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Abstract: During the last few decades, developmental pattern formation has evolved from being a
descriptive discipline to a quantitative one. That process has been possible due to the implementation
of multidisciplinary approaches where biophysicists and mathematicians have played a key role. In
this review, we highlight relevant Spanish contributions and stress their biophysical approaches, as
well as provide some historical context. Finally, this work also aimed at bridging the concepts from
biology to physics/math (and back) and at shedding light on some directions for future research.
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1. Introduction: Twenty Years of a Polemic Statement

Twenty years ago, the first chapter of the seventh edition of the developmental biology
“bible” [1] teased readers with the following provocative comment: “Developmental biology
has been described as the last refuge of the mathematically incompetent scientist.” Fortunately, S.
Gilbert did not attribute authorship to this quote and added that “This phenomenon, however,
is not going to last. While most embryologists have been content trying to analyze specific instances
of development or even formulating some general principles of embryology, some researchers are
now seeking the laws of development. The goal of these investigators is to base embryology on formal
mathematical or physical principles [...]. Pattern formation and growth are two areas in which
such mathematical modeling has given biologists interesting insights into some underlying laws
of animal development”. More recent versions of Gilbert’s book do not include the polemic
statement (we do not know if he received complaints about it); however, what we do know
is that his assessment about the future (now present) of the field was accurate. During
these last twenty years, developmental biology has undergone a dramatic change. It has
become a quantitative discipline where mathematical and physical models are routinely
used/proposed to elucidate the laws that underlie development [2]. Such a change has
been in part possible due to new generations of physicists and mathematicians that have
shown interest in the field. In this short review, we address some relevant contributions
made by scientists from Spain using a biophysical perspective.

In order to understand how part of the Spanish biophysics community became in-
volved in the field of developmental pattern formation, a brief historical introduction is
in order. In historical terms, the relation between patterning, developmental biology, and
physical /mathematical models can be rooted in the seminal work of Alan Turing: The
chemical basis of morphogenesis [3]. Turing published only a single work on that topic, which
nevertheless has become deeply influential. Therein, he showed that interacting biological
chemical species driven by a transport mechanism that is homogenizing in nature (diffu-
sion) can create non-homogeneous ordered structures, i.e., patterns. Further publications by
Wolpert [4] and Meinhart [5] and the publication of books such as Mathematical Biology [6]
or the Biological Physics of the Developing Embryo [7], helped to popularize and crystallize in
a decade (1995-2005) the field of biological pattern formation from a physical perspective.

In parallel, around that time, it became clear that there was a critical mass of researchers
around the field of statistical physics in different Spanish institutions. The first national
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conference on the topic, FisEs, was held in Barcelona (FisEs has been organized since then
every year and a half: 33 meetings so far), and the Group of Non-linear and Statistical
Physics (GEFENOL), a specialized group within the Spanish Royal Society of Physics, was
created in 2001. Taking a look at the logs and abstracts of the FisEs and GENEFOL meet-
ings/workshops reveals that “pattern formation” was a major streamline of research. That
included research about the role played by noise (i.e., fluctuations) and non-equilibrium
effects during pattern formation [8,9]. All this seed activity led to the establishment of a
number of groups in Spain addressing the pattern formation problem from a biophysical
viewpoint during the past twenty years (thus confirming Gilbert’s forecast; see [10,11]).
Still, as we discuss below, the concept of pattern may differ significantly depending on
whether one approaches it from a physics of biology standpoint. We believe that this
transition made by statistical physicists to the developmental biology problem has been a
natural process. After all, statistical mechanics aims at understanding how macroscopic
complexity, self-organization, and order arise from the interactions of individual “units”
in environments that can be out of equilibrium and subjected to fluctuations, an idea that
clearly fits with the objective of developmental biology. Finally, it is worth noticing that
the Spanish Biophysics Society, traditionally focused on the biophysics of molecules and
single cells, has been making an effort during the last few years to expand its interests
and incorporate researchers working on tissue-level problems (including patterning). We
believe that all these endeavors will help to strengthen even more the research carried out
on developmental pattern formation in Spain from a biophysical perspective.

