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Population epigenetics explores the extent of epigenetic variation and its dynamics in natural populations
encountering changing environmental conditions. In contrast to population genetics, the basic concepts of this field
are still in their early stages, especially in animal populations. Epigenetic variation may play a crucial role in
phenotypic plasticity and local adaptation as it can be affected by the environment, it is likely to have higher

spontaneous mutation rate than nucleotide sequences do, and it may be inherited via non-mendelian processes.

population epigenetics DNA methylation variation epimutation

| 1. Introduction

The understanding of an organism’s capacity to respond to environmental changes has advanced, in a large way,
through studies focusing on genetic variation and the manipulation of environmental conditions. These studies
confirm that genotype, environment, and their interaction contribute to phenotypic variability, a fundamental
prerequisite for evolution by natural selection. The tremendous development of genetic knowledge during the 20th
century has led to the merge of Darwinism and the field of genetics into a modern synthesis. However, researchers
now admit that genetic variation is not the only source of phenotypic variation that can be inherited across
generations because only a small proportion of variance in complex traits can actually be explained by genetic
variance W, The concept of inclusive heritability has been proposed to unify genetic and non-genetic mechanisms
of heritability, which encompasses all dimensions of inheritance such as the transmitted parental effect, ecological
variation, social variation, and transgenerational epigenetic inheritance (TEI) [2. There is a growing consensus that
epigenetics and, in particular, TEI could be one of the missing factors for understanding phenomena that cannot be
explained by the DNA sequence alone, such as incomplete penetrance (i.e., individuals of a given genotype
expressing different phenotypes) and the variance in expressivity (i.e., the degree/intensity to which complex trait
expression differs among individuals) B4, These two phenomena result in an incomplete correlation between

genotype and phenotype, and these may be partly explained by epigenetic mechanisms.

Epigenetics has been narrowly defined as mitotically and/or meiotically heritable changes in gene expression that
cannot be explained by changes in the gene sequence Bl These changes include histone modification, DNA
methylation, and small RNA regulation, and these are involved in processes such as cellular differentiation,
development, diseases, behaviors, and metabolism (€. Studies exploring phenotypic plasticity have showed that
epigenetic variation can play a significant role in the response that an organism has to environmental variation, as

epigenetic marks can be directly affected by the environment. In other words, environmentally induced epigenetic

https://encyclopedia.pub/entry/29957 1/15



DNA Methylation Variation in Wild Animal Populations | Encyclopedia.pub

variations have been proposed to mediate phenotypic plasticity as they allow the organisms to adapt to the
environmental conditions by increasing the phenotypic options of a genotype with no genetic sequence
modification B, Moreover, fithess-related phenotypes that are initially environmentally induced can be selected
to become genetically determined, and hence, heritable, a process that is named genetic accommodation [QIL1],
Genetic assimilation (i.e., the loss of or decreased plasticity 22) and genetic compensation (i.e., the selection for
similar phenotypes in different environments [£2)) are different types of genetic accommodation. In other words, in
addition to being another source of phenotypic variation, epigenetic variation can precede genetic adaptation
through genetic accommodation, thus reversing the standard model of evolution from a genotype-to-phenotype to a
phenotype-to-genotype information flow L1[14115]

Understanding the evolutionary implications of epigenetics and how epigenetic mechanisms contribute to
phenotypic variability is one of the current greatest challenges in evolutionary biology. The importance of epigenetic
variation in environmental adaptation and evolution has been investigated much more in plants than it has been in
animals 28271 Moreover, most epigenetic data that are available on animals have been collected under laboratory
conditions in model organisms such as mice and insects and these studies have mainly focused on epigenetic
mechanisms and their responses to environmental stressors 21811191201 | ghoratory studies on plants and animals
have shed light on some of the general features of epigenetics, with important evolutionary implications. First,
epimutations were assessed to be up to five orders of magnitude more frequent than genetic mutations were (10™*
versus 1072 per base pair and generation) in the model plant Arabidopsis thaliana 2122, Second, some epigenetic
marks may be stably inherited across generations through transgenerational epigenetic inheritance, as reported in
many plant and animal taxa such as mammals 23, birds 24, fish [22] and invertebrates 281271, Third, epigenetic

variation that is associated with changes in gene expression can be environmentally induced in plants and animals
[28][29]

