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Preface

This book, titled Patterns and Forms in Nature: From Organisms to Collective 

Behaviors in Biological Systems, addresses the issues of patterns and forms in  

biological phenomena from various perspectives—genetics, biology, chemistry, 

physics, and mathematical sciences. Each chapter is written by scientists who 

describe the philosophy of their research and future perspectives as well as respec-

tive findings. Readers might wish to attend and listen to their talks if all the senior 

authors were to gather in one place. In fact, they were the invited speakers of the 6th 

Yamada Symposium held in Tokyo in 2023. It goes without saying that the discus-

sions at the venue were lively and insightful.

This book is based on 10 of the 12 lectures delivered at the symposium and is 

divided into 3 parts. Abstracts of all the lectures are included in the Appendix. It is 

our hope that this book will serve as a guide for exploring the diverse patterns and 

forms observed in living organisms.

The timing of this publication is not unrelated to the fact that human activity is 

increasingly beginning to surpass nature, so let us briefly explain the background.

The world around us is filled with patterns and forms of various sizes. These 

extend to artificial objects that once did not exist in nature. While being surrounded 

by man-made objects has made our lives more convenient, it has also brought about 

environmental changes that leave significant marks reaching deep into the Earth’s 

strata, such as global warming, microplastic pollution, the accumulation of radioac-

tive substances, and loss of biodiversity.

The loss of biodiversity clearly has negative effects not only on the economy and 

environmental services but also on our mental activities. Since ancient times, 

humans have been deeply fascinated by the patterns and forms found in diverse liv-

ing beings. From this allure, countless forms of art have emerged, and the intellec-

tual curiosity to understand how these patterns and shapes arise has given birth to 

numerous fields of study. Biodiversity has provided strong motivation for these 

intellectual endeavors. Humans are characterized by their intellectual activities; 

therefore, biodiversity must not be lost.

Now, let us briefly introduce each chapter, beginning with Part I: Diversity of 

Biological Patterns and Forms in Nature:
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 – Dr. Ball approaches the issues of patterns and forms in nature from a physical 

perspective of symmetry, writing in a lively and engaging style. Additionally, the 

significance of the work of Alan Turing, known for his contributions to the math-

ematical study of biological pattern formation, is considered within a broad his-

torical scientific context, ranging from Aristotle to the present day.

 – Dr. Maini and his colleagues review how the synthesis of experimental and theo-

retical studies has advanced our understanding of collective neural crest migra-

tion, and offer an outlook on how these approaches may be further combined to 

shed light on the mechanisms that underlie collective cell migration. The neural 

crest serves as an important paradigmatic system for understanding collective 

cell migration across a range of application areas.

Then there are 3 chapters on butterfly patterns. Two of these chapters address the 

issue of female-limited mimicry (Batesian mimicry): one deals with genetics, and 

the other with population dynamics. The third focuses on tracing backward the evo-

lution of wing patterns through numerical simulations.

 – Dr. Fujiwara describes a detailed comparative study of the genomic regions 

involved in Batesian mimicry. Summarizing recent insights into the genetic 

mechanisms behind the formation of mimetic wing patterns, he discusses the 

evolutionary processes that produced this remarkable mimicry.

 – Dr. Sekimura addresses the mimicry of the butterfly P. polytes, which inhabits 

the Sakishima Islands located at the southwestern end of Japan, and explains the 

advantages of mimicry using a mathematical model. Butterfly mimicry is a sur-

vival strategy in which one species reduces its predation rate by imitating the 

patterns of another unpalatable species. In this case, only one of the two female 

forms exhibits mimicry, known as Batesian mimicry. Sekimura notes, “Batesian 

mimicry is one of the most fascinating biological phenomena in the natu-

ral world.”

 – Dr. Nijhout and Dr. Gawne present research on exploring the “primitive patterns” 

in the evolution of butterfly wing patterns. This is an intriguing study that vividly 

demonstrates the extensive patterning potential of reaction-diffusion equations.

Part II: Morphology and Evolution, is composed of 3 chapters:

 – Dr. Kuroda discusses the factors that determine the right and left sides of organ-

isms, based on detailed research at the genetic level. Surprisingly, it was found 

that the shell coiling of the freshwater snail Lymnaea stagnalis is determined by 

a single gene. However, genes are not everything. Even more remarkably, it has 

been demonstrated that by mechanically reversing the direction of spiral cleav-

age at the third cell division when chirality first appears in the fertilized egg, a 

mirror-image organism can be produced! Genes are important, but are not 

whole story.

 – Dr. Gerber presents the functional morphological space approach from a mathe-

matical and analytical perspective. He provides an overview of the geometric 

structures of various morphological spaces found in the literature and discusses 

Preface



vii

mathematical structures that make it possible to evolutionarily consider sets of 

morphological variations.

 – Dr. Ubukata applies a functional morphological space approach to data on the 

shapes and functions of ancient mollusks with shells. The focus is on shell con-

struction efficiency, hydrodynamic properties in cephalopods, postural stability 

in gastropods, and the collision of swollen structures in bivalves, etc., discussing 

the major evolutionary trajectories of mollusk groups.

Finally, we have Part III Modeling Biomorphs in Nature, which contains  

2 chapters:

 – Dr. Shima examines plant shapes and functions from a mechanical viewpoint. 

Focusing on the unique forms of bamboo, butterbur, rice, and melon meshes, he 

discusses mathematically the relation between the forms and the function (i.e., 

the mechanical strength).

 – Dr. Steinbock and his colleagues introduce the chemical world, which also 

touches upon the problem of the origins of life. From a chemists’ perspective, 

they discuss phenomena such as the growth of inorganic semipermeable mem-

branes (chemical gardens), slowly rotating chemical spirals (the BZ reactions), 

corrosion patterns and precipitation patterns on metal surfaces, and inorganic 

structures that have attracted attention for their life-like forms. As Dr. Ball also 

points out, the “forms” often considered characteristic of life are not necessarily 

unique to living organisms.

Readers may start reading from any chapter. We hope this book will deepen our 

understanding of patterns, forms, and a broad range of life phenomena.

 Oxford, UK Philip K. Maini 

 Tokyo, Japan Hiraku Nishimori 

 Kasugai, Aichi, Japan Toshio Sekimura 

 Tokyo, Japan Tomohiko Yamaguchi 
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Chapter 1

Symmetry Breaking from Physics 
to Biology

Philip Ball

Abstract In this chapter I discuss the concept of symmetry breaking across various 

fields, from physics to biology, and its role in the emergence of patterns and forms 

in nature. 

Keywords Origin of symmetry breaking · Emergence of patterns and forms · 

Turing patterns · Ising model

1.1  Introduction

In 1952 the British mathematician Alan Turing, best known for his work on the 

theory of computation, published the only paper he ever wrote on the life sciences 

(Turing 1952). It outlined a startlingly novel theory of morphogenesis.

The question that Turing set out to tackle is one of the oldest and most fundamen-

tal in all of biology: Where does form come from? How do you go from a spherical 

embryo to an organism like a human with an extremely complex form?

It is a question that preoccupied natural philosophers from Aristotle to William 

Harvey to Rudolf Virchow and beyond (Needham 1959). In general, early ideas 

assumed that biological form was either already manifest in some way within the 

embryo—the preformationist idea, famously illustrated by Nicolaas Hartsoeker’s 

drawing of the homunculus in a sperm in the seventeenth century—or it emerged 

via the guidance of a kind of life force or soul, as Aristotle asserted: the position 

called epigenesis, which was essentially teleological. We might now regard both 

theories as ways to circumvent rather than to explain what is now seen as a kind of 

symmetry breaking.

In his approach to the origins of embryogenesis, Turing was going against the 

grain. His work came at a time when embryology, arguably a key focus of biology 

at the end of the nineteenth century, had fallen out of fashion. Just 10 years earlier, 

Julian Huxley published his book that introduced the term the Modern Synthesis to 

P. Ball (*) 
Freelance Writer, London, UK
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describe the reconciliation between Darwinian evolution and Mendelian genetics: 

the advent of Neodarwinism (Huxley 1942). One year after Turing’s paper appeared, 

of course, Francis Crick and James Watson took the emerging picture of genetics to 

the next level by revealing the chemical structure of DNA (Watson and Crick 1953). 

Questions about form in biology were becoming questions about genes: the pheno-

type was considered to be programmed into the developing organism in the geno-

type. This could be regarded as a kind of informational homunculus: form already 

exists in the embryo but in an encoded format, which Erwin Schrödinger famously 

called the “code-script” of life (Schrödinger 1944).

It is probably partly, although not entirely, because it did not fit into this para-

digm that Turing’s paper had little impact for several decades. In fact, Conrad 

Waddington, whose book on the genetics of biological patterning Turing cited in his 

very short reference list (Waddington 1940), complained that development had been 

left out of the Modern Synthesis entirely. In the 1940s, Waddington introduced his 

famous epigenetic landscape (Allen 2015) (Fig. 1.1), the classic representation of 

symmetry breaking in biology, specifically to try to reintroduce developmental biol-

ogy—as embryology was then becoming called—into the picture. That attempt was 

not terribly successful.

Waddington was part of the Theoretical Biology Club  at the University of 

Cambridge, an informal collection of innovative thinkers that also included 

J. Desmond Bernal, Joseph Needham and J. B. S. Haldane. All were sympathetic to 

the idea that to understand morphogenesis, biology might benefit from a reductive 

“physicist’s” approach, rather than the purely statistical methods of classical 

genetics.

Their perspective was influenced by the work of the Scottish zoologist D’Arcy 

Wentworth Thompson, whose seminal book On Growth and Form in 1917 is another 

of Turing’s references (Thompson 1919). Thompson called for a more mathemati-

cal approach to biology that took account of the physical forces and constraints on 

an organism’s development. He was skeptical about how the resurgent Darwinism 

of his time seemed to answer every question about biological form by calling it 

adaptive, with little thought given to the actual physical processes by which it came 

Fig. 1.1 The Waddington landscape, the paradigmatic representation of symmetry breaking 
in biology

P. Ball
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into being. It was one thing to explain the shape of a limb or organism on the basis 

of how it enhanced fitness, but quite another to explain how it came to be shaped in 

the developing fetus.

Turing’s treatment was highly mathematical and abstract. Mentioning that at one 

point “the cells are idealized into geometrical points,” he then talks about Newton’s 

laws of motion, about elasticities, and imaginary numbers, which doubtless left 

some biologists puzzled, or worse.

Yet his paper follows the physical scientist’s instinct to express the problem at 

hand in the simplest possible terms, and then to explore what the minimal require-

ments are of a model that captures the essential phenomena. Turing points out that 

the question of how an embryo develops and acquires shape and form—bilateral 

symmetry, say, and the budding of limbs—is indeed one of symmetry breaking. 

How, he asks, can the embryonic blastula escape the spherical symmetry with which 

it starts, if all it has to work with is diffusion of its chemical ingredients? That, 

Turing wrote, certainly cannot result in an organism like a horse—which, he points 

out somewhat wryly, “is not spherically symmetrical.”

1.2  The Origins of Symmetry Breaking

The notion of symmetry breaking was by that time already widely appreciated by 

anyone who was thinking about how form and differentiation emerge from unifor-

mity. One sometimes sees suggestions that symmetry breaking as a concept was 

introduced into physics by particle physicists around the same time, in the 1950s. 

But this is not the case. On the contrary, high-energy physics at that time began to 

import ideas that had long existed in other branches of physics, and which Turing 

evidently had some inkling of.

Perhaps the first intimation of the role of symmetry in physical processes was 

expressed in 1894 by Pierre Curie in a paper titled “On symmetry in physical phe-

nomena” (Curie 1894). Here he asked the question: What is the relationship between 

the physical and the symmetry properties of a system? Curie stated the principle of 

symmetry breaking by saying that some phenomena occur when a symmetry is 

removed: he said that “asymmetry is what creates the phenomenon”. Where histori-

ans now disagree is whether Curie anticipated spontaneous symmetry breaking or, 

on the contrary, denied it by asserting that “When certain effects show a certain 

asymmetry, this asymmetry must be found in the causes which gave rise to it.”

Curie’s focus here was on the properties of crystals. In 1880 he and his brother 

Jacques discovered how symmetry breaking induced by pressure can cause piezo-

electricity in some crystals. His doctorate in the early 1890s was on the subject of 

magnetism, and he found that ferromagnets such as iron will lose their magnetism 

when heated. The temperature at which the magnetism vanishes is now called the 

Curie temperature (Fig. 1.2a).

Spontaneous magnetization by cooling through the Curie temperature is a 

symmetry- breaking phenomenon: it is the point at which the random orientations of 

1 Symmetry Breaking from Physics to Biology
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Fig. 1.2 The symmetry-breaking magnetization transition of a ferromagnet corresponds to the 
temperature at which the tendency of neighboring spins on magnetic atoms to align overcomes the 
disordering effect of thermal motion (a). It corresponds to the switch from a single state of minimal 
energy to a double well: a bifurcation (b)

atomic spins due to thermal motion switch into a state of mutual alignment. This 

process picks out one direction as “special” in a previously isotropic medium, and 

it is an example of a phase transition—specifically, a critical phase transition, which 

is driven by fluctuations and involves a divergence of the correlation length between 

the states of the components. The loss of symmetry to which Curie referred can be 

thought of as a bifurcation at the critical point at which a single stable state splits 

into two, so that the system is forced to make a choice of one or the other (Fig. 1.2b).

In 1920 the German physicist Wilhelm Lenz proposed a simple model for this 

phase transition of a ferromagnet. He imagined a regular array of spins—like the 

magnetic atoms in a crystal lattice—that can point just in one direction or the oppo-

site (Fig. 1.3a). The magnetic interaction of neighboring spins will encourage them 

to align, so that they both point in the same direction. Lenz wondered under what 

conditions this tendency to align will dominate over the randomizing influence of 

heat and produce overall alignment throughout the lattice. In 1924 his student Ernst 

Ising figured out the answer for the simplest possible case: a one-dimensional lattice 

consisting just of a row of spins, with one neighbor on each side (Ising 1924). 

Somewhat to his disappointment, Ising found that the transition temperature in this 

case is zero: any amount of thermal disruption is enough to destroy the aligned 

magnetic state. For the two-dimensional model, Lars Onsager found an analytical 

solution in the 1940s that did show a finite-temperature transition (Onsager 1944). 

We know from simulations that a transition exists in 3D too, but there remains no 

analytical solution that describes it.

It is worth pointing out that Onsager’s solution of the 2D Ising model provided 

the first rigorous, non-phenomenological indication that symmetry-breaking phase 

transitions are a genuine feature of many-body dynamics. That makes it a rather 

significant result—according to historian of science Stephen Brush, it was “one of 

the most important events in theoretical physics of the 20th century” (Brush 1983).

P. Ball
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Fig. 1.3 (a) The Ising model of ferromagnets (here in two dimensions). (b) The same lattice 
model can represent the phase transitions of liquids and gases, where each lattice point is occupied 
in the liquid state and is empty in the gas state. Above the critical point, there is a patchy mixture 
of occupied and unoccupied grid elements

It was quickly appreciated that the Ising model could serve as a very crude model 

of the gas and the liquid states of matter. Here the presence of a particle at a point in 

the lattice denotes the liquid, while its absence denotes a gas (Fig. 1.3b). Cooling a 

magnet through its Curie temperature then looks equivalent to cooling a fluid 

through its critical point, which Thomas Andrews investigated in the 1860s 

1 Symmetry Breaking from Physics to Biology
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(Andrews 1869) and Johannes Diderik van der Waals explained phenomenologi-

cally in 1873 (Van de Waals 1988).

This connection was arguably the first glimpse of universality in physics: the 

idea that there is a deep parallel between systems that look superficially as though 

they share nothing in common. It stems from the fact that many-body behavior often 

does not discriminate between the fine differences in the natures of those bodies: all 

that matters are the general features of how they interact, such as how many neigh-

bors feel the influence of each body. It is remarkable how deeply such universality 

runs. Despite the apparent crudeness with which the Ising model represents liquids 

and gases as filled or empty lattice elements, simulations for the 3D model show 

that the critical exponents that describe divergences of thermodynamic quantities at 

the critical point are essentially identical to those determined experimentally for 

real fluids (Stanley 1971).

These correspondences between the phase transitions of magnets, those of liq-

uids and gases, and those in a rather simple lattice model, point to the deeper truth 

that many real-world phenomena are collective and have their own distinctive but 

often universal rules of self-organization.

1.3  Symmetry, Conservation, and Unification

The fact that the basic physical laws obey certain symmetry properties is the most 

important feature they display. For example, these laws remain unchanged from one 

part of space to another: they have translational symmetry. The law of gravitation is 

the same if measured in London, Tokyo, or on the Moon. In physics this invariance 

of a law is called a gauge symmetry. In one of the most profound insights in 

twentieth- century physics, the German mathematician Emmy Noether showed in 

1915 that there is a deep connection between the existence of a symmetry in a physi-

cal system and the existence of a conservation law (Noether 1918). In short, 

Noether’s theorem showed that if some quantity is conserved, there is a correspond-

ing symmetry in the way the system behaves. For example, the fact that momentum 

is conserved is a consequence of the translational symmetry of space, while the 

conservation of energy turns out to be a result of the fact that mechanical laws have 

time symmetry. Many physicists consider Noether’s theorem to be as deep and 

beautiful a discovery as Einstein’s general relativity. Einstein himself said that “In 

the judgment of the most competent living mathematicians, Fräulein Noether was 

the most significant creative mathematical genius thus far produced since the higher 

education of women began.”

It used to be thought that the physical laws are indifferent to the symmetry opera-

tion of mirror inversion. But in 1956 it was discovered that this is not always so: 

processes involving the weak interaction can violate this so-called principle of par-

ity. (Incidentally the two Chinese American physicists who proposed this, Tsung 

Dao Lee and Chen Ning Yang, also studied phase transitions of the Ising model and 

coined the term “lattice gas”.)

P. Ball
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The experimental confirmation of parity violation in the weak nuclear interac-

tion (the force responsible for beta decay) by Chien-Shiung Wu in 1956 (Wu et al. 

1957) opened the path for the unification of the electromagnetic and weak interac-

tions. The idea is that a spontaneous symmetry-breaking transition in the early uni-

verse led to the distinction between these two forces, rather as a supercritical fluid 

separates into two distinct states, the liquid and gas, as it passes through the criti-

cal point.

This idea was developed in the late 1950s and early 1960s by Sheldon Glashow 

and Abdus Salam (Glashow 1959; Salam and Ward 1964), who could only get sym-

metry breaking by introducing it by hand. They found that it predicted three massive 

new bosons, later identified with the W and Z bosons that mediate the weak force, 

along with the massless photon. In the later 1960s, Steven Weinberg showed how 

this symmetry breaking could happen spontaneously (Weinberg 1967). The theory 

was verified by the discovery of the W and Z bosons in CERN’s Proton-Antiproton 

Collider in 1983 (Di Lella and Rubbia 2015).

This Nobel-winning work on electroweak symmetry breaking was intimately tied 

up with the theory of the Higgs field and the Higgs boson. The fundamental insight 

here came in the late 1950s from theoretical physicist Yoichiro Nambu, who saw an 

analogy between the theory of superconductivity and quantum field theory (Nambu 

and Jona-Lasinio 1961). Vitaly Ginzburg and Lev Landau devised a phenomenologi-

cal model of superconductivity in the 1950s that presented it as another symmetry-

breaking critical transition, which Bardeen, Copper, and Schrieffer (BCS) then 

developed into a fully-fledged theory, the BCS theory (Bardeen et al. 1957), involving 

electron–phonon interactions in 1957. Nambu realized that the BCS theory seemed to 

violate the gauge symmetry of quantum electrodynamics, but he solved the riddle by 

showing that here the symmetry-breaking transition gives rise to particular symmetry 

properties in the behavior of the electrons that become hidden. That is to say, the sym-

metry breaking is not obvious in the way the electrons behave. Nambu showed that 

the same kind of symmetry breaking of the quantum vacuum predicted that the par-

ticles of atomic nuclei—protons and neutrons—would gain mass.

The idea won Nambu the 2008 Nobel prize for “the discovery of the mechanism 

of spontaneous broken symmetry in subatomic physics.” But his theory raised new 

problems—and it was by resolving them in the early 1960s that Peter Higgs and 

others figured out that space must be permeated by the Higgs field, which exerts a 

drag on the particles and so affords them mass (Close 2022). Higgs was the first to 

push the idea that this field should have an associated massive particle, the possible 

detection of which supplied a way to test the idea. The rest, of course, is history: the 

Higgs boson was discovered by the Large Hadron Collider at CERN in 2012 

(ATLAS Collaboration 2012). Meanwhile, Weinberg used Nambu’s ideas, and sub-

sequently those of Higgs, to develop the 1967 model that ultimately led him to his 

theory of electroweak unification.

The key point here is the unity brought to many seemingly different areas of 

physics by the concept of symmetry breaking. This was not so much a matter of 

importing ideas from one field to another. Rather, many of those working on these 

issues, such as Landau, Nambu, Weinberg, Philip Anderson, Sidney Coleman, and 

1 Symmetry Breaking from Physics to Biology
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Gerard ’t Hooft, considered that in the end they were working on the same problem, 

applied to different physical systems.

1.4  Turing Patterns in Biology

So let us now return to the living world. Symmetry breaking offers a kind of order 

for free: a distinction between a here and a there in what was initially a homoge-

neous system. Evolution has evidently made much use of such a cheap and useful 

source of organization. Cells of all kinds, for example, contain temporary, mem-

braneless compartments caused by a spontaneous, symmetry-breaking phase transi-

tion between liquid phases of different composition (Shin and Brangwynne 2017). 

These liquid–liquid phase transitions are implicated in cell processes ranging from 

the regulation of transcription to the splicing of mRNA and the storage of cell com-

ponents in response to stress.

While the mechanisms for this phase separation are still being debated, at root it 

seems to be nothing more than a kind of oil-in-water immiscibility, produced by 

rather generic differences in the affinities of the biomolecular constituents. In other 

words, to the extent that the process is programmed at all, it involves a fuzzy, col-

lective molecular logic, for example involving nonspecific associations between 

intrinsically disordered proteins and/or non-coding RNA molecules. There is noth-

ing much here that van der Waals or Curie would not have recognized in terms of 

first-order phase transitions.

The key point is not just that spontaneous symmetry breaking supplies biology 

with a way to create structures on length scales much greater than the molecular. It 

is that it does so in a way that is robust to noise. That is essential because living cells 

and organisms and their environments are very noisy; not least, there can be a high 

degree of cell-to-cell variation in the expression rates of genes even for nominally 

identical cells (Raj et al. 2006), as well as spatial heterogeneity of the components. 

Spontaneous symmetry breaking tends to be insensitive to those fine details. Liquid–

liquid phase separation, for example, does not depend on precisely which molecules 

are present or on highly selective interactions between them.

And just as the macroscale behavior is not highly sensitive to the microscale 

details, so the microscale need not be strongly influenced by the macroscale. For 

example, even though the viscosity in condensates might be increased by several 

orders of magnitude relative to the bulk, the local nanosecond dynamics of the pro-

teins, on which their function depends, are essentially unaltered (Galvanetto et al. 

2023). To function robustly and reliably, biology needs this hierarchy of causation, 

with a causal separation of time and length scales, rather than all phenomena being 

determined from the bottom up - from the specific and “programmed” activity of 

genes or other molecules.

Which brings us back to Turing. By opening and closing this contribution with 

Turing’s idea, it is certainly not my intention to imply that it is the only or even 

necessarily the main way to break symmetry in the living world. But it is surely one 
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of the most fertile and versatile, and it is fair to say that it serves as a paradigm for 

how this may happen in the nonequilibrium conditions on which life depends.

Turing proposed that among the molecular ingredients of the cells of the embryo 

are diffusive components called morphogens (“shape-formers”) that are somehow 

responsible for triggering development of a cell or tissue along a certain pathway.

The idea of development being controlled by—and symmetry being broken by—

diffusive concentration gradients of morphogens was an old one. It was first pro-

posed at the end of the nineteenth century by the German physiologist Theodor 

Boveri, who drew most of his conclusions from experiments on sea urchins. Around 

1901 he proposed that the fertilized sea-urchin egg acquires two “poles”—an ante-

rior–posterior axis—by virtue of some substance within its cytoplasm that is injected 

into it from the “mother” even before the egg is fertilized: that is, forced rather than 

spontaneous symmetry breaking.

In 1924 Hans Spemann and Hilde Mangold (1924) showed that particular cells 

or groups of cells in an embryo may act in this way as what they called organizers 

that determine the fate of those around them. Working with amphibian embryos, 

Mangold moved cells from a region of the embryo developing into one body part 

(such as a limb or head) to another region, and found that the cells would induce the 

same body part there instead.

In support of that idea, studies in the 1930s by Waddington and others showed 

that some tissues can act as “organization centers” that, if implanted at a different 

location on the organism—or even sometimes on that of a different species—could 

induce the host tissue to undertake a new developmental path. Waddington spoke 

rather vaguely of a substance he called an evocator that represents the “active prin-

ciple” of the organization centers. He seemed to regard it as a chemical compound 

of some kind.

This idea appeared to be supported in tissue transplantation experiments on chick 

embryos in 1968 conducted by John Saunders and Mary Gasseling (1968). They 

studied digit formation in chick wings, and identified tissues called “zones of polar-

izing activity” (ZPAs), the equivalent of Spemann and Mangold’s organizer, which 

define the polarity of the wing digits. The notion of a zone of polarizing activity was 

codified in the late 1960s by Lewis Wolpert’s French flag model, which supposes 

that there are concentration thresholds of the morphogen at which distinct genes 

switch on to produce bands of different tissue types (Wolpert 1969) (Fig. 1.4).

So the idea of morphogens switching on genes had a pedigree by the time Turing 

invoked it for his patterning process. The difference is that his scheme did not rely 

on diffusion alone: it was a more complex, nonlinear system that also involved reac-

tions between morphogens. In other words, it is a reaction–diffusion system, capa-

ble of breaking uniform symmetry to define not just  an axis of polarity but a 

repeating pattern in space (Fig. 1.5).

The key attributes of the chemical system that Turing posited, in which travelling 

or stationary waves in concentration can arise from a combination of reaction and 

diffusion, had already been discussed more than 40 years earlier (Lotka 1910). In 

1910 the Austrian-American ecologist and mathematician Alfred Lotka described a 

chemical reaction that could undergo oscillations of this kind. Lotka was not 

1 Symmetry Breaking from Physics to Biology
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Fig. 1.4 Wolpert’s “French flag” model for how continuous diffusional gradients may be con-
verted into discrete patterns

particularly interested in chemistry per se. For him, the reaction was an analogue for 

the dynamics of animal populations, and the collisions and reactions that may take 

place between molecules were just proxies for the interactions between predatory 

beasts and their prey.

Lotka’s 1910 paper described an autocatalytic chemical system that develops 

transient oscillations (Lotka 1910). Ten years later, he outlined conditions under 

which they could persist (Lotka 1920). Travelling wavefronts resulting from a reac-

tion–diffusion process were also identified in the 1930s by the geneticist Ronald 

Fisher, who devised a mathematical model—extended by Andrei Kolmogorov and 

now called the Fisher–Kolmogorov equation—describing how an advantageous 

allele spreads in a population (Fisher 1937). This model is now understood to pro-

vide a very general prescription for a certain type of reaction–diffusion process. But 

at the time, with theoretical biology in its infancy, there was little appreciation that 

an approach devised in population genetics should have anything to say about 

morphogenesis.

At the same time that Turing was working out a theory that could account for 

pattern-forming reaction–diffusion processes, the first chemical system of this kind 

to receive serious attention was being discovered. In the 1950s, the Soviet biochem-

ist Boris Belousov devised a cocktail of reagents as a simplified model of glycoly-

sis, and he found that the mixture oscillated back and forth between two states. 

Belousov’s results were largely dismissed until Anatoly Zhabotinsky at Moscow 

State University discovered a variation of Belousov’s mixture that would switch 
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Fig. 1.5 (a) The patterns in two dimensions that emerge from Turing’s reaction–diffusion scheme, 
as calculated by Turing in 1952. (b) The generic patterns produced by Turing’s process are regular 
spots and stripes. (Computational results courtesy of Jacques Boissonade & Patrick De Kepper, 
University of Bordeaux)

back and forth between red and blue, and could exhibit symmetry breaking in the 

form of complex spatial patterns (Fig. 1.6).

When Zhabotinsky discussed these findings at an international conference in 

Prague in 1968, chemists in the West were intrigued to hear about it and began to 

figure out what was going on (Winfree 1972).

The qualitative essentials of Turing’s model did not emerge until two decades 

after his paper. In 1972 the developmental biologists Hans Meinhardt and Alfred 

Gierer in Tübingen devised a theory of biological pattern formation caused by dif-

fusing reagents that paralleled Turing’s (Gierer and Meinhardt 1972). They were 

unaware of Turing’s work until a referee of their paper (allegedly Max Delbrück) 

pointed it out. In Meinhardt and Gierer’s model, stationary chemical patterns can 

result from two interacting ingredients, equivalent to Turing’s morphogens: an auto-

catalytic “activator” and an “inhibitor”. A theoretical model similar to this activa-

tor–inhibitor scheme was also proposed in 1972 for a predator–prey system by 

Segel and Jackson (1972), although it tends to be overlooked today.

1 Symmetry Breaking from Physics to Biology
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Fig. 1.6 The dynamic 
chemical- wave patterns of 
the Belousov–Zhabotinsky 
reaction. (Image courtesy 
of Stephen Morris, 
University of Toronto)

Fig. 1.7 The pigmentation patterns of jaguars (a) can be closely mimicked with a Turing-type 
reaction-diffusion scheme (b). From Liu et al. 2006

Waddington wrote to Turing in 1952 to suggest that his scheme might be best 

deployed to understand animal pigmentation patterns. That idea was developed in 

the 1980s by Meinhardt (1982) and Jim Murray in Oxford (Murray 1990), who 

showed how Turing’s theory offered a possible explanation for a wide range of ani-

mal pigment patterns, from zebras to giraffes to insects. We now know that Turing 

schemes allow symmetry to be broken in some remarkably complex ways to poten-

tially account for a tremendous diversity of animal pigmentation patterns (Fig. 1.7).

Turing’s travelling waves might also produce pigmentation patterns. Meinhardt 

has shown that an activator–inhibitor scheme can reproduce the kinds of complex 
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patterns seen on some mollusk shells, which are in effect frozen traces of two- 

dimensional travelling waves on the rim of the growing shell (Meinhardt 1995).

But aside from these special cases of animal markings, for years it proved hard 

to find examples for which Turing’s mechanism seemed to offer a plausible alterna-

tive to simple gradient-based models of patterning in embryogenesis. Turing him-

self seemed to have been conscious of the difficulties: he is said once to have 

remarked about the zebra, “Well the stripes are easy, but what about the horse part?”

So until recently, Turing’s work had rather little impact on developmental biol-

ogy. That has now changed. Over the past one or two decades, Turing-type mecha-

nisms have been implicated in a wide range of developmental processes, from the 

fundamental left–right asymmetry of bilateral organisms (Chen and Schier 2002) to 

the formation of hair (Sick et al. 2006) and feather follicles, the parallel ridges of 

feather barbs (Harris et al. 2005), the grooves (rugae) of the canine palate (Economou 

et al. 2012), digit formation (Raspopovic et al. 2014), and the branching of lung 

airways (Menshykau et al. 2012).

It turns out that Turing’s mechanism is in fact not generally necessary to break 

the symmetry of a fertilized egg. In many organisms, such as fruit flies and frogs, 

this is disrupted from the outset by maternal factors. But for mammalian embryos 

the jury is still out: there is no agreement about how the cells of the very early blas-

tomere become distinguished. There is some indication that even at the stage of a 

two-cell blastomere the cells are not equivalent, but it is not clear why. One idea 

explored by Chen et al. (2018) is that something like a Turing-type mechanism acts 

to amplify intrinsic asymmetries in the individual cells themselves, for example 

because of the placement of organelles or the mitotic spindle.

The important unanswered question for many of these systems seems to be that, 

while the central elements of activation and inhibition, and reaction and diffusion, 

do appear to provide a useful basis for framing the problem theoretically, it is 

unclear to what extent the details can be reduced and simplified to the two- 

component scheme proposed by Turing. However, in many cases there is nothing 

particularly bespoke about these generic patterning modes: not only do they seem to 

be fundamentally the same type of symmetry-breaking process, but they typically 

involve the same families of morphogens, which are ubiquitous developmental pro-

teins such as Nodal, Sonic hedgehog, Wnt, and BMP. Again, the forms that emerge 

are not uniquely encoded in the components that produce them but are the result of 

the underlying dynamics of their many-body interactions.

1.5  Turing Patterns at Large and the Creativity of Nature

Turing’s discussion of the whorled leaf arrangements of the woodruff plant in his 

1952 paper shows that he suspected his theory might have something to say about a 

biological patterning process quite different from morphogenesis of the embryo, 

namely phyllotaxis (Swinton 2004). His basic idea was that an activator–inhibitor 

system of hormones acting at the growing tip of a plant lays down spots that grow 

1 Symmetry Breaking from Physics to Biology
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into buds on the cylindrical stem. This seems plausible in the light of current knowl-

edge of plant biology: phyllotaxis is regulated by proteins that ferry the hormone 

auxin through the outer stem up toward its apex. Existing leaf buds soak up auxin 

and thus act as sinks, inhibiting the formation of any new buds nearby.

Meinhardt and Koch showed how a Turing process like this operating on a cylin-

drical stem can produce a simple spiral phyllotaxis pattern (Koch and Meinhardt 

1994), although there is no direct evidence I am aware of that such an activator–

inhibitor process really operates in plants.

The feedbacks involved in replication, competition, and predation might set up 

Turing-type patterns in animal and plant communities. In arid regions where vegeta-

tion growth is highly moisture-limited, feedbacks can produce a range of patterns 

that seem to be fundamentally determined by Turing-type mechanisms (Meron 

2019). Theraulaz and colleagues have shown that in the self-organized process by 

which a species of Mediterranean ant collects dead bodies into piles (Theraulaz 

et al. 2002), there is both local activation and long-ranged inhibition. The result here 

is a series of corpse clusters with precisely the ring geometry that Turing first 

explored in his paper. Mechanisms like this might underlie many other aspects of 

habitat formation and grouping, such as nest construction.

Turing’s stripe patterns resemble not only the skin of a zebra, tiger, or angelfish 

but also some patterns in inanimate nature, such as the ripples in wind-blown sand. 

This may be no coincidence. Meinhardt suggested (Meinhardt 1995) that, at root, 

the formation of these sand patterns does involve a kind of activator–inhibitor sys-

tem. The mounds and ridges of sand are formed by deposition of wind-blown grains. 

As a ridge gets bigger, it enhances its own growth by capturing more sand from the 

moving air. But in doing so it acts as a sink, removing sand from the wind and sup-

pressing the formation of other ripples nearby. The balance between these two pro-

cesses establishes a roughly constant mean distance between ripples.

These structures are several centimeters in size. Meanwhile, atomic-scale diffu-

sion and reaction processes in the deposition of monolayer metal films can give rise 

to Turing patterns at the nanoscale, which might conceivably be controlled and fine- 

tuned for the spontaneous formation of quantum-wire networks (Fuseya et al. 2021).

Thus, Turing seems to have identified one of nature’s general mechanisms for 

generating order from macroscopic uniformity and microscopic disorder. There 

seems little question that nature, including the living world, does use this mecha-

nism as one way of producing its rich and often beautiful variety of forms.

From a biological perspective, the broader question is how a spontaneous pro-

cess like this, which gives rise to a particular palette of shapes and patterns, interacts 

with natural selection. To what extent can evolution adapt and modify Turing struc-

tures? Are all such structures necessarily adaptive at all? Or are we too readily 

tempted, when we see order and regularity in nature, to attribute a “purpose” to it? 

Might some of it, at least, represent nothing more than a kind of intrinsic creative 

potential in the natural world?

This question surely lies beneath discussions about the nature of life from 

Aristotle to Darwin to Schrödinger and today. To put it another way: To what extent 

is life an extension of physical laws, and to what extent does it require and demand 
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its own autonomous operational principles? To what extent is it the result of pro-

cesses that are generic, universal and timeless, and to what extent ones that are his-

torical, path-dependent and contingent?
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Chapter 2

Integrating Mathematical Modeling 
and Experiments in the Study of Collective 
Neural Crest Cell Migration

Samuel W. S. Johnson, Ruth E. Baker, and Philip K. Maini

Abstract Collective cell migration underpins a wide range of biological processes, 

including embryonic development, wound repair, and tumor invasion, yet many of 

the mechanisms by which both cell–environment and cell–cell interactions give rise 

to coordinated group-level behaviors remain incompletely understood. In the study 

of collective cell migration, the neural crest is a particularly powerful model system, 

as it exhibits robust and highly stereotyped migratory behaviors in  vivo, while 

remaining amenable to direct experimental perturbations and subsequent analysis. 

In this chapter, we review how the synthesis of experimental and theoretical studies 

has advanced our understanding of collective neural crest cell migration, and offer 

an outlook on how these approaches may be further combined to elucidate the 

mechanisms that underlie collective cell migration. In doing so, we position the 

neural crest as paradigmatic in our understanding of collective cell migration and 

for developing general principles that may be applicable across a broad range of 

developmental and pathological contexts.
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2.1  Introduction

Collective cell migration underpins many biological processes, such as wound heal-

ing (Li et al. 2013), tumor progression (Deisboeck and Couzin 2009), and develop-

ment (Schumacher 2019a). In such processes, the migration of cells is governed not 

only by cell–environment interactions but also by cell–cell interactions, which 

together give rise to emergent cell behaviors and migration as coordinated streams, 

chains, clumps, and other multicellular patterns (Rørth 2009). These collective 

behaviors arise in both epithelial and mesenchymal cell populations; however, the 

underlying biological mechanisms governing migration differ markedly depending 

on the context (Theveneau and Mayor 2013).

Epithelial collectives typically maintain stable cell–cell junctions and migrate as 

cohesive sheets, as observed during wound healing (Poujade et al. 2007). In such 

contexts, collective motion is facilitated by long-lived intercellular connections. In 

contrast, mesenchymal collectives are characterized by more transient cell–cell 

interactions and a greater degree of individual cell autonomy, yet, as in epithelial 

collectives, coordinated migration emerges through dynamic interactions that give 

rise to collective group behaviors (Theveneau and Mayor 2013). As such, mesen-

chymal cell collectives provide a particularly informative context in which to inves-

tigate how coordinated migration can emerge from transient and dynamic cell–cell 

interactions.

Studies of collective migration stem as far back as the late nineteenth and early 

twentieth centuries (Barfurth 1891; Eycleshymer 1907), though historically, its 

complex and multifaceted nature means that in-depth experimental investigations 

have, until recent decades, been limited by a lack of appropriate technology. 

However, with recent advances in experimental methods including spatial transcrip-

tomics (Moses and Pachter 2022), single-cell RNA sequencing (Saliba et al. 2014), 

and high-resolution live imaging (Lemon and McDole 2020), collective migration 

has emerged as an increasingly prominent focus of cell biology, complementing 

longstanding studies of single-cell migration.

Clinically, a greater understanding of collective cell migration may inform the 

development of novel therapeutic strategies and interventions that target coordi-

nated cellular behaviors, with potential applications in limiting collective tumor 

invasion during cancer progression (Cheung and Ewald 2016), promoting efficient 

epithelial migration during wound repair (Friedl and Gilmour 2009), preventing 

aberrant migratory behaviors during development that give rise to congenital defects 

(Schumacher 2019a), and informing tissue engineering (Snider and Mishina 2014) 

and regenerative medicine efforts (Moiseeva et al. 2025).

To elucidate the principles of collective cell migration during embryonic devel-

opment, it is imperative to study a system that both robustly exhibits collective 

behavior and permits direct experimental interrogation of model-derived hypothe-

ses. The neural crest is a cell population that satisfies both of these criteria and 

therefore serves as a powerful model paradigm for collective mesenchymal cell 

movement (Le Douarin and Kalcheim 1999; Bronner and Le Douarin 2012; Mayor 
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and Theveneau 2013). During embryogenesis, neural crest cells migrate collectively 

according to a range of biological mechanisms toward distal target sites, where they 

subsequently differentiate to contribute to the formation of many embryonic struc-

tures including the peripheral nervous system, pigment and endocrine cells, and a 

range of mesenchymal tissues (Le Douarin and Kalcheim 1999). Neural crest 

cell  migration exhibits several features that are characteristic of collective cell 

migration in other developmental and pathological contexts, suggesting that mecha-

nisms identified in this system may reflect more general biological principles 

(Theveneau and Mayor 2013). Consequently, the migration of neural crest cells has 

been studied extensively both in vitro and in vivo; however, despite this wealth of 

experimental data, many aspects of how local cell–cell interactions give rise to 

robust collective behavior remain poorly understood. Mathematical modeling has, 

therefore, been widely utilized alongside experiments to generate novel biological 

hypotheses and to test existing ones (Giniūnaitė et al. 2020; Szabó and Mayor 2016).

In this review, we synthesize experimental and mathematical studies of neural 

crest cell migration to evaluate the contribution of integrated modeling–experimen-

tal approaches to our understanding of collective mesenchymal cell migration, and 

conclude by discussing how closer integration of these disciplines may provide fur-

ther insight into both neural crest-specific behaviors and the general principles of 

collective migration across many biological contexts.

2.2  Collective Cell Migration in the Neural Crest

The neural crest is a transient cell population that undergoes extensive collective 

migration during vertebrate  embryonic development  (Szabó and Mayor 2018). 

Following migration, neural crest cells contribute to the formation of a wide range 

of tissues and structures in the developing embryo (Mayor and Theveneau 2013). 

Neural crest cells are specified at the border of the neural plate and, following an 

epithelial-to-mesenchymal transition, delaminate from the neuroepithelium to 

migrate collectively over long distances to target sites throughout the embryo 

(Fig. 2.1a) (Bronner and Le Douarin 2012; Szabó and Mayor 2018). Through this 

process, neural crest cells generate a diverse range of derivatives, including compo-

nents of the peripheral nervous system and connective tissues (Donoghue et al. 2008).

Neural crest cell migration is tightly regulated by both cell–cell and cell–envi-

ronment interactions, and the factors expressed within the environment through 

which migration occurs (Kulesa and Gammill 2010). Disruption of neural crest cell 

migration can lead to a broad spectrum of downstream congenital pathologies, col-

lectively termed neurocristopathies (Sato et al. 2019; Vega-Lopez et al. 2018). These 

include craniofacial malformations such as cleft palate, which arise in part from 

defects in cranial neural crest cell migration, proliferation, or patterning during 

embryogenesis (Cordero et  al. 2011). Such conditions have motivated extensive 

investigation into the mechanisms governing neural crest development and 
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Fig. 2.1 (a) Neural crest cell migration in the chick head. Cranial neural crest cells (yellow) 
delaminate from the embryonic hindbrain and some are sculpted into streams adjacent to rhombo-
meres (r) 1, 4, and 6. Collective migration of these cells then occurs toward branchial arches (ba) 
1, 2, and 3. A scale bar (black) is shown in the bottom left and corresponds to a distance of 200 μm. 
The upper inset shows a representative single migrating neural crest cell (scale bar, 10 μm; white). 
The lower inset highlights a segment of the neural crest migratory stream adjacent to r4 (scale bar, 
100 μm; white). Adapted from Giniūnaitė et al. (2020). (b) Schematic of the axial subpopulations 
of the neural crest and their derivatives. In both panels, a black line is used to illustrate the cranial 
region of the embryo  from which these cells emerge.  Created in BioRender  by Samuel 
W.S. Johnson: https://BioRender.com/8rmbhg0
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migration to identify potential targets for therapeutic intervention aimed at mitigat-

ing or preventing neurocristopathy- associated defects.

In vivo, the neural crest is commonly divided into four axial subpopulations: 

cranial, vagal, trunk, and sacral, each defined by their position along the anterior-to- 

posterior axis of the embryo and their characteristic migratory trajectories (Fig. 2.1b) 

(Le Douarin and Kalcheim 1999; Bronner and Le  Douarin 2012; Mayor and 

Theveneau 2013). Cranial (sometimes termed cephalic) neural crest cells migrate 

collectively from the hindbrain and midbrain into the branchial arches, where they 

contribute to craniofacial development in the embryo (Kulesa et al. 2010; Knight 

and Schilling 2006), while vagal neural crest cells migrate rostro-caudally through 

the developing gut mesenchyme to form the enteric nervous system, advancing as a 

coordinated migratory wave (Gershon et al. 1993; Hutchins et al. 2018). In addition, 

a spatially restricted subset of the vagal neural crest, termed the cardiac neural crest, 

colonizes the pharyngeal arches and conotruncal region, where it plays essential 

roles in great vessel patterning and cardiac septation (Stoller and Epstein 2005). 

