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Introduction

When Conrad H. Waddington coined the term ‘epigenetics’
(Waddington, 1942) he could not have dreamed of the controversy
and debate that would still surround this word almost 75 years later
(Berger et al., 2009; Bird, 2007; Bonasio et al., 2010a; Ptashne,
2007). Waddington wished to establish a new biological discipline
that would study the mechanistic action of genes in the context of
development (Waddington, 1942); that discipline exists today and it
is called ‘developmental genetics’. In the meantime, the meaning of
epigenetics has evolved and, without dwelling on the controversies,
for the remainder of this review I will take it to mean the inheritance
of phenotypic traits that occurs without changes in the DNA
sequence (Bonasio et al., 2010a; Riggs et al., 1996).
It is important to note at the outset that epigenetic inheritance can
take place during meiosis and affect multiple generations, giving rise
to the phenomenon of transgenerational epigenetic inheritance
(Heard and Martienssen, 2014), but it also occurs commonly during
mitosis (Fig. 1A,B). In the latter case, epigenetic inheritance is
responsible for the maintenance of discrete transcriptional states that
give rise to different phenotypes originating from the same genotype
(Bonasio et al., 2010a). Specifically, the molecular mechanisms that
maintain cell identity over multiple rounds of cell division, making
sure that lineage-committed cells remain true to their lineage, are
epigenetic in nature and are the subject of intense investigation,
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because they underpin the ability of multicellular organisms to
develop from a single fertilized egg and hold great promise for
cancer treatment and regenerative medicine (Amabile and Meissner,
2009; Dawson and Kouzarides, 2012). Finally – and most
confusingly – the same molecular pathways that are responsible for
mitotic and meiotic inheritance of epigenetic states might also
participate in the stabilization of transcriptional patterns in postmitotic cells (Fig. 1C), such as, for example, neurons (Bonasio,
2012). In this case, no biological information is transmitted to a
following generation, but the same molecular machinery might be
involved. Some molecular biologists prefers to include this in a
broader usage of ‘epigenetics’ (Bird, 2007), although it creates a
slippery slope, whereby any form of gene regulation is epigenetics,
which, I suspect, is the crux of the controversy surrounding this
term.
Although precise terminology is essential to scientific
investigation, the energy spent in the attempts to define an abstract
concept such as epigenetics might be misdirected, as stated
previously (Nanney, 1958). Cells and organisms need to stabilize
phenotypic responses to changing environments. Some of these
phenotypic states must persist after the initial stimulus has subsided,
often for long period of times, and, on occasion, must be reestablished after cell division and/or organismal reproduction.
Regardless of what we choose to call the underlying molecular
mechanisms, they are fundamental to biology and multicellular life
could not exist without them.
The variety of biological phenomena in which evolution has taken
advantage of the epigenetic machinery, as reviewed below, is a
testimony to the fact that our definitions are of little consequence
and that by trying to make them narrower and more accurate we
might be losing sight of the forest for the trees.
Molecular epigenetics

The reader interested in the molecular details of how epigenetic
information is encoded, stored and utilized by the cell should refer
to the many reviews that have been published on the topic (Bonasio
et al., 2010a; Margueron and Reinberg, 2010). Here, I will simply
introduce relevant terminology so that the remainder of this review
is comprehensible to a broad range of biologists.
The eukaryotic genome is packaged inside the nucleus into a
complex of DNA, RNA and proteins called ‘chromatin’. Several
features of chromatin have the potential to encode epigenetic
information at the molecular level (Fig. 2). The first epigenetic mark
to be discovered was DNA methylation (Holliday, 1987; Holliday
and Pugh, 1975). This is a chemical modification that is restricted
to cytosine residues in eukaryotes and can alter the binding
properties of a DNA sequence, to regulate its function (Bird, 2002).
DNA methylation is copied onto newly synthesized strands of DNA
by enzymes of the DNMT1 family, explaining its epigenetic nature
(Goll et al., 2005).
The basic unit of chromatin, the nucleosome, is composed of two
copies each of four short polypeptides known as histones, which
form a discoid structure around which 147 bp of DNA are wrapped
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of the inherent flexibility of epigenetic regulation, a variety of biological
phenomena can be traced back to evolutionary adaptations of few
conserved molecular pathways that converge on chromatin. For
these reasons chromatin biology and epigenetic research have a rich
history of chasing discoveries in a variety of model organisms,
including yeast, flies, plants and humans. Many more fascinating
examples of epigenetic plasticity lie outside the realm of model
organisms and have so far been only sporadically investigated at a
molecular level; however, recent progress on sequencing technology
and genome editing tools have begun to blur the lines between model
and non-model organisms, opening numerous new avenues for
investigation. Here, I review examples of epigenetic phenomena in
non-model organisms that have emerged as potential experimental
systems, including social insects, fish and flatworms, and are
becoming accessible to molecular approaches.
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Fig. 1. Types of epigenetic memory. (A) Mitotic epigenetic inheritance
controls the replication of epigenetic marks (yellow flag on chromosome)
throughout DNA replication in S phase (middle cell) and throughout cell
division in M phase (right cells). Epigenetic marks that can be inherited in this
fashion include DNA methylation and, to some extent, certain histone
modifications. (B) Meiotic epigenetic inheritance controls transgenerational
transmission of information that does not reside in the DNA sequence.
Several cases are known in plants and a handful in vertebrates such as
mouse. In many cases, although the epigenetic state is visibly transmitted,
the nature of the epigenetic signal in the germ cells (yellow flag, middle)
remains unknown. (C) In certain cases the same epigenetic signals that
transmit information throughout cell division are used to stabilize
transcriptional patterns in terminally differentiated, non-dividing cells.
Although the inheritance-based definition of epigenetics would exclude such
mechanisms, because of the shared molecular features they are nonetheless
of interest to epigenetic research.

