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The Arabidopsis Information Resource (TAIR):
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Affymetrix’s Arabidopsis ATH1 Genome Array:
http://www.affymetrix.com/support/technical/datasheets/
arab_datasheet.pdf
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Maarten Koornneef’s lab: http://www.dpw.wageningen-ur.nl
MIPS: http://mips.gsf.de/proj/thal/proj/thal_overview.html
SciSearch: http://lib-www.lanl.gov/lww/citations/citations.htm
Access to this interactive links box is free online.

TIMELINE

Conrad Hal Waddington: the last
Renaissance biologist?

Jonathan M. W. Slack

Conrad Hal Waddington was a leading
embryologist and geneticist from the 1930s
to the 1950s. He is remembered mainly for
his concepts of the ‘epigenetic landscape’
and ‘genetic assimilation’. This article reviews
his life and work, and enquires to what extent
his ideas are relevant tools for understanding
the biological problems of today.

Conrad Hal Waddington was a true twenti-
eth-century polymath: he published research
in palaeontology, population genetics, devel-
opmental genetics, biochemical embryology

and theoretical biology. No modern funding
agency would allow any individual to
undergo so many changes of interest and
direction. It is therefore a sign of the changes
that occurred in the biosciences during the
twentieth century that Waddington was
awarded a series of research fellowships and
academic positions in the 1930s and 1940s,
culminating in the directorship of the
Institute of Genetics in Edinburgh, UK. Most
biologists under 40 years old have probably
not heard of Waddington, who died in 1975.
But to many of us who are a little older, he is
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Figure 1 | Conrad Hal Waddington. Reproduced
with permission from REF. 1 © (1977) The Royal
Society.

a dimly remembered figure from the past.
Why do we remember the name? What did
he discover? What were his ideas, and have
any of them survived to the modern machine
age of the post-genomic biosciences? Before
the Second World War, Waddington’s inter-
ests were in embryology and, in particular,
the identification of inducing factors that are
active in early embryonic development.
Subsequently, his work shifted in the direc-
tion of genetics, but retained a distinctive
character that was shaped by an awareness of
developmental problems. In this article, |
outline his work in a broadly chronological
manner, pausing to examine more closely the
more important themes.

Waddington’s formative years

C. H. Waddington was born in 1905 (FIG. 1;
REF. 1). His parents were tea planters in India,
and he spent the first four years of his life
there, but was later brought up in England by
relatives. Like many other academic scientists,
his childhood was spent collecting fossils,
minerals and insects, or attempting chemical
experiments. He attended the exclusive Clifton
College School (a private high school) and was
there taught chemistry by E. J. Holmyard, who
was a noted writer of chemical textbooks and
who interested Waddington not just in mod-
ern chemistry, but also in some of its

antecedents, such as Arabic alchemy and
Alexandrian Gnosticism. In later life, he main-
tained that this interest in metaphysics had
been seminal for his later scientific work?.
Waddington then went to the University of
Cambridge and studied the natural sciences,
specializing in geology. He recounts that he
read little of the material that was required for
his exams. Instead, he read much philosophy,
particularly the ideas of A. N. Whitehead, a
philosopher who had been at Cambridge in
the early years of the century and who was
concerned particularly with the reality of the
perception of objects and the relations
between objects. Waddington’s unusual inter-
ests did not prevent him graduating with a
first-class degree. He then began his Ph.D.
research in palacontology, studying the struc-
ture of ammonites. Interestingly, he simulta-
neously held two studentships for this work,
one for palaeontology and the other for phi-
losophy, the latter presumably a reward for his
intensive studies of the ideas of Whitehead. By
modern standards, he then irretrievably blot-
ted his copybook by not finishing his Ph.D.
thesis (although this would have been quite
common at the time) and he remained ‘Mr
Waddington’ until 1938, when he received a
doctorate for his published work.

