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Abstract

There is now mounting evidence that heritable variation in ecologically relevant traits can

be generated through a suite of epigenetic mechanisms, even in the absence of genetic

variation. Moreover, recent studies indicate that epigenetic variation in natural

populations can be independent from genetic variation, and that in some cases

environmentally induced epigenetic changes may be inherited by future generations.

These novel findings are potentially highly relevant to ecologists because they could

significantly improve our understanding of the mechanisms underlying natural

phenotypic variation and the responses of organisms to environmental change. To

understand the full significance of epigenetic processes, however, it is imperative to

study them in an ecological context. Ecologists should therefore start using a

combination of experimental approaches borrowed from ecological genetics, novel

techniques to analyse and manipulate epigenetic variation, and genomic tools, to

investigate the extent and structure of epigenetic variation within and among natural

populations, as well as the interrelations between epigenetic variation, phenotypic

variation and ecological interactions.
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I N T R O D U C T I O N

Species and their traits are not fixed but are subject to

genetic variation and evolutionary change. Not only are

ecologically important traits often genetically differentiated

in natural populations (Linhart & Grant 1996; Mousseau

et al. 2000; Merilä & Crnokrak 2001), there is also

cumulating evidence that they can evolve rapidly (Thomp-

son 1998; Hairston et al. 2005; Carroll et al. 2007). Genetic

variation and microevolution are therefore increasingly

recognized as relevant to basic ecological research (e.g.

Whitham et al. 2006; Johnson & Stinchcombe 2007) and

applied issues such as ecological restoration (Rice & Emery

2003; Bischoff et al. 2006), the invasion of exotic species

(Mooney & Cleland 2001; Bossdorf et al. 2005; Strauss et al.

2006) and the response of ecological communities to global

environmental change (Davis & Shaw 2001; Davis et al.

2005; Jump & Penuelas 2005; Parmesan 2006). However,

while ecologists are still struggling to conceptually and

methodologically incorporate genetics into their work, the

situation is now likely to become even more complex, as

recent research suggests that epigenetic processes, too,

could play a significant role in natural variation and

microevolution.

The epigenetic code

Epigenetics is the study of heritable changes in gene

expression and function that cannot be explained by

changes in DNA sequence (Richards 2006; Bird 2007).

These epigenetic changes are based on a set of molecular

processes that can activate, reduce or completely disable the

activity of particular genes: (i) methylation of cytosine

residues in the DNA, (ii) remodelling of chromatin structure

through chemical modification, in particular acetylation or

methylation, of histone proteins and (iii) regulatory pro-

cesses mediated by small RNA molecules. The different

classes of processes are not independent from each

other but often regulate gene activity in a complex,

interactive fashion (Grant-Downton & Dickinson 2005;

Berger 2007).

In the past, the term �epigenetics� has sometimes also

been used in a much broader sense to include all processes

that determine how the genotype translates into the
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phenotype, thereby encompassing much of the field of

developmental biology. However, this definition of epige-

netics, relating to Waddington�s concept of �epigenesis�, is

outdated and has been replaced by the new definition given

above (Richards 2006; Bird 2007).

The currently best-studied epigenetic mechanism is DNA

methylation (Jaenisch & Bird 2003; Bender 2004), which

usually involves the addition of a methyl group to a CpG

site, a cytosine followed by a guanine in the DNA sequence.

CpG sites are often clustered in the regulatory region of

genes, and the methylation of these so-called CpG islands is

often (but not always) associated with reduced activity of the

associated genes. The methylation reaction is catalysed by

several methyltransferase enzymes.

While the stability of epigenetic modifications through cell

divisions has been studied extensively in the last decades –

after all, it is a major component of what modern molecular

developmental biology is concerned with – there is now

mounting evidence that epigenetic modifications can also be

inherited across generations (Chong & Whitelaw 2004;

Richards 2006). Meiotic inheritance of epigenetic alleles

(epialleles) differing in DNA methylation but not DNA

sequence has been demonstrated, for instance, in toadflax

(Cubas et al. 1999), Arabidopsis thaliana (Mittelsten Scheid

et al. 2003; Rangwala et al. 2006; Vaughn et al. 2007) and

mice (Rakyan et al. 2003; Blewitt et al. 2006). In plants,

transgenerational inheritance of DNA methylation appears

to rely on a methyltransferase enzyme that replicates

methylation patterns during both mitosis and meiosis

(Takeda & Paszkowski 2006).