2. Developmental Pattern Formation: From Physics to Biology, from Models to Mechanisms

When facing multidisciplinary problems, one significant barrier for success is the
ability to develop a common language. The field of developmental pattern formation is
not an exception, and terms such as “model”, or “mechanism”, or even pattern may imply
different things if one asks a biologist or a physicist. We introduce below different concepts
and definitions shared in the field of developmental pattern formation for the sake of
framing the problem correctly.

Patterning: physics and biology classifications. First of all, the meaning of spatiotem-
poral pattern in physics/math usually differs from that used in biology. In the former
case, the idea of a spatiotemporal pattern suggests the existence of non-trivial symmetries
in space and/or time. Those symmetries imply the appearance of a repeated behavior
(order) that can be characterized, for example, by using a Fourier representation that
highlights spatial and/or temporal modes/frequencies that are overrepresented. Thus,
pattern classification in physics is linked to the instability mechanism that induces that some
spatial and/or temporal modes/frequencies become unstable and generate stationary or
oscillatory ordered structures in space and/or time [12]; see Figure 1A. Alternatively, from
the viewpoint of their appearance, patterns can be loosely classified as oscillatory, spot-like,
or stripe-/ring-like. We notice that this classification is valid from a 2D perspective, but
can pose problems in a 3D context. On the other hand, in biology, the idea of a pattern
is broader and, importantly, functional. In particular, in the context of a multicellular
environment, patterning implies that groups of cells behave “differently” in terms of their
“behavior” and/or the genes being expressed in space and /or time. Thus, roughly speaking,
biological patterning refers to the complex spatiotemporal distribution of cells and their
states, and it does not imply a “repeated behavior” necessarily. From that perspective,
Salazar-Ciudad et al. classified patterning mechanisms into three categories [13,14]: Cell au-
tonomous mechanisms imply that cells form patterns without interacting either mechanically
or through signaling. Inductive mechanisms rely on cell-cell communication by means of
diffusive molecules (e.g., morphogens), ligand—receptor interactions, or chemical coupling
through gap junctions such that a pattern changes/arises due to changes in the cells’ state
(Figure 1B). Finally, morphogenetic mechanisms use cellular behaviors other than signaling
and alter the pattern by affecting form without affecting the cellular states. Moreover, it
has been noticed that, during development, inductive and morphogenetic mechanisms
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often act together, either in a sequential way (morphostatic patterning) or simultaneously
(morphodynamic patterning); see Figure 1B.
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Figure 1. Concepts about patterning: models and mechanisms. (A) Symmetric-breaking events in
space and/or time lead to pattern formation. Temporal patterns require feedback loops between
“species” and spatial patterns (e.g., spot-like, stripe-like, etc.), reaction—-diffusion interactions where
the dynamics of diffusive signals (morphogens) are coupled with the regulation of species. (B) A
broad, functional, classification of biological patterning mechanisms. Left: In cell autonomous/non-
autonomous mechanisms, the cellular activity generates patterns without/through mechanical
and/or biochemical signaling. Right: Inductive and morphogenetic mechanisms operate simulta-
neously (morphodynamic patterning) or sequentially (morphostatic patterning). (C) Mechanisms
of patterning: long-range versus short-range interactions. The French flag model (left) provides a
framework to understand how cells “read” their positional information depending on their distance
from a diffusive signal source. Right: Short-range interactions rely on nearest-neighbors events
(length-scales typically on the order of the cellular size: red dashed circle). In opposition, long-range
interactions span distances typically larger than the cellular size.

