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Abstract: Since its appearance, Evolutionary Developmental Biology (EvoDevo) has been called an
emerging research program, a new paradigm, a new interdisciplinary field, or even a revolution.
Behind these formulas, there is the awareness that something is changing in biology. EvoDevo
is characterized by a variety of accounts and by an expanding theoretical framework. From an
epistemological point of view, what is the relationship between EvoDevo and previous biological
tradition? Is EvoDevo the carrier of a new message about how to conceive evolution and development?
Furthermore, is it necessary to rethink the way we look at both of these processes? EvoDevo represents
the attempt to synthesize two logics, that of evolution and that of development, and the way we
conceive one affects the other. This synthesis is far from being fulfilled, but an adequate theory of
development may represent a further step towards this achievement. In this article, an epistemological
analysis of EvoDevo is presented, with particular attention paid to the relations to the Extended
Evolutionary Synthesis (EES) and the Standard Evolutionary Synthesis (SET).

Keywords: evolutionary developmental biology; evolutionary extended synthesis; theory of development

1. Introduction: The House That Charles Built

Evolutionary biology, as well as science in general, is characterized by a continuous genealogy of
problems, i.e., “a kind of dialectical sequence” of problems that are “linked together in a continuous
family tree” [1] (p. 148).

Let’s start with Charles Darwin, whose masterpiece On the Origin of Species still has a fundamental
influence on biological thinking [2]. Darwin specified three foundational problems on which every
evolutionary theory must be based: Variation, selection, and inheritance. The process of descent with
modification needs some source able to produce variation in organisms. This variation must be reliably
passed on to subsequent generations. Finally, variation will be maintained within a lineage if it confers
an adaptive advantage.

However, as observed by Darwin himself, it is not natural selection that induces variation, but its
role is limited to maintaining favorable variations and eliminating harmful ones [2] (p. 63). “Laws of
variations” and “laws of heredity” are the most notable absentees within Darwin’s long argument.
“The laws governing inheritance are quite unknown; no one can say why a peculiarity in different
individuals of the same species, or in individuals of different species, is sometimes inherited and
sometimes not so; why the child often reverts in certain characters to its grandfather or grandmother
or other more remote ancestor; [ ... ].” [2] (p. 13).

“I have hitherto sometimes spoken as if the variations [ ... ] had been due to chance. This, of
course, is a wholly incorrect expression, but it serves to acknowledge plainly our ignorance of the
cause of each particular variation.” [2] (p. 102).

Anyway, Evolution (Natural Selection), Variation, and Heredity represent the three foundational
issues from which are derived the genealogy of problems that have long affected evolutionary biological
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thought. These three issues represent the conceptual triad to be taken into account in any evolutionary
theory [3,4].

Nevertheless, biological thinking did not address these foundational problems in the same
way, and the phenomena and roles attributed to each element of the conceptual triad have always
been different.

Within the Modern Synthesis (MS), particular emphasis was placed on the role of natural selection
and genes, the latter being conceived both as unit of variation and unit of inheritance. In this framework,
evolution was defined as a change in the frequency of an allele within a gene pool [5] or, in a simpler
way, “biological evolution consists of changes in the genetic constitution of populations” [6] (p. 21).
However, as said by Scott Gilbert, reported in [7], “The modern synthesis is remarkably good at
modeling the survival of the fittest, but not good at modeling the arrival of the fittest” [7] (p. 281).

This is one of the reasons for dissatisfaction with the Modern Synthesis. Another reason is that
MS has black-boxed all the processes and mechanisms that are between genotype and phenotype or
between genetic mutation and natural selection [8]. As stated by one of the greatest critics of MS,
Conrad Hal Waddington: “It has been clear at least since von Baer’s day that a theory of evolution
requires, as a fundamental part of it, some theory of development. Evolution is concerned with changes
in animals, and it is impossible profitably to discuss changes in a system unless one has some picture
of what the system is like. Since every aspect of an animal is a product of development, or rather is a
temporary phase of a continuous process of development, a model of the nature of animal organization
can only be given in developmental terms” [9] (p. 11).

Evolutionary Developmental Biology (EvoDevo) is the theoretical proposal able to unlock the
black box of development, and also able to investigate the influence of development on evolution and
the influence of evolution on development [10,11]. So, one of the aims of EvoDevo is to investigate
the causal-mechanistic interactions which exist between the processes of individual development and
the processes of evolutionary change [12], and to identify the generative mechanisms responsible
for the variations presented by organisms (the arrival of the fittest). However, as we will see in
Section 3, the conceptual framework of EvoDevo is anything but homogeneous. This conceptual
framework is characterized by a set of core concepts, such as: Novelty [13,14]; homology [15,16];
genetic regulatory networks [17,18]; evolvability [19,20]; developmental bias [21]; modularity [22]; and
others. Evodevo makes use of a combination of “[ ... ] tools, techniques, and findings of molecular
biology, anatomy, physiology, functional morphology, cell biology, embryology, developmental genetics,
paleontology, comparative genomics, and population genetics, [ ... 17 [23] (p. 1). It is composed
of a variety of research programs, such as comparative embryology and morphology programs,
evolutionary developmental genetics programs, experimental epigenetic programs, and theoretical and
computational programs [12,24]. Finally, it is guided by several questions concerning the relationships
between evolution, development, and environment [10,12]. For these reasons, this pluralistic framework
has been rightly conceived as a “[ ... ] loose conglomeration of research programs [ ... ]” [25] (p. 265).

Anyway, EvoDevo represents a hard opponent for the MS. In fact, it was presented as:
A paradigm [24,26]; a research program [27]; a revolution or revolutionary science [17,28]; or a
new synthesis or a revolutionary synthesis [29,30]. These terms, far from being linguistic labels,
represent theoretical and conceptual tools useful for a theoretical comparison between different
perspectives; such as MS and EvoDevo. Nevertheless, the relationship between these two perspectives
is far from clear. Is EvoDevo an expansion, an extension, or a revolution compared to the Modern
Synthesis? EvoDevo “[ ... ]is a discipline still in search of its identity” [27] (p. 213) whose conceptual
and theoretical foundation has not yet been properly founded [27,31].

Section 2 describes the pluralistic framework of EvoDevo, with particular attention paid to how
the various accounts conceive the processes of evolution and development.

In Section 3, we highlight the relationship between EvoDevo with the Extended Evolutionary
Synthesis (EES) and Standard Evolutionary Theory (SET).

