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ABSTRACT
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Adaptive success in the biosphere requires the dynamic ability to adjust physiological, transcriptional,
and behavioral responses to environmental conditions. From chemical networks to organisms to
whole communities, biological entities at all levels of organization seek to optimize their predictive
power. Here, we argue that this fundamental drive provides a novel perspective on the origin of
multicellularity. One way for unicellular organisms to minimize surprise with respect to external inputs
is to be surrounded by reproductively-disabled, i.e. somatic copies of themselves – highly predictable
agents which in effect reduce uncertainty in their microenvironments. We show that the transition to
multicellularity can be modeled as a phase transition driven by environmental threats. We present
modeling results showing how multicellular bodies can arise if non-reproductive somatic cells protect
their reproductive parents from environmental lethality. We discuss how a somatic body can be
interpreted as a Markov blanket around one or more reproductive cells, and how the transition to
somatic multicellularity can be represented as a transition from exposure of reproductive cells to
a high-uncertainty environment to their protection from environmental uncertainty by this Markov
blanket. This is, effectively, a transition by the Markov blanket from transparency to opacity for the
variational free energy of the environment. We suggest that the ability to arrest the cell cycle of
daughter cells and redirect their resource utilization from division to environmental threat amelioration is the key innovation of obligate multicellular eukaryotes, that the nervous system evolved to
exercise this control over long distances, and that cancer is an escape by somatic cells from the control
of reproductive cells. Our quantitative model illustrates the evolutionary dynamics of this system,
provides a novel hypothesis for the origin of multicellular animal bodies, and suggests a fundamental
link between the architectures of complex organisms and information processing in proto-cognitive
cellular agents.
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Introduction
The unicellular lifestyle dates back to the origin of life on
Earth some 3,900 million years ago (Mya) [1] and
remains successful today, with the vast majority of
genetic as well as niche diversity found in the unicellular
microbial world [2]. Unicellular prokaryotes and later,
eukaryotes also developed facultatively multicellular lifestyles, e.g. in microbial mat communities, involving
mutual dependence and division of labor (reviewed by
[3–5]). Eukaryotes developed, in addition, the obligate
multicellular lifestyle; indeed the eukaryotic cell is itself
sometimes regarded as the initial obligate multicellular
organism [6]. Unlike facultative multicellularity, obligate
multicellularity compromises or altogether eliminates the
independent reproductive fitness of at least some of the
cells involved. What would induce cells to give up independent reproductive fitness in favor of a completelydependent lifestyle as part of an obligate multicellular
organism? This question is often answered by the analogy
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of a “contract” in which cells cooperatively surrender
independent reproductive fitness for the benefits of
group selection [7,8]; however, the mechanisms driving
such arrangements have remained unclear. Here we suggest that obligate multicellularity provides a solution,
typically satisficing not optimizing, to the problem of
minimizing errors in the prediction of the behavior of
the environment. The selection pressure for obligate
multicellularity is, if this is correct, essentially thermodynamic [9,10].
While facultative multicellularity is commonplace
among both prokaryotes and eukaryotes, obligate morphologically-complex multicellularity is rare, occurring in only
five eukaryotic clades (reviewed by [1,11,12]). Somatic
multicellularity, in which cell division is restricted wholly
or significantly to specialized stem and/or germ cells, is
characteristic of the Metazoa. Following Haeckel [13], it
has long been theorized that ancestral metazoa were
clonal colonies of morphologically-identical cells. Recent
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ultrastructural and phylogenomic studies have established
choanoflagellates as the closest extant unicellular relatives
of metazoa [14] and provided significant new evidence to
support James-Clark’s [15] hypothesis that choanoflagellates are homologous to sponge choanocytes, and hence
that facultative rosette colonies of choanoflagellates are
plausible models of ancestral multicellularity [16]. Such
studies also suggest that multicellularity may be
a Holozoan character predating the choanoflagellate –
metazoan split [1,12]. Funayama [17,18] has suggested
that choanocytes are ancestral to the ameboid archeocyte
stem cells of demosponges, consistent with the observation
of alternating flagellate and ameboid forms elsewhere in
the unicellular holozoa [12].
Obligate, morphologically-complex multicellularity is
a canonical major transition in evolution, establishing the
multicellular organism as a Darwinian individual characterized by genetic interests and reproductive fitness [6,19].
As Szathmáry [6] emphasizes, the division of labor possible with multicellularity enables fitness-increasing synergistic interactions between distinct cell types, and hence
specific selection for such interactions. Models of the
evolution of complex multicellularity have, accordingly,
focused on fitness and selection at the whole-organism
level [7,8,20–22]. Motivated by Solana’s [23] primordial
stem cell hypothesis, experimental and modeling results
suggesting that stem cells (neoblasts) in asexual freshwater planaria remain Darwinian individuals [24] and
by a conception of cancer as an escape from organismscale control [25–28], here we consider the selection
pressures that could drive a transition to multicellularity
from the perspective of a single reproductive cell. We
suggest that the largely-somatic multicellular bodies of
metazoa can, in general, be considered protective environmental niches constructed by stem and/or germ cells to
assure their own future reproductive fitness. We formulate this suggestion in terms of the Free Energy Principle
(FEP) defined by Friston [9,10] as the claim that reproductive (proto-)stem cells construct multicellular bodies
in order to reduce the variational free energy of information exchange with the immediate environment and
hence to minimize prediction error as regards their own
survival. From this FEP perspective, somatic multicellularity is a natural outcome of environmental challenges
faced by free-living cells, with the primary genetic driver
of multicellularity being the development of intercellular
signals for cell-cycle arrest. In this “imperial” model of
multicellularity [24], reproductively-competent stem and/
or germ cells produce reproductively-incompetent
somatic cells in order to advance their own genetic interests by establishing an environment-facing cellular layer
that reduces uncertainty and improves predictive power
(and thus physiological adaptation) for the internal cells.

We begin by considering the effects of increasing
environmental lethality, due to predators, pathogens,
toxins or other threats, on populations of dividing cells
in environments with different resource levels. Using
a simple parametric model, we show that the combination of high resource levels with high lethality favors
a phase transition from a rapidly-dividing population to
one in which significant resources are devoted to reducing environmental threats. We then generalize from
environmental lethality to any source of high variational
free energy [9,10]. We suggest that a protective environment composed of reproductively-disabled progeny provides a satisficing, though not necessarily optimal,
solution to the problem of minimizing variational free
energy and hence prediction error. Using a quantitative
model of stem and somatic cells in an external environment characterized by varying levels of lethality, we
investigate the parameter dependence of the transition
to multicellularity. We show that a protective multicellular body can be modeled as a Markov blanket that undergoes a phase transition to informational opacity as the
environmental free-energy buffering capacity of somatic
progeny is increased. Finally, we review evidence that the
ancestral genetic toolkit of holozoans is sufficient to support the transition to multicellularity. We discuss these
results from two perspectives: that of individual cells as
information processing units that can be assembled into
a computational interface with the environment, and that
of cancer as an escape by somatic cells from “imperial”
oversight and control.

