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ABSTRACT
What morphologies are more likely to appear during evolution is a central question in zoology. Here we offer a novel approach to this

question based on first developmental principles. We assumed that morphogenesis results from the genetic regulation of cell properties

and behaviors (adhesion, contraction, etc.). We used EmbryoMaker, a general model of development that can simulate any gene

network regulating cell properties and behaviors, the mechanical interactions and signaling between cells and the morphologies

arising from those. We created spherical initial conditions with anterior and dorsal territories. We performed simulations changing the

cell properties and behaviors regulated in these territories to explore which morphologies may have been possible. Thus, we obtained a

set of the most basic animal morphologies that can be developmentally possible assuming very simple induction and morphogenesis.

Our simulations suggest that elongation, invagination, evagination, condensation and anisotropic growth are the morphogenetic

transformations more likely to appear from changes in cell properties and behaviors. We also found some parallels between our

simulations and the morphologies of simple animals, some early stages of animal development and fossils attributed to early animals.

1 | Introduction

What morphologies are more likely, or even possible, to
appear during animal evolution is a central question in
both zoology and evolutionary biology. Evolutionary devel-
opmental biology (or evo‐devo) proposes that there are two
processes we must take into account to answer this ques-
tion. The first one, the generative processes, is what
morphologies can be produced by development in a given
population and generation. The second one, the selective
processes, is which of those morphologies can survive
and reproduce in their environment and, thus pass to

the next generation (Salazar‐Ciudad and Cano‐Fernández
2023). This article focused on the generative process of
morphology, development, and it aimed to determine what
morphologies are more likely to appear in early animal
development.

Morphology can be defined as the distribution of cells
and extracellular matrix in space. Development is the
process that generates morphology and can be seen as the
spatio‐temporal coordination of two subprocesses: induc-
tion and morphogenesis (Salazar‐Ciudad, Jernvall, and
Newman 2003).
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Induction involves cells sending extracellular signals to each
other, or receiving signals from the external environment, and
as a result changing their gene expression, and eventually their
cell type. Induction results in spatial patterns in the distribution
of cell types or gene expression in space but, importantly, it does
not change by itself the position of the cells (Salazar‐Ciudad,
Garcia‐Fernández, and Solé 2000).

In morphogenesis, cells modify their distribution in space as a
result of the physical forces produced by changes in their bio-
mechanical properties (e.g. adhesion, shape, etc.) or the regu-
lation of cell behaviors (e.g. cell division, apoptosis, etc.)
(Alberch 1991; Salazar‐Ciudad, Jernvall, and Newman 2003). In
this study, a particular change in the relative positions of cells
in space (e.g. folding, elongation, etc.) is defined as a morpho-
genetic transformation. It is important to note that the same
morphogenetic transformation can produce slightly different
morphologies depending on its intensity. For example, two
invaginations can be considered the same morphogenetic
transformation in spite of having different curvature
(Gilbert 2019). Moreover, we did not considered isotropic
growth (i.e. growth maintaining the same shape) as a mor-
phogenetic transformation.

Induction and morphogenesis are not completely indepen-
dent processes. Morphogenetic transformations are often
triggered by changes in gene expression (Alberch 1991).
Moreover, the spatial distribution of cells affects the diffusion
of extracellular signals and, thus, the spatial distribution of
the cells receiving such signals. A morphogenetic transfor-
mation can, therefore, lead to a change in gene expression
(Salazar‐Ciudad 2006, 2010).

In this article, we explored the space of possible morphologies,
or morphospace, that can develop from very simple assump-
tions regarding both induction and morphogenesis. To do this,
we used EmbryoMaker, a computational model of development,
that allows to simulate organisms composed of epithelial and
mesenchymal cells that are able to regulate the aforementioned
cell properties and behaviors (Figure 1). To obtain a compre-
hensive sample of possible morphologies, we used Embryo-
Maker in two different approaches.

In the ensemble approach, we performed a large number of
simulations where cell properties and behaviors were regulated
in simple territories (gradients or stripes) within spherical ini-
tial conditions we named blastuloids (see methods for a

FIGURE 1 | EmbryoMaker. (A) Types of model mechanical elements. Epithelial cells are simulated as cylinders, mesenchymal cells and

extracellular matrix are simulated as spheres. (B) Cell adhesion and repulsion. If the distance between two nodes is smaller than their equilibrium

distances (EQD) they suffer repulsion and if it is larger (but still in the range of their adhesion radii, ADD), they suffer attraction. (C) Bending forces.

Rotational bending force precludes cells from moving up or down the epithelial layer and the radial bending force maintains epithelial cells parallel

to each other. (D) Extracellular matrix secretion. A cell (in yellow) secretes a new extracellular matrix node (orange sphere). (E) Cell division. New

cells initially appear as smaller cylinders that progressively grow. (F) Epithelial elastic spring. The apical and basal nodes of epithelial cells are

connected by an elastic spring. (G) Planar contraction. Cells can change their shape by contraction in one direction and expanding in another within

the plane of the epithelium. This polarization is in the direction of the gradient of a growth factor in space. The same mechanism is used to simulate

polarized contraction in mesenchymal cells. (H) Cell contraction in the apical–basal axis. The equilibrium distance and adhesion radius of the yellow

nodes became smaller (or larger) due to changes in the genes expressed in it, as a result the epithelium invaginates.
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complete description of these) that grew homogeneously by cell
division simulating the presence of nutrients. A territory is
defined as a set of cells that have something in common (e.g.
the expression of a particular gene) and have a specific con-
tinuous distribution over space (Salazar‐Ciudad, Jernvall, and
Newman 2003). These territories were placed along two
orthogonal axes, that were called the anterio‐posterior and
dorso‐ventral axes in accordance with the early development of
many animals. Moreover, initial conditions were spherical
because that is a common shape in the early development of
animals (e.g. cnidarian blastula) (Gilbert 2019).