In the last section, we present some theoretical proposals to make EvoDevo take a few steps forwards.
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2. One, No One, and Hundred Thousand EvoDevo

Vitangelo Moscarda is the protagonist of the novel ‘One, no one, and hundred thousand’, written
by the Sicilian Nobel laureate Luigi Pirandello. In this novel, the protagonist realizes how his identity,
contrary to what he believed, is not something certain, stable, and consistent for everyone, but each
person has their own view of the personality and characteristics of Moscarda. The result is that his
identity becomes questionable: From the certainty of a single initial identity to an identity distributed
over a multiplicity of individuals, and finally to the impossibility of any form of identity. Although not
afflicted by a comparable existential drama, we could say that the situation of the EvoDevo is similar,
in some respects, to that of Vitangelo Moscarda.

2.1. One EvoDevo

Frequently, EvoDevo is defined as the study of how Evolution and Development are interrelated
or, to put it another way, as the “evolution’s influence on development and development’s influence
on evolution” [32] (p. 9). Moreover, how to conceive EvoDevo, that is, what kind of problems, themes,
or aspects must be considered fundamental and worthy of investigation, “depends on whether the
scientist is a developmental biologist, a paleontologist or an evolutionary biologist”, or something
else [30] (p. 75). Although it is a discipline that is more than 30 years old, EvoDevo, from a theoretical
point of view, is (still) a discipline in search of its identity [27,32].

EvoDevo would like to be “[ ... ] a synthesis of those processes operating during ontogeny with
those operating between generations (during phylogeny)” [33] (p. xiii) (Hall&Olson 2003, p. xiii), and
also an integration of several research areas such as genetics, ecology, paleontology, behavior, cognition,
physiology, and so on [34] (p. 499). This framework is characterized by several core concepts (from life
cycles evolution, modularity, plasticity, to evolvability, environmental induction, canalization, and
more) [34] (p. 505), and by a set of problems agenda, whose purpose is to investigate the questions
born at the interface between evolution, development (EvoDevo questions; DevoEvo questions), and
also environment (EcoEvoDevo questions) [12].

So, we can say that the general aim of EvoDevo is “[ ... ] to provide a mechanistic explanation of
how developmental mechanisms have changed during evolution, and how these modifications are
reflected in changes of organismal form”, in such a way as to make possible “[ ... ] to determine the
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mechanisms behind the ‘arrival of the fittest’”” [35] (p. 2). The problems begin when we enter in the
“[ ... ]incredibly intricate multi-level domains, mechanisms, processes, structures [ ... ]” [36] (p. 259)
that characterize development and start looking for the mechanisms responsible for the generation
and variation of forms.

However, “the way we perceive the field today is often reflected in the way we reconstruct its

history and, similarly, the way we reconstruct the history can reveal a lot about current assumptions” [37]

(p- 2).
2.2. No One EvoDevo

A revolutionary event in the history of developmental genetics, so prominent that for some
authors it represents the birth of the EvoDevo [17], has been the discovery of the homeobox [38,39] and
of the role that this plays in the evolution and development of animal forms. The discovery was made
in the 1980s. In the following years emerged what has been called the logic that controls development,
based on a regulatory system in which a set of genes and transcription factors acts on other genes,
activating or inhibiting them, in this way determining “[ ... ] variations in the level, pattern, or timing
of gene expression [ ... ]” [40] (p. 579) which result in the construction of forms during development.
This set of genes is highly conserved in the course of evolution, and it is held responsible for the
construction of body plans and different body structures [17].

The discovery of the homeobox has been described as the Rosetta Stone of developmental genetics;
on this foundation, it would be possible to achieve an understanding of the “[ ... ] deep unity about
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pattern formation [ ... ] which underlies the apparent superficial complexity and diversity of animal
development” [41] (p. 365). Both homology and evolutionary novelty are thus explained in terms of
modifications based on the combinatory logic of activation/inhibition of the cis-regulatory systems;
what has been called by Gould “Hoxology” [42].

The central role played by this gene regulation system, both in evolution and development, is
expressed by what we may call Davidson’s Syllogism: “Since the morphological features of an animal
are the product of its developmental process, and since the developmental process in each animal is
encoded in its species-specific regulatory genome, then change in animal form during evolution is the
consequence of change in genomic regulatory programs for development” [43] (p. 27-28).

What characterizes the Hoxological approach is an explicit gene-centrism, according to which
the great variety of animal forms is encoded in the combinatory logic of the cis-regulatory system,
conceived as “[ ... ] the essence of animal development” [44] (p. 25).

What is more interesting is that, according to some exponents of this approach [17,45], the
EvoDevo/Hoxology represents a revolutionary expansion of Modern Synthesis; a third act (the first
one was the Darwinian theorization, the second one was the MS) that complemented the MS with a
hitherto missing piece: A mechanistic explanation for the evolution and development of phenotypes.
As stated in [45], both phyletic and morphological evolution are characterized by the same genetic and
developmental mechanisms, even suggesting an equation between Macroevolution = Microevolution.
If so, EvoDevo would not represent “[ ... | any fundamental conceptual problem for evolutionary
biology” [46] (p. 386); rather, it would be the completion of the conceptual framework of MS through
the addition of causal mechanisms able to explain the origins of variation. However, this perspective
was accepted with both cautious optimism [47] and skepticism [48] by exponents of the Standard
Evolutionary Theory.

But as pointed out by [37], “ ... ] evolutionary developmental biology is not as uniform as the
image of a new scientific discipline and the powerful icons of “the genetic toolkit for development”
and the almost magical qualities of “Hox genes” seems to suggest.” (p. 1). The study of the evolution
and development of the phenotype “[ ... ] requires thinking both within and outside the paradigm
of transcription encoding factors” [49] (p. 129). So, EvoDevo must be something more than a
“mere” Hoxology.

2.3. One Hundred Thousand EvoDevo

Marta Linde Medina introduces a distinction between “two versions of EvoDevo” [50], which
reflects internalist and externalist traditions—as presented by Ronald Amundson [51], and which
represents two ways of conceptualizing evolution and development. One version, EvoDevol, is linked
to the discovery of Hox genes in the 1980s [52,53], and the consequent progress of developmental
genetics [17,43]. This EvoDevo perspective is closely based on a gene-centric conception of both
evolution and development, in which are often used metaphors such as those of the genetic program
and of genes as depositories of ontogenetic and phylogenetic information. The development of
organismal form is based on switches, regulatory sequences, transcription factors that make up a
complex genetic regulatory network on which depends the construction, as well as the evolution, of
body plans. The Natural Selection will act on variations in the wiring of the networks able to produce
both microevolutionary and macroevolutionary phenomena. Thus, we are faced with a “perfect
synthesis of mechanisms acting during ontogeny and the mechanism of natural selection [17,43],
in harmony with the externalist tradition. The other version, EvoDevo2, is linked to an internalist
perspective, in which a fundamental role is recognized to the inherent properties of living matter [54],
the self-organizing phenomena and events [55], and the overall set of interactions that occur during
ontogeny and across several levels of organization [56]. In this perspective, the genetic circuitry, even
if it plays an important role, is conceived as a post-hoc effect, i.e., a stabilizing factor of forms, rather
than an exclusive generating factor. This last perspective is seen as “[ ... ] a subdiscipline of an
extended evolutionary synthesis (EES) [ ... ]” [50] (p. 9). On the other hand, the version presented
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by [17], for example, is more a genetic theory of morphological evolution [46], and therefore it is only
one component, one aspect, of a more general theory of evolution where development is finally and
adequately taken into consideration.