Trunk neural crest cells follow stereotyped dorsolateral and ventral migratory path-

ways that give rise to melanocytes and components of the peripheral nervous sys-

tem, respectively (Gammill and Roffers-Agarwal 2010; Vega-Lopez et al. 2017), 

and sacral neural crest cells migrate later in development to populate distal regions 

of the hindgut and pelvic ganglia (Burns and Le Douarin 1998; Wang et al. 2011), 

though their contribution to the enteric nervous system in mice has recently been 

contested (Yu et al. 2024). Disruption to the migration of any of these subpopula-

tions can lead to developmental abnormalities, underscoring the importance of 

robust collective migration during neural crest development. Additionally, these 

subpopulations generate distinct derivatives yet share a reliance on coordinated, 

long-range migration and dynamic cell–cell interactions, making them well-suited 

for comparative studies of the mechanisms underlying collective cell migration.

2.2.1  Mechanisms of Neural Crest Cell Migration

Collective neural crest cell migration is regulated by the interplay between multiple 

conserved mechanisms that coordinate cell–cell cohesion and guidance across axial 

subpopulations. Chemotactic signaling provides directional information during 

migration, with neural crest cells responding to both long-range and short-range 

chemical cues in their environment (Shellard and Mayor 2016). Such cues bias col-

lective movement and, in some contexts, are integrated with contact-mediated 

behaviors to generate persistent directional migration, as exemplified by the chase- 

and- run interactions between cranial neural crest cells and neighboring placodal 

cells in Xenopus (Theveneau et  al. 2013). Chemotactic guidance has also been 

implicated in chick trunk neural crest  cell migration, where chemical gradients 

help to steer cells toward specific peripheral targets (Kasemeier-Kulesa et al. 2010; 

de Bellard et al. 2018).
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Cell–cell interactions play a central role in shaping collective dynamics through 

contact inhibition of locomotion (CIL), a process in which cells repolarize and 

change direction following contact with neighbors (Stramer and Mayor 2017). In 

Xenopus and zebrafish neural crest cells, homotypic CIL promotes dispersion within 

collectives, while  reinforcing front–rear polarity at the population level, thereby 

contributing to coherent collective migration (Carmona-Fontaine et al. 2008). CIL 

is modulated by cell–cell adhesion and polarity signaling pathways (Bahm et al. 

2017; Moore et  al. 2013), and can also occur heterotypically, where interactions 

with other cell types enhance directional persistence during migration (Theveneau 

et al. 2013).

Neural crest cell guidance is further shaped by interactions with the extracellular 

matrix (ECM) through which migration occurs, which provides both permissive 

substrates and inhibitory boundaries that constrain and pattern migration (Perris and 

Perissinotto 2000; Tsang et al. 2010). Neural crest cells preferentially migrate on 

fibronectin- and laminin-rich matrices, while other non-permissive ECM compo-

nents restrict invasion and hence, promote directionality, particularly in the trunk 

region of the embryo (Perris et al. 1989; Landolt et al. 1995; Kubota et al. 1999). 

Neural crest cells also actively remodel their microenvironment through proteolytic 

activity, which facilitates their movement through the embryonic microenvironment 

(Monsonego-Ornan et al. 2012).

At the level of the collective, cohesion is maintained by co-attractive interac-

tions (CoA) that counterbalance dispersive forces arising from CIL. In several neu-

ral crest  cell populations, short-range self-generated chemoattractant signaling 

promotes reaggregation following cell–cell separation, which stabilizes migrating 

groups and supports robust collective responses to external guidance cues (Carmona- 

Fontaine et al. 2011; Broders-Bondon et al. 2016).

Despite substantial progress in identifying the molecular and cellular mecha-

nisms that regulate neural crest cell migration, many open questions remain regard-

ing how these processes are integrated to generate robust, directed collective 

behavior in vivo. In particular, it is unclear how chemotactic cues, contact-mediated 

interactions, ECM guidance, and co-attractive forces are combined across spatial 

and temporal scales to produce persistent stream-level migration, or whether all of 

these mechanisms are required in all developmental contexts. Moreover, many of 

these interactions are inherently local, yet give rise to long-range order and guid-

ance, which raises the question of how global migratory patterns emerge from local 

rules of cell–cell and cell–environment interactions.

In addition, much of the experimental evidence underpinning current models of 

neural crest cell migration is derived from a limited set of organisms, most notably 

Xenopus and chick, and the extent to which these mechanisms are conserved across 

other organisms remains incompletely resolved. Addressing these questions requires 

frameworks that are capable of integrating multiple interacting mechanisms, testing 

their sufficiency and robustness, and exploring emergent collective behaviors that 
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are difficult to infer from experiments alone. Mathematical and computational mod-

eling, therefore, provides a tool for disentangling the relative contributions of indi-

vidual mechanisms and for identifying minimal sets of rules capable of reproducing 

observed neural crest cell migratory dynamics across biological systems.

2.2.2  Collective Neural Crest Cell Migration in Xenopus 

and Chick

Experimental studies of collective neural crest cell migration  that have been 

informed by mathematical modeling have focused predominantly on Xenopus and 

chick, owing to the relative ease with which these systems may be experimentally 

perturbed and studied (Kulesa et al. 2004). In both systems, embryos can be cul-

tured externally and are sufficiently large to permit direct experimental manipula-

tion, targeted perturbation of gene function, and high-resolution live imaging of 

cell migration (de Bellard and Bronner-Fraser 2005; DeSimone et al. 2005). These 

properties enable precise spatiotemporal control of experimental interventions, 

including tissue grafting and explant culture. Neural crest cell populations in both 

organisms also migrate along stereotyped and well-characterized pathways (Kulesa 

et al. 2010; Smith et al. 1997), facilitating reproducible analyses of cell–cell inter-

actions and responses to guidance cues at both the single-cell and collective scales. 

The conservation of molecular signaling pathways governing cell specification and 

migration further suggests that insights gained from these models are broadly 

applicable to other vertebrates in which experimental perturbations are less 

feasible.

Among the neural crest cell subpopulations, cranial neural crest cells (CNCCs) 

have been especially informative for dissecting the mechanisms of collective migra-

tion. A notable feature of collective CNCC migration is that cells are largely mitoti-

cally quiescent during early migratory phases, prior to invasion of the branchial 

arches. Cell cycle mapping has shown that in chick, proliferative activity within the 

cranial neural crest remains low during migration and increases only after CNCCs 

reach their target sites (Ridenour et al. 2014) and in Xenopus, proliferation is infre-

quent throughout CNCC migration (Szabó et al. 2016). This temporal separation of 

migration and proliferation contrasts with other neural crest populations, such as the 

vagal neural crest, in which proliferation at the migratory wavefront contributes to 

sustained tissue colonization and a directional advance (Simpson et al. 2007a). As a 

result, studies of CNCC migration have provided a valuable context in which col-

lective motility can be examined with minimal confounding effects from population 

growth (Szabó and Mayor 2018; Schumacher et al. 2016).
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2.2.2.1  Collective CNCC Migration Through CIL and CoA

Studies of CNCC migration in Xenopus have provided key insights into the cell–cell 

interactions that underpin collective migration. The prevailing model of collective 

CNCC migration in Xenopus is the contact inhibition of locomotion–co-attraction 

(CIL–CoA) paradigm (Fig. 2.2a), in which short-range homotypic CoA promotes 

cohesion within CNCC collectives, while homotypic CIL induces repolarization 

upon collision, thus preventing excessive clustering (Carmona-Fontaine et al. 2008, 

2011). However, as CIL and CoA are intrinsically local interactions  without an 

inherent directional bias, they are unlikely, in many contexts, to fully account for the 

robust long-range guidance of CNCC streams toward distal targets in  vivo. In 

Xenopus, additional directional guidance is provided by interactions with neighbor-

ing tissues. In particular, CNCCs migrate chemotactically toward placode-derived 

stromal cell-derived factor 1 (Sdf1), and reciprocal CNCC–placode contact triggers 

heterotypic CIL that displaces placodal cells, yielding a chase-and-run mechanism 

(Theveneau et al. 2013). In this setting, CIL and CoA can be interpreted as govern-

ing intra-collective cohesion and rearrangements, while chase-and-run provides an 

external steering cue through CNCC–placode interactions. A parsimonious inter-

pretation is, therefore, that directed CNCC migration in Xenopus emerges from the 

interplay between these processes; placodal Sdf1 biases the net direction of advance, 

while homotypic CIL and CoA maintain a coherent, motile collective capable of 

sustained stream-like migration. However, while this model provides a compelling 

description of CNCC migration in Xenopus, the extent to which this guidance 

Fig. 2.2 Schematics for the mechanisms of CNCC migration in Xenopus and chick. (a) 
Mechanisms of collective CNCC migration in Xenopus. Cells repolarize upon contact, thus pre-
venting excessive crowding. Cells also experience homotypic co-attraction via the secretion of 
complement fragment C3a, which binds collectives together. (b) Mechanisms of collective CNCC 
migration in chick. Cells at the leading edge of streams migrate up self-induced gradients in vas-
cular endothelial growth factor (VEGF), while trailing cells form connected streams that move 
collectively behind leaders. Created in BioRender by Samuel W.S.  Johnson: https://BioRender.
com/afkim2a
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strategy generalizes to amniote neural crest and to non-cranial neural crest subpopu-

lations, as opposed to reflecting a context-specific mechanism arising from CNCC–

placode interactions in anamniotes, remains to be established.

2.2.2.2  The Leader–Follower Hypothesis

In chick, experimental evidence suggests a different model of collective CNCC 

migration to that of Xenopus. Previous experimental studies have shown that the 

transcriptome of chick CNCCs varies within streams in a manner correlated with 

their relative stream positions (McLennan et al. 2012; Morrison et al. 2017). The 

first of these studies divided r4–ba2 streams into leading and trailing cell subpopu-

lations according to their distance from r4 (McLennan et al. 2012). Using both laser- 

capture microdissection (LCM) and fluorescence-activated cell sorting (FACS), 84 

genes implicated in CNCC migration were screened across the two subpopulations. 

Nineteen of these genes were found to be differentially expressed between leading 

and trailing CNCC populations, indicating substantial transcriptional differences 

between leading and trailing cell subpopulations. In these experiments, CNCCs in 

leading positions were found to express genes associated with chemotaxis, ECM 

remodeling, and ECM attachment at levels higher than cells in trailing populations. 

Conversely, trailing cells were found to express cadherins distinct from leading sub-

populations (McLennan et al. 2012). These observations have been used to infer that 

collective CNCC migration in chick is facilitated by heterogeneous CNCC behav-

iors, wherein cells at the leading edge of streams move directedly in response to 

gradients in vascular endothelial growth factor (VEGF) formed in the overlying 

ectoderm, and follower cells use cadherin-mediated cell–cell adhesion to form 

loosely connected groups that are guided toward the branchial arches by leader cells 

at the invasive front (Fig. 2.2b). This type of leader–follower migration has been 

well-documented in many other biological systems, including epithelial cell migra-

tion (Vishwakarma et  al. 2018) and angiogenesis (Chen et  al. 2019). However, 

despite experimental evidence of leader–follower-like migration within chick 

CNCC streams, it remains unclear whether CNCC phenotypes conform to a strict 

leader–follower binary or instead span a continuum of phenotypic states within 

streams. Moreover, it is not known whether these phenotypes are stable during 

migration or whether CNCCs undergo frequent phenotypic transitions during 

migration in response to their local microenvironment and cell–cell interactions.

Experimental studies in both chick and Xenopus highlight that collective neural 

crest cell migration emerges from the interplay of local cell–cell interactions, envi-

ronmental guidance cues, and, in some contexts, phenotypic heterogeneity within 

migrating populations. Disentangling how such local rules give rise to robust, long-

range collective behaviors is challenging to address through experiments alone, 

motivating the use of mathematical and computational models to formalize pro-

posed mechanisms and to rapidly generate quantitative, experimentally testable 

predictions.
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2.3  Mathematical Modeling in the Study of Neural Crest 

Cell Migration

Mathematical modeling has played an increasingly important role in the study of 

neural crest cell migration, providing a quantitative framework for evaluating exper-

imentally derived hypotheses and for generating new, testable predictions. In par-

ticular, models that are developed and interrogated in close dialogue with 

experiments have yielded significant insight into the mechanisms governing collec-

tive neural crest cell migration. In what follows, we discuss key contributions from 

the literature that have yielded insights in this area, with an emphasis on studies that 

integrate theoretical and experimental approaches. More comprehensive surveys of 

the neural crest modeling literature can be found in reviews by Giniūnaitė et  al. 

(2020) and Szabó and Mayor (2016) (Fig. 2.3).

2.3.1  Agent-Based Models

Agent-based models (ABMs) have been widely used to study neural crest cell 

migration, owing to their ability to represent individual cells as discrete, interacting 

agents and to resolve cell–cell interactions and phenotypic heterogeneity at the 

 single-cell level.

ABMs of neural crest cell migration span a range of computational formalisms, 

including on-lattice, off-lattice, and cellular Potts approaches, each offering differ-

ent trade-offs between computational efficiency and biological detail. In contrast to 

tumor growth models, where very large cell numbers often necessitate coarse-

grained representations of cell density, neural crest cell collectives typically com-

prise relatively small populations (Morrison et al. 2017; Szabó et al. 2016). This has 

enabled the widespread use of off-lattice and cellular Potts-based frameworks that 

resolve cell position, cell shape, and mechanical interactions in greater detail.

Across modeling frameworks, ABMs have demonstrated that robust collec-

tive  neural crest cell migration cannot be explained by passive movement along 

pre-patterned ECM tracks alone. On-lattice models have shown that persistent 

leader–follower neural crest cell chains require directional bias in both leader and 

follower cells and sustained leader–follower contact to maintain cohesion (Wynn 

et al. 2012), while hybrid models incorporating intracellular Rac1 dynamics indi-

cate that collective chemotaxis is shaped by interactions among chemotactic guid-

ance, confinement, and cell–cell interactions (Freingruber et al. 2024).

Off-lattice ABMs have played a central role in elucidating the minimal interac-

tion rules required for collective neural crest cell migration. Motivated by experi-

mental observations in Xenopus and zebrafish, a computational model has 

demonstrated that the balance between contact inhibition of locomotion (CIL) and 

co-attraction (CoA) is sufficient to drive the spontaneous formation of migratory 

streams and persistent collective motion (Carmona-Fontaine et al. 2011). Subsequent 
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Fig. 2.3 (a) Schematics of leader–follower, CIL–CoA, and proliferation-driven modes of collec-
tive neural crest cell migration. (b) Schematics of off-lattice agent-based models (ABMs), on- 
lattice ABMs, cellular Potts models, and continuum models of neural crest cell migration. Created 
in BioRender by Samuel W.S. Johnson: https://BioRender.com/udye7f0

models incorporating explicit cell shape, elastic collisions, or spatial confinement 

have further shown that tissue geometry and mechanical constraints enhance direc-

tional persistence and migration efficiency (Szabó et al. 2016; Woods et al. 2014). 

More recent work has shown that, under conditions of sustained cell influx, CIL- 

like interactions alone can generate persistent directed collective migration through 

density-dependent alignment within channel-like geometries (Khataee et al. 2021).

ABMs have also been instrumental in dissecting how environmental guidance 

cues and heterogeneity shape neural crest patterning. A chemotactic model of trunk 

neural crest cell  migration has shown that a single chemotactic  guidance cue is 

insufficient to reproduce experimentally observed segregation patterns  in vivo, 

whereas robust patterning emerges when cells respond to multiple, temporally dis-

tinct signals (Dyson et  al. 2018). Similarly, recent modeling work suggests that 

collective neural crest  cell behaviors can arise from the interplay between cell- 

generated forces, adhesion, and ECM remodeling, with external directional cues 
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primarily biasing or stabilizing these dynamics rather than being strictly required to 

initiate them (Martinson et al. 2023). Related biophysical modeling of mammalian 

neural crest ingression has further highlighted how adhesion, stochastic cell-shape 

fluctuations, and entropic packing may contribute to neural crest cell behaviors 

independently of simple pre-patterned guidance cues (Pasiliao et al. 2025).

An additional model resolved at the single-cell level has been used to generate a 

hypothesis that VEGF drives the morphological heterogeneity observed within 

streams of chick CNCCs (Teddy and Kulesa 2004; Johnson et al. 2025). By study-

ing the optimal cell morphology for the detection of exogenous VEGF gradients in 

the cranial microenvironment, the optimal CNCC morphology was shown to vary in 

a manner akin to the morphological transition observed  within streams in  vivo. 

Additionally, a corresponding ABM of chick CNCC migration showed that persis-

tent cell movement, mediated by genes such as AQP1 (McLennan et al. 2020), can 

yield further increases in the efficiency of migration through heterogeneous VEGF 

landscapes.

2.3.2  Continuum Models

Continuum models provide a complementary framework for studying neural crest 

cell migration by representing cell populations as continuously varying density 

fields rather than as discrete individuals. By focusing on the spatiotemporal evolu-

tion of cell density, these models offer greater mathematical tractability than agent- 

based approaches  but do not explicitly resolve individual cell–cell interactions. As 

such, continuum models are particularly well suited for identifying population-level 

mechanisms that govern large- scale invasion and tissue colonization. Continuum 

modeling has been especially influential in studies of vagal neural crest cell migra-

tion and enteric nervous system development. Early partial differential equation 

(PDE) models incorporating diffusion and proliferation demonstrated that prolifera-

tion at the migratory wavefront is a key driver of sustained invasion of the gut mes-

enchyme (Simpson et  al. 2006, 2007a). These models predicted that insufficient 

proliferative activity leads to incomplete colonization, a hypothesis that was subse-

quently validated experimentally using chick–quail tissue grafts (Simpson et  al. 

2007a). This modeling–experimental synthesis provided a quantitative explanation 

for how population growth and migration jointly contribute to robust long-range 

invasion, and has since been extended to connect cell-scale and population-level 

descriptions of invasion (Simpson et al. 2007b).

Beyond proliferation-driven invasion, continuum models have also been used to 

explore the role of cell–cell interactions in shaping collective neural crest  cell 

migration. A nonlocal PDE framework incorporating repulsive interactions over 

finite spatial ranges has been developed to represent contact-mediated behaviors 

such as contact inhibition of locomotion (CIL) (Painter et al. 2015). Simulations of 

this model showed that nonlocal repulsion can substantially enhance invasion speed 

relative to a diffusion–proliferation model without contact repulsion.  These 
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observations established a mechanistic link between microscale interactions and 

emergent macroscale behaviors, and thus, demonstrated how collective behaviors 

traditionally studied at the single-cell level can be embedded within continuum 

descriptions through appropriate nonlocal terms.

2.3.3  Synthesizing Mathematical and Experimental Insights 

in the Study of Collective Neural Crest Cell Migration

Having reviewed the broader mathematical modeling literature on neural crest cell 

migration, we now focus on a set of studies in which mathematical modeling and 

experimentation have been closely integrated, yielding insights that neither disci-

pline could provide alone. In this body of work, iterative feedback between theory 

and experiments has been used to refine biological hypotheses and uncover the 

mechanisms governing collective neural crest cell migration.

In the study of chick CNCC migration, a family of predominantly off-lattice 

hybrid ABMs has been developed alongside experiments to interrogate the mecha-

nisms underlying CNCC stream formation and guidance (Johnson et  al. 2026a; 

McKinney et al. 2020; McLennan et al. 2012, 2015, 2017, 2020, 2023). In chick, 

CNCCs migrate along gradients of VEGF (McLennan et al. 2010), and the early 

consensus on chick CNCC migration was that VEGF-driven chemotaxis alone 

could facilitate collective stream-like migration through a so-called cell-induced 

gradient mechanism, wherein CNCCs at the leading edge of streams locally degrade 

VEGF, thereby creating gradients to guide both themselves and trailing cells toward 

migratory targets in the branchial arches. This hypothesis was then tested in a hybrid 

ABM in which VEGF was represented as a continuously varying scalar field within 

a two-dimensional domain, and CNCCs were represented as interacting, non- 

overlapping discs that migrate in response to gradients in VEGF. Numerical simula-

tions of this model predicted that chemotaxis alone was insufficient to reproduce 

experimentally observed migration patterns in chick, as cells located behind the 

leading edge of streams (red circles in Fig. 2.4) invaded regions of depleted VEGF, 

such that VEGF gradients could not be consistently detected throughout migration, 

leading to atypical patterning and failed invasion of the branchial arches (McLennan 

et al. 2012).

These findings motivated a subsequent hypothesis that there is a division of labor 

within CNCC streams, wherein CNCCs in leading stream positions respond to cues 

distinct from trailing CNCCs. In this framework, leader cells were hypothesized to 

migrate directionally in response to self-induced VEGF gradients, while follower 

cells were hypothesized to rely primarily on cell–cell adhesion-mediated interac-

tions to maintain cohesive, elongated streams led by leader cell VEGF chemotaxis. 

In the hybrid ABM framework (Fig.  2.4b), this yielded streams akin to those 

observed in vivo, motivating biological experiments which, through transcriptional 

analyses, revealed differential gene expression profiles between leader and follower 
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Fig. 2.4 (a) Schematic of the leader–follower transcriptional analysis conducted in chick 
(McLennan et al. 2012). Using both LCM and FACS, CNCCs migrating toward ba2 were found to 
express genes correlated with their positions in streams. Leading cells (green) were found to 
express genes associated with VEGF guidance and cell–ECM interactions, whereas trailing cells 
were found to express genes associated with cell–cell adhesion at higher levels than leading cells. 
(b) Schematic of the leader–follower ABM of chick CNCC migration (Johnson et  al. 2026a; 
McKinney et al. 2020; McLennan et al. 2012, 2015, 2017, 2020, 2023). Leader cells migrate up 
gradients in VEGF detected by filopodia, while follower cells form cell–cell attachments to create 
chains of CNCCs led by a leader at the front of the stream. Created in BioRender by Samuel 
W.S. Johnson: https://BioRender.com/004nf6n
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populations (Fig. 2.4a) (McLennan et al. 2012). This hitherto biologically undiscov-

ered phenotypic heterogeneity agreed with predictions generated by the correspond-

ing mathematical model, with modeling and experiments thus being integrated to 

formulate a leader–follower model of chick CNCC migration (Sect. 2.2.2.2).

A key limitation of the initial leader–follower hybrid ABM formulation was the 

tendency for leader cells to detach from trailing followers, leading to stream frag-

mentation, which, in turn, suggested the presence of an additional regulatory mech-

anism governing the speed of collectives. Subsequent experimental work identified 

the factor DAN, a bone morphogenetic protein antagonist expressed in the cranial 

microenvironment, as a key modulator of CNCC motility (McLennan et al. 2017). 

DAN was shown to reduce CNCC migration speed both in vitro and in vivo, and 

numerical simulations including an initial model representation of cell speed modu-

lation from DAN demonstrated that DAN expression could stabilize leader–fol-

lower collectives and prevent stream breakup.

Another simplifying assumption of the original model was the imposition of 

zero-flux boundary conditions on cell movement, reflecting the observation that 

CNCC streams in vivo are confined to discrete migratory pathways separated by 

regions devoid of CNCCs (Kulesa et al. 2010). Computational analyses later showed 

that zero-flux boundary conditions on migrating CNCCs need only be imposed for 

approximately one-third of the migratory domain in the direction of migration to 

achieve maximal stream confinement (McLennan et al. 2023). This prediction was 

validated by subsequent experimental findings that the guidance molecules Trail 

and Colec12 are expressed over a similar proportion of the chick embryo in the 

regions adjacent to the corridor along which collective CNCC migration occurs. 

More recent ABMs have further clarified how the combined effects of Colec12, 

Trail, and DAN observed in vitro can give rise to robust confinement of CNCC tra-

jectories in vivo (Johnson et al. 2026a).

Additional modeling work in this context has further demonstrated that relaxing 

the assumption of a strict leader–follower phenotypic binary can still generate 

robust stream formation under appropriate conditions, and that leader–follower phe-

notypic heterogeneity may emerge spontaneously during VEGF-driven migration 

(Schumacher 2019b; Johnson et al. 2026b). As such, it remains an open question as 

to how well the phenotypes of CNCCs in chick conform to a strict binary pheno-

typic division, or whether CNCC phenotypes vary in a continuous manner within 

streams.

Collectively, these studies underscore the strength of tightly coupled mathemati-

cal and experimental methods. Mathematical modeling has played a central role in 

formalizing mechanistic hypotheses, revealing inconsistencies with experimental 

observations, and generating testable predictions. In parallel, experiments have 

been essential for validating model behavior and identifying new molecular regula-

tors in CNCC migration. It is this sustained interplay between theory and data that 

has enabled a coherent, multiscale understanding of chick CNCC migration 

to emerge.
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2.4  Conclusion and Outlook

In this review, we have examined how experimental and mathematical methods 

have been combined to advance our understanding of collective neural crest cell 

migration. By drawing together work across model organisms and mathematical 

modeling frameworks, we have positioned the neural crest as a particularly effective 

model system for uncovering the mechanisms underlying collective cell migration, 

owing to its robust and stereotyped collective behaviors alongside its ease of experi-

mental perturbation.

The vast body of experimental literature has shown that in vivo, migration is 

shaped by combinations of contact inhibition of locomotion (CIL), co-attraction 

(CoA), chemotactic signaling, and proliferation, with the relative importance of 

each mechanism varying between axial subpopulations and model organisms. In 

addition, these mechanisms often act within collectives that are themselves pheno-

typically heterogeneous.  Mathematical models have been of great importance in 

elucidating which of these processes are most important in many of these contexts 

and, in addition, have enabled the formulation of precise, testable hypotheses that 

would be difficult to isolate experimentally in complex embryonic environments.

Agent-based models have been particularly valuable in resolving how local cell–

cell interactions give rise to large-scale migratory patterning. These models have 

demonstrated that coherent collective migration can emerge from short-range cell–

cell and cell–environment interactions alone, while also showing that long-range 

cues can guide collectives and that phenotypic heterogeneity is, in some contexts, 

necessary for collective migration to occur. Continuum models have provided com-

plementary insight at the level of the collective, especially in systems such as the 

vagal neural crest where proliferation plays a dominant role in invasion. This diverse 

body of work, therefore, illustrates that no single modeling framework captures all 

aspects of neural crest cell migration and that different approaches are required to 

interrogate processes operating at different spatial and temporal scales.

Despite significant progress, many open questions remain in the study of collec-

tive neural crest cell migration. One important direction for future work is the tighter 

quantitative integration of mathematical models and experiments. While many 

existing mathematical models reproduce observed behaviors qualitatively, few are 

fully parameterized using experimental data. Recent advances in live imaging and 

single-cell profiling now offer opportunities to address this limitation, but doing so 

will require the incorporation of statistical inference and uncertainty quantification 

into modeling–experimental workflows.

A second challenge concerns phenotypic heterogeneity and plasticity within 

migrating neural crest  cell populations. Experimental evidence increasingly sug-

gests that cell behaviors and molecular states vary continuously within collectives 

and dynamically in time, raising questions regarding how phenotypic transitions are 

regulated in vivo and how they influence collective behavior. Models that allow for 

continuous cell states, rather than, for example, fixed leader and follower identities, 

are likely to be important for reconciling observations across systems and for under-

standing how collective migration remains robust to perturbation.
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Mathematical models of neural crest cell migration should also give greater con-

sideration to the tissues through which migration occurs. In vivo,  neural crest 

cell migration takes place within mechanically active, three-dimensional environ-

ments that comprise complex ECM organization and that reciprocally interact with 

cells. Extending existing models to account for tissue mechanics and dynamic 

geometries will be essential for further linking cell-scale environmental interactions 

to emergent macroscale collective behaviors.

More broadly, the mechanistic insights derived from neural crest cell migration, 

and in particular those formalized and tested through mathematical modeling, pro-

vide a basis for hypothesis-driven comparisons with other systems that exhibit col-

lective cell migration. Testing whether similar interaction rules govern  other 

processes of collective cell migration, such as wound healing, angiogenesis, or 

tumor invasion, will help to distinguish  the universal principles of collective cell 

behavior from context-specific mechanisms.

In conclusion, the integration of experimental and mathematical studies has sub-

stantially advanced our understanding of collective neural crest cell migration. 

Continued progress in uncovering the biological mechanisms underlying this pro-

cess will likely depend on a closer quantitative coupling between theory and experi-

ment, as well as the development of mathematical models that better capture cellular 

heterogeneity and cell–tissue interactions. In this regard, neural crest cell migration 

provides a tractable and well-characterized setting in which mechanistic hypotheses 

pertaining to collective cell behavior can be formulated, quantitatively tested, and 

compared across experimental and modeling frameworks.
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Chapter 3

Mechanisms and Evolution of Color 
Pattern Formation in Female-Limited 
Batesian Mimicry of Papilio Butterflies

Haruhiko Fujiwara

Abstract Complex color patterns are frequently observed across diverse insect 

taxa and play crucial roles in predator avoidance, including mimicry and camou-

flage. Several Papilio butterflies exhibit female-limited Batesian mimicry, a phe-

nomenon that has attracted biological interest since the era of Darwin and Wallace. 

However, the underlying mechanisms and evolutionary origins of this phenomenon 

remained unclear for many years. In this review, I compare the genomic regions 

responsible for female-limited Batesian mimicry among several Papilio species. In 

each species, the responsible chromosomal locus exhibits a “supergene” architec-

ture, although their internal structures differ. I summarize recent findings on the 

genetic mechanisms underlying mimetic color pattern formation and discuss the 

evolutionary processes that have shaped this remarkable form of mimicry.

Keywords Papilio polytes · Papilio memnon · Papilio butterflies · Wing color 

pattern · Pattern formation · Female-limited Batesian mimicry · Supergene · Gene 

regulation · Chromosomal inversion · Evolution

3.1  Research History of Female-Limited Batesian Mimicry

Batesian mimicry—where palatable animals imitate the appearance of distantly 

related, unpalatable, or toxic species—is widely observed across the animal king-

dom (Mallet and Joron 1999; Ruxton et al. 2004; Kunte 2009a). For example, a bird 

that has previously experienced consuming a distasteful butterfly with aposematic 

coloration tends to avoid palatable butterflies with similar wing patterns. As a result, 

palatable butterflies that display Batesian mimicry reduced predation pressure. This 

phenomenon was first reported more than 150 years ago by the British naturalist 

H. W. Bates (1862).
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A contemporary of Bates, A.  R. Wallace, who explored with him in South 

America and later in Southeast Asia, described an exceptional example of Batesian 

mimicry in swallowtail butterflies in The Malay Archipelago (Wallace 1869). In the 

Great Mormon butterfly (Papilio memnon), mimetic females resemble a model spe-

cies, whereas nonmimetic females display entirely different patterns. Males exhibit 

a more subdued pattern that differs from both female types. Wallace noted that the 

mimetic and nonmimetic females differ so dramatically that they were once consid-

ered distinct species. In P. memnon, the model species and mimetic females possess 

tails on their hindwings, while nonmimetic females and males lack them (Fig. 3.1b).

A closely related species, the Common Mormon (Papilio polytes), displays a 

similar dimorphism: females occur in both mimetic and nonmimetic forms, whereas 

males resemble the nonmimetic females. Unlike P. memnon, however, all adults of 

P. polytes possess hindwing tails. In both species, only females exhibit Batesian 

mimicry (Fig.  3.1b). Although the hindwing patterns of mimetic females differ 

slightly between the two species, the patterns of nonmimetic females differ substan-

tially, and males of P. memnon display patterns distinct from all others.

Classical genetic studies demonstrated that the mimetic and nonmimetic pheno-

types of females in these butterflies are governed by a single autosomal locus 

(termed A in P. memnon and H in P. polytes in this chapter) (Clarke et al. 1968; 

Clarke and Sheppard 1971, 1972). Mimetic alleles (A or H) are dominant, whereas 

nonmimetic alleles (a or h) are recessive. More than 90 years ago, the eminent stat-

istician R. A. Fisher proposed that this single locus must contain multiple tightly 

linked genes involved in mimicry (Fisher 1930). Fisher considered that these com-

plex adaptive traits showing intraspecific polymorphism are likely controlled by a 

cluster of multiple genes in a chromosomal region maintained by recombination 

suppression—similar to sex chromosomes. Such regions were later termed “super-

genes” (Darlington and Mather 1949). Approximately 50 years after Fisher’s pre-

diction, butterfly geneticists Clark and Sheppard provided genetic evidence 

Fig. 3.1 Female-limited Batesian mimicry of Papilio butterflies. (a) Phylogeny of Papilio species 

in the Menelaides subtribe. (b) Photographs of P. polytes, P. Memnon, and their model species
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supporting this hypothesis (Clarke et al. 1968; Clarke and Sheppard 1971, 1972). 

Nevertheless, the detailed structure and function of the supergene remained unclear 

until recently, when genomic information and technologies finally made such inves-

tigations possible.

3.2  Phylogenetic Distribution of Female-Limited Batesian 

Mimicry in Papilio Butterflies

Most swallowtail butterflies of the genus Papilio do not exhibit mimetic coloration, 

but several species display Batesian mimicry (Kunte 2009a, b; Timmermans et al. 

2017). Cases include species in which both sexes mimic the same (or different) 

model species, as well as species in which only females mimic. Notably, no species 

has been reported in which mimicry is restricted to males. One possible explanation 

for female-limited mimicry is that females, being heavier due to their egg-laying 

organs and flying more slowly than males, are more susceptible to predation; thus, 

mimicry provides a stronger selective advantage to females (Ohsaki 2005; Komata 

et al. 2020; Yoshioka et al. 2025).

Female-limited mimicry occurs in two forms:

 1. Monomorphic mimicry, in which all females mimic the same model species, and

 2. Polymorphic mimicry, in which multiple female forms exist, only some of which 

mimic a model (Fig. 3.1a).

P. polytes and P. memnon fall into the latter category. Previous studies have 

shown that species exhibiting female-limited Batesian mimicry are not monophy-

letic but instead occur broadly and discontinuously across the Papilio phylogeny 

(Kunte 2009a; Komata et al. 2016, 2022a). This suggests that such mimicry did not 

originate from a single ancestral species but instead evolved independently in mul-

tiple lineages. The scattered distribution of female-limited mimicry likely reflects 

the involvement of diverse molecular mechanisms, making its evolutionary origins 

especially intriguing.

P. polytes and P. memnon belong to the monophyletic subtribe Menelaides 

(Fig. 3.1a). Within this group, some species are nonmimetic, whereas others—such 

as P. rumanzovia, a close relative of P. memnon—exhibit female dimorphic Batesian 

mimicry. P. argeus displays monomorphic mimicry (Kunte 2009b; Palmer and 

Kronforst 2020; Komata et al. 2022a). Even within these closely related species, 

wing pattern formation and the evolution of adaptive mimicry patterns vary 

remarkably.

Both P. polytes and P. memnon are widely distributed across Asia. In Japan, 

P. polytes inhabits Okinawa and other southwestern islands. Its model species is 

thought to be Pachliopta aristolochiae, a species found in the same region and shar-

ing similar wing patterns (Fig.  3.1b). In contrast, in Japan only the nonmimetic 

females and males of P. memnon are present; mimetic females do not occur (Iijima 
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et al. 2018; Komata et al. 2022a). In recent years, possibly due to global warming, 

nonmimetic females (genotype aa) have been observed even in the Tokyo area, 

although the mimetic (AA or Aa) forms remain absent. This pattern may indicate 

that the mimetic allele A is maladapted to colder climates. The model species of 

P. memnon is considered to be Atrophaneura polyeuctes, which inhabits Taiwan and 

other regions and shares similar wing patterns (Iijima et  al. 2018; Komata 

et al. 2022a).

3.3  Responsible Regions for Female-Limited Batesian 

Mimicry in Two Papilio Species

To elucidate the supergene responsible for female-limited Batesian mimicry in 

P. polytes and P. memnon, we performed whole-genome sequencing analyses. High- 

quality genome assemblies were essential for identifying the supergene, which 

spans a large chromosomal region, and for determining whether chromosomal 

inversions are involved. To minimize heterogeneity inherent in short-read next- 

generation sequencing (NGS), we extracted genomic DNA from a single P. polytes 

female larva reared continuously under laboratory conditions (Nishikawa et  al. 

2015). At the larval stage, it was impossible to determine whether the individual 

would develop into a mimetic (HH or Hh) or nonmimetic (hh) adult. Fortunately, 

the larva turned out to be heterozygous (Hh), enabling us to obtain sequence reads 

derived from both the H and h chromosomes.

Linkage analysis using RAPD polymorphisms, combined with a more detailed 

SNP-based genome-wide association study (GWAS), indicated that the region 

responsible for mimicry lies within a ~150 kb interval surrounding the doublesex 

(dsx) gene on chromosome 25 (Nishikawa et al. 2015). Strikingly, only this region 

exhibited a halved sequencing coverage depth relative to the rest of the genome—an 

indication of substantial divergence between the two homologous chromosomes. 

Aside from the sex chromosomes (ZW), this was the only autosomal region show-

ing such extreme allelic differentiation (Nishikawa et al. 2015; Komata et al. 2022a). 

Given that linkage mapping also pointed to this region, it became evident that the 

genomic segment containing dsx on chromosome 25 constitutes the mimicry- 

determining region in P. polytes.

Critically, the sequences of the H and h allele-specific regions differ dramatically 

(Fig. 3.2a). Comparative nucleotide analyses revealed only ~50–70% identity across 

the ~150 kb region containing dsx, and a complete inversion spanning the region 

outside dsx was detected between H and h. This inversion likely suppressed recom-

bination between homologous chromosomes for extended evolutionary periods, 

enabling the accumulation of numerous mutations and ultimately generating a 

highly diverged segment. We refer to this region as the highly diversified region 

(HDR). These findings are consistent with Fisher’s classical prediction of a super-

gene maintained by recombination suppression and resolve a longstanding mystery 

of over 90 years (Kunte et al. 2014; Nishikawa et al. 2015).
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Fig. 3.2 Mimicry supergene structure in three Papilio species: P. polytes (a), P. memnon (b), and 

P. rumanzovia (c)

A few years later, genomic analyses and GWAS approaches were used to identify 

the mimicry region and assess the presence of a supergene structure in P. memnon 

(Iijima et  al. 2018). As expected, Batesian mimicry in this species mapped to a 

region in chromosome 25—the corresponding location in P. polytes—and this 

region also showed pronounced divergence between the A (mimetic) and a (nonmi-

metic) alleles (Fig. 3.2b). Despite these similarities, a surprising finding emerged: 

no chromosomal inversion was detected in P. memnon. Thus, recombination sup-

pression between A and a must be mediated by a mechanism other than inversion. 

This alternative mechanism is considered later in the section on evolutionary 

processes.

3.4  Structural Comparison of Batesian Mimicry Supergenes 

Between Two Papilio Butterflies

Although the mimicry supergenes of P. polytes and P. memnon occupy homologous 

regions on chromosome 25, their internal architectures differ markedly (Fig. 3.2). In 

the nonmimetic h-derived HDR (h-HDR) of P. polytes, the doublesex (dsx) gene is 
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oriented in the same direction as in other lepidopteran species. In contrast, within 

the mimetic H-derived HDR (H-HDR), the dsx orientation is reversed because of 

two flanking inversions. These inversions appear to have affected structures of the 

three adjacent genes inside H-HDR: dsx, UXT, and U3X (Nishikawa et al. 2015; 

Komata et al. 2022a).

Dsx is a transcription factor that regulates sexual differentiation across a wide 

range of animals (Baker 1989). Typically, its amino acid sequence is conserved 

within a species. However, 14 amino acid differences exist between the H-derived 

and h-derived Dsx in P. polytes (Nishikawa et al. 2015), and four amino acid substi-

tutions distinguish the A- and a-derived Dsx in P. memnon (Iijima et al. 2018). Most 

of these substitutions—except one located in the dimerization domain of H-derived 

Dsx—occur outside functional domains (the DNA-binding and dimerization 

domains). Furthermore, none of the substitution sites are shared between the two 

species. These observations suggest that amino acid changes in Dsx are not the 

primary cause of mimicry.

UXT, an evolutionarily conserved ubiquitously expressed prefoldin-like chaper-

one, is implicated in transcriptional regulation and other cellular processes (Zhou 

et al. 2015; Su et al. 2016), although its role in mimicry remains unclear. Interestingly, 

the left boundary of the HDR in both P. polytes and P. memnon lies within the 

5′-untranslated region (UTR) of UXT (Fig. 3.2). Although the UXT protein sequence 

does not differ between mimetic (A/H) and nonmimetic (a/h) alleles, transcriptional 

regulatory differences likely modulate its expression.

U3X, a long noncoding RNA consisting of three exons, is located upstream of the 

H-derived dsx transcription start site in P. polytes but is absent from the h allele. 

U3X likely originated during the formation of the H-specific inversion, although its 

biological function remains unknown. A long noncoding RNA upstream of dsx in 

Daphnia regulates dsx expression (Kato et al. 2018; Perez et al. 2021), raising the 

possibility that U3X modulates dsx-H transcription. Notably, no U3X-like sequence 

is present in P. memnon.

The inversion in P. polytes spans from the 5′-UTR of UXT on the left to down-

stream of dsx on the right (Fig.  3.2). In P. memnon, by contrast, no inversion 

exists, yet an HDR exhibiting similar levels of divergence is observed between the 

A and a alleles. As in P. polytes, the left HDR boundary lies within the 5′-UTR of 

UXT; however, the right boundary extends downstream of dsx into the Nach-like 

gene, which encodes a protein resembling a sodium channel, but whose function 

remains unknown (Zelle et  al. 2013; Latorre-Estivalis et  al. 2021). Thus, the 

HDRs in P. memnon encompass UXT, dsx, and Nach-like (Iijima et  al. 2018; 

Komata et al. 2022a). The following sections explore the evolutionary implica-

tions of the presence or absence of inversions and the emergence of HDRs in these 

related species.
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3.5  Colors and Pattern Formation of Batesian Mimic 

Papilio Butterflies

3.5.1  Comparison of Color Pigments and Gene Expression 

Between Model and Mimetic Wing Patterns

In Batesian mimicry, the color patterns, pigment composition, and wing shapes of 

mimetic and model species—despite being phylogenetically distant—appear 

remarkably similar. An important question is whether this similarity is achieved 

using homologous genes and pathways, or whether different molecular mechanisms 

have evolved independently. To address this, we compared the pigments used in the 

mimetic and nonmimetic wings of P. polytes with those in its model species 

Pachliopta aristolochiae, and analyzed the expression of associated pigment- 

synthesis genes (Nishikawa et al. 2013; Yoda et al. 2021) (Fig. 3.3).

In addition to the extensive black regions composed of melanin, these wings 

contain white (or pale yellow) and conspicuous red areas. Chemical analyses of 

scale pigments revealed that the band-shaped white patches on the hindwings of 

nonmimetic P. polytes contain papiliochrome II (PCII), a pigment composed of kyn-

urenine and N-β-alanyl dopamine (NBAD) (Rembold and Umebachi 1985). In con-

trast, the pale-yellow central region characteristic of mimetic females appears to 

contain a chemically distinct pigment (Nishikawa et  al. 2013; Yoda et  al. 2021), 

which lacks kynurenine and is highly cross-linked—properties that hinder purifica-

tion. The corresponding pale-yellow region in the model species P. aristolochiae is 

similar both in appearance and in chemical composition to that of the mimetic 

female of P. polytes (Nishikawa et al. 2013) (Fig. 3.3). These findings indicate that 

the white/pale-yellow patterns differ not only in shape but also in pigment biosyn-

thetic pathways, which vary among nonmimetic females, mimetic females, and the 

model species.

Under ultraviolet (UV) illumination, the PCII-containing white band of nonmi-

metic P. polytes fluoresces, whereas the pale-yellow regions of mimetic females and 

the model species primarily reflect UV light (Yoda et al. 2021; Komata et al. 2023) 

(Figs. 3.3 and 3.5). Because birds and swallowtail butterflies can perceive UV wave-

lengths, these UV reflectance differences likely amplify the contrast between the 

mimetic and nonmimetic phenotypes. Consequently, the mimetic form of P. polytes 

may more effectively reduce predation by appearing more similar to the model spe-

cies in the UV spectrum. Previous studies have reported mixed findings regarding 

mate preference: Uesugi (2000) found that male P. polytes prefer nonmimetic 

females resembling males in pattern, whereas other studies report differing tenden-

cies (Uesugi 2000; Westerman et al. 2018, 2019). Given the prominent UV reflec-

tance differences in hindwing patterns, these properties likely influence not only 

predator–prey interactions but also mate choice in P. polytes.

We also compared the red marginal spots of mimetic P. polytes with those of 

P. aristolochiae (Nishikawa et al. 2013) (Fig. 3.3a). Under UV light, the red spots 

of both species exhibited similar reflectance patterns. However, their pigment 
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Fig. 3.3 Pigment characteristics in the hindwings of P. polytes and its model species. (a) 

Comparison of characteristics for white (pale yellow) and red pigments in the regions outlined in 

the wing photographs. (b) Enzymes involved in the kynurenine and NBAD pathways

chemistry differs: the red pigment of P. aristolochiae is not cross-linked and can be 

solubilized, whereas that of mimetic P. polytes is highly cross-linked and difficult to 

dissolve for chemical analysis (Umebachi 1978, 1985). Umebachi reported the lat-

ter pigment, termed papiliochrome R, which contains kynurenine and NBAD, while 

the pigment of P. aristolochiae (“red pigment A”) lacks kynurenine (Umebachi 

1978, 1985).

Gene expression analyses in the red spot regions during the pupal stage revealed 

that all three NBAD-pathway genes were expressed in both model and mimic. 

