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Chapter 10

Organization and Inheritance

in Twenty-First-Century Evolutionary
Biology

Gaélle Pontarotti

Abstract During the last few years, various authors have called for the elaboration
of a theoretical framework that would better take into account the role of organisms
in evolutionary dynamics. In this paper, I argue that an organism-centered evolu-
tionary theory, which implies the rehabilitation of an organizational thinking in evo-
lutionary biology and should be associated with what I will call a heuristic of
collaboration, may be completed by an organizational perspective of biological
inheritance. I sketch this organizational perspective — which allows going beyond
gene-centrism —, show how it grounds a systemic concept of heritable variation
suited to the new evolutionary framework, and highlight some of its explanatory
value and theoretical implications for evolutionary thinking.

10.1 Introduction

The gene-centered theory of evolution is sometimes presented as obsolete.
Associated with twentieth century’s modern synthesis, it is accused to outlook the
role of organisms and of their properties in evolutionary dynamics (Walsh, 2006;
Nicholson, 2014). Many authors have therefore recently called for the elaboration
of a more organism-centered evolutionary biology (Walsh, 2010; Laland et al.,
2015), notably in the context of an extended evolutionary synthesis (Pigliucci &
Miiller, 2010). Such biology is notably expected to integrate non-genetic channels
of inheritance in its models but also to make some room to the concept of agency
(Walsh, 2015) and biological organization (Miiller, 2017) insofar as organisms — at
the center of its preoccupations — are generally considered as paragons of organized
and purposive biological systems. The objective of this paper is to argue that an
organism-centered evolutionary biology may be enriched by a not only extended but
also organizational perspective of biological inheritance, to sketch this perspective
and to highlight its theoretical implications for evolutionary thinking.
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The argument is structured as follows. In Sect. 10.2, I briefly present the contem-
porary literature which invites departing from a gene-centered evolutionary theory
and embracing a more organism-centered framework. I further suggest that an orga-
nizational perspective of biological inheritance appears as a missing ingredient in
this theoretical movement that not only involves the return of an organizational
thinking in evolutionary biology but that also follows a more global perspective
shift, from a heuristic of replication — in which evolution is thought as a competition
among self-replicating objects endowed with their own adaptive value — toward a
heuristic of collaboration — in which biological objects are necessarily considered as
parts of integrated wholes and cannot replicate independently. In Sect. 10.3, I rest
on earlier studies (Pontarotti, 2015; Mossio & Pontarotti, 2019) to sketch an organi-
zational perspective of biological inheritance suited to an organism-centered evolu-
tionary biology, and I notably highlight that this perspective grounds a systemic
concept of heritable variation appropriate to the new evolutionary biology’s frame-
work. In Sect. 10.4, I evoke some theoretical implications of an organizational
account of inheritance for evolutionary thinking. I show how this account allows
making sense of the evolution of “non-standard” biological systems' and how it
induces a change of perspective, in the wake of earlier contributions, as far as lin-
eages, fitness, selection, and evolution are concerned.

10.2 Toward a More Organization-Centered Framework
for Twenty-First-Century Evolutionary Biology

In this Section, I briefly present the literature announcing a perspective shift, from
gene-centrism toward organism-centrism, in evolutionary biology. I then highlight
that an organism-centered evolutionary biology is expected to make important room
for the concept of organization in its explanations. Consequently, I argue that it may
be completed by an organizational perspective of biological inheritance.

10.2.1 An Extended Evolutionary Synthesis to Fill
in the Explanatory Gaps
of the Gene-Centered Framework

The theoretical framework of evolutionary biology has been seriously challenged
for the last few years. Many authors have indeed advocated the necessity to adopt an
extended evolutionary synthesis (EES) in order to overcome some of the theoretical
and explanatory limitations of modern synthesis (MS) (Pigliucci & Miiller, 2010).

'The concept of non-standard biological systems usually refers to symbiotic associations or to
insect colonies including abiotic parts (mounds). Here, it will designate all biological systems
whose parts cannot simply be accounted by classical interactionist accounts (gene/environment).
For more details, see Sect. 10.4.
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EES is described as a movement of conceptual and disciplinary extension
(Pigliucci & Miiller, 2010) but also as an alternative ecological-developmental per-
spective to evolution (Laland et al., 2015). In this respect, EES is not just an exten-
sion of MS but rather a “distinctively different framework for understanding
evolution” (Laland et al., 2015). EES is meant to be more inclusive than MS. Indeed,
while the latter makes sense of evolutionary phenomena through the articulation of
Neo-Darwinism, Mendelism, and population genetics,? the former is willing to
include new elements in evolutionary thinking, notably concepts of evolutionary-
developmental biology (e.g., plasticity), an extended vision of inheritance, as well
as ideas about evolvability (Pigliucci, 2009, p. 218).

Let us go into more details. While MS ignores developmental processes, EES
intends to shed light on the developmental origin of organismal variations. It stresses
on the role of developmental constraints regarding the diversification of forms?
(Miiller, 2017) and that of plasticity — “the capacity of organisms to develop altered
phenotypes in reaction to different environmental conditions” (Miiller, 2017, p. 5) —
on evolutionary dynamics. Besides, while MS is based on a genetic account of
inheritance according to which the trans-generational reoccurrence of features is
exclusively underpinned by the replication of genes, EES integrates data about so-
called non-genetic inheritance, for example, epigenetic and behavioral transmis-
sion. The framework also takes into account niche construction (Laland et al.,
2015), namely, the fact that organisms modify their surroundings in such a way that
they alter the selection pressure exerted on their offspring (Odling-Smee et al.,
2003). This inclusion stresses on the “reciprocal causality” (Miiller, 2017) at play in
evolution, which means that organisms are not only submitted to independent selec-
tive forces but that they also define the selective pressures exerted on them and their
offspring.

