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Abstract

The physics—biology continuum relies on the fact that life emerged from prebiotic molecules. Here, | argue that
life emerged from the physical coupling between the synthesis of nucleic acids and the synthesis of amino acid
polymers. Owing to this physical coupling, amino acid polymers (or proto-phenotypes) maintained the
physicochemical parameter equilibria (proto-homeostasis) in the immediate environment of their encoding
nucleic acids (or proto-genomes). This protected the proto-genome physicochemical integrity (i.e., atomic
composition) from environmental physicochemical stresses, and therefore increased the probability of
reproducing the proto-genome without variation. From there, genomes evolved depending on the biological
activities they generated in response to environmental fluctuations. Thus, a genome generating an internal
environment whose physicochemical parameters guarantee homeostasis and genome integrity has a higher
probability to be reproduced without variation and therefore to reproduce the same phenotype in offspring.
Otherwise, the genome is modified by the imbalances of the internal physicochemical parameters it generates,
until new emerging biological activities maintain homeostasis. In sum, evolution depends on feedforward and
feedback loops between genome and phenotype, since the internal physicochemical conditions that a genome
generates in response to environmental fluctuations in turn either guarantee the stability or direct the variation

of the genome.

Introduction

Living organisms are made of cells, which comprise molecules that are composed of atoms. This
hierarchical organization implies that life emerged from prebiotic molecules and therefore that biological laws
emerge from physical laws. For example, reproduction, one of the two main properties of living organisms,
emerges from the replication of nucleic acids (RNA or DNA); in turn, replication emerges from base pairing—i.e.,
from the geometric arrangement of atoms in nucleotides—as demonstrated by James Watson and Francis Crick
[1,2]. Of course, living organism reproduction cannot be reduced to nucleotide physical properties, yet it still
depends on base pairing. The second property of living organisms that corresponds to autonomy (or self-
maintenance) relies on internal physicochemical parameter equilibria that depend on molecular
physicochemical properties, such as hydropathy, folding, and catalytic activities, among many others [3-7].

The fact that life emerged from prebiotic molecules, implying that biological laws emerge from physical
laws, defines the notion of physics—biology continuum. This notion is not equivalent to the reductionist point of
view that prevailed in the 20t century. Reductionism means that life could be explained simply by knowing the
underlying molecular properties and processes. However, as emphasized notably by Carl Woese and Denis Noble

[8,9], biology cannot be reduced to chemistry and physics because i) the properties of a given organization scale
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of living organisms (e.g., a cell) cannot be reduced to the sum of the properties of the lower organization scale
(e.g., molecules); and ii) an upper organization scale can modify the properties of the lower organization scale.
The first point corresponds to upward causation and to the notion of emergence, which relies on the fact that
the properties of a system depend on the dynamic interactions between its elements, implying that the
properties of a system are more complex than just the sum of the properties of its elements ([8-10]). The second
point corresponds to downward causation, which can be illustrated by protein- and nucleic acid-biochemical
modifications resulting from cellular activities that can modify in a dynamic and environment-depending manner
the atomic composition—and therefore the properties— of cellular polymers ([9-11]). Since cellular molecules
can be chemically modified by the cell, then the properties of a cell cannot be predicted just by knowing the
intrinsic or initial properties of molecules. Even though biology cannot be reduced to physics and chemistry, the
hierarchical organization of living organisms nonetheless implies that life emerged from pre-biotic molecules
establishing a continuum between physics and biology.

This physics—biology continuum implies establishing a continuum between inert matter and living
organisms, which may seem incongruous for some of our contemporaries. Nevertheless, it must be recalled that
it was incongruous to a majority of scientists of the 19t century to establish a continuum between all forms of
life, including humans. Yet, this is what some evolutionary scientists of the 19* century, in particular Jean-
Baptiste de Lamarck, Alfred Russel Wallace and Charles Darwin, succeeded in doing by providing evidence of
evolution [12,13]. Just as scientists of the 19t century unified all life forms within biology (a term coined by
Lamarck), those of the 215t century will unify physics and biology by establishing a continuum between the
different forms that matter can adopt.

The first objective of this article is to show that the unification of physics and biology leads to the
refutation of Darwinism and the derived theories of the 20t century, such as the Modern Synthesis mostly based
on the notions of random mutations and natural selection. The second objective is to show that the physics—
biology continuum allows us to define evolution as the consequence of the bidirectional relationship between
the physicochemical integrity of genomes and the physicochemical parameter equilibria (i.e., homeostasis) of
the internal environment generated by genomes. Several clarifications are necessary for these objectives.

First, Darwinism is part of the modern scientific culture. As such, it is often presented as the Theory of
Evolution, suggesting that evolution and Darwinism are synonymous. However, evolution is a fact, while
Darwinism and the derived theories are only explanations of the course of evolution. Challenging Darwinism or
the Modern Synthesis does not mean questioning evolution (e.g., [15-18]).

Second, it is not possible to easily summarize the current theories of evolution deriving from Darwinism
due to the many amendments that have been made during the 20t century and that are still being proposed
(e.g., [14,15,19]). Natural selection and chance (i.e., random mutations) remain however two central
explanatory principles of current evolutionary theories. In this setting, the reality of natural selection and chance
in biology is not to be denied. Natural selection is a fact, in the sense that an organism not adapted to its
environment dies and does not reproduce. Similarly, chance (or stochasticity) is central to biology, as every

biological activity depends on the Brownian motion of molecules that are not predetermined to meet (e.g.,
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[16,20]). Questioning Darwinism and its derivatives does not mean questioning the reality of natural selection
or chance, but it does mean questioning their explanatory power of evolution.

Third, the current evolutionary theories derive from Darwinism, which was built on observations made
for complex multicellular organisms that were classified by naturalists like Carl von Linné (1707—-1778) according
to macroscopic phenotypic traits. Somehow, Darwinism was born in an attempt to explain living organism
classification according to the principle that phenotypic traits can provide advantages or disadvantages with
respect to the number of descendants or fitness [13]. According to this principle, evolution would rely on a
unidirectional principle in which random mutations (genome variations) induce phenotypic variations, but in
which the phenotype has no effect on genome variations. However, a living organism cannot be reduced to the
sum of phenotypic traits nor to the number of its descendants. As defined by Claude Bernard and Walter Cannon
during the second half of the 19th century and first half of the 20, respectively [3,21], a living organism is
composed of an internal environment whose physiochemical parameters are maintained around physiological
values (i.e., homeostasis), outside of which the organism loses its autonomy [3,5,6,21,22]. What is the role of
homeostasis in evolution? Could homeostasis as a product of the phenotype—and therefore of the genome—
influence genome variations?

| will address these questions starting from life origin. | will argue that life emerged from the physical
coupling between the synthesis of nucleic acids (or proto-genomes) and the synthesis of amino acid polymers
(or proto-phenotypes), which sealed a bidirectional relationship between genome and phenotype through
homeostasis. | will next show that this bidirectional relationship explains the evolution of unicellular and
multicellular organisms. In a general framework and in a historical perspective, this article extends on elements

that | have already published [23-26].

Part 1: Definition of the genome—phenotype relationship within the physics—biology framework

The genome—phenotype relationship is commonly described as a unidirectional cause-and-effect
relationship, according to Francis Crick's formula known as the Central Dogma of Molecular Biology (gene -
product = function - phenotype) or according to the formula that summarizes current evolutionary theories
(random mutations > phenotypes — natural selection) [27]. This genome—phenotype unidirectional
relationship implies that the phenotype cannot modify the genome. Focusing on the physical nature of DNA as
a polymer, | will show that the physics—biology continuum instead reveals a bidirectional relationship between
genome and phenotype through homeostasis, with consequences on genome variation.

