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1 | INTRODUCTION

Reproductive isolation (RI) is often considered an essential com-
ponent of speciation; however, its definition varies, and it is chal-
lenging to measure, making it difficult to compare across studies.
To help overcome these difficulties, Westram et al. (2022) suggest
to define Rl as ‘a quantitative measure of the effect of genetic dif-
ferences on gene flow’, specifically at neutral loci. Here, we consider
this definition of Rl in the context of epigenetic variation. We define
epigenetics as molecular interactions with DNA that influence gene
expression without changes in the underlying nucleotide sequence
(see Box 1 for background on epigenetic variation). Furthermore, we
consider a process as epigenetic, regardless of whether it is trans-
mitted across generations or not. As we will see, intergenerational
transmission of epigenetic state is not a prerequisite to influence RI.
In the following, we establish a framework through which to better
quantify epigenetic influences on population divergence and specia-
tion by building upon the model of Rl at neutral loci established by
Westram et al. (2022).

Epigenetics can underlie phenotypic plasticity. A large body of
work has examined phenotypic plasticity (West-Eberhard, 2003),
including its effects on gene flow and speciation (Fitzpatrick, 2012;
Klemetsen, 2010; Otte et al., 2016; Thibert-Plante & Hendry, 2011).
However, focussed studies that have directly examined epigene-

tic variation as a mechanism producing barriers to reproduction

(Lafon-Placette & Koéhler, 2015; Smith et al., 2016) and speciation

(Greenspoon et al., 2022) are only now emerging.

2 | EPIGENETICS AND RI: ACONCEPTUAL
FRAMEWORK

In their examination of RI, Westram et al. (2022) focus on two ge-
netic loci, a locus under divergent selection between two environ-
ments and a neutral locus linked with the locus under selection. In an
analogous fashion, we consider an epigenetic locus and a neutral ge-
netic locus linked to it. A well-studied example of an epigenetic locus
is the cytosine-guanine dinucleotide (CpG), which can be methylated
to form mCpG (Feng et al., 2010; Zemach et al., 2010). One mecha-
nism through which methylation state can change is in response to
an external signal from the environment, and such change in methyl-
ation state can alter the phenotype of an individual without a change
in nucleotide sequence (Angers et al., 2010; Schmid et al., 2018). We
shall call this process induction. This induction of the methylated
state can also have a variable degree of stability over time, being lost
during the life of an individual, or during epigenetic remodelling in
germ cells and early embryos of some organisms (Feng et al., 2010;
Santos & Dean, 2004). We shall call this process erasure. We can,
therefore, imagine an epigenetic locus whose state (in this example

methylated or unmethylated) encodes a phenotype and a neutral
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BOX 1 Epigenetics in natural populations

Two examples of epigenetic marks are DNA methylation,
in which a methyl group is covalently bonded by a cyto-
sine to form methyl-cytosine, and histone modifications, in
which the tail of a histone (a component of DNA packaging
nucleosomes) undergoes one of many forms of modifica-
tion, for example, methylation, acetylation or phospho-
rylation (Figure B1). These tags can alter processes such
as DNA packaging and gene expression, by influencing
the action of DNA interacting proteins such as histones
and transcription factors (Gibney & Nolan, 2010). These
epigenetic marks are phylogenetically widespread (Feng
& Jacobsen, 2011; Glastad et al., 2019) and can influence
adaptive phenotypes (Baerwald et al, 2016; Rangani
et al., 2012). Among epigenetic marks, DNA methylation is
the best understood and most widely studied, particularly
in the context of natural populations (Hu & Barrett, 2017;
Kilvitis et al., 2014; Vandegehuchte & Janssen, 2014). DNA
methylation state can be passed from parent to offspring
(Yagound et al., 2020) and differs among populations
in divergent environments (Dubin et al., 2015; Wogan
etal., 2020; for examples of both see Heckwolf et al., 2020;
Verhoeven & Preite, 2014).

genetic locus that is linked with such epigenetic locus (Figure 1a),
similar to a genetic locus (Figure 1b). Consequently, we consider vari-
ation at the epigenetic locus being produced by induction and eras-
ure, rather than mutation (Figure 1). As we will see, these differences
can have consequences for RI.

When two habitats provide strong divergent environmental in-
duction, two populations can form distinct epigenetic-dependent
phenotypes, which produce RI. If the epigenetic marks are com-
pletely erased between generations, the state of the epigenetic
locus only effects the fitness of the migrants between habitats and
not their offspring, thus producing a uniform and global (genome-
wide) reduction in gene flow to all neutral loci across the genome.

