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Abstract: Biological genotypes do not code directly for phenotypes; developmental physiology is the
control layer that separates genomes from capacities ascertained by selection. A key aspect is cellular
competency, since cells are not passive materials but descendants of unicellular organisms with
complex context-sensitive behavioral capabilities. To probe the effects of different degrees of cellular
competency on evolutionary dynamics, we used an evolutionary simulation in the context of minimal
artificial embryogeny. Virtual embryos consisted of a single axis of positional information values
provided by cells” ‘structural genes’, operated upon by an evolutionary cycle in which embryos’
fitness was proportional to monotonicity of the axial gradient. Evolutionary dynamics were evaluated
in two modes: hardwired development (genotype directly encodes phenotype), and a more realistic
mode in which cells interact prior to evaluation by the fitness function (“regulative” development).
We find that even minimal ability of cells with to improve their position in the embryo results in
better performance of the evolutionary search. Crucially, we observed that increasing the behavioral
competency masks the raw fitness encoded by structural genes, with selection favoring improvements
to its developmental problem-solving capacities over improvements to its structural genome. This
suggests the existence of a powerful ratchet mechanism: evolution progressively becomes locked in
to improvements in the intelligence of its agential substrate, with reduced pressure on the structural
genome. This kind of feedback loop in which evolution increasingly puts more effort into the
developmental software than perfecting the hardware explains the very puzzling divergence of
genome from anatomy in species like planaria. In addition, it identifies a possible driver for scaling
intelligence over evolutionary time, and suggests strategies for engineering novel systems in silico
and in bioengineering.

Keywords: artificial life; in silico; artificial embryogeny; evolutionary computation; development;
morphogenesis; basal cognition

1. Introduction

One critical aspect of real biology which is not always taken into account in evolution-
ary computation and theoretical biology efforts, is that the mapping between genotype and
phenotype is not direct [1-13]. Genes generally do not directly encode for structure and
function of the organism. Instead, it has become increasingly clear that developmental phys-
iology provides a critical layer of control that sits between genomes (on which mutation
operates) and anatomy (the phenotype which is the subject of selection). During develop-
ment, organisms emerge as the result of a complex set of interactions among cells, with
anatomical order and functionality being the result of cellular activities. While genomes
specify the cellular hardware (proteins), it is the software (cellular activity) studied by
developmental biologists that is ultimately responsible for the organism’s overall structure
and behavior [14-18].

The simple story of genomes determining anatomy is shown to be incomplete by
examples such as the highly regenerative planaria [19]: due to reproduction by fissioning
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and regeneration, they retain mutations made in the parent body and pass them on to their
offspring (somatic inheritance). As a result, planaria have an incredibly messy genome
(indeed, worms are mixoploid—different numbers of chromosomes in each cell). Despite
this, they have the most reliable anatomy: every fragment of a planarian regenerates a
perfect worm each time. They are essentially immortal, and highly resistant to cancer [20].
How can the animal with the most chaotic genome have the most reliable, robust anatomy?
Fundamental knowledge gaps in this area not only impede our understanding of basic
evolutionary developmental biology but also limit our ability to make desired system-level
changes to complex anatomy in the context of regenerative medicine [21-23].

The indirect relationship between genotype and phenotype has a number of important
implications. For example, it is currently impossible to guess the anatomy of an organism
by examining its genome—overall symmetry type, number and kinds of organs, size,
regenerative capacity, etc.—can only be estimated if one compares a genome to that of
another organism for which all of these are already known. Likewise, even when one has
access to complete genomes, for example of the frog and axolotl, one cannot guess the
shape of a chimeric embryo: will a “frogolotl”, consisting of 50% of each kind of cells, make
legs (like an axolotl larva) or not (like a tadpole)? This is because, while much research has
shed light on molecular mechanisms necessary for morphogenesis, the field still largely
lacks an understanding of the key dynamics that determine form and function: large-scale
anatomical decision-making by cellular collectives [19,24,25].

Importantly, the cells that make up these collectives evolved from independent unicel-
lular organisms with extensive capabilities for sensing their environments and responding.
The key role of these capabilities in morphogenesis reframes cells as an agential [26], not a
passive, material. There are numerous examples: one of the most remarkable qualities of
morphogenesis is its competency in reaching an adaptive anatomical outcome despite novel
starting states and perturbations [24,27,28]. For example, mammalian embryos can be split
into pieces, and each piece gives rise to a complete organism (monozygotic twinning). Some
animals retain these regenerative capacities into adulthood—salamanders whose limbs (or
eyes, jaws, tails, etc.) are amputated will re-grow exactly the missing portion and then stop
when the correct structure is complete [29]. Tadpoles with scrambled faces become largely
normal frogs, as the craniofacial organs move in novel paths until the correct configuration
is achieved [30-32]. Tadpoles with eyes placed on their tails (and not in their heads) can
see [33]. All of this means that mutations resulting in noise or changes in initial positions
of the organs, which would have been disastrous for a hardwired architecture, will not
have a strong effect on survival because the tissues will make needed reconfigurations
to compensate for errors in initial state. It is clear that this rapid, built-in capacity for
anatomical homeostasis and problem-solving must have implications for the evolutionary
process, but this has not been extensively explored.

We previously proposed that the competency of the developmental layer results from
the navigation policies of a collective intelligence of cells in anatomical morphospace—an
evolutionary precursor to the intelligence of neural cells which are well known to navigate
3-dimensional and other problem spaces [24,27]. We refer to these navigation policies as
competency of the cellular collective—the capacity to sense their environment and each other,
and to communicate to effectively solve problems in morphospace during development
(i.e., reach appropriate target morphology despite perturbations and changing internal
and external conditions). Such collective cellular intelligence is an essential aspect of
morphogenesis during development, regeneration, and cancer suppression, and is central
to the genome-form-function relationship. As has been claimed for learning [22,34,35],
these collective competencies could greatly smooth the evolutionary landscape and enable
access to regions of the phenotype space that would otherwise have been hard or impossible
to reach.

The evolutionary importance of information not encoded in the genome directly has
been studied previously by evolutionary biologists and in the field of artificial life, primarily
in the context of learning [24,27]. Many organisms can modify their behavior in light of
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experience, improving their fitness via information that was not provided by the genome.
As early as 1896, Baldwin proposed that such adaptive behaviors, while not encoded by
the genome, are assimilated into the genome (hardcoded) over evolutionary timescales,
a phenomenon known as the Baldwin Effect [24,27]. Classic simulations of the interplay
between learning and evolution demonstrated that the Baldwin Effect does indeed change
the evolutionary landscape of organisms capable of learning [24,27]. This dynamic offers
competing tendencies, in which learning takes pressure off the genome via a shielding
effect [24,27] at first, by providing behaviors that do not need to be discovered by evolution
of the genome. Subsequently, genetic assimilation takes the pressure off the need for
learning, by eventually finding ways to hardcode those behaviors. This learning paradigm
emphasizes two different kinds of fitness [24,27]. Genotypic fitness is the quality of the
structural genome—what the organism would have been able to accomplish given only
the static information in its genome. Phenotypic fitness is what selection actually ‘sees’—the
performance of the organism after both hardwired and learned repertoires have had their
chance to shine.

Here, we introduce cellular competency as another important contributor to pheno-
typic fitness. Cellular competency [25,34,35] has a number of important differences from
learning. First, the ability of cells and tissues to attain and maintain setpoints in morpholog-
ical spaces is independent of learning at the level of the individual. Second, learning at the
level of the organism needs a mechanism (e.g., nervous system architecture) that must itself
be painstakingly evolved—evolution must discover, maintain, and pay the costs of new
capabilities such as brains and exploratory behaviors. In contrast, cellular competencies
come “by default” because organisms consist of cellular components that already have
many capabilities evolved during their ancestral lifetime as independent organisms. Thus,
it is important to begin to study how cellular competencies affect evolution, to complement
approaches focused on learning, evolvability mechanisms [36—41], and the material proper-
ties of morphological computation [42—-46]. All of these factors interact in vivo, and will
need to be studied separately and together.

The question we address here is: How do diverse levels of competency in the cellular
collective during morphogenesis impact the rate and course of the evolutionary process? We
undertook a quantitative investigation of this question using a minimal model of artificial
embryogeny. Our model did not include learning or classical behavior at the individual
level, but instead solved a problem in morphogenetic space. Our system simulates an
animal with a single axis of positional information values (such as the anterior-posterior
axis) [47,48]. Virtual embryos consist of a 1-dimensional array of integers, with their
evolutionary fitness being proportional to the degree of monotonicity of those values. In
the baseline case, we use a direct encoding where the phenotype is a direct consequence of
the genotype—the values of the array directly specify the order of values in each embryo.
Under these conditions, a genetic algorithm eventually produces structural genes in which
all the values are in the correct (monotonic) order. We compare these outcomes to a more
realistic case, in which the mapping is not direct: we introduce a development algorithm
in which individual cells have some degree of competency to rearrange themselves based
on their local environment. Cells can move to numerically more-advantageous positions
before evaluation of phenotypic fithess. We accomplish this through a restricted bubble
sort procedure [49], highlighting the conceptual similarity between sorting algorithms
and navigation in a geometric problem space. This corresponds to embryogenesis in vivo,
in which cells act before the mature animal’s fitness is ascertained in the environment.
Importantly, our system does not include Lamarckian inheritance. Instead, it features a
strong barrier between soma and germline: the rearrangements occur for each individual
but the only thing that gets passed on to their offspring is their original pre-swap structural
genome [50,51].

We varied the degree of cellular competency, and tracked the dynamics of the resulting
evolution, both in terms of raw genotypic fitness and phenotypic fitness. We also explored
the effects of adding a competency cost. We observed a number of interesting outcomes.
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First, including a developmental layer that models a range of cellular competencies im-
proves evolutionary efficiency in proportion to the degree of cellular competency. Second,
in mixed populations, competent individuals tend to eventually dominate the population.
Third, when the degree of competency is itself allowed to evolve, populations settle on a
specific, sub-maximal level of competency. Finally, and most critically, we observed that
because competency hides genetic deficiencies from selection, pressure to improve the
structural genome is released, while pressure to improve the morphogenetic competency of
cells is increased. These dynamics establish a positive feedback loop in which populations
advance by progressively improving cellular capacities, not just the genes dictating the
actual initial structure of each embryo. This provides an explanation for the otherwise mys-
terious disconnect between planarian genomes and their amazing anatomical robustness,
and suggests the existence of an evolutionary ratchet working to optimize intelligence in
even very basal forms [52-57].

2. Methods

We simulate the evolution of artificial 1-dimensional embryos in silico. The following
sections describe the structure of each embryo, our paradigm for modeling developmental
morphogenesis towards a target adult anatomy, and the process of selection employed to
study their dynamics over time.