It became customary during the 20™ century to describe DNA as a carrier of information, and to
represent DNA as a virtual sequence of four letters symbolizing nucleotides. These symbolic representations
have facilitated the spreading of erroneous notions, such as mutations being described as random errors,
justifying in part the central place given to chance in current evolutionary theories (e.g., [28-31]). In this context,
emphasizing the continuum between physics and biology means acknowledging the physical nature of biological
objects, and in particular that of DNA, a polymer composed of atoms. In doing so, it becomes easy to refute the

proposition that mutations are the consequence of random errors and instead to define mutations as the
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consequence of the interactions between DNA physicochemical properties and physicochemical conditions of
the internal environment of living organisms. Indeed, atoms composing DNA can chemically react with a
diversity of molecules present around it. These chemical reactions modify the nature or the geometric
arrangement of the atoms in nucleotides and therefore their interactions with other nucleotides leading to
mutations during replication (e.g., [2,31-33]). For example, oxidation of guanine enhances its interaction with
adenine rather than cytosine, leading to G:C>T:A mutations during replication [33]. Importantly, the frequency,
localization and nature of DNA physicochemical modifications are not random but depend on intrinsic
parameters (i.e., the physicochemical properties of nucleotide combinations) and extrinsic parameters (i.e., the
physicochemical stresses to which nucleotides are exposed). Indeed, depending on their composition, some
nucleotide combinations can adopt structures that are more or less sensitive to physicochemical stresses or that
can be differentially affected by oxidation—reduction reactions, alkylation, pH or temperature variations, among
many other physicochemical parameters (e.g., [34-40]). In addition, each physicochemical stress can induce a
particular modification at the atomic scale, leading to particular mutational biases, signatures or spectra (e.g.,
[35-41]). Thus, DNA physicochemical modifications and therefore genomic variations during replication (i.e.,
mutations) depend on the interactions between nucleotide-dependent physicochemical properties and internal
environment physicochemical parameters. But what determines the internal environment physicochemical
parameters of living organisms?

Emphasizing the physics—biology continuum means acknowledging the fact that DNA is not an
information support system but rather is a polymer producing other polymers (i.e., RNA and proteins), the
activities of which determine internal physicochemical parameters. Importantly, cells produce RNA and proteins
(using DNA as a template) in response to environmental fluctuations, which balances internal physicochemical
parameters when organisms are adapted to their environment [42,43]. Thus, when a living organism is adapted
to its environment, it produces biopolymers from the DNA template that maintain the internal physicochemical
parameters (i.e., homeostasis), which increases the probability of preserving the DNA physiochemical integrity
and consequently the probability of reproducing DNA molecules without variation (Figure 1A, environment A).
Otherwise, the internal physicochemical imbalances triggered by environmental fluctuations challenge the
physicochemical integrity of DNA molecules, increasing the probability of mutations (Figure 1A, environment B).

In summary, in response to environmental fluctuations, a genome generates internal physicochemical
conditions that can either maintain the genome integrity and therefore its reproduction without variation, or
trigger genome variations. | will show in the next section that this principle emerged from the physical coupling
of nucleic and amino acid polymer syntheses at the origin of life. | will show how the physical coupling of nucleic
and amino acid polymer syntheses triggered the emergence of successive and interdependent layers of internal
physicochemical environments (Figure 1B) that correspond to active interfaces between environmental- and

genome-variations.
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Part 2: Physical coupling between nucleic and amino acid polymer syntheses at the origin of life

There is a consensus concerning the fact that the molecules at the origin of life, some 4 billion years
ago, were nucleic acids (probably RNA-like molecules or proto-RNAs) and amino acid polymers (probably
peptides or proto-proteins) (e.g., [44-47]). This is supported by the fact that their complementary properties are
the physicochemical foundations of the two main properties of living organisms: reproduction (relying on nucleic
acid replication) and homeostasis (relying on protein activities).

Nucleic acid replication depends on two parameters: efficiency and "fidelity". Replication efficiency
corresponds to the kinetics of stable covalent bond formation between nucleotides, which influences the
number of molecular descendants. Replication fidelity depends on transient interactions between nucleotides
(base pairing) and corresponds to the probability that the nucleotide order of newly synthetized polymers is
complementary to that of the templates. While current evolutionary theories mainly focus on these two
parameters, a third parameter, namely polymer physicochemical integrity, is fundamental to understanding
nucleic acid evolution. Polymer physicochemical integrity corresponds to polymer resistance to hydrolysis and
to polymer chemical modifications by molecules from the environment that can change the atomic composition
in nucleotides.

Acknowledging the physicochemical integrity of nucleic acids as a main parameter of polymer evolution
has two major interdependent consequences. First, depending on their physicochemical properties, some
nucleotide combinations within a polymer (e.g., a proto-RNA) have a higher probability to be affected by some
physicochemical stresses (see Part 1). This means that some nucleotide combinations have a higher probability
than others to undergo mutations when exposed to certain physicochemical stresses (Figure 2A, 1). Second, and
as a consequence, new nucleotide combinations arising from mutations have a higher probability to be
reproduced in downstream replication cycles in the same environment when they change the physicochemical
polymer properties, resulting in an increased polymer resistance or resilience to environmental physicochemical
stresses that trigger their formation (Figure 2A, 2). Therefore, nucleic acid evolution was likely driven by
feedforward and feedback loops, during which environmental physicochemical stresses induced nucleotide
variations in “sensitive” regions, until new nucleotide combinations were no longer sensitive to the initial
stresses. This principle explains the emergence of amino acid polymers and their relationship with nucleic acids.

The nucleotide-dependent physicochemical properties that can relax or counteract environmental
physicochemical stresses are very limited, as the atomic composition and geometric arrangement of nucleotides
is strongly constrained by replication itself. In contrast, amino acid polymers can "explore" and adopt a diversity
of physicochemical properties and activities (e.g., [48-50]). For example, amino acids or small peptides can
increase the physicochemical integrity of their interacting RNAs as well as the auto-replicative activity of
ribozymes (i.e., RNA replicases), suggesting that amino acids or peptides (proto-proteins) chemically formed in
the "primordial soup" could have contributed to simultaneously increasing the physicochemical integrity and
replication of their interacting proto-RNAs (e.g., [48,50-56]). For example, P. van der Gulik and D. Speijer
proposed that the interactions between proto-RNAs and aspartic acid (Asp)- and glycine (Gly)-containing

peptides could have simultaneously enhanced proto-RNA polymerization while limiting their hydrolysis (due to
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interactions between these peptides and magnesium ions, with the latter either catalyzing RNA polymerization
or enhancing the reverse reaction, i.e., RNA hydrolysis) [54,55]. Thus, chemically generated small peptides in
the "primordial soup" interacting preferentially (in the sense of statistical probability) with certain proto-RNA
sequences could have increased the reproduction of their interacting proto-RNAs, notably by enhancing the
proto-RNA physicochemical integrity. The physical interaction between proto-RNAs and proto-proteins
according to their physicochemical affinity and complementarity likely contributed to establish the
interdependency between these polymers, as supported by the genetic code organization and as proposed by
G. Gamow, C. Woese and M. Yarus (e.g., [57-61]).

