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Laboratory experiments and ﬁeldwork with asexually reproducing invertebrates and vertebrates clearly revealed
that animal populations can produce substantial phenotypic variation despite genetic identity. This epigenetically
caused phenotypic variation comes from two different sources, namely directional environmental induction and
bed-hedging developmental stochasticity. Both occur together and are mediated by molecular epigenetic
mechanisms like DNA methylation, histone modiﬁcations and microRNAs. These epigenetic mechanisms are
also involved in insect polyphenism, phenotypic changes in early domestication, and gene expression change and
chromatin rearrangement during speciation. Epigenetic variation is particularly important for asexual populations
helping them to stay in the game of life when the environmental conditions change. However, it is also relevant for
sexually reproducing populations, as shown for genetically impoverished invasive groups, cave animals and
sessile taxa that cannot evade unfavourable environmental conditions. Experiments revealed that epigenetic
marks can be transgenerationally inherited and persist for several generations. First evidence suggests that
inherited epimutations with phenotypic effects may end-up in phenotype-ﬁxing genetic mutations by accelerated
mutation of methylated nucleotides. Reﬁned concepts, suitable animal models, fast and affordable new omics
techniques that require only small tissue samples, and appropriate data interpretation tools are now available
enabling future investigations in ecological and evolutionary epigenetics with high accuracy.
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1. Introduction
The generation of phenotypic variation in populations is
central to ecology and evolution because it is the basis of
adaptation and selection. Phenotypic variation is generated
by genetic variation and two different sources of non-genetic or epigenetic variation, namely environmentally
induced variation and stochastic developmental variation.
Genetic variation is caused by differences in DNA
sequences and epigenetic variation is produced by different
expression of the same DNA sequence, which is mediated
by molecular epigenetic mechanisms such as DNA
methylation, histone modiﬁcations and microRNA activity
(Feinberg and Irizarry 2010; Jablonka and Lamb 2014;
Verhoeven and Preite 2014; Skinner 2015; Vogt
http://www.ias.ac.in/jbiosci

2015, 2017a, 2020a; Leung et al. 2016; Glastad et al. 2018;
Angers et al. 2020; Villagra and Frı́as-Lasserre 2020).
The non-genetic proportion of phenotypic variation
has already been investigated for many decades under
the term phenotypic plasticity (Pigliucci 2001; DeWitt
and Scheiner 2004; Fusco and Minelli 2010; Fox et al.
2019). Research on epigenetic variation, which has
begun about 3 decades ago after the detection of the
role of DNA methylation and histone modiﬁcations in
gene expression (Jaenisch and Bird 2003; Morange
2013; Felsenfeld 2014), is the continuation of phenotypic plasticity research from a different angle of view,
considering the underlying molecular mechanisms.
The importance of epigenetic variation in environmental adaptation and evolution is much better
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investigated in plants and microorganisms than in
animals (Veening et al. 2008; Thiebaut et al. 2019;
Eriksson et al. 2020; Sánchez-Romero and Casadesús
2020). Plants came earlier into the focus of ecological
and evolutionary epigenetics than animals (Bender
2002) because they are sessile and cannot evade
unfavourable environmental conditions. Moreover,
many plant species and lineages are asexuals lacking
genetic recombination (De Kroon and van Groenendael
1997). Due to rather long generation times, asexual
plant populations can generate only relatively little
genetic variation by random mutation. Nevertheless,
they display considerable phenotypic variation, which
is the result of epimutations. Epimutations are reversible changes in the chemical structure of the DNA and
chromatin that, unlike genetic mutations, do not change
the DNA sequence. In the model plant Arabidopsis
thaliana epimutations are about ﬁve orders of magnitude more frequent than genetic mutations (10-4 versus
10-9 per base pair and generation) (Van der Graaf et al.
2015).
Bacteria and many protists reproduce asexually as
well. However, in contrast to asexual plants and animals microbial populations can generate substantial
genetic variation in short time intervals due to short
generation times and very high population densities.
Nevertheless, bacterial pathogens additionally use
epigenetic variation to increase pathogenicity and
escape antibiotics treatment (Bierne et al. 2012; Ghosh
et al. 2020). Genetically uniform human cancers also
produce epigenetic variation to help driving the cancer
phenotype and to develop resistance against
chemotherapy (Baylin and Jones 2016; Roberti et al.
2019).
The early research on epigenetics in animals was
mostly done with laboratory mice and insects and
focused on the identiﬁcation and biochemistry of
molecular epigenetic mechanisms and their response to
environmental stressors (Jaenisch and Bird 2003;
Dolinoy and Faulk 2012; Feil and Fraga 2012; Blewitt
and Whitelaw 2013; Burggren 2017; Phillips and Roth
2019). Studies on epigenetic variation in animal populations, which is the focus of this review paper,
remained relatively rare (Hu and Barrett 2017). Most
studies in this ﬁeld are from the last 5 years.
This paper discusses pioneering and ongoing studies
on epigenetic variation in laboratory raised and wild
animal populations and its relevance for ecology and
evolution. It summarises the progress that has been
made in the last decade, identiﬁes gaps of knowledge
and conceptual and technical deﬁciencies, and outlines
some promising future research directions. The term

epigenetic variation is used in analogy to genetic
variation for both the variation of molecular epigenetic
marks in populations and the variation of phenotypic
traits resulting from these epigenetic modiﬁcations.
The review starts with an explanation of the epigenetic
mechanisms that cause non-genetic phenotypic variation and a short account of insect polyphenism, which
most impressively demonstrates the power of epigenetics. It then presents laboratory and ﬁeld studies with
asexual animals that are particularly suitable for
research on epigenetic variation because confounding
inﬂuences of genetic variation are absent or minimal.
The following sections deal with the role of epigenetic
variation in invasion and adaptive radiation, domestication and speciation. Invasive groups are often very
successful in new ecosystems despite low genetic
diversity, and domestication reﬂects very rapid evolution under controlled conditions. Speciation involves
changes of gene expression and rearrangement of
chromatin, which are modulated by epigenetic mechanisms. The review closes with a discussion on what
we know already and what remains to be investigated
emphasizing epigenetics-speciﬁc points to be considered in future study design.
2. Epigenetic mechanisms and the production
of epigenetic variation
The non-genetic phenotypic variation is caused by
epigenetic mechanisms. Molecular biologists, particularly those working with unicellular bacteria and yeast,
restrict the term epigenetics to stable, mitotically and
sometimes meiotically inheritable alterations of gene
expression by changes in DNA methylation, histone
modiﬁcations and microRNA activity (Jaenisch and
Bird 2003; Lennartsson and Ekwall 2009; Moutinho
and Esteller 2017). Unlike the genetic code, the epigenetic marks on the DNA and histones can be erased
and rewritten during the lifetime of an organism and
there are examples of the marks persisting across
generations (transgenerational epigenetic inheritance)
(Jablonka 2017; Perez and Lehner 2019).
Biologists working with multi-cellular organisms
additionally consider higher-level epigenetic processes
that can lead to the variable expression of phenotypic
traits from the same genome, e.g., chemical and
mechanical cell-to-cell interactions, self-organization
of tissues, and self-reinforcing circuitries involving
behaviour, metabolism and neuroendocrine control
(Newman and Müller 2005; Hallgrı́msson and Hall
2011; Vogt 2015). Good examples of higher-level
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epigenetic mechanisms are the morphogenic diffusion–
reaction systems (Landge et al. 2020) and the spreading of melanocytes from the neural crest to their ﬁnal
destination in the vertebrate body. These mechanisms
contribute signiﬁcantly to colour variation in spotted
butterﬂies and mammals (Nijhout 1990; Kelsh et al.
2008).
This section focuses on epigenetic mechanisms that
act on the DNA and chromatin level. Transcription of
genes in eukaryotes takes place at the chromatin in
which the DNA is wrapped around nucleosomes (ﬁgure 1). These histone complexes greatly inﬂuence DNA
transcription by either shielding the DNA or allowing
binding of transcription factors to the DNA. The
N-terminal tails of the histones carry post-translational
modiﬁcations (ﬁgure 1), which can affect the chromatin

Figure 1. Molecular epigenetic mechanisms that generate
epigenetic variation. Histone modiﬁcations: The aminoterminal tails of the histones (H) that constitute the
nucleosomes can be reversibly acetylated, methylated and
phosphorylated. These modiﬁcations affect chromatin structure and ﬁne-tune the accessibility of the transcription
machinery (TATA box binding protein, TBP; transcription
factors, TF; RNA polymerase II complex, RNA Pol) to the
DNA. DNA methylation: DNA methylation refers to the
addition of a methyl group to cytosines in CpG dinucleotides. Depending on the site of methylation in promoters
or gene bodies, this mechanism can switch genes on and off
or ﬁne-tune their expression, respectively. Micro-RNAs:
microRNAs silence gene expression via complementary
base-pairing to mRNA molecules leading ﬁnally to mRNA
degradation. RNA editing: editing of double-stranded RNA
by ADAR changes adenosine to inosine which pairs with
cytosine instead of thymidine diversifying the transcriptomic
proﬁle by codon change (from Coutinho Carneiro and Lyko
2020, modiﬁed).
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structure generating either active euchromatin or inactive heterochromatin. Histone acetylation usually
stimulates gene expression whereas histone methylation mostly represses gene expression (Lennartsson and
Ekwall 2009; Bannister and Kouzarides 2011; Allis
and Jenuwein 2016). These chemical modiﬁcations are
dynamically regulated by enzymes (Marmorstein and
Trievel 2008).
DNA methylation is the best-studied epigenetic
mechanism in animals. It is involved in gene regulation, silencing of transposons and imprinting (Jaenisch
and Bird 2003; Jones 2012; Schubeler 2015; Greenberg
and Bourc’his 2019; Villagra and Frı́as-Lasserre 2020).
The methylation signatures can be faithfully propagated through subsequent cell generations. The
methylation marks are mostly on the cytosines of CpG
dinucleotides (ﬁgure 1). DNA methylation occurs in
the vast majority of animals (Vogt 2017b) but has been
lost in some species such as the nematode
Caenorhabditis elegans and the fruit ﬂy Drosophila
melanogaster (Raddatz et al. 2013; Bewick et al.
2017). There is no consistent correlation between
methylation level and evolutionary level or genome
size, as earlier assumed (Vogt 2017b). Invertebrates
mostly show a mosaic pattern of DNA methylation,
whereas vertebrates have evolved genome-wide
methylation. DNA methylation can affect promoters,
gene bodies and repeats (Jaenisch and Bird 2003; Jones
2012; Schubeler 2015). Gene body methylation is
apparently conserved throughout the animal kingdom
but methylation of promoters and repetitive sequences
seems to be variable. Methylation of promoters usually
results in transcriptional repression (Schubeler 2015).
Gene body methylation seems to modulate gene
expression and reduce spurious RNA polymerase
transcription or transcriptional noise (Neri et al. 2017).
DNA methylation marks are established and erased
by a DNA methylation machinery consisting of DNA
methyltransferases (Dnmts) and ten-eleven-translocation enzymes (Tets) (Law and Jacobsen 2010; Pastor
et al. 2013; Lyko 2018). The ancestral DNA methylation machinery in animals probably included single
copies of Dnmt1 and Dnmt3 and Tet. Dnmt1 and 3,
which serve for maintaining methylation patterns after
DNA replication and de novo DNA methylation,
respectively, were repeatedly expanded or lost in the
animal kingdom. Tet that catalyses demethylation was
expanded in vertebrates only.
Diverse classes of small to long non-coding RNA
are further regulators of gene expression, genome
stability and defence against foreign genetic elements.
For example, microRNAs can cause mRNA
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degradation (ﬁgure 1) or inhibit translation (Castel
and Martienssen 2013; Moutinho and Esteller 2017;
O’Brien et al. 2018). SiRNAs can regulate gene
transcription through transposable element silencing
and the interaction with other epigenetic mechanisms
such as DNA methylation and histone modiﬁcation
(Holoch and Moazed 2015).
There are additional, less well-known modiﬁcations
of the DNA (epigenome) and mRNA (epitranscriptome) and mechanisms of RNA editing that can
increase phenotypic variation (Coutinho Carneiro and
Lyko 2020; Zhao et al. 2020), e.g., the deamination
of adenosine to inosine by the ADAR (Adenosine
Deaminase Acting on RNA) enzyme family (ﬁgure 1). During translation inosine is recognized as
guanosine, and thus, this mechanism can change
codons (Eisenberg and Levanon 2018). This way, a
single transcript can lead to a diversiﬁed proteome
and phenome.
In animals, non-genetic phenotypic variation appears
in two variants: the production of two or more discrete
phenotypes from the same genome (polyphenism) and
the generation of a continuous range of phenotypes
from the same genome. Research with asexual animals
revealed that the latter is either produced by environmental induction or developmental stochasticity.
Apparently, all of these variants of epigenetic variation
are mediated by epigenetic mechanisms such as DNA
methylation, histone modiﬁcations and microRNAs.

functionally highly diverse. An example is given in
ﬁgure 2 for a digestive enzyme synthesizing hepatopancreas cell (ﬁgure 2A), a granular haemocyte
involved in immune defence (ﬁgure 2B) and a muscle
cell causing gut peristalsis (ﬁgure 2C) in shrimp Penaeus monodon. In humans, an estimated 400 cell
types originate from the single genome of the zygote
(Vickaryous and Hall 2006).
DNA methylation has been identiﬁed as an important
effector of tissue speciﬁcity in mouse and humans
(Lokk et al. 2014; Greenberg and Bourc’his 2019). For
example, Lokk et al. (2014) subjected 17 somatic tissues from four humans to functional genome analysis
and identiﬁed a great number of tissue-speciﬁc differently methylated regions (DMRs). Many of the genes
carrying these DMRs had tissue-speciﬁc functions.
Blake et al. (2020) performed a multi-tissue comparative study of gene expression and DNA methylation
using livers, kidneys, hearts and lungs from four
humans, four chimpanzees and four rhesus macaques.
They found a high degree of conservation in gene
expression levels when considering the same tissue
across species. They also measured signiﬁcant differences in DNA methylation between tissues and identiﬁed tissue-speciﬁc DMRs. Zhang and Zhang (2011)
reported that histone modiﬁcation proﬁles also vary
between tissues and cells and are predictive for celltype-speciﬁc expression of both protein-coding genes
and microRNA genes.

3. Cell type heterogeneity in individuals
and polyphenism, the most impressive examples
of epigenetic variation

3.2 Different morphs in the life cycle
of holometabolous insects

The enormous power of epigenetic mechanisms to
generate different phenotypes from the same DNA
sequence is most impressively illustrated by the different cell types in an animal’s body, the discrete life
stages of holometabolous insects and the morphologically and behaviourally different castes in social
insects. Table 1 lists some examples of dimorphisms
that are generated from the same genome in response to
environmental signals.

3.1 Different cell types in the same individual
The various cell types in a multi-cellular animal all
originate from a single cell, the zygote. They are
genetically identical but morphologically and

Holometabolous insects produce morphologically,
functionally and behaviourally very distinct life stages
from the same genome, namely the larva (ﬁgure 2D),
pupa (ﬁgure 2E) and adult (ﬁgure 2F). These phenotypically diverse life stages allow insects to partition
life history to feeding and growth (larvae), quiescence
and metamorphosis (pupae), or reproduction and dispersal (adults) (Simpson et al. 2011). They are controlled by a hormone-mediated developmental
programme (Rolff et al. 2019). The involvement of
epigenetic mechanisms in generation of these different
morphs from the same genome is only sparsely
investigated.
Jones et al. (2018) studied genome-wide DNA
methylation at single-nucleotide resolution in the cotton bollworm moth, Helicoverpa armigera, a globally
invasive pest of agriculture. About 0.9% of CpG sites
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Figure 2. Phenotypical differences between genetically identical cell types of shrimp Penaeus monodon (A–C) and
genetically identical life stages of butterﬂy Papillo machaon (D–F). (A) Digestive enzyme synthesizing hepatopancreas cell
of giant tiger prawn characterized by plenty of rough endoplasmic reticulum (arrowheads) and large Golgi bodies (arrow). n,
cell nucleus. (B) Granular haemocyte involved in immune defense characterized by numerous granules (arrow) including
components of the immune system. (C) Contractile muscle cell around intestine (In) characterized by myoﬁlament bundle
(arrow) (A–C from Vogt 2019a, b). (D) Feeding and growing larva of swallowtail butterﬂy. (E) Resting and metamorphosing
pupa. (F) Dispersing and reproducing adult (D–F from https://www.saarzeitung.de/neunkirchen/illingen/NABU-TIPPSchwalbenschwanz-in-den-Garten-locken,943999).

were methylated and the methylation pattern was
almost identical in the larvae and adults. In contrast,
Cardoso-Junior et al. (2017) investigated epigenetic
chromatin modiﬁcation in the stingless bee Melipona
scutellaris using an ELISA-based methodology to
quantify global DNA methylation and western blot
assays to analyse histone modiﬁcations. They measured DNA methylation/demethylation events in larvae
and pupae and signiﬁcant differences in histone
methylation and phosphorylation between newly
emerged adult queens and workers.

