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SYNOPSIS. This symposium undertakes to examine some historical background
relevant to the renaissance in biological studies linking evolution and development,
to review the current status of research in this rapidly changing area (especially
the problem of forging links between disciplines that have gone in divergent di-
rections), to address the benefits and difficulties that arise from molecular studies
of the relationship between evolution and development, and to help set the research
agenda in evolutionary developmental biology in the next few years. Rather than
introducing the individual contributions that follow, this paper aims to set some
historical background for the topics they cover. I argue that old questions about
the relationship of development to evolution, raised by such figures as William
Bateson and Richard Goldschmidt, remain relevant to contemporary work, though
they require major reformulation in light of subsequent developments. Many older
questions, long set aside as intractable, remain open. Recently developed techniques
may enable us to answer some of them. Accordingly, I suggest, it is worth reviewing
the work of several historical figures in setting current research agendas.

The idea for this symposium grew out of
a breakfast at the Denver meeting of SICB,
at which three of the four organizers brain-
stormed about a symposium on the history
of Evolution and Development. The sym-
posium contributes to the consolidation of
a flourishing new interdisciplinary field, in-
formally known as ‘‘Evo-Devo.’’ The So-
ciety for Integrative and Comparative Bi-
ology (SICB) has provided a venue for a
considerable amount of work in Evo-Devo
by hosting relevant symposia; four recent
examples are (Gilbert and Atkinson, 1992;
Martindale and Swalla, 1998; McHugh and
Hylanch, 1998; Olsson and Hall, 1999). A
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group of three Evo-Devo symposia were
presented at the SICB Meeting in January
2000. The other two, ‘‘Beyond reconstruc-
tion: Using phylogenies to test hypotheses
about vertebrate evolution’’ and ‘‘Hox clus-
ters and the evolution of morphology,’’ will
be published in subsequent issues of this
journal. These events helped inaugurate
SICBs new Division of Evolutionary De-
velopmental Biology, which we hope will
serve as a professional home for Evo-De-
vologists from all over the world. The pa-
pers in this symposium aim to provide a
large-scale view of Evo-Devo, touching on
its past, present, and future. We asked the
contributors to address topics that would il-
luminate the long history behind the new
field, its present state (including strengths,
weaknesses, and analyses of key concepts
and techniques), and its prospects over the
near term.

Since I am an historian-philosopher of
biology, not a biologist, my main tasks in
this introduction are to set some historical
background and to provide a conceptual
context for the papers that follow. I begin
with a few comments about the period from
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1880 to 1920. As of 1880, although the de-
tails were hotly disputed, a general account
of the main features of mitosis was being
worked out, and meiosis was still only dim-
ly understood (Churchill, 1970; Baxter and
Farley, 1979; Robinson, 1979; Duchesneau,
1987; Baker, 1988; Maienschein, 1990).
During the next thirty years or so, flourish-
ing lines of work were begun on cell divi-
sion, early embryonic development, evolu-
tion of species, fertilization, heredity, and
phylogeny. All of these topics were subjects
of intense dispute. These problems were
generally held to be intimately intercon-
nected, so much so that many biologists
considered them inseparable, forming a sin-
gle nexus that covered what was eventually
separated into cytology, embryology (later
transformed into developmental biology),
evolutionary biology, genetics, and repro-
ductive biology (Maienschein, 1981, 1983,
1986, 1987). From a current perspective it
is very difficult to understand the ways in
which all of these problems were tangled
together at the end of the nineteenth cen-
tury.

An interesting example of the conceptual
and terminological difficulties involved con-
cerns the term ‘‘evolution.’’ Darwin did not
use it anywhere in the first edition of his
Origin of Species (Darwin, 1859)—and he
had a good reasons for avoiding the term.
Its primary biological meaning was then,
and in some contexts continues to be, an un-
folding, as in the unfolding (i.e., develop-
ment) of an organism from a fertilized egg
or the unfolding of a fern from a fiddlehead.
I have taken this last image from Gould
(2000), published after the oral presentation
of this introduction. Gould comments on
Darwin’s use of the word ‘‘evolved’’ in the
famous last sentence of the Origin (‘‘Whilst
this planet has gone cycling on according to
the fixed law of gravity, from so simple a
beginning endless forms most beautiful and
most wonderful have been, and are being,
evolved.’’ [Darwin, 1859, p. 490]). He ar-
gues, rightly, that this sentence is meant to
contrast the simple revolution of the planets
(‘‘cycling’’) with the complex variational
process of ‘‘descent with modification’’ by
which the gloriously diverse forms of life
have evolved—and to contrast the variation-