In the focal approach, we performed simulations in the same
blastuloids but slightly more complex developmental settings.
The aim of this approach was to to explore further some aspects
of the morphogenetic transformations and the results of the
mechanical interactions between epithelium and mesenchyme.

Overall, our article explored the range of morphogenetic
transformations that are most easy to produce by the simple
regulation of the behaviors and mechanical properties of animal
cells. Consequently, we obtained a basic set morphologies that
are likely to appear during evolution in animals. For each
morphogenetic transformation we explore the different under-
lying cell behaviors and cell mechanical properties (e.g., the
different ways to produce invaginations by regulating different
cell behaviors and mechanical properties). Within this set of
morphologies, we found those of some simple living animals,
early developmental stages of more complex animals and some
fossils attributed to early multicellular animals (see discussion).

2 | Materials and Methods

2.1 | The Model

EmbryoMaker is a mathematical model that can simulate the
development of organisms and organs composed of epithelial
cells, mesenchymal cells and extracellular matrix (ECM). A
more detailed description of EmbryoMaker can be found in its
original publication (Marin‐Riera et al. 2015) and the most
updated version of the code is freely available online (https://
github.com/HugoCanoFernandez/Morphospace_exploration_
EMaker/tree/main/EmbryoMaker).

Cells in EmbryoMaker are simulated as sets of nodes that have
some physical properties and gene expression levels. For the
sake of simplicity, in this study epithelial cells were simulated
as cylinders with two nodes: apical and basal. Apical nodes
were located towards the outside of the blastuloid and basal
nodes towards the inside. Conversely, mesenchymal cells and
ECM were simulated as spherical nodes (Figure 1A). All nodes
have the following mechanical properties: adhesion radius
(pADD), equilibrium distance (pEQD), adhesion (pADH) and
compressiblity (pREC).

The adhesion radius and equilibrium distance of nodes repre-
sent their size and, therefore, the size of cells. The size and
relative position of nodes determine their biomechanical in-
teractions. If two nodes are within their adhesion radius they
attract each other, but if they are closer than their equilibrium

distance they repel each other (Figure 1B). The strength of these
forces is determined by the distance between the nodes and
their adhesion and compressibility coefficients. These two
parameters represent the amount and affinity of the adhesive
molecules (e.g. cadherins) present in the cell membranes and
the compressibility of cytoplasm.

Epithelial cells have some extra properties, namely: the equili-
brium distance of the spring (pEQS) the Hooke's constant (pHOO)
and the rotational (pEST) and radial (pERP) bending forces. The
cylindrical shape of epithelial cells is modeled using two nodes
linked by a spring that represents the cytoplasm connecting
them. The preferred length of this spring (i.e. the height of the
relaxed epithelium) is its equilibrium distance (pEQS). If the
distance between the upper and lower nodes is larger than pEQS,
then they suffer an attraction force and if it is smaller, then
there is a repulsion force (Figure 1F). The strength of these
interactions is determined by the Hooke's constant of the spring
(pHOO). Epithelial cells also present bending forces (Figure 1C),
that try to maintain the physical integrity of the epithelial layer
by precluding cells from protruding from the plane of the epi-
thelium (pEST) and by maintaining the longest axes of the
neighboring cells parallel (pERP).

Finally, cells in EmbryoMaker are able to perform the main cell
behaviors that, according to phylogenetic analysis (see Section 1),
were possible in the first multicellular animals: cell division, cell
contraction, cell growth, and ECM secretion. Cell division is
simulated adding a new cell next to the parental one (Figure 1E)
at a rate named Ck. New cells start being very small and they
grow until reaching the size of the parental one. They also inherit
all the physical properties from their parental cells. Cell con-
traction (pCOD) and cell growth (pGRD) are simulated as changes
in the node equilibrium distance (Figure 1H). Cell contraction
can also be polarized in the direction of some spatial gradient. In
epithelial cells this means that they can elongate in a specific
direction within the plane of the epithelium (Figure 1G), whereas
mesenchymal cells can be polarized and contract in any direc-
tion. In ECM secretion, a new ECM node is secreted by the cells
with a rate equal to the parameter pECM (Figure 1D). All these
properties and behaviors are subject to genetic regulation (see
below). See Supplementary Tables S1‐3 for a complete list of the
parameters used and the range of values considered.

2.2 | Initial Conditions

In this study, we assumed spherical initial conditions with pat-
terns in form of gradients and/or stripes. We assumed that these
territories were the result of a process of induction, either by
extracellular cell signaling or by changes in the environment (see
Section 1), although we did not simulated the induction process
itself. We call these initial conditions blastuloids, because of their
reminiscence to the blastulae of the early developmental stages of
many extant animals. Also for the sake of simplicity and sym-
metry, all cells in the blastuloids are assumed to divide with a
constant basal rate (C = 0.5k ) to simulate the growth of the
organism due to the presence of nutrients.

Three different blastuloids, each one featuring a different dis-
tribution of cell types and a different configuration of territories,
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were used as initial conditions for our simulations. For the sake
of simplicity, we used the terms of anterior, posterior, dorsal
and ventral to describe the orthogonal axis of the spheres
(Figure 2), just as in animal embryos (Gilbert 2019).