3.3 Polyphenism in social insects
Polyphenism in insects is involved in a wide range of
functions. It helps to optimally exploit resources (seasonal morphs), to cope with temporally heterogeneous
environments (dispersal morphs) and to partition
labour (castes of eusocial insects) (Simpson et al.
2011). It is triggered by environmental cues and
mediated by neurochemical and hormonal pathways
that are regulated with the help of environment-sensitive epigenetic marks on the respective genes and
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Figure 3. Density-dependent polyphenism in migratory locust Schistocerca gregaria. (A) Green solitarious nymph (from
Burrows et al. 2011). (B) Brown gregarious nymph (from Burrows et al. 2011). (C) Scheme illustrating the involvement of
epigenetic mechanisms in environmentally induced phase transition. Epigenetic marks on genes involved in phase transition
are modiﬁed in response to environmental signals such as crowding resulting in gene expression changes. Some changes
occur within hours but others require several generations. Epigenetic marks are thought to perpetuate these changes over
moults and generations (from Ernst et al. 2015, modiﬁed).

chromatin (Simpson et al. 2011; Glastad et al. 2018;
Yang and Pospisilik 2019; Villagra and Frı́as-Lasserre
2020). Examples are seasonal morphs in aphids, density-dependent phenotypes in locusts and diet-mediated
phenotypes in bees (Simpson et al. 2011).
Migratory locusts change reversibly between solitarious and gregarious phases that differ dramatically in
appearance, physiology and behaviour (Burrows et al.
2011; Ayali 2019). For example, in the desert locust,
Schistocerca gregaria, the solitary phase is green
(ﬁgure 3A) and the gregarious phase is brown
(ﬁgure 3B). Different phase traits change at different
rates: some behaviours take just a few hours, coloration
takes a lifetime and the muscles and skeleton take
several generations (ﬁgure 3C). The establishment of
gregarious behaviour is mainly caused by a substantial
increase in serotonin.
Falckenhayn et al. (2013) analyzed the methylome of
Schistocerca gregaria using whole-genome bisulﬁte

sequencing (WGBS). They revealed a total cytosine
methylation level of 1.3%, conﬁnement of the methylation marks to CpGs and exons and methylation of a
signiﬁcant fraction of transposons. Genic sequences
were densely methylated in a pronounced bimodal
pattern suggesting a role for DNA methylation in the
regulation of locust gene expression.
Ernst et al. (2015) reviewed the relationship of phase
transition and epigenetics in Schistocerca gregaria.
DNA methylation, histone modiﬁcations and microRNAs seem to be all involved in phase transition but
the database is still small. For example, about 90 genes
are differentially methylated in gregarious versus solitarious locusts and the brains of gregarious specimens
contain more phosphorylated histone H3 when compared to solitarious specimens. Gregarious locusts also
had double the amount of microRNAs, whereas the
solitarious individuals had higher levels of endosiRNAs and piRNA-like small RNAs. Moreover,

Epigenetic variation in animals

microRNA-133 has been shown to inhibit aggregation
by controlling dopamine synthesis.
The honeybee Apis mellifera produces morphologically, behaviourally and reproductively different
queens and workers from the same genome by differential feeding of the larvae. Presumptive queens are fed
with royal jelly and presumptive workers with pollen.
Both morphs are diploid but the workers are considerably smaller and sterile. Queens (ﬁgure 4A) produce
the entire offspring and regulate life in the hive by
pheromones. Workers act as foragers (ﬁgure 4B) or
nurses. Longevity is about 2 years in queens but only
3–6 weeks in workers.
Several papers demonstrate key roles for DNA and
chromatin modiﬁcations in inducing the queen/worker
phenotypes in honeybee. For example, Lyko et al.
(2010) reported that the DNA of the brain of queens
and workers differ in methylation of more than 550
genes, including genes involved in metabolism, RNA
synthesis, nucleic acids binding, signal transduction,
brain development and neural functions. An example is
given in ﬁgure 4C for the syd gene, a catalytic component of the chromatin structure-remodelling complex. In a similar study, Herb et al. (2012) could not
verify these results but instead found substantial differences in DNA methylation between nurse and forager subcastes of workers. Reverting foragers to nurses
re-established methylation signatures for a majority of
genes.
Foret et al. (2012) sequenced the larval and adult
methylomes in both queens and workers. They found
that the number of differentially methylated genes
(DMGs) in the larval head is signiﬁcantly increased
relative to the adult brain (2399 vs. 560) with more
than 80% of DMGs hypermethylated in worker larvae
(ﬁgure 4D). Several highly conserved metabolic and
signalling pathways are enriched in methylated genes,
including genes related to juvenile hormone and insulin, two hormones shown to regulate caste determination. The authors also described a distinct role for one
of the DMGs encoding anaplastic lymphoma kinase
(ALK), an important regulator of metabolism. They
showed that alk is not only differentially methylated
and alternatively spliced, but also seems to be regulated
by a cis-acting, anti-sense non-protein-coding
transcript.
Wojciechowski et al. (2018) produced the ﬁrst genome-wide maps of chromatin structure in honeybee at a
key larval stage in which developmental canalization
into queen or worker was virtually irreversible. Using
ChIP-seq, which combines chromatin immunoprecipitation with DNA sequencing to identify the binding
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sites of DNA-associated proteins, they found extensive
genome-wide differences in histone modiﬁcations
(H3K4me3, H3K27ac and H3K36me3), many of
which correlated with caste-speciﬁc transcription. The
authors identiﬁed H3K27ac as a key chromatin modiﬁcation with a pronounced caste-speciﬁc distribution.
H3K27ac was found in exons, introns and intergenic
regions (ﬁgure 4E). An increase in enrichment of
H3K27ac in 96 h queens was almost exclusively
located within 0–1 kbp downstream of the transcription
start sites, whereas in 96 h workers enrichment was
mostly located outside this region (ﬁgure 4F).
4. Epigenetic variation in animal populations
and involvement in environmental adaptation
Asexually reproducing animals are particularly suitable to investigate the extent of epigenetic variation in
populations and the role of epigenetics in environmental adaptation because confounding genetic variation is minimal. Several asexual invertebrates and
vertebrates have been used in the last years to study this
issue in the laboratory and the wild. The role of epigenetic variation in sexually reproducing populations is
more difﬁcult to explore but there are some interesting
studies available on invasive groups, adaptive radiations and sessile animals.
4.1 Epigenetic and phenotypic variation
in differently adapted monoclonal snail populations
The New Zealand mud snail, Potamopyrgus antipodarum, is one of the few molluscs capable of asexual
reproduction. Genetic and karyotypic data suggest that
clonal lineages emerged repeatedly from diploid sexual
females by spontaneous transition from diploidy and
gonochorism to triploidy and parthenogenesis (Neiman
et al. 2005). Neiman and colleagues found that most
asexual lineages are 20,000–70,000 years old, but two
genetically distant asexual clades have arisen at least
500,000 years ago. The New Zealand mud snail has
been introduced in many areas of the world including
Europe (since 1859) and North America (since 1987)
(Alonso and Castro-Dı́ez 2008). This species is now
widely used as a model for studying invasions and the
evolution of sex.
The biology and ecology of Potamopyrgus antipodarum are rather well investigated (Dybdahl and Kane
2005; Neiman et al. 2005; Alonso and Castro-Dı́ez
2008; Wilton et al. 2013; Verhaegen et al. 2018). The
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Figure 4. Food induced queen and worker polyphenism in honeybee Apis mellifera. (A) Reproducing queen (from https://
lytchettbayapiaries.com/queen-rearing/queen-bees/). (B) Foraging worker (photo by Andreas Trepte, www.avi-fauna.info).
(C) Different methylation of CpGs of syd gene in workers and queens (from Lyko et al. 2010, modiﬁed). (D) Differences of
CpG methylation levels in alk intron 26. There are prominent differences between larvae and adults in both castes and
between adult queens and workers (from Foret et al. 2012). (E) Enrichment of unique H3K27ac ChIP-seq regions in
intergenic and intragenic locations of 96 h workers and 96 h queens (from Wojciechowski et al. 2018, modiﬁed).
(F) Percentage of unique intronic H3K27ac ChIP-seq regions and their location relative to the nearest transcription start site
(TSS) in 96 h workers and 96 h queens. An enrichment of H3K27ac is almost exclusively located close to the TSS in queens
but more downstream in workers (from Wojciechowski et al. 2018, modiﬁed).

shell is approximately 5–12 mm long and sexual
maturity is reached at 3–3.5 mm. There are 1–6 generations per year and longevity is 18 months. Potamopyrgus antipodarum is ovoviviparous and each
female produces between 20 and 120 juveniles per
clutch. They live in streams, lakes and reservoirs in

fresh and brackish water, feed on periphyton, macrophytes and detritus, and survive dry and cold periods
buried in the mud. Population density can be extremely
high, amounting to hundred thousands of individuals
per m2. Potamopyrgus antipodarum populations, even
clonal ones, show great differences for size and
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fecundity that are linked to environmental variables
such as water temperature, salinity and current (Thorson et al. 2017; Verhaegen et al. 2021).
In order to determine the epigenetic proportion of
phenotypic variation, Thorson et al. (2017) compared
morphological traits and DNA methylation in monoclonal Potamopyrgus antipodarum from different sites
in Oregon and Washington (USA). These populations
originated from a single clone that was introduced in
the western USA fewer than 30 years ago. Dybdahl
and Drown (2011) analysed genetic markers in these
populations and demonstrated the near absence of
genotypic variation within and among populations.
Thorson et al. (2017) measured habitat-speciﬁc differences in shell shape in these western populations,
which were correlated with water current speed
(ﬁgure 5A). Using methylated DNA immunoprecipitation (MeDIP) and Illumina sequencing, the authors
also measured signiﬁcant genome-wide DNA methylation differences in the footpad tissue of specimens
from lakes and rivers (ﬁgure 5B). These data suggest
that environmentally induced epigenetic diversity may
have caused adaptive phenotypic changes in less than
100 generations, explaining the capacity of Potamopyrgus antipodarum to spread to different environments despite genetic identity.
Thorson et al. (2019) compared genetically identical
Potamopyrgus antipodarum populations from a rural
lake (Lake Lyte, Oregon) and two polluted urban lakes
(Capitol Lake, and Lake Washington, Washington).
They measured differences in shell shape and allometric growth (ﬁgure 5C) between lakes and identiﬁed
numerous differentially methylated DNA regions
(ﬁgure 5D). A higher number of DMRs was shared
between rural Lake Lyte and Capitol Lake characterized by high water temperature and high levels of
phosphorous and faecal bacteria. The same feature was
also observed between the two urban lakes, but not
between the rural lake and Lake Washington heavily
polluted by heavy metals and organic xenobiotics. The
presence of site-speciﬁc differences in DNA methylation between genetically identical lake populations
suggests an epigenetic response to varied environmental factors. The data did not support an effect of
geographic distance on epigenetic signatures.
4.2 Epigenetic adaptation of monoclonal crayﬁsh
to highly diverse habitats and biomes
The marbled crayﬁsh or Marmorkrebs is an apomictic
parthenogenetic all-female crayﬁsh that was detected in
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1995 in the German aquarium trade (Scholtz et al.
2003; Vogt 2018a, 2020b). It has a maximum length
(tip of rostrum to end of telson) of ca. 12 cm
(ﬁgure 6A) and is an autotriploid descendant of the
sexually reproducing slough crayﬁsh, Procambarus
fallax that is native to Florida and southern Georgia
(Martin et al. 2010). Marbled crayﬁsh is now viewed as
a separate uniparental or asexual species named Procambarus virginalis (Vogt et al. 2015; Lyko 2017; Vogt
2020b). Marbled crayﬁsh have neither been found in
the native range of the parent species nor in historical
museum collections giving rise to the hypothesis that it
is an evolutionarily very young species that even might
have originated in captivity (Vogt et al. 2015; Vogt
2019a, 2020b).
Marbled crayﬁsh is kept by aquarists and research
laboratories worldwide and releases have led to the
establishment of numerous wild populations in tropical
to cold-temperate biomes in Europe (15 countries),
Africa (Madagascar), and Asia (Israel, Japan and Taiwan) (references and coordinates in Vogt 2020b and
https://faculty.utrgv.edu/zen.faulkes/marmorkrebs/). In
Europe, it is found in ponds, lakes and rivers from
France to Ukraine and from Estonia to Malta. In
Madagascar, it has spread from an initial introduction
near the capital Antananarivo in about 2005 over more
than 100.000 km2, mostly by human dispersal. It is
now present in a wide range of habitats (ﬁgure 6B)
including rivers, lakes, rice ﬁelds and thermal and
polluted waters (Jones et al. 2009; Kawai et al. 2009;
Gutekunst et al. 2018; Andriantsoa et al. 2019, 2020).
With almost 300 publications, the marbled crayﬁsh is
meanwhile one of the best-studied crayﬁsh species
(references in Vogt 2018a, b, 2020b). All marbled
crayﬁsh tested with microsatellites and by whole genome sequencing were genetically identical suggesting
that they originated from a single individual (Vogt et al.
2008, 2015; Martin et al. 2015; Gutekunst et al. 2018).
The genome of marbled crayﬁsh is now fully
sequenced and a good quality reference genome is
published (Gutekunst et al. 2018). Having a sequenced
and annotated genome is of outstanding importance for
research
on
genotype-epigenotype-phenotype
relationships.
Marbled crayﬁsh reproduce 2–3 times per year. They
produce clutches of * 50–650 offspring, depending on
female size (Vogt 2020b), providing an extraordinary
source of genetically identical batch-mates for experimentation. Their maximum age is 4.5 years (Vogt,
2010). Marbled crayﬁsh can be raised throughout life
in very simple laboratory settings, the early life stages
even in micro-plates. All life stages can be fed with the
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Figure 5. Variation of shell shape and DNA methylation in freshwater snail Potamopyrgus antipodarum originating from a
single clone and living in different environments. (A) Shell shape differences between populations from distant lakes (Lake
Lytle, OR, and Lake Washington, WA) and rivers (Snake River, ID and a tributary spring stream of the Snake River). AW,
aperture width; SH, shell height (from Thorson et al. 2017, modiﬁed). (B) Venn diagram showing the overlap of DMRs
between lake versus river comparisons (from Thorson et al. 2017, modiﬁed). (C) Phenotypic differences of shell shape and
differences in relative growth rates (allometry) of shell length and aperture width between pristine Lake Lytle, urban Capitol
Lake and polluted Lake Washington. Shaded areas indicate 95% conﬁdence intervals (from Thorson et al. 2019, modiﬁed).
(D) DMRs and their overlap between the three lakes (from Thorson et al. 2019, modiﬁed).

same pellet food (e.g., Tetra WaferMix) (Vogt
2008, 2020b). A higher degree of genetic and experimental standardization is hardly conceivable for
animals.
The haploid genome size of marbled crayﬁsh was
estimated to 3.3 Gb by k-mer analysis of the genome
assembly and to 3.5 Gb and 3.9 Gb by ﬂow cytometry
of haemocytes using mouse and human blood cells as
references, respectively (Vogt et al. 2015; Gutekunst
et al. 2018). The haploid genome size of * 3.5 Gb is
larger than the means of other species-rich animal

groups like insects (1.6 Gb), molluscs (1.8 Gb) and
ﬁshes (1.9 Gb) and close to the means of mammals
(3.5 Gb) and the human genome (3.3 Gb) (Gregory
et al. 2007; Vogt 2017b). The marbled crayﬁsh genome
comprises 21,772 predicted genes (Gutekunst et al.
2018). The transcriptome revealed 22,338 transcripts,
which corresponds roughly to the numbers of predicted
genes (Gutekunst et al. 2018).
Comparison of ca. 20% of the whole-genome
sequences of specimens from different laboratory lineages and wild populations from Germany and
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Table 1. Examples of environmentally induced dimorphisms produced from the same genome by epigenetic mechanisms
Morphs and species
Queens and workers of
honeybee
Foraging and nursing workers
of honeybee
Stationary and migratory forms
of migratory locust
Cyclomorphosis in water ﬂeas
Surface and cave morphs in
Mexican tetra ﬁsh
Male-female dimorphism in
water ﬂeas
Different sexes in turtle

