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Abstract:

This paper delves into the role of epigenetics in
complementing and challenging Darwinian evolution
theory within the field of evolution. Epigenetics has
revealed new sources of genetic variation, with epigenetic
variations such as DNA methylation and histone
modifications capable of influencing gene expression
without altering DNA sequences. These variations can
spread and accumulate within populations, exhibiting
reversibility and dynamism, enabling species to rapidly
adapt to environmental changes. Additionally, epigenetics
expands the scope of natural selection, revises the patterns
of genetic information flow, and highlights the need for
updated evolutionary predictive models. Researchers have
proposed theoretical integration pathways such as the
Extended Evolutionary Synthesis framework, multilevel
selection theory, and gene-epigenome coevolution models,
offering new perspectives and directions for evolutionary
biology research.
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1. Introduction

volving changes in DNA sequences, has revealed
the complexity of genetic information transmission

Since the emergence of Darwinian evolution theory,
it has served as the core theoretical framework for
explaining biological diversity and adaptive evolu-
tion. However, with the continuous development of
modern biology, particularly the rise of epigenetics,
Darwinian evolution theory now faces new oppor-
tunities and challenges. Epigenetics, as a discipline
that studies gene expression regulation without in-

and the formation of biological traits, providing a
new perspective for understanding life phenomena.
In traditional Darwinian evolutionary theory, genetic
variation primarily stems from random mutations
and recombination of DNA sequences. However,
epigenetics demonstrates that, in addition to DNA
sequence variations, epigenetic modifications such
as DNA methylation and histone modifications can



significantly influence gene expression patterns and phe-
notypic characteristics of organisms without altering DNA
sequences, and certain epigenetic modifications can be
transmitted across generations.

Given the close connection and mutual influence between
epigenetics and Darwinian evolution theory, exploring
how epigenetics complements and challenges Darwinian
evolution theory holds significant theoretical significance.
This paper will provide a detailed discussion from three
aspects: theoretical supplementation, core theoretical chal-
lenges, and theoretical integration pathways, aiming to
provide new ideas and theoretical support for constructing
a more comprehensive and complete evolutionary theoret-
ical framework. By integrating epigenetics and Darwinian
evolution, we may gain a deeper understanding of the
fundamental mechanisms and complex processes of bio-
logical evolution.

2. Relevant Theory and Technical
Foundations

2.1 . The Developmental Trajectory of Classical
Evolutionary Theory

The developmental trajectory of classical evolutionary
theory can be traced through three progressive stages:
foundational breakthroughs, structural refinement, and
paradigm expansion. From the emergence of Darwinism,
through the formation of the modern synthesis, to the mul-
tidimensional expansion of contemporary evolutionary
theory, each theoretical leap reflects a deepening of bio-
logical understanding of the essence of life '" In the 19th
century, Darwin’s theoretical framework in On the Origin
of Species emphasized three key points: first, natural se-
lection as the core driving force, explaining adaptive evo-
lution through the mechanism of “survival of the fittest”
1 Second, the principle of a common ancestor, reveal-
ing the phylogenetic relationships among all organisms
as originating from a single or a few primitive types .
Third, gradual evolution as the temporal dimension, em-
phasizing that species changes are a slow and continuous
accumulative process. The theoretical logic of Darwinism
is that there are heritable variations among individual or-
ganisms, limited resources lead to survival competition,
advantageous variations are retained through reproductive
advantage, and species gradually adapt to the environment
and diversify Y. Darwinism overturned the “species im-
mutability theory” of creationism, propelling biology from
a descriptive science to an explanatory science.

In the 1930s and 1940s, with the rediscovery of Mende-
lian genetics and the development of population genetics,
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the Modern Synthesis achieved the first major refinement
of Darwinism through interdisciplinary collaboration.
First, the Modern Synthesis clarified that genetic variation
originates from gene mutations (changes in DNA sequenc-
es), recombination (chromosomal exchanges during meio-
sis), and gene flow (gene migration between populations),
providing a more specific and scientific genetic founda-
tion for natural selection and explaining the sources and
mechanisms of biological variation . Second, the Mod-
ern Synthesis describes the stable state of gene frequen-
cies in ideal populations and the conditions under which
they deviate, providing a calculable dynamic framework
for natural selection. Third, the theory proposes that geo-
graphical isolation blocks gene flow, leading to reproduc-
tive isolation and the formation of new species, revealing
that adaptive evolution is the result of natural selection’s
directed accumulation of advantageous variations .