The first initial condition (IC1) was a hollow sphere of epithelial
cells (372 cells) with two slightly overlapping gradient terri-
tories. One gradient increased from the posterior towards the
anterior pole of the embryo and the other from the ventral
towards the dorsal area (Figure 2A–E). The simulations using
this hollow blastuloid were used to understand the effects of the
different cell properties and behaviors in the epithelial tissue
alone. This initial condition offered a default expectation of
the morphogenetic transformations that could have happened
if the blastuloids were full of a material mechanically similar to
the external medium, meaning that the internal and external
pressures were equivalent.

The second initial condition (IC2) was an epithelial sphere full
of mesenchymal cells (372 epithelial cells and 400 mesenchymal
ones) with four gradient territories (Figure 2F–K). Two of them
were in epithelial cells in the epithelium as in IC1. The other
two were obtained by mirroring these epithelial territories in
the underlying mesenchymal cells. This initial condition was
used to study the mechanical interactions between epithelial
and mesenchymal tissue during morphogenesis. In other words,
the simulations with IC2 allowed to determine how the pres-
ence of mesenchymal cells can affect the morphogenetic
transformations in the epithelium. To preclude the breakage of
the epithelium due to internal pressure, mesenchymal cells
divided in IC2 with a slower background rate than the epithelial
ones (C = 0.5k for epithelial cells and C = 0.25k for mesenchy-
mal ones). Therefore, the mesenchyme only produced some
internal pressure at the first stages of development.

The third initial condition (IC3) had the same spatial distribu-
tion of cells that IC2, but with three striped territories of
homogeneous expression in mesenchymal cells (Figure 2L–P).
These territories were placed in the anterior pole, the posterior
pole and the equator of the embryo, simulating a french‐flag
pattern that can be easily obtained from an environmental
gradient or a reaction‐diffusion system (Salazar‐Ciudad 2006).
On the contrary, epithelial cells showed no distinct territories.
This IC3 setting was used to study the morphogenetic trans-
formations that are possible in the mesenchyme. The back-
ground division rates were the same as in IC2.

2.3 | Ensembles

We explored the ensemble of morphologies that can develop
from these initial conditions by regulating different cell proper-
ties and/or behaviors in each initial territory in the blastuloid.
We exhaustively tried all combinations of cell behaviors and
properties in different territories, including the possibility of
inactive territories (i.e. not activating any cell property of
behavior). For example, in the initial conditions with two terri-
tories (IC1) we tried the combinations: anterior territory con-
tracting and dorsal territory inactive, anterior territory inactive
and dorsal territory contracting, anterior territory contracting
and dorsal secreting ECM, anterior territory secreting ECM and

dorsal contracting, and so on. We used one value for the regu-
lation of each cell property or behavior. Those values can be
consulted in Table S3. In total, we performed 257 simulations
from IC1, 5621 simulations from IC2 and 256 simulations from
IC3. The simulations were performed for 10 time units of the
model, which roughly corresponds to 10,000 iterations, using
4th‐ order Runge‐Kutta numerical integration method with a
dynamic step size (Marin‐Riera et al. 2015).

2.4 | Quantitative Measurements

The morphogenetic transformations found in the simulations
were also measured quantitatively. Folding in the epithelium
was quantified by calculating the average distance to the center
of the morphology in the cells of the invaginated or evaginated
territory minus the average distance to the center of the mor-
phology of all the cells. In a regular sphere this value should be
equal to 0 in all cells. In cells from a territory that is evaginated,
however, this value is larger than 0, and in cells from a territory
that is invaginated, it is smaller than 0.

Elongation both in the mesenchyme and the epithelium was
quantified by calculating the largest distance between two cells
in the three axes of the blastuloid: anterior–posterior, dorsal–
ventral and right‐left. The elongation coefficient in one axis was
calculated by dividing the distance in that axis by the larger
distance of the other two. This elongation coefficient was equal
to 1 if the morphology remained spherical and larger than 1 if it
was elongated.

Condensations in the mesenchyme were quantified by mea-
suring the average distance of each cell to its neighbors and the
total number of neighbors. Cells in condensations have a
smaller average distance to their neighbors and also more
neighbors.

3 | Results

3.1 | Morphogenesis in the Epithelium

We simulated development from IC1, a spherical epithelial
blastuloid (Figure 2). In each simulation we regulated a dif-
ferent combination of cell behaviors and cell mechanical
properties. All the morphological transformations occurring in
these simulations can be classified into only three types: elon-
gation, evagination and invagination. Elongation happened
when the otherwise spherical blastuloid became an ellipsoid.
Evaginations and invaginations were, respectively, outwards or
inwards folds of the blastuloid surface. Evaginations and
invaginations can actually be considered as a single morpho-
genetic transformation, that is, folding. In IC1 we considered
two territories where cell properties and behaviors could be
regulated differently (Figure 2). When two different cell prop-
erties or behaviors were activated in these territories, the
resulting morphology could be described as the combination of
two morphogenetic transformations (e.g. evagination in the
animal territory and invagination in the dorsal territory). A
depiction of the range of morphologies that was obtained from
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all these combinations of morphogenetic transformations is
shown in Figure 3 (i.e. all combinations of evaginations,
invaginations and elongation). The relationships between the
morphogenetic transformations and the cell properties and
behaviors that produced them are presented in Table 1.

3.1.1 | Elongation

In our simulations, elongation was only observed when planar cell
contraction was active (Table 1). The mechanistic explanation of
this result is that cells contracting within the plane of the epi-
thelium become more elongated in a specific direction
(Figure 1G), thus contributing to the overall elongation (Figure 3).

