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Additionally, optogenetics now allows researchers to
generate and dissolve condensates experimentally,
allowing new ways to test for functional relevance
[85].

10.4. Concluding remarks

The field of biological phase separation has exploded
in the last decade and may provide a unifying
explanation for many phenomena in biology. Large
multinucleate cells such as syncytial fungi provide
opportunities to discover new and surprising mech-
anisms of cytoplasmic organization, and may ulti-
mately provide insights applicable to other cell types
such as neurons. As the field continues to mature,
it will be critical to move from phenomenology to
mechanistic descriptions of condensates accompa-
nied by in vivo measurements and phenotypes. New
technologies and modelling approaches make these
goals feasible and ensure an exciting future for the
field of biological phase separation.
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11.1. Status

In recent decades, the study of morphogenesis has
been dominated by molecular interrogation. Nobel
prize-winning work on Drosophila conducted in
the early 1980s used mutagenesis screens to iden-
tify individual genes that were essential for proper
morphogenesis [89]. To the surprise of many who
believed that higher organisms built their complex
morphologies with genes not present in simpler
organisms, the genes discovered in flies were found
to be conserved across animals. The development of
mouse genetics in the 1980s and thereafter allowed
for an investigation into the essential roles of these
genes in vertebrate development. More recently, the
exponential improvement of sequencing technolo-
gies has allowed for an expansion of molecular char-
acterization, culminating in current-day single-cell
sequencing.

This molecular focus has highlighted the impor-
tance of two classes of genes that have been viewed
through distinct conceptual frameworks. The first are
transcription factors, which are sufficient to bring
about widescale changes in gene-expression states as
tissue morphology increases in complexity. Remark-
ably, the forced expression of small numbers of tran-
scription factors can reprogram adult cells to an
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embryonic stem cell state [90]. Transcription factors
are central to gene regulatory networks, which have
been the main framework for explaining the succes-
sive emergence of cell fates [91]. The second class of
genes performs coding for signalling molecules and
their pathway components, which allows cells to com-
municate with each other. The dominant frameworks,
most notably reaction—diffusion systems and mor-
phogen gradients, posit that the diffusion of such
signalling molecules across tissues creates molecu-
lar patterns that serve as a blueprint for morphology
(32, 92].

Despite a saturation in the identification of the
molecular components critical for morphogenesis,
a mechanistic explanation of how tissues are phys-
ically constructed still remains beyond our grasp.
Such a gap is made apparent in organoid cultures,
where appropriate fates can be reproduced but con-
trol over morphology remains primitive. Studies
focussed on mechanics are now appreciated as essen-
tial to addressing this gap. A fundamental challenge
is to integrate mechanical perspectives with existing
molecular frameworks that have shaped inquiry for
decades. Here, we propose a path forward to achieve
this goal and recommend that the integration of
mechanics will require some revision of the molecular
conceptions of morphogenesis.

11.2. Current and future challenges

While mechanical processes are crucial to mor-
phogenesis, it is currently unclear whether key
mechanical processes will be conserved across model
systems, as in the case of master genetic regula-
tors. For instance, do the mechanics of Drosophila
embryos map to those necessary to generate human
tissues, the latter of which occurs at a scale that is
orders of magnitude larger than the former? Given
this uncertainty, it may be critical to select con-
texts in which the study of mechanical processes
have a strong likelihood of uncovering principles gen-
eralizable up to humans. In vertebrates, the most
morphologically conserved stage of development is
the onset of organogenesis, known as the phy-
lotypic stage. Here, the remarkable similarity in
embryonic shape and size suggests the presence of
mechanical processes that are so constrained that
evolution cannot develop alternate ways to generate
such morphologies. Any elucidation of phylotypic-
stage mechanics has the power to unlock a deeply
foundational aspect of morphogenesis.

The molecular characterization of the onset of ver-
tebrate organogenesis has revealed a striking array of
signalling molecule and transcription-factor expres-
sion patterns across developing tissues. Molecular
patterning models have typically assumed that these
patterns determine the arrangements of emergent
morphological features ranging from the digits of the
limb to the branches of the lung and the follicles in
the skin [93-95]. For example, the vertebrate limb is
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a system in which morphogen gradient models have
framed an understanding of digit-pattern formation.
Removing or blocking Sonic hedgehog (Shh) results
in a loss of digit number, whereas an ectopic source
of Shh opposite to the endogenous source causes
mirror-image digit duplication. These results, seen
through morphogen models, have been taken as evi-
dence that a spatial gradient of Shh concentration
sets up a molecular blueprint for digits. However, a
broader perspective that takes mechanics into account
during these perturbations reveals that the entire
limb field changes size, depending on Shh exposure.
Ablation of Shh shrinks the size of the limb pad-
dle (hand region) whereas ectopic sources double its
size. Thus, the impact of Shh may be to modulate the
physical size of the limb, which in turn changes the
resulting limb pattern (figure 9).