(Luger et al., 1997). In addition to the globular domain, histones
have disordered N- and C-terminal tails that protrude from the disc
and are available to enzymes that place post-translational
modifications (PTMs), such as acetylation, phosphorylation,
methylation and others (Kouzarides, 2007; Margueron et al., 2005).
These are the so-called ‘histone marks’ on which most chromatin
research has been increasingly focused ever since their discovery
(Allfrey et al., 1964), and even more so in recent years, after the
advent of genome-wide technologies. Histone marks, especially
acetylation, can function by directly fine-tuning the biophysical
properties of chromatin (Marmorstein, 2001), but by and large they
are believed to form binding surfaces for chromatin-binding factors,
or histone ‘readers’ (Ruthenburg et al., 2007a), that mediate their
downstream functional consequences. PTMs are also found on the
globular domain of histones, but, with few exceptions, the biological
function of this group of marks is not as well understood
(Mersfelder and Parthun, 2006).
A central goal of current research in chromatin biology is to
understand how the complex machinery that writes and erases
histone marks recognizes its targets in the genome and how a
combination of different histone marks are interpreted as separate
signals by histone readers (Ruthenburg et al., 2007b). It is becoming
increasingly clear that the large amount of noncoding transcription
that has been reported in most genomes gives rise to a wide variety
of noncoding RNAs (ncRNAs), some of which appear to function

B

Fig. 2. Molecular encoding of epigenetic information. Chromatin is
composed of DNA (red line) packaged around histone octamers (blue discs)
into nucleosomes. (A) In addition to the DNA sequence, biological
information can be encoded by chemical changes to the DNA, such as
methylation (me) or histone PTMs (yellow flags). (B) Higher-order chromatin
structures might also be vehicles of epigenetic information. In this case loose
(left) versus dense, compact (right) chromatin correspond to active and
repressed chromatin, respectively.

as recruitment or regulatory signals that direct these chromatin
modifiers to act on the relevant genes (Bonasio and Shiekhattar, in
press; Castel and Martienssen, 2013; Rinn and Chang, 2012).
Finally, the higher-order, three-dimensional organization of
chromatin, both in the short range, such as enhancer-promoter
looping (Kagey et al., 2010) and in the long range, such as
topological domains and chromosome territories (Cremer and
Cremer, 2001; Dixon et al., 2012; Phillips-Cremins et al., 2013), has
also been long speculated to participate in the regulation of gene
expression (Fraser and Bickmore, 2007; Misteli, 2007) and,
possibly, epigenetic inheritance. Research in this field has been
challenging, because of a lack of quantitative approaches; however,
things are likely to change thanks to the development of
conformation capture approaches (Dekker et al., 2002) and
continued progress in the description of the chromatin fiber, such as
a recent study that reported the structure of the 30 nm fiber as a
double-helix of double helices (Song et al., 2014).
Epigenetics in model organisms

