses, including adaptive plastic
responses. !

Some epigenetic variants affect ecologically meaningful
traits and can be stably inherited for at least several generations
(e.g., Johannes et al. 2009), suggesting a potential influence on the
process of evolutionary adaptation (Richards 2006; Paszkowski
and Grossniklaus 2011). The stability of epigenetic transmission
within and across generations in various epialleles, taxa, and envi-
ronments is not well characterized, but it is known to vary greatly
(Gill et al. 2012; Turck and Coupland 2013; Verhoeven and Preite
2013). Given the extreme variability in epigenetic stability, what
are the adaptive consequences of the level of stability itself?

We define epigenetic stability as the persistence of modifi-
cations in gene expression and/or epigenetic marks that influ-
ence gene expression. Such stability can exist at different tem-
poral scales. Specifically, two aspects of stability parallel the
distinction between within- and transgenerational plasticity: (1)
within-generation stability that often entails the transmission of
epigenetic modifications across mitotic cell divisions, and (2)
transgenerational stability that entails the persistence of epige-
netic modifications across parent—offspring generations via sta-
ble inheritance of epigenetic marks across meiotic cell divisions
and/or other mechanisms (Martin and Zhang 2007).

Here, we examine existing theory on adaptive phenotypic
plasticity to ask, what level of stability would be adaptive for
environmentally induced epigenetic changes? Considering the
many empirical questions that remain unanswered, our goal is
to generate hypotheses that suggest a research agenda. We first
consider the adaptive value of stable versus reversible epigenetic
changes within a generation. Next, we examine theoretical predic-
tions regarding adaptive transgenerational environmental effects
and consider the implications of their persistence beyond a sin-
gle offspring generation, interpreting these predictions in terms
of epigenetic changes inherited across one or more generations.
We also briefly review adaptive arguments regarding randomly
generated offspring variation (bet hedging) to inform predictions

'We make no assumptions regarding the prevalence or stability of any partic-

ular epigenetic mechanism that may be involved in plastic responses.

regarding the stability of randomly generated (rather than envi-
ronmentally cued) heritable, epiallelic variation. We then note
how the dynamics of epigenetic variability may instead lead to
a nonadaptive scenario in which selection for particular levels
of stability is impeded. We close with a discussion of key ques-
tions to be resolved to determine the adaptive consequences of
epigenetic stability, and we propose research approaches to these
unresolved theoretical and empirical questions.

Epigenetic Stability Within a
Generation: Insights from the

Evolution of Within-Generation
Adaptive Plasticity

The parallels between plastic responses to environmental cues
and environmentally induced epigenetic changes outlined above
mean that our theoretical understanding of the former can shed
light on the latter. Thus, understanding the conditions under which
a stable phenotype that persists over the lifetime of an individ-
ual is adaptive leads to predictions about when stable epigenetic
modifications might be adaptive. Similarly, understanding when
it is adaptive for an organism to respond to an environmental
challenge and change its developmental trajectory allows us to
deduce conditions under which some degree of epigenetic in-
stability might also be adaptive. It is important to note that,
in some cases, transient epigenetic changes may lead to long-
lasting phenotypic changes. Plasticity theory will not be useful
in predicting the level of epigenetic stability in such cases due
to the lack of a correlation between epigenetic and phenotypic
stability.

Adaptive plasticity is usually conceived as a specific, func-
tionally appropriate response of an organism to some environ-
mental cue. Under this view, and assuming the presence of genetic
variation for the environmental response (i.e., genotype by envi-
ronment variation), such plasticity is expected to evolve ceteris
paribus when the plastic response is indeed appropriate and the
selective benefits of the response outweigh the costs of respond-
ing (Auld et al. 2010). As many studies have shown, however,
these seemingly simple conditions conceal a number of more
complex factors. In this section, we outline how our understand-
ing of these factors can inform predictions about the adaptive
value and evolution of within-generation epigenetic stability in
cases when epigenetic change occurs (like plasticity) as a specific
response to some environmental cue. We start by examining the
consequences of the cue and its perception by the organism, be-
fore discussing the effects of environmental heterogeneity, both
temporal and spatial. We then consider the effects of different
forms of selection, including the possible costs associated with
epigenetic modification and with plastic responses. Finally, we
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explore which aspects of genetic architecture might be pertinent
to whether epigenetic stability is favored.

ACCURACY OF THE CUE

Perhaps the most critical factor for within-generation epigenetic
stability is the nature of the environmental cue that induces the
epigenetic change. As is the case for phenotypic plasticity more
generally, there are two distinct issues involved: the reliability
of the cue in predicting the environment in which the organism
will find itself after completing its response, and the exactitude
with which the organism perceives the cue. These two issues
are sometimes subsumed in a parameter called “accuracy” (e.g.,
Moran 1992). In general, one would expect that the greater the
accuracy of the cue, the more likely an epigenetic response is to
evolve; responding to unreliable or poorly perceived cues would
seem to be unnecessarily costly. Nevertheless, plasticity can be
favored even when accuracy is surprisingly low (Moran 1992;
Sultan and Spencer 2002), and epigenetic responses are likely to
be similar in this regard.

An appropriate epigenetic response to a cue (i.e., one medi-
ating an adaptive plastic response) has two aspects: the induced
change in epigenetic state, and the persistence of this induced
state for as long as is needed to alter phenotypic expression. More
accurate cues, therefore, should lead to epigenetic switches with
sufficient flexibility to respond to the environmental cue, but also
with adequate stability to resist spurious cues and ensure the ap-
propriate regulation of gene expression. Less accurate cues might
favor unstable epigenetic marks in order for the organisms to be
able to respond later on to different, more appropriate cues. In-
deed, some occasional instability may be favored as a form of bet
hedging (see below).

ENVIRONMENTAL HETEROGENEITY

The degree of environmental heterogeneity, either temporal or
spatial, influences the adaptive value of plasticity (Reed et al.
2010), and is therefore also expected to influence the adaptive
value of epigenetic stability. Linking the spatial and temporal
dimensions of environmental heterogeneity is the relationship be-
tween the scale of such heterogeneity and dispersal distances.
With fine-grained environmental variation, typical dispersal dis-
tances are greater than the distances among sites with different
environmental states, so the organism experiences a variable en-
vironment; in coarse-grained environments, by contrast, migrants
typically disperse to similar environments.

What s critical to the selective outcome is the degree to which
individuals experience environmental variation (Baythavong
2011). When environmental changes occur multiple times during
an organism’s life (either because of temporal changes in the local
environment, or because of continued dispersal across a spatially
heterogeneous habitat), an irreversible developmental response is
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likely to be less appropriate than shorter-term behavioral or phys-
iological changes (Gluckman et al. 2005), although in the case
of modular organisms, such as plants, short-term developmental
responses can also track these changes (de Kroon et al. 2005).
Epigenetic marks that are resistant to resetting (i.e., stable) would
seem to be disadvantageous in these circumstances. Alternatively,
environments may change once within the lifetime of an organism
and then remain stable. It is under these circumstances that an en-
vironmentally induced epigenetic change that persists at least until
the developmental response is initiated (and possibly throughout
anindividual’s lifetime), is expected to be most adaptive. This sce-
nario may occur when an irreversible developmental transition is
cued to an environmental (frequently seasonal) factor: the “de-
velopmental environment” changes irreversibly, yet this develop-
mental transition occurs in response to an environmental cue that
may or may not endure. Thus, we may expect stable, sometimes
even irreversible, environmentally induced epigenetic changes
when these changes control developmental transitions that are
environmentally cued. However, if many generations occur be-
fore any environmental change, or if the environmental change
occurs very slowly (i.e., over multiple generations), epigenetic
responses would seem no more likely to evolve than genetically
constitutive adaptation, notably a population-level rather than an
individual-level response. This issue has been framed within the
context of the evolution of plastic generalists versus specialists
(Van Tienderen 1991, Whitlock 1996).

