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Abstract

The current evolutionary biology theory primarily involves genetic alterations and random DNA sequence mutations to generate the
phenotypic variation required for Darwinian natural selection to act. This neo-Darwinian evolution is termed the Modern Evolution Syn-
thesis and has been the primary paradigm for nearly 100 years. Although environmental factors have a role in neo-Darwinian natural
selection, Modern Evolution Synthesis does not consider environment to impact the basic molecular processes involved in evolution.
An Extended Evolutionary Synthesis has recently developed that extends the modern synthesis to consider non-genetic processes.
Over the past few decades, environmental epigenetics research has been demonstrated to regulate genetic processes and directly gen-
erate phenotypic variation independent of genetic sequence alterations. Therefore, the environment can on a molecular level through
non-genetic (i.e. epigenetic) mechanisms directly influence phenotypic variation, genetic variation, inheritance and adaptation. This
direct action of the environment to alter phenotype that is heritable is a neo-Lamarckian concept that can facilitate neo-Darwinian
(i.e. Modern Synthesis) evolution. The integration of genetics, epigenetics, Darwinian theory, Lamarckian concepts, environment, and
epigenetic inheritance provides a paradigm shift in evolution theory. The role of environmental-induced epigenetic transgenerational
inheritance in evolution is presented to describe a more unified theory of evolutionary biology.
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Current Evolution Paradigm

Charles Darwin’s theory of evolution through natural selection
provides the basis for our current concepts of evolutionary biology
[1]. Adaptive evolution occurs with four biological processes: (i)
variation within a population; (ii) variation is heritable; (iii) com-

evolution has developed over the past century and is the current
paradigm in evolutionary biology [2, 4, 5].

The advances in molecular genetics, genome-wide DNA
sequence mutation analysis and understanding of genetic varia-
tion are inadequate in considering the complexities of phenotypic

petition occurs between offspring for limited resources; and (iv)
the survival and reproduction of the offspring are not random,
but are associated with heritable variation [1, 2]. These con-
cepts of evolution through natural selection developed in the
late 1800s and were then advanced in the early 1900s with the
rediscovery of Mendelian genetics and the identification of DNA
(deoxyribonucleic acid) and RNA (ribonucleic acid) as the molecu-
lar mechanism involved in phenotypic variation and inheritance.
Adaptation of the classic Darwinian theory with molecular genet-
ics led to the concept of the “Modern Evolutionary Synthesis”
proposed in the mid-1900s by Huxley [3]. Subsequently, the role
of genetics in phenotypic variation, inheritance and adaptation
was established in large part by the field of population genetics.
This neo-Darwinian (i.e. Modern Evolution Synthesis) theory of

variation observed and in rapid evolutionary events for the cur-
rent evolutionary biology theory (i.e. Modern Synthesis). This is in
large part due to the low frequency of associated genetic muta-
tions [4-10]. Phenotypic mutation rates and genetic mutation
rates are dramatically different [10]. Understanding the origins of
genetic variation and environmental pressure induced evolution-
ary phenomena are difficult to explain with the Modern Evolution
Synthesis theory [4, 11]. Over the past 50years, molecular tech-
nology has been used to investigate evolutionary biology, but
many examples of finding no correlated genetic mutations or a
low frequency of DNA sequence mutations suggest that additional
mechanisms are also involved. Phenotypic plasticity is a very good
example of how physiological change can facilitate adaptation,
but most phenotypic plasticity has not been related to genetic
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DNA sequence alterations [2, 4, 5, 11, 12]. Darwin proposed a
critical role for environmental impacts to mediate natural selec-
tion, but genetic changes alone cannot explain these phenomena
well. This has led to the debate that a reevaluation of the current
evolution paradigm is needed [2, 4, 5, 11, 12].

Recently an Extended Evolutionary Synthesis (EES) has been
developed to expand the Modern Synthesis concepts and include
non-classical genetic concepts [13]. This EES incorporates non-
genetic processes and non-genetic inheritance and expands on
classic genetic considerations, but does not fully develop the
molecular processes or elements that integrate with the genetic
mechanism [13]. This demonstrates an appreciation that the Mod-
ern Synthesis, in considering our current molecular biology, falls
short of effectively explaining all mechanisms of evolution. Other
aspects of EES not well developed include a lack of detail on
how environment can directly impact developmental and biologi-
cal processes independent of classic genetics. The current review
discusses the role of environmental epigenetics and epigenetic
transgenerational inheritance as a major molecular component to
integrate classic evolution concepts of Lamarck, Darwin and Mod-
ern Synthesis and the more recent EES to develop a more unified
theory.

Environment and Evolution

Environment has a critical role in Darwinian Evolution [1] as
one of the primary factors to facilitate natural selection pro-
cesses. These environmental factors act on the survival and repro-
ductive fitness of individuals having different phenotypes. The
current paradigm in evolutionary biology is that DNA sequence
alterations promote this phenotypic variation that responds to
the environmental pressure through natural selection [4, 11]. In
addition to evolutionary biology, a large number of biological
phenomena suggest major impacts of the environment. Ecolog-
ical parameters such as chemical exposures, temperature, and
limited nutrition all impact an individual’s physiology and phe-
notypes, but do not have the ability to alter DNA sequence.
Identical twins have essentially the same genetics, but generally
develop discordant disease as they age [1, 2, 4-6, 14-25]. Only
a low frequency (generally 1% or less) of individuals that have
a specific disease have a correlated genetic mutation, and the
dramatic increase in disease frequency in the population cannot
be explained with genetics alone [26]. Many phenomena such as
regional disease frequency or the fact that environmental toxi-
cant exposures can promote disease, but do not generally have
the ability to alter DNA sequence, cannot be easily explained
with genetic mutations alone [27]. Therefore, many biological phe-
nomena do not follow normal Mendelian genetic rules and are
difficult to explain with classic genetic processes or mechanisms
alone [17].