It is important to point out that in the molecular

biological literature the term �epigenetic inheritance� is used

for both mitotic and meiotic inheritance of epigenetic

modifications. This is somewhat unfortunate and a

potential source of confusion, because in classical genetics

and evolutionary biology the term �inheritance� is usually

restricted to the description of transgenerational phenom-

ena, i.e. meiosis. In this paper, we focus exclusively on the

evolutionarily relevant inheritance of epigenetic variation

across generations.

Another important insight from recent epigenetics

research is that there can be natural variation in epigenetic

modifications that is at least partly independent from

variation in the DNA sequence (e.g. Cubas et al. 1999;

Cervera et al. 2002; Riddle & Richards 2002; Keyte et al.

2006; Shindo et al. 2006; Vaughn et al. 2007). For instance,

Cervera et al. (2002) and Vaughn et al. (2007) found large

and consistent ecotypic variation of DNA methylation in

A. thaliana that was not correlated with genetic variation.

Keyte et al. (2006) explored DNA methylation polymor-

phism in 20 accessions of cotton and found that the levels

of epigenetic variation greatly exceeded genetically based

estimates of variation.

Finally, what makes epigenetic processes fundamentally

different from genetic processes is that in some cases

environmentally induced epigenetic changes may be inher-

ited by future generations (Richards 2006; Whitelaw &

Whitelaw 2006; Jirtle & Skinner 2007). For instance, Fieldes

& Amyot (1999) experimentally altered DNA methylation in

flax and showed that this significantly affected the pheno-

types of at least four generations of progeny. In mice,

environmental toxins (Anway et al. 2005; Crews et al. 2007)

and dietary supplements (Cropley et al. 2006) induce

changes in DNA methylation that are inherited over several

generations. In Drosophila, experimental reduction of the

heat shock protein Hsp90 (which also occurs in response to

environmental stress) causes stable phenotypic changes

which appear to be due to the release of hidden epigenetic

variation (Sollars et al. 2003). The latter study is particularly

intriguing because it provides a hypothesis for the actual

mechanism that connects environmental stimulus and

epigenetic change.

Taken together, these results seem to pose a challenge to

the Modern Evolutionary Synthesis (Jablonka & Lamb 1998,

2005; Grant-Downton & Dickinson 2006; Richards 2006),

which is based on the assumptions that the only source of

heritable variation in natural populations is genetic, and that

evolution by natural selection depends on the existence of

genetic variation whose ultimate origin is random mutations

(Mayr & Provine 1980). Yet, how serious this challenge

really is we currently cannot even guess, because there is a

dearth of studies that have addressed epigenetic questions in

a real-world context (Kalisz & Purugganan 2004; Richards

2006). This is where ecologists should come into play.

Why ecologists should be interested

Ultimately, we would like to know how important epigenetic

variation and epigenetic inheritance are in the real world. To

get at this question, however, it is imperative to place these

processes in an ecological perspective and study their causes

and consequences in natural populations. This, in turn, can

only be accomplished if evolutionary ecologists begin to

incorporate epigenetics into their thinking and join forces

with geneticists and molecular biologists in their empirical

research.

From an ecologist�s point of view, there are several

reasons why epigenetics should be an exciting area of

research. First, epigenetic processes could explain some of

the heritable phenotypic variation observed in natural

populations that cannot be explained by differences in

DNA sequence. Taking epigenetics into account will

therefore improve our understanding of the mechanisms

underlying natural variation in ecologically important traits.

Second, studying epigenetics will provide insights into the

mechanisms that allow organisms to respond to the
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environment. Epigenetic processes are at the core of several

types of phenotypic plasticity, such as the environmentally

induced transition to flowering in plants (Bastow et al. 2004;

He & Amasino 2005), and they apparently mediate some

types of maternal environmental effects (Rossiter 1996; see

e.g. Anway et al. 2005; Cropley et al. 2006).