3.1.2 | Evagination

In contrast, the regulation of many cell properties and behaviors
led to evaginations (Figure 4A–E and S1.A–E and Table 1). The
behavior that produced the largest evaginations was basal cel-
lular contraction (pCOD). This behavior changed the shape of
epithelial cells from cylindrical to conical. In these conical cells,
the apical node (the one facing the outside of the blastuloid)
was larger than the basal node (the one facing the inside). In
real epithelial cells, this can be achieved by the contraction and
relaxation of the actomyosin bands in their cytoskeleton
(Martin, Kaschube, and Wieschaus 2009; Pearl, Li, and
Green 2017). This change of cell shape increased the local
curvature of the territory outwards thus producing an

evagination. Evaginations also arose when increasing the size
(equilibrium distance or pEQD) of the apical nodes in epithelial
cells by cell growth (pGRD).

A local reduction in the epithelial thickness also resulted in
evaginations. Epithelial thickness was reduced in our simula-
tions by decreasing the height of epithelial cells (Figure 1C).
Cell height was controlled by the equilibrium distance between
the apical and basal nodes of epithelial cells (pEQS). In animals,
cells can reduce their cell height (i.e. cell shortening) by con-
tracting their apicobasal actomyosin cable (Pearl, Li, and
Green 2017), and it has been found that this produces folds in
the ascidian gastrulation (Sherrard et al. 2010) and in Drosophila
leg development (Monier et al. 2015).

Evaginations were also produced by decreasing cell compressibil-
ity or decreasing the adhesion affinity between cells. The epithelial
nodes in EmbryoMaker have an equilibrium distance (pEQD) and a
maximum adhesion radius (pADD). When two nodes from differ-
ent cells are within the range of their adhesion radii, they attract
each other (Figure 1B). This attraction force depends positively on
the distance between the nodes and on the property, pADH, that
represents the adhesion affinity between cells. Conversely, when
two nodes are at a distance smaller that the sum of their equili-
brium distances, they repel each other (Figure 1B). This repulsion
force depends negatively on the distance between the nodes and
positively on their compressibility parameter, pREC.

In our simulations the blastuloids had a background cell division
rate. Each new cell meant more volume to be accommodated in

FIGURE 2 | Initial conditions. Each of the three panels shows one initial condition. The first row in the panels shows the territories in the

epithelium and the second the territories in the mesenchyme. The colors in the two first rows show the relative activation strength of the properties

and behaviors, meaning that cells in yellow activate them with the highest value and cells in blue do not activate them. In other words, the colors can

represent either the expression of a gene or a change in environmental conditions (e.g., light, nutrients) heterogeneous in space. The third row shows

a combined map of the territories both in epithelium and mesenchyme, where cells with an activation strength of at least 30% of the maximum value

are painted with the same color. Cells that can activate two cell properties or behaviors with a strength higher or equal to this threshold are painted in

yellow. A stands for anterior, L for lateral right and D for dorsal. (IC1, A–E) Hollow epithelial sphere with two territories, one in the anterior pole and

the other in a dorsal stripe. (IC2, F–K) Epithelial sphere full of mesenchymal cells with four territories, two in the epithelium and two in the

mesenchyme. (IC3, L–P) Epithelial sphere full of mesenchymal cells with three territories in the mesenchyme.
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FIGURE 3 | Sample of morphologies obtained in the ensemble approach from the hollow blastuloid (IC1). In the simulations of this ensemble

one cell property or behavior was regulated in each of the two territories (red or purple in the figure). We tried all the possible combinations of cells

properties, behaviors in the two territories. For example, anterior territory contracting and dorsal territory inactive, anterior territory inactive and

dorsal territory contracting, both territories inactive and both territories contracting. All the morphologies in this ensemble could be understood as

the result of combining three morphogenetic transformations: invagination, evagination, and elongation. In this figure we show all these possible

combinations. The columns represent the morphogenetic transformation present in the anterior pole territory (red). The rows represent the

mechanical transformation present in the dorsal stripe territory (purple). The yellow cells represent the overlapping area between territories. The

label “nothing” means that there were no cell properties or behaviors activated in that territory (i.e. inactive territory). The green arrows show

invaginations, the orange arrows evaginations and the white arrows show the direction of elongation. Note that many cell properties or behaviors

were able to produce invaginations or invaginations (see Table 1). The value “ELO” stands for the elongation coefficient in the anterior–posterior
(A–P) and dorsal‐ventral (D–V) axes (the calculations are explained in Section 2). For this figure we selected the results obtained regulating cell

growth (pGRD).

TABLE 1 | Morphological transformations produced when regulating (increasing or decreasing) cell properties and behaviors in IC1.

Property/behavior Symbol Increase Decrease

Adhesion pADH Invagination Evagination

Compressibility pREC Evagination Invagination

Adhesion radius pADD Invagination Evagination

Cell contraction pCOD Evagination Invagination

Cell growth pGRD Evagination Invagination

Cell high pEQS Invagination Evagination

Extracellular matrix secretion pECM Invagination

Planar cell contraction pPCO Elongation
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the epithelium. New cells, therefore, produced strong repu-
lsive forces with their neighboring cells and that resulted in
the expansion of the blastuloid. In other words, to accommo-
date all this new volume, the blastuloids increased their size.
The speed of this expansion depended on the relative strength
of the repulsion and attraction forces between cells. If the
compressibility of a territory was decreased (by increasing
pREC) then those cells expanded faster than the rest of the
blastuloid creating an evagination. Similarly, when the adhe-
sion affinity was decreased in a territory (pADH) the attraction
forces keeping cell together were weaker, resulting in cells
expanding faster than the rest of the blastuloid and creating an
evagination.