Embryology: the vertebrate organizer

Despite his curious interests, Waddington
obtained a research fellowship in 1929
to work at the prestigious Strangeways
Laboratory near Cambridge. He was not only
an expert on ammonites and on the philoso-
phy of science, but also evidently familiar
with the recent German research in embryol-
ogy that had led to the discovery of the ‘orga-
nizer’ by Spemann and Mangold in 1924
(REF.3). The organizer is a region in the early
amphibian embryo that has the property of
inducing a second embryonic axis (that is, a
second complete body) around itself, when
grafted onto the ventral side of a host
embryo. The new director of the Strangeways
laboratory was Honor Fell, who was a pio-
neer in the techniques of organ culture
in vitro. Waddington wondered if it would be
possible to use these techniques to study the
early embryonic development of higher ver-
tebrates, such as mammals and birds, which
are less amenable to microsurgical work than
the amphibian embryos used by Spemann.
He was successful in this and published a
series of papers during the 1930s, in which he
showed that there was indeed an organizer in
mammials and birds. In higher vertebrates,
the main body axis appears at an early stage
as a condensation of cells called the ‘primitive
streak’. At the anterior end of the streak is a

region called Hensen’s node. Waddington
showed that the grafting of a duck node onto
an early chick embryo (at the blastoderm
stage) could induce the formation of a sec-
ond body axis (FIG. 2). The most celebrated of
his experiments was one on duck embryos in
which he joined two blastoderms face to face
and showed that each Hensen’s node induced
another primitive streak in the adjoining
blastoderm*. He also showed that a node
from a chick embryo could induce a second
axis in a rabbit embryo, therefore indicating
that the organizer signal, which emanated
from the node, was the same in different
classes of vertebrates®. Although, in his day, it
was difficult to distinguish the graft from the
host and hence determine exactly which
parts had been induced, this could be done to
some extent on the basis of the size of cells
from the different species used. Waddington’s
conclusions on the organizer-like role of
Hensen’s node proved essentially correct, but
in my view he was not credited sufficiently
when interest in this question was re-awak-
ened in the 1990s.

His other main line of work in the 1930s
was pursued in collaboration with Joseph
and Dorothy Needham on the chemical

Figure 2 | The existence of an organizer in
higher vertebrates. a | Graft of a duck node
(indicated by an arrowhead) onto a chick
blastoderm. The original embryo body is on the
left, and the induced secondary embryo is on the
right. b | The neural tube of the secondary embryo
— a cylindrical structure that runs through the
midline of the embryo — can be seen clearly in
the section on the right. Panels a and b
reproduced with permission from REF. 20 © (1956)
Cambridge University Press.
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“Waddington was the only
one who seems to have
thought through the
problem and understood
that the ‘organizer effect’
could not simply arise from
one substance.”

basis of the organizer. Some of this work was
done in Germany, as he obtained a research
fellowship to visit Berlin. It is there that he
met Otto Mangold, husband of the short-
lived Hilde Mangold of the famous orga-
nizer paper, and a leading embryologist in
his own right. A famous paper in the journal
Naturwissenschaften had been published in
1932, showing that organizer tissue that was
killed by heating or freezing had some
inducing activity and that the inducing sig-
nal was therefore likely to be a chemical sub-
stance®. Several groups raced to identify this
miraculous substance’. Most laboratories
tended to assume that the nature of the
organizer would be that of a simple neural
inducer, because the most prominent feature
of the second body axis that was induced by
the organizer was the neural tube. By con-
trast, Waddington was the only one who
seems to have thought through the problem
and understood that the ‘organizer effect’
could not simply arise from one substance.
This is because a whole secondary body is
induced, containing many tissue typesin a
complex pattern. Waddington distinguished
between ‘evocation’ — the unleashing of one
of two possible pathways of development by
the application of a substance — and ‘indi-
viduation’— the production of a complex
pattern by the inducing signal. The modern
equivalent of ‘individuation’ is the formation
of many specified regions in response to a
concentration gradient of the inducer, to
which the responding tissue has several
threshold responses. Although this particu-
lar mechanism was proposed by Dalcq and
Pasteels in 1937 (REF.8), it did not become
widely accepted until the 1980s. The ‘gold
rush’ for the organizer is a well-known
story’. Different groups isolated different
active fractions from their starting material,
including nucleic acid, the cephalins (a
group of phospholipids) and glycogen. In
the case of Waddington and the Needhams,
they found that the neural-inducing
activity (‘the evocator’) purified with the
“unsaponifiable fraction of lipids”, that is,