These insights from plasticity theory indicate that there are
two fundamentally different aspects of epigenetic stability affect-
ing the organism: resistance to resetting (equivalently, sensitiv-
ity to the environmental cue) and persistence of the mark until
the phenotypic response is initiated, if not complete. The degree
to which environmental sensitivity and persistence of epigenetic
marks have independent molecular bases remains to be deter-
mined. Nevertheless, assuming that an epigenetic modification
leads to a more appropriate phenotype in the cuing environment,
a high degree of environmental heterogeneity would thus be ex-
pected to select for the easy establishment of the epigenetic mark,
followed by the stability of the mark until at least the phenotypic
response was underway.

LIFE HISTORY

The ordering of events in the life cycle can be crucial to the evo-
lution of plasticity and this same factor is likely to play a role in
the evolution of epigenetic stability. For example, Scheiner and
Holt (2012) found that plasticity was more likely to evolve with
higher migration rates (conferring a higher degree of environ-
mental heterogeneity experienced by the organism) only when
dispersal from the cuing environment occurred after selection.
Dispersal before selection means that some plastic types end up
in the wrong environmental state even if they have responded in
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what would have been the appropriate manner had they not dis-
persed. This result suggests that plasticity of adult characters that
is caused by the induction of epigenetic modifications that persist
throughout adult life is more likely in taxa that disperse as either
gametes or postselection adults. When dispersal from the cuing
environment occurs before selection, some degree of epigenetic
instability within a lineage could engender a form of bet hedging
(see below) that may be more advantageous than stability.

It is critical, too, that the cue occurs at a time in the organ-
ism’s lifecycle when it can respond. In vertebrates, for instance,
there is often a critical window of time during which some im-
portant stimulus must occur for an appropriate plastic response
to be made by the developing individual (Gluckman et al. 2005).
To some extent, this window itself may be the result of selec-
tion to enable a more appropriate or cost-effective response than
that resulting from a cue at a different time, although organisms
with determinate development are presumably constrained in this
respect.

These considerations suggest that epigenetic modifications
that regulate plastic responses would occur only at certain times
in development, and hence the degree of epigenetic stability may
be selected to differ at different stages in the lifecycle. Sensitivity
to an environmental cue may be adaptive at some stages, whereas
resistance and stability appropriate at others. Moreover, if induced
epigenetic changes remain stable through mitotic divisions, gene
expression can continue to be appropriately regulated long af-
ter the cue has disappeared. Such epigenetic stability would be
particularly crucial for plastic responses of which the benefit oc-
curs some time after the cue (Gluckman et al. 2005; e.g., van
den Heuvel et al. 2013). Thus, the stability of plasticity-inducing
epigenetic marks within a generation that experiences just one
environmental change would appear to be adaptive under a wide
range of conditions.

SELECTIVE COSTS AND GENETIC ARCHITECTURE

Theoretical considerations regarding the cost of plasticity can also
enhance our understanding of the stability of epigenetic marks, be-
cause epigenetic responses and/or the ability to respond to an en-
vironmental cue may come at a price. Plasticity costs, as reflected
in the lower fitness of plastic types of equivalent phenotypes, are
potentially critical to the evolution of plasticity (Scheiner 1993;
DeWitt et al. 1998), and it is likely the same applies to epigenetic
stability. In plasticity theory, it has been important to distinguish
between any inherent cost of the ability to mount a plastic re-
sponse (so-called “global costs”) and costs that are specific to
a particular environmental state (“local costs” sensu Sultan and
Spencer 2002). Global costs stem from the requirement to main-
tain the machinery necessary to sense the cue and respond devel-
opmentally. Empirical attempts to measure such costs have gen-
erally discovered them to be lacking or quite small (e.g., Scheiner

and Berrigan 1998; Van Buskirk and Steiner 2009; but see Auld
et al. 2010). These findings support the view that the machinery
for sensing and responding to environmental cues is part of the
normal functioning of the cell (Sultan and Stearns 2005). To the
extent that epigenetic changes are a widespread feature of gene
regulation that provides an efficient trigger for plastic responses,
they may constitute a large part of this normal and hence cost-free
machinery. Nevertheless, there may be some limits to adaptive
epigenetic stability if either stability or resetting is costly. The-
oretical studies (e.g., Van Tienderen 1991) have suggested that
global costs can severely restrict the range of conditions under
which plasticity is favored. By contrast, local costs (for instance,
when plastic response to an extreme environment is develop-
mentally expensive or is not completely appropriate) appear to
impose a lesser restriction on the evolution of plasticity (Sultan
and Spencer 2002).

The form of selection may also influence the evolution of
plasticity and hence any underpinning epigenetic modifications.
For the sake of simplicity, most modeling has assumed constant
viability selection. However, much empirical evidence suggests
that frequency- or density-dependent selection is ubiquitous (see
examples cited in Asmussen et al. 2004 and Sinervo and Calsbeek
2006). These forms of selection might well favor plastic types that
can respond to density or frequency (possibly through some proxy,
such as increased contact with conspecifics) because they can
develop into alternative phenotypes that are favored at different
densities or frequencies. Accordingly, the ease with which an
epigenetic mark can be reset may be more important than currently
recognized.

The difference between hard and soft selection may also be
important in the evolution of plasticity and hence in any underly-
ing epigenetic modifications. This difference is especially crucial
in metapopulation models, where hard selection in each site can
leave space in harsher sites for migrants from more benign sites,
effectively increasing migration rates and hence the apparent de-
gree of spatial heterogeneity. Hard selection may therefore be
expected to favor the easy establishment of epigenetic marks and
their subsequent stability until the phenotypic response is initiated
(or beyond). In his model of the evolution of plastic generalists
versus specialists, Van Tienderen (1991) found that the difference
between hard and soft selection affected the number of possible
evolutionary outcomes and their properties. Indeed, the outcome
under hard selection may depend on historical contingency, such
that selection may not lead to the globally optimal solution. Hence,
whether epigenetic stability is selectively favored may also be
historically contingent.

Because genetic architecture plays an important role in the
evolution of plasticity (Gomulkiewicz and Kirkpatrick 1992;
Scheiner 1993; Engen et al. 2011; Scheiner et al. 2012; Wang
et al. 2013), it is likely to influence the evolution of epigenetic
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stability as well. For example, if a trait is affected by one gene
of large effect, the way in which this gene is most appropriately
epigenetically modified is likely to be different from a gene that
contributes to a polygenic trait because a change in the expres-
sion of the former will have a greater phenotypic consequence
than a change in the expression of the latter. A further aspect of
genetic architecture is the issue of genetic correlations across en-
vironments: are the same genes associated with trait expression in
different environments, or do different (possibly unlinked) genes
underpin alternative phenotypes in different environments? If dif-
ferent genes are involved, the complete inactivation by epigenetic
modification, that is stable long-term, might be appropriate; with
the same genes a more subtle alteration of expression is more
likely. In short, it matters how epigenetic modification mediates
these different possibilities.

