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The concept of “symmetry breaking” has become a mainstay of modern biology,
yet you will not find a definition of this concept specific to biological systems in Wikipedia.
The term first appeared in the early 1960s in theoretical particle physics and rapidly
spread throughout the entire domain of physics. When explaining symmetry breaking,
physicists like to paint a mental image of a ball precariously perched on the very top of
a bump separating two identical wells. The slightest noise is sufficient to push the ball
off the top and into either of the wells. After that, only one of them has the ball, and
thus the initial unstable symmetry of the system is broken. While visually appealing, the
allegory of a ball in a well is not always easy to relate to biology. Furthermore, throughout
development, biological organisms often seem to transit from an amorphous asymmetric
state, e.g., a clump of dividing cells known as a morula, to the state with a striking
apparent symmetry, such as mature hydra polyp. This apparent increase in the symmetry
of developing organisms can be misinterpreted as contradicting the applicability of the
concept of symmetry breaking in biology.

History can help us resolve this conundrum. The first mention of symmetry breaking
in regards to biological and chemical systems dates back, presumably, to the seminal paper
by Prigogine and Nicolis [1], who stated that the pattern-forming mechanism proposed
by Turing to explain biological morphogenesis [2] is “symmetry breaking as it leads from
a homogeneous to an inhomogeneous steady state”. In the mind of a theoretical physi-
cist, a spatially homogenous chemical system is akin to an unbounded featureless plane,
and any geometric translation, mirror reflection, or rotation of such a plane transforms it
back into itself, defining it as infinitely symmetric. The appearance of a pattern (such as
a hexagonal lattice of Turing spots) breaks this symmetry, leaving few if any geometric
degrees of freedom that can transform the now patterned system back into itself. Similarly,
an unpolarized cell can be modeled by a perfect sphere, which remains itself after any
rotation around any axis that passes through its center. Cellular polarization effectively
selects only one such axis around which a cell can be rotated so it is still “transformed
into itself”. Multicellular development is even harder to interpret in geometric terms,
although specific examples of such geometric symmetry-breaking transitions can be identi-
fied. Thus, similar to cellular polarization, gastrulation reduces the spherical symmetry
of the blastula to the cylindrical symmetry of the gastrula. Instead of looking for specific
broken symmetries, it might be more productive to follow in the footsteps of Prigogine and
Nicolis and consider all phenomena of biological pattern formation as manifestations of
symmetry breaking. This pluralistic approach conceptually unifies efforts to understand
biological morphogenesis on both subcellular and multicellular levels and continues to
gain popularity [3].

In the interdisciplinary spirit established by the founding fathers of the field, this Spe-
cial Issue “Symmetry Breaking in Cells and Tissues” presents a collection of 17 reviews,
opinions, and original research papers contributed by theoreticians, physicists and math-
ematicians, as well as experimental biologists, united by the common excitement about
biological pattern formation and morphogenesis. In this issue, the contributors discuss
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diverse manifestations of symmetry breaking in biology and showcase recent develop-
ments in experimental and theoretical approaches to biological morphogenesis and pattern
formation on multiple scales.

Establishment of cell polarity is, perhaps, one of the best-studied manifestations of
symmetry breaking in biology. Unicellular model organisms, yeasts, have been particularly
useful for studies of cell polarity due to their ease of genetic manipulation and the spectacu-
lar cell surface-localized pattern—the conspicuous micron-scale polarity cluster organized
by the activity of Cdc42 and other small GTPases from the Ras and Rho families [4–6].
Moran and Lew discuss the role of differential diffusion of proteins on the plasma mem-
brane in the establishment of cell polarity in budding yeast [7]. Martin and colleagues
deploy optogenetics to study the mechanism of Cdc42 cluster formation in fission yeast and
suggest the existence of mechanisms inhibiting de novo formation of the polarity cluster
on the cell sides [8]. Khalili, Vavylonis, and colleagues continue the topic of fission yeast
cell polarity by elaborating a detailed biophysical model that describes not only static but
also spatially oscillating patterns of Cdc42 activity [9]. Finally, Daalman et al. bring up an
evolutionary aspect of the budding yeast cell polarity network [10].