This first distinction is useful because it allows making a coarse theoretical distinction between
two alternative conceptions of EvoDevo [25]: EvoDevo in a narrow sense, including mainly Hoxology;
and EvoDevo in a broad sense, including a wider set of perspectives. This distinction can be further
developed into a typological classification of positions, based on [57].

Callebaut, Miiller, and Newman [57] identify various accounts of Evo-Devo or, as they call them,
twelve evo-devo packages, “[ ... Jwhich in part reinforce one another, but in part also compete”
(p. 34). These accounts are the result of the combination of different theoretical, methodological,
and epistemological perspectives. We consider it useful to present an overview of these accounts to
highlight the plurality of perspectives that characterizes EvoDevo. In the end, we will make some
general remarks.

Core EvoDevo (1) is described as a perspective “[ ... ] encompassing both the program to explain
evolution through changes in development and the program to reframe evolutionary biology more
drastically along developmental lines” [57] (p. 35).

Gene Regulatory Evolution (2) basically corresponds to the Hoxology presented in the
previous section.

Epigenetic EvoDevo (3) has as its main target morphological evolution; notably the processes and
mechanisms that characterize the generation, fixation, and variation of structural building elements of
organisms [58]. Within this perspective, a further problem is represented by the genotype—phenotype
relation, that is, how genes and morphologies are related. On the one hand, genetic and developmental
pathways may change during phylogeny while morphologies remain relatively constant; on the
other hand, similar gene expression patterns may correspond to different morphologies [15]. In order
to describe the processes of form generation, it is not enough to give a description of the genetic
control systems: Our account must include “[ ... ] the generic material properties of, and interaction
dynamic among, cells, tissues and their environments”[59] (p. 66). The latter factors constitute the
epigenetic properties of development, such as: “(i) interactions of cell metabolism with physicochemical
environment within and external to the organism; (ii) interactions of tissues masses with the physical
environment on the basis of physical laws inherent to condensed materials, and (iii) interaction
among tissue themselves, according to an evolving set of rules” [56] (pp. 305-306). The relationship
between genes and forms is indirect, and epigenetic mechanisms represent the principal factor directing
morphological evolution; meanwhile genetic networks are co-opted subsequently to play a stabilizing
role rather than a generative one. In the Epigenetic account, homology has an important role, insofar
as the main clue of a common descent and of organismic evolution. Indeed, homologues represent
attractors of morphological design, i.e., “autonomous organizer of the phenotype in an evolutionary
lineage” [59] (p. 70-71), and that during the phylogeny provides the basis for further modifications.
Therefore, there is an attempt to recognize a relatively autonomous role of the morphological level
with respect to the underlying mechanisms, especially the genetic ones.

Process Structuralism (4) “[ ... ] assumes that there is a logical order to the biological realm and
that organisms are generated according to rational dynamic principles” [60] (p. 91). So, a theory of
evolution must include a theory of biological form, which explains how organisms are structured and
by which transformations are characterized. This account puts center stage organisms conceived as
“dynamically transforming systems” described as fields, i.e., “[ ... ] domains of spatial order, defined
by internal relationships, that change in time according to well-defined principles or rules” [61] (p. 129),
and moves against the Neo-Darwinian assumptions according to which, to explain evolutionary
phenomena, it is enough the action of natural selection on random genetic mutations [62]. So, what is
proposed is a theory of morphogenetic fields defined as complex dynamic systems in which “[ ... ]
genetic and environmental factors determine parametric values in the equations describing the field
and therefore act to select or stabilize one manifest form from the set of forms which are possible for



Philosophies 2020, 5, 35 6 of 21

that type of field” [61] (p. 121). In this perspective, the patterns of gene expression alone cannot provide
neither a causal explanation of the developmental processes nor an understanding of the generative
principles underlying the development and evolution of forms. On the contrary, development is
conceived as a hierarchical process along which various factors can alter the dynamics of the system.
In this way, it is possible to define the space of possible biological forms (generic forms), i.e., “the
natural kinds that are revealed in evolution, the basic biological forms that are all transformations of
one another under changes in the detailed dynamics of morphogenetic fields” [61] (p. 130).

The morphogenetic field represents the generative unit both in development and evolution.
Evolution is conceived as a “time-dependent exploration of a set of possibilities under internal (genetic)
and external (environmental) parametric variation” [60] (p. 96); these possibilities are given by “generic
states of forms [ ... ] whose distribution in the space of developmental trajectories defines the set of
possible forms” (p. 96). What emerges is a perspective on evolution and development in which: “The
hierarchical nature of this generative process leads naturally to a hierarchical taxonomy of biological
forms: ontogenesis provides the logical foundation for understanding phylogenesis” [60] (p. 130).

Self-Organization of Biological Complexity (5) explains the complexity of the organization and
forms of biological systems as due to intrinsic dynamics and patterns, rather than to the external action
of natural selection. This account, as was Process Structuralism, was inspired by the tradition of Rational
Morphology (Goethe, Cuvier, Geoffroy Saint-Hilaire, Owen, and more recently, D’ Arcy Thompson),
according to which “[ ... ] organisms were built up by combinatorial variations of a small number of
principles”[55] (p. 4). The aim of Rational Morphology, as well as of the Self-Organization account,
is to discover the laws of form underlying biological organization. We can define Self-Organization as
“[... ]aprocess in which pattern emerges at the global (collective) level through interactions among
the components of the system at the individual level, without these interactions explicitly specifying
the global pattern [ ... ]” [63] (p. 79).

This means that the order performed by the organisms is not due to the action of natural selection,
which does not have the ability to generate order, but to the inherent properties of complex systems
which constitute the organisms themselves [55]. The main processes occurring during development,
endowed with self-organizing properties, are cellular differentiation and morphogenesis. Cellular
differentiation is the result of the dynamical behaviors of genetic regulatory networks, in which cell
types represent “[ ... ] a recurrent pattern of gene activity” [55] (p. 442). By contrast, morphogenesis
is defined as “[ ... ] the consequence in time and space of the structural and catalytic proprieties of
proteins encoded in time and space by the genome, acting in concert with nonprotein materials and
with physical and chemical forces to yield reliable forms” [55] (p. 410). Within this account, a significant
problem is represented by the relationship between natural selection and self-organization. There are
different possible hypotheses: A primacy of natural selection over self-organization; self-organization
as a constraint or an auxiliary of natural selection; natural selection and self-organization as two sides
of the same coin [64]. The last hypothesis is suggested by Kauffman: “Selection achieves and maintains
complex systems poised on the boundary, or edge, between order and chaos. This systems are best able
to coordinate complex tasks and evolve in a complex environment. The typical, or generic, properties
of such poised systems emerge as potential ahistorical universals in biology” [55] (p. xv).