the steroids®. We now know that the bio-
chemists of the 1930s had no chance at all of
purifying the inducing factors from early
embryos: they are growth factors, present in
picomolar concentrations, and cannot be
purified without kilos of starting material
and costly modern fractionation equipment.
However, growth factors are notorious for
their high specific activity and for sticking to
a wide variety of other substances, so it is
possible that all of the competitors had
obtained contaminating traces of activity in
their favourite chemical fraction, making it
seem like the real organizer substance. It
might also be noted that steroids had
become increasingly popular by the mid-
1930s. It had recently been discovered that
sex hormones, the cardiac glycoside drugs
and at least one important vitamin (vitamin
D) were all steroids. Their chemical relatives,
the polycyclic aromatic hydrocarbons, were
being discovered to be potent carcinogens.
Not for the last time would a fashionable
class of compound be suspected of other
glamorous activities and scientists be primed
to expect such additional roles.

Perhaps it is because Waddington under-
stood that the organizer effect was more com-
plex than a simple response to one substance
that he was involved in the final debacle of the
gold rush. At the time, it was thought that
organizing centres in the embryo might
be high points of oxidative metabolism.
Waddington investigated this by treating
embryos with the dye methylene blue, which
is an electron acceptor and so accelerates the
rate of respiration. Alas, methylene blue did
not affect the respiratory rate of the embryos,
but it did induce neural tissue'® As it was an
obviously unnatural compound, this led to
the idea that embryonic induction was unspe-
cific and that it would never be possible to
purify the active organizer molecules by bio-
logical activity. Although there is certainly
some non-specificity in newts, this is not true
of other amphibians, such as Xenopus. It is
more likely that the methylene blue was creat-
ing some tissue damage and liberating some
growth factors as a result. The exaggerated
pessimism about specificity remained in force
until the 1980s, when the inducers were
finally identified as members of the trans-
forming growth factor-B and fibroblast
growth factor familiest".

Genetics and development

Despite his heavy involvement in embry-
ological research during the 1930s,
Waddington was also interested in genetics,
particularly through his friendship at
Cambridge with Gregory Bateson (son of
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Figure 3 | The epigenetic landscape. a | This is
a painting by John Piper that was used as the
frontispiece for Waddington’s book Organisers
and Genes. In the picture, which is intended to
represent the epigenetic landscape, the
developmental pathways that could be taken

by each cell of the embryo are metaphorically
represented by the path taken by water as it flows
down the valleys. The water is supposed to be
flowing away from the viewer, towards the sea in
the distance. But the bifurcations of the valleys
look so unnatural that the flow of water actually
appears to be towards the viewer. b | A later
depiction of the epigenetic landscape. The ball
represents a cell, and the bifurcating system of
valleys represents the ‘chreodes’ or bundles of
trajectories in state space. c | A rare view behind
the scenes of Waddington’s landscape. Each
valley in the landscape is formed by tension on guy
ropes that are attached to complexes of ‘genes’,
represented as pegs stuck in the ground. Panel a
reproduced with permission from the frontispiece
of REF. 12 © (1940) Cambridge University Press;
panels b,c reproduced with permission from

REF. 13 © (1957) Geo Allen & Unwin.
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Box 1 | Dynamical systems theory and the epigenetic landscape

Waddington formulated the concept of the epigenetic landscape, published in its mature form in
1957 (REF. 13), to represent the way that developmental decisions are made. His model was
influenced by the tradition of dynamical systems theory, which was particularly associated with
the name of Henri Poincaré and was ultimately derived from nineteenth-century work on
celestial mechanics. A dynamical system comprises a series of relationships that describes the
evolution of system variables in time, and their dependence on each other. At any one time, the
system can be represented by a single point in a multidimensional state space, the axes of which
represent the values of each of the system variables. Every point in state space is associated with a
vector, representing the direction and velocity of evolution of the system from that point. A few
isolated points will be ‘attractors’ to which the system will move spontaneously, given enough
time. Waddington’s epigenetic landscape is a metaphor for a dynamical system, one in which the
axes represent concentrations of all the substances, or all the gene products, in the cell. All the
cells in the embryo would evolve according to the same laws, but because of the existence of
inducing signals, cells in different regions would follow different pathways (‘chreodes’) and end

up at different attractors, which can be elegantly associated with different states of terminal

differentiation.

