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Studying the phenotypic evolution of organisms in terms of populations of genes and genotypes,
the Modern Synthesis (MS) conceptualizes biological evolution in terms of 'inter-organismal'
interactions among genes sitting in the different individual organisms that constitute a population.
It 'black-boxes' the complex 'intra-organismic' molecular and developmental epigenetics mediating between genotypes and phenotypes. To conceptually integrate epigenetics and evo-devo into
evolutionary theory, advocates of an Extended Evolutionary Synthesis (EES) argue that the MS's
reductive gene-centrism should be abandoned in favor of a more inclusive organism-centered approach. To push the debate to a new level of understanding, we introduce the evolutionary biology
of 'intra-genomic conflict' (IGC) to the controversy. This strategy is based on a twofold rationale.
First, the field of IGC is both ‘gene-centered’ and 'intra-organismic' and, as such, could build a
bridge between the gene-centered MS and the intra-organismic fields of epigenetics and evo-devo.
And second, it is increasingly revealed that IGC plays a significant causal role in epigenetic and
developmental evolution and even in speciation. Hence, to deal with the ‘discrepancy’ between
the ‘gene-centered’ MS and the ‘intra-organismic’ fields of epigenetics and evo-devo, we sketch
a conceptual solution in terms of ‘intra-genomic conflict and compromise’ – an ‘intra-genomic
gene’s eye view’ that thinks in terms of intra-genomic ‘evolutionarily stable strategies’ (ESSs)
among numerous and various DNA regions and elements – to evolutionary-genetically underwrite both epigenetic and developmental evolution, as such questioning the ‘gene-de-centered’
stance put forward by EES-advocates.
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From their inception in the 1920s and 1930s, the Modern Synthesis (MS) and its formal-mathematical foundation of population genetics have aimed at providing a unifying theoretical framework for evolutionary-biological research.1,2 Four ‘gene-centered’ forces that direct evolution are
distinguished: mutation, drift, selection and gene flow. Interpreting and modelling the phenotypic
evolution of organisms in terms of ‘changes in gene frequencies’ relies on the abstract assumption of a statistically reliable correlation between genotype and phenotype. From the 1980s on,
however, newly emerging fields like molecular epigenetics and evolutionary developmental biology (evo-devo) started to explore the previously abstracted or ‘black-boxed’ epigenetic and
developmental processes that mediate between the genotypic and phenotypic level.3,4 For some
decades now, several philosophers of biology and philosophically inclined biologists5-12 have been
claiming that the gene-centered MS lacks the conceptual and explanatory potential to assimilate
the newly revealed ‘extra-genetic’ epigenetic and developmental complexity. During the last ten
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years they have developed the so-called ‘Extended Evolutionary
Synthesis’ (EES) which rests, among others, on the following
two claims:
(1) extra-genetic – epigenetic and developmental – complexity,
specificity or information is underdetermined by, or irreducible to, the underlying genetic information residing in the
genome;
(2) this extra-genetic epigenetic and developmental information has a causal-directional effect on evolution.
In other words, the MS’s gene-centrism is questioned, and it is
opted for a more inclusive organism-centered perspective on
biological evolution characterized by a gene-de-centered and/
or distributed complexity.5-12 By contrast, defenders of the genecentered MS argue that the evolution of epigenetic and developmental complexities can be ultimately accounted for by the
underlying population genetics and, hence, that the alleged causal-directional role of epigenetic and developmental processes in
the course of evolution is yet ultimately a genetically steered
influence on evolution.13-16 Both epigenetic variability and developmental plasticity/accommodability, for example, would be
genetic(ally underwritten) adaptations or ‘cranes’17 that evolved
by natural gene selection under – and thus to cope with – varying environmental conditions.14,15,18 That is, both epigenetics and
development could be integrated into the existing gene-centered
MS without much conceptual adjustment, let alone requiring
fundamental or ‘revolutionary’ change.13-22
What plagues the whole controversy, however, is that there
seems to be, at present, no general evolutionary-theoretic and
evolutionary-genetic framework or model on epigenetics and
development.23,24 The underlying reason for this lacuna is a significant difference in approach and perspective between the MS
and population genetics versus epigenetics and evo-devo. The
first two are characterized by ‘population thinking’, i.e., they
think in terms of populations of genetically represented organisms, as such conceptualizing biological evolution in terms of
'inter-organismal' interactions among genes sitting in different
individual organisms that constitute a population. The latter two,
by contrast, consider individually developing organisms, i.e.,
the ‘intra-organismal’ molecular epigenetics and physiological
development of individual organisms.9,23,24 The issue at stake is
thus:
How can ‘intra-organismal’ epigenetics and development be
conceptually integrated into population-based evolutionary
theory and genetics?
To address this problem, we introduce the evolutionary biology
of ‘intra-genomic conflict’ (IGC) and a broader ‘intra-genomic
gene’s eye view’ to the MS/EES debate. As this field is genecentered (cf. the MS) as well as intra-organismic (cf. the fields
of epigenetics and evo-devo that the EES aims to integrate into
evolutionary theory), it could provide for a conceptual and explanatory bridge or common ground between the abovementioned two seemingly incompatible approaches or paradigms.
Life Sci Press. 2018; 2(1): 70-78. doi: 10.28964/LifesciPress-2-111