Par protein systems constitute another fundamental cell polarity paradigm found
in diverse cell types of higher eukaryotes [11–14]. While much has been learned about
the Cdc42 polarity in fungi and Par polarity in C. elegans embryos and epithelial cells,
understanding the interplay between these two modules has been notoriously difficult.
Seirin–Lee, Gaffney, and Dawes construct and analyze a heuristic model of C. elegans
embryo polarity to explain the interaction between these two modules [15]. A third funda-
mental paradigm of cell polarity, the polarization of motile chemotactic cells, is revisited by
van Haastert, who proposes a unified model of amoeboid movement applicable to both fast-
and slow-moving cells [16]. The topic of cell polarity is rounded off by a comprehensive
review of published polarity models by Othmer and colleagues [17].

Recent years have seen a dramatic rise of new topics establishing the mechanisms
of biological symmetry breaking, which are distinct from the diffusion-driven instability
of the reaction–diffusion systems proposed by Turing. Notable examples of these are
mechanical instabilities in active systems consisting of cytoskeletal polymers and molec-
ular motors [18,19] and protein phase separation [20,21]. In this Special Issue, Schwille
and colleagues present an in vitro reconstitution of actomyosin cortices, in which they ob-
serve symmetry breaking and emergence of directed flows [22]. The theme of actomyosin
contractility continues in the contribution from Gerisch and colleagues who discuss unilat-
eral ingression of cleavage furrows in multinucleated cells of Dictyostelium amoeba [23].
The theme of protein phase separation and its role in the establishment of cellular memory
and stress adaptation is reviewed by Caudron and colleagues [24].

Symmetry breaking on the scale of tissues and organs transcends multiple fields of
developmental biology and is an area of research that has both a distinguished past and
a rapidly developing present [25–28]. Connecting unicellular and multicellular scales,
Yap and colleagues review epithelial cell extrusion, a form of collective behavior of cells
within epithelial sheets that plays an important role in normal morphogenesis and devel-
opment of cancer [29]. A review by Manceau, Bailleul, and Touboul provides an extensive
overview of mechanisms and models of multicellular pattern formation [30].

Several contributions focus on theoretical aspects of pattern formation and morpho-
genesis. Naoz and Gov extend the theme of the pattern-forming role of proteins capable
of bending the cell membrane and provide analysis of actin-mediated protrusions on the
ventral side of adhered cells [31]. They show that facing hard substratum and adhering
to it can stabilize such protrusions or induce their transition into propagating wavelike
structures. Formation of protein patterns on the cell membrane in the presence of flows
in the cytoplasm or cellular cortex is the focus of contribution by Frey and colleagues,
who show that such flows can induce interesting and nontrivial effects modulating protein
patterns [32]. An important theoretical question in the field of cellular pattern formation
is whether specific mechanisms are required to produce a single structure, such as the
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one necessary for cellular polarization, or a multitude of similar structures, such as po-
dosomes or microvilli. Goryachev and Leda discuss recent theoretical work exploring
this question in the minimal mass-conserved activator–substrate models and conclude
that the choice between competition and coexistence of structures is determined by the
complex interplay of multiple system parameters, rather than by the type of the molec-
ular mechanism [33]. Developing this theme further, Banerjee and colleagues consider
induction of multiple structures in dynamically growing systems [34]. Finally, Beta, Gov,
and Yochelis discuss a dynamic pattern, representative of intracellular actin waves, in a
minimal activator–inhibitor model with mass conservation [35].

Funding: This research was funded by the Biotechnology and Biological Sciences Research Council
of the UK, grant numbers BB/P01190X and BB/P006507.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Prigogine, I.; Nicolis, G. On symmetry-breaking instabilites in dissipative systems. J. Chem. Phys. 1967, 46, 3542. [CrossRef]
2. Turing, A.M. The chemical basis of morphogenesis. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 1952, 237, 37–72. [CrossRef]
3. Goryachev, A.B.; Mallo, M. Patterning and Morphogenesis From Cells to Organisms: Progress, Common Principles and New

Challenges. Front. Cell Dev. Biol. 2020, 8, 602483. [CrossRef] [PubMed]
4. Chiou, J.G.; Balasubramanian, M.K.; Lew, D.J. Cell Polarity in Yeast. Annu. Rev. Cell Dev. Biol. 2017, 33, 77–101. [CrossRef]
5. Goryachev, A.B.; Leda, M. Autoactivation of small GTPases by the GEF-effector positive feedback modules. F1000Res 2019, 8.