One of the first evolutionary biology theories proposed in 1802
by Jean Baptiste Lamarck suggested that environment promotes
the phenotypic alterations associated with evolution [20, 21]. This
Lamarckian concept was that environment directly promotes phe-
notypic variation, which becomes heritable for subsequent gen-
erations. This is distinct from the role of environmental factors
providing a selection pressure in Darwin’s natural selection the-
ory. This Lamarckian concept was interpreted as conflicting with
Darwin’s natural selection evolutionary theory, so was discounted
and not considered in the Modern Synthesis (i.e. neo-Darwinian)
evolution theory [6]. As will be discussed, a molecular mechanism
that could promote direct alterations in phenotype generationally,

independent of DNA sequence, and alter genome activity would
support this Lamarckian concept [11].

Environment and Phenotypic Variation

A number of evolutionary biology observations suggest that the
rates of molecular and morphological evolution are largely decou-
pled [18]. One of the first observations that environment directly
promotes phenotypic variation was the report of Daphnia magna
to respond to the presence of predators in the environment [19].
This morphological phenotype induced by the environment was
termed the Baldwin effect and later thought to be due to genetics
and considered a neo-Darwinian phenomenon [28)]. However, this
phenomenon does not follow normal Mendelian genetics and is a
good example of environmentally induced phenotypic variation.
In the early 1900s Paul Kammerer demonstrated in the midwife
toad an environmentally induced parent-of-origin non-genetic
acquired reproductive trait with arid or aquatic environments [23].
One of the more significant series of studies was pioneered by Con-
rad Waddington in the 1940s and 1950s [24]. Several generations
of Drosophila (i.e. fruit fly) following heat shock exposure pro-
moted a wing structure change that was transmitted for sixteen
generations, so was inherited. This adaptive wing shape became
“canalized” in the population. This non-genetic phenomenon that
became inherited was referred to as “epigenetics” [24]. Although
the specific molecular aspects of the epigenetic process were not
known or proposed, epigenetics was, by definition, a non-genetic
process that did not follow normal Mendelian genetic rules. As will
be discussed, the molecular mechanisms have now been charac-
terized and provide a new science to help explain this and other
non-genetic (i.e. independent of DNA sequence) processes and
inheritance.

The initial genetic terminology used to describe phenotypic
variation effects such as those observed by Baldwin, Kammerer,
and Waddington was genetic accommodation [22]. These non-
genetic heritable changes occur in response to novel environ-
mental pressure. Although these early observations were critical
phenomena, interest waned in favor of strictly genetic inheritance
of traits in the absence of any known non-genetic mechanisms.
When the Modern Synthesis (i.e. neo-Darwinian) theory was for-
malized, Ernst Mayr described these non-genetic (soft) forms of
inheritance as “gradual change of genetic material itself, either
by use or disuse, or by some internal presence of tendencies,
or through a direct effect of the environment” [25]. Therefore,
environmental impacts on phenotypic variation and non-genetic
inheritance were strictly left out of the Modern Evolution Synthe-
sis without a specific mechanism to be considered [2]. In contrast,
environmental impacts on genetic processes such as horizontal
gene transfer in bacteria in adaptation to extreme environments
[29], generational maternal effects in both plants and animals
[30, 31], and generational prion protein transmission [32, 33] are
processes acceptable for inclusion in the Modern Synthesis and
EES theories. These processes are examples of multigenerational
direct exposure (i.e. intergenerational) phenomena. Therefore,
the current Modern Evolution Synthesis involves a genetic deter-
minism focus that cannot explain the environmental impacts on
phenotypic variation or non-genetic forms of inheritance. The
“curse of complexity” in adaptive evolution of complex traits has
been suggested to be resolved by the non-genetic molecular mech-
anisms of epigenetics [34]. To address these issues, an EES does
consider non-genetic components [13], but does not effectively
consider a direct environmental impact on phenotypic variation,
adaptation, and evolution.



Epigenetics

As discussed, the term epigenetics was coined by Conrad
Waddington in the 1940s [24]. Studies in embryology and devel-
opment were known as “epigenesis,” which was a concept from
Aristotle’s time. The integration of epigenesis and genetics pro-
vided the origins for the term epigenetics [24, 35]. As discussed,
Waddington’s experiments with drosophila demonstrated that a
heat induced wing structure developed and was inherited for
multiple generations, which was termed “epigenetics.” The defi-
nition of epigenetics has changed with greater understanding of
the molecular mechanisms. The initial definition of Waddington
focused on gene-environment interactions but had no molecular
insights [24, 36, 37]. As our molecular understanding has devel-
oped, the definition has evolved [27], the current definition of
epigenetics is “molecular factors and processes around DNA that
regulate genome activity independent of DNA sequence, and are
mitotically stable” [38]. The genome activity not only involves gene
expression, but also genome stability components such as silenc-
ing repeat regions and transposable elements to maintain genome
integrity [38]. The mitotic stability of the epigenome is critical
to maintain cell specificity and differentiation following cell pro-
liferation [38]. Therefore, as a cell undergoes mitosis, the DNA
sequence is replicated, as well as the epigenome is replicated to
allow cells and tissues to maintain the normal state of differen-
tiation and development acquired [38]. The history of epigenetics
is summarized in Table 1 and involved the initial definition of the
term in the 1940s, discovery of DNA methylation in the 1970s by
Holliday and Pugh, and Riggs [39, 40], demonstration of the role
of DNA methylation in X-inactivation in the late 1980s [41], role in
imprinted genes for allelic gene expression in the 1990s [42], role
of histone modifications in the 1990s [43], role of non-coding RNA
(ncRNA) in 2000s [44], epigenome mapping in 2005 [45], and the
identification of epigenetic transgenerational inheritance in 2005
[27] (Table 1).