More generally, EES is meant to go beyond some “basic restrictions and meth-
odological commitments” of MS (Pigliucci & Miiller, 2010, p. 13). According to
MS, evolution is a gradual process mainly driven by the selection of small and ran-
dom genetic variations correlated with phenotypic differences (Mayr, 1998). ESS,
as for it, intends to overcome gradualism (Pigliucci & Miiller, 2010; Laland et al.,
2015; Miiller, 2017) in highlighting that evolutionary change can follow various
paths (Pigliucci & Miiller, 2010). As mentioned above, EES also aims at going
beyond externalism, the hypothesis according to which independent selection

2Beyond the articulation of Mendelian genetics and Neo-Darwinian evolutionary theory through
the mediation of population genetics, MS refers to the agreement of various disciplines — systemat-
ics, zoology, botany, paleontology, and natural history — on a set of core hypothesis (e.g., gradual-
ism, creativity of natural selection, etc.).

3Tt is important to make a clear distinction between the hypothesis of organismal origin of varia-
tion, according to which variation is originated and constrained by organisms themselves (and their
developmental processes), and trade-off adaptationism, which states that organisms are trade-offs
of adapted traits (e.g., trades between traits enhancing survival and traits enhancing reproduction).
In the first case, organisms (and developmental processes) impose constraints on variation and
have a key explanatory value in evolutionary theory. In the second case, natural selection is still the
main explanans of organismal characteristics (for a detailed analysis, see Huneman, 2017).
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pressures are the main drivers of evolutionary change (Pigliucci & Miiller, 2010;
Miiller, 2017). Finally, while MS is based on statistical analysis, EES appears as a
causal-mechanistic framework (Pigliucci & Miiller, 2010). In this perspective, evo-
lution is not primarily portrayed as a change in gene frequencies mainly caused by
natural selection (Dobzhansky, 1937) but as a change in phenotypes partly driven by
developmental processes (Helanterd & Uller, 2010). These processes are thought to
“share responsibility” with natural selection in the determination of evolutionary
trajectories (direction and rate of evolution, origin of variation, etc.) (Laland et al.,
2015). Genes, as for them, are sometimes described as followers (West-Eberhard,
2003; Pigliucci, 2009).

10.2.2 Focus on Organisms and Introduction
of an Organizational Thinking

In this context, the focus of evolutionary biology changes radically. Evolution is not
anymore thought as a matter of genetic dynamics but rather of organismal changes.
Organisms — which are often described as developmental systems — appear as key
causal agents in evolution. As summarized by Laland and colleagues (2015), EES is
“characterized by the central role of the organism in the evolutionary process and by
the view that the direction of evolution does not depend on selection alone and need
not start with mutation.” While MS explains biological evolution by focusing on the
scale of genes, ESS is grounded on the assumption that “the organisms themselves
represent the determinants of selectable variation and innovation” (Pigliucci &
Miiller, 2010, p. 13). In brief, EES represents a “different way of thinking about
evolution, historically rooted in the organicist tradition” (Miiller, 2017). As a result,
it is meant to better take into account the role of organisms’ properties in the deter-
mination evolutionary trajectories.

On this specific point, the literature about EES meets other studies dedicated to
the return of organisms in evolutionary biology (Bateson, 2005; Walsh, 2006,
2015).* For example, Walsh (2006) analyzes that contemporary evolutionary biol-
ogy has forgotten organisms in asking how supra-organismal entities (populations)
change under the effect of sub-organismal entities (genes, replicators). He calls for
the development of a Kantian-flavored biology which would take into account
organismal properties in its explanations. Inspired by West-Eberhard’s contribution
(2003), Walsh also suggests that phenotypic accommodation can sometimes pre-
cede genotypic one, and that genes can thus be followers in evolution (Walsh, 2006,
p- 778). In a way, all these contributions follow considerations early on made by
Mayr (1963, p. 184), who claimed that changes in gene frequencies is an effect and
not a cause of evolution. To him, describing evolution as a change in gene

“For a general appraisal regarding the return of organisms in evolutionary biology, see Huneman
(2010) and Nicholson (2014).
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frequencies amounts to neglect the mechanisms that cause organisms and popula-
tions’ transformations.

To sum up, “the emerging view of evolution” presents organisms as “the primary
agents of evolutionary change” (Nicholson, 2014). In this perspective, organisms
are thought as a major explanans — and not only explanandum — of evolutionary
processes (Huneman, 2010); organismal properties do not only appear as elements
that should be explained, but they are also — and crucially — conceived as elements
which contribute to the explanation of evolutionary phenomena. Now, if one consid-
ers, in line with an old tradition usually thought of as tracing back to Kant (1790),
that the most fundamental and distinctive property of organisms is to be (self)orga-
nized, the emerging view of evolution should involve the rehabilitation of the con-
ceptof organization and the introduction of an organizational thinking in evolutionary
biologists’ toolkit.

10.2.3 From a Heuristic of Replication to a Heuristic
of Collaboration

These elements, I argue, are part of a more global perspective shift that is more or
less implicitly announced in the literature. Such shift takes its distance with what I
will hereinafter call a heuristic’of replication (atomistic, gene-eye view) and
embraces what I will name a heuristic of collaboration (systemic view).

