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Cellular differentiation is one of the hallmarks of complex multicellularity,
allowing individual organisms to capitalize on among-cell functional diversity.
The evolution of multicellularity is a major evolutionary transition that allowed
for the increase of organismal complexity in multiple lineages, a process that re-
lies on the functional integration of cell-types within an individual. Multiple hy-
potheses have been proposed to explain the origins of cellular differentiation,
but we lack a general understanding of what makes one cell-type distinct from
others, and how such differentiation arises. Here, we describe how the use of
Boolean networks (BNs) can aid in placing empirical findings into a coherent
conceptual framework, and we emphasize some of the standing problems
when interpreting data and model behaviors.

Multicellular Evolution and Biological Complexity

The evolution of multicellularity was the evolutionary transition (see Glossary) responsible for
the most dramatic and ecologically important increases in organismal size and complexity
[1,2]. A prominent feature observed in most multicellular organisms is that they contain a diver-
sity of cell-types, which allows for the performance of complex behaviors and functions [3-5].
Recent technological advances in single-cell profiling have allowed the mapping of cell diver-
sity at an exquisite resolution within individual multicellular organisms [6-8], but little theoretical
work has followed these empirical observations and, as a result, the concept of ‘cell-type’ re-
mains ambiguous. Thus, a key goal of current research on multicellular evolution is to bridge
these rapid developments in empirical research with theoretical and conceptual advances.
Here, we describe the problem of explaining cellular differentiation in multicellular organisms,
and show how Boolean networks (BNs), a class of discrete dynamical systems, provide a
path forward for solving several major outstanding questions.

Multicellular Diversity

Multicellularity has evolved independently in many different lineages, and has been experimentally
induced and evolved in vitro, indicating that it can be stabilized under a varied set of ecological and
evolutionary conditions [4,9-12]. Although there are diverse lineages of multicellular organisms
across the tree of life, taxa can be assigned to one of two groups: clonal, which are intrinsically mul-
ticellular (e.g., land plants and metazoans), or aggregative, which facultatively form multicellular
groups (e.g., slime molds) [13]. In clonal multicellularity (Figure 1A), organisms typically develop
from a single cell (a zygote, an asexual spore, or a propagule of clonal cells) and result in organisms
with genomically highly related cells that can achieve functionally distinct cell-types. Aggregative
multicellularity (Figure 1B) develops when independent free-living unicellular organisms ‘come to-
gether’ and form a new organism that contains potentially genomically unrelated cells [14,15]. In-
trinsically multicellular organisms develop from single cells (or single-cell bottlenecks), as
opposed to aggregative multicellularity. Clonal multicellular organisms achieve intercellular coop-
eration more readily and manifest more cell types compared with aggregative multicellularity
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Figure 1. Key Differences between Aggregative and Clonal Multicellularity. Clonal multicellular organisms develop
from a single-cell bottleneck (A) and, thus, the cells within the fully developed organism have the same genetic identity
(they are ‘clones’). By contrast, aggregative multicellular organisms develop via aggregation of individual cells (B), leading
to a chimeric group. It has been described that clonal multicellularity exhibits a higher number of cell-types compared with
aggregative multicellularity (C). Another important trend within clonal multicellularity is that the more complex the
organisms are, the more cell-types they have (D). Adapted from [5] (C) and [71] (D).

(Figure 1C,D) [5,16,17]. Additionally, multicellular organisms of larger size tend to have more cell-
types, a trend known as the ‘size-complexity rule’ [3] (Box 1). However, some of these trends likely
reflect a historic over-representation of animals in data sets. Thus, more data are needed from
groups other than animals (for exceptions, see [16,18,19]).

The stark difference in the number of cell types between aggregative and clonal organisms lacks a
clear explanation. Clonal development explains some features of complex multicellularity, such
as the reduction of within-organism conflict [9] and the increase in organismal size, but the lack
of conflict itself cannot drive the evolution of cell types, since even aggregative, potentially chime-
ric, organisms can develop into distinct cell-types [17,20]. Additionally, the size-complexity rule
cannot account for the fact that even unicellular organisms manifest different cell types during
their life cycles (however, for a recent theoretical approach, see [21]). The fact that multiple
cell-types exist within unicellular and aggregative organisms suggests that the origin of cellular dif-
ferentiation is largely independent of the route to multicellularity [14,15]. Thus, the task at hand be-
comes finding an explanation for cell differentiation in any given multicellular context, being clonal
or aggregative, without conflating explanations for multicellular evolution itself.