Few fields of molecular biology have seen such a widespread use of
different model organisms as epigenetics has. The reason might be
that disparate observations of unexpected non-mendelian inheritance
of observable traits made in various model organisms all turned out
to be due to epigenetic effects (Allis et al., 2007). First came
positional effect variegation in Drosophila (Muller, 1941), whereby
a gene that is repositioned near repressed heterochromatic regions
of the chromosome as a result of a translocation is expressed in a
variegated manner, giving rise to mosaicism despite a homogeneous
underlying genotype. Genetic screens for enhancers and suppressors
of variegation led to the identification of several genes whose
product acted on chromatin (Schotta et al., 2003). Another strong
link between epigenetic phenomena and histone marks was first
established in Drosophila and originated from the study of the genes
belonging to the Polycomb group (PcG) and trithorax group (trxG),
which were shown decades ago to mediate the epigenetic
maintenance of cell identity and embryonic patterning (Ringrose and
Paro, 2004). The biochemical characterization of the protein
complexes containing the products of these genes revealed that they
act on chromatin by either placing or recognizing some of the most
intensely studied histone marks, such as the methylation of histone
H3 lysine 27 (H3K27me) and H3K4me3, which are linked to PcG
and trxG function, respectively.
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Much insight into epigenetics has come from the study of plants,
particularly maize and Arabidopsis thaliana. The phenomenon of
paramutation in maize, first described in 1958 (Brink, 1958) is a
classic example of epigenetics, because the effects of a certain allele
present in the ancestors are manifest in the progeny, even after the
allele has been crossed out for several generations (Chandler, 2007).
In fact, it can be argued that plants, lacking the ability to escape
detrimental changes in their surrounding environment by physical
relocation, are particularly dependent on epigenetic mechanisms to
adapt and survive. This might explain why epigenetic phenomena
that are only now beginning to be understood in mammals,
including transgenerational inheritance and RNA-mediated
chromatin changes, have been dissected in much more detail in
plants.
The most traditional model organism of all, the yeasts
Saccharomyces cerevisiae and Schizosaccharomyces pombe have
also contributed to our understanding of epigenetic phenomena.
Although these are monocellular organisms that, at first sight, would
seem to have little need for epigenetics, they in fact contain genomic
regions that must be kept silent in most circumstances, most notably
subtelomeric sequences and the mating type locus (Allis et al.,
2007). S. cerevisiae has lost most epigenetic machinery, including
DNA methylation and the enzymes involved in several of the
histone marks common in plants and metazoans, but still utilizes a
complex network of histone acetylation and deacetylation to
maintain silencing at heterochromatin regions (Grunstein and
Gasser, 2013). However, S. pombe has retained H3K9 methylation,
a hallmark of constitutive heterochromatin, and, in fact, meiotic
segregation of this histone mark and the corresponding segregation
of silencing was one of the first formal demonstrations of the
transmission of epigenetic information in cis by a chromatin-based
mechanism (Grewal and Klar, 1996).
Finally, epigenetic research has made great strides toward
understanding gene regulation and cell identity in mammals. For
this, embryonic stem cells from mice and, more recently from
humans, as well as induced pluripotent stem cells [pluripotent cells
derived from differentiated cells by epigenetic ‘reprogramming’
(Takahashi et al., 2007; Takahashi and Yamanaka, 2006)] have
quickly become the cell systems of choice. Several epigenetic
phenomena, such as X chromosome inactivation and genomic
imprinting (Lee and Bartolomei, 2013), have been studied
prevalently in mammals.
Open questions in epigenetics

Despite these fundamental discoveries in epigenetics made in model
organisms, many more questions remain unanswered. In several
cases the identity of the ‘true’ epigenetic signal remains a matter of
controversy, although few would doubt that proximate signals
include histone marks, DNA methylation and, at least in some
species, ncRNAs of various sorts (Bonasio et al., 2010a). It seems
natural that some of these specific, mechanistic questions should be
investigated in the same model organisms that have already
contributed so much to progress in the field. However, components
of these epigenetic pathways are increasingly implicated in the
regulation of organism-level phenotypes that cannot be easily
modeled in cell culture and are not always available for investigation
in suitable model organisms.
One example is brain function and behavior (Bonasio, 2012). The
brain is a complex organ and its ontogeny must access the same
epigenetic pathways of gene regulation that contribute to
development of all other organs. However, chromatin modifications
and possibly other epigenetic signals appear to have dedicated roles
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in the adult brain. Mutations in several known epigenetic regulators
cause neurological phenotypes (Jakovcevski and Akbarian, 2012),
and at least in the case of the methyl-cytosine binding protein
MeCP2 it was demonstrated that the gene contributes to the
phenotype in the adult brain (Luikenhuis et al., 2004), suggesting a
functional – rather than developmental – role. The culprit for this
connection might be DNA methylation, because its levels respond
dynamically to brain activity (Guo et al., 2011), and because its
potential for long-term memory of transcriptional states resonates
with the need for the long-term stability of neuronal states necessary
for higher brain function. But the connections are not restricted to
DNA methylation. Increasing experimental evidence suggests that
histone acetylation and possibly methylation are required for
learning and memory (Day et al., 2013; Gupta et al., 2010), and even
the development of long-lasting relationships among individuals
(Wang et al., 2013).
Another example is offered by the potential role of epigenetic
pathways in regulating longevity. It can hardly be a coincidence that
the mammalian enzymes at the center of much research – and
controversy (Guarente, 2013) – on the molecular regulation of
longevity, the so-called ‘sirtuins’, are deacetylases related to Sir2,
one of the few histone modifiers responsible for epigenetic silencing
in S. cerevisiae (Houtkooper et al., 2012). Considering that the
germline is virtually immortal, it has been proposed that the aging
clock is by and large driven by epigenetic deterioration, and that
understanding the root causes of this deterioration might allow us to
stop or even reverse the clock (Rando and Chang, 2012).
A third and final example is that of transgenerational inheritance.
Although examples of this phenomenon in plants abound, it remains
unclear whether the few cases characterized in other model
organisms are the exception or the rule (Heard and Martienssen,
2014). How widespread is this phenomenon? What molecular
features other than the DNA sequence has the required information
content and long-term stability to be transmitted into the germline
and affect the phenotype of a whole new organism? The recent –
and also controversial – observation that some paternal experiences,
specifically fear-conditioning in response to an olfactory stimulus,
might be transmitted to subsequent generations of mice (Dias and
Ressler, 2014) has renewed interest in the epigenetics of brain
function and behavior. If such a phenomenon were found to be
widespread and its molecular mechanism identified it would cause
a paradigm shift in the way we think about epigenetic inheritance,
learning and behavior, with ramifications that are currently difficult
to fully envision.
Cases of epigenetic regulation of whole-organism phenotypes are
common in nature, just not in the conventional model organisms,
which were selected for specific characteristics, including
homogeneous and stable phenotypes, ease of culture in captivity and
fast generation times. As a matter of fact, evidence of major
epigenetic effects on visible phenotypes would have probably
disqualified organisms from being selected, as evidenced by
Linnaeus’ horrified reaction when first told about epigenetic variants
of the toadflax Linaria vulgaris, which he named Peloria, the Greek
word for ‘monster’ (Gustafsson, 1979). The great progress in
genomic and genetic tools justifies taking a second look at the
variety of life forms that use epigenetic mechanisms to better fit in
their environment.
Developmental and phenotypic plasticity