The heuristic of replication, embodied by Dawkins’s work on the selfish gene
(1976, 1982), states that evolution can be conceived as a process mainly driven by
the selection of virtually® atomized units endowed with intrinsic capacities of self-
replication and with their own adaptive value. It corresponds to what Walsh (2015)
calls the Replicator biology. The heuristic of collaboration, as for it, rests on the
hypothesis that biological objects cannot be considered otherwise than as parts of
integrated wholes: they cannot replicate, evolve, and have any adaptive value inde-
pendently from these wholes. In other words, this heuristic implies that heritable
variations cannot be considered as virtually atomized traits correlated to virtually
atomized genes (or replicators) but rather as parts of systems including interdepen-
dent elements.

The push toward the heuristic of collaboration subtly emerged in various contri-
butions. It notably appeared in Gould and Lewontin’s (1979) critique of the adapta-
tionist program which considers organisms as aggregates of virtually atomized

3 A heuristic is not a faithful account of reality but rather a theoretical tool that is supposed to help
scientists grasping something from the objects that they study.

®The adverb “virtually” should be understood in the context of a given heuristic. It denotes the fact
that even if biologists have always been aware that evolution takes place among organisms and that
heritable variations are necessarily located in integrated biological systems, these elements were
overlooked in theoretical models (see, e.g., Dobzhansky, 1970, p. 65, who recognizes the limits of
considering traits as independent entities).
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traits. It was also expressed in Lewontin’s argument according to which the only
biological entities able to self-replicate are not genes but organisms as complex
systems (1993) or in developmental systems theory, which states that full develop-
mental systems, and not genes alone, can replicate (Griffiths & Gray, 1994). More
recently and in a similar vein, Fox Keller noted that DNA is neither stable nor able
to replicate independently from a full cellular machinery (2000, pp. 26-27). Turner
(2000, 2004), as for him, proposed a physiological interpretation of Dawkins’
extended phenotype (1982). He argued that selection does not target replicators but
rather whole systems able to self-maintain through the collaboration of various
internal and external physiological parts which specify how flows of matter and
energy are channeled. Finally, one can mention Walsh’s (2010) elaboration of an
alternative Neo-Darwinism that would not focus on replicators but on organisms
and the various calls that are made for a “shift toward a network thinking” in evolu-
tionary biology (Bapteste & Huneman, 2018). Even if all these approaches should
not be conflated, they all reflect some endeavor toward the elaboration of an evolu-
tionary biology focusing on integrated wholes and on networks and not on atomized
objects, be they genes, or traits associated with these genes.

10.2.4 A Missing Organizational Perspective
of Biological Inheritance?

Finally, the integration of an organizational thinking in evolutionary biology cannot
be limited to the inclusion of organismal properties (and developmental timescales)
in theoretical models. It might also require the integration of organizational con-
cerns at the level of inheritance, which is traditionally thought as a key element for
evolution (Lewontin, 1970; Sterelny, 2001).

It is generally asserted that EES notably relies on an extended vision of inheri-
tance (Pigliucci & Miiller, 2010; Laland et al., 2015). This means that the frame-
work takes into account, in addition to genetic replication and transmission, various
channels involved in the reoccurrence of traits across generations (Jablonka &
Lamb, 2005; Danchin et al., 2011). Epigenetic inheritance (through the mainte-
nance of epigenetic marks such as DNA methylation) can underpin the return of
phenotypic outcomes such as defense against predators and pathogens (Holeski
et al., 2012) and floral symmetry (Cubas et al., 1999). Behavioral inheritance takes
place when social interactions mediate the reoccurrence of behavioral traits (Galef
& Laland, 2005), notably those involved in the determination of the feeding niche
(Slagsvold & Wiebe, 2007). Symbiotic transmission, which can be considered as a
second mode of genetic inheritance (Gilbert et al., 2012), is linked, in many insects,
to the trans-generational maintenance of metabolic capacities (Douglas, 2009).
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The integration, in the evolutionary framework, of multifarious channels of
inheritance and therefore of multifarious heritable variations’” could have major
theoretical consequences. It could notably weaken the statement that heritable vari-
ation is always small and random (Jablonka & Lamb, 2005). In this respect, it would
damage the MS’s core hypothesis which states that natural selection of small and
random heritable variation is the main determinant of evolutionary change.’
However, the inclusion of extended inheritance into evolutionary theory comes with
some requirements. First, it demands the elaboration of a consistent theoretical
framework regarding inheritance. This framework should include more than genetic
mechanisms, but it should not result from a mere cumulative approach (Merlin,
2017) which would basically consist in integrating, into biological legacies, any-
thing that appears as a “good” transmitted across generations (developmental
resources, developmental factor, source of information). Such approach would
make sense from a metaphorical point of view,? but it would be theoretically unsat-
isfactory insofar as it would turn inheritance into a vague, ill-defined concept
(Mossio & Pontarotti, 2019). Some of the accounts of extended inheritance outlined
during the last few years have intended to establish this consistent framework
(Griesemer, 2000; Jablonka, 2002; Pontarotti 2015; Mossio & Pontarotti, 2019).

Second, one could also consider that a framework suited to an evolutionary biol-
ogy characterized by an organizational thinking should make some room to the
concept of organization. While different extended perspectives of inheritance could
be compatible with the emerging view of evolution, an organizational approach,
beyond overcoming genocentrism, would be fully consistent with an organization-
minded evolutionary biology. Besides, it would notably present the advantage of
implying a theoretically fecund systemic concept of heritable variation, as explained
in Sect. 10.3. In this respect, it would unambiguously participate in the perspective
shift from a heuristic of replication (atomistic, gene-eye view) to a heuristic of col-
laboration (systemic view).