In this context, epigenetic variation will act like a geographic barrier,

DNA methylation

b

DNA

Histone modification

FIGURE B1 Schematic of DNA methylation and histone
modification
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as described by Westram et al. (2022). In contrast, if the epigenetic
mark is not erased between generations, there will be additional se-
lection against recombination surrounding the epigenetic locus. This
will cause a local (restricted to parts of chromosomes) reduction in
gene flow, influencing neutral loci dependent on their linkage with
the epigenetic locus.

3 | EXPANDING MODELS OF NEUTRAL
GENE FLOW TO INCORPORATE
EPIGENETICS

To highlight key similarities and differences between the effects of
purely environmentally induced epigenetic versus genetically based
barriers to neutral gene flow, we analyse the two-population model
with divergent selection acting on a single target locus, as presented
by Westram et al. (2022). Epigenetic state is usually mediated by
genetic variation to some extent (Adrian-Kalchhauser et al., 2020),
suggesting that much observed epigenetic variation may be due to
underlying genetic variation. However, here we focus on epigenetic
mechanisms independent of genetic sequence, as it is the simplest
starting point and best corresponds to the framework of Westram
etal. (2022).

For a two-population, divergent selection model, Westram
et al. (2022) define reproductive isolation (RI) as:

Ri=1- Te (1)
m

where m is the gross migration rate or proportion of immigrants in a
focal population after migration and m, is the effective migration rate,
representing the rate of migration which would have the same evolu-
tionary effect for the introgression of a neutral allele into a popula-
tion with no genetic barrier, as the actual migration rate m has in the
population with a barrier (Bengtsson, 1985). In essence, selection and
genetic barriers to gene flow will cause m, to be less than m.

Given that m will be the same regardless of the underlying

basis for selection, we compare estimates of m_ for epigenetic
(a) Methylation polymorphism

Gene Neutral locus
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FIGURE 1 Example of how an epigenetic locus (CpG) and
genetic locus (A/T) can produce a phenotype and interact with a
linked neutral locus

Ind 2 -



1190

PLANIDIN ET AL.

JournaL of Evolutionary Biology o

versus genetically based differences, to examine them as barriers
to neutral gene flow. Building on earlier work of Bengtsson (1985),
Charlesworth et al. (1997) derived an analytic approximation for
m, for a neutral allele (n) linked at varying recombination distances
(r) to a target locus experiencing divergent selection (s) in a two-
population model, with selfing, which we modify here to consider

only selection whereby:

-5y
1—(1—h5)(1—r)> @

m, = m(q +p
Equation 2 approximates m, for the introgression of a neutral allele n
from one population (population A) to another (population B), when
selection follows migration. Selection acts symmetrically between
populations on two alleles, a and b, segregating at a target locus X, with
genotypes aa, ab and bb, having relative fitnesses 1, 1 - hs and 1 -s,
respectively, in population A and the reverse in population B, where
h is the dominance coefficient. It is assumed that s>>m and that m is
relatively low. As a result, p, the frequency of the favoured allele a in
population A at equilibrium prior to migration, is high, and g, the fre-
quency of the disfavoured allele b, is low (~m/s). Thus, m_ in Equation 2
may be conceptualized as the extent to which neutral allele n carried
by emigrant chromosomes from population A become disassociated
by recombination with the disfavoured a alleles and introgress into the
genetic background of population B before they are lost by selection
acting on target locus X.

We now consider the effects that an epigenetic difference for
target locus X would have for neutral gene flow. In this case, an epi-
genetic modification is environmentally induced in locus X in popu-
lation A that is favoured locally but disfavoured in population B. One
important factor is that unlike Mendelian inherited variation, the fi-
delity of intergenerational transmission (v) from parent to offspring
of an epigenetic modification to a target locus is often low. Thus, in
addition to recombination, reduced transmission will also dissociate

(a) Induction Migration (b)

Selection

neutral alleles n from the disfavoured epigenetically modified a state
for the target locus X in the non-inducing environment of population
B, further facilitating the introgression of n alleles and increasing m..
To account for this:

r,=r+@1-rnl-v) (3)

r, can be substituted for r in Equation 2, with (1 — r)(1 — v) represent-
ing instances in which recombination does not disassociate the neu-
tral allele n from the disfavoured epigenetic allele, but rather failure to
transmit this allele does (Figure 2).

