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RESEARCH ARTICLE

Cell signaling stabilizes morphogenesis against noise
Pascal F. Hagolani1,*, Roland Zimm1,2,*, Miquel Marin-Riera3,4 and Isaac Salazar-Ciudad1,5,6,‡

ABSTRACT

Embryonic development involves gene networks, extracellular
signaling, cell behaviors (cell division, adhesion, etc.) and
mechanical interactions. How should these be coordinated to lead
to complex and robust morphologies? To explore this question, we
randomly wired genes and cell behaviors into a huge number of
networks in EmbryoMaker. EmbryoMaker is a computational model of
animal development that simulates how the 3D positions of cells, i.e.
morphology, change over time due to such networks. We found that
any gene network can lead to complex morphologies if this activates
cell behaviors over large regions of the embryo. Importantly, however,
for such complex morphologies to be robust to noise, gene networks
should include cell signaling that compartmentalizes the embryo into
small regions where cell behaviors are regulated differently. If,
instead, cell behaviors are equally regulated over large regions,
complex but non-robust morphologies arise. We explain how
compartmentalization enhances robustness and why it is a general
feature of animal development. Our results are consistent with
theories proposing that robustness evolved by the co-option of gene
networks and extracellular cell signaling in early animal evolution.
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INTRODUCTION
There is no consensus definition of complexity, yet it is evident that
organisms are complex and explaining such complexity is one of the
most fundamental questions of biology. In the case of the
distribution of cell types in space (i.e. morphology), complexity is
generated within each generation through a process of development
starting from a simple initial condition, e.g. a zygote. Morphological
complexity can also change between generations as part of
evolution, but has not increased in the evolution of all lineages
(Bonner, 2004; Williams, 1996; McCoy, 1977; Hinegardner and
Engelberg, 1983; Gould, 2002; Arendt, 2008; Canning and Okamura,
2004; Arthur, 2010) and it is unclear whether there is a general trend
of increasing complexity in evolution (Fisher, 1986; Ruse, 1996;
Gould, 2002; McShea, 1996; but see Fleming and Mcshea, 2013).

Yet, the mechanisms by which such complexity has increased in
some lineages remain to be determined. How complexity increases
during evolution is necessarily related to development: any
evolutionary change in morphology is first a change in the
developmental processes that produce such morphology.

The process of development can be described as a sequence of
transformations of specific distributions of cell types in space – what
we call a developmental pattern – into other, usually more complex,
developmental patterns (Salazar-Ciudad et al., 2003). The first such
developmental pattern would be, for example, the zygote, and the
last would be the adult phenotype.

It has been argued that, despite the remarkable complexity of
organisms, their development is achieved through a limited number
of cell behaviors and types of cell interactions (Salazar-Ciudad
et al., 2003; Davies, 2013; Newman and Bhat, 2009). These cell
behaviors would be cell division, cell adhesion, cell death, cell
growth, cell contraction, extracellular signal and matrix secretion,
extracellular signal reception and cell differentiation (Salazar-
Ciudad et al., 2003; Davies, 2013; Newman and Bhat, 2009). One
may consider, in addition, cell migration and cell shape changes
resulting from specific patterns of cell contraction and adhesion.
Similarly, it has been argued that the diversity of animal
morphology can be understood, to some extent, from a small set
of ‘generic’ morphogenetic transformations that are inherent to the
physical properties of animal cells and tissues (Newman and
Comper, 1990; Newman and Müller, 2000).

In addition to cell behaviors, development involves interactions
between cells. The two main types of cell interactions in
development are cell signaling, and cell mechanical interactions
arising from forces generated by cell behaviors (e.g. cell
contraction). Cell signaling typically occurs through the secretion
of extracellular diffusible molecules by some cells and the reception
of those by other cells but it can also occur through membrane-
bound signals or in other ways (Gilbert and Barresi, 2016). Both
types of interactions can lead to gene expression changes. Gene
expression changes lead, in turn, to changes in the behaviors of cells
(Gilbert and Barresi, 2016). Which cells express which genes is also
affected by cell behaviors because these affect the distribution of
cells in space and this, in turn, affects the distribution of extracellular
signals and forces in space (Salazar-Ciudad et al., 2003).