Another way of defining epigenetics is to refer to those processes
that allow different phenotypes to arise from a single genotype,
known as polyphenisms (West-Eberhard, 2003). Polyphenism is
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particularly common in insects and brought to an extreme by
eusocial insects, as discussed below, but it is also found in other
arthropods and, to some extent, in vertebrates. Polyphenisms can
originate during development and give rise to distinct, stable
phenotypes in the adult individuals (morphs), or it can be plastic,
allowing an individual to change its phenotype in a metastable
fashion (typical of epigenetic changes) as its environment changes.
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Epigenetic metamorphoses of the water flea Daphnia
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Fig. 3. Examples of epigenetic plasticity in development. (A) In Daphnia,
alternative phenotypes can emerge as a consequence of exposure to
predator-derived chemicals (kairomones). In this case, genetically identical
F1 (products of parthenogenesis) present differences in the form of a
defensive structure called a ‘helmet’. The presence of the helmet can persist
in later generations despite the absence of the originating stimulus. (B) In the
half-smooth tongue sole Cynoglossus semilaevis, sex is genetically
determined by the presence of two Z chromosomes (male) or one Z and one
W chromosome (female). However, higher temperatures during the juvenile
phase induce conversion of ZW females to ‘pseudomales’. Interestingly, the
ZW progeny of these pseudomales will develop into more pseudomales even
if the temperature remains low, suggesting an epigenetic transmission of the
sex conversion.

Epigenetic sex reversal in the tongue sole

Among the many types of adult phenotypic plasticity, one of the
most egregious is the case of sex reversal, which is surprisingly
common throughout the tree of life, affecting several species of
insects, fishes, amphibians and reptiles. One particularly interesting
example is that of the half-smooth tongue sole Cynoglossus
semilaevis, a commercially important flatfish that is extensively
cultured in China. The genome of this fish was recently sequenced
and revealed that its Z and W sex chromosomes evolved from an
ancestral autosome pair starting ~30 million years ago (Chen et al.,
2014). Possibly because of the relatively recent origin of the sex
chromosomes, this fish species retained an environmental sexreversal pathway in addition to its genetic sex-determination system
based on ZZ and ZW chromosome pairs. Changes in temperature
induce juvenile ZW females to develop into fertile ZW
‘pseudomales’. Interestingly, ZW offspring that receive the Z
chromosome from the ‘pseudofather’ also develop into
pseudomales, and in this case without requiring the temperature
change (Fig. 3B). In other words, an environmental stimulus causes
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Daphnia is a genus of freshwater microcrustaceans that has
fascinated biologists for more than a century. Its use for epigenetic
research has been advocated before (Burggren, 2014; Harris et al.,
2012) but a Daphnia genome was sequenced only recently
(Colbourne et al., 2011), marking the entry of this organism into the
arena of molecular epigenetic research. The key aspects of Daphnia
biology that make it valuable to epigeneticists are its ability to
reproduce both sexually and asexually and the fact that
parthenogenetic individuals, which are genetic clones of the mother,
can nonetheless display diverse phenotypes depending on their
exposure to certain stimuli during development.
One specific case is the induction of defense structure by
exposure to predators (Tollrian and Dodson, 1999). For example, the
presence of chemicals released by predators in the water causes the
development of a protective cranial extension known as a ‘helmet’
(Fig. 3A). In Daphnia cucullata, these structures are also observed
in subsequent generations not directly exposed to the stimulus
(Agrawal et al., 1999). However, the fact that the F2 showed smaller
effects – which may be an example of the epigenetic ‘washout’
discussed by Burggren in this special issue (Burggren, 2015) –
suggests that the modified phenotype might be a consequence of
exposure of the F1 germline during embryonic development and not
of bona fide transgenerational epigenetic inheritance. Nonetheless,
given that similar induced defense mechanisms are also observed in
other animals and plants (Agrawal et al., 1999), studying their
molecular bases in Daphnia might reveal common paradigms in
epigenetic gene regulation.
In other Daphnia species, exposure to predator-derived chemicals
induces the development of a strengthened exoskeleton and small
protrusions in the neck region, known as ‘neckteeth’ (Tollrian and
Dodson, 1999). Although the transgenerational inheritance of this trait
has not been tested, its development can be induced by transient
exposure during the first instars and is therefore a case of
developmental plasticity controlled by external stimuli. Even if the
predator only appears briefly during embryonic development, a
signaling cascade results in the activation of an alternative
developmental trajectory, which results in a different adult phenotype
that is maintained epigenetically for the life of the individual.
A final aspect of Daphnia epigenetics worth mentioning in this
context is that many Daphnia species are important test organisms
in aquatic toxicology (Martins et al., 2007). The possibility that
environmental exposure alters the epigenome and affects not only
the individual, but also its descendants is a subject of intensive
investigation in vertebrate biology. With its faster generation times
and continuous exposure to the aquatic environment, Daphnia might
constitute an important model system to address some of these
questions. A pioneering study that analyzed changes in DNA
methylation upon exposure to polluting agents found no evidence of
transgenerational epigenomic damage (Vandegehuchte et al., 2009),
although only one locus was considered. Future, broader
comparisons of the Daphnia methylomes in clean and polluted
waters might reveal new mechanisms by which environmental
changes are recorded in the epigenome and affect future generations.