4 | REPERCUSSIONS OF EPIGENETICS ON
RI

The key feature which dictates the effect of epigenetics on Rl is
transmission (v). When v = 0, there is no transmission of epigenetic
state to the next generation; thus, r, = 1, and m, consequently re-
duces to g+p(1 - s). Under such circumstances, the epigenetic bar-
rier to neutral gene flow is entirely due to selection acting against
the individuals migrating from population A into population B. As
recombination is not involved, the proximity of the neutral allele n
to the target locus does not bear on the strength of the epigenetic
barrier (Figure 3). Selection would, thus, be acting on the genome
as a whole and have a uniform, genome-wide effect on reducing
neutral gene flow, analogous to geographic isolation as described
by Westram et al., 2022), yet it is determined by the epigenetic state
of the organism. In contrast, when v = 1, there is perfect intergen-
erational transmission of epigenetic state; thus, r, =r, and estimates
of m, for epigenetic and genetic differences are the same. In other
words, a perfect transmission of an epigenetic modification in popu-
lation B is equivalent to Mendelian inherence of genetically based
variation (Figure 3). Between these two extremes, epigenetic marks

Reproduction

FIGURE 2 Visual representation of our two-population, single epigenetic locus model. Individuals in habitat A have the epigenetic locus

Xinduced to state X

aa’

producing the white phenotype. There is migration at rate m from habitat A to B, wherein white X_, individuals have

fitness 1 - s relative to green X, individuals. White X_, individuals then hybridize with green X, individuals, passing the epigenetic state a
onto hybrid X, offspring at rate v. Note, there are no crosses between X_, migrants, since we assume m is small. Subsequent generations of
X,, hybrids then undergo cycles of selection and reproduction, with relative fitness 1 - hs, as indicated by the dashed arrows
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FIGURE 3 Reproductive isolation (RI) at a neutral locus with
respect to recombination rate r with and epigenetic locus under
divergent selection between two habitats, under different rates
of intergenerational transmission (v) of epigenetic state. s = 0.25,
m=0.001,p=1,q=0

may exhibit a range of transmissibility and span from geographic-
like to genetic-like effects on RI (Figure 3). Thus, there may be in-
stances of increased local Rl centred around sites lacking genetic
variation, though they will be weaker than those due to genetic
polymorphisms.

Whether epigenetic variation as considered in our model
should be considered as a contributor to Rl is an open issue. As
described by Westram et al., Rl must be based on genetic differ-
entiation. Following this definition, an environmentally induced
epigenetic state cannot produce Rl since there is no genetic differ-
entiation between populations. Thus, the reduction in gene flow
due to selection directly against the epigenetic state of migrants
should not be considered to reduce m,, despite such epigenetic
differences having the same effect (1 -s in Equation 2) as a ge-
netic difference for reducing gene flow in the parental migrant
generation. Moreover, when the environmentally induced epi-
genetic state is even weakly transmissible, there will be a local
reduction in gene flow around the epigenetic locus despite a lack
of genetic differentiation, which may be interpreted as evidence
of Rl in empirical observations. In such circumstances, selection
on the migrant generation due to an epigenetic difference would
be included in the estimation of m_ and associated with RI akin
to a genetic difference. We leave it to the reader to decide their
position on this question, as it underscores the difficulty in con-
ceptually defining RI.

While our model suggests that RI produced by epigenetic loci
will generally be weaker than that produced by genetic loci, epi-
genetic barriers to gene flow are not necessarily negligible. The

JournaL of Evolutionary Biology o

rapid loss of maladaptive epigenetic states due to low transmissi-
bility (v<1) means that, with strong gene flow, populations can be
more divergent at epigenetic loci than equivalent genetic loci (q
and p in Equation 2), producing greater interpopulation differences
for selection to act on. There are observations of greater epigene-
tic than genetic differentiation among locally adapted populations
(Dubin et al., 2015; Foust et al., 2016; Gugger et al., 2016; Herrera
& Bazaga, 2016; Heckwolf et al.,, 2020; Johnson & Kelly, 2020;
Lira-Medeiros et al., 2010; Platt et al., 2015; Richards et al., 2012;
Wogan et al., 2020; for counterexamples see Herden et al., 2019;
Keller et al., 2016; Robertson et al., 2017). The major caveat to these
observations is that epigenetic differentiation at many loci may be
caused by differentiation at genetic loci. Furthermore, large epi-
genetic divergence does not necessarily underly environmentally
induced and locally adaptive phenotypes.