Methods
The model simulation employs a 30 by 60 grid of possible cell locations (1800 total) with lethality varying
from 0% per stem cell division cycle to 100% per stem
cell division cycle along the long axis in 60 equal increments. Stem cells are seeded in random positions at 5%
density. The probability that a stem cell will die before
reproducing is determined by the lethality b of the cell it
occupies, multiplied by the protection β it receives from
neighboring somatic, i.e. non-reproductive cells, if any.
The level a of reproductive resources for stem cells in
the environment is fixed by a parameter setting. The local
resource level αa, where the parameter α represents the
availability of reproductive resources to a stem cell at
a given location, determines the probability of stem-cell
division at that location on each cycle. The value of α for
a stem cell is reduced by 20% for each neighboring stem
cell by default; this reduction parameter is adjustable. If
the production of somatic progeny is enabled, the
resource availability α for a stem cell is increased by 20%
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for each neighboring somatic cell by default; this parameter is also adjustable.
Stem cells are only allowed to divide if they have
a neighboring open cell; this restriction models the
relative rigidity of the somatic body.
Somatic cells protect neighboring cells, stem or
somatic, by an adjustable factor β. Somatic cells resist
lethality by an adjustable factor, with a default of 20%.
The model simulation is implemented in javascript
using the HTML 5 Canvas function for display. All
probabilities are calculated by comparing random numbers generated by the javascript Math.random function
to parameterized limit values. The simulation is available
for use and its source code can be examined at https://
chrisfieldsresearch.com/somatic-protection-model.htm.

Results
Environmental challenges drive a phase transition
from reproduction to protection
A multicellular body composed primarily of reproductively-disabled somatic cells is a eukaryotic innovation
widely recognized as a major evolutionary transition
[6,19]. Why, however, would an ancestral eukaryotic cell
devote reproductive resources to the generation of nonreproductive progeny? Doing so manifestly decreases
reproductive fitness. What selective environment would
tolerate and even reward this fitness-decreasing strategy
long enough to enable the cellular differentiation and
synergistic interactions characteristic of complex multicellularity to arise?
Here we suggest that a high-resource environment that
is also high in potential lethality, e.g. due to the presence of
predators, pathogens, toxins, changing conditions, or other
threats, rewards the investment of reproductive resources
to produce a multicellular somatic body, provided the body
is capable of protecting its reproductive cells from the
environment. Such a high-lethality environment imposes
a conflict between the demands of short-term reproductive
fitness and short-term survival; a protective body resolves
this conflict in favor of survival at the expense of fitness. In
this picture, the primary evolutionary innovation enabling
the multicellular lifestyle is not increased cooperation
between reproductively-competent cells as suggested by
either “fraternal” or “egalitarian” aggregation-based models
[7,8] (see also [29] for a review of aggregation-based models), but rather the ability of a reproductively-competent cell
to actively suppress the reproductive potential of its somatic
progeny. This innovation is most fully expressed in obligately-sexual organisms in which a single, gameteproducing stem cell lineage, i.e. a specific germ lineage, is
the sole carrier of reproductive fitness.

121

To describe this situation quantitatively, consider
a uniform population of free-living, reproductive cells
in a resource-rich environment, and let τ be the minimal cell-cycle time for these cells. If every cell divides in
each period of length τ, then the population size N(t)
after n cycles, i.e. at t = nτ is:
N ðt Þ ¼ N0  2n
where N0 is the initial population size. If only r of the
cells divide on each cycle, we can write:
N ðt Þ ¼ N0  rn
Now let us consider an environment in which:
r ¼ ð1 þ αaÞ  ð1  βbÞ
where 0 ≤ a,b ≤ 1 are parameters describing the environment and 0 ≤ α,β ≤ 1 are parameters describing the
cells. These parameters are interpreted as follows:
●

a measures the availability of resources for reproduction in the environment, with a = 0 being
starvation conditions allowing population maintenance only and a = 1 being sufficient resources for
(in practice) unlimited growth.
● b measures the lethality of the environment, with
b = 0 being completely benign and b = 1 being
complete lethality for the population in question.
● α measures the efficiency with which available
resources are employed for reproduction by a given
cell, with α = 0 being minimal and α = 1 maximal
efficiency.
● β measures the degree to which dividing cells are
exposed to the environment, with β = 0 complete
protection from the environment and β = 1 complete exposure.
Maximum population growth is clearly achieved when
a = α = 1 and either b = 0 or β = 0.
For independent, free-living cells, we can set
α = β = 1, i.e. the cells employ all available resources
for reproduction and are fully exposed to the environment. In this case, increasing the environmental lethality
b causes population collapse as shown in Figure 1, with
populations in resource-poor environments (i.e. a < 1)
collapsing sooner but no populations able to maintain
growth above b = 0.5.
What happens, however, when cells are able to divert
some fraction of the available resources from reproduction to protection, i.e. to shielding themselves from the
environment? At high resource levels and low lethality,
this is a low-fitness strategy: the resulting protected populations are lower than unprotected free-living populations, even when losses due to environment lethality are
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Survival as minimization of prediction error

Figure 1. Plots of population growth rn for n = 10 from a single
initial cell as functions of environmental lethality b under different assumptions. Pink, blue and purple curves show the
effect of decreasing resource levels on the rate of population
collapse as lethality increases. Light and dark green curves
show relative stability of fully (β = 0) or partially (β = 0.4)
protected populations at different levels of resource-use
efficiency.

taken into account. As lethality increases, however, this
ceases to be the case, as shown in Figure 1. Population
survival past b = 0.5, in particular, requires protection
from the environment regardless of resource level or
resource-usage efficiency. A fitness-optimizing population would, therefore, be expected to undergo a phase
transition from unprotected to protected at a critical
point in b, the lethality level at which the declining freeliving population reached the protected population sustainable at the achievable values of α and β. Population
survival (i.e. r ≥ 1) requires βb ≤ αa/(1 + αa). We show
below that this phase transition can be represented as
crossing a percolation threshold, here given by the
above inequality.
The phase transition shown in Figure 1 is, we suggest,
the phase transition to complex multicellularity implemented by the free-living holozoan ancestors of the metazoa. It is highly plausible that the period between the rise
of heterotrophic eukayotes, i.e. predators roughly 800
Mya [1] and the appearance of multicellular Ediacaran
fauna roughly 575 Mya saw not only rapid eukaryotic
diversification but multiple instances of population-scale
exposure to high-lethality environmental change. Such
changes can be expected to have imposed severe selective
pressure inducing multiple population bottlenecks. In the
sections that follow, we employ Friston’s [9,10] FEP to
develop a scenario in which a reproductively-disabled
somatic body is a solution to the challenge of protecting
oneself from a challenging environment.

The FEP characterizes organisms as systems that
behave so as to minimize the variational free energy
(VFE) of their environments [9,10]. The VFE of the
environment measures the unpredictability – the “variational freedom” – of the environment and hence the
mismatch between the environment’s behavior and the
organism’s expectations about its behavior. Zero VFE
corresponds to perfect predictability of its environment
by an organism or, equivalently, of an organism by its
environment. Minimizing net information flow minimizes net energy transfer; hence minimization of VFE
is a least-action principle analogous to the energetic
least-action principles of physics [30]. In a Bayesian
setting, zero VFE corresponds to equality between posterior and prior probabilities, where both provide completely accurate accounts of outcomes. While the FEP
has primarily been applied in a cognitive-neuroscience
context, it is a general principle applicable to organismenvironment dynamics at evolutionary, developmental,
or learning time scales [10,31].
Living beings face numerous challenges due to the
ever-changing chemical, physical, and biological events
in their immediate environment. Successful organisms,
tissues (e.g. populations of neurons [32]), and even societies (e.g. swarm intelligence [33]) must act in order to
adaptively respond to these challenges [34,35]. Generegulatory networks, organelle machinery, cell behaviors,
system-level physiological changes, and behavior are
among the mechanistic options available to biosystems
at multiple scales in the face of stresses. As Friston [10]
has emphasized, maintenance of homeostasis is the fundamental predictive problem faced by any organism, and
the probability of continuing homeostasis is the fundamental prior probability for any organism. To incorporate
reproductive fitness, we can extend the meaning of
“homeostasis” to include maintaining the cell cycle at
the rate allowed by the environment. Prediction failures,
i.e. differences between posterior and prior probabilities
of continuing homeostasis, including continuing reproduction, can be addressed either by revising priors (i.e.
learning) or acting in a way that alters the posteriors
(“active inference”). An important special case of the
former is revision of Bayesian precision assignments to
either environmental inputs or expectations, implemented in humans by changes in salience and attention [36].
A threatening environment challenges the maintenance of homeostasis and therefore has high VFE;
a lethal environment takes this challenge to the extreme.
We can, from this perspective, see the phase transition
from growth to protection shown in Figure 1 as an