This ‘duality’ that characterizes the biology of IGC requires
some more explanation.
First, concerning its conceptual link to the gene-centered MS,
the evolutionary biology of IGC has its historical roots in this
framework and, more specifically, in the MS’s more recently developed variant – the ‘gene’s eye view’ or ‘selfish gene’ theory of
evolution.13-15,25-36 Here, evolution is conceptualized in terms of
interactions, competition and cooperation among single genes,
usually ‘inter-organismal’ (‘inter-allelic’) competition and cooperation among genes (alleles) sitting in different (competing and
cooperating) organisms, but also and most importantly ‘intra-organismic’ and ‘intra-genomic’ conflict/competition and compromise/cooperation among genes sitting within the same organism
and genome. As Dawkins wrote:
“[…] interactions between genes sitting in different bodies
are only the tip of the iceberg. The vast majority of significant interactions between genes in the evolutionarily stable
set – the gene pool – go on within individual bodies. […]
Well-integrated bodies exist because they are the product of
an evolutionarily stable set of selfish genes.”28
“In a sense, the whole process of embryonic development
can be looked upon as a cooperative venture, jointly run by
thousands of genes together. […] In natural selection, genes
are always selected for their capacity to flourish in the environment in which they find themselves. We often think of
this environment as the outside world, the world of predators
and climate. But from each gene’s point of view, perhaps the
most important part of its environment is all the other genes
that it encounters. And where does a gene ‘encounter’ other
genes? Mostly in the cells of the successive individual bodies
in which it finds itself. Each gene is selected for its capacity
to cooperate successfully with the population of other genes
that it is likely to meet in bodies.”37
This ‘intra-organismic gene’s eye view’, i.e., this shift of perspective from competition among different alleles towards competition among genes within the same system, genome or organism, was instrumental in the rise of the evolutionary biology of
IGC and selfish genetic elements, i.e., elements of which the fitness interests are in conflict with other elements in the genome
and with the genome as a whole. Early publications on this subject38,39 also explicitly referred to Dawkins.28
Second, concerning its conceptual link to ‘intra-organismal’ epigenetics and evo-devo, there is a rapidly growing body of empirical evidence of the causal-directional role and significance of
IGC in epigenetic gene regulation, developmental evolution and
even speciation.40-48 The absence of any reference to, let alone
discussion of, this body of literature and IGC in general presents
a serious gap or hiatus in the EES-literature.
However, the evolutionary biology of IGC and a more general
‘intra-genomic gene’s eye view’ would not just be in continuation to the MS. According to the classical status quo of the
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MS, (genotypically represented) organisms are ‘units of fitness’
whose adaptive design is produced through evolution by natural selection. All genes share a common fitness interest, and
cases of IGC (i.e., fitness differences among genes within the
same genome/organism) are discarded as ignorable exceptions
to the rule.49 However, the rapidly increasing evidence of the
non-negligible causal role of IGC in organismal evolution and
speciation forces to re-define the ‘organism’ as an evolutionarily
stable adaptive ‘compromise’ among basically or fundamentally
selfish or conflicting genetic interests.34,36,40 That is, the evolution
of whole genomes and organisms would require a re-conceptualization and refinement in terms of an ‘intra-genomic gene’s eye
view’ with the single ‘genetic element’ as the ‘unit of fitness’.
This would imply a ‘molecular gene’s eye view’ according to
which the genome is a ‘molecular ecosystem’34,42,50 constituted
by populations of genetic elements that are shuffled and recombined during evolution and are characterized by different kinds
of interactions ranging from competition and conflict to compromise and cooperation. Such thinking in terms of evolutionary interactions among genes within the genome, e.g., among
structural and regulatory sequences, could allow to consider a
combinatorial increase of genetic sequence information.36 The
question remains, however, to what extent this increased genetic
information – this ‘non-reductive gene-centrism’ – would suffice to generate and support the allegedly irreducible complexity of epigenetic and developmental processes. In the present
paper we propose and explore the conceptual and explanatory
potential of an intra-genomic ‘molecular ecosystem’ framework
to serve as underlying evolutionary theory and genetics within
which the intra-organismal fields of epigenetic and developmental evolution can be conceptually grounded. That is, we propose
an ‘intra-genomic gene’s eye view’ to evolutionary-theoretically
and -genetically underpin intra-organismal epigenetic and developmental evolution.
This proposal would also challenge current ‘gene-de-centric’
EES-thinking. Current EES-proposals are rather encompassing
in their addition of ‘extra-genetic’ fundamental terms and explanatory tools to the existing MS framework and, for this reason, have difficulty to find entrance into the scientific community
of evolutionary biologists.15,16,18-21 By contrast, the evolutionary
biology of IGC and a more general ‘intra-genomic gene’s eye
view’ may offer a more economical or parsimonious alternative,
keeping its fundamental concepts and explanatory tools in terms
of genes and genetics. As such, the existing gene-centered framework of the MS could be largely maintained without the need to
call in additional, more inclusive/extended causal factors at the
fundamental explanatory level. This would not be the first time
that the gene-centered MS could eventually be adjusted to novel,
seemingly extra-genetic or gene-de-centered research findings,
without being forced to undergo a ‘revolutionary’ paradigm shift
by giving up its gene-centered explanatory foundation.51
We will use the above-proposed ‘intra-genomic conflict/compromise’ or ‘molecular ecosystem’ approach according to which
the genome is a set or population of ‘genetic elements’ that are
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shuffled and recombined during evolution and are characterized
by different kinds of behavioral-ecological and game-theoretical
interactions ranging from competition and conflict to compromise and cooperation. Darwinian ‘units’ or ‘individuals’,52 here
genes, although basically in competition and conflict with each
other, are predicted to eventually ‘co-adapt’ – through constant
interaction – to each other’s presence, as such giving rise to
‘evolutionarily stable compromises’, which can be game-theoretically formalized through the concept of the 'evolutionarily
stable strategy' or 'ESS'.53 We propose the game-theoretical ESSapproach to the intra-genomic level54 as a means or method to
evolutionary-genetically underpin ‘intra-organismal’ epigenetic
and developmental evolution.
In what follows, we present a sketch of an intra-genomic ESSmodelling of epigenetic and developmental evolution. We depart from the oft-made distinction between two levels of epigenetics.55-57
- a lower-level ‘molecular epigenetics’58 as the study of molecular mechanisms for gene expression and regulation and, as
such, a subfield of contemporary molecular biology. When
such gene/genome expression patterns are mitotically and/or
meiotically inherited without underlying changes in genetic
DNA sequences, this is called ‘epigenetic inheritance’.59
- a higher-level ‘developmental epigenetics’60 referring to the
study of cellular, physiological and morphological developmental processes and, as such, part of present-day evo-devo.
Here too, developmental patterns can be transgenerationally
inherited through causal pathways other than underlying gene
sequences.
We propose an intra-genomic ESS-approach for the evolutionary-genetic underpinning of:
- molecular epigenetics incl. epigenetic inheritance;
- the developmental epigenetics of higher-level organization,
modularity and homology;
- the developmental epigenetics of phenotypic plasticity, evolvability and evolutionary change.
SKETCH OF AN INTRA-GENOMIC ESS-APPROACH TO EPIGENETIC AND DEVELOPMENTAL EVOLUTION