"Inheritance usually refers to the transmission of traits — eye color and liver metabolic capacities —
across generations of organisms. When compared with other instances in the population, these
traits can be considered as heritable variations. For example, we can say that inheritance is respon-
sible for the recurrence of a trait like a specific eye color in a lineage but also that it is responsible
for the recurrence of variation in eye color when the whole population is taken into account. This
variation can be linked to differential adaptive value. On this topic, Mameli (2005, p. 367) makes
a distinction between inheritance of features and inheritance of differences (“‘trait’ can be used to
refer to a particular value (being 176 cm tall) as well as to sets of possible values (height)”.)

8This consequence is made obvious by a famous historical episode: that of the temporary eclipse
of Darwinism at the dawn of the twentieth century, caused by the mutationist vision of heritable
variation adopted by the first Mendelians (Huxley, 2010 [1942], p. 22; Gayon, 1992a, p. 14).

°Tt is useful to remind that, according to historians, biological inheritance was initially a meta-
phorical concept (Lépez-Beltran, 1994; van der Lugt & de Miramon, 2008). It was indeed imported
from the legal sphere into the medical vocabulary to refer to diseases that appeared to be transmit-
ted like goods from parents to offspring.
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10.3 An Organizational Perspective of Biological Inheritance

In this section, I present an organizational account of inheritance that has been elab-
orated in earlier studies (Pontarotti, 2015; Pontarotti 2017; Mossio & Pontarotti,
2019). I show that, beyond overcoming genocentrism, opening a way to explain
organisms’ stability and bounding the phenomenon of biological (extended) inheri-
tance, this account appears as a key ingredient for an organism- and organization-
centered evolutionary biology grounded on a heuristic of collaboration.

10.3.1 Principles of an Organizational Perspective
of Biological Inheritance

The organizational account of biological inheritance is grounded on recent theoreti-
cal studies dedicated to biological autonomy and putting emphasis on the concept
of biological organization (Mossio & Moreno, 2010; Montévil & Mossio, 2015;
Moreno & Mossio, 2015). These studies place themselves in the wake of earlier
contributions which conceive of biological systems as organized beings (Kant,
1790; Bichat, 1801; Bernard, 1885; Bertalanffy, 1968; Kauffman, 1995).!° According
to them, biological systems include differentiated parts (cells, tissues, organs) that
collaborate in order to maintain the system to which they belong.

In this view, biological systems are more precisely conceptualized as far from
equilibrium open thermodynamical systems which maintain themselves through
exchanges of matter and energy with their environment. They display differentiated
parts that are interdependent'' for their maintenance and that collectively channel
flows of matter and energy so as to maintain themselves and the system to which
they belong. These parts are called functional constraints insofar as they are said to
perform biological function (Mossio et al., 2009). They notably display stability
with respect to the process they harness in a given system (Montévil & Mossio,
2015). For example, the cardiovascular system can be depicted as an organized (or
functional) constraint given that (1) it contributes to channel flows of matter an
energy in the organism, (2) it is dependent on the organisms’ other parts (e.g., the
digestive system, the respiratory system, etc.) to maintain the organism (and,
thereby, itself) as a whole, and (3) it exhibits stability with respect to the process that
it harnesses, namely, blood circulation.

197t is important to specify that these contributions are not equivalent even if they all conceive of
living beings as organized ones. To Kant, for example, purposiveness and “self-organization” are
regulative concepts necessary to make sense of the movement observed in some natural objects.
This transcendental consideration is not endorsed by the other authors. In addition, while Bichat
considers that living beings are animated by vital forces, Bernard rejects this concept. Bertalanfty’s
approach, as for it, is characterized by thermodynamics considerations.

See Sect. 10.4 for an analysis of the concept of “interdependence”.
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The constraints that constitute an organized system are involved in a Kantian-
flavored circular causality: they produce each other in the system that they contrib-
ute to maintain and which reciprocally contributes to their maintenance. The loop of
interdependencies among a set of constraints is referred to as “organizational clo-
sure”. Organization, in this context, is defined as closure of constraints and is asso-
ciated with intrinsic teleology (Mossio & Bich, 2014).

Organization as closure of constraints is a theoretical principle that allows
explaining how a biological system maintains itself in an environment with which it
exchanges flows of matter and energy. In this respect, it plays the role of explanans
for the stability of biological systems and their constitutive parts. The theoretical
principle of organization as closure of constraints can therefore be used to conceive
of biological inheritance, which traditionally refers to the like-begets-like phenom-
enon (Darwin, 1859) and more globally to the idea of trans-generational stability.

From an organizational point of view, biological inheritance refers to the conti-
nuity, across generation breaks, of organizational patterns displayed by biological
systems (Mossio & Pontarotti, 2019). It does not primarily designate the reoccur-
rence of — virtually atomized — traits underpinned by the replication of, virtually
atomized, genetic factors but rather the trans-generational conservation of func-
tional networks."> Because organized constraints collectively channel flows of mat-
ter and energy in such a way that they maintain themselves and the system to which
they belong, inheritance can also be described, in this context, as the cross-generation
conservation of specific regimes of flow of matter and energy channeling
(Pontarotti, 2017).