Because of the role of amino acids and peptides as cofactors of proto-RNA replication and stability,
proto-RNAs interacting with amino acids or peptides that they themselves produce would have had a greater
probability of being stabilized and replicated by reducing the random availability of cofactors (Figure 2B, 1 vs.
2). Supporting this notion, the genetic code organization shows that: i) proto-RNAs were likely directly involved
in the biogenesis of some amino acids, as pointed out by J. Wong and M. Di Giulio (e.g., [60-64]); and ii) RNAs
have a high propensity to interact with their encoded proteins, as notably shown by B. Zagrovic (e.g., [65]).
However, the fact that proto-RNAs produced amino acid or peptide cofactors is unlikely to be enough to explain
a strict interdependency between nucleic acids and amino acid polymers.

Indeed, proto-RNAs that did not produce peptide cofactors could have acted as parasites and used the
cofactors produced by other proto-RNAs, which ultimately would have led to a dead-end. Supporting this notion,
modeling and experimental approaches demonstrate that the free (i.e., random) diffusion of RNA replicases
produced by an RNA template leads to ending its replication cycles, since randomly diffusing replicases can be
"titrated" by mutants (or parasites), becoming smaller and losing their ability to produce an active replicase
(e.g., [66-72]). Likewise, the free diffusion of peptide cofactors produced by some proto-RNAs and used by
parasite proto-RNAs (i.e., that do not produce these cofactors) could have made peptides useless for the proto-
RNAs producing them. Some physical compartmentalization must have been required to establish a tight
interdependency between proto-RNAs and their encoded proteins.

In this setting, several authors, including C. Woese, K. Gordon, Y. Gounaris, B. Francis, A. Altstein, and
C. Carter, have proposed that nucleic and amino acid polymer synthesis was physically coupled at the origin of
life, as is still the case in prokaryotes (e.g., [44,73-81]). For example, proto-tRNAs composed of two or three
nucleotides attached to an amino acid or a peptide could have been used simultaneously in RNA and protein
synthesis, if: i) the nucleotides of the proto-tRNAs interacting with the template were directly incorporated into
the nascent RNAs; and ii) the attached amino acids or peptides served as cofactors for nucleic acid
polymerization while being simultaneously incorporated into the nascent peptides (see [23] for more details).

The key role of the physical coupling between nucleic and amino acid polymer synthesis in the
emergence of life can be highlighted by two interdependent consequences. First, the physical coupling would
have limited the free and random diffusion of protein cofactors, as nascent and neo-synthetized proteins would
have had a higher probability to only enhance replication and the physicochemical integrity of their encoding

RNA proto-genomes (Figure 2B, panel 2 vs 3). In a way, the physical coupling between RNA and protein synthesis
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would have played the role of a rudimentary compartmentalization. Indeed, the physical coupling between RNA
and protein synthesis implies that an RNA proto-genome producing a protein cofactor that increases only its
own physicochemical integrity and/or replication has a greater probability of being accurately and efficiently
reproduced. This gives the proto-genome molecular descendants a greater probability of reproducing the same
protein cofactors, and so on. Conversely, when an RNA proto-genome produced an inefficient protein cofactor
(e.g., impacting only its encoding RNA), this directly decreased the replication cycles of only the encoding RNA.

Second, the physical coupling between nucleic and amino acid polymer synthesis led to the emergence
of a rudimentary proto-intracellular environment. Indeed, the physical proximity of newly synthetized proteins
to the RNA proto-genome template being replicated buffered environmental physicochemical stresses on the
proto-genome before, during, and after replication (Figure 2B, panel 3). For example, Asp- and Gly-containing
proteins produced on a proto-genome could trap metal ions such as magnesium, thereby decreasing the
probability of neo-synthesized RNA hydrolysis [54,55]. Likewise, the local accumulation of neo-synthesized RNA-
protein complexes in the proximity of a replicating proto-genome would have favored the formation of aqueous
phase without membranes (i.e., condensed liquid droplets) formed by RNA—protein complexes (e.g., [50,70,82-
84]). Therefore, a molecular complex self-organization relying on the coupling of RNA and protein synthesis
could have triggered the emergence of a rudimentary intracellular environment (or proto-intracellular
environment) insofar it creates a physical “barrier” between the proto-genome and the environment (Figure
1B). A complementary step has been achieved through the production by proto-genomes of amphiphilic
proteins that enhance lipid-depend formation of proto-membranes (e.g., [83,85-87]). Both membrane-less and
membrane-dependent compartmentalization would have led to the emergence of a stable intracellular
environment that protected the physicochemical integrity of the proto-genome from environmental
fluctuations (Figure 1B). Cells could thus have emerged because a proto-genome producing proteins (biological
activities) that generate a rudimentary intracellular-like environment have in turn protected the proto-genome
physicochemical integrity, increasing the probability of reproducing the same proto-genome and therefore the
same proteins (or phenotype) in offspring.

In summary, in a prebiotic world, environmental physicochemical stresses could have induced chemical
modifications of certain nucleotide combinations depending on their physicochemical properties. These
chemical modifications resulted in mutations during replication (Figure 2A). A consequence of this targeted
phenomenon is that new variants that changed the physicochemical properties and increased the polymer
resilience with respect to the initial stresses had a greater probability of being replicated during downstream
replication cycles in the same environment (Figure 2C, level 1). In addition, the physical coupling between RNA
and protein synthesis allowed the emergence of a rudimentary proto-intracellular environment that protected
the genome physicochemical integrity by buffering or counteracting the initial stresses (Figure 2C, level 2). In
other words, genomes and their deriving biological activities evolved depending on i) nucleic acid-dependent
physicochemical properties in regards to environmental physicochemical stresses, and ii) the emergence of
biological activities relaxing the initial stresses at the origin of genome variations. | will show in the next section

that this principle explains the evolution of unicellular organisms.
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Part 3: Feedforward and feedback loops between physiological and genetic adaptation in unicellular evolution

The first cellular organisms appeared probably more than 3.5 billions years ago (e.g., [83,85-89]). The
cell is delimited by a membrane that isolates, from the environment, the intracellular compartment containing
one or more DNA molecules. The DNA molecules of unicellular organisms have the property of being templates
for both reproduction (DNA replication) and the cellular physiological adaptation in response to environmental
fluctuations, through the synthesis of RNAs and their translation into proteins, as demonstrated by F. Crick, J.
Watson, F. Jacob, and F. Monod [42,43]. This DNA property of unicellular organisms allows us to highlight the
homeostasis-dependent bidirectional relationship between physiological adaptation (the phenotype) and
genetic adaptation (i.e., genome evolution).

The physiological adaptation of unicellular organisms relies on a feedback loop during which genomic
regions, solicited by fluctuations of environmental physicochemical parameters, produce RNA polymers that can
be translated into proteins that maintain the intracellular physicochemical parameter equilibria (cellular
homeostasis) [43] (Figure 3A, loop 1). However, if the initial intracellular equilibrium is not re-established and
imbalance persists, the same genomic regions are constantly solicited, which can challenge their
physicochemical integrity and potentially lead to mutations during replication. | have already listed numerous
experimental data obtained from all forms of life [23-26] that show for example that the sustained
transcriptional activity of a genomic region can induce a local physical instability of DNA (via DNA breaks),
conflicts between RNA and DNA polymerases (transcription/replication conflicts), and/or the formation of
single-stranded DNA that is exposed to reactive molecules of the intracellular environment and that can undergo
chemical modifications (e.g., [90-99]). These observations demonstrate that the cell’s experience (i.e., the
transcriptional response to physicochemical stresses) leaves physicochemical footprints (breaks or chemical
modifications) on specific genomic regions (Figure 3A, 2). These footprints then increase the probability of
mutations during replication. This notion is equivalent to what several authors have already proposed, including
J. Cairns, B. Wright, S. Rosenberg, M. Saier, J. Shapiro, A. Danchin, A. Yona, and D. Nobles, who emphasized a
continuum between stress cellular response/physiological adaptation and genetic adaptation (e.g., [100-107]).