What Counts as a Cell Type?

A meaningful explanation of the evolution of cell types requires de minimus a clear and canonical
definition of what counts as a ‘cell-type’. At first glance, it would appear that cell types differ in
terms of either their morphology or function, or both. Surprisingly, however, there is no general
agreement on the extent to which morphological or functional divergence is required to identify
a particular type of cell as different from other types, and the answers largely depend on the par-
ticular organism of interest, or a given method of classification (for a recent survey on cell-type
definitions, see [22]).
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Glossary

Aggregative multicellularity: a group
of cells comprising nonclonal cells,
developed via the accumulation of
formerly independent (free living) cells.
Boolean network (BN)/Boolean
model: a discrete dynamical system
comprising a set of Boolean variables
(e.g., True/False, 0/1), the values of
which depend on a set of functions
applied to each variable.

Cell type: a cell population
phenotypically, functionally, or
morphologically different from any other
in the same organism.

Clonal multicellularity: an organism
comprising many cells derived from a
single cell or propagule and, thus.
composed of genetically identical cells.
Cyclic attractor: the solution of a BN
can take the form of an orbit, a closed
trajectory in the phase space that always
returns to the starting point.
Development: formation of a
multicellular organism via either clonal or
aggregative mechanisms.

Division of labor: capacity for
components of a system to perform
different functionalities aligned with a
system-level aim.

Dynamical patterning modules: set
of genetic toolkits and physical motifs in
a multicellular system allowing for its
development.

Evolutionary transitions: framework
to understand the evolution of complex
life. When it highlights the changes from
a group of previously independent
individuals, to the composition of new
and more complex entities, this refers to
evolutionary transitions in individuality.
Functional heterogeneity: one cell/
different cells can have a palette of
different behaviors according to several
variables: the phase of the cell cycle, the
environment, interactions with other
cells, and so on.

Intercellular cooperation: combined
effort of different types of cell to achieve
the same goal (e.g., colonization of a
new environment).

Lineage: line of descendants from a
particular ancestor.

Morphogenesis: process during
which the structure of an organism
shapes.

Multicellular organisms: entities
comprising two or more cells, as
opposed to unicellular organisms.
Ontogeny: entire sequence of the
events shaping the developmental
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Box 1. Size-Complexity Rule

The size-complexity rule simply summarizes the observation that the largest organisms tend to be more complex (Figure ).
Complexity in this case can be defined as the number of cell-types (Figure I). This trend is sometimes associated with the
evolution of the division of labor, because different cell-types represent distinctive tasks that are functionally integrated into
a single individual. The key observation is that the biomass (in number of cells) defines the number of cell-types an organ-
ism exhibits. However, changing the number of cell-types does not affect the size of an organism, which suggests that or-
ganismal size is causally linked to the complexity level of an organism [1,3,71]. Over the past few decades, the increased
collection of size and complexity data over a range of taxa has allowed a finer empirical verification of this relationship. For
instance, if we classify all living entities on ‘complexity groups’ (see [1] for details), we observe that the organismal size dis-
tribution is unimodal. This means that the size increase between groups is more important than within-groups, which fur-
thermore suggests a lower and upper boundary of size in each complexity group.

Although widely observed across taxa, this rule is approximate and subject to bias toward some groups of organisms
(e.g., animals tend to be over-represented). A theoretical understanding nuances the trend by showing that organismal
shape is another important variable affecting size and complexity. The rule is violated by filamentous organisms (filamen-
tous cyanobacteria), as opposed to more compact structures, such as spheroid-like organisms (volvocine green algae),
and clonal multicellular organisms [21], indicating that the size-complexity trend depends on a more complex interplay
than previously thought.
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Figure |. The Size-Complexity Rule. It has been proposed that the size of an organism scales with its complexity. In
this context, an approximation for complexity is the number of cell-types within a given organism. This conceptualization is
supported by a large body of evidence, as shown in this plot, which highlights some representative multicellular groups,
from simple to complex for example, the slime mold (Dictyostelium discoideum), green algae (Gonium viridistellatum),
land plants (Fuirena ciliaris), mouse (Mus musculus), and dogs (Canis familiaris). Adapted from data in [5].