Structural Modeling (6) is a computational and theoretical approach to the study of RNA folding,
that can be presented as “minimal model of a genotype-phenotype relation” [65] (p. 1164), but it
cannot represent the entire process of organismal development. Through this model, it is possible
to explore what kind of molecular phenotypes (RNA secondary structure, or RNA shape) can be
reached from gradual modifications of the genotype. Moreover, it is possible to understand how
genotype and phenotype influence each other, that is, how particular phenotypes are produced from
particular genotypes, how these phenotypes are targets of selection, and, finally, how this selection
feeds back on the genotypes and developmental mechanisms producing the initial phenotypes.
The evolution of the phenotype depends on the topological structure of the phenotypic space as result
of the genotype—-phenotype map. What emerges from the simulations is that the possible phenotypes
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accessible from various genotype sequences are limited; there is a redundant mapping that maps
many genotypes onto a single phenotype [66]. By gradually varying the sequences of the genotype,
it is possible to observe the result on the phenotypic space. Many variations will be neutral, that
is, will not lead to a significant change in the process of folding of RNA and, consequently, in the
final shape of RNA. So, a Neutral Network can be defined as “[ ... ] a mutationally connected set of
genotypes that map to the same phenotype” [66] (pp. 79-80). Therefore, it is possible to distinguish
between continuous and discontinuous phenotypic changes: The former results from the exploration
within the boundary of a neutral network, while the latter results from crossing the boundary between
two adjacent neutral networks, mapping onto two different phenotypes. Although this perspective
does not provide a general representation of the development of organisms, it allows us to study,
in a limited and controlled manner, phenomena such as epistasis, phenotypic plasticity, constraints
on variation, canalization, modularity, phenotypic robustness, and evolvability, whose large-scale
study would require considering a large and complex set of factors and variables such as to make
investigation intractable.

Dialectical Account (7) rejects the ideology of biological/genetic determinism, which reduces
properties and characteristics of complex biological systems to the organization and processes of
their simplest constituent components (genes), to which causal and ontological priority is also
attributed [67,68]. Conversely: “Dialectical explanations, on the contrary, do not abstract properties of
parts in isolation from their associations in wholes but see the properties of parts as arising out of their
associations. [ ... ] according to the dialectical view, the properties of parts and wholes codetermine
each other” [68] (p. 11).

This means that in the explanation of development, there is no place for genetic determinism or
program metaphors; neither for a naive dualistic conception according to which some traits are caused
by genes while the environment plays the role of filling the remaining causal gaps. On the contrary,
development is a process in which there is constant interaction between genes and environment
where “[ ... | random variation in growth and division of cell during development [ ... ]” represents
an important source of variation (developmental noise) during ontogeny [67,69]. Moreover, the
environment is not conceived as something external and independent from organisms and to which
organisms must adapt, but environment and organism are engaged in a process of co-determination [69]
in which: “[ ... ] organisms determine which elements of external world are put together to make their
environments and what are the relations among the elements that are relevant to them” [69] (p. 51);
moreover, “[ ... ] organisms not only determine what aspects of the outside world are relevant to
them by peculiarities of their shape and metabolism, but they actively construct[ ... ] a world around
themselves” (p. 54); and finally, “[ ... ] organisms [ ... ] are in a constant process of altering their
environment” (p. 55). In this account, both evolution and development must be conceived in a more
complex causal perspective, according to which “[ ... ] the genome, the proteome, the traitome, the
behaviorome, and the societome [ ... ]” [70] (p. 334), and the environment in general, are characterized
by complex nonlinear and bidirectional dynamics.

Systems Biology (8) is an emerging approach of which it is difficult to provide a comprehensive
definition; within this field are present various traditions, such as a physiological [71] and a
computational one [72]. Anyway, to provide a general definition, systems biology “is the study of the
behavior of complex biological organization and processes in terms of the molecular constituents” [73]
(p- 504). The aim is to obtain a “system-level understanding of biological systems” [72], and to
achieve this goal, it is necessary to acquire and integrate many kinds of data; especially from the
‘-omics’ disciplines [74]. From the analysis of these complex biological networks, it may be possible to
understand the interaction between DNA, phenotype, and environment [71]. The principal aim of this
approach is a multi-level integration [75]: “Identifying all genes and proteins in an organism is like
listing all the parts of an airplane. While such a list provides a catalog of the individual components, by
itself it is not sufficient to understand the complexity underlying the engineered object” [76] (p. 1622).
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This means that systems biology moves beyond the single level of analysis method to adopt an
integrative perspective, including both top-down and bottom-up approaches. Likewise, exclusive
knowledge of genetic regulatory networks and biochemical interaction is not enough to explain the
organization of organisms. What must be pursued is an understanding of the organizing principles
and the behaviors of the various levels of hierarchical organization. In this sense, systems biology looks
for “[ ... ] multiscale, multilevel explanations of organismal properties” [77] (p. 8), in which there is no
privileged level of explanation to which to reduce biological phenomena. The complex framework
presented by systems biology also forces us to reconsider the causal relationships among levels of
organization. Namely, there is not only upward causation as in reductionist models, from genes to
organismal behavior, but between levels of organization there are feedback circuits through which
higher levels constrain the behavior of the lower levels [78]. This perspective requires a rethinking of
development, which cannot be conceived of as a simple, linear, and unidirectional process directed by
a program or a single level of organization, but as a complex system of interactions; and afterward a
rethinking of the factors and aspects that are relevant in heredity and evolution [75,79].

Cybernetic Synthesis (9) is based on Jean Piaget’s conception of evolution, closely based on the
role of phenotypes and behaviors as main actors of evolutionary phenomena [80]. In his conception,
behaviors are viewed not only as a result of evolution, but also as one of its determinants [80] (p. xi).
Piaget’s theory of organismic development and evolution is influenced by Paul Weiss and Conrad
Waddington. If we want to understand the role of behavior in evolution, we must consider the
hierarchical system in which the organisms are located. If we conceive the organism as a system of
concentric shells, in which the innermost corresponds to genes while the outermost corresponds to
the environment. What characterizes organism’s dynamics is a complex network of bidirectional
relations [81]. Thus, organisms are characterized by a system of cybernetic interactions, in which a single
level (e.g., genetic) cannot cause or control, unilaterally and simply, the highest levels (ex. morphology
and behavior). Rather, the highest levels can feed back, altering the dynamics of the lower levels.