Recently, Crews et al. (2007) demonstrated that heritable

epigenetic variation can even affect animal behaviour. When

rats were treated only once with a toxin that altered DNA

methylation, this still significantly affected the mate choice

behaviour of the F3 generation. As behaviour is often

regarded to be the most responsive aspect of animal

phenotypes (West-Eberhard 2003), such epigenetic effects

on behaviour may have particularly profound evolutionary

consequences.

More generally, epigenetic processes may increase the

evolutionary potential of organisms in response to abiotic

stress and other environmental challenges, which could

potentially be highly relevant in the context of global

environmental change.

Finally, there is increasing evidence that epigenetic

processes are an important component of hybridization

and polyploidization events, and may therefore play a key

role in speciation and the biology of many invasive species

(Ellstrand & Schierenbeck 2000; Liu & Wendel 2003; Rapp

& Wendel 2005; Salmon et al. 2005; Chen & Ni 2006).

While several recent review articles have highlighted the

importance of epigenetic processes to evolutionary ques-

tions (e.g. Jablonka & Lamb 1998, 2005; Kalisz &

Purugganan 2004; Grant-Downton & Dickinson 2005,

2006; Rapp & Wendel 2005; Richards 2006), these

contributions have only occasionally mentioned a need

for ecological experiments in epigenetics, let alone its

relevance to ecologists. Below, we sketch a new field of

ecological epigenetics, and, to provide some specific food

for thought, we suggest a set of fundamental questions that

need to be addressed, together with a brief outline of the

methods and experiments that will allow answering these

questions.

A F R A M E W O R K F O R E C O L O G I C A L E P I G E N E T I C S

There are two ways by which epigenetic processes may

contribute to microevolution in natural populations. On the

one hand, if heritable epigenetic variation translates into

phenotypic variation and, ultimately, fitness differences

among individuals, then epigenetic processes may provide a

second system of heritable variation for natural selection to

act upon, similar to the one based upon genetic variation

(Fig. 1). On the other hand, epigenetic variation, unlike

genetic variation, may be altered directly by ecological

interactions (Fieldes and Amyot 1999; Anway et al. 2005;

Cropley et al. 2006; Richards 2006; Whitelaw & Whitelaw

2006) and may therefore provide an additional, accelerated

pathway for evolutionary change (Fig. 1).

Ecological genetics is the study of genetic processes in an

ecological context, i.e. of the interplay between heritable

genetic variation in ecologically important traits, ecological
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Figure 1 Differences and similarities bet-

ween ecological genetics (black arrows) and

ecological epigenetics (grey arrows). On one

hand, epigenetic processes may provide a

second inheritance system, very similar to

the genetic inheritance system, that allows

evolution by natural selection. On the other

hand, epigenetic variation, unlike genetic

variation, may be altered directly by ecolog-

ical interactions and therefore provide an

additional, accelerated pathway for evolu-

tionary change.
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interactions and mechanisms of evolutionary change in

natural populations (Ford 1964; Conner & Hartl 2004). As a

discipline, ecological genetics complements molecular genet-

ics by placing it in an ecological perspective, i.e. by studying

the causes and consequences, and relative importance, of

genetic processes in natural populations. In a conceptually

analogous manner, a new field of ecological epigenetics

could complement molecular epigenetics by studying

epigenetic processes in an ecological context. Several of

the questions addressed will be parallel to those addressed in

ecological genetics. Consequently, we should be able to use

many of the standard methodological approaches of

ecological genetics – such as common garden and selection

studies, and in particular the combined manipulation of

genetic and ecological factors – in ecological epigenetics,

too.

The most fundamental questions in ecological epigenetics

are: (i) What is the extent and structure of epigenetic

variation within and among natural populations? (ii) Does

epigenetic variation affect phenotypic variation in ecologi-

cally relevant traits? (iii) What is the relative importance of

epigenetic variation in determining the outcome of ecolog-

ical interactions? (iv) To what extent can biotic and abiotic

environmental factors induce heritable changes in epigenetic

variation? In the following, we elaborate on each of these

questions, and how to address them.