An intra-genomic ESS-approach to the evolutionary-genetic
underpinning of molecular epigenetics: During the molecular
information flow from genetic DNA-sequences to either final
noncoding RNA (ncRNA) product or – via mRNA and amino
acid sequence – final protein product, several processes of sequence modification, preparation, editing or engineering occur.
Some theorists that are opposed against the gene-centered MS
therefore argue that these final gene products (proteins and,
to a lesser extent, ncRNAs) are not exclusively determined or
encoded by genetic DNA-sequences, but are ‘engineered’ or
‘constructed’ through molecular regulatory mechanisms and
processes they term ‘natural genetic engineering’61,62 and ‘mo-
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lecular epigenesis’63,64 to explicitly relativize or de-centralize the
determining role of genes in it. Examples of such processes coinfluencing or co-determining the structure of final gene products are:61,62,64
- pre-transcriptional
modifications
of
DNA-sequence
(e.g.,reverse transcription, changes in DNA-sequence due to
proofreading and repair, DNA-methylation causing the mutation of methylated cytosine into thymine);
- post-transcriptional modifications of RNA-sequence (e.g.,
RNA-editing, RNA-splicing);
- translational recoding (e.g., frameshifting, programmed bypassing, codon redefinition);
- post-translational protein modifications due to covalent alterations on the ribosomes.
And examples of – often ‘epigenetically inheritable’ – molecular-epigenetic processes involved in gene regulation are: chromatin-marking like DNA-methylation, sRNA-mediated epigenetic regulation and inheritance, structural 3D inheritance like
prions, and self-sustaining metabolic loops.59 Given the increasingly revealed efficacy of such processes and mechanisms, many
theorists have concluded that the transcriptome, the proteome
and the epigenome would all be underdetermined by the genome
and that molecular epigenetics cannot be reduced to the underlying genetics.56,59,61-64
To elucidate this problem, we use the abovementioned intra-genomic conflict/compromise framework to model the genome as
a ‘molecular ecosystem’ consisting of several types of interacting (coding, non-coding, cis-regulatory, etc.) DNA elements or
regions. This permits us to conceptualize and model the molecular epigenesis of gene products and regulatory patterns (incl. the
latter’s ‘epigenetic inheritance’) as an evolved and evolutionarily stable – thus ESS-based – cooperative enterprise among
different types of interacting DNA regions or elements within the
genome. Such a modelling would also allow to consider a combinatorial increase of genetic information. It is indeed true that
the transcriptome, proteome and epigenome are informationally
underdetermined by the genome when the latter is conceived
simply as a reservoir of gene sequences. Jablonka and Raz,59
for example, have convincingly demonstrated that epigenetic
specificity and variation do not always co-vary with – and are
informationally underdetermined by – underlying genetic DNA
sequence-specificity. However, this would not necessarily be the
case when the genome is approached from an intra-genomic perspective incorporating all the combinatorial interactions among,
and concomitant increase of, genetic information. As such, the
‘epigenesis’ of gene products and regulation patterns – incl.
the latter’s ‘epigenetic inheritance’ – could be evolutionarygenetically substantiated, and the genome could be conceived
as a truly epigenetic system containing enough combinatorial
information potential to underwrite the transcriptome, proteome
and epigenome. That is, in opposition to the claims made by
Jablonka and other ‘gene-de-centric’ EES-advocates, epigenetic
variants – incl. the ‘epigenetically inheritable’ ones – would then
be ultimately ‘genetically encoded’. They would be underwritLife Sci Press. 2018; 2(1): 70-78. doi: 10.28964/LifesciPress-2-111