An important step is now to examine the extent of epigenetic variation and the way that this variation changes over
time in wild populations that encounter natural levels of environmental complexity, genetic structure and dynamics,
and natural ecological processes. This endeavor represents part of the field of population epigenetics. Though the
basic concepts of population genetics from the 1930s are well described, these have been extended with the
introduction of the modern synthesis (MS), however, the body of knowledge concerning population epigenetics
remains largely scarce as it is a new research interest. As for laboratory studies, most of the natural population,
epigenetic research projects have been carried out in plant populations, which have been reviewed elsewhere 18
(301311, The first experimental work investigating epigenetics in natural animal populations was published in 2010 on
DNA methylation in rainbow trout Oncorhynchus mykiss 2. There has been a growing number of studies focusing
on natural population epigenetic variation, especially DNA methylation variation in animals in terms of their

phenotypic diversity generation and local adaptation.

DNA methylation, which is the most extensively characterized epigenetic mechanism in both plants and animals
83l DNA methylation is found across all taxa of life, and primarily occurs at the 5-methylcytosine bases in
eukaryotes and prokaryotes B4, |t involves the addition of a methyl group to cytosine within the CpG dinucleotides

in animals. The DNA methylation of regulatory regions is generally associated with gene down-regulation or
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silencing, but that is not always the case (3238l Recent studies have showed that gene body methylation is
positively correlated with transcriptional activity in most animal species 3. The genomic distribution of DNA
methylation has been described in many clades of animals, but there are some differences in how and where it
occurs. In vertebrates, the pattern and extent of DNA methylation is well conserved across species; DNA
methylation occurs nearly throughout the entire genome, with 70-80% of cytosines in the CpG dinucleotides being
methylated 7. Gene bodies, including exons and introns, are typically methylated, while CpGs in the gene
promoter regions are often lowly methylated 38139 The idea that only vertebrates have a highly methylated
genome has recently been challenged as this phenomena has also been found in the sponge Amphimedon
queenslandica and a unicellular green algae from the genus Chlorella 2449, Despite this rather consistent DNA
methylation pattern across vertebrate species, differences occur in terms of the pattern establishment during early
embryogenesis. Taking DNA methylation reprogramming as an example, the demethylation of both parental
genomes occurs in the mouse embryo, whereas the paternal pattern of methylation is maintained in zebrafish, with
a reprogramming of the maternal DNA to correspond to the paternal template 2. Regarding invertebrates, DNA
methylation patterns are extremely variable across taxa. Some invertebrate genomes lack cytosine methylation
such as the nematode Caenorhabditis elegans, the platyhelminth Schmidtea mediterranea, the fruit fly Drosophila
melanogaster, and the rotifer Adineta vaga 42431 while others are similar to plants as they have a mosaic of
heavily methylated DNA domains (predominantly in exons) that are interspersed with domains that are methylation-
free, such as the sea anemone, honey bee, and sea squirt 444, Although the DNA methylation pattern and its
genomic distribution vary widely across animal taxa, it is possible to draw general lines on its diversity and its

responsiveness when it is facing natural environmental conditions.

| 2. Epigenetic Diversity in Natural Animal Populations

DNA sequences are a succession of four different bases (A, C, T, and G), and each mutation switches a base for
another one. An allele is a variant of the same gene that is located at the same genetic locus and is characterized
by a specific sequence. Each diploid organism owns two alleles at each locus, and it is qualified as heterozygous if
the alleles are different, or homozygous if they are the same. The situation is quite different for DNA methylation
marks, since a cytosine can only be methylated (M) or unmethylated (U), thus restricting to two the number of
possibilities that there can be at each cytosine. For the same allele, each CpG (and at a lower level, each CHG and
CHH-H for any base, except for G) can either be M or U, thus producing a succession of single methylation
polymorphisms (SMPs). SMPs can accumulate in the DNA sequence, and they produce a specific methylation
pattern, or epiallele. While genetic variation refers to the different allele frequencies that there are among
individuals or populations, epigenetic variation corresponds to the presence or absence of epigenetic markers at
specific loci that are studied among and/or within populations 2. The amount of epigenetic variation within a
population is called epigenetic diversity, and it refers to SMP diversity 48, SMP diversity is generated by
epimutations, i.e., epigenetic modifications at a given position or region, and its origins can be genetic,
environmental, or stochastic 42147, Focusing on cytosine methylation (5mC), epimutations are heritable changes in
the methylation status of a single cytosine or of a region or cluster of cytosines 8. To determine the DNA

methylation diversity in wild animal populations, most field studies have used methylation-sensitive amplified
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polymorphism (MSAP or MS-AFLP) [“4BAB1 Next-generation sequencing is, more rarely and most recently, the
method that has been used among other such as reduced representation bisulfite sequencing (RRBS) [B2I[531(54][55]
MeDIP-Seq analysis B85 and whole-genome bisulfite sequencing (WGBS) 58!,