This ambiguity likely emerges because the definition of a cell-type simultaneously presents empir-
ical, conceptual, and theoretical challenges that raise open-ended questions on each front. For ex-
ample, there has been a progressive refinement of cellular and molecular techniques (e.qg., single-
cell RNA sequencing) aimed at empirically quantifying the molecular composition of single cells to
distinguish cell types within multicellular organisms [7,23]. Indeed, the degree of technical
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history of an individual organism over
time.

Organismal size: quantitative measure
of the size of an entity; can range, for
example, from the number of cells in an
organism, to its height or volume.

Point attractor: the solution of a BN
can be a ‘frozen’ point, where the
network remains in this state regardless
of more model updates.

Separatrix: boundary that separates
distinct modes of behavior in a
dynamical system, for instance,
attractors of a system.

Single-cell profiling: portrait of a single
cell drawn with genetics, transcriptomic,
or metabolomic tools (or any other
phenotypic characterization, usually
molecular).

Symmetry breaking: bifurcation-like
phenomenon, usually the product of the
amplification of differences from an
initially homogeneous state.
Waddington’s landscape: metaphor
by Conrad H. Waddington where the cell
is a ball, rolling on an uneven hill marked
with slopes and valleys. The landscape
represents the cell differentiation
process, and its features will guide the
ball to a stable position at the bottom of
the hill.

Within-organism conflict: when cells
arise from diverse genomic lineages,
competition can occur between them,
as in the case of aggregative multicellular
organisms.

Zygote: first cell in multicellular and
sexually reproducing eukaryotes,
formed by the fusion of the gametes.
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refinement appears to be progressing exponentially [8]. However, advances in molecular evalua-
tions of cell-types have not been matched with equal advances in the theoretical or conceptual
tools required to identify the thresholds that must be crossed for a particular cell to be classified
as morphologically, physiologically, or functionally different from any other [22,24]. Nevertheless,
amid the lack of conceptual clarity about what constitutes a cell-type is a recent framework by
Arendt et al. that aims to distinguish cell-types within and between species [25].

Multiple theoretical and conceptual problems emerge when trying to interpret the wealth of avail-
able data, or when building mathematical models of cellular differentiation [26]. When interpreting
data, complications arise because cells inherently behave in heterogeneous ways (even isogenic
cells under the same environmental conditions), which, in some cases, may manifest as func-
tional heterogeneity [27,28]. In addition, a single cell-type can appear to behave differently de-
pending on how the data are analyzed. Moreover, this heterogeneity often comes from ‘hidden
variables’ that cannot be directly accessed from the data themselves, making it hard to ascribe
explanations to such variation [29]. Another source of disconnect between data and theory arises
in the opposite extreme, a continuum of behaviors wherein variation sits on a ‘continuous mani-
fold’ that is hard to partition precisely because it does not look suitable for discretization [30].

To exemplify how data interpretation might be problematic, consider recent studies at single-cell
resolution (e.g., [6,23,31]). A basic assumption is that the data can be organized into ‘clusters’ that
faithfully represent different cell types (Figure 2). However, most classification methods based on
single-cell data require researchers to train models with labeled cells, or with some expected number
of cell-types a priori (e.g., [32,33]). These nonobjective aspects of the analysis make the interpretation
of the data ambiguous and hard to compare across experiments and analysis pipelines. All of these
limitations highlight the fact that fundamental technical-empirical questions remain. For example, is
each data cluster a true ‘cell-type', or could they be snapshots of the dynamics of a single type?
The opposite question also emerges: could different cell types be misassigned to the same cluster
simply because they happen to have partially overlapping dynamics?