COMMUNICATIVE & INTEGRATIVE BIOLOGY

instance of active inference, i.e. behavior change that
preserves the prior probability for continuing homeostasis. What is this behavior change? Merely curtailing cell
division is not by itself protective. In facultative multicellular eukaryotes such as Dictyostelium, mitotic arrest
followed by aggregation, collective motility, differentiation and spore formation increases the probability of
population-level survival. The Dictyostelium spore, like
spores in general, is a differentiated form that isolates
the cellular components needed for later reproduction
from the environment. Spore-generating cells actively
induce the cell-cycle arrest and differentiation of the
supporting stalk cells, which do not contribute DNA to
the subsequent population, by secreting small-molecule
morphogens [37,38]. Here we suggest that obligate multicellular organisms adopt a very similar strategy, in which
reproductive cells actively induce cell-cycle arrest and
differentiation by cells dedicated to protection against
the environment. The key difference between obligate
and facultative multicellular strategies is that in obligate
multicellular organisms, reproductive cells induce differentiation and disable reproduction in their own progeny.
To make this suggestion precise, consider a cell
C with time-varying state c(t) is embedded in an uncertain environment E with time-varying state e(t).
Consider the cellular state c(t) to have two orthogonal
components, c(t) = a(t) × p(t) defined by the the actions
of functions:
A : E ! C; A : eðt Þ ! aðt þ δt Þ and P : C ! C; P : cðtÞ
! pðt þ δtÞ;
for some suitably small time increment δt. We interpret
A as the action of E on C to produce an “input state”
a(t+ δt) and P as the prediction by the cell C of its future
“internal state” p(t+ δt). The implementations of these
state components may be, for example, the state of all
membrane-bound receptors and channels at t for a(t)
and the combined metabolome and transcriptome state
at t for p(t). The prediction implemented by P is accurate
(optimal) if the cell’s behavior given p(t) is an optimal
response to the environmental conditions e(t) and hence
to a(t); in this case, we can (abusing the notation somewhat) write p(t) = a(t). The prediction is satisficing if C is
able to maintain homeostasis; clearly some satisficing
solutions have higher fitness than others. The prediction
function P implements, in this case, a “model” of the
E – C interaction, in the sense defined by Conant and
Ashby [39] in stating the good-regulator theorem; C can
be viewed as regulating its interaction with E by using this
model. Having an accurate model minimizes prediction
error and maximizes fitness within the constraints dictated
by the environment.

123

We can, similarly, consider the environmental state e(t)
to have two orthogonal components, e(t) = r(t) × v(t)
defined by the the actions of functions:
R : C ! E; R : cðtÞ ! rðt þ δt Þ and V : E ! E; V
: eðt Þ ! vðt þ δt Þ;
where we interpret R is the reaction of C on E and V is the
variation by E that generates its future state. From an
informational perspective, the components C and E are
symmetric; however, for simplicity we can assume E is
“large” enough that R is negligible, so that e(t) ~ v(t). The
interaction between C and E is summarized in Figure 2.
The prediction problem faced by C is the problem of
minimizing the difference Δ(t) = |a(t) – p(t)| between its
input a(t) from E and its prediction p(t). An accurate
or optimal solution to this minimization problem has
Δ(t) = 0; a satisficing solution has 0 < Δ(t) ≤ Δlethal,
where Δlethal is the prediction error sufficient to cause
cell death.
As a simple example, suppose the states c(t) are
vectors in R2 with norms |c(t)| ≤ 1 for all t, the states
e(t) are real numbers in [0,1], the functions V, A, R,
P [0,1]: → [0,1], the value V(e(t)) and hence e(t) is
random as a function of t, and the function A(t) can be
represented by a(t + 1) = β · e(t), with 0 ≤ β ≤ 1 as
above representing the degree to which a(t) is
“exposed” to e(t). Assume that P is the “homeostatic
success” prediction that E and A are invariant, i.e. p
(t + 1) = a(t). In this case, the prediction error Δ → 0 as
β → 0. As β → 1, Δ(t) → random due to the randomness of e(t). The lethality b of the environment can, in
this case, be identified with the level Δlethal of prediction
error that is fatal; the fraction of cells that implement
insufficiently accurate predictions and therefore die is
βb = βΔlethal.
This model can clearly be extended to d real dimensions,
variation in each of which is restricted to [0,1], representing
distinct degrees of freedom of E that C needs to predict
sufficiently accurately to maintain homeostasis and hence
survive. If these dimensions are independent (i.e. orthogonal in R2d) and a prediction failure for any one dimension
k is lethal (i.e. Δk > Δlethal(k)), then any one of 2d−1 distinct
prediction failures will be lethal. In this case, survival is

Figure 2. Interaction between an environment E and an
embedded cell C. The functions V and P specify environmental
variation and cellular predictions, respectively.
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reasonably probable only if the environmental exposure
β ~ 2−d. Free-living cells with d independently-lethal
dimensions thus face an exponential prediction problem;
solving this problem and hence surviving is clearly infeasible as d becomes large. Controlling the effective dimensionality of the environment is thus a key component of
VFE reduction.1 Geometrically-symmetrical aggregates of
identical cells in which all cells are equally exposed to the
environment, e.g. Volvox colonies or choanoflagellate
rosettes, provide protection against unicellular predators
[40], but do not decrease β along other dimensions.
Metazoan embryos that take this form are either protected
within a specialized environment – an egg or womb – or
suffer high mortality.
Minimizing prediction error with
reproductively-disabled progeny
From an FEP perspective, one would expect cells to
respond to increasing environmental lethality in one of
the two ways given by the theory of active inference: either
by changing their prior probability distributions and
hence their regulatory models or by acting so as to change
their environments and hence their posterior, i.e. input,
probability distributions.2 Modifying the genome is the
most available way of altering the prior probability distribution, i.e. the generative model of the environment,
for prokaryotes; the enormous genetic diversity of prokayrotes [2,41] suggests that genome modification is the
primary prokaryotic strategy for dealing with environmental change. Rapid genome modification by lateral
gene transfer is ubiquitous among prokaryotes, with
environmental-response genes particularly frequently

transferred [42–44]. Motility is the most available way of
altering the posterior probability distribution; the eukaryotic development of the cytoskeleton enabled multiple
motility solutions for unicellular eukaryotes, with environment-dependent morphological changes supporting
different motility solutions, e.g. flagellar propulsion and
ameboid crawling, available in many lineages [12].
Motility is, however, only useful if the lethality of the
environment varies significantly over short distances
and hence permits escape. Somatic multicellularity can,
we suggest, be understood as a more radical solution to
the problem of altering the posterior probability distribution in an environment in which lethality varies only over
longer ranges (Figure 3). The reproductive cells within an
obligate multicellular organism alter their environment
by constructing and then inhabiting a new environment
that they largely control, i.e. one with consistently low
VFE. The components employed for this construction
project are their own progeny, the most predictable living
components available.
The most important criterion for a synthetic, protective environment is that it not be or become a competitor.
From a fitness perspective, the simplest way to assure
non-competition is by constructing the environment out
of cells or other materials, e.g. extracellular matrix components, that have no independent genetic interests or
reproductive fitness. Such materials cannot respond to
environmental variation by varying their allocation of
resources to reproduction; hence they are intrinsically
more predictable than reproductively-competent cells.
Hence a system – a reproductive cell – driven to minimize
VFE can be expected to build a somatic body comprising
non-reproductive cells as a protective environment in

Figure 3. a) The theory of active inference postulates that systems challenged by high environmental free energy respond either by
updating their prior probability distributions or world models, or by altering their posterior probability distributions by acting on the
world so as to change its effects on them. b) Reproductive cells challenged by environmental lethality can be expected either to
update their prior probability distributions by altering their genomes, or to execute some behavior that changes their environment’s
lethality. Genome modification by rapid evolution or lateral gene transfer is primarily a prokaryotic strategy. Motility is a successful,
primarily eukaryotic strategy when environmental lethality varies over short ranges. Building a multicellular structure, a body, that
protects reproductive cells from the environment provides a solution when escape is not possible.