By comparing the epigenetic and genetic diversity in wild animal populations, it is possible to estimate the relative
importance of genetic and epigenetic variation in populations phenotypic diversity, and to test the hypothesis that
epigenetic divergence acts as the first step in speciation, allowing for the expression of alternative phenotypes in
response to environmental changes, which are ultimately fixed by genetic accommodation or assimilation 11231559
(691 Mmany studies have identified extensive epigenetic diversity that exceeds the genetic diversity between natural
populations of plants B2 |t was suggested that the epigenetic variation in natural plant populations plays a
major role for their transient and/or heritable adjustment to the changing environments, as it may be stable and
related to environmental variation 83, This implies that these environmentally induced epimutations may lead to the
convergence of individuals that are living in similar habitat conditions; this is a situation that may be exacerbated by
TEI. Despite the fact that studies on epigenetic variation in natural animal populations are scarce when they are
compared to plant studies, some discernible patterns have emerged after researchers have reviewed them.
Regardless of whether researchers focused on crustaceans, mollusks, fish, reptiles, birds, or mammals, the DNA
methylation variation was larger than the genetic variation was among and/or within wild animal populations 5318
(64][65][661[67][68] For example, Smith et al. studied the DNA methylation variation in fish (Etheostoma olmstedi) using
the MSAP technique. They investigated two North American river drainages, wherein, each of them include several
closely related populations, to characterize the epigenetic variation within and among the populations. They
obtained results that demonstrated that there is a significantly greater epigenetic diversity than there is genetic
diversity within all of the populations in both the Patuxent and Potomac rivers. Regarding the diversity among the
populations, their analysis demonstrated that there is a substantial epigenetic structure, but no genetic structure,
meaning that E. olmstedi populations are significantly different from each other in terms of their DNA methylation
patterns, but not in terms of their genomes 9. They assumed that the methylome is changing faster than the
genome is in this species, which is in accordance with the general hypothesis that epigenetic divergence can

precede genetic divergence in evolution due to its dynamics.

A larger amount of epigenetic diversity in comparison to the amount of genetic diversity can also arise between
populations of sister species. Skinner et al. measured the genetic mutations (via copy number variation—CNV) and
epimutations (via differential DNA methylation regions—DMRS) across five species of Darwin’s finches (Geospiza
fuliginosa, G. fortis, G. scandens, Camarhynchus parvulus, and Platyspiza crassirostris). As a result of these
measurements, they found that there were fewer genetic mutations than there were epimutations among the five
species, showing that the differences in the methylome are more related to evolutionary relationships than they are
differences in the genome. Moreover, they reported that the differentially methylated genes were related to
evolutionarily important pathways in birds 82, Vernaz et al. found a substantial methylome divergence between six
Lake Malawi cichlid species that show extensive phenotypic diversity despite having them extremely low DNA
sequence divergence. These DMRs were enriched in transposons and were associated with the transcription

changes of ecologically relevant genes that are related to energy expenditure and lipid metabolism in the cichlid’s
liver (681,
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An extreme situation can be observed in asexual species exhibiting a lack of genetic variation due to their
reproductive system. A study on epigenetic polymorphism in the clonal fish Chrosomus eos-neogaeus from seven
geographically distant lakes showed that they have an interindividual DNA methylation variability. Moreover,
individuals could be regrouped according to their lake of origin on the basis of their unique methylation profile, as
individuals of a given lake are epigenetically similar B9 Thorson et al. measured the genome-wide DNA
methylation variation of asexual New Zealand freshwater snail Potamopyrgus antipodarum from distinct habitats
(two lakes versus two rivers). Those snails have significant methylation signatures when one is comparing those of
the lake versus those of the river populations 4. Later, they examined the methylation variation among those in
the lakes that differ in their environmental disturbance and pollution histories. Using an MeDIP-Seq analysis, they
showed the presence of site-specific differences in the DNA methylation between each of those lake populations
B7. These studies raise the question of the environmental implications in epigenetic variability, which is discussed

later.