In recent years, evolutionary theory has achieved multi-
dimensional expansion of the traditional framework by
integrating cutting-edge fields such as developmental bi-
ology, molecular biology, and ecology. First, the expanded
evolutionary synthesis (EES) emphasizes developmental
plasticity, arguing that the environment can influence gene
expression by directly shaping phenotypes, thereby break-
ing free from the constraints of “gene-centered theory.”
Second, the neutral theory proposes from a molecular
perspective that most variations at the molecular level
primarily depend on genetic drift rather than natural selec-
tion . Third, multilevel selection theory provides mech-
anistic explanations for complex evolutionary phenomena
by analyzing selection pressures at the gene, individual,
population, and ecosystem levels. Fourth, evolutionary
developmental biology (Evo-Devo) reveals morphological
innovation in macroevolution by comparing developmen-
tal gene regulatory networks across species, bridging the
cognitive gap between morphological evolution and ge-
netic mechanisms. Contemporary evolutionary theory has
shifted from being driven by a single factor, such as gene
mutation or natural selection, to a multi-factor synergistic
evolution involving genes, epigenetics, the environment,
and development, and has expanded from linear evolution
to networked evolution.

2.2 . Advances in Epigenetic Research

Epigenetic research focuses on the heritable regulation
of gene expression that does not rely on changes in DNA
sequences. In recent years, epigenetic research has yielded
numerous key discoveries and theoretical breakthroughs.
On the one hand, new insights have been gained into the
identification and functions of epigenctic modifications.
Multiple novel histone modifications and DNA modifi-
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cations have been identified, and a deeper understanding
of how these modifications function in gene expression
regulation has been achieved, challenging previous lim-
itations in understanding traditional gene expression
regulation mechanisms. It has been recognized that gene
expression is not solely determined by gene sequences but
is also finely regulated by epigenetic modifications, pro-
viding a new perspective on the complexity of biological
processes. On the other hand, breakthroughs have been
made in the mechanisms of intergenerational inheritance
of epigenetic information. Previously, it was widely be-
lieved that genetic information was primarily transmitted
through DNA sequences, but epigenetic modifications
can also stably persist in germ cells and be passed on to
offspring, influencing their phenotypic characteristics ™.
This has expanded the scope and boundaries of genetics,
prompting the academic community to re-examine the
modes of genetic information transmission.

At the molecular mechanism level, epigenetics research
has also made significant progress. In terms of DNA
methylation mechanisms, researchers have deeply ana-
lyzed the functional differences and synergistic effects
of DNA methyltransferase family members in different
stages and cell types. The key enzymes and related mech-
anisms of the demethylation process have also been grad-
ually revealed, providing a clearer picture of the dynamic
regulation of DNA methylation. In the field of histone
modification mechanisms, multiple histone modification
enzymes and their complexes have been identified, along
with their specific pathways in chromatin remodeling,
gene transcription activation, or inhibition. Chromatin
remodeling complexes have revealed that utilizing ATP
hydrolysis energy to alter chromatin structure enables
genes to be expressed at the appropriate time and location
®1 Non-coding RNA can bind to chromatin modification
complexes to guide their localization to specific gene loci
or regulate gene expression through interactions with oth-
er RNA molecules.

In the field of evolutionary biology, the application of
epigenetics is becoming increasingly profound. By com-
paring the epigenetic modification patterns of different
species, the phylogenetic relationships and evolutionary
history between species can be inferred. Additionally,
epigenetics helps reveal the evolutionary mechanisms
by which species adapt to environmental changes. When
the environment changes, the epigenetic modifications of
organisms correspondingly change, enabling individuals
to rapidly adapt to new environments without altering
their DNA sequences"”. Epigenetic adaptive evolutionary
mechanisms help explain how species respond to environ-
mental pressures and survive in the short term, thereby in-
fluencing long-term evolutionary directions. Furthermore,

differences in epigenetic modifications following gene
duplication may lead to the functional differentiation and
evolution of new genes, providing insights into how new
genes arise and acquire new functions during evolution.