The currently known molecular epigenetic factors include
DNA methylation, histone modifications, changes to chromatin
structure, expression of non-coding RNA, and RNA methylation
[46] (Fig. 1). All these epigenetic factors can directly regulate
gene expression independent of DNA sequence. The first fac-
tor identified was DNA methylation that occurs at a cytosine
residue adjacent to a guanine residue (CpG) sites to form 5-
methylcytosine [47]. Although other DNA modifications exist,
such as 5-hydroxymethyctyosine or methyl adenine, they are far
less frequent and their potential roles in mechanisms of non-
genetic adaptation have not been identified. Histone modifications
can also act as an epigenetic factor to regulate gene expression
independent of DNA sequence (Fig. 1). The chemical modification
of histone proteins with methylation or acetylation can mod-
ify the gene expression of the associated DNA [48-50]. These
histone modifications also effect chromatin structure, impact

Table 1: History of epigenetics

1940s Conrad Waddington defined epigenetics as environment-gene
interactions that induce developmental phenotypes

1975  Holliday and Pugh, and Riggs identify DNA methylation

1988  X-chromosome inactivation and DNA methylation

1990s Imprinted genes, allelic expression, and DNA methylation

1995  Histone modifications and chromatin structure

2000s Non-coding RNAs

2005  Epigenome mapping

2005  Epigenetic transgenerational inheritance
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regulatory protein (e.g. transcription factor) binding, and promote
heterochromatin or euchromatin regions of the genome. Histone
variants can also alter chromatin structure and gene regulation
[51]. In the male germline histone retention is impacted by his-
tone modifications and alters early embryonic development [52].
Non-coding RNAs are another critical epigenetic factor that reg-
ulates gene expression independent of DNA sequence (Fig. 1). A
number of different classes of ncRNA exist that are not trans-
lated into protein, but can regulate gene expression by binding
to DNA or proteins involved in gene expression [53, 54]. The small
and large ncRNA act as epigenetic regulatory factors to alter gene
expression [55]. RNA methylation at N6-methyl adenine is also an
epigenetic factor that can regulate the ncRNA secondary structure
to influence protein or DNA binding, and regulates gene expres-
sion [56, 57] (Fig. 1). The different epigenetic factors do not only
act independently, but integrate with each other to provide a level
of epigenetic complexity to accommodate the needs of cellular
development and differentiation. For example, ncRNA can facili-
tate DNA methylation processes [58] (Fig. 1). The DNA methylation
can modify histone modifications and chromatin structure [59]
(Fig. 1). Therefore, the complexity of the epigenome with its vari-
ous epigenetic factors can accommodate the requirements for the
cellular, organ and phenotypic variation observed. The integration
of all these epigenetic processes has been shown to be critical for
epigenetic inheritance in response to environmental factors [60].
These epigenetic molecular factors and processes provide the abil-
ity for environmental factors to alter gene expression independent
of DNA sequence. Therefore, gene expression and genome activ-
ity require a precursor epigenetic process to occur, which allows
classic genetic processes to function.

Environmental epigenetics is the primary molecular mecha-
nism in any organism that is used to promote physiological and
phenotypic alterations [2, 14-16, 34, 38, 47-57, 61-71]. Factors
such as nutrition, temperature, light, toxicants, exposures, stress,
or trauma [27, 46] directly alter epigenetics to promote the cellular
response and environmental phenotypic variation. The actions of
environmental factors early in development can permanently pro-
gram the cellular molecular function, which then impacts later
life disease or phenotypes [27, 46]. Since cellular identity and
function is determined by the epigenetics which regulates the
transcriptome, environmental epigenetics is the molecular fac-
tor that essentially controls cellular phenotypic variation. Mary

I Chromatin Structure I

| Non-Coding RNA | | DNA Methylation |

[N

DNA Sequence

Histone
Modifications

Figure 1: Representation of the primary epigenetic factors and processes
schematic of non-coding RNA, DNA methylation, chromatin structure,
histone modifications, and DNA structure presented. Modified from
Nilsson et al. [46]
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Jane West-Eberhard proposed that environmental pressures result
in selection of novel phenotypic traits, which results in genetic
alterations, and ultimately speciation [68]. This theory has been
coined “genes as followers” and was suggested to be a genetic phe-
nomenon. However, environmental epigenetics has now been sug-
gested to provide the molecular mechanism involved, not genetics
[2, 14-16, 34, 38, 47-57, 61-71]. Therefore, the current epigenetic
science developed over the past decades indicates environmen-
tal epigenetics is the primary molecular mechanism promoting
phenotypic variation that is associated with adaptation processes
[11]. Alarge number of studies and literature supports a direct role
for non-genetic processes (i.e. epimutations) in phenotypic varia-
tion (Table 2). The role of epigenetics in regulating this phenotypic
variation to impact evolution is the content of this literature.