2.1. Creating Populations for Evolution

A population consists of a number of embryos. Each embryo is represented as a
one-dimensional array of fixed size (matching the cell count in the 1-dimensional embryo).
Each cell of this array is initialized with a different integer value representing the positional
value gene for the corresponding cell of the embryonic axis (see Supplement S1). In this
minimal model, there is no further chromosomal structure or transcriptional change, and
we simply refer to the structural genes as directly specifying the positional preference of a
given cell. Each embryo undergoes a developmental cycle (described below) to become
a mature “individual”. We model evolution in three kinds of populations: a “hardwired”
population consisting of only hardwired embryos, a “competent” population of only
competent embryos, and a “mixed” population which contains both kinds of embryos, in
varying proportions. Our mixed populations have 200 embryos, the rest have 100.

2.2. Hardwired and Competent Embryos

We define two types of embryos, a “hardwired embryo” and a “competent embryo”
(Figure 1A,B). The difference between them lies in the way they develop during the evolu-
tionary cycle. A competent embryo consists of cells capable of sensing neighboring cells
and adapting morphology by moving around prior to the adult stage in which fitness is
evaluated. “Competency” is the capability of these embryos to carry out such reorganiza-
tion, and they carry a gene that dictates their degree of motility (fixed, in some experiments,
but free to evolve in others). Our competent embryos leverage sensing and motility to
reorganize their cells during ‘development” in a way that boosts fitness (see below and
Supplement S1). We vary the degree to which they can reorganize (competency level). A
hardwired embryo lacks this capability; its structure from birth to maturity is constant.

2.3. Developmental Cycle

Soon after initialization, embryos undergo a developmental cycle. During this pro-
cess, competent (but not hardwired) embryos undergo a restricted bubble-sort procedure
(see Supplement S1) to rearrange their cells in a way that boosts fitness (i.e., to increase
ascending order of its array of integers). At the end of the developmental cycle, embryos
are considered “individuals”.
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Figure 1. Schematic of experimental setup. (A): Definition of a hardwired embryo: Each hardwired
embryo is a 1-D array consisting of 50 cells (10 shown here as example). Each cell takes an integer
value between [1, 50], and is considered to be its Structural Gene. The fitness of an individual is
defined as the degree of order within its genes (0 implying descending order, 0.5 implying random
order and 1.0 implying ascending order). In the example shown here, the embryo is randomly
initialized and hence has a fitness close to 0.5. (B): Definition of a competent embryo: Each competent
embryo is identical to a hardwired embryo except that it carries an additional “functional” gene
indicating how many cell movements it can carry out during a developmental cycle to achieve
ordered ascending arrangement before phenotypic assessment. The functional gene can be locked
down to a pre-specified value for an entire population or can be evolvable. (C): Description of the
genetic algorithm used to evolve hardwired and competent embryos. See Methods for details.

2.4. Fitness of Embryos and Individuals

We define fitness as the degree to which an embryo’s array of integers is in ascending
order. Individuals with cells arranged in ascending order by value are attributed a fitness
of 1.0 (maximum), those whose cells are randomly ordered are attributed a fitness of 0.5.
We calculate the fitness (the degree of order) of an array by counting the number of non-
inversions present (see Supplement S1). At the beginning of each evolutionary cycle,
all embryos are considered “just born”; their morphological structure determined by
their parents from the previous generation. Therefore, we call their fitness at the start
of each cycle the genotypic fitness. At the end of the developmental cycle, the fitness
of each resulting individual is calculated again, which we call the phenotypic fitness.
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For hardwired individuals, phenotypic and genotypic fitnesses are always identical. For
competent individuals, however, phenotypic fitness reflects the reorganization that occurs
based on their competency level.

2.5. Competency Level

At the start of each developmental cycle, a competent embryo is assigned an integer
representing its competency level. This integer determines how many successive bubble-
sort swaps will take place during its developmental cycle. Usually, competency levels are
much lower than the total number of bubble-sort swaps required by an embryo to attain
maximum fitness, for this reason it is called “restricted” bubble-sort.

2.6. Genetic Algorithm

To evolve populations (hardwired or competent), we iteratively pass them through
three stages (Figure 1C):

1. Selection: The fittest 10% of individuals in a population are selected to move on to the
next generation. Selection in a population is based on its individuals’ phenotypic fitness.

2. Cross-Over: In order to repopulate a population back to its original strength, we carry
out a process of reproduction called cross-over. It occurs as follows: Two individuals
are involved, each of these are split at a random location along their length. One
half of Individual 1 is swapped with the same half of Individual 2 to give rise to
two children. Figure 1 contains an illustration of this process.

3. Mutation: The repopulated population is subjected to random point mutations. We
set the probability of an individual receiving a point mutation to be 0.6.

3. Results
3.1. A Minimal System for Investigating Effects of Cellular Competency on Evolution

We built a virtual embryogeny model in which fitness was defined by the degree of
monotonicity of a 1D array of numbers, simulating a minimal metazoan bodyplan—a single
axis of positional information (Figure 1). The initial sequence of numbers for each embryo
was assigned randomly. Since these sequences decided the embryo’s structure (cell order),
they are referred to as its structural genes. As described above, in hardwired embryos, that
sequence is fixed: their genome directly encoded their phenotype. For competent embryos,
we implemented different degrees of competency during a developmental period in which
cells were allowed some degree of movement relative to their neighbors, allowing them to
reorganize to improve monotonicity prior to evaluation of phenotypic fitness. This enabled
phenotypic fitness for competent individuals to diverge from raw genotypic fitness, with
the extent of divergence depending on how much cell movement was permitted. This
corresponds to different degrees of capacity for cells in vivo to optimize homeostatically
preferred local conditions with respect to informational signals such as positional cues and
polling of neighboring cell states [58]. An evolutionary cycle was implemented around
these developmental events [58]. In the initial experiments, the competency gene is fixed
across the evolutionary run, enabling study of the evolutionary dynamics over time as a
function of different degrees of cellular competency.

3.2. Developmental Competency Accelerates Evolutionary Search

We first compared, over 250 generations, the time-course of evolutionary search
towards a fully ordered axis in hardwired vs. competent individuals. After 100 generations,
the hardwired population had the least fitness compared to populations with varying
degrees of competency (Figure 2 and Table 1). Table 1 provides a summary of the generation
number at which each population crossed different fitness thresholds. We compared
fitness of the best individual in competent and hardwired populations at generations 2, 10,
and 20 (because these points exhibited the greatest sample variances.) At each of these,
the difference in fitness between hardwired and competent populations was significant
(p-values << 1 x 1072 for all points, Student’s t-test; for details see Supplement S2.1.1).



Entropy 2023, 25,131

7 of 22

o
@

Fitness of the Best Individual

|
0.6- ¥
i
|

-— Hardwired Level 20 (Phenotypic) — Level 100 (Phenotypic) —— Level 400 (Phenotypic)

!
J
|
y
|
{
{
{
i

’

|
f
l
i

150 200

Generation

100

Figure 2. Competent individuals have a higher rate of fitness than their Hardwired counterparts.

Three populations with different competency levels [Levels 20, 100, and 400] and a single hardwired
population were initialized. Competency level refers to the maximum number of cell-swaps a
competent embryo can execute during its developmental cycle. The individual with the maximum
fitness in each population was plotted over 250 generations. Shaded areas represent 95% confidence

interval bands over n = 100 repeats of each experimental condition.

Table 1. The number of generations different populations take to break through a particular
fitness threshold. The break-through times reported are for the best individual in the population.
Competency level indicates the number of swaps available to each embryo when initialized.

Competency Level Fitness Threshold
0.65 0.75 0.8 0.9 0.97 1.0
No competency (Hardwired) 10 18 24 42 72 250
9 16 21 36 55 93
Level 100 5 9 12 19 26 37
Level 400 2 2 2 2 3 5

Figure 2 also shows that the 95% confidence interval bands over 100 repeat runs
decreased with increasing competency level, suggesting that more competent architectures
are also more consistent in performance over time. Note that hardwired individuals
gradually improved to reach peak fitness, taking well over 200 generations to do so,
whereas the most competent individuals (with a competency level of 400) did so in under
6 generations. These data demonstrate the role competency plays in non-linearly improving
the rate of fitness of a population and support a clear conclusion: the higher the competency,

the better the performance.

Based on the impact of competency, one could hypothesize that progressively in-
creasing competency would lead to a progressive decrease in selective pressure for good
structural genes to appear. An embryo with high competency would have no selective
pressure to improve its structural genes beyond a certain level because it can rely on its
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competency to re-order its cells to reach peak fitness. This is in fact what we observed
(Figure 3). We compared the genotypic fitnesses of the best individual in three populations
with different levels of competency (20, 100, and 400) to that of a hardwired population.
In all three competent populations, genotypic fitness rose with that of the hardwired pop-
ulation for a few generations, after which it plateaued, indicating that at this point, the
structural genes were good enough for competency to achieve a phenotypic fitness that
insured selection. Further, with increased competency, the 95% confidence interval bands
for genotypic fitness grew wider. Thus, as hypothesized, increasing competency in our
simulation enabled excellent performance but reduced selective pressure on the embryo’s
structural genes.

=-— Hardwired Level20 —— Level 100 —— Level 400

08-

Genotypic Fitness of the Best Individual

06-
PP S SN Y IS I PR P Y e
-,

.......

(‘) 5‘0 1 (I)O 1 éO 260 250
Generation
Figure 3. Competency comes at the expense of reduced genotypic fitness. Genotypic fitnesses of
the best individual in three different competent populations (competency levels 20, 100, and 400) were
compared with that of a hardwired population over 250 generations. Genotypic fitness is calculated
by computing what the phenotypic fitness of an individual would have been if it were not allowed
to enact its competencies. Shaded areas in the figure represent 95% confidence interval bands over

n =100 repeats.

3.3. Competent Individuals Take over Mixed Populations

Given these tradeoffs, we next asked how mixed populations (200 embryos per popu-
lation) of competent and hardwired embryos would evolve (Figure 4). We varied both the
level of competency and the percentage of competent embryos in the hybrid population at
the start of the simulation. To probe the levels of competency required for embryos to dom-
inate the population over the evolutionary simulation, competent embryos were always
initialized as a minority of the starting population. Relationships between competency,
initial population proportion and dominance were observed over several runs.

When competent embryos constituted just 2.5% of the initial population, they failed to
dominate even at the highest level of competency tested: embryos with a competency level
of 95 merely reached equal percentages with hardwired embryos. As their initial proportion
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in the population increased, competent embryos required progressively less competency
to dominate over their hardwired competitors. At 10%, embryos with a competency level
of 75 could dominate; at 20%, the competency level required for domination decreased
to 40; and at 30%, competent embryos dominated with a competency as low as 10 (Figure 4).
In all starting conditions that resulted in dominance of competent embryos, it occurred
rapidly, in just two or at most three generations (Table 2).