2.3 . Literature Review

Current evolutionary biology research is showing a par-
adigm shift from classical genetic determinism toward
epigenetic expansion. While the modern synthesis suc-
cessfully integrates Mendelian genetics with Darwinian
selection theory, its gene-centric framework struggles to
explain phenomena like rapid environmental adaptation
and phenotypic plasticity. However, existing research still
faces three key limitations: first, there is no unified frame-
work for quantifying the selection of epigenetic variations;
Second, the stability boundaries of intergenerational trans-
mission remain unclear; third, the relative importance of
epigenetics in macroevolution remains controversial. This
paper examines the evolutionary dynamics of epigenetic
variation, analyzing its environmental response character-
istics and selection effect models; it then explores the core
mechanisms of epigenetics in temporal regulation of gene
expression, shaping of phenotypic plasticity, and intergen-
erational adaptive transmission. Finally, by integrating an
expanded evolutionary synthesis framework, it elucidates
how epigenetics complements Darwinian evolutionary
theory in terms of the sources of genetic variation, tempo-
ral scales, and acquired inheritance, while also posing the-
oretical challenges to the objects of natural selection and
patterns of genetic information flow, thereby providing
theoretical support for paradigm updates in evolutionary
biology.

3. Theoretical Mechanisms of Epigen-
etic Regulation Driving Species Adap-
tive Evolution

3.1. Evolutionary Dynamics of Epigenetic Vari-
ation

During evolution, the mechanisms underlying the genera-
tion of epigenetic variation exhibit diversity and complex-
ity. Dynamic changes in epigenetic modifications such as
DNA methylation and histone modifications provide the
foundation for epigenetic variation. Environmental factors
can induce changes in DNA methylation patterns, thereby
affecting gene expression. These changes can be transmit-
ted to offspring, leading to the emergence of epigenetic
variation within a population. As the population reproduc-
es and the environment changes, the frequency and distri-
bution of these variations also evolve, forming population



dynamics. Individuals within a population exhibit differ-
ent phenotypic characteristics due to epigenetic variation,
which to some extent reflects their adaptive capacity to
the environment, thereby influencing the evolutionary
direction of the entire population. Under natural condi-
tions, processes such as gene exchange and genetic drift
between individuals also exert significant influence on the
population dynamics of epigenetic variation, thereby en-
abling species to rapidly adapt to environmental changes
and enhancing their flexibility and adaptability during the
evolutionary process "', Organisms can perceive envi-
ronmental signals and activate corresponding epigenetic
regulatory mechanisms to rapidly adjust gene expression
without altering DNA sequences, thereby adapting to
environmental changes. This enables species to respond
quickly to environmental pressures, increasing their
chances of survival and reproduction. Therefore, environ-
mental changes can induce the generation of epigenetic
variation, which in turn influences an organism’s adaptive
capacity to the environment, playing a crucial role in the
evolutionary process. Epigenetic variation exhibits unique
selective effects in the process of natural selection. Un-
like genetic variation based on DNA sequence changes,
the selective effects of epigenetic variation may be more
flexible and complex. Under certain environmental con-
ditions, specific epigenetic variations may confer higher
adaptability to individuals, giving them an advantage in
survival and reproductive competition. Favorable epigen-
etic variations are more likely to be passed on to offspring
and gradually accumulate and spread within a population,
potentially exerting a significant influence on the adaptive
evolution of a species in the short term.