In most of the wild animal populations that have been examined to date, independently of the studied organisms or
the molecular analysis that is being used, the DNA methylation variation is larger than the variation in allele
frequencies within and among natural animal populations. This should not be surprising as epimutations can
happen randomly, such as mutations, but they can also be triggered by environmental conditions and by the
genotype itself. The epigenetic diversity that is found in a population is therefore the result of the combination of
these three distinct sources. To determine the implications of the epigenetic processes in evolution, a major
concern is to characterize the degree of autonomy between epigenetic and genetic variation and ultimately, the

degree of phenotypic variation that can be explained only by the environmental or stochastic epimutations 2],

3. Correlation between Epigenetic and Genetic Variation in
Natural Animal Populations

Based on their degree of autonomy from the underlying genotype, epialleles are categorized into three types:
obligatory, which is completely dependent on the genetic variation; facilitated, which is directed or loosely
potentiated by the genotype; pure, which is independent of the genetic variation and is generated by stochastic
events or environmental changes 2. To identify which epialleles categories are encountered in natural
populations, the correlation between the genetic and epigenetic profiles can be estimated, mostly by using a
Mantel test BAB3I7AITS] - A significant (positive or negative) correlation suggests that the epigenetic and genetic
variations are interdependent, which corresponds to the presence of obligatory epialleles. In contrast, the absence
of a significant correlation suggests that the epigenetic variation can autonomously impact the phenotypic variation,

by being totally or partly independent from genetic control.

Under laboratory conditions, epimutations are expected to be mostly obligatory. The lack of environmental
fluctuations in the laboratory housing conditions does not promote environmentally induced epimutations and the
selection of epimutation-sensitive alleles that are responsible for alternative phenotypes that occur while
experiencing environmental changes in natural conditions (see the Baldwin effect in “Section 5.2 Epigenetics and

macroevolution of natural animal population”). In this case, epigenetic variation can be viewed as a phenotypic
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read-out downstream of the genotype, with a low environmental contribution. For example, Hu and Barrett
reviewed the epigenetically encoded thermal plasticity in animals. Of the 14 studies, 13 included a putatively
obligatory epigenetic variation that was underlying phenotypic plasticity, and only one was categorized as
“unknown” 23], |n mice and humans, some studies have evaluated the association between epigenetic and genetic
variation with a narrow-sense heritability, i.e., the ratio of additive genetic variance to the total phenotypic variance.
It appears that genetic variation can explain an average of 7-34 % of all methylation variation Z8I778] |n natural
animal populations, although several studies have measured epigenetic and genetic variation, only a few of them
have estimated the relationship between those variations. Of the 26 reviewed studies, 12 did not calculate a
correlation coefficient between the genetic and epigenetic variation, eight studies found a non-significant
correlation, and six studies obtained a significant correlation (Table 1). Moreover, few authors have linked a
calculated correlation coefficient to Richards’ epiallele categories. For instance, Liebl et al. obtained a significant
negative correlation between the genetic and DNA methylation variation within seven populations of house
sparrows (Passer domesticus) 9. However, they predicted that all three kinds of epialleles could play a role in
those populations as their design could not discriminate between the three categories. Despite the lack of direct
connection between these categories and the genetic vs. epigenetic variation—correlation coefficient, calculating
this coefficient can still help to estimate the relative importance of the genetic and epigenetic variation in the
mechanisms that are facilitating population divergence, and to highlight the extent to which epigenetic variation is

under genetic control 73],

Table 1. Overview of studies focusing on genetic and epigenetic diversity and correlation in natural animal

populations.

Genetic vs. Epigenetic

Species Correlation Epialleles Category Ref.
Clonal fish Putatively pure or 69]

No significant correlation

(Chrosomus eos-neogaeus) facilitated
Clonal fish . . Putatively pure or
No significant correlation . .y P (9]
(Chrosomus eos-neogaeus) facilitated
Clonal fish - .
No significant correlation Unknown (89]
(Chrosomus eos-neogaeus)
House sparrows R . . 79
. . Significant negative correlation Unknown [z9]
(Passer domesticus) (Africa) 9 9
House sparrows L . 74
. . No significant correlation nknown [74]
(Passer domesticus) (Australia) 0 significant correiatio Unkno
Red grouse N . 81]
. No significant correlation Unknown
(Lagopus lagopus scotica)
Bats Significant positive correlation Unknown [66]

(Rhinolophus pusillus,
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Genetic vs. Epigenetic

Species Correlation

Epialleles Category Ref.