COMMUNICATIVE & INTEGRATIVE BIOLOGY

preference to either a clonal (i.e. fraternal) or aggregative
(i.e. egalitarian) body composed of other reproductivelycompetent cells. The demosponges, with a single class of
proliferative, totipotent stem cells (the archeocytes),
exemplify this body-building strategy [17], suggesting
that it may be ancestral in the Metazoa. That a single
class of proliferative, totipotent stem cells (the neoblasts)
are also found in planaria [24] indicates that an all-ornothing strategy for regulating cellular reproduction was
maintained at least into early-branching bilaterals.
To extend our earlier model to this situation, suppose that C can reproduce a copy C’ of itself with
time-varying state c’(t) = a’(t) × p’(t) as above, and
interpose this C’ as a protective buffer between itself
and E as shown in Figure 4. Protection by C’ replaces
the exposure β of C with some βprot < β; if protection
is complete, βprot = 0. Assume as above that the reactions R and R’ are negligible, and consider the simplest
case, reproduction of an exact copy C’ with prediction
mapping P’ = P and environmental exposure β’ = β. In
this case, the probability of C’ dying and requiring
replacement to prevent re-exposure of C to E in any
reproductive cycle is β’ Δlethal; if β’ Δlethal ≥ 0.5αa, all
available resources must be dedicated to reproduction
for protection, and C remains exposed to E during
part of each cell cycle. Hence the ability of C to maintain C’ is critically dependent on the availability of
reproductive resources and their efficient use by C.
As before, population survival is only possible if
β’Δlethal ≤ αa/(1 + αa). Reproducing an exact, reproductively-competent copy as protection against a lethal
environment is, therefore, no better as a strategy than
aggregation.
Effective protection from a lethal environment requires
the production of progeny or materials that have
decreased environmental sensitivity relative to C, i.e.
that have β’ < β. Non-reproductive cells can be expected
to have β’ < β, due both to their lower metabolic requirements [45,46] (see also below) and their ability to re-tool
metabolism toward the production of either inert protective materials or active defenses. The production of longlived non-reproductive progeny increases fitness if it
allows the subsequent production of protected reproductively-competent progeny, e.g. daughter stem cells. If

Figure 4. Adding a buffer between C and E by reproducing
a copy C’ of C. Competition for reproduction-enabling resources
is eliminated C’ if reproductively disabled.
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k protective cells must be produced every m cell cycles,
with k < m, the population of reproductive cells is able to
grow as r(n/m)(m – k) over an elapsed time nτ; for k ≪ m,
this approaches the best-case rate rn.
To investigate this model of non-reproductive, i.e.
somatic progeny as highly-predictable protectors of
reproductive cells, assumed here to be totipotent stem
cells as in demosponges or planaria, from the external
environment, we have developed a quantitative simulation that embeds stem cells in an environment of varying lethality and allows parameters governing their
ability to reproduce either stem or somatic progeny to
be manipulated (see Methods). Consistent with the
model, unprotected stem cells cannot successfully
invade an environment with greater than 50% lethality
(b = 0.5) on each division cycle even if reproductive
resources are optimal (Figure 5(a)).
When the production of somatic progeny is enabled,
different combinations of protective ability and resistance to lethality lead to different abilities for stem cells
protected by somatic-cell “bodies” to colonize the
higher-lethality (> 50%) sector of the environment. In
general, long-lived but only moderately-protective
(β = 0.5) somatic cells enable small colonies at moderate lethality (Figure 5(b)), while shorter-lived but fullyprotective (β = 0) somatic cells enable larger colonies
even at high lethality (Figure 5(c)). Combining these
somatic-cell advantages enables invasions of the entire
environment (Figure 5(d)). The increasing occupation
of the high-lethality (b > 0.5) part of the environment
as the protection of stem cells by somatic cells increases
is shown in Figure 6.
In these simulations, stem cells that are fully enclosed
by a somatic “body” cannot escape to generate new progeny. They can and do, however, explore the external
environment whenever one of the surrounding somatic
cells dies; most such pioneering stem cells die before
reproducing if the environmental lethality is greater than
50%. “Budding” of a stem cell with its surrounding
somatic cells from a large connected mass to form an
independent colony has been observed in some simulation runs.
Percolation theory describes a phase transition to
informational opacity
To characterize the phase transition to multicellularity
more precisely, consider the environment E as a source
and the cell C as a receiver of VFE, i.e. predictionviolating information. We can represent protective cells
and/or their internal processes collectively as a channel
that probabilistically decreases the transmitted VFE, i.e.
has an effective β < 1. Any such channel can, alternatively,
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Figure 5. Typical model simulation runs under different conditions. The simulation depicts an environment varying in lethality from
0% (b = 0, black, left margin) to 100% (b = 1.0, red, right margin). Stem cells (green) are randomly seeded in this environment at
a density of 5% and allowed to reproduce for 120 division cycles. Neighboring stem cells compete for reproductive resources.
Somatic progeny (blue) protect their nearest-neighboring cells, whether these are stem or other somatic cells. a) Stem cells alone
cannot invade the higher-lethality half of the environment, even with optimal reproductive resources (a = 1.0). Here neighboring
stem cells suffer a 20% resource reduction (α = 0.8) due to competition; removing this reduction does not allow them to cross the
50% lethality boundary. b) Moderately (50%, i.e. β’ = 0.5) protective but relatively long-lived (50% resistance to lethality) somatic
cells allow mainly small colonies in the moderately-lethal (50% – 75%) sector of the environment (a = 0.8, probability of somatic-cell
progeny 50%). c) Fully (100%, β’ = 0) protective but shorter-lived (only 20% resistance to lethality) somatic cells allow larger colonies
to populate even the high-lethality (75% – 100%) sector of the environment (a = 0.8, probability of somatic-cell progeny 50%). d)
Fully-protective and relatively long-lived (50% resistance to lethality) somatic cells allow invasion of the lethal sector of the
environment (a = 1.0, probability of somatic-cell progeny 25%).