Epigenetic Stability Across
Generations

EPIGENETIC STABILITY FROM PARENTS TO
OFFSPRING: INSIGHTS FROM TRANSGENERATIONAL
PLASTICITY

Adaptive effects of parental environment on offspring devel-
opment (adaptive transgenerational plasticity) are increasingly
well known in both plants and animals (see, e.g., Donohue and
Schmitt 1998; Agrawal et al. 1999; Mondor et al. 2005; Gal-
loway and Etterson 2007; Herman et al. 2012; Salinas and Munch
2012). However, due to experimental limits it is often not known
whether these effects persist beyond a single offspring genera-
tion. Known mechanisms of adaptive transgenerational plastic-
ity are diverse and include resource or transcript provisioning
and hormonal contributions to seeds, eggs, or gestating embryos
(Mousseau and Fox 1998; Mao et al. 2010). Because environmen-
tally induced epigenetic modifications can be meiotically trans-
mitted from parent to offspring (examples in Jablonka and Raz
2009; Hauser et al. 2011), epigenetic modifications also appear
to be a likely mechanism for adaptive transgenerational effects
(Herman and Sultan 2011; Holeski et al. 2012). However, defini-
tive confirmation does not yet exist, because the phenotypic effects
of inherited, environmentally induced epigenetic marks generally
have not been shown to be adaptive, whereas established cases
of adaptive transgenerational plasticity have not identified the
underlying mechanism(s) (but see Weaver et al. 2004). Exper-
imental tests of transgenerational effects are complex because
distinguishing between the persistence of epigenetic modifica-
tions and the reinduction of them in progeny generations requires
decoupling of the parent and offspring environments. Moreover,
conclusively establishing transgenerational inheritance of epige-
netic marks across meiosis is difficult in systems where mothers
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and developing embryos retain a close physiological and environ-
mental association. Specifically, establishing inheritance in such
cases requires progeny individuals to be at least two generations
removed from the inducing stimulus, or three generations for
mammals, because environments experienced by mothers could
directly induce effects in developing embryos and their germ lines
(Jirtle and Skinner 2007).

Despite the absence to date of a definitive example of adap-
tive transgenerational epigenetic inheritance, existing evidence
indicates that such modifications can potentially mediate adaptive
transgenerational plasticity in at least two ways. First, epigenetic
mechanisms could directly mediate this form of plasticity if the
environment experienced by parents induces specific epigenetic
modifications that pass through the germ line to produce func-
tionally appropriate phenotypes in the offspring (Bossdorf et al.
2008; Angers et al. 2010; Shea et al. 2011). Second, epigenetic
modifications that are stable only intragenerationally can have
indirect transgenerational effects if they influence phenotypes of
parents that in turn influence offspring phenotypes (e.g., epige-
netically mediated maternal behavior as in Weaver et al. 2004), or
if they result in the inheritance of parental RNAs, hormones, or
other substances that affect offspring gene expression and devel-
opment (Bonduriansky and Day 2009). Such modifications will
then be subject to the evolutionary dynamics of transgenerational
plasticity. Our discussion of transgenerational epigenetic stability
pertains to both categories of heritable epigenetic effect, as both
promote the continuity of epigenetic information across genera-
tional boundaries.

Many of the same factors that are important for the evolu-
tion of within-generation epigenetic stability will also influence
the adaptive value of epigenetic stability across generations, in-
cluding the reliability of cues and the exactitude of responses
to those cues, the nature of environmental variation, costs and
constraints of environmental response, and patterns of dispersal.
Additionally, of course, for epigenetic stability across genera-
tions to evolve so as to adaptively track environments, genetic
variation for transgenerational stability must be present in popu-
lations. Studies of transgenerational plasticity in both plants and
animals have identified abundant genotype by environment vari-
ation for these inherited effects (e.g., Wulff et al. 1994; Sultan
1996; Stjernman and Little 2011). To the extent that transgenera-
tional plasticity is in fact mediated by epigenetic regulation, this
G x E variation could indicate the existence of genetic variation
for inducibility, transgenerational persistence, and/or phenotypic
impact of epigenetic modifications.

Arguments regarding the evolution of adaptive transgenera-
tional plasticity (e.g., Donohue and Schmitt 1998; Galloway 2005;
Uller 2008) can be extended to suggest that epigenetic stability
from parents to offspring will be favored when four general condi-
tions are satisfied: environments vary spatially and/or temporally;
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parental environments predict, to some degree at least, offspring
environments; transgenerational effects enhance the product of
parental and offspring fitness; and costs associated with transgen-
erational response are low. Although several authors have mod-
eled the effects of nongenetic inheritance on adaptive evolution
(e.g., Lachmann and Jablonka 1996; Pal and Miklos 1999; Day
and Bonduriansky 2011; and Klironomos et al. 2013), few mod-
els have formally investigated the influence of these latter factors
on the evolution of adaptive transgenerational plasticity itself. An
exception is the model of Uller and Pen (2011), which verifies the
importance of environmental variation and predictability across
generations for the evolution of adaptive transgenerational effects
on offspring phenotypes, and recognizes three additional factors
as follows: parent—offspring conflict over the optimal offspring
phenotype; costs associated with maternal versus offspring con-
trol of the phenotype; and constraints on the offspring’s ability
to respond to its own environment or to appropriately modulate
maternally transmitted developmental cues. This model illustrates
the rich complexity of interacting factors that can influence the
evolution of adaptive transgenerational effects, and hence of the
stability of the epigenetic mechanisms that may underlie this mode
of adaptation.

Patterns of environmental variation are a critical factor that
influences the evolution of adaptive transgenerational plasticity.
In particular, the spatial scales of gene flow and offspring disper-
sal influence whether adaptive transgenerational plasticity will
evolve (Galloway 2005). For example, in outcrossing plants, the
scale of seed dispersal can be smaller than the scales of both envi-
ronmental heterogeneity and pollen dispersal, resulting in similar-
ity in the environments experienced by mothers and offspring, but
not fathers and offspring. In outcrossing populations of animals
as well as plants, extensive gamete exchange among ecologically
distinct habitat patches may preclude genetically based special-
ization to local environments. Under these conditions and when
offspring experience the same environment as one parent but not
the other, adaptive transgenerational effects may evolve in lieu
of local genetic adaptation (Galloway 2005; Spencer and Clark
2006). This scenario was elegantly demonstrated in a woodland
plant system in which transgenerational plasticity provided an
adaptive match between offspring light acquisition traits and open
versus shaded microsites (Galloway and Etterson 2007, 2009). In
such cases, stable transmission from parent to offspring of any
epigenetic changes that mediate such plasticity will be favored.

The degree of temporal environmental change from one gen-
eration to another also influences the adaptive value of epigenetic
stability across this time scale. This issue has been investigated
within the context of “positive” and “negative” maternal effects
(Hoyle and Ezard 2012). A “positive” maternal effect occurs when
maternal and offspring phenotypes positively covary (e.g., when
large mothers produce large offspring), whereas a “negative” ef-

fect occurs when maternal and offspring phenotypes are nega-
tively correlated (e.g., when large mothers produce many small
offspring, which in turn produce few large offspring, see Falconer
1965; Kirkpatrick and Lande 1989). When the environment sud-
denly undergoes an extreme and lasting change, then “positive”
maternal effects, if favorable, can enable more rapid adaptation
to the new environment than would be possible by Mendelian
inheritance alone (Hoyle and Ezard 2012). If such a maternal ef-
fect is implemented by means of a stable epigenetic modification,
then the stability from one generation to the next would promote
this adaptive response. By contrast, in relatively invariant environ-
ments with stabilizing selection, slightly negative maternal effects
are favored when they maintain a phenotypic mean that oscillates
close to the optimum (Hoyle and Ezard 2012). In that restrictive
case, epigenetic resetting every generation, rather than stability,
would be favored.