Therefore, behavior is conceived “[ ... ] as the expression of the overall dynamics of organization
in its interaction with environment and as a source of supersessions and innovations for as long
as the environment or environments continue to contain any elements creating obstacles for the
organism” [80] (pp. 140-141). In this way, the behavior and other environmental factors can stress a
response (in the hierarchical system) of the organism to produce a modified phenotype (phenocopy),
which will be stabilized by the genetic level in successive generations [80] (p. 73-83). “The Organism
is an open system, a necessary precondition of whose functioning is behavior; and [ ... ] it is of the
essence of behavior that it is forever attempting to transcend itself and that it thus supplies evolution
with its principal motor” [80] (p. 139).

So, according to Piaget, behavior can be considered responsible “[ ... ] for the far-reaching
morphogenetic changes of macroevolution” [80] (p. 140).

Reproducer Perspective (10) represents a radical way to think about a unifying theory of heredity,
development, and evolution “[ ... ] that accounts for the way heredity and development are entwined
in reproduction processes” [82] (p. 253). Units of heredity and units of development are intertwined
in units of reproduction [83], and the latter, the reproducers, are the units of evolutionary transition.
Reproducers are defined as entities that have the capacity to make more reproducers, i.e., [84]
development is presented as “[ ... ] the recursive acquisition (over a compositional hierarchy of parts
and wholes) of a capacity of reproduce” [85] (p. 187). In other words, “[ ... ] reproduction is the
recursive propagation of the organized capacity to develop and development is the ordered realization
of the capacity to reproduce” [86] (p. 267).

In this processual perspective, development is a complex process that does not concern a single
level of organization, but involves an organized mechanism of reproduction, spanning over several
levels. Meanwhile, evolution is conceived as a “[ ... ] descent with modification of a population of
reproducers” [85] (p. 187).
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Developmental Systems Perspective (11) is defined as “[ ... ] a general theoretical perspective
on development, heredity and evolution” [87] (p. 1), representing an attempt to go beyond classical
dichotomies such as nature-nurture, genes—environment, and gene-centric approaches. In this
perspective, the fundamental unit is the developmental system conceived “[ ... ] as a complex
of interacting influences, some inside the organism’s skin, some external to it, and including its
ecological niche in all its spatial and temporal aspects, many of which are typically passed on in
reproduction [ ... ]. It is in this ontogenetic crucible that form appears and is transformed [ ... ]” [88]
(p. 39). The stability and variation of forms are not explained by the presence of a genetic program,
however complex it may be, but by the contingent process of construction that involves several factors
during ontogeny.

Developmental Systems Theory has been regarded as a key partner of EvoDevo, although
problematic [3,89]. The major tenets of DST present a serious challenge to traditional evolutionary
concepts. This includes [88] (p. 2): (i) The presence of multiple causes involved in developmental
processes; (ii) the contingency of development processes towards the context and the other states of
the system; (iii) an extended conception of heredity; (iv) a conception of development as a construction
(there is not a preconceived plan); (v) there is not a privileged level of control, but this is distributed
over multiple factors; (vi) evolution is conceived as changes in the system of interactions between
organism and environment.

So, Development Systems Theory conceives “[ ... ] both development and evolution as processes
of construction and reconstruction in which heterogeneous resources are contingently but more or less
reliably reassembled for each life cycle” [88] (p. 1).

Core Configuration Model (12) represents the attempt to sketch an evo-devo perspective to human
cognition, able to explain, in particular, the behaviors and organization of social cognition. Here too,
the Neo-Darwinian dichotomy between genes and environment and the gene-centric perspective
are refuted and replaced by the notion of recurrence or repeated assembly, conceived as “recurrent
entity-environment relations composed of hierarchically organized, heterogeneous components (which
may themselves be repeated assemblies) having differing temporal scales and cycles of replication” [90]
(p- 59). Biological entities present a hierarchical organization, spanning from DNA, cells, and tissues
to organisms, groups, and populations. This hierarchical organization implies that organisms are
“[ ... ] the contingently developmental result of various genetic and epigenetic resources [ ... ]” [90]
(p. 59), and their traits are “the result of a relational linkage, contingently and concretely situated in a
specific context of interacting elements spanning between the various level of hierarchical organization
characterizing biological entities” [91] (pp. 278-279). In this way, the elements found on a level of
organization represent the context for elements of another level. All the elements which constitute that
hierarchical system are characterized by both upward and downward causation [91] (p. 278).

Thus, we can define repeated assembly as recurrent constructive relations composed of
heterogeneous and hierarchical components. Therefore, development is a non-programmed process,
which emerges from the interactions among various resources that must be repeatedly assembled over
generations and which must be inherited in a stable manner [91] (p. 279).

2.4. The Search for Unity

This overview of EvoDevo approaches, based on the typological classification presented in [57],
is not necessarily complete. In fact, it is possible to identify further theoretical perspectives, which
we present here in a concise manner, but whose complexity would require a broader discussion.
The Developmental Plasticity perspective (13) is an account that considers the role of developmental
plasticity as a leader, not necessarily follower, in phenotypic evolution. The latter is conceived
more as a complex reorganizational phenomenon rather than due to a genetic mutation [92,93].
The Ontophylogenetic perspective (14) represents a radical holistic account in which evolution
and development “[ ... ] are the two inseparable sides of a single reality produced by a unique
process” [94] (p. 5). These two mechanisms are joined in a genealogical line (lignée généalogique)
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that is the result of a continuous production process of organisms. The unit of analysis of phylogeny,
i.e., the species, and the unit of analysis of ontogeny, i.e., the individual, are two aspects of a
continuous phenomenon that encompasses both: Ontophylogenesis [95]. The Probabilistic Epigenesis
perspective (15) represents a meta-theoretical model of development which emphasizes the role of
developmental manifold, conceived as a set of bidirectional influences within and between levels of
organization/analysis (including genetic activity, neural activity, behavior, and physical, social and
cultural environment) [96,97]. The Eco-Evo-Devo perspective (16) is a complex approach in which
“[ ... ] the environment is a source and inducer of genotypic and phenotypic variation at multiple
levels of biological organization, while development act as regulator that can mask, release, or create
new combination of variation” [98] (p. 107). This perspective aims to discover “[ ... ] the rules
by which an organism’s genes, environment, and development interact to create the variation and
selective pressures needed for evolution” [99] (p. XIV). The Behavioral/Cognitive perspective (17)
investigates the development of behavior and cognition and how these two phenomena can contribute
to modify and determine the dynamics of development and evolution [100,101]. The Character
Identity Networks perspective (17) is a genetic approach to morphological evolution, which considers
the role of genes and genetic networks in determining the identity and variational modalities of a
morphological character, also taking into account the developmental context (species-specific mode of
development) [18].