changes in the Z chromosome of ZW individuals that are transmitted
in an epigenetic manner to the next generation and that result in the
development of phenotypic males despite a female karyotype (Chen
et al., 2014).
Although the molecular mechanisms responsible for this
astounding phenotypic plasticity remain undefined, changes in
transcription and DNA methylation at the dmrt1 locus, which has
roles in sex determination in chicken and other animals (Matson and
Zarkower, 2012; Smith et al., 2009), correlate well with a possible
causal role in this environmental sex reversal (Chen et al., 2014). A
full survey of the tongue sole’s DNA methylome failed to reveal
obvious epigenetic culprits for the sex reversal, but only fully
developed organisms were analyzed (Shao et al., 2014). A
comparison of gene expression and DNA methylation profiles in
juveniles before and after the temperature shift that causes sex
reversal might provide deeper insight in this process.
In the case of the tongue sole, sex reversal poses yet another
epigenetic conundrum, which is how to deal with dosage
compensation. In species with different sex chromosomes, genes on
the common sex chromosome (Z or X) are present in two copies in
the homogametic sex (e.g. XX females in mammals and ZZ males
in birds) but only one copy in the heterogametic sex. This difference
in genetic dosage is compensated by complex epigenetic processes,
such as, for example, X chromosome inactivation in mammals
(Augui et al., 2011). The components of the dosage-compensation
machinery, as could be expected, are deployed differentially in the
two sexes, raising the question of how dosage compensation can be
regulated during a phenotypic sex reversal such as the one found in
the tongue sole. Initial studies showed that dosage compensation is
incomplete between males and females and almost non-existent
between males and pseudomales, except for a narrow 2 Mb region,
suggesting that these ‘young’ sex chromosomes have yet to evolve
a complete compensatory mechanism (Shao et al., 2014). It would
be interesting to analyze whether the occurrence of environmental
sex reversal is more common in species with ‘young’ sex
chromosomes, because the difficulties of reverting the epigenetic
regulation of dosage compensation might, in effect, prohibit such
processes in other species.
Social interactions and brain epigenetics in cichlid fish

With their wide variety of biology and ethology, fish might also
serve as versatile models to study the epigenetics of behavior. One
dramatic case of polyphenisms giving rise to alternative social
behavior (polyethism) is seen in the African cichlid fish
Astatotilapia (Haplochromis) burtoni. Male A. burtoni exist in two,
interchangeable, phenotypes: a dominant male that owns territory
and is reproductively competent (about 10–20% of the male
population) and a non-dominant male that does not reproduce. The
differences in reproductive behavior are accompanied by distinct
physiology, such as smaller testes in non-dominant males and visible
phenotypic traits, such as the bright coloration of dominant males
compared with the dull coloration of non-dominants (Fernald,
2012).
Despite the dramatic differences between these two social
categories, the distinct phenotypes are not encoded in different DNA
sequences within the genome. In fact, when presented with a larger,
‘super-dominant’ fish, formerly dominant males switch to the nondominant phenotype, with visible changes in coloration appearing
as early as a few minutes after exposure. These are accompanied by
changes in behavior and physiology, which culminate, about
2 weeks later, in the loss of reproductive competence. This switch is
fully reversible: removal of the super-dominant male will cause the
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converted male to return to its dominant status (Fernald, 2012). At
the cellular and molecular level, the transition from non-dominance
to dominance is accompanied by the activation of immediate-early
genes in the brain (Burmeister et al., 2005), specifically in the socalled ‘social behavior network’ composed of brain nuclei that are
involved in social behavior in vertebrates (Maruska et al., 2013b).
Interestingly, the same brain network was activated when dominant
males were forced to lose their status, but the genes involved were
different (Maruska et al., 2013a).
These rapid changes in gene expression must be accompanied by
more stable reorganization of the transcriptome so that an individual
who just lost (or won) a confrontation does not lose sight of its new
place in society. Thus, the metastable switch in social status in A.
burtoni is an ideal candidate to understand the role of epigenetic
pathways in stabilizing alternative brain states and behavioral
repertoires, and with its genome now available (Fernald, 2012), we
anticipate that it will provide much needed insight on the role of the
social environment in shaping genomic output.
Extreme epigenetics