The evolution of adaptive transgenerational plasticity is also
favored when a lag time exists between perceiving an environmen-
tal cue and mounting an appropriate phenotypic response, because
transgenerational effects can preinduce the required offspring phe-
notype (Sultan 1996; Agrawal et al. 1999). Transgenerationally
induced individuals thus have an early growth advantage, because
they are adaptively matched to their environment from the outset.
Because lag times will vary for different types of traits, transgen-
erational plasticity may be particularly advantageous for develop-
mental traits that are expressed slowly. Consequently, epigenetic
modifications that regulate such traits may selectively evolve to
be stably transmitted from parent to offspring.

WHEN WILL MULTIGENERATIONAL EPIGENETIC
STABILITY BE ADAPTIVE?

Although stable, multigenerational epigenetic transmission has
been documented in a number of cases (e.g., at least 40 generations
in Caenorhabditis elegans, Vastenhouw et al. 2006; and eight
generations in Arabidopsis thaliana, Johannes et al. 2009), none
of these cases involves a phenotypic effect that is known to be
adaptive, nor is it known whether such long-term stability is rare
or widespread. Only a few models examine the conditions that
would favor the persistence of epigenetically inherited variation
across more than a single offspring generation.

However, current theory does suggest that stable, multigen-
erational epigenetic inheritance can be advantageous, depending
on temporal patterns of environmental variation. For instance,
selection strongly favors high rates of random switching be-
tween epigenetic states in rapidly fluctuating environments, and
longer-term epigenetic stability when environments change less
frequently (Lachmann and Jablonka 1996; Kussell and Leibler
2005). Adaptation to fluctuating environments can therefore be
attained by selectively tuning the periodicity of random switch-
ing between alternative epigenetic states to the periodicity of
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environmental change. Critically, these models show that this tem-
poral matching is even more advantageous when environments
directly induce adaptive epigenetic states (Furrow and Feldman
2013), but this benefit may hold only when costs of maintaining
an environmental sensor are relatively low (Kussell and Leibler
2005).

Epigenetic stability on the scale of several generations can
be interpreted as an evolutionary “strategy” that maintains adap-
tive phenotype-environment matching at an intermediate tem-
poral scale, between short-term, within-generation plastic re-
sponses, and long-term, genetically based adaptations (Lachmann
and Jablonka 1996, Klironomos et al. 2013). Consequently, rates
of both random and environmentally induced epigenetic change
could be expected to evolve to match patterns of environmental
variability across generations. Experimental results to date have
generally borne out this prediction (e.g., Acar et al. 2008). A
new model by Furrow and Feldman (2013) corroborates the ex-
pected finding that environmentally sensitive epigenetic changes
are more advantageous than random epimutation under fluctu-
ating environments, and shows that multigenerational epigenetic
stability is favored under a broad range of conditions. Importantly,
this model also shows that low genetic variation at target sites for
epigenetic regulation, high-recombination rates between epige-
netic regulators and target loci, and potential costs of epigenetic
regulation will all impede the evolution of epigenetic stability
across generations.

One pressing question is whether epigenetic stability across
multiple generations can be more beneficial than stability across
a single parent—offspring transition. In cases where epigenetic
marks are adaptive and relatively insensitive to the environment,
the marks could be inherited for multiple generations in a manner
analogous to the inheritance of adaptive genetic alleles. Such long-
term epigenetic inheritance could be favorable if environments are
stable, perhaps even more favorable than single parent—offspring
transgenerational plasticity if such plasticity carries a cost. It is
also possible that adaptive epigenetic inheritance in the form of
transgenerational plasticity could operate over multiple genera-
tions (see Shea et al. 2011 for a theoretical comparison of these
modes of epigenetic inheritance). At present, adaptive multigen-
erational epigenetic inheritance in this context seems unlikely:
stable transmission across a single generation would provide the
early growth advantage described above through early match-
ing of progeny phenotype to environment, while preserving the
ability to respond to subsequent environmental changes that may
occur during the lifetime of the progeny. For multigenerational
epigenetic stability to be more adaptively favorable than single-
generational stability in this context, previous generations would
have to predict the offspring’s environmental conditions more ac-
curately than parental ones, which seems highly implausible, or
lag times for appropriate phenotypic response must last longer
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than a generation, which also seems unlikely. Accordingly, envi-
ronmentally induced epigenetic modifications that persist beyond
parent—offspring transmission may be no more favorable, and pos-
sibly less favorable, than single-transgenerational stability. The
observation that parental environmental effects on offspring are
ubiquitous, but that epigenetic stability is only rarely multigen-
erational, is consistent with this hypothesis. Nevertheless, the
prevalence in natural systems of stable epigenetic transmission
across multiple generations is an empirical question that remains
to be determined.

If environmentally induced epigenetic changes can indeed
be stable for more than one episode of meiotic transmission,
despite the lack of an adaptive benefit to such prolonged stability,
the question arises whether reversing epigenetic marks entails
significant costs. For instance, is it biochemically difficult and/or
expensive to demethylate a site once methylation has occurred,
or expensive to maintain the machinery required to do so? If so,
are these costs consistent or taxon-, locus-, or environmentally
dependent? Perhaps it is the cost of resetting epigenetic changes
that shapes selection on their stability, rather than patterns of stable
persistence per se in relation to environmental cues and variability.
The cost of epigenetic reversibility is a distinct question to be
considered, especially in circumstances in which epigenetic marks
are stable for more than one generation.

TRANSGENERATIONAL STABILITY OF RANDOMLY
GENERATED EPIALLELIC VARIANTS: INSIGHTS FROM
BET HEDGING

The evolutionary matching of levels of epigenetic stability to pat-
terns of environmental change requires that those patterns occur
consistently enough to effect natural selection. However, this kind
of consistent variability may be absent from many natural systems.
Under unpredictable conditions, the production of phenotypically
diverse offspring should be favorable, because, in principle, it
would cause at least some individuals within each generation to
be suited to whatever conditions prevail. Such a strategy of en-
hanced variability is termed bet hedging (reviewed by Simons
2011). Although in many instances, bet hedging is understood to
consist of random variation, it can also entail random alternation
between particular phenotypes (Veening et al. 2008a).

Bet hedging may lead to lower arithmetic mean fitness within
any particular generation, but, because it minimizes fitness vari-
ance across generations, it results in higher geometric mean
fitness over the long term (Philippi and Seger 1989) and conse-
quently a greater total number of descendants compared to nonbet-
hedging strategies (Cohen 1966; Lewontin and Cohen 1969; Gille-
spie 1974). Evidence for bet hedging in natural systems comes
from a wide array of taxa (Hairston and Munns 1984; Marshall
et al. 2008; Veening et al. 2008b; see references in Simons
2011). For instance, certain plants produce seeds that vary in size,
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dispersal ability, and dormancy behavior, resulting in germination
in different environments (Evans et al. 2007; Venable 2007).

In theory, epigenetic processes could lead to this kind of
offspring variability if changes to offspring are random and/or
spontaneous, or if epiallelic stability from parent to offspring is
inconsistent—that is, if some progeny individuals inherit partic-
ular epigenetic marks while reversal occurs in other individuals
at some or all affected loci. It is not yet known to what extent
epigenetic mechanisms can give rise to bet-hedging variability.
In several bacterial systems, the production of alternative cellular
states by a single genotype enhances population viability in un-
predictable environments (Veening et al. 2008a; Beaumont et al.
2009). These cellular states are each stably transmitted across sev-
eral generations, but intermittently subject to spontaneous switch-
ing among states. In one case, epigenetic inheritance is a mecha-
nism for this kind of bet hedging: in Bacillus subtilis, alternative
cellular states that are inherited epigenetically result in the persis-
tence of phenotypically distinct subpopulations of bacteria, each
suited to a different environment (e.g., conditions favorable for
growth vs. unpredictable periods of stress, Veening et al. 2008b).
These subpopulations can coexist indefinitely so long as envi-
ronments continue to vary. Although epigenetic inheritance was
found to be stable for at least two generations in this system, it
is unclear precisely what level of stability contributes to adaptive
bet hedging in this scenario.

