
BE 159

Signal transduction and 

mechanics in morphogenesis
Winter term, 2016



Images: left, Advanced Fertility Center, Chicago; right, Getty Images

25 µm

25 cm

Problem of developmental biology:  
how an organism gets its shape
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novel theory of transformations has, for 
nearly a century, been an inspiration 
to biologists who are interested in how 
development and morphology evolve. The 
esteem in which D’Arcy Thompson is held 
by those who are interested in furthering 
the reintegration of theories of evolution 

and development can be gauged from the 
dedication at the front of Gould’s Ontogeny 
and Phylogeny: “To the philomorphs of 
Cambridge, the world, and beyond, where 
D’Arcy Thompson must lie in the bosom 
of Abraham.”7

For those unfamiliar with the theory of 
transformations, here is a brief overview. 
You take either the outline of an entire 
animal or plant, or the outline of one of its 
component parts such as a bone or a leaf, 
and draw this against the background of 
a Cartesian grid (for example, ordinary 
graph paper). Then you submit the 
grid to some systematic mathematical 
transformation, such as stretching it in 
one dimension or distorting it so that its 
squares become rhombuses. You inspect 
the transformed outline of the animal 
that you drew faithfully on the original 
grid, and in many cases note that, far from 
being just a weird shape, the transformed 
outline corresponds closely to the shape 
of another related animal. Clearly, this 
intriguing finding is telling us something 
about how evolution works — but what? 
This is the key question.

Evolutionary and developmental biology 
parted company from each other around 
1900 and remained largely separate for about 
three-quarters of the twentieth century. 
They only began to reintegrate in the late 
1970s and early 1980s, eventually producing 
the interdisciplinary endeavour that we 
now know as evolutionary developmental 
biology or ‘evo–devo’1–6. The two main 
catalysts of reintegration were a series of 
books, most notably Stephen Jay Gould’s 
Ontogeny and Phylogeny in 1977 (REF. 7), and 
the advances in developmental genetics that 
were made possible by the discovery of the 
homeobox in the early 1980s (REFS 8,9). In 
the period between 1900 and 1975, only a 
few lone voices had intermittently reminded 
biologists that the two great processes of 
biological creation — evolution and develop-
ment — were deeply intertwined. D’Arcy 
Thompson (1860–1948) was one of them10 
(FIG. 1). Others included the neo-Darwinians 
Huxley11 and de Beer12, the mutationist 
Goldschmidt13, and the hard-to-classify 
Waddington14.

D’Arcy Thompson was unique; no 
one before him had attempted the kind 
of geometrical approach to development 
and evolution that he did. His entirely 
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D’Arcy Thompson and the theory 
of transformations
Wallace Arthur

Abstract | D’Arcy Thompson was a biologist, a mathematician and a classicist. His 
writing was great literature as well as great science. He is primarily known for a 
single book — On Growth and Form — and indeed for a single chapter within it, on 
his ‘theory of transformations’, which shows how the differences between the 
forms of related species can be represented geometrically. This theory cries out for 
causal explanation, which is something the great man eschewed. Perhaps the time 
is close when comparative developmental genetics will be able to provide such an 
explanation.

Figure 1 | D’Arcy Thompson in the early 1900s 
and in the 1940s. Reproduced with permission 
from REF. 15 © (1958) Oxford University Press. 
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On Growth and From brought 
mathematics to development



XVII] THE COMPARISON OF RELATED FORMS 1063

start this series with the figure of Polyprion, in Fig. 521, we see that

the outlines of Pseudopriacanthus (Fig. 522) and of Sebastes or

Scorpaena (Fig. 523) are easily derived by substituting a system

Fig. 521. Polyprion. Fig. 522. Pseudopriacanthus alius.

of triangular, or radial, coordinates for the rectangular ones in which

we had inscribed Polyprion. The very curious fish Antigonia capros,

an oceanic relative of our own boar-fish, <Jonforms. closely to the

peculiar deformation represented in Fig. 524.

Fig. 523. Scorpaena sp. Fig. 524. Antigonia capros.