Patterning: models and mechanisms. The above classifications are focused on either
the biological causation or the geometric (in a broad sense, temporal or spatial) features
of patterns, but they lack providing information about the underlying mechanism from
a mathematical /physical modeling standpoint. Going into the technicalities is out of the
scope of this review, and we refer the reader to the work by Cross and Hohenberg and
other references for details [5-7,9,12,15,16]. However, from a phenomenological standpoint,
the mechanisms (sometimes used in biology with the same meaning as models) are usually
simplified as follows. In threshold models, the cells modify their state (e.g., gene expression
profile, cellular behavior) depending on the levels of an external signal. This mechanism
is generically known as the “French flag” model and was proposed by Wolpert [17]: it
consists on a source-sink mechanism, coupled with diffusion and degradation, which leads
to a spatial gradient of morphogens that cells can “read” to obtain positional information
(Figure 1C). In Turing models, several interacting diffusive species (activators and inhibitors)
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generate a pattern (either stationary or oscillatory) with some periodicity [18]. Turing
patterns belong to a more general class, the so-called reaction—diffusion models, where the
unstable mode (or modes) is (are) not necessarily generated by a Turing instability [6,19,20]
(Figure 1A). Short-range interaction models that couple the local dynamics of cells (e.g.,
receptor-ligand models) can also induce local symmetry-breaking events and generate
patterns such as those of due to Notch-Delta (receptor-ligand) interactions [21] (Figure 1C).
Finally, a particular phenomenon relevant to cell and developmental biology refers to the
propagation in a multi-cellular environment of a local behavior (oscillations, an excita-
tory dynamics, or local symmetry-breaking event) due to diffusive signals or short-range
coupling, which generates traveling waves [22].

3. Examples of Developmental Patterning

Segmentation-like patterns. The so-called segmentation clock is an example of pat-
terning during development that drives the sequential subdivision of the elongating body
axis of vertebrate embryos into somites and, ultimately, leading to the segmented ver-
tebral column [23,24] (Figure 2A). Interestingly, the segmentation clock comprises a cell
autonomous mechanism and two inductive mechanisms, which, acting through different
stages, produce an oscillatory and a stationary stripe pattern [25]. At the single-cell level,
individual cells at the pre-somitic mesoderm produce an oscillatory gene expression pat-
tern [25]. Synchronization of the cellular oscillations is achieved through a Delta—Notch
(ligand-receptor) dynamics that generates a wave pattern of gene expression in the tis-
sue [16]. The functional role of this pattern is evident when this inductive mechanism
is perturbed: mutations in the Delta—Notch signaling network cause a salt-and-pepper
(i.e., disorganized) pattern, and segmentation defects arise [26]. Finally, the cells of the pre-
somitic mesoderm “read” concentration gradients of diffusing morphogens and, following
the French flag model mechanism (Figure 1C), arrest the oscillations, and a stationary
pattern develops. This pattern is subsequently translated into a specific cellular fate, thus
producing the individual somites.

The segmentation, or compartmentalization, of tissues driven by morphogen gra-
dients is, in fact, a common theme in biological patterning [27-29]. In that regard, on
top of the segmentation clock, the most-celebrated example is the segmentation of the
blastoderm-stage embryo of Drosophila melanogaster: a canonical example of the French
flag model [30-32] (Figure 1C). In the first stage, the syncytium (a single cytoplasm that
contains several nuclei) displays antiparallel gradients of Bicoid and Caudal proteins,
which regulate the expression of the so-called gap genes in a concentration-dependent
manner, which generates distinct, stripe-like, spatial domains. The interactions of gap
genes generate a seven-stripe pattern (pair-rule genes), which in turn, activate the segment-
polarity genes that create a pattern with fourteen stripes. Later during development, this
pattern becomes the road map to segment the body of the adult fly. Interestingly, the
boundaries of the domains (stripe-like pattern) of gap genes are not static, and yet, a
robust segmentation pattern eventually arises [33]. Furthermore, it has been shown that
each domain shares the same basic regulatory interactions between different genes fol-
lowing a combination between positive and negative feedback loops called the AC/DC
circuit [34]. Notably, the AC/DC circuit was first described in the context of the neu-
ral tube patterning [35]. In that case, the neural tissue is patterned (segmented) into
fourteen domains, which lead to different neuronal types [28,36]. The activity of two
antiparallel morphogen gradients, BMPs and Shh, underlies also the establishment of the
domains. However, there is one clear difference between the segmentation patterning of
the blastoderm-stage embryo of Drosophila and that of the neural tube: the former quali-
fies as morphostatic, whereas in the latter, the patterning happens as the tube is growing
(i.e., morphodynamic patterning); see Figure 1B. In that regard, it is important to notice that
Shh plays a key role to regulate the growing dynamics of cells as a function of time in
the tube domains [37]. It is also worth mentioning that the temporal patterning driven by
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morphogens of the Hh (Hedgehog) family seems to be relevant in other developmental
patterning systems [38—40].
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Figure 2. Developmental patterning examples. (A) The segmentation clock. The pre-somitic meso-
derm (PSM) is patterned by oscillations that generate a stripe-like pattern. Right: the Delta—Notch
(ligand-receptor) signaling dynamics generates a patterning wave of gene expression via lateral induc-
tion. Mutations in the Delta—Notch pathway cause a salt-and-pepper (i.e., disorganized) pattern, and
segmentation defects arise (adapted from [41,42]). (B) The inner ear shows a short-range-signaling-
induced pattern that generates an alternating pattern of hair and supporting cells (lateral inhibition
mechanism; see the text; source: [43]). (C) Left: Digit patterning in vertebrates relies on a Turing
mechanism (adapted from [44]). Right: Signaling properties and cell mechanismal properties de-
termine the orientation of Turing patterns: simulation snapshots using constant cell-cell adhesion
and diffusivity modulation (without/with: left/right); source: [45]. (D) The ERK pathway is a
major regulator of the mechanical cell activity. During collective cell migration, traveling waves of
mechanical activity (strain) appear due to ERK signaling events; source: [46]. (E) Signaling traveling
waves pattern tissues during regeneration due to an excitatory mechanism (adapted from [47]).