Figure 6. Increasing occupation of the high-lethality (b > 0.5) half
of the environment as the somatic cell protection factor 1 – β is
increased from 0.0 to 1.0, with all other parameters as in Figure 5c.
Filled circles show averages over 10 runs with random starting
populations; bars show full range of results obtained.

be decomposed into a network of smaller channels, each
of which transmits VFE with a well-defined probability,
with interconnections between these channels representing cross-modulation or other probabilistic dependency.
Such a network constitutes a “Markov blanket” as defined

by Pearl [47] around the cell C (technically, the internal
states of cells directly interacting with both E and C form
the Markov blanket; “expanding” each cell into a network
of internal processes creates a multi-layer Markov blanket). Markov blankets provide a general model of the
interactions between biological systems and their environments [3,10]. We assume here that the conditional
dependencies that define the Markov blanket around the
cell C are in a state of flux and can be affected by regulatory changes within C (in the language of active inference,
actions by C) that alter either its sensitivity to environmental VFE or the behavior and hence protective capabilities of its neighboring cells. Decreasing exposure to
environmental VFE is then a matter of C finding the right
set of conditional dependencies, i.e. the right Markov
blanket, to interpose between itself and E.
If we only consider transmission of VFE from E to C,
ignoring the corresponding flow from C to E (i.e. the
reaction map R) as above, we can represent the Markov
blanket as a weighted directed graph with nodes {k} and
connection weights given by a real matrix M with
elements Mij representing the probability of transmitting
VFE from node i to node j. The Mij represent, in this case,
the coupling or conditional dependency between the
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states i and j. Some subset {kin} of the nodes represent
states of E, while another, disjoint subset {kout} of nodes
represent states of C as shown in Figure 7; intermediate
nodes represent states of intermediate cells, e.g. nonreproductive somatic cells surrounding C. In the simplest
case, transmission of VFE through the blanket can be
considered effective only for values of the conditional
dependencies Mij above some threshold; hence these can
be considered binary without loss of generality. The effective transmission from E to C is, in this case, given by
counting paths between them. A binary blanket in which
every pair of nodes is connected has the maximal number
of paths; one in which no nodes are connected has no
paths. If {kin} ∪ {kout} = {k} (i.e. the graph representing the
Markov blanket is bipartite), only if Mij = 0 for all i, j are
there no paths from E to C; otherwise this is not the case.
Markov blankets in which every input node is connected by a path to some output node and vice-versa
fully expose C to E, i.e. correspond to β = 1. Such
blankets are in a natural sense “transparent” to VFE.
States in which no path exists from any input node to
any output node fully protect C from E, correspond to
β = 0, and are in a natural sense “opaque.” The transition from only local communication between nodes
(i.e. opacity) to global communication between essentially all nodes (i.e. transparency) as connections are
randomly added to an information-transmission network has been extensively studied using percolation
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theory, e.g. in models of epidemics [48,49], predatorprey interactions [50], intracellular coordination of
mitochondrial function [51], and long-range signaling
in microbial communities [52]. Such transitions are
characterized by a critical point, the percolation threshold, at which opacity switches exponentially to transparency or, as in the problem of interest here,
transparency switches exponentially to opacity. The
number of connections that must be added to reach
the percolation threshold from below, or removed to
reach it from above, depends strongly on the size, local
connectivity, and density of long-range connections in
the starting graph [48]. In particular, the percolation
threshold rapidly decreases as the number of longrange connections in the starting graph is increased.
If we consider the input nodes of the Markov blanket around a cell to correspond to environmental states
characterized by distinct dimensions of environmental
lethality, e.g. pathogenicity or toxicity, long-range connections in the blanket correspond to multiple paths by
which the cell can be exposed to each dimension of
lethality. The relatively low percolation threshold of
such a blanket means that many connections have to
be severed to induce opacity and hence protection.
A blanket in which each input node is linked to only
one output node has fewer long-range connections,
a higher percolation threshold, and hence a smaller
number of links that must be severed to induce opacity

Figure 7. a) Simplified representation of a Markov blanket. Input nodes represent environmental states that transmit environmental
VFE to a network of intermediate nodes, with conditional dependencies specified by a connectivity matrix Mij. Output nodes
represent protected cell states that receive the “blanketed” VFE. It is natural to interpret distinct input nodes as transmitting the VFE
of different dimensions of the environment, e.g. pathogenicity or toxicity. b) A network very near its percolation threshold: removing
either link A or B results in opacity. On the other hand, adding any downward-going link between black nodes, or between black
and green nodes, increases the cell’s exposure to its environment.
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(Figure 7(b)). One would, therefore, expect successful
cells to produce protective progeny that are each specialized to deal with one kind of environmental threat,
and to regulate the morphology and/or metabolism of
each of these cell types to maximize its opacity, i.e. to
minimize the exposure to environmental VFE of the
protected cell by decreasing the VFE transmission of its
Markov blanket. The tendency of regulatory [53], metabolic [54], and cell-cell communication [55] networks
toward small-world [56] structure, in which long-range
connections link distant clusters of nodes, renders this
kind of specialization difficult to achieve.
The ancestral genetic toolkit provides signals for
controlling daughter cells
Successful construction of a protective Markov blanket
out of daughter cells requires two genetic capabilities: the
ability to arrest the daughter’s cell cycle and the ability to
modulate its gene expression and metabolism away from
independent motility and continued cell division and
toward adhesion, a specialized morphology, and the production of specialized products. Both comparative genomics and the cell and developmental biology of unicellular
eukaryotes increasingly show that these capabilities were
available in the genetic toolkit of ancestral holozoans.
As noted earlier, prespore cells in migratory
Dictyostelium secrete morphogens (DifferentiationInducing Factors or DIFs) that arrest the cell cycle and
induce terminal differentiation in prestalk cells [37,38].
Native Dictyostelium DIFs have been shown to deactivate the Wnt pathway and suppress Cyclin D1 and
hence cell division in mammalian cells by activating
the GSK-3β kinase [57]. While the Wnt pathway appears
to be unique to metazoans [58], GSK-3, a β-catenin
homolog, and Frizzled homologs are present in
Dictyostelium and are involved in cAMP-induced migration and cell adhesion [59] and epithelial polarity [60].
Additional signals involved in Dictyostelium spore differentiation, including the metazoan neurotransmitters
GABA and glutamate, have also been identified and in
part characterized [61]. Hence it is reasonable to assume
that morphogens capable of both inducing cell-cycle
arrest and regulating motility and adhesion are available
to eukaryotes at least since the last common ancestor of
Amoebozoa and Opisthokonts.
The availability of both whole-genome and sample
sequences from choanoflagellates and earlier-branching
holozoans confirms that not all, but many metazoan
cell polarity, adhesion, signaling, and transcriptional
control systems predate the choanoflagellate –
metazoan split and may be ancestral to holozoans in
general [1,62], with adhesion and motility regulators

such as Src [63], the Rac/Rho second messengers [64],
and cell-division regulators such as Myc [65] as prominent examples. The ancient roots of hormonal [66,67]
and neurotransmitter [68,69] systems suggest that both
were available to reproductive cells as a means of modulating or controlling the behavior of non-reproductive
progeny in the earliest obligate multicellular organisms.