Fig. 525 is a common, typical Diodon or porcupine-fish, and in

Fig. 526 I have deformed its vertical coordinates into a system of

concentric circles, and its horizontal coordinates into a system of

curves which, approximately and provisionally, are made to resemble

XVII] THE COMPARISON OF RELATED FORMS 1059

The hydroid zoophytes constitute a "polymorphic" group, within

which a vast number of species have already been distinguished;

and the labours of the systematic naturahst are constantly adding

to the number. The specific distinctions are for the most part

based, not upon characters directly presented by the living animal,

but upon the .form, size and arrangement of the little cups, or

"calycles," secreted and inhabited by the little individual polyps

Fig. 514. 1, Harpinia plumosa Kr.; 2, Stegocephalus infiatus Kr.;

3, Hyperia galha.

which compose the compound organism. The variations, which are

apparently infinite, of these conformations are easily seen to be

a question of relative magnitudes, and are capable of complete

expression, sometimes by very simple,'sometimes by somewhat more

complex, coordinate networks.

For instance, the varying shapes of the simple wineglass-shaped

cups of the Campanularidae are at once sufficiently represented and

compared by means of simple Cartesian coordinates (Fig. 515). In

the two allied famihes of Plumulariidae and Aglaopheniidae the

Thompson, On Growth and Form, 1917



Developmental biology is included 
in the Molecular Revolution
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Differential gene expression is the 
result of molecular action
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β-catenin has a double life: 
transcription factor and mechanical regulator



The above account might give the impres-
sion that D’Arcy Thompson’s approach was 
more ‘blue sky’ than it actually was. He did 
not try out countless transformations from 
the starting point of any particular animal 
and look at which of them produced the 
form of a related animal. Rather, he took 
two (or more) related forms, and tried to 
determine whether one could be produced 
from the other by some simple transforma-
tion. The forms he compared were typically 
from the same family or order; he did not 
believe that his approach was appropriate 
for higher-level taxonomic comparisons. 
His transformations suggest coordinated 
rather than piecemeal changes to develop-
ment in the course of evolution, an issue 
which almost completely disappeared from 
view in the era of the ‘modern synthesis’ of 
evolutionary theory, but which is of central 
importance again in the era of evo-devo.

Here I take a brief look at D’Arcy 
Thompson’s life, his general philosophy, and 
his approach to studying morphological 
evolution. I then examine the limitations and 
problems of his theory of transformations. 
This examination leads into an investigation 
of how modern comparative develop-
mental genetics might be able to tackle 
the outstanding problem of the molecular 
causality of morphological transformations. 
I end with a short discussion of large-scale 
evolutionary changes to which the theory of 
transformations does not apply.

A brief biography
This is a story of five places — three in 
Scotland, one in England and one in Ireland. 
D’Arcy Thompson was born in Edinburgh 
in 1860. His father was also called D’Arcy 
— indeed the names of both men were 
D’Arcy Wentworth Thompson. His mother, 
née Fanny Gamgee, died about a week after 
his birth. When D’Arcy junior was 3 years 

old, his father was appointed to the Chair 
of Greek at Queen’s College Galway, now 
the National University of Ireland, Galway. 
As a child, D’Arcy spent some of his time 
with his father in Galway (his first visit 
being in 1867), but most in the home of his 
grandfather, Joseph Gamgee, who practised 
as a veterinary surgeon in Edinburgh. He 
acquired a love of classics from the former, a 
love of science from the latter.

D’Arcy was educated at Edinburgh 
Academy, and subsequently began to study 
medicine at Edinburgh University. However, 
he later switched to reading science at 
Cambridge University, graduating with a 
B.A. in zoology in 1883, and spending 
a further year at Cambridge working as a 
demonstrator. In 1884, he was appointed to 
a professorship at University College 
Dundee, and in 1917 he took up the Chair 
of Natural History at the University of St 
Andrews. He produced some 300 publica-
tions, including his magnum opus, On 
Growth and Form10, first published in 1917, 
with a second edition in 1942, and with 
many abridged editions since. (His other 
publications were diverse; many of them 
derived from his long sea voyages as a mem-
ber of various government commissions 
concerning fisheries.) D’Arcy Thompson 
died at St Andrews in 1948, at the age of 88. 
For further information on his life, see 
the TIMELINE; for a detailed biography, 
see the book written by his daughter Ruth15.

D’Arcy Thompson’s philosophy
The philosophy that pervades On Growth 
and Form, and indeed D’Arcy Thompson’s 
publications in general, is the explanation of 
natural phenomena in terms of physical, and 
especially mathematical, laws. His mathe-
matical approach was unusual among biolo-
gists then; and it is still a minority approach 
in the present day: compare, for example, the 

relative frequency of papers that deal with 
the molecular details of developmental gene 
interactions and those that deal with their 
quantitative dynamics.