However, vermilion and kynurenine formamidase, key enzymes of the kynurenine 
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pathway, were not expressed in the red spots of P. polytes, consistent with pigment 

composition data (Nishikawa et al. 2013) (Fig. 3.3b). Recently, more detailed char-

acterization of the red pigment in P. memnon revealed the presence of NBAD, sul-

fate groups, and an unidentified compound with a molecular mass of 388.1 (Komata 

et  al. 2025). Collectively, these findings show that although mimetic and model 

species exhibit visually similar red and pale-yellow patterns, they use chemically 

distinct pigments and, likely, different downstream genetic pathways. This suggests 

that female-limited Batesian mimicry in P. polytes may represent a striking case of 

convergent evolution, in which different biochemical pathways produce similar 

adaptive phenotypes. Further comparative analyses will be necessary to clarify this 

hypothesis.

3.5.2  Function of dsx in Wing Pattern Formation

Many striking insect surface patterns—including mimicry—are found in non-model 

species, making functional analyses challenging. Although CRISPR/Cas9 genome 

editing has recently enabled mechanistic studies of complex traits, it remains tech-

nically demanding to rapidly assess gene function during wing-pattern formation. 

RNA interference (RNAi) is widely used to suppress gene expression, but in lepi-

dopteran insects such as butterflies and moths, exogenous siRNAs do not readily 

enter cells, making efficient knockdown difficult (Terenius et al. 2011; Yamaguchi 

et al. 2011).

To address this limitation, we developed an electroporation-mediated method 

that introduces exogenous siRNAs and piggyBac transposons directly into epider-

mal cells. This technique enables rapid functional analyses during wing-pattern 

development (Ando and Fujiwara 2013; Fujiwara and Nishikawa 2016).

Using this system, siRNAs targeting the mimetic allele-specific dsx-H of 

P. polytes were introduced into the hindwings of mimetic females immediately after 

pupation. This knockdown (KD) caused dramatic alterations in the adult wing pat-

terns (Nishikawa et al. 2015) (Fig. 3.4). Specifically, the pale-yellow central region 

characteristic of the mimetic phenotype was transformed into a nonmimetic pattern: 

the white band extended laterally, and the red marginal spots were reduced in size. 

Under UV illumination, the KD region fluoresced, indicating restoration of PCII—

the pigment typical of the nonmimetic form (Yoda et al. 2021; Komata et al. 2023). 

Thus, dsx-H KD effectively converted mimetic wings into nonmimetic wings.

Similarly, knockdown of dsx-A in mimetic females of P. memnon transformed 

their wing patterns into those of nonmimetic females. Intriguingly, simultaneous 

KD of both dsx-A and dsx-a in heterozygous mimetic females (Aa) and in nonmi-

metic females (aa) produced wing patterns resembling those of males (Komata 

et al. 2022b). These results indicate that the male wing pattern represents the devel-

opmental default, whereas dsx-a induces the nonmimetic female pattern and dsx-A 

induces the mimetic female pattern. The same logic likely applies to dsx-h and dsx- 

H in P. polytes.
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Fig. 3.4 Gene function of the mimicry supergene of P. polytes. (a) Structure of supergene. U3X is 

shown to upregulate doublesex and downregulate UXT. (b) Functional analyses using siRNA- 

based knockdown (KD) for each gene. The regions indicated by dashed outlines and arrowheads 

(and dashed arrowheads) represent areas showing changes in color patterns

A notable additional trait occurs in P. memnon: mimetic females exhibit an 

orange warning coloration in the abdomen. KD of dsx-A in the abdomen converted 

this orange coloration into the black coloration typical of nonmimetic females, indi-

cating that dsx-A regulates mimetic traits in body regions beyond the wings (Komata 

et al. 2022b).

Butterfly wings consist of two forewings and two hindwings arranged bilaterally, 

with dorsal and ventral surfaces. Some species display four distinct patterns (fore-

wing vs. hindwing; dorsal vs. ventral) (Nijhout 1991). It has long been known that 

Ultrabithorax (Ubx) determines hindwing identity (Ubx+ for hindwings, Ubx− for 

forewings), while apterous (ap) controls dorsal–ventral pattern differences 

(Fig. 3.4).

In P. polytes, mimetic females possess vertical white stripes on the forewings, 

which resemble those of the model species P. aristolochiae, whereas nonmimetic 

females lack these stripes (Fig. 3.1). When dsx-H was knocked down in the fore-

wings of mimetic females, the affected striped regions shifted to nonmimetic black 

patterns (Yoda et  al., unpublished), indicating that dsx-H contributes to mimetic 

pattern formation in both forewings and hindwings.

Knockdown of Ubx in the hindwings of mimetic females (i.e., converting them 

to a forewing-like Ubx− state) resulted in patterns resembling mimetic forewings 

(Fig. 3.4). Furthermore, simultaneous KD of Ubx and dsx-H in hindwings produced 

patterns similar to the nonmimetic forewing phenotype (Yoda et al., unpublished). 
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Fig. 3.5 Temporal changes of gene expression patterns in hindwings during pupal development

These findings reveal that the mimetic-patterning function of dsx-H operates under 

Ubx control, confirming a hierarchical gene-regulatory relationship.

Wing-pattern prepatterns are believed to form during the larval to prepupal stages 

(Nijhout 1991). Although our KD experiments were conducted immediately after 

pupation—later KD being technically challenging—they were capable of switching 

the final wing pattern from mimetic to nonmimetic. However, traits such as fore-

wing/hindwing shapes (determined by Ubx) could not be altered at this stage. 

Notably, no intermediate forms were observed following dsx-H knockdown. This 

suggests that fundamental prepatterns for mimetic and nonmimetic wings, as well 

as forewing and hindwing identity, are established prior to pupation, and Ubx and 

dsx-H act post-prepattern to select among these predetermined alternatives 

(Fig. 3.5).

3.5.3  Functional Involvement of Genes Inside and Outside 

the Mimicry HDR

In P. polytes, the mimicry supergene appears to correspond closely to the HDR, 

because the region of marked sequence divergence between the H and h chromo-

somes coincides with the boundaries of the inversion. In P. memnon, however, 

although the HDR spans a region similar to that of P. polytes, no inversion is pres-

ent. According to Fisher’s classical supergene hypothesis, a mimicry supergene 
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should contain multiple tightly linked genes. In the present system, the HDR 

includes three candidates: (1) dsx, (2) UXT, and (3) U3X (in P. polytes) or Nach-like 

(in P. memnon).

This raises three questions:

 1. Does the HDR itself constitute the entire supergene?

 2. Are all genes within the HDR involved in mimicry?

 3. Are genes flanking the HDR uninvolved, or might some also contribute?

As described earlier, dsx is the primary gene governing female-limited Batesian 

mimicry in both species. Therefore, we examined whether the other HDR genes 

also contribute to pattern formation (Komata et al. 2022a, 2023).

When UXT was knocked down in mimetic P. polytes hindwings, the central pale- 

yellow region—typically rounded in mimetic females—became flattened, resem-

bling the nonmimetic phenotype. However, unlike in dsx-H KD, the characteristic 

white band did not extend laterally (Komata et al. 2023) (Fig. 3.4b). The red mar-

ginal spots were also reduced. Because these changes overlap with, but are weaker 

than, those induced by dsx-H KD, UXT likely functions as a modifier gene, refining 

the pattern produced by dsx-H (Fig. 3.4a).

Knockdown of U3X decreased the distance between the central pale-yellow 

region and the red marginal spots, suggesting that U3X influences the spatial 

arrangement of these pattern elements (Fig. 3.4b). Together, these results indicate 

that dsx-H acts as the core mimicry gene, while UXT and U3X modify its output to 

produce a more accurate resemblance to the model species. Recombination sup-

pression within the HDR may have allowed these interacting genes to coevolve as a 

stable mimicry module (Fig. 3.4a).

Genes outside the HDR exhibit ~99% sequence identity between H and h (or A 

and a), suggesting that the HDR might define the functional supergene. To test this, 

we examined neighboring genes by KD experiments in mimetic females of P. polytes 

(Komata et al. 2023). Knockdown of Prospero, a neurogenesis-related homeobox 

gene located just outside of UXT, resulted in slight enlargement of the red marginal 

spots. Knockdown of Sir2, a NAD-dependent histone deacetylase located down-

stream of Nach-like, yielded more pronounced effects, flattening the upper portion 

of the central pale-yellow region and altering the shape of the red spots (Fig. 3.4b).

These findings demonstrate that HDR-flanking genes also contribute, albeit 

modestly, to mimicry pattern formation and may serve as additional modifier genes. 

Such results imply that regulatory elements within the HDR might influence the 

expression of neighboring genes, thereby extending the functional boundaries of the 

mimicry supergene. Consequently, the definition of the mimicry supergene may 

need to be reconsidered: the supergene may not correspond strictly to the HDR but 

instead encompass a broader set of genes functionally integrated through shared 

regulatory mechanisms.
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3.5.4  Female-Limited Expression of dsx-H and the Pleiotropic 

Function of Dsx

In lepidopteran insects, females have ZW sex chromosomes and males have ZZ 

chromosomes, with the W chromosome acting as the primary female-determining 

chromosome. The doublesex (dsx) gene, located on an autosome, regulates sexual 

differentiation by producing male-specific and female-specific mRNA isoforms 

downstream of the sex-determining cascade. In P. polytes and P. memnon, the 

mimetic alleles (H and A) generate mimicry in females but do not induce mimetic 

traits in males, even when males carry the mimetic allele.

Initially, we hypothesized that sex-specific dsx isoforms differ structurally 

between males and females (Baker 1989). However, no amino acid differences were 

detected between the sex-specific forms, making this explanation unlikely. Instead, 

expression analyses revealed that dsx-H is strongly expressed in the hindwings of 

mimetic females (Hh) during the early pupal stage, whereas it is barely expressed in 

hindwings of males with the same genotype (Hh) (Komata et al. 2023)) (Fig. 3.5).

This suggests that a female-specific cis-regulatory element—recognizing tran-

scription factors associated with sex determination—exists within the H-derived 

HDR, driving dsx-H expression only in female wings. Consequently, female-limited 

expression of dsx-H provides the mechanistic basis for female-limited mimicry.

Although Dsx-H and Dsx-A differ substantially in amino acid sequence from 

Dsx-h and Dsx-a, their ability to induce sexual differentiation remains intact. In 

P. polytes individuals homozygous for H (HH) and in P. memnon individuals homo-

zygous for A (AA), both sexes develop normally, confirming that the “mimetic” 

versions of Dsx retain essential sex-differentiation functions.

Female dimorphism in P. polytes is often interpreted through a fitness cost 

hypothesis, in which the antipredator advantage of mimicry is balanced by physio-

logical or reproductive disadvantages (Ohsaki 1995; Katoh et  al. 2020; Komata 

et al. 2020). Our analyses comparing P. polytes females of genotypes HH, Hh, and 

hh revealed significant differences:

• Female lifespan: approx. 1 week (HH), 2 weeks (Hh), 4 weeks (hh)

• Male lifespan: approx. 2 weeks across all genotypes

• Fecundity and larval survival: reduced in females carrying the H allele (Komata 

et al. 2020)

These findings indicate that Dsx-H imposes certain physiological costs, although 

the precise mechanisms remain unknown. The coexistence of mimetic and nonmi-

metic females within populations likely reflects an evolutionary balance between 

the benefits of predator avoidance and the costs associated with H-allele–depen-

dent traits.
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3.5.5  Gene Networks Regulated by Mimetic Dsx Function

Dsx is a transcription factor, and in butterflies that exhibit female-limited Batesian 

mimicry, its downstream gene networks involved in wing and body patterning and 

morphogenesis, as well as sexual differentiation, are considered to have been 

acquired during evolution (Iijima et al. 2019; VanKuren et al. 2023, 2025). To clar-

ify the gene network controlled by dsx-H, we knocked down its expression in 

mimetic female hindwings of P. polytes immediately after pupation (P0: day 0 

pupa), then extracted RNA from the KD regions 1–3 days later for transcriptome 

analysis (Iijima et al. 2019) (Fig. 3.5).

This analysis identified numerous genes whose expression was either upregu-

lated (i.e., normally repressed by Dsx-H) or downregulated (i.e., normally activated 

by Dsx-H). The Hox gene AbdA, which plays a key role in abdominal development 

in Drosophila, was upregulated in nonmimetic hindwings and downregulated in 

mimetic hindwings during the P1 stage (day 1 pupa). This suggests that suppression 

of AbdA by Dsx-H may contribute to the switch from nonmimetic to mimetic hind-

wing identity.

In contrast, wnt1 and wnt6—encoding key secreted proteins in the Wnt signaling 

pathway involved in morphogenesis—were significantly downregulated in dsx-H 

KD wings. In nonmimetic hindwings, these genes are barely expressed, but in 

mimetic hindwings their expression is rapidly induced during the P1–P2 stages. 

Knockdown of wnt1 and wnt6 transformed mimetic females into a nonmimetic-like 

phenotype: the central pale-yellow region became flattened and the red spots dimin-

ished (Figs.  3.4b and 3.5). These results indicate that Dsx-H promotes mimicry 

partly by activating Wnt signaling components.

Functional analyses of UXT and U3X within the HDR revealed that their knock-

down also reduced expression of wnt1, wnt6, and the zinc-finger transcription factor 

rotund (rn) (Komata et al. 2023). This suggests that induction of these genes consti-

tutes a central component of the mimicry-specific gene network. Knockdown of rn 

severely disrupted mimetic patterns, converting the pale-yellow area to a 

UV-fluorescent state typical of nonmimetic pigment synthesis (Komata et al. 2023) 

(Fig. 3.4b). These findings indicate that Rn plays a major role in overall pattern 

organization and pigment-pathway switching.

Knockdown of U3X additionally decreased expression of the neighboring dsx-H 

while increasing expression of the adjacent UXT gene (Komata et  al. 2023) 

(Fig. 3.4a). These observations suggest that U3X, a long noncoding RNA, helps 

activate dsx-H while suppressing UXT, reinforcing its position as a regulatory com-

ponent within the HDR.

During the early- and mid-pupal stages, swallowtail wings lack pigmentation; 

pigment deposition occurs in the late pupal stages (Fig. 3.5). As described earlier, 

both the kynurenine pathway and the NBAD/melanin pathway contribute to gener-

ating nonmimetic pigments such as PCII (Fig.  3.3b). When dsx-H was knocked 

down in the pale-yellow central region of mimetic hindwings, expression levels of 

vermilion and kynurenine formamidase (kynurenine pathway) and ebony and 
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tyrosine hydroxylase (TH) (NBAD pathway) all increased (Yoda et al. 2021). This 

indicates that Dsx-H normally suppresses the enzyme suite responsible for PCII 

synthesis. Although the exact molecular mechanism through which Dsx-H represses 

these genes remains unknown, these results show that mimetic pigmentation is 

achieved by suppressing nonmimetic pigment pathways, coordinated through Dsx- 

H- mediated transcriptional regulation.

3.6  Evolutionary Process of Female-Limited Batesian 

Mimicry in Papilio memnon and P. polytes

One of the longstanding questions in evolutionary biology is how a complex adap-

tive trait such as female-limited Batesian mimicry—controlled by a supergene—

originated and diversified. Even within the Menelaides subtribe, to which P. polytes 

and P. memnon belong, closely related species exhibit strikingly different forms of 

mimicry. As noted above, the mimicry supergene of P. polytes contains a large 

inversion, whereas P. memnon lacks such an inversion, raising the question of how 

recombination is suppressed in the latter (Figs. 3.1 and 3.2).

Recombination tends to be suppressed when homologous chromosomes accu-

mulate extensive sequence divergence, which can disrupt proper chromosomal pair-

ing during meiosis. This phenomenon is well known in sex chromosomes, where 

the substantial divergence between X and Y often results in recombination being 

restricted to small pseudoautosomal regions (Charlesworth 2016, 2023). In addition 

to inversions, the accumulation of transposable elements (TEs) on sex chromo-

somes also contributes to recombination suppression.

In P. memnon, approximately 1.5-fold more TEs accumulate within both A and a 

HDRs compared to other autosomal regions (Komata et al. 2022a). The TE accumu-

lation likely contributes to recombination suppression by generating extensive local 

sequence divergence (Dolgin and Charlesworth 2008; Li et  al. 2016; Kent et  al. 

2017). A similar pattern of TE enrichment is present in the H–h HDR of P. polytes 

(Komata et al. 2022a). Because recombination is suppressed, these TEs persist and 

accumulate over evolutionary time (Fig. 3.6).

Within the Menelaides subtribe, P. rumanzovia—a close relative of P. memnon—

also exhibits dimorphic female-limited Batesian mimicry. Draft genome analyses 

revealed the presence of an HDR and mimicry supergene in this species as well, 

without any inversion, paralleling the situation in P. memnon (Palmer and Kronforst 

2020; Komata et al. 2022a). SNP-based comparisons of the two chromosomes in 

P. rumanzovia showed that the left boundary of the recombination–suppression 

region is located within the 5′-UTR of UXT, consistent with P. polytes and P. mem-

non. However, the right boundary differs: in P. memnon it lies within the Nach-like 

gene, whereas in P. rumanzovia it lies within the internal region of dsx. Interestingly, 

the HDR of P. rumanzovia is the shortest among the three species. This conservation 

of the left boundary and divergence of the right boundary may provide important 

clues for reconstructing the evolutionary history of these supergenes.
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Fig. 3.6 Evolution of mimicry supergene among Papilio species. (a) Putative evolutional process 

of mimicry supergene in P. polytes and P. memnon. (b) Three proposed models for the evolution of 

the mimicry supergene in Papilio species

Based on these observations, several hypotheses can be proposed regarding the 

evolution of the mimicry supergene in the Menelaides subtribe (Komata et  al. 

2022a) (Fig. 3.6b):

 1. Ancestral polymorphism 1: TE-driven recombination suppression predates 

inversions

A common ancestor of the three species may have experienced TE accumula-

tion in the shared region  of chromosome 25, reducing recombination. Later, 

P. polytes alone may have acquired an inversion, further reinforcing recombina-

tion suppression.

 2. Ancestral polymorphism 2: ancestral inversion followed by lineage-specific 

modifications

An inversion may have originated in the common ancestor, but subsequently 

additional inversions or recombination events may have occurred in the P. mem-

non–P. rumanzovia lineage, eliminating or rearranging the original inversion.

 3. Parallel evolution in separate lineages

Given the substantial biological differences between P. polytes and P. mem-

non—including differences in the mimicry patterns of males and females and the 

presence or absence of a tail, we cannot rule out the possibility that the two spe-

cies arose independently through parallel evolution.

More detailed genomic comparisons among closely related nonmimetic species, 

especially analyses of TE insertion patterns and recombination landscapes near the 

supergene, will improve our understanding of how female-limited Batesian mim-

icry evolved in these species.

H. Fujiwara
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Chapter 4

A Model for the Population Dynamics 
of the Mimetic Butterfly Papilio polytes 
in the Sakishima Islands, Japan: 
Mathematical Analysis and Computer 
Simulations

Toshio Sekimura

Abstract This chapter reviews a mathematical model for the population dynamics 

of the mimetic swallowtail butterfly Papilio polytes in the Sakishima Islands, Japan. 

P. polytes is widely distributed across India and Southeast Asia, including Southeast 

of China, the Philippines, Taiwan, and the Ryukyu Islands, to which the Sakishima 

Islands belong. The female of P. polytes in the Ryukyu Islands has two different 

forms, the mimetic form f. polytes and the nonmimetic form f. cyrus resembling the 

monomorphic male in appearance. The form f. polytes mimics the unpalatable but-

terfly Pachiliopta aristolochiae as a mimetic model. Mimicry in the female of 

P. polytes is known to be Batesian mimicry, which is one of the most interesting 

biological phenomena in nature. In the Sakishima Islands, fieldwork had been con-

ducted over a long period, and the populations of butterflies had been recorded. A 

mathematical model describing that population dynamics is proposed. It includes 

four key variables: population densities of three kinds of butterflies and their preda-

tor. The model system consists of three ordinary differential equations (ODEs). The 

system is analyzed mathematically, and computer simulations confirm the analyti-

cal results, the field records on population dynamics of P. polytes, and the positive 

dependence of the relative abundance (RA) of the mimic on the advantage (AI) of 

the mimicry in the Sakishima Islands.

Keywords Papilio polytes · Wing color pattern · Female-limited Batesian 

mimicry · The Sakishima Islands · Population dynamics · Mathematical model

T. Sekimura (*) 

Chubu University, Kasugai, Aichi, Japan

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-92-0331-4_4&domain=pdf
https://doi.org/10.1007/978-981-92-0331-4_4#DOI


64

4.1  Population Dynamics of the Mimetic Butterfly Papilio 

polytes in the Sakishima Islands, Japan

We consider a mathematical model for the population dynamics of the mimetic 

swallowtail butterfly Papilio polytes in the Sakishima Islands, Japan (Fig. 4.1).

The Sakishima Islands are located at the south-west end of Japan and are part of 

the Ryukyu Islands, which include both the Miyako Islands and the Yaeyama 

Islands. The Miyako Islands include the Miyako-jima Is., Tarama-jima Is., and so 

on, and the Yaeyama Islands include the Ishigaki-jima Is., Hateruma-Is., Iriomote-

jima Is., Taketomi-jima Is., Kohama-jima Is., and so on (Sekimura et al. 2014).

4.1.1  Female Mimicry of P. polytes Is Batesian Mimicry

P. polytes is a mimetic swallowtail butterfly species widely distributed across India 

and Southeast Asia, including Southeast of China, the Philippines, Taiwan, and the 

Ryukyu Islands of Japan (Clarke and Sheppard 1972). P. polytes exhibits the female- 

limited polymorphism, i.e., the female is polymorphic, whereas the male is mono-

morphic and exhibits a white bar on the black hind wing. In the Ryukyu Islands 

located in the southwest of Japan, the female of P. polytes has two different forms, 

the mimetic form f. polytes and the nonmimetic form f. cyrus, resembling the mono-

morphic male in appearance. The form f. polytes mimics the unpalatable butterfly 

Pachiliopta aristolochiae as a mimetic model, which has a large white area in the 

Fig. 4.1 Location of Sakishima Islands, Japan. The distribution area of the races of P. polytes is 

hatched (Clarke and Sheppard 1972)
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Fig. 4.2 Female-limited polymorphism of the mimetic butterfly of Papilio polytes and the model 

butterfly Pachliopta aristolochiae. Top: two female forms of P. polytes f. cyrus (left, nonmimetic 

form) and P. polytes f. polytes (right, mimetic form). Bottom: P. polytes male (left) and the unpalat-

able model butterfly Pachliopta aristolochiae (right)

center, and a row of submarginal red spots on the black hind wing (Fig.  4.2). 

Mimicry in the female of P. polytes is known to be Batesian mimicry (Ohsaki 1995, 

Uesugi 1996). 

4.1.2  General Discussions on Batesian Mimicry

Mimicry in the female of P. polytes, known to be Batesian mimicry, is one of the 

most interesting biological phenomena in nature. The literature has many general 

discussions about the benefits of the mimic to be protected from predation. For 

example, Holling (1965) found a relationship between the frequency of the mimic 

and the effectiveness of mimicry, and Emlen (1968) noted that the probability of a 
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mimic being attacked by a predator on an encounter decreases with increasing 

frequency of the model when models are rarer than mimics and increases con-

versely. Kumazawa et al. (2006) built the population dynamics equation of Batesian 

mimicry, in which two species of the palatable mimic and the unpalatable model 

interact under Lotka–Volterra-type interspecific competition. Assuming that both 

the benefit of mimicry for the mimic and the cost for the model are dependent on 

their frequency relatively to each other, they concluded that the benefit of the 

mimic and the cost of the model are key factors in determining the evolutionary 

process of Batesian mimicry. Yamauchi (1994) built a mathematical model for the 

population dynamics of Batesian mimicry, in which two populations of both model 

and mimic species were considered. The dynamic model has two components: 

growth at intrinsic growth rate and carrying capacity, and reduction by predation. 

The probability of a predator catching prey on an encounter was assumed to depend 

on the frequency of the mimic. He applied the dynamic model to field records of 

butterflies in the Ryukyu Islands, and his model had successfully explained some 

features, e.g., multiple dynamic equilibria between the model and the mimic in the 

field. However, his model did not account for realistic model–mimic systems such 

as polymorphism in P. polytes and intraspecific competition between the mimic f. 

polytes and the nonmimic f. cyrus.

4.1.3  Observation of Temporal Change in the Population 

of the Mimetic Female of P. polytes 

in the Miyako-Jima Island

4.1.3.1  Brief History of Field Observation and some Related Problems

In the Sakishima Islands (Fig. 4.1), substantial field data of P. polytes was recorded 

and accumulated since the early twentieth century. Regarding the mimetic female 

form P. polytes f. polytes, field data showing the existence was recorded in June 

1934 on the Hateruma-jima Island (Esaki 1934), in March 1964 in the Miyako-jima 

Island (Mizukoshi 1965), in March 1966 in the Iriomote-jima Island (Okada 1967), 

and in March 1967 in the Ishigaki-jima Island (Iwanaga and Takayama 1968). On 

the other hand, the model butterfly Pachiliopta aristolochiae was first recorded in 

1968  in the Yaeyama Islands (i.e., the Iriomote-jima Is., Hateruma-jima Is., and 

Ishigaki-jima Is.) located in the south area of the Sakishima Islands after establish-

ment of the mimetic form P. polytes f. polytes (Azuma 1969; Matsumoto 1969; 

Ohira and Terashita 1969). The above-mentioned record seems to indicate an inter-

esting observation, i.e., two forms of the female of P. polytes f. cyrus and f. polytes 

were, to a greater or less extent, living in the Yaeyama Islands without the model 

P. aristolochiae before it was first recorded in 1968. Moreover, the mimetic form f. 

polytes has been collected every year and recorded without a break in the Yaeyama 

Islands since 1974, 6  years after the first record of establishment of the model 

P. aristolochiae. The continuous record of f. polytes suggests that the population 
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ratio of f. polytes in the islands may have remarkably increased since the establish-

ment of the model P. aristolochiae. In the Miyako Islands located in the northeast 

about 120 km from the Yaeyama Islands, the model P. aristolochiae was reported to 

have been established in 1975, 7  years after the establishment in the Yaeyama 

Islands (Sunagawa et al. 1976). As mentioned above, in the Miyako-jima Island, 

two female forms f. cyrus and f. polytes were considered to have been coexisting 

before the establishment of the model P. aristolochiae (Mizukoshi 1965; Ohara 

1972). Uesugi (1992) reported that the population ratio of the mimic f. polytes to the 

two forms (f. cyrus and f. polytes) was about 18% as of 1975 in the Miyako-jima 

Island. Since then, he continued to observe the ratio for the next 14 years, and the 

details are described in Sect. 4.1.3.2.

4.1.3.2  Observation of Temporal Change in the Population 

of the Mimetic Female of P. polytes in the Miyako-Jima Island

  Uesugi (1992 ) observed the temporal change of the relative abundance of the 

mimic f. polyte s in all the females of P. polytes  for 14 years from 1975 to 

1989 after establishment of the model P. aristolochiae . Here, the relative abun-

dance (RA) denotes the population ratio of the mimic f. polytes  to the two 

forms (f. cyrus  and f. polyte s), and RA is defined as follows: population of 

the mimic f. polytes  by populations of the nonmimic f. cyrus  and of the mimic  

f. polytes  × 100(%). The observational result revealed that the RA increases 

with time like a sigmoidal curve, and in 1985 about 10 years after starting 

observation, the RA reached a saturated value (or the value of equilibrium) of 

about 50% (Fig. 4.3 ).

Fig. 4.3 Temporal change for 14 years of the relative abundance (RA) of the  population of the 

mimetic female of P. polytes in the Miyako-jima Island (Uesugi 1992)
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4.2  Fundamental Facts on the Mimicry of P. polytes

4.2.1  Difference in Predation Risk between Two Forms 

f. polytes and f. cyrus

The butterfly P. polytes has two female forms as described in Sect. 4.1: one is the 

nonmimic f. cyrus that resembles the monomorphic male with a white bar on the 

black hind wing, while the other is the mimic f. polytes that resembles the unpalat-

able butterfly species P. aristolochiae (Fig. 4.2). The form f. polytes is considered 

to have an advantage over f. cyrus with respect to protection from predation, when 

it lives in sympatry with the model P. aristolochiae. In reality, Uesugi (1996) 

examined the idea by learning experiments. Unexperienced birds, broweared bul-

buls, Hypsipetis amaurotis oryeri as predators were first trained to take food from 

two feeders in a cavity, and then offered P. aristolochiae in one of the feeders. 

After experiencing an uncomfortable encounter with this butterfly, the birds 

reduced the frequency of taking regular food from the feeder where the butterfly 

had been placed.

On the other hand, Ohsaki (1995) paid attention to the rates of beak marks by 

predators on the wings of both palatable and unpalatable butterflies. By analyzing 

the number of beak marks on butterfly wings, he found that by comparing the spe-

cies P. polytes and the model species P. aristolochiae, nonmimetic females were 

selectively attacked, while males, mimetic females, and models were less fre-

quently  attacked. Thus, the mimic f. polytes is considered to gain the benefit of 

reduced predation risk by living in sympatry with the model P. aristolochiae.

4.2.2  Males Prefer the Nonmimic f. cyrus to the Mimic 

f. polytes?

The mimetic female f. polytes might be less distinguishable than the nonmimetic 

female f. cyrus by the male, because the form f. polytes resembles a different 

species P. aristolochiae, while the form f. cyrus resembles the male of the same 

species. This means that f. cyrus could get more chances to mate with the male 

than f. polytes. In reality, Uesugi (1997) counted mating times of young butter-

flies of both f. cyrus and f. polytes just after emergence. The results showed that 

f. polytes had no approach from the male and no count, while f. cyrus could mate 

with the male. From the viewpoint of making offspring, the nonmimic f. cyrus 

has an advantage over the mimic f. polytes. Thus, viewing from the preference of 

the male to females in the species, mimicry is not always beneficial.
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4.2.3  Difference in Physiological Life Span and Egg Number 

between f. cyrus and f. polytes

Ohsaki (2005) measured the physiological life spans of three types (the male, the 

nonmimic f. cyrus, and the mimic f. polytes), and found that the order of the life 

span length is as follows: f. cyrus > male > f. polytes. The problem is why the life 

span of the mimic f. polytes is the shortest. To explain the reason, Ohsaki proposed 

a hypothesis that the mimic f. polytes pays an additional cost for producing red 

colored pigments (carotenoid) by activating biochemical reaction networks in cells. 

The hypothesis coincides with the result that the bigger the red colored area on the 

wing that the butterfly has, the shorter the physiological life span that the butterfly 

has. Further, by using P. polytes caught in both the Okinawa Island and the Miyako- 

jima Island, Kinjyou (2000) showed experimentally that the difference in physio-

logical life span between f. cyrus and f. polytes is dependent on the feeding 

condition. For example, there is no difference in the life span when both f. cyrus and 

f. polytes are fed in a good condition, under which honey is given every day. On the 

other hand, when butterflies are fed in a bad condition, under which no honey or 

plain water is given, the life span of the nonmimic f. cyrus becomes significantly 

longer than that of the mimic f. polytes. This result suggests that in nature, when 

environmental conditions or food conditions (e.g., dry weather, and long rainy 

weather) become worse, the life span of f. polytes becomes shorter than that of f. 

cyrus. In any case, these results suggest that in natural environment, the physiologi-

cal life span of f. cyrus is more or less longer than that of f. polytes. For the last few 

years, we measured the total number of laid-eggs of both f. cyrus and f. polytes in 

the laboratory, and found that in a regular feeding condition at room temperature, 

there was no significant difference between their laid-egg numbers (Sekimura, 

unpublished data). However, if we combine the result with the shortness of the 

physiological life span of the mimic f. polytes, the total laid-egg number during a 

life time is smaller than that of the nonmimic f. cyrus.

4.2.4  The Genetic System of the Mimetic Butterfly P. polytes

According to Clarke and Sheppard (1972), the genetic system of the mimetic but-

terfly species P. polytes is the female-limited inheritance, i.e., the male has only one 

phenotype while the female has two different phenotypes, i.e., the nonmimetic form 

f. cyrus and the mimetic form f. polytes (Fig. 4.2). It is known that the gene express-

ing mimicry is dominant. If we describe the allele related to the mimicry as H 

(dominant) and h (recessive), then the genotype of the nonmimetic form f. cyrus is 

homozygous recessive (hh), and the genotype of the mimetic form f. polytes is het-

erozygous (Hh) or homozygous dominant (HH). The genotype of the male could 

not be distinguished from its phenotype only. In the genetic system of P. polytes, the 
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male may act as the server or provider of all kinds of genotypes to females. In this 

case, it would not be useful to include the male population density directly as a vari-

able in the current model system.

4.3  Mathematical Model and Simulation

The objective of this chapter is to present a mathematical model for the population 

dynamics of P. polytes observed in the Sakishima Islands (Fig. 4.1). Our mathemati-

cal model is constructed on the basis of field data in the islands and also experimen-

tal data in the laboratory, as well as further new facts on the mimicry of P. polyets 

(Ohsaki 2009). Three types of butterflies (i.e., two female forms of P. polytes and 

the model P. aristolochiae) and predator are involved in our model in terms of 

mimicry- related interactions.

4.3.1  Mathematical Model

The mathematical model system consists of three ordinary differential equations 

(ODEs) Eqs. (4.1), (4.2), and (4.3), in which the variables are the population densi-

ties of three butterflies: the unpalatable butterfly P. aristolochiae and two female 

forms of P. polytes. The male of P. polytes is not included directly in the system, but 

included indirectly through parameter values such as growth rates and intraspecific 

competition coefficients. We denote four population densities n1, n2, n3, and p of the 

model P. aristolochiae, the mimic f. polytes, the nonmimic f. cyrus, and predator, 

respectively.

In the system Eqs. (4.1), (4.2) and (4.3), we evaluated the density effect or satura-

tion effect by using carrying capacities K1, K2, K3 for P. aristolochiae, f. polytes, and 

f. cyrus, respectively. We assume that K2 and K3 have the same value since both f. 

polytes and f. cyrus are females in the same species. With respect to growth rates of 

three butterflies r1, r2, r3, we assume that according to discussions in Sect. 4.2, an 

inequality r2 < r3 should be satisfied.

In Eqs. (4.2) and (4.3), we introduced an intraspecific competition between f. 

polytes and f. cyrus through competition coefficients. The intraspecific competition 

effect includes competition for resources such as nectar and indirectly the male as 

noted in Sect. 4.3.2. Equations (4.1) and (4.2) represent the effect of mimicry, i.e., 

the negative density effect implying that the increase in the density of f. polytes n2 

causes the decrease in densities of both P. aristolochiae and f. polytes, n1 and n2. 

Furthermore, the parameters α, β represent the difference in the predation rate 

between P. aristolochiae and P. polytes, respectively, and it would be reasonable to 

assume the inequality α < β, because P. aristolochiae is an unpalatable butterfly 
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species. In Sect. 4.2.1, we noted the result on beak marks by predators showing that 

nonmimetic females were selectively attacked, while males, mimetic females, and 

model butterflies were attacked less. This fact is evaluated mathematically in the 

second term of Eqs. (4.2) and (4.3) (Sekimura et al. 2014).

Taking the density-dependent effect through carrying capacity into account, we set 

up a model system consisting of three ordinary differential equations (ODEs), analyze 

it mathematically and provide computer simulations that confirm the analytical results.

The mathematical model for the population dynamics of Papilio polytes takes 

the form:

 

dn

dt
n r

n

K

n

n n
p1

1 1

1

1

2

1 2

1

 

(4.1)

 

dn

dt
n r

n a n

K

n

n n
p2

2 2

2 23 3

2

2

1 2

1

 

(4.2)

 

dn

dt
n r

n a n

K
p3

3 3

3 32 2

2

1

 

(4.3)

where a22 and a23 are competition coefficients. Eqs. (4.1), (4.2), and (4.3) include 

key factors to solve the problem: (1) self-density dependent growth, (2) mimetic 

effect, (3) interspecific competition, and (4) differences in growth rate and preda-

tion rate.

4.3.2  Time Evolution of the Three-ODE System

One of our objectives is to explain the results in Fig. 4.3 by mathematical analysis 

and computer simulations of the system equations.

Figure 4.4 shows the simulation results on temporal changes of population densi-

ties of the model (n1), f. polytes (n2), and f. cyrus (n3) in Eqs. (4.1), (4.2), and (4.3). 

RA is the relative abundance of the mimic, i.e., the population ratio of f. polytes (n2) 

to the two female forms of P. polytes (f. cyrus (n3) and f. polytes (n2)). AI is the 

advantage index of Batesian mimicry, which is defined to be the population ratio of 

the model (n1) to all the related butterflies (the model and two female forms of 

P. polytes).

Numerical simulation results of temporal change in the RA explain the temporal 

change for 14 years in the population of the mimetic female of P. polytes in the 

Miyako-jima Island (Fig. 4.3, Uesugi 1992) (Fig. 4.5).
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Fig. 4.4 Simulation results on temporal changes of all related quantities. The blue line denotes the 

population density n3 of the nonmimic f. cyrus, the green line is the density n2 of the mimic f. 

polytes, the light blue line is the relative abundance of the mimic (RA), the pink line is the advan-

tage index (AI) of Batesian mimicry, and the orange line denotes the density n1 of the model  

P. aristolochiae

Fig. 4.5 Temporal change in the population of the mimetic female of P. polytes on the Miyako- 

jima Island (blue dots, re-plotted from Fig.  4.3) and numerical simulation results of temporal 

change in the RA by the use of Eqs. (4.1), (4.2), and (4.3) (solid line)
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4.3.3  Simulations of Variation in the Relative Abundance RA 

in the Sakishima Islands

Another objective of this chapter is to explain the variation in the relative abundance 

(RA) in the Sakishima Islands observed by Uesugi (1992) (plotted in Fig. 4.6).

We solve the system Eqs. (4.1), (4.2), and (4.3) numerically to simulate variation 

in the relative abundance RA in Sakishima Islands. Simulation results in Fig. 4.7 

(solid line) show clearly the positive dependence of the mimic on the model in the 

Sakishima islands 14 years after establishment of the model in the Yaeyama Islands 

(Uesugi 1992), with which observational results of blue circles are put in the figure. 

The simulation results using the system Eqs. (4.1), (4.2), and (4.3) show the positive 

dependence of the RA on the AI. This is very important from the view point of 

comparison with observational results of variation in the RA in the Sakishima 

Islands.

4.4  Summary and Discussions

In this chapter, we presented a mathematical model for the population dynamics of 

the mimetic butterfly P. polytes in the Sakishima Islands, Japan, which is based on 

the best possible data currently available to us (in Sects. 4.1 and 4.2). Our mathe-

matical model includes three major effects and two experimental results on differ-

ences in growth rate and predation rate, namely, (1) self-density effect or density 

saturation through carrying capacity, (2) mimetic effect, i.e., the probability that a 

predator attacks prey on an encounter is proportional to the relative frequency of the 
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Fig. 4.6 Positive dependence of the mimic on the model in the Sakishima islands 14 years after 

establishment of the model in the Yaeyama Islands (Uesugi 1992)
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Fig. 4.7 Variation in the relative abundance RA in the Sakishima Islands and its numerical simula-

tion results. The horizontal axis shows the advantage index AI, and the vertical axis is the relative 

abundance RA. Blue circles represent the RA corresponding to the AI on each island of seven 

islands in the Sakishima Islands (Uesugi 1992)

mimic among the model and the mimic, and (3) intraspecific competition between 

two female forms f. polytes and f. cyrus for resources such as nectar and, indirectly, 

the male, and difference in growth rate between two females f. polytes and f. cyrus.

Using mathematical analysis and computer simulations of the system equations, 

we clarified the logical relationship hidden behind field data on the population 

dynamics of the mimetic butterfly P. polytes. This provides the theoretical basis for 

the positive dependence of the RA on the carrying capacity K1 of the model butterfly 

(Sekimura et al. 2014).

The horizontal axis in Figs.  4.6 and 4.7 shows the advantage index (AI) of 

Batesian mimicry, which is defined to be the population ratio of the model to all the 

related butterflies (the model and two female forms of P. polytes). The vertical axis 

is the relative abundance RA defined as the ratio of population rate of f. polytes to 

the two forms (f. cyrus and f. polytes). Blue solid circle represents the RA corre-

sponding to the AI on each island of seven islands (i.e., the Taketomi-jima Is., 

Tarama-jima Is., Miyako-jima Is., Ishigaki-jima Is., Hateruma-jima Is., Obama-

jima Is., and Iriomote-jima Is.) in the Sakishima Islands (from Uesugi 1992). The 

solid line in Fig. 4.7 represents numerical simulation results of Eqs. (4.1), (4.2), and 

(4.3), which clearly show the positive dependence of the RA on the AI with a 
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convexity. An analytical result of the system of equations provides the theoretical 

basis for the positive dependence of butterfly P. polytes in the Sakishima Islands 

(Sekimura et al. 2014). In particular, we discussed both temporal change in the rela-

tive abundance RA since 1975 in the Miyako-jima Island and variation in the RA in 

the Sakishima Islands. Our results show that one of the key factors to understand 

field data is the carrying capacity K1 of the model in each island. The positive 

dependence of the RA on the AI originates from the result that changes of both the 

relative abundance RA and the advantage index AI with respect to the carrying 

capacity are positive. The female- limited polymorphism of the mimetic butterfly 

P. polytes in the Sakishima Islands is considered to be maintained by the negative 

frequency-dependent selection (Ohsaki 2009), which is another expression of the 

above-mentioned positive dependence of the RA on the AI. We also estimated con-

ditions for existence of equilibrium solutions of butterfly populations by making a 

comparison between experimental results and mathematical analyses of our model 

equations. Therefore, we propose that the mathematical analysis and computer sim-

ulations in this chapter using a mathematical model provide the theoretical basis on 

the female-limited polymorphism of P. polytes in the Sakishima Islands. We have 

not discussed directly the origin of Batesian mimicry in this chapter, which is 

another interesting and unsolved problem. As an example of other types of approach 

to the problem, Vane-Wright et al. (1999) determined sister group relationships of 

the mimetic butterfly Papilio dardanus through the molecular phylogenetic method 

by using four different DNA regions (i.e., mitochondrial 16S rRNA and cytochrome 

b regions, and nuclear Elongation Factor EF1α and the ITS-1 region of the ribo-

somal RNA locus). We hope that our discussions in this chapter can contribute to the 

analysis and solution of the origin of Batesian mimicry.
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Chapter 5

The Development and Evolution 
of Butterfly Wing Patterns: Finding 
the Primitive Pattern

H. Frederik Nijhout and Richard Gawne

Abstract The color patterns of butterflies and moths constitute a highly evolved 

system of visual communication used in sexual signaling, camouflage, warning, 

territoriality, and mimicry. These patterns are based on extensive modifications of a 

ground plan of three pairs of bands. The primitive color pattern from which this pat-

terning system evolved arose long before the evolution of the Lepidoptera. Wing 

patterns of the caddis flies (Trichoptera) and scorpion flies (Mecoptera) resemble 

those found in basal moths. We will show that these patterns are all based on varia-

tions on a set of six parallel bands, and that this basic patterning system can be 

found in the earliest winged insects, represented today by dragonflies (Odonata). 

We show by mathematical modeling that a simple reaction–diffusion system can 

readily generate three symmetry systems, which can be visualized as either three 

pairs of bands or six identical bands. We show that from this banding system, a 

lateral inhibition mechanism can, in turn, generate the basic spotting and banding 

patterns that we see in the Odonata, Mecoptera, Trichoptera, and Lepidoptera.

Keywords Color pattern · Wing pattern · Primitive pattern · Pattern evolution · 

Symmetry system · Lateral inhibition · Substrate depletion · Mathematical model

5.1  Introduction

We have been exploring the problem of what is the primitive color pattern of but-

terflies and moths—the color pattern from which all modern patterns of moths and 

butterflies are derived. It turns out that the answer to that question is somewhat 

surprising, it was to us at least, and it also has some interesting challenges for the 
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mathematical biology of pattern formation. In order to understand this, we need to 

start by briefly outlining how butterfly color patterns are organized.

The color patterns of butterflies are immensely diverse. No two species look 

quite alike and species can almost always be identified based on their color pattern 

alone. Yet, in spite of their individuality, color patterns are seldom used in the taxo-

nomic identification of butterflies, nor are they used in phylogenetic analyses of the 

evolution of butterflies.

Wing patterns are adaptations for communication. They are used for sexual sig-

naling, territorial display, aposematism, mimicry, and camouflage. Each of these is 

an adaptation to different habitats and ecological conditions. Butterfly color patterns 

can evolve rapidly under selection and appear to diversify more rapidly than other 

morphological characteristics (Oliver et  al. 2009; Beldade et  al. 2002; Wallbank 

et al. 2016; Mitsuho et al. 2017; Basu et al. 2023). As a result, color patterns evolve 

separately from other body parts and rapidly adapt to various ecological conditions. 

Accordingly, it is difficult to derive a phylogeny of butterflies based on color pat-

terns alone.

There are, nevertheless, profound commonalities among butterfly wing patterns 

because this entire diversity of patterns is organized by a common system of homol-

ogies called the nymphalid ground plan (Schwanwitsch 1924, 1929; Süffert 1927; 

Nijhout 1991, 1994). The nymphalid ground plan is composed of three pairs of 

color bands. Each pair is referred to as a symmetry system: the basal symmetry 

system, the central symmetry system, and the border symmetry system (Fig. 5.1). 