Eliciting factor

Epigenetic mechanisms

References

Royal jelly or pollen DNA methylation, histone
feeding
modiﬁcations
Age
DNA methylation

Lyko et al. (2010),
Wojciechowski et al. (2018)
Herb et al. (2016)

Social crowding

DNA methylation

Mallon et al. (2016)

Predator cues
Light and darkness

Chromatin remodeling
DNA methylation

Augusto et al. (2021)
Gore et al. (2018)

Adverse
environmental
conditions
Temperature

DNA methylation, histone
modiﬁcations

Kvist et al. (2018)

DNA methylation, histone
modiﬁcations, non-coding RNAs

Radhakrishnan et al. (2018)

Madagascar that are separated from each other since
* 20–40 generations revealed only very small differences of 129–219 single nucleotide variants (SNVs)
(ﬁgure 6C) (Gutekunst et al. 2018). The vast majority
of these SNVs were silent mutations. The maximum
number of non-synonymous SNVs that change the
amino acid sequence of proteins was only 4 between
samples (Gutekunst et al. 2018). These data suggest
that any phenotypic differences between the various
laboratory-raised and wild populations must be caused
by epigenetic rather than genetic variation.
The phenotypic diversity within and between populations is surprisingly high, despite genetic identity.
Laboratory experiments with individually and communally raised batch-mates revealed stochastic developmental variation of all traits investigated (Vogt et al.
2008). This variation was lowest for morphological
characters, higher for biochemical and life-history traits
including growth, reproduction and longevity, and
highest for behavioral traits resembling the situation in
other clonal animals (table 2) (Vogt 2015). The marbled
coloration pattern is extremely variable so that each
specimen is individually identiﬁed. This marbled pattern differs markedly between mother and offspring
and between batch-mates and is not inherited (Vogt
et al. 2008).
There were also considerable phenotypic differences
between different environments. For example, specimens raised under stringent laboratory conditions
(ﬁgure 6B) for many generations reproduced well and
grew old (4.5 years) but reached maximum total
lengths of only 9 cm (18 g) whereas their relatives in
the wild grew to 12 cm (40 g). Interestingly, the wild

specimens from different German lakes all had
prominent sharp spines on their carapaces and chelipeds (Vogt et al. 2018) but laboratory raised specimens of the same size lacked these spines and had only
small blunt knobs instead (ﬁgure 6E). Specimens
transferred from Lake Moosweiher to the laboratory
maintained their spines through the following moults,
but in adults of the F1 generation, they were considerably reduced resembling members of the laboratory
colony. The laboratory specimens also had signiﬁcantly
longer pleons and broader carapaces when compared to
equal-sized specimens from Lake Moosweiher
(ﬁgure 6F) (Vogt et al. 2018). Interestingly, the 2-yearold offspring (n = 5) of a specimen transferred from
Lake Moosweiher to the laboratory and kept there for
more than a year had a TL:CL ratio similar to the wild
population (2.17 ± 0.057 vs. 2.16 ± 0.047; laboratory
population: 2.26 ± 0.48) and their mother (2.13), but a
CL:CW ratio more similar to the laboratory population
(1.97 ± 0.014 vs. 2.01 ± 0.049) than to the wild
population (2.31 ± 0.137) and their mother (2.30)
(ﬁgure 6F). The latter feature is probably the result of
an enlargement of the lateral gill chambers in response
to the relatively low oxygen content of the water in the
laboratory tanks.
Differences between marbled crayﬁsh populations
were also observed with respect to population structure.
Andriantsoa et al. (2019) analyzed populations from
ponds, lakes, rivers and rice ﬁelds of different bioclimatic regions (humid-subarid) in Madagascar and
revealed marked differences in size-frequency distribution among populations (ﬁgure 6D) despite genetic
identity. By combining laboratory experiments with
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stable isotope analyses of ﬁeld samples from three
lakes in Germany, Linzmaier et al. (2020) revealed that
marbled crayﬁsh is highly plastic with respect to
trophic position and niche breadth, depending on
habitat, the availability of food and shelter, and the
presence of competitors and predators.
Global DNA methylation (ratio of methylated
cytosines to total cytosines) in marbled crayﬁsh is
about 2.4% as shown by mass spectrometry (Vogt et al.
2015). Capillary electrophoresis revealed a smaller
mean value of * 1.9% (ﬁgure 7A). The value of 2.4%

is in the order of magnitude of vertebrates but an order
of magnitude higher than in most insects (Vogt 2017b;
Provataris et al. 2018). A reference methylome, which
shows the methylation of individual bases on the whole
genome scale, was established by WGBS (Gatzmann
et al. 2018). Analysis of the methylome revealed that
41% of genes are heavily methylated and 26% are
unmethylated. About 25% of the 20 longest scaffolds
were ubiquitously methylated, 70% were mosaically
methylated (ﬁgure 7C) and 5% were sporadically
methylated (Falckenhayn 2016). Ubiquitous DNA
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6. Genetic uniformity and phenotypic diversity in
parthenogenetic marbled crayﬁsh, Procambarus virginalis,
adapted to different environments. (A) Marbled crayﬁsh
showing the analyzed morphometric parameters total length
(TL), carapace length (CL) and carapace width (CW).
(B) Examples of diverse environments from which specimens for genetic, morphometric and methylation analyses
were taken (left and middle pictures from Vogt et al. 2018,
right picture from Andriantsoa et al. 2019). (C) Phylogenetic
tree of 11 marbled crayﬁsh from diverse laboratory (red) and
ﬁeld sources (blue) in Germany (G) and Madagascar based
on the comparison of whole-genome sequences. The maximum genetic difference between specimens from different
populations was only 219 single nucleotide variants (SNVs)
(from Gutekunst et al. 2018, modiﬁed). (D) Size-frequency
distribution of marbled crayﬁsh populations from different
habitats (pond, lake and river) and bio-climatic regions
(humid and sub-humid) in Madagascar. Values on the right
side of graphs give altitude above sea level and water
temperature measured at the time of sampling in 10 cm water
depth. Marbled crayﬁsh grew signiﬁcantly larger in the
Ihosy River than in the other sites (P\0.05, Kruskal–Wallis
one-way analysis of variance) (from Andriantsoa et al. 2019,
modiﬁed). (E) Chelipeds of laboratory-raised (left) and wild
specimen from Lake Moosweiher (right) showing bigger and
sharper spines (arrows) in the wild specimen (from Vogt
et al. 2018). (F) Body proportions of marbled crayﬁsh from
my laboratory colony (L) and Lake Moosweiher (M) showing signiﬁcant differences in TL:CL and CL:CW ratios. The
adult offspring of a specimen transferred from Lake
Moosweiher to the laboratory (M ? L) had a TL:CL ratio
similar to the wild population but a CL:CW ratio similar to
the laboratory population. Figures in columns give numbers
of specimens investigated; ***Signiﬁcantly different,
P\0.001, t-test; ns, not signiﬁcantly different (from Vogt
et al. 2018 and unpublished data).

b Figure

methylation is typical of vertebrates, whereas invertebrates usually show mosaic methylation or sporadic
methylation (Albalat et al. 2012).
DNA methylation in marbled crayﬁsh is CpGspeciﬁc as in other animal genomes and present in both
coding genes and repeats (Gatzmann et al. 2018). Gene
body methylation was highest in evolutionarily old
housekeeping genes and moderately expressed genes.
Repeats were generally hypomethylated. The integrative analysis of DNA methylation, chromatin accessibility and mRNA expression patterns revealed that
gene body methylation is correlated with limited
chromatin accessibility and stable gene expression.
Low-methylated genes often reside in chromatin with
higher accessibility (ﬁgure 7D) and show increased
expression variation. The DNA methylation toolkit of
marbled crayﬁsh consists of single homologues of
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Dnmt1, Dnmt3 and Tet providing a full complement of
enzymes for de novo and maintenance methylation and
demethylation (Gatzmann et al. 2018).
The analysis of global DNA methylation and
methylomes from different individuals and tissues
revealed differences between both individuals and tissues (ﬁgure 7A, B, E), even among communally raised
batch-mates (ﬁgure 7A) (Vogt et al. 2008; Gatzmann
et al. 2018). Comparative analysis of 697 variably
methylated genes suggests that inter-individual differences are highest in the hepatopancreas (ﬁgure 7E), the
central metabolic organ of crayﬁsh (Vogt 2019b). In the
same analysis, the methylation patterns in the abdominal musculature and gills were more similar to each
other and differed less between specimens (ﬁgure 7E)
(Gatzmann et al. 2018; Gatzmann 2019).
Apparently, there are also considerable DNA methylation differences between specimens from different
environments. The heat map in ﬁgure 7E shows that most
of the 697 differentially methylated genes in the hepatopancreas of the wild specimen from Lake Moosweiher
were considerably hypomethylated when compared to the
laboratory raised specimens. However, gene expression in
the decapod hepatopancreas and probably also the related
DNA methylation signatures are considerably modulated
by the nutritional status, moulting phase, reproduction
stage and health status (Wang et al. 2014; Huang et al.
2015; Yang et al. 2020). The Moosweiher specimen that
was provided and dissected by me was a healthy intermoult adult in the growth phase and in good nutritional
condition. Unfortunately, the conditions of the laboratory
raised specimens, which differ markedly in their methylation pattern from the wild specimen and between each
other (ﬁgure 7E), were not determined by Gatzmann et al.
(2018). Therefore, it remains unclear how much of the
methylation differences shown in ﬁgure 7E are
attributable to the environment and how much to the
speciﬁc physiological conditions of the examined specimens. However, the study shows that this approach is
very suitable for determining environmentally related
epigenetic variation in future studies with marbled crayﬁsh provided that the nutritional, physiological and health
conditions of the samples are standardized.
4.3 Linking epigenetic signatures with phenotypes
in water ﬂeas and reconstructing genomic,
epigenomic and phenotypic evolution from dormant
eggs
Water ﬂeas of the genus Daphnia are small and shortlived planktonic crustaceans that usually reproduce by
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Table 2. Extent of phenotypic variation caused by developmental stochasticity in genetically identical and communally
reared animals
Trait
Morphological traits
No. of scutes in banded region
Mandible length
Body length
Carapace length
Life-history traits
Bodyweight
Bodyweight
Liver weight
Bodyweight
Bodyweight
Heart weight
Bodyweight
Life span of reproducers
Bodyweight
No. of reproduction cycles
Time of ﬁrst spawning
No. of offspring at day 430
Biochemical traits
Blood calcium
Blood serum albumin
Blood glucose
Blood urinary nitrogen
Triiodothyronine
Glutamate in brain
Thyroxine
Cortisol
Alanine in brain
Insulin
Adrenaline in adrenal gland
Growth hormone
Behavioral traits
Benthic feeding
Horizontal movement
Hiding

Species

Coefﬁcient of variation (%)

Dasypus novemcinctus
Rattus norvegicus
Oncorhynchus masou macrostomus
Procambarus virginalis

0.39
1.49
5.00
9.55

Dasypus novemcinctus
Sus scrofa domestica
Rattus norvegicus
Oncorhynchus masou macrostomus
Rattus norvegicus
Dasypus novemcinctus
Capra aegagrus hircus
Procambarus virginalis
Procambarus virginalis
Procambarus virginalis
Procambarus virginalis
Procambarus virginalis

5.72
9.25
11.12
12.20
12.91
14.65
15.34
21.31
30.91
49.52
52.46
90.68

Sus scrofa domestica
Sus scrofa domestica
Sus scrofa domestica
Sus scrofa domestica
Sus scrofa domestica
Dasypus novemcinctus
Capra aegagrus hircus
Sus scrofa domestica
Dasypus novemcinctus
Capra aegagrus hircus
Dasypus novemcinctus
Capra aegagrus hircus

0.93
7.25
9.20
14.04
20.54
21.06
27.91
28.98
55.80
66.67
102.41
135.29

Oncorhynchus masou macrostomus
Oncorhynchus masou macrostomus
Oncorhynchus masou macrostomus

96.23
112.43
215.74

Highly inbred: brown rat Rattus norvegicus, n = 18 (Flamme 1977); artiﬁcially cloned: domestic goat Capra aegagrus hircus, n = 5
(Landry et al. 2005); red-spotted masu salmon Oncorhynchus masou macrostomus, n = 22 (Iguchi et al. 2001) and domestic pig Sus
scrofa domestica, n = 5 (Archer et al. 2003); polyembryonic: nine-banded armadillo Dasypus novemcinctus, n = 4 (Storrs and
Williams 1968); apomictic parthenogenetic: marbled crayﬁsh Procambarus virginalis, n = 8 (Vogt et al. 2008; Vogt 2010). All
groups were reared in captivity in highly standardized environments.

cyclic parthenogenesis, the alternation of sexual and
asexual reproduction. Parthenogenetic reproduction is
used in favourable environmental conditions and sexual reproduction in unfavourable conditions (Dufresne
2011). Monoclonal asexual lineages can easily be
produced and raised in the laboratory for experimentation but there are also numerous wild asexual lineages available for research (Hebert et al. 1989;
Aquilera et al. 2007; Frisch et al. 2019). Obligately
parthenogenetic lineages of Daphnia offer a variety of
beneﬁts for the study of epigenetics, for example,
plastic
phenotypic
responses
to
predators