Much like the limb, studies of the developing
skin have focussed on the patterning role played
by diffusing signalling molecules. In the mouse, the
experimental characterization of Wnt and DKK sig-
nals was interpreted via reaction—diffusion mod-
els [95]. Based on these models, it was assumed
that periodic spatial patterns, after being generated,
conferred information to cells to generate properly
sized and spaced follicles. Thus, the addition of
ectopic signals to skin cultures was assumed to have
the primary effect of tuning the molecular pattern
landscape. An alternate interpretation, when mechan-
ics is taken into account, is that changing signals
directly alters the physical behaviour of cells, which
in turn shifts the collective dynamics to change the
follicle pattern (figure 9). Moving forward, a central

challenge in the incorporation of a mechanical view
is that it necessitates a reconsideration of the con-
clusions of prior molecular studies, many of which
may have neglected to account for the mechanical
changes that may result from molecular perturbations
(figure 10).

Given that physical events occur at every
length scale from the atomic to the tissue, another
challenge is to select the length scales at which
mechanics shape emergent morphological patterns.
While the mechanics of individual cells may be the
most tractable scale, due to the wealth of insight and
technology from the field of cell biology, it is unclear
whether such insights can be extrapolated to under-
stand the mechanics of collectives of cells inherent
in tissue formation. Instead, new tools and concepts
must be developed to understand mechanics at the
scale between single cells and a whole tissue—that of
the multicellular collective.

11.3. Advances in science and technology to meet
challenges

While more effective measurement and perturbation
of physical interactions across collectives of cells will
be essential, the fundamental bottleneck is the need
for a conceptual framework that can account for the
molecular observations made over the past several
decades but also incorporate the role of mechanics.
Such a conceptual approach is illustrated in a recent
study on the initiation of follicles in avian skin [96].
This work suggests a process of morphogenesis that
is dependent on the multicellular self-organization of
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skin cells into dense clusters in order to initiate folli-
cle morphology. The formation of these clusters also
directly activates a mechanotransductive pathway that
initiates the gene expression state of follicles.

A number of potentially generalizable features
can be taken away from this mechanism. First, sym-
metry can be broken in the absence of a molec-
ular pattern through mechanical events that occur
in an emergent manner at the multicellular scale
[97]. Second, due to their emergent character, these
processes play a regulatory role in determining
morphology and are not merely an elaboration
of molecular instructions. These features suggest
that molecular pre-patterns need not be necessary
to initiate tissue morphologies. Instead, (many of)
the molecular patterns that have been observed in
tissues for decades may be the direct consequence of
mechanical impulses communicated from the multi-
cellular scale to the genomic level. Such communica-
tion could be one of the critical roles played by the
increasingly appreciated mechanotransductive path-
ways. Therefore, patterns of gene expression must
be considered as modulators of cell mechanics that
then feed upwards to tune multicellular mechanical
processes that are already in play through their own
emergent accord.

11.4. Concluding remarks

If vertebrate organogenesis is governed by mechan-
ical processes at the multicellular scale that are not
reducible to molecular level regulation, cellular- and
molecular-level analysis alone will be insufficient to
fully grasp morphogenesis. Instead, we anticipate that
a ‘post-molecular’ conception of morphogenesis that
focuses on multicellular mechanics will be the key to
link the decades-long analysis of molecular regulators
to tissue-level morphology. As has been shown in the
case of theoretical studies of cellular automata, where
very simple local rules, when iteratively deployed, are
capable of generating tremendous richness of pattern,
multicellular mechanical processes may be driven by

simple cellular behaviours that nonetheless gener-
ate complex final forms. Despite the importance of
mechanics for the future of studies in morphogene-
sis, it is critical to maintain sight of molecules and
regulation of the genome. In this new conceptual
regime, however, molecules, rather than ‘encoding’
for morphological patterns in any direct sense, are
likely to allow for a more robust deployment of the
emergent mechanical forces that sculpt tissues at the
multicellular scale.
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12.1. Status

Cell division is pivotal to tissue morphogenesis, cell-
size control and fate specification. Even when embed-
ded in complex tissues, cells divide with a predictable
position and orientation. This has long fascinated life
scientists, with the formulation of empirical rules for
division site specification dating from as early as the
end of the 19th century (reviewed in [98]). The chore-
ography of reductive blastomere divisions that mark
the development of early embryos, known as cleavage
patterns, is a striking example of regular cell-division
geometries. Because blastomeres do not migrate,
grow or die, the morphogenesis of the embryo and
the position of each cell will solely depend on the his-
tory of their divisions and adhesion forces between
cells [99]. Cleavage patterns come with remarkable
diversity, from orthogonal, holoblastic, meroblastic
to spiral patterns. To date, however, their regulation
remains poorly understood. This is in part because
eggs are extremely large, often opaque, and thus
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