To our knowledge, such a direct connection between epi-
genetic regulation and bet hedging has not been confirmed
in multicellular organisms. In Dandelion (Taraxacum), sev-
eral controlled environmental stresses were found to increase
epiallelic variability within genetically uniform seed families
(Verhoeven et al. 2010). This result is consistent with bet-hedging
via random epigenetic changes, although it is not conclusive be-
cause it remains to be determined whether this enhanced epi-
genetic variability causes phenotypic differences in offspring
individuals.

Modeling results support a plausible role for epigenetic vari-
ation and inheritance in bet hedging. Jablonka et al. (1995) found
that the most advantageous strategy under random or nearly ran-
dom temporal environmental variation consisted of conditional
bet hedging coupled with stable epigenetic inheritance. Under
this strategy, offspring of different epigenetically based pheno-
types were produced in a ratio that depended on the current
environment. Long-term stability of induced epigenetic variants
effectively averaged reproductive output over many generations
and environments, resulting in reduced fitness variance and hence
greater population growth compared to both a fixed genetic strat-
egy (i.e., insensitive to environment), and an adaptive plastic
strategy without the capacity for epigenetic inheritance (Jablonka
et al. 1995). Here, the advantage of a conditional bet-hedging
strategy arose from the production of variable offspring coupled

with multigenerational epigenetic transmission of that variation,
because each of these components reduced variance in fitness.

Stable inheritance of environmentally induced epigenetic
variation that is random with respect to adaptation can be advanta-
geous when the phenotype is far from its optimal state (Pal 1998;
Pal and Miklos 1999). In this case, nonadaptive plasticity allows
for the exploration of phenotypic space, increasing the probability
of producing a phenotype that is closer to the optimum. Stable
inheritance of such randomly induced epigenetic states over many
generations increases the frequency of rare adaptive variants by
retaining them across generations. Such retention enhances the
efficiency of selection and hence the rate of adaptive evolution
compared to unstable epigenetic changes. In contrast, once the
character is close to its optimal value, genetically fixed adapta-
tions are favored, as continued production of random epigenetic
states moves the average phenotype away from the optimum (Pal
1998; Pal and Miklos 1999).

Potential Nonadaptive
Consequences of Variation

in Epigenetic Stability

If genetic variation exists for the stability of epigenetic marks, it
is possible that the stability itself can evolve adaptively. An alter-
native evolutionary scenario is one in which, due to its lability,
epigenetic variation contributes primarily to noise in the system
rather than to adaptive outcomes, including favorable levels of sta-
bility itself. Despite initial expectations, epigenetic marks appear
to be remarkably widespread in genomes across the phylogenetic
spectrum (Jablonka and Raz 2009). Because many of these alter-
native states are not reset every generation, natural populations
are likely to contain high levels of epiallelic variation, with cor-
responding heterogeneity in phenotypic expression (Geoghegan
and Spencer 2012, 2013). Very high levels of epigenetic varia-
tion indeed appear to be the case in natural systems examined to
date (e.g., Herrera and Bazaga 2010; Lira-Medeiros et al. 2010;
Richards et al. 2012). If loci that control epigenetic stability them-
selves exhibit high levels of epigenetic variation, such variation
could act to obstruct selection for particular levels or patterns of
stability.

In general, phenotypic variation unconnected to allelic dif-
ferences can render selection inefficient, whether such variation
arises from immediate plastic responses to microenvironmental
variation or from heterogeneous epigenetic states unrelated to
such plasticity (Sultan 2003). The biochemical reactions that gov-
ern epigenetic changes and their resetting may be sensitive to mul-
tiple environmental factors and factor states, rather than precisely
regulated by specific cues. If this is the case, in natural habi-
tats these variants are likely to blink on and off irregularly both
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within and across generations, as myriad environmental signals
are received. Indeed, environmental stresses can induce random
methylation changes as well as consistent, putatively adaptive
ones (Verhoeven et al. 2010). Such a scenario would generate
enormous amounts of variation at the individual level that did not
constitute adaptive environment-phenotype matching. The irreg-
ular regeneration of this variation in successive generations would
impede selection for particular epialleles in particular conditions,
leading instead to the maintenance of epiallelic and consequently
phenotypic variation. This prediction is consistent with the re-
sults of population-epigenetic models by Geoghegan and Spencer
(2012; 2013), which showed that strong viability selection did
not lead to epiallelic fixation, but rather to persistent epigenetic
variation and, in some cases, to stable polymorphisms (as long
as alternative inducing environments were relatively common).
Their models further show that even if natural selection leads
to the fixation of DNA sequence variants that influence fitness
traits, epiallelic switching can cause phenotypic variation to be
maintained in populations.

Proposed Research Directions

Despite intense interest in the subject, the adaptive significance of
epigenetic stability is currently unclear. Progress on this issue will
require integrative studies that examine the source and stability of
epigenetic variation over a range of timescales and environmental
conditions, as well as the adaptive value of its phenotypic effects.
Below, we outline three broad questions critical to addressing
these evolutionary issues.

Are epigenetic changes a major regulatory mechanism of

adaptive plasticity, either within or across generations, and if so,
which epigenetic mechanisms? This question can be addressed
by combining studies of adaptive plasticity with molecular anal-
ysis of environmentally induced epigenetic variation. There are
numerous experimental tools for testing whether within- or trans-
generational plastic responses to specific environments are adap-
tive, including phenotypic selection analysis and comparisons
of individual performance in experiments that manipulate envi-
ronments, genotypes, or phenotypic states (reviewed by Schmitt
et al. 1999; Dorn et al. 2000; Herman and Sultan 2011). The
general approach is to raise genetically uniform replicate indi-
viduals of lines of interest in a range of ecologically relevant
environments for one or more generations, and measure function-
ally important traits as well as components of fitness expressed
in each environment. These data can be used to estimate selec-
tion on the measured traits, or to test whether the phenotype ex-
pressed in each environment meets functional predictions and/or
has higher fitness than alternative phenotypes. Epigenetic analy-
sis can be directly incorporated into plasticity studies by testing
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for statistical associations between induced phenotypic variation
and the presence of specific induced epialleles. Such a correla-
tional approach can be combined with manipulation of epigenetic
variation (e.g., demethylation using 5-azacytidine treatment or
use of methylation-deficient mutants) to causally test the pheno-
typic and fitness consequences of alternative epigenetic states in
specific environments (e.g., Herrera et al. 2012).

Empirical studies can help to resolve several key factors re-
garding the adaptive value of epigenetic stability. Based on the
above consideration of plasticity theory, adaptive environmen-
tally induced epigenetic changes are predicted to occur when
environments vary in space and time, and when environmental
cues reliably predict selective environments. The adaptive stabil-
ity of these changes will depend on the temporal environmental
variability experienced by organisms: epigenetic changes should
be less stable in situations when the environment changes repeat-
edly within a lifetime, and more stable when the environment
changes only once during the lifetime. Epigenetic changes that
are stable within a generation are predicted when dispersal occurs
at the gamete or early zygote stage, or when epigenetic changes
control irreversible, environmentally cued developmental tran-
sitions. Costs of epigenetic stability or reversibility could alter
the adaptive value of epigenetic modifications and of their stable
transmission. Investigating the causes and magnitudes of these
potential costs is necessary to predict the adaptive value of stable
epigenetic modifications.