(cyclomorphosis), adaptation to a wide range of environmental conditions, short generation time and direct
development (Tollrian 1995; Harris et al. 2012). An
outstanding feature of Daphnia and other water ﬂeas is
the regular production of dormant eggs, which accumulate in the sediment and remain viable for up to
700 years (Frisch et al. 2014; Ellegaard et al. 2020).
Daphnia pulex is a very abundant, cosmopolitan
species and Daphnia magna occurs in the Northern
Hemisphere and South Africa. Both species are key
species in a wide range of lentic habitats and are prey for
many invertebrate and vertebrate predators. Most of the
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Figure 7. Variability and function of DNA methylation in marbled crayﬁsh. (A) Variation of body weight and global DNA
methylation (determined by capillary electrophoresis) in the hepatopancreas and abdominal musculature of three 626-days-old,
communally reared batch-mates (B1–B3) showing methylation differences between individuals and tissues (from Vogt et al. 2008,
modiﬁed). (B) Examples of gene body methylation differences between species, individuals, tissues and conditions. Compared are the
hepatopancreases of size-matched Procambarus virginalis and Procambarus fallax in growth phase (hPv/hPf), the hepatopancreases of
two P. fallax individuals in growth phase (hPf1/hPf2), the hepatopancreas and abdominal musculature of the same P. virginalis specimen
(hPv1/mPv1) and the hepatopancreases of two P. virginalis in growth and reproduction phase (hPvg/hPvr). The numbers of genes
analyzed were 6347, 5148, 6333 and 6303, respectively (from Vogt 2018b, based on data from Falckenhayn 2016; conditions of all
specimens determined by me). (C) Example of mosaically methylated genomic scaffold. Methylation ratios of CpGs are indicated by
blue vertical bars and gene positions in scaffold by red horizontal bars. Transparent blue horizontal bar indicates methylation ratios below
0.2 that are considered as bisulﬁte conversion artifacts (from Falckenhayn 2016, modiﬁed). (D) Functional scheme of gene body
methylation in marbled crayﬁsh. Methylated genes like housekeeping genes are commonly found in chromatin with limited
accessibility. Methylation stabilizes expression of such poorly accessible genes. Low methylated genes are localized in more accessible
chromatin and are more variably expressed (from Gatzmann et al. 2018, modiﬁed). (E) Comparative analysis of 697 variably methylated
genes between hepatopancreas, abdominal musculature and gill samples from two laboratory-reared specimens (L1, L2), one specimen
from Lake Moosweiher (M), and one specimen from a rice ﬁeld in Moramanga, Madagascar (Ma). The heatmap shows differences in
methylation patterns between individuals, particularly in the hepatopancreas, and between tissues (from Gatzmann 2019, modiﬁed).
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time, they stay in the water column and ﬁlter-feed on
phytoplankton, bacteria and detritus. The adults measure
0.2–5 mm depending on species and sex. The females
produce one clutch with several eggs every 3–4 days,
which are brooded until hatching. Longevity in the laboratory is about 3 months. Daphnia pulex and Daphnia
magna are widely used in ecological and evolutionary
studies and ecotoxicology, and accordingly, there is a
large body of literature available (Stollewerk 2010;
Altshuler et al. 2011; Teixidó et al. 2020).
The genomes of Daphnia pulex and Daphnia magna
are fully sequenced (Colbourne et al. 2011; Ye et al.
2017; Lee et al. 2019). Whole-genome DNA methylomes, hydroxymethylation features and the genomewide chromatin structure were also analysed (Asselman
et al. 2016; Strepetkait_e et al. 2016; Augusto et al.
2021). Asselman et al. (2016) found both highly
methylated genes and genes devoid of methylation in a
background of relatively low global methylation levels
of 0.70% in Daphnia pulex and 0.52% in Daphnia
magna. Methylation was largely restricted to CpGs and
primarily targeted to small gene families whereas large
gene families tended to lack methylation variation. The
authors concluded that gene body methylation may
help regulate gene family expansion and functional
diversiﬁcation leading to increased phenotypic
variation.
Kvist et al. (2018) explored the DNA methylation
proﬁles of Daphnia magna and Daphnia pulex using
WGBS and compared them with the proﬁles of two
insects and two mammals. The authors found that DNA
methylation in Daphnia is mainly enriched within the
coding regions of genes, with the highest methylation
levels at exons 2–4. In contrast, vertebrate genomes are
globally methylated including methylation of promoters
and exon 1. In Daphnia, genes with low levels of CpG
methylation and gene expression were mainly enriched
for species-speciﬁc genes, whereas genes associated
with high methylated CpG sites were highly transcribed
and apparently evolutionary conserved across species.
Kvist et al. (2018) also exposed Daphnia magna to
different environmental stressors such as arsenic,
hypoxia, hyperoxia and the DNA methyltransferase
inhibitor 5-azacytidine and revealed differentially
methylated CpGs. These DMCs showed a relatively
small amount of overlap between conditions (ﬁgure 8C).
Augusto et al. (2021) developed an ATAC-seq assay
(Assay for Transposase-Accessible Chromatin using
sequencing) to link the classical development of
defence structures in Daphnia pulex in response to
predator cues (ﬁgure 8A) to alterations of the chromatin
structure. ATAC-seq is a relatively new technique for

assaying chromatin accessibility genome-wide (Buenrostro et al. 2016). Augusto and colleagues found that
the ATAC-seq technique is well suitable to characterize
chromatin structures in small individuals and with little
biological material, enabling the determination of epigenetic polymorphisms in populations at reasonable
time and costs. The authors further revealed that the
presence of predator stimuli induced profound reorganization of the chromatin (ﬁgure 8B) in parallel with
the morphological changes (ﬁgure 8A), suggesting that
both are functionally linked.
Lindeman et al. (2019) hypothesized that because of
the rather low level of DNA methylation in Daphnia
the histone code may have an essential role in the
epigenetic control of gene expression. They exposed
adult Daphnia magna to a sublethal concentration
(10 mg/L) of the DNA methylation inhibitor 5-azacytidine for 7 days. Exposure of this F0 generation signiﬁcantly reduced fecundity and resulted in differential
expression of genes in the one-carbon-cycle metabolic
pathway. In the epigenome, a decrease in global DNA
methylation, but no signiﬁcant changes in methylated
histones H3K4me3 or H3K27me3 were observed.
However, in the F1 generation, changes in gene
expression, a signiﬁcant reduction in global DNA
methylation and changes in histone modiﬁcations were
identiﬁed. The results indicate that exposure during
adulthood can result in more pronounced epigenetic
effects in the offspring generation.
Trijau et al. (2018) investigated epigenetic changes in
Daphnia magna after a 25-day chronic c irradiation and
their potential inheritance by subsequent generations.
The F0 generation was exposed to 6.5 lGy per h or
41.3 mGy per h, the FI was exposed as embryos in the
brood chamber and the F2 was exposed as germline cells
in the F1 embryos. The F3 was the ﬁrst truly unexposed
generation. The results showed effects of irradiation on
reproduction in F0 but no effects in subsequent generations. In contrast, bisulﬁte sequencing revealed signiﬁcant methylation changes at speciﬁc CpG positions in
every generation with a majority of hypomethylation.
Comparison of methylation patterns between exposed
generation F2 and unexposed generation F3 implies that
epigenetic modiﬁcations can be transmitted to the
unexposed generation, most likely through the germline.
Male and female Daphnia pulex from the same strain
are genetically identical but display large differences in
behaviour, morphology, lifespan and metabolic activity.
In order to achieve a better understanding of the epigenetic
factors that underlie the phenotypic differences between
sexes, Kvist et al. (2020) integrated gene expression,
histone modiﬁcation and DNA methylation analyses from
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female and male Daphnia pulex raised under controlled
laboratory settings (ﬁgure 8D). The authors revealed that
gene expression level was positively correlated with DNA
methylation and histone H3 trimethylation at lysine 4
(H3K4me3) at promoter regions. Conversely, elevated
histone H3 trimethylation at lysine 27 (H3K27me3) distributed across the entire transcript length was negatively
correlated with gene expression level. Interestingly, epigenetic modiﬁcations that globally promote elevated gene
expression were dominant in males, while epigenetic
modiﬁcations that reduce gene expression globally were
more frequent in females. These data demonstrate that
there are vast epigenetic differences between males and
females in Daphnia pulex despite genetic identity, which
might explain the prominent morphological and life history differences between sexes.
Dormant eggs and resurrected water ﬂeas from
decades-old and even century-old sediments are suitable to reconstruct the parallel evolution of genome,
epigenome and phenome over time. Sediments with
century-old asexual strains of Daphnia are particularly
frequent in the arctic region and mountain lakes
(Aquilera et al. 2007; Frisch et al. 2019; Ellegaard
et al. 2020). Techniques like whole genome sequencing, WGBS, etc., are applicable to these life stages
allowing determination of the genomic and epigenomic
changes over time. Resurrected individuals allow the
identiﬁcation of corresponding morphological and
physiological traits (Frisch et al. 2014, 2019). Daphnia
specimens were resurrected from dormant eggs as old
as 700 years (ﬁgure 8E) (Frisch et al. 2014). Epigenetic
markers have not yet been determined from dormant
eggs and resurrected individuals but Frisch et al.
(2019) have already mapped gene co-expression networks to physiological traits in resurrected 600-yearsold Daphnia pulicaria from a lake with a historic shift
in phosphorous enrichment.
A particularly interesting obligately parthenogenetic
water ﬂea clone for genomic, epigenomic and phenotypic
evolution lives in Lake Naivasha, Kenya. This clone was
accidentally introduced about 90 years ago, probably
during stocking of largemouth bass from the USA (Mergeay et al. 2006). Genetic analysis of dormant eggs and
laboratory rearing of resurrected specimens identiﬁed the
invading clone as an obligately parthenogenetic Daphnia
pulex x Daphnia pulicaria hybrid, which is common in
North America (Hebert et al. 1989; Mergeay et al. 2006).
The absence of variation in ten hypervariable nuclear
microsatellite markers strongly suggests single-origin and
monoclonality. Genotyping of dormant eggs from sediment layers of known age allowed reconstruction of the
dynamics of this invasion (ﬁgure 8F). The new genotype

Page 17 of 47

24

appeared ﬁrst in the lake in about 1930 and increased then
steadily in relative frequency until 1998 when it had
completely displaced the native Daphnia pulex genotypes. In natural habitats, Daphnia pulex reproduce several times per year suggesting an invasion history of a few
hundred generations.
The invasive clone has spread from Lake Naivasha
throughout eastern and southern Africa and displaced
native Daphnia pulex populations. It is now present in a
wide range of habitats including small temporary ponds,
eutrophic sewage ponds, shallow turbid lakes, reservoirs
and clear lakes rich in aquatic macrophytes (Mergeay
et al. 2006). The absence of genetic variation did not
hamper its continent-wide establishment or the effective
displacement of the well-adapted and genetically diverse
native sibling species, which reproduces by cyclic
parthenogenesis. Cyclic parthenogenetic Daphnia populations have been shown to genetically adapt to
changing environmental conditions within a few years
(Hairston et al. 1999). The invasive Daphnia pulex clone
may have used epigenetic mechanisms instead.
4.4 Different functions of environmentally induced
and stochastic developmental epigenetic variations
in adaptation of gynogenetic ﬁsh
There are about 50 asexual vertebrate species (ﬁsh,
amphibians and reptiles), all of hybrid origin (Warren
et al. 2018). Of these vertebrates, the gynogenetic ﬁsh
Chrosomus eos-neogaeus, Poecilia formosa and Fundulus hybrids seem particularly suitable to investigate
the role of epigenetic mechanisms in phenotypic variation, environmental adaptation and evolution (Leung
et al. 2016; Warren et al. 2018; Angers et al. 2020;
Dalziel et al. 2020). Gynogenesis is a form of
parthenogenesis where sperm from males of sympatric
sexual species is ‘stolen’ to trigger embryonic development from unreduced diploid eggs. This sperm DNA
is excluded from the developing egg, and thus, the
offspring are true clones of their mothers.
The all-female Chrosomus eos-neogaeus occurs in
North America in 14 clonal lineages originating from
different hybridization events between the redbelly
dace, Chrosomus eos and the ﬁne-scale dace, Chrosomus neogaeus (Angers and Schlosser 2007). Dating of
hybridization events suggested an origin
\50,000 years ago. Each hybrid lineage apparently
originated from a single hybrid zygote and is genetically uniform with the exception of random mutations
that accumulated over time. These lineages display a
large geographical distribution at a regional scale.
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The analysis of DNA methylation within Chrosomus
eos-neogaeus lineages using MSAP (MethylationSensitive Ampliﬁcation Polymorphism) revealed relative epigenetic similarity of individuals in a given lake
but signiﬁcant differences between lakes (Massicotte
and Angers 2012). A more recent analysis of DNA
methylation in lineages from predictable and unpredictable environments (lakes versus intermittent

headwater streams) in southern Quebec, Canada identiﬁed the relative contributions of environmentally
induced phenotypic variation (EIPV) and stochastic
developmental phenotypic variation (SDPV) to total
phenotypic variation (Leung et al. 2016). Comparison
of clones from the wild revealed that directional and
phenotype optimizing EIPV is predominant in predictable environments whereas risk-spreading SDPV
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8. Epigenetic and phenotypic variation in Daphnia.
(A) Morphometry of predator ﬁsh-exposed and unexposed
(control) Daphnia pulex showing the environmental induction of an anti-predatory morph. LL, long length; SL, short
length (from Augusto et al. 2021, modiﬁed). (B) Metagene
ATAC-seq proﬁles of predator-exposed and unexposed
Daphnia pulex populations. Predator exposed samples had
on average fewer reads over genes than unexposed control
samples indicating major changes in chromatin structure in
response to the predator cues (TES, transcription end site;
TSS, transcription start site (from Augusto et al. 2021,
modiﬁed). (C) Venn diagram of differentially methylated
CpGs (DMCs) in Daphnia magna exposed to different stress
conditions and the normal aging process (5 vs. 14-days-old),
showing a relatively small amount of overlap in DMCs
among conditions (from Kvist et al. 2018, modiﬁed).
(D) Circos-plot of sex-speciﬁc differences in genetically
identical Daphna pulex in multiple omics datasets, distributed across the genome. The differences between sexes
are indicated with colour (blue: higher in males; red: higher
in females) (from Kvist et al. 2018, modiﬁed). (E) Daphnia
pulicaria hatched from a * 700-year-old dormant egg
(photograph: Dagmar Frisch). (F) Invasion of obligately
parthenogenetic American hybrid strain of Daphnia in Lake
Naivasha, Kenya. The American clone successively replaced
the native, cyclic parthenogenetic Daphnia pulex as revealed
by the gradual decrease of genetic diversity (determined by
alleles of three microsatellite loci) in dormant eggs from
dated sediments. Bars indicate 95% conﬁdence (from
Mergeay et al. 2006, modiﬁed).

b Figure

prevails in unpredictable environments (ﬁgure 9),
suggesting that both strategies are differentially selected according to environmental uncertainty.
Differences in environmental effects on epigenetic
variation between sympatric lineages (ﬁgure 9, ET3
and ET4) and lineages reared in similar experimental
conditions (ﬁgure 9, LR1 and ET2) further showed that
the epigenetic response to environmental signals is
strongly inﬂuenced by the genotype. Common garden
experiments revealed that the proportion of pure environmental effects can considerably change when clone
members are transplanted into a new environment
(ﬁgure 9, compare LR1 and ET2 under natural and
experimental conditions). The example of Chrosomus
eos-neogaeus demonstrates that EIPV and SDPV
always occur together but have different weighting in
different environments. In a recent paper, Angers et al.
(2020) discussed the relevance of assessing the different sources of epigenetic variation in natural populations for ecology and conservation.
The gynogenetic amazon molly, Poecilia formosa,
and hybrids of the Atlantic killiﬁsh, Fundulus heteroclitus, were not yet investigated with respect to
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epigenetic ecology and evolution. However, reference
genomes are already available for both ﬁsh (Reid et al.
2017; Warren et al. 2018) facilitating future epigenetics
work with these species. Poecilia formosa is native to
Texas and Mexico and originated about 100.000 years
or some 300.000 generations ago by a single
hybridization event between a female Atlantic molly,
Poecilia mexicana, and a male Sailﬁn molly, Poecilia
latipinna (Warren et al. 2018). Fundulus heteroclitus, a
common model organism in experimental biology, and
the banded killiﬁsh, Fundulus diaphanus, have formed
multiple clonal lineages by hybridization (Dawley
1992; Dalziel et al. 2020). Dalziel et al. (2020) have
recently reviewed the genome evolution and biology of
these lineages.
4.5 Epigenetic variation and underlying
mechanisms in sessile corals
Sessile animals are the Porifera, Cirripedia, Bryozoa
and Pelmatozoa and most Cnidaria, Bivalvia and
Tunicata. In contrast to the vagile animals, they cannot
evade unfavourable environmental conditions. Therefore, epigenetic variation could play a similarly big role
in environmental adaptation of these animal taxa as in
the sessile plants but data are scarce (RodriguezCasariego et al. 2018).
Liew et al (2018) investigated DNA methylation in
the scleractinian coral Stylophora pistillata
(ﬁgure 10A) and showed that introns have proportionally more methylated positions (11.3%) than
exons (8.6%) or intergenic regions (3.3%)
(ﬁgure 10B). Gene body methylation signiﬁcantly
reduced transcriptional noise by ﬁne-tuning the
expression of highly expressed genes. Exposure to
long-term pH-stress (pH 7.2) signiﬁcantly increased
mean methylation levels (ﬁgure 10C) when compared
to the control (pH 8.0) and widespread methylation
changes were observed in genes regulating cell cycle
and body size. Enhanced DNA methylation at lower
pH was accompanied by an increase in cell size
(ﬁgure 10D) and polyp size resulting in more porous
skeletons (ﬁgure 10E). The authors concluded that
DNA methylation seems to help corals buffering the
impacts of environmental changes by ﬁne-tuning of
gene expression.
Liew et al. (2020) analysed DNA methylation patterns in the reef-building brain coral Platygyra daedalea using WGBS. They identiﬁed 1.42 million CpG
positions (3.2% of all CpGs) that were consistently
methylated in the * 800 Mb genome. Adults and their
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gametes and larval offspring were sampled from two
populations in the Arabian Peninsula. The Abu Dhabi
population lives in the Arabian-Persian Gulf under
extreme temperatures (winter \19 °C and summer
[35 °C) and salinities (40–46 practical salinity units,
psu), and has persisted through several major thermal
stress events (coral bleaching) during the past two
decades. The Fujairah population lives south of the
strait of Hormus under comparatively milder conditions
(22–33 °C, 36–39 psu) and has not experienced major
coral bleaching in recent years.
Liew et al. (2020) showed that the DNA methylation patterns in Platygyra daedalea are determined by
genotype, developmental stage and the parental
environment (ﬁgure 10F, G). Interestingly, genomewide CpG methylation was inherited from adults to
their sperm and larvae (ﬁgure 10F). Variation in
hypermethylation of genes in adults and their sperm
from distinct environments suggests intergenerational
acclimatization to local temperature and salinity.
Furthermore, genotype-independent adjustments of
methylation levels in stress-related genes were
strongly correlated with offspring survival rates under

heat stress. These ﬁndings support a role of DNA
methylation in transgenerational inheritance of traits
in corals, which could help them to adapt to climate
change.