10.3.2 Inheritance and Organization: Toward
the Conception of Multifarious Heritable Variations

The organizational perspective of inheritance is compatible with the hypothesis
according to which inherited objects can be multifarious: traditional organs such as
hearts but also epigenetics marks, external artifacts produced by organisms or sym-
bionts. As argued elsewhere (Pontarotti, 2016; Mossio & Pontarotti, 2019), the con-
cept of (inherited) organized constraints is abstract enough to be applied to objects

120ne may object that the concept of constraints is too narrow to include, in biological legacies,
elements that appear as not functional but that are traditionally thought as heritable (e.g., short-
sightedness). The question of inheritance of prima facie nonfunctional or dysfunctional traits has
been addressed in another paper (Mossio & Pontarotti, 2019). To sum up, from an organizational
point of view, heritable dysfunctional objects are still falling under the definition of constraint
when they contribute to the maintenance of a given organizational regime, even if it is in a poorer
way (e.g., short-sightedness refers to a poorer way of perceiving the environment). Besides, non-
functional traits (e.g., eye color) are considered as “subordinary hereditary characteristic” when
they are one aspect of an object (e.g., the eye) which is itself functional.
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which are not traditional organs; similarly, the concept of biological organization as
closure of constraints applies to natural systems which depart from traditional
organisms. It more precisely permits going beyond the common and simplified
vision, reminded by Dupré & O’Malley (2007, p. 834), according to which biologi-
cal systems are free-living cells or coordinated groups of cells containing the
same genome.

In other words, an organizational perspective of biological inheritance allows
conceiving of non-standard biological systems exhibiting multifarious heritable
variations. Non-standard biological systems usually refer to symbiotic associations
or to insect colonies including abiotic parts. In this paper, it designates all biological
systems whose parts cannot simply be accounted by classical interactionist accounts
(gene/environment). In other words, it refers to biological systems — such as human
beings — that are more than groups of coordinated cells containing the same genome
and that possibly include symbiotic and/or behavioral parts (involving or not the use
of artifacts).

For pragmatic reason, it can be argued that non-standard biological system can
undergo two kinds of variation: genetic mutations (changes in a DNA sequences)
and non-genetic acquisitions (development of a new behavior, recruitment of new
microorganisms, etc.) The first are conserved through genetic inheritance and the
second through non-genetic inheritance. In this view, a functional variation appear-
ing in a biological lineage is not necessarily due to a genetic mutation and can be
conserved through non-genetic channels. For example, a heritable metabolic change
in the capacity to degrade cellulose can be due to a mutation in some DNA sequences,
to the acquisition of a cooking technique, to the acquisition of some microorgan-
isms, etc. It can be conserved through various genetic and non-genetic mechanisms.

10.3.3 Inheritance and Organization: An Approach Suited
to the Heuristic of Collaboration

When compared to other accounts that widen the scope of inheritance beyond geno-
centrism (Jablonka, 2002; Bonduriansky, 2012; Griffiths & Stotz, 2013), the orga-
nizational perspective presents some important and specific characteristics that
make it more suited to the emerging organisms-centered view of evolution.

- Extension without dilution. First, it extends inheritance beyond genetics while
keeping it clearly bounded and thereby avoids its dilution into the vague concept of
biological stability.!® Indeed, it offers tools to distinguish inheritance — conservation

3While the concept of extended inheritance first appears as theoretically and explanatorily fecund
(insofar as it promises to overcome the limitations of gene-centrism), it can lead to consider as
inherited any elements being stable across generations and having some causal influence on the
reoccurrence of traits. In other words, it can lead to think about inheritance as a concept synony-
mous with stability (Mossio & Pontarotti, 2019). As a result, the extension of inheritance can
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of functional patterns across generations — from stability of environment, stability
of ecosystems, etc. The organizational perspective only grants the status of heritable
objects to those elements which can fall under the definition of functional con-
straints (e.g., hearts, nests, etc.) at a given scale. It regards stable flows of matter and
energy (e.g., nutrients) and stable functional elements whose (physical) persistence
is not primarily explained by their being part of a networks of interdependent con-
straints (e.g., persisting caves used as shelters), as part of stable environments
(Mossio & Pontarotti, 2019). In this respect, the organizational account specifically
defines inheritance and environmental stability as two different phenomena. It clari-
fies that stable biological (or biologically relevant) objects are either part of a heri-
table organization or part of a stable environment but not both at the same time
(Pontarotti, 2022).

- Collective stability. Second, the organizational perspective invites to invalidate
the classical distinction between hereditary factors (genes), understood as the causes
of heredity, and hereditary traits (observable features), conceived as effects of the
former. This distinction has been expressed through the opposition between the
genotype and the phenotype since Johannsen’s (1911) seminal contribution and has
been a structuring one in the twentieth century. However, it appears as irrelevant in
the presented theoretical framework, where genes and other biological constraints
belong to a network of interdependent objects involved in a circular causality
(Pontarotti et al., 2022). In an organizational view, distinguishing supposedly causal
factors from supposedly epiphenomenal traits makes no sense. Inheritance is not a
matter of (selfish) replication but rather of systemic, and therefore collective,
stability.

While the genetic theory explains the stability of organismal traits by that of
DNA sequences'* supposedly endowed with self-replicative and causal properties
(Dawkins, 1976), an organizational perspective distributes the explanation for traits
stability to various interdependent parts conceived as functional constraints: DNA
sequences involved in the production of proteins, cells, socially learned behaviors,
microorganisms performing some metabolic work in the system they constitute
with their hosts, etc. On this point, the organizational perspective appears in line
with the previously mentioned heuristic of collaboration. It also somehow echoes
older “dynamical” or “energetist” conceptions of inheritance rejecting atomistic
approach (Gayon, 1992b, pp. 432-433). Among them, Thompson’s vision (1942) is
critical about the fact of attributing to individual particles something that is due to
the “energy of their collocation”, while Nanney’s conception (1957) suggests that
inheritance can refer to the behavior of a full system.

conceal the fact that the concept initially designates a specific phenomenon — the stability of organ-
ismal traits — which is explained by the presence of some specific causal factors (L6pez-Beltran,
1994). When thinking about extended inheritance, the challenge is therefore to include more than
genes in inheritance while avoiding to turn it into an all-inclusive concept.