These predictions can be tested by measuring and/or manip-
ulating spatial and temporal environmental variation or dispersal,
and the accuracy, timing, and duration of environmental cues, as
well as by comparative studies. Broad-sense costs of stability or
reversibility can be assessed in a similar manner as costs of plas-
ticity by comparing the fitness of individuals with similar pheno-
types, but different epigenetic stability; ideally, actual biochemical
costs could become more well understood with continued studies
of the molecular mechanisms of epigenetic marking.

What are the inducing cues, patterns of stable transmission,
and phenotypic effects of epigenetic modifications in natural sys-
tems, and do different types of epigenetic modification differ in
their stability? Many studies have demonstrated inheritance of
induced DNA methylation changes (reviewed by Jablonka and
Raz 2009), but it is not yet known whether these changes are
commonly transmitted across multiple generations, or if other
epigenetic alterations (e.g., histone modifications or small RNAs)
are commonly induced by environmental cues and inherited. Fur-
thermore, in most known cases, the inducing stimulus is highly
artificial, and phenotypic effects are unclear. Studies are needed
to clarify the extent to which epigenetic modifications are inher-
ited over multiple generations under ecologically realistic condi-
tions, and to characterize their effects on phenotypes, including
components of fitness. Such studies can test the degree to which
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randomly or environmentally induced epigenetic modifications
continue to be stably transmitted in the face of new environmen-
tal cues. Theoretical investigations of such epigenetic stability can
make progress by incorporating parameters known to influence
the evolution of adaptive within- and transgenerational plasticity,
in addition to parameters unique to epigenetic models, such as
rates of epigenetic resetting. Comparative studies could resolve
the extent to which ecologically distinct species or populations
differ in patterns of induction, stability of transmission, and phe-
notypic effects of epigenetic changes. Empirical studies are also
needed to determine whether genotypes in natural populations
differ in epigenetic stability so as to provide material for evolu-
tionary change in epigenetic stability.

Is the production of epigenetic variation a common mech-
anism for bet hedging, and if so, what is the optimal level of
epigenetic stability for such a strategy? Because the fitness ben-
efits of bet-hedging strategies are manifest only over the long
term, progress on this issue will require multigenerational studies
focused on the fitness effects of epialleles of a range of stabilities
in unpredictable environments. Conclusive evidence for a role of
epigenetic variation in bet hedging would consist of: identification
of a putative bet-hedging trait (Simons 2011), demonstration that
epigenetic variation underlies variation in the trait, and demon-
stration that variation in the trait confers a fitness advantage in
unpredictable environments. Experimental manipulations of en-
vironmental variability and predictability could be used to test
whether epigenetic variation is effective in bet hedging. Genetic
manipulations of epigenetic stability under diverse regimes of
environmental variation would be especially effective for such
studies.

Conclusion

Surveys of epigenetic variation in natural animal and plant pop-
ulations (e.g., Herrera and Bazaga 2010; Richards et al. 2012;
Schrey et al. 2012) have shown that such variation is extensive—
often even more so than genetic variation. Evolutionary biologists
must incorporate this dimension of molecular diversity into our
understanding of adaptation (e.g., Day and Bonduriansky 2011).
Here, we addressed one aspect of this broad task by evaluating
the potential adaptive role of epigenetic stability. Previous work
on the evolution of adaptive phenotypic plasticity and bet hedging
points to a number of salient factors to investigate, including envi-
ronmental cues and patterns of environmental variation, response
lag times, and possible costs of epigenetic changes and reversals.
However, the applicability of these insights rests on the answer to
a fundamental and as yet open question—are epigenetic changes
a major regulatory mechanism of these two well-known modes of
adaptation? If the answer is affirmative, existing theory can pro-

vide a major head start on integrating epigenetic dynamics into
evolutionary theory.

ACKNOWLEDGMENTS

All authors discussed the content in detail and contributed to the writing.
HGS was funded by Gravida: the National Centre for Growth & De-
velopment. The work was also supported by the National Evolutionary
Synthesis Center, the National Science Foundation #EF-0905606, and by
the National Institute for Mathematical and Biological Synthesis, an insti-
tute sponsored by the National Science Foundation, the U.S. Department
of Homeland Security, and the U.S. Department of Agriculture through
NSF Award #EF-0832858, with additional support from the University
of Tennessee, Knoxville.

LITERATURE CITED

Acar, M., J. T. Mettetal, and A. van Oudenaarden. 2008. Stochastic switching
as a survival strategy in fluctuating environments. Nat. Genet. 40:471—
475.

Agrawal, A., C. Laforsch, and R. Tollrian. 1999. Transgenerational induction
of defences in animals and plants. Nature 401:60—63.

Angers, B., E. Castonguay, and R. Massicotte. 2010. Environmentally induced
phenotypes and DNA methylation: how to deal with unpredictable con-
ditions until the next generation and after. Mol. Ecol. 19:1283-1295.

Asmussen, M. A., R. A. Cartwright, and H. G. Spencer. 2004. Frequency-
dependent selection with dominance: a window onto the behavior of the
mean fitness. Genetics 167:499-512.

Auld,J.R., A. A. Agrawal, and R. A. Relyea. 2010. Re-evaluating the costs and
limits of adaptive phenotypic plasticity. Proc. R. Soc. B. 277:503-511.

Baythavong, B. S. 2011. Linking the spatial scale of environmental variation
and the evolution of phenotypic plasticity: selection favors adaptive
plasticity in fine-grained environments. Am. Nat. 178:75-87.

Beaumont, H. J. E., J. Gallie, C. Kost, G. C. Ferguson, and P. B. Rainey. 2009.
Experimental evolution of bet hedging. Nature 462:90-93.

Bollati, V., and A. Baccarelli. 2010. Environmental epigenetics. Heredity
105:105-112.

Bonduriansky, R., and T. Day. 2009. Nongenetic inheritance and its evolu-
tionary implications. Annu. Rev. Ecol. Evol. Syst. 40:103-125.

Bossdorf, O., C. L. Richards, and M. Pigliucci. 2008. Epigenetics for ecolo-
gists. Ecol. Lett. 11:106-115.

Cohen, D. 1966. Optimizing reproduction in a randomly varying environment.
J. Theor. Biol. 12:119-129.

Cropley, J. E., C. M. Suter, K. B. Beckman, and D. I. Martin. 2006. Germ-line
epigenetic modification of the murine A" allele by nutritional supple-
mentation. Proc. Natl. Acad. Sci. USA 103:17308-17312.

Day, T., and R. Bonduriansky. 2011. A unified approach to the evolutionary
consequences of genetic and nongenetic inheritance. Am. Nat. 178:E18—
E36

de Kroon, H., H. Huber, J. Stuefer, and J. van Groenendael. 2005. A modular
concept of phenotypic plasticity in plants. N. Phytol. 166:73-82.

DeWitt, T., A. Sih, and D. Wilson. 1998. Costs and limits of phenotypic
plasticity. Trends Ecol. Evol. 13:77-81.

Donohue, K., and J. Schmitt. 1998. Maternal environmental effects in plants:
adaptive plasticity? Pp. 137-158 in T. Mousseau, and C. W. Fox, eds.
Maternal effects as adaptations. Oxford Univ. Press, New York.

Dorn, L. A., E. H. Pyle, and J. Schmitt. 2000. Plasticity to light cues and
resources in Arabidopsis thaliana: testing for adaptive value and costs.
Evolution 54:1982-1994.