4.6 Epigenetic variation in genetically
impoverished invasive groups and adaptive
radiations
Invasive groups can be ecologically and evolutionarily very successful even when genetically impoverished. This phenomenon is well known as
‘‘invasion paradox’’ but the underlying mechanisms
are poorly studied (Sax and Brown 2000; Dybdahl
and Kane 2005; Fridley et al. 2007). Particularly the
ﬁrst steps of invasion, the survival of the invading
specimens and the establishment of a founder population, may depend much on epigenetic variation
(Vogt 2017a; Hawes et al. 2018; Coutinho Carneiro
and Lyko 2020; Mounger et al. 2020). Good models
for studying this topic in animals are the asexual

Figure 9. Contribution of environmentally induced and stochastic developmental effects to epigenetic variation in asexual
ﬁsh Chrosomus eos-neogaeus. The pure environmental effect (darker colour in columns) is separated from the environmental
plus genetic joint effect (lighter colour in columns). The remaining amount to 100% is due to developmental stochasticity.
Epigenetic differences were determined by MSAP and genetic differences by microsatellites. Population LR1 is from an
environmentally stable lake and populations ET1–ET4 are from environmentally unstable streams. The animals for the
laboratory experiments were sampled as larvae from the wild populations and raised for 5 months until adults. P values refer
to pure site effects. The graph shows differences of site effects on epigenetic variation between predictable (LR1) and
unpredictable environments (ET1–ET4) and among lineages even if they occur in sympatry (ET3 and ET4). Site effects were
highest in predictable environments and stochastic developmental effects were highest in unpredictable environments.
Comparison of LR1 and ET2 between ﬁeld and laboratory suggests rapid epigenetic response to environmental change (from
Leung et al. 2016, modiﬁed).
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invaders discussed earlier and some relatively recent
and ongoing invasions of sexually reproducing
species.
An illustrative example of the latter is the house
sparrow, Passer domesticus that was introduced to
Mombasa (Kenya) in the 1950s and since has evolved
signiﬁcant phenotypic variation (Liebl et al. 2013).
Analysis of MSAP and microsatellite loci revealed that
the Kenyan house sparrow populations have a low
genetic diversity but a high epigenetic diversity. There
is a signiﬁcant negative correlation between genetic
and epigenetic diversity (ﬁgure 11A) and a positive
correlation between epigenetic diversity and the
inbreeding coefﬁcient suggesting that DNA methylation may help to overcome genetic barriers typically
associated with invasions such as bottlenecks and
inbreeding.
Schrey et al. (2012a) compared the house sparrow
invasions in Kenya (* 65 years ago) with an older
invasion in Florida (* 150 years ago). House sparrows from Kenya had less genetic diversity at multiple
microsatellite loci than samples from Florida. All
individuals screened with MSAP had unique epigenotypes in both locations and all types of methylation of
the restriction fragments (unmethylated, hypomethylated and hypermethylated) were present in the
restriction fragments. Overall, methylation was higher
in the Kenyan population but some restriction fragments were more methylated in the Floridan population
(ﬁgure 11B). The authors concluded from their results
that epigenetic variation may have compensated for
decreased genetic variation during the invasions of the
house sparrow.
Epigenetic modiﬁcations have also been proposed as
a mechanism underlying the rapid adaptive evolution
of the invasive colonial ascidian Didemnum vexillum
that has established populations in many coastal waters
worldwide (Hawes et al. 2019). Phylogenetic analyses
revealed that Didemnum vexillum consists of two distinct clades: clade B is restricted to Japan, the native
range of this species, whereas clade A is found in many
regions throughout the world. Interestingly, clade A has
a lower level of genetic diversity than clade B but is
more invasive. Global DNA methylation patterns were
signiﬁcantly different between clades A and B and
between different invasive colonies of clade A. The
invasive colonies had generally signiﬁcantly reduced
global DNA methylation levels, which might be causative for increased phenotypic plasticity. High diversity of DNA methylation between the invasive
populations and related phenotypic diversity may have
allowed them to respond quickly to the various
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conditions of their new environments, despite reduced
levels of genetic diversity.
Ardura et al. (2018) investigated the inﬂuence of
environmental and anthropogenic stress factors on
DNA methylation in two invasive bivalves, the
Mediterranean blue mussel, Mytilus galloprovincialis,
and the New Zealand pygmy mussel, Xenostrobus
securis. The authors analysed the relationships between
water pollution (pristine and polluted sites) and salinity
(brackish water and high salinity sites) and DNA
methylation that might be involved in the invaders’
tolerance to such environments. They found that DNA
hypomethylation was higher in more stressed populations supporting the idea that the reduction of DNA
methylation increases phenotypic plasticity.
Founder populations often show rapid phenotypic
divergence from source populations after colonizing
new environments. Many long-term studies have
explored the extent to which divergence between
source and founder populations is either genetically
heritable or plastic, but the precise role of epigenetic processes in generating plasticity remained
unclear. To ﬁll this gap of knowledge, Hu et al.
(2019) experimentally colonized eight small Caribbean islands with brown anole lizard, Anolis
sagrei, from a common source population. Four
days after colonization they measured genome-wide
DNA methylation in recaptured specimens from
islands with high versus low habitat quality.
Habitat quality explained a signiﬁcant proportion of
the recorded epigenetic variation. Differentially
methylated cytosines mapped to genes involved in
signal transduction, immune response and circadian
rhythm likely to be relevant to habitat change. This
study provides experimental evidence of a relationship between epigenetic changes and the earliest stages of colonization of novel environments
and suggests that habitat quality inﬂuences these
epigenetic modiﬁcations.
A classical example of invasion and subsequent
adaptive radiation is Darwin’s ﬁnches (Geospiza species) that evolved over a period of 2–3 million years
from a single invader and radiated into 14 species
occupying distinct ecological niches on Galapagos. In
the ﬁve species investigated, epimutations (DMRs)
were more common than genetic mutations (copy
number variants). Moreover, the number of DMRs
increased with phylogenetic distance, whereas the
number of CNVs did not (Skinner et al. 2014). Other
genetic mutations like single nucleotide variants
(SNVs) were not investigated. The number, chromosomal location, regional clustering and lack of overlap
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Figure 10. Epigenetic variation, phenotypic variation and transgenerational epigenetic inheritance in sessile corals
Stylophora pistillata (A–E) and Platygyra daedalea (F, G). (A) Stylophora pistillata in natural environment (from https://en.
wikipedia.org/wiki/Stylophora_pistillata). (B) Genic distribution of DNA methylation showing that introns are more
intensely methylated than exons or intergenic regions. (C) Effect of pH on DNA methylation. Mean methylation levels were
signiﬁcantly (P\0.01) higher at stressful pH 7.2. (D) Effect of pH on cell size. Cells were signiﬁcantly larger (P\0.001) at pH
7.2. (E) Representative longitudinal sections of skeletons showing higher porosity at pH 7.2 (A–E from Liew et al. 2018,
modiﬁed). (F) Clustering performed on pairwise correlation of methylation data from Platygyra daedalea samples from
Fujairah, Gulf of Oman (F, specimens 1–4) and Abu Dhabi, Arabian-Persian Gulf (AD, specimens 5–8). Within each
population, samples were collected from adults (A), their spawned sperm (S) and eggs (E), and larval offspring from
reciprocal crosses between E7 and S8 (L1–L3) and S7 and E8 (L4–L6). The analysis demonstrates grouping of samples by
environmental origin and a strong effect of inheritance on methylation patterns. Gametes cluster best with the respective
adults and larval samples with their parents. Values on the colour bar are Kendall rank correlation coefﬁcients. (G) Principal
component analysis of the same methylated positions showing separation of samples based on environmental origin along
PC1 and by developmental stage along PC2 (F and G from Liew et al. 2020, modiﬁed).

of epimutations and CNVs suggest that epigenetic
changes are distinct and may cause evolutionary
change independently from genetic change.

McNew et al. (2017) compared morphological,
genetic and epigenetic differences between urban and
rural populations in two species of ground ﬁnches,
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Figure 11. Epigenetic variation in invasions of the house sparrow, Passer domesticus, and environmental adaptations of
Darwin’s ﬁnch, Geospiza fortis. (A) Negative correlation of genetic and epigenetic diversity in invasive house sparrow
populations from seven Kenyan cities. Epigenetic diversity was determined by MSAP and genetic diversity by microsatellite
analysis. h, haplotype diversity; Ho, heterozygosity (from Liebl et al. 2013, modiﬁed; photo by Andreas Mrowetz).
(B) Comparison of percentage of house sparrows with methylated CpGs at 23 restriction sites between Tampa, Florida
(n = 16) and Nairobi, Kenya (n = 14). There are marked differences between the * 150-years-old Floridan invasion and the
* 65-years-old Kenyan invasion (from Schrey et al. 2012a, modiﬁed). (C) DMRs in sperm of Geospiza fortis adapted to
rural and urban environments and their chromosomal location, based on alignment to the zebra ﬁnch (Taeniopygia guttata)
genome. Red arrowheads indicate DMRs and blue boxes indicate DMR clusters. Only multiple-window DMRs signiﬁcant at
a P-value threshold of \0.001 are shown (from McNew et al. 2017, modiﬁed; photo by Peter R. Grant). (D) DMRs in
erythrocytes of the same populations, showing marked differences to the sperm (from McNew et al. 2017, modiﬁed).

Geospiza fortis and Geospiza fuliginosa, on Santa Cruz
Island, Galapagos. Using data collected from more than
1000 birds, the authors found signiﬁcant morphological
differences between populations of Geospitza fortis but
not Geospiza fuliginosa. There was no marked difference in CNVs between populations of either species
but there were dramatic differences in DNA methylation between the urban and rural populations in both
species and between tissues, based on DNA methylation analysis (ﬁgure 11C, D). The papers by Skinner
et al. (2014) and McNew et al. (2017) suggest that
epigenetic variation was involved in both environmental adaptation and radiation of Darwin’s ﬁnches.

5. Contribution of epigenetic variation to animal
evolution
Invasions and adaptive radiations provide extraordinary opportunities for studying the role of epigenetic variation in contemporary evolution, as
exempliﬁed in the previous paragraphs. Three further
examples on the involvement of epigenetics in animal evolution are discussed in the following:
domestication, the evolution of cave animals and
speciation by polyploidy. Domestication is evolution
in time laps, cave animals display particularly
prominent adaptive phenotypic changes, and
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polyploid speciation is characterized by intense
rearrangement of the chromatin and genome.
5.1 Role of epigenetic variation in domestication
Domesticated animals are particularly suitable for
studying evolutionary epigenetics because their breeding history is relatively short and rather well known
and their evolution was driven by known human-related selection pressures. Domestication of most animals started a few thousand years ago with a maximum
of ca. 30.000 years in dogs (Larson and Fuller 2014).
A recent long-term domestication experiment with
silver fox, a melanistic form of red fox Vulpus vulpus,
started only * 65 years ago (Trut and Kharlamova
2020) and in several ﬁsh species domestication has just
begun (Telechea 2018). Domesticated species, particularly dogs and fowl, have the additional advantage of
exceptionally broad variation in phenotypic traits like
body size, body shape and coloration (Larson and
Fuller 2014). Moreover, their genetics is relatively well
investigated (Wright 2015).
Literature data on dog and silver fox domestication
suggest that in the early stages of domestication
selection might be targeted on a unique set of tameness-related genes with large phenotypic effects (Trut
and Kharlamova 2020). Jensen (2015) emphasized that
changes in such behavioural traits are to a large extent
correlated to changes in patterns of gene expression
suggesting that epigenetic mechanisms might play an
important role in early domestication.
In dog, Canis lupus familiaris, which descended
from grey wolf, Canis lupus, some of the phenotypic
changes related to domestication have already been
linked to speciﬁc genes. For example, different alleles
involved in the ﬁght-or-ﬂight response have been
subject to strong selection and resulted in behavioural
differences between dogs and wolves (Cagan and Blass
2016). Janowitz Koch et al. (2016) established that
domestication of dogs has also been associated with
epigenetic alterations. They analyzed methylation differences in [24,000 cytosines distributed across the
genomes and revealed species-speciﬁc patterns of
DMRs at 68 sites. The authors concluded that selection
may have not only acted on genes but also on methylation patterns.
Bélteky et al. (2018) investigated differences in
hypothalamic DNA methylation between two selected
lines of red jungle fowl, Gallus gallus, that were bred
for either high or low fear of humans over ﬁve generations. Gallus gallus is the ancestor of modern chicken.

The authors found 22 DMRs between the two lineages
in genes involved in cellular metabolism and neural
signalling. They concluded that selection for tameness
can cause divergent epigenetic patterns within only ﬁve
generations and that these changes may have had an
important role in chicken domestication. Bélteky and
colleagues also detected several sex-speciﬁc epigenetic
changes on the autosomes suggesting that epigenetic
differences may play a role in gender-speciﬁc behavioural responses unrelated to sex chromosomes.
Anastasiadi and colleagues investigated domestication in European seabass, Dicentrarchus labrax, one of
the main farmed ﬁsh species in the Mediterranean
(Anastasiadi et al. 2018; Anastasiadi and Piferrer
2019). A good quality reference genome is available
and selective breeding programmes are now applied to
this species, which is at the beginning of domestication
(Vandeputte et al. 2019). Some farms have carried out
breeding for several generations but others still rely on
wild-caught ﬁsh for broodstock. Anastasiadi et al.
(2018) detected DNA methylation differences between
tissues in the early domesticates. About one-ﬁfth of the
epimutations that persisted into adulthood were established by the time of gastrulation and affected genes
involved in developmental processes. For example, the
adamts9 gene that codes for an extracellular matrix
metalloproteinase was hypomethylated in embryos of
early domesticated sea bass and this pattern was
maintained in the adult muscle (ﬁgure 12A), resulting
in higher adamts9 expression levels.
Some developmental genes were differentially
expressed in sea bass with lower jaw malformation, a
key feature of the domestication syndrome. Some of
these epimutations signiﬁcantly overlapped with cytosine-to-thymine mutations after 25 years of selective
breeding (ﬁgure 12B). Furthermore, epimutated genes
in sea bass coincided with corresponding genes that are
under positive selection in other domesticated animals.
The authors concluded from their work that epimutations in developmental genes underlie the onset of
domestication and assumed that these epimutations
might be ﬁxed as genetic variants later on explaining
Darwin’s domestication syndrome.
Konstantinidis et al. (2020) investigated the role of
hydroxymethylation in the domestication of Nile tilapia,
Oreochromis niloticus (ﬁgure 12C) at a genome-wide
level and single-nucleotide resolution and found that the
muscle hydroxymethylome changed already after a single generation of domestication. The overall decrease in
hydroxymethylcytosine level in domesticated tilapia
(ﬁgure 12D, E) was accompanied by the downregulation
of 2015 genes, mainly immune genes, whereas several
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Figure 12. Changes of methylation and hydroxymethylation in early domesticated ﬁsh. (A) Mean methylation of CpGs in
DMR of matrix metalloproteinase gene adamts9 in the muscle of sea bass Dicentrarchus labrax showing signiﬁcantly lower
methylation in farmed than wild specimens (from Anastasiadi and Pifferer 2019, modiﬁed; photo from https://www.
ﬁschlexikon.eu/ﬁschlexikon/ﬁsche-suchen.php?ﬁsch_id=0000000146). (B) CpG in DMR of cadherin family member 9 gene
of sea bass that got methylated (asterisk) in early domesticates (De) and was converted into a TpG after 25 years of selective
breeding (D25) (from Anastasiadi and Pifferer 2019, modiﬁed). (C) Nile tilapia Oreochromis niloticus (from http://www.fao.
org/ﬁshery/species/3217/en). (D) Difference of hydroxymethylated cytosines (5hmC) in fast muscles of wild tilapia and their
offspring reared in captivity. Domesticates have a signiﬁcantly lower 5mhC level (from Konstandinidis et al. 2020, modiﬁed).
(E) Circular representation of the tilapia nuclear genome showing sites with substantial levels of 5hmC in wild specimens
(blue) and their domesticated offspring (red) and differences between the two (from Konstandinidis et al. 2020, modiﬁed).

myogenic and metabolic genes that affect growth were
upregulated when compared to the wild specimens.
There were 126 differentially hydroxymethylated

cytosines between groups, which were not due to genetic
variation. They were associated with genes involved in
immune, growth and neuronal-related pathways. The
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DHMCs were mostly located within gene bodies suggesting a functional role in gene expression.
Animals bred in captivity for the enhancement of
sustainable ﬁsheries or conservation often have lower
ﬁtness when compared to their wild counterparts.
Artiﬁcial selection and respective genetic changes have
been invoked as the most likely explanation for this
reduced ﬁtness. However, comparison of DNA variation and genome-wide DNA methylation variation
between hatchery-reared coho salmon, Oncorhynchus
kisutch, and their wild parent populations revealed a
highly signiﬁcant proportion of epigenetic variation
despite the absence of overall neutral and adaptive
genetic variation (Le Luyer et al. 2017). Shared epigenetic variation (mostly hypermethylation) between
hatchery-reared salmons of different natural origin and
differences to their source populations provided evidence for directional epigenetic modiﬁcations that can
arise in a single generation in the hatchery
environment.