If mutations are triggered by environment-dependent cellular stresses (i.e., “the cellular experience”),
then mutations are not random, in terms of: i) frequency and location, ii) nature, and iii) cellular phenotype.
Accordingly, i) the load and the location of mutations are not random but depend, for example, on gene
transcriptional activity in all forms of life (e.g., [90-99]); ii) each physicochemical stress to which a cell is exposed
(e.g., temperature, metabolite availability, oxygen) is associated with a mutational bias, -spectrum, or -signature
for all forms of life (e.g., [41,94,108-111]); and iii) mutations are not random with respect to cellular phenotypes,
for two main reasons. First, mutations occur in genomic locations (e.g., genes) that are involved in the phenotype
being challenged by environmental stresses, and second, the mutational process only ends when new genetics
variants relax the initial stress (Figure 3A, loop 3).

What does relaxation of the initial stress in unicellular organisms mean? New genetic variants can relax
or counteract the initial stress at two levels. First, new genetic variants can increase the resistance or resilience

of modified genomic regions in terms of physicochemical properties (Figure 3B, level 1). This means that genetic
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variants that change the physicochemical properties of a challenged-DNA genomic region, such that this region
becomes physically or chemically resistant to the initial stresses, have a higher probability of being reproduced
in downstream replication cycles. This implies that the frequency of genetic variants can evolve in unicellular
organisms without generating phenotypic traits that would be under the control of natural selection but rather,
depend on their effects on the physicochemical properties of DNA challenged by environmental-dependent
physicochemical stresses.

Second, new genetic variants can generate new biological activities (e.g., new protein activities) in
offspring that can counteract the initial constraints and contribute to homeostasis challenged by environmental
stresses (Figure 3B, level 2). By re-establishing homeostasis in offspring, such genetic variants maintain the
physicochemical integrity of the descendant DNA and therefore have a greater probability of being reproduced
during the offsprings” reproduction. This implies that the frequency of genetic variants evolves based on their
impact on homeostasis rather than on descendant number.

To illustrate the feedforward and feedback loops described in Figure 3B, | will provide two examples
among several others [23] and emphasize a link between the modifications of DNA physical properties and the
emergence of cellular phenotypes. The first example corresponds to the link between gene GC-content and gene
expression level. As mentioned above, sustained transcriptional activation can lead to DNA breaks and/or
transcription-replication conflicts. Because of the physical properties of A-T vs. G-C base stacking interactions,
AT-rich regions are particularly sensitive to transcriptional-dependent physical stresses, due to their lower
flexibility as compared to GC-rich regions. Accordingly, GC-rich genes are often more highly expressed than AT-
rich genes in many species (e.g., [112-120]). Remarkably, DNA damages generated under transcription-induced
physical stresses or under transcription-replication conflicts induce AT>GC mutations. For example, DNA breaks
can trigger homologous recombination, which favors GC over AT nucleotides because of the physical properties
of T:G mismatches, through a phenomenon called “GC-biased gene conversion” (e.g., [121-126]). Further,
transcription-replication conflicts can trigger adenine deamination, resulting in A:T>G:C mutations, and the
incorporation of GCinstead of AT nucleotides can be favored in early phases of replication [95,127]. Collectively,
these observations support a model where transcriptionally over-stimulated genes (for example, in response to
environmental fluctuations) can mutate and become enriched in GC nucleotides over replication cycles. As a
high GC-content increases DNA resistance to transcription-dependent physical stresses, we can conclude that
transcription-dependent stresses on a genomic region lead to mutations that locally increase the GC-content,
which in turn increases locally the genome’s resistance to physical constraints (Figure 3B, level 1). Importantly,
a high gene GC-content increases gene expression efficiency for various physical reasons and at multiple levels,
including transcription, RNA maturation, and translation (e.g., [112-120,128-136], and see [23] for more details).
Thus, transcription-dependent physical stresses can induce AT>GC mutations (i.e., increase gene GC-content)
across replication cycles, which in turn increases DNA resistance to the initial constraints in offspring (Figure 3B,
level 1). Simultaneously, it increases the product amount of genes stimulated by the initial stress, which can in

turn relax the initial constraint in offspring (Figure 3B, level 2). Of note, other mutational processes that affect
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transcriptionally-stressed genes, including gene duplication and (retro)transposon insertion, can have a similar
transcription-dependent relaxing effects (see [23] for details).

The convergence between physical DNA resistance to transcription-dependent physical stresses (Figure
3B, level 1) and the efficiency of gene product synthesis (Figure 3B, level 2) may seem fortuitous. In reality, this
convergence is a direct consequence of the physical coupling between the synthesis of nucleic and amino acid
polymers (see Part 2) that has imposed that nucleic and amino acid polymers and their synthesis processes have
co-evolved and are co-adapted to the same physicochemical constraints as this is still visible in the genetic code
organization (e.g., [60,61, 115,137-142]; and see [23] for more details).

Eukaryogenesis provides a second example illustrating the link between the complexity of genome
organization and the complexity of cellular biological activities. L. Margulis proposed that eukaryotic cells
originate about 2.4 billion years ago from the internalization by Archaea of proteobacteria (the ancestors of
mitochondria) as a consequence of the oxygen rise on Earth [147,148]. The use of oxygen by proto-mitochondria
for energy production induced the increase in the concentration of intracellular oxygen derivatives (or reactive
oxygen species [ROS]) that can react with DNA and induce genomic instability. This is believed to have played a
major role in the emergence of eukaryote features. For example, intracellular ROS production by proto-
mitochondria could have stimulated the expansion of eukaryotic introns, which in turn protected exonic coding
sequences from oxidation, as introns are larger than exons and have a higher probability of reacting with and
thereby trapping ROS [149-152]. Supporting this possibility, intronic sequences varied at a much higher rate than
exonic ones, and introns are richer in AT nucleotides than exons, which is a sighature of GC nucleotide oxidation
inducing GC>AT mutations (e.g., [33,135,153,154]). Moreover, histones bind to GC-rich exonic regions, which
are more flexible than AT-rich regions, further protecting exons from oxidation (e.g., [112,149,153,155-157]).
To summarize, intracellular ROS production by proto-mitochondria could have induced proto-eukaryote
genome instability, which next led to the emergence of genomic features (e.g., intron expansion, exon-histone
associations) that protected exonic coding sequences from oxidation (Figure 3B, level 1). In this model,
eukaryote genomic organization emerged during evolution not as a consequence of selective advantage, but
simply because the ROS-induced genome reorganization increased the physiochemical integrity of genomes, in
particular that of exonic coding sequences, which in turn increased the probability of reproducing the same
genome organization across generations despite intracellular ROS production.

In addition to protecting exonic coding sequences from oxidation, intron expansion and DNA-histone
association (i.e., genome organization complexification) have allowed the diversification of biological activities
encoded by eukaryotic genomes (i.e., phenotype complexification). For example, the presence of introns in
eukaryotic genes allows alternative splicing, which generates a diversity of protein isoforms from a single gene
and greatly contributes to the diversification of eukaryotic metabolic enzymes encoded by a single genome (e.g.,
[154,158,159]). Moreover, DNA-histone interactions led to the emergence of chromatin- and metabolic-
dependent co-regulation of gene network expression, which increases the complexity of functional networks
such as metabolic pathways (e.g., [157,160-165]). Thus, the raise of intracellular ROS triggered eukaryote

genome reorganization that i) directly buffered the ROS-dependent genomic instability (Figure 3B, level 1), and
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ii) contributed to the diversification of oxygen-dependent metabolic pathways, which in turn limited the ROS-
dependent genomic instability (e.g., [148,161,166,167]) (Figure 3B, level 2).