In all of the questions and approaches outlined below,

an important conceptual issue is the autonomy of

epigenetic variation (Richards 2006). As many develop-

mental processes have a genetic and an epigenetic

component, genetic variation among populations should

often be accompanied by some degree of corresponding

epigenetic variation (Fig. 2). In many of these cases,

epigenetic variation may be largely under genetic control,

and therefore its quantification is not going to provide any

insight (i.e. explanation of phenotypic variance) beyond

that already obtained from the study of genetic variation.

However, epigenetic variation can (and sometimes will) be

partly or completely autonomous from genetic variation

(Richards 2006), and it is those cases that ecological

epigenetics should focus on.

What is the extent and structure of epigenetic variation
within and among natural populations?

One of the basic questions in ecological epigenetics is how

much heritable epigenetic variation exists in natural popu-

lations, and how this variation is distributed within and

among populations. Also, we would like to know whether

there are systematic patterns of epigenetic variation in

relation to particular environmental factors, and how

patterns of epigenetic variation differ across species or

phyla.

To separate heritable epigenetic variation from non-

heritable epigenetic variation (resulting from developmental

plasticity in response to different environments) it is

necessary to study the progeny of different natural

populations and ⁄ or maternal families in a common envi-

ronment (Fig. 2), and to use the resemblance of epigenetic

pattern among relatives as indication of epigenetic inheri-

tance.

The greatest range of methods for quantifying epigenetic

variation across individuals and populations is currently

available for DNA methylation, though it is probably only a

matter of time until it will be possible to conduct population

screenings of other types of epigenetic variation. There are

well-established techniques for studying the methylation

status of specific genes, and for assaying genome-wide

patterns of DNA methylation (Laird 2003). Until recently,

however, these methods have almost exclusively been used

in cell and molecular biology, and in particular cancer

research.

In the context of ecological epigenetics, a particularly

useful approach is the study of methylation-sensitive

markers such as MS-AFLP (Cervera et al. 2002). MS-AFLP

is a modification of the standard AFLP technique for

genetic fingerprinting, which uses methylation-specific

restriction enzymes and can therefore detect differences in

DNA methylation. It can provide rapid epigenetic finger-

prints for large number of samples and will therefore in

many cases be a good starting point for investigating

epigenetic variation in natural populations. Another advan-

tage of MS-AFLP is that it can be used in non-model

organisms. The technique has recently been successfully

applied to compare methylation patterns across plant

populations and species (e.g. Cervera et al. 2002; Salmon

et al. 2005; Keyte et al. 2006) and even fungi (Reyna-Lopez

et al. 1997).

Obviously, some of the standard statistical measures used

in population genetics for describing patterns of genetic

variation should be transferable to the description of

epigenetic variation, even though this has not been taken

advantage of so far. For instance, statistics that describe the

frequency and diversity of alleles may be equally applied to

epiallelic diversity, and measures such as FST, which describe

genetic population structuring, should be equally useful to

describe population differentiation at the epigenetic level.

Another group of methods that can be used for

broad, genome-wide analyses of epigenetic patterns are

high-throughput epigenomic profiling methods based on

microarrays (Van Steensel & Henikoff 2003; Martienssen

et al. 2005) or direct sequencing of chromatin immunopre-

cipitated (ChIP) DNA (e.g. Barski et al. 2007; Mikkelsen

et al. 2007). Currently, these techniques are used only on

model organisms (e.g. Vaughn et al. 2007; Zhang et al. 2007;

Zilberman et al. 2007). However, genomic tools developed
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on model organisms can often be used on related species,

too. In fact, a recent study by Horvath et al. (2003) showed

that Arabidopsis microarrays could be used to analyse gene

expression in several distant species, including leafy spurge

and poplar. As the technological progress in epigenomics is

very rapid, and these methods are continuously becoming

faster and cheaper, it is conceivable that epigenomic tools

will eventually start playing a role in ecological epigenetics,

just as genomic tools are now increasingly considered in

ecological genetics (Thomas & Klaper 2004; Ouborg &

Vriezen 2007).

How does epigenetic variation affect phenotypic variation
in ecologically important traits?

Another basic but important task in ecological epigenetics

is to establish a functional connection between heritable

epigenetic variation and phenotypic variation in ecologi-

cally relevant traits. Only if naturally occurring epigenetic

variation significantly affects phenotypic traits and, ulti-

mately, fitness, can it be relevant to the ecology and

evolution of natural populations. Again, to separate

heritable from non-heritable epigenetic variation, this

research must be done in a common environment

(Fig. 2).