Ideally, these bands run uninterrupted from the anterior to the posterior margin of 

the wing but more often than not these bands are disrupted wherever they cross a 

wing vein, so that the pattern becomes compartmentalized in these different wing 

regions, and it is thought that this compartmentalization has been responsible for 

enabling the tremendous evolutionary diversity of color patterns.

The nymphalid ground plan is not intended to represent the primitive pattern, it 

is purely a diagram of homologies that show how elements of the color pattern are 

arranged on the wing. Some aspects of the ground plan could be primitive, but we 

do not know that. That is something that is to be determined.

Fig. 5.1 The nymphalid ground plan is a diagram of how pattern elements are arranged on the 

wing that illustrates homologies among the elements of the color pattern. It is made up of three 

symmetry systems (A), each consisting of a pair of bands (B), labeled 1-6. In some species the 

wing veins compartmentalize and disrupt the bands of the ground plan (C) so the bands look dis-

located and unconnected across the wing
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5.2  The Arctiidae

The standard way of identifying the primitive or ancestral form of a trait is by out-

group comparison. If the trait is found in a closely related taxon, the outgroup, it is 

considered to be primitive or ancestral for the taxon of interest. So, to identify what 

characteristics of the color pattern are primitive, one needs to know their condition 

in the sister group of butterflies. Butterflies are a monophyletic clade within the 

moths, and some years ago we began this study by analyzing color patterns in moths 

of the Family Arctiidae, the so-called tiger moths (Gawne and Nijhout 2019, 2020). 

This is a very diverse group of day-flying moths with brilliant color patterns used 

primarily for aposematic signaling. We found that there is an enormous amount of 

individual variation in the color patterns, which turned out to be a very useful fea-

ture for the analysis of homologies in the pattern. Figure 5.2 shows examples of 

individual variation in three species.

In these species the pattern is composed of six bands running between the ante-

rior and posterior margins of the wing. In some cases, these bands are present as 

rows of spots whose outer rings can merge. In Utetheisa, the black spots are sur-

rounded by white outer rings that merge into bands. Rows of spots and their sur-

rounding white bands can merge with adjacent rows in various ways, as shown in 

Fig. 5.2. Merging of the outer bands indicates that they are produced by the same 

developmental process. The simplest explanation is that spots and bands are con-

tours of a morphogenetic landscape. Dark spots indicate higher values and white 

outer bands lower values of the morphogen. The overall pattern being due to a land-

scape of hills and valleys of morphogen concentration.

Fig. 5.2 Pattern variation and ground plan of the Arctiidae. Individual variation of the color pat-

tern in three species shows that bands can merge in various ways to make up complex-looking 

patterns. In Utetheisa the bands are white, with black centers, on an orange background. In 

Eucharia and Arctia the bands are brown on a white background. The box on the right shows the 

arctiid ground plan consisting of six bands of spots, and how these merge in different ways in 

Utetheisa and Arctia
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Spotted patterns like those of Utetheisa are uncommon in the Arctiidae. More 

often, their color patterns are made up of dark bands against a lighter background, 

which are shown in the cases of Arctia caja and Eucharia festiva (Fig. 5.2). In these 

species there is individual variation in the width, length, and degree of fusion of the 

dark-pigmented bands. A summary of the arctiid color pattern ground plan and how 

the patterns of Utetheisa, Arctia, and Eucharia are derived from it is shown in the 

box in Fig. 5.2.

This ground plan raises a question that has actually existed in the field for a long 

time: Do bands come about by fusion of spots or were spots originally bands that 

were broken up by the wing veins during evolution? In other words, are bands prim-

itive or are rows of spots primitive? Fusion of spots into bands or larger areas of 

solid color, as shown in Fig. 5.3, is actually quite common in butterflies too. The 

large black areas that make up the bold dorsal color patterns of many butterflies are 

actually composites of fused smaller spots (e.g., see Nijhout and Wray 1986, 1988; 

Nijhout et al. 1990).

The tiger moths suggest that fusion of spots to form larger composite patterns is 

shared with butterflies and may therefore be a primitive or ancestral property for the 

clade to which they both belong. But there are actually two possibilities. Bands and 

large regions of black formed by fusion of developmentally independent spot-like 

pattern elements may be a derived condition. Alternatively, bands could be an 

ancestral primitive condition, and cases where bands are broken up by wing veins 

Fig. 5.3 Color patterns of the Micropterigidae. Three species of Sabatinca illustrate patterns made 

up of five or six bands. Next to each wing is a diagrammatic summary of the pattern. From top to 

bottom: (A)  S. aurella (adapted from iNaturalist Saryu Mae (CC BY)),  (B)  S. doroxena, and 

(C) S. lucilla
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that somehow impose secondary developmental barriers or compartments across 

the wing, resulting in discrete spots, may be the derived condition.

The Arctiidae thus share with butterflies a pattern consisting of six bands running 

anterior posterior on the wing, which can be broken up into spots and fuse laterally 

into larger regions of homogeneous color, usually black. The six bands in the 

Arctiidae do not appear to pair up as three symmetry systems as they do in butter-

flies, although they do so in other moths (e.g., the Saturniidae: Schwanwitsch 1924; 

Süffert 1927; Nijhout 1991).

5.3  The Micropterigidae

The outgroup to all butterflies and moths is an interesting group called the 

Micropterigidae, the mandibled moths. They are the first offshoot or branch in the 

phylogeny of the Lepidoptera, so the color pattern features they share with the other 

Lepidoptera should be primitive. Like the butterflies, the wing patterns of the 

Micropterigidae are extremely diverse, and species can be recognized based on their 

color pattern alone (Gibbs 2014; Gibbs and Lees 2014).

Schachat and Brown (2015, 2016) did an exceptionally thorough analysis of the 

color patterns of the Micropterigidae. They deduced that the wing patterns of the 

Micropterigidae are based on a system of either five or six bands that run across the 

wing. We illustrate three examples from the genus Sabatinca in Fig. 5.3. On the left 

side are the wings of three species, and on the right side are their patterns diagram-

matically outlined in light blue and brown.

In two of the species illustrated, we see variations on the same pattern made up 

of six bands that run across the wing anterior to posterior, or only partially across 

the wing, with a given band sometimes reduced to a short bar, a spot, or a row of 

spots. The bands typically have margins of a contrasting color. In Sabatinca lucilla, 

the bands are paired, with a contrasting color between them, and appear to be three 

symmetry systems, much like those we find in butterflies.

Thus, the color patterns of the Micropterigidae are quite sophisticated and elabo-

rate, with features we find throughout moths and butterflies. This implies that this 

patterning system must have existed sometime before the Micropterigidae arose, 

and it seems unlikely that these patterns represent a truly primitive system that origi-

nated in this group.

5.4  The Trichoptera and Mecoptera

Thus, since the primitive traits are assumed to be those that are shared with the 

phylogenetic sister group, we need to look at the phylogenetic sister group of the 

Lepidoptera as a whole, which are the Trichoptera (caddisflies). Trichoptera can be 

quite colorful animals. They do not have scales on their wings but hairs, and the 
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Fig. 5.4 Wing patterns of Trichoptera and Mecoptera. Left column, Trichoptera: (A) an unde-

scribed Nectopsyche sp. (courtesy Ralph Holzenthal, University of Minnesota (CC BY-NC-ND)), 

with diagrammatic summary of its pattern. Right column, Mecoptera: (B) Panorpa confusa, (C) 

Panorpa helena, and (D) Panorpa nuptialis (with diagrammatic summary of its pattern)

pigments that make up the wing color patterns are located in the membranes of the 

wings, not the scales, as in Lepidoptera. Caddisflies can have complex and diverse 

color patterns, some of which resemble those of moths. As in the Arctiidae, there is 

a lot of individual variability in the patterns of different species (Fig.  5.4). 

Figure 5.4A shows the pattern of a still undescribed species of Nectopsyche. Its 

color pattern looks remarkably like that of some Micropterigidae. It is a pattern of 

six stripes, diagrammatically illustrated in Fig. 5.3 to enable comparison to the pat-

terns of moths. The Trichoptera illustrated here also share with the Mircropterygidae 

the tendency of the band along the wing margin to break up into spots.

Thus, the Trichoptera already have all the pattern elements found in the 

Micropterigidae. There are six bands, but these are not obviously arranged in pairs 

that can be recognized as symmetry systems. Some bands can be incomplete and 

appear to emerge from the wing margin (Fig. 5.4B), as in Sabatinca (Fig. 5.3A, B). 

Likewise, the color bands of Nectopsyche are outlined in a contrasting color, much 

as we see in Sabatinca.

In order to understand where the color patterns that are shared by the Lepidoptera 

and Trichoptera arose, we will have to look at their joint sister group. A sister group 

to the Lepidoptera/Trichoptera clade, which also has wing color patterns, is the 

Mecoptera, the scorpion flies. The color patterns of selected Mecoptera are illus-

trated in Fig. 5.4B–D. The Mecoptera also have a system of bands that can be con-

tinuous across the wing or can appear to emerge from the anterior and posterior 
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wing margins. There is a lot of individual variability in the color patterns, for exam-

ple bands arising from a wing margin can merge with bands originating from the 

opposite margin, as well as with neighboring bands on the same margin, much as we 

see in some Arctiidae.

The patterns of the Mecoptera look, in principle, very much like those of 

Trichoptera and Micropterigidae: there are six rows of bands, sometimes incom-

plete, sometimes partially merged, but there are nevertheless six pattern elements 

that run between the anterior and posterior margins of the wing.

5.5  The Odonata

Thus, the Mecoptera appear to share fundamental features of color pattern structure 

with the other orders we have examined. All have patterns that are fundamentally 

composed of six bands. But is this likely to be primitive? To address this point, we 

examined the dragonflies (Odonata), which are the most basal existing Order in the 

insect phylogeny whose members have color patterns on their wings (Grimaldi and 

Engel 2005). Thus, they are the ultimate outgroup in terms of wing color pattern 

formation.

Dragonflies can be quite colorful insects and many have very nice wing patterns 

made up of spots and bands. The color patterns of dragonflies are often sexually 

dimorphic, and within a species there is a considerable amount of individual varia-

tion in the color pattern. Some species have only a large spot or band at the tip of the 

wing, in others there is a band in the middle of the wing, and others have a large spot 

or band at the base of the wing (Fig. 5.5). Some species have all three bands, and in 

some species some of the bands are incomplete and appear to emerge from the ante-

rior and posterior margins of the wing.

The forewings and the hindwings tend to have similar patterns, but because the 

hindwings are broader their patterns tend to be more broken and reveal the compos-

ite nature of what sometimes appear to be continuous bands on the forewing (e.g., 

Fig. 5.5F). In many cases, broad bands have dark margins (e.g., Fig. 5.5B–E) that 

can be quite broad (e.g., Fig. 5.5E), and sometimes, as in Plathemis subornata, the 

band in the middle of the wing can be broad and homogeneous, or have a variably 

pale core area, which can be completely colorless, so the pattern becomes two paral-

lel bands. The broad apical and basal bands likewise can have a darker margin and 

a pale region that can become colorless, thus leaving a narrower band. So the 

Odonata have a system of three bands, each of which can be broken into two, so we 

have, again, a system of six bands that we see in the other Orders. In the Odonata, 

each band is effectively a symmetry system.

As is the case for most other color pattern elements in other Orders, it is often not 

possible to determine the identity of a band in a single individual. Whether two 

bands are band 2 and 3, or 3 and 4, or 2 and 4, for instance, can usually only be 

ascertained by comparative studies: by examining individual variation of the pattern 

and the patterns in closely related species.
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Fig. 5.5 Wing patterns of Odonata, illustrating diversity of banding patterns. (A) Libellula flavida, 

(B) Libellula luctuosa, (C) Plathemis lydia (male), (D) Plathemis lydia (female), (E) Plathemis 

subornata (adapted from iNaturalist, Laura Gaudette (CC BY)), and (F) Celithemis eponina. 

Below are two diagrammatic summaries: left, broad regions, each of which is assumed to be a sym-

metry system made up of two bands (as in E); right, pattern diagram of forewing of (F)

The point, however, is that in dragonflies, we have a system of six bands that we 

find across pretty much all the insects. In each insect lineage there has been great 

diversification of pattern, but what they all appear to share, in at least some species, 

are simple patterns made up of bands, a system of six bands, grouped in three pairs. 

Insofar as this pattern system can be found at the base of the insect phylogeny, the 

dragonflies, it is likely to constitute the primitive pattern from which all others are 

evolved.

5.6  Modeling Bands and Symmetry Systems

We next examine, using a mathematical model, how a system of six bands or three 

symmetry systems can arise. We start by using one of the mechanisms that Hans 

Meinhardt explored, the substrate depletion mechanism (Meinhardt 1982). It is a 

reaction–diffusion mechanism with two players, an activator and a substrate. The 

activator is synthesized at an autocatalytic rate but requires the substrate for its syn-

thesis. The substrate is synthesized autonomously and is used up in the process that 

makes the activator. Both activator and substrate break down at an autonomous rate 
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and diffuse, with the substrate diffusing more rapidly than the activator. This system 

is described by the following equations:
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We solve these equations in a rectangular array, representing a wing, with initial 

concentrations everywhere set at the steady-state values of activator and substrate, 

except at one end of the array, the base of the wing, where the value of the activator 

is set at 2× steady-state. We impose zero flux boundary conditions. The progress of 

pattern development is shown in Fig. 5.6A and leads to a stable steady-state with 

wave-like patterns of activator and substrate consisting of three broad bands or 

ridges. If we assume that different pigments can be synthesized at particular levels 

of the activator, then each of the three bands forms a symmetry system.

So we can think of this as being either a set of three bands if pigments are made 

only above a threshold (red, for instance, in Fig. 5.6A), or we can think of them as 

three pairs of bands if pigments are synthesized only at a specific value (yellow, for 

instance, in Fig. 5.6). The latter could represent the foundation of the six bands that 

we see in the Lepidoptera and all the other insects.

Fig. 5.6 Model results: (A) three symmetry systems can arise from a substrate depletion model; 

(B) a lateral inhibition process can split a band into two symmetry systems
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5.7  Bands and Secondary Symmetry Systems

We noted above that the bands in the color patterns of Micropterigidae and 

Trichoptera often have boundaries of a contrasting color. Thus, we can think of each 

such band as a symmetry system. In some moths too, Süffert found that a band of a 

symmetry system can be subdivided into a symmetrical pair of bands (Süffert 1929). 

In some butterflies, too, the bands of a symmetry system can become self- 

symmetrical (Nijhout 1991). These features are called secondary symmetry systems.

We used a simple lateral inhibition mechanism based on the work of Swindale 

and Young (Swindale and Barlow 1980; Young 1984) to show how a solid band can 

be split into a secondary symmetry system. Figure 5.6B shows the result of such a 

simulation, which shows how each of three narrow bands can split into a symmetry 

system, yielding six bands.

5.8  Partial Bands and Fusion of Bands

Many banding patterns do not look like symmetry systems, nor do the bands always 

come in obvious pairs, nor do they run from the anterior to posterior margin of the 

wing. More often than not, the bands are incomplete and appear to emerge from the 

anterior or posterior margins of the wing (e.g., Fig. 5.7 shows a diagrammatic sum-

mary of the patterns discussed above).

In order to approach this, we did the following. We started with the results of the 

substrate depletion system that produces the set of three bands, established a thresh-

old on those bands, and added some noise to produce a set of three noisy bands 

shown in Fig. 5.8. We then used these as the initial conditions for the Swindale/

Young lateral inhibition program, using elliptical activator and inhibitor domains 

with the long axis of the ellipse parallel to the bands. This mechanism produces a 

pattern that develops over time and stabilizes into a system of spots or bands, deter-

mined by the relative strengths of activator and inhibitor, the relative sizes of the 

activator and inhibitor domains, and the aspect ratios of the activator and inhibitor 

ellipses.

Figure 5.9A illustrates some of the patterns that are produced by this simple 

 lateral inhibition system. These compare well to the idealized target patterns  

of the Micropterigidae, Trichoptera, Mecoptera, and Odonata shown in 

Fig. 5.7B. Figure 5.9B illustrates a typical model landscape from which the patterns 

in Fig. 5.9A are derived. Selection of different threshold levels in Fig. 5.9B can 

broaden the patterns and lead to fusion of bands.
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Fig. 5.7 (A) Diagrams of banded patterns from Figs. 5.3, 5.4, and 5.5. (B) Idealized patterns pro-

jected onto a rectangular grid as targets for modeling

Fig. 5.8 Modeling approach for banded wing patterns
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Fig. 5.9 Selected results from a lateral inhibition model approach based on Fig. 5.8: (A) thresh-

olded patterns, (B) example of surface of lateral inhibition results from which pattern thresholds 

are taken

5.9  Conclusion

Our comparative analysis suggests that symmetry systems, originally described as 

parts of the nymphalid ground plan (Schwanwitsch 1924; Süffert 1927; Nijhout 

1991), are phylogenetically ancient and can be found in dragonflies, the most basal 

insects that have color patterns on their wings. Symmetry systems are therefore 

likely to be the primitive color pattern of insects from which all other patterns are 

derived and thus may trace back to when the first winged insects evolved, some 350 

million years ago (Grimaldi and Engel 2005).

Mathematical modeling shows that a simple reaction–diffusion system can pro-

duce a stable pattern of three bands. Each band is a long ridge of morphogen, so 

depending on how thresholds are chosen, each band can be wide or narrow. Multiple 

thresholds can specify a system of pigment bands on each side of the ridge, which 

is characteristic of a symmetry system.
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Starting with such a banding system, we have shown that a lateral inhibition 

mechanism can break up a band into two self-symmetrical bands. Lateral inhibition 

can also produce a broad diversity of banding patterns, including partial bands that 

appear to emerge from the wing margin, bands that split, and new bands that inter-

calate between other bands.

The mathematical modeling shows that making three symmetry systems is sim-

ple, and thus provides circumstantial support for the comparative analysis that sug-

gests that such patterns are primitive. Modeling also suggests that a simple lateral 

inhibition system is sufficient to produce the banding and spotting patterns we find 

on wings today. Finally, our findings suggest that bands, not spots, are primitive. 

Rows of spots in the color pattern are most likely to arise when the system that gen-

erates bands becomes bounded and compartmentalized by wing veins.
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Chapter 6

Snail Coiling: CRISPR Editing of a Single 
Gene Turns Righties into Lefties

Reiko Kuroda

Abstract Most animals are symmetric externally but chiral internally. Body-plans, 

including chirality, are genetically determined, and thus the molecular processes of 

body-plan establishment are a critically important aspect of “chiromorphology,” a 

research concept that uses chirality to link microscopic phenomena to the macro-

scopic morphology. We chose to investigate the body-plan of the freshwater snail 

Lymnaea stagnalis as the organism possesses several unique characteristics not 

found in other animal phyla. Remarkably, by CRISPR/Cas9 genome editing, we 

could show that snails carrying a homozygous frameshift mutation in the lsdia1 

gene produced sinistral snails over many generations, despite having an otherwise 

entirely dextral genetic background. Thus, we could prove that this formin-related 

gene alone determines handedness. Dia proteins are involved in actin polymeriza-

tion and are present in all eukaryotes. In L. stagnalis, chirality is destined by the 

maternal Lsdia1 gene already translated by the undivided egg stage. This informa-

tion is transmitted within and between cells, leading to organismal chirality by con-

trolling the expression site of nodal, the important gene for controlling chirality in 

vertebrates. Using L. stagnalis, we hope to elucidate the molecular mechanisms of 

chirality determination during development that are either universal or specific for 

vertebrate or invertebrate species.

Keywords Chirality · Chiromorphology · Left–right symmetry · Snail coiling · 

L. stagnalis · CRISPER/Cas9 · Actin assembly · Blastomere
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6.1  Introduction

Chirality (also known as handedness) is a geometric property of objects that are 

mirror images of each other but cannot be superimposed upon one another. In the 

biological world, chirality is observed at all levels of hierarchy, from molecules to 

cells, organs, and then to individual organisms. At the molecular level, the biologi-

cal world is totally homochiral and all living organisms on Earth use molecules of a 

unique invariant handedness, i.e., only D(dextro)-deoxyribose in DNA and D-ribose 

in RNA, as well as L(levo)-amino acids in proteins/peptides. At the macroscopic 

level, most animals appear symmetric externally, but exhibit chirality within the 

body cavity, as exemplified by the arrangement of visceral organs and their twisted 

morphology. If the asymmetric arrangement and morphology are not maintained, 

the organs cannot function normally and may cause serious symptoms, as is the case 

in situs ambiguus or heterotaxy. Situs inversus, where the laterality of all organs is 

completely reversed in a mirror image, occurs in about 1 person in 10,000, but most 

people have no medical symptoms or complications, because the relationship 

among organs is not changed. As the body-plan including chirality is genetically 

determined by intricate molecular interactions between genes and proteins, the 

cause of situs inversus may be elucidated at the molecular level. Similarly, the 

molecular process by which the body-plan is established from the fertilized egg 

stage onward is an excellent research subject for studying “chiromorphology,” 

which is a research concept that uses chirality to connect macroscopic and micro-

scopic phenomena across hierarchy in both the biological and non-biological 

domains (Kuroda 1999).

The body-plans of most bilaterians are composed of three axes: anterior–poste-

rior (A–P), dorsal–ventral (D–V), and left–right (L–R) axes. The A–P axis is essen-

tial in defining polarity in bilaterian animals, providing orientation to the organism. 

Because the front of the body encounters the environment before the rest of the 

body, sensory organs connected to a central nervous system such as eyes tend to 

develop there (Finnerty 2005). The D–V axis runs perpendicular to the A–P axis; 

typically, the central nervous system is positioned dorsally in the deuterostome 

branch of bilaterians, and ventrally in the protostome branch. These axes are geneti-

cally established early in development, but not pre-patterned in the egg, which often 

has a distinct set of patterning cues that function initially along the animal–vegetal 

(A–V) axis. The A–V axis is the primary axis of polarity in animal eggs and early 

embryos, extending from the nutrient-poor, active animal pole to the yolk-rich, less 

active vegetal pole, which is established during oogenesis. As development pro-

ceeds, the A–V axis is transformed, and additional axes are added such that ulti-

mately the definitive A–P, D–V, and L–R axes are established. These morphogenetic 

events are well-understood at the molecular and cellular levels in several deutero-

stomes (e.g., sea urchins, ascidians, vertebrates; Munro et al. 2006, Range 2014, 

Durston and Zhu 2015) and ecdysozoans (e.g., arthropods, nematodes; Rose and 

Gönczy 2014, Ma et al. 2016), but in the Spiralia/Lophotrochozoa, the third major 

branch of bilaterians, few studies have documented even the basic morphogenetic 

events involved in this transformation (Iwata 1985; Smith et al. 1996; Maslakova 
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et al. 2004; Martín-Durán et al. 2016; Lyons and Henry 2014; Lyons et al. 2017). 

The Spiralia are a large, morphologically diverse group of protostomes (e.g., mol-

lusks, annelids, nemerteans) that share a homologous mode of early development 

called spiral cleavage.

In contrast to these well-characterized A–P and D–V axes, which define a dichot-

omy of biological and physical properties, the L–R axis has essentially no func-

tional distinction. During development, the A–P axis always precedes the D–V axis, 

while the L–R axis is established last. The left–right (LR) symmetry-breaking steps 

appear markedly different between vertebrates and invertebrates. For vertebrates, 

there is general agreement that LR asymmetry is determined by leftward fluid flow, 

called nodal flow, across the embryonic midline at a late development stage, and the 

flow is caused by motile cilia (Nonaka et al. 1998, 2002; Okada et al. 2005; Shiratori 

and Hamada 2006; Hirokawa et  al. 2006). This flow is sensed by immotile cilia 

through mechanical sensing or chemical transport, and triggers Nodal expression 

only on the left side of the embryo. This is reinforced by Lefty and Pitx2 expression 

(Hamada 2020). Before cilia form, ion fluxes (e.g., H+/K+ ATPases) and membrane 

potential differences across the L–R axis have been observed in frogs and chicks 

(Levin 2021). These may bias cilia orientation or gene expression, suggesting an 

upstream symmetry-breaking layer. It has also been shown that the cytoskeleton 

(comprising actin filaments and microtubules) possesses an intrinsic chirality that 

can drive left–right asymmetry independently of, or prior to, cilia formation, as 

observed in vertebrates such as frogs and chicks (Inaki et al. 2024). In invertebrates, 

studies have been carried out in Drosophila, Ascidians, Caenorhabditis (C.) ele-

gans, and mollusks among others. Unconventional type I myosin and the Gα protein 

GPA-16 are reported to regulate the spindle orientation in Drosophila and C. ele-

gans, respectively (Bergmann et al. 2003; Hozumi et al. 2006; Spéder et al. 2006). 

Other mechanisms involving cellular polarity, gap junctions, and (H+/K+) ATPase 

activity have been proposed as potential initial symmetry-breaking steps (Levin 

et al. 1995; Adams et al. 2002; Levin and Palmer 2007; Vandenberg and Levin 2009).

It is unclear how organisms have acquired diverse mechanisms for determining 

left–right symmetry during evolution (Vandenberg and Levin 2013; Blum et al. 2014; 

Coutelis et al. 2014, and references therein). Also poorly understood is the initial step 

that determines LR asymmetry and how this chirality information is transmitted to 

determine subsequent body formation in both vertebrates and invertebrates. It turns 

out that mollusks have proven to be an attractive system in which to address these 

fundamental questions. This chapter describes studies conducted primarily by my 

research group that have elucidated the remarkable chiromorphogenesis of the fresh-

water snail L. stagnalis from the fertilized egg stage to the adult organism.

6.2  The Advantages of Studying L. stagnalis

We have chosen to study mollusks and especially L. stagnalis, as they possess the 

following unique characteristics not found in other organisms that make for an ideal 

system for research on chiromorphology:
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 1. The body of most animals is bilateral externally but chiral internally. However, 

the chirality of snails is manifested not only internally but also externally in the 

easily observable directionality of shell coiling. Thus, it is advantageous to study 

snails. A correlation between the chirality of the spiral cleavage of the blasto-

mere and the directions of shell coiling was reported in 1894 based on observa-

tions of the sinistral Physa (P.) heterostropha and dextral L. columella (Crampton 

1894). By contrast, in other systems such as Drosophila, it is necessary to check 

the rotation direction of genitalia and hindgut.

 2. Whereas animals within a phylum generally adopt the same chirality, gastropods 

are unique wherein ca. 90% of species are dextral and 10% sinistral. Furthermore, 

the genus Lymnaea is dimorphic with 98% dextral and 2% sinistral within a spe-

cies. Mirror-image pairs within the species serve as perfect internal controls in 

the study of chiromorphogenesis.

 3. Lymnaea are hermaphrodites and reproduce by both self-fertilization and sexual 

interaction with a partner. This feature facilitates the breeding of strains with 

specific genotypes.

 4. The body chirality of animals is determined genetically. The unique hereditary 

attributes of Lymnaea were recognized in 1923 when Boycott and Diver reported 

the inheritance of sinistrality in L. peregra by breeding sinistral and dextral indi-

viduals in the laboratory (Boycott and Diver 1923). Sturtevant interpreted the 

results and proposed a much simpler Mendelian model of maternal inheritance, 

which is the first clear example ever reported of chromosome-dependent mater-

nal inheritance (Sturtevant 1923). Stimulated by Sturtevant’s hypothesis, Boycott 

et al. performed extensive breeding experiments on L. peregra, with 6000 broods 

and over a million snails, and published an 81-page paper with substantial sup-

plemental data (Boycott et al. 1930). They proposed that chirality is determined 

by a handedness-determining gene, but their concept of a gene was that in the old 

Mendelian sense, as their work was carried out before the discovery of DNA as 

the hereditary material (Avery et al. 1944; Hershey and Chase 1952) and its dou-

ble helical structure (Watson and Crick 1953).

Except for work by Meshcheryakov and Beloussov (1975), and  Meshcheryakov 

(1990), L. stagnalis had not been studied as much as L. peregra, However, we chose to 

use L. stagnalis in our chiromorphogenesis studies as our preliminary work had shown 

simple inheritance for L. stagnalis compared with L. peregra. Moreover, the size of the 

egg masses and the number of eggs per egg mass are much larger for L. stagnalis.

6.3  Dominant Dextral and Recessive Sinistral Embryos 

within a Species Are Not Mirror Imaged 

at the Third Cleavage

In Lymnaea, significant chirality is observed at the third spiral cleavage (i.e., from 

the 4-cell to the 8-cell stage) as a rotation direction of micromeres with respect to 

the mother macromeres, as described by Crampton (1894). Many textbook 
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illustrations show mirror-image relationships throughout development for a pair of 

sinistral and dextral snails, which are drawn as mirror-images of each other. In fact, 

a mirror- image relationship was not observed for the dextral and sinistral pair of 

dimorphic L. stagnalis in terms of temporal and spatial cytoskeletal dynamics dur-

ing the third cleavage (Shibazaki et al. 2004). For dextral embryos, a helical defor-

mation of the blastomere was observed at the animal hemisphere in metaphase to 

anaphase as indicated by the white arrows in Fig. 6.1a(ii) right, and consequently, 

the new micromeres necessarily bud off dextrotropically from the mother macro-

meres (Fig. 6.1a(iii) right). The “spiral deformation (SD)” is similar to that described 

by Meshcheryakov and Beloussov (1975). In marked contrast, no SD occurs in 

sinistral embryos, and each blastomere presents a symmetrical shape (Fig. 6.1a(ii), 

(iii) left). The new micromeres emerge almost directly above the paired macromeres 

along the A–V axis. The sinistral embryos do not show any helicity until furrow 

ingression, when new micromeres rotate levotropically.

Fig. 6.1 Microscopic images and schematic diagrams illustrating cell division orientation and 
developmental stages in sinistral and dextral snail embryos. Panel (a) shows immunofluorescence 
images of cells stained for beta-tubulin (red) and filamentous actin (green) at the prometaphase, 
metaphase-anaphase, and telophase stages of the third cleavage (4–8-cell stage), comparing sinis-
tral and dextral embryos viewed from the animal pole and lateral sides. Red arrows highlight 
spindle orientation. Panel (b) presents a schematic summary of cell cleavage patterns during the 
4-cell to 16-cell stages and adult shell coiling phenotypes, comparing sinistral recessive and dex-
tral dominant strains within a species, as well as another species with dominant sinistrality. The 
diagram indicates the presence or absence of spindle inclination (SI) and spiral deformation of 
blastomeres (SD), with arrows showing micromere rotation directionality relative to the mother 
macromeres. Colour-coded cells at the 16-cell stage represent cell lineages from the 4-cell stage
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Spindles are oriented horizontally in a random direction at prometaphase in both 

the dextral and the sinistral embryos (Fig. 6.1a(i)). By metaphase, spindles are fully- 

grown and oriented along the A–V axis. In the dextral embryos of L. stagnalis, 

spindles orient helically at metaphase, which becomes more substantial by ana-

phase (Fig. 6.1a(ii) right). In sinistral embryos, however, the spindles in metaphase–

anaphase are positioned radially, devoid of chirality, and almost along the A–V axis 

(Fig. 6.1a(ii) left). Thus, “spindle inclination (SI)” in metaphase–anaphase is a dex-

tral specific event. The non-mirror-image cytoskeletal dynamics was also observed 

in sinistral and dextral pairs of L. peregra (Shibazaki et al. 2004). Thus, the timing 

of chirality generation is different for the dextral and sinistral blastomeres within a 

species and not enantiomorphic. Interestingly, a mirror-image relationship of cyto-

skeletal dynamics was observed in pairs of different species, e.g., sinistral-only 

monomorphic P. acuta and dominant dextral L. stagnalis. Sinistral-only monomor-

phic P. acuta exhibits substantial SD and SI levotropically. Figure 6.1b summarizes 

the cytoskeletal dynamics of dextral and sinistral embryos within and across species 

(Shibazaki et al. 2004).

Detailed analyses of cytoskeletal dynamics revealed that micromere positions in 

the sinistral embryos of L. stagnalis are somewhat heterogeneous in terms of the 

direction and extent of the rotation angles relative to the mother macromeres: it 

shows anti-clockwise (ACW) but sometimes partial ACW (only some out of four 

micromeres rotated ACW), neutral (vertical), and partial clockwise CW (only some 

out of four micromeres rotated CW), as well as very rarely clockwise (CW). The 

proportion of sinistral embryos that develop into sinistral adult snails even with full 

ACW rotation is low compared with the dextral embryos with CW rotation, 48% vs. 

98%, respectively. These observations suggest different cleavage mechanisms may 

operate for the enantiomorphically-shaped snails within a species (with recessive 

and dominant chirality). Nevertheless, recessive sinistral strains of L. stagnalis exist 

in the wild and have been kept and propagated in laboratories over many years. SD 

and SI may provide robustness to the cleavage process.

6.4  Identification of the Handedness-Determining Gene

6.4.1  Positional Cloning

We carried out backcross breeding between dextral and sinistral inbred strains using 

the dextral animals as donor “fathers” and the sinistral animals as recurrent “moth-

ers.” The backcross F10 progeny (99.9% and 0.1% of the sinistral-derived and 

dextral- derived genome, respectively) indicated that dextrality is determined by a 

single gene or by genes at closely linked loci (Hosoiri et al. 2003; Kuroda 2014). 

Inhibition experiments using the actin depolymerization agent latrunculin A showed 

a concomitant absence of SD and SI, although the spindle assembly and the mitotic 

process themselves appeared unchanged. Inhibition of spindle assembly in dextral 
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embryos by the microtubule depolymerization agent nocodazole resulted in even 

more pronounced SD than in untreated embryos. These experiments clearly show 

that actin polymerization is responsible for dextral-specific SD, and SI is a conse-

quence of SD (Shibazaki et al. 2004).

Using pure dextral and sinistral strains as well as the F10 backcrossed lines, the 

single handedness-determining gene locus was mapped by genetic linkage analysis, 

BAC cloning, and chromosome walking (Kuroda et al. 2016). Thirteen of the 15 

genes in the region containing the handedness-determining gene(s) could act with 

maternal effect, out of which five actin-related genes were selected for study, namely 

homologous to fat, mycbp2, fry, dia1, and dia2 (Fig. 6.2a). The full-length cDNA of 

these candidate genes of both dextral and sinistral strains was cloned, and their 

sequences were compared. A homozygous single-nucleotide deletion in exon 3 of 

Lsdia1 was revealed in the sinistral strains (Fig. 6.2b), whereas the other genes did 

not show any critical mutations that affect evolutionary conserved amino acids 

Fig. 6.2 Diagram with three panels illustrating genetic and protein structure related to snail hand-
edness. Panel (a) shows a schematic of 15 candidate genes for determining snail handedness, with 
maternally expressed genes labeled in red. The gene structure diagram of Lsdia1 below highlights 
its exon-intron layout and a mutation site labeled c.184delC (p.Leu62Serfs*24). Panel (b) presents 
DNA sequencing chromatograms comparing dextral (+/+) and sinistral (-/-) genotypes at the muta-
tion site, showing nucleotide peaks and the deletion indicated by an arrow. Panel (c) depicts the 
schematic protein domain structures of LsDia1 and LsDia2 isoforms for dextral and sinistral 
L. stagnalis, with coloured blocks representing domains: GBD (red), DID (yellow), DD (green), 
FH1 (light blue), FH2 (blue), and DAD (purple). In the sinistral snails, LsDia1 is truncated at 
amino acid 85 as a result of a frameshift mutation at amino acid 61, but it possesses the same 
LsDia2 as dextral snails. LsDia1 and LsDia2 share 89.4% homology
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within the protein coding sequences. Thus, Lsdia1 was the strongest candidate gene 

for handedness determination (Kuroda et al. 2016).

There are tandemly duplicated genes, Lsdia1 (3261 bp and 1087 amino acids) 

and Lsdia2 (3297  bp, 1099 amino acids), and the protein products have 89.4% 

amino acid homology. In the sinistral strains, both Lsdia1 alleles carry a 184delC 

deletion that results in a frameshift after amino acid 62 (p.Leu62Serfs*24) and a 

premature termination at amino acid 85 in the Lsdia1 mRNA (Fig. 6.2c). Lsdia2 is 

expressed maternally in both dextral and sinistral snails (Kuroda et al. 2016).

A paper by Davison et al. (2016) was published just before ours and describes the 

same gene as associated with LR asymmetry (their Ldia2 = our Lsdia1); however, 

their DNA sequences of these genes, results of molecular biology work, and the 

conclusions are different from ours.

6.4.2  CRISPR/Cas9 Genome Editing

At this stage, Lsdia1 was still just a candidate for the handedness-determining gene. 

Other genes in other genomic regions may be involved. Therefore, techniques were 

developed to knock out a particular gene using CRISPR/Cas9 (Abe and Kuroda 

2019) and ex-Ovo culture (EOC) of the manipulated embryos to healthy fertile 

adults (Kuroda et al. 2009; Abe and Kuroda 2019). Genome editing in mollusks is 

known to be more difficult than in other phyla, and at the time, no successful editing 

had yet been reported. A single-guide RNA was designed in the FH1 region of 

Lsdia1 as that is the very rare site where the base sequences of Lsdia1 and Lsdia2 

can be distinguished. gRNA and Cas9 mRNA were injected into the dextral strain 

eggs at the 1-cell stage, and the embryos were carefully raised to adult F0 snails. 

Adult snails were self-fertilized to produce the F1 generation, and F1 were individu-

ally bred, and their genotype was determined.

Remarkably, analysis of many thousands of offspring from each F1 lineage 

clearly showed that F1 snails with a homozygous knockout mutation (e.g., del5/

del5, del13/del17) produced sinistral snails in the otherwise totally dextral genetic 

background. By contrast, snails with biallelic non-frameshift mutations (e.g., del57/

del57) or with heterozygous knockouts where one of the alleles possesses no muta-

tion (wt) or a non-frameshift mutation (e.g., wt/del5, del3/del10) produced only the 

dextral F2 generation (Fig. 6.3a). Clearly, the genetic chirality control introduced by 

the CRISPR/Cas9 at F0 is stably inherited and continues generation after genera-

tion. This finding has now been verified up to the F20 generation. Thus, Lsdia1 is 

the handedness-determining gene sought for over a century. No gene editing 

occurred in Lsdia2, and off-target effects are unlikely judging from the results of 

several independent genome editing experiments (Abe and Kuroda 2019).
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Fig. 6.3 CRISPR/Cas9 genome editing of Lsdia1. Panel (a) is a bar chart showing the distribution 
of offspring (F2) phenotypes for each F1 genotype (shown at the bottom of the bar chart), includ-
ing wild-type, Dex(+/+) and Sin (−/−), control (snail 11), and non-edited F1 (snails 1, 4, and 9). 
The total number of embryos studied (n) is shown at the top of the bar graph. D in a red circle and 
S in a blue circle indicate dextral and sinistral snails, respectively. Four phenotype categories are 
colour-coded: dextral juvenile (red), sinistral juvenile (blue), abnormal embryo (green), and 
arrested before late veliger (grey). Panel (b) shows the presence/absence of LsDia1 protein during 
the development of the wt sinistral and dextral snails as determined by Western blotting analyses 
of LsDia1. Panel (c) shows the presence/absence of LsDia1 in the genome-edited F2 embryos for 
each representative genotype of F1 at the stage prior to 1st pb extrusion. (Taken from Abe and 
Kuroda 2019)

6.4.3  Perfect Correlation Between the Maternal Genotype 

and the Presence/Absence of LsDia1 Protein

Although the amino acid sequences of LsDia1 and LsDia2 are very similar, a spe-

cific anti-LsDia1 antibody was generated by targeting the LsDia1-specific sequence 

in the C-terminal region. Western blot analyses showed that LsDia1 protein was 

completely absent in sin (−/−), whereas the protein was present in dex (+/+) cells 

from oviposition to the late blastula stage (Fig. 6.3b). This protein is already present 

before the first polar body (pb) extrusion, indicating that the gene is translated in the 

oocyte, consistent with the observation of chiral twisting of embryos at the first 

cleavage (see Sect. 6.5.1). The evidence that Lsdia1 is the handedness-determining 

gene was further strengthened by Western blot analyses of each F1 genotype of 

Lsdia1 knockouts. There was a perfect correlation between the maternal genotype 
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and the presence/absence of the protein in the 1-cell embryos immediately after 

oviposition (Fig. 6.3c).

6.5  LsDia1 Dictates Cleavage Patterns and nodal Expression

6.5.1  Cleavage Pattern Is Controlled by Lsdia1 

from the First Cleavage

To address the question of when chirality first appears during development, we 

investigated the cytoskeletal dynamics in detail. Embryos treated with trypsin, 

which reduces the tension of the vitelline membrane, exhibited substantial dynamic 

chirality during the first cleavage (1-cell to the 2-cell stage). The chirality is mirror- 

image (ACW or CW rotation) depending on the maternal Lsdia1 genotype. The 

observation indicates that the single-fertilized egg carries intrinsic left or right chi-

rality information already at that stage, which is controlled by the presence or 

absence of LsDia1 protein. This is the earliest observed symmetry-breaking event 

linked directly to body handedness in the phyla of the animal kingdom.

The third cleavage patterns in which chirality is easily observable without trypsin 

treatment demonstrated that the progeny of F1 with biallelic non-frameshift mutants 

and heterozygous knockouts (where one of the alleles is wt or possesses a non- 

frameshift mutation) exhibited CW rotation with SD and SI, just like the wild-type 

dextral strains, even with up to a 57-base pair deletion in both alleles. By contrast, 

the offspring of F1 snails with homozygous frameshifted Lsdia1 knockouts exhib-

ited cleavage patterns such as the wild-type (−/−) sinistral embryos, i.e., mostly 

ACW, but sometimes partial ACW, neutral, and rarely partial CW and CW, with no 

SD/SI (Abe and Kuroda 2019).

6.5.2  Sites of nodal and Pitx Gene Expression Are Reversed 

in Lsdia1 Knockouts, Resulting 

in Mirror-Imaged Animals

In vertebrates and in some invertebrates, chiromorphogenesis at the organismal 

level is achieved by asymmetric expression of nodal and Pitx genes. The Nodal 

pathway was found in gastropods in the sinistral snail Biomphalaria glabrata and 

the dextral snail Lottia gigantea (Grande and Patel 2009), and in dextral and sinis-

tral strains of Lymnaeids (Kuroda et al. 2009). In L. stagnalis, nodal expression was 

first detected as early as cell stages 33–49  in a specific blastomere destined to 

develop into ectoderm, on either the right or the left side, for the sinistral and dextral 

L. stagnalis, respectively (Fig. 6.4a, left). At the late trochophore stage, nodal is 

expressed in the left or right lateral ectoderm, near the left or right side of the devel-

oping shell (Fig. 6.4b, left).
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Fig. 6.4 CRISPR/Cas9-mediated gene knockouts show mirror-image expression patterns of nodal 
and Pitx. (a) Whole-mount in situ hybridization at the 49-cell stage for nodal and at the 64-cell 
stage for Pitx for the gene-edited F1 snails as well as wt (−/−) and (+/+). Vegetal view (top) and 
DAPI (4′,6-diamidino-2-phenylindole) staining to confirm the orientation and the developmental 
stage of the embryos (bottom). The midline goes between M1 and M2 cells and connects 2b22 and 
2d22 cells. Scale bars: 50 μm. (b) nodal and Pitx expression patterns at the late trochophore stage. 
Dorsal view (top) and posterior view (bottom). The sites of asymmetric expression are indicated 
by the blue arrowhead (cephalic ectoderm), the yellow arrowhead (lateral ectoderm near the shell 
gland), and the red arrowhead (posterolateral ectoderm). Sg, shell gland. Scale bars: 50 μm. (Taken 
from Abe and Kuroda 2019)

Similarly, Pitx is expressed asymmetrically in the left or right regions of the 

posterior and lateral ectoderm, in the stomodeum, and in the visceral mass for sinis-

tral and dextral L. stagnalis, respectively (Fig.  6.4a, right). The gene expression 

continued toward the late developmental stage when asymmetrical morphology was 

noticeable, and the shell had started to develop (Fig.  6.4b, right) (Kuroda 2014; 

Kuroda et al. 2016).