The model depicted in Figure 3B can be challenged experimentally and is suitable for predictions. For
example, a unicellular organism could be exposed to variations in a specific physicochemical parameter beyond
physiological conditions. Repeating this experiment on several individual cells or cell populations would make it
possible to analyze changes in gene expression and epigenetic modifications within single cells while sacrificing
other cells for genetic analysis. A first prediction is that the occurrence of mutations in a cell population is
statistically reproducible and predictable from local changes in chromatin, RNA biogenesis, and/or gene
expression, which reflect the physiological adaptation of the organism. If the locations and nature of mutations
can be predicted from footprints left on DNA/RNA in a cell experience—dependent manner, then mutations are
not random errors but are the consequence of cell activities involved in physiological adaptation. The
repeatability of genetic variations would therefore not be the consequence of natural selection but the
consequence of the repeatability of mutational processes depending on cell physiological adaptation processes.
A second prediction is that mutations whose frequency increases after several replication cycles induce
relaxation of the initial stress i) by conferring new physicochemical properties to transcriptionally-challenged
genomic regions (Figure 3B, level 1) and ii) by potentially allowing the emergence of new biological activities
that more or less directly relax or counteract the initial stress (Figure 3B, level 2). These possibilities can be
experimentally tested by artificially generating the predicted or identified genetic variations that should prevent
the appearance of further mutations before exposing genetically modified cells to mutagenic stresses.

In summary, when a unicellular organism is physiologically adapted to its environment, its genome
produces polymers (RNAs and proteins) that maintain homeostasis, and thus the physicochemical integrity of
the genome and its reproduction without variation (Figure 3A, 1). When the organism is not adapted, the
internal imbalances induced by the environmental stresses leave "footprints" on transcriptionally solicited
genomic regions, resulting in mutations during replication (Figure 3A, 2). This mutational process stops when i)
new genetic variants confer locally new physicochemical properties to the DNA making it resistant to the initial
stresses (Figure 3B, Level 1) and ii) eventually allow the emergence of new biological activities in offspring that
counteract the initial stresses (Figure 3B, Level 2). The homeostasis-dependent bidirectional relationship
between physiological adaptation and genome variation in unicellulars is based on the fact that the same DNA
molecules serve both physiological adaptation and reproduction (Figure 3A). What about multicellular

organisms where physiological adaptation depends on somatic cells, while reproduction depends on germ cells?

Part 4: Feedforward and feedback loops between somatic cell-dependent homeostasis and germ cell-DNA
physicochemical integrity in multicellular organisms

The ancestors of today’s multicellular organisms appeared 2 billion years ago and were probably cellular
colonies (or aggregates) comprising eukaryotic cells coming from the division of a single cell (e.g., [168-172]).
The formation of cellular colonies had two main consequences. First, it induced cellular specialization through

the differential expression of genes, as different cells are exposed to different physicochemical constraints
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depending on their location within the colony (e.g., [168,169,173-176]). Second, it led to the emergence of an
intercellular space resulting from cell proximity and exchanges [177], which can be considered as the ancestor
of the internal environment of multicellular organisms (proto-internal environment, Figure 1B). Both cellular
specialization and the formation of an intercellular space allowed cellular colonies to be resilient to a wider
range of environmental physicochemical stresses since for example they allowed to buffer environmental
fluctuations [169,173-175,177]. As a consequence, cellular specialization and the formation of an intercellular
space protected the cellular DNA physicochemical integrity from a wider range of environmental stresses. This
means that colony formation at the origin of multicellular organisms did not represent a selective advantage.
Rather, this phenotype (i.e., colony formation) was simply reproduced because it maintains the intra- and inter-
cellular physicochemical equilibria (i.e., homeostasis), which maintains the integrity of the underlying genome,
increasing in turn the probability that the phenotype is itself reproduced across generations (Figure 4A, 1 vs. 2).

However, the increase in cell number within individual colonies could have increased the concentration
of potential genotoxic metabolic waste products (e.g., ROS) into the intercellular space, thereby triggering
instability of genomes, including those of the proto-zygotes (i.e., cells that give rise to new colonies). This
genome instability led to the emergence of meiosis, as the molecular ancestors of proteins involved in meiosis
were involved in DNA repair, and as meiosis allows the removal of oxidized nucleotides via multiple phenomena,
as shown by C. Berstein, H. Berstein, R. Michod, E. Horandl, and D. Speijer [178-181]. For example, DNA
homologous recombination during meiosis corresponds initially to a DNA repair process and favors GC over AT
nucleotides, which counteracts GC>AT mutations induced by GC-oxidation (e.g., [121,179,182-184]). Therefore,
meiosis did not emerge because of a potential selective advantage but because it increased the probability of
reproducing without variation a genome that gives rise to the same phenotype in offspring (Figure 4A, 3).

One consequence of meiosis is the formation of haploid cells (or gametes) derived from germ cells that
do not participate directly to the organism’s metabolic activities, but that benefit from the formation of a stable
internal environment generated by somatic cell activities. This corresponds to Weismann’s germ-soma barrier
[185] and to the concept of division of labors, stating that germ cells are excluded from potentially genotoxic
metabolic activities while being protected from environmental fluctuations thanks to somatic cell activities
[174,180,186-189]. In other words, somatic cell activities (i.e., the phenotype of multicellular organisms)
generate a stable internal environment through homeostasis, which protects germ cell DNA from
environmental-dependent stresses. This increases the probability of reproducing the DNA molecules without
variation giving rise to the same phenotype after fecundation (Figure 4A, 3).

As a direct consequence, if somatic cells do not maintain homeostasis, then the physicochemical
integrity of germ cell DNA is challenged, increasing the probability of de novo mutations in germ cells. Several
observations support this possibility. First, metabolic disorders (e.g., diabetes and obesity) in humans and in
model organisms are associated with a global imbalance of sugar- and lipid-derivatives that result in germ cell
DNA damages, including DNA oxidation, alkylation, and fragmentation (e.g., [190-196]). These observations
demonstrate that the physicochemical integrity of germ cell DNA depends on homeostasis. Second, the location

and nature of de novo mutations in germ cells are not random but depend on: i) the gene transcriptional activity
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in germ cells; ii) the local chromatin organization of germ cells; and iii) the gene position with respect to
replication origins (e.g., [197-205]). These observations are identical to those made in unicellular organisms (see
Part 3), supporting a model whereby mutational processes in germ cells are directed by physicochemical
parameters of the germ cell microenvironment produced by somatic cell activities (Figure 4B, 1).