al basis of biological evolution with the sim-
ple unfolding or transformation of forms im-
plicit in the then-current uses of the term
‘‘evolution.’’ Bowler (1983, 1988) provides
scholarly reviews of the working out of
these issues toward the end of the nineteenth
century. Because of this root meaning, the
term meant development in most biological
contexts in the mid-nineteenth century, and
was strongly associated with preformation-
ism. This usage remained common well after
Darwin died. Consider, for example, two
brief questions, posed by Wilhelm Roux, a
founder of Entwicklungsmechanik. In 1885,
three years after Darwin’s death, he asked:
‘‘Is embryonic development epigenesis or
evolution? Is it the new formation of com-
plexity, or is it the becoming visible of com-
plexity previously invisible to us?’’ (Roux,
1885, p. 414, as translated in Baxter and Far-
ley, 1979, p. 156). Gilbert Bourne, writing
in 1894 on ‘‘Epigenesis or evolution?’’
(Bourne, 1894) connected the developmental
meaning of ‘‘evolution’’ as the unfolding of
a preformed embryo with evolution of spe-
cies. He distinguished between narrower and
broader senses of the term ‘‘evolution.’’ The
narrower sense is the ontogenetic one just
discussed; it refers to unfolding from a prior
structure in accordance with preformationist
theory. The broader sense is phylogenetic,
covering evolution and formation of species.
According to Bourne, this broader meaning
was grafted onto the narrower sense and
used in support of orthogenetic theories of
evolution, but he also argues in detail (e.g.,
p. 117) that the broader usage is employed
by such opponents of orthogenesis as Wil-
helm Roux, August Weismann, and C. O.
Whitman. This reflects the fact that their ac-
counts of what we call evolution are inti-
mately based on their accounts of develop-
ment—and thus that their theories differ
rather widely from current evolutionary or-
thodoxy.

Developmental uses of the term ‘‘evolu-
tion’’ were reinforced by Oscar Hertwig’s
influential book The Biological Problem of
Today: Preformation or Epigenesis? (Her-
twig, 1896). Accordingly, near the turn of
this century, many biologists who espoused
or contested theories of evolution, meant,
among other things, to support or under-
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mine theories of the preformation of species
according to a developmental plan. For
them the issue often focused on the differ-
ences between the innovation required for
making a new species and the constraints,
imposed by the restraining power of hered-
ity, that kept organisms within specific (i.e.,
species-specific) boundaries. If all this is
correct, the developmental plan [or, anach-
ronistically, program] of a species had to be
violated to create a new species—a viola-
tion that could be accomplished by evolu-
tion, understood in Bourne’s broader, de-
velopmental, meaning.

Developmental uses of the term ‘‘evolu-
tion’’ remained in effect, among some em-
bryologists at least, into the 1960s—e.g.,
(Bounoure, 1964). However, most biolo-
gists abandoned the developmental conno-
tations of the term by the 1920s, thanks
(among other things) to the creation of sep-
arate disciplines to deal with the problems
of embryological development, of evolution
(i.e., origin of species, macroevolution, bio-
geography, Darwinian selection, etc.) and
of heredity. The corresponding separation
of problems is often counted as a major ac-
complishment of the early part of the cen-
tury. It was especially pronounced in the
United States, where the rapid growth of
biology in universities and agricultural in-
stitutions (Paul and Kimmelman, 1988;
Kimmelman, 1990; see also Olby, 1990) fa-
vored the formation of new institutions and
disciplines, including particularly T. H.
Morgan-style genetics.

As we all know, this separation of dis-
ciplines also exacted a considerable price,
including the erection of barriers separating
practitioners of embryology, evolutionary
biology, and genetics. The barriers were
partly institutional, partly conceptual, and
partly practical. With the techniques avail-
able before the widespread use of the tools
of molecular biology (for practical purpos-
es, at least until the 1950s), embryological
studies were conducted mainly on organ-
isms, (e.g., marine invertebrates, anurans,
etc.) utterly unsuited to traditional Mende-
lian genetics, and genetic research with or-
ganisms equally unsuited to traditional em-
bryology (e.g., Drosophila). For a useful
treatment of the historical importance of

choice of organisms along these lines, see
(Lederman and Burian, 1993). Furthermore,
efforts to establish connections among these
newly separated disciplines failed because
of the difficulty of connecting the available
knowledge of developmental and genetic
mechanisms to plausible and testable hy-
potheses about speciation and long-term
evolution and of testing evolutionary claims
via findings of embryology or genetics.