ten by ‘intra-genomic strategies among genes’, i.e., by intragenomic ESS-based compromises among numerous ultimately
selfish genetic (coding, non-coding, cis-regulatory, etc.) DNA
regions and elements. Moreover, due to the transgenerational
persistence or inheritance potential of intra-genomic ESSs underwriting (heritable) epigenetic states, there would be no need
to call in the concept of extra-genetic ‘epigenetic inheritance’
as a separate inheritance system independent from genetics59:
as epigenetic variation would ultimately rest on intra-genomic
combinatorial ESS-based variation, so-called ‘heritable epigenetic variation’ would de facto be ‘heritable genotypic variation’.
This proposal challenges – and is arguably resistant against –
important bio-philosophical criticism on the gene-selectionist or
gene’s eye view. Many DNA regions and elements (both coding and noncoding) are extremely ancient and are used and recombined throughout evolution to serve as resources or building
blocks for many functional products and patterns and, hence, for
many adaptive organismal features. Therefore, they would transcend and lack any determinable relationship to specific adaptive
functionality.64,65 Ergo, the gene-selectionist or gene’s eye view
would be irrelevant. However, a specifically intra-genomic perspective could provide a solution to this problem. From the classical ‘extra-organismal’ adaptationist perspective, there are local
and temporal environmental selection pressures for the production of specific functional molecular gene products involved in
the generation of specific phenotypic adaptive features. By contrast, the ‘intra-genomic’ selective environment to which each
genetic element is forced to adapt consists of the other elements
in the genome: throughout evolution there is a quasi-constant
selection pressure for intra-genomic mutual co-adaptation, i.e.,
for ‘co-operability’, ‘re-combinability’ and biochemical ‘versatility’ to synthesize an indefinite range of molecular gene products. Hence, non-classical or intra-genomic selection pressures
and adaptation may transcend local and temporal classical or
extra-organismal selection pressures and adaptation.36 Therefore, unlike the claims made by its critics, the gene-selectionist
or gene’s eye view may remain very relevant and clarifying and,
moreover, applicable to the above-discussed issue on molecular
epigenetics. More specifically, in order to evolutionary-genetically underpin the field of molecular epigenetics, i.e., in order
to conceptually integrate molecular epigenetics into evolutionary genetics, the ‘molecular epigenesis’ of gene products and
regulatory patterns incl. the latter’s epigenetic inheritance could
be re-conceptualized and re-modelled in terms of intra-genomic ESS-based co-adaptations, compromises and cooperation
among basically selfish/competing/conflicting DNA regions and
elements – the elementary building blocks of the genome.
An intra-genomic ESS-approach to the evolutionary-genetic
underpinning of the developmental epigenetics of higherlevel organization, modularity and homology: Organisms are
structurally and functionally organized into ‘individuated’ or
‘modular’ subunits, such as the molecular structures and metabolic pathways in prokaryotes (bacteria, archaea), the organelles
in eukaryotes, and the cell types, tissues, organs and anatomical
parts in multicellular organisms.4,66,67 Research in developmenPage 73
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tal genetics and evo-devo revealed that such individuated modules are genetically underwritten by gene regulatory networks
(GRNs) – genomic subunits consisting of functionally organized
coalitions of genes. Apart from their species-specific structural
and functional variation or ‘character states’, these modular baupläne are also characterized by cross-species homology or ‘character identity’ underwritten by very ancient regulatory (e.g.,
homeobox) genes and networks,68 termed ‘character identity networks’ (ChINs) by Wagner.69,70 Many theorists and philosophers
of biology claim that the developmental epigenetics of modularity and homology exceeds or transcends both (i) gene-centrism
and (ii) adaptationism, two explanatory pillars of the MS.66,71,72
Again, we propose that an intra-genomic ESS-approach (see supra) can be used as a methodological tool to not only challenge
this view but also provide a solution to the twofold problem:

definition a strategy that under the prevailing environmental
(here: intra-genomic) conditions cannot be bettered by an
alternative strategy:53 it is resistant or dynamically buffered
or robust against ‘invaders’ (e.g., against ‘degenerating’ invading variation due to genetic mutation and drift) when
played by a large enough number of individuals. As such,
the dynamical buffering and robustness of homologous modularity would follow from the adaptationist game-theoretic
logic of multiplayer ESSs itself. That is, we suggest that
such an intra-genomic ESS-approach has the potential to
evolutionary-genetically underwrite and predict phenomena of developmental modularity and homology, i.e., developmental ‘robustness’ and ‘buffering’ against unbounded
pleiotropy and arbitrary new variation and evolutionary
change.70

(i) Gene-centrism: As in the previous section on molecular
epigenetics, to tackle and counter the alleged shortage of
genetic information in the genome to code for allegedly
‘irreducible’ developmental-epigenetic complexity, GRNs
(incl. homologous ChINs) should be re-conceptualized and
re-defined in terms of intra-genomic ESS-based compromises among numerous genetic elements, as such demonstrating a combinatorial increase of genetic information. To
underwrite the latter even more, the more recent branch of
nonlinear multiplayer evolutionary game theory could be
called in, which has the advantage that “[…] multiplayer
games can be introduced in all the fields where evolutionary game theory is already well established. However, the
inclusion of non-linearities can help to advance the analysis
of systems which are known to be complex”.73,74