The current neo-Darwinian (i.e. Modern Synthesis) suggests
that genetic variation is essential for evolution and drives pheno-
typic variation and adaptation. Interestingly, genetic mutations
most often require an epigenetic precursor [11]. This includes
the most predominant point mutation of C to T conversion being
promoted by DNA methylation, or DNA methylation regulation
of copy number variation, or histone modifications and DNA
methylation altering translocation sites, or DNA methylation reg-
ulating transposable element activity [11]. The environmental
induction of epigenetic transgenerational inheritance has been
shown to increase the frequency of point mutations and copy
number mutations generationally [11, 71]. Therefore, environ-
mental epigenetics and epigenetic inheritance promote genetic
variation that may facilitate adaptive phenotypic variation [71].
The frequency of epigenetic alterations is five orders of magnitude
higher than genetic mutation frequency [72, 73]. As will be dis-
cussed, the ability of environmental epigenetics to be a primary
driver of phenotypic and genetic variation needs to be integrated
into a unified evolutionary biology theory.

Epigenetic Transgenerational Inheritance
and Evolution

Environmentally induced epigenetic transgenerational inheri-
tance was first described on a molecular level with a toxicant
exposure in a rat model [74] and later with a stress exposure in
a mouse model [75]. This is a non-genetic form of inheritance
mediated through epigenetic alterations in the germline (sperm or
egg) that transmit altered phenotypes to subsequent generations
[46, 76]. The phenomenon has been extensively demonstrated in
hundreds of laboratories in all organisms investigated from plants
to humans. In plants, worms, and flies transgenerational inher-
itance has been transmitted hundreds of generations [46, 77].
Environmental exposures include industrial toxicants, nutrition,
smoking, alcohol, and stress or trauma. The direct environmen-
tal exposure of an individual impacts the exposed individual and
the germline within that individual that will generate the next
generation, so this is referred to as a multigenerational exposure
(i.e. intergenerational phenomenon) (Fig. 2). The first transgen-
erational generation not involving direct exposure is the grand-
offspring F2 generation. For a gestating female, the FO generation
mother, F1 generation fetus, and germline within the fetus that
will generate the F2 generation grand-offspring are all directly
exposed, such that the first transgenerational generation is the F3
generation great grand-offspring (Fig. 2). The repeated demonstra-
tion of epigenetic transgenerational inheritance of altered pheno-
types suggests that this molecular mechanism plays a significant
role in ecology and medicine and should be integrated into evolu-
tionary biology theory [4, 6, 11, 12, 16, 77-92]. Environmentally

induced epigenetic transgenerational inheritance has also been
observed in a number of field populations responding to natural
selection [11, 88, 89, 92]. A number of these studies are sum-
marized below and have been reviewed in regard to a role for
epigenetics in evolution (1, 2, 4, 7, 8, 12, 16, 29, 33, 46, 74, 76,
77,82, 93-101].

This non-genetic form of inheritance is induced early in devel-
opment to reprogram the epigenetics of the sperm or egg to
allow transmission to the next generation. The next generation
will have its embryonic stem cell epigenome and transcriptome
altered, which will impact all the somatic cells derived from
the stem cells epigenetics and transcriptomes [46]. Those cells
sensitive to the epigenetic alterations will have an increased
susceptibility to develop disease later in life, such that the gen-
erational physiology and phenotype of the individual will be
modified. A large number of different transgenerational patholo-
gles develop, and the toxicant exposures result in generational
toxicology [46]. Since the impacts are transgenerationally inher-
ited, they have the potential to impact evolution [11]. The
origins of the transgenerational germline epigenetic alterations
have been shown to be throughout gametogenesis from the
primordial germ cells to the mature gametes [52]. Therefore,
like genetic changes, epigenetic changes can have an impor-
tant role in short-term microevolution [6] and contribute to
macroevolutionary (i.e. at or above the level of species) pro-
cesses, such as speciation and adaptive radiation [2, 4, 12, 79, 80]
(Table 3).

Examples of epigenetics and epigenetic transgenerational
inheritance impacts on evolution (e.g. natural population) are
provided below for natural populations and laboratory models
(Table 4). Empirical tests of the potential role of environmental
epigenetic mechanisms in environmental adaptation and evolu-
tion have been described [102]. A role for environmentally induced
epigenetic variation and inheritance in plants has been observed
[77, 97-100]. The high level of developmental plasticity in chang-
ing environments is proposed to be due to environmental epige-
netics facilitating adaptation and evolution in plants [103, 104].
Plant models of reproduction lack sequestered germ cells [105],
so have adaptive epigenetics and phenotypes. Specific examples
include Taraxacum officinale [106, 107] and Arabidopsis [108, 109].
The Caenorhabditis elegans is a model worm with high epigenetic
variation and epigenetic transgenerational inheritance [110-112].
Epigenetic inheritance of histone modifications and ncRNA can
alter adaptive responses in C. elegans [113]. The house sparrow
(Passer domesticus) demonstrates high levels of epigenetic varia-
tion facilitating rapid phenotypic change and adaptive evolution
[102, 114]. The invasive house sparrow exhibits phenotypic and
epigenetic variation in subpopulations in the Middle East [115] and
Australia [116]. Clonal lineages of animals that are not reliant on
genetic variation also have been used to investigate environmen-
tally induced epigenetic variation. The asexual snail Potamopyrgus
antipodarum is a widespread invasive species in North America.
Alteration of environmental conditions (i.e. water flow) was found
to associate with adaptive phenotypic variation that correlated
with epigenetic alterations [117, 118]. Chrosomus eos-neogaeus is
a hybrid clonal fish that inhabits lakes and intermittent stream
environments that has epigenetic variation in the divergent envi-
ronments [119, 120]. Another fish example is Poecilia, a fish that
survives in fresh water and sulfur environments, having dis-
tinct generational epigenetic changes in the distinct environments
[121]. Combined observations support a role for environmentally
induced epigenetic variation and inheritance to promote adaptive
phenotypic variation.
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Table 2: Non-genetic (epigenetic) association with phenotypic variation references