Notoriously, the plethora of untestable
speculations regarding phylogenies and the
evolutionary relations of organisms, ram-
pant around the turn of the last century,
drove many major biological pioneers to
abandon evolutionary in favor of experi-
mental research. Thus, in their early days,
the ideologies of Entwicklungsmechanik
and genetics both dismissed evolutionary
biology as far too speculative and their
practitioners insisted on the need to make
biological hypotheses experimentally test-
able. By the 1930s, embryology and genet-
ics had developed sharply divergent con-
ceptions of adequate testing, standards of
evidence, and sets of problems whose so-
lutions were considered mandatory for bi-
ology. Thus there was a separation of cul-
tures—of practices, organisms, techniques,
terminology, and fundamental assumptions.
I prefer not to use Thomas Kuhn’s danger-
ous term ‘‘paradigm,’’ but it remains true
that the deep commitments formed within
the separated traditions of these three dis-
ciplines made it difficult to resolve the dif-
ferences in the beliefs and expectations of
their practitioners. (Difficult, but not im-
possible. Some scientists and philosophers
interpret paradigm changes as irrational
jumps in the face of the impossibility of
resolving difficult problems. This is one of
my reasons for disliking the term.) So,
speaking loosely, the differences in para-
digms among these disciplines presented
barriers to unified accounts of the heredi-
tary control of development and of the in-
fluence of development and changes of de-
velopment on evolution.

The current flourishing of Evo-Devo rep-
resents a sharp reduction of the strength of
these barriers, based in part on the avail-
ability of new concepts and tools that allow
the integration of developmental, evolution-



714 RICHARD M. BURIAN

ary, and genetic studies. The putative mod-
ules of development, some of which are
discussed in this symposium, can be ana-
lyzed via genetic techniques; they contain
genes and higher-level units as components,
but are not ‘‘merely’’ genetic entities. Some
of them, at least, are also putative modules
of evolution and their features and histories
are being revealed in part by comparative
studies across enormous phylogenetic dis-
tances. One of the most notorious exam-
ples, a module for control of eye formation
that is common to drosophila, mice, and hu-
mans (Halder et al., 1995; Gehring, 1996;
Maas, 1996; Nilsson, 1996; Burian, 1997;
Callaerts et al., 1997; Oliver and Gruss,
1997; Gehring, 1998) may stand as an em-
blem for laymen such as me, but it is a very
small part of the story and may turn out to
be atypical. The extraordinarily rich details
regarding integrated units that function in
development, with controls that are pre-
served through even hundreds of millions
of years, provide us with the materials to
bring developmental, evolutionary, and ge-
netic techniques to bear on old, but trans-
formed, problems. This triangulation, I be-
lieve, will be the key to the success or fail-
ure of Evo-Devo.

To succeed in this triangulation, we must
revive and transform significant problems
articulated in the late nineteenth century,
but often in conceptually confused ways. To
reunite the findings of the disciplines built
up in the interim and to bring the powerful
new molecular tools to bear on the trans-
formed problems, we must reformulate
those problems reasonably clearly, taking
account of the conceptual revisions and the
enormous amount of new knowledge
gained in the last century. We must also
learn to use the distinctive tools of all of
the different disciplines involved with ap-
propriate cross-checks—tools from phylo-
genetic systematics, the study of transcrip-
tion factors, gene knockouts, and much
more. We must find ways to reconcile or
bypass the divergent terminologies and as-
sumptions involved so that we can under-
stand each other’s claims and reconcile the
findings produced by use of different in-
vestigative tools.

To illustrate the sorts of reformulation

and transformation required, let me mention
issues raised by two illustrious biologists,
one near the beginning and the other at the
middle of the twentieth century. As is well
known, Wilhelm Johannsen and William
Bateson, Mendel’s bulldog, both resisted
the chromosomal theory of the gene as
elaborated by the Morgan group. Although
Bateson, in particular, formally conceded
that Morgan might be right about genes in
December 1921 (Bateson, 1922), he was
never really persuaded that genes could be
material entities arrayed on chromosomes.
A major reason for his stance is not well
known, partly because he never published
the relevant arguments in full. These con-
cerned the difficulty of supposing that any
material particle or constellation of material
particles could control the formation of a
body—a dynamic process—in such a way
as to respond to strong environmental in-
sults and nonetheless yield a result that con-
formed to a specific Bauplan. He apparently
thought that there must be some sort of dy-
namic process or dynamic equilibrium
transmitted from generation to generation.
In some informal jottings, he played with
Chladini figures (the complicated tracings
left by a pendulum dripping sand in a com-
plex orbit) and with ideas about harmonic
resonances. He was unable to produce any
serious models or hypotheses along these
lines, but he was convinced that meristic
changes, such as changes in the number of
vertebrae of the organisms within a lineage,
were the consequence of a change in the
number of nodes in a vibratory pattern.
Thus, such patterns had to be preserved (or
perhaps regenerated?) across generations,
and there seemed to be no way that a linear
sequence of distinct molecules—Morgan’s
‘‘genes’’—could do such a thing Implicit
here is the requirement that a full-fledged
theory of heredity must offer an explicit ac-
count not only of how particular parts are
formed, but how they are put in the proper
place and retained there in accordance with
a Bauplan and, for any complex ontogeny,
how the sequence of steps is kept in order.
Not only did the Morgan group’s chromo-
somal theory offer no such account, but it
also appeared that it was impossible in prin-
ciple for it to do so. Apparently, Bateson
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thought that form could be provided and
maintained by transmissible stable harmon-
ic resonances or some such wave-based
phenomenon. Furthermore, stable harmonic
resonances would be capable of dynamic
response to environmental changes, occa-
sionally yielding ‘‘mutations,’’ for example,
by changing the number of nodes in a
standing wave (Coleman, 1970; Cock,
1983).4