These limitations also open the opportunity to use theoretical approaches that do not rely heavily
on data acquisition interpretation, although these present equally important challenges. Any the-
oretical approach must ultimately rest on empirically reliable observations (or, at the very least, be
tested against solid data). In the case of cellular differentiation, a few models have been formu-
lated over the decades. These include models based on continuous dynamical systems and re-
lated formalisms (e.g., [34]). However, by far the most influential have been BNs and logical
models introduced by Kauffman and Thomas, respectively [35-37]. The main distinction between
them is the discrete nature of BNs in both phase space (e.g., the set of all possible states that a
dynamical system can take) and time, as opposed to the continuous character of continuous dy-
namical systems (e.g., differential equations). An advantage of BNs is that they do not require as
many details as continuous models and, thus, can model qualitative behaviors readily, such as
cellular differentiation.

The use of BNs (also referred to as Boolean models) has been primarily limited to the study of their
dynamical properties and the modeling of the cellular differentiation process; thus, a lot of work
remains to be done about the evolutionary aspects of this process. However, the potential of
this formalism to tackle these aspects can only be appreciated after a revision of current hypoth-
eses on the evolution of cellular differentiation.

Explaining how cell-types emerge and evolve in multicellular organisms requires one to consider
many factors that interact in complex ways. Multicellular organisms achieve cellular diversity
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Figure 2. Methodological Process for Detecting Cell Differentiation in Multicellular Organisms. In recent years,
there has been an explosion of technologies that allow for the study of multicellular organisms at single-cell resolution
[23,24,29]. Although many details depend on the particular system of study and methodology of use, there are some
common patterns in the methodologies. A developing multicellular organism can be studied at multiple phases of its
development (A), ideally at the phases in which there is change in cell phenotypes. At these particular stages, the single
cells of the organism are analyzed for phenotypic changes (B), usually by molecular profiling (e.g., gene expression, proteo-
mic, or metabolomic analysis). Finally, from the single-cell profiles, it is common to apply a dimensionality-reduction process
to the data. Finally, a clustering analysis will reveal those profiles that are most similar to each other (C), ideally corresponding
to cell types.

throughout their ontogeny, but this diversity needs to be functionally integrated, so that no single
given cell takes advantage of the system. Indeed, it has been proposed that the failure to maintain
such functional integration in multicellular organisms underlies neoplasms and cancer [38,39]. In-
tercellular cooperation stabilizes an evolving system that is nevertheless flexible enough to allow
for functional novelties, while preserving previous adaptations [26]. There are many hypotheses to
explain how these processes can ultimately coexist in single multicellular organisms, and we high-
light a few of them in Box 2, noting that our categorization is merely heuristic and by no means
exhaustive.

Boolean Networks as Models for Cellular Differentiation

The evolution of cellular differentiation arose independently several times; thus, it is reasonable to
think that abstract models can be more useful than detailed ones, because the mechanisms
maintaining multicellularity differ widely among lineages (e.g., cell-to-cell adhesion is achieved in
very different ways in plants and metazoans). BNs are a class of discrete dynamical systems ini-
tially developed to model cellular differentiation as a dynamical process (e.g., [35,36]). However,
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the idea is not new, and was in fact inspired by the work of Conrad H. Waddington, who
portrayed with his famous metaphorical landscape the developmental process, which included
cellular differentiation [40] (see Figure ID, Key Figure in Box 2).

The Theoretical Basis of Boolean Networks

BNs are abstract constructs used to model cell differentiation without referring to a particular
biological system [41]. One advantage of this discrete approach is that it allows one to ask con-
crete theoretical questions without focusing on the diverse details of a real biological system,
which is required in most continuous models (e.g., with the use of differential equations),
where empirically verified rate constants are usually necessary. Instead of considering the de-
tails of a system, BNs focus on the logic of the interactions between the components of the sys-
tems. Although they might appear abstract at first glance, BN models have been used to
accurately model cellular differentiation in numerous systems, including plants, flies, yeast,
humans, and many other kinds of organism (e.g., [42-47]). Thus, the Boolean framework al-
lows one to pose specific questions and to test specific hypotheses in an intuitive way without
losing power or generality (e.g., [48,49]). So far, no other model of cellular differentiation has the
same advantages.

Box 2. Evolutionary Origins of Cellular Differentiation

Here, we briefly discuss some ideas on the evolution of cellular differentiation, noting that these are not necessarily exclu-
sive or exhaustive.