In addition to triggering mutations in germ cell through internal physicochemical parameter imbalances,
somatic cells may have a direct effect on de novo mutations in germ cells, through: i) somatic cell-dependent
epigenetic changes within targeted loci of germ cell chromatin, and ii) somatic cell-produced small RNAs that
are picked up by germ cells (Figure 4B, 2). These two processes have been referred as to inter- and trans-
generational epigenetic transmission, as they occur in the germ cells of the FO generation and can impact the
development of the F1, F2, and F3 generations [206-215]. For example, dietary imbalances in parents can induce
somatic cell-dependent chromatin modifications within targeted loci of germ cells, which then impacts the
expression of epigenetically modified genes during the development of descendants (e.g., [207-209,212,216]).
Importantly, as epigenetic marks and small RNAs can locally influence the rate and nature of mutations through
a variety of processes, somatic-dependent epigenetic modifications of germ cells might direct germ cell DNA
mutations (e.g., [206,211,217-219]), although this possibility is still under debate [220]. Of note, somatic cells
that are challenged by environmental fluctuations produce circular DNA fragments and RNA molecules that are
secreted within extracellular vesicles. These somatic cell-secreted molecules could be incorporated into germ
cell DNA either directly or after reverse transcription, which would be similar to Horizontal Gene Transfer
occurring widely in unicellular organisms and would represent another way by which somatic cells can modify
germ cell DNA sequence [107,213,221,222].

To summarize, somatic cells can generate a stable internal environment contributing to maintain the
physicochemical integrity of germ cell DNA, and therefore its reproduction without variation. This increases the
probability of transmitting the same genome and generating the same phenotype in the next generations.
However, when somatic cells are challenged by environmental changes, the internal environment—including
the germ cell microenvironment—can be unbalanced and can challenge the physicochemical integrity of germ
cell DNA, leading to de novo mutations. Therefore, a causal link (feedforward loop) can be established between
environmental fluctuations that challenge somatic-dependent physicochemical equilibria of the internal
environment, which in turn challenges germ cell DNA physicochemical integrity and triggers de novo mutations.
This description breaks with the Darwinism-derived theories, which consider de novo mutations to be random
errors independent from somatic cell activities and the environment.

The next question concerns the fate of de novo mutations (i.e., new genetic variants) across several
generations. While current evolutionary theories propose that genetic variant frequency depends on the fitness
of individuals (i.e., the number of descendants), it will be shown below that genetic variant frequency across
generations depends on two interdependent feedback loops acting at the parental germ cell population level
(Figure 4C, 1%t generation) or at the descendant somatic cell population level (Figure 4C, 2" generation).

What is the germ cell population, and what is its contribution to multicellular organism evolution? After

a few divisions of the fertilized egg, a group of so-called primordial germ cells give rise to a dynamic cell
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population through a few dozens to several hundred cell divisions, prior to meiosis and the formation of gametes
[222-225]. Very importantly, among all produced germ cells, only a small number gives rise to mature gametes,
and only a rather small proportion of gametes eventually gives rise to descendants after fertilization [223-227].
As gametes giving rise to offspring come from a cell population, this implies that the probability of transmission
of genetic variants between two generations depends on their frequency within the parental germ cell
population. Accordingly, a new genetic variant appearing early during germ cell differentiation has a greater
probability of being found in a large number of gametes and therefore of being transmitted to the next
generation [198,202,228,229]. Thus, a central question in evolution of multicellular organisms concerns the
parameters that influence genetic variant frequency in the parental germ cell population.

As physicochemical stresses in the germ cell microenvironment induce de novo mutations, new genetic
variants that counteract or relax the microenvironment-dependent initial stresses have a greater probability of
being reproduced during the replication cycles of germ cells, and thus of being frequent in this population (Figure
4C, 1%t generation). This principle is similar to that described for unicellular organisms (see Part 3). It is supported
by the fact that new genetic variants and new genes in multicellular organisms are often associated with germ
cell functions, indicating that the interaction between germ cells and their microenvironment plays a driving
role in species evolution (e.g., [230-239]). Importantly, chromatin germ cells undergo massive reorganization,
implying that all genomic regions can be exposed to physicochemical imbalances of the germ cell
microenvironment [232,240,241]. In addition, and as a consequence of their massive chromatin reorganization,
germ cells express a large variety of transcripts, and therefore many new genes may first be expressed in germ
cells before being eventually expressed in somatic cells in the course of evolution [230-232,235-239]. In this
setting, genetic variants (i.e., alleles) that are only expressed in germ cells can have major consequences on
speciation. Indeed, new alleles that change the germ cell phenotype can ultimately lead to the emergence of a
subpopulation of individuals who can no longer reproduce with the rest of the population. Such isolated
subpopulations necessarily lead to the impoverishment of genetic variants and potentially to the emergence of
phenotypic traits that are specific to the subpopulation. This phenomenon explains the importance of
population size in phenotype evolution [242].

The feedback loop at the level of parental germ cells (Figure 4C, 15t generation) is not sufficient to explain
the evolution of the frequency of new genetic variants across several generations when their cognate alleles are
expressed in descendant somatic cells. To address this issue, four main possibilities must be taken into account.
A first possibility is that the expression of new alleles in descendant somatic cells creates drastic imbalances
outside of physiological ranges (early after fecundation, during development, or in adulthood) that lead to death
without further descendants. This would correspond to the so-called negative natural selection, leading to allele
elimination from the genetic pool.

A second possibility is that new alleles that induce more-or-less mild imbalances during development
are permanently and selectively repressed in descendant somatic cells. For example, recessive pathological
alleles have no effect when they co-exist with wild-type alleles. This can in part be explained by monoallelic

repression that corresponds to the permanent repression of selected alleles in somatic cells through epigenetic
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modifications initiated during development [243-245]. Importantly, repression of selected alleles can be
transmitted from one generation to the other through a phenomenon called imprinting [246-252]. In this setting,
imprinting could be associated with the elimination of repressed alleles from the genetic pool through a
phenomenon called transmission ratio distortion. Transmission ratio distortion is an exception to Mendel's laws
of equal segregation of parental alleles, as it results in the preferential transmission from F1 to F2 of alleles
coming from one of the two FO parents [253,254]. Although hypothetical, this phenomenon that is more
frequent than previously anticipated, could depend on allele-specific epigenetic marks [180,229,253-259]. If
proven, the coupling between imprinting and transmission ratio distortion could result in the elimination from
the genetic pool -during gametogenesis, fecundation, or just after fecundation- of alleles that are epigenetically
repressed across several generations.

A third possibility is that new alleles that induce imbalances of the internal environment in descendants
escape the selected repression during development. Such alleles may induce imbalances in the descendant germ
cell microenvironment, which in turn can trigger other rounds of mutational processes in descendant germ cells.
This means that new alleles (i.e., new genetic variants) cannot be transmitted stably through several generations
or can lead to the appearance of new mutants as long as they do not contribute to maintaining homeostasis.

Finally, the expression of new alleles in descendant somatic cells may contribute to maintaining the
organismal homeostasis—i.e., the physicochemical parameter equilibrium of the germ cell microenvironment.
In that case, the physicochemical integrity of germ cell DNA would be maintained, giving the germ cell DNA a
higher probability to be transmitted without variation to the third generation (Figure 4C, 2"9 generation).

How can new alleles that appear in parental germ cells and that maintain parental germ cell homeostasis
(Figure 4C, 1%t generation) allow directly the emergence in descendant somatic cells of new biological activities
that maintain homeostasis at the organismal level in descendants (Figure 4C, 2" generation)? The answer to
this question is probably simpler than it seems. As the formation of a new allele is induced by internal
physicochemical stresses and can only be frequent in the parental germ cell population when its expression
relaxes or counteracts the initial stresses (Figure 4C, 15t generation), then the descendant somatic cells that are
exposed during development to the same internal stresses can express these alleles and thus relax or counteract
the stresses (Figure 4C, 2" generation). As a consequence, descendant somatic cells expressing the new alleles
contribute to maintaining the equilibria of the internal environment, which in turn allows the accurate
replication of the descendant germ cell genome and therefore its transmission to the 3" generation.
Importantly, descendant somatic cells that express new alleles during development may acquire new features
and/or undergo supplementary division cycles. This could drive the emergence of new cell populations during
development and therefore the emergence of new phenotypic traits in adulthood. These phenotypic traits and
the underlying genetic variants would next evolve depending on their effects on homeostasis. Eventually,
natural selection could also differentially filter genetic variants having a similar effect on homeostasis in different
individuals but allowing the emergence of phenotypic traits having different impacts on descendant number.