Another way of producing evaginations was to reduce the
adhesion radius, pADD. Notice this is different from the

adhesion affinity (i.e. the strength by which cells attach to each
other, pADH). The total strength of the forces sticking cells
together was the sum of the attractive forces suffered by each
pair of nodes that are within the range of their adhesion radii
(Figure 1B). Reducing the adhesion radius of cells resulted in
less pairs of nodes within the range of their adhesion radii and,
therefore, less attractive forces. As explained before, when
attractive forces were reduced in a territory these cells expanded
faster than the rest of the blastuloid creating an evagination.

3.1.3 | Invagination

Invaginations were produced by the same processes described
for evaginations, but activated in the opposite way (Figure 4A–E
and Table 1). For example, invaginations were produced when

FIGURE 4 | Quantification of invaginations and evaginations in IC1 and condensations in IC3 ensemble simulations and random folds

appearing in a focal approach simulation where IC1 grows by cell division. (A) Box‐plot showing a quantitative evaluation of the invaginations and

evaginations produced by the positive or negative regulation of various cell properties and behaviors in the ensemble simulations from IC1. ADD

stands for adhesion radius, ADH for adhesivity, COD for cell contraction, ECM for extracellular matrix secretion, EQS for cell height, GRD for cell

growth and REC for compressibility. Each box represents the cells of the anterior territory in one simulation where one cell property or behavior was

activated in that territory (displayed in the x‐axis). The colors of the boxes show whether the regulation was positive, increasing the value of the

property or behavior, or negative, decreasing the value. The y‐axis shows the distance to the center of the morphology in the cells from this anterior

territory minus the average distance to the center of the morphology in all cells. In a perfect sphere, this value should be equal to 0. If this value is

larger than 0, then it means that the territory has evaginated and if it is less than 0 then it has invaginated. In all the simulations of this figure, the

dorsal territory remained inactive. (B) Lateral view of an example of an evagination produced by positive regulation cell growth (pGRD), meaning that

cells increase the size of their apical nodes. (C) Sagittal section of B. (D) Lateral view of an example of an invagination produced by negative

regulation cell growth (pGRD), meaning that cells decrease the size of their apical nodes. (E) Sagittal section of D. The color palette in (B)–(E)
represents cell growth regulation with yellow representing the maximum value and blue representing no activation. (F–I) Different stages in a focal

approach simulation of growth by cell division in IC1. The colors show the squared distance to the center of the blastuloid (yellow indicates the

largest distances). The blastuloid grew from 372 cells (F) to more than 10 thousand cells (I).
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the size of the apical nodes were decreased by either cell growth
or cell contraction (Figure 1H). Increasing the height of cells,
decreasing their compressibility and increasing their adhesion
affinity also produced invaginations. In the model adhesion
affinity can be increased by increasing the parameter pADH

whereas, in real tissues, this can happen when cells generate
cytoplasm protrusions towards the outer or inner surface of the
epithelium that drag neighboring cells. This mechanism is
called bunching (Pearl, Li, and Green 2017) and it has been
observed in the sea urchin gastrulation (Burke et al. 1991;
Davidson et al. 1995).

Lastly, secreting ECM (pECM) towards the exterior of the blas-
tuloid also produced invaginations because the repulsion forces
between the ECM nodes and the apical epithelial nodes con-
strained the growth of the blastuloid in the areas where secre-
tion was active. No evaginations were produced by ECM
secretion in our simulations, but only because we did not allow
ECM to be secreted to the interior of the blastuloid.

3.1.4 | Random Folding

The simulations of our focal approach showed that homoge-
neous growth by cell division can lead to randomly folded
morphologies (Figure 4FR–I) particularly if division rate is high
and/or the epithelium is very flexible (Hagolani et al. 2019;
Cano‐Fernández et al. 2024).

As mentioned above, cell division introduces new cells
(Figure 1E) that increase in the volume of the epithelium. As a
result, the cells in areas where there have recently been cell
divisions are more compressed than the rest. Compressed cells
produce strong lateral forces that are transmitted through the
epithelium. These lateral forces can fold the epithelium either
in the area where more new volume is accumulating or in the
adjacent ones (Figure S2A,B). Although the cell division rate
may be the same in all cells, not all of them divide exactly at the
same moment.

Even when we forced cells to divide synchronously, random
folds arose. We found that was due to the fact that each
division plane has a specific direction. In other words, cells
may divide in random directions within the plane of the epi-
thelium but each cell divides in unique direction and, thus,
leads, locally, to more pushing in this direction than in others.
This results in some areas of the epithelium growing slightly
more than others and this ultimately leads to the formation of
folds. Notice that this cannot be precluded by forcing all cells
to divide in the same direction within the plane of the epi-
thelium. Geometrically, it is impossible that all cells at the
surface of a sphere orient their division plane in the same
direction. In our focal simulations with only cell division,
therefore, the areas that have more or less extra volume are
randomly located in the blastuloid, resulting in randomly
located folds (Figure 4F–I).

More focal simulations were performed to confirm that the size
and distribution of more compressed areas of the epithelium
determines where these folds appear. The results of these sim-
ulations are in Supplementary text S1 and Figure S2.

3.2 | Morphogenesis in the Mesenchyme

The ensemble simulations from IC3 also exhibited a smaller
number of morphogenetic transformations: condensation,
anisotropic growth and elongation. However, by combining
these transformations a wide range of configurations in the
mesenchyme was obtained (Figure 5).

3.2.1 | Condensation

Condensations were regions of increased cell density that arose
from the regulation of homotypic cell adhesion (Figure 6). Cells
regulating homotypic adhesion adhere to each other stronger
than to cells from other territories. In the model, this stronger
adhesion arises simply from different cells expressing different
adhesion molecules with different adhesion affinities.