There are several possible approaches to testing for a

relationship between epigenotype and phenotype. All of them

share the common challenge that to demonstrate the

phenotypic consequences of epigenetic variation, one must

at the same time control for the effects of genetic variation

(although it is interesting to think that classic studies of

genetic variation should also account for the converse

possibility that some of the observed variability is due to

epigenetic factors). One way to achieve this is to use natural

epimutations (Das & Messing 1994; Cubas et al. 1999), or

mutants of model species with known deficiencies in

epigenetic mechanisms, such as methylation-insensitive

genotypes of Arabidopsis (Vongs et al. 1993; Kankel et al.

2003), and study their phenotype in comparison to controls

with the same genetic background in a common environment.

A related technique is the use of the demethylating agent

5-azacytidine (Jones 1985), which inhibits the enzyme

methyltransferase and thereby causes demethylation of the

DNA, for experimental alteration (epimutagenesis) of DNA

methylation patterns to demonstrate the phenotypic conse-

quences of such alterations (e.g. Burn et al. 1993). If

organisms from different natural populations respond

differently to the 5-azacytidine treatments, this can be taken

to be indirect evidence of natural epigenetic variation.

Moreover, if the degree of population similarity in this

response is not correlated with population relatedness, this

may indicate autonomous epigenetic variation (sensu Rich-

ards 2006). Of course, to establish evolutionary significance

of artificial epimutations, it is desirable to conduct these

2 2

Population X

Population Y

Common environment

A

B

C

D

1 1

Figure 2 Hypothetical relationships between genetic, epigenetic and phenotypic variation in natural populations. Shown are two genes for

each of two individuals in two populations. The horizontal bars are the DNA, with differences in DNA sequence indicated by different

shades of grey. Epigenetic modifications at a particular gene are indicated by the black triangles. Natural epigenetic variation may be found

within (A1 vs. B1) or between (A2 ⁄ B2 vs. C2 ⁄ D2) populations. Epigenetic variation can be independent of (A1 vs. B1) or confounded with

(C1 vs. D1) genetic variation. Some epigenetic variation in natural populations may result from phenotypic plasticity and may therefore be

non-heritable, i.e. it will not persist in a common environment (C2 vs. D2). If independent epigenetic variation persists in a common

environment (as in A1 ⁄ B1), this is evidence for epigenetic inheritance. If this heritable epigenetic variation translates into phenotypic and

fitness differences (as illustrated above), it is ecologically and evolutionarily relevant.
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studies over several generations (e.g. Fieldes 1994; Fieldes &

Amyot 1999).

Another solution to avoid a confounding between genetic

and epigenetic effects would be to choose study systems

with a known lack of genetic variation. For instance, several

highly invasive exotic plant species, such as alligator weed

(Alternanthera philoxeroides), Japanese knotweed (Fallopia

japonica) or fountain grass (Pennisetum setaceum) do not, in

spite of their broad ecological distribution, appear to possess

any genetic variation in their introduced ranges (Hollings-

worth & Bailey 2000; Xu et al. 2003; Mandák et al. 2005;

Le Roux et al. 2007). If different populations of these

species show significant phenotypic variation in a common

environment, it would certainly be interesting to screen

them for epigenetic variation with the methods described

above. Demonstrating that natural populations with zero

genetic variation (and therefore, according to the common

framework of evolutionary biology, zero immediate poten-

tial for evolutionary change) are in fact epigenetically diverse

and may therefore evolve rapidly, would be an important

achievement with potentially far-reaching implications.

In the case of genetically uniform species, it should also

be possible to infer epigenetic variation from patterns of

gene or protein expression, using microarrays (Kammenga

et al. 2007) or two-dimensional electrophoresis (Gorg et al.

2004), because in the absence of genetic variation any

significant population differentiation in gene or protein

expression must be due to underlying epigenetic variation

(negative operational definition of epigenetics; Richards

2006). A great advantage of these methods is that they

integrate over different epigenetic mechanisms and are

therefore more likely to detect epigenetic divergence than

methods such as MS-AFLP, which examine only one

mechanism at a time.