Bateson’s mechanisms are of no interest
to us. But the desiderata he thought that the-
ories of hereditary control of development
should meet are still of great importance.
We have acquired conceptual and experi-
mental tools that might be capable of solv-
ing the issues he raised in the forty years
since the operon model of gene regulation
was proposed. One can reasonably hope
that some combination of positional infor-
mation, modularly built dynamic response
systems, and spatio-temporal regulation of
the behavior of those response systems and
their effects can put pieces together to make
an organism. This sort of account might
help, for example, to explain the similarities
and differences between regeneration and
formation of an organism from scratch. It
might make sense of the recycling of con-
trol modules, such as the use of transcrip-
tion factors two or three times over in the
course of ontogeny to initiate or regulate
distinct processes. Still, it would be a good
idea to ask how far we have come by cross
checking our hypotheses and the tests we
devise against the explanatory desiderata
put forward by Bateson.

As always, God is in the details. An
enormous amount of hard empirical work
and serious rethinking of what sorts of
things can legitimately count as modules in
development is required to devise serious
tests to determine whether hypothesized
modules exist, how they interact, and
whether they play the roles ascribed to
them. This is one of the tasks that will be
addressed in the symposium.

4 For a general historical review of disputes about
the nature of the gene, see Carlson (1966); see Burian
(2000) for my views on the interplay between the con-
cern with developmental issues and changing gene
concepts in the first third of the twentieth century.

Richard Goldschmidt, notoriously, also
raised worries about whether we were using
the correct units of analysis in genetics and
in our attempts to understand development.
Late in his life, near the middle of the cen-
tury, he went so far as to attack the gene
concept on grounds (in my terminology, not
his) that chromosomes are response systems
with such powerful internal interactions that
genes are mere abstractions reflecting the
interactions of parts of chromosomes when
they are in one stable configuration rather
than another—e.g., (Goldschmidt, 1950,
1951, 1954). He envisaged some sort of re-
shuffling of pieces or units within chro-
mosomes that would yield systematically
new behaviors, according to the contextual
interactions of the parts. While the details
of his scheme do not correspond to current
knowledge of the so-called dynamic ge-
nome, the logic of his argument fits well
with that of much recent work that makes
developmental changes depend on regula-
tory changes of relatively stable pieces and
processes, with physical reshuffling of parts
often a key step in regulatory change. The
roles played by the rec-A system in E. coli
or by transposons and other such elements
in reorganizing any number of genomes
might well be seen as doing honor to the
spirit, though not the detail, of Gold-
schmidt’s vision. And as Rudy Raff and
Tom Kaufman, who dedicated Embryos,
Genes, and Evolution (Raff and Kaufman,
1983) to the memory of Goldschmidt, have
taught us, his vision is of major importance
to ongoing work in development.

This background provides a setting for
the topics taken up in this symposium,
which will set forth and clarify some old
questions (papers by Hall, Gilbert, Dietrich,
Gayon, Donoghue, and Laubichler), clarify
a some key concepts (papers by Gayon,
Donoghue, Bolker, Laubichler, and Mabee),
examine some current problems and the
tools with which they can now be attacked
(Carroll et al., Mabee, Roth, Arthur and
Wagner et al.), and argue about the direc-
tions in which Evo-Devo should evolve
(Carroll et al., Wagner et al.). The contrib-
utors seek to show that the history with
which we deal is very much alive and to
challenge workers in Evo-Devo to engage



716 RICHARD M. BURIAN

with larger issues conceptual and issues as
well as with the technical questions and
techniques that, inevitably, occupy much of
their time. By uniting efforts of all these
sorts we hope to improve our understanding
of the interrelations between development,
genetics, and evolution. The contributors to
this symposium hope to have erected some
useful guideposts for this ambitious task.
We will have done well if the mix of prob-
lems, historical and conceptual analyses,
consideration of appropriate tools to use,
and suggestions of directions for research
help some readers of these papers in the
pursuit of the issues explored in these pag-
es.
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