The examples discussed here are meant to whet the reader’s appetite
for epigenetic research in non-model organisms. Next, I will present
two special cases that stand out as extreme uses of epigenetic
regulation of the genome: specifically, the pronounced polyphenisms
and polyethisms upon which the societies of ants and bees are
constructed, and the outstanding regenerative capacity of planarians.
Polyphenism and polyethism in eusocial insects

As one of the most diverse groups of animals on the planet, insects
are also specialists in exhibiting multiple alternative phenotypes
within a single species and, therefore, from a single set of genomic
information. The types and specific cases of polyphenism are too
many to list here and I refer the reader to the several excellent
reviews on the topic (Evans and Wheeler, 2001; Simpson et al.,
2011). I will point out that among the most impressive – and
economically important – examples of non-eusocial insect
polyphenism and polyethism are the phase transitions displayed by
locusts such as Locusta migratoria and Schistocerca gregaria, as
reviewed elsewhere in this issue (Ernst et al., 2015).
The availability of such a variety of polyphenic blueprints in the
insect world might explain why the large majority of eusocial
animals belong to this group. Indeed, colonies of eusocial insects
(ants, termites, some bees) depend heavily on the existence of
pronounced polyphenisms among their members (Bonasio, 2014),
as they are founded on the principle of division of labor (Hölldobler
and Wilson, 1990). These insect colonies are composed of different
categories of adult individuals (castes) with different morphologies
and physiologies and, most importantly, carrying out different tasks
within the colonies, which require distinct sets of behaviors.
Typically, most individuals are functionally sterile and occupy
themselves with colony maintenance (foraging, defense,
construction, cleaning), with reproductive rights restricted to one or
few well-protected individuals: queens in the case of haplodiploid
hymenoptera and royal couples (kings and queens) in the case of
termites (Hölldobler and Wilson, 1990). The differences between
queens and workers are not limited to reproductive biology. For
example, queens live longer; the longest documented lifespan of a
queen ant is 28.5 years, compared with the worker’s lifespan of just
a few months (Jemielity et al., 2005; Keller, 1998; Keller and
Genoud, 1997).
Because of these pronounced differences between related
individuals and because, at least in most species, castes are not pre-
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Fig. 4. Extreme epigenetics. (A) Eusocial insects, such as ants, encode
different developmental destinies in the same genome. In most species
embryos (left) and larvae (middle) are genetically indistinguishable, but they
give rise to entirely different adults (right); specifically, reproductives (queens)
and non-reproductives (workers). These differ not only in size and
morphology, but also in physiology and behavior. (B) Adult planarians can
regenerate all body tissues and structures after amputation (1). Pluripotent
adult stem cells known as neoblasts (red dots) migrate to the wound site (2),
create a regenerating structure called blastema (3), which eventually restores
all organs of the adult animal, including the nervous system (4).

assigned to embryos via genetic mechanisms (Fig. 4A), the world of
social insects has attracted the attention of epigenetics research
(Bonasio, 2012). A boost to this interest was provided by the initial
observation that the genome of the eusocial honeybee Apis mellifera,
unlike that of Drosophila, encoded orthologs for all classes of DNA
methyltransferases (Honeybee Genome Sequencing Consortium,
2006), which was followed by similar observations in ants (Bonasio
et al., 2010b) and termites (Terrapon et al., 2014). Differences in
DNA methylation between castes have been observed in bees and
ants and correlated with caste-specific gene expression (Bonasio et
al., 2012; Lyko et al., 2010). At least in the case of honeybees,
DNMT activity was reported to be causally linked to caste
determination in that inhibition of DNMTs resulted in spontaneous
development of queens from otherwise worker-destined larvae
(Kucharski et al., 2008). The downstream mechanisms for this effect
remain in large part mysterious, although the regulation of
alternative splicing by differential DNA methylation is a promising
candidate (Foret et al., 2012; Li-Byarlay et al., 2013). Interestingly,
similar cases of splicing regulation by DNA methylation have been
reported in human cells (Shukla et al., 2011), suggesting that these
regulatory mechanisms might be more widespread than previously
thought.
Research on epigenetic pathways other than DNA methylation has
been lagging behind, with only two studies published on histone
post-translational modifications: one reporting their presence in
chromatin from Apis mellifera (Dickman et al., 2013) and one
unveiling a potential role for the acetyl-transferase CBP in shaping
caste-specific patterns of H3K27 acetylation in different worker
castes of the carpenter ant Camponotus floridanus (Simola et al.,
2013). Moreover, we still lack a complete annotation of ncRNAs in
eusocial insects, which will probably provide additional pieces of
this epigenetic puzzle. The availability of several ant and bee
genomes, with many more in the pipeline, as well as the first report
of successful transgenesis in Apis (Schulte et al., 2014), has opened

the doors to molecular research on one of biology’s longstanding
fascinations: the sophisticated, organized societies of eusocial
insects.
Regeneration in flatworms