There is much room to build additional nuance on top of this
modelling framework. Here, we have presented an epigenetic model
that is independent of genetic variation; however, as we emphasized
above, genetic and epigenetic variation may not be independent. As
explored by Greenspoon et al. (2022), epialleles may either promote
speciation in accordance with genetic loci, or diminish speciation
if they overwhelm genetic differentiation as the primary adaptive
mechanism (see Table S1 for suggestions of how to incorporate fur-
ther model complexity into the study of epigenetic RI).

5 | INTEGRATING THEORY WITH DATA

If there is any influence of epigenetics on gene flow, it is not
straight forward to make inferences about Rl by measuring diver-
gence between populations at neutral loci. As per the definition of
Rl proposed by Westram et al. (2022), the measurement of Rl by
introgression of neutral loci among populations attributes all Rl to
genetic differences. Yet, some Rl may be due to unobserved epige-
netic mechanisms. What must we measure to discern genetic from
epigenetic RI? An important first step in understanding the role of
epigenetics in Rl is to observe the extent of epigenetic variation
among natural populations (for example Gugger et al., 2016; Venney
et al., 2021; Wogan et al., 2020). Then, it is necessary to establish
if epigenetic differences between populations contribute to RI. The
contribution of epigenetic state to Rl can be inferred from the de-
gree to which epigenetic state covaries with locally adaptive pheno-
types (Baerwald et al., 2016; Kooke et al., 2015; Schmid et al., 2018),
pre-zygotic reproductive barriers (Smith et al., 2016) or post-zygotic
reproductive barriers (Lafon-Placette & Kohler, 2015). However,
correlating epigenetic differences to such traits is inherently limited,
as it measures Rl due to only one barrier to gene flow.

To measure epigenetic RI, we must estimate the transmis-
sion (v) of epigenetic marks in natural populations. Heckwolf
et al. (2020) examined differences in DNA methylation among
salt- and freshwater-adapted populations of Gasterosteus aculea-
tus. They crossed individuals from the two habitats and exposed
these mixed lineages to one of the divergent habitats for either
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one or two generations. Then, they showed that differentially
methylated sites are transmissible (v>0), as F2 crosses whose
parents were exposed to the same divergent habitat, had DNA
methylation profiles that were more like the natural population
in that habitat, than those whose parents were not. Furthermore,
epigenetic transmission can be estimated by directly comparing
the epigenetic profile of parents and their offspring (Weyrich
et al., 2016; Yagound et al., 2020); however, such observations do
not specifically measure the transmission of locally adapted epi-
genetic marks. The primary caveat to such study designs is that
the observed v is not precisely the same as the v in our model, as
it is not independent of genetic variation. To more directly study
the environmental induction of epigenetic marks, manipulative
experiments can be performed with methyltransferase inhibi-
tors (Biergans et al., 2012, 2015; Bossdorf et al., 2010; Herden
et al., 2019; Wilschut et al.,, 2016), RNA interference (Bewick
et al.,, 2019) and CRISPR-Cas9 modification of epigenetic marks
(Kang et al., 2019; Vojta et al., 2016). While these manipulative
experiments give much greater power to observe the effects of
epigenetic change in the absence of genetic change, they are diffi-
cult to implement in the natural setting.

We must investigate the genetic basis of epigenetic state,
to understand the interplay between the two and its effect on
RI. There are approaches to statistically control for genetic and
geographic structure when testing for epigenetic differentiation
among populations (Herrera et al., 2016; Lea et al., 2015, 2017);
however, they typically apply a genome-wide correction for relat-
edness, which does not capture locus-specific interaction between
genetic and epigenetic variation. To capture locus-specific covari-
ation between genetic structure and epigenetic state, one can per-
form a genome-wide association study on epigenetic state, that
is, treating epigenetic state as a molecular phenotype (Figure 4).
Dubin et al. (2015) conducted such an analysis among accessions
of Arabidopsis thaliana, allowing them to determine the extent to
which cis- and trans-acting genetic loci influence geographic vari-
ation in DNA methylation. To this end, Dubin et al. (2015) found
that variation in methylation at single cytosines is roughly equally
influenced by cis- and trans-acting SNPs, whereas per cent gene
body methylation is largely determined by trans-acting SNPs.
Notably, while it is useful to study asexual species to control for
genetic effects on epigenetic state (Verhoeven & Preite, 2014), we
must understand the genetic basis of epigenetic variation in sexu-
ally reproducing species to study its influence on RI.

Ideally, the observations which we have outlined could be made
within a single-model system. One would have to observe epigen-
etic variation in natural populations, assess the transmissibility of
locally adaptive epigenetic states and parse the influence of genetic
sequence and environmental induction on such states. After this,
one can finally measure neutral gene flow with respect to these di-
vergent epigenetic loci, to derive an estimate of epigenetic Rl as per
Equation (1. While implementing such an analysis is challenging, the
studies highlighted above show that we can begin to make progress
towards this ideal.