Discussion
Somatic cells as information-processing modules
In all metazoans, distinct differentiated cell types perform distinct functions. From the perspective adopted
here, these distinct functions can be seen as informationprocessing functions. Distinct non-reproductive cell
types act in different ways to reduce environmental
VFE, and to replace it, in their interactions with the
reproductive cells with which they share inclusive fitness,
with highly-predictable protective behavior. The modularization of protective and other supportive behaviors in
distinct cell types is consistent with the vast expansion
and diversification of transcription factors, relative to the
unicellular eukaryotic toolkit, seen in multicellular
eukaryotic lineages (reviewed by [70]). Such systematic
reduction of VFE is precisely the role ascribed to functional networks of the nervous system by Bayesian
approaches to cognition [9,71,72]. This view of somatic
cells in general as essentially cognitive [73–75] suggests
an integrative, scale-free approach to biological information processing that spans all of phylogeny, in which the
sensory, regulatory and behavioral roles of the mammalian nervous system are seen as fundamentally analogous
to the sensory, regulatory and behavioral roles of metabolic processes in unicellular organisms [76].
Within an “imperial” model of multicellularity that
views reproductive, i.e. stem or germ, cells as both
regulatory controllers of and receivers of information
from surrounding somatic tissue [24], the VFE reduction performed by somatic cells is in service of the
genetic interests of their parent stem/germ cells, interests which they share via inclusive fitness. Reproductive
fitness remains, in this model, at the level of stem/germ
cells; it is not necessary to define an independent
“organismal” level of reproductive fitness as it is in
aggregation followed by cooperation models [7,8]. Reassertion of individual reproductive fitness by previously somatic cells (i.e. cancer) is not “cheating” on
a cooperative “contract” that divides cellular labor [20]
but rather escape from regulatory control. Somatic
mutation is tolerated in this “imperial” setting provided
it does not reprogram somatic cells toward division, i.e.
cancer.
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Cancer as an escape from “imperial” oversight
As noted earlier, re-allocation of resources away from
reproduction is, on this model, one of the key enablers of
multicellularity. Without such re-allocation, cells within
an aggregate compete both for resources and genetically;
the latter form of competition has been recently demonstrated in cytokinesis-inhibited Saccharomyces cerevisiae
aggregates [77]. Somatic cells that reprogram to either
normal reproductive cells or cancer cells must re-allocate
resources to cell division, including high-turnover production of nucleotide bases, membrane components,
and proteins [78–80]. Such reprogramming is inducible
by multiple signals in vertebrates, the receptors or effectors for many of which (e.g. Src, Rho and Myc as noted
earlier) are present in the ancestral toolkit.
By reprogramming metabolism for division, cancer
cells are re-asserting an independent genetic interest
and abandoning their previous role as somatic protectors of “normal” reproductive stem, non-stem progenitor or, in obligate sexual species, germ cells [20,81].
From their perspective, the host body is a protective
environment which they can exploit to their own ends.
One would expect, therefore, cancer cells to transmit
regulatory signals to surrounding tissue, whether
somatic or reproductive, to suppress cell division and
otherwise minimize detectable VFE. Such suppression
by tumor cells of cell division in surrounding nontumor somatic tissue has been observed [82,83].

Neural signaling as a mechanism for enforcing
somatic cell fates
The nervous system is a multicellular eukaryotic innovation, evident as a network of cell-cell communication
in Porifera [84], supported by specialized cells in
Ctenophores, and fully developed in Cnidarians and
Bilaterians [85,86]. Nervous systems are traditionally
thought of as providing sensing and behavioral coordination functions at the level of the whole organism. The
current model suggests an additional, deeply ancestral
function of the nervous system: distributed control of
cell proliferation. As bodies become more complex
geometrically, local suppression of somatic-cell proliferation by individual stem cells becomes insufficient to
maintain a regular shape; hence sponges, with interstitial stem cells but no long-distance neurons, are amorphous, but all other metazoans, with neurons, are not.
The current model predicts that neural communication
is directly involved in the regulation of somatic cell
proliferation, and hence in the control of morphology.
While innervation is known to be important for regeneration [87] and the nascent CNS has recently been

129

found to be crucial for the patterning of distant somatic
regions [88], the role of innervation in regulating proliferation, apoptosis, and neoplasia remains an active
area for future research (reviewed by [89,90]).
Obligate sexuality with a differentiated germline places
a second demand on proliferation control: germ cells
must assure that non-germ stem cells do not proliferate
indefinitely [23,24]. As germline cells are typically segregated early in development while stem cells remain relatively dispersed, regulation of stem cell proliferation
requires a long-range mechanism. In organisms like
C. elegans with invariant cell lineages [91], the solution
is, in effect, for the germline cells to be the only adult
stem cells. The current model predicts that in organisms
with adult stem cells, stem cell proliferation will be under
regulatory control by the germ line, with neural and/or
hormonal systems as effectors.

Conclusions
The selection pressures that drove the transitions to
obligate multicellularity with complex morphology in
plant and animal lineages remain poorly understood.
Here we have suggested that multicellularity solves
a problem for proliferating cells: the problem of predicting the behavior of the environment. By surrounding themselves with reproductively-disabled
copies of themselves, proliferating cells, which then
become stem cells, provide for themselves a local
environment that buffers the VFE of the larger environment outside. On this model, the transition to
obligate multicellularity can be viewed as a phase
transition in which the blanket of surrounding
somatic cells becomes effective opaque to environmental variation. Maintaining this opacity is, as
Clark [92] has pointed out, the key to maintaining
autopoesis [93] for the blanketed system as a whole.
As only a satisficing solution is required, the opacity
of the blanket is not expected to be complete in any
but the most challenging environments.
This model of the transition to multicellularity is consistent with an “imperial” view of the multicellular state as
one in which stem cells effectively control the differentiation and behavior of somatic cells. It suggests that the
fundamental role of neural signaling is the control of cell
fate, and that cancer is an escape by somatic cells from the
non-proliferating fate imposed on them by stem cells.

Notes
1. For a given organism, the VFE of the environment is its
complexity (the Kullback-Leibler (KL) divergence
between posterior and prior probability distributions)
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minus the organism’s predictive accuracy. The KL divergence measures the effective dimensionality of the environment, i.e. its dimensionality as it is represented by the
organism. Representations (generative models [9,10])
with high dimensionality may be prone to overfitting
and hence brittleness; reducing the effective dimensionality by coarse-graining provides a solution to this problem, albeit one that may miss significant details.
2. As VFE depends on the KL divergence between posterior
and prior probability distributions, changing either distribution separately changes the VFE. Here we refer to
any change in the posterior distribution made by the
organism as an “action” on the environment and refer to
any change in the prior probability distribution made by
the organism as a “regulatory” change. The latter correspond to alterations of the organism’s generative model
of the environment, e.g. by evolution or learning.

Declarations
Availability of data and material
Simulation model code is available at https:
//chrisfieldsresearch.com/somatic-protection-model.
htm; non-commercial re-use permitted with citation.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors’ contributions
C.F. and M. L. conceived of the ideas and drafted the paper.
C.F. developed the model simulation.

Funding
We gratefully acknowledge support by the Allen Discovery
Center program through The Paul G. Allen Frontiers Group
(12171), the Templeton World Charity Foundation
(TWCF0089/AB55 and TWCF0140), the Barton Family
Foundation and Augmanity Nano, Ltd. The funders had no
role in the research or the decision to publish.

ORCID
Michael Levin

http://orcid.org/0000-0001-7292-8084

Abbreviations
Mya, Million years ago; FEP, Free-Energy Principle; VFE,
Variational free energy

References
[1] Sebé-Pedrós A, Degnan BM, Ruiz-Trillo I. The origin
of Metazoa: A unicellular perspective. Nat Rev Genet.
2017;18:498–512.