“Mendelian genes are theoretical units but genes have been conceived of as DNA sequences since
the middle of the twentieth century.
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Other extended accounts of inheritance evoke the replication of elements belong-
ing to organized biological systems (Jablonka, 2002) and state that replication is a
collective matter (Griffiths & Gray, 2004). However, these accounts do not rest on a
clear concept of biological organization and/or do not put the concept of organiza-
tion at their core. This prevents them from clearly bounding extended inheritance
and from proposing a theoretically informed explanation of biological trans-
generational stability.

- Systemic heritable variation. The organizational perspective further and more
importantly has the specificity of implying a systemic concept of heritable variation,
which is also consistent with a heuristic of collaboration. Conceiving of inheritance
as the conservation of functional patterns indeed implies that heritable variations
cannot be considered per se but should first and foremost be conceptualized as
changes affecting complete biological networks. Insofar as parts of biological sys-
tems are thought as constraints which are interdependent for their maintenance
within and across generations, new heritable variations should be considered as
events that modify organizational regimes and that ground new organizational deals
(Pontarotti, 2017).

This implies that a new heritable variation theoretically limits or enables further
variations in the considered organizational pattern, within and across generations,
following whether it turns out to increase or reduce the cost of a function. For exam-
ple, the acquisition of a new metabolic capacity to degrade cellulose could be ener-
getically costly for a system and therefore limit the possibly for further variations,
but it could on the contrary reduce the energetic cost of the function and therefore
leave some room for further changes. The termites that come to rely on fungi to
digest cellulose become free from constraints on the digestion rates faced by the
termites that rely only on intestinal digestion (Turner, 2004, p. 335). They can mobi-
lize energy at much higher rates than their competitors (Turner, 2004, p. 339). The
fact of counting on symbionts to perform part of the digestive process — a phenom-
ena that some authors call functional “outsourcing” (Turner, 2004, p. 335; Bouchard,
2013, p. 261) — can enable or limit further modifications in the considered systems.
If the acquisition of the symbionts reduces the cost of nutrition or if it provides the
system with more energy, this system may undergo other costly variations.

These considerations notably require admitting, in accordance with the life-
history theory, that there is a trade-off for the allocation of resources among the
parts of biological systems involved in survival and reproduction (Stearns, 1992,
Fabian & Flatt, 2012). They also somehow appear in line with the thesis according
to which biological systems are integrated wholes in which parts cannot be indi-
vidually optimized (Gould & Lewontin, 1979), even if Gould and Lewontin’s con-
ception should not be conflated with the trade-off adaptationism endorsed by the
life-history theory (see footnote 3).
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10.4 Explanatory Value and Theoretical Implications
of an Organizational Perspective on Biological
Inheritance for Evolutionary Thinking

In this last section, I show that an organizational account of biological inheritance,
beyond being a key ingredient for the elaboration of an organization-centered evo-
lutionary biology, can modify perspectives and shed new light on various evolution-
ary phenomena.

10.4.1 Stabilization of Non-genetic Acquisitions and Evolution
of Non-standard Biological Systems

It has been argued that non-genetic inheritance could have an impact on evolution-
ary trajectories (Jablonka & Lamb, 2005; Bonduriansky & Day, 2018). It has also
been said that it is “crucial to make sense of the evolution of complex biological
individuals” such as symbiotic associations or insects colonies including mounds
and fungi (Bouchard, 2013, p. 259). However, non-genetic elements are generally
thought as relatively labile when compared with genes (see Richards et al., 2010 for
epigenetic marks), and non-genetic inheritance is sometimes referred to as trans-
generational plasticity (Mesoudi et al., 2013). This seems to prevent non-genetic
acquisitions from having any impact on evolutionary dynamics. Actually, such con-
clusion relies on a theoretical commitment toward a gene-centered evolutionary
biology, based on a heuristic of replication where biological stability is thought as a
property of virtually atomized objects able to make faithful copies of their structure
and thought on the model of Dawkins’s replicators (1976). Endorsing this view,
Sterelny (2001) argues that, to have an effect on cumulative evolution mainly driven
by natural selection, non-genetic inheritance should present the same properties as
genetic inheritance and should notably ensure the reconstruction of highly variable
replicators exhibiting stability and having a common evolutionary fate.

An organization-centered biology, based on a heuristic of collaboration where
heritable variations are not conceived as virtually atomized and self-replicating ele-
ments, leads to a very different conclusion. More precisely, an organizational per-
spective of biological inheritance, grounded on the idea of collective stability, opens
a way to make sense of the stabilization of prima facie labile non-genetic acquisi-
tions in the course of evolution and, thereby, of the evolution of non-standard bio-
logical systems (as defined in Sect. 10.3). As explained above, an organizational
account of biological inheritance implies that heritable variation — be it a genetic
mutation or a (plastic) non-genetic acquisition — grounds a new organizational deal
and can have systemic consequences. In modifying a system’s access to flows of
matter and energy (access to new resources, increased or decreased cost of a
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function, functional redundancy'), it determines the possibility for further varia-
tions in this system. When these further variations occur, the other original parts of
the system may not be able to survive without the earlier changes, even if these
changes are non-genetic acquisitions (e.g., epigenetic marks, socially acquired
behaviors). More generally, a systemic vision of heritable variation allows outlining
three conditions favoring the stabilization of non-genetic inherited elements and the
consequent evolution of non-standard biological systems. These conditions are
those which increase the interdependence of parts, namely, environmental changes,
random functional losses, and appearance of other costly functional variations.