Competent  —— Hardwired
25% 10.0% 200% 300%

Level 25

]
|
|

Percentage of Individuals (%)

Level 75

; \ \ \
- L‘_\ \

0 10 20 0 0 10 20 0 0 0 0 0 10 20 30

Generation
Figure 4. Competent individuals dominate over hardwired individuals in a mixed setting when
given adequate competency. Each column represents the percentage of competent embryos in a
hybrid population (1 = 200 total) at initialization, increasing from left to right. Each row shows data
from experiments at different competency levels, which increase from the top to bottom. Simulations
were run for 30 generations. Shaded area represents variance over 20 repeat runs of each experiment.

Table 2. Time taken by competent embryos to dominate over hardwired embryos when mixed
together in different ratios. Each column indicates the proportion of competent embryos in a hy-
brid population of size 200. The remaining embryos of the population are hardwired. Each hybrid
population was evolved over 30 generations with a fixed level of competency (rows). Compe-
tent embryos are said to dominate when their prevalence rises over that of hardwired embryos
and continues to rise or remains stable without dropping. Values indicate the number of genera-
tions required for competent individuals to dominate over hardwired individuals. “x” indicates
no dominance.

Competency Level Percentage of Competent Embryos

2.5% 10% 20% 30%
Level 10 X X X 3
Level 25 X X X 3
Level 40 X X 3 3
Level 75 X 3 3 2
Level 95 X 3 2 2




Entropy 2023, 25,131

10 of 22

3.4. Evolution Results in a High, Constant Level of Competency

To determine how competency might spontaneously evolve over generations, we
introduced competency as an evolvable trait by letting each embryo’s competency level
be determined by a single ‘competency gene’ with value in the range [1, 500]. During
initialization, the competency genes of all embryos were set randomly to low values in
the range [1, 15]. Then, during evolution cycles, we allowed each competency gene to be
mutated, potentially taking values across the range of [1, 500], and tracked the competency
gene values of the best individual over 1000 generations (Figure 5). The prevalence of
the competency allele rapidly rose, meandering and exploring values up to 485 during
evolution (shaded area in Figure 5A) before plateauing at ~470. We provide a possible
explanation for this outcome in the Discussion section.

A

= Most Fit Individual Other Individuals

Competency Gene Value

500
Generation

Phenotypic Fitness -—- Genotypic Fitness

Fitness of the Best Individual

1‘7 7:17“ :’w;h 7?‘;!! 10 ll\l‘
Generation

Correlation between Phenotypic and Genotypic Fitness

Correlation Value

Generation

Figure 5. Allowing evolution to set competency level: a perfect genome is not required to boost
fitness. Competency gene values for embryos (1 = 100) were randomly initialized in the range
of [1, 15]. Over the course of evolution each competency gene was allowed to mutate to a value in the
range of [1, 500]. (A): Competency gene value of the most fit embryo over the course of evolution.
Shaded area represents the range of competency gene values in the population. (B): Fitnesses of
the best individual in a population of competent embryos with evolvable competency. Shaded area
represents variance over 100 runs. (C): Correlation of the genotypic and phenotypic values of the
population (shown as average values over sequences of 10 generations).

To understand how allowing the competency gene to evolve over 1000 generations
affects genotypic fitness, we looked at the phenotypic and genotypic values for the fittest
individual in each generation (Figure 5B). Values for the fittest individual quickly settled
at consistent configurations in which the phenotypic and genotypic fitnesses diverged
considerably. This is a fascinating outcome because it suggests that a certain level of
competency reduces the pressure for improvements in an embryo’s structural genes. Once
selection can no longer distinguish whether fitness is achieved by a set of good structural
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genes or by a high competency level that compensates for a poor set of structural genes, it
can only improve the population by increasing competency, not by selecting better genetics.

To quantify this effect and determine how well selection, which ‘sees” phenotypic
fitness only, selects for genotypes when competency is allowed to evolve, we plotted the
degree of correlation between genotypic and phenotypic fitness for all individuals in these
populations (Figure 5C). Correlation dropped to 0 within about 20 generations as indi-
viduals who succeeded because of their developmental competencies rapidly dominated
the population. We conclude that allowing competency to evolve disrupts the ability to
select for the best structural genes. We further validated this by examining the frequency,
over 1000 cycles of evolution, with which positional changes to a single ‘cell” resulted from
tweaks to the competency gene vs. from tweaks to one of the structural genes. Figure 6
shows that the frequency of changes to the competency gene was much higher than the
average of all fifty structural genes across 1000 generations in our simulation.

A —— Average of 50 Structural Genes
—— Competency Gene

Average Change Frequency

Structural Genes Competency Gene

2
8

Change Frequency
3
8

0 200 400 600 800 1000
Generation

Figure 6. Evolution spends a greater proportion of time tweaking the competency gene compared
to any structural gene. Employing the experimental setup of Figure 5, we checked how often
changes occur within the structural genome of embryos vs. the competency gene, to determine
where the evolutionary process focuses most of its effort under various conditions. (A): Frequency of
changes that 50 structural genes undergo versus the frequency of change that 1 competency gene
underwent, averaged over time. Error bars represent standard deviation over n = 100 repeat runs of
the experiment. (B): Comparison of frequency of changes in 50 structural genes versus 1 competency
gene, as a function of evolutionary time. The graph is cumulative, i.e., the number of changes made
in the previous generation carry forward to the next. Shaded area represents variance over n = 100
repeat runs of the experiment.

3.5. A Fitness Penalty for Competency Leads to Continued Improvement of an Embryo’s
Structural Genes

The Baldwin Effect [59] is the now broadly accepted phenomenon in which individual
organisms can achieve greater reproductive success based on behavioral adaptations, and
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that these adaptations can eventually become hardwired into the genome in subsequent
evolutionary cycles. Hinton and Nowlan [58] found that introducing an algorithm for
behavioral learning into evolutionary simulations produced outcomes consistent with the
Baldwin Effect. Our initial simulations of the evolutionary impact of cellular competency
did not exhibit the Baldwin Effect. This could have been due to the fact that our minimal
model did not simulate any cost associated with increasing cellular competency, and thus
there was no selective pressure towards genomic changes. Although the actual energetic
(or other) costs of cellular competencies are not known for any living model system, it
is possible that the cellular computations required for axial patterning require additional
resources over and above developmental events (competent or not) that are essential for any
embryo. Thus, we next studied the effects of introducing a competency cost by penalizing
the fitness of embryos in our model by a factor of their competency-value. Using penalty
factors in the range of [1 X 1077, 0.5], we did see a Baldwin effect: the rate of rise of
genotypic fitness corresponded positively with the increase in penalty factors. For penalty
factors over 0.5, the genotypic fitness rose well above the phenotypic fitness, leading to
disappearance of the Baldwin effect.

The results of simulation using a penalty factor of 1 x 10~* over 3000 generations
are shown in Figure 7. As described above for simulations with no competency cost,
phenotypic fitness reached its maximum in under 20 generations. However, unlike the
previous experiment, the fitness of the structural genes did not plateau after a brief increase,
but continued to improve over the course of evolution (Figure 7A). Further, as the geno-
typic fitness rose, selection preferred progressively lower competency values (Figure 7B).
Phenotypic fitness was maintained at the maximum level, but the way in which embryos
achieved phenotypic fitness evolved to value structural genes over the competency gene.
Over time, selection ensured that the genotype improved to a stage where competency
became redundant—the Baldwin effect [59]. We conclude that in the context of expensive
competencies, selection is faced with a tradeoff between competency and the structural
genome: it can either pick high competencies and bear subsequent penalties, or, it can
pick low competencies and improve its structural genome. Since improving the structural
genome does not bear a cost, selection prioritizes improvement of the structural genome,
and over time, nullifies the effect of competency. Thus early gains based on the competency
gene are later assimilated into the structural genes, paralleling what has been described
previously in the context of organism-level learning [59].
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Figure 7. Penalizing competency leads to its redundancy over time: the Baldwin Effect. Compe-
tent embryos (1 = 100) were initialized with an evolvable competency gene. At each developmental
cycle, a fitness penalty of 1 x 10~ times the competency value was applied. (A): Fitnesses of the best
individual in a population of competent embryos with evolvable competency penalized by a factor
of 1 x 10~%. Shaded area represents variance over 100 runs. (B): Competency gene value chosen by
the most fit embryo over the course of evolution. Shaded area represents the range of competency
gene values in the population at each time point. (C): Correlation of the genotypic and phenotypic
values of the population (shown as average values over sequences of 50 generations).

4. Discussion

Here, we focused on a specific and novel question: the implications, for the rate and
course of evolution, of a developmental process that exhibits competency at problem-
solving in anatomical morphospace [59]. We produced a minimal simulation (Figure 1)
that abstracted away many biological details to focus on a simple architecture: a phenotype
easily optimized by traditional genetic algorithms, and a new component: competency
of the individual cells to move based on interactions with neighboring cells, simulating a
single body axis morphogenetic gradient of positional information [59].

4.1. Genotypic vs. Phenotypic Fitness: Cellular Competencies and Learning

Our approach is related to the work on the role of learning in evolution [58,60-67].
What is similar is the emphasis on genetics as the specification for a system that will then
exhibit diverse behaviors that are not themselves hardcoded in the genome. Additionally,
similar is the fact that DNA, as a code for specifying protein sequences, actually cannot
encode directly for behavioral repertoires any more than it can directly encode morphology.
What is crucially different is that traditional approaches focus on animal-scale behavior,
which requires a novel and specific mechanism to evolve, such as nervous systems wired
so as to facilitate specific types of learning. In our model, there is no learning needed;
moreover, our system’s competency arises from a basic property of single cells: the ability
to sense their neighbors, prefer those of similar type, and migrate as needed to reduce stress
based on unmet expectations (e.g., intercalary regeneration in the limb [68-71]). Because
cells were once themselves individual organisms and are organized into networks with
homeostasis, allostasis, and homeorhesis properties [72-77], evolution is working with an
agential material [24,26], which has competencies that do not need to be evolved directly
(are present from the start).

However, it is likely that the cellular competency we examine here, and the behav-
ioral learning that has been modeled by others, interact in ways that have evolutionary
impact. For example, cellular activities can be the subject of behavior shaping by signals
(implemented by evolutionarily-sculpted properties of the subcellular hardware such as
signaling machinery and GRNs). In other words, much as organism-level learning enables
an individual’s function to be molded by signals from conspecifics and parasites; similarly,
cellular competencies open cells up to beneficial or detrimental signals from other cells
in the organism itself that can control them via real-time triggers. It will be interesting in
future work to understand how many results from the evolutionary learning field carry
over to the evolutionary implications of competency, and how these two different aspects
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of the divergence of genotype from phenotype interact with each other in hybrid models
that have both features.