The morphodynamic aspect of segmentation poses the intriguing question about how
the maintenance of boundaries between patterning domains is achieved [48]. A hint to
answer this question was obtained in the early 1970s when the induced recombination
techniques enabled scientists to “label” single cells and their progeny (i.e., clones) [48-50].
Using this methodology, it has been shown that, for example, the wing imaginal disc is
patterned and compartmentalized such that clones of cells in the tissue grow to certain
boundaries, thereby preventing the intermingling of cellular domain populations [27].
These results promoted further research during the last few decades to understand how
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noise and fluctuations that originate from different sources, and that challenge the “straight-
ness” of domain boundaries, become buffered (see the Section 4). In that regard, on top
of the topology of gene regulatory networks, there is accumulating evidence that cellu-
lar mechanics is a key component during compartmentalization [51-53]. Furthermore,
given the critical importance of setting effective barriers between cellular populations
during developmental patterning, one might wonder about the existence of additional
patterning mechanisms at the domains’ interface to ensure compartmentalization. In the
particular case of the dorsal and ventral domains of the wing imaginal disc, short-range
interactions between cells driven by Notch—Delta (receptor-ligand) are key to pattern the
domain boundary and establish a signaling center from which cells receive positional
information [54-56].

Short-range signaling induced patterns. The Notch—Delta system is indeed ubiqui-
tous in developmental patterning processes by using either the lateral induction or the
lateral inhibition mechanisms [57]. During lateral induction, Notch induces neighboring
cells to adopt the same fate. This results in cellular differentiation waves (or synchronizing
waves in the segmentation clock, as mentioned above; see [29]). During lateral inhibition,
Notch inhibits neighboring cells from taking on a default cell state [58]. Interestingly, it has
been shown that, during the patterning of the inner ear, both mechanisms are key for estab-
lishing the alternate pattern of hair cells and supporting cells and that switching between
mechanisms depends on ligand competition [59]. Moreover, the non-linear dynamics of the
Notch-Delta system leads, operating under the same conditions, to different possible stable
patterns [60]; see Figure 2B. This poses the interesting question about the mechanisms of
pattern selection. Palau-Ortin and colleagues addressed this problem computationally
by studying how different trajectories in the parameter space (as a way to represent the
sequence of biochemical signals) condition pattern selection [61]. Thus, they showed that,
if signals act globally (whole tissue at the same time), in cell clusters, or through a propa-
gating wave (i.e., sequentially), this leads to different types of patterns. The same group
also explored other effects in the resulting Notch—Delta pattern such as those due to the so-
called cis interactions (receptor-ligand binding dynamics within the same cell) and ligand
diffusivity [62,63]. Further, in different contexts (pattern formation in plant development
and neurogenesis), this group and collaborators have shown that the combination of both
short-range interactions and long-range interactions is needed to determine and regulate
segmentation patterning [64] and how Notch-Delta lateral inhibition becomes modified by
neurogenic wavefronts [65,66].