Reference title

Recherches sur 'organisation des corps vivans

A New Factor in Evolution

Organisers and Genes

An epigenetic mutation responsible for natural variation in floral symmetry

Developmental plasticity and evolution

The Baldwin effect and genetic assimilation: revisiting two mechanisms of evolutionary
change mediated by phenotypic plasticity

Transgenerational epigenetic imprints on mate preference

Transgenerational epigenetic programming of the brain transcriptome and anxiety
behavior

Identical but not the same: the value of discordant monozygotic twins in genetic
research

Progressive, Transgenerational Changes in Offspring Phenotype and Epigenotype
following Nutritional Transition

Exploring the correlations between sequence evolution rate and phenotypic divergence
across the Mammalian tree provides insights into adaptive evolution

Adaptive evolution: evaluating empirical support for theoretical predictions

Environmental heterogeneity and phenotypic divergence: can heritable epigenetic
variation aid speciation?

Epigenetic variation, inheritance, and selection in plant populations

Epigenetic variation: origin and transgenerational inheritance

General-purpose genotype or how epigenetics extend the flexibility of a genotype

Epigenetics and the evolution of Darwin’s finches

How stable “should” epigenetic modifications be? Insights from adaptive plasticity and
bet hedging

Environmentally responsive genome-wide accumulation of de novo Arabidopsis thaliana
mutations and epimutations

Genetic and epigenetic analysis of monozygotic twins discordant for testicular cancer

Stochastic developmental variation, an epigenetic source of phenotypic diversity with
far-reaching biological consequences

Environmental Epigenetics and a Unified Theory of the Molecular Aspects of Evolution:
A Neo-Lamarckian Concept that Facilitates Neo-Darwinian Evolution

Landscape of natural epigenetic variation in humans

Facing environmental predictability with different sources of epigenetic variation

Epigenetic programming alterations in alligators from environmentally contaminated
lakes

Epigenetics in natural animal populations

Epigenetic and chromatin-based mechanisms in environmental stress adaptation and
stress memory in plants

Epigenetic variation between urban and rural populations of Darwin’s finches

Natural epigenetic variation within and among six subspecies of the house sparrow,
Passer domesticus

Epigenetics and adaptive phenotypic variation between habitats in an asexual snail

Facilitation of environmental adaptation and evolution by epigenetic phenotype
variation: insights from clonal, invasive, polyploid, and domesticated animals

An Epigenetic Perspective on the Midwife Toad Experiments of Paul Kammerer
(1880-1926)

Epigenetic and genetic variation among three separate introductions of the house
sparrow (Passer domesticus) into Australia

Contribution of epigenetic variation to adaptation in Arabidopsis

Regional epigenetic variation in asexual snail populations among urban and rural lakes

Sources of epigenetic variation and their applications in natural populations

Understanding natural epigenetic variation

Rapid Epigenetic Adaptation in Animals and Its Role in Invasiveness

Epigenetic regulation in plant abiotic stress responses

Epimutations Define a Fast-Ticking Molecular Clock in Plants

Epigenetic variation in animal populations: Sources, extent, phenotypic implications,
and ecological and evolutionary relevance

Epigenetic inheritance of DNA methylation changes in fish living in hydrogen sulfide-
rich springs

Differential DNA Methylation in Somatic and Sperm cells of Hatchery versus Wild
(Natural-Origin) Steelhead Trout Populations

Lamarck J. 1802
Baldwin J. 1896
Waddington CH. 1940
Cubas P. 1999
West-Eberhard MJ. 2003
Crispo E. 2007

Crews D. 2007
Skinner MK. 2008

Zwijnenburg PJ. 2010
Burdge GC. 2011
Janecka J. 2012

Olson-Manning CF. 2012
Flatscher R. 2012

Hirsch S. 2012
Becker C. 2012
Massicotte R. 2012
Skinner MK. 2014
Herman JJ. 2014

Jiang C. 2014

Kratz CP. 2014
Vogt G. 2015

Skinner MK. 2015

Chatterjee A. 2015 Heyn H. 2013
Leung C. 2016
Guillette LJ, Jr, 2016

HuJ. 2017
Lamke J. 2017

McNew SM. 2017
Riyahi S. 2017

Thorson JLM. 2017
Vogt G. 2017

Vargas AO. 2017
Sheldon EL. 2018

Schmid MW. 2018
Thorson JLM. 2019
Angers B. 2020
Richards CL. 2010
Carneiro VC. 2020
Chang YN. 2020
Yao N. 2021

Vogt G. 2021

Kelley JL. 2021

Nilsson E. 2021

[11]

[140, 141]
[120]
[125]

[92]
[132]
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Female / Male
Environmental Exposure

>. Multigenerational
Exposures

(Intergenerational
Inheritance)

Transgenerational
Inheritance

(Generational
Phenotypic Variation)

F2 Generation
First Unexposed

Gestating Female

Environmental Exposure

F3 Generation
First Unexposed

Figure 2: Environmentally induced transgenerational epigenetic inheritance: schematic of environmental exposure and affected generations for both

gestating female and adult male or female. The multigenerational direct exposures are indicated in contrast to the transgenerational generation

without direct exposure. Modified from Nilsson et al. [46]

Table 3: Non-genetic (epigenetic) association with evolution references

Reference title

The significance of responses of the genome to challenge

Maternal Effects as Adaptations

Epigenetic transgenerational actions of endocrine disruptors and male fertility

Environmental epigenomics and disease susceptibility

Chromatin structure and the inheritance of epigenetic information

Epigenetic transgenerational actions of environmental factors in disease etiology

A unified approach to the evolutionary consequences of genetic and nongenetic inheritance

Transgenerational inheritance of an acquired small RNA-based antiviral response in C. elegans

Transgenerational epigenetic inheritance of longevity in Caenorhabditis elegans

Transgenerational epigenetic inheritance in plants

Remembering the prolonged cold of winter

Nongenetic inheritance and the evolution of costly female preference

Transgenerational developmental programming

Implication of sperm RNAs in transgenerational inheritance of the effects of early trauma in
mice

Potential roles of noncoding RNAs in environmental epigenetic transgenerational inheritance

Does evolutionary theory need a rethink?