Another case of extreme epigenetics is the astounding regenerating
ability of freshwater planarians (Reddien and Sánchez Alvarado,
2004) (Fig. 4B). These flatworms (phylum Platyhelminthes) have
the capacity to regenerate large regions of their bodies at the adult
stage, including missing organs and complex structures, starting
from minuscule fragments. Planarians have been under the
scrutiny of biologists since the original observation of their
regenerative capacities in the 18th century and were of particular
interest to Thomas Hunt Morgan, who pioneered their systematic
study (Morgan, 1898). Although several other metazoans have the
ability to regenerate, planarians offer several advantages that have
propelled them to the forefront of research on the molecular
mechanisms of regeneration (Sánchez Alvarado, 2006).
Planarian regeneration relies on the function of proliferating
neoblasts, a population of adult stem cells that populate the wound
after dissection and form a structure known as a blastema (Reddien
and Sánchez Alvarado, 2004), which is a necessary prerequisite for
the regeneration of more complex structures. The ease of gene
knockdown by RNA interference (RNAi) in these organisms
allowed for forward genetic screens that have identified several
genes required for neoblast function and regeneration (Reddien et
al., 2005). For example, knockdown of the planarian version of the
gene encoding β-catenin results in disrupted anterior–posterior
patterning during regeneration and causes dissected animals to grow
heads in place of tails at their posterior end (Gurley et al., 2008;
Iglesias et al., 2008; Petersen and Reddien, 2007).
Given that single neoblasts can regenerate all the structure in the
adult animal (Wagner et al., 2011), they are pluripotent adult stem
cells and, as such, epigenetic pathways must control their ability
to regenerate. Indeed, pioneering studies have reported
requirements for the chromatin remodeler CHD4 (Scimone et al.,
2010), various histone methyltransferase (Hubert et al., 2013) and
the H3K9 methylation reader heterochromatin protein 1 (Zeng et
al., 2013). Despite the fact that planarians do not seem to contain
measurable amounts of methylated cytosines, the methyl-CpG
binding protein MBD2/3 is also required for regeneration (JaberHijazi et al., 2013). The latter observation is interesting in light of
the fact that there is no consensus on whether planarians methylate
their genomes or even on the classes of DNA methyltransferases
that they express (Jaber-Hijazi et al., 2013; Regev et al., 1998;
Zeng et al., 2013). The orthologs of MBD2/3 and CHD4 are found
in the same NuRD complex in vertebrates (Zhang et al., 1999);
therefore, it is possible that the effect of MBD2/3 on regeneration
is mediated via the NuRD complex and is independent of DNA
methylation.
These are only the first steps in dissecting the epigenetic
regulation of neoblast pluripotency and differentiation. As it would
be expected, histone marks and the machinery that is responsible for
their deposition are strongly conserved in planarians (Robb and
Sánchez Alvarado, 2014) and characterizing their functions in the
context of regeneration might help us understand their role in
vertebrate adult stem cells.
Emerging technologies to study non-model organisms