Novel or Co-Opted Genes

It has been observed that novel or co-opted genes allow for the evolution of cell types [72-77], driving innovation in plants,
flies, and other organisms [78-80] and the evolution of multicellularity itself [19,77,81,82] (Figure IA). Co-option is wide-
spread, because the unicellular ancestors of multicellular lineages have machinery that readily allows for multicellularity
to evolve [19,83-85]. Furthermore, organisms can expand their functional repertoire while preserving previously evolved
celltypes (e.g., [25,86)). Interestingly, adaptive changes fix at different rates between unicellular and multicellular organisms
due to the distinct ways in which genetic variation is partitioned.

Division of Labor

Division of labor (i.e., task allocation) within a multicellular organism can drive cell differentiation (Figure IB). This has been
observed in Volvox and cyanobacteria, among other organisms (e.g., [4,87-89]), and recent theoretical work helps explain
when this process is favorable [90,91]. Additionally, microbial division of labor shows a similar functional pattern to multi-
cellular organisms, leading to the interpretation that this mechanism is widespread and ancient [92-94].

Life-Cycle Integration

A recent hypothesis is that cell differentiation can emerge through the integration of the functionally distinct life stages of a
unicellular organism (Figure IC). This hypothesis has been called ‘temporal to spatial’ evolution of cell differentiation [4,95],
and stems from the fact that single-celled organisms can undergo various forms of differentiation though their life stages,
as in Dictyostelium and some bacteria [16,62,96,97]. This hypothesis can be related to the idea of ‘ecological scaffolding’
[98] and symbiotic interactions [99].

Dynamical Systems Behavior

Another hypothesis is that cell types emerge naturally (and expectedly) from the dynamical properties of cells (Figure ID).
This hypothesis has its roots in the concept of symmetry breaking in biological systems (e.g., Turing's model of mor-
phogenesis [100]). The idea is that a system that is homogeneous at some point, can naturally become heterogenous
over time (the symmetry is ‘broken’). Waddington's landscape is a portrait of the temporal dynamics of a system under-
going symmetry breaking (Figure ID). In this landscape, the development of a zygote (a single cell type) results into a mature
multicellular organism (with many cell-types).

Two additional hypotheses worth mentioning are the evolution of cell-types as a response to the adaptation to stress [64],
and via phenotypic plasticity [65].

54 Trends in Ecology & Evolution, January 2021, Vol. 36, No. 1
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Figure |. Genomic innovation can drive the origins of novel cell-types while preserving previous innovations (A). A different
hypothesis is that cooperative interactions via division of labor can stabilize the coexistence of differentiated cells into a
single organism. Another idea proposes that the ecological context of differentiated cells, for instance in single-celled
organisms with complex life cycles, can lead to the evolutionary integration of the differentiated cells (C). Finally, it has
been proposed that the differentiation of cells in a multicellular organism follows from the ‘symmetry breaking” occurring

when an initially homogeneous system (e.g., the zygote) develops into multiple stable behaviors (D). This is a modern in-
terpretation of Waddington’s landscape [40].

BNs model cell differentiation and gene regulation by representing the states of genes (or other
molecules) as either ON or OFF (see Figure 3 for visual overview of the main features of BN). How-
ever, this is not a limitation; more generally, multistate models allow genes to take on more than
two states to incorporate more complex interactions [50]. To incorporate the inherent
stochasticity of regulatory processes, different generalizations of BN have been developed,
with the stochasticity originating from updating schedules [51]. Standard updating schedules in-
clude synchronous schedules, where all the nodes (representing genes or other participating
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Figure 3. Modeling of Cell Differentiation with Boolean Networks (BNs). ABN can model the phenotypic dynamics of
cells by representing their genes (or any other relevant entity) as binary variables representing their activation (ON state) or
inactivation (OFF state), along with their interactions inside the cell (A). The interactions between genes determine the
behavior of the entire network over time (the dynamics), which is meant to represent the change of cell behavior. The
networks can be initialized in any combination of states, which allows the exploration of all possible states. BNs will tend to
a type of ‘attractor’ regardless of their initial configuration, and the collection of states leading to a given attractor is called
‘basin of attraction’ (B). A single network can reach different attractors, depending on its configuration, and these
attractors can be a single state (point attractor) or a collection of states forming a cycle (cyclic attractor) (C). The potential
of BNs to model multicellular development stems from the fact that, with a single network, one can reach many stable
phenotypes, just as multiple states (cell types) are eventually reached in a developing zygote, which is modeled by
crossing the boundaries of a separatrix (B) by some perturbation.