In certain simple physical systems, it is possible to predict the evolution of the system by
computing the potential energy that is associated with it. In such cases, the system will evolve
spontaneously to a local minimum of potential energy. René Thom in his ‘catastrophe theory’*®
proposed that it would be possible to compute a generalized ‘potential surface’ for any dynamical
system. As these surfaces can be somewhat folded, movement ‘down’ the surface can lead to
discontinuous changes in one or more of the system variables. This is a so-called ‘catastrophe’,
representing an abrupt, discontinuous change in a system that is governed by smooth
continuous dynamics. There is an obvious similarity between this formulation and
Waddington’s epigenetic landscape, and he helped to publicize catastrophe theory through the

Serbelloni symposia (see main text).

Whether in a general sense of arbitrary n-dimensional complex systems, or in its specific
manifestation of catastrophe theory, dynamical systems theory has been popular in the social
sciences. However, it has been more useful in providing an imagery and language for discussion
than it has in formulating concrete theories that have real predictive value. So far, it has made
little impact in developmental biology, where most scientists insist on the primacy of dataand in
finding out what is actually there. A form of dynamical systems theory that might be more
applicable to developmental problems is offered by Boolean networks, in which all variables can
take just the two values 0 or 1 (REF. 21). This corresponds well to the idea that a gene is either ‘on’
or ‘off’. Such systems are computationally more tractable than those based on differential
equations, but so far biologists have shown little interest in them.

the evolutionary theorist William Bateson,
and a leading geneticist in his own right). In
1939, he went to the United States and
worked at Caltech with Sturtevant and
Dobzhansky on Drosophila wing develop-
ment. In 1940, one of his most influential
books, Organisers and Genes*?, was pub-
lished, in which he discussed at length the
importance of ‘competence’ — the ability of
cells or tissues to react to an inducing signal.
At the time, the nature of genes was still
unclear but it was known that they were
involved in the production of enzymes and,
perhaps, other substances. Waddington was
impressed by the similarity between the
qualitative decision points found in both
inducing-factor action and gene action. For
example, the ectoderm of an amphibian
embryo would become epidermis without
the neural-inducing factor but would switch
its fate to neuroepithelium in its presence.
The Drosophila antenna (a sensory

appendage on the head) would form an
arista (a bristle on the distal end of the
antenna) under the influence of the wild-
type allele of the gene aristapedia, but would
become switched to a terminal leg segment
(tarsus) under the influence of a mutant
allele. (aristapedia is an example of a
homeotic gene, mutations of which can
convert one body part into another.)
Reasoning from such examples, he pre-
sented development as a series of branching
decisions, taken under the control of genes.
This book also introduced, for the first time,
the idea of the ‘epigenetic landscape’ to
describe the process of decision-making in
development (FIG. 3a).

The epigenetic landscape. This is perhaps the
idea for which Waddington is best remem-
bered and that is described in detail in a sec-
ond influential book, The Strategy of the
Genes®. The landscape refers to a surface