Cov.=1
[
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=
-
>
=
et
[7)
£
()]
£
(]
(U]
o
(9]

Cov.=0

Cis loci SNPs *
Trans locus

FIGURE 4 Example of a covariation matrix between methylation
state at CpG dinucleotides and single-nucleotide polymorphisms
(SNPs). The orange tiles along the diagonal indicate interactions
between SNPs and CpG sites adjacent to one another, whereas the
vertical column of orange tiles indicates a single trans-acting locus
influencing the state of many CpG sites. Following the approach by
Dubin et al. (2015)

6 | CONCLUSION

We have illustrated using a simple scenario, how epigenetics can
influence neutral gene flow. However, it is becoming more appar-
ent that epigenetic and genetic adaptation are inter-dependent
processes, rather than one being an epiphenomenon over the
other (Danchin et al., 2019; Gardiner et al., 2018; Klironomos
et al., 2013; Pimpinelli & Piacentini, 2020). As such, as our models
of Rl grow in nuance to match the complexity of natural popula-
tions, the incorporation of mechanisms such as epigenetics will
become essential. Due to the diversity of fidelity, genomic scales,
geographic scales and time scales over which epigenetic marks
operate, they have the potential to exhibit a vast array of influ-
ences on local adaptation and RI. Even if we find that epigenetics
rarely affects Rl in natural populations, it is worthwhile to under-
stand why natural circumstances tend to eliminate epigenetic bar-
riers to gene flow. By rooting epigenetic modifications within the
framework of genetic variation in both empirical and theoretical
work, we can bridge the gap between contemporary organismal

processes and speciation.

AUTHOR CONTRIBUTIONS

All authors contributed to the development of the paper's concep-
tual framework. NPP wrote the manuscript, and CFC, JF, ZG and PN
edited the manuscript.

ACKNOWLEDGEMENT

We would like to thank Héléne Collin for discussion and inspiration
to pursue the role of epigenetics in local adaptation. Open access
funding enabled and organized by ProjektDEAL.



PLANIDIN ET AL.

1193

CONFLICT OF INTEREST

The authors have no conflicts of interest to declare.

DATA AVAILABILITY STATEMENT
The authors have no raw data to report. R code used to gener-
ate Figure 3 is available at https://github.com/planidin/Westr

am_comment.

PEER REVIEW
The peer review history for this article is available at https://publo
ns.com/publon/10.1111/jeb.14033.

ORCID

Nicholas P. Planidin "= https://orcid.org/0000-0003-4182-0841

REFERENCES

Adrian-Kalchhauser, I., Sultan, S. E., Shama, L. N. S., Spence-Jones,
H., Tiso, S., Keller Valsecchi, C. |, & Weissing, F. J. (2020).
Understanding “non-genetic” inheritance: Insights from
molecular-evolutionary crosstalk. Trends in Ecology & Evolution,
35, 1078-1089.

Angers, B., Castonguay, E., & Massicotte, R. (2010). Environmentally in-
duced phenotypes and DNA methylation: How to deal with unpre-
dictable conditions until the next generation and after. Molecular
Ecology, 19, 1283-1295.

Baerwald, M. R., Meek, M. H., Stephens, M. R., Nagarajan, R. P, Goodbla,
A. M., Tomalty, K. M. H,, Thorgaard, G. H., May, B., & Nichols, K.
M. (2016). Migration-related phenotypic divergence is associated
with epigenetic modifications in rainbow trout. Molecular Ecology,
25,1785-1800.

Bengtsson, B. 1985. The flow of genes through a genetic barrier. In:
Hereditas (Vol. 101, No. 2, p. 271). Cambridge University Press.
Bewick, A. J., Sanchez, Z., Mckinney, E. C., Moore, A. J., Moore, P. J,,
& Schmitz, R. J. (2019). Dnmt1 is essential for egg production and
embryo viability in the large milkweed bug, Oncopeltus fasciatus.

Epigenetics & Chromatin, 12, 6.

Biergans, S. D., Giovanni Galizia, C., Reinhard, J., & Claudianos, C. (2015).
Dnmts and Tet target memory-associated genes after appetitive ol-
factory training in honey bees. Scientific Reports, 5, 16223.

Biergans, S. D., Jones, J. C., Treiber, N., Galizia, C. G., & Szyszka, P. (2012).
DNA methylation mediates the discriminatory power of associative
long-term memory in honeybees. PLoS One, 7, €39349.