Turing patterns. As mentioned above, the pioneering work of Alan Turing established,
for the first time, a plausible mechanism of developmental pattern formation that connected
the diffusive transport properties of “chemicals” and their interactions. Yet, the factual
applicability of this mechanism at the most-fundamental level (genes and their products)
remained elusive for decades. As crudely put by Koch and Meinhard forty years after
Turing’s proposal: “So far, no biological system able to generate primary pattern formation has
been completely characterized at the molecular level.” [5]. Around the time such an observation
was made, a major breakthrough occurred when Turing patterns were produced for the
first time in a controlled way in a chemical system (the CIMA reaction) [67]. Soon after that,
experimental demonstrations that connected Turing’s ideas with the control of pattern for-
mation during morphogenesis were published [68-70]. While still in the domain of chemical
systems, these studies paved the way to understand, for example, the sequential formation
of stationary stripes perpendicular to the growth axis of the pre-somitic mesoderm (i.e., the
segmentation clock) [71]. To the best of our knowledge, the first genuine experimental
demonstration of the applicability of the Turing mechanism in developmental patterning
was proposed by the group of Kondo in the context of skin pigmentation [19,72,73]. Still,
even if the molecular basis of the interactions between the pigment cells was identified,
whether the mechanism belonged—canonically—to that of Turing or not was debatable
since long-range interactions are not due to diffusive factors [74]. Later, in 2012, evidence
was presented that the Turing mechanism was responsible of the generation of the regular
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pattern of the ridges of the palate of mammals [75], and simultaneously, the group of James
Sharpe in Barcelona argued that a Turing-type mechanism underlies digit patterning [44];
see Figure 2C. Importantly, this study provided evidence that this patterning mechanism
has been conserved in tetrapods, and moreover, the data suggested that the five fingers’
patterning was stabilized more than 360 million years ago. Finally, in 2014, Sharpe’s group
demonstrated the applicability of Turing’s mechanism in limb patterning and identified the
responsible genes and molecular species, thus closing a research quest that spanned more
than half a century [76] (see also [77]). Further progress in the field from that group included
a high-throughput analysis to determine a catalog of realistic Turing gene networks during
developmental patterning and a study that clarified how Turing patterning relies on the
gene network topology [18,78]. Other recent contributions have studied how the finite size
of cells conditions the protein expression variability in Turing-patterned tissues [79], how
non-linearities regulate the resulting pattern [80], and a topic that connects with the next
subject of this review (mechanobiology): the interplay between cellular/tissue mechanics
and Turing patterning [45], Figure 2C.