Transgenerational epigenetic inheritance in mammals: how good is the evidence?

The evolutionary implications of epigenetic inheritance

Transgenerational epigenetics: Integrating soma to germline communication with gametic
inheritance

Principles of Transgenerational Small RNA Inheritance in Caenorhabditis elegans

Lamarck rises from his grave: parental environment-induced epigenetic inheritance in model
organisms and humans

Functions and mechanisms of epigenetic inheritance in animals

Plant epigenetic mechanisms: role in abiotic stress and their generational heritability

Quantitative epigenetics and evolution

Environmentally Induced Epigenetic Transgenerational Inheritance of Disease

Protein-Based Inheritance: Epigenetics beyond the Chromosome

Histone Methylation and Memory of Environmental Stress

Maternal transmission of the epigenetic “memory of winter cold” in Arabidopsis

Molecular mechanisms of epigenetic inheritance: Possible evolutionary implications

McClintock B. 1984 [17]
Mousseau TA, 1998 [31]
Anway MD, 2005 [74]
Jirtle RL, 2007 [76]
Margueron R, 2010 [51]
Skinner MK, 2010 [27]
Day T, 2011 [6]
Rechavi O, 2011 [110]
Greer EL, 2011 [111]
Hauser MT, 2011 [131]
SongJ, 2013 [36]
Bonduriansky R, 2013 [129]
Aiken CE, 2014 [101]
Gapp K, 2014 [75]
Yan W. 2014 [44]
Laland K. 2014 [4]
van Otterdijk SD, 2016 [135]
Jablonka E. 2017 [2]
Sharma A. 2017 [66]
Rechavi O, 2017 [113]
Wang Y, 2017 [137]
Skvortsova K, 2018 [134]
Sudan J, Raina M, Singh R. 2018 [103]
Banta JA, 2018 [69]
Nilsson E, 2018 [46]
Harvey ZH, 2018 [32]
Fabrizio P, 2019 [112]
Luo X, 2020 [109]
Sarkies P. 2020 [88]

Adaptive radiations also provide additional examples of
epigenetically mediated evolutionary change. One of the first
examples of this used five species of Darwin’s finches in the Gala-
pagos islands to assess genetic and epigenetic relatedness [122].
The epigenetic variation observed statistically correlated with the
phylogenic relatedness of the different species, in contrast with
the genetic variation, which did not correlate, and was at a higher

frequency than the genetic alterations [122]. Observations were
extended in the Darwin’s finches with a comparison of epigenetic
variation between two Darwin finch species having distinct urban
and rural populations with phenotypic variation [123]. Finches
in the urban environment with altered nutrition were found to
have epigenetic variation, but no genetic variation [123]. Another
example of human-mediated alterations in phenotypic variation



Table 4: Examples of epigenetic transgenerational inheritance
impacts on evolution

Organism Reference

Plant (Taraxacum officinale, [77, 97-100, 103-109]
Arabidopsis)

Worm (Caenorhabditis elegans) [110-113]

Bird (House sparrow, Passer [102, 114-116]
domesticus)

Asexual snail (Potamopyrgus antipodarum) [117, 118]

Hybrid clonal (Chrosomus eos-neogaeus) [119, 120]

fish

Fish (Poecilia mexicana) [121]

Bird (Darwin finch, Geospiza fortis) [122, 123]

Fish (Steelhead trout, [124]
Oncorhynchus mykiss)

Alligator (Alligator mississippiensis) [125]

Mouse (Mus musculus) [46, 75]

Rat (Rattus norvegicus) [46, 74, 82, 93]

and epigenetic variation used the steelhead trout (Oncorhynchus
mykiss) [124]. The hatchery and wild populations of steelhead
trout have significant phenotypic variation in growth, maturation
rates, and subsequent fitness and survival. Epigenetic differences
between the fish populations were dramatic in somatic and germ
cells, with minimal genetic alterations, between the hatchery and
wild populations [124]. A similar observation was made with the
American alligator (Alligator mississippiensis) in Florida USA, where
animals in a pristine uncontaminated environment had dramatic
epigenetic alterations when compared to alligators in contami-
nated environments, associated with corresponding reproductive
pathologies and phenotypic variation [125]. Observations demon-
strate that invaders, founder populations, clonal lineages, and
adaptive radiations involve environmental epigenetics and epige-
netic inheritance for adaptive phenotypic variation and evolution
[102] (Table 4).

Observations in a growing number of mammalian species also
support a role for environmentally induced epigenetic transgen-
erational inheritance in adaptation and evolution [126] (Table 4).
The first studies to investigate the role of environmental epige-
netics and epigenetic transgenerational inheritance used ances-
tral toxicant or stress exposure types of experimental design
[74, 75]. Darwin proposed that one of the critical determinants
of evolution was sexual selection [1]. A study was designed to
investigate the environmental impacts of a toxicant exposure
on the epigenetic transgenerational inheritance of altered mate
preference associated with sexual selection [82]. An FO genera-
tion female gestating rat was exposed to the agricultural fungi-
cide vinclozolin transiently during gonadal sex determination and
then subsequent F3 generation animals (great grand-offspring)
were obtained to assess mate preference behavior alterations
and epigenetic alterations. A significant mate preference alter-
ation was identified along with epigenetic alterations in the
germline [82]. Transgenerational brain transcriptome changes
associated with the mate preference behaviors were observed [93].
Therefore, environmentally induced epigenetic transgenerational
inheritance of mate preference, known to be critical for evolution,
was observed [27, 82, 93]. A number of reviews have suggested a
role for epigenetics in both microevolution and macroevolution
[6-8, 16, 34, 79, 80, 127-130], Table 3.