Hipposideros armiger and
Miniopterus fuliginosus)

South African (Gansbaii)

- . Putativel
sandhopper No significant correlation utatlv?.y pure or (501
. . facilitated
(Talorchestia capensis)
South African sandhopper - . ) . . [50]
. . Significant negative correlation Putatively obligator
(Talorchestia capensis) 9 g y obligatory
Pacific oyster - iy . ' ' [67]
. Significant positive correlation Putatively obligator
(Crassostrea gigas) 9 P y gatory
Crested anole Significant positive correlation Putatively obligator 4]
(Anolis cristatellus) 9 P y gatory
Eastern oyster I . 53]
oL No significant correlation Unknown
(Crassostrea virginica)
Fish Significant positive correlation Unknown 5]
(Gobio occitaniae) g &
' [69]
Chinook salmon No significant correlation Unknown g2 al » an

(Oncorhynchus tshawytscha) significant

relationship between their variation. Firstly, the epigenetic variation can regulate the active status of transposable
elements (TEs). TEs are DNA sequences that have the ability to change their position within a genome. The
epigenetic control of gene expression mostly originates from the regulation of TEs that are inserted near genes 3!,
In fact, TEs are the major carriers of epigenetic marks and are subject to almost all epigenetic regulatory
mechanisms in plants 4. Interestingly, there is a great variability in the locations of the TEs, not only between
different species, but also within populations. More than 90% of the TEs that are inserted at a specific genomic
position are not present in all individuals within both animal 2! and plant B4 populations. Transposon insertion
polymorphism between individuals may come from epigenetic variation and it results in genomic sequence
variation. Secondly, DNA methylation variation can influence the mutation rates in repetitive elements which are
known to regulate genome 3D folding and the establishment of heterochromatin, among other regulation
mechanisms 8. These repetitive elements are patterns of nucleic acids that occur as multiple copies in the DNA
sequence, comprising TEs, simple sequence repeats (SSRs), and microsatellites, and these represent a major
fraction of vertebrate genomes BZ. Some studies have highlighted the correlation between a decrease in the DNA
methylation of specific repetitive elements and an increase in the copy number variations (CNVs), thus showing
another possible epigenetic-to-genetic flow [B8I8A  Finally, besides these specific genome components,
epimutations may alter the global genome stability and modify the mutation rate of the DNA sequences throughout
the genome. Methylated cytosines (mCs) in the CpG context seem to have a higher mutation rate than non-
methylated ones 29 and this is in part because mCs are subject to spontaneous deamination 2. This process,
where an mC turns into a T, occurs at a rate that is 10- to 50-fold higher than any other mutation is in humans 221,
The result of this hypermutability is a CpG depletion in the consistently methylated genomic regions. Yet, the

amount of CpGs in a genome partly determines its epigenetic potential, which is defined as “the capacity for
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environmentally induced phenotypic change (i.e., plasticity) via epigenetic modifications to relevant genomic
elements” [23l, CpGs are considered as the capacitors of phenotypic plasticity; the more CpGs an organism has,

then the more facilitated their acclimation is via DNA methylation and gene expression regulation.

In summary, epigenetic and genetic changes most likely work in concert to regulate the gene expression and
phenotypic variation of complex traits (Figure 1). The proportion of the genotype-independent and -dependent
epigenetic variation reflects the underlying mechanisms of the natural animal population’s evolutionary pathways to
promote phenotypic variation 83, New insights that researchers would like to highlight is that even though there is
a significant correlation between epigenetic and genetic variation, epigenetic variation is not necessarily dependent
on genetic variation. As has already been explained, the epigenome can influence the genome in different ways.
Moreover, a significant correlation does not imply that there is a causal relationship. Geographical and ecological
processes may create parallel evolutions of genetic and epigenetic structures, and thus, similar patterns that are
without any functional link with each other. To better understand these dynamics, it is important to consider the
mechanisms that are influencing both genetic and epigenetic diversity, and the processes that only act on

epigenetic markers in wild animal populations.

Random mutation
Genetic drift

Genetic
variation

Obligatory/facilitated Mutatim.'\ 3
epimutation Recombu:\afhon
Transposition

Gene expression .
variation PhenOtyplC
variation

Random epimutation
Epigenetic drift Environmental
epimutation

Figure 1. Interactions between epigenetic, genetic, environmental, and phenotypic variations. Epigenetic variation

can depend upon the genotype (obligatory and facilitated epimutations), or it can be independent of the genotype
(pure epimutations) and be generated by environmental changes or stochastic events (random

epimutation/epigenetic drift). Adapted with permission from 44, 2022, Frédéric Silvestre.
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