However, this does not mean that it is possible to indefinitely extend the set of theoretical proposals
related to EvoDevo. The risk is to take an inflationary attitude that identifies more differences in
theoretical proposals than necessary. For this reason, it is appropriate to associate a deflationary
attitude, which, instead of multiplying the possible perspectives, brings them together, smoothing out
the differences. For example, it is possible to combine in a single perspective those proposals (9, 12, 17)
that focus on the role of behavior and cognition in the light of ethology (Bateson [100]) and current
cognitive theories (Stotz [101]). Moreover, it is possible to amend those Hoxological perspectives by
taking into consideration the fundamental role of genetic networks within a broader and more complex
developmental context, as in [18,102]. The various accounts presented previously represent theoretical
perspectives, that is, particular points of view from which it is possible to investigate evolution and
development [103,104]. Each perspective focuses on a particular aspect of the phenomena investigated,
highlighting certain characteristics, and omitting others. So, the creation of a typology is a necessary
step that must be followed by further elaboration and integration of the various perspectives to develop
a general conceptual framework of EvoDevo. This is a complex task of theoretical synthesis, which
cannot be done here.

Moreover, it is possible to identify another issue in this typology, namely a theoretical categorization
problem, according to which (as pointed out opportunely by one reviewer) different perspectives
(specifically from 4 to 10) have been formulated outside the theoretical framework of EvoDevo and
sometimes well before it emerged. If by EvoDevo perspectives we have to mean only those that
explicitly refer to the same conceptual apparatus, then the solution to this problem would be trivial:
It would be enough to identify all the theoretical proposals that use concepts like homology, novelty,
genetic regulatory systems, modularity, and so on, to identify which can be labeled as EvoDevo
and which cannot. But if the outsider perspectives contribute to a greater understanding of the
processes, phenomena, and factors that characterize evolution and development through introducing
new theoretical tools, then why not integrate these new tools within EvoDevo’s theoretical apparatus?
For example, Self-organization is not a phenomenon that can be found only in the biological field, but
also in the physical and chemical fields. Therefore, even if it is a concept that has not been formulated
within EvoDevo, it can be a useful tool to understand and describe the development of organisms as a
phenomenon that emerges from the organizational complexity of the organisms themselves.

In summary, we consider this typology useful because: (i) It makes explicit the pluralistic
framework, or the conglomerate structure, [25] that characterizes EvoDevo; (ii) it allows us to isolate
various proposals and positions concerning the three fundamental processes (evolution, development,
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and heredity); (iii) it provides a conceptual basis for comparing different theoretical proposals with
each other; and (iv) it sets a task for the future, i.e., “[ ... ] to probe how deeply entrenched the
metacommitments of the advocates of the various perspectives on evo-devo really are” [57] (p. 40).

Inspired by Robert [105] (p. 596), we can graphically represent the various perspectives as points
distributed on a continuum (Figure 1). We can define a criterion according to which the various
positions can be arranged along this continuum according to their degree of inclusiveness. A criterion
that takes into account which factors, mechanisms, and processes are involved in explaining and
describing evolution and development. Simplifying, we could say that in this theoretical continuum,
we can see reductionist to the right and holist to the left [106] (p. 41). On the right side, there are
those approaches that reduce development processes to a single level and are based on notions of
information, regulation, and control. On the left side, there are those perspectives that have a more
global, dynamic, and inclusive approach.

3
11 9 |12 | 10 7 8 4 |1 8 5 b 2
Towards a New Towards the
Synthesis Modern Synthesis

Figure 1. Theoretical Continuum of the various EvoDevo perspectives.

At the right end of the continuum, there is Gene Regulatory Evolution/Hoxology, with its
gene-centric and reductionistic approach that presents the DNA/genetic regulatory system as depositary
of the instruction to build the organisms, the only hereditary factor is represented by genes, and
morphological evolution is due to modification in the regulatory system. This EvoDevo account is
closer than the others to the theoretical framework of the MS. At the left end, there is Developmental
Systems Theory, conceived not only as a synthesis of evolution, development, and heredity, but also
as a radical rethinking of evolutionary theory. In the middle we find the core EvoDevo, guiding the
theoretical enterprise and setting the concepts and the problems that have to be addressed. All other
accounts are distributed throughout the continuum, according to the criterion of inclusiveness.

This theoretical continuum is an artificial, simplistic, and limited way to represent the relationships
between the various perspectives. It represents a theoretical exercise and with obvious limitations;
for example, it is not possible to define a metric to quantify the distance between theoretical perspectives.
However, we believe that it can be a useful visual tool to understand how some perspectives are more
conceptually closer than others, and an initial basis for further and more complex processing.

So, because of this pluralistic framework, it is difficult to conceive EvoDevo as a unitary theory;
rather, it seems to be “[ ... ] the pursuit of specific epistemic goals, such as the explanation of
evolvability, evolutionary novelty, or homology” [107] (p. 396), or a Trading Zone, i.e., “[ ... ] a variety
of disciplines, styles, and paradigms negotiating heavily with one another” [108] (p. 459). It is thanks
to this pluralistic framework that EvoDevo plays an ambiguous role within evolutionary thinking.
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At times, it seems to be in continuity with Modern Synthesis, while at other times a challenge. In the
next section, we will investigate the role that EvoDevo plays within evolutionary theory.

3. A Synthesis within a Synthesis

In the last few years, there has been a growing interest in a new evolutionary synthesis, not
conceived however as a paradigm shift, or revolution, butas a “[ ... ] series of complex developments
that build on its three major predecessors: Darwinism, Neo-Darwinism, and the MS itself” [109]
(p.2748). This Extended Synthesis represents a multifaceted research program expanding the conceptual
and theoretical boundaries of evolutionary theory [110].

If EvoDevo has been defined as a synthesis of evolutionary and developmental biology, that it is
more than “[ ... ] developmental biology grafted onto evolutionary biology [ ... ]” [27] (p. 214) or a
modern synthesis plus EvoDevo [111] (p. 190), so, what is the role or status of EvoDevo within the
general framework of evolutionary theory?

In 2014, an article was published in which several of biologists and philosophers of biology called
for a rethinking of evolutionary theory (the Reformists) [112] contrasted others who did not consider
it necessary (the Conservatives) [113]. The first group of scientists advocates of an Evolutionary
Extended Synthesis (EES), while the second group has a perspective in continuity with MS, a Standard
Evolutionary Theory (SET). The role played by EvoDevo within each framework is different.