A strong homotypic adhesion, therefore, aggregates neighboring
cells from the same territory and precludes them from dispersing
or mixing with cells of other territories, a phenomenon usually
known as cell sorting. Cell sorting by differential adhesion has
been observed in both in silico (Taylor et al. 2017; Cano‐Fernández
et al. 2023) and in vitro models (Steinberg 1970; Foty and
Steinberg 2005; Lecuit and Lenne 2007). In fact, differential
adhesion has been suggested as one of the mechanisms involved
in the condensation of precartilage, for example, in animal limb
development (Newman 1996).

3.3 | Anisotropic Growth

Mesenchymal growth happened in the ensemble simulations
due to cell division. In isolation, growth by cell division resulted
in an isotropic increase in the size of the mesenchyme and,
therefore, could not be classified as a morphogenetic transfor-
mation (see definition in Section 1). However, when growth in
some territories was combined with condensation in others, an
increased growth be cell division led to anisotropic changes in
the mesenchyme. For example, in simulations with two con-
densations separated by a non‐condensed territory, growth in
that territory determined the distance between the two con-
densations (Figure 5C).

3.3.1 | Elongation

Mesenchymal elongation was the result of the juxtaposition of
multiple condensations in the ensemble simulations. In IC3,
three mesenchymal territories were distributed as bands along
the animal–posterior axis of the blastuloid (Figure 2M–P).
When homotypic cell adhesion was regulated in these terri-
tories, multiple condensations were formed as explained before.
Since these three territories were aligned along the A–P axis,
the growth of the condensations resulted in an elongation of the
blastuloid along the A–P axis, like in the somites in the seg-
mentation of vertebrates (Figure 5C).

In our focal approach, we tested the ability of condensations to
produce elongation in the whole blastuloid by increasing the
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number of areas along the anterior–posterior axis with enhanced
homotypic adhesion and the division rate of mesenchymal cells.
As expected, increasing the number of condensations effectively
increased the total elongation of the blastuloid (Figure 7).

However, the efficiency of this elongation process was limited by
the initial number of mesenchymal cells. If the size of the initial
conditions was maintained constant, adding many territories also
meant that they had to be small. Small condensations expressing

FIGURE 5 | The set of morphologies obtained in the ensemble from IC3 by combining condensation and anysotropic growth. (A) Sagittal section

of the initial conditions showing epithelial and mesenchymal cells as spheres. Blue spheres are epithelial cells (each sphere represents either the

apical or the lower node). Yellow, red, and orange spheres represent mesenchymal cells from the three territories where cell properties and behaviors

(increased cell division that leads to tissue growth and homotypic adhesion or polarized cell contraction that lead to condensations) can be activated.

(B) Sagittal sections of the morphologies obtained from all the possible combinations of increased cell division, condensation and just background cell

division (nothing) assuming the orange and yellow territories activate the same cell property or behavior. (C) Sagittal sections of the morphologies

obtained from all the possible combinations of increased cell division, condensation and just background cell division (nothing) assuming the orange

territory activates homotypic adhesion (condensation). All the condensations in this figure were produced by homotypic adhesion, but similar results

were obtained when activating polarized cell contraction. The value “ELO” stands for the elongation coefficient in the anterior–posterior axis (the
calculations are explained in Section 2).

FIGURE 6 | Quantification of the mesenchymal condensations in ensemble simulations from IC3. (A–D) Examples of ensemble simulations with

condensations from the IC3 in sagittal section. (A) Condensations in the anterior and posterior territories (yellow and orange). (B) Condensation in

the middle territory (red). (C) Condensations in the posterior and middle territories (orange and red). (D) Condensation in the posterior territory

(orange). (E) Box‐plot showing a quantitative condensation produced by homotypic adhesion in the ensemble simulations from IC3. The x‐axis
represents the simulations (A–D). The boxes include the data from all mesenchymal cells in each territory (colors identify territories). The y‐axis
shows the average distance of mesenchymal cells to their neighbors.

53 of 111



the same adhesion molecule were more likely to fuse totally or
partially as shown in Figure 7E. Polarized cell contraction was also
able to produce the elongation of the mesenchyme by itself, but it
needed a constant signal diffusing from one point (e.g., the ante-
rior pole) of the blastuloid (Figure S3).

3.4 | Morphogenetic Transformations Arising
From the Mechanical Interaction Between
Epithelium and Mesenchyme

The morphogenetic transformations resulting from changes in
the properties of the epithelial cells differed between the initial
condition IC1 (hollow epithelial sphere) and IC2 (epithelial
sphere full of mesenchymal cells), even if the mesenchyme only
grows by cell division without changing its properties or regu-
lating any other behavior. For example, when epithelial cells in
IC1 decreased their adhesion affinity (pADH) or adhesion radius
(pADD) we obtained evaginations that were not replicated in
IC2. This difference can be explained by considering that, at
least at the first stages of development, mesenchymal cells
adhere to epithelial ones and pull them towards the center of
the blastuloid, thus precluding shallow evaginations from
happening. Moreover, when the growth rate of the mesen-
chyme was increased, the internal pressure created by dividing
mesenchymal cells pushed epithelial ones towards the exterior
of the blastuloid, thus precluding invaginations (Figure S4).

Mesenchymal elongation, either by polarized cell contraction
(Figure S3) or by the juxtaposition of condensed segments

(Figure 7), also resulted in the elongation of the epithelium if
the division rate of mesenchymal cells was high enough. The
reason is that the growing mesenchyme produced higher
repulsion forces in the axis of elongation, pushing epithelial
cells further in that direction. This means that, when growing
fast enough, the pressure exerted by the rapidly proliferating
mesechyme can direct the growth of the epithelium that sur-
rounds it.