An intra-genomic ESS-approach to the evolutionary-genetic
underpinning of the developmental epigenetics of phenotypic plasticity, evolvability and evolutionary change: Here,
the explanandum is not cross-species homologous modularity robustly buffered against arbitrary evolutionary change, but
species-specific plasticity, evolvability and evolutionary change,
i.e., the potential of epigenetic developmental systems to plastically and often adaptively vary and accommodate to changes or
fluctuations in the environment. The explanans offered by critics
of the gene-centered MS in favor of a more inclusive organismcentered evolutionary theory10,11,76,77 is that such developmental
accommodations are initially non-genetic by nature and may
also be non-genetically transmitted to the offspring. Only afterwards, they would become genetically hardwired or stabilized
through ‘genetic assimilation’ and/or ‘accommodation’. That is,
instead of steering evolution, genes would be rather ‘followers’
in evolution, functionally integrated and de-centralized within
more inclusive epigenetic developmental processes, the true
causal determinants or drivers of evolution. Again, we propose
to challenge and provide an explanatorily more parsimonious
alternative to this view by means of a gene-centered game-theoretic methodology in terms of intra-genomic ESS-based conflict
and compromise:

(ii) Adaptationism: Homologous modularity and its underlying ChINs by far transcend specific (local and temporal)
adaptive functionality and, as such, seem to defy an adaptationist conceptualization. They appear to have an inherent
non-adaptive robustness that protects or buffers them against
the degenerating effects of random mutation and drift. This
robustness turns out to be so strong that it even puts structural constraints upon further adaptive evolution71,75 and
canalizes the flow of new variation to selection, as such
shaping new evolutionary trajectories.70,72,76 Crucial again
(as in the previous section) is the shift of perspective from
classical ‘extra-organismal’ adaptation towards ‘intra-genomic’ adaptation: the intra-genomic selective environment
in which genetic elements co-adapt to each other’s presence
and form ESS-based compromises is much more stable and
reliable on the long term than the external environment and,
as such, transcends the relatively local and temporal adaptive pressures imposed by the outside environment on the
organism. Therefore, an intra-genomic ‘molecular ecosystem’ perspective predicts that during evolution regulatory
and other ancient elements would become deeply co-adapted, compromised, interdependent and hence not easily removable and thus buffered against arbitrary (evolutionary)
change. This intuitive insight can be further substantiated
with the game-theoretical logic of an ESS. The latter is by
Life Sci Press. 2018; 2(1): 70-78. doi: 10.28964/LifesciPress-2-111

-

-

First of all, multiplayer ESS-based populations can – in response to changing environmental or boundary conditions –
discretely or robustly change or ‘flip’ from one ESS-state
towards an alternative one. Applied to the intra-genomic
level, the model would predict discrete adaptive accommodations of ESS-based GRNs in response to changed
environmental conditions, as such providing for an evolutionary-genetic underpinning of the concept of ‘genetic
accommodation’ underwriting a developmental accommodation. The model would thus challenge, and offer a more
parsimonious alternative to, the ‘genes-as-followers’ thesis,
as this latter is forced to call in extra-genetic and higher-level developmental causation/dynamics/accommodation/inheritance prior to, and initially independent from, genetic
causation/dynamics/accommodation/inheritance.
Second, due to an inherent transitional moment of instability
during such a discrete or robust transition or ‘flip’ from one
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ESS-state/compromise towards another one, the latter may
be vulnerable to, and hence assimilate, a ‘selfish intruder’
or ‘invader’ which – at the intra-genomic level – may be a
new mutation, a previously unexpressed gene, or a selfish
and/or mobile genetic element. As such, the model would
evolutionary-genetically predict and elucidate:
o the process or phenomenon of ‘genetic assimilation’;78,79
o cases where IGC has causal effects on epigenetic-developmental evolution and speciation due to intruding/
invading selfish genetic elements (e.g., due to meiotic drive, transposons, selfish driving chromosomes,
nuclear-cytoplasmic drive, and so on).41-48
-

And third, due to the transgenerational persistence or inheritance potential of intra-genomic ESS-based regulatory
states underwriting (heritable) epigenetic-developmental
states, there would be no need to call in the concept of extra-genetic ‘epigenetic inheritance’ as a separate inheritance
system independent from genetics:59 as epigenetic-developmental variation would ultimately rest on intra-genomic
combinatorial ESS-based variation, so-called ‘heritable
epigenetic variation’ would de facto be ‘heritable genotypic
variation’.

CONCLUSION AND FURTHER PROSPECTS

Although the above conceptual sketch does not suffice to draw
any definitive conclusion on the relationship between evolutionary genetics on the hand and epigenetic and developmental
evolution on the other hand, it suggests that further and more
in-depth research into an intra-genomic ESS-modelling could
lead to promising results that are relevant not only for the fields
of molecular epigenetics and evo-devo but also for the broader
MS/EES-controversy. If our above suggestion or hypothesis
proves correct, then the gene-centered MS-framework should
not undergo a ‘revolutionary paradigm shift’ towards a ‘genede-centric’ framework, but would only require ‘refining’. That
is, the classical ‘coarse-grained’ ‘inter-organismal’ populationgenetic MS-framework (that thinks in terms of competition and
cooperation among genotypically represented individual organisms that constitute a population) should be enriched with a
more ‘fine-grained’ ‘intra-genomic’ (nonlinear multiplayer ESSbased) perspective to tackle the evolution of ‘intra-organismal’
molecular epigenetics and development. The classical ‘inter-organismal’ evolutionary phenomenology would then only be the
‘tip of an intra-genomic evolutionary iceberg’.28 This conclusion
could be supported by the increasingly revealed causal role and
significance of IGC in epigenetic gene regulation, developmental evolution and even speciation.41-48 The concomitant picture
would be one according to which cells and organisms are not
true ‘units of fitness’ but rather ‘emergent effects’ of ESS-based
‘compromises’ among basically selfish or conflicting genetic
interests.34,36,40 The result would be a much more informationrich picture of the genome than is being acknowledged by antigene-centered EES-advocates: the genome would be much more
than just a reservoir of genetic elements or ‘developmental reLife Sci Press. 2018; 2(1): 70-78. doi: 10.28964/LifesciPress-2-111