Homozygous knockout embryos produced by the gene-edited F1 snails exhibited 

nodal and Pitx gene expression patterns that were complete mirror images of the 

original dextral embryos, whereas expression in heterozygous knockout snails was 

just like the wild-type dextral embryos (Fig. 6.4a, b) (Abe and Kuroda 2019). Thus, 

nodal and Pitx expression patterns are also controlled by Lsdia1.
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6.6  Mechanogenetics: Creation of Mirror-Image Animals 

by Micromanipulation

The third cleavage is the most prominent, with substantial CW and ACW rotation of 

the micromeres for the dextral and the sinistral snails, respectively. Amazingly, at 

this stage, if the micromeres were gently pushed with two thin glass rods under a 

microscope to reverse the direction of rotation, mirror-image snails, i.e., situs inver-

sus, were born (Kuroda et al. 2009). After the blastomere compaction, the artifi-

cially dextralized (or artificially sinistralized) embryos at the third cleavage 

underwent the fourth cleavage in the opposite sense to that determined genetically, 

keeping the alternate rotation direction in successive spiral cleavages. This manipu-

lation reversed the nodal and Pitx expression patterns, and as a result, these manipu-

lated embryos grew to “dextralized” sinistral and “sinistralized” dextral snails, i.e., 

healthy fertile situs inversus organisms. Their offspring, however, adopted the origi-

nal genetically-determined chirality as is expected, since their genomes had not 

been manipulated (Kuroda et al. 2009). Similar mechanical reversal of blastomere 

dynamics during the second cleavage resulted in situs solitus, as the blastomere 

arrangement that was artificially reversed at the 4-cell stage returned to its normal 

arrangement at the 8-cell stage. After the third cleavage, embryonic chirality could 

not be mechanically altered. This indicates that chirality, whether genetically deter-

mined or artificially manipulated, is permanently fixed at the 8-cell stage, and the 

subsequent chiromorphogenesis proceeds using the chiral information established 

at this stage (Kuroda et al. 2009). This handedness-determining process was also 

found in other snail species. For example, when we performed a similar manipula-

tion on the monomorphic sinistral-only P. acuta, dextral snails were born, which are 

not found naturally in the wild (Abe et al. 2014).

The mechanical micromanipulation at the third cleavage did not move the micro-

mere 1c to the other side of the midline, but it altered the nodal expression site (first 

expressed at cell 2c12) to the mirror-image site, and resulted in situs inversus (Kuroda 

et al. 2009). This indicates that the identity of A or C (blastomeres at the 4-cell stage 

are named as A to D) seems not yet specified at the 4-cell stage, and later cell-cell 

interactions play an important role in cell fate determination (Kuroda 2015). 

Mechanical treatment of C. elegans at the 6-cell stage produced chirality-reversed 

animals (Wood 1991). This also suggests that in the 6-cell embryo stage, the pair of 

anterior (AB) blastomeres on the right is equivalent to the pair on the left. In C. ele-

gans, spindle orientation seems to be the key in LR determination (Bergmann et al. 

2003). In L. stagnalis, orthologues of the cell-polarity-related protein Par6 (parti-

tioning defective 6) and its functional partner aPKC (atypical protein kinase C) 

were found to bind to the mitotic spindles; however, the identical sequence and 

localization of LsPar6 in the dextral and the sinistral snails exclude the possibility 

of the gene being the primary determinant of handedness (Homma et al. 2011).

The handedness-determining pathway of L. stagnalis starting from the fertilized 

egg stage to the adults and the next generation is summarized in Fig. 6.5.
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Fig. 6.5 Diagram illustrating the determination of body handedness in snails through cellular and 
genetic mechanisms. The left side represents sinistral (recessive) snail development without 
LsDia1, and the right side shows dextral (dominant) snail development with LsDia1. The process 
begins before the one-cell stage, progresses through two-cell metaphase, four-cell, metaphase, 
telophase, and reaches the eight-cell stage, with corresponding changes in cell twisting direction 
and blastomere arrangement. The developmental stages continue through late trochophore, juve-
nile snail, adult snail, and next generation.  The eight-cell blastomere configuration influences 
asymmetric expression of nodal and Pitx genes, which determine body handedness. The diagram 
also notes that handedness control shifts from intracellular to intercellular mechanisms at the 
eight-cell stage. The thick red or green arrows indicate the process of artificial mechanical manipu-
lation during the third cleavage and the consequent development towards the adult and then to the 
next generation. Red arrows show the sinistralization of dextral embryos and green arrows the 
dextralization of sinistral embryos. The artificially dextralized (or artificially sinistralized) embryos 
at the third cleavage reversed the nodal and Pitx expression patterns and grew to healthy fertile 
“dextralized” sinistral and “sinistralized” dextral snails, i.e., situs inversus organisms, overwriting 
the presence/absence of LsDia1. Their offspring adopted the original genetically-determined chi-
rality as shown by dotted arrows (Kuroda et al. 2009). Accompanying text summarizes six key 
points about the genetic and cellular basis of handedness determination

6.7  Structure and Functions of the Dia Proteins

6.7.1  Structure of Dia Proteins

Diaphanous-related Formin homology proteins (Dia) control the elongation of actin 

filaments and are essential for cell division and the formation of cell polarity. They 

are widely present in eukaryotes. Dia protein is a large protein, consisting of six 

conserved domains: Rho GTPase-binding domain (GBD), diaphanous inhibitory 
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domain (DID), dimerization domain (DD), formin homology 1 domain (FH1), for-

min homology 2 domain (FH2), and diaphanous autoregulatory domain (DAD) 

(Fig.  6.2c). Dia interacts with various proteins through their respective specific 

domains. It operates as a dimer formed via the DD dimerization domain (Fig. 6.6a).

The structural studies of Bni1 of S. cerevisiae (Moseley et al. 2004), mDia1 of 

mouse (Rose et al. 2005; Otomo et al. 2005; Nezami et al. 2006; Shimada et al. 

2004), and of human Daam1 (Lu et al. 2007; Yamashita et al. 2007) have revealed 

partial structures, including the DID/FH2-DAD, GBD-DID-DD/RhoC-GTP com-

plexes, DID-DD-partial coiled coil substructure, and FH2 substructure. Structural 

analysis of the entire protein using cryo-electron microscopy revealed the overall 

architecture (Maiti et al. 2012) (Fig. 6.6b) and the mechanisms of actin polymeriza-

tion (Chou and Pollard 2019). The FH1 domain is too flexible to yield a three- 

dimensional structure by conventional structural analyses.

Fig. 6.6 Diagram illustrating the structure, function, and mutation effects of Diaphanous-related 
formin proteins. Panel (a) shows a schematic diagram of the domains of the mouse mDia1 protein, 
including GBD, DID, DD, FH1, and FH2, and their interactions with molecules such as GTPase, 
β-catenin, profilin, actin, and microtubules. The protein regulates cytoskeletal dynamics in its 
dimerized form. Panel (b) illustrates the protein in autoinhibited and activated states, highlighting 
the role of Rho, lipids, and NPFs in activation (modified from Maiti et al. 2012 with permission). 
Panel (c) presents a sequence alignment of two protein variants, LsDia1 and LsDia2. FH1 is char-
acterized by four PP (polyproline) sequences, PP-1 to PP-4. The results of CRISPR/Cas9 genome 
editing are shown with the PAM (Protospacer Adjacent Motif) site. The sites of non-frameshift 
deletion which produced dextral snails, i.e., del 3, del 7+ins1, del 21 and del 57, are shown above 
the sequence. The homozygous frameshift mutation, del 5, resulted in approximately 50 incorrect 
amino acid residues in the C-terminal side of the FH1 domain and 10 incorrect amino acid residues 
at the N-terminal side of the FH2 domain followed by a stop codon (shown as a dot) and produced 
fertile sinistral snails. Panel (d) shows hypothetical structures of a homodimer of frameshift mutant 
LsDia1(i) and of a heterodimer of mutated LsDia1 and LsDia2 (ii)
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FH1 is characterized by a PP (poly proline) sequence or proline-rich motifs 

(PRMs) that capture the profilin (the G-actin–binding protein)–actin complex and 

transport it directly to the barbed end of F-actin (Pollard 2011), thereby greatly 

enhancing ATP–actin assembly at the FH2-bound filament tip (Kovar et al. 2006; 

Mizuno et al. 2011). Computer modeling of the FH1 domain suggests that it com-

prises a PP region with a rigid helical structure interspersed with flexible segments 

(Horan et al. 2018). FH2 consists of about 400 amino acids and forms a ring-shaped 

dimer that binds around the barbed end of F-actin (Fig. 6.6a, b). FH2 at the barbed 

end elongates the assembling actin filament in a processive manner (Pring et  al. 

2003; Higashida et al. 2004).

Dia proteins adopt a self-inhibitory structure through interaction between the 

N-terminal DID domain and the C-terminal DAD domain within the same molecule 

(Fig.  6.5b). This structure sterically controls the functions of the FH1 and FH2 

domains, which are involved in the regulation of actin polymerization and microtu-

bule architecture (Nezami et al. 2006; Maiti et al. 2012). The binding of small Rho- 

GTPase to the GBD domain, or the binding of NPFs (nucleation promoting factors) 

to DAD, disrupts the interaction between DID and DAD and allows the protein to 

adopt an active conformation (Fig. 6.6b).

6.7.2  Difference in LsDia1 and LsDia2 Structures

The amino acid sequences of LsDia1 and LsDia2 proteins are very similar and the 

differences are concentrated in the FH1 domain. There is also a slight difference in 

the C-terminal region. LsDia2 FH1 has more PP regions than LsDia1 FH1. There 

are four PP regions in LsDia2: PP-1, PP-2, PP-3, and PP-4 consisting of 11, 14, 11, 

and 8 consecutive prolines, respectively. However, in LsDia1, PP-2 and PP-4 are 

shorter (7 and 3 consecutive Ps instead of 11 and 8 in the PP-2 and PP-4 regions of 

LsDia2, respectively). There is  only one  region of two consecutive Ps (i.e., PP) 

instead of 11 consecutive Ps in the PP-3 of LsDai2. PP-1 is much the same, 10 vs. 8 

consecutive Ps in the LsDia1 and LsDia2, respectively (Fig. 6.6c) (Kuroda 2022).

On the other hand, there are hardly any differences in the FH2 domains of LsDia1 

and LsDia2 except for a minor change at the C-terminal side. These structural fea-

tures are common to L. stagnalis and L. peregra (Kuroda et al. 2016; Kuroda 2022).

6.7.3  Roles of the Dia Domains Revealed by our CRISPR/Cas9 

Genome Editing

The Lsdia1 gene knockout studies provided insights into the functions of LsDia1 

(Abe and Kuroda 2019, Kuroda 2022, 2023, to be submitted). The target sequence 

for CRISPR was designed for the FH1 domain and the mutations introduced in the 
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FH1 domain included del 3, del 21, del 57, del 7 + ins 1, del 4, del 5, del 10, del 13, 

del 17, and ins 1 (Fig. 6.6c).

Homozygous frameshift mutations resulted in approximately 50 incorrect amino 

acid residues in the C-terminal side of the FH1 domain and 10 incorrect amino acid 

residues at the N-terminal side of the FH2 domain followed by a stop codon and 

produced fertile sinistral snails. Namely, the genome editing with homozygous 

frameshift mutations produced LsDia1, which has a correct structure up to 35% of 

the FH1 domain (i.e., up to residue 517). This result indicates that all or part of the 

two-thirds of FH1 (C-terminal side)-FH2-DAD-C-terminal domains play a crucial 

role in realizing dextrality. As the truncated LsDia1 proteins have the DD domain, 

they may dimerize to form a homodimer of truncated LsDia1 (Fig. 6.6d, i) or a het-

erodimer with normal LsDia2 (Fig. 6.6d, ii). The frameshift mutants lost the DAD 

domain and thus the knockout products cannot form the autoinhibitory structure 

through the DID–DAD interaction.

In contrast, mutations that do not generate a frameshift, even with loss of 57 

bases (i.e., 19 amino acid residues corresponding to the deletion of complete PP-2 

and the portion before the PP-4) retained LsDia1 function and resulted in healthy 

dextral snails. This suggests that these regions, which have significant amino acid 

sequence differences between LsDia1 and LsDia2, are not directly responsible for 

the determination of handedness. The non-frameshift mutations may affect the 

polymerization rate (Kuroda 2022, 2023, to be submitted).

Sinistral snails produced by our gene editing of dextral snail embryos showed a 

higher ratio of abnormality than did the wild sinistral snail embryos during their 

development. Naturally occurring sinistral L. stagnalis snails have an early stop 

codon near the N-terminus, and thus even a short partial protein is not produced. 

The truncated LsDia1 with partial incorrect amino acid sequences created by the 

genome editing may cause toxicity.

6.7.4  Dia Proteins and SD/SI in Pond Snails

Snails that belong to the Lymnaeids, i.e., L. stagnalis and L. peregra, are dimorphic 

and exist in the wild as predominantly dextral (dominant) and minorly sinistral 

(recessive). Dextral snails have both type 1 and type 2 Dia proteins (LsDia1/LsDia2 

and LpDia1/LpDia2) and exhibit CW SD/SI followed by CW micromere rotation at 

the third cleavage. Sinistral only snails, P. acuta and Indoplanorbis (I.) exustus, pos-

sess only type2 Dia protein and exhibit ACW SD/SI followed by ACW micromere 

rotation.

Namely, for different opposite coiling snail species, i.e., dominant dextral dimor-

phic snails and sinistral only snails, the cytoskeletal dynamics are mirror images of 

each other like their exterior outlook (Fig.  6.1b). Thus, it may be reasonable to 

assume that the directions of SD/SI and micromere rotation are coupled and man-

aged by the same mechanism. Does this mean that LsDia1 determines the dextral 

cytoskeletal dynamics?
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However, recessive sinistral snails of Lymnaeid show no SD/SI but micromeres 

predominantly rotate ACW (Kuroda et al. 2016), indicating that micromere rotation 

and SD/SI are independent. It is intriguing how sinistral L. stagnalis rotates levo-

tropically after the non-chiral emergence of micromeres. Study on the minor reces-

sive sinistral snail has revealed the complex nature of the cytoskeletal dynamics 

involved.

Type 1 and 2 Lsdia genes are tandemly repeated and exhibit 89.4% amino acid 

homology. Therefore, one of them is presumably derived from the other during 

evolution. These proteins probably have overlapping roles, but at the same time, 

they must have specialized functions. A recent molecular phylogeny study of dia 

genes in gastropods claims that duplication or loss of dia does not play a primary 

role in reversal evolution based, in part, on the overstatement that reversed L. stag-

nalis barely survive to the veliger stage (Noda et al. 2023). In fact, sinistral snails 

that lack Lsdia1 exist in the wild. Sinistral snails produced by knocking out the 

Lsdia1 gene in dextral L. stagnalis show a higher rate of abnormalities during devel-

opment but are not lethal and reproduce for many generations (Kuroda et al. 2016, 

Abe and Kuroda 2019, Kuroda to be submitted). Clearly, further work is needed to 

define the roles of the type 1 and type 2 Dia proteins. Moreover, additional studies 

that include other snail species may lead to a greater understanding of the important 

and complex process of chiral evolution.

6.8  Prospects

We have demonstrated that the right-handedness of L. stagnalis is determined by a 

single formin-related gene, Lsdia1. Formin family proteins are actin polymerization 

nucleation promoters that are widely distributed in eukaryotes. The reason why the 

coexistence of two proteins, LsDia1 and LsDia2, which are 89.4% homologous, 

results in dextral snails, while the presence of LsDia2 alone results in sinistral snails 

is profound. We are currently examining the role of Lsdia2. Differences in the amino 

acid sequences of LsDia1 and LsDia2 are concentrated in the FH1 domain and not 

in other domains except for a slight difference in the C-terminal region. Genome 

editing revealed that partial loss of FH1 (without frameshift) makes no difference to 

chirality, and that all or part of the two-thirds of FH1 (C-terminal side)-FH2-DAD- 

C-terminal domains play a crucial role in achieving dextrality. Chirality information 

already established at the undivided egg stage is transmitted within and between 

cells and determines the chirality of individual organisms via controlling the expres-

sion site of the nodal gene, the important gene for chirality determination in verte-

brates. Using L. stagnalis, we hope to elucidate the molecular mechanisms of 

chirality determination that are common between or specific to vertebrate and inver-

tebrate species.
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Chapter 7

Morphospace Approaches to Evolution: 
Geometric and Developmental 
Considerations

Sylvain Gerber

Abstract Morphospaces are spatial representations of patterns of morphological 

variation. They have been of both conceptual and empirical importance in biology 

and paleobiology. Conceptually, morphospaces have fueled critical discussions 

regarding the structure of variation and the roles of natural selection, evolutionary 

constraints, and historical contingencies underlying this structure. Empirically, 

morphospaces have proven powerful quantitative tools to document and analyze 

morphological patterns in various research areas from population-level morphomet-

ric analyses to large-scale studies of clade dynamics. In this chapter, we review the 

diverse kinds of morphospaces encountered in morphological studies and the impli-

cations of their geometry for the interpretations of evolutionary patterns. We also 

show how the consideration of organismal development, for instance through the 

use of pattern formation models, suggests alternative morphospace representations 

favoring evolutionary accessibility over morphological similarity as a criterion for 

organizing morphological variants.

Keywords Development · Evolutionary constraints · Morphometrics · 

Morphospace · Pattern formation · Morphogenesis

7.1  Introduction

In an important paper on the role of development in phenotypic evolution, Alberch 

argued that “Nature is not chaos, neither is it a boundless continuum of forms” 

(Alberch 1982). In other words, morphological variation in the natural world is 

characterized by order and discontinuities. Alberch then proceeded with a thought 

experiment on the spatial representation of this general morphological pattern. If 

one conceptualizes an abstract space capable of encompassing all the diversity of 
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forms encountered in nature—each one depicted as a point in this space—one 

would observe a markedly nonuniform distribution of biological forms: there would 

be noticeable hierarchically structured clusters of forms and empty (“non-occu-

pied”) regions in the space. This structured variation constitutes a foundational 

basis in systematics (the classification of species into a hierarchical taxonomic sys-

tem) and in discussions on the relative importance of internal and external factors in 

morphological evolution (e.g., Alberch 1982, 1989; Erwin 2007; Gould 2002; 

Maynard Smith et al. 1985; Wagner 2014; Wake and Larson 1987).

At this highest macroevolutionary level of morphological variation, the disparity 

of body plans renders impossible the construction of such a space, for lack of a suf-

ficiently general and accommodating morphometric framework (Gould 1991). In 

studies of particular morphological structures and at lower taxonomic levels, how-

ever, the notion of morphological space, or morphospace, becomes empirically and 

methodologically tractable. One of the earliest concrete examples of morphospace 

is found in the work of Raup with the morphospatial representation of the diversity 

of shell shapes of mollusks and brachiopods (Raup 1966). Raup revisited the semi-

nal work of earlier authors (e.g., Moseley 1838; Thompson 1942) to operationalize 

the quantitative characterization of the geometry of shell coiling using the logarith-

mic spiral model. His morphometric scheme allows the description of shell coiling 

geometry with three parameters and the depiction of possible shell shapes in a three- -

dimensional morphospace. Just as described by Alberch, the placing of real shell 

forms in this space revealed a strongly nonuniform distribution with more or less 

densely occupied regions and empty ones. This morphospace pattern has been used 

as a key example in discussions of developmental constraints and how such con-

straints might bias the direction of evolution through the restriction of morphologi-

cal variation exposed to natural selection (e.g., Maynard Smith et  al. 1985; 

McGhee 1999).

With the advent of morphometrics, the statistical analysis of form and morpho-

logical variation, the construction of morphospaces has become a well-established 

approach to analyze and visualize morphological patterns and address a variety of 

biological questions (Adams et al. 2004; Mitteroecker and Schaefer 2022). At the 

(macro)evolutionary level, morphospace analyses are, for instance, used to investi-

gate questions about morphological disparity, the spread and spacing of taxa in 

morphospace (e.g., Foote 1997; Hopkins and Gerber 2021; Wills 2001) and large- -

scale trends and modes of trait evolution (e.g., Collyer and Adams 2013; Hopkins 

2016; Hunt 2007; Stayton 2015). Implicit in these questions and their study with 

morphospace approaches is the idea that morphospaces possess geometric proper-

ties that adequately capture the empirical pattern and allow a meaningful represen-

tation of the biological and evolutionary concepts involved. In fact, many of the 

tools routinely used to explore morphospaces indicate that a metric structure is often 

assumed for morphospaces, regardless of the morphological descriptors used for 

their construction. Likewise, the visual depiction of a morphospace is often inter-

preted through the prism of Euclidean intuition. However, do all morphospaces 

encountered in biology and paleobiology actually possess metric structures? Can 

the visualization of morphospaces misguide biological interpretations? Are metric 
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topologies relevant to all research questions? The present chapter reviews the com-

mon types of morphospaces and discusses recent work in morphospace theory 

regarding these questions.

7.2  Affine and Euclidean Structures in Morphospaces

7.2.1  Theoretical Morphology

In mathematics, a space is defined as a set endowed with a structure establishing 

relationships among its elements. In biology and paleobiology, morphospaces are 

not usually defined in such a formal way but instead recognized from the type of 

morphological descriptors used to describe and distinguish morphological variants. 

These different kinds of morphospaces are generally visualized in the same way, 

however, with observed variants abstracted as points in a space of possible variants. 

The structure on this set is implicitly considered as some distance function—a mor-

phological distance—that quantifies the degree of morphological distinctness 

among variants.

In geometric morphometrics, the most widespread framework for morphological 

analysis, the shape distance between two variants described by configurations of 

landmarks is the Procrustes metric of Kendall’s shape spaces, and the geometry of 

these spaces is well-described and understood (Kendall et  al. 1999). However, 

Mitteroecker and Huttegger (2009) note that for many other morphospaces, a metric 

is assumed but is in fact not clearly defined nor necessarily definable. Typical 

instances of such cases occur in the field of theoretical morphology (McGhee 1999; 

Eble 2000). The field has been mostly developed in paleobiology, but it shares some 

of its goals with the work on pattern formation in mathematical and developmental 

biology. In theoretical morphology, a mathematical model simulates the shape of 

the biological structure of interest, and the model parameters are taken as descrip-

tors of the shape. The classic and most employed theoretical morphological model, 

both for its theoretical value and morphometric efficiency, is the shell coiling model 

of Raup mentioned in the introduction. It has given rise to numerous empirical 

applications and has motivated the proposal of many derived theoretical shell coil-

ing models (see Urdy 2015 for a review). If one approximates the shell apertural 

margin (peristome) as a circular generating curve revolving around and translating 

along a coiling axis as growth proceeds isometrically, each of its points draws a 

conchospiral. In a cylindrical coordinate system, the path of the center of this gen-

erative curve for n revolutions is given by:

 
r r e r ek k

0 0
1, ,cot

 

with r0, k > 0, 0 2, / , and θ ∈ [0, n2π]. Three parameters are extracted from 

the model to describe the shell shape: The expansion rate W = ek2π, corresponding to 
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the ratio of center radii one revolution apart; the translation rate T =  cot α, corre-

sponding to the ratio of the vertical over the horizontal shifts of the center one revo-

lution apart; and the distance of the generating curve from the coiling axis 

D = (r0 − R0)/(r0 + R0), where R0 is the radius of the generating curve measured at 

θ = 0. Any 3-tuple of values for these parameters generates a unique shell geometry 

and points to a unique location in Raup’s iconic cube (Raup 1966). How do we 

quantify the morphological dissimilarity between two shells in this space? As ratios 

of lengths, the three parameters are dimensionless quantities. They also widely dif-

fer in their ranges of possible values. The parameter D is bound to the unit interval 

while W and T have no theoretical upper bounds. Because these parameters are 

incommensurate, there is no natural inner product that can be defined to equip the 

morphospace. As a consequence, there is no notion of distance and direction in the 

morphospace, and its historical portrayal as a three-dimensional space with orthog-

onal coordinate axes is arbitrary. Any alternative scaling and orientation of the axes 

is equally valid and may yet suggest a very different picture of the morphological 

pattern. The problem is exemplified in Fig. 7.1, which focuses on the D − W plane 

of Raup’s space, i.e., the subspace of planispiral coiling geometries (T = 0), which 

includes the shells of most cephalopods (ammonoids, nautiloids). Figure 7.1a illus-

trates the distribution of Paleozoic ammonoid genera (data from Saunders et  al. 

2004) with the scales and angle among the parameter axes following Raup’s origi-

nal depiction (Raup 1967). Devoid of inner product, the morphospace only exhibits 

an affine geometry. It is easy to intuit from the figure that changing the scales and 

angles between W and D can radically alter our perception of closeness of morpho-

logical variants and of the relative proportion of occupied vs. unoccupied regions of 

morphospaces. This perceptual bias emerges from our natural tendency to attach 

Euclidean properties to pictorial representation of spaces (Mitteroecker and 

Huttegger 2009).

Likewise, many other models in theoretical morphology, while effective at simu-

lating particular morphological systems, share similar geometric limitations for the 

quantitative assessment of morphological variation due to incommensurate param-

eters. For instance, the parameters of Niklas’ land plant morphospace include a 

bifurcation angle, a rotation angle, and a probability of apical bifurcation (Niklas 

1999), and Kendrick’s crinoid cup model is based on the cup plate’s height and 

angle (Kendrick 2007).

One should therefore be careful with the tools used for the quantitative explora-

tion of affine morphospaces. The only meaningful inferences that can be drawn 

from such spaces are those that are invariant to affine transformations (Huttegger 

and Mitteroecker 2011), that is, those concerning aspects of the evolutionary pattern 

and narrative that rest on affine properties such as parallelism, barycentric construc-

tions, and ratios of multidimensional volumes. For instance, it has been customary 

to illustrate Raup’s morphospace occupation patterns by means of bivariate kernel 

density estimates, as in Fig. 7.1a (e.g., Raup 1967; Ward 1980; Saunders et al. 2004; 

Smith et al. 2014). Kernel density estimation requires a metric, however, and its use 

for the analysis of affine morphospaces is therefore inappropriate. There are two 

main options to circumvent these limitations. One is to recast the model within a 
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Fig. 7.1 (a) Distribution of 597 Paleozoic ammonoid genera in Raup’s D-W morphospace (data 
from Saunders et al. 2004). The orthogonality of the axes and the aspect ratio follow Raup’s (1967) 
original depiction of the space. (b) The same dataset displayed in Procrustes tangent shape space. 
Note that the visual perception of morphological similarity is different in the two morphospaces, 
but only the Procrustes tangent shape space possesses a metric structure that warrants a notion of 
morphological distance. (Modified from Gerber 2017)
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morphometric framework that comes with a richer, metric geometry. Raup’s model 

can, for instance, be fairly easily converted into a landmark-based scheme and 

expressed in the metric geometry of Procrustes shape spaces (Fig.  7.1b; Gerber 

2017). Another option is to resort to affine invariant statistics (e.g., ratio of general-

ized variances as a measure of variation) and limit the interpretation of a morpho-

logical pattern to its affine invariant features (Huttegger and Mitteroecker 2011).

7.2.2  Multivariate Morphometrics and Phenomics

In multivariate morphometrics, a morphological structure is described by a set of p 

linear measurements. In the earliest contributions, it is stated that all these measure-

ments ought to be of the same physical dimension and expressed in the same units 

(Mosimann 1970; Darroch and Mosimann 1985). This way, it is considered possible 

to promote a biologically driven choice of scales and angles among variables into a 

precise inner product (Dempster 1969). Hence, the morphospace is identified with 

Euclidean p-space (i.e., an affine space associated with a p-dimensional Euclidean 

vector space) and possesses meaningful notions of distance and direction. 

Unfortunately, less rigorous morphological analyses sometimes combine variables 

of different kinds, such as lengths, ratios, surface areas, or angles. While these anal-

yses then tend to be carried out with the established statistical routines, the Euclidean 

structure of their morphospaces is no longer warranted. These analyses face the 

same geometric issues as those of theoretical morphology, and affine invariant ana-

lytical approaches should be preferred.

Paralleling the genomic revolution that occurred in molecular biology, there have 

been incentives to develop a comparable field of phenomics. Phenomics is the idea 

of acquiring high-dimensional phenotypic data on an organism-wide scale (Houle 

et al. 2010). Two types of phenotyping are distinguished: extensive and intensive 

phenotyping. Extensive phenotyping consists of the exhaustive description of phe-

nomes with a large and diverse set of physiological, morphological, and behavioral 

phenotypic traits. With regard to the above discussion, extensive phenotyping poses 

important challenges. From the phenomic standpoint, a morphospace is a subspace 

of a phenome space. But even as a subset of the collection of phenotypic traits, the 

set of p morphological traits is bound to include a large diversity of incommensu-

rable traits such as mensural, meristic, or categorical traits describing morphological 

attributes of different kinds. Such sets of morphological traits cannot be conducive 

to morphospaces exhibiting metric geometries. There have been important develop-

ments in statistics for the visualization of high-dimensional spaces, but many 

approaches (e.g., UMAP, t-SNE) require identifying the feature space with ℝp and 

rely on Euclidean distance in the process of generating visualizations. Such a metric 

structure is difficult to conceive for incommensurate descriptors.

On the other hand, intensive phenotyping consists of a detailed focus on a par-

ticular phenotypic structure. In geometric morphometrics, the approach has been 

referred to as high-density morphometrics (e.g., Goswami et al. 2019) and follows 
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from the spectacular progress in imaging technologies and landmarking (semi)auto-

mation. Because high-density morphometrics essentially consists in increasing the 

density of the landmark coverage of the biological structure of interest, it has no 

impact on the metric geometry of the shape space except for its dimensionality. The 

associated increase in morphospace dimensionality can lead to the “curse of dimen-

sionality” (when the number of dimensions exceeds the sample size; see Rohlf 2021 

in the morphometric context), including issues of computational complexity, multi-

collinearity and unstable statistical estimates (calling for regularization procedures), 

and counterintuitive or deceptive visualizations. Some multivariate ordinations of 

high-dimensional morphospaces can, for instance, generate artefactual separations 

of morphologically similar groups (e.g., Cardini et al. 2019) and thereby misguide 

the description of a pattern based on its visual representation.

7.3  Discrete Character Morphospaces

Another common way that has been employed to construct morphospaces is to 

assign to each morphological variant a description of its morphology as a sequence 

of discrete character states. This approach is rooted in the field of numerical taxon-

omy (Sneath and Sokal 1973) and has since been widely used in macroevolutionary 

studies of morphological variation. As alluded to in the introduction, at high taxo-

nomic levels, it can become difficult to find homologous morphological features 

common to all sampled taxa. Besides, many studies focus on articulated structures 

(e.g., skeletal elements) or include fragmentary materials (e.g., incompletely pre-

served fossil specimens) that cannot be handled by geometric morphometric meth-

ods. Discrete character morphospaces can handle these cases through presence/

absence coding schemes and incorporate analytical steps and distance functions that 

can mitigate the effect of moderate amounts of missing data (e.g., Lehmann et al. 

2019). Over the last two decades, these morphospaces have become increasingly 

popular through the co-option of discrete character datasets originally collated for 

phylogenetic purposes (Lloyd 2016; Gerber 2019). While discrete character mor-

phospaces are often explored in the same manner as other morphospaces, their 

geometry is quite different and has implications for their representation (Gerber 2019).

In this discrete framework, each specimen is described by a p-tuple of integers 

corresponding to possible states for a set of binary and/or ordered/unordered multi-

state characters. Various distance functions have been advocated to accommodate 

different preferences or requirements (e.g., inapplicable character, unequal weigh-

ing, missing data, Euclidean likeness; Hopkins and St John 2018; Lehmann et al. 

2019), but all are essentially based on the pattern of matches and mismatches among 

sequences. While the resulting distance matrix is sufficient for many aspects of 

morphospace exploration (e.g., the appraisal of morphological disparity), assessing 

patterns of morphospace occupation invites the visualization of the morphospaces 

constructed. The morphospace visualization is obtained from a multivariate ordina-

tion of the distance matrix. Most often, metric multidimensional scaling (principal 
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coordinate analysis) is used for this purpose. It involves the Euclidean representa-

tion of the distance matrix (Gower 1966). In the simple case of a set of p commen-

surate, unweighted binary characters, the morphospace is akin to a Hamming space 

and can be represented as a hypercube graph where the distance between two verti-

ces equals the Hamming distance between the corresponding sequences of character 

states (Fig.  7.2). The metric multidimensional scaling of the square root of the 

Hamming distance matrix produces a Euclidean representation of the hypercube 

graph (Gerber 2019). The observed variants are located at, or “occupy,” a subset of 

the vertices of the hypercube. This is similar to a principal component analysis of 

the covariance matrix of the observed variants’ state sequences, considered as coor-

dinates in Euclidean p-space. This multivariate ordination, however, can be prone to 

misinterpretation. As in other morphospaces, only observed variants (occupied ver-

tices) are depicted and usually only the Cartesian coordinate system of the ordina-

tion is shown. However, the true morphospace, embedded in Euclidean space, is 

only a restricted and specific subset of ℝp. For instance, the absence of variants in 

any of the corners of the ordination plane in Fig. 7.2a does not call for biological 

explanations. These regions of the ordination space are geometric impossibilities 

within the discrete character scheme. Displaying edges connecting neighboring ver-

tices can help delineate the spread of the morphospace in the ordination space 

(Fig. 7.2b). The subset of edges displayed also highlights that our perception of the 

morphological similarity of variants can be severely misguided. In the present case, 

all edges are of unit length, and they are either parallel or orthogonal to one another. 

Faithful and informative depictions of hypercube- like structures are difficult to pro-

duce (Abramson and Zanette 2003; Horiike and Fujishiro 2025) and can be further 

affected by suboptimal coding strategies and missing data. Missing data can intro-

duce inconsistencies leading to overall estimates of match/mismatch that do not 

satisfy all the axioms of a distance function.

Another frequent issue with the exploration of discrete character morphospaces 

is their incorrect identification with the ordination spaces in which they are embed-

ded (Gerber 2019). This often leads to the use of inappropriate methodologies rely-

ing on the Euclidean geometry of the ordination space and overlooking the discrete 

nature of the morphospace (e.g., the use of squared-change parsimony to map a 

phylogenetic hypothesis onto the morphospace).

7.4  Developmental Considerations

7.4.1  Morphological Distance and Accessibility

The biological structures studied and portrayed in a morphospace are not static 

structures. Their transformation from one variant to another in a lineage does not 

occur at the level of their morphological description. Even though shape changes 

are often visualized as deformation grids in morphometrics (Klingenberg 2013), an 

evolutionary change in shape does not proceed by homeomorphism. Organs and 
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Fig. 7.2 (a) A discrete character space of archosaur taxa based on ten binary characters (subset of 
data from Brusatte et al. 2008). Its ordination is obtained by principal coordinate analysis of the 
morphological (Hamming) distance matrix. (b) The same space and ordination, but the discrete 
architecture of the morphospace is made visible by depicting some of the hypercube’s edges. The 
dashed circle circumscribes 95% of the 210 vertices. The size of the vertices represented is propor-
tional to their position along the third principal coordinate axis orthogonal to the plane of the pic-
ture. (Modified from Gerber 2019)
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body parts are built anew at each generation, for each individual, and their evolu-

tionary transformation implies changes in their underlying genetic and/or epigene-

tic systems. These aspects are important to keep in mind if one views morphospaces 

as useful constructs to improve our understanding of the evolutionary process. It 

appears from the above that, historically, distance functions have been favored to 

distinguish and compare morphological variants. This was logically motivated by 

the aim to capture morphological similarity and organize variants in morphospace 

accordingly. This is the reason why a metric structure is almost always defined or 

assumed for morphospaces. While this is a reasonable choice for many questions in 

biology, it is not the most appropriate approach to allow causal interpretations of 

morphological forms and evolutionary patterns.

Figure 7.3 illustrates the limits of metric topologies. The example is based on the 

empirical study of the evolutionary transition between two Cambrian trilobite spe-

cies from a morphometric analysis of the shape of their cranidia (the central part of 

the trilobite head). From the comparative analysis of the developmental trajectories 

Fig. 7.3 Accessibility pattern mapped onto a metric morphospace (Procrustes shape space). The 
degree of evolutionary adjacency of morphological variants in the vicinity of the ancestral form is 
depicted by isolines of accessibility. It highlights the discordance between accessibility and mor-
phological distance. Accessibility of variants (i.e., morphological variability) is markedly anisotro-
pic. Isotropic accessibility would translate as circular isolines of various radii around the ancestral 
form. (Modified from Gerber 2014)
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of the two species, the evolutionary change in development underlying morphologi-

cal differences has been ascribed to mosaic heterochrony (Gerber and Hopkins 

2011). Mosaic heterochrony involves shifts in the rate and/or timing of development 

along conserved trajectories of shape change for each of the parts (modules) consti-

tuting the overall morphological structure. Assuming that this evolutionary mode 

reflects the variational properties of the cranidium in this lineage, it is possible to 

determine the alternative morphological options that were equally available from 

the ancestral condition (ignoring the effect of external selection). Figure 7.3 shows 

the accessibility of possible shapes in the vicinity of the ancestor by means of lines 

of equal accessibility. It appears that not all equally accessible variants are equally 

distant from the ancestral shape. The evolutionary accessibility of variants or, equiv-

alently, the variability of the ancestral morphological variant, is highly anisotropic 

(Gerber 2014). As a consequence, the evolutionary navigability of morphospace 

strongly departs from the isotropic expectation of a metric topology. This has sig-

nificant consequences for the reading of morphospace patterns.

7.4.2  Morphological Variant Representation 

and Accessibility Structure

Since morphological phenotypes do not interconvert at the morphological level at 

which they are described, is there a more appropriate level of description? This 

invites us to reconsider the two defining features of mathematical spaces for bio-

logical morphospaces: How do we define the set of variants? And what appropriate 

topology or mathematical structure is relevant to endow this set of variants?

In the standard morphospace approaches presented above, the theoretical set of 

possible variants is imposed by the morphometric framework. In shape analysis of 

landmark data, it is the set of shapes of p not totally coincident, labeled landmarks 

in k = 2 or 3 dimensions:

 
 p k k/ ( ),Sim

 

where   denotes the coincidence set and Sim(k) is the group of Euclidean simi-

larity transformations in k dimensions.

In multivariate morphometrics, it is the subset of the nonnegative orthant in 

ℝp (the set of p-tuples of positive real values) defined as:

 
x g xp | ( ) ,1

 

where the function g
p:   is a size measure (a positively homogeneous func-

tion of degree 1; Mosimann 1970).

In the discrete character scheme and for the specific case of the hypercube dis-

cussed, it is the set of all 2p binary sequences of length p:
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In Raup’s model, it is the Cartesian product of the sets of possible values for the 

parameters W, T, and D:

 
1 0 0 1, ., ,

 

Clearly, not all the options in a given framework make biological sense. Many of 

them specify morphological configurations that are biologically unrealistic or 

impossible. They correspond to regions of the morphospace that are both develop-

mentally and evolutionarily inaccessible and they have therefore no explana-

tory value.

A radical but fruitful alternative is to consider a generative, genetic and/or epi-

genetic, representation of the morphological structure (e.g., Alberch 1989; Wagner 

and Altenberg 1996), that is, to identify a morphological variant with the particular 

developmental context(s) leading to its expression. Ideally, if the developmental 

system underlying the morphological structure is well characterized, then it also 

specifies its variational properties. Hence, from the morphospace perspective, the 

developmental representation defines the set of possible variants and determines 

their accessibility relations.

In practice, the term development hides a complex network of causal processes 

that mediate the way genetic variation is translated into phenotypic variation. It 

includes the dynamics of gene regulatory networks controlling patterns of gene 

expression, and the inductive and feedback effects of gene products on gene regula-

tion, cell behavior, and cell–cell interactions underlying pattern formation and mor-

phogenesis (e.g., Salazar-Ciudad 2021). Except maybe for very simple morphological 

structures or substructures, it appears difficult, and maybe out of reach, to obtain a 

detailed picture of the intricacies of the developmental structure of phenotypic 

traits. Development is therefore often mathematically abstracted as a Genotype–

Phenotype map in theoretical work where the global structure and statistical proper-

ties of the map are instead emphasized (e.g., pleiotropy of gene effects, epistatic 

interaction patterns). Likewise, in many studies of pattern formation and models of 

morphogenesis, the aim is not necessarily to precisely identify, say, the diffusible 

molecule or morphogen involved, but to improve our understanding of the funda-

mental principles underlying self-organization in development (Nijhout 2003). 

Such models therefore are valuable to emulate developmental mechanisms and pro-

vide a basis for proposing developmental representations of morphological traits. 

The phenotype landscape framework (Rice 1998, 2004) offers a practical way to 

implement this idea (Gerber 2025).

A phenotype landscape is the expression of the possible variants that a pheno-

type can manifest at a given life stage as a function f of some underlying causal 

factors:

 
f U M: → ,
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where M is the set of possible variants and U is the space of underlying factors 

or parameter space. This parameter space can include a variety of heritable or non-

heritable causal processes, such as gene product concentrations and diffusion rates, 

cell behavior (e.g., division rate), mechanical properties of tissues (e.g., elasticity), 

and environmental effects (e.g., temperature). The robustness of developmental pro-

cesses to genetic or environmental perturbations is expressed by the surjectivity of 

the developmental function f. The function thus defines an equivalence relation on 

U, with morphological variants as equivalence classes of tuples of values or states 

for the underlying factors. A variant mi is developmentally represented in the param-

eter space by its preimage under f:

 
f m u U f u m

i i

1 | .
 

The set of morphological variants is canonically identified with the set of all 

equivalence classes in U:

 
U

f
/ ~ .

 

Accessibility among variants is then estimated from the neighborhood relations 

of their preimages in the parameter space. Various measures have been proposed 

depending on the topological properties of the parameter space (e.g., Alberch 1989, 

Gerber 2025; Stadler et al. 2001). If the parameter space is akin to a n-dimensional 

manifold, the accessibility of the variant mj from the variant mi can be expressed as:

 

A m m
V f m f m

V f m
j i

n j i

n i


1

1 1

1

1
.

 

Importantly, a measure of accessibility, which represents the probability of tran-

sition from one variant to another, is not necessarily symmetric (Fontana 2002). The 

notion of accessibility is thus conceptually distinct from the notion of distance. The 

mathematical structure associated with the notion of accessibility is a pretopology 

(Stadler et al. 2001).

7.4.3  Morphospaces as Directed Graphs

Given this pretopological structure, a more appropriate representation of a morpho-

space is as a directed graph with directed edges informing the likelihood of evolu-

tionary transitions and vertices representing developmentally possible variants. The 

graph representation of the morphospace captures the variability of the morphologi-

cal trait considered. These variational properties can induce evolutionary constraints 

in the sense of opposing or modulating the effect of external selective pressures 

acting on the phenotype at the life stage considered (Schwenk and Wagner 2004).
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The graph can be mapped onto the standard metric representation of the morpho-

space by assigning to the vertices the coordinates of their morphometric character-

ization (see the example below). Morphological variation is the subset of nodes that 

correspond to observed variants and it can be estimated with classical statistical 

measures of dispersion in the metric representation. The distinction between varia-

tion and variability, allowed by the generative representation of the morphological 

trait, is critical for the causal explanation of morphological patterns in terms of 

selection and constraint (Wagner and Altenberg 1996).

7.4.4  Pattern Formation and Morphogenetic Models

Many pattern formation and morphogenetic models can in principle lead to a devel-

opmental representation of the trait they model. For instance, Gerber (2025) 

explored Nijhout’s (1991) model of the prepatterning of butterfly wing eyespots 

based on a reaction–diffusion system. The results showed that the accessibility 

structure induced by the dynamics of activator–inhibitor interactions restricts the set 

of possible positions for the eyespot within the wing cell compartment and that 

small changes in developmental parameter values can lead to discontinuous (w.r.t. 

the metric expectation) changes in morphology.

We now provide another example based on the computational model of tooth 

morphogenesis developed by Salazar-Ciudad and Jernvall (2010) and implemented 

in ToothMaker. Their model is based on 19 parameters regulating both gene net-

work properties and cellular properties (tissue mechanics).

A sample of ten virtual teeth of the ringed seal (Phoca hispida) along with their 

associated tuples of 19 parameter values provided in Salazar-Ciudad and Jernvall 

(2010) serve as a description of the local topography of the phenotype landscape. 

For the sake of illustration and ease of computation, the parameter space is reduced 

by principal component analysis to a two-dimensional space accounting for 75% of 

the sample variation in parameter values (Fig. 7.4b). Tooth shape is captured by a 

configuration of nine two-dimensional landmarks placed at the tips and bases of the 

four tooth cusps (Fig. 7.4a). The ten landmark configurations are superimposed by 

partial generalized Procrustes analysis and orthogonally projected onto the tangent 

space (Dryden and Mardia 1998). The a priori set of morphological variants consid-

ered consists of the set of shapes lying in the plane defined by the first two principal 

components of the tangent space and which accounts for 80% of the sample shape 

variation. The developmental function f that maps parameter value tuples to shapes 

is obtained from multivariate quartic regression, which approximates the land-

scape’s local topography (Fig. 7.4b). The set of variants is further discretized into a 

square lattice of 81 shapes covering the range of empirical shape variation.

Accessibility among variants is based on the relative sizes of their preimages 

under f (surface areas in parameter space). It is calculated using a modified version 

of the A1 measure (Gerber 2025) to account for the multidimensionality of the phe-

notype and allow a nonzero probability of self-transition. As a ratio of surface areas, 
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Fig. 7.4 (a) An example of a real ringed seal tooth and its simulation with ToothMaker. The shape 
of the simulated tooth is captured by nine landmarks. (b) The local geometry of the tooth pheno-
type landscape visualized as contour lines of equal morphological values for the two dimensions 
of the morphospace. (c) The accessibility structure displayed as a directed graph mapped onto the 
metric geometry of the morphospace, with an accessibility threshold value of 0.12. (d) The same 
with an accessibility threshold value of 0.20. (e) The expected null model of morphospace occupa-
tion. The size of the circles is proportional to the expected frequency of variants. (f) The shape 
changes associated with the two axes of the morphospace (at 0.2 units of Procrustes distance from 
the mean shape). See text for details
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this measure has the advantage of being invariant to affine transformations. This is 

a useful property given the disparate nature of the underlying parameters, which 

precludes the definition of a metric topology for the parameter space.