5.2 Role of epigenetic variation in the evolution
of cave animals
A good example of cave adaptation is the blind Mexican caveﬁsh, Astyanax mexicanus (ﬁgure 13A), which
repeatedly evolved from surface morphs with welldeveloped eyes starting a few million years ago.
Strecker et al. (2013) analyzed microsatellite and
mitochondrial data of seven cave and seven surface
populations from Mexico and revealed that Astyanax
mexicanus invaded northern Mexico at least three times
and that populations of all three invasions adapted to
subterranean habitats. The authors did not observe gene
ﬂow between the strong eye and pigment reduced old
cave populations and the surface ﬁsh, even when
syntopically occurring. Little gene ﬂow, if any, was
found between cave populations that are variable in eye
expression and pigmentation and surface ﬁsh suggesting that their morphological variability is due to repeated cave adaptations rather than to hybridization.

Figure 13. Epigenetic variation between epigean and hypogean Astyanax mexicanus. (A) Two surface morphs with welldeveloped eyes and an eyeless cave morph (photo by Richard L. Borowsky). (B) Relative expression of eye development
genes crybb1, crybb1c, and cryaa and myoblast determining protein gene myod (control). The eye development genes show
signiﬁcantly higher expression in 54-h-old surface morphs than in cave morphs. Quantitative RT-PCR; *Signiﬁcantly
different, P\0.05, two-tailed t-test (from Gore et al. 2018, modiﬁed). (C) Promoter CpG methylation of eye genes opn1lw1
and crx in 54-h-old surface and cave morphs and whole-mount in situ hybridization of corresponding larval heads showing
negative correlation between methylation level and eye expression (from Gore et al. 2018, modiﬁed). (D) Histological
sections of 5-d-old surface ﬁsh eye, 5-azacytidine (Aza) injected cave morph eye, and DMSO injected cave morph eye
(control) showing partial eye recovery by the methyltransferase inhibitor. H&E staining (from Gore et al. 2018, modiﬁed).
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At 36 h development, embryos of surface and cave
morphs of Astyanax mexicanus are superﬁcially indistinguishable with properly formed lenses and optic cups.
After 5 days, degeneration of eye tissue is clearly evident
and, by adulthood, eyes are completely absent in the cave
morph (ﬁgure 13A). The evolution of eye loss is usually
explained by genetic mutations. However, in the cave
morphs of Astyanax mexicanus no inactivating mutations have been found in eye development genes (e.g.,
the crystallins crybb1, crybb1c and cryaa), which are
signiﬁcantly higher expressed in 54-h-old surface
morphs than in cave morphs (ﬁgure 13B) (Gore et al.
2018). Instead, silencing of eye genes is apparently
caused epigenetically by promoter DNA methylation
(ﬁgure 13C) (Gore et al. 2018). Interestingly, the caveﬁsh eyes could be partially rescued by injection of the
DNA methyltransferase inhibitor 5-azacytidine into the
embryonic eye (ﬁgure 13F).
Parallel analyses in Astyanax mexicanus cave and
surface morphs and zebraﬁsh Danio rerio conﬁrmed
that DNA methylation is involved in regulating early
eye development and mediates eye-speciﬁc gene
repression in the troglobiont (Gore et al. 2018). These
results show that gene activation and repression by
DNA methylation can play a signiﬁcant role in evolutionary adaptation to an extreme environment.
5.3 Role of epigenetic mechanisms in polyploid
speciation
New animal species mostly arise by the divergence of
allele frequencies between or within populations and
the establishment of reproductive barriers (Nosil and
Feder 2012). Less frequently, species originate by the
duplication of entire genomes (autopolyploidy) or the
fusion of two genomes by hybridization (allopolyploidy) (Faria and Navarro 2010). All types of speciation are accompanied or followed by reproductive
isolation, chromatin remodelling, alteration of gene
expression, changes of life history features, and
sometimes also by gene silencing and gene loss.
Apparently, epigenetic mechanisms can contribute to
all of these processes.
The involvement of epigenetic mechanisms in speciation is particularly obvious in polyploid species. The
generation of new species and new higher taxa by
polyploidy is common in plants but has also played a
considerable role in animal evolution (Gregory and
Mable 2005; Van de Peer and Meyer 2005; Abbott
et al. 2013). A well established higher taxon example is
the vertebrates, which have experienced two rounds of
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polyploidy in their stem line and a further round in the
stem line of the teleost ﬁshes. These events led to the
expansion of the DNA methylation machinery. The
copy number of Dnmt3, which is responsible for de
novo methylation during development, increased from
one to three (Albalat et al. 2012). The same happened
with Tet that catalyzes demethylation of 5-methylcytosine. Extant polyploid species are relatively frequent
in water ﬂeas, insects, ﬁshes and amphibians.
Reproductive isolation, the absence of gene ﬂow
between parent species and neospecies, is an important
requirement for the separate evolution of a new species.
In plants, there are many evidences of the involvement
of DNA methylation in hybrid incompatibility (LafonPlacette and Köhler 2015). An animal example is the
deer mouse species complex Peromyscus maniculatus,
in which imprinting of genes involved in placentation
has led to reproductive isolation (Vrana 2007). Smith
et al. (2016) investigated DNA methylation variation
with MSAP in natural populations of North American
tessellated darter, Etheostoma olmste, and found that
epigenetic divergence is a strong predictor of the
strength of behavioural reproductive isolation suggesting that changes in the methylome can foster the
evolution of reproductive isolation between species.
Laporte et al. (2019) investigated differently methylated transposable elements (TE) in the ‘‘dwarf’’ and
‘‘normal’’ whiteﬁsh, two nascent species of the Coregonus clupeaformis species complex that diverged
some 15,000 generations ago. Their results support a
role of DNA methylation reprogramming and derepression of TEs in postzygotic isolation.
New polyploid genomes are usually unstable and
require chromatin rearrangement (O’Neill et al. 1998;
Madlung and Wendel 2013; Chen et al. 2015b). One
common feature is the reduction of the DNA content
(Chen et al. 2007; Inoue et al. 2015). A well-investigated example is the plant Phlox drummondii, in which
synthetic autopolyploids experienced a loss of 17% of
total DNA immediately after polyploidization and a
further reduction of up to 25% upon the third generation (Parisod et al. 2010). DNA loss mostly concerns
redundant genes and in extreme cases, the polyploid
genome can be downsized to the diploid state. For
example, after doubling of the genome in the stem line
of ﬁshes 70–80% of duplicated genes have been lost
(Inoue et al. 2015). In the hexaploid plant Brassica
rapa gene loss has apparently been driven by differential DNA methylation (Chen et al. 2015b). Gene
copies with higher methylation levels and correspondingly lower levels of expression were more prone
to loss than copies with lower methylation levels.
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Alteration of gene expression is increasingly recognized as an important mechanism of speciation (Gallego Romero et al. 2012; Franchini et al. 2016).
Differences in gene regulatory elements seem to be
more important for speciation than differences in
structural genes. According to the classical concept,
speciation-related gene expression changes are mainly
caused by genetic mutations in promoters, enhancers or
silencers. However, a substantial fraction of gene
expression differences across species are due to changes in DNA methylation, histone modiﬁcations and
microRNA activity (Cain et al. 2011; Gallego Romero
et al. 2012; Franchini et al. 2016).
In polyploids, the DNA methylation levels can either
be higher or lower when compared to the parent species. For example, hybrids of kangaroos Macropus
eugenii 9 Wallabia bicolor were characterized by a
genome-wide hypomethylation (O’Neill et al. 1998).
Removal of DNA methylation from retrotransposons in
the hybrids facilitated their ampliﬁcation and caused
gross changes in genome structure. An increase of
DNA methylation compared to the parent species was
observed in hybrids of red crucian carp Carassius
gibelio forma auratus x common carp Cyprinus carpio
(Xiao et al. 2013).
In hybrids of the frogs Xenopus laevis 9 Xenopus
muelleri, 364 out of 546 MSAP markers investigated
exhibited differences in methylation patterns when
compared to the parental species indicating intense
contribution of epigenetic mechanisms to shaping of
the new genome (Koroma et al. 2011). Hybrids
exhibited a signiﬁcantly higher proportion of methylated fragments relative to both parental species, which
may translate into changes of gene expression. Moreover, 76 methylated fragments were diagnostic of
hybrids only. These new epigenetic patterns may
indicate the involvement of epigenetic mechanisms in
restructuring of the hybrid genome. Interestingly,
female hybrids are fertile but male hybrids are sterile.
Differential methylation between sexes and misexpression of genes responsible for reproduction in males
may account for these differences (Malone et al. 2007;
Koroma et al. 2011).
Polyploids often have life-history traits that are different from those of the parent species (Xiang et al.
2006; Krois et al. 2013). Growth, number of offspring,
and other quantitative traits can either decrease or
increase when compared to the diploid ancestors. In
allopolyploids, the increase of life-history traits is
usually explained as the result of heterozygosity (hybrid vigor). This explanation is not applicable to
autopolyploids, which have the same set of genes as

Figure 14. Comparison of morphology, coloration, fecun- c
dity, DNA content and DNA methylation between triploid
Procambarus virginalis and its diploid parent species
Procambarus fallax. (A) P. fallax (male) and P. virginalis,
showing similar habitus and coloration (from Vogt 2017a;
photos by Chris Lukhaup). (B) Pleopodal egg numbers per
female and clutch. The graph shows that fecundity is on
average much higher in P. virginalis due to bigger body size,
but it is also ca. 40% higher in P. virginalis of equal sizes as
indicated by the linear model prediction lines (from Vogt
et al. 2019, modiﬁed). (C) DNA content in haemocytes.
Flow cytometry of two biological and three technical
replicates demonstrates a signiﬁcant * 1.4-fold higher
DNA content in P. virginalis. P = 1.33 9 10-7, Welsh
two-sided t-test (from Vogt et al. 2015, modiﬁed).
(D) Global DNA methylation level in hepatopancreas and
abdominal musculature. Mass spectrometry of the organs of
three laboratory-raised females per species revealed a
signiﬁcant, ca. 20% lower DNA methylation level in P.
virginalis. P = 1.48 9 10-7, Welsh two-sided t-test (from
Vogt et al. 2015, modiﬁed). (E) Gene body methylation in
2357 genes of two P. fallax (Pf 3 and 4) and two P. virginalis
(Pv 2 and 3). The heatmap of the hepatopancreases (H) and
abdominal muscles (M) shows numerous differentially
methylated genes between both species, most of them being
hypomethylated in P. virginalis (from Gatzmann et al. 2018,
modiﬁed).

their parent species. In autopolyploids, trait alteration is
rather caused by changes of gene dosage, rearrangement of gene-networks and modulation of gene
expression. All of these alterations obviously require
the contribution of epigenetic mechanisms. As an
example, during ancient mammalian gene duplication
DNA methylation apparently played a dominant role in
dosage rebalance by inhibiting transcription initiation
of duplicate genes (Chang and Liao 2012).
In the marbled crayﬁsh, Procambarus virginalis,
which originated from slough crayﬁsh, Procambarus
fallax, by autotriploidy and concomitant transition from
gonochorism to parthenogenesis, speciation was
accompanied by reproductive isolation and marked
alterations in DNA content, DNA methylation level
and life-history traits (Vogt et al. 2015, 2019; Gatzmann et al. 2018). However, their morphological
appearance and coloration remained very similar
(ﬁgure 14A). In laboratory experiments, marbled
crayﬁsh females readily copulated with males of Procambarus fallax but the offspring was always pure
marbled crayﬁsh as demonstrated by microsatellite
analysis (Vogt et al. 2015) indicating that reproductive
isolation occurs on the cytological or genetic rather
than the behavioral level. The triploid marbled crayﬁsh
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has a 1.4-fold instead of a 1.5-fold increased DNA
content when compared to its diploid parent species
(ﬁgure 14B), suggesting loss of some DNA after
polyploidization (Vogt et al. 2015). Body size and
fecundity (ﬁgure 14C) are signiﬁcantly enhanced in
marbled crayﬁsh (Vogt et al. 2019) indicating superior
ﬁtness. Marbled crayﬁsh grow to a maximum total
length of * 12 cm corresponding to a body weight of
40 g, whereas Procambarus fallax grow to a maximum
of * 9 cm and 18 g. Global DNA methylation is
about 20% lower in marbled crayﬁsh (ﬁgure 14D),
arguing for a considerable rearrangement of the DNA
methylation pattern and gene expression during speciation (Vogt et al. 2019). Differences in gene body
methylation in hundreds of genes (ﬁgure 14E) between
both species support this view (Gatzmann et al. 2018).
6. Discussion
The following section summarizes the progress that has
been made in the last decade in animal epigenetics,
identiﬁes gaps of knowledge, discusses conceptual and
technical deﬁciencies, outlines some future research
directions, and emphasizes epigenetics-speciﬁc points
that must be considered in future study design to
generate meaningful data.
6.1 Knowledge of epigenetic mechanisms
and epigenetic variation in animals
Epigenetic mechanisms and epigenetic variation independent or semi-independent from genetic variation
were found in all animal populations searched for,
suggesting that both are universal in the animal kingdom. There are convincing examples from the Cnidaria
(Liew et al. 2018, 2020), a basal clade of the Animalia,
the Ecdysozoa (Gatzmann et al. 2018; Kvist et al.
2018) and Lophotrochozoa (Thorson et al.
2017, 2019), the two species-richest clades of the
Protostomia, and the vertebrates (Liebl et al. 2013;
Leung et al. 2016) within the Deuterostomia including
the highly derived mammals (Liu et al. 2015). Since
the generation of epigenetic variation is also common
in plants (Thiebaut et al. 2019), protists (Filleton et al.
2015) and bacteria (Sánchez-Romero and Casadesús
2020), it must be considered as a basic principle of life
that serves for producing multiple phenotypes from the
same DNA sequence.
Table 3 gives an overview of the level of knowledge
we presently have on epigenetic mechanisms in

Table 3. Knowledge on the occurrence, causes and consequences of epigenetic variation in animal ecology and
evolution
Knowledge
Topic
Variation of epigenetic marks in
populations
Molecular mechanisms generating
epigenetic variation
Occurrence of stochastic
developmental phenotypic
variation
Occurrence of environmentally
induced phenotypic variation
Mechanistic relationship between
genome and epigenome
Cause-effect relationships between
epigenome and phenotype
Role of epigenetic variation in
environmental adaptation
Role of epigenetic mechanisms in
speciation
Role of epigenetic mechanisms in
domestication
Role of epigenetic variation in
evolution
Transgenerational inheritance of
epigenetic signatures
Transformation of epimutations to
genetic mutations