For example, an insect can acquire microorganisms that perform cellulose degra-
dation via so-called facultative symbiosis, where both host and symbionts car repro-
duce independently (Moran et al., 2008). But the host-symbiont association can
become irreversible in the case of an environmental change (food shortage that
would favor the systems that are more performant for digestion), in the case of a
functional loss (if the insect loses the capacity to digest cellulose) or if a costly
variation arises in the system.'® Another speculative example is the acquisition of
sewing techniques and of clothing traditions in humans. Under some climates, these
heritable acquisitions can be considered as a functional innovation regarding ther-
moregulation. In some circumstances (loss of genetic capacity to perform thermo-
regulation, costly variation, environmental change), this acquisition can become
more crucial for the maintenance of other parts of the systems, such as hearts.
Finally, one can imagine a situation where the decreased cost of the digestive func-
tion, related to the acquisition of cooking techniques destroying toxins, leaves some
rooms for costly mutations linked to the development of brain. This is what is sug-
gested by the tenants of the expensive tissue hypothesis (Aiello & Wheeler, 1995).

Before concluding, it is important to make some clarifications regarding the con-
cept of interdependence. According to the recent literature dedicated to biological
autonomy and biological organization, the constitutive constraints of biological sys-
tems are, by definition, interdependent. However interdependence can take different
forms and meanings. According to a first meaning, two objects are interdependent
when they are conserved by producing each other (reciprocal production and sym-
metrical dependence involving joined conservation). For example, the liver of an
organism cannot be conserved without the activity of the heart within and across
generations, and vice versa: the liver and the heart are therefore produced by each
other, and if the former is destroyed, the latter is also destroyed. However, reciprocal
production can also come with asymmetrical dependence. For example, the

15 Note that methylation marks seem to be involved in the silencing of redundant genetic elements
(Rapp & Wendel, 2005, p. 82).

1®More generally, the case of symbiosis, which is a paradigmatic example to think about organiza-
tional inheritance (Pontarotti, 2016), provides many examples of conditions leading to the
increased interdependence of parts. For example, the loss of genes in vertically transmitted symbi-
onts is said to be at the origin of plasts and mitochondria (Sachs, 2013, p. 632). Besides, a host can
come to tolerate a parasite if even more dangerous parasites are present in the environment (van
Baalen & Jansen, 2001).
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conservation of hunting tools participating in the food channeling process, in a
human lineage, can depend on the conservation of hearts, and vice versa, but in
some conditions (food abundance), hearts can be maintained without these manu-
factured tools. According to a second meaning, two objects are interdependent when
they are maintained in a joint way, notably at the trans-generational timescale, even
if they do not necessarily produce each other (mere joined conservation). For exam-
ple, in an organism, the kidneys can be conserved if eyes are destroyed during the
life cycle, but the kidneys and eyes can be jointly maintained at the trans-generational
timescale: if the former reoccurs, the latter will in principle also reoccur. In this
case, the kidneys are not directly dependent on the eye for their production and
conservation,'” but the elements needed to rebuild the kidneys and to rebuild the
eyes (notably DNA sequences) are conserved together.!® According to a third mean-
ing, two objects are interdependent when they need to interact for the maintenance
of a given organizational regime (and therefore for their maintenance as organiza-
tional constraints in this given regime) even if they can otherwise be maintained
without one another. For example, the heart of an organism involved in a facultative
symbiosis can be dependent on some microorganisms for the maintenance of a
given pattern of matter and energy channeling, but not for its maintenance within
and across generations (joined action for the maintenance of a given organizational
regime).

These distinctions are important if one wants to apply the organizational frame-
work to think about biological inheritance and the evolution of non-standard bio-
logical systems. They contribute to clarify that parts of biological systems exhibiting
multifarious variations are minimally interdependent according to the third meaning
(joined action for the maintenance of a given organizational regime) but that they
can become interdependent in the first and strongest meaning (reciprocal produc-
tion and symmetrical dependence involving joined conservation) in the circum-
stances mentioned above (environmental changes; random functional losses;
appearance of other costly functional variations). This strongest kind of interdepen-
dence involves the common fate of parts (not mediated by bottleneck), a property
which is one of the main hallmarks of biological individuals (Bouchard, 2013;
Godfrey-Smith, 2009).

7However, the kidneys are fully dependent on sensitive organs more globally. One can therefore
consider that there is interdependence in the strong sense (reciprocal production) between kidneys
and sensitive organs.

'8 This is what happens when objects that do not have any function (which do not comply with the
definition of constraints) are conserved. These objects are conserved jointly with others which
have, as for them, a clear function (e.g., DNA sequences used to build eye color are jointly con-
served with sequences used to build pupil). They can be considered as “subordinate hereditary
characteristics” (Mossio & Pontarotti, 2019).
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10.4.2 Perspectives on Fitness, Natural Selection,
and Evolution

As explained above, the organizational perspective on biological inheritance appears
as a major ingredient for an evolutionary biology based on a heuristic of collabora-
tion. Below, I sketch how its integration into evolutionary thinking could induce, in
the wake of earlier contributions, a change of perspective with regards to lineages,
fitness, selection, and evolution.

First and foremost, assuming that inheritance is a matter of conservation of func-
tional patterns — regardless of the parts being involved — and not of replication of
genetic elements, implies that evolutionary biology should track functional lineages
and not genetic ones. In this view, specialists should more precisely track the fate of
integrated networks, not of virtually atomized alleles correlated with phenotypic
variations. The key units of the living world are not elements heuristically depicted
as selfish individuals eager to self-replicate but rather as parts collaborating with
others in the context of organized networks. The stability of these parts is not linked
to their intrinsic capacity of making faithful copies of themselves: it is related to
their being integrated in networks channeling flows of matter and energy.