Adhesion forces between mesenchymal and epithelial cells
were also able to transform the epithelial morphology. This was
also observed in our focal approach using an initial condition
where mesenchymal cells adhered stronger to epithelial cells in
the equator than to any other cell (Figure 8A–C). These simu-
lations were repeated with different values of the division rate
of mesenchymal cells. The results show that attraction forces
from the mesenchymal cells can also transform the morphology
of the epithelium. In these cases, the final morphology depends
on the relative growth rates between the mesenchyme and the
epithelium (Figure 8D–F). When the cell division rate in the
mesenchyme was low, then they mesenchymal cells attracted
epithelial cells in the equator enough to limit the expansion of
the epithelium in that area. The result was an ellipsoid elon-
gated along the anterior‐posterior axis and with an equatorial
layer of mesenchymal cells separating two internal cavities
(Figure 8D). Conversely, when cell division rate in the mesen-
chyme was high, the mesenchyme grew towards the equator of
the epithelial sphere because it is the direction where mesen-
chymal cells suffer more adhesion. In other words, epithelium,
in this case, guided the growth of the mesenchyme, resulting in

FIGURE 7 | Elongated morphologies obtained in the focal approach by the accumulation of mesenchymal condensations in one axis. (A–F)
Sagittal sections of simulations with 2, 3, 4, 5, 6, and 7 initial territories in mesenchymal cells. Mesenchymal cells with the same color (either yellow

or orange) suffer homotypic adhesion, meaning that they attract to each other stronger than to any other cell. For each simulation the initial

condition is shown in the top left and final morphologies in the bottom right of the image. Note that, starting always from a spherical initial

condition, the final morphology is more elongated the higher is the number of initial territories and therefore final mesenchymal condensations (or

segments). The value “ELO” stands for the elongation coefficient in the longest (dorsal–ventral) axis (the calculations are explained in Section 2).
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a flat disk completely full of mesenchymal cells (Figure 8F).
These results support the idea that the mesenchyme may have
an active role in folding the epithelium as it has been suggested,
for example, in the early development of the dental bud
(Mammoto et al. 2011; Marin‐Riera et al. 2018; Wang
et al. 2022).

4 | Discussion

The results of our simulations showed that the morphogenetic
transformations more likely to appear in development are
invagination, evagination, elongation, and condensation. There
are other morphogenetic transformations present in animals.
For example, holes can be produced in the epithelium through
the regulation of epithelial–mesenchymal transition or apo-
ptosis. Moreover, mesenchymal cells can migrate, extend, and
converge like, for example, in the gastrulation of many animals
(Gilbert 2019). Mesenchymal cells can also produce cavities by
changing the distribution of the adhesion molecules in their
membranes and, eventually, transform into epithelial cells
(Newman and Bhat 2008). This process has, indeed, been
assumed in our initial condition IC1, which already presents an
inner cavity. EmbryoMaker can also simulate migration,
epithelial‐mesenchymal transition and apoptosis but they were
not included in this study for the sake of simplicity.

Our results also showed that the same morphogenetic trans-
formation can be obtained by the regulation on many different

cell properties and behaviors. For example, invaginations can be
produced by changes in: cell contraction, adhesivity, com-
pressibility, adhesion radius, cell growth, cell hight or ECM
secretion (Table 1). Consequently, many animal lineages may
have evolved similar morphologies but regulating different cell
properties or behaviors, that is, evolutionary convergence
(McGhee 2011). Moreover, some animal lineages can have
retained their ancestral morphology during evolution but
changed the cell properties or behaviors that are regulated to
produce it, a phenomenon known as developmental systems
drift (Newman and Müller 2000; True and Haag 2001).

In spite of the limited number of possible morphogenetic
transformations (i.e. folds, elongations, etc.), our simulations
reveal a wide range of variation, including morphologies that
closely resemble the early developmental stages in extant ani-
mals as well as some fossils from early animals (Figure 9). In
the next paragraphs, we will discuss some of these
morphologies.

The gastrulation in cnidarians, for example, generally starts
with a hollow sphere like our blastuloid (IC1). This sphere
suffers an invagination that can be produced, depending on the
species, by cell introgression (Hydrozoa) or by cell contraction
(Anthozoa and Scyphozoa) (Technau 2020). Our simulations of
invagination by cell contraction (Figures 9 and 4E) are similar
to the former case. Invaginations by cell introgression, meaning
that some cells detach from the epithelium and cover the
interior of the blastula, can potentially be simulated in

FIGURE 8 | Focal approach simulations showing that adhesion between mesenchymal and epithelial cells can produce morphogenesis

depending on the growth rate in both tissues. (A–C) Sagittal section of the initial conditions showing a blastuloid full of mesenchymal cells. (A)

Expression level (yellow means high and blue low concentration) of an adhesion molecule (molecule 1). (B) Expression level of a second adhesion

molecule (molecule 2) that binds to the first one showed in A. (C) Expression level of both molecules, in yellow the cells expressing molecule 1 and in

red the ones expressing molecule 2. (D–F) Morphologies that result from changing the background division rate (in cell division per hour) of

mesenchymal cells (ck) (D) Ck= 0.6 (E) Ck= 0.9 (F) Ck= 1.0. The background division rate of epithelium was ck= 0.5. All the simulations were

performed for 10 time units in the model from 772 cells to approximately 11000 cells.
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EmbryoMaker. However, they were not observed in our simu-
lations because we did not simulated epithelio‐mesenchymal
transition and, therefore, cells were not able detach from the
epithelium.