Poor Medium Good
x
x
x
x
x
x
x
x
x
x
x
x

animals and the role of epigenetic variation in animal
biology, identifying gaps of knowledge and future
research needs. Until recently, experiments on the role
of epigenetics in animals gave no clear-cut picture and
were sometimes even contradictory. These controversies may be a consequence of the complexity of the
animal kingdom but may also result from different
study designs, the application of different analytical
techniques and statistical data treatment, the use of
small sample sizes due to high costs of whole genome
and epigenome sequencing, the use of different tissues
and pooled samples for analysis, and neglect of the
physiological conditions and health states of the sampled individuals that can signiﬁcantly inﬂuence the
epigenetic proﬁle.
6.2 Production of epigenetic variation
and relationships between genome, epigenome
and phenotype
DNA methylation is by far the best investigated epigenetic mechanism in animals. It is largely conﬁned to
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CpG dinucleotides and occurs in genic and intergenic
regions. Data suggest that the effects of methylation
marks depend on their location in the genome.
Methylation of cytosines in promoter regions is usually
associated with gene repression, at least in vertebrates,
and methylation of transposons results in inactivation
as well. Gene body methylation modulates gene
expression and is mostly negatively correlated with
phenotypic variation (Jaenisch and Bird 2003; Jones
2012; Schubeler 2015; Greenberg and Bourc’his 2019).
Apparently, gene body methylation is also involved in
gene duplication facilitating functional diversiﬁcation
(Branciamore et al. 2014; Asselman et al. 2016) and
perhaps in removal of long-term silenced gene duplicates from the genome (Chen et al. 2015b).
Papers on the effects of histone modiﬁcations in
animals are less frequent but the available studies
suggest that histone modiﬁcations may even be more
powerful than DNA methylation (Wojciechowski et al.
2018). Histone methylation mostly represses gene
expression and acetylation mostly stimulates gene
expression, depending on the location of the modiﬁcation (Lennartsson and Ekwall 2009; Bannister and
Kouzarides 2011; Allis and Jenuwein 2016). MicroRNAs also contribute to the generation of phenotypic
variation but information for animals is still scarce
(Franchini et al. 2016; Gajigan and Conaco 2017).
They can transfer epigenetic information from the
parent to ﬁlial generation via sperm (Chen et al. 2016).
Laboratory experiments and ﬁeldwork with clonal
animals revealed that there are two different sources of
epigenetically mediated phenotypic variation, namely
environmentally-induced phenotypic variation (EIPV)
and stochastic developmental phenotypic variation
(SDPV) (Skinner 2015; Leung et al. 2016; Vogt
2015, 2017a, 2020a; Angers et al. 2020). SDPV is
produced by spontaneous epimutations that generate a
range of phenotypes a priori around a well-adapted
mean without knowing the future conditions. It is a bethedging mechanism that is particularly important in
unpredictable environments (Leung et al. 2016). EIPV
is produced by environmentally induced alterations of
the epigenetic marks on the genome and strengthens
adaptation to the inhabited environment. Therefore, it
is particularly effective in stable and predictable environments (Leung et al. 2016). SDPV and EIPV always
act together but with different weighing, depending on
the environment (Leung et al. 2016).
Environmentally induced epimutations and, to a
lesser degree, stochastic epimutations are also involved
in generation of polyphenism (Lajus and Alekseev
2004; Herb et al. 2012; Wojciechowski et al. 2018).
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Polyphenism in insects shows the power of epigenetics
particularly impressively and serves for distributing
biological key functions like growth, reproduction and
migration to different morphs and for dividing labour
to different castes.
The dependency of epigenetic variation from genetic
variation is controversially discussed. Some studies
showed a strong positive correlation between the two
(Nev and Schul 2019) but most studies revealed considerably higher epigenetic variation than genetic variation in the same populations (Liebl et al. 2013; Liu et al.
2015; Smith et al. 2016; Baldanzi et al. 2017). The
reason for this difference is the much higher frequency of
epimutations when compared to genetic mutations, e.g.,
3 9 10-4 methylation gains or losses per CpG and
generation versus 7 9 10-9 base substitutions per site
and generation in the model plant Arabidopsis thaliana
(Van der Graaf et al. 2015). In asexual populations,
where genetic variation is absent, epigenetic variation is
completely independent of genetic variation. In sexually
reproducing populations, the number of CpGs may vary
among the alleles of population members, and therefore,
epigenetic variation is not totally independent from
genetic variation.
Independence or semi-independence of epigenetic
variation from genetic variation does not mean independence from the genome. Since epigenetic mechanisms are chemical modiﬁcations of the DNA and
chromatin or act on transcripts they are, of course,
dependent on the genome. For example, the DNA
methylation pattern depends on the number of CpGs in
the genome, which can either be methylated or
unmethylated and the histone modiﬁcations depend on
certain regulatory DNA motifs (Ngo et al. 2019).
There is relatively little knowledge of how genomic and
epigenomic features translate into phenotypes. For example, it is an open question of how many single nucleotide
polymorphisms (SNPs) or single methylation polymorphisms (SMPs) are needed to change a phenotypic trait.
Individual SMPs seem to have mostly little phenotypic
effect but many of them together constitute DMRs and
epialleles, which were shown to cause phenotypic changes
(Rakyan et al. 2002; Weigel and Colot 2012; Quadrana
et al. 2014). The relationship between genetic, epigenetic
and phenotypic variation can be investigated by genomewide association studies (Atwell et al. 2010; Cortijo et al.
2014). Glastad et al. (2018) suggested investigating the
relationship between DNA methylation and phenotypic
plasticity by coupling experimental interference of DNA
methyltransferase genes with nucleotide resolution proﬁles
of genome-wide DNA methylation, transcriptome
sequencing and phenotypic screens.
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Genetic engineering techniques like CRISPR-Cas
(Clustered Regularly Interspaced Short Palindromic
Repeats-Cas Protein) are particularly suitable to
investigate the relationships between genome, epigenome and phenotype (Rees and Liu 2018). This
approach can be used to modify phenotypes by excising or inserting genes that encode DNA methyltransferases and histone-modifying enzymes. It can also be
applied to add and remove individual methylation
marks on the DNA (Liu et al. 2016; Xu et al. 2016).
CRISPR-Cas proved already highly effective in producing heritable knockouts and knockins in the epigenetics model Daphnia pulex (Nakanishi et al. 2014).

(Sax and Brown 2000; Fridley et al. 2007). Invasive
species are regarded as a major factor for the loss of
biodiversity and modern environmental damages,
causing costs of several hundred billion US$ per year
(Pimentel et al. 2001). Therefore, it is of prime
importance to understand how invading species generate enough phenotypic variation to survive in new
environments and extend ranges (Davis 2009). Probably, the phenotypic spectrum in successful invaders is
broadened by bed-hedging SDPV already before they
invade a new environment serving as a kind of predisposition. Long-term acclimatization to the new
habitat is then mainly fostered by directional EIPV
caused by the new environmental cues.

6.3 Role of epigenetic variation in environmental
adaptation

6.4 Role of epigenetic variation in evolution

The examples presented in this paper suggest that
animals use epigenetic phenotypic variation for environmental acclimatization and adaptation. There is no
doubt that epigenetic variation can broaden the range of
phenotypes in a population helping to cope with ﬂuctuations and abrupt changes of the environmental
conditions. It is also evident that epigenetic variation is
particularly important in asexually reproducing populations that lack genetic variation, genetically bottlenecked populations and small invasive groups with
little genetic diversity. In sexually reproducing species,
the generation of phenotypic variation by genetic
recombination is probably the most effective mechanism to adapt to environmental changes in the long
term. However, due to much shorter reaction times,
epigenetic variation seems to help acclimatizing to
adverse environmental conditions that occur within the
lifetime of a generation.
Some asexual animals, for example, obligatory
parthenogenetic water ﬂeas, are found in a wide
range of geographical regions and habitats despite
genetic uniformity. This phenomenon is often
explained by the ‘‘general-purpose genotype model’’
(Vrijenhoek and Parker 2009), which proposes that
generalist lineages are selected for ﬂexible phenotypes. This phenotypic ﬂexibility is probably based
on the ability to produce particularly broad ranges of
epigenetic variation from the same genome (Massicotte and Angers 2012).
Epigenetic variation also provides a mechanistic
explanation for the ‘‘invasion paradox’’, which
addresses why small and genetically uniform or
genetically impoverished groups can successfully
conquer new environments never experienced before

In this section, I will discuss four issues: (1) epigenetic
phenotypic variation as a one-generation phenomenon,
(2) the role of epigenetic mechanisms in domestication
and speciation, two special aspects of evolution, (3) the
selectability and transgenerational inheritance of epigenetic marks and epigenetically mediated phenotypes
and (4) the transformation of epigenetic variation to
genetic variation in the long term.
The production of a range of different phenotypes
from the same genome by epigenetic variation was
often seen as a one-generation phenomenon without
evolutionary impact because DNA methylation marks
were thought to be completely erased and rewritten in
the zygote. Such a complete erasure was observed in
mammals (Seisenberger et al. 2012) and then generalized for all animals. However, recent advances in
epigenomics revealed that the mammalian genomes
can bypass epigenetic reprogramming during development and transmit information from parents to offspring, for example, via histone modiﬁcations,
microRNAs and tRNA fragments (Skvortsova et al.
2018; Baxter and Drake 2019). In other vertebrates like
zebraﬁsh, Danio rerio, the paternal methylome is largely maintained throughout early embryogenesis,
whereas the maternal methylome is maintained until
the 16-cell stage and then progressively reprogrammed
by parallel losses and gains of methylation marks
(Jiang et al. 2013). In the phylogenetically basal corals,
CpG methylation signatures are apparently transmitted
from parents to offspring via the sperm (Liew et al.
2020). In honeybee, there is no DNA methylation
erasure in the gametes and zygote and DNA methylation marks are stably transferred from fathers to
daughters (Yagound et al. 2020).
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The fate of DNA methylation marks in parthenogenetic species and animals that produce their germ
cells from soma cells late in development resembling
plants is unknown. However, even if considered as a
one-generation phenomenon only, epigenetic variation
would be evolutionarily relevant because it helps
populations, particularly clonal ones, to escape
extinction in rapidly changing environments.
Domestication and polyploid speciation are rather
good examples on how epigenetic mechanisms can
impact animal evolution in the long term. During
domestication, which is evolution in time-lapse, traits
are often changed in very short time scales (Larson and
Fuller 2014), which can hardly be explained by genetic
mutation, recombination and artiﬁcial selection, particularly at the beginning of the domestication process.
Instead, there is evidence that early behavioural and
morphological changes are triggered by epigenetic
mechanisms (Anastasiadi et al. 2018; Konstandinidis
et al. 2020). In later phases of domestication, epigenetic variation may help to generate the broad phenotypic diversity typical of many domesticated animals.
During polyploid speciation epigenetic mechanisms
were shown to be involved in reproductive isolation,
chromatin rearrangement and alteration of gene
expression that separate new species from their parent
species (Vogt et al. 2015; Smith et al. 2016; Gatzmann
et al. 2018; Laporte et al. 2019).
The domestication example suggests that epigenetic
mechanisms may not only consolidate but also trigger
evolutionary change, or in other words, may be leaders
rather than followers in evolution. Such an extended
evolutionary role would require selectability and
transgenerational inheritance of favourable epigenetic
marks and related phenotypes and long-term ﬁxation of
favourable epigenetic variants. The generation of
environmentally induced epigenetic variation combined with selection and transgenerational inheritance
of beneﬁcial epigenotypes would be a very suitable means to rapidly modify phenotypes in large
proportions of a population to bridge across an environmental stressor for a few generations (Burggren
2017). When the stressor disappears, the epigenetic
marks and phenotypes can be reverted to the old state,
which is an advantage over the inheritance of genetic
mutations. When the stressor becomes permanent the
epigenetic variants may be genetically assimilated, as
detailed below.
Selection acts on phenotypes, and therefore, epigenetic variation is thought to provide a substrate for
selection like genetic variation. Deterministic selection
models showed that newly arising epimutations are
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principally stable enough to respond effectively to
long-term selection yielding epimutation-selection
equilibria that are close to those expected for DNA
sequence mutation rates (Van der Graaf et al. 2015). In
the model plant Arabidopsis thaliana, epigenetic variation was shown to be subject to selection, indeed,
contributing to rapid adaptive responses (Schmid et al.
2018).
Experimental evidence suggests that in animals only
a relatively small proportion of epigenetic variants are
transgenerationally inherited (Blewitt and Whitelaw
2013). For example, neither the status of being a
honeybee queen nor the marmoration pattern of the
marbled crayﬁsh is inherited. In these cases, it is rather
the ability to generate different phenotypes from the
same genome that is inherited, and this ability enables
subsequent generations to repeatedly produce similar
patterns and ranges of epigenetic variation. In a welladapted population living in a constant environment, it
makes little sense to inherit new epigenetic variants
over many generations because they would provide no
advantage. However, in a changing environment, the
best suited epigenetic variants may be selected and
transgenerationally inherited to better cope with the
new conditions.
Herman et al. (2014) emphasized that the stability of
epigenetic states beyond a single generation depends
on the degree of environmental variation but also on
the costs of epigenetic resetting. Support for this view
comes from Becker et al. (2011) who investigated
spontaneous epimutations in 10 lineages of Arabidopsis thaliana over 30 generations under constant
greenhouse conditions. They found that under these
constant conditions not many epimutations were
inherited over the long term and that some sites seemed
to go through recurrent cycles of forward and reverse
epimutations. The lack of stability of epimutations in
such laboratory experiments was frequently given as a
reason why epigenetic variation has no potent role in
evolution.
The idea of transgenerational inheritance of epigenetic marks is not yet generally accepted. However,
there are convincing examples published for bacteria,
plants and animals suggesting that this phenomenon is
ubiquitous and is involved in adaptive evolution
(Jablonka and Raz 2009; Rassoulzadegan and Cuzin
2015; Robertson and Richards 2015; Chen et al. 2016;
Burggren 2016; Hu and Barrett 2017; Jablonka 2017).
A well-studied animal example is the viable yellow
mice Avy. In these mice, a variably penetrant phenotype
is linked to the activity and DNA methylation status of
a retrotransposon driving abnormal expression of the
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Avy gene (Peaston and Whitelaw 2006). The methylation mark at this allele can be inherited through the
maternal and paternal germline.
In sexually reproducing species, beneﬁcial epigenetically determined phenotypes are thought to be ﬁxed
on the long range by genetic assimilation, a process by
which a phenotype originally produced in response to
environmental signals later becomes genetically encoded via random mutation and selection (Waddington
1953; Pigliucci et al. 2006; Ehrenreich and Pfennig
2016). An alternative, more directional mechanism,
which would also be applicable to asexually reproducing species, is the conversion of epimutations with
phenotypic effects to corresponding genetic mutations,
e.g., by deamination of methylated cytosines to thymines. The cytosine-to-thymine transition, which can
lead to codon change, is by far the most common single
nucleotide mutation in living organisms and it is promoted by methylation of the cytosine (Walser and
Furano 2010; Anastasiadi and Pifferer 2019). Shen
et al. (1994) emphasized the importance of hydrolytic
deamination of 5-methylcytosine as a major source of
human mutations, and in bacteria, methylated cytosines
were identiﬁed as hot spots for cytosine-to-thymine
mutations that modulate antibiotics susceptibility
(Ghosh et al. 2020).
Methylated CpGs have a mutation rate that is at least
10–50 times greater than that of unmethylated cytosines (Lutsenko and Bhagwat 1999). In contrast to
cytosine, thymine is not easily recognized by the DNA
repair machinery. Most animals investigated display
lower observed than expected densities of CpG dinucleotides (Yi and Goodisman 2009) suggesting that the
proposed mechanism of genetic ﬁxation of phenotypically relevant epimutations by the mutation of methylated cytosines to thymines may have repeatedly
occurred in their evolution. Methylated CpGs can even
have mutational effects on surrounding DNA (Walser
and Furano 2010).
Another hypothetical scenario on the transformation
of epigenetic variation to genetic variation is based on
copy number variants (CNVs), which play a fundamental role in the origin of phenotypic diversity (Lynch
and Conery 2000; Roth et al. 2007). The scenario ﬁrst
proposed in Vogt (2015) starts with the DNA of a
parthenogenetic mother that invades a new environment. This DNA contains several slightly different
CNVs of a gene, one of them being active and the
others being silenced by DNA methylation. In the ﬁlial
generation that disperses in the newly invaded
ecosystem the maternal pattern of active and silenced
CNVs may be changed by habitat or niche induced