Figure 7.4c, d shows the resulting accessibility structure as a directed graph. 

Vertices correspond to the 81 a priori morphological variants and they are placed at 

their respective locations in the morphospace. Directed edges indicate the accessibility 

relations among variants. Different threshold values have been set to decide whether 

or not a directed edge should be drawn. This facilitates the visualization of the acces-

sibility structure but it also points to cases where some evolutionary transitions can be 

deemed unlikely or impossible because their associated probabilities are too small.

The graphs depicted in Fig. 7.4 show that morphological variability can be highly 

anisotropic (differential accessibility of neighboring variants) and heterogeneous 

(variant-specific accessibility pattern). Accessibility also appears often to be asym-

metric, indicating unequal probabilities of transition between a given pair of 

variants.

The approach also allows assessing the likely frequencies of occurrence of vari-

ants (in the absence of external selection) through the limiting distribution of the 

Markov chain associated with the directed graph representation (Gerber 2025). This 

is a basis for the expected null model of morphospace occupation, prior to the action 

of selection at the chosen focal life stage, driven by the properties of the tooth devel-

opmental system (Fig. 7.4e). It shows substantial spatial heterogeneity in the fre-

quencies of developmentally possible variants and, as discussed above, points to the 

fact that many morphometrically conceivable variants are biologically irrelevant. 

Hence, the fact that the bottom-right corner of the morphospace is “unoccupied” 

does not call for any biological explanations. This is an artefact of the metric struc-

ture of the morphometric scheme. Identifying the set of developmentally possible 

variants is therefore an important step toward refined interpretations of evolutionary 

patterns of morphological variation.

7.5  Conclusions

The concept of morphospace has proved very useful for framing the discussion and 

analysis of the patterns and processes of morphological evolution. Practically, mor-

phospaces come in a variety of types reflecting the diversity of morphological phe-

notypes and the diversity of morphometric schemes. The expectation of a unified 

analytical framework for morphospace exploration comes up against the diversity 

of their geometries. Not all exploratory tools can be used in all morphospaces and 

not all types of inference can be made from morphospace patterns. The definition of 

the set of morphological variants and of its organizing structure should be guided by 

the questions one intends to address. Metric topologies have traditionally been 

favored, and they do provide appropriate morphospace structures for many biologi-

cal questions. Organizing variants only according to their morphological similarity, 

however, overlooks the nature of morphological traits and their variational proper-

ties. Devising morphospace structures that reflect the genetic-, cell-, tissue-, and 
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organ-level processes that are causally involved in the emergence of morphological 

traits also appear fundamental to address key questions in evolution. Comprehensive 

descriptions of developmental systems are presently out of reach, but many pattern 

formation and morphogenetic models proposed for plants and animals open ave-

nues for the construction of developmentally informed morphospaces.
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Chapter 8

Functional Morphospace Analysis 
of Molluscan Shells

Takao Ubukata

Abstract A functional morphospace visualizes the form–function relationship as a 

contour surface of functional performance across shape variation. It enables predic-

tions about which forms should be common or rare from a functional morphology, 

and to test the prediction through biometric analyses. Over the past several decades, 

advances in mathematical modeling, geometric morphometrics, and continuum bio-

mechanics have substantially improved functional morphospace approaches. In par-

ticular, molluscan shell form has been a popular target for functional morphospace 

analysis in paleobiology. Many studies using functional morphospaces have focused 

on the efficiency of shell construction in ectoconchleate mollusks, hydrodynamic 

properties in cephalopods, postural stability in gastropods, umbonal conflict in 

bivalves, and so on. Collectively, such studies have sought to evaluate the role of 

functional properties in shaping the macroevolutionary trajectories of molluscan 

groups. In this chapter, I review the studies on shell morphology using functional 

morphospaces.

Keywords Biomechanics · Functional morphology · Molluscan shells · 

Morphospace · Theoretical morphology

8.1  Introduction

Since studies on the evolution of ancient life highly depend on fossil morphology, 

paleontologists have a long tradition of studying the relationship between the struc-

ture and function of organisms, or functional morphology (Savazzi 1999; Foote and 

Miller 2007). Several categories of methods and approaches are included under the 

umbrella of functional morphology. A common approach adopted in modern paleo-

biology is biomechanics, in which structure and function are studied from the 
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mechanical point of view (Rayfield 2007; Marcé-Nogué 2020; Bishop et al. 2021). 

Such an approach typically focuses on an observed structure to assess how it works 

and how efficient it is for the function of interest (e.g., Shiino et al. 2009; Lemanis 

et al. 2016; Bicknell et al. 2018). An alternative approach, which has been conven-

tionally used in paleontology, is the “paradigm method,” which is based on the 

comparison between an observed structure and the ideal design for the supposed 

function (Rudwick 1961, 2018; Paul 1999). The “paradigm method” has been used 

to evaluate how the observed structure is optimized for the function (e.g., Tayler 

1987; Oji and Okamoto 1994). In addition to the cases above, we may be interested 

in what kind of structures and how they are efficient for a supposed function rather 

than in assessing the functional properties of a particular structure. To answer this 

question, a large-scale comparison of morphology is needed across several taxa. 

Morphospace is a powerful tool for studying the relationship between structure and 

function at the macroevolutionary scale.

Morphospaces are geometric spaces in which a particular organic form can be 

plotted with reference axes chosen to represent morphological parameters (Savazzi 

1999; Hammer and Haper 2024). Abstraction of key morphological traits allows 

complex shape variation to be summarized within a low-dimensional morphospace. 

When functional performance can be quantified for the shape represented in that 

space, the relationship between functional performance and morphological traits 

can be visualized as a surface on the morphospace representing a fitness parameter 

that mimics an “adaptive landscape” (McGhee 1999, 2007; Swan 2001). Since 

adaptive forms are expected to be common in the evolutionary history, the func-

tional morphospace allows us to predict which shape is common or rare from the 

viewpoint of functional morphology. Such a prediction can be readily tested by 

paleontologists by referring to the actual fossil records. A particularly useful tool for 

the analysis of the distribution of the actual forms in a morphospace is a mathemati-

cal model approximating the shape of the organisms.

Raup (1966) introduced a morphospace constructed on the basis of the parame-

ters of a mathematical model: this type of morphospace is called a theoretical mor-

phospace (McGhee 1999). Theoretical morphospaces have been used to document 

the range of observed forms of organisms as a subset of forms that seem theoreti-

cally possible but may be nonexistent (Hickman 1993). Evolutionary morphology 

using theoretical morphospaces, called theoretical morphology (Raup 1966), has 

been applied to various living and fossil groups, including foraminifera (Tyszka 

2006), plants (Niklas 1997), corals (Ohno et al. 2015), bryozoans (McKinney and 

Raup 1982), and brachiopods (McGhee 1980). In particular, molluscan shell forms 

have been popular targets for theoretical morphology because of their geometric 

regularity and the availability of the richest fossil records among animals. Mollusks 

show great variation in shell form (Fig. 8.1); however, the manner of shell coiling 

matches a logarithmic helicospiral in many cases, and therefore, their shells are suit-

able for functional morphospace analysis. This chapter reviews the studies on shell 

morphology using functional morphospaces in the relevant fields of paleobiology, 

focusing on the importance of the function in the macroevolution of a molluscan 

group, rather than on the shell shape of the species.
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Fig. 8.1 Photographs of the shells of living and fossil molluscan species including bivalves, 
scaphopods, gastropods, and cephalopods, showing a wide range of morphological variation

8.2  Morphospace Analyses of Cephalopod Shells

A pioneering example of functional morphospace analysis is Raup (1967). Raup 

(1966) proposed a logarithmic helicospiral model describing the geometry of coiled 

shells (Raup 1962; Raup and Michelson 1965). The model generates shell forms as 

the growth trajectory of a circular- or elliptic-generating curve, which approximates 

the shape of the whorl cross-section. In planispiral forms such as ammonoid shells, 

shell growth is represented by the expansion and rotation of the generating curve 

around the coiling axis (Fig. 8.2A). In this case, the coiling geometry is defined by 

the whorl expansion rate (W) and the position of the generating curve in relation to 

the coiling axis (D). Figure  8.2B shows the spectrum of the computer-produced 

shell forms with various values of W and D, or a W–D morphospace. When W is 

large, the whorl radius rapidly increases with growth. When D is large, the shell has 

a wide umbilicus, which is a depressed central area around the coiling axis. Raup 

(1967) estimated the values of the parameters from more than 400 ammonoid gen-

era and found that ammonoids are limited to a small region in the morphospace. The 

most common shell shapes among ammonoids were observed in the region around 

W = 2.0 and 0.3 ≤ D ≤ 0.4 in the morphospace.

Raup (1967) listed several possible reasons for the biased distribution of ammo-

noid shell forms in the morphospace from the functional viewpoint, such as 

8 Functional Morphospace Analysis of Molluscan Shells



138

Fig. 8.2 Theoretical and functional morphospaces based on the Raup (1967) model. (A) Rationale 
for the model designed for ammonoid shell forms with definitions of the parameters. (B) Spectrum 
of the computer-generated shell shapes with a circular-generating curve and various values of W 
and D when the value of each parameter is fixed throughout growth. (C) Three-dimensional con-
tour diagram showing the relationship between parameters (W and D) and construction efficiency 
when the shell thickness is 0.0772 of the radial length of the circular-generating curve

hydrostatic stability and efficiency of shell construction. He assessed the efficiency 

of shell construction for a given shell shape by the ratio of the volume of the internal 

shell space to the volume of shell material required to enclose the space, based on 

Raup and Chamberlain (1967). Figure 8.2C shows a functional morphospace depict-

ing a contour plot of the construction efficiency assuming that the shell thickness is 

0.0772 of the radial length of the circular-generating curve. A shell shape with small 

W and large D values is most efficient in terms of the necessary amount of calcium 

carbonate (Fig. 8.2C) but is rather rare in nature. Raup (1967) concluded that the 

efficiency of shell construction is not the only factor constraining the morphological 

diversity of ammonoid shell geometry. Raup (1967) also computed hydrostatic sta-

bility in relation to W and D as the relative distance from the center of the volume 

to the center of the mass with respect to the diameter of the shell. He found that 

hydrostatic stability is of little importance for determining the observed distribution 

of ammonoid shell shape.

In Raup (1967), the relative shell thickness is defined in relation to the radius of 

the generating curve. In this case, ammonoids with a wider umbilicus (larger D) 

inevitably have a thinner shell when the relative shell thickness is fixed to be con-

stant. The dependency of construction efficiency on D, shown by Raup (1967), can 

be partly attributed to an artefact caused by the definition of relative shell thickness. 

In contrast, Parent et al. (2020) used the ratio of the square root of the surface area 

to the cubic root of the volume (Vogel 1981) of an ammonoid shell as a metric of 

construction inefficiency. They calculated the area-to-volume ratio for various shell 

shapes using an original mathematical model introduced by Parent et al. (2010) and 

indicated that construction inefficiency tends to increase with increasing whorl 

overlap.
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In addition to construction efficiency, hydrodynamic properties are possibly 

important determinants of ammonoid shell form. Hydrodynamic properties depend 

on body chamber length as well as on shell form in ammonoids. Living cephalopods 

swim using thrust force produced by the hyponomic jet. In living Nautilus, the force 

acts to rotate the shell, resulting in a rocking motion during swimming. This insta-

bility is a potential problem for any other ectoconchleate cephalopods with planispi-

ral conchs when they swim. A long body chamber seems to place the aperture higher 

and positions the hyponome at the same level as the center of gravity so that the 

hyponomic jet can act directly through the center of gravity (Jacobs and Landman 

1993; Klug and Korn 2004). Therefore, the aperture orientation, presuming a neu-

trally buoyant condition, is a possible indicator of hydrodynamic efficiency. The 

line between the center of gravity and the center of buoyancy is vertical. Swan and 

Saunders (1987) assessed the effect of shell shape on the aperture orientation. They 

computed the aperture orientation for various combinations of body chamber length 

and parameter value (W or D) under a fixed relative shell thickness based on the 

method in Saunders and Shapiro (1986). Swan and Saunders found that even minor 

changes in W need considerable changes in body chamber length to maintain neu-

tral buoyancy, resulting in appreciable changes in aperture orientation, whereas a 

change in D has little effect on aperture orientation.

Chamberlain (1981) focused on a hydrodynamic property of a given shell shape 

in ammonoids and evaluated the resistance of the shell in seawater using a drag 

coefficient. Chamberlain performed tank experiments using a series of shell models 

and assessed drag coefficients for various shell shapes to obtain a functional mor-

phospace. As a result, he found that one of the positions in the morphospace real-

izing the minimum drag coefficient (around W = 1.9 and 0.35 ≤ D ≤ 0.42) coincides 

with the peak of the most abundant ammonoid shell shapes as mentioned above. 

This result suggests that hydrodynamic efficiency is an important determinant for 

the biased distribution of ammonoid shell forms.

Recently, Hebdon et  al. (2020) performed analyses of computational fluid 

dynamics for various shell shapes and contoured drag coefficients on a ternary mor-

phospace with three end-member morphotypes of ammonoids called “Westermann 

morphospace” (Ritterbush and Bottjer 2012). They found multiple optima of the 

drag coefficients in the morphospace and revealed that the landscape of the func-

tional morphospace varies with swimming velocity. Their results partly support the 

conventional hypothesis that the most efficient shell form depends on the mode of 

life of ammonoids but also suggest that the relationship between shell shape and 

hydrodynamic properties is more complex than previously suspected.

Functional morphospace analysis was also applied to the cephalopod septa, 

which are partitions subdividing the interior of the shell into chambers. 

Ectoconchleate cephalopods had a conch with chambered phragmocone that served 

as buoyancy apparatus. In some ammonoids, the periphery of the septum is folded 

and frilled to form a complex, branched structure (Klug and Hoffman 2015; Furui 

and Ubukata 2022). The complex septa had been conventionally thought to have 

helped reinforce the shell with its fluted structure against hydrostatic pressure 

(Buckland 1836; Westermann 1958). In the past couple of decades, the “Buckland 
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hypothesis” has been examined using a finite-element analysis of continuum 

mechanics (Daniel et  al. 1997; Hassan et  al. 2002; Lemanis et  al. 2016). Daniel 

et al. (1997) performed finite-element stress analyses for various shapes of septal 

models exposed to pressure stresses. Daniel et al. (1997) described the geometry of 

the septum by a radially folded surface contacted inside a cylinder using a two- 

dimensional Fourier method. They assessed a mechanical safety factor as the ratio 

of breaking stress of shell material to the maximum principal stress applied to the 

septal surface. The safety factors were computed for many combinations of wave 

number and amplitude to form a functional morphospace. More complicated septal 

surfaces showed lower safety factors and yielded higher stress in the septa. This 

result seems to be a kind of counter-evidence against the “Buckland hypothesis,” 

although it is based on an oversimplified model of the septal surface. More recently, 

the “Buckland hypothesis” was rejected by a finite-element analysis using the com-

plete models taken from the computed tomography data (Lemanis et  al. 2016; 

Lemanis 2020).

8.3  Functional Morphospace Analyses of Gastropod Shells

The efficiency of shell construction appears to be important for gastropod snails, 

particularly for terrestrial and freshwater species, because such environments gener-

ally lack calcium carbonate, which is necessary for shell formation. The amount of 

necessary shell material depends on shell shape as well as on shell thickness. The 

efficiency of shell construction has been studied in helicospiral gastropods. Heath 

(1985) analyzed the relation of the amount of overlap between successive whorls to 

the ratio of the area of shell material to the volume enclosed (= inefficiency of shell 

construction) based on a simple model of shell cross-section. Heath estimated the 

amount of overlap in many terrestrial gastropod species and found that the actual 

amount of overlap is generally greater than the optimal amount of overlap for the 

minimum inefficiency.

Stone (1999) computed the ratio of the volume of shell material to the volume of 

the space enclosed (inefficiency) using a sophisticated mathematical model designed 

to reproduce allometric shell growth. Stone evaluated the effect of the amount of 

whorl overlap on the inefficiency of shell construction by varying one of the mor-

phological parameters obtained from some actual shells and found that the actual 

amounts of overlap are smaller than the optimal amount of overlap in the marine 

species utilized. The results obtained by Heath (1985) and Stone (1999) indicated 

that factors other than construction efficiency determined gastropod shell form.

Another possible cost of shell possession for gastropod snails is related to grav-

ity. Snails attach to substrates with various topographies, such as slopes, vertical 

walls, or undersides, and horizontal floors. They carry their shells on their backs 

while creeping. Mechanical stability while creeping depends on the shell shape as 

well as on its posture. Postural stability can be critical, particularly in land snails, 

because of the absence of buoyancy provided by water in terrestrial environments. 
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Okajima and Chiba (2009, 2012) focused on the relationship between postural sta-

bility and the relative spire height of the shell in terrestrial pulmonate gastropods. 

They approximated the shell shape by a cylindrical or conical model and calculated 

the moment of gravitational force acting at the center of gravity about the fulcrum 

point for a given posture. The shell shape was represented by the height-to-diameter 

ratio of the model, or spire index (Cain 1977), and the posture was defined as the 

angle between the directions of gravitational force and the cylindrical or conical 

axis of the model. Okajima and Chiba (2009) computed the moment of the force for 

the various combinations of spire index and postural angle to obtain the contour of 

the postural instability. As a result, they found that conical shells with a high spire as 

well as planospiral ones with the lowest spire exhibit a small moment of force and 

are well balanced on a vertical wall. They concluded that the bimodal distribution of 

spire height observed in land snails (Cain 1977; Cowie 1995) can be attributed to 

the relationship between shell shape and postural stability.

Studies on gastropod shell form using functional morphospaces focused on 

either construction efficiency or postural stability, whereas a particular shell form 

may reflect a compromise between them. Noshita et al. (2012) analyzed the relation 

of shell form to the functional properties such as postural stability and construction 

efficiency using the Raup (1966) mathematical model and assessed how the biased 

distribution of gastropod shell forms in a morphospace can be explained by these 

functions. In the model, coiling geometry is defined by the translation rate of the 

generating curve along the coiling axis (T), as well as by the whorl expansion rate 

(W) and the relative position of the generating curve (D) (Fig. 8.3A). In gastropods, 

T represents the relative spire height of the shell while D represents the relative 

width of the umbilicus, which is a hollow space within a coiled shell (Fig. 8.4A). 

Noshita et al. (2012) computed the postural stability and construction efficiency for 

various combinations of values of the parameters W, D, and T for a given posture. 

Postural stability was estimated by the moment of force when the aperture repre-

sented by a generating curve is circular and parallel to the substrate. Therefore, the 

posture of the snail attached to the substrate is determined by the surface inclination 

of the substrate. Noshita et al. (2012) calculated postural stability as the average 

moment of force for various postures by integrating the moment over all ranges of 

inclination angles (Fig. 8.3C). On the other hand, the efficiency of shell construction 

was estimated by the ratio of the volume of internal shell space to the volume of 

space enclosed by the external shell surface. Figure 8.4A, B shows three- dimensional 

contour diagrams of postural stability and construction efficiency on the T–D mor-

phospace when W was fixed at 100.2. The results showed that postural stability 

tended to increase with decreasing T or D (Fig. 8.4B): a compact shell with a low 

spire and narrow umbilicus exhibited high postural stability. However, shell con-

struction was efficient when T and D were large (Fig. 8.4C); that is, a less over-

lapped shell form with a high spire and wide umbilicus made a large available space 

for the soft body. This result indicated a functional trade-off between postural stabil-

ity and construction efficiency.

In Raup’s original model, the generating curve was parallel to both the whorl 

radius and coiling axis (Raup 1962; Raup and Michelson 1965). However, the 
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Fig. 8.3 Schematic figures illustrating gastropod shells. (A) Rationale for the Raup (1966) model 
for shell forms of gastropod snails with definitions of the parameters. (B) Additional parameter 
representing an inclination angle of the aperture (φ) adopted by Noshita et al. (2012). (C) Snails 
with different postures showing the positional vector of the center of gravity (v) and the gravita-
tional vector (g)

aperture of a gastropod shell was commonly inclined with respect to the whorl 

radius and coiling axis, and the orientation of the aperture affects mobility and adhe-

sion to the substrate (Linsley 1977). Noshita et  al. (2012) adopted an additional 

parameter related to aperture inclination defined by the angle between the generat-

ing curve and coiling axis (φ) (Fig. 8.3B) and computed postural stability and con-

struction efficiency for models possessing an inclined aperture. Figure 8.4C shows 

the results when the aperture is inclined toward the umbilical side (downward in 

Fig. 8.4D) at an angle of 60°. In this case, the optimum of postural stability shifts 

toward the upper right direction in the morphospace (Fig. 8.4E) compared to the 

case when the aperture is parallel to the coiling axis (Fig. 8.4B). The topography of 
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Fig. 8.4 Functional morphospace analyses of gastropod shell forms by Noshita et  al. (2012). 
(A–F) Results of computer simulations with varying values of T and D at W = 100.2 when the cir-
cular aperture is parallel (A–C) or inclined (φ = 60°) (D–F) to the coiling axis. (A, D) Examples 
of computer-produced shells with various values of T and D. (B, E) Three-dimensional contour 
plots showing the relationship between the parameters (T and D) and postural stability (B) or con-
struction efficiency (E). (G) Biplots of the values of T and D collected from the extant gastropod 
shells showing their life habitats using different color symbols. (H) Histograms of the estimated 
values of the inclination angle of the aperture (φ) for each life habitat

functional morphospace of construction efficiency is slightly affected by aperture 

inclination (Fig. 8.4F). The shell shapes around optimal postural stability are also 

efficient in shell construction in the case of aperture inclination (φ = 60°; Fig. 8.4E, 

F). The result indicates that aperture inclination downward relaxes the functional 

trade-off between postural stability and construction efficiency in gastropod snails.

The functional relationship between postural stability and construction efficiency 

and its relation to shell form revealed by Noshita et al. (2012) is possibly a key to 

understanding the biased distribution of gastropod shell shapes. Figure 8.4G shows 

biplots of the values of T and D collected from a total of 740 extant gastropod spe-

cies. Shell shapes along the diagonal region of the morphospace from the upper-left 

to the lower-right corner may meet the requirements of both functions (Fig. 8.4E, 

F). Actual snails do not occupy the lower-left and upper-right regions of the mor-

phospace, and land snails show more restricted distribution along the diagonal 

region than aquatic species (Fig.  8.4G). This suggests that a balance between 
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postural stability and efficiency is important, particularly for land snails, because of 

the lack of buoyancy and calcium carbonate in the terrestrial environment. In that 

case, it is predicted that aperture inclination downward is more common in land 

snails than in marine species. This prediction was supported by the comparison in 

frequency distribution of the angle of aperture inclination among different habitats 

(Fig. 8.4H). Land snails tend to have a larger aperture inclination than the marine 

species, and freshwater species show intermediate inclination between them. The 

results suggest that aperture inclination allows land snails to form well-balanced 

and efficient shells.

Noshita et al. (2012) focused on the morphological parameters T and D, whereas 

most gastropod snails have a small umbilicus characterized by a small D value. 

Araki and Noshita (2023) further explored the effect of the aperture inclination on 

functional properties. Along with postural instability, they also assessed the degree 

of shell hindrance during locomotion because shells with a smaller projected area 

seem to be more suitable for moving through a narrow gap. The degree of hindrance 

during locomotion was defined by the projected area of the shell in the direction of 

movement, standardized by the volume of space enclosed. Araki and Noshita con-

structed functional morphospaces of postural instability and hindrance during loco-

motion on a T–φ morphospace and revealed that the region of shells with a high 

spire and an aperture inclined toward the umbilical or apical side shows large scores 

of the instability and hindrance. They collected the values of T and φ from more 

than 400 extant species and found that no snail occupies those regions. The result 

indicates the reason why a high-spired shell with large aperture inclination is absent 

in nature (Vermeij 1971; Schindel 1990).

8.4  Functional Morphospace Analyses of Bivalve Shells

Bivalves have a shell with much larger whorl expansion rates (W) than do other mol-

lusks. In bivalves, construction efficiency increases with increasing shell convexity 

if shell thickness is proportional to shell size. In such a case, shell construction is 

inefficient when an animal has such a flat shell as scallops because the surface area 

of the shell is large in relation to the volume enclosed. However, the relationship 

between shell shape and construction efficiency would be more complicated if an 

increase in shell thickness was allometric with respect to shell size. In bivalves, 

shell material continued to be accumulated on the inner surface of the existing shell 

during growth, and the inner surface of the shell portion produced in the earlier 

growth stage was heavily covered with many coats of shell layer. As a result, the 

early produced shell portion near the umbo becomes as thick as the shell margin 

formed in the adult growth stage. Therefore, shell thickness is far from proportional 

to shell size in most bivalves.

Okabe and Yoshimura (2017) introduced the scaling exponent of shell thickness 

as an additional parameter for a Raupian mathematical model to assess the effect of 

the allometric exponent on construction efficiency. Through functional 
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morphospace analyses, they found that a bivalve-like shell formed with a large 

expansion rate and a narrow umbilicus was the optimal design for efficient shell 

construction when the absolute shell thickness was constant with the shell portion. 

Their result suggested that very large  expansion rates commonly observed in 

bivalves were a good match for the overcoating manner of accretionary shell growth. 

Okabe and Yoshimura (2017) also indicated that a pointed conical shell with a small 

expansion rate, such as some turritelliform gastropods, was the optimal design for 

efficient shell formation when shell thickness was proportional to shell size.

Unlike gastropods and cephalopods, the shell of bivalves consists of two valves 

that are connected by a ligament attached along the hinge axis. The ligament gener-

ates the torque for opening the two valves, such that the animal closes its valves by 

contracting the adductor muscles and opens them by relaxing the muscles. Bivalves 

face a peculiar functional problem since they have two valves. If they have an 

inflated shell, the projected edge of the shell or umbo of one valve may protrude 

beyond the commissure plane and two umbonal areas would conflict with each 

other. Even if the umbonal areas do not conflict, how widely the animals can open 

their valves depends on shell shape (Savazzi 1987). Avoidance of mutual interfer-

ence of the umbones is critical for bivalves and may constrain their shell forms. 

Shell coiling of bivalves is not always planispiral, but sometimes helicospiral and 

the umbo is directed anteriorly, showing a gyrate appearance of the maximum 

growth line or prosogyrous shell form (Fig.  8.5A) (Trueman 1969). Anterior 

Fig. 8.5 Theoretical morphology of bivalve shells. (A) Example of the prosogyrous shell form 
showing a gyrate appearance of the maximum growth line from the umbo to the venter. (B) 
Rationale for the Ubukata (2000) model for bivalve shell forms with definitions of the parameters. 
(C) Examples of computer-generated shells with six combinations of parameter values (C = 0.3 or 
C = 0.7 and T = 0, T = 0.15 or T = 0.3) under a given outline of the generating curve. The darker 
shaded models depicted in the morphospace show spatial overlap between umbones
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inclination of umbones and shell convexity are essential components of bivalve 

shell coiling.

Ubukata (2000) represented the growth of a bivalve shell by expanding and rotat-

ing a given outline of the generating curve and estimated the angle of the maximum 

valve opening for various shell shapes. The model was defined by the parameters, C 

and T, which showed valve convexity and umbonal inclination, respectively 

(Fig. 8.5B). The shell is inflated if C is large and the umbo is anteriorly directed, 

showing a prosogyrous appearance when T is positive (Fig.  8.5C). The darker 

shaded models depicted in Fig. 8.5C with larger values of C and T show spatial 

overlap between umbones and cannot be formed by actual bivalves without any 

additional mechanism. The relationship between shell shape and angle of the maxi-

mum valve opening depends on the ligament structure. The hinge line along which 

both valves touch each other is not always the same as the opening axis of the two 

valves. In many bivalves, the opening axis lies along the hinge line (Fig. 8.6A). 

However, in some bivalve groups possessing a parivincular-type ligament with a 

cylindrical shape, the opening axis is located along the dorsal edge of the shell and 

is away from the hinge line (Fig. 8.6B).

Ubukata (2000) calculated the angle of maximum valve opening for various 

shape models, considering the position of the opening axis. Figure 8.6A, B shows 

three-dimensional contour diagrams of functional morphospaces for shell opening. 

When the opening axis lies along the hinge line, a prosogyrous shell with a large T 

value tends to cause difficulties in valve opening (Fig. 8.6A). However, the result of 

the calculation in the case of the parivincular-type ligament showed that the angle 

of maximum valve opening does not depend on T because the opening axis is away 

from the hinge line (Fig. 8.6B). The results indicate that the parivincular-type liga-

ment mitigates the risk of conflict between umbones attributed to formation of a 

prosogyrous shell with a large T value. This prediction was supported by morpho-

metric data on T collected from 284 bivalve species. The species possessing the 

parivincular-type ligament tend to have larger T values than the others (Fig. 8.6C, 

D), and prominently prosogyrous shells are exclusively found in the phylogenetic 

group possessing the parivincular-type ligament, which is called the Heteroconchia. 

This suggests that the parivincular-type ligament allows evolution of a prosogyrous 

shell form for heteroconch bivalves without inhibiting the function of valve opening.

A prosogyrous shell form is considered to be efficient for burrowing into sedi-

ments (Stanley 1970) because a large T value makes the anteroventral shell edge 

sharp, opposing sediment penetration (Savazzi 1987; Ubukata 2001). This feature is 

characteristic of the Heteroconchia, and this fact may explain why efficient burrow-

ers are found only in this group. The fossil record indicates that the Heteroconchia 

increased rapidly after the Cretaceous Period (Fig.  8.6E), coinciding with the 

increase in shell-crushing predators during the Mesozoic marine revolution (Vermeij 

1977). The parivincular-type ligament seems to allow heteroconchs to develop 

adaptive shell shapes for burrowing through their macroevolution, and this may be 

why they became prominent among bivalves after the Cretaceous.
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Fig. 8.6 Functional morphospace analyses of bivalve shell form by Ubukata (2000). (A, B) Three- 
dimensional contour diagrams showing the relationship between the parameters (C and T) and the 
angle of maximum valve opening (radian) with illustrations of the perpendicular cross-sections of 
the hinge area showing the position of the opening axis and hinge line. (C, D) Histograms of the 
estimated values of T from measurements. (A, C) Results in the case of a non-parivincular-type 
ligament. (B, D) Results in the case of the parivincular ligament. (E) Change in the number of fos-
sil occurrences of heteroconch and other bivalves across the Phanerozoic showing the increase of 
the proportion of heteroconchs. The occurrence data were downloaded from the Paleobiology 
Database on November 11, 2025, with the following parameters: taxonomy  =  Bivalvia or 
Heteroconchia, time intervals = Early Ordovician to Quaternary
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8.5  Concluding Remarks and Perspectives

The adaptive landscape concept originally introduced by Wright (1932) was 

extended by McGhee (1980, 2007) to include the contour diagrams depicting the 

functional properties on the theoretical morphospaces. Such functional morpho-

spaces have been used to explore the effects of morphological parameters on a func-

tion of interest. A series of theoretical morphological models of molluscan shells, 

pioneered by Raup (1966, 1967), has advanced the evolutionary morphology of 

mollusks using functional morphospaces. Functional morphospace is a powerful 

tool for providing a working hypothesis for connections between the morphological 

distribution and adaptation. Modern improvement of computer performance enables 

the combination of continuum biomechanics with functional morphospace analysis.

The present chapter focuses on the studies of molluscan shell forms using theo-

retical morphospaces. However, functional morphospace analysis is potentially use-

ful for various characteristics of a wide range of organisms, including fossils. 

Functional morphospaces constructed through geometric morphometric and multi-

variate analyses enable the exploration of the functional implications of the pattern 

of morphological variation (Pierce et al. 2008; O’Higgins et al. 2011). The func-

tional morphospace concept can be extended to include discrete categories based on 

qualitative characters defining a design space (Hickman 1993), which applies to a 

broad range of taxa with distinct body plans. Evolutionary morphology based on 

functional morphospace analysis can be facilitated by big-data analyses using mor-

phological databases. Integrating the conventional functional morphospace analy-

ses with their potentially relevant techniques is an interesting subject of future 

research.
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Chapter 9

Mechanical Optimality Hidden 
in the Structure of Plants

Hiroyuki Shima

Abstract The natural world displays plants in a wide variety of forms. The diver-

sity is the result of evolution, as plants—bound by the fate that “once they take root, 

they cannot move for the rest of their lives”—adapt to their surrounding environ-

ments. Among numerous fascinating examples, this chapter focuses specifically on 

the shapes and appearances of four plant species particularly familiar in Japan: (1) 

bamboo, (2) butterbur, (3) rice, and (4) melon. First, I will discuss the shapes of 

bamboo and butterbur, which are both exceptionally tall plants with hollow culms 

and stems. Their shapes demonstrate an optimal structure for supporting their own 

weight. Next, I will present a detailed study on rice, which unveiled the trade-off 

relationship between the tapered shape and rigidity of rice culms. Finally, I will 

explain how the net-like pattern on the rind of the muskmelon, highly valued by the 

Japanese as an expensive and delicious fruit, exhibits specific geometric properties.

Keywords Bamboo · Butterbur · Rice culm · Muskmelon · Bending stiffness · 

Buckling · Expansion fracture · Structural mechanics

9.1  Introduction

Many plant species surrounding us today have faced fierce competition for survival 

since ancient times. This fact implies that the forms of extant plant species bear 

traces of having evolved intelligent structures to adapt to their surroundings and 

survive. For example, the form of tree branches and leaves spreading toward the sky 

is the result of long-term evolution to capture as much sunlight as possible. Another 

example includes climbing plants such as morning glories and green beans, which 

save energy by wrapping around or twining with other plants to ascend, efficiently 

reaching well-lit areas while avoiding the need to develop their own sturdy stems. 

Furthermore, other plants develop thorns or tough leaves to deter animals from 
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eating them, or give their seeds wing-like structures to efficiently disperse them far 

away via wind. Numerous examples exist of intelligent forms and structures 

acquired by plants to survive competition, yet relatively few cases have quantita-

tively described the relationship between plant organ morphology and mechanical 

function from the perspectives of theoretical physics or structural mechanics. Herein 

lies significant potential for physics and mechanics to make meaningful contribu-

tions to plant science.

This chapter explores the intriguing correlation between morphology and 

mechanical function, particularly focusing on the following four types of agricul-

tural crops. The first target is “bamboo,” which is one of the most particularly 

intriguing plant species from the perspective of structural mechanics. Unlike ordi-

nary trees, bamboo is hollow inside and possesses nodes at regular intervals along 

its culms. Why did bamboo evolve such a unique shape? What survival advantages 

do its hollow structure and nodes confer? Similar questions arise regarding the sec-

ond target, “butterbur.” The stem of butterbur can reach a maximum diameter of 

about 10 cm yet grows vertically to heights of 1–2 m or more. Moreover, it spreads 

an abnormally large, heart-shaped leaf horizontally from its tip. In other words, it 

supports an extremely heavy leaf with just a single, slender stem. What is the struc-

tural secret behind this remarkable feat? The question does not end here; a distinct 

class of structural optimality is hidden in the culm of “rice,” the source of staple 

food beloved by the Japanese. In recent years, a group of Japanese researchers sys-

tematically examined the bending stiffness and tapered shape of 12 types of rice 

culms, and revealed a common rule in the culm structures that is effective for avoid-

ing culm fracture under strong wind and self-weight. The last target is “muskmelon,” 

which are also the agricultural crops particularly favored by the Japanese. 

Muskmelons produced in Japan feature a uniform, fine net-like pattern covering the 

surface of their rind. This net pattern is actually an intriguing subject from the per-

spective of fracture mechanics.

9.2  Optimal Structure of Bamboo

9.2.1  Bamboo Nodes Suppress Bending Deformation of Culm

Bamboo is a group of the grass family (not a tree), and the fastest growing plant in 

the world (Shima et al. 2023). Some species of bamboo can grow up to 1 m in a 

single day. This rapid growth originates mainly from the hollow structure of bam-

boo culms. Because the culms are hollow, they require fewer photosynthetic prod-

ucts for building their own body, enabling this rapid growth. This biological 

characteristic is used as a metaphor for Princess Kaguya (a fictional girl who grows 

quite rapidly), the heroine of the oldest folk tale in Japan (Inoue and Shima 2018). 

From an engineering perspective, the rapid maturation of bamboo forests provides 

a low-cost, readily available material for use in the construction and pulp 
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industries. Furthermore, bamboo has remarkable capabilities for biomass accumu-

lation, particularly carbon storage, which is beneficial to the global carbon cycle. 

These features have led to bamboo emerging as a green alternative to other woody 

materials.

While the hollow nature of bamboo culms offers various advantages, it also pres-

ents a serious drawback that compromises structural stability. This drawback is the 

heightened risk of culms collapsing under external forces such as wind, rain, or their 

own weight. To mitigate this risk, bamboo produces a series of nodes at intervals 

along the culm. In plant terminology, a node is a combination of an external ridge at 

the outer surface and an internal circular disc (called diaphragm) embedded in the 

hollow cavity. Since a diaphragm acts as a ring stiffener for the region near the node, 

sequential insertion of many diaphragms with an appropriate spacing along the 

culm leads to improvement in the mechanical stiffness of the whole bamboo culm 

against crosswind and self-weight.

The reason why the mechanical resistance increases with the number of nodes can 

be understood as follows. Generally, when a hollow cylindrical object member is sub-

jected to bending deformation, the cross-section of the cylinder becomes elliptical, 

while it is circular in the original state (i.e., prior to deformation). For example, if you 

pinch both ends of a straight rubber tube and bend it sharply, the cross-section of the 

tube will become squashed flat. Now, imagine that the rubber tube is completely filled 

with sand. After filling it with sand, the tube becomes rock-hard. No matter how much 

force you apply to bend it, it will not deform at all. The reason is that the sand pushes 

outward against the tube’s walls, preventing deformation of the cross-section. In other 

words, if you can suppress deformation of the cylindrical cross-section, you can make 

the entire cylinder far more resistant to bending. Bamboo employs the same mecha-

nism. Namely, bamboo locally reinforces its culm by inserting disc-shaped stiffeners 

(diaphragms) into hollow sections. Furthermore, by inserting numerous stiffeners 

from the base to the tip of the bamboo, increasing the number of reinforcement points, 

it significantly enhances the overall mechanical stability of the culm.

However, it should be noted that more nodes are not necessarily better. Excessive 

node formation inhibits the bamboo’s growth rate and increases its self-weight. 

Therefore, the number of nodes must be set considering the balance between stabil-

ity and growth rate. This trade-off suggests that bamboo has discovered the optimal 

number of nodes through millions of years of evolution.

So how are the optimal number and distribution of nodes determined? Simply put, 

more (or fewer) nodes should form at positions subjected to strong (or weak) bend-

ing stress. Wild bamboo embodies precisely this optimal solution (Shima et al. 2016).

According to structural mechanics theory, the degree to which the nodes (dia-

phragms) suppress the bending deformation of a hollow cylinder when bending 

stress is applied to it can be expressed by the following dimensionless parameter:
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where E∥ and E⊥ are the Young’s moduli parallel to the cylinder axis and in the cir-

cumferential direction, respectively. In typical bamboos, the ratio E∥/E⊥ quantifies 

the mechanical anisotropy in the woody portion of the bamboo culms, whose value 

has been estimated to be on the order of 10 or less. r is the cross-sectional radius of 

the culm, ℓ is the separation distance between adjacent nodes along the culm, and w 

is the wall thickness. It follows from structural mechanics theory that the bending 

deformation of the cylinder is most effectively suppressed when this dimensionless 

parameter Ω satisfies the following inequality:
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The right-bottom panel in Fig. 9.1 shows the measurement results of Ω as a func-

tion of the elevation from the ground; x is the relative internode number (0 ≤ x ≤ 1) 

that corresponds to the elevation from the ground surface (x = 0) to the tip of the culm 

(x = 1). The curve of Ω shows a monotonic increase with x. An important observation 

is that the criterion Ω < 2.033 holds for every x < 0.22. The graph also tells us that the 

degree of reinforcement is greatly enhanced near the base, where Ω becomes less 

than 1.0. The considerable reduction in Ω is quite reasonable, since bamboo seg-

ments near the base are subjected to significant bending moments even when a cross-

wind of uniform strength acts on the entire culm. This coordinated monotonicity in 

the Ω(x) curve, and the biased bending-moment distribution under cross-wind, indi-

cates a plausible guiding principle of wild bamboo morphology. Namely, in the 

growing process, wild bamboos control their geometric parameters such as ℓ(x), r(x), 

and w(x) so that the resulting Ω(x) increases with x in a monotonic manner.

It should be emphasized that an assessment of the spatial variation of Ω(x) is 

crucially important to gaining insight into the role of nodes and internodes in bam-

boo mechanics. A simple observation of ℓ(x) alone is of no use; in reality, the com-

bination of spatial variation in ℓ(x), r(x), and w(x) results in a monotonic increase in 

Ω(x), i.e., a gradual increase in the degree of reinforcement from the base to the tip, 

which effectively resists the applied bending moment sketched in the bottom-right 

panel in Fig. 9.1. We thus conclude that the wild bamboo geometry is optimized in 

the sense that every internode is endowed with an appropriate value of Ω.

9.2.2  Bamboo Fibers Are Optimally Distributed in Culm

In addition to the node-driven reinforcement explained above, another interesting 

mechanism lurks in the cross-section of the bamboo to increase the culm stability as 

a whole—the bamboo fiber.

The woody part of bamboo contains numerous long fibers embedded longitudi-

nally. These fibers, known in biological terms as vascular bundles, function as verti-

cal transport vessels for water and nutrients. Structurally, bamboo is thus considered 

a fiber-reinforced composite primarily composed of two types of tissues: the 
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Fig. 9.1 (a) Wild bamboo grove. (b) Notation and terminology specifying each segment of a 
whole bamboo culm. (c) A parabolic curve expressing the relative internode length ℓ(x)/ℓav as a 
function of the relative internode number. The normalized Kunze’s curve regarding the culm radius 
r(x) is also shown. Here, r0.1 represents the bamboo culm radius at a relative height of 10% from 
the base. (d) The curve of Ω(x) within a limited range of x, indicating that the criterion Ω < 2.033 
holds for x < 0.59. Here, N denotes the total number of internodes in a given culm. Inset: The whole 
curve of Ω(x) over 0 ≤ x ≤ 1. (Reprinted with permission from Shima et al. 2016, Copyright 2016, 
American Physical Society)

vascular bundles as reinforcing fibers and a matrix composed of parenchymatous 

cells. The fibers possess sufficient rigidity, with a Young’s modulus on the order of 

several gigapascals, comparable to steel. Such rigid fibers are aligned longitudinally 

and embedded within a continuous matrix that contributes little to the bamboo’s 

rigidity. Structural mechanics theory has revealed that these fibers play a crucial role 

in the mechanical stability of the bamboos.

The point of interest is the spatial distribution of fibers within the cross-section. 

If you cut a part of the cross-section of a bamboo and then observe it using a micro-

scope, you will find that the fibers are not evenly distributed over the entire cross- 

section (see Fig. 9.2a). Specifically, more fibers are embedded closer to the outer 
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Fig. 9.2 (a) A photo of the cross-section of a bamboo. A wild moso bamboo (Phyllostachys pube-

scens) was sampled and its cross-section was observed with a microscope. The gradient distribu-
tion of the vascular bundles across the wall thickness is clearly observed. (b) Experimentally 
measured values of the fiber’s volume fraction in wild moso bamboos as a function of the distance 
from the inner surface of the hollow culm. The index n in the legend represents the internode num-
ber from the ground. (c) Theoretically derived optimal distribution of fibers in elastic hollow cyl-
inders. (Adapted from Sato et al. 2017, License CC BY)
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skin. Elastic approximation theory tells us that concentrating many reinforcing 

fibers near the outer skin makes the entire bamboo less prone to bending. This indi-

cates that the bamboo makes its own body stronger by efficiently arranging a lim-

ited number of reinforcing fibers inside the cross-section. More concretely, wild 

bamboos maximize their flexural rigidity by optimally regulating the radial grada-

tion of their vascular bundle distribution (Sato et al. 2017). This fact provides us 

with a plant-mimetic design principle that enables the realization of high-stiffness 

and lightweight cylindrical composites.

The optimality in the fiber distribution can be described by the theoretical model 

given below. Suppose that a bamboo culm is modeled by an elastic hollow cylinder 

with radius a and wall thickness h. Over the cross-section, the reinforcing fibers are 

scattered in a gradient from the inner hollow core to the outer surface in a radial 

direction. It is then hypothesized that the volume fraction of the fibers, denoted by 

Vf(r), obeys the expression:
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In a real bamboo’s cross-section, a limited (but large) number of vascular bun-

dles are distributed optimally for maximizing the flexural rigidity of the entire culm. 

To explore the optimal distribution, we start from a virtual situation, wherein a given 

number of reinforcing fibers are uniformly scattered with equal density throughout 

the wall thickness; we then impose a spatial gradient on the fiber’s density, while 

keeping the total number of fibers fixed. In the initial virtual situation, Vf(r) is a 

constant, denoted by V f
av

, at arbitrary positions in the cross-section. After imposing 

a certain gradient, Vf(r) becomes r-dependent. The effect of the gradient distribution 

is thus evaluated by comparing the flexural rigidity obtained from the r-dependent 

Vf(r) with that from the constant V f
av

.