A few years ago the endeavor of establishing a new model organism
for molecular research would have been daunting to the point that
few researchers would have undertaken it. To seriously consider an
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organism as a model for molecular biology a few basic requirements
must be met. (1) Its genes and regulatory regions should be known.
Ideally the entire genome, at least in draft form, should be available
and well annotated, so that coding and noncoding genes can be
cloned, characterized and their activity quantified. (2) There must
be a way to interfere with gene function, ideally by gene targeting
or transgenesis or at least by means of transient manipulations. (3)
It must be possible to raise the organism in the laboratory, perform
artificial crosses and propagate genetically modified lines
indefinitely.
Until recently, only a few species met these three requirements
and only through the tireless labor of countless scientists over
decades. Times have changed. Massive parallel sequencing (also
known as next-generation sequencing) has brought about a
revolution in the ease and speed of nucleic acid sequencing that
could not have been imagined just a decade ago. It cost $3 billion
and years of dedicated work by hundreds of researchers to generate
a rough draft of the human genome in 2000 (Lander et al., 2001;
Venter et al., 2001). As of 2014, the newest instruments can
sequence a human genome (to 30 times coverage) in 3 days for
about $1000 (Hayden, 2014). Projects are on the way to sequence
tens, hundreds, even thousands of genomes from various organism
groups, including helmints, birds and insects (i5K Consortium,
2013). In fact, as more and more genomes are published, the ratelimiting steps of de novo genome sequencing, assembly and
annotation, become increasingly fast, because they can lean on the
annotated genomes of species that are closer in evolutionary (and
sequence) distance.
Great strides in RNA research have provided solutions to the
second issue, interfering with gene function. Since the late 1990s we
have known that small RNA molecules (endogenous or artificial)
have the ability to interfere with gene function by degrading or
inhibiting the translation of mRNAs with stretches of
complementary sequence (Hannon, 2002). This phenomenon,
known as RNA interference (RNAi), has become an invaluable tool
to manipulate gene levels in cell culture and intact organisms.
However, in most organisms RNAi is only transient and in many
non-model organisms it requires delivery of double-stranded or
small-interfering RNAs by individual injection, which is clearly not
desirable for routine experimentation.
To overcome the limitations of RNAi, a true experimental
organism should be amenable to genetic manipulation. This has
been the real obstacle in establishing new model systems, because
in most cases mutagenesis and forward genetics are made
impossible by long generation times or difficulty in handling the
necessarily large number of individuals involved and reverse
genetics, namely gene targeting, was only available in a handful of
model organisms or cell types in which homologous recombination
happens at an unusually frequent rate (e.g. yeast and mouse
embryonic stem cells). These considerations have been swept away
by the advent of CRISPR (clustered regularly interspaced short
palindromic repeat)-mediated genome editing (Cong et al., 2013).
The CRISPR/Cas system is a molecular defense pathway that
evolved to protect prokaryotes from foreign genetic material. Small
guide RNAs recruit nucleases to complementary RNA or DNA
sequences, which are then cut and degraded (Wiedenheft et al.,
2012). The utility of such a pathway for molecular biology was
grasped by multiple groups and a particular flavor of CRISPR,
which uses a nuclease that produces double-stranded breaks in
genomic DNA, was adapted to introduce these cuts anywhere in a
genome of interest (Cong et al., 2013; Jinek et al., 2012). Because
double-stranded breaks are universally resolved either by non120

The Journal of Experimental Biology (2015) doi:10.1242/jeb.110809

homologous end-joining (which causes small deletions and loss-offunction mutations) or, in the presence of a suitable donor, by
homologous recombination, the CRISPR/Cas system allows for the
high-efficiency introduction of any type of mutation in a genome of
choice.
Although CRISPR-mediated genome editing still requires
microinjection of guide RNAs and nucleases into embryos at a
suitable stage, it dramatically lowers the barrier to the adoption of
new organisms as genetic models and offers the power of genetic
approaches in virtually any organism that can be reared in the
laboratory.
Closing remarks

In this review, I describe a few examples of non-model organisms
on which molecular investigation has already begun. They by no
means constitute a complete list and are only meant to illustrate the
incredible variety of biological phenomena that could be under
epigenetic control and lie outside the realm of conventional model
organisms. It is beyond doubt that epigenetic forces shape
phenotypes at the cellular and organismal level, before, during and
after development. As an epigenetics researcher, I believe in the
important contributions of epigenetics to the diversity and
sophistication of life on Earth. Nonetheless, I offer a word of caution
toward attempts at extending its realm of action to evolutionary
times.
At times, the existence of phenotypic plasticity and
transgenerational inheritance have been interpreted as supporting
evolutionary processes that do not rely on random variation and
natural selection (Danchin et al., 2011; Jablonka and Lamb, 2008).
I do not believe this is an accurate representation of our
understanding of molecular epigenetics (Dickins and Rahman,
2012) and it is dangerously prone to creationist distortions (see,
for example, http://creation.com/epigenetics-and-darwin). The
examples of polyphenisms and epigenetic plasticity described
above are compatible with the notion that multiple phenotypes can
be encoded in the same genome, with the appropriate phenotypes
activated in response to a stimulus and stabilized by epigenetic
mechanisms. Some phenotypes can indeed be maintained through
sexual reproduction, resulting in their epigenetic inheritance, on
occasion over several generations. In some cases transgenerational
epigenetic effects might even confer inheritance of acquired traits
via a communication route between the soma and the germline –
Darwin’s gemmulae (Darwin, 1868) – for which ncRNAs are
prime candidates (Heard and Martienssen, 2014; Rechavi et
al., 2014; Rechavi et al., 2011). However, a characteristic of
epigenetic states is that they are meta-stable (Bonasio et al.,
2010a). It is difficult to envision molecular mechanisms by which
epigenetic signals could cause an acquired phenotype to be fixed
over evolutionary times for thousands of generations. In the
absence of such molecular evidence and in deference to Ockham’s
razor, I continue to support the modern synthesis, which has
been greatly successful in explaining inheritance and evolution to
date.
In conclusion, many non-model organisms appear to have adapted
epigenetic pathways in unique ways to develop alternative
phenotypes and behaviors that make them better suited for their
environment. The availability of cheap sequencing technologies and
efficient genome editing tools will allow us to probe for the first
time these phenomena at the molecular level.
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