The current Modern Synthesis and EES theories support the
role of genetics as being the primary molecular factor involved
in adaptation and evolution. Genetic variation was thought to be
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the driver for phenotypic variation in the Modern Synthesis, while
the EES suggests epigenetics can facilitate phenotypic variation
as well. The above examples demonstrate that epigenetics and
epigenetic inheritance are stable and could independently impact
evolution alongside genetics. The environmentally induced epige-
netic transgenerational inheritance of phenotypic variation needs
to be considered an equally important molecular mechanism.
The promotion of adaptive or maladaptive traits through epi-
genetic variation is orders of magnitudes more frequent than
genetic induced adaptive or maladaptive traits. The distinction
is that environment can readily promote the epigenetic varia-
tion that becomes inherited to facilitate the natural selection and
evolutionary process. Since epigenetic alterations also facilitate
formation of genetic mutations and genetic variation, indirectly
environmental epigenetics can facilitate and drive genetic varia-
tion. These advances in our understanding of molecular biology,
physiology and inheritance need to be incorporated into a more
unified evolutionary theory.

Integration of Epigenetic Transgenerational
Inheritance and Unified Theory of Evolution

The advances in epigenetics over the last three decades have
demonstrated that epigenetics is equally important as genetics
in the regulation of gene expression, phenotypic variation, and
adaptation (Table 2). Epigenetics is the precursor for all genomic
activity (l.e. gene expression) and genetic stability (e.g. transpos-
able element mobilization or copy number variation). Therefore,
all biological processes from evolution to disease etiology will
require the incorporation of epigenetics and genetics. The evi-
dence for a functional role of environmental epigenetics and
epigenetic transgenerational inheritance in the phenotypic varia-
tion and adaptation in plants [131-133] and animals [46, 134-136]
is now compelling. This new science demonstrates a role for
the environment to directly promote phenotypic variation that
is heritable. This provides significant support for the previously
discarded ideas of “soft inheritance” (i.e. epigenetic inheritance)
from the late 1800s and early 1900s [11]. This neo-Lamarckian
concept provides a redemption for some of the ideas of Jean Bap-
tiste Lamarck [21], who first described the inheritance of acquired
characteristics [11, 137, 138] (Fig. 3). Since the neo-Darwinian the-
ory (i.e. Modern Synthesis) did not include direct environmental
impacts to promote phenotypic (i.e. non-genetic) variation, the
integration of epigenetics, environmental epigenetics and epige-
netic transgenerational inheritance need to be integrated in a
Unified Theory of Evolution (Table 4 and Fig. 3). The EES supports
this concept and promotes a role for non-genetic phenomenon
such as epigenetics and epigenetic inheritance [13]. This is also
supported by computational modeling of evolution [6, 139]. How-
ever, the direct actions of the environment to promote heritable
phenotypic variation independent of DNA sequence mutations
and genetics are not a major component of the EES. Therefore,
there is a consensus that the current concepts need to be inte-
grated and incorporated into our understanding of evolutionary
biology [11, 13] (Table 3).

The integration of epigenetic transgenerational inheritance
expands the role of epigenetics beyond the short-term impacts
of gene expression to also promote phenotypic variation within
a population permanently. Therefore, environmentally induced
epigenetic transgenerational inheritance has macroevolution
impacts equally as important as genetics and genetic muta-
tions [11] (Table 3). Due to the molecular frequency of epigenetic
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Unified Evolution Theory

Adaptation
Darwinian
Theory

Natural
Selection

Phenotypic
Variation

Neo-Darwinian
Theory

Physiology &
Cell Biology

Environmental
Epigenetics

—

Gene
Expression

Genetic
Mutations

Genome &
DNA Sequence

Neo-Lamarckian
Epimutations Concept

Environment msp( Epigenetics

Figure 3: Schematic of the Unified Theory of Evolution. No dominance is
suggested by the appearance of specific circles (e.g. epimutations versus
genetics) such that all are equally important components. Modified from
Skinner [11]

variation being several orders of magnitude higher than genetic
variation [73, 105], and being environmentally responsive, the
impacts of epigenetic transgenerational inheritance and epige-
netic variation on the evolutionary and adaptive trajectory of
species are supported [2, 11]. Previous studies have documented
epigenetic variation at the level of cellular epigenetics for tis-
sue function and disease [140], and the level of the organism to
correlate with phenotypic variation [141]. As with genetics, epige-
netics is anticipated to produce adaptive and maladaptive pheno-
types and effects. The increased frequency of epigenetic variation
is anticipated to provide a spectrum of adaptive and maladap-
tive phenotypes. An example is the thrifty phenotype induced
by caloric restriction during fetal development inducing epige-
netic metabolism effects that allow the offspring to survive on
fewer calories, but on a normal diet, develop obesity [142]. There-
fore, both adaptive and maladaptive phenotypes are expected
in an evolutionary setting. The postulates of natural selection
are supported by the evidence of epigenetic transgenerational
inheritance and phenotypic change. Therefore, the integration
of epigenetics and genetics provides a more efficient molecu-
lar mechanism and theory than the current Modern Synthesis
(i.e. neo-Darwinian) theory alone [11] (Fig. 3). In addition, this is
supported by and expands the concepts of the EES [13]. The Uni-
fied Theory of environmental epigenetics facilitating (i) the neo-
Lamarckian concept of environment directly impacting phenotype
that is heritable and (ii) subsequently altering genetic variation
and phenotypic variation through the neo-Darwinian theory, (iii)
for adaptation and natural selection as per classic Darwinian the-
ory, is proposed as the Unified Theory of Evolution (Fig. 3 and
Table 5).