The flexural rigidity, Dc, of the fiber-reinforced cylindrical composites under 

bending is given by

 

D dr d E r r
c

a
h

a
h

c

2

2 3 2

0

2

sin ,  (9.4)

where Ec(r) represents the r-dependent local Young’s modulus of the cylindrical 

composite. In the present situation, it is a linear combination of the Young’s modu-

lus of the reinforcing fiber, Ef, and that of the host matrix, Em, expressed as:

 
E r E V r E V rc f f m f1 .  (9.5)
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Substituting Eqs. (9.3) and (9.5) into Eq. (9.4) and integrating, we can express Dc 

as a linear combination of cj  (j  =  0, 1, 2). The remaining task is, then, to find  

the optimal values of cj (j = 0, 1, 2) that maximize Dc for a given set of parameters: 

V f
av , Ef, Em, a, and h. These parameter values generally change gradually from the 

base to the tip of the culm. Therefore, by cutting down actual bamboo culms and 

measuring the vertical variation of these parameter values, then substituting them 

into the equations shown above, we can theoretically derive the fiber distribution 

that maximizes the flexural rigidity Dc.

A direct comparison of the theoretical results for the optimal fiber distribution 

with the existing experimental data for wild bamboos validates the theory explained 

above. Figure 9.2b depicts the experimentally measured values of the fiber’s volume 

fraction Vf(r) in wild moso bamboos. In the graph, the measured values of Vf(r) are 

plotted as a function of the distance from the inner surface of the hollow culm. The 

index n in the legend represents the internode number from the ground; e.g., n = 1 

at the bottommost internode for a given individual bamboo culm (see Fig. 9.1b). 

The plot tells us that in wild moso bamboos, fibers embedded near the bottom of an 

entire culm distribute quadratically in the radial direction, while those near the top 

distribute almost linearly.

The characteristic curves of the experimentally obtained Vf(r) in Fig. 9.2b are 

well captured using the theory that was developed in Sato et al. (2017), as shown in 

Fig. 9.2c. Surprisingly, the optimal fiber distribution that was theoretically deduced 

is in quantitative agreement with the earlier experimental data of the vascular bun-

dle distribution in wild moso bamboo. It is clearly observed that the distribution 

curves theoretically deduced are in good agreement with the curves obtained 

through the experiment. The agreement between the theory and experiment assures 

the optimality in the fiber distribution toward reinforcement of elastic hollow 

cylinders.

The key conclusion drawn from these results is that bamboo is a nature-designed 

functionally graded material (FGM). FGMs are a class of advanced materials 

endowed with spatial variations in their physical properties and/or chemical compo-

sitions. In addition to artificial FGMs, naturally designed FGMs can be found in our 

daily life, ranging from bones and teeth in our body to seashells and plants observed 

outdoors. A possible reason for the frequent realization of FGMs in nature is that the 

biological cells tend to adapt to external stimuli; their self-adaptive property may 

have caused a natural gradient structure during the evolutionary process for enhanc-

ing the stiffness-to-weight ratio. We can say that bamboo is also one of the most 

typical and intriguing FGMs that occurs in nature, because the volume fraction of 

the fibers increases radially from the inner to the outer surface of the bamboo culm. 

The biased distribution of the fibers across the wall thickness is considered to 

enhance the flexural rigidity of the culm, as a whole, against crosswinds and bend-

ing because of gravity. A closer look at the fiber distribution in the cross-section, 

therefore, will lead us to an optimal design strategy for fiber-reinforced cylindrical 

composites inspired by the bamboo morphology.
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9.3  Optimal Cross-section of Butterbur Petiole

In the previous section, we saw how bamboo culms enhance their own mechanical 

stability by arranging diaphragms (i.e., circular plates at nodes) and embedding 

vascular bundles (i.e., reinforcing fibers) within their bodies. On the other hand, 

another method to increase the bending resistance of hollow cylindrical structures 

involves devising the cross-sectional shape. From the view of structural mechanics, 

the difficulty of bending a hollow pipe is determined by its cross-sectional shape 

and the direction of the bending force. In fact, the hollow pipes used in industrial 

products are designed with a cross-sectional shape that is hard to bend. If plants 

employed the same strategy, then they could enhance resistance to the most signifi-

cant mechanical stresses (such as crosswinds, stem weight, and petal weight) by 

selecting the optimal cross-sectional shape (elliptical, polygonal, etc.) according to 

their growth environment. One plant exemplifying this concept is the Japanese 

butterbur.

The Japanese butterbur is a well-known spring mountain vegetable that grows in 

the wild (Fig. 9.3a). It extends numerous leaf stalks vertically from its rhizome, 

bearing large, rounded heart-shaped leaves at their tips. Butterbur is characterized 

by its large leaves. At the tip of a thin stem, the very large leaves are spread upward. 

Remarkably, the weight of the large, spreading leaves at the stem tip accounts for 

70% of the entire butterbur plant’s weight (Fig. 9.3b). In order to support this large 

and heavy leaf, it is necessary to devise the structure of the stem. A close examina-

tion of the cross-section of the stem of the Japanese butterbur reveals that it has a 

shape similar to that of a horseshoe (Fig.  9.3c). It is thus hypothesized that this 

peculiar horseshoe-shaped stem cross-section is the optimal structure for supporting 

large leaves at the tip of the stem. This hypothesis has been verified both experimen-

tally and theoretically by a Japanese master’s degree graduate student (Horiuchi 2022).

The starting point of the consideration was defining a metric to quantify how 

closely the cross-sectional shape of the butterbur resembles that of a horse’s hoof. 

Figure 9.3d illustrates this definition. Here, A1 denotes the area of the irregularly 

shaped butterbur cross-section (green region). Among the outer edges of this irregu-

lar region, the convex boundary is approximated by an ellipse, and the entire region 

is enclosed by this ellipse. The area of the void region sandwitched by the original 

region’s concave boundary and this ellipse is denoted by A2. The ratio of these two 

areas, A2/A1, is defined as the “horseshoe degree” of the butterbur cross-section 

shape. The closer the horseshoe degree value is to zero, the closer the cross- sectional 

shape of the butterbur is to a perfect ellipse, indicating that the defect area indicated 

by A2 is small.

A key mechanical property to progress our discussion is called the section modu-

lus. In structural mechanics, the section modulus is a geometric property of a given 

cross-section used in the design of beams or flexural members. The section modulus 

depends on the dimensions of a cross-section, such as height and width. The greater 

the cross-section, the greater the section modulus and the bending resistance of a 

beam. The section modulus is calculated as
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Fig. 9.3 (a) Wild butterbur. Its slender, elongated stem supports broad, horizontally spreading 
leaves. (b) Stress acting on the stem. Since the direction of leaf spreading aligns with the convex 
direction of the stem cross-section, the direction of the bending moment M acting at the tip always 
coincides with the convex direction. Consequently, compressive stress acts on the convex portions 
of the stem, while tensile stress acts on the concave portions. (c) Horseshoe-shaped cross-section 
of butterbur. (d) Definition of the horseshoe degree. (e) Section modulus Z and the neutral axis of 
the cross-section. (f) Correlation between the improvement ratio of section modulus and horseshoe 
degree. The left side along the horizontal axis corresponds to the stem tip, and the right side cor-
responds to the stem base. At the sectional concavity where tensile stress acts, the section modulus 
increases significantly, thereby markedly reducing tensile stress

 
Z

I

c
=  (9.6)

where I is the second moment of the area and c is the distance from the neutral axis 

to the most extreme fiber. It is used to determine the yield moment strength of 

a section
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where σy is the yield strength of the material.

For symmetrical cross-sections, such as circular, rectangular, and H-profiles, the 

section modulus of the top and bottom fibers is the same. For instance, the cross- 

section of the tree trunk is circular and solid. These solid circular cross-sections can 

evenly resist mechanical loads from all directions. On the other hand, if we have an 

asymmetrical complex cross-section, as observed in the butterbur’s stem (Fig. 9.3e), 

the section modulus of the top (i.e., Z2 in Fig. 9.3e) and the bottom fiber (Z1) are dif-

ferent. This leads to different bending moment capacities for positive and negative 

moments. Therefore, the hypothesis arises that the horseshoe-shaped cross-section 

of the butterbur offers a mechanical advantage over a cylindrical cross-section.

The following three facts are important in inferring the advantages of the cross- 

sectional shape of butterbur. First, the leaf weight of butterbur is more than 70% of 

the total weight of the plant. Second, the leaf loads act only in a specific direction, 

bending the stem. This bending direction does not change much after growth. Lastly, 

because of the bending, the tensile stress always acts at the position where the cross- 

section is constricted. In contrast, the compressive stress always acts at the position 

where the cross-section is swollen. This means that there is harmony between the 

bending direction of the stem and the shape of the cross-section. Therefore, it is 

speculated that the horseshoe shape was one of the survival strategies to efficiently 

support the large heavy leaves.

It is reasonable to infer that the most important thing for butterbur survival is to 

reduce the maximum stress acting on the stem surface. As mentioned earlier, the 

butterbur stem is always bent in a specific direction determined by the cross-section. 

In such a configuration, the magnitude of the maximum stress is always greater at 

the tensile side than at the compressed side. Namely, the absolute value of 

max
M Z/

1
 is always greater than that of 

max
M Z/

2
, where M is the bend-

ing moment applied at the tip of the stem (see Fig.  9.3b). Therefore, bending- 

induced fracture of the butterbur stem always occurs at the tensile side, where the 

stem cross-section is constricted. This means that if we increase the section modu-

lus on the tensile side, denoted by Z1, max
 will decrease so that fracture risk can be 

reduced.

Figure 9.3f provides experimental evidence for the horseshoe effect on maxi-

mum stress reduction. Image analysis of cross-sections taken at different heights on 

wild butterbur confirmed that, as a rule, the horseshoe degree is greater near the 

stem base and smaller near the stem apex. Subsequently, the relationship between 

the horseshoe degree and the section modulus was calculated for each cross-section. 

The vertical axis of the graph in Fig. 9.3f represents the improvement ratio (i.e., 

increase rate) of the section modulus (denoted by Zi with i = 1, 2) compared to that 

of a true circular section (denoted by Zc), defined as (Zi − Zc)/Zc. The results revealed 

that the horseshoe-shaped cross-section exhibits a pronounced effect on the tension 

side. Specifically, the section modulus increases significantly at the stem base, lead-

ing to a highly effective reduction in maximum stress. This finding indicates that the 
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butterbur skillfully reduces fracture risk by adopting a horseshoe-shaped 

cross-section.

In short, the cross-section of the butterbur stem is regulated sophisticatedly to 

resist the bending force at the base caused by the heavy leaf at the top. Specifically, 

a horseshoe-shaped cross-section increases the section modulus Z1 on the concave 

side, thus reducing the maximum stress acting on this side. As seen in this section, 

it would be considered highly significant to apply theoretical investigations into 

how noncircular stem cross-sectional shapes affect stem stability to a diverse range 

of plant species (Shima et al. 2020).

9.4  Mechanical Trade-offs Inherent in Rice Culms

Rice is a staple food in many countries, primarily in Asia and Africa, and increasing 

rice yields is a major goal in agriculture. However, to increase yields, rice plants 

must be mechanically supported to prevent them from lodging due to their own 

weight or wind. Here, “lodging” refers to the permanent bending or breaking of rice 

stems from a vertical position toward the ground. Previous research has identified 

three main types of lodging in rice: (1) bending-type lodging, where the culm bends 

significantly and fails to recover, (2) breaking-type lodging, where the culm breaks 

due to excessive weight, and (3) root-break lodging, where the plant lodges because 

the roots break. Among these, the bending and breaking types (1) and (2) have been 

well studied, revealing that rice characteristics such as internode length and thick-

ness, and the height from the ground to the panicle, are crucial for these types of 

lodging. However, no established method existed for comparing varieties with dif-

ferent characteristics, which is essential for rice breeding.

Recently, a group of Japanese researchers measured the culm shape and hardness 

of various rice varieties to identify those with high lodging resistance (Tsugawa 

et  al. 2023). They discovered significant differences in culm shape and hardness 

between the relatively tall 5-internode group (varieties with five internodes) and the 

shorter 4-internode group (varieties with four internodes). Their motivation was to 

identify varieties with strong lodging resistance. Further analysis revealed a surpris-

ing fact: the tall 5-internode group had thicker, softer stems, while the shorter 

4-internode group had thinner, harder stems. This characteristic is highly intriguing, 

suggesting that rice adapts its traits based on culm height to resist lodging. They 

named this characteristic the “thickness–hardness trade-off relationship.” This term 

describes the trade-off where prioritizing thickness sacrifices hardness and prioritiz-

ing hardness sacrifices thickness.

To investigate this discovered trade-off relationship in greater detail, physical 

quantities that allow comparison between rice plants with different traits were 

explored. Among various indicators, the following dimensionless parameters were 

defined: the slenderness ratio λi as the morphological safety index, and the gravity- 

to- bending stiffness ratios, αi and βi, as the mechanical safety indices:
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where Li is the length of the ith segment, Ri is the sectional radius of gyration of the 

ith segment, Fi is the tip load of the ith segment, Ei is the Young’s modulus (indicator 

of stiffness) of the ith segment, Ii is the sectional moment of inertia (indicator of 

thickness) of the ith segment, and ρi is the weight of the ith segment.

Generally, dimensionless parameters can express properties independent of spa-

tial scales like length. Thus, λi, αi, and βi enable us to characterize the lodging resis-

tance of rice plants with different traits in a comparable format. As a result, we 

could compare each safety index, as shown in Fig. 9.4a. Surprisingly, it was found 

that these safety indices were nearly equivalent between the 5-internode group and 

the 4-internode group at the node closest to the ground (see Fig. 9.4b, c).

Therefore, the Japanese research group constructed an elastic column theory to 

determine whether this mechanical safety index truly characterizes rice lodging 

resistance. The elastic column theory quantitatively characterizes the weight at 

which column structures, such as utility poles, bend, enabling the evaluation of 

column safety. Under the loading conditions shown in Fig. 9.5a, it was found that 

the local angle θi at the ith internode in Fig. 9.5b satisfies the following equation:

 

d

ds
s i b

i

i

i i i i

2

2
1 2sin , , ,  (9.9)

where b is the number of internodes and si represents the distance along the inter-

node curve calculated from the top of the ith internode. Deriving this equation 

enabled quantitative discussion of how much rice bends under relative loads αi and 

Fig. 9.4 (a) Quantitative analysis results showing the morphological safety index and the mechan-
ical safety index. (b) Morphological safety index of the internode closest to the ground. (c) 
Mechanical safety index of the internode closest to the ground. (Adapted from Tsugawa et  al. 
2023, License CC BY)
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Fig. 9.5 Inference of deflected morphology of rice culms derived from the elastic column theory 
compared to actual data. (a) Force components on each internode. (b) Definition of angle for each 
internode. (c) Inference of deflected morphology by the elastic column theory as a function of α 
and β. (d, e) Resulting shapes of the theoretical model as a function of the index β1 (d) and the 
index α1 (e). (Adapted from Tsugawa et al. 2023, License CC BY)

βi (Fig. 9.5c–e). This equation can be solved approximately, allowing investigation 

of which parameters most influence lodging resistance. Analysis revealed for the 

first time that the internode closest to the panicle, which is most closely related to 

panicle weight, is most effective in determining lodging resistance to self-weight, 

followed by internode length, stiffness, and outer diameter.

The achievement of this research enables easy comparison of lodging resistance 

among different varieties by calculating the morphological safety index λi and the 

mechanical safety indices αi, βi using actual measurement values. Furthermore, 

comparisons between varieties also aid in identifying the causes of lodging for each 

variety. Furthermore, elastic column theory revealed the critical importance of the 

internode closest to the panicle. Therefore, improving the characteristics of this 

internode is expected to lead to the development of rice varieties with enhanced 
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lodging resistance, contributing to solving food issues. Going forward, establishing 

a foundation for mechanical theories related to crops is anticipated to contribute to 

agricultural science, such as plant breeding.

9.5  Net-like Pattern on Muskmelon Rind

Muskmelon is a general term for melons possessing a strong, musk-like fragrance. 

The fruit is nearly spherical, and its rind develops a cork-like net pattern. The flesh 

is yellow-green, juicy, and exceptionally sweet. It is thus representative of high- 

grade melons. Cultivation of muskmelon is extremely difficult; strict temperature 

and humidity control, along with meticulous care, are essential to produce high- 

quality fruit. Furthermore, only one melon is allowed to grow per vine. Consequently, 

prices are high, with premium specimens sometimes exceeding a few hundred dol-

lars per muskmelon.

An interesting fact is that the market value of muskmelons, particularly in Japan, 

strongly depends on the fineness of the net-like pattern on their rind. The surface of 

a muskmelon is covered in a white net-like pattern. This net is formed by suberin, 

an oily polymer substance produced by the plant. Since suberin is one of the main 

components of cork, the net pattern on melons made of suberin is also called “cork 

cells.” This suberin net pattern is a remnant of cracks that occurred during the mel-

on’s growth. In fact, early-stage muskmelons lack this surface net. After pollination, 

muskmelons grow to about the size of a chicken egg in roughly 1 week, but at this 

stage, their surface is still smooth and netless (see Fig. 9.6a). About 2 weeks after 

pollination, the melon’s skin suddenly hardens, entering the hardening stage, where 

its mechanical flexibility is lost. Even after entering this hardening stage, the inner 

flesh of the melon continues to expand (enlargement growth). As a result, the skin’s 

growth rate cannot keep up with the flesh’s expansion, causing fine cracks to begin 

appearing one after another on the skin. When cracks appear on the surface, a liquid 

substance called suberin is secreted from within. This suberin fills the cracks, pre-

venting water evaporation. The suberin secreted into these gaps hardens into a cork- 

like substance, forming the distinctive net pattern on the surface of the muskmelon.

As explained above, the net-like pattern on muskmelons results from the rind 

fragmenting into fine pieces due to the expansion of the flesh. In other words, it can 

be viewed as a phenomenon where spherical shell-like structures undergo succes-

sive (layered) fractures under internal pressure. Similar fracture processes can be 

observed in many natural phenomena beyond muskmelons. For example, the 

cracks seen in dried starch paste (Akiba et al. 2017; Akiba and Shima 2019) or in 

aged molten lava (Akiba et al. 2021a, b) occur because drying/cooling creates a 

contracting force within the medium, and cracks form when this force becomes too 

great to withstand. When examining these natural crack patterns from a statistical 

perspective, common underlying statistical laws are often revealed. From this per-

spective, examining the pattern of melon netting raises the question of whether 

statistical laws can be identified there. However, since very few studies have 
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Fig. 9.6 (a) Changes in melon surface as it grows. After fine cracks spread across the entire sur-
face, a net-like pattern develops over the entire surface 7 days later. (b–d) Area evaluation of melon 
rind fragments using image analysis. (b) Magnified photograph of a muskmelon rind. The corky 
mesh (light green) surrounding small rind fragments (dark green) is visible. (c) The computer 
identifies the boundaries (blue lines) of the peel fragments. (d) The area enclosed by the blue lines 
(light blue) is calculated. (e) Probability distribution of melon rind fragment areas. The horizontal 
axis s/s0 represents the fragment area s divided by the scaling constant s0. The vertical axis repre-
sents the percentage of total fragments with a given area s. As seen in the graph, the fragment area 
distributions for the five melon specimens (represented by different symbols) follow a nearly iden-
tical distribution curve (solid and dotted lines). (Adapted from Akiba et al. 2022, License CC BY)

investigated the geometric properties of melon netting, no clear conclusion could 

be reached.

Against this backdrop, a Japanese research group tried to explore the correlation 

between the geometric characteristics of the net-like pattern on melon rinds and 

fruit quality (Akiba et al. 2022). The research group took photographs of several 

muskmelons sold at a retail store (for quality assurance) and investigated the shape 

and size of the small green peel fragments separated by white reticular stripes (see 

Fig.  9.6b–d). Calculating the areas of these small peel fragments, obtaining the 

probability distribution curves of the areas, and scaling them, it was found that the 

distribution curves were on a common curve regardless of the type and size of indi-

vidual melons.

Figure 9.6e shows the distribution data of fragmented areas obtained from the 

experiment. The horizontal axis s/s0 represents the fragment area s divided by the 
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scaling constant s0. The vertical axis of the graph represents the percentage of total 

fragments with a given area. As seen in the graph, the fragment area distributions for 

the five melon specimens follow nearly identical distribution curves (solid and dot-

ted lines in the graph). This result implies that the seemingly random net patterns on 

each melon actually follow a common scientific law. Furthermore, the research 

team derived the specific mathematical expression for this distribution curve using 

fracture mechanics theory. By extending the expansion fracture theory for one-

dimensional brittle rings to two-dimensional brittle spherical shells, they demon-

strated that this distribution curve can be described by a Bessel function of the 

second kind. In other words, they proved that the law governing the muskmelon net 

pattern, experimentally obtained in this study, is not mere coincidence but a result 

grounded in mechanical theory.

It is empirically known that the appearance of this mesh pattern correlates with 

the quality of melons and is used as an important indicator for quality evaluation at 

production sites. In fact, the quality of mask melons is primarily evaluated by their 

appearance. Furthermore, the price difference between melons of different grades is 

significantly larger compared to other fruits. Therefore, from the perspective of pro-

ducers and sellers, it is necessary to accurately assess the deliciousness inside with-

out cutting the melon, relying solely on its appearance. Currently, melon sorting is 

performed visually by experts such as producers and market professionals. However, 

relying solely on such artisan skills carries risks: labor shortages may arise, and 

subjective judgment could influence grade determination. Furthermore, there is an 

inherent limit to the number of muskmelons that can be evaluated through visual 

inspection by humans.

Developing the findings from this research could offer a potential solution to 

these challenges. While this study focused solely on commercially available musk-

melons (melons whose quality is guaranteed by their appearance), examining the 

appearance of melons discarded during cultivation or sorting processes could simi-

larly reveal the statistical properties of the net pattern and its correlation with the 

deliciousness of the melon flesh. Furthermore, clarifying the relationship between 

the melon’s growth process and the accompanying formation of the net pattern 

could lead to technology enabling the automatic and objective determination of 

melon ripeness through image recognition.

9.6  Summary

This chapter introduced several research examples that applied theoretical physics 

and structural mechanics theory—often focused on artificial structures—to plants 

that have survived the harsh natural environment of survival of the fittest, thereby 

formalizing the wisdom hidden within their morphology. Applying insights from 

physics and structural mechanics to plants does more than merely yield engineering 

knowledge useful for manufacturing. Shifting the focus of theory from artificial 
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objects to plants drives the development of the theory itself, enabling the elucidation 

of the mechanical rationality within more complex systems. Furthermore, compared 

to traditional botanical research, which primarily relies on narrow, deep experimen-

tal approaches focused on specific species, a theoretical approach based on mechan-

ical models that extract shape characteristics common to plants enables us to touch 

upon the “essence of wisdom” that plants have cherished throughout their evolu-

tionary process of changing form, including the “rational resistance mechanism to 

gravity that acts equally on all plants.” This interdisciplinary approach transcends 

existing academic frameworks to fuse botany and engineering, laying the ground-

work for pioneering new research domains. Moreover, through plants that have 

coexisted with nature since ancient times, we may even learn about next-generation 

engineering practices that live in harmony with nature.
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Chapter 10

Spiral Patterns and Morphology 
in Chemical Systems

Oliver Steinbock, Pamela Knoll, and Amrutha S.V.

Abstract Far-from-equilibrium chemical systems generate diverse self-organized 

spatial and temporal patterns that defy intuition and often show remarkable parallels 

to biological organization. This chapter surveys major examples, beginning with 

precipitation-driven chemical gardens that together with inorganic biomorph struc-

tures illustrate how nonequilibrium processes can produce permanent architectures. 

A different class of examples includes excitation waves in reaction–transport sys-

tems such as chemical waves in the Belousov–Zhabotinsky reaction, action poten-

tials in the human heart, and certain types of surface corrosion. Many but not all of 

these systems generate spiral-shaped and helical patterns, which form a central 

focus of our discussion. Together, these phenomena reveal how simple physical and 

chemical principles can orchestrate rich pattern formation across scales and vastly 

different chemistries, linking the behavior of inorganic reactions with mechanisms 

familiar from living systems.
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10.1  Introduction

Life unfolds at macroscopic length scales but is driven by microscopic processes 

that originate in chemistry. It also evolves toward ever more intricate forms while 

the universe progresses toward an unstructured heat death. These fundamental ten-

sions are often overlooked in modern biological research, which tends to focus on 

molecular assemblies, genetic control, and biochemical pathways. Yet an entire 

research area is built around this tension: the study of chemical self-organization far 

from thermodynamic equilibrium.

The origins of dissipative pattern formation extend back to the nineteenth cen-

tury and, in spirit, even to the era of alchemical investigation. In those early centu-

ries, minerals and ores were commonly believed to grow underground in a plant-like 

fashion and at times to emerge at the surface as new crystalline deposits. This belief 

was strengthened by the appearance of life-like accretions and extrusions on mine 

shafts and weathered rock faces. Within this historical context lies the work of 

Johann Rudolf Glauber (1604–1670) on what we now call chemical gardens, one of 

the inorganic yet distinctly organism-like systems discussed in this chapter.

Some two centuries later, spatiotemporal patterns such as oscillations and travel-

ing waves became clearly recognizable in electrochemistry, in particular in experi-

ments by Gustav Theodor Fechner who studied the anodic dissolution of nickel in 

nitric acid as well as in related work by Wilhelm Ostwald on chromium dissolution 

(Alkire and Kolb 2002). Electrochemical interfaces provide a natural setting for 

nonlinear feedback because local reaction rates depend sensitively on potential, sur-

face coverage, and mass transport. Under galvanostatic or potentiostatic control, 

this interplay can drive the electrode surface into periodic or even chaotic dynamics. 

These regimes allow detailed studies of coupled oscillators, synchronization phe-

nomena, and the occurrence of chimera states. Dynamically similar processes syn-

chronize neurons in the suprachiasmatic nucleus, a region of the vertebrate brain, to 

form the master circadian clock.

An even more prominent example of self-organized chemical behavior is the 

Belousov–Zhabotinsky (BZ) reaction, which has become the canonical system for 

chemical oscillations and for the spontaneous emergence of macroscopic wave pat-

terns (Pojman and Epstein 1998). The mechanisms that generate these dynamics 

rely on nonlinear feedback and on the coupling between reaction and transport, 

concepts that have become central to modern systems biology. Many of the spatial 

and temporal patterns observed in the BZ reaction reappear throughout biology, 

from single cells and microbial colonies to tissues and coordinated groups of 

organisms.

A notable example is the rotating spiral wave that emerges in excitable and oscil-

latory media. In the Belousov–Zhabotinsky reaction, these spirals appear to the 

unaided eye as blue, chemically oxidized bands that move across a red, reduced 

background. They exhibit a pitch of roughly 1 mm and rotation periods on the order 

of 1 min. In the language of activator and inhibitor kinetics, such waves arise when 

the inhibitor diffuses more slowly than the activator. The opposite regime, in which 
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the inhibitor diffuses more rapidly, can give rise to stationary patterns in related 

systems such as the CIMA reaction, including stripes, zigzags, and hexagonal arrays 

of dots (Horváth et al. 2009). These structures have long been discussed in a biologi-

cal context, tracing back to Alan Turing’s 1952 paper on “The Chemical Basis of 

Morphogenesis,” but were discovered in chemical experiments only 40 years later 

(Turing 1952).

This chapter reviews several families of far-from-equilibrium chemical systems, 

with occasional reference to biological analogues when space permits or when con-

ceptual connections are helpful. Specifically, we outline the following topics: (1) 

chemical gardens and current research directions, (2) excitation waves in different 

spatial dimensions, (3) corrosion waves and their technological implications, and 

(4) open questions related to inorganic biomorphs. Despite their diverse molecular 

compositions and physicochemical mechanisms, these systems share often recur-

ring features: geometric spirals, nonlinear interactions, and origins that lie far from 

equilibrium.

10.2  Chemical Gardens

Our first example concerns inorganic patterns that form during precipitation reac-

tions, i.e., chemical processes that produce solid products from solutions. In the 

classic version of the chemical garden experiment, small salt particles are placed 

into sodium silicate solutions (Barge et al. 2015). As the crystal begins to dissolve, 

the metal ions form insoluble hydroxides in the strongly basic medium. These col-

loidal metal hydroxide particles aggregate rapidly and produce a thin, continuous 

membrane around the crystal, effectively compartmentalizing the reaction system. 

Fig. 10.1 Pattern formation in chemical gardens. (a) Centimeter-scale structures formed from 
different salt crystals in sodium silicate solution. (b) Simulated precipitate structures for different 
age biases k. Gold and black regions show the precipitate; gray and blue regions are the two differ-
ent reagents. (c) Helical chemical garden tubes in an injection experiment. All scale bars: 5 mm. 
(Adapted with permission from Barge et al. 2015; Batista et al. 2023; Siev et al. 2024)
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The freshly formed membrane is semipermeable and allows water to flow inward 

toward the crystal through osmotic pressure. This flow quickly ruptures the fragile 

inorganic membrane and causes the ejection of a buoyant jet of salt solution around 

which additional precipitate is templated. The net result is the formation of hollow 

macroscopic structures, typically straight tubes, branched tubes, and shell-like 

objects (Fig. 10.1a).

The chemistry that produces these precipitate tubes is extremely diverse and 

requires primarily a rapid precipitation reaction or a comparable solidification pro-

cess. Additional requirements are less well established but likely include a condu-

cive surface charge of the precipitate particles and favorable mechanical 

characteristics of the aging membrane material. Accordingly, chemical gardens 

have been grown from numerous inorganic salt seeds in solutions containing sili-

cates, borates, phosphates, and other anions. The resulting tubes possess wall thick-

nesses on the order of a few microns and often consist of porous metal hydroxide 

with a thin outer layer of amorphous silica.

Today, the systematic investigation of chemical gardens relies heavily on experi-

ments in which the salt seed is replaced by a salt solution that is steadily injected 

into the silicate solution. This approach was first demonstrated by our group in 2003 

and made it possible to identify several distinct growth regimes (Thouvenel-Romans 

and Steinbock 2003). The most striking cases are the following: (1) jetting, in which 

an open-tipped smooth tube grows around a steady jet of solution that exits from the 

tip, (2) popping, in which the tube is mostly closed and expands by the periodic 

release of balloon-like membrane segments, and (3) budding, in which these seg-

ments remain attached to the main stalk and new growth emerges from local breach 

sites. Other experimental approaches employ spatial constraints, with most work 

focusing on the injection of salt solutions into Hele–Shaw cells or microfluidic 

channels.

From the perspective of pattern formation, the structures that emerge in the thin 

gaps of Hele–Shaw cells are of particular interest. First reported by Haudin et al. in 

2014, these patterns display remarkable morphological variability while remaining 

reproducible with respect to their key geometric characteristics (Haudin et al. 2014). 

Surprisingly, this structural repertoire includes membrane segments that trace loga-

rithmic spirals, i.e., spirals with an exponentially increasing pitch.

These unusual precipitate spirals do not form simultaneously in the Hele–Shaw 

cell but arise from preexisting membranes that experience a breach and are pushed 

outward and deformed. We speculate that during this process, new membrane mate-

rial forms near the breach site while the older sections are pushed outward and bend 

under the friction imposed by the Hele–Shaw plates. Another intriguing result is 

that phyllotactic spiral patterns can develop in radially growing systems that main-

tain an intrinsic wavelength between neighboring spots (Facchini et al. 2025). This 

behavior has been demonstrated through numerical models of phase transitions and 

Turing structures and through experiments on chemical precipitation.

The transition of patterns from near circular precipitation fronts to irregular laby-

rinthine structures and eventually to filamentous conduits, which are close analogs 

of three-dimensional  tubes, can be modeled with an unconventional cellular 
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automaton framework (Batista et al. 2023). In this approach, each lattice site con-

tains one of the two reactants or the precipitate, and the injection of fresh reactant 

randomly replaces precipitate to generate an expanding circular front. When the 

model includes an age bias that preferentially removes newly formed precipitate, 

thin-walled filaments appear and elongate at their tips, closely reproducing the self- 

extending structures observed experimentally (Fig. 10.1b). The addition of a simple 

buoyancy rule further enables the model to capture both branched and unbranched 

chemical garden architectures in two and three dimensions. Taken together, these 

results show that temporally evolving membrane properties and biased self-healing 

processes play a central role in the formation and diversification of chemical garden 

morphologies.

Another spiral motif in unconstrained, three-dimensional chemical garden 

experiments is the formation of helical tubes (Fig. 10.1c) (Siev et al. 2024). Recent 

work by our group showed that certain chemical garden tubes create a colloidal 

“exhaust” above their open tip. This suspension flows upward and triggers the for-

mation of a secondary tube that coils into a helix between the solution meniscus and 

its freely suspended base, which continues to produce new tube material.

10.3  Excitable Reaction–Diffusion Systems

In certain reaction–diffusion systems, spirals become highly dynamic entities. To 

understand them more fully, it is useful to begin with excitation waves in one spatial 

dimension. For systems such as neurons or the chemical Belousov–Zhabotinsky 

reaction, this domain possesses a stable homogeneous rest state (Murray 2003). 

Small local or global perturbations of this steady state lead to an unremarkable 

decay back into the rest state. If, however, a system-specific threshold is exceeded, 

the system undergoes a long excursion in phase space before returning to the steady 

state. The initial phase of this excitation cycle is often driven by an autocatalytic 

process, such as the rapid self-amplifying production of HBrO2 in the BZ reaction 

(Epstein and Showalter 1996) or, in neurons, the sudden depolarization caused by 

voltage-gated ionic currents (FitzHugh 1961). If the perturbation is local, this entire 

process triggers a traveling pair of excitation pulses that effectively spatially unfold 

the temporal dynamics. Accordingly, the front of the steadily moving pulse tends to 

be steep, followed by a slower (often exponential) relaxation in the wave back 

(Dockery et al. 1988). The overall pulse shape and speed are conserved. During this 

relaxation, the system is locally refractory, meaning that new pulse initiations are 

difficult or impossible. A direct consequence of this refractory zone is that colliding 

pulses annihilate like forest-fire fronts, rather than undergoing interference.

In two space dimensions and for isotropic systems, a local perturbation triggers 

a steadily expanding circular wave (Zhabotinsky and Zaikin 1973). Regardless of 

whether planar or circular, if such an excitation front is disrupted, some systems will 

respond with the creation of a pair of counter-rotating spiral waves (Winfree 1972; 

Müller et al. 1985). The basic mechanism behind these intriguing vortex patterns is 

a slowdown of the front propagation at the highly curved spiral tip (Mikhailov and 
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Fig. 10.2 Rotating spiral waves in excitable reaction–diffusion systems. (a) Chemical waves in 
the BZ reaction and (b, c) in the cellular slime mold Dictyostelium discoideum. (Adapted with 
permission from Knoll et al. 2024; Weijer 2019)

Zykov 1991). At a molecular level, this deceleration is due to the geometric dilution 

of the diffusive flux of the activator species. The resulting spirals have a system- 

specific rotation period and wavelength that in the BZ reaction are typically of the 

order of seconds to minutes and millimeters, respectively (Fig.  10.2a). Detailed 

studies of the spiral tip revealed that its motion can trace simple circles as well as 

hypo- and epicycles (Barkley 1994).

Over the past decades, spiral waves of excitation have been observed in numer-

ous experimental systems. The earliest examples include aggregation waves in the 

cellular slime mold Dictyostelium discoideum (Fig. 10.2b) that use traveling waves 

of cAMP concentration to organize their transition from single amoebae to a multi-

cellular pseudoplasmodium and subsequently spore-bearing fruiting body (Siegert 

and Weijer 1989). For these cells, excitation waves and coupled chemotaxis solve 

the problem of providing directional cues over centimeter-scale distances. We 

emphasize that a simple release of a passively diffusing chemoattractant could not 

replace this clever mechanism as it would lead to either shallow concentration gra-

dients that fail to give directional guidance or a hopeless oversaturation of cAMP 

receptor near the aggregation target. Surprisingly, the spiral waves in Dictyostelium 

can be seen with the unaided eye as moving and resting cells have different heights 

and lead to subtle yet noticeable deformations of the thin water film that cov-

ers them.

Another important example is the CO oxidation on Pt surfaces. These studies, 

which contributed to Gerhard Ertl’s 2007 Nobel Prize in Chemistry, are typically 

performed by photoelectron emission microscopy (PEEM) (Ertl 2008; Jakubith 

et  al. 1990). By monitoring the local work function, this method images the 
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spatiotemporal evolution of the surface’s CO coverage. PEEM pictures and movies 

revealed that this CO coverage is not homogeneous but patterned by rotating spiral 

waves and other patterns.

10.4  Vortices in Higher Dimensions

A fascinating extension of spiral wave dynamics is the emergence of their three-

dimensional counterparts (Winfree 2001). For topological reasons, wave surfaces in 

three dimensions cannot rotate around points or small point-like regions but must 

instead be organized by one-dimensional curves. This idea is easiest to visualize for 

a vertical stack of identical two-dimensional spirals that together form a scroll-like 

surface. The rotation backbone of this simplest scroll wave is a straight line that is 

usually referred to as the filament of the vortex pattern. The phase of the constituent 

spirals can vary along this filament, which then induces a twisted scroll wave. In 

addition to such a  twist, the filament can deviate from a straight line and follow 

smooth curves, leading to curvature of the filament itself.

The possible variations of this scroll wave motif are tightly controlled by topo-

logical constraints. Most importantly, the filament cannot end within the excitable 

volume. It must either terminate on the system boundary or curl back on itself to 

form a closed loop or knot, giving rise to a subtype known as scroll rings. Even for 

the simplest case of a circular filament of radius R, the filament is not static but 

contracts or expands depending on the system-specific filament tension α. For posi-

tive filament tension, the filament loop collapses slowly according to the simple 

equation: R t R t
0

2 2 , where t and R0 are time and the initial radius, respec-

tively (Keener and Tyson 1992; Totz et al. 2015). For negative values of α, the scroll 

ring filament expands but also buckles and quickly folds into shapes showing 

 spatiotemporal chaos (Biktashev et  al. 1994). This complex state is known as 

negative- filament or Winfree turbulence (Alonso et  al. 2003) and is  not only 

of  intellec tual interest but directly related to certain cardiac arrhythmias.

The human heart has four chambers of which the walls of the ventricles are suf-

ficiently thick to require a description as a three-dimensional system. Under normal, 

healthy circumstances, a natural pacemaker on one of the atria emits an excitation 

pulse about once per second. This action potential is relayed through the myocar-

dium and channeled via the Purkinje fibers into the ventricles. This spatiotemporal 

pattern and its rhythmic repetition orchestrate our normal heart function, allowing 

proper pump action of the contracting organ. However, these excitation pulses can 

induce spiral waves that in cardiology are known as reentrant arrhythmias (Christoph 

et al. 2018). In tachycardia, one vortex dominates and causes very high but surpris-

ingly regular heart rates of up to 300 beats per minute. In ventricular fibrillation, this 

spiral wave undergoes an instability, likely related to negative filament tension, and 

effectively induces many vortices that typically lead to the death of the affected 

person within 1 or 2 minutes (DeTal et al. 2022).
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Even higher space dimensions can be encountered if the conventional assump-

tion of a continuous space is replaced by a high-dimensional regular network. This 

scenario was first investigated by Zanotto and Steinbock for four dimensions 

(Zanotto and Steinbock 2021). Here, the dimensional pairings of domain dimen-

sions and filament dimensions continue and hyperscroll rotation occurs around two- 

dimensional surfaces. Examples include planar surfaces, spheres, and tori. These 

surfaces again evolve under the influence of local curvature and a system-specific 

surface tension, and each carries a local phase whose gradients relax over time. 

These hyperscroll waves also show some remarkable robustness against the random 

removal of node connections and even allow for  the appearance of hyperscroll 

turbulence.

10.5  Corrosion Waves

Returning to excitation waves in quasi-two-dimensional systems, a surprising 

example is found in corrosion science, specifically the behavior of iron alloys under 

thin layers of acid (Agladze and Steinbock 2000). Most of us think of rust formation 

as a slow process that unfolds over months and years rather than seconds, but under 

the appropriate conditions, very fast rust waves can form. The central idea here is 

the concept of surface passivation. Depending on pH and other parameters, a metal 

dipped into an acid might either actively corrode or quickly form a thin oxide layer 

that stops further reactions.

In 1925, Lillie studied such a system in the form of a long steel wire submerged 

in nitric acid, finding that fast corrosion waves propagated along the otherwise pas-

sive wire (Lillie 1925). Later Agladze and Steinbock (2000) also observed rotating 

spiral waves that appear as dark bands on the grayish steel plates. The reported wave 

speeds were about 5 mm/s at rotation periods of a few seconds. Wave propagation 

was also associated with a measurable loss in material height, equaling about 

850 nm/wave. Interestingly, the spiral tips deposited thin dark lines onto the steel, 

indicating different reaction conditions and products. The corrosion waves on steel 

plates can also be easily manipulated by protecting the surface locally with adhesive 

tape (Agladze et  al. 2001). For long channels constructed by this method, wave 

propagation failed if the channel width fell below ~0.3 mm, indicating sink-like 

boundaries for these obstacles.

Corrosion waves also exist in the context of other technologically relevant alloys 

such as light-weight magnesium and aluminum materials that play important roles 

in many civilian and military applications. An excellent example is the magnesium 

alloy AZ31B, which is frequently used in high-end camera and cell phone frames, 

helicopter parts, and other products that require or benefit from low-density materi-

als. If this alloy is brought into contact with a moderately concentrated saline solu-

tion (e.g., 0.6 M NaCl or ocean water), it undergoes corrosion. This corrosion is 

strikingly visible as surface waves, both by scanning vibrating electrode technique 

(SVET) and optical inspection, and also associated with the production of streams 
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Fig. 10.3 Corrosion waves on the magnesium alloy AZ31B exposed to a 0.6 M solution of NaCl. 
(a–d) Experimental photos obtained at a time interval of 1440  s. Field of view: 4  cm2. (e–g) 
Simulated time–space plots showing corrosion waves along the edge of a 1  cm wide AZ31B 
lamella. The simulations differ in the rate of background corrosion: (e) spots for high rates, (f) 
wave segments for medium rates, and (g) rare waves for slow rates. Waves are triggered and 
affected by IMPs in the alloy. (Adapted with permission from Batista et al. 2024a)

of small hydrogen-gas bubbles (Fig. 10.3a–d). The propagation speed of these cor-

rosion waves is much slower than the aforementioned waves on low-carbon steel. 

Typical values for AZ31B under 0.6 M NaCl solution are 0.1 mm/min.

A fascinating dynamical feature of waves in the AZ31B system is that wave 

nucleation is tightly coupled to intermetallic particles and clusters (IMPs) in the 

alloy (Batista et al. 2024a). These IMPs are often crystalline (e.g., Al11Mn4, Al8Mn5, 

and ɛ-AlMn), have sizes of a few microns or less, and form during alloy production. 

Once exposed to the solution-facing surface of the metal, they become the main 

driver of the corrosion process. This results in a vicious cycle of IMP-induced wave 

nucleation, wave-driven material loss by corrosive dissolution, and the exposure of 

new IMPs that had been buried in the bulk of the alloy earlier. These dynamics can 

be captured in nonlinear reaction–diffusion simulations that are scaled and informed 

by quantitative measurements of IMP-size distributions and other parameters. Once 

this correspondence between model and material has been established, the frame-

work allows quantitative predictions for the evolution of the surface roughness and 

the average corrosion rate. Batista et al. showed that these simulations for a single 

lamella spanning 1 cm of AZ31B can be performed for real corrosion times of up to 

several weeks, opening opportunities for new alloy protection, alloy design, and 

model-based recommendations of service schedules (Batista et al. 2024a).

In these pseudo-two-dimensional simulations (active 1D edge of lamella plus 

lamella depth), the effect of IMPs is not always wave initiation as, depending on the 

local dynamic state of the alloy surface, IMPs can also trigger or block waves. In 

addition, variation of an important model parameter, the background corrosion rate, 

reveals distinct regimes in the spatiotemporal dynamics of the system. These 

regimes include patchy noise, intermittent corrosion spots, wave segments, sus-

tained waves traveling the entire system width, and rare waves in which the time 

between new pulse initiation events can approach several days (see Fig. 10.3e–g for 

example). This rich spectrum of nonlinear dynamics makes the IMP-based 
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corrosion model an intriguing research subject beyond its immediate technologi-

cal impact.

Moreover, the close link between corrosion science and nonlinear dynamics in 

AZ31B behavior suggests new ways to mitigate corrosion damage in this system. 

We reported experimental evidence that the corrosion waves are subexcitable, 

meaning that open wave ends do not curl into spirals but instead shrink laterally as 

they propagate in their normal direction. These withdrawing tips generate shrinking 

wave segments that eventually disappear. Consequently, a local disruption or break-

age of a wave front limits its potential to cause surface damage compared to a con-

tinuous circular front that affects the entire surface.