[2] Hug LA, Baker BJ, Anantharaman K, et al. A new view
of the tree of life. Nature Microbiol. 2016;1:16048.
[3] Muñoz-Dorado J, Marcos-Torres FJ, Garcia-Bravo E,
et al. Moving, killing, feeding, and surviving together.
Front Microbiol. 2016;7:781.
[4] West SA, Cooper GA. Division of labour in microorganisms: an evolutionary perspective. Nat Rev
Microbiol. 2016;14:716–723.
[5] Widder S, Allen RJ, Pfeiffer T, et al. Challenges in
microbial ecology: building predictive understanding
of community function and dynamics. Isme J.
2016;10:2557–2568.
[6] Szathmáry E. Toward major evolutionary transitions
theory
2.0.
Proc
Natl
Acad
Sci
USA.
2015;112:10104–10111.
[7] Queller DC, Strassmann JE. Beyond society: the evolution of organismality. Philos Trans R Soc Lond B Biol
Sci. 2009;364(1533):3143–3155.
[8] Strassmann JE, Queller DC. The social organism: congresses,
parties
and
committees.
Evolution.
2010;64:605–616.
[9] Friston KJ. The free-energy principle: A unified brain
theory? Nat Rev Neurosci. 2010;11:127–138.
[10] Friston KJ. Life as we know it. J R Soc Interface.
2013;10:20130475.
[11] Knoll AH. The multiple origins of complex
multicellularity. Annu Rev Earth Planetary Sci.
2011;39:217–239.
[12] Brunet T, King N. The origin of animal multicellularity and cell differentiation. Devel Cell.
2017;43:124–140.
[13] Haeckel E. Memoirs: the Gastraea-Theory, the phylogenetic classification of the animal kingdom and the
homology of the germ-lamellæ. J Cell Sci.
1874;2:142–165.
[14] Carr M, Leadbeater BSC, Hassan R, et al. Molecular
phylogeny of choanoflagellates, the sister group to
Metazoa.
Proc
Natl
Acad
Sci
USA.
2008;105:16641–16646.
[15] James-Clark H. Note on the Infusoria flagellata and the
Spongiae ciliatae. Am J Sci. 1866;1:113–114.
[16] Fairclough SR. Choanoflagellates: perspective on the
origin of animal multicellularity. Ruiz-Trillo I,
Nedelcu AM editors. Evolutionary Transitions to
Multicellular Life. Springer: Dordrecht. 2015. 99–116.
DOI:10.1007/978-94-017-9642-2_5
[17] Funayama N. The stem cell system in demosponges:
insights into the origin of somatic stem cells. Devel
Growth Diff. 2010;52:1–14.
[18] Funayama N. The stem cell system in demosponges:
suggested involvement of two types of cells: archeocytes (active stem cells) and choanocytes
(food-entrapping flagellated cells). Devel Genes Evol.
2013;223:23–38.
[19] Maynard Smith J, Szathmáry E. The Major Transitions
in Evolution. Oxford, UK: W. H. Freeman; 1995.
[20] Aktipis CA, Boddy AM, Jansen G, et al. Cancer across
the tree of life: cooperation and cheating in
multicellularity. Philos Trans Royal Soc B.
2015;370:20140219.
[21] Diaz-Muñoz SL, Boddy AM, Dantas G, et al.
Contextual organismality: beyond pattern to process

COMMUNICATIVE & INTEGRATIVE BIOLOGY

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]

[31]

[32]

[33]
[34]
[35]

[36]
[37]

[38]

[39]

in the emergence of organisms. Evolution.
2016;70:2669–2677.
West SA, Fisher RM, Gardner A, et al. Major evolutionary transitions in individuality. Proc Natl Acad Sci
USA. 2015;112:10112–10119.
Solana J. Closing the circle of germline and stem cells:
the Primordial Stem Cell hypothesis. EvoDevo.
2013;4:2.
Fields C, Levin M. Are planaria individuals? What
regenerative biology is telling us about the nature of
multicellularity. Evol Biol. 2018;5:237–247.
Chernet B, Levin M. Endogenous voltage potentials
and the microenvironment: bioelectric signals that
reveal, induce and normalize cancer. J Clin Exp
Oncol. 2013;1:S1–002. DOI:10.4172/2324-9110.S1-002
Oviedo NJ, Beane WS. Regeneration: the origin of
cancer or a possible cure? Seminars Cell Devel Biol.
2009;20:557–564.
Moore D, Walker SI, And Levin M. Cancer as
a disorder of patterning information: computational
and biophysical perspectives on the cancer problem.
Conver Sci Phys Oncol. 2017;3:043001.
Rubin H. Cancer as a dynamic developmental disorder.
Cancer Res. 1985;45:2935–2942.
Hanschen ER, Shelton DE, Michod RE. Evolutionary
transitions in individuality and recent models of multicellularity. Ruiz-Trillo I, Nedelcu AM editors.
Evolutionary Transitions to Multicellular Life.
Springer: Dordrecht. 2015. 165–188. DOI:10.1007/
978-94-017-9642-2_9
Feynman RP, Leighton RB, Sands M. 1964. The
Feynman Lectures on Physics. Reading, MA: AddisonWesley. Available at: http://www.feynmanlectures.cal
tech.edu/)
Friston K, Levin M, Sengupta B, et al. Knowing one’s
place: A free-energy approach to pattern regulation.
J R Soc Interface. 2015;12:20141383.
Edelman G. Neural Darwinism: selection and reentrant
signaling in higher brain function. Neuron.
1993;10:115–125. PMID: 8094962
Krause J, Ruxton GD, Krause S. Swarm intelligence in
animals and humans. Trends Ecol Evol. 2010;25:28–34.
Maturana HR, Varela FJ. Autopoiesis and Cognition:
the Realization of the Living. Dordrecht: Reidel; 1991.
Rosen R. On information and complexity. In: Casti JL,
Karlqvist A, editors. Complexity, Language, and Life:
mathematical Approaches. Berlin: Springer-Verlag;
1986. p. 174–196.
Friston K, FitzGerald T, Rigoli F, et al. Active inference
and learning. Neurosci Biobehav Rev. 2016;68:862–879.
Morris HR, Masento MS, Taylor GW, et al. Structure
elucidation of two differentiation inducing factors
(DIF-2 and DIF-3) from the cellular slime mould
Dictyostelium
discoideum.
Biochem
J.
1988;249:903–906.
Morris HR, Taylor GW, Masento MS, et al. Chemical
structure of the morphogen differentiation inducing
factor from Dictyostelium discoideum. Nature.
1987;328:811–814.
Conant RC, Ashby WR. Every good regulator of
a system must be a model of that system. Int J Syst
Sci. 1970;1(2):89–97.

131

[40] Boraas ME, Seale DB, Boxhorn JE. Phagotrophy by
a flagellate selects for colonial prey: A possible origin
of multicellularity. Evol Ecol. 1998;12:153–164.
[41] Forterre P. The universal tree of life: an update. Front
Microbiol. 2015;6:717.
[42] Dagan T, Martin W. The tree of one percent. Genome
Biol. 2006;7(10):118.
[43] Koonin EV. Horizontal gene transfer: essentiality and
evolvability in prokaryotes, and roles in evolutionary
transitions. F1000 Research. 2016;2016:5.
[44] Robbins RJ, Krishtalka L, Wooley JC. Advances in
biodiversity: metagenomics and the unveiling of biological dark matter. Stand Genom Sci. 2016;11(1):69.
[45] DeBernardinis RJ, Lum JJ, Hatzivassiliou G, et al. The
biology of cancer: metabolic reprogramming fuels cell
growth and proliferation. Cell Metabol. 2008;7:11–20.
[46] Vander Heiden MG, Cantley LC, Thompson CB.
Understanding the Warburg effect: the metabolic
requirements
of
cell
proliferation.
Science.
2009;324:1029–1033.
[47] Pearl J. Probabilistic reasoning in intelligent systems:
networks of plausible inference. San Francisco, CA:
Morgan Kaufmann; 1988.
[48] Moore C, Newman MEJ. Epidemics and percolation in
small-world networks. Phys Rev E. 2000;61:5678–5682.
[49] Meyers L. Contact network epidemiology: bond percolation applied to infectious disease prediction and
control. Bull Am Math Soc. 2007;44:63–86.
[50] Reynolds AM, Sword GA, Simpson SJ, et al. Predator
percolation, insect outbreaks, and phase polyphenism.
Curr Biol. 2009;19:204.
[51] Aon MA, Cortassa S, O’Rourke B. Percolation and
criticality in a mitochondrial network. Proc Natl Acad
Sci USA. 2004;101:4447–4452.
[52] Larkin JW, Zhai X, Kikuchi K, et al. Signal percolation
within a bacterial community. Cell Syst. 2018;7:1–9.
[53] Agrawal H. Extreme self-organization in networks constructed from gene expression data. Phys Rev Lett.
2001;89:268702.
[54] Barabási A-L, Albert R. Emergence of scaling in random networks. Science. 1999;286:509–512.
[55] Bassett DS, Bullmore E. Small world brain networks.
Neuroscientist. 2006;12:512–523.
[56] Watts DJ, Strogatz SH. Collective dynamics of `smallworld’ networks. Nature. 1998;393:440–442.
[57] Takahashi-Yanaga F, Sasaguri T. Drug development
targeting the Glycogen Synthase Kinase-3β (GSK-3β)mediated signal transduction pathway: inhibitors of the
Wnt/β-Catenin signaling pathway as novel anticancer
drugs. J Pharmacol Sci. 2009;109:179–183.
[58] Holstein TW. The evolution of the Wnt pathway. Cold
Spring Harbor Perspect Biol. 2012;4:a007922.
[59] Harwood AJ. Dictyostelium Development: A Prototypic
Wnt Pathway? In: Vincan E, editor. Wnt signaling.
methods in molecular biology. Vol. 469. Totowa, NJ:
Humana Press; 2008. p. 21–32.
[60] Dickinson DJ, Nelson WJ, Weis WI. A polarized
epithelium organized by β- and α-Catenin predates
Cadherin
and
metazoan
origins.
Science.
2011;331:1336–1339.
[61] Loomis WF. Cell signaling during development of
Dictyostelium. Devel Biol. 2014;391:1–16.