Bossdorf, O., Arcuri, D., Richards, C. L. & Pigliucci, M. (2010).
Experimental alteration of DNA methylation affects the pheno-
typic plasticity of ecologically relevant traits in Arabidopsis thaliana.
Evolutionary Ecology, 24, 541-553.

Charlesworth, B., Nordborg, M., & Charlesworth, D. (1997). The effects
of local selection, balanced polymorphism and background selec-
tion on equilibrium patterns of genetic diversity in subdivided pop-
ulations. Genetical Research, 70, 155-174.

Danchin, E., Pocheville, A., Rey, O., Pujol, B., & Blanchet, S. (2019).
Epigenetically facilitated mutational assimilation: Epigenetics as a
hub within the inclusive evolutionary synthesis. Biological Reviews,
94,259-282.

Dubin, M. J., Zhang, P., Meng, D., Remigereau, M.-S., Osborne, E. J., Paolo
Casale, F., Drewe, P., Kahles, A., Jean, G., Vilhjalmsson, B., Jagoda, J.,
Irez, S., Voronin, V., Song, Q., Long, Q., Ratsch, G., Stegle, O., Clark,
R. M., & Nordborg, M. (2015). DNA methylation in Arabidopsis has
a genetic basis and shows evidence of local adaptation. elLife, 4,
e05255.

JournaL of Evolutionary Biology .

Feng, S., Cokus, S. J., Zhang, X., Chen, P.-Y., Bostick, M., Goll, M. G.,
Hetzel, J., Jain, J., Strauss, S. H., Halpern, M. E., Ukomadu, C.,
Sadler, K. C., Pradhan, S., Pellegrini, M., & Jacobsen, S. E. (2010).
Conservation and divergence of methylation patterning in plants
and animals. Proceedings of the National Academy of Sciences, 107,
8689-8694.

Feng, S., & Jacobsen, S. E. (2011). Epigenetic modifications in plants:
An evolutionary perspective. Current Opinion in Plant Biology, 14,
179-186.

Fitzpatrick, B. M. (2012). Underappreciated consequences of phenotypic
plasticity for ecological speciation. International Journal of Ecology,
2012,e256017.

Foust, C. M., Preite, V., Schrey, A. W.,, Alvarez, M., Robertson, M. H.,
Verhoeven, K. J. F., & Richards, C. L. (2016). Genetic and epigenetic
differences associated with environmental gradients in replicate
populations of two salt marsh perennials. Molecular Ecology, 25,
1639-1652.

Gardiner, L.-J., Joynson, R., Omony, J., Rusholme-Pilcher, R., Olohan, L.,
Lang, D., Bai, C., Hawkesford, M., Salt, D., Spannagl, M., Mayer, K. F.
X., Kenny, J., Bevan, M., Hall, N., & Hall, A. (2018). Hidden variation
in polyploid wheat drives local adaptation. Genome Research, 28,
1319-1332.

Gibney, E. R., & Nolan, C. M. (2010). Epigenetics and gene expression.
Heredity, 105, 4-13.

Glastad, K. M., Hunt, B. G., & Goodisman, M. A. D. (2019). Epigenetics in
insects: Genome regulation and the generation of phenotypic di-
versity. Annual Review of Entomology, 64, 185-203.

Greenspoon, P. B, Spencer, H. G., & M'Gonigle, L. K. (2022). Epigenetic
induction may speed up or slow down speciation with gene flow.
Evolution.

Gugger, P. F., Fitz-Gibbon, S., PellEgrini, M., & Sork, V. L. (2016). Species-
wide patterns of DNA methylation variation in Quercus lobata and
their association with climate gradients. Molecular Ecology, 25,
1665-1680.

Heckwolf, M. J., Meyer, B. S., Hasler, R., Hoppner, M. P., Eizaguirre, C.,
& Reusch, T. B. H. (2020). Two different epigenetic information
channels in wild three-spined sticklebacks are involved in salinity
adaptation. Science Advances, 6, eaaz1138.

Herden, J., Eckert, S., Stift, M., Joshi, J., & van Kleunen, M. (2019). No
evidence for local adaptation and an epigenetic underpinning in na-
tive and non-native ruderal plant species in Germany. Ecology and
Evolution, 9, 9412-9426.

Herrera, C. M., & Bazaga, P. (2016). Genetic and epigenetic diver-
gence between disturbed and undisturbed subpopulations of a
Mediterranean shrub: A 20-year field experiment. Ecology and
Evolution, 6, 3832-3847.