In this context, we proposed the use of local wave breakers and investigated their 

effectiveness in reducing the spread of corrosion waves and the associated material 

loss (Batista et al. 2025). This study strategically placed small unexcitable disks on 

the surface according to simple patterning rules. First, for a constant protected-to- 

total surface fraction, many small wave breakers performed better than a small num-

ber of large ones. Second, certain placement patterns provided superior protection. 

For instance, randomly placed wave obstacles are a poor choice, whereas wave 

breakers arranged on triangular lattices typically offer the best performance.

We emphasize that not all types of corrosion follow the themes of the surface- 

dominated iron and magnesium examples. In aluminum alloys, for example, inter-

granular corrosion takes the front seat. A good example is the aluminum–magnesium 

alloy AA5456, which is frequently used in marine applications, for car parts (frames, 

panels), airplane fuselages, and wing structures, as well as for pressure vessels. 

AA5456 has a complex grain structure that typically involves highly elongated crys-

talline domains (Batista et al. 2024b). The boundaries between the grains feature a 

multitude of β phase particles that strongly promote intergranular corrosion. This 

process is a very interesting target for modeling efforts and simulations that effec-

tively need to describe front propagation in a stochastic and anisotropic three- 

dimensional network. Recent studies of this problem have focused on both simple 

percolation models and cellular automata (di Caprio et al. 2016).

10.6  Biomorphs

Yet another chemical reaction capable of producing spiral and helical structures is 

the biomorph system (Fig. 10.4) (Kellermeier et al. 2012). The actual experiment 

giving rise to these patterns is exceedingly simple to perform, involving millimolar 

aqueous solutions of sodium silicate and barium (or strontium) chloride. As CO2 

diffuses from the air into a thin layer of this solution, small barium carbonate crys-

tals form. The further growth of these crystallites is strongly affected by silicate 

ions, resulting in micron-sized dumbbell-shaped objects. These globules then nucle-

ate the main biomorph structures that take the shapes of helical worms, double 

helices, urns, funnels, and leaf-shaped sheets (Knoll and Steinbock 2018).
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Fig. 10.4 Biomorph structures resulting from the reaction of silicate and barium ions with CO2 or 
carbonate ions. (a) Leaf-like biomorph sheets. Scale bars: 100 μm (top row), 50 μm (bottom row). 
(b) Reaction–diffusion simulations reproducing the shapes in (a). (c) Pinned biomorph front trac-
ing an Archimedean spiral. (d) Different types of helices and superhelices. Scale bars: 40 μm (top 
four), 200 μm (fifth panel), and 20 μm (bottom panel). (Adapted with permission from Nakouzi 
et al. 2016 (panel d), Knoll et al. 2017 (panels a, b), and Knoll et al. 2020 (panel c))

Biomorphs form within a few hours and reach maximal lengths of up to 1 mm. 

However, if the atmospheric CO2 is replaced by a dissolved carbonate source, 

growth can last for weeks spawning structures extending for centimeters (Nakouzi 

et  al. 2016). All biomorphs are hierarchically ordered and consist of witherite 

nanorods of very high aspect ratios that are co-aligned in the local growth direction 

of the biomorph structure. As witherite is birefringent, this feature gives rise to typi-

cal Maltese-cross patterns if sheets and similar structures are observed under crossed 

polarizers.

Spirals occur as two variants in the biomorph system. First, the leaf-like sheets at 

the base of the  reaction container have edges that trace logarithmic spirals, i.e., 

curves that in polar coordinates (r, φ) obey r = a exp (b φ) (Fig. 10.4a). Two of us 

showed that this robust feature can be explained by the dynamics of a nonlinear 

reaction front that once disrupted retreats laterally at a constant speed, analogous to 

the excitation wave behavior in subexcitable media (Fig. 10.4b) (Knoll et al. 2017).

Second, we observed that biomorph sheets that are typically 1 μm thick can form 

additional layers (Knoll et al. 2020). This process occurs when a sheet front encoun-

ters another globule and effectively splits into two branches that slowly engulf the 

obstacle. Behind the globule, one crystallization front can jump onto its counterpart 

and induce spiral rotation around the obstacle. These pinned vortices last for up to 

three rotations and trace Archimedean spirals, i.e., spirals of constant pitch λ accord-

ing to r = λ φ/(2π) (Fig. 10.4c). The typical pitch values were found to be 20–40 μm.

The nucleation of these crystallization vortices is interesting as it requires a 

symmetry- breaking mechanism that is not understood. In addition, the existence of 
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logarithmic and Archimedean spirals in the same system raises the question whether 

pinned spirals can be stable in subexcitable media. We reported results using 

Barkley’s reaction–diffusion model that answered this question in the affirmative 

(Knoll et  al. 2020). However, front pinning under subexcitable conditions does 

require sufficiently large anchors (here the globules) and the needed size increases 

as the system’s parameters depart further from the “normal” excitable regime.

In addition to these two types of spiral shapes, biomorphs also form single and 

various types of double helices (Knoll et al. 2017). These structures show a highly 

robust geometry. Their mean double-helix wavelength of 19 ± 3 μm and width of 

9.6 ± 0.8 μm change by less than 12% across three orders of magnitude in carbonate 

concentration. The single helices, also referred to as worms, appear to follow a 

dynamically distinct mechanism that is possibly related to the aforementioned 

pinned biomorph spirals. Double helices exist in different forms, including superhe-

lices, shown in Fig. 10.4d.

10.7  Conclusions

We have discussed a broad range of systems in which far-from-equilibrium condi-

tions give rise to nonintuitive temporal rhythms and spatial structures. Although 

most examples in this chapter were abiotic and often inorganic, their qualitative and 

sometimes deeper links to living systems are apparent: the grain structures of alloys 

resemble the cellular textures of tissues, the waves in the BZ reaction connect to 

cardiac arrhythmia, and chemical gardens provide an experimental model for pos-

sible origin-of-life processes in hydrothermal vents (an interesting topic we did not 

address here).

In many systems, traveling waves and spirals occur that biological systems rou-

tinely exploit to relay information over macroscopic distances. This ties our research 

directly to current activities in chemical and otherwise unconventional computing 

and the question how simple chemical systems can make decisions and find optimal 

solutions (Steinbock and Zhu 2025). At the same time, we encountered many 

system- specific differences, including the intriguing absence of spiral waves in the 

AZ31B system, which may offer pathways toward system-level strategies for corro-

sion mitigation.

Discovering such similarities across extremely different and seemingly unrelated 

systems is a major driving force of much work in this field, which spans applied 

mathematics, chemistry, biology, and engineering. Given that these universalities 

often manifest themselves as spatiotemporal patterns, it will be interesting to see 

how advances in machine learning and artificial intelligence might further acceler-

ate progress. If this promise comes to fruition, a new renaissance of a unified natural 

science may emerge, overcoming the artificial boundaries that scientists erected 

during the past century.
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1.1  Symmetry Breaking from Physics to Biology

Philip Ball

 

What is the developmental source of biological form? The question preoccupied 

natural philosophers from Aristotle to William Harvey to Rudolf Virchow, and it 

remains debated today. Early ideas assumed that biological form was either already 

manifest in some way within the embryo—the preformationist idea, famously illus-

trated by the Dutch mathematician and microscopist Nicolaas Hartsoeker’s drawing 

of the homunculus in a sperm in the seventeenth century – or emerged via the guid-

ance of a kind of life force or soul, as Aristotle asserted: the essentially teleological 

position called epigenesis. We might now regard both theories as sleights of hand 

designed to circumvent rather than to explain what is now seen as an example of 

symmetry breaking.

With the emergence of modern genetics, questions about form in biology became 

questions about genes: the phenotype of the developing organism was considered to 

be programmed by the genotype. DNA could in this view be regarded as a kind of 

informational homunculus: form already existed in the embryo, but in an encoded 

format, which Erwin Schrodinger famously called the “code-script” of life.

In his approach to the origins of embryogenesis, Alan Turing was thus going 

against the grain. It may be partly for this reason that his 1952 paper on morphogen-

esis had little impact for several decades. His approach follows the physical scien-

tist’s instinct to express the problem at hand in the simplest possible terms, and then 

to explore what the minimal requirements are of a model that captures the essential 

phenomena. Turing pointed out that the question of how an embryo develops and 

acquires shape and form—bilateral symmetry, say, and the budding of limbs—

seemed indeed to be one of spontaneous symmetry breaking.

In this presentation I shall set out to explore how, by expressing the question in 

this manner, Turing aligned it with what is arguably the major theme of twentieth- 

century physics.
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Perhaps the first intimation of the role of symmetry in physical processes was 

expressed in 1894 by Pierre Curie in a paper titled “On Symmetry in Physical 

Phenomena.” Here he asked the question: What is the relationship between the 

physical and the symmetry properties of a system? Curie stated the fundamental 

principle of symmetry breaking by saying that some phenomena occur when a sym-

metry is removed: he said that “asymmetry is what creates the phenomenon.”

In Curie’s doctorate in the early 1890s on magnetism, he reported that ferromag-

nets such as iron will lose their magnetism when heated: this falls to zero at a tem-

perature now called the Curie temperature. The onset of spontaneous magnetization 

by cooling through the Curie temperature occurs when random orientations of the 

atomic spins due to thermal motion switch to a collective state of mutual alignment.

This phase transition was studied in the 1920s using the Ising model, a lattice 

model developed by Wilhelm Lenz and his student Ernst Ising. It was soon appreci-

ated that the same model could be used to represent the transition between the gas-

eous and liquid states of matter, as investigated in the 1870s by Johannes Diderik 

van der Waals. Here the presence of a particle at a point in the lattice denotes the 

liquid, while its absence denotes a gas. Cooling a magnet through its Curie tempera-

ture then looks equivalent to cooling a fluid through its critical point, where the 

uniform symmetry of the supercritical state breaks to permit two distinct phases of 

differing density.

This connection was arguably the first glimpse of universality in physics: the 

idea that there is a deep parallel between systems that look superficially as though 

they share nothing in common. It stems from the fact that many-body behavior often 

does not discriminate between the fine differences in the natures of those bodies: all 

that matters are the general features of how they interact, such as how many neigh-

bors feel the influence of each body and the dimensionality of the system.

The 1956 proposal by Tsung Dao Lee and Chen Ning Yang that the weak interac-

tion might break left–right symmetry (parity violation), experimentally confirmed 

by Chien-Shiung Wu that same year in experiments on beta decay, opened the path 

for the unification of the electromagnetic and weak interactions. The idea was 

developed in the 1960s by Sheldon Glashow and Abdus Salam, who had to intro-

duce the symmetry breaking by hand. Their theory predicted three massive new 

bosons, later identified with the W and Z bosons that mediate the weak force, along 

with the massless photon. In the later 1960s, Steven Weinberg showed how this 

symmetry breaking could happen spontaneously. The theory was verified by the 

discovery of the W and Z bosons in CERN’s Proton–Antiproton Collider in 1983.

This Nobel-winning work on electroweak symmetry breaking was intimately 

tied up with the theory of the Higgs field and the Higgs boson. The fundamental 

insight here came in the late 1950s from theoretical physicist Yoichiro Nambu, who 

saw an analogy between the theory of superconductivity and quantum field theory. 

The idea won Nambu the 2008 Nobel prize for “the discovery of the mechanism of 

spontaneous broken symmetry in subatomic physics.” But Nambu’s work raised 

new problems, and it was by resolving them in the early 1960s that Peter Higgs and 

others concluded that space is permeated by the Higgs field, which exerts a drag on 

the particles and so affords them mass.
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Turing’s work on morphogenesis takes on a different complexion when consid-

ered against this context. Symmetry breaking is, one might say, nature’s way of 

making many from one: of developing complexity out of simplicity. In this way it 

offers a kind of order and form for free: a distinction between a here and a there in 

what was initially a homogeneous system. Biology, it is now clear, exploits this 

source of organization to produce structure at scales well beyond the molecular. 

Turing’s mechanism is just one among several now known to feature in the living 

world at scales ranging from the cellular to the ecological.

The broader question is how the palette of shapes and patterns available from 

spontaneous symmetry breaking interacts with natural selection. To what extent can 

evolution adapt and modify Turing structures, for example? Are all such structures 

necessarily adaptive at all? Or are we too readily tempted, when we see order and 

regularity in biology, to attribute a function to it? Might some of it, at least, repre-

sent nothing more than the intrinsic creative potential in the natural world?

1.2  Modeling Collective Cell Behavior in Development 

and Disease

Philip K. Maini

Wolfson Centre for Mathematical Biology, Mathematical Institute, Oxford, UK

maini@maths.ox.ac.uk

 

Synopsis Understanding collective movement is a major and important challenge. 

In the context of cell movement, we present two case studies: (1) cancer and (2) 

neural crest (normal development). Using partial differential equation models and 

hybrid cell-based models, we show how modeling can increase our understanding 

of collective cell invasion and migration.

Collective movement occurs throughout nature across a multitude of scales, from 

the long-distance movement of whales, to flocking starlings, to bacterial pattern 

formation. Understanding what are the hallmarks of collective movement is still an 
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open question. With colleagues, I have been studying this problem in the context of 

cell movement and

I will present some results from this work in the context of disease spread and 

normal development. Understanding how cancer cells invade tissue is an important 

part of preventing the disease spreading. Several models have been proposed for 

this. Recently, we proposed a partial differential equation model for this phenome-

non in which cells cooperate (Strobl et al. 2020). That is, instead of having a gener-

alist population that can overcome obstacles and invade, we consider two specialist 

populations. In this context, we consider two barriers to invasion: normal cells and 

the extracellular matrix, and we consider two cancer cell types: one that produces 

lactic acid that can kill normal cells and one that produces matrix-degrading 

enzymes. We analyze the travelling wave behavior of this system via linear stability 

analysis and numerical simulation. We then analyze in more detail show a simpli-

fied submodel, with degenerate cross-diffusion and a continuum of steady states, 

and find that it poses challenging problems for travelling wave analysis.

We then study normal development in the context of the cranial neural crest. 

These are cells that leave the neural tube and migrate to form part of the skull. 

Neural crest cells give rise to many parts of the body and nearly one-third of birth 

defects arise from abnormal behavior of neural crest cells. Moreover, neural cells 

are the precursors of melanocytes, which can form melanoma, one of the most 

aggressive cancers. We use a hybrid cell-based model as a hypothesis-testing and 

hypothesis-generating tool and, in a long-standing collaboration with experimental 

colleagues, we have uncovered new biological insights concerning this process. 

Some of these results will be presented (Giniunaite et  al. 2020; Johnson et  al. 

in prep.).

1.2.0.1 References
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Abstract The question “How are organisms formed?” is one of the central ques-

tions in developmental biology. In the past 30 years, embryological experiments and 

mathematical modeling studies have revealed the mechanisms by which individual 

genes are expressed in specific regions, the so-called principles of pattern forma-

tion. However, those principles deal, for the most part, only with the division of 

fixed fields into regions. In actual morphogenetic phenomena, pattern formation and 

the expansion and deformation of the field proceed simultaneously. As such, it is 

extremely difficult to model such a situation, because the two different elements 

affect each other.

To circumvent these difficulties, it is useful to study phenomena in which cellular 

changes and field deformation occur at different times. We believe that the deforma-

tions associated with molting in exoskeletal organisms serve this purpose.

Late morphogenesis in exoskeletons occurs through molting. During molting, 

(1) grooves are formed in the intracellular layer in advance, and (2) large-scale 

deformation occurs by expanding these grooves. The process (2) is a purely physi-

cal process because it occurs in a short time. By measuring the number, depth, and 

direction of the grooves, the final 3D structure can be calculated from the groove 

pattern.

On the other hand, process (1) is a biological process in which the position and 

angle of the wrinkles are determined in a two-dimensional cell sheet, which is a 

kind of pattern formation. We first examined the beetle horn primordium. Beetle 

pupae have huge horns, but in larvae the horn primordia are compactly folded in the 

head. Reproducing the folding of the primordium from serial sections and extending 

it with physical calculations, the structure of the pupal horn emerged. This indicates 

that the three-dimensional morphology of the horns is already completed by the 

folding pattern of the primordium. Furthermore, by examining the wrinkle patterns 

corresponding to the various parts of the horns, part of the logic behind the creation 

of the three-dimensional form was revealed.
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We are currently studying the folding patterns of the helmets of treehoppers, 

which have more complex and diverse three-dimensional structures, through which 

we expect to elucidate how the complex structures of insects are designed.

Sequential photos of Japanese beetle pupation. Giant horns emerge in just 

100 min. Because of the extremely short time, this deformation is thought to be due 

to the physical unfolding of the folded cell sheet

 

Scientific Reports volume 11, Article number: 1017 (2021)

Relationship between wrinkle patterns in cell sheets of horn precursors and 3D 

morphology after unfolding

 

Zoological Letters volume 6, Article number: 3 (2020)

Scientific Reports volume 7(1), Article number: 13939 (2017)
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1.4  Mechanisms and Evolution of Female-Limited Batesian 

Mimicry in Papilio Butterflies

Haruhiko Fujiwara

University of Tokyo (Emeritus Professor)

haruh@edu.k.u-tokyo.ac.jp

 

To deceive predators, palatable species often resemble color patterns and morphol-

ogy of unpalatable species, which is called Batesian mimicry. Many animals employ 

Batesian mimicry, whose mechanisms and evolution remain largely unknown. In 

two closely related swallowtail butterflies, Papilio polytes and P. memnon, there are 

two types (mimetic and nonmimetic coloration) females, while males show nonmi-

metic pattern. The female-limited Batesian mimicry of these butterflies attract pub-

lic interest from Darwin and Wallace’s era. In both species, mimetic phenotype is 

superior to nonmimetic and known to be controlled by a single autosomal locus (H 

in polytes and A in memnon). Thus, the mimetic female genotype is HH or Hh (AA 

or Aa) and nonmimetic is hh (aa), while all males with any genotype are nonmi-

metic. Fisher RA (1930) suggested that this polymorphic female-limited mimicry 

is regulated by “supergene,” which is a cluster of multiple genes tightly linked 

together.

Recent genome projects revealed many supergenes involved in various complex 

adaptive phenomena, but the functional unit of supergene has not been clarified in 

any cases. We have identified the mimicry supergene locus (H for P. polytes and A 

for P. memnon) in a region around doublesex (dsx) of chromosome 25 (Nishikawa 

et al. 2015): The region includes several genes, dsx, UXT, U3X (only for polytes), 

and Nach-like, which sequences are highly diversified between H and h (A and a) 

due to recombination suppression, caused by chromosomal inversion in P. polytes 

but probably by repetitive sequences without inversion in P. memnon (Iijima et al. 

2018; Komata et al. 2022). To identify the functional unit of mimicry supergene, we 

performed knock-down of candidate gene function by electroporation mediated 

RNAi in mimetic female wings of P. polytes. We found that dsx-H was responsible 

for switching from the nonmimetic to mimetic traits, and that not only UXT within 

highly diversified region (HDR) but also sir2 adjacent to HDR affected the wing 
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pattern (Komata et al. 2023). Furthermore, it was suggested that U3X regulates both 

dsx-H and UXT expression. These results indicate that dsx-H works as a mimicry 

gene and other flanking genes as modifier and that functional unit of mimicry super-

gene is expanded to a wider region than we thought before. In the symposium, I also 

discuss how two mimicry supergenes in Papilio species have evolved.

1.4.0.1  References
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1.5  (1) A Model for Pattern Formation and (2) Population 

Dynamics of the Mimetic Butterfly Papilio polytes 

in the Sakishima Islands, Japan: Mathematical Analysis 

and Computer Simulations

Toshio Sekimura

Chubu University, Japan

 

1.5.0.1  (1) A Model for Pattern Formation

Butterfly wing pigmentation patterns are one of the most spectacular and vivid 

examples of pattern formation in biology. They have attracted much attention from 

experimentalists and theoreticians, who have tried to understand the underlying 

genetic, chemical, and physical processes that lead to patterning. In this talk, I pres-

ent a brief review of this field by first considering the generation of the localized, 

eyespot, patterns, and then the formation of more globally controlled patterns. We 

present some new results applied to pattern formation on the wing of the mimetic 

butterfly Papilio dardanus and Papilio polytes.
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The African female-limited mimetic butterfly Papilio dardanus

1.5.0.2  (2) Population Dynamics of the Mimetic Butterfly Papilio polytes 

in the Sakishima Islands, Japan

I next present a mathematical model for population dynamics of the mimetic swal-

low butterfly Papilio polytes in the Sakishima Islands, Japan.

Introduction P. polytes is a mimetic swallowtail butterfly species widely distrib-

uted across India and Southeast Asia, including Southeast of China, the Philippines, 

Taiwan, and the Ryukyu Islands of Japan (Clarke and Sheppard 1972). P. polytes 

exhibits the female-limited polymorphism, i.e., the female is polymorphic, whereas 

the male is monomorphic and exhibits a white bar on the black hind wing. In the 

Ryukyu Islands located in the southwest of Japan, the female of P. polytes has two 

different forms, the mimetic form f. polytes and the nonmimetic form f. cyrus 

resembling the monomorphic male in appearance. The form f. polytes mimics the 

unpalatable butterfly Pachiliopta aristolochiae as a mimetic model, which has a 

large white area in the center, and a row of submarginal red spots on the black hind 

wing. Mimicry in the female of P. polytes is known to be Batesian mimicry. Batesian 

mimicry is one of the most interesting biological phenomena in nature.
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Papilio polytes and the numerical simulation result of fore and hind wings

1.6  The Development and Evolution of Butterfly Wing 

Patterns: Finding the Primitive Pattern

Fred Nijhout

Department of Biology

Duke University

Durham, NC 27708

hfn@duke.edu

 

Synopsis The color patterns of butterflies and moths constitute a highly evolved 

system of visual communication used in sexual signaling, camouflage, warning, 

territoriality, and mimicry. These patterns are based on extensive modifications of a 

ground plan of three pairs of bands. The ancestors of this pattern can be found as far 
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back as the dragonflies, which are among the first winged insects, and model simu-

lations will illustrate how this could have happened.

Outline The development and evolution of butterfly wing patterns have been 

extensively studied over the past 30 years. Much of our understanding of the struc-

ture of these color patterns derives from the classical work of Schwanwitch (1924) 

and Süffert (1927). These authors independently derived the diversity of color pat-

terns in the butterfly Family Nymphalidae, from a common “ground plan” com-

posed of three parallel pairs of bands that run from the anterior to posterior margin 

of the wing. Each pair of bands has a characteristic pigmentation pattern and is 

called a symmetry system because the pigments of the bands mirror each other. 

Subsequent work by these authors and their associate showed that the “nymphalid 

ground plan” (Fig. A.1) applies widely to other families of butterflies and to many 

moths as well.

A long-standing question in this field is whether the nymphalid ground plan 

somehow represents the primitive butterfly wing pattern from which all others were 

derived. The butterflies are phylogenetically within the moths, so if there is a primi-

tive pattern of Lepidoptera, it needs to be sought among the moths. Recently, 

Schachat and Brown (2016) studied the color patterns of the Micropterigidae, the 

most basal group of moths, and deduced that their color patterns were based on a 

system of five to six parallel bands. In many moths and butterflies, the crossbands 

Fig. A.1 The nymphalid ground plan is composed of three sets of bands called the basal-, central-, 
and border-symmetry systems. In some butterflies and moths, the bands are uninterrupted, as in the 
left panel, but in most cases the bands are disrupted by the vein system (as in the right panel), 
which compartmentalizes the pattern into semi-independent developmental units. (After 
Nijhout 1991)
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Fig. A.2 Pattern of three symmetry systems formed by a substrate-depletion model of reaction– 
diffusion

are interrupted by the wing veins and appear as a row of spots, and it is still an open 

question whether bands arose from rows of spots or whether rows of spots came 

from broken bands.

In my presentation I will show that the primitive color pattern from which the 

moth patterns evolved arose long before the evolution of the Lepidoptera. Color 

patterns of the caddis flies (Trichoptera) and scorpion flies (Mecoptera) all resemble 

those found in the basal moths. I will show that these patterns are all based on varia-

tions on a set of six parallel bands, and that this basic patterning system can be 

found in the earliest winged insects, represented today by the dragonflies (Odonata).

A simple reaction–diffusion system can readily generate three symmetry sys-

tems, which can be visualized as either three pairs of bands or six identical bands 

(e.g., the yellow stripes in Fig. A.2).

I will show that from this banding system, a lateral inhibition mechanism can, in 

turn, generate much of the diversity of spotting and banding patterns that we see in 

the dragonflies and other patterned insect wings, including the Lepidoptera.
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1.7  Snail Coiling: CRISPR Editing of a Single Gene Turns 

Righties into Lefties
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Synopsis The establishment of left–right (l–r) body asymmetry is a key biological 

process, which is strictly regulated genetically. We have demonstrated unequivo-

cally that the handedness of the freshwater snail Lymnaea (L.) stagnalis is deter-

mined by the single maternal diaphanous gene Lsdia1. The gene operates at the 

one-cell stage to set the chirality and dictates the entire chiromorphogenesis pro-

gram across the levels of biological hierarchy. We have also revealed that mechani-

cal micromanipulation during the third cleavage to reverse the spiral-cleavage 

direction creates mirror-image animals.

Abstract Most animals display external bilateral symmetry, but the structure and 

position of the visceral organs show asymmetries that are determined genetically. 

To reveal the still unknown mechanism of the establishment of left–right body 

asymmetry, we have chosen to work on the freshwater snail L. stagnalis, which has 

several unique characteristics: (1) Both the dextral and the sinistral strains within a 

species are found in the wild with 98% of the snails dextral and 2% sinistral. (2) The 

asymmetry is displayed both externally and internally. (3) Snail handedness depends 

on the direction of spiral cleavages of the embryos, as was reported as early as 1894 

(Crampton 1894). (4) The snail is a hermaphrodite, and hence both self-crossing 

and crossing can occur. This makes the genetics more versatile and informative.

Figure A.3 shows three left–right pairs of L. stagnalis: (1) a pair in the wild, (2) 

one created by mechanical manipulation, and (3) the sinistral one is created by 

CRISPR/Cas9 genome editing of the dextral one. Contrary to what has been 

believed, temporal and spatial cytoskeletal dynamics for the left- and right-handed 

snails within a species are not mirror images of each other. Thus, during the third 

cleavage, helical spindle inclination (SI) and spiral blastomere deformation (SD) 

are observed only in the dominant dextral embryos at metaphase–anaphase, whereas 
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Fig. A.3 Three l–r pairs in the wild (a) and created (b, c)

in the recessive sinistral embryos, helicity emerges during the furrow ingression 

(Fig. A.4) (Shibazaki et al. 2004). We have constructed the congenic F10 strain that, 

on average, has inherited 99.9% of the sinistral-derived genome and only 0.1% of 

the dextral strain-derived genome. All the dextral embryos oviposited by F10 ani-

mals that inherited the dextrality gene(s) within the 0.1% of the dextral-derived 

genome exhibited dextrotropical rotation with SD/SI at the third cleavage and with-

out exception grew to possess dextral body shape. Equally, all the sinistral embryos 

oviposited by F10 animals that do not inherit the dextrality-determining gene(s) 

showed levotropical rotation without SD/SI, and grew to possess the sinistral body 

shape, again without exception. These findings strongly suggested that dextrality is 

determined by a single gene or by genes at closely linked loci (Kuroda 2015).

We carried out positional cloning and identified that Lsdia1 is the strongest can-

didate gene for the handedness determination. There are tandemly duplicated Lsdia1 

and Lsdia2 genes whose proteins share 89.4% amino acid similarity. In the sinistral 

strains, both Lsdia1 alleles had a frameshift mutation early in the coding region 

(c.184delC), which leads to protein truncation (Kuroda et al. 2016). Further, knock-

ing out the Lsdia1 gene using CRISPR/Cas9 produced sinistrally coiled offspring 

generation-after-generation in the otherwise totally-dextral genetic background, if 

biallelic frameshift mutations had occurred (Fig. A.3c) (Abe and Kuroda 2019). We 

could show that the gene sets the chirality at the one-cell stage, the earliest observed 

symmetry-breaking event linked to body-handedness in the animal kingdom. The 

gene dictates the entire chiromorphogenesis program across the levels of biological 

hierarchy wherein the early intracellular chirality is superseded by the intercellular 

chirality during the third cleavage, leading to asymmetric nodal/Pitx expressions 

and then to organismal body handedness (Abe and Kuroda 2019).

In parallel, we revealed that mechanical micromanipulation during the third 

cleavage to reverse the spiral cleavage direction creates mirror-image animals  
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Fig. A.4 Breaking of mirror-image relationship, and l–r inversion by mechanical manipulation

(Figs. A.3b and A.4). The expression site of the nodal/Pitx genes was inverted by 

mechanical micromanipulation (Fig. A.4) (Kuroda et al. 2009).

Diaphanous genes are present in all the Eukaryotes, and therefore, our work 

featuring formin-controlled early onset of chirality in L. stagnalis may provide new 

insight on unifying mechanisms of l–r body plan formation in animals.
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Synopsis The biological notion of morphospace is examined from its conceptual 

and analytical dimensions. We review the diverse morphospace geometries encoun-

tered in the literature and their implications for the interpretations of morphological 

patterns. We also show how considerations of organismal development suggest 

novel mathematical structures to endow the set of morphological variants with evo-

lutionarily meaningful notions of accessibility.

1.8.0.1  Main Text

The notion of morphospace is both of conceptual and empirical importance in biol-

ogy and paleobiology. Conceptually, it has entailed critical discussions about the 

relative prevalence of selective forces, variational constraints, and historical contin-

gencies in shaping patterns of morphological evolution. Empirically, morphospaces 

have proven powerful quantitative tools to document and analyze morphological 

patterns in various research areas, from comparative anatomy and systematics to 

functional morphology and large-scale studies of clade dynamics.

A morphospace is generally understood as the depiction of morphological vari-

ants as points in an abstract space in such a way that the relative proximity of points 

expresses the morphological similarity of variants. Here, we discuss whether this 

way of conceiving morphospace is always warranted in empirical studies or even 

adequate for all research questions. Two main aspects pertaining to morphospace 

geometry are considered: (1) the potential misinterpretation of the geometry induced 

by some morphometric descriptors and (2) a notion of evolutionary accessibility 
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among variants derived from the developmental representation of morphologi-

cal traits.

Morphospace narratives often include statements about distance (between mor-

phological variants) and direction (of morphological change), indicating that an 

inner-product geometry (generally the dot product of Euclidean geometry) is 

assumed for the morphospace. However, not all morphospaces are equipped with 

the metric properties that one tends to intuitively attach to the notion of “space” 

(Huttegger and Mitteroecker 2011; Gerber 2017). The so-called “theoretical mor-

phospaces” are particularly prone to such nonmetric geometries (Gerber 2017). 

Raup’s iconic shell coiling morphospace is taken as an example to illustrate this 

phenomenon and discuss its implications for biological inferences.

In paleobiology, the use of discrete character data does lead to metric morpho-

spaces (assuming no missing data), but their Hamming-like geometry is sometimes 

overlooked (Gerber 2019). In particular, the morphospace and its multivariate ordi-

nation are often confused for one another, inviting the use of inappropriate method-

ologies for their analyses (Fig. A.5a).

Historically, methodological approaches to morphospace construction have typi-

cally aimed for metric topologies defined at the morphological level, organizing 

variants according to their morphological similarity. However, this choice may be 

suboptimal for addressing some important evolutionary questions, since morpho-

logical distance among variants can be a poor predictor of their evolutionary acces-

sibility (Fig. A.5b). We show how a genetic or developmental representation of 

morphological characters allows the definition of accessibility among variants and 

enriches the explanatory power of morphospace with regards to the role of con-

straints and selection in morphological evolution (Gerber 2014).

Fig. A.5 (a) Morphospace representation from discrete character data and (b) accessibility struc-
ture mapped onto a morphospace
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Morphospace is a powerful tool for large-scale comparison of morphology across a 

number of species. Morphospaces are geometric spaces in which a particular organic 

form can be plotted with reference axes chosen to represent morphological param-

eters. Abstraction of essential morphological traits allows us to summarize complex 

morphological variation into a low dimensional morphospace. If a functional per-

formance can be assessed for a set of organic shapes accommodated in the morpho-

space, the relationship between the functional performance and morphological traits 

can be visualized as a surface on the morphospace that mimics an adaptive land-

scape. The functional morphospace allows us to predict which shape is common or 

rare from the view point of functional morphology. Such a prediction can be readily 

tested by paleontologists by referring to actual fossil records. The present talk intro-

duces a couple of case studies on evolutionary morphology of fossil and extant 

molluscan shells using morphospaces based on theoretical morphologic models.

In the first topic on bivalve shell morphology, geometric constraints of bivalve 

shell form derived from space conflict between umbones of both valves are dis-

cussed. A functional morphospace analysis of bivalve shells using a theoretical 

morphologic model revealed that the space conflict between umbones restricts 
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morphological diversity of bivalve shells of each group depending on hinge mor-

phology. A characteristic type of ligament evolved in a heteroconch bivalve in the 

late Mesozoic era may have allowed the clams to develop an adaptive shell shape for 

burrowing through their macroevolution.

The second topic on shell form of gastropod snails focuses on a functional trade-

off between postural stability and efficiency of shell construction. The result of a 

functional morphospace analysis of gastropod shells revealed that mechanical sta-

bility of a snail while creeping and the amount of shell material necessary for shell 

construction both depend on shell shape and are hardly compatible with each other. 

The aperture of a snail is often inclined to the coiling axis, particularly in the species 

living in the environment with less buoyancy and calcium carbonate. The results 

suggest that the aperture inclination downward relaxes the functional trade-off 

between postural stability and efficiency of shell construction.

The subject of the third topic on cephalopods focuses on the functional properties 

for their nektonic mode of life. The functional morphospaces constructed using a theo-

retical model representing planispiral cephalopod shells clearly show a functional 

trade-off between hydrostatic and hydrodynamic efficiencies—a shell form that mini-

mizes a form drag acting on the shell while swimming readily maximizes the density of 

the totally produced shell. The results of morphometric analyses indicate the following: 

Nautilids tend to be optimized for hydrostatics in comparison with other groups. Some 

ammonoid groups seem to be optimized for hydrodynamic efficiency. Tarphycerid 

cephalopods tend to have high scores of postural stability. The results suggest that the 

macroevolutionary pattern is clearly different among cephalopod phylogenies.

Morphospaces constructed through geometric morphometric and multivariate 

analyses appear to be potentially useful for a functional morphospace analysis. 

Evolutionary morphology based on morphospace analysis can be facilitated by big-

data analyses using morphological databases. Combining the conventional func-

tional morphospace analyses and their potentially relevant techniques is an 

interesting subject of future research.
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Plants of various morphology (shape) can be found in nature. These diverse shapes 

are believed to be the result of the evolution of plants, which cannot move, in order 

to adapt to the surrounding environment. In this talk, I will particularly focus on the 

shapes of three plant types: (1) bamboo (Shima et al. 2016, 2023; Inoue and Shima 

2018; Sato et al. 2017), (2) butterbur, and (3) muskmelon (Akiba et al. 2022). First, 

I will demonstrate how the shapes of bamboo and butterbur, which are both tall and 

hollow plants, are optimal for supporting their own weight. Next, I will explain that 

the rind of muskmelons develops a mesh pattern with a certain geometric property, 

which may be used by farmers as a visual indicator of optimum sweetness of flesh; 

this is a consequence of a farmer seeking the optimum sweetness of the flesh.

1.10.0.1  Optimal Structure of Bamboo

Bamboo is the fastest-growing plant worldwide. This rapid maturity stems from 

their hollow structures, which require less material to develop, thereby promoting 

rapid growth. One critical disadvantage of hollowness is the propensity to easily 

collapse under external forces such as wind, rain, and self-weight. To overcome this 

limitation, bamboos generate a sequence of “circular plates” within the long cavity. 

The plates stiffen the culm locally; therefore, numerous plates from the bottom to 

the top of the bamboo enhance the stability of the culm. However, this is not a case 

of “the more, the better,” because an excessive number of plates will inhibit the 

growth rate of the bamboo plant. Therefore, the number of plates has to be “neither 
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too many nor too few.” This trade-off between stability and growth rate implies an 

optimum number of stiffening plates that bamboo has acquired over millions of 

years of evolution.

Against this backdrop, our research group has explored the optimum solution to 

this issue by investigating wild bamboo groves in Japan. Analysis of the measure-

ment data showed that a single universal law explaining the interdependence 

between the preferred number of stiffening plates and their ideal arrangement along 

the culm governs the growth of bamboo (Shima et al. 2016). Specifically, the den-

sity at which fibers are embedded increases as it gets closer to the outer skin. This 

universal law thus provides a design criterion, endowing less material and high 

strength to wild bamboos, which are advantageous for survival over competing tree 

species.

Surprisingly, another mechanism lurks in the cross-section of the bamboo to 

increase its stability as a whole. It is bamboo fiber. Inside the bamboo, many long 

fibers are embedded in the longitudinal direction. These fibers are called “vascular 

sheaths” in biological terminology, and they act as straws that convey water and 

nutrients vertically. The structural mechanics theory revealed that this fiber plays an 

important role in the mechanical properties of bamboo. If a part of the cross-section 

of bamboo is cut and observed using an electron microscope, it can be seen that the 

fibers are not evenly distributed over the entire cross-section. Specifically, the closer 

it is to the outer skin, the more fibers are embedded. We were able to prove within 

the scope of the elastic approximation theory that by gathering many reinforcing 

fibers near the outer skin of the bamboo, the bamboo as a whole is less likely to bend 

(Sato et al. 2017). This result indicates that the bamboo makes its own body stronger 

by efficiently arranging a limited number of reinforcing fibers inside the 

cross-section.

1.10.0.2  Optimal Cross-section of Butterbur Petiole

There are many plant species with hollow stems and petioles, including those 

belonging to the family Poaceae. One of the reasons why many plant species have 

hollow tubular structures is thought to be the structural stabilization provided by 

hollowness. A tube with a hollow cross-section deforms less than a solid tube (filled) 

with the same cross-section. Thus, it can support its own weight by using minimal 

resources. In addition, by choosing the optimal cross-sectional shape (circular, 

polygonal, etc.) according to the growth environment, the resistance to the most 

influential mechanical loads (crosswind, self-weight of stems, weight of petals, etc.) 

increases.
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From this perspective, the plant that we focused on in this study was the Japanese 

butterbur, a type of wild grass. A close examination of the cross-section of the stem 

of the Japanese butterbur reveals that it has a shape similar to that of a horse’s hoof, 

which is rarely seen in other plants. We hypothesized that this peculiar horseshoe-

shaped stem cross-section is the optimal structure for supporting large leaves at the 

tip of the stem. We have verified this hypothesis both experimentally and 

theoretically.

1.10.0.3  Geometric Law of Mesh Pattern of Melon Skin

The surface of muskmelons, which is representative of high-grade melons, has a 

fine mesh pattern (net). It is empirically known that the appearance of this mesh 

pattern correlates with the quality of melons and is used as an important indicator 

for quality evaluation at production sites. However, only a few studies have investi-

gated the geometric properties of melon nets.

Our research group took photographs of several muskmelons sold at a retail store 

(for quality assurance) and investigated the shape and size of the small green peel 

fragments separated by white reticular stripes. Calculating the areas of these small 

peel fragments, obtaining the probability distribution curves of the areas, and nor-

malizing them, it was found that the distribution curves were on a common curve 

regardless of the type and size of individual melons (Akiba et al. 2022). Furthermore, 

this common probability distribution curve was derived from fracture mechanics 

theory. This discovery suggests the possibility of nondestructive identification and 

evaluation of melon quality using mesh pattern imaging.
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Synopsis This talk will showcase different examples of chemical systems undergo-

ing self-organization far from the thermodynamic equilibrium. Starting with a brief 

look at the history of chemical waves and the work of the field’s pioneers, we will 

discuss similarities to the growth of unusual polycrystalline solids called biomorphs 

and go beyond to the self-propulsion of chemical garden tubes.

Abstract Living systems masterfully program molecular events to create macro-

scopic shapes and dynamics. Can the same be done with inorganic chemistry? I 

believe the answer is yes if reactions are kept far from the thermodynamic equilib-

rium (and your expectations are not too high). In my talk, I will introduce several 

self-organizing chemical systems including the Belousov–Zhabotinsky (BZ) reac-

tion, chemical gardens, biomorphs, and self-propelled catalytic units capable of 

swarm-like cooperativity. These examples will illustrate unexpected behaviors if 

reactions are allowed to unfold in space and time. Perhaps not surprisingly, similar 

processes are used by living systems, suggesting system-level interpretations of 

important biological phenomena (e.g., cardiac arrhythmia) and novel approaches to 

materials science and engineering.

Our discussion of the BZ reaction will focus on three-dimensional patterns and 

discuss them in the context of pioneering work by Profs. Stefan Müller, Benno 

Hess, and Art Winfree. These and other prominent scientists studied two-dimen-

sional spirals, the basic building blocks of scroll waves that provide the foundation 

for understanding 3D dynamics. While spiral waves rotate around point singulari-

ties, scroll waves rotate around 1D filaments that move according to their local 

curvature. Today tomographic methods, numerical simulations, and controlled 

manipulations are used to obtain deeper insights into the local pinning to heteroge-

neities as well as scroll behavior in gradients. Many of these studies, including the 
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results to be presented, are motivated by similar phenomena in the ventricles of the 

human heart and their link to sudden cardiac death.

Similar nonlinear wave dynamics appear to rule the growth of certain polycrys-

talline assemblies known as biomorphs. The smoothly curved and life-like bio-

morphs form when aqueous solutions of BaCl2 and silicate react with CO2. The 

shapes are about 100 μm in size and include helices, funnels, and urns. The entirely 

abiotic biomorphs can form from natural spring waters and constitute intriguing 

problems for the identification of Earth’s earliest microfossils as well as the search 

for life’s remnants on Mars and other planetary bodies.

Lastly, we will present novel results on chemical gardens (CG). In the classical 

CG experiment, these colorful, hollow precipitate tubes form when a salt crystal is 

placed into an alkaline sodium silicate solution. Specific aspects to be covered 

include a cellular automaton model of CGs, the involvement of colloidal particles in 

their growth, and applications as self-propelled micro-rockets. Our model considers 

CG growth based on a simple A + B → C reaction and a lattice for which each site 

is exactly one of these three species. We show that the aging of the material modu-

lates the likelihood of mechanical changes in the position of the solid product C and 

that a strong preference for changes in the fresh material causes filament (2D) and 

tube (3D) growth. The self-propulsion of CG tubes is demonstrated for Mn-containing 

units in H2O2 solutions. The tubes are propelled forward by the rhythmic ejection of 

O2 microbubbles formed in the catalytic tube cavity. We also observed a character-

istic acoustic signature of this propulsion that allows detailed analyses of the bubble 

dynamics. These analyses reveal that the tube speed is determined by the tube diam-

eter (which approximates the step size per bubble) and the bubble ejection frequency 

(which is nearly proportional to the H2O2 concentration). Lastly, we will discuss the 

swarming behavior of the CG tubes and their interactions with bubble rafts.
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As the basic mechanism to enable task allocation in ant colonies without a leader, 

the primary role of the caste system has been discussed (Wilson 1983), through 

which system, specific tasks are autonomously assigned to individual workers 

according to their size, age, and other factors. Even among specialized ants that are 

involved in the same task, a hierarchical structure, namely a heterogeneity of work-

load, is observed.

In the present study, we introduced an experimental system to observe the statis-

tical behavior of colonies of ants, Camponotus japonicus, using tiny RFID tags 

attached to the bodies of all ants in five colonies (Fig. A.6) (Yamanaka et al. 2019). 

By analyzing the “big data of ant society” focusing on foraging behavior obtained 

through more than 3 months of continuous measurement, we found various kinds of 

statistical characteristics of the ant society: (1) The emergence of the foraging work-

load hierarchy, namely the heterogeneity of the diligence on foraging task, that 

obeys a simple mathematical form of distribution; (2) Autonomous workload com-

pensation after the separation of each colony into two different groups, the diligent 

half before separation, and the lazy half; and (3) The slowly decreasing correlation 

of rank–order of diligence with a characteristic duration of a month.

As a mathematical model to numerically reproduce the characteristic behavior of 

social insects, ants and bees, the response threshold model (Bonabeau et al. 1996) is 

widely known. To analytically treat the response model, we introduce a correspond-

ing master equation. In conjunction with foraging behavioral data obtained through 

the above-mentioned long-term observation using tiny RFID tags (Yamanaka et al. 

2019), we found that a master equation approach is effective in quantitatively 

describing the statistical features of the collective foraging-task engagement of ants. 

Specifically, the following two kinds of statistical characters related to the 
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autonomous workload compensation in ant colonies were indicated: (1) Response 

threshold θ for starting the foraging task is not uniformly nor normally distributed 

but largely skewed among ants in each colony (Fig. A.7); and (2) Foraging task in a 

colony is carried only by a small fraction of workers in a colony.
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Fig. A.6 RFID tag is 
affixed to the center of the 
red circle in the enlarged 
image

Fig. A.7 Estimated distributions of the response threshold f(θ) of the foraging task through the 
combinatory analysis of master equation and the experimental outcomes of the foraging activity of 
Camponotus japonicus’s colony. The shape of f(θ) varies according to the experimentally uncon-
firmed values of parameters, α, β, and δ. However, if β is fixed, the change of α and δ is reflected 
in s0, then all graphs overlap after rescaling
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