The fossils of Caveasphaera (Xiao and Knoll 2000) and
Eocyathispongia (Yin et al. 2015), from the Weng'an biota show
morphologies with folds that seem to be randomly distributed,
like the ones obtained in our focal approach simulations where
the only involved cell behavior regulated was cell division
(Figure 9). In a recent article we further explained why epithelia
fold randomly when growing by cell division (Cano‐Fernández
et al. 2024). Another study using EmbryoMaker has already
shown that the activation of cell properties and behaviors, such
as cell division or cell contraction in all the cells of the embryo,
or at least in a large territory, leads to randomly folded
morphologies (Hagolani et al. 2019). This means that spatial
heterogeneity in gene expression or in environmental condi-
tions is not actually required for morphogenesis, only for given
morphologies to be reliable produced in spite of developmental
noise. Morphogenesis only requires the presence of multiple
cells that are able to change their properties or perform
behaviors and that interact physically with each other by

adhesion and repulsion forces. This supports the idea that
morphogenesis is inherent to multicellular organisms
(Newman, Forgacs, and Muller 2006).

Nevertheless, our simulations do not match completely the mor-
phology and development of Eocyathispongia and Caveasphaera.
For example, Eocyathispongia, which has been interpreted as an
early poriferan, presents multiple inner cavities that are not
observed in our simulations (Yin et al. 2015). Multiple cavities
were not possible in our simulations because, at is has been
mentioned before, we did not allow the epithelium to break
or fuse.

The reconstruction of the development of Caveasphaera based
on morphological data does not completely match with our
simulations either. The paleontological reconstruction suggests
that cells in Caveasphaera were enclosed by a spherical envel-
ope and they grew from an eccentric point to fill all the internal
volume (Yin et al. 2019). Conversely, our blastuloids were not
constrained physically by any external envelope and growth
happened in all directions.

Our simulations also show elongated morphologies that resemble
the fossil Tianzhushania from the Weng'an biota (Huldtgren
et al. 2011) or to some simple animals such as Rhopalura
(Figure 9) (Slyusarev, Skalon, and Starunov 2022, 2023). It is
unclear, however, whether Tianzhushania can be associated
to animals at all (Moczydłowska and Liu 2022) and the
simplified morphology of the parasite Rhopalura is probably
derived.

The fact that some of our simulations resemble the morpholo-
gies of fossils from the Ediacaran period opens the possibility to
reconstruct the morphologies of early animals, as well as their
development. Some studies have reconstructed the process of
development in extinct animals comparing fossils from the
same species but in different developmental stages (Yin
et al. 2013, 2019, 2020, 2022; Evans, Droser, and Gehling 2017;
Hoekzema et al. 2017). Their results are evidence‐based
descriptions of morphogenetic transformations that, however,
do not aim to explain their underlying cellular processes.

Other studies have used simple models that implement cell
movement, division, adhesion and signaling to study the pro-
cesses underlying animal multicellularity (Hogeweg 2000; Mora
Van Cauwelaert et al. 2015; Colizzi, Vroomans, and Merks 2020;
Japón, Jiménez‐Morales, and Casares 2022; Vroomans and
Colizzi 2023). These studies, however, were two dimensional
(but see Japón, Jiménez‐Morales and Casares 2022) and lacked
many cell properties and behaviors that are implemented in
EmbryoMaker.

The present study has obtained a set of the most basic
morphologies that can be produced by animal development
using simple assumptions about the initial conditions and
genetic territories. Previous theoretical work had already
described some of these morphologies that can emerge from
simple biophysical rules and environmental heterogeneities
(Newman 1994; Newman and Müller 2000), but we have
obtained them using a general mathematical model of devel-
opment. Importantly, we show that some morphogenetic

FIGURE 9 | Comparing the morphologies resulting from the en-

semble and focal simulations with some Ediacaran fossils and early

developmental stages of animals. From left to right: the last unicellular

and multicellular ancestors of animals represented with spherical cells,

the morphologies of the initial conditions of this study, and some of the

morphologies obtained in the simulations by folding, elongation, con-

densation and interactions between epithelial (in blue and purple) and

mesenchymal (in red) cells. Solid lines represent developmental trans-

formations while dotted lines represent plausible developmental origins

of known morphologies that our study suggests. The drawings in the

right show several organisms from Ediacaran fossils (Caveasphera,

Tianzhushania) and from extant taxa (a cnidarian blastula, an arche-

typical Monoblastozoa and the mesozoan Rhopalura) whose morphol-

ogies can be easily derived by combining basic morphogenetic

mechanisms. Original drawings by M.B.‐U.

56 of 111 Journal of Experimental Zoology Part B: Molecular and Developmental Evolution, 2025



transformations are only possible in the presence of specific cell
behaviors. For example, elongation in the epithelium only
happens due to planar cell contraction (Table 1). Many of the
cell properties and behaviors considered in this study were not
present in the first multicellular animals, but appeared later in
evolution. What properties and behaviors were cells able to
regulate, therefore, has probably determined what morpholog-
ical transformations, and thus morphologies, have been likely,
or even possible, to appear during animal evolution, as pro-
posed by previous work (Newman and Bhat 2008, 2009).

The present work opens the possibility to perform development‐
based reconstructions of early multicellular animals. This
development‐based reconstruction would allow us to propose
explanations about how fossil morphologies may have deve-
loped and, potentially, suggest the morphologies of extinct an-
imals that are not represented in the fossil record. These more
specific reconstructions, however, will need further information
about the initial conditions of development and the properties
and behaviors that cells were able to regulate in the organisms
of interest.
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