4.2. Limitations of the Study

Our framework was more complete than many evolutionary simulations because
it included an explicit developmental layer between the genotype and phenotype. It
was multiscale in the sense that important changes occurred on an evolutionary scale
across individuals, but also ones driven by components of those individuals within their
lifetime—the cells, which had their own perspective and local goals. However, our system
clearly omitted a huge amount of biological detail with respect to cellular mechanisms
of sensing, competition, cooperation, etc. We intentionally designed a minimal model
to specifically focus on a few sufficient dynamics, and this likely under-emphasized the
difference between cellular competencies and, for example, effects of learning at the organ-
ism level on evolution. Fundamentally we explored a toy model virtual world in which
the individual roles of selection and competency could be quantitatively dissected in the
absence of confounding complexity—we sought generic laws and dynamics [78-82], not a
simulation of the detailed trajectory of any existing biological species.

Future work will add physiological layers, diverse cell types, computation at gene-
regulatory and cellular-network levels, and a multi-dimensional target morphology
(e.g., 2D or 3D pattern instead of just one primary axis) to more closely model biological
reality. There is also much that can be improved with respect to the specific mechanisms
that cells use to implement their competency: a rich set of diverse genes will be added in
the future to enable evolution to manipulate different types of local goals and competencies.
Moreover, recent discoveries in transgenerational inheritance [78-82] suggest that barrier
between the genome and the phenotype is at least somewhat porous, and the effects of
propagating sort order to offspring should be investigated.

4.3. The Role of Cellular Competency in Evolution

We found that providing cells with a minimal homeostatic competency to improve
their position in the virtual embryo results in better performance of the evolutionary
search. Populations reach better fitness values faster when cellular activity is able to
make up for genetic deficiencies (Figure 2). Indeed, in mixed populations, competent
individuals tend to dominate and rapidly take over (Figure 4), as long as they have a
minimal level of competency and/or are present in adequate numbers (Table 2). The
simulation highlighted the distinction between two properties of each individual that are
often conflated or obscured in simulations that do not include an explicit competency step:
genotypic vs. phenotypic fitness.

Indeed, biology has many examples of evolution’s attempts to gauge genomes that it
cannot see directly, for example by fluctuating asymmetry [83,84] and the near universal
standards of sexual selection for left-right symmetrical features (which in turn is correlated
with lack of genetic damage) [85-87]. In this system, we see that competency results in
good phenotypic fitness but takes selective pressure off of genotypic fitness, which settles
at a sub-optimal level (Figure 3).

Perhaps the most interesting aspect was the role that competency plays in exacerbating
the inability of selection to evaluate the genetic material that gets passed on to subsequent
generations. We observed that increases in competency made it harder and harder for
selection to pick the best structural genes. Specifically, the correlation between genotypic
and phenotypic fitness drops to insignificant levels very rapidly (Figure 5C). This could be
expected to result in complex dynamics, because competency improves fitness of individu-
als but impairs the ability of the evolutionary hill-climbing search in fitness space to pick
out the most elite structural genomes. Thus, we studied what happens when evolution
is also allowed to control the degree of competency, which is biologically realistic since
cellular capacities for sensing, computation, and action are themselves under evolutionary
selection. We observed that the population drives towards picking the highest competency
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gene value in the population (Figure 5A), settling at a value close to 470. While this value
of competency is sufficient to boost an embryo’s fitness to maximum, it is not necessary.
We propose the following explanation.

Initially when evolution begins, the ordering of the cells is far enough from ascending
order that a high competency gene value is required to create individuals with high fitness.
At generation 20 or so, maximum fitness is achieved by choosing high competency gene
values, and by simultaneously improving structural genome quality to 57% genotypic
fitness. After generation 20, the genotypic fitness drops to a value of 52% and stabilizes
with no further improvements. From this value of genotypic fitness, a competency value
of 364 would theoretically be adequate to reach peak fitness. As a result, there is no selection
pressure for evolution to always pick the highest possible competency value (i.e, a value
of 480 seen in the shaded area of Figure 5A), because a value of 480 confers no additional
phenotypic fitness over a value of 364. They are perceived as equal by the selection process
and hence a random walk between these values would suffice. The reason we notice
evolution picking values close to 480 at the end of 1000 generations could be because of a
stochastic component to selection of embryos with competency gene values above 364. In
our experiments, if >10% of the population have a fitness of 1.0 before selection, we pick
the first 10%. This leads to the random selection of competency genes within the range
of [364, 480].

In our models, we had to make a number of quantitative choices with respect to
the evolutionary process. Thus, we checked how sensitive our conclusions were to these
decisions via a hyperparameter scan: re-running the simulations with different choices
for various hyperparameters (see Supplement 52.3.1). Specifically, we identified mutation
probability and selection stringency as key hyperparameters which could influence the
results of evolution. In an effort to probe their influence on the final competency gene value
attained, we ran this experiment for 132 different combinations of mutation probability
and selection stringency in the range of [0.2, 0.8] and recorded the stable-competency value
attained for each hyperparameter combination (Figure S1 in Supplement S2.3.1). Corre-
lation analysis revealed that a correlation of —0.4 existed between mutation probability
and stable-competency-gene-value. However, no relationship was found between selection
stringency and the stable-competency-gene-value. A possible reason for this could be that
after generation 20, almost every embryo in the population achieves maximum phenotypic
fitness, therefore there is no difference in choosing the top 20% of the population or the top
80% of the population. Mutation probability on the other hand has a direct influence on
changing individual fitness, which explains its moderately significant relationship with the
stable-competency-gene-value.

4.4. The Paradox of Robustness: Why the Animal with the Worst Genome Has the Best Anatomy

The competency of a population can be seen as granting robustness against pertur-
bations, i.e., competency resolves aberrations in the genome and lessens the burden on
evolution. The role of robustness in evolution has been a popular topic of discussion [88-92].
A population’s robustness is hypothesized to cause an evolutionary reduction in its adaptive
performance; a sort of maladaptation caused when improved robustness traits layer on
top of one another over evolutionary time and hide the underlying adaptive traits. This
paradox has been shown to have broad implications on organismal design and is supposed
to be a key aspect of evolution. Our results are in line with this paradox. Figure 3 is a
clear depiction of the role robustness plays in hindering the quality of the genome. At each
generation, increasing competency adds robustness that shields genomes which otherwise
would have been culled by evolution. When compared to a population with no competency
(hardwired), genomes in competent populations stabilize to a mediocre value whereas the
untampered hardwired genomes rise steadily to maximum fitness. However, it must be
noted that this is not necessarily a disadvantage. The paradox reveals the efficiency of
competency: genomes need not be perfect; a stable threshold value of the structural genome
is all that is required for competency to boost an individual’s fitness to maximum. Genetic
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information and problem-solving capacity of the cells work together to achieve a perfect
solution to this fitness function.

This dynamic relationship between genotype and cell competency demonstrated in our
simulation uniquely explains the remarkable example of planarian biology described in the
introduction [19]. How can animals with a chaotic genome have such robust anatomies? We
propose that planaria are an example of runaway competency: when cells get really good at
making up for deficiencies in the structural genes, evolution has such a hard time selecting
for the best genomes that further improvements instead increase generic competency to
reach their target morphology despite perturbations. This positive feedback loop results
in biological hardware that is highly successful at maintaining a specific morphology in a
wide range of circumstances.

Tolerance to genetic and environmental insults is seen to some extent in other species;
for example, human embryos are tolerant to being split at early stages, creating normal
monozygotic twins, while mutations in important genes can sometimes be overcome by
development [93-95]. However, in the amazingly regenerative planaria the effect was
apparently much stronger. We propose this also as an explanation for another curious
aspect of planaria. In every other model species, mutant lines are available—fruit flies
with different number of wings or color of eyes, mice with abnormal tails, and many more
genetic strains that are available from stock centers. In planaria this does not exist—no
morphologically abnormal genetic strains have been reported. In fact, the only available
abnormal line of planaria is a permanently two-headed form [96-98], which was produced
not genetically but by manipulating bioelectrical signaling—the modality that is used
to coordinate cellular competency [99-101], as is predicted by our model for species like
planaria. Given their resistance to mutation, it’s unclear how speciation in planaria happens,
but it should be noted that the same bioelectrical strategy that controls computation and
cognition (i.e., behavioral competencies) in brains has been shown to coax genetically
wild-type planaria to grow the heads appropriate to other species [102,103].

4.5. Genes Can Specify Direct Features, or Problem-Solving Behaviors

Of course, competency is itself carried out by molecular hardware which itself is
subject to evolution and is encoded in the genome. However, it has long been clear that
genotype does not uniquely determine the phenotype [104-106]). Development (and
thus, evolution) can make use of many principles of physics (bioelectric computations,
biomechanics, GRN memory, and other inherent properties [14-16,107-114]) that are not
directly encoded anywhere but are exploited by the genome-specified machine. Our
simulations study the effects of one type of such “free lunch”: cellular positional preferences
and ancestral capability of motility during development, which are distinct from the
environmental influences studied during typical epigenetics research. Our distinction is
between structural genes (which directly specify phenotypic features) and competency
genes (which specify a problem-solving machine that can exert context-sensitive activity).
This is a powerful distinction for the same reason that the hardware-software distinction has
driven a revolution in information technology. While the hardware (genome) is essential
and important, software (competency) harnesses novel laws of physics, computation, and
information processing that are not directly encoded by the hardware. This is akin to the
way a logic table is implemented, but not directly encoded by, the specification of the
transistors that make up a logic gate. This has been emphasized by fascinating work on
the “arrival of the fittest” (evolutionary exploitation of “free lunches” provided by generic
laws such as network properties [107,113-119]). While genes determine enzyme function
fairly directly, the relationship between genes and complex morphology and behavior is
extremely indirect [120]. However, the distinction between these modalities is not binary.
Thus, a more nuanced future framework will quantify (and exploit) a continuum of degrees
of directness with which a generative encoding determines form and function from a given
informational seed.
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4.6. Where the Hard Work Is Done: An Intelligence Ratchet

In planaria, most of the evolutionary “effort” seems to have gone into perfecting
the algorithm (the ability of cells to create a normal worm morphology), vs. keeping a
clean genome, because of the vicious cycle of competency increases. We found that the
competency gene is changed significantly more often over the course of evolution than any
structural gene (Figure 6). When gains can no longer be made efficiently by tweaking the
genome (once selection cannot reliably pick out the good genotypes), all the effort goes
in to increasing the competency level. This suggests the existence of a powerful ratchet
mechanism in which evolution progressively becomes locked into improvements in the
intelligence of the agential material with which it works, with reduced pressure on the
structural genes. A positive feedback loop in which evolution increasingly puts more effort
into the developmental software than perfecting the hardware points to a possible drive
for scaling intelligence in morphological and other spaces [53-55,121-123]. It is possible
that a drive for increased competency is an ancient and ubiquitous pressure [72], which
plays out to different degrees in different biological lineages based on other aspects of their
environmental and reproductive hyper-parameters.