The model described in Figure 4C can be challenged experimentally and is suitable for predictions.

Multicellular organisms could be exposed to variations in a specific physicochemical parameter in order to
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measure the consequences on internal physicochemical parameters, in particular in the germ cell
microenvironment. Thereafter, analysis of gene expression, epigenetic marks, and RNA content of individual
germ cells and/or present in extracellular vesicles produced by somatic cells would make it possible to analyze
how germ cells get physiologically impacted by these variations, eventually in a somatic cell-depending manner.
At the same time, sequencing of single germ cell genomes across gametogenesis would make it possible to
define the link between germ cell microenvironment variations and genetic variations in the germ population.
A first prediction is that the occurrence of de novo mutations in germ cells is statistically reproducible and
predictable from local changes in chromatin, RNA uptake or biogenesis, and/or gene expression in germ cells. A
second prediction is that the frequency of new genetic variants in the germ cell population must be explainable
in terms of their effects on releasing or counteracting physicochemical stresses generated by the germ cell
microenvironment either because of their effects on DNA physicochemical properties or because of their effects
on germ cell homeostasis (Figure 4C, 15t generation). It would next be necessary to study how the genetic
variants transmitted from one generation to the next potentially allow the emergence of new somatic cell
activities with respect to the initial environmental stresses. A third prediction is that new genetic variants allow
the emergence within somatic cells of molecular innovations that counteract or absorb environmental
physicochemical constraints at the whole organism level through homeostasis, either during development or in
adulthood (Figure 4C, 2" generation). These possibilities can be experimentally tested by artificially generating
the predicted or identified genetic variations that should prevent the appearance of further mutations before
exposing genetically modified organisms to mutagenic stresses.

In summary, maintenance of internal physicochemical parameter equilibria thanks to somatic cell
activities despite environmental fluctuations guarantees the physicochemical integrity of germ cell DNA-thus
its reproduction without variation (Figure 4A, 3). However, when organisms are not adapted to their
environment, the resulting internal disequilibria trigger genomic variations (Figure 4B). The frequency of the
resulting genetic variants over several generations depends on two successive and interdependent feedback
loops. The first loop depends on whether parental germ cell genetic variants allow to counteract the
physicochemical stresses of the parental internal environment (Figures 4C, 1%t generation). This feedback loop
has an impact on the frequency of genetic variants within the parental germ population and therefore on the
probability of their transmission to the descendants. The second feedback loop depends on the potential
consequences of genetic variants on descendant somatic cell activities (Figure 4C, 2" generation). If the
descendant somatic cells expressing new genetic variants maintain homeostasis, then the DNA of the
descendants' germ cells is stable and is transmitted to the third generation without variation.

To conclude, a genome—in unicellular or multicellular organisms—generates biological activities in
response to environmental fluctuations, which either create a stable internal environment that guarantees the
physicochemical integrity of the genome and thus its reproduction without variation, or which instead create an
internal environment whose physicochemical conditions direct genomic variations, inducing the appearance of
new genetic variants. The frequency of these genetic variants over several generations then depends on their

effects in counteracting the internal imbalances induced by environmental fluctuations.
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Discussion

Current theories of evolution cannot be summarized easily, due to the many amendments that have
been made over the past century (e.g., [14,15,19]). Nevertheless, two major explanatory principles—random
mutations (or chance) and natural selection—are still presented to the general public as the scientific
explanations of evolution. However, chance and natural selection cannot explain evolution because they
generate ruptures (or discontinuities) between: i) physical and biological laws; ii) different physiological states
of individuals; and iii) life and its evolution.

By definition, chance does not explain how mutations (or genetic variants) are physically generated.
Eluding somehow this fundamental question, biologists have introduced the notion of errors. However, this
notion is meaningless, as biological objects (such as DNA) are physical objects composed of atoms, and the
physicochemical reactions triggering DNA variations do not make "mistakes" (see Part 1). Therefore, the notion
of errors creates a rupture or discontinuity between physical and biological laws. In addition, placing chance at
the center of an evolutionary theory of living organisms would be tantamount to explaining the existence of any
physical object simply as the product of chance. If it can be said that the elements that compose a physical object
are not predetermined to meet each other, science does not aim to explain why physical objects exist but how
they are formed-that is, according to which laws and parameters. The same applies to genetic variants. If the
notion of chance does not explain how genetic variants are formed, neither does natural selection, as natural
selection is a filter acting once genetic variants are formed. Consequently, the current evolutionary theories
based on chance and natural selection elude through the notion of "errors”, one of the most important question
to be addressed to understand evolution that concerns the physicochemical laws driving genetic variant
formation.

By definition, natural selection cannot be a universal explanation of evolution since it only acts in two
extreme situations: negative natural selection, which acts when imbalances of internal physicochemical
parameters are such that individuals have no descendants; and positive natural selection, which can only explain
the frequency of a very small proportion of genetic variants as natural selection can only act when two genetic
variants have the same global effect on homeostasis while inducing the emergence of some phenotypic traits
that impact the descendant number. Therefore, natural selection cannot explain what happens when genetic
variants do not affect the number of descendants. This led to the notion of neutral natural selection, which is
particularly meaningless when combined with the notions of random mutations. The very limited explanatory
power of natural selection relies on the fact that the role that is attributed to natural selection in evolution is
based on a wrong assumption. Indeed, to assert that natural selection has an effect on the frequency of genetic
variants across several generations, it is necessary to assume that any phenotypic trait (and thus the underlying
genetic variant) that allows an individual to have more descendants is necessarily transmitted to the offspring.
However, this statement is false, as there is no relationship between the descendant number and the similarity
between descendants and parents. For example, the frequency of genetic variants coming from individuals with
very few but genetically identical descendants increases as compared to genetic variants coming from

individuals with numerous but genetically distinct descendants. Similarly, while an individual may survive in an
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environment thanks to a phenotypic trait, there is no guarantee that its DNA does not mutate during replication
and reproduction, resulting in the loss of the advantageous phenotypic trait and the appearance of a potential
new one in descendants. Natural selection is a fact, yet it has a very limited explanatory power, given the fact
that advantageous traits in the Darwinian sense (and the underlying genetic variants) are not necessarily
transmitted across generations, as there is no relation between the number of descendants and the fact that
descendants share common traits with their parents.

Finally, current theories of evolution cannot explain evolution because they generate a rupture between
life and its evolution. Current evolutionary theories are based on a cause—effect unidirectional principle (random
mutations = phenotypes = natural selection). However, life relies on bidirectional relationships, with the effect
impacting the cause. Indeed, life relies on the balance of internal physicochemical parameters that are
constantly challenged by environmental fluctuations and that can be maintained only thanks to feedforward
and feedback loops. Since life relies on feedforward and feedback loops, so does evolution. Genetic variants can
only be reproduced during replication if they directly or indirectly counteract or relax the physicochemical
stresses that triggered their formation (Figures 2C, 3B and 4C). In other words, biological activities (i.e., a
phenotype), as a product of genetic variants, can only be reproduced across generations if they maintain the
stability of the underlying genetic variants. This principle is perfectly explained from the moment that the
products (e.g., proteins) of nucleic acids (proto-genomes) have contributed to maintaining the proto-genome
physicochemical integrity (i.e., atomic composition, see Part 2). This bidirectional relationship between two
polymers triggers the emergence of homeostasis, which is the result of the biogenesis of polymers from genome
whose physicochemical integrity they guarantee. The bidirectional relationship between genome
(physicochemical integrity) and phenotype (or internal physicochemical parameter equilibria) explains the
evolution of increasingly complex biological activities triggering the emergence of successive layers of internal
and interdependent environments, which ultimately and collectively contribute to maintaining the
physiochemical integrity of the genome that generate these internal environments (Figure 1B).