down which a ball rolls (F1G. 3b). At various
points, there are branches in the possible
path the ball can take, and so by the time it
has rolled to the bottom it will have made
several binary choices. The ball represents a
cell in an embryo and, at each developmental
branchpoint, it is nudged down one path or
the other by the action of embryonic induc-
ing factors and/or homeotic genes. It is not
clear from Waddington’s earlier works exactly
what the folded surface of the landscape rep-
resents, and scientists are still confused by
this today. In The Strategy of the Genes, he
explicitly states that the landscape represents
a surface embedded in a multidimensional
state space of cellular metabolism — that is, a
space for which there is one axis representing
the concentration of each substance in the
cell. The pathways are the permitted trajecto-
ries (‘chreodes’) that can be taken by cells
(8oX 1). In reality, the permitted pathways
would be unlikely to form a two-dimensional
surface, but this is the form that lends itself to
a diagram on the printed page. Most amus-
ingly, he showed us a view of the ‘underside’
of the landscape, revealing its hypothetical
relationship to the genes (FIG. 3c). Genes are
visualized as pegs stuck in the ground, each
with a guy rope attached to a sheet of fabric,
which makes up the landscape. The idea is
that individual genes have quantitative effects
and their individual actions cooperate to pro-
duce the landscape as a whole. This concep-
tion of the landscape seems to derive from
the philosophical heritage of Whitehead, as
Waddington describes the action of many
genes as forming a ‘concrescence’, a typical
Whiteheadian concept. Nonetheless, the guy
rope arrangement indicates that there might
be some individual genes that could change
the topology of the landscape if mutated to
inactivity and therefore give rise to discrete
changes in developmental pathways. These
are, of course, the homeotic genes, such as
aristapedia, which Waddington had encoun-
tered in his studies of Drosophila.

It should be noted that the landscape
incorporates some of Waddington’s develop-
mental concepts, for which he introduced
new terms (80X 2). For example, the pathways
themselves are called ‘chreodes’ The term
‘canalization’ means that, up to a certain
threshold, any genetic variation or environ-
mental noise will be ‘buffered’ and not affect
the pathway, but above this threshold, the cell
would flip over into an adjacent pathway. By
representing a pathway as a valley in a surface,
Waddington provided a simple mechanical
analogy for the rather complex biochemical-
genetic buffering that occurs in organisms
during development.
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Box 2 | A Waddingtonian glossary

In all his books, Waddington’s philosophical background comes to the fore through his
eagerness to define new terms to express the essential underlying phenomena of development.
The most important are listed here.

Evocation

The effect of an inductive signal, the action of which on the responding tissue selects one of a few
possible developmental pathways. At a local level, we now understand that all inductive signals
are evocators, but Waddington emphasized the distinction between evocation, which might arise

from the application of a single substance, and potentially more complex processes.

Individuation

The early organizer experiments made it seem that the signal was calling into existence a whole
complex body plan. Waddington called such complex events ‘individuation’. Today there are
well-characterized signals that, by themselves, create a pattern; for example, amorphogen
gradient that has several threshold responses produces an ordered pattern of induced structures.
However, each individual local induction is an evocation.

Competence

The capacity to respond to an inductive signal. Waddington did not invent this term, which is a
translation of the German ‘Reaktionsfahigkeit’, but he did write at length on the importance of

competence.
Epigenetic landscape

A visual depiction of a set of developmental choices that is faced by a cell in the embryo.

(See FIG. 3 and main text of article.)
Canalization

Avalley in the landscape represents a cluster of similar trajectories through state space. The idea
of canalization indicates that most trajectories will exist as clusters; in other words, a small
external or internal perturbation will not affect the pathway.

Chreode

Chreodes are the buffered pathways in the landscape.

Homeorhesis

A counterpoint to the ‘homeostasis’ (maintenance of a stable state) concept of Claude Bernard.

Homeorhesis indicates a situation of stable flow.

Epigenetics

To Waddington, ‘epigenetics’ meant the “causal analysis of development” In the 1960s, he
persuaded the UK Medical Research Council to support an epigenetics sub-institute of his
establishment in Edinburgh. However, the spirit of the times meant that it became simply

another building full of molecular biologists.

Now that developmental biology has become a mature science, the only two of Waddington’s
terms that have lasted are ‘competence’ and ‘epigenetics’. Neither term was actually introduced by
Waddington, and ‘epigenetics’ today tends to be used in the narrower sense of gene regulation by
chromatin modification. However, his distinction between ‘evocation’ and ‘individuation’ is
preserved in the modern theory of the morphogen gradient.

The epigenetic landscape was a completely
original contribution to developmental biol-
ogy, although the idea was derived from
Sewell Wright's ‘fitness landscape’, which was
applied to evolutionary theory. The latter is a
multidimensional state space in which the
axes are all the attributes of the organism and
the surface represents the fitness. Sewell
Wright's image was mainly used to argue that
there would be local ‘peaks’ of fitness from
which organisms could not easily reach
higher peaks, as they would have to get there
through a‘valley’ of lower fitness.