4.7. The Costs of Competency

One factor resisting the runaway positive feedback for multiscale intelligence is the
cost of competencies. When included in our models (Figure 7B), it induced a classic
Baldwin effect of assimilation into the genome and subsequent lessening of the drive for
competency. However, whether this is realistic remains to be determined by measurements
in vivo that have not yet been done. On the one hand, it is reasonable to posit that
specific developmental computations (that might be needed for anatomical homeostasis for
example [124,125]) could carry a metabolic or other cost. On the other hand, these may be
capacities that cells are already doing regardless—they may be impossible to turn off, and
may represent a use of internal processes that carries no extra penalty. Examples include
bioelectric signaling that controls morphogenesis via ion channels needed for housekeeping
physiology and cancer suppression [99,126], and learning properties of gene regulatory
networks [127,128], which are emergent and require no new mechanisms for structural
plasticity. Moreover, some properties (such as behaviors and morphogenetic outcomes)
may simply be too hard to encode genetically, since genes directly specify proteins—not
complex anatomical states. Our simple model of a 1D positional information axis did not
enable that distinction (which may have otherwise limited the Baldwin effect and kept up
the pressure for competency, for the same reason that brainy and highly morphologically
plastic animals have advantages, despite the possibility of assimilation).

Another reason to include a competency penalty is to account for the extra develop-
mental time that may be needed for the cellular activities to take place. However, it is
not clear that this is a fair adjustment. We know of no data to suggest that the cleverer
activity of competent morphogenetic processes takes longer than is required by minimal,
feed-forward developmental mechanisms. Thus, giving a hardwired individual credit for
completing development faster (equivalent to the penalty for competency in our Baldwin
effect experiments) may not be an accurate modeling of the biology. Thus, we believe con-
clusions about the Baldwin effect and the limitations on competency observed in Figure 7
should be re-investigated in future work, when the real-world costs of these processes can
be measured.

5. Conclusions

These results suggest a diverse research program on the evolutionary interplay
between biological hardware and software. We suggest that the field of basal cognit
ion [52-54,57,121,122,129-131] is an important part of understanding evolutionary de-
velopmental biology [73,132-135], and that intelligence (problem-solving competency)
was an evolutionary driver long before complex brains and muscle-driven behavior
arose [52,53,56,136-143]. Beyond understanding natural evolution, we suggest that the
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design of autonomous robotics [144,145], synthetic life [146], and interventions for re-
generative medicine [35] can all benefit from deciphering and exploiting the multiscale
competency architecture so richly exhibited by living forms.
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/ /www.mdpi.com/article/10.3390/e25010131/s1.

Author Contributions: Conceptualization: M.L. and L.S.; Methodology: M.L. and L.S.; Software: L.S.;
Analysis: L.S. and M.L.; Data curation: L.S.; Writing original draft preparation—L.S.; Writing—review
and editing: M.L. and L.S.; Supervision: M.L.; Project administration: M.L.; Funding acquisition: M.L.
All authors have read and agreed to the published version of the manuscript.

Funding: M.L. and L.S. gratefully acknowledge support via the John Templeton Foundation grant
62212 and the SMARTS-UP Scholarship.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Our code is made publicly available at https:/ /github.com/Niwhskal /
CellularCompetency (accessed on 7 August 2022).

Acknowledgments: We thank Chris Fields, Steven Frank, Hananel Hazan, Santosh Manicka, and
Richard Watson for helpful discussions, and Julia Poirier for assistance with the manuscript preparation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Huizinga, J.; Stanley, K.O.; Clune, J. The Emergence of Canalization and Evolvability in an Open-Ended, Interactive Evolutionary
System. Artif. Life 2018, 24, 157-181. [CrossRef] [PubMed]

2. Cheney, N.; Bongard, ].C.; Lipson, H. Evolving Soft Robots in Tight Spaces. In Proceedings of the Gecco’15: Proceedings of the
2015 Genetic and Evolutionary Computation Conference, Madrid, Spain, 11-15 July 2015; pp. 935-942.

3. Auerbach, ].E,; Bongard, J.C. Evolving Complete Robots with CPPN-NEAT: The Utility of Recurrent Connections. In Proceedings
of the Gecco-2011: Proceedings of the 13th Annual Genetic and Evolutionary Computation Conference, Dublin, Ireland, 12-16
July 2011; pp. 1475-1482.

4. Clune, J.; Beckmann, B.E.; Ofria, C.; Pennock, R.T. Evolving Coordinated Quadruped Gaits with the HyperNEAT Generative
Encoding. In Proceedings of the 2009 IEEE Congress on Evolutionary Computation, Trondheim, Norway, 18-21 May 2009;
Volumes 1-5, pp. 2764-2771. [CrossRef]

5. Lai, G.; Leymarie, EF.; Latham, W.; Arita, T.; Suzuki, R. Virtual Creature Morphology—A Review. Comput. Graph. Forum
2021, 40, 659-681. [CrossRef]

6. Miller, J.E. Evolving a Self-Repairing, Self-Regulating, French Flag Organism; Springer: Berlin/Heidelberg, Germany, 2004;
pp. 129-139.

7. Hampton, A.N.; Adami, C. Evolution of robust developmental neural networks. Artif. Life IX 2004, 438—443.

8.  Stanley, K.O.; Miikkulainen, R. A taxonomy for artificial embryogeny. Artif. Life 2003, 9, 93-130. [CrossRef] [PubMed]

9. Miller, J.E. Evolving developmental programs for adaptation, morphogenesis, and self-repair. Lect. Notes Artif. Intell.
2003, 2801, 256-265.

10.  Astor, J.C.; Adami, C. A developmental model for the evolution of artificial neural networks. Artif. Life 2000, 6, 189-218. [CrossRef]
[PubMed]

11.  Gruau, F. Genetic Synthesis of Modular Neural Networks. In Proceedings of the 5th International Conference on Genetic
Algorithms, ICGA-93, Champaign, IL, USA, 1 June 1993; pp. 318-325.

12. Gruau, E. Cellular Encoding of Genetic Neural Networks; Laboratoire de I'Informatique du Parallilisme: Lyon, France, 1992.

13. Kitano, H. Designing neural networks using genetic algorithms with a graph generation system. Complex Syst. 1990, 4, 461-476.

14. Newman, S.A. Inherency of Form and Function in Animal Development and Evolution. Front. Physiol. 2019, 10, 702. [CrossRef]

15. Newman, S.A. Inherency and homomorphy in the evolution of development. Curr. Opin. Genet. Dev. 2019, 57, 1-8. [CrossRef]

16. Newman, S.A. Inherency. In Evolutionary Developmental Biology: A Reference Guide; Nuno de la Rosa, L., Miiller, G., Eds.; Springer
International Publishing: Cham, Switzerland, 2017; pp. 1-12.

17.  Beloussov, L.V. Mechano-geometric generative rules of morphogenesis. Biol. Bull. 2012, 39, 119-126. [CrossRef]

18. Beloussov, L.V. Mechanically based generative laws of morphogenesis. Phys. Biol. 2008, 5, 015009. [CrossRef]

19. Levin, M.; Pietak, A.M.; Bischof, J. Planarian regeneration as a model of anatomical homeostasis: Recent progress in biophysical
and computational approaches. Semin. Cell Dev. Biol. 2019, 87, 125-144. [CrossRef]

20. Oviedo, N.J.; Beane, W.S. Regeneration: The origin of cancer or a possible cure? Semin. Cell Dev. Biol. 2009, 20, 557-564. [CrossRef]

21. Lobo, D.; Solano, M.; Bubenik, G.A.; Levin, M. A linear-encoding model explains the variability of the target morphology in

regeneration. J. R. Soc. Interface 2014, 11, 20130918. [CrossRef]


https://www.mdpi.com/article/10.3390/e25010131/s1
https://www.mdpi.com/article/10.3390/e25010131/s1
https://github.com/Niwhskal/CellularCompetency
https://github.com/Niwhskal/CellularCompetency
http://doi.org/10.1162/artl_a_00263
http://www.ncbi.nlm.nih.gov/pubmed/30485140
http://doi.org/10.1109/Cec.2009.4983289
http://doi.org/10.1111/cgf.142661
http://doi.org/10.1162/106454603322221487
http://www.ncbi.nlm.nih.gov/pubmed/12906725
http://doi.org/10.1162/106454600568834
http://www.ncbi.nlm.nih.gov/pubmed/11224915
http://doi.org/10.3389/fphys.2019.00702
http://doi.org/10.1016/j.gde.2019.05.006
http://doi.org/10.1134/S1062359012020045
http://doi.org/10.1088/1478-3975/5/1/015009
http://doi.org/10.1016/j.semcdb.2018.04.003
http://doi.org/10.1016/j.semcdb.2009.04.005
http://doi.org/10.1098/rsif.2013.0918

Entropy 2023, 25, 131 19 of 22

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.

55.
56.

Mathews, J.; Levin, M. The body electric 2.0: Recent advances in developmental bioelectricity for regenerative and synthetic
bioengineering. Curr. Opin. Biotechnol. 2018, 52, 134-144. [CrossRef]

Levin, M. The wisdom of the body: Future techniques and approaches to morphogenetic fields in regenerative medicine,
developmental biology and cancer. Regen. Med. 2011, 6, 667-673. [CrossRef]

Levin, M. Collective Intelligence of Morphogenesis as a Teleonomic Process. PsyArxiv 2022. [CrossRef]

Harris, A.K. The need for a concept of shape homeostasis. Biosystems 2018, 173, 65-72. [CrossRef]

Davies, J.; Levin, M. Synthetic morphology via active and agential matter. Nat. Bioeng. 2022. preprint. [CrossRef]

Fields, C.; Levin, M. Competency in Navigating Arbitrary Spaces as an Invariant for Analyzing Cognition in Diverse Embodiments.
Entropy 2022, 24, 819. [CrossRef]

Clawson, W.P; Levin, M. Endless Forms Most Beautiful: Teleonomy and the bioengineering of chimeric and synthetic organisms.
Biol. J. Linn. Soc. 2022, in press. [CrossRef]

Birnbaum, K.D.; Sanchez Alvarado, A. Slicing across kingdoms: Regeneration in plants and animals. Cell 2008, 132, 697-710.
[CrossRef] [PubMed]

Vandenberg, L.N.; Adams, D.S.; Levin, M. Normalized shape and location of perturbed craniofacial structures in the Xenopus
tadpole reveal an innate ability to achieve correct morphology. Dev. Dyn. 2012, 241, 863-878. [CrossRef] [PubMed]