Most of On Growth and Form deals with 
the shapes of various parts of organisms: from 
cells and tissues to spicules, shells, horns, teeth 
and bones. In each case, D’Arcy Thompson 
attempts succinct mathematical descriptions, 
with their elegance and efficiency surpassing 
those of what he saw as ‘mere words’. For 
example, in his chapter on spirals, he notes 
that the typical molluscan shell corresponds 
to the equiangular spiral, in which the breadth 
of a whorl increases as the spiral proceeds, as 
opposed to the spiral of Archimedes, in which 
it does not. This distinction connects with the 
broader one of isometric versus allometric 
(proportionate and disproportionate, respec-
tively) growth11, which has had an important 
role in many subsequent studies of both 
evolution and development.

This mathematical philosophy was D’Arcy 
Thompson’s major strength and weakness. 
His theory of transformations would have 
been impossible without it. But he allowed 
this philosophy to dominate his approach to 
the problems of evolution and development 
to the extent that he sometimes seemed to 
‘set little store’ by genetic or biochemical 
approaches. In his introduction he makes the 
following point: “…in dealing with the facts of 
embryology or the phenomena of inheritance, 
the common language of the books seems 
to deal too much with the material elements 
concerned.”10 And he goes on to explain that 
in his view biologists should place less empha-
sis on matter (such as a piece of embryonic 
tissue) and more on the forces that shape it.

We have now reached a stage in the elabo-
ration of biological knowledge at which we 
can try to knit the two approaches together. 
A gene is indeed a material thing. But its 
pattern of expression during development 

Timeline | D’Arcy Wentworth Thompson

1860 1870 1878 1880 1885 1889 1901 1917 1937 1942 1948

(1870–1877) Educated 
at Edinburgh Academy, 
and by his father in 
Galway, Ireland.

Born in Edinburgh, 
Scotland, 2 May.

Begins a medical 
course at Edinburgh 
University.

Becomes Professor of Zoology 
at University College Dundee, 
Scotland. Marries Maureen Drury. Receives a knighthood.

Dies on 21 June at 
St Andrews.

(1880–1883) Transfers to natural 
sciences at Cambridge University, 
England. Graduates with a first 
class honours B.A. in zoology.

Describes ‘taking 
to mathematics’ 
as an approach to 
morphology.

Publishes On Growth and Form. 
Takes up the Chair of Natural 
History at St Andrews 
University, Scotland.

Publishes a much-enlarged second 
edition of On Growth and Form.
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From: Encyclopedia of Ignorance, R. Duncan and M. Weston-Smith. Eds., Pergamon Press, 1977, 299-303.



VII OF CELL-PARTITIONS 473

proportional to their radii: that is to say, p: p' :: Ijr : l/r'; and the

partition-wall must, for equilibrium, exert a pressure (P) which is

equal to the difference between these two pressures, that is to say,

P = l/R = Ijr' — Ijr = (r — r')lrr'. It follows that the curvature of

the partition must be just such as is capable of exerting this pressure,

that is to say, R = rr'j(r — /). The partition, then, is a portion of

a spherical surface, whose radius is equal to the product, divided

by the difference, ofthe radii of the two bubbles; if the two bubbles

be equal, the radius of curvature of the partition is infinitely great,

that is to say the partition is (as we have already seen) a plane

surface.

Fig. 158.

In the typical case of an evenly divided cell, such as a double

and co-equal soap-bubble (Fig. 158), where partition-wall and outer

walls are identical with one another and the same air is in contact

with them all, we can easily determine the form of the system.

For, at any point of the boundary of the partition, P, the tensions

being equal, the angles QPP', RPP', QPR are all equal, and each

is, therefore, an angle of 120° . But PQ, PR being tangents, the

centres of the two spheres (or circular arcs in the figure) lie on lines

perpendicular to them; therefore the radii CP, C'P meet at an
angle of 60° , and CPC is an equilateral triangle. That is to say,

the centre of each circle Hes on the circumference of the other; the

Maître, et al., Science, 2012

Thompson, On Growth and Form, 1917

We will marry mechanics and signaling, 
the past and the present.
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