sources’ that can be ‘relativized’ or ‘de-centralized’ within the
developmental dynamics of the organism as a complex system.
Rather, the genome would be, in itself, a hierarchically organized complex system, and the cellular organism is its ‘emergent
phenomenon’. At its most basic or lowest level the genome consists of the four DNA-nucleobases or ‘letters’. These are linked
together forming genes or genetic elements, i.e., linear pieces
of DNA-sequence-specificity, which are the ‘words’. However,
it does not stop here. Genetic elements or words, in turn, are
connected and recombined in all sorts of ESS-based (nonlinear,
multiplayer) coalitions and joint ventures, such as GRNs, forming information-rich ‘sentences’ and even ‘narratives’ or ‘stories’.36 Due to combinatorial explosion – not just among bases
or letters, but also among gene-sequences or words, and even
among ESS-based coalitions, GRNs, ‘sentences’ and ‘narratives’
– the genome might contain well-enough information potential
for how to biochemically and behaviorally respond to environmental parameters and resources for the successful biochemical
and physiological developmental construction of an organism.
That is, the organism would be like ‘temperature’ or a ‘thermal
process’ – an ‘emergent’ phenomenon or process resulting from
lower-level molecular interactions, here intra-genomic nonlinear
multiplayer ESS-based interactions among numerous genetic elements, of which classical ‘inter-organismal’ evolution only represents the ‘macroscopic’ tip of the evolutionary iceberg.
CONFLICTS OF INTEREST AND SOURCES OF FUNDING

The authors declared that there was no conflict of interest. Preparation of this manuscript was made possible by the Fund for
Scientific Research Flanders (FWO), Belgium (Project Number:
G001013N) and by the Special Research Fund (BOF) Ghent
University, Belgium.
REFERENCES

1. Huxley JS. Evolution: The modern synthesis. London: Allen
and Unwin. 1942.
2. Mayr E, Provine WB (eds). The evolutionary synthesis: Perspectives on the Unification of Biology. Massachusetts &
London: Harvard University Press. 1980.
3. Gilbert SF, Opitz JM, Raff RA. Resynthesizing evolutionary
and developmental biology. Developmental Biology. 1996;
173: 357-372.
4. Hall BK. Unlocking the black box between genotype and
phenotype: cell condensations as morphogenetic (modular)
units. Biology & Philosophy. 2003; 18: 219-247. Doi: https://
doi.org/10.1023/A:102398401
5. Depew DJ, Weber BH. Darwinism evolving: Systems dynamics and the genealogy of natural selection. Cambridge, MA:
MIT Press. 1994.
6. Oyama S, Griffiths PE, Gray RD (eds). Cycles of contingency: Developmental systems and evolution. Cambridge, MA:
MIT Press. 2013.
Page 75

Life Science Press
7. Pigliucci M, Müller GB. Evolution – the Extended Synthesis.
Cambridge, MA: MIT Press. 2010.
8. Gissis SB, Jablonka E (eds). Transformations of lamarckism:
From subtle fluids to molecular biology. Cambridge, MA:
MIT Press. 2011.
9. Noble D, Jablonka E, Joyner MJ, Müller GB, Omholt SW.
Evolution evolves: physiology returns to centre stage. The
Journal of Physiology. 2014; 592: 2237-2244. Doi: 10.1113/
jphysiol.2014.273151
10. Laland K, Uller T, Feldman M, Sterelny K, Müller GB, et
al. Does evolutionary theory need a rethink? Point: Yes, urgently. Nature. 2014; 514: 161-164. Doi: 10.1038/514161a
11. Laland KN, Uller T, Feldman MW, Sterelny K, Müller GB,
et al. The extended evolutionary synthesis: its structure, assumptions and predictions. Proceedings of the Royal Society
B. 2005; 282: 20151019. Doi: 10.1098/rspb.2015.1019
12. Bateson P, Cartwright N, Dupré J, Laland K, Noble D. New
trends in evolutionary biology: biological, philosophical
and social science perspectives. Interface Focus. 2017; 7:
20170051. Doi: 10.1098/rsfs.2017.0051
13. Dawkins R. Extended phenotype – but not too extended. A
reply to Laland, Turner and Jablonka. Biology & Philosophy. 2004; 19: 377-396. Doi: https://doi.org/10.1023/B:BIPH.0000036180.14904.96
14. Cronin H. Adaptation: “a critique of some current evolutionary thought”. Quarterly Review of Biology. 2004; 80: 19-26.

22. Tanghe KB, De Tiège A, Pauwels L, Blancke S, Braeckman
J. What’s wrong with the Modern Evolutionary Synthesis? A
critical reply to Welch (2017). Biology & Philosophy. 2018;
33: 23. Doi: https://doi.org/10.1007/s10539-018-9633-3
23. Gilbert SF. Evo-devo, devo-evo, and devgen-popgen. Biology & Philosophy. 2003; 18: 347-352.
24. Noble D. Neo-Darwinism, the Modern Synthesis, and Selfish Genes: are they of use in physiology? The Journal of
Physiology. 2011; 589: 1007-1015. Doi: 10.1113/jphysiol.2010.201384
25. Hamilton WD. The evolution of altruistic behavior. American Naturalist. 1963; 97: 354-356.
26. Hamilton WD. The genetical evolution of social behaviour. Journal of Theoretical Biology. 1964; 7: 1-52. Doi:
10.1016/0022-5193(64)90038-4
27. Williams GC. Adaptation and natural selection: A critique
of some current evolutionary thought. Princeton: Princeton
University Press. 1966.
28. Dawkins R. The Selfish Gene. Oxford: Oxford University
Press. 1976.
29. Dawkins R. The Extended Phenotype. Oxford: Oxford University Press. 1982.
30. Sterelny K, Kitcher P. The return of the gene. The Journal of
Philosophy. 1988; 85: 339-360.