Pinet, K.; McLaughlin, K.A. Mechanisms of physiological tissue remodeling in animals: Manipulating tissue, organ, and organism
morphology. Dev. Biol. 2019, 451, 134-145. [CrossRef] [PubMed]

Pinet, K.; Deolankar, M.; Leung, B.; McLaughlin, K.A. Adaptive correction of craniofacial defects in pre-metamorphic Xenopus
laevis tadpoles involves thyroid hormone-independent tissue remodeling. Development 2019, 146, dev175893. [CrossRef]
Blackiston, D.J.; Levin, M. Ectopic eyes outside the head in Xenopus tadpoles provide sensory data for light-mediated learning.
J. Exp. Biol. 2013, 216, 1031-1040. [CrossRef]

Pezzulo, G.; Levin, M. Top-down models in biology: Explanation and control of complex living systems above the molecular
level. J. R. Soc. Interface 2016, 13, 20160555. [CrossRef]

Pezzulo, G.; Levin, M. Re-membering the body: Applications of computational neuroscience to the top-down control of
regeneration of limbs and other complex organs. Integr. Biol. 2015, 7, 1487-1517. [CrossRef]

Kirschner, M.; Gerhart, J. Evolvability. Proc. Natl. Acad. Sci. USA 1998, 95, 8420-8427. [CrossRef]

Alberch, P. From genes to phenotype: Dynamical systems and evolvability. Genetica 1991, 84, 5-11. [CrossRef]

Draghi, J.A.; Parsons, T.L.; Wagner, G.P.; Plotkin, ].B. Mutational robustness can facilitate adaptation. Nature 2010, 463, 353-355.
[CrossRef]

Wagner, G.P,; Pavlicev, M.; Cheverud, ].M. The road to modularity. Nat. Rev. Genet. 2007, 8, 921-931. [CrossRef]

Schlosser, G.; Wagner, G.P. Modularity in Development and Evolution; University of Chicago Press: Chicago, IL, USA, 2004.
Calabretta, R.; Ferdinando, A.D.; Wagner, G.P.; Parisi, D. What does it take to evolve behaviorally complex organisms? Biosystems
2003, 69, 245-262. [CrossRef]

Muller, V.C.; Hoffmann, M. What Is Morphological Computation? On How the Body Contributes to Cognition and Control. Artif.
Life 2017, 23, 1-24. [CrossRef]

Pfeifer, R.; lida, F.; Lungarella, M. Cognition from the bottom up: On biological inspiration, body morphology, and soft materials.
Trends Cogn. Sci. 2014, 18, 404-413. [CrossRef]

Zahedi, K.; Ay, N. Quantifying Morphological Computation. Entropy 2013, 15, 1887-1995.

Corucci, F; Cheney, N.; Lipson, H.; Laschi, C.; Bongard, J.C. Material properties affect evolution’s ability to exploit morphological
computation in growing soft-bodied creatures. In Proceedings of the The Fifteenth International Conference on the Synthesis and
Simulation of Living Systems (ALIFE XV), Canctn, Mexico, 4-8 July 2016.

Kriegman, S.; Cheney, N.; Bongard, J]. How morphological development can guide evolution. arXiv 2017, arXiv:1711.07387.
[CrossRef]

Niehrs, C. On growth and form: A Cartesian coordinate system of Wnt and BMP signaling specifies bilaterian body axes.
Development 2010, 137, 845-857. [CrossRef]

Frankel, J. Positional information in cells and organisms. Trends Cell Biol. 1992, 2, 256-260. [CrossRef]

Astrachan, O. Bubble sort: An archaeological algorithmic analysis. ACM SIGCSE Bull. 2003, 35, 1-5. [CrossRef]

Jablonka, E.; Lamb, M.].; Avital, E. ‘Lamarckian” mechanisms in darwinian evolution. Trends Ecol. Evol. 1998, 13, 206-210.
[CrossRef] [PubMed]

Jablonka, E.; Lamb, M.].; Zeligowski, A. Evolution in Four Dimensions: Genetic, Epigenetic, Behavioral, and Symbolic Variation in the
History of Life; Revised Edition; A Bradford Book; The MIT Press: Cambridge, MA, USA, 2014; p. xii. 563p.

Lyon, P;; Keijzer, F; Arendt, D.; Levin, M. Reframing cognition: Getting down to biological basics. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 2021, 376, 20190750. [CrossRef] [PubMed]

Levin, M.; Keijzer, E; Lyon, P.; Arendt, D. Uncovering cognitive similarities and differences, conservation and innovation. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 2021, 376, 20200458. [CrossRef] [PubMed]

Lyon, P. Of what is “minimal cognition” the half-baked version? Adapt. Behav. 2020, 28, 407-424. [CrossRef]

Lyon, P. The cognitive cell: Bacterial behavior reconsidered. Front. Microbiol. 2015, 6, 264. [CrossRef]

Keijzer, F.; van Duijn, M.; Lyon, P. What nervous systems do: Early evolution, input-output, and the skin brain thesis. Adapt.
Behav. 2013, 21, 67-85. [CrossRef]


http://doi.org/10.1016/j.copbio.2018.03.008
http://doi.org/10.2217/rme.11.69
http://doi.org/10.31234/osf.io/hqc9b
http://doi.org/10.1016/j.biosystems.2018.09.012
http://doi.org/10.31219/osf.io/xrv8h
http://doi.org/10.3390/e24060819
http://doi.org/10.1093/biolinnean/blac073
http://doi.org/10.1016/j.cell.2008.01.040
http://www.ncbi.nlm.nih.gov/pubmed/18295584
http://doi.org/10.1002/dvdy.23770
http://www.ncbi.nlm.nih.gov/pubmed/22411736
http://doi.org/10.1016/j.ydbio.2019.04.001
http://www.ncbi.nlm.nih.gov/pubmed/30974103
http://doi.org/10.1242/dev.175893
http://doi.org/10.1242/jeb.074963
http://doi.org/10.1098/rsif.2016.0555
http://doi.org/10.1039/C5IB00221D
http://doi.org/10.1073/pnas.95.15.8420
http://doi.org/10.1007/BF00123979
http://doi.org/10.1038/nature08694
http://doi.org/10.1038/nrg2267
http://doi.org/10.1016/S0303-2647(02)00140-5
http://doi.org/10.1162/ARTL_a_00219
http://doi.org/10.1016/j.tics.2014.04.004
http://doi.org/10.1038/s41598-018-31868-7
http://doi.org/10.1242/dev.039651
http://doi.org/10.1016/0962-8924(92)90191-O
http://doi.org/10.1145/792548.611918
http://doi.org/10.1016/S0169-5347(98)01344-5
http://www.ncbi.nlm.nih.gov/pubmed/21238269
http://doi.org/10.1098/rstb.2019.0750
http://www.ncbi.nlm.nih.gov/pubmed/33487107
http://doi.org/10.1098/rstb.2020.0458
http://www.ncbi.nlm.nih.gov/pubmed/33550950
http://doi.org/10.1177/1059712319871360
http://doi.org/10.3389/fmicb.2015.00264
http://doi.org/10.1177/1059712312465330

Entropy 2023, 25, 131 20 of 22

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

Lyon, P. The biogenic approach to cognition. Cogn. Process. 2006, 7, 11-29. [CrossRef]

Hinton, G.E.; Nowlan, J. How learning can guide evolution. Complex Syst. 1987, 1, 495-502.

Baldwin, .M. A new factor in evolution. Am. Nat. 1896, 30, 441-445. [CrossRef]

Kouvaris, K.; Clune, J.; Kounios, L.; Brede, M.; Watson, R.A. How evolution learns to generalise: Using the principles of learning
theory to understand the evolution of developmental organisation. PLoS Comput. Biol. 2017, 13, €1005358. [CrossRef]

Livnat, A.; Papadimitriou, C. Evolution and Learning: Used Together, Fused Together. A Response to Watson and Szathmary.
Trends Ecol. Evol. 2016, 31, 894-896. [CrossRef]

Sznajder, B.; Sabelis, M.W.; Egas, M. How Adaptive Learning Affects Evolution: Reviewing Theory on the Baldwin Effect. Evol.
Biol. 2012, 39, 301-310. [CrossRef]

Paenke, I.; Kawecki, T.J.; Sendhoff, B. The Influence of Learning on Evolution: A Mathematical Framework. Artif. Life
2009, 15, 227-245. [CrossRef]

Dopazo, H.; Gordon, M.B.; Perazzo, R.; Risau-Gusman, S. A model for the interaction of learning and evolution. Bull. Math. Biol.
2001, 63, 117-134. [CrossRef]

Ackley, D.; Litman, N. Interactions Between Learning and Evolution. In Proceedings of the Second Conference on Artificial Life,
Santa Fe, NM, USA, 5-9 February 1990; pp. 487-509.

Farmer, ].D.; Packard, N.H. Evolution, Games and Learning—Models for Adaptation in Machines and Nature—Proceedings of
the 5th Annual International-Conference of the Center for Nonlinear Studies, Los-Alamos, Nm, May 20-24, 1985—Introduction.
Physical D 1986, 22, R7-R12. [CrossRef]

Thorpe, W.H. Animal Learning and Evolution. Nature 1945, 156, 46. [CrossRef]

Rojo-Laguna, J.I.; Garcia-Cabot, S.; Salo, E. Tissue transplantation in planarians: A useful tool for molecular analysis of pattern
formation. Semin. Cell Dev. Biol. 2018, 87, 116-124. [CrossRef]

French, V. Pattern regulation and regeneration. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 1981, 295, 601-617.