In this context, fitness cannot be thought of as the property of atomized objects
but must be attributed to full organized systems whose spatial boundaries are out-
lined by interdependent constraints. It cannot be conceptualized, like in twentieth-
century evolutionary biology, as a matter of differential replication (of genes) or as
a matter of differential reproduction (of genetically homogenous organisms), but it
should rather be thought as the differential capacity of integrated networks to chan-
nel flows of matter and energy in order to maintain themselves within and across
generations." In accordance with earlier studies (van Valen, 1975, p. 267), fitness
can therefore be said to rest on the differential quantity of energy controlled by a
biological system. Put another way, it can refer to differential management of
resources (Pontarotti, 2017). Finally, it can globally be envisioned as a matter of
differential expansion (van Valen, 1989, p. 7), some systems being more capable
than others to make more of themselves in space and time (through reproduction,
growth, etc.), depending on their performance in resources channeling.

From this point of view, natural selection does not target genes but networks
with differential performances as far as resources management — and therefore spa-
tiotemporal maintenance and expansion — is concerned. It selects among networks
exhibiting differential efficiency regarding the control of material and energetic
flows. This line of argument is consistent with the idea according to which natural
selection targets effects and not structures as such, in a given environment
(Rosenberg, 1994). It also somehow meets the hypothesis of physiological selection
advanced by Turner (2004) when thinking about the evolution of “extended organ-
isms” such as termite-fungi-mound systems. It is important to no note, here, that

19For details about intergeneration breaks and therefore about temporal limits of organized systems
involved in evolution, see Mossio & Pontarotti, 2019.
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according to Turner, genes should not be primarily considered as replicators but
rather as specifiers® of future functions, as elements, among others, specifying how
flows of matter and energy are channeled (Turner, 2004).

The evolution of non-standard biological systems, as for it, can be thought on the
model of the evolution which took place before the appearance of DNA. In a world
inhabited by autocatalytic sets of molecules, what matters, for evolution, is not the
differential replication of discrete entities but the variations impacting network’s
efficiency regarding maintenance (Kauffman, 1995). The point can be summarized
as follows: “if the result (of a variation in an autocatalytic set of molecules) were a
more efficient network — one better able to sustain itself amid a harsh environment —
then these mutations would be rewarded, the altered web crowding out its weaker
competitors” (Kauffman, 1995, p. 73). In this view, evolution can no more be
defined as a change in gene frequencies (Dobzhansky, 1937) or as a change in devel-
opmental programs during phylogeny (Oster & Alberch, 1982, p. 444). It must
rather be viewed as a process leading to changes in regimes of canalization of flows
of matter and energy through time (Pontarotti, 2017), as a change in organizational
regimes.

It should also be noted that an organizational account of biological inheritance
makes it possible to articulate three elements that were conceived separately in
modern synthesis but that an organism-centered evolutionary biology is willing to
link again: development, inheritance, and evolution (Walsh, 2010; Nicholson,
2014). Indeed, such an account makes no theoretical distinction between hereditary
factors (genotype) and developed traits (phenotype), considering all of them as
inherited organized constraints. It also acknowledges a continuity regarding the pro-
cesses involved in the conservation of biological systems within and across genera-
tions (Mossio & Pontarotti, 2019).

Finally, let us go back to the role of natural selection in this theoretical context.
This role would be limited by theoretical models, based on a heuristic of collabora-
tion, in which the dynamics of interdependence between parts of biological systems
would be more important than multi-level selection of selfish elements in the deter-
mination of biological evolution. These models would, for example, take their dis-
tance with Szathmary and Maynard Smith (1995) work on evolutionary transitions.
The latter indeed clearly relies on a heuristic of replication and insists on the role of
multilevel selection in the appearance of new kinds of individuals, an event in which
elements which could initially replicate independently become interdependent for
their own replication. The collaborative point of view associated with the integra-
tion of an organizational thinking in evolutionary biology would rather be in line
with the literature about constructive neutral evolution (Lukes et al., 2011). The
latter indeed offers a perspective in which evolution principally rests on games of
interdependence: “In this conception, mutation is not a source of raw materials, but

20«“Specifiers are the catalytic surfaces that specify particular types of chemical reactions. These
can be affected both by translated information in replicators (genes) and by environmental condi-
tions” (Turner, 2004, p. 342).
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an agent that introduces novelty, while selection is not an agent that shapes features,
but a stochastic sieve” (Stoltzfus, 2012). This reduced role for natural selection
would be consistent with the main statements of EES which gives an important
explanatory role to the internal dynamics of organized systems.

10.5 Conclusion

In this paper, I have argued that the emerging organism-centered evolutionary biol-
ogy, which theoretically makes some important room to the concept of organization,
is missing some organizational perspective of inheritance, the latter being known as
a key ingredient for evolutionary processes. I have outlined an organizational
account of biological inheritance, and I have detailed the systemic concept of heri-
table variation (genetic mutation and non-genetic acquisition) that it contributes to
ground. Finally, I have sketched some implications of an organizational perspective
of biological inheritance for an evolutionary theory which would be based on a
heuristic of collaboration rather than on a heuristic of replication. The big picture set
in this article deserves being developed in future contributions. For instance, it will
be important to further analyze the link between organization and developmental
mechanisms, the latter being at the center of extended evolutionary synthesis.
Organization, as presented in this paper, makes abstraction of mechanistic and tem-
poral details. But these details could be of great relevance for the elaboration of a
theoretical framework which would better take into account the causal role of orga-
nized biological systems in evolutionary dynamics.
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