molecules) are updated at the same time, and asynchronous schedules, where a random set of
nodes are updated at each time step. A synchronous update produces deterministic dynamics,
whereas an asynchronous update generates stochastic dynamics. Other stochastic variants of
BNs include a framework that considers propensity parameters for updating each node [51]
and another that considers multiple functions for each node that can be selected from a proba-
bility distribution at each step (e.g., [52]).

As mentioned earlier, the states and temporal evolution of BNs are discrete. More formally, con-
sider a set x4, ..., X, of discrete variables, each of which can take values of {0, 1}. If so, aBNis a
function =fy, ..., £, : {0,1}" — {0, 1}, where each coordinate function f;: {0,1}" — {0, 1} describes
how the future value of x; depends on the present value of the input variables. The dynamics of a
synchronous dynamic BN are given by the difference equation x(t + 1) = F(x(f)). States that
the system stabilizes are called point attractors when F(x) = x, and cyclic attractors
when F'(x) = x, for some r > 1.

In the BN formalism, the attractors of a system are usually associated with certain phenotypes of
the cell, such as proliferation or a differentiated cell type, as originally proposed by Waddington
[40], and later formalized by Kauffman [35,36] and Thomas [37]. For example, Mendoza [53]
used BNs to model the differentiation process in T helper (Th) cells, recovering attractors
representing faithfully the different Th cell types (ThO, Th1, and Th2).

In BN modeling, many features influence the dynamics of the models. For instance, the presence
of special patterns in the network, such as feedback loops [54,55] or other types of network motif

[56], can indicate the presence of multistability or oscillations. Additionally, there are a variety of
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Boolean update rules used to produce the network dynamics. In particular, nested canalizing
rules [57] are frequently used, because they show up in published models of regulatory
networks and they exhibit more stable dynamics than networks comprising random Boolean
rules [57-60].

How Can Boolean Networks Be Used to Model the Evolution of Cell Differentiation?

BNs can make appropriate models to represent the different evolutionary mechanisms leading
to cellular differentiation (i.e., those presented in Box 2). For instance, genomic innovation can
be easily modeled in a BN by incorporating changes in the set of nodes (the variables xj, ..., x,,)
or in their update functions. A sensible question to formulate in this way is whether some nodes
are more (or less) relevant to innovate the repertoire of cell types, and whether the dynamics of
the evolved system(s) are robust, fragile, or antifragile (e.g., [61]). and then the cell types are
captured by the attractors of the Boolean system. Likewise, for the diversification of functions
via division of labor, one could consider special patterns in the wiring diagram (e.g., network
motifs [56]) such that the dynamic behavior of a cell is functionally coupled with another,
representing an integrated multicellular system. For the integration of a life cycle (i.e., the ‘tem-
poral to spatial’ transition to multicellularity), one might need to consider multiscale models or
hybrid models, which are research topics under active development (although see [62],
where the authors use a BN with environmentally controlled thresholds that eventually evolve
into multicellular groups). The emergence of differentiation via symmetry breaking is a problem
of relating structure with dynamics (i.e., given some initial BN system, will it develop into distinct
attractors?) (Figure 3). It is common when analyzing all possible attractors in a BN to explore
multiple initial conditions, but in fact one can perturbate (or ‘control’) the same system and
reach multiple attractors within the same basin (e.g., [63]), to cross the separatrix boundaries
depicted in Figure 3B. Finally, the use of perturbations and stochasticity in the updating rules
can also help in modeling the evolution of cellular differentiation via environmental stress or phe-
notypic plasticity (see [64,65]).