Mechanical patterns. As mentioned above, during development, inductive and mor-
phogenetic mechanisms may act simultaneously (morphodynamic patterning; Figure 1B).
This raises the interesting question of how the cell /tissue mechanical properties and pattern-
ing feed back to each other. This problem is one of the topics of interest of mechanobiology,
a field that has flourished during the last few decades and tries to understand cells and
tissues from the viewpoint of their “perception” of, and response to, the mechanical en-
vironment [81]. In this way, during morphogenesis, tissues expand and remodel and the
constituent cells exert forces (along the direction of maximum stress [82]), and the cellular
mechanics has been shown to play a key role in the self-organization of tissues [83,84].
These cellular forces propagate over the tissue due to cell—cell interactions, and mechanical
patterns appear (e.g., spatiotemporal traveling waves of strain, traction, stress, etc.) to
provide a “map” that coordinates growth, expansion, and replacement [85-88]. Importantly,
mechanical patterns seems to play a key role for shaping the 3D structure and packing of
tissues [84,89-92]. In fact, the role played by cellular movements and migration during
pattern formation has been recently highlighted [93], and related to that, it has been shown
that patterns of cell proliferation and migration display “memory effects” [94] that could,
hence, condition the resulting gene expression pattern. Thus, these discoveries extended
the idea of developmental patterning from the “chemical” to the “physical” realm and
have opened the door towards the implementation of synthetic morphogenesis [95-97].
For example, in the specific context of Turing patterns, it has been recently studied how
patterning (signaling) and cellular mechanics feed back to each other to achieve a robust
tissue remodeling driven by self-sustained planar intercalations [45]. One interesting con-
clusion is the need for trade-offs between cellular/tissue strains (orchestrated through the
cleavage orientation) and the resulting patterning that cooperate synergistically to achieve
elongation. Connected to that, other works have clarified how cellular activities (mechanics,
migration, growth/division) determine the elongation of the vertebrate body axis and
generate mechanical patterns [98-100]. Importantly, these studies have shown that tissues
undergo fluid-to-solid-like transitions, which help to sculpt and remodel organisms during
morphogenesis. Furthermore, one particular example that illustrates the feedbacks and the
connection between genetic regulation and cell/tissue mechanics during developmental
patterning is the Extracellular signal-Regulated Kinase (ERK) pathway [101]. This pathway
transduces an extracellular signal into the phosphorylation level of ERK, which regulates
downstream targets linked to cellular proliferation, differentiation, and stress. The ERK
pathway studies have shed light on how chemical cues drive cell mechanics to orchestrate
tissue collective movement; namely, cell stretching triggers ERK activation, and conversely,
ERK activation drives cellular contraction. These feedbacks result in spatiotemporal oscil-
latory patterns that instruct collective cell migration [46,102,103]; see Figure 2D. Still, it is
worth noticing that the questions are open with respect to the right modeling framework
that describes accurately the interplay between ERK signaling and the cellular mechanical
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activities for tissue patterning. Even though the proposed models lie within the common
formalism of reaction—diffusion, some models claim the existence of an excitable dynamics
mechanism that propagates due to diffusion [47] (Figure 2E), and others point towards an
instability that leads to a wave pattern [104].

4. Discussion

Here, we provided a brief review of how contributions from biophysics, in partic-
ular emphasizing those from Spanish researchers, have helped quantitative approaches
in developmental pattern formation flourish during the last few decades. As for some
promising avenues of research during the coming years, we would like to spotlight the
following ones. First, we believe that there is still much improvement to be made in
regards of in silico approaches towards developmental pattern formation [16,105]. A num-
ber of methods that combine cell mechanics and, sometimes, also signaling have been
proposed over the last few decades (e.g., vertex models, Voronoi-like models, Potts-like
models, etc.) [84,90,91,105-114]. In terms of cellular architecture, these methods focused
mainly on 2D approaches, i.e., representations of one surface of the tissue, but others tried
to mimic the 3D packing of cells. Still, as of today, no method has been able to capture how
the cellular shape changes dynamically in a realistic way (e.g., appearance/disappearance
of apico-basal intercalations). This is also related to other relevant problems that need to be
addressed. On the one hand, while progress has been made during the last few years [115],
better computational tools are needed to extract 3D information from microscopy data
(i.e., segmentation and tracking). On the other hand, the effects of the geometry of the
3D embedding space of the developing tissue, in particular the curvature, is becoming
recognized as a major driving force in developmental patterning, where more research is
required [91,116]. The combination of all these tools and ideas (novel/advanced in silico
approaches, tools for 3D data analysis, and the analyses of the effects of the 3D embedding
space) will allow tackling questions, and developing applications, with relevance in the
field of biomedicine such as design and standardization in organoid research [117,118].
By standardization, here, we mean identifying the phenomena that cause the variabil-
ity /stochasticity and lack of control during developmental patterning (from signaling to
mechanics) and acting accordingly to correct them in vitro and in vivo [119-122]. Stochastic-
ity is indeed a topic that has been deeply explored in pattern formation from a biophysical
viewpoint, and it has been shown that noise and fluctuations, rather than being a nui-
sance, can be a driver of patterning [8,9,123-130]. Thus, a key question in the context
of developmental patterning that is gaining interest is how living organisms achieve ro-
bustness and precision under different sources of stochasticity and, in some cases, even
profit from fluctuations [32,131-138]. In closing, the input of biophysics, and in particular
the Spanish contributions, have not only moved the field of developmental patterning
forward, but have reversed the polemic statement from Gilbert that opened this review,
and we can confidently affirm that developmental biology is now a refuge for mathematically
competent scientists.
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