Bryant, S.V.; Iten, L.E. Intercalary and supernumerary regeneration in regenerating the mature limbs of Notophthalmus viri-
descens. . Exp. Zool. 1977, 202, 1-16. [CrossRef]

French, V.; Bryant, PJ.; Bryant, S.V. Pattern regulation in epimorphic fields. Science 1976, 193, 969-981. [CrossRef]

Levin, M. Technological Approach to Mind Everywhere: An Experimentally-Grounded Framework for Understanding Diverse
Bodies and Minds. Front. Syst. Neurosci. 2022, 16, 768201. [CrossRef] [PubMed]

Levin, M. The Computational Boundary of a “Self”: Developmental Bioelectricity Drives Multicellularity and Scale-Free Cognition.
Front. Psychol. 2019, 10, 2688. [CrossRef] [PubMed]

Tschantz, A.; Barca, L.; Maisto, D.; Buckley, C.L.; Seth, A K,; Pezzulo, G. Simulating homeostatic, allostatic and goal-directed
forms of interoceptive control using active inference. Biol. Psychol. 2022, 169, 108266. [CrossRef] [PubMed]

Deans, C. Biological Prescience: The Role of Anticipation in Organismal Processes. Front. Physiol. 2021, 12, 672457. [CrossRef]
[PubMed]

Matsushita, Y.; Kaneko, K. Homeorhesis in Waddington’s landscape by epigenetic feedback regulation. Phys. Rev. Res.
2020, 2, 023083. [CrossRef]

Colditz, I.G. A consideration of physiological regulation from the perspective of Bayesian enactivism. Physiol. Behav.
2020, 214, 112758. [CrossRef]

Houri-Zeevi, L.; Rechavi, O. A Matter of Time: Small RNAs Regulate the Duration of Epigenetic Inheritance. Trends Genet.
2017, 33, 46-57. [CrossRef]

Neuhof, M.; Levin, M.; Rechavi, O. Vertically- and horizontally-transmitted memories—The fading boundaries between regenera-
tion and inheritance in planaria. Biol. Open 2016, 5, 1177-1188. [CrossRef]

Rechavi, O.; Houri-Ze’evi, L.; Anava, S.; Goh, W.S.; Kerk, S.Y.; Hannon, G.J.; Hobert, O. Starvation-induced transgenerational
inheritance of small RNAs in C. elegans. Cell 2014, 158, 277-287. [CrossRef]

Rechavi, O. Guest list or black list: Heritable small RNAs as immunogenic memories. Trends Cell Biol. 2014, 24, 212-220. [CrossRef]
Anava, S.; Posner, R.; Rechavi, O. The soft genome. Worm 2014, 3, €989798. [CrossRef]

Dongen, S.V. Fluctuating asymmetry and developmental instability in evolutionary biology: Past, present and future. J. Evol. Biol.
2006, 19, 1727-1743. [CrossRef]

Lens, L.; Van Dongen, S.; Kark, S.; Matthysen, E. Fluctuating asymmetry as an indicator of fitness: Can we bridge the gap between
studies? Biol. Rev. Camb. Philos. Soc. 2002, 77, 27-38. [CrossRef]

Enquist, M.; Arak, A. Symmetry, beauty and evolution. Nature 1994, 372, 169-172. [CrossRef]

Zaidel, D.W,; Aarde, S.M.; Baig, K. Appearance of symmetry, beauty, and health in human faces. Brain Cogn. 2005, 57, 261-263.
[CrossRef]

Zaidel, D.W.; Cohen, J.A. The face, beauty, and symmetry: Perceiving asymmetry in beautiful faces. Int. ]. Neurosci.
2005, 115, 1165-1173. [CrossRef]

Frank, S.A. Evolutionary design of regulatory control. I. A robust control theory analysis of tradeoffs. J. Theor. Biol.
2019, 463, 121-137. [CrossRef]

Frank, S.A. Evolutionary design of regulatory control. II. Robust error-correcting feedback increases genetic and phenotypic
variability. J. Theor. Biol. 2019, 468, 72-81. [CrossRef]

Frank, S.A. Evolution of robustness and cellular stochasticity of gene expression. PLoS Biol. 2013, 11, e1001578. [CrossRef]


http://doi.org/10.1007/s10339-005-0016-8
http://doi.org/10.1086/276408
http://doi.org/10.1371/journal.pcbi.1005358
http://doi.org/10.1016/j.tree.2016.10.004
http://doi.org/10.1007/s11692-011-9155-2
http://doi.org/10.1162/artl.2009.15.2.15204
http://doi.org/10.1006/bulm.2000.0207
http://doi.org/10.1016/0167-2789(86)90227-7
http://doi.org/10.1038/156046a0
http://doi.org/10.1016/j.semcdb.2018.05.022
http://doi.org/10.1002/jez.1402020102
http://doi.org/10.1126/science.948762
http://doi.org/10.3389/fnsys.2022.768201
http://www.ncbi.nlm.nih.gov/pubmed/35401131
http://doi.org/10.3389/fpsyg.2019.02688
http://www.ncbi.nlm.nih.gov/pubmed/31920779
http://doi.org/10.1016/j.biopsycho.2022.108266
http://www.ncbi.nlm.nih.gov/pubmed/35051559
http://doi.org/10.3389/fphys.2021.672457
http://www.ncbi.nlm.nih.gov/pubmed/34975512
http://doi.org/10.1103/PhysRevResearch.2.023083
http://doi.org/10.1016/j.physbeh.2019.112758
http://doi.org/10.1016/j.tig.2016.11.001
http://doi.org/10.1242/bio.020149
http://doi.org/10.1016/j.cell.2014.06.020
http://doi.org/10.1016/j.tcb.2013.10.003
http://doi.org/10.4161/21624054.2014.989798
http://doi.org/10.1111/j.1420-9101.2006.01175.x
http://doi.org/10.1017/S1464793101005796
http://doi.org/10.1038/372169a0
http://doi.org/10.1016/j.bandc.2004.08.056
http://doi.org/10.1080/00207450590914464
http://doi.org/10.1016/j.jtbi.2018.12.023
http://doi.org/10.1016/j.jtbi.2019.02.012
http://doi.org/10.1371/journal.pbio.1001578

Entropy 2023, 25, 131 21 of 22

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.
110.

111.

112.

113.

114.
115.

116.
117.

118.

119.
120.

121.

Frank, S.A. Natural selection. III. Selection versus transmission and the levels of selection. J. Evol. Biol. 2012, 25, 227-243.
[CrossRef]

Frank, S.A. Maladaptation and the paradox of robustness in evolution. PLoS ONE 2007, 2, e1021. [CrossRef] [PubMed]
Bailon-Zambrano, R.; Sucharov, J.; Mumme-Monheit, A.; Murry, M.; Stenzel, A.; Pulvino, A.T.; Mitchell, ].M.; Colborn, K.L.;
Nichols, ].T. Variable paralog expression underlies phenotype variation. Elife 2022, 11, €79247. [CrossRef] [PubMed]

Nichols, ].T.; Blanco-Sanchez, B.; Brooks, E.P.; Parthasarathy, R.; Dowd, J.; Subramanian, A.; Nachtrab, G.; Poss, K.D.; Schilling, T.F,;
Kimmel, C.B. Ligament versus bone cell identity in the zebrafish hyoid skeleton is regulated by mef2ca. Development 2016, 143,
4430-4440. [CrossRef] [PubMed]

Sucharov, J.; Ray, K.; Brooks, E.P.; Nichols, J.T. Selective breeding modifies mef2ca mutant incomplete penetrance by tuning the
opposing Notch pathway. PLoS Genet. 2019, 15, €1008507. [CrossRef] [PubMed]

Oviedo, N.J.; Morokuma, J.; Walentek, P.; Kema, I.P.; Gu, M.B.; Ahn, ].M.; Hwang, ].S.; Gojobori, T.; Levin, M. Long-range neural
and gap junction protein-mediated cues control polarity during planarian regeneration. Dev. Biol. 2010, 339, 188-199. [CrossRef]
[PubMed]

Nogi, T.; Levin, M. Characterization of innexin gene expression and functional roles of gap-junctional communication in planarian
regeneration. Dev. Biol. 2005, 287, 314-335. [CrossRef]

Durant, F.; Morokuma, J.; Fields, C.; Williams, K.; Adams, D.S.; Levin, M. Long-Term, Stochastic Editing of Regenerative Anatomy
via Targeting Endogenous Bioelectric Gradients. Biophys. J. 2017, 112, 2231-2243. [CrossRef]

Levin, M. Bioelectric signaling: Reprogrammable circuits underlying embryogenesis, regeneration, and cancer. Cell 2021, 184,
1971-1989. [CrossRef]

Harris, M.P. Bioelectric signaling as a unique regulator of development and regeneration. Development 2021, 148, dev180794.
[CrossRef]

Levin, M.; Pezzulo, G.; Finkelstein, ].M. Endogenous Bioelectric Signaling Networks: Exploiting Voltage Gradients for Control of
Growth and Form. Annu. Rev. Biomed. Eng. 2017, 19, 353-387. [CrossRef]

Sullivan, K.G.; Emmons-Bell, M.; Levin, M. Physiological inputs regulate species-specific anatomy during embryogenesis and
regeneration. Commun. Integr. Biol. 2016, 9, €1192733. [CrossRef]

Emmons-Bell, M.; Durant, F.; Hammelman, J.; Bessonov, N.; Volpert, V.; Morokuma, J.; Pinet, K.; Adams, D.S.; Pietak, A;
Lobo, D.; et al. Gap Junctional Blockade Stochastically Induces Different Species-Specific Head Anatomies in Genetically
Wild-Type Girardia dorotocephala Flatworms. Int. . Mol. Sci. 2015, 16, 27865-27896. [CrossRef]

West-Eberhard, M.]. Evolution in the light of developmental and cell biology, and vice versa. Proc. Natl. Acad. Sci. USA 1998, 95,
8417-8419. [CrossRef]

West-Eberhard, M.]. Phenotypic accommodation: Adaptive innovation due to developmental plasticity. J. Exp. Zool. B Mol. Dev.
Ewvol. 2005, 304, 610-618. [CrossRef]

West-Eberhard, M.]J. Developmental plasticity and the origin of species differences. Proc. Natl. Acad. Sci. USA 2005, 102 (Suppl. 1),
6543-6549. [CrossRef]

Kauffman, S.A. The Origins of Order: Self Organization and Selection in Evolution; Oxford University Press: New York, NY, USA, 1993.
Kauffman, S.A.; Johnsen, S. Coevolution to the edge of chaos: Coupled fitness landscapes, poised states, and coevolutionary
avalanches. |. Theor. Biol. 1991, 149, 467-505. [CrossRef]

Shmulevich, I; Kauffman, S.A. Activities and sensitivities in boolean network models. Phys. Rev. Lett. 2004, 93, 048701. [CrossRef]
Watson, R.; Levin, M.; Buckley, C.L. Design for an individual: Connectionist approaches to the evolutionary transitions in
individuality. Front. Ecol. Evol. 2022, 10, 823588. [CrossRef]

Buckley, C.L.; Watson, R.A. Natural Induction. 2023. manuscript in preparation.

Watson, R.A.; Mills, R.; Buckley, C.L.; Kouvaris, K.; Jackson, A.; Powers, S.T.; Cox, C.; Tudge, S.; Davies, A.; Kounios, L.; et al.
Evolutionary Connectionism: Algorithmic Principles Underlying the Evolution of Biological Organisation in Evo-Devo, Evo-Eco
and Evolutionary Transitions. Evol. Biol. 2016, 43, 553-581. [CrossRef]

Karve, S.; Wagner, A. Multiple Novel Traits without Immediate Benefits Originate in Bacteria Evolving on Single Antibiotics. Mol.
Biol. Evol. 2022, 39, msab341. [CrossRef]

Calcagni, G. The geometry of learning. J. Math. Psychol. 2018, 84, 74-88. [CrossRef]

Payne, J.L.; Moore, ].H.; Wagner, A. Robustness, evolvability, and the logic of genetic regulation. Artif. Life 2014, 20, 111-126.
[CrossRef] [PubMed]

Raman, K.; Wagner, A. The evolvability of programmable hardware. J. R. Soc. Interface 2011, 8, 269-281. [CrossRef] [PubMed]
Calcott, B.; Levy, A.; Siegal, M.L.; Soyer, O.S.; Wagner, A. Engineering and Biology: Counsel for a Continued Relationship. Biol.
Theory 2015, 10, 50-59. [CrossRef] [PubMed]

Wagner, A.; Rosen, W. Spaces of the possible: Universal Darwinism and the wall between technological and biological innovation.
J. R. Soc. Interface 2014, 11, 20131190. [CrossRef] [PubMed]

Wagner, A. Arrival of the Fittest: Solving Evolution’s Greatest Puzzle; Current: New York, NY, USA, 2014.