changes of the epigenetic marks on the CNVs resulting
in genetically identical but epigenetically different
subpopulations. In each subpopulation, the most
favourable CNV may be expressed and duplicate again
in the long term whilst less favourable, long-term
silenced variants may be eliminated resulting in an
epigenetically plus genetically heterogeneous population. To date, there is no experimental evidence for
such a mechanism but it is well known that genes
duplicate quite often, that the activation status of CNVs
can change and that CNVs can disappear from the
genome depending on their methylation status (Rodin
and Riggs 2003; Roth et al. 2007; Chen et al. 2015b).
The experimental veriﬁcation of such a mechanism
or the conversion of reversible epimutations with
phenotypic effects to irreversible, phenotype-ﬁxing
genetic mutations would signiﬁcantly contribute to the
plasticity-ﬁrst or epigenetics-ﬁrst alternative of evolution, which was propagated in different variants by
Waddington (1957), Jablonka and Lamb (1995, 2014),
West-Eberhard (2003), Skinner (2015), Vogt
(2017a, b), Levis et al. (2018) and others. This concept
posits that novel phenotypes can not only arise from
random genetic mutations but also from environmentally induced or stochastic developmental epimutations
that later transform to genetic mutations that ﬁx the
new phenotype. Such a mechanism with a Lamarckian
touch would help to explain why evolution is often
much faster than expected from the mere combination
of random genetic mutation and natural selection.
6.5 Importance of selecting appropriate research
models and technical approaches and considering
epigenetics-related peculiarities in study design
Asexually reproducing animals such as Potamopyrgus
antipodarum, Procambarus virginalis, Daphnia species
and Chrosomus eos-neogaeus are particularly suitable models for epigenetics research. Further clonal
animals like aphids (Srinivasan and Brisson 2012),
several gynogenetic ﬁsh hybrids (Reid et al. 2017;
Warren et al. 2018) and parthenogenetic salamanders
(Neaves and Baumann 2011) are at hand but were not
yet used for ecological and evolutionary epigenetics.
Investigation of epigenetic variation in sexually reproducing populations is more difﬁcult because of the
confounding effects of genetic variation, but it is
important to address this issue too, because the majority
of animal species is sexually reproducing. Good model
systems in this ﬁeld are invasions with known history,
adaptive radiations of different age, domesticated
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animals and their wild ancestors, and sessile animals like
sponges, corals, bryozoans and bivalves than cannot
evade unfavourable environmental conditions.
Having a fully sequenced reference genome is an
important pre-condition for accurate and comprehensive characterization of genetic and epigenetic variation. Whole genomes are already available for the
epigenetics models Daphnia pulex, Daphnia magna
and Procambarus virginalis and are underway for
Potamoyrgus antipodarum. Earlier, de novo sequencing of a genome was very expensive, labour intensive
and time-consuming and required relatively large
amounts of tissue. Third generation DNA sequencing
techniques now allow fast and cost-effective sequencing of genomes from small tissue samples, even from
single cells. For example, Solares et al. (2018) have resequenced the Drosophila melanogaster genome with a
Nanopore cell within 24 h for \1000 US$ and
assembled a de novo reference genome with a quality
superior to the existing Drosophila genome. For comparison, when we started the marbled crayﬁsh genome
project at the German Cancer Research Center (DKFZ)
in Heidelberg in 2013, we needed a 20 g specimen to
obtain enough DNA for whole-genome sequencing and
Illumina sequencing by a private company cost
* 100,000 Euro. Due to the relatively low cost and
high speed of third-generation sequencing and modern
DNA methylation assays, it is now possible to investigate many more individuals than previously, which is
essential for studying epigenetic variation in populations with high accuracy.
Many studies on the variation of DNA methylation
in populations have used MSAP, which is suitable to
identify differentially methylated genomic regions
between samples. However, the genome fragments
mostly remained anonymous and were not attributed to
particular genes. The gold standard is presently WGBS
that enables genome-wide detection of methylated
cytosines at single-base resolution (Li and Tollefsbol
2011). Meanwhile, there are further techniques available to detect methylated nucleotides genome-wide in
very small samples (nanograms of DNA) (Simpson
et al. 2017; Liu et al. 2020). Glastad et al. (2018)
reviewed several techniques for assaying epigenetic
information genome-wide that can be applied in nonmodel taxa, including WGBS, MeDIP, ChIP-seq,
ATAC-seq and sRNA-seq.
Determination of DNA methylation in the genetics
model Drosophila melanogaster may serve as an
illustrative example of the importance of applying the
most suitable analytical technique. Using thin-layer
chromatography and nearest neighbour analysis, Lyko
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et al. (2010) determined a DNA methylation rate of
0.5% in embryos of the fruit ﬂy. Boffelli et al. (2014)
conﬁrmed DNA methylation in Drosophila with
immunoprecipitation. However, application of the
highly sensitive WGBS revealed that the genome of the
fruit ﬂy is unmethylated, which ﬁts well to the absence
of the methylation enzymes Dnmt1 and 3 (Raddatz
et al. 2013).
Aside of using up-to-date technology for data generation and appropriate tools for bioinformatic data
processing (Angarica and Del Sol 2017) it is also
necessary to enhance the studies’ power by reﬁning
study design and statistical data treatment (Lea et al.
2017; Cazaly et al. 2019). For example, Libbrecht et al.
(2016) compared the validity of different study designs
and statistical treatments on the example of caste differentiation in the clonal raider ant Cerapachys biroi,
whose colonies alternate between reproductive (queenlike) and brood care (worker-like) phases. Using
WGBS, a design with four replicates and joint statistical analysis of these replicates the authors did not
detect any differences in DNA methylation between the
queen-like and worker-like phases. Then they applied
the statistical approach previously used in studies on
DNA methylation in social insects (Lyko et al. 2010:
Foret et al. 2012) to their data. This approach does not
require biological replicates but is prone to producing
false positives stemming from sample-speciﬁc DNA
methylation (Libbrecht et al. 2016). By performing
four separate analyses of their data instead of one joint
analysis, each comparing the reproductive phase and
the brood care phase of one source colony, Libbrecht
et al. (2016) now revealed several hundred differentially methylated exons between the phases, which was
contrary to their original results. They considered the
latter ﬁndings as statistical artifacts and questioned
earlier ﬁndings on the involvement of DNA methylation in insect caste polyphenism.
Another very important point to be discussed is
proper sampling for epigenetics. In population genetics, any individual can be used for analysis because the
DNA of an organism is the same, regardless of tissue,
age or physiological status. However, gene expression
and the underlying epigenetic modiﬁcations usually
vary between tissues, life stages, environmental conditions, and physiological and health conditions. In the
past, this issue was not adequately considered what
could have led to inconsistent results and misinterpretations of the role of epigenetics in animal biology.
Moreover, due to the requirement of large amounts of
DNA for sequencing and other analyses, whole animals
or even pooled samples of several individuals were
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used instead of distinct tissues from single specimens.
In future studies on epigenetic variation pooling of
different individuals and different tissues must be
avoided and sample numbers should be large enough to
generate conclusive results.
I would like to illustrate the problem of the inﬂuence
of individual physiological and health conditions on
epigenetic variation in more detail on the example of
the hepatopancreas of crayﬁsh, which was my favourite
research object for many years. This organ is particularly suitable for environmental epigenetics because it
is the main organ of metabolism in crayﬁsh including
functions such as the absorption and metabolism of
nutrients, storage and catabolism of energy reserves,
detoxiﬁcation of xenobiotics and immune defense
(Vogt 2019b). However, gene expression in the decapod hepatopancreas varies not only between different
environments (Chen et al. 2015a; Cheng et al. 2019)
but also between premoult, intermoult and postmoult
stages, growth and reproduction phases, well-fed and
starved conditions, and healthy and diseased specimens
(Wang et al. 2014; Huang et al. 2015; Li et al. 2019;
Yang et al. 2020). The epigenetic signatures involved
in gene expression are expected to vary accordingly.
For example, adult marbled crayﬁsh alternate regularly
between growth phases and reproduction phases, each
lasting several weeks. These phases are interspersed by
moults. In the growth phase, the metabolism in the
hepatopancreas is mainly directed towards the production of metabolites and energy for the enlargement
of all organs, in the reproduction phase towards the
synthesis of vitellogenins and lipids for the oocytes,
and during moulting towards provisioning of metabolites for the synthesis of the new cuticle (Vogt 2019b).
Staying with the marbled crayﬁsh example, it is
relatively easy to sample individuals in the same condition in the laboratory because parameters such as age,
moulting stage, growth or reproduction phase, and
nutritional and health status should be constantly
monitored anyway. In wild populations, taking standardized samples is more difﬁcult. However, by using
condition indices such as the hepatopancreatic-somatic
index and the gonado-somatic index (Rodrı́guez-González et al. 2006), the nutritional status and the growth
and reproductive phases of the samples can be determined, respectively. Premoult and postmoult specimens
can be identiﬁed by the presence of gastroliths in the
stomach and a weak uncalciﬁed cuticle, respectively.
Pathogens and malnutrition are visible to the trained
eye by examining the hepatopancreas under the
microscope (Vogt, 2020c). Taking all these measures
requires some expertise and makes future studies more

complex, but without considering such epigeneticsspeciﬁc peculiarities the produced data are worthless
numbers.
6.6 Future research directions
More intense research is needed in all ﬁelds that are
indicated in table 3 with low and medium knowledge
levels. Particularly challenging is research on causeeffect relationships between epigenome and phenotype,
transgenerational inheritance of epigenetic signatures
and transformation of epimutations to genetic mutations. It is also necessary to extent epigenetics research
to some higher animal taxa that have not yet been
investigated.
Most papers on epigenetic variation in animals
demonstrated correlations between epigenetic marks
and phenotypes, while cause-effect relationships
between the two remained largely elusive. Therefore,
more laboratory experiments should be directed
towards identifying the mechanistic links between
epigenome and phenotype. Cause-effect relationships
could be investigated by using pharmacological
blockers of DNA methylation and histone modiﬁcations, RNAi, and engineering of genes and epigenetic
marks of interest by CRISPR-Cas. Alternatively,
genetically identical but phenotypically different clonemates could be compared by a combination of genomewide analysis of epigenetic modiﬁcations and respective transcriptomes and proteomes.
Investigations on the transgenerational inheritance of
epigenetic marks with phenotypic relevance and their
possible transformation to phenotype ﬁxing genetic
mutations are best performed with asexually reproducing animals. In order to identify the conditions
under which epigenetic marks are inherited and persist,
the experimental animals must be kept for many generations in both the same environment as the parents
and in strikingly different environments. Such experiments are best performed with short-lived water ﬂeas
but the clonal snails, crayﬁsh and ﬁshes can be used for
this purpose as well.
Hu and Barrett (2017) emphasized that research on
transgenerational epigenetic inheritance may also ﬁll
the heritability gap between genotypes and phenotypes.
Interestingly, only a proportion of the variance in
complex traits is explained by genetic variation. For
example, genome-wide association studies showed that
most of the heritabilities for height or common human
diseases could not be explained by genetic variants
(Maher 2008).
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Future research on epigenetic variation and transgenerational epigenetic inheritance may also answer
the question, whether new evolutionary trajectories can
emerge from epigenetic variants. Veriﬁcation of this
assumption would require inclusion of epigenetics in
the evolutionary theory as already proposed by Pigliucci and Müller (2010), Richards et al. (2010), Danchin et al. (2011), Schrey et al. (2012b), Jablonka and
Lamb (2020) and others.

5)

7. Conclusions
1)

Research on epigenetic variation in animal populations is a young discipline. Although our
picture is still fragmentary, the available data
suggest that the production of different epigenomes and epigenetically mediated phenotypes
from the same DNA-sequence is a general phenomenon in animals. Asexually reproducing
species and small invasive populations are particularly useful for studying epigenetic variation
and its role in ecology and evolution because
confounding genetic variation is small or even
zero in these model systems.
2) Epigenetic variation is produced from the same
genome by molecular epigenetic mechanisms
such as DNA methylation, histone modiﬁcations
and microRNAs. In multicellular animals, probabilistic developmental mechanisms like morphogenic diffusion–reaction systems, mechanical
cell-to-cell interactions, etc., can additionally
contribute to the generation of non-genetic
phenotypic variation.
3) Epigenetic variation occurs in two variants, the
generation of two or a few discrete phenotypes
from the same DNA sequence (polyphenism) and
the production of a continuous range of phenotypes from the same genome (phenotypic plasticity). In both variants, DNA methylation,
histone modiﬁcations and microRNAs have been
shown to act as mediators between genome and
phenotype.
4) Laboratory experiments and ﬁeldwork with asexual animals revealed that epigenetic phenotypic
variation is either produced by environmental
induction or developmental stochasticity. Both
mechanisms usually act together but in different
weighing, depending on the environment. Environmentally induced phenotypic variation is
predominant in predictable environments and
strengthens adaptation to the prevailing

6)

7)

8)

9)
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conditions and stochastic developmental phenotypic variation is predominant in unpredictable environments and contributes to
evolutionary bet-hedging.
It is well known that the variation of epigenetic
marks and epigenetically-mediated phenotypes is
anyhow linked to differential gene expression,
but the exact mechanistic relationship between
the two remains to be established. In asexual
populations that lack genetic variation, the measured epigenetic variation is completely independent of genetic variation. In sexually reproducing
populations, epigenetic variation is to some
degree dependent on genetic variation, but both
are mostly not narrowly correlated. Usually,
epigenetic variation is considerably higher.
Epigenetic variation is of particular ecological
relevance for asexually reproducing populations,
genetically bottlenecked populations and small
invasive groups because it considerably broadens
the range of phenotypes in these populations. In
asexual and bottlenecked populations, epigenetic
variation helps to survive adverse environmental
conditions. In genetically impoverished invasive
groups, it enhances the probability of survival of
the invaders and establishment of a founder
population in the new environment.
The epigenome can respond much faster to
environmental changes than the genome because
it is responsive to environmental signals. Moreover, epimutations are about ﬁve orders of
magnitude more frequent than genetic mutations.
Combined with transgenerational epigenetic
inheritance epigenetic variation would be a
perfect means to cope with environmental stressors or changes for a few generations. When the
adverse conditions disappear, the epigenetic
marks and related phenotypes can be reverted
to the old state.
Epigenetic variation also plays an important role
in evolution. An illustrative example is domestication, which is accelerated evolution by human
selection. Epigenetic variation of behavioural
traits like fear and tameness seems to be crucial at
the beginning of domestication when genetic
mutations are rare and selection on such mutants
is not yet effective. In a later phase of domestication, epigenetic variation may help generating
and consolidating the enormous range of phenotypes typical of domesticated species.
There is no doubt that epigenetic mechanisms are
also involved in speciation, one of the central
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issues of evolution. They help to consolidate
nascent species by contributing to reproductive
isolation, gene expression change and remodeling of the chromatin. Some researchers including
myself consider it possible that epigenetic mechanisms could also initiate speciation acting as
leaders rather than followers in evolution, but
supporting evidence is still meagre.
10) Even if considered as a one-generation phenomenon only, epigenetic variation is evolutionarily relevant, because it helps genetically
uniform populations to escape extinction and
continue evolution under changing environmental conditions. The evolutionary importance of epigenetic variation would enormously
increase if beneﬁcial epigenetic marks were
inherited across generations and genetically
ﬁxed in the long term. There is increasing
experimental evidence for the inheritance of
epigenetic marks over a few generations and
there are testable hypotheses on the transformation of epigenetic variation to genetic variation in the long term.
11) Future studies on ecological and evolutionary
epigenetics in animals should apply the most upto-date omics techniques such as third-generation
sequencing and determination of epimutations at
the whole genome scale. These techniques are
meanwhile affordable and enable fast analysis of
larger numbers of small-sized samples, which is
essential for reliable determination of epigenetic
variation in populations. Moreover, since gene
expression and the related epigenetic marks
usually vary between tissues, developmental
stages, and strikingly different physiological
and health states, samples for measurement of
epigenetic variation in animal populations must
be strictly standardized to obtain meaningful
results. Pooling of individuals and tissues must
be avoided.
12) In my opinion, epigenetic variation will sooner or
later be considered as a key factor in animal
ecology and evolution. It will become increasingly important in times of rapid ecosystem
degradation, environmental pollution and global
warming. Epigenetics is also hoped to be
integrated into the Extended Evolutionary Synthesis reﬁning our understanding of evolution,
particularly on how phenotypic variation originates, perpetuates and shapes the evolutionary
process.
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