Finally, the link between epigenetic variation and pheno-

typic traits can be studied at a more detailed, functional level

using QTL mapping approaches that are based on meth-

ylation-sensitive marker data (Garfinkel et al. 2004). Parental

lines that are known to differ significantly in the degree and

pattern of DNA methylation, or known methylation

mutants of model species, could be used in a crossing

scheme to produce �epi-recombinant inbred lines� (RILs)

characterized by varying DNA methylation patterns. These

lines could then be used to identify specific epigenomic

regions that are associated with the observed phenotypic

variation.

What is the relative importance of epigenetic variation
in determining the outcome of ecological interactions?

Having established a link between epigenetic and pheno-

typic variation, the next logical step in ecological epigenetics

will be to investigate the degree to which epigenetic

variation can affect important ecological interactions. This

should include both (i) relationships between organisms and

abiotic environmental factors, e.g. the phenotypic plasticity

and stress tolerance of plants or animals in response to

important resources such as light, water or nutrients and (ii)

biotic interactions among different organisms, e.g. the

degree to which epigenetic variation affects competitive

ability, resistance to predators and pathogens, etc.

Methodologically, these questions can be approached in a

very similar manner to the ones described above, except that

the experimental designs must now include a manipulation

of abiotic or biotic ecological factors, and the phenotypes of

organisms are expanded by �traits� such as phenotypic

plasticity, pathogen resistance or competitive ability, which

quantify the direction and strength of ecological interac-

tions. As above, it is important to control for the effect of

genetic variation by using natural epimutations, epi-RILs,

populations with a natural lack of genetic variation or

5-azacytidine to create artificial variation in DNA methyl-

ation. The greatest challenge will be to develop experimental

designs that incorporate both genetic and epigenetic

variation, and are therefore able to assess their relative

importance and test for their interplay in determining the

outcome of ecological interactions.

We found only one published study that could be

regarded as an example for what we have outlined above.

Tatra et al. (2000) subjected two ecotypes of the perennial

plant Stellaria longipes to a factorial combination of light and

5-azacytidine. They found that in one genotype the effect of

light on plant growth was altered through the 5-azacytidine

treatments, whereas in the other genotype it was not. This

suggests that (artificial) epigenetic variation can affect

ecological interactions, and that genotype and epigenotype

may interact in this respect. However, the replication in this

study was extremely low and no statistical test was carried

out, so the results should be regarded as very preliminary.

We are not aware of any published study that has addressed

the effect of epigenetic variation on ecological interactions

with a solid and well-replicated experimental design.

To what extent can biotic and abiotic environmental
factors induce heritable changes in epigenetic variation?

What makes epigenetic processes unique is that, unlike

genetic variation, epigenetic variation can be altered directly

by the environment, and in some cases these epigenetic

changes may be inherited by the next generations. This

possibility for environmentally induced epigenetic inheri-

tance is particularly intriguing because it would, in a sense,

represent a case of �soft inheritance� (Mayr & Provine 1980;

Richards 2006), a concept that has met with considerable

resistance in evolutionary biology for a long time because of

its Lamarckian flavour (Jablonka & Lamb 1998; Chong &
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Whitelaw 2004; Richards 2006). One of the most exciting

issues in ecological epigenetics, therefore, will be to attempt

to track down such evolutionary responses to environmental

change that are mediated by epigenetic inheritance.

In practice, we have two main options for studying these

phenomena: first, we can use standard ecological genetic

approaches, such as reciprocal transplants or common

garden experiments, to test for adaptation to local environ-

mental conditions. However, in this case, only in study

systems without genetic variation (see above) will be able to

unambiguously ascribe observed phenotypic differences to

underlying epigenetic variation.

As an alternative to studying the results of past

selection, we may instead choose to study epigenetic

evolution in action. We have outlined an appropriate

experimental design in Fig. 3. Generally, it must involve

three steps: (i) the same plant or animal genotypes are

subjected to contrasting environments; (ii) their offspring

are bred in a common environment over several genera-

tions; after which (iii) phenotypic and epigenetic differ-

ences are quantified and statistically compared. If we find

that the descendants of those lines that experienced

different environments remain phenotypically different,

and at the same time they show significant divergence in

patterns of DNA methylation, gene or protein expression

– in spite of being still identical at the DNA level – this

will be evidence for rapid epigenetically based evolution.