[CrossRef]
6. Goryachev, A.B.; Leda, M. Many roads to symmetry breaking: Molecular mechanisms and theoretical models of yeast cell polarity.

Mol. Biol. Cell 2017, 28, 370–380. [CrossRef]
7. Moran, K.D.; Lew, D.J. How Diffusion Impacts Cortical Protein Distribution in Yeasts. Cells 2020, 9, 1113. [CrossRef]
8. Lamas, I.; Weber, N.; Martin, S.G. Activation of Cdc42 GTPase upon CRY2-Induced Cortical Recruitment Is Antagonized by

GAPs in Fission Yeast. Cells 2020, 9, 2089. [CrossRef]
9. Khalili, B.; Lovelace, H.D.; Rutkowski, D.M.; Holz, D.; Vavylonis, D. Fission Yeast Polarization: Modeling Cdc42 Oscillations,

Symmetry Breaking, and Zones of Activation and Inhibition. Cells 2020, 9, 1769. [CrossRef]
10. Daalman, W.K.; Sweep, E.; Laan, L. The Path towards Predicting Evolution as Illustrated in Yeast Cell Polarity. Cells 2020, 9, 2534.

[CrossRef]
11. Loyer, N.; Januschke, J. Where does asymmetry come from? Illustrating principles of polarity and asymmetry establishment in

Drosophila neuroblasts. Curr. Opin. Cell Biol. 2020, 62, 70–77. [CrossRef] [PubMed]
12. Lang, C.F.; Munro, E. The PAR proteins: From molecular circuits to dynamic self-stabilizing cell polarity. Development 2017,

144, 3405–3416. [CrossRef] [PubMed]
13. Goehring, N.W. PAR polarity: From complexity to design principles. Exp. Cell Res. 2014, 328, 258–266. [CrossRef] [PubMed]
14. Hoege, C.; Hyman, A.A. Principles of PAR polarity in Caenorhabditis elegans embryos. Nat. Rev. Mol. Cell Biol. 2013, 14, 315–322.

[CrossRef]
15. Seirin-Lee, S.; Gaffney, E.A.; Dawes, A.T. CDC-42 Interactions with Par Proteins Are Critical for Proper Patterning in Polarization.

Cells 2020, 9, 2036. [CrossRef]
16. Van Haastert, P.J.M. Symmetry Breaking during Cell Movement in the Context of Excitability, Kinetic Fine-Tuning and Memory

of Pseudopod Formation. Cells 2020, 9, 1809. [CrossRef]
17. Cheng, Y.; Felix, B.; Othmer, H.G. The Roles of Signaling in Cytoskeletal Changes, Random Movement, Direction-Sensing and

Polarization of Eukaryotic Cells. Cells 2020, 9, 1437. [CrossRef]
18. Goehring, N.W.; Grill, S.W. Cell polarity: Mechanochemical patterning. Trends. Cell Biol. 2013, 23, 72–80. [CrossRef]
19. Julicher, F.; Kruse, K.; Prost, J.; Joanny, J.F. Active behavior of the cytoskeleton. Phys. Rep. Rev. Sec. Phys. Lett. 2007, 449, 3–28.

[CrossRef]
20. Hyman, A.A.; Weber, C.A.; Jülicher, F. Liquid-liquid phase separation in biology. Annu. Rev. Cell Dev. Biol. 2014, 30, 39–58.

[CrossRef]
21. Shin, Y.; Brangwynne, C.P. Liquid phase condensation in cell physiology and disease. Science 2017, 357. [CrossRef] [PubMed]
22. Vogel, S.K.; Wölfer, C.; Ramirez-Diaz, D.A.; Flassig, R.J.; Sundmacher, K.; Schwille, P. Symmetry Breaking and Emergence of

Directional Flows in Minimal Actomyosin Cortices. Cells 2020, 9, 1432. [CrossRef] [PubMed]
23. Bindl, J.; Molnar, E.S.; Ecke, M.; Prassler, J.; Müller-Taubenberger, A.; Gerisch, G. Unilateral Cleavage Furrows in Multinucleate

Cells. Cells 2020, 9, 1493. [CrossRef] [PubMed]
24. Lau, Y.; Oamen, H.P.; Caudron, F. Protein Phase Separation during Stress Adaptation and Cellular Memory. Cells 2020, 9, 1302.

[CrossRef] [PubMed]
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