Engen, S., R. Lande, and B. E. Saether. 2011. Evolution of a plastic quanti-
tative trait in an age-structured population in a fluctuating environment.
Evolution 65:2893-2906.

EVOLUTION MARCH 2014 641



SPECIAL SECTION

Evans, M. E., R. Ferriere, M. J. Kane, and D. L. Venable. 2007. Bet hedging
via seed banking in desert evening primroses (Oenothera, Onagraceae):
demographic evidence from natural populations. Am. Nat. 169:184—-194.

Falconer, D. S. 1965. Maternal effects and selection response. Pp. 763-774
in S.J. Geerts, ed. Genetics today, proceedings of the XI International
Congress on Genetics. Pergamon, Oxford, U.K.

Furrow, R. E., and M. W. Feldman. 2013. Genetic variation, environmental
variability, and the evolution of epigenetic regulation. Evolution 68:673—
683.

Galloway, L. F. 2005. Maternal effects provide phenotypic adaptation to local
environmental conditions. N. Phytol. 166:93-99.

Galloway, L. F,, and J. R. Etterson. 2007. Transgenerational plasticity is
adaptive in the wild. Science 318:1134-1136.

. 2009. Plasticity to canopy shade in a monocarpic herb: within- and
between-generation effects. N. Phytol. 182:1003-1012.

Geoghegan, J. L., and H. G. Spencer. 2012. Population-epigenetic models of
selection. Theor. Popul. Biol. 81:232-242.

. 2013. Exploring epiallele stability in a population-epigenetic model.
Theor. Popul. Biol. 83:136-144.

Gill, M. E., S. Erkek, and A. H. Peters. 2012. Parental epigenetic control
of embryogenesis: a balance between inheritance and reprogramming?
Curr. Opin. Cell Biol. 24:387-396.

Gillespie, J. H. 1974. Natural selection for within-generation variance in off-
spring number. Genetics 76:601-606.

Gluckman, P. D., M. A. Hanson, and H. G. Spencer. 2005. Predictive adaptive
responses and human evolution. Trends Ecol. Evol. 20:527-533.

Gomulkiewicz, R., and M. Kirkpatrick. 1992. Quantitative genetics and the

evolution of reaction norms. Evolution 46:390—411.

Hairston, N. G., and W. R. Munns. 1984. The timing of copepod diapause as
an evolutionarily stable strategy. Am. Nat. 123:733-751.

Hauser, M. T., W. Aufsatz, C. Jonak, and C. Luschnig. 201 1.Transgenerational
epigenetic inheritance in plants. Biochim. Biophys. Acta 1809:459-468.

Herman, J. J., and S. E. Sultan. 2011. Adaptive transgenerational plasticity in
plants: case studies, mechanisms, and implications for natural popula-
tions. Front. Plant Sci. 2:102. doi:10.3389/fpls.2011.00102.

Herman, J. J., S. E. Sultan, T. Horgan-Kobelski, and C. Riggs. 2012. Adap-
tive transgenerational plasticity in an annual plant: grandparental and
parental drought stress enhance performance of seedlings in dry soil.
Integr. Comp. Biol. 52:77-88.

Herrera, C. M., and P. Bazaga. 2010. Epigenetic differentiation and relation-
ship to adaptive genetic divergence in discrete populations of the violet
Viola cazorlensis. N. Phytol. 187:867-876.

Herrera, C. M., M. 1. Pozo, and P. Bazaga. 2012. Jack of all nectars, master
of most: DNA methylation and the epigenetic basis of niche width in a
flower-living yeast. Mol. Ecol. 21:2602-2616.

Holeski, L. M., G. Jander, and A. A. Agrawal. 2012. Transgenerational de-
fense induction and epigenetic inheritance in plants. Trends Ecol. Evol.
27:618-626.

Hoyle, R. B., and T. H. Ezard. 2012. The benefits of maternal effects in novel
and in stable environments. J. R. Soc. Interface 9:2403-2413.

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

Jablonka, E., B. Oborny, I. Molnar, E. Kisdi, J. Hofbauer, and T. Czaran.
1995. The adaptive advantage of phenotypic memory in changing envi-
ronments. Philos. Trans. R. Soc. Lond. B Biol. Sci. 350:133-141.

Jirtle, R. L., and M. K. Skinner. 2007. Environmental epigenomics and disease
susceptibility. Nat. Rev. Genet. 8:253-262.

Johannes, F., E. Porcher, F. K. Teixeira, V. Saliba-Colombani, M. Simon, N.
Agier, A. Bulski, J. Albuisson, F. Heredia, P. Audigier, et al. 2009. As-

642 EVOLUTION MARCH 2014

sessing the impact of transgenerational epigenetic variation on complex
traits. PLoS Genet. 5:¢1000530. doi:10.1371/journal.pgen.1000530.

Klironomos, F., J. Berg, and S. Collins. 2013. How epigenetic mutations can
affect genetic evolution: model and mechanism. BioEssays 35:571-578.

Kirkpatrick, M., and R. Lande. 1989. The evolution of maternal characters.
Evolution 43:485-503.

Kussell, E., and S. Leibler. 2005. Phenotypic diversity, population growth,
and information in fluctuating environments. Science 309:2075-—
2078.

Lachmann, M., and E. Jablonka. 1996. The inheritance of phenotypes: an
adaptation to fluctuating environments. J. Theor. Biol. 181:1-9.

Lemos, B., C. Landry, P. Fontanillas, S. Renn, R. Kulathinal, K. Brown, and D.
Hartl. 2008. Evolution of genomic expression. Pp. 81-118 in M. Pagel,
and A. Pomiankowski, eds. Evolutionary genomics and proteomics. Sin-
auer Assoc., Sunderland, MA.

Lewontin, R. C., and D. Cohen. 1969. On population growth in a randomly
varying environment. Proc. Natl. Acad. Sci. USA 62:1056—1060.
Lira-Medeiros, C. F., C. Parisod, R. A. Fernandes, C. S. Mata, M. A. Car-
doso, and P. C. Ferreira. 2010. Epigenetic variation in mangrove plants
occurring in contrasting natural environment. PLoS ONE 5:¢10326.

doi:10.1371/journal.pone.0010326.

Mao, J., X. Zhang, P. T. Sieli, M. T. Falduto, K. E. Torres, C. S. Rosenfeld, and
R. M. Roberts. 2010. Contrasting effects of different maternal diets on
sexually dimorphic gene expression in themurine placenta. Proc. Natl.
Acad. Sci. USA 107:5557-5562.

Marshall, D. J., R. Bonduriansky, and L. F. Bussiere. 2008. Offspring size
variation within broods as a bet-hedging strategy in unpredictable envi-
ronments. Ecology 89:2506-2517.

Martin, C., and Y. Zhang. 2007. Mechanisms of epigenetic inheritance. Curr.
Opin. Cell Biol. 19:266-272.

Mondor, E. B., J. A. Rosenheim, and J. F. Addicott. 2005. Predator-induced
transgenerational phenotypic plasticity in the cotton aphid. Oecologia
142:104-108.

Moran, N. A. 1992. The evolutionary maintenance of alternative phenotypes.
Am. Nat. 139:971-989.

Mousseau, T. A., and C. W. Fox. 1998. Maternal effects as adaptations. Oxford
Univ. Press, New York.

Pal, C. 1998. Plasticity, memory and the adaptive landscape of the genotype.
Proc. R. Soc. B 265:1319-1323.

Pal, C., and I. Miklos. 1999. Epigenetic inheritance, genetic assimilation and
speciation. J. Theor. Biol. 200:19-37.