Conducting experiments over several generations, not just

two, will allow us to discern between transient effects and

permanent epigenetic changes.

As outlined above, methods that quantify gene function

in a way that integrates over different epigenetic mecha-

nisms, such as expression microarrays or protein profiling

by two-dimensional electrophoresis, will generally be most

likely to detect epigenetic divergence in such experiments.

C O N C L U S I O N S

Increasing empirical evidence for natural epigenetic varia-

tion and epigenetic inheritance suggests that we might need

to expand our concept of variation and evolution in natural

populations, taking into account several (likely interacting)

ecologically relevant inheritance systems. Potentially, this

may result in a significant expansion (though by all means

not a negation) of the Modern Evolutionary Synthesis as

well as in more conceptual and empirical integration

between ecology and evolution.

Ecologists should be particularly interested in the study of

epigenetic processes as this could significantly improve their

understanding of the mechanisms underlying natural pheno-

typic variation and the responses of organisms to environ-

mental change. It is urgent for ecologists to recognize the

relevance of epigenetic processes to their field, and start

incorporating epigenetic questions into their research.

When planning their research, ecologists should generally

bear in mind that (i) to be of broad ecological–evolutionary

relevance, epigenetic variation must be heritable across

generations and (ii) only such epigenetic variation that is at

least partly independent from genetic variation will have the

potential to provide truly novel insights.

30°C

FXF2F1P

Generation

Genetically
uniform start
material

Common environment
Experimental
treatments

10°C

……

Figure 3 Outline of an experimental design that tests for environmentally induced rapid epigenetic evolution. First, the same plant or animal

genotypes are subjected to contrasting environments for at least one generation. Second, their progeny is bred in a common environment for

several generations, to examine whether epigenetic changes and associated phenotypic differences are passed on to the following generations.

Ideally, one should demonstrate that at the end of the experiment the phenotypes and patterns of DNA methylation (black triangle) or gene

expression of these environmental lines are different, but not the DNA sequence (grey horizontal bars).
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In this paper, we have focused on epigenetic variation

within species and its ecological relevance, because we felt

this perspective was missing from the current literature.

We did not discuss the potentially important role of

epigenetic inheritance in hybridization and polyploidiza-

tion, because this aspect of epigenetics, with its relevance

to speciation and macroevolution, has been highlighted

elsewhere (e.g. Jablonka & Lamb 1998; Liu & Wendel

2003; Rapp & Wendel 2005; Chen & Ni 2006; Grant-

Downton & Dickinson 2006). And, of course we did not

attempt to cover all questions about epigenetics that

ecologists could possibly ask. For instance, is epigenetic

diversity an important component of biodiversity, and

therefore relevant to questions about ecosystem function-

ing? Is epigenetically driven evolution a significant part of

the responses of ecological systems to global environ-

mental change? Questions like these would certainly

deserve further attention and should be explored in the

future.

Another important challenge for future research will be to

develop theoretical models and novel statistical approaches

for analysing complex epigenetic data, and for understand-

ing and predicting epigenetic evolution in natural popula-

tions. In particular, there is currently no established

statistical framework for predicting the evolution of traits

influenced jointly by genetic and epigenetic variation. Also,

we know virtually nothing about rates of spontaneous

epimutations in natural populations, let alone their stability

over time. Clearly, there are still many pieces missing from

the epigenetic puzzle.

How important is epigenetic inheritance in the real world,

when compared to genetic inheritance? This question is a

matter of heated debate. A prime example is the seminal

1998 review paper by Jablonka & Lamb (1998) and the great

variety of responses it provoked (all published in the same

journal issue). Some researchers argue that epigenetic

inheritance is possible but rather unimportant, whereas

others think it of overriding importance. However, there is

currently little empirical data to support either view, and the

issue can certainly not be settled a priori. To understand the

full significance of epigenetic variation and inheritance, it is

imperative to place these processes in an ecological

perspective and study their causes and consequences in

natural populations. Eventually, only a combination of

ecological with molecular and genomic approaches will

allow us to better understand the role of epigenetic

processes in natural populations.
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