Limitations and Prospects of the Boolean Formalism

For some researchers, it might appear that the lack of rate constants in BNs is a fundamental lim-
itation when matching empirical studies on molecular dynamics (as explained in [66]). However,
the classification of cellular behaviors as distinct ‘types’ is ultimately a qualitative distinction
and, thus, BN models appear apt for this task. Perhaps a more relevant limitation of BN is the
complexity of the existing algorithms for their analysis, because the number of possible transient
states scales exponentially with the number of nodes in a BN [number of possible transient states
= p(n-ofnodes) Hawever, as more data and models are explored, novel methods of BN reduction
and analysis are formulated, producing more efficient tools (e.g., [67-69]). Finally, another limita-
tion of BN models is that they have not been widely used to model evolutionary processes at dif-
ferent scales [70], although we have discussed in the previous paragraph some potential ways
this can happen and, ultimately, this limitation is more a reflection of current research interests
and not fundamental constraints of BN.

Concluding Remarks and Future Perspectives

Multicellularity has evolved independently in diverse phyla (both prokaryotic and eukaryotic) and,
in most instances, it has resulted in the appearance of different cell types. Moreover, the number
of cell types appears to be correlated with increasing body size (the ‘size-complexity rule’; Box 1).
A large body of evidence suggests that the unicellular-to-multicellular evolutionary transition in-
volved similar, if not identical, dynamical patterning modules (e.g., cell-to-cell adhesion and in-
tercellular communication), but that this transition used different means to achieve them
(e.g., carbohydrate versus protein cellular adhesives in land plants and metazoans, respectively).

¢? CellPress

Outstanding Questions

Are there universal mechanisms
underlying the evolution of cell types
in all multicellular lineages, or does
each lineage have particular
mechanisms?

Why do clonal multicellular organisms
have a higher number of cell types
compared with aggregative
multicellularity?

How can we interpret the data
generated by single-cell profiling such
that the concept of ‘cell type’ includes
a dynamical component?

How can we develop theoretical
models that are compatible with data
but that also allow us to find new
insights into the evolution of cellular
differentiation?

How can we develop models that
incorporate evolutionary processes,
such as novel cell types, while being
robust to perturbations?
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In this review, we restricted our discussion to some conceptual and theoretical issues necessary
for understanding the dynamics and evolution of cellular differentiation. In particular, we focused
on how cell-type diversification evolves, and what types of theoretical tools can help disentangle
some of the main ideas behind this process. Interpreting the rapidly expanding empirical evidence
remains problematic, largely because little effort has gone into contextualizing these results within
a theoretical framework. In essence, this work has been hampered by important conceptual lim-
itations, such as the lack of precise and biologically accurate definitions of key concepts
(e.g., whatis a ‘cell type’), and the ambiguities that often result when trying to solve philosophical
issues via data analysis.

Perhaps the greatest challenge is that any explanation for cell-type diversification should be canonical,
in the sense that it must apply equally to the diverse ways in which cell-type differentiation has evolved
(i.e., to all routes to multicellularity, see Outstanding Questions). To meet this challenge, we focused
on the utility of a Boolean modeling approach, which shows great promise and versatility in providing
deep insights across a spectrum of biclogical applications, given that it does not rely heavily on spe-
cific data or a particular model system. Indeed, one of the great advantages of BNs is that they allow
researchers to ask concrete questions while maintaining generality and, as a result, have the potential
to provide a formal explanation for how cell types evolve in many contexts.

Despite its potential, however, it is clear that the application of BNs to unravel cell-type differenti-
ation faces persistent challenges. An ever-present caveat to mathematical formalisms is that we
cannot know what the relevant level of description for a particular system is (molecular, cellular,
multicellular, minutes, hours, or years?). However, cellular differentiation is fundamentally a qual-
itative change in the behavior of a system (via, for instance, symmetry breaking). This is why BNs
represent an encouraging approach, and their use to model cellular differentiation (and its evolu-
tion) holds promise. However, one must be cautious with abstract models such as these [26], and
they must be continuously and rigorously tested against reliable empirical data. This, in turn, re-
quires the development of technologies that avoid analytical pitfalls, such as false readings of
single-cell functional heterogeneity, and the associated analysis pipelines. Therefore, it is crucial
that future research develops a dynamic reciprocity between theorists and empiricists, because
only then will we be able to break current constraints on our ability to reveal deep insights into the
fundamental question of how cells differentiate.
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