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Summary

The need for a phylogenetic framework is becoming appreciated in many areas of biology. Such a framework has found limited usein
developmental studies. Our current research program is therefore directed to applying comparative and phylogenetic methods to devel-
opmental data. In this paper, we examine the concepts underlying this work, discuss potentia difficulties, and identify some solutions.
While developmental biologists frequently make cross-species comparisons, they usually adopt a phenetic approach, whereby degrees
of overall similarity in development are sought. Little emphasisis placed on reconstructing the evolutionary divergence in developmen-
tal characters. Indeed, developmental biologists have historically concentrated on apparently ‘conserved’ or ‘universal’ developmental
mechanisms. Thus, there has been little need for phylogenetic methodol ogies which analyse specialised features shared only within a
subset of species (i.e., synapomorphies). We discuss the potential value of such methodologies, and argue that difficulties in adapting
them to developmental studiesfall into three interlinked areas: One concerns the nature and definition of developmental characters. An-
other isthe difficulty of identifying equivalent developmental stagesin different species. Finally the phylogenetic non-independence of
developmental characters presents real problems under some protocols. These problems are not resolved. However, it is clear that the
application of phylogenetic methodology to developmental data is both necessary and fundamental to research into the relationship be-
tween evolution and development.

Key words: phylogeny reconstruction, comparative embryology, evolution, development

Introduction

Developmental biologists often make comparative
studies. One example is the study of the evolution of
developmental mechanisms. However, comparative
datasets are not always concerned with evolution; de-
velopmenta biologists may use them, for example, to
assess the relevance of animal models to human devel-
opment. Our aim here is to consider how developmen-
tal biologists analyse and present data in a comparative
framework. This discussion is necessary because devel-
opmental biologists sometimes show an idiosyncratic
approach to comparative studies, and rarely use the

methodologies employed in other fields of biology. We
are currently engaged in aresearch program to develop
guantitative methodologies for comparative embryol-
ogy, and so this paper is a statement of some of the con-
ceptual issues underlying our work, and a discussion of
the future directions that we see thiswork taking.

The need for a phylogenetic framework in examining
biological phenomena is becoming increasingly appre-
ciated in most areas of biology. However, such aframe-
work has only a limited place in developmental biol-
ogy. It has been used to map the evolution of develop-
mental gene families (Ferrier et a., 2000) and to anal-
yse relatively late events in ontogeny (Mabee et al.,
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2000; Velhagen, 1997). For the most part, however, de-
velopmental biologists use a type of comparative ap-
proach which phylogeneticists may not aways recog-
nise as being either legitimate or informative.

On the surface, this does not appear to have mattered —
as the great advances made in understanding the molec-
ular genetics of pattern formation in different species
have demonstrated. There has been less successin inte-
grating these datainto a new synthesis of evolution and
development. However, asinterest in the diversification
of developmental mechanisms grows (Burke et a.,
1995; Tautz and Schmid, 1998; Wray, 2000), there will
be a need for more anaysis of early developmental
characters (i.e., those expressed at stages when major
patterning and morphogenetic events are taking place,
and their interpretation under a phylogenetic frame-
work). There are severa reasons why phylogenetic ap-
proaches have not been widely adopted in devel opmen-
tal studies.

Oneis historical: phylogenetic methodologies were de-
veloped after embryology had lost its central place in
evolutionary biology (Gould, 1977). When the debates
about cladistics, and other methodologies, were taking
place in the 1970's and early 1980's (Hull, 1980;
Panchen, 1992), comparative embryology was seen
principally as an auxiliary source, relative to outgroup
comparison, of information about primitive conditions
(e.g., in the debate about the ontogenetic criterion; see
referencesin Meier, 1997).

Anocther reason is that developmental biologists are
often most interested in conserved features, which are
treated asif they were universal phenomena, largely be-
cause the vast mgjority of recent developmental re-
search has been conducted within a purely experimen-
tal, rather than comparative, paradigm. Therefore, de-
spite the clear phylogenetic baggage of a term such as
‘conserved’, interest in reconstructing the evolutionary
history of changes in developmental mechanisms was
minimal. Finally, the nature of development itself can
raise severe obstacles to the adoption of quantitative
methodologies.

Historical separation of comparative
embryology from phylogenetics

Comparative methods used in modern developmental
biology show several idiosyncratic and archaic fea-
tures. These reflect its historical development. Embry-
ology became isolated from zoology when it fell out of
favour among evolutionary biologistsin thefirst part of
the twentieth century (Gould, 1977). The emphasis of
developmental studies shifted instead towards experi-
ments on devel opmental mechanisms. The discovery of
organiser regions in the embryo focussed attention on
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apparently ‘universal’ developmental mechanisms or
‘principles’ that might operate in all metazoans.

Whereas classical embryologists often studied a wide
range of species, chosen for what they might reveal
about evolution (Richardson and Narraway, 1999), ex-
perimentalists relied on single, model species which
could be easily reared for laboratory studies. Under
these circumstances, ‘universa’ mechanisms were
most interesting because they provided common
ground for scientists studying different model animals.
‘Universal’ mechanisms also give legitimacy to the use
of animal modelsin studying human disorders.

Universality or symplesiomorphy?

As noted above, developmental biology hasits own ter-
minology. Shared primitive developmental characters
are described as ‘ conserved developmental pathways',
‘developmental toolkits', ‘deep homologies, ‘Bau-
plans etc. (discussed by Richardson et al., 1999; see
also Coates, 1993). These terms do have special and
useful meanings in their own right. But they can also
serve to emphasise the phenetic nature of comparative
developmental biology, and to downplay the impor-
tance of phylogeny. In some respects, thisis acceptable,
given that most studiesin thisfield do not aim to recon-
struct the history of changes in developmental mecha
nisms. However, without a phylogenetic methodol ogy,
we cannot hypothesise the phylogenetic level at which
acharacter is‘universal’ (i.e., ‘shared’); nor can we test
assumptions of primary homology sensu de Pinna
(1991; i.e., whether the character evolved once, or con-
vergently many times). Finally, we cannot determine
whether absenceis primitive or secondary.