EES represents an “alternative vision of evolution” organized around a broader framework with its
structure, assumptions and predictions, which “[ ... ] will shed new light on how evolution works” [112]
(pp- 161-162). The Reformists present four core processes neglected by SET (developmental bias,
plasticity, niche construction, extra-genetic inheritance), that represent the main weapons in what is
“[ ... JTastruggle for the very soul of the discipline” (evolutionary biology). The fundamental message
that emerges from this skirmish is a notion of development as “[ ... ] a direct cause of why and how
adaptation and speciation occurs, and of the rates and patterns of evolutionary change” (p. 164),
and also the view “[ ... ] that variation is not random, that there is more to inheritance than genes,
and that there are multiple routes to the fit between organisms and environments” (p. 164). Based
on these assumptions, the EES represents “[ ... ] a different framework for understanding evolution
[...17[114] (p. 3) or “[ ... ] a comprehensive new synthesis” [115] (p. 8).

Meanwhile, on the Conservatives side, all is well: Adaptation and speciation are “[ ... ] two of
the most fundamental evolutionary processes”; DNA is “[ ... ] the material basis for heredity and trait
variation”; the putatively neglected processes were known since Darwin, and “[ ... ] are already well
integrated into evolutionary biology” [113] (p. 163). Then, more than a rethinking of evolutionary
theory, the conservatives are more willing to a modest expansion covering the supposed neglected
phenomena. However, the central tenets of evolutionary biology remain valid [113].

Futuyma [47] further discusses these aspects. The SET has already expanded its contents to
include “[ ... ] transposable elements, exon shuffling and chimeric genes, gene duplication and gene
families, whole-genome duplication, de novo genes, gene regulatory networks, intragenomic conflict,
kin selection, multilevel selection, phenotypic plasticity, maternal effects, morphological integration,
evolvability, coevolution and more [ ... ]” [47] (p. 2). This expresses the inclusive character of
the ES, which adopted its heuristics to include and expand the range of phenomena it was able to
explain. More interesting, according to Futuyma, EvoDevo “[ ... ] described by some adherents to
an EES is oddly different from the research literature that has made the most substantial progress in
evolutionary developmental biology” [47] (p. 8). So, Futuyma endorses the hoxological approaches
[Carroll, Davidson], stating that “mechanistic understanding of gene action, of regulatory circuits, of the
conservation of elements in the “genetic toolkit,” and their association with different downstream genes
are rapidly deepening our understanding of evolutionary changes in form”[116] (p. 54). According
to this, EvoDevo/Hoxology implement and complete the ST with mechanical causes able to link
macroevolution to microevolution.
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On the Reformist side, the theoretical tenets that characterize Extended Evolutionary Synthesis [114]
are organized around a structure and a series of assumptions and predictions. In this perspective,
EvoDevo plays a key role in shaping or extending the Synthesis [109]. EvoDevo not only “[ ... ]
provides a causal-mechanistic understanding of evolution [ ... ]” (p. 3) involving concepts such as
developmental bias, evolvability, phenotypic plasticity, or facilitated variation; but also affects the
overall structure of the synthesis, with a hierarchical, constructive, decentered (from the genetic level),
and causally complex perspective on development and evolution [115]. In the clash between these two
paradigms, Evodevo assumes an ambiguous position: One side refers to EvoDevo in a narrow sense,
as Hoxology; the other one takes a broader perspective.

On the Synthesis and Expansion of Theories

We can say that EvoDevo, depending on the framework we adopt, is (i) a synthesis (desired, but
not yet achieved) between developmental and evolutionary biology; (ii) a piece of a more complete
synthesis, based on the MS; (iii) a leading (but ancillary, in respect to the overall theory) component in
a new Extended Evolutionary Synthesis. We believe there is the risk that “[ ... ] the boundaries of
evolutionary developmental biology are becoming blurred and harder to demarcate, and so its goals
and questions” [117] (p. 178).

About the term synthesis we can move from the following sketch [118]: “(i) a synthesis is a
unification of originally disparate scientific structures (models, sets of models, theories, or even
disciplines), and (ii) in the synthesized structure there is epistemic parity between the structure so
unified” (p. 1217).

We can further distinguish between disciplinary integration, disciplinary synthesis, conceptual
integration, and conceptual synthesis [119]. We have a disciplinary integration when two disciplines
are compared, and “the result is one disciplinary structure that integrates two previously distinct
disciplines” in which “[ ... ] the individuality of the original parts is lost or effaced” [119] (pp. 311-312).
A conceptual synthesis is when “[ ... ] the significance of concepts in one discipline is evaluated for
another (and vice versa) [ ... ]” with the “[ ... ] blending of one or more parts to produce a new entity
where the individuality of the original parts is not dissolved, though potentially transformed” [119]
(pp. 311-312). In the meantime, a disciplinary synthesis “[ ... ] produces a new discipline without
dissolving those from which it was synthesized][ ... ]” [119] (p. 312). Finally, a conceptual integration
“[ ... ] refers to how more than one concept can be merged into a single new concept for various
purposes” [119] (p. 312). EvoDevo has been conceived, perhaps too rigidly, as a disciplinary synthesis.

Another useful distinction is made by James Griesemer [120], who distinguishes between different
modes in which we can conceive a synthesis (in particular, the EES). The first mode is Theory
Extension, which is a conceptual theory-revision or theory-building that “[ ... ] works by building
out from (and maybe modifying) a core theory to incorporate new theoretical principles (perhaps
from another theory)” [120] (p. 323). The second mode is Domain Expansion, which consists of
adding new phenomena “[ ... ] under the umbrella of a theory and guidance of its perspective” [120]
(p. 324). Lastly, Practice Integration consists of incorporating “[ ... ]a practice into a workflow from
other lines of work, specialties, disciplines, possibly changing what work is produced or changing
interpretations” [120] (p. 324). Obviously, these three types of synthesis can also be combined with
each other, but what is important in a process of theory extension, such as EES, is that “[ ... ] the mode
(addition, subtraction, modification, recombination) and target (concept, principle, model, perspective)
must be specified” [120] (p. 323).

Let’s go back to EvoDevo and the two evolutionary frameworks. EvoDevo/Hoxology represents
mainly an instance of Practice Integration, because it adds to MS/SET new (old) conceptual tools
and empirical methodologies, i.e., the possibility to describe the evolution and development of
morphologies through concepts like homology, novelty, body plans, etc., and explain experimentally
the processes of construction of forms with the tools of developmental genetics. From a theoretical
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point of view, it is not required a substantial modification of Hoxology and SET, rather a gradual
process of accommodation and conceptual synthesis, for example, with population thinking.

On the contrary, the EES represents at the same time a domain extension, since new phenomena
and mechanisms are added to explain the processes affecting evolution and development, and a theory
extension, because it requires a conceptual revision of how it conceives evolutionary theory. However,
it does not represent a revolution of the old conceptual structure of MS, but an alternative research
program [117] (p. 173).