Table 5: Evolution theory components

Neo-Lamarckian Concept:

Environment directly alters phenotype generationally
Darwinian Evolution Theory:

Natural selection acts on phenotypic variation for adaptation
Neo-Darwinian Evolution Theory:

Genetic mutations promote phenotypic variation on which natural
selection acts

Environmental Epigenetics:
Environmental epigenetic alterations promote phenotypic variation
and facilitate genetic mutations to influence adaptation and
natural selection

Unified Evolution Theory:
Environmental epigenetics and genetic mutations both promote
heritable phenotypic variation on which natural selection acts

Paradigm Shifts in Science

The vast majority of biological theories today are primarily based
on “genetic determinism” in which genetic mutations are the basis
for all phenomena from disease etiology to evolution. This genetic
determinism paradigm has been in place for the past century and
became ingrained in all aspects of the biological sciences. Follow-
ing the development of modern genomics and sequencing of the
human and other species genomes, the past 20 years has demon-
strated that most biological phenomena cannot be explained with
genetics alone. The crisis developing is that the frequency of
genetic mutations is rare, such that correlations with function,
pathology, and disease or phenotypes are not common. In the
1970s, Thomas Kuhn described the concept of paradigm shifts in
science to help explain the historic development of the sciences
and provide insights into the shifts required in rapidly develop-
ing science technology and theory [143]. The concept was that
when the current paradigm cannot explain phenomena observed,
a crisis develops that promotes new science development that
allows a new scientific paradigm to develop. Due to the vested
interest in the current paradigms, this generally takes a gener-
ation of scientists to develop [143]. The developments over the
past several decades in the molecular epigenetic area provides
a new science that can help explain the deficiencies and prob-
lems with genetic determinism. The integration of epigenetics
and genetics provides a more complete and efficient molecular
explanation of the processes in biology. We now know environ-
mental epigenetics can dramatically influence genetic variation
through the promotion of genetic mutations and alterations. Inde-
pendent of genetics, environmental epigenetics can also promote
phenotypic variation, since the epigenetic processes precede and
directly regulate the transcriptomes required for the phenotypes
observed. The role of epigenetic transgenerational inheritance
as a form of non-genetic inheritance allows the transmission of
phenotypes for generations. The integration of genetics and epi-
genetics provides a novel and more efficient molecular model of
evolution, not considered within the Modern Synthesis or EES the-
ories (Fig. 3 and Table 4). This does not detract or minimize the
essential aspects of Darwinian theory nor advances of the Modern
Synthesis, but simply provides new science not previously con-
sidered in evolution theory [11]. This Kuhnian paradigm shift in
evolutionary biology theory is the integration of the classic estab-
lished concepts with the new science to create a new paradigm of
a more Unified Theory presented (Fig. 3). This is not restricted to
evolutionary biology and is now needed in all areas of biology from



disease etiology theory, cell and developmental biology theory,
and environmental sciences.

Summary

The support for environmental epigenetics and epigenetic trans-
generational inheritance in regulation of phenotypic variation and
genetic variation to impact both microevolution and macroevolu-
tion is now compelling [6, 8, 34, 79-81, 127, 128] (Tables 2 and 3).
This information has been reviewed and the need to integrate
epigenetics and genetics in a unified theory of evolution dis-
cussed [6, 8, 16, 34, 79-81, 127, 128]. The integration and Unified
Evolution Theory proposed (Fig. 3) has a number of parame-
ters to consider: (i) environmental epigenetics provides a molec-
ular mechanism for Lamarck’s concept that environment can
directly alter phenotype in a heritable manner; (ii) environmental
exposures at critical developmental windows promote the epige-
netic transgenerational inheritance of germline (e.g. sperm and
egg) epimutations that alter phenotypic variation generationally;
(iii) direct environmental exposures of developing somatic tissue
can alter somatic epigenomes and phenotype in the individual
exposed, but this will not be heritable and the phenotypes will
often be distinct from transgenerational phenotypes; (iv) pheno-
typic variation is derived from a combination of integrated genetic
and epigenetic processes on which natural selection acts; and (v)
environment has a critical role in natural selection, as well as
in the induction of heritable adaptive phenotypic variation (i.e.
epigenetic transgenerational inheritance). Therefore, the environ-
ment has a more direct role, independent of genetics, in driving
phenotypic variation, adaptation, and evolutionary biology.

As shown in Fig. 3 and Table 5, the integration of epigenet-
ics and genetics contribute to a Unified Theory of Evolution that
explains environmental impacts, phenotypic variation, genetic
variation, and adaptation that natural selection acts on. All clas-
sic and previously established elements of evolution theory are
included, and this unified theory brings in the new advanced sci-
ence of environmental epigenetics. This shift is a new paradigm
in evolution, as defined by classic Kuhn paradigm shifts in sci-
ence [143]. This does not detract from the critical aspects of
Darwinian theory, Modern Synthesis, or EES, but simply integrates
the new advanced science of epigenetics and epigenetic transgen-
erational inheritance. The current review expands this proposed
concept [11] and provides a significant amount of supporting lit-
erature (Tables 2 and 3) and experimental models to support
the role of environmentally induced epigenetic transgenerational
inheritance in evolution.
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