One rather worrying feature of The
Strategy of the Genes is the curious vagueness

about the molecular nature of the gene, espe-
cially as the book was published four years
after Watson and Crick’s revelation of the
structure of DNA. This must partly be due to
the fact that much of the book is based on
manuscripts written in the 1940s, but also
indicates that Waddington probably did not
appreciate just how much this discovery
would revolutionize biology in the future.

The post-war period

During the Second World War, Waddington
worked for the Royal Air Force Coastal
Command, where he used the new method of
‘operational research’ (the use of mathematical

PERSPECTIVES

modelling to improve procedures) to increase
the effectiveness of anti-U-boat measures. In
1944, he became deputy director of a new
research institute for animal breeding and
genetics, and took with him some of his oper-
ational research team. A measure of his per-
ceived importance is that the institute was
originally due to be sited in Oxford, but
was actually set up in Edinburgh so that
Waddington could also occupy the Chair of
Genetics at that university. After some reorga-
nization of the departments in the institute,
Waddington ended up as Honorary Director
of the Institute of Genetics, the focus of which
was on basic science, separate from the applied
animal breeding section.

Apart from some trips to the United States
in the 1970s, Waddington stayed in Edinburgh
until his death in 1975. The experimental
work that he carried out in the 1950s and
1960s was mostly a disappointment, consider-
ing the enormous intellectual promise he had
shown before the war. Much was focused on
the use of electron microscopy to look more
closely at eggs and embryos, and on isotopic
tracers to follow embryonic biosynthesis and
the transport of materials.

The inheritance of acquired characteristics.
His last memorable experimental work,
done in the late 1940s and early 1950s, con-
cerned the phenomenon of ‘genetic assimila-
tion’. This is a Darwinian mechanism that
mimics the inheritance of acquired charac-
ters. Fifty years ago, the issue of the inheri-
tance of acquired characters was particularly
important because of the dominance of T. D.
Lysenko in the USSR, Lysenko was a plant
breeder who managed to use his political
influence to acquire a senior position in
Soviet science. He espoused a theory involv-
ing the inheritance of acquired characters
and was able to use the repressive machinery
of the Soviet state to dispose of his scientific
opponents. He had made some real discover-
ies relating to the ‘vernalization’ of crops
(whereby treatments applied to winter crop
varieties allow them to be sown in the
spring, therefore increasing overall yield),
and did help Soviet agriculture in the dark
days of the Second World War. However, his
overall influence was profoundly negative
and set back Soviet genetics for many
decades. Waddington was closely asociated
with a group of left-wing scientists, includ-
ing Blackett, Bernal, Hogben, Pirie and
the Needhams. This group, working in
Cambridge and London, covered a breadth
of scientific interests ranging from physics
through protein crystallography to meta-
bolic biochemistry. The rise of Lysenko was a
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Figure 4 | The callosities on the ventral
surface of the ostrich. The callosities are
depicted by arrows. How did they become
assimilated into the genome? Reproduced with
permission from REF. 13 © (1957) Geo Allen &
Unwin.

source of extreme embarrassment to them
because anyone who supported the USSR
was expected also to support Lysenko.
Waddington himself never had any sympa-
thy for Lysenko’s views, and in the end only
Bernal of the British group actually
attempted to defend him in public.

The type of phenomenon that Waddington
sought to explain had previously been called
‘pseudoexogenous adaptation’. A celebrated
example is represented by the prominent cal-
losities on the ventral skin of the ostrich (FIG.4).
Callosities of the epidermis can be produced by
prolonged rubbing, and when the ostrich sits
down, it will rub two particular places on its
ventral surface. These spots bear prominent
callosities; however, surprisingly, they do not
arise during life but are formed during embry-
onic development, so they are already present
at the time of hatching. The question in the
early years of the century was: Did rubbing
the skin of ancestral ostriches bring about a
change in their genes such that the callosities
were produced spontaneously? The ostrich is
not a convenient model organism for experi-
mental genetics, but Waddington was able to
obtain very similar effects in the laboratory
using Drosophila. His key idea was that a