In conclusion, EvoDevo conceived as a synthesis could represent a radical rethinking of the
evolutionary theory [121], a kind of theory-revision/theory-building. But there are several conceptual
difficulties. One of these concerns the pluralist framework that characterizes EvoDevo, and which
represents an obstacle to conceptual and disciplinary synthesis. Another conceptual difficulty concerns
the nature of development itself, and the possibility to establish a theory of development [122].

We agree with [24], that the main challenge of EvoDevo is the integration/synthesis between
the various approaches, perspectives, or accounts presented above. The greatest contribution of
EvoDevo will not consist in an expansion of the empirical basis, but in a new theoretical framework
able to coherently hold together a variety of processes, mechanisms, phenomena, levels of description,
phenomenology, and ontologies [123]. So “[ ... ]a detailed epistemological analysis, [ ... ] of these
programs and their underlying assumptions is therefore crucial for the future of evo-devo as a synthetic
enterprise” [24] (p. 359).

What is needed is a conceptual synthesis able ”[ ... ] to provide a conceptual foundation for different
research programs that will ultimately explore the fuzzy edges and areas beyond the core of the synthesis,
then we advocate an open conception of synthesis rather than a closed view based on integration of
existing paradigms” [24] (p. 359). We think that this synthesis must be based on a theory that takes
development seriously [3]. The problem is that we don’t “[ ... ] have a sense of a general theory or
principle of what development is beyond the slogans of decades or centuries past” [120] (p. 321).

4. Conclusions: Towards a Theory of What?

Although EvoDevo has been defined as “[ ... ] evolution’s influence on development and
development’s influence on evolution” [32] (p.9), little attention has been devoted to the formulation of
a theory of development that could be integrated within the EvoDevo Synthesis. We agree with [124]
“[ ... ]that current skepticism partly results from a failure to articulate evo-devo’s conceptual foundation
properly” (p. 100), and in particular its developmental foundations. As stated by [31], “compared
to evolutionary biology, developmental biology has much less elaborated theoretical foundations to
the extent that its subject, development is rarely defined, and usually delimited in purely operational
terms [ ... ]” (p. 3). From this follows that “[ ... ] a revised (more flexible and more comprehensive)
concept of development will require a strong revisitation of evo-devo’s research agenda” [31] (p. 3).

The real innovative aspect of EvoDevo is precisely its focus on development. Without an adequate
theory of development, at best, EvoDevo “shapes the extended synthesis” [11] as in EES, at worst, it can
be reduced to a more articulated version of developmental genetics. In the latter case, the EvoDevo,
going from the main antagonist of the MS, is likely to become its greatest ally. In the former case,
without a theory of development, EvoDevo would not exploit its full potential.

What does it mean to develop a theory of development? Elaborating a complete and comprehensive
theory of development is like packing a suitcase for a trip: The clothes are too many, the suitcase is too
small, and something will remain out. Moreover, a theory of development faces several problematic
aspects [122,125,126].

The first problem is a definitory one. Every definition of development leaves something
out [127,128]: Some processes are often overlooked (regeneration); some definitions are biased
(adultocentric perspective); some other definitions are too restricted (excluding unicellular organisms),
and so on.

However, we believe that several aspects may be useful in the elaboration of a theory of
development, in particular, and of a more comprehensive and complete EvoDevo Synthesis, in general.
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The first aspect concerns the boundaries, both temporal and spatial, of development. From a
spatial point of view, development involves multiple resources distributed on multiple levels of
organization, as we have seen in the various accounts of EvoDevo. From a temporal point of view,
development does not end with entering the adult stage [129,130]. Furthermore, development can
go further than the boundaries of generations involving the influences (physiological, behavioral,
etc.) of one generation over another (parental effects) [130]. Development is also a scaffolded process,
in which several factors act as informational resources in the developmental processes (holobiont
scaffolding) [131] (also cultural and cognitive scaffolding) [132].

A second aspect is represented by a broader understanding of the processes and mechanisms
affecting the genetic level [133]. The discovery of Hox genes and of the genetic regulatory systems
represented a milestone for EvoDevo, and the importance of such mechanisms in development is
beyond question. However, it is one thing to acknowledge the importance of a discovery and of
a mechanistic explanation, it is another to attribute exclusive causal powers to such mechanisms;
especially in the light of a post-genomic conception of the gene [134]. The gene has become a complex
entity [135], and the genome, far from being a simple repository of developmental and evolutionary
information, is conceived as a Read-Write data storage system [136]. So, genes and genomes must be
conceived of in a more dynamic and reactive way, not as exclusive protagonists of development, but as
main players always in interaction with their context [137,138].

It has been observed that EvoDevo “[ ... ] by itself cannot represent an alternative to the classical
paradigm because it has no independent theory of heredity and population dynamics” [139] (p.276).
However, it is possible to respond to both observations. As for the absence of an independent theory of
inheritance within the EvoDevo, we believe it is a false problem for two reasons. The first reason is quite
trivial: Why should there be a need for an independent theory of heredity? The second reason is that
the available theories of heredity integrate relatively easily with an appropriate development theory
in which different resources (genetics, epigenetics, behavioral, cultural) are involved in development
processes [140,141]. Once again, what is needed seems to be greater theoretical integration between
the already available perspectives.

As for a theory that takes into account population dynamics, we believe that this is a serious
challenge for the EvoDevo. The core issue is that the concept of genes used in population genetics
and in MS differs substantially from the concept of genes used in Developmental Synthesis [142].
The ontologies to which the two frameworks refer are profoundly different. Lenny Moss distinguishes
between Gene-P and Gene-D, which captures well the problematic nature of this situation [143]. Gene-P
is a preformationist conception of genes, in which starting from the genetic level, it is possible to predict
the phenotypic outcomes—according to the tradition of genetic transmission [143]. While Gene-D
is the developmental gene characterized by a surprising complexity both in its molecular structure
and in its interactions with other genes (genetic networks). Overcoming the contrast between these
ontologies is the main challenge for the future of EvoDevo [18].

In conclusion, we would like to summarize some issues that have emerged during this discussion
and suggest some tasks for the future. The typology of theoretical perspectives is a useful starting
point that allows us to consider various approaches to the study of phenomena affecting Development
and Evolution. One task for the future is to integrate these perspectives into each other so that we can
lay the foundations for subsequent theoretical synthesis. This theoretical synthesis, whose ultimate
aim is to explain how Development, Evolution, and Inheritance are linked, requires that a theory of
development be developed in the light of the variety of phenomena and approaches presented by
the various theoretical perspectives. We want to argue that an EvoDevo resulting from a theoretical
integration between the various theoretical perspectives we have presented and strongly focused on
the formulation of a theory of development may represent a source of surprises for evolutionary theory.
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