In this article, as previously (Salazar-Ciudad et al., 2003), we
define a ‘developmental mechanism’ as a network of gene
interactions, cell interactions and cell behaviors required for the
transformation of one developmental pattern into another (see
Fig. 1). Here, the network of gene interactions, or gene network, is
defined as the set of interactions that can occur between a set of
genes as a result of their genetically encoded structure. This is a
specification of which gene products will interact with each other if
they coincide in time and space. Whether two gene products coincide
in time and space is determined by the dynamics of the developmental
mechanisms. The dynamics depend on the developmental mechanism
but also on things like the environment or the initial developmental
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The question we want to approach in this study is: how are these
interactions and cell behaviors coordinated such that they produce
complex and robust morphologies, i.e. are there some logical
requirements that developmental mechanisms should fulfill in order
to lead to complex robust morphologies? Are there, for example,
some requirements at the level of gene network topology or at the
level of cell behaviors and their coordination during development?

If, as suggested above, pattern transformations in development
involve a limited set of cell behaviors and cell interactions, then any
mathematical model implementing those and intracellular gene
networks should be able to reproduce, to a large extent, the range of
pattern transformations possible in animal development. In this
work we use one such model, EmbryoMaker (Marin-Riera et al.,
2015), to simulate many possible developmental mechanisms and
try to discover what, if anything, the mechanisms leading to robust
complex morphologies have in common. To that end, we randomly
wired genes and cell behaviors into developmental mechanisms and
simulated, with EmbryoMaker, the morphologies they produce from
a simple initial developmental pattern. This initial condition consists
of a small flat epithelium with an underlying layer of mesenchymal
cells (see Fig. 1A). We did not consider the mesenchyme when
measuring complexity and developmental instability because in our
simulations the morphology of the mesenchyme tended to mimic that
of the epithelium or was very noisy.

Real developmental mechanisms are not random but the result of
millions of years of evolution. However, the study of random
developmental mechanisms allows us to identify general requirements
without being conditioned by our current understanding of
development. Despite its statistical nature, our approach should also
be informative about evolution as the developmental mechanisms

found in current animals may still need to fulfill these general logical
requirements.

EmbryoMaker is a general mathematical model of animal
development in the sense that it can simulate all the basic
behaviors of animal cells, extracellular signal-mediated
interactions and mechanical interactions between cells as well as
any arbitrary intracellular gene network (see Figs 1 and 2).
EmbryoMaker represents cells as a set of parts (herein called
nodes) with specific mechanical properties. Mesenchymal cells are
represented by single spherical nodes and epithelial cells by a
cylinder consisting of two nodes (one basal and one apical bound by
an elastic link). Nodes touching each other experience adhesion
forces, but, if they get closer than a given distance, they experience a
repulsive force (Fig. S1). For mesenchymal cell biomechanics, our
model is based on the subcellular element model (Newman, 2005).
Epithelial cells exert additional forces into neighboring epithelial
nodes that reflect their specific mechanical properties and their
organization in epithelial sheets (Fig. S1 and Materials and Methods).

Within each node there are gene products that can affect the
expression of other gene products and the mechanical properties and
cell behaviors of their containing nodes (e.g. their size, distance at
which repulsion forces apply, adhesion, mitosis rates, elasticity,
etc.). Some of these molecules can diffuse in extracellular space and
affect cells other than the cell in which they are produced, thus
leading to extracellular signaling. Nodes’ mechanical properties
determine how they respond to forces (for example, node size, node
elasticity). At the mathematical level, the concentration of each
molecule in a node, a node’s mechanical properties and a node’s 3D
position are continuous variables that are calculated by differential
equations that take into account some of these same variables in

Fig. 1. Example developmental
mechanisms and pattern
transformations. (A) The basic initial
conditions (initial developmental pattern)
used in all simulations. Gene expression
is not depicted because it is different in
some simulations. Cylinders represent
epithelial cells. (B) The networks in the
center are two idealized developmental
mechanisms. These lead from the initial
developmental patterns on the left to the
resulting developmental patterns on the
right, as in our simulations. In the initial
developmental pattern, cell color
represents the level of expression of a
gene whereas in the resulting
developmental pattern it represents
position along an arbitrary z-axis. See
the key in C for a description of the
network. (C) Example of a
developmental mechanism in the model
(left) and the associated pattern
transformation. The distribution of cells
in space is shown at four different time
points and for two different gene
products. This spatial distribution and
the changes in gene expression arise
from the dynamics of the developmental
mechanism on the left.
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