Paszkowski, J., and U. Grossniklaus. 2011. Selected aspects of transgenera-
tional epigenetic inheritance and resetting in plants. Curr. Opin. Plant
Biol. 14:195-203.

Philippi, T., and J. Seger. 1989. Hedging one’s evolutionary bets, revisited.
Trends Ecol. Evol. 4:41-44.

Reed, T. E., R. S. Waples, D. E. Schindler, J. J. Hard, and M. T. Kinnison.
2010. Phenotypic plasticity and population viability: the importance of
environmental predictability. Proc. R. Soc. B 277:3391-3400.

Richards, C., A. W. Schrey, and M. Pigliucci. 2012. Invasion of diverse habi-
tats by few Japanese knotweed genotypes is correlated with epigenetic
differentiation. Ecol. Lett. 15:1016-1025.

Richards, E. J. 2006. Inherited epigenetic variation—revisiting soft inheri-
tance. Nat. Rev. Genet. 7:395-401.

Salinas, S., and S. B. Munch. 2012. Thermal legacies: transgenerational effects
of temperature on growth in a vertebrate. Ecol. Lett. 15:159-163.
Scheiner, S. M. 1993. Genetics and evolution of phenotypic plasticity. Annu.

Rev. Ecol. Syst. 24:35-68.

Scheiner, S. M., and D. Berrigan. 1998. The genetics of phenotypic plasticity.

VIII. The cost of plasticity in Daphnia pulex. Evolution 52:368-378.



SPECIAL SECTION

Scheiner, S. M., and R. D. Holt. 2012. The genetics of pheno-
typic plasticity. X. Variation versus uncertainty. Ecol. Evol. 2:751—
767.

Scheiner, S. M., M. Barfield, and R. D. Holt. 2012. The genetics of phenotypic
plasticity. XI. Joint evolution of plasticity and dispersal rate. Ecol. Evol.
2:2027-2039.

Schmitt, J., S. A. Dudley, and M. Pigliucci. 1999. Manipulative approaches
to testing adaptive plasticity: phytochrome-mediated shade-avoidance
responses in plants. Am. Nat. 154:S43-S54.

Schrey, A. W., C. A. C. Coon, M. T. Grispo, M. Awad, T. Imboma, E. D.
McCoy, H. R. Mushinsky, C. L. Richards, and L. B. Martin. 2012. Epi-
genetic variation may compensate for decreased genetic variation with
introductions: a case study using house sparrows (Passer domesticus)
on two continents. Genet. Res. Intl. 2012:7. doi:10.1155/2012/979751.

Shea, N., I. Pen, and T. Uller. 2011. Three epigenetic information chan-
nels and their different roles in evolution. J. Evol. Biol. 24:1178—
1187.

Simons, A. M. 2011. Modes of response to environmental change and the
elusive empirical evidence for bet hedging. Proc. R. Soc. B 278:1601—
1609.

Sinervo, B., and R. Calsbeek. 2006. The developmental, physiological, neural,
and genetical causes and consequences of frequency-dependent selection
in the wild. Annu. Rev. Ecol. Evol. Syst. 37:581-610.

Spencer, H. G., and A. G. Clark. 2006. A chip off the old block: a model for
the evolution of genomic imprinting via selection for parental similarity.
Genetics 174:931-935.

Stjernman, M., and T. J. Little. 2011. Genetic variation for maternal effects
on parasite susceptibility. J. Evol. Biol. 24:2357-2363.

Sultan, S. E. 1996. Phenotypic plasticity for offspring traits in Polygonum
persicaria. Ecology 77:1791-1807.

. 2003. Phenotypic plasticity in plants: a case study in ecological
development. Evol. Dev. 5:25-33.

Sultan, S. E., and H. G. Spencer. 2002. Metapopulation structure favors plas-
ticity over local adaptation. Am. Nat. 160:271-283.

Sultan, S. E., and S. Stearns. 2005. Environmentally contingent variation:
phenotypic plasticity and norms of reaction. Pp. 303-332 in B. Hall-
grimsson, and B. Hall, eds. Variation: a central concept in biology.
Elsevier Academic Press, Burlington, MA.

Turck, F., and G. Coupland. 2013. Natural variation in epigenetic gene regu-
lation and its effects on plant developmental traits. Evolution 68:620—
631.

Uller, T. 2008. Developmental plasticity and the evolution of parental effects.
Trends Ecol. Evol. 23:432-438.

Uller, T., and I. Pen. 2011. A theoretical model of the evolution of maternal
effects under parent-offspring conflict. Evolution 65:2075-2084.

Van Buskirk, J., and U. K. Steiner. 2009. The fitness costs of developmental
canalization and plasticity. J. Evol. Biol. 22:852-860.

van den Heuvel, J., M. Saastamoinen, P. M. Brakefield, T. B. L. Kirkwood,
B.J. Zwaan, and D. P. Shanley. 2013. The predictive adaptive response:
modeling the life-history evolution of the butterfly Bicyclus anynana in
seasonal environments. Am. Nat. 181:E28-E42.

Van Tienderen, P. H. 1991. Evolution of generalists and specialists in spatially
heterogeneous environments. Evolution 45:1317-1331.

Vastenhouw, N. L., K. Brunschwig, K. L. Okihara, F. Muller, M. Tijsterman,
and R. H. Plasterk. 2006. Gene expression: long-term gene silencing by
RNAI. Nature 442:882.

Veening, J. W., W. K. Smits, and O. P. Kuipers. 2008a. Bistability, epigenetics,
and bet-hedging in bacteria. Annu. Rev. Microbiol. 62:193-210.

Veening, J. W., E. J. Stewart, T. W. Berngruber, F. Taddei, O. P. Kuipers, and L.
W. Hamoen. 2008b. Bet-hedging and epigenetic inheritance in bacterial
cell development. Proc. Natl. Acad. Sci. USA 105:4393-4398.

Venable, D. L. 2007. Bet hedging in a guild of desert annuals. Ecology
88:1086-1090.

Verhoeven, K. J. F, J. J. Jansen, P. J. Van Dijk, and A. Biere. 2010. Stress-
induced DNA methylation changes and their heritability in asexual dan-
delions. N. Phytol. 185:1108-1118.

Verhoeven, K. J. F, and V. Preite. 2013. Epigenetic variation in asexually
reproducing organisms. Evolution 68:644—655.

Wang, Z., X. M. Pang, Y. F. Lv, F. Xu, T. Zhou, X. Li, S. S. Feng, J. H. Li, Z.
K. Li, and R. L. Wu. 2013. A dynamic framework for quantifying the
genetic architecture of phenotypic plasticity. Brief. Bioinform. 14:82—
95.

Weaver, 1. C. G., N. Cervoni, F. A. Champagne, A. C. D’Alessio, S. Sharma,
S. Jr., S. Dymov, M. Szyf, and M. J. Meaney. 2004. Epigenetic pro-
gramming by maternal behavior. Nat. Neurosci. 7:847-854.

Whitlock, M. C. 1996. The red queen beats the jack-of-all-trades: the limita-
tions on the evolution of phenotypic plasticity and niche breadth. Am.
Nat. 148:565-S77.

Waulff, R., A. Caceres, and J. Schmitt. 1994. Seed and seedling responses
to maternal and offspring environments in Plantago lanceolata. Funct.
Ecol. 8:763-769.

Yaish, M. W., J. Colasanti, and S. J. Rothstein. 2011. The role of epige-
netic processes in controlling flowering time in plants exposed to stress.
J. Exp. Bot. 62:3727-3735.

Associate Editor: R. Bonduriansky

EVOLUTION MARCH 2014 643