Boyle, E.A ; Li, Y.I; Pritchard, ] K. An Expanded View of Complex Traits: From Polygenic to Omnigenic. Cell 2017, 169, 1177-1186.
[CrossRef]

Baluska, F.; Miller, W.B.; Reber, A.S. Cellular and evolutionary perspectives on organismal cognition: From unicellular to
multicellular organisms. Biol. J. Linn. Soc. 2022, blac005. [CrossRef]


http://doi.org/10.1111/j.1420-9101.2011.02431.x
http://doi.org/10.1371/journal.pone.0001021
http://www.ncbi.nlm.nih.gov/pubmed/17925869
http://doi.org/10.7554/eLife.79247
http://www.ncbi.nlm.nih.gov/pubmed/36134886
http://doi.org/10.1242/dev.141036
http://www.ncbi.nlm.nih.gov/pubmed/27789622
http://doi.org/10.1371/journal.pgen.1008507
http://www.ncbi.nlm.nih.gov/pubmed/31790396
http://doi.org/10.1016/j.ydbio.2009.12.012
http://www.ncbi.nlm.nih.gov/pubmed/20026026
http://doi.org/10.1016/j.ydbio.2005.09.002
http://doi.org/10.1016/j.bpj.2017.04.011
http://doi.org/10.1016/j.cell.2021.02.034
http://doi.org/10.1242/dev.180794
http://doi.org/10.1146/annurev-bioeng-071114-040647
http://doi.org/10.1080/19420889.2016.1192733
http://doi.org/10.3390/ijms161126065
http://doi.org/10.1073/pnas.95.15.8417
http://doi.org/10.1002/jez.b.21071
http://doi.org/10.1073/pnas.0501844102
http://doi.org/10.1016/S0022-5193(05)80094-3
http://doi.org/10.1103/PhysRevLett.93.048701
http://doi.org/10.3389/fevo.2022.823588
http://doi.org/10.1007/s11692-015-9358-z
http://doi.org/10.1093/molbev/msab341
http://doi.org/10.1016/j.jmp.2018.03.007
http://doi.org/10.1162/ARTL_a_00099
http://www.ncbi.nlm.nih.gov/pubmed/23373974
http://doi.org/10.1098/rsif.2010.0212
http://www.ncbi.nlm.nih.gov/pubmed/20534598
http://doi.org/10.1007/s13752-014-0198-3
http://www.ncbi.nlm.nih.gov/pubmed/26085824
http://doi.org/10.1098/rsif.2013.1190
http://www.ncbi.nlm.nih.gov/pubmed/24850903
http://doi.org/10.1016/j.cell.2017.05.038
http://doi.org/10.1093/biolinnean/blac005

Entropy 2023, 25, 131 22 of 22

122.
123.

124.
125.

126.
127.

128.

129.

130.

131.
132.

133.
134.
135.
136.
137.

138.
139.

140.

141.

142.

143.

144.

145.
146.

Reber, A.S.; Baluska, F. Cognition in some surprising places. Biochem. Biophys. Res. Commun. 2021, 564, 150-157. [CrossRef]
Baluska, F.; Reber, A.S. Cellular and organismal agency—Not based on genes: A comment on Baverstock. Prog. Biophys. Mol. Biol.
2021, 167, 161-162. [CrossRef]

Manicka, S.; Levin, M. Modeling somatic computation with non-neural bioelectric networks. Sci. Rep. 2019, 9, 18612. [CrossRef]
Manicka, S.; Levin, M. Minimal Developmental Computation: A Causal Network Approach to Understand Morphogenetic
Pattern Formation. Entropy 2022, 24, 107. [CrossRef]

Bates, E. Ion Channels in Development and Cancer. Annu. Rev. Cell Dev. Biol. 2015, 31, 231-247. [CrossRef]

Biswas, S.; Manicka, S.; Hoel, E.; Levin, M. Gene Regulatory Networks Exhibit Several Kinds of Memory: Quantification of
Memory in Biological and Random Transcriptional Networks. iScience 2021, 24, 102131. [CrossRef]

Watson, R.A.; Buckley, C.L.; Mills, R.; Davies, A. Associative memory in gene regulation networks. In Proceedings of the Artificial
Life Conference XII, Odense, Denmark, 19-23 August 2010; pp. 194-201.

Smith-Ferguson, ].; Beekman, M. Who needs a brain? Slime moulds, behavioural ecology and minimal cognition. Adapt. Behav.
2020, 28, 465-478. [CrossRef]

Baluska, F.; Reber, A.S.; Miller, W.B., Jr. Cellular sentience as the primary source of biological order and evolution. Biosystems
2022, 218, 104694. [CrossRef]

Baluska, E; Levin, M. On Having No Head: Cognition throughout Biological Systems. Front. Psychol. 2016, 7, 902. [CrossRef]
Levin, M. Life, death, and self: Fundamental questions of primitive cognition viewed through the lens of body plasticity and
synthetic organisms. Biochem. Biophys. Res. Commun. 2020, 564, 114-133. [CrossRef]

Goodwin, B.C. A cognitive view of biological process. J. Soc. Biol. Struct. 1978, 1, 117-125. [CrossRef]

Goodwin, B.C. Cognitive Biology. Commun. Cogn. 1977, 10, 87-91.

Goodwin, B.C. On some relationships between embryogenesis and cognition. Theor. Theory 1976, 10, 33-44.

O’Donrell, S.; Bulova, S.J.; DeLeon, S.; Khodak, P; Miller, S.; Sulger, E. Distributed cognition and social brains: Reductions
in mushroom body investment accompanied the origins of sociality in wasps (Hymenoptera: Vespidae). Proc. Biol. Sci.
2015, 282, 20150791. [CrossRef] [PubMed]

Thompson, B.; Kirby, S.; Smith, K. Culture shapes the evolution of cognition. Proc. Natl. Acad. Sci. USA 2016, 113, 4530-4535.
[CrossRef] [PubMed]

Smith, .M. The Importance of the Nervous System in the Evolution of Animal Flight. Evolution 1952, 6, 127-129. [CrossRef]
Keijzer, F.A. Evolutionary convergence and biologically embodied cognition. Interface Focus 2017, 7, 20160123. [CrossRef]
[PubMed]

Keijzer, F.; Arnellos, A. The animal sensorimotor organization: A challenge for the environmental complexity thesis. Biol. Philos.
2017, 32, 421-441. [CrossRef] [PubMed]

Keijzer, F. Moving and sensing without input and output: Early nervous systems and the origins of the animal sensorimotor
organization. Biol. Philos. 2015, 30, 311-331. [CrossRef]

Jekely, G.; Keijzer, F; Godfrey-Smith, P. An option space for early neural evolution. Philos. Trans. R. Soc. Lond. B Biol. Sci.
2015, 370, 20150181. [CrossRef]

De Wiljes, O.O.; van Elburg, R.A.; Biehl, M.; Keijzer, F.A. Modeling spontaneous activity across an excitable epithelium: Support
for a coordination scenario of early neural evolution. Front. Comput. Neurosci. 2015, 9, 110. [CrossRef]

Bongard, J.; Zykov, V; Lipson, H. Resilient machines through continuous self-modeling. Science 2006, 314, 1118-1121. [CrossRef]
Pfeifer, R.; Iida, F.; Bongard, ]. New robotics: Design principles for intelligent systems. Artif. Life 2005, 11, 99-120. [CrossRef]
Sole, R.; Amor, D.R,; Duran-Nebreda, S.; Conde-Pueyo, N.; Carbonell-Ballestero, M.; Montanez, R. Synthetic collective intelligence.
Biosystems 2016, 148, 47-61. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.bbrc.2020.08.115
http://doi.org/10.1016/j.pbiomolbio.2021.11.001
http://doi.org/10.1038/s41598-019-54859-8
http://doi.org/10.3390/e24010107
http://doi.org/10.1146/annurev-cellbio-100814-125338
http://doi.org/10.1016/j.isci.2021.102131
http://doi.org/10.1177/1059712319826537
http://doi.org/10.1016/j.biosystems.2022.104694
http://doi.org/10.3389/fpsyg.2016.00902
http://doi.org/10.1016/j.bbrc.2020.10.077
http://doi.org/10.1016/S0140-1750(78)80001-3
http://doi.org/10.1098/rspb.2015.0791
http://www.ncbi.nlm.nih.gov/pubmed/26085587
http://doi.org/10.1073/pnas.1523631113
http://www.ncbi.nlm.nih.gov/pubmed/27044094
http://doi.org/10.2307/2405510
http://doi.org/10.1098/rsfs.2016.0123
http://www.ncbi.nlm.nih.gov/pubmed/28479983
http://doi.org/10.1007/s10539-017-9565-3
http://www.ncbi.nlm.nih.gov/pubmed/28713189
http://doi.org/10.1007/s10539-015-9483-1
http://doi.org/10.1098/rstb.2015.0181
http://doi.org/10.3389/fncom.2015.00110
http://doi.org/10.1126/science.1133687
http://doi.org/10.1162/1064546053279017
http://doi.org/10.1016/j.biosystems.2016.01.002

	Introduction 
	Methods 
	Creating Populations for Evolution 
	Hardwired and Competent Embryos 
	Developmental Cycle 
	Fitness of Embryos and Individuals 
	Competency Level 
	Genetic Algorithm 

	Results 
	A Minimal System for Investigating Effects of Cellular Competency on Evolution 
	Developmental Competency Accelerates Evolutionary Search 
	Competent Individuals Take over Mixed Populations 
	Evolution Results in a High, Constant Level of Competency 
	A Fitness Penalty for Competency Leads to Continued Improvement of an Embryo’sStructural Genes 

	Discussion 
	Genotypic vs. Phenotypic Fitness: Cellular Competencies and Learning 
	Limitations of the Study 
	The Role of Cellular Competency in Evolution 
	The Paradox of Robustness: Why the Animal with the Worst Genome Has the Best Anatomy 
	Genes Can Specify Direct Features, or Problem-Solving Behaviors 
	Where the Hard Work Is Done: An Intelligence Ratchet 
	The Costs of Competency 

	Conclusions 
	References