Herrera, C. M., Medrano, M., & Bazaga, P. (2016). Comparative spatial
genetics and epigenetics of plant populations: Heuristic value and a
proof of concept. Molecular Ecology, 25, 1653-1664.

Hu, J., & Barrett, R. D. H. (2017). Epigenetics in natural animal popula-
tions. Journal of Evolutionary Biology, 30, 1612-1632.

Johnson, K. M., & Kelly, M. W. (2020). Population epigenetic divergence
exceeds genetic divergence in the eastern oyster Crassostrea virg-
inica in the northern Gulf of Mexico. Evolutionary Applications, 13,
945-959.

Kang, J. G., Park, J. S., Ko, J.-H., & Kim, Y.-S. (2019). Regulation of gene
expression by altered promoter methylation using a CRISPR/Cas9-
mediated epigenetic editing system. Scientific Reports, 9, 11960.

Keller, T. E., Lasky, J. R., & Yi, S. V. (2016). The multivariate association be-
tween genomewide DNA methylation and climate across the range
of Arabidopsis thaliana. Molecular Ecology, 25, 1823-1837.

Kilvitis, H. J., Alvarez, M., Foust, C. M., Schrey, A. W., Robertson, M.,
& Richards, C. L. (2014). Ecological epigenetics. Advances in
Experimental Medicine and Biology, 781, 191-210.


https://github.com/planidin/Westram_comment
https://github.com/planidin/Westram_comment
https://publons.com/publon/10.1111/jeb.14033
https://publons.com/publon/10.1111/jeb.14033
https://orcid.org/0000-0003-4182-0841
https://orcid.org/0000-0003-4182-0841

1194

PLANIDIN ET AL.

JOURNAL OF Evqutionary Bioloqy

Klemetsen, A. (2010). The charr problem revisited: Exceptional pheno-
typic plasticity promotes ecological speciation in postglacial lakes.
Freshwater Reviews, 3, 49-74.

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

Kooke, R., Johannes, F., Wardenaar, R., Becker, F., Etcheverry, M., Colot,
V., Vreugdenhil, D., & Keurentjes, J. J. B. (2015). Epigenetic basis
of morphological variation and phenotypic plasticity in Arabidopsis
thaliana. The Plant Cell, 27, 337-348.

Lafon-Placette, C., & Kéhler, C. (2015). Epigenetic mechanisms of post-
zygotic reproductive isolation in plants. Current Opinion in Plant
Biology, 23, 39-44.

Lea, A. J., Tung, J., & Zhou, X. (2015). A flexible, efficient binomial mixed
model for identifying differential DNA methylation in bisulfite se-
quencing data. PLoS Genetics, 11, e1005650.

Lea, A. J., Vilgalys, T. P, Durst, P. A. P.,, & Tung, J. (2017). Maximizing eco-
logical and evolutionary insight in bisulfite sequencing data sets.
Nature Ecology & Evolution, 1, 1074-1083.

Lira-Medeiros, C. F., Parisod, C., Fernandes, R. A., Mata, C. S., Cardoso,
M. A, & Ferreira, P. C. G. (2010). Epigenetic variation in mangrove
plants occurring in contrasting natural environment. PLoS One, 5,
e10326.

Otte, T., Hilker, M., & Geiselhardt, S. (2016). Phenotypic plasticity of
mate recognition systems prevents sexual interference between
two sympatric leaf beetle species. Evolution, 70, 1819-1828.

Pimpinelli, S., & Piacentini, L. (2020). Environmental change and the evo-
lution of genomes: Transposable elements as translators of phe-
notypic plasticity into genotypic variability. Functional Ecology, 34,
428-441.

Platt, A., Gugger, P. F., Pellegrini, M., & Sork, V. L. (2015). Genome-wide
signature of local adaptation linked to variable CpG methylation in
oak populations. Molecular Ecology, 24, 3823-3830.

Rangani, G., Khodakovskaya, M., Alimohammadi, M., Hoecker, U., &
Srivastava, V. (2012). Site-specific methylation in gene coding re-
gion underlies transcriptional silencing of the phytochrome a epi-
allele in Arabidopsis thaliana. Plant Molecular Biology, 79, 191-202.

Richards, C. L., Schrey, A. W., & Pigliucci, M. (2012). Invasion of diverse
habitats by few Japanese knotweed genotypes is correlated with
epigenetic differentiation. Ecology Letters, 15, 1016-1025.