qualitative morphological change can be
produced by an external treatment, but the
competence to respond to the treatment is a
quantitative variable that depends on many
loci. If the treatment is applied, and a pro-
portion of individuals show the morpholog-
ical effect, then selective breeding from this
group can eventually produce a population
in which the morphological change arises
spontaneously without the treatment. A
clear example of this is Waddington’s experi-
ments with the crossveinless phenotype in
Drosophila®!é, There is a small transverse
(‘cross’) vein in the middle of the Drosophila
wing, and this can be made to disappear by
briefly exposing flies to a high temperature
during pupation. If the individual flies that
lack the cross-vein are bred, and the temper-
ature shock and selection is repeated for a
few generations, then a population arises in
which a high proportion has the sponta-
neous crossveinless phenotype. Waddington
emphasized the key role of his concept of
‘canalization’ (Box 2) in understanding
genetic assimilation, because the essentially
quantitative variation becomes converted
into qualitative change through a switch in
the developmental pathway.

Waddington’s association with the politi-
cal left has given rise to a colourful but inac-
curate legend concerning the ‘commune’
founded in Edinburgh for the staff of his
new institute. This was Mortonhall House,
on the outskirts of Edinburgh. It was rented
by the then Agricultural Research Council
in 1947 to provide housing for members of
the new institute, as housing was practically
unobtainable in Edinburgh after the war.
Ten families moved in, along with some sin-
gle people in the attic. Meals were taken at a
common table, and there was a domestic
staff of three to do the cooking and clean-
ing. Altogether, it sounds more like a
Cambridge College than a hippie commune.
Apparently, the experiment was not very
successful as the hierarchy of work was
brought back to the home, creating some
tensions. After the first couple of years, the
families began to move out, and the house
was closed after six years.

Although Waddington’s later experimental
work was not so interesting, he became
increasingly active in promoting theoretical
biology. This culminated in the holding of
four symposia at the Villa Serbelloni on Lake
Como in Italy, under the auspices of the
Rockefeller Foundation (which had also
funded his early work on inducing factors).
The symposia were published as four volumes
by Edinburgh University Press and contain a
bizarre miscellany of articles about whether

there can be general theories in biology, and
some specific speculations about develop-
ment and evolution?’”. Out of these meetings
came Lewis Wolpert’s positional information
theory®8, according to which regional specifi-
cation in development works by cells first
acquiring information about their position in
the embryo, and then interpreting this condi-
tion as a particular pathway of differentiation.
In addition, they also helped to popularize the
‘catastrophe theory’ of René Thom?® (gox 1).

Conclusions

Waddington is a unique figure in the history
of twentieth-century biology. Apart from the
scientific work that is the subject of this arti-
cle, he was also a connoisseur of the arts and
was personally acquainted with many of the
leading artists, sculptors and architects of the
day. His first wife, ‘Lass’ Lascelles, was an
artist, and his second wife, Justin Blanco
White, an architect. He was also a Morris
dancer (practitioner of an eccentric form of
English traditional dancing) and squire
(leader) of the Cambridge Morris Men in
the 1930s. His scientific legacy is represented
by two important discoveries: the organizer
in higher vertebrates, and the phenomenon
of genetic assimilation. In addition, there is
his promation of theoretical biology and the
colourful metaphor of the epigenetic land-
scape. |, myself, was greatly stimulated by his
book Principles of Embryology? when |
entered developmental biology in the early
1970s. Although the terminology that he
introduced never became popular, he did
discover the mammalian organizer and he
did pioneer the use of dynamical systems
approaches to thinking about genetic net-
works and development. He is not well
known to younger biologists because his
work lies to one side of the mainstream of
molecular biology. However, one of the
biggest challenges of today is how to relate a
vast and rapidly growing mass of genomic
information to a relatively much smaller
number of key biological phenomena. Some
form of theoretical biology will have to be
devised to meet this challenge and, whether
attributed or not, Waddington’s ideas will
doubtless re-surface in the process.
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