To conclude, while notions such as errors, chance, or natural selection popularized evolution and
therefore the continuum between all forms of life, these notions are now meaningless since evolution implies
that living organisms emerged from prebiotic molecules. This implies in turn a continuum between physics and
biology. The physics-biology continuum means that a genome (i.e., a polymer) generates other polymers (i.e.,
RNA, proteins) whose activities generate the internal physicochemical conditions on which genome stability and

variation depend.
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Figure legends

Figure 1:

A. A phenotype adapted to the environment (environment A) maintains, through the synthesis of biopolymers
(RNAs and proteins), the physicochemical parameters of the internal/intracellular environment (homeostasis),
which preserves the physicochemical integrity of DNA (stability). Therefore, an adapted phenotype increases
the probability of reproducing the same DNA molecules during replication without variation. When the
phenotype is not adapted to the environment (environment B), it induces physicochemical parameter
imbalances in the internal/intracellular environment, challenging the physicochemical integrity of DNA
(instability) and leading to mutations during replication.

B. Evolution of living organisms originated 4 billion years ago with the synthesis of amino acid polymers
(proteins) from nucleic acids (e.g., RNAs), leading to the emergence of a self-organized proto-intracellular
environment. From there, higher biological organization levels (i.e., different biological-dependent
environments) emerged that evolved depending on their effects on the physicochemical integrity of the

underlying genome that is constantly challenged by environmental fluctuations.

Figure 2:

A. Each local nucleotide combination (symbolized by different colors) has particular physicochemical properties,
making it sensitive to certain physicochemical stresses. Therefore, depending on its composition and
physicochemical properties, a nucleotide combination can have a higher probability of being modified when
exposed to a particular physicochemical stress (1), which results in local nucleotide composition variations
during replication (mutation). Consequently, a change in nucleotide composition that increases the resistance
or resilience of the new combination to the initial environmental stresses has a higher probability of being
replicated in downstream replication cycles in the same environment (2).

B. The molecules at the origin of life were probably self-replicating, RNA-like polymers (proto-RNAs). The
physicochemical integrity (i.e., atomic composition) of proto-RNAs was constantly challenged by environmental
fluctuations, leading to high random variability during replication (1). RNAs (or proto-genomes) producing
protein cofactors (proto-phenotypes) that contribute to increasing the proto-genome physicochemical integrity
had a higher probability of being replicated without variations (2). By being synthesized during RNA replication
(3, coupling), proteins increased the physicochemical integrity and replication of the proto-genome (RNA) from
which they directly derived. A consequence of the physical coupling of RNA and protein synthesis is the
emergence of a self-organizing rudimentary proto-intracellular environment that contributes to maintaining the
physicochemical integrity of the proto-genome.

C. Environmental physicochemical stresses can induce genetic variations—that is, the formation of new genetic
variants (A and B)—in a proto-genome. The genetic variants that have a higher probability of being reproduced
during subsequent replication cycles are those that generate new physicochemical properties of the proto-
genome that make it resistant or resilient to the initial stresses (level 1), or that generate new physicochemical
properties of proteins that counteract or relax the initial stresses (level 2). Consequently, the frequency of
genetic variants across replication cycles depends on their feedback effects on the physicochemical stresses that

trigger their formation.

Figure 3:

A. Environmental fluctuations can induce changes in the intracellular environment, which in turn induce gene
transcription of RNA, whose translation into proteins (gene products) allows a return to the initial intracellular
environment equilibrium (loop 1). As gene transcription generates physical stresses on DNA, a return to

intracellular equilibrium releases the initial DNA constraints, thereby increasing the probability of reproducing
19



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 January 2021

702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742

743
744

DNA without variations during replication. If the variations in environmental physicochemical parameters
exceed physiological values, the biogenesis of gene products does not re-establish the initial cellular equilibria;
DNA is therefore subject to sustained stresses, leaving marks or footprints (breaks or chemical modifications)
on DNA (2, DNA damages). These footprints induce mutations during replication. When mutations confer new
properties to DNA and/or generate new gene products that release the initial stresses on DNA, then the
mutational process stops, and the new DNA is replicated without variation over reproductive cycles (loop 3).

B. Environmental physicochemical stresses can induce mutations or new genetic variants (A and B). The variants
that induce the emergence of new physicochemical properties of the genome that make it resistant or resilient
to the initial stresses have a greater probability of being reproduced in subsequent generations (level 1). Among
these genetic variants, those that allow the emergence of new biological activities (phenotypes) that counteract
or relax the initial constraints have a greater probability of being reproduced in subsequent generations (level
2). Consequently, the frequency of genetic variants across generations depends on their feedback effects on the

physicochemical stresses that trigger their formation.

Figure 4:

A. The DNA molecule of each individual in a population of unicellular organisms is exposed to a variety of
environmental physicochemical stresses, increasing the probability of mutations in each genome (1). The
formation of cellular colonies resulting from the division of a single cell (proto-zygote) limits the exposure of
each cell to different stresses, thus increasing the probability of reproducing the same genome and therefore
the same phenotype across generations (2). Increasing the cellular density within a colony can increase the
concentration of potentially genotoxic metabolites, such as ROS, in the intercellular space, which challenges the
DNA physicochemical integrity and therefore decreases the probability of generating the same phenotype in
subsequent generations (3, red broken lines). Cell metabolite genotoxicity led to the emergence of meiosis,
which preserves the physicochemical integrity of DNA molecules of cells that are specialized in reproduction
(germ cells giving rise to gametes). Meiosis increases the probability of reproducing the genome without
variation, and thus increases the probability of reproducing the same phenotype across generations (3).

B. Environmentally-challenged somatic cells have an effect on the formation of de novo mutations in the germ
cell population. First, somatic cell activities can generate physicochemical parameter imbalances in the internal
environment and thus in the germ cell microenvironment. These imbalances can induce de novo mutations in
germ cells (1). Second, somatic cells can also induce epigenetic modifications (chromatin modification and small
RNAs) within germ cells that could trigger de novo mutations within targeted loci (2).

C. Environmental physicochemical stresses can challenge the activity of somatic cells, which can lead to
imbalances in the internal environment and thus in the germ cell microenvironment. These imbalances can lead
to de novo mutations in germ cells (A and B). The resulting genetic variants that relax the initial stresses from
the parental germ cell microenvironment have a greater probability of being reproduced during gametogenesis
(1%t generation). Consequently, they have a higher probability of being frequent among parental gametes and
therefore of being passed on to the next generation. If these genetic variants are expressed in descendant
somatic cells after fertilization and counteract or relax the initial stresses (2" generation), they maintain the
internal physicochemical parameter equilibria allowing the replication without variations during gametogenesis
of the descendant germ cell genome that is transmitted to the third generation. Consequently, the frequency of
genetic variants across generations depends on their feedback effects at the germ and somatic cell level on the

physicochemical stresses that trigger their formation.
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