Robertson, M., Schrey, A., Shayter, A., Moss, C. J., & Richards, C. (2017).
Genetic and epigenetic variation in Spartina alterniflora follow-
ing the Deepwater horizon oil spill. Evolutionary Applications, 10,
792-801.

Santos, F., & Dean, W. (2004). Epigenetic reprogramming during early
development in mammals. Reproduction, 127, 643-651.

Schmid, M. W., Heichinger, C., Coman Schmid, D., Guthérl, D., Gagliardini,
V., Bruggmann, R., Aluri, S., Aquino, C., Schmid, B., Turnbull, L. A.,
& Grossniklaus, U. (2018). Contribution of epigenetic variation to
adaptation in Arabidopsis. Nature Communications, 9, 4446.

Smith, T. A., Martin, M. D., Nguyen, M., & Mendelson, T. C. (2016).
Epigenetic divergence as a potential first step in darter speciation.
Molecular Ecology, 25, 1883-1894.

Thibert-Plante, X., & Hendry, A. P. (2011). The consequences of pheno-
typic plasticity for ecological speciation: Plasticity and ecological
speciation. Journal of Evolutionary Biology, 24, 326-342.

Vandegehuchte, M. B., & Janssen, C. R. (2014). Epigenetics in an eco-
toxicological context. Mutation Research/Genetic Toxicology and
Environmental Mutagenesis, 764-765, 36-45.

Venney, C. J., Sutherland, B. J., Beacham, T. D., & Heath, D. D. (2021).
Population differences in Chinook salmon (Oncorhynchus tshawyts-
cha) DNA methylation: Genetic drift and environmental factors.
Ecology and Evolution, 11, 6846-6861.

Verhoeven, K. J., & Preite, V. (2014). Epigenetic variation in asexually re-
producing organisms. Evolution, 68, 644-655.

Vojta, A., Dobrini¢, P., Tadi¢, V., Bockor, L., Kora¢, P., Julg, B., Klasi¢, M.,
& Zoldos, V. (2016). Repurposing the CRISPR-Cas9 system for tar-
geted DNA methylation. Nucleic Acids Research, 44, 5615-5628.

West-Eberhard, M. J. (2003). Developmental plasticity and evolution.
Oxford University Press.

Westram, A. M., Stankowski, S., Surendranadh, P., & Barton, N. (2022).
What is reproductive isolation? Journal of Evolutionary Biology, 48.

Weyrich, A., Lenz, D., Jeschek, M., Chung, T. H., Ribensam, K., Goritz,
F., Jewgenow, K., & Fickel, J. (2016). Paternal intergenerational
epigenetic response to heat exposure in male wild Guinea pigs.
Molecular Ecology, 25, 1729-1740.

Wilschut, R. A, Oplaat, C., Snoek, L. B., Kirschner, J., & Verhoeven, K. J. F.
(2016). Natural epigenetic variation contributes to heritable flower-
ing divergence in a widespread asexual dandelion lineage. Molecular
Ecology, 25, 1759-1768.

Wogan, G. O. U,, Yuan, M. L., Mahler, D. L., & Wang, . J. (2020). Genome-
wide epigenetic isolation by environment in a widespread Anolis
lizard. Molecular Ecology, 29, 40-55.

Yagound, B., Remnant, E. J., Buchmann, G., & Oldroyd, B. P. (2020).
Intergenerational transfer of DNA methylation marks in the
honey bee. Proceedings of the National Academy of Sciences, 117,
32519-32527.

Zemach, A., McDaniel, I. E., Silva, P., & Zilberman, D. (2010). Genome-
wide evolutionary analysis of eukaryotic DNA methylation. Science,
328,916-919.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Planidin, N. P., de Carvalho, C. F,,
Feder, J. L., Gompert, Z., & Nosil, P. (2022). Epigenetics and
reproductive isolation: a commentary on Westram et al., 2022.
Journal of Evolutionary Biology, 35, 1188-1194. https://doi.
org/10.1111/jeb.14033



https://doi.org/10.1111/jeb.14033
https://doi.org/10.1111/jeb.14033

	Epigenetics and reproductive isolation: a commentary on Westram et al., 2022
	1|INTRODUCTION
	2|EPIGENETICS AND RI: A CONCEPTUAL FRAMEWORK
	3|EXPANDING MODELS OF NEUTRAL GENE FLOW TO INCORPORATE EPIGENETICS
	4|REPERCUSSIONS OF EPIGENETICS ON RI
	5|INTEGRATING THEORY WITH DATA
	6|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENT
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT
	PEER REVIEW

	REFERENCES