3.2 . Adaptive Strategies for Gene Expression
Regulation

Adaptive strategies for gene expression regulation include
the spatiotemporal specificity of epigenetic programming,
the regulatory basis of phenotypic plasticity, and devel-
opmental buffering mechanisms. Epigenetic mechanisms
exhibit high spatiotemporal specificity in gene expression
regulation, precisely regulating gene expression across dif-
ferent developmental stages and tissues/organs. Organisms
can also reprogram gene expression by altering epigenetic
modification patterns to adapt to environmental changes.
Phenotypic plasticity is the ability of an organism to alter
its phenotype in response to environmental conditions
while maintaining the same genotype "*. epigenetic reg-
ulation serves as its molecular basis, enabling organisms
to exhibit different phenotypic traits under varying envi-
ronmental conditions by modulating gene expression. De-
velopmental buffering mechanisms act as a buffer against
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environmental disturbances and genetic variation during
development, ensuring the stability and reliability of the
developmental process. This allows species to maintain
relatively stable phenotypic traits when faced with envi-
ronmental stress or genetic variation, thereby enhancing
survival and reproductive success, while also providing
opportunities for the accumulation of beneficial genetic
variations. When environmental conditions undergo dras-
tic changes, the developmental buffering mechanism is
disrupted, potentially exposing latent genetic variations
and providing raw materials for rapid species evolution.

3.3 . Pathways for Achieving Intergenerational
Adaptability

The pathways for achieving intergenerational adaptability
are primarily realized through germline epigenetic trans-
mission and epigenetic assimilation processes. On one
hand, germline epigenetic transmission refers to epigenetic
modifications in germ cells being transmitted to offspring
via sperm and eggs, enabling offspring to inherit epigen-
etic variations from their parents, thereby influencing
their gene expression and phenotypic traits, granting them
certain advantages in adapting to the environment. For ex-
ample, changes in DNA methylation patterns in sperm fol-
lowing environmental stress in the parental generation can
be transmitted to offspring, affecting their metabolic and
developmental processes. On the other hand, epigenetic
assimilation is the process by which epigenetic variations
gradually convert into genetic variations under certain
conditions. Beneficial epigenetic variations indirectly in-
fluence individual survival and reproductive success by
affecting gene expression and phenotypic traits under the
influence of natural selection "', If they can interact with
genetic variations or convert into genetic variations, they
can be retained in the gene pool over the long term. For
example, certain epigenetic modifications can influence
DNA mutation rates or recombination frequencies, pro-
moting the generation of genetic variation, or lead to the
accumulation of genetic variation by affecting the stability
of gene expression regulatory regions. Epigenetic regu-
lation expands the sources of evolutionary raw materials,
complementing traditional genetic variation to provide
species with a richer foundation for adaptive evolution. Its
dynamic and reversible nature enables species to rapidly
respond to environmental changes, enhancing their adapt-
ability and survival capacity. It also plays a significant
role in species formation, biodiversity maintenance, and
other processes, influencing niche differentiation, species
formation, and the patterns and evolution of biodiversity.
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4. Epigenetics: A Supplement and
Challenge to Darwinian Evolutionary
Theory

4.1 . Theoretical Supplementation

Epigenetics has provided a powerful supplement to Dar-
winian evolutionary theory in terms of the sources of
genetic variation, evolutionary timescales, and acquired
heredity. Traditionally, Darwinian evolutionary theory has
emphasized that genetic variation primarily arises from
random changes in DNA sequences, such as mutations and
recombination. However, epigenetics has revealed that
changes in epigenetic modifications are another important
source of genetic variation. Epigenetic modifications can
influence gene expression without altering DNA sequenc-
es, thereby producing heritable phenotypic variations that
regulate the expression of related genes, enabling off-
spring to be more adaptable in similar environments. This
provides a new explanation for the diversity and flexibility
of genetic variation. In terms of redefining the timescale
of evolution, the traditional view holds that evolution re-
quires a lengthy process of natural selection. However, the
reversibility and dynamism of epigenetic variation enable
species to rapidly adapt to environmental changes within
a short timeframe, thereby accelerating the evolutionary
process. For example, certain animals may exhibit sig-
nificant adaptive phenotypes within a few generations by
altering histone modifications to regulate gene expression
in response to new environmental pressures. Additional-
ly, in terms of acquired inheritance, epigenetics suggests
that certain acquired traits can indeed be transmitted to
offspring through epigenetic mechanisms. For instance, a
mother’s nutritional status and environmental exposures
during pregnancy can influence fetal epigenetic modifica-
tions, thereby affecting fetal health and development.