15. Haig D. Weismann rules! OK? Epigenetics and the Lamarckian temptation. Biology & Philosophy. 2007; 22: 415-428.
Doi: https://doi.org/10.1007/s10539-006-9033-y

31. Queller DC. A gene’s eye view of Darwinian populations:
Review of Peter Godfrey-Smith’s Darwinian Populations
and Natural Selection. Biology & Philosophy. 2011; 26:
905-913.

16. Lynch M. The frailty of adaptive hypotheses for the origins
of organismal complexity. PNAS. 2007; 104: 8597-8604.
Doi: 10.1073/pnas.0702207104

32. Gardner A, Welch JJ. A formal theory of the selfish gene.
Journal of Evolutionary Biology. 2011; 24: 1801-1813. Doi:
10.1111/j.1420-9101.2011.02310.x

17. Dennett DC. Darwin’s Dangerous Idea: Evolution and the
Meanings of Life. New York: Simon and Schuster Paperbacks. 1995.

33. Haig D. The strategic gene. Biology & Philosophy. 2012;
27: 461-479.

18. Haig D. Lamarck ascending! A Review of Transformations
of Lamarckism: From Subtle Fluids to MolecularBiology,
edited by Snait B. Gissis and Eva Jablonka, MIT Press,
2011. Philosophy & Theory in Biology 3: e204.
19. Wray GA, Hoekstra HE, Futuyma DJ, Lenski RE, Mackay
TFC, et al. Does evolutionary theory need a rethink? Counterpoint: No, all is well. Nature. 2014; 514: 161-164.
20. Futuyma DJ. Evolutionary biology today and the call for
an extended synthesis. Interface Focus. 2007; 7: 20160145.
Doi: 10.1098/rsfs.2016.0145
21. Welch JJ. What’s wrong with evolutionary biology? Biology & Philosophy. 2007; 32: 263-279. Doi: https://doi.
org/10.1007/s10539-016-9557-8
Life Sci Press. 2018; 2(1): 70-78. doi: 10.28964/LifesciPress-2-111

34. Haig D. Genetic dissent and individual compromise. Biology & Philosophy. 2014; 29: 233-239. Doi: 10.1007/s10539013-9418-7
35. Bourke AFG. The gene’s-eye view, major transitions and the
formal Darwinism project. Biology & Philosophy. 2014; 29:
241-248. Doi: https://doi.org/10.1007/s10539-013-9422-y
36. De Tiège A, Van de Peer Y, Braeckman J, Tanghe KB. The
sociobiology of genes: the gene’s eye view as a unifying
behavioural-ecological framework for biological evolution.
History and Philosophy of the Life Sciences. 2018; 40: 6.
Doi: 10.1007/s40656-017-0174-x
37. Dawkins R. The Blind Watchmaker. Longman, Harlow, Essex. 1986.
Page 76

Life Science Press
38. Doolittle WF, Sapienza C. Selfish genes, the phenotypic paradigm and genome evolution. Nature. 198; 284: 601-603.
Doi: https://doi.org/10.1038/284601a0

54. Bohl K, Hummert S, Werner S, Basanta D, Deutsch A, et
al. Evolutionary game theory: Molecules as players. Molecular BioSystems. 2014; 10: 3066-3074. Doi: 10.1039/
c3mb70601j

39. Orgel LE, Crick FHC. Selfish DNA: the ultimate parasite. Nature. 1980; 284: 604-607. Doi: https://doi.
org/10.1038/284604a0

55. Haig D. The (dual) origin of epigenetics. Cold Spring Harbor Symposia Quantitative Biology. 2004; 69: 67-70.

40. Agren JA. Selfish genetic elements and the gene’s eye view
of evolution. Current Zoology. 2016; 62: 659-665. Doi:
10.1093/cz/zow102

56. Stotz K, Griffiths P. Epigenetics: ambiguities and implications. History and Philosophy of the Life Sciences. 2016; 38:
22. Doi: 10.1007/s40656-016-0121-2

41. Burt A, Trivers R. Genes in Conflict: The Biology of Selfish Genetic Elements. Cambridge, MA: Belknap Harvard.
1942.

57. Nicoglou A, Merlin F. Epigenetics: a way to bridge the gap
between biological fields. Studies in History and Philosophy
of Biol and Biomed Sci. 2007; 66: 73-82. Doi: 10.1016/j.
shpsc.2017.10.002