132

C. FIELDS AND M. LEVIN

[62] Tweedt SM, Erwin DH. Origin of metazoan developmental toolkits and their expression in the fossil
record. Ruiz-Trillo I, Nedelcu AM editors.
Evolutionary transitions to multicellular life. Springer:
Dordrecht. 2015. 47–78. DOI:10.1007/978-94-0179642-2_3
[63] Segawa Y, Suga H, Iwabe N, et al. Functional development of Src tyrosine kinases during evolution from
a unicellular ancestor to multicellular animals. Proc
Natl Acad Sci USA. 2006;103:12021–12026.
[64] Boureux A, Vignal E, Faure S, et al. Evolution of the
Rho family of Ras-like GTPases in eukaryotes. Mol Biol
Evol. 2017;24:203–216.
[65] Young SL, Diolaiti D, Conacci-Sorrell M, et al.
Premetazoan ancestry of the Myc–max network. Mol
Biol Evol. 2011;28:2961–2971.
[66] Lenard J. Mammalian hormones in microbial cells.
Trends Biochem Sci. 1992;17:147–150.
[67] Csaba G. The hormonal system of the unicellular
Tetrahymena: A review with evolutionary aspects.
Acta Microbiol Immunol Hungarica. 2012;59:131–156.
[68] Roshchina VV. New trends and perspectives in the
evolution of neurotransmitters in microbial, plant,
and animal cells. Lyte M editor. Microbial endocrinology: interkingdom signaling in infectious disease and
health. Springer: Cham. 2016. 25–77. DOI:10.1007/
978-3-319-20215-0_2
[69] Plattner H, Verkhratsky A. The remembrance of the
things past: conserved signalling pathways link protozoa to mammalian nervous system. Cell Calcium.
2018;73:25–39.
[70] Larroux C, Luke GN, Koopman P, et al. Genesis and
expansion of metazoan transcription factor gene
classes. Mol Biol Evol. 2008;25:980–996.
[71] Clark A. Whatever next? Predictive brains, situated
agents, and the future of cognitive science. Behav
Brain Sci. 2013;36:181–204.
[72] Spratling MW. Predictive coding as a model of
cognition. Cogn Proc. 2016;17:279–305.
[73] Pattee HH. Cell psychology. Cogn Brain Theory.
1982;5:325–341.
[74] Di Primio F, Müller BF, Lengeler JW. Minimal cognition in unicellular organisms. In: Meyer JA, Berthoz A,
Floreano D, et al., editors. From Animals to Animats.
Honolulu, HI: International Society for Adaptive
Behavior; 2000. p. 3–12.
[75] Baluška F, Levin M. On having no head: cognition
throughout biological systems. Front Psych.
2016;7:902.
[76] Lyon P. The biogenic approach to cognition. Cogn
Proc. 2006;7:11–29. .PMID: 16628463
[77] Ratcliff WC, Fankhauser JD, Rogers DW, et al. Origins
of multicellular evolvability in snowflake yeast. Nat
Comms. 2015;6:6102.

[78] Ryall JG, Cliff T, Dalton S, et al. Metabolic reprogramming of stem cell epigenetics. Cell Stem Cell.
2015;17:651–662.
[79] Wu J, Ocampo A, Izpisua Belmonte JC. Cellular metabolism
and
induced
pluripotency.
Cell.
2016;166:1371–1385.
[80] Vander Heiden MG, DeBerardinis RJ. Understanding
the intersections between metabolism and cancer
biology. Cell. 2017;168:657–669.
[81] Gatenby RA, Brown J. Mutations, evolution and the
central role of a self-defined fitness function in the
initiation and progression of cancer. BBA Rev Cancer.
2017;1867:162–166.
[82] Henry CJ, Casás-Selves M, Kim J, et al. Agingassociated inflammation promotes selection for adaptive oncogenic events in B cell progenitors. J Clin
Invest. 2015;125:4666–4680.
[83] Carey A, Edwards DK 5th, Eide CA, et al.
Identification of Interleukin-1 by functional screening
as a key mediator of cellular expansion and disease
progression in acute myeloid Leukemia. Cell Rep.
2017;18:3204–3218.
[84] Nickel M. Evolutionary emergence of synaptic nervous
systems: what can we learn from the non-synaptic,
nerveless Porifera? Invert Biol. 2010;129:1–16.
[85] Holland LZ, Carvalho JE, Laudet V, et al. Evolution of
bilaterian central nervous systems: A single origin?
EvoDevo. 2013;4:27.
[86] Moroz LL, Kohn AB. Cellular metabolism and induced
pluripotency.
Philos
Trans
Royal
Soc
B.
2016;166:1371–1385.
[87] Kumar A, Brockes JP. Nerve dependence in tissue,
organ, and appendage regeneration. Trends Neurosci.
2012;11:691–699.
[88] Herrera-Rincon C, Pai VP, Moran KM, et al. The brain
is required for normal muscle and nerve patterning
during early Xenopus development. Nat Comms.
2017;8:587.
[89] Boilly B, Faulkner S, Jobling P, et al. Nerve dependence: from regeneration to cancer. Cancer Cell.
2017;31:342–354.
[90] Kuol N, Stojanovska L, Apostolopoulos V, et al. Role of
the nervous system in cancer metastasis. J Expt Clin
Cancer Res. 2018;37:5.
[91] Sulston JE, Horvitz HR. Post-embryonic cell lineages of
the nematode, Caenorhabditis elegans. Devel Biol.
1977;56:110–156.
[92] Clark A. How to knit your own Markov blanket. In:
Metzinger TK, Wiese W, editors. Philosophy and predictive processing. Frankfurt: MIND Group; 2017. Ch. 6.
[93] Maturana HR, Varela F. Autopoiesis: the organization
of the living. In: Maturana HR, Varela F, editors.
Autopoiesis and Cognition. Dordrecht: Reidel; 1980.
p. 73–134.