4.2 . Core Theoretical Challenges

Epigenetics poses challenges to the core theories of Dar-
winian evolution, primarily in terms of expanding the
scope of natural selection, revising the patterns of genetic
information flow, and updating evolutionary predictive
models. Regarding the objects of selection, traditional
natural selection theory primarily focuses on variations in
DNA sequences, while epigenetics suggests that epigene-
tic variations can also serve as objects of natural selection.
Epigenetic variation can influence an individual’s phe-
notypic characteristics, thereby affecting its survival and
reproductive success. Secondly, the revision of genetic
information flow patterns is another significant challenge.
The traditional central dogma posits that genetic infor-

mation flows from DNA to RNA and then to proteins,
but epigenetics suggests that the flow of genetic infor-
mation is not unidirectional. Environmental factors can
regulate gene expression by influencing epigenetic mod-
ifications, thereby affecting phenotypic traits. Epigenetic
modifications can be transmitted in germ cells, enabling
intergenerational transmission, and genetic information
can dynamically exchange between the environment and
genes. Additionally, evolutionary prediction models need
to be updated to incorporate epigenetic factors. Traditional
evolutionary prediction models primarily rely on DNA se-
quence variation and natural selection, but epigenetic vari-
ation may rapidly emerge and disappear in the short term,
revealing the dynamic and reversible nature of epigenetic
variation, which complicates evolutionary processes.

4.3 . Theoretical integration pathways

To integrate epigenetics with Darwinian evolution, exist-
ing research has proposed theoretical integration pathways
such as the expanded evolutionary synthesis framework,
the development of multilevel selection theory, and
gene-epigenome coevolution models. First, the expanded
evolutionary synthesis framework emphasizes that evo-
lutionary processes result from the interaction of genes,
epigenetics, and environmental factors, thus requiring a
comprehensive consideration of multiple factors includ-
ing genes, epigenetics, environment, and ecology. The
expanded evolutionary synthesis framework can explain
how epigenetic variation influences phenotypic plasticity
and adaptive evolution, as well as how the environment
can influence evolutionary processes through epigenetic
mechanisms. Second, traditional Darwinism primarily fo-
cuses on selection at the individual level, while multilevel
selection theory posits that selection can occur at differ-
ent levels, including genes, individuals, populations, and
ecosystems. Epigenetics suggests that epigenetic variation
can influence evolutionary processes at the population and
ecosystem levels. Epigenetic variation within populations
can affect a population’s adaptability and evolutionary
potential, while environmental factors in ecosystems can
regulate population evolution by influencing epigenetic
modifications. Finally, the gene-epigenome coevolution-
ary model emphasizes the synergistic role of genes and
epigenetic mechanisms in evolutionary processes, jointly
influencing phenotypic traits and evolutionary processes.
For example, the expression of certain genes may be reg-
ulated by epigenetic modifications, while changes in epi-
genetic modifications may influence gene mutation rates
and expression patterns, helping to explain how epigenetic
variation and genetic variation jointly drive evolutionary
processes.



5. Conclusion

This paper delves into the role of epigenetics in com-
plementing and challenging Darwinian evolution theory
within the field of evolution. Epigenetics has revealed
new sources of genetic variation, with epigenetic varia-
tions such as DNA methylation and histone modifications
capable of influencing gene expression without altering
DNA sequences. These variations can be transmitted and
accumulated within populations, exhibiting reversibility
and dynamism, enabling species to rapidly adapt to en-
vironmental changes. Additionally, epigenetics has ex-
panded the scope of natural selection, revised the patterns
of genetic information flow, and highlighted the need for
updated evolutionary predictive models. Researchers have
proposed theoretical integration pathways such as the Ex-
tended Evolutionary Synthesis framework, multilevel se-
lection theory, and gene-epigenome coevolution models,
offering new perspectives and directions for evolutionary
biology research. With the continuous advancement of se-
quencing technologies, epigenetic modification detection
techniques, and bioinformatics, future research will be
able to more deeply elucidate the mechanisms underlying
the role of epigenetic variation in evolutionary process-
es, as well as the intersections between epigenetics and
disciplines such as ecology and behavioral science. This
will further optimize epigenetic evolutionary prediction
models, providing stronger theoretical foundations and
solutions for addressing biological evolutionary challeng-
es under environmental pressures such as global climate
change.
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