42. Werren JH. Selfish genetic elements, genetic conflict, and
evolutionary innovation. PNAS. 2011; 108: 10863-10870.
Doi: 10.1073/pnas.1102343108
43. Jurka J, Bao W, Kojima KK. Families of transposable elements, population structure and the origin of species. Biology Direct. 2011; 6: 44. Doi: 10.1186/1745-6150-6-44
44. Fedoroff NV. Transposable elements, epigenetics, and genome evolution. Science. 2012; 338: 758-767. Doi: 10.1126/
science.338.6108.758
45. Lisch D. How important are transposons for plant evolution?
Nature Reviews Genetics. 2013; 14: 49-61. Doi: https://doi.
org/10.1038/nrg3374
46. Rice WR. Nothing in genetics makes sense except in the
light of genomic conflict. Annual Review of Ecology, Evolution, and Systematics. 2013; 44: 217-237. Doi: 10.1146/
annurev-ecolsys-110411-160242
47. Agren JA. Selfish genes and plant speciation. Evolutionary
Biology. 2013; 40: 439-449. Doi: https://doi.org/10.1007/
s11692-012-9216-1
48. Gardner A, Úbeda F. The meaning of intragenomic conflict.
Nature Ecology and Evolution. 2017; 1: 1807-1815. Doi:
10.1038/s41559-017-0354-9
49. Gardner A, Grafen A. Capturing the superorganism: a formal
theory of group adaptation. Journal of Evolutionary Biology.
2019; 22: 659-671. Doi: 10.1111/j.1420-9101.2008.01681.x
50. Avise JC. Evolving genomic metaphors: a new look at the
language of DNA. Science. 2001; 294: 86-87.
51. Crow JF. The beanbag lives on. Nature. 2001; 409: 771.
Doi: https://doi.org/10.1038/35057409

58. Nanney DL. Epigenetic control systems. PNAS. 1958; 44:
712-717C.
59. Jablonka E, Raz G. Transgenerational epigenetic inheritance: prevalence, mechanisms, and implications for the
study of heredity and evolution. Quarterly Review of Biology. 2009; 84: 131-176.
60. Waddington CH. The epigenotype. Endeavour. 1942; 1: 1820.
61. Shapiro JA. Revisiting the central dogma in the 21st century: Natural Genetic Engineering and Natural Genome Editing. Annals of the New York Academy of Sciences. 2009;
1178: 6-28. Doi: 10.1111/j.1749-6632.2009.04990.x
62. Shapiro JA. Evolution: A View from the 21st Century. Upper
Saddle River, New Jersey: FT Press Science. 2011.
63. Burian RM. Molecular epigenesis, molecular pleiotropy,
and molecular gene definitions. History and Philosophy of
the Life Sciences. 2004; 26: 59-80.
64. Griffiths P, Stotz K. Genetics and Philosophy: An Introduction. Cambridge: Cambridge University Press. 2003.
65. Griffiths PE. Lost: one gene concept, reward to finder. Biology & Philosophy. 2002; 17: 271-283. Doi: https://doi.
org/10.1023/A:1015282905583
66. Callebaut W, Rasskin-Gutman D (eds). Modularity: Understanding the Development and Evolution of Natural Complex Systems. Cambridge, MA: MIT Press. 2005.
67. Clune J, Mouret J-P, Lipson H. The evolutionary origins of
modularity. Proceedings of the Royal Society B. 2013; 280:
20122863.

52. Godfrey-Smith P. Darwinian populations and natural selection. New York: Oxford University Press. 2006.

68. Carroll SB, Grenier JK, Weatherbee SD. From DNA to Diversity: Molecular Genetics and the Evolution of Animal
Design. Malden, MA: Blackwell Publishing. 2005.

53. Maynard Smith J. Evolution and the Theory of Games.
Cambridge: Cambridge University Press. 1982.

69. Wagner GP. The developmental genetics of homology. Nature Reviews Genetics. 2007; 8: 473-479.

Life Sci Press. 2018; 2(1): 70-78. doi: 10.28964/LifesciPress-2-111

Page 77

Life Science Press
70. Wagner GP. Homology, Genes, and Evolutionary Innovation. Princeton: Princeton University Press. 2014.
71. Gould SJ, Lewontin RC. The spandrels of San Marco and
the Panglossian paradigm: a critique of the adaptationist
programme. Proceedings of the Royal Society London B.
1979; 205: 581-598.
72. Brigandt I, Griffiths PE. The importance of homology for
biology and philosophy. Biology & Philosophy. 2007; 22:
633-641.
73. Gokhale CS, Traulsen A. Evolutionary multiplayer games.
Dynamic Games and Applications. 2014; 4: 468-488. Doi:
https://doi.org/10.1007/s13235-014-0106-2
74. Broom M, Rychtár J. Game-Theoretical Models in Biology.
Boca Raton: CRC Press. 2013.
75. Maynard Smith J, Burian R, Kauffman S, Alberch P, Campbell J, et al. Developmental constraints and evolution: a

Life Sci Press. 2018; 2(1): 70-78. doi: 10.28964/LifesciPress-2-111

perspective from the Mountain Lake Conference on development and evolution. Quarterly Review of Biology. 1985;
60: 265-287.
76. West-Eberhard MJ. Developmental plasticity and evolution.
Oxford: Oxford University Press. 2003.
77. Moczek AP, Sultan S, Foster S, Ledón-Rettig C, Dworkin
I, et al. The role of developmental plasticity in evolutionary
innovation. Proceedings of the Royal Society B. 2011; 278:
2705-2713. Doi: 10.1098/rspb.2011.0971
78. Pigliucci M, Murren CJ, Schlichting CD. Review: phenotypic plasticity and evolution by genetic assimilation. The
Journal of Experimental Biology. 2006; 209: 2362-2367.
Doi: 10.1242/jeb.02070
79. Ehrenreich IM, Pfennig DW. Genetic assimilation: a review of its potential proximate causes and evolutionary
consequences. Annals of Botany. 2015; 117: 769-779. Doi:
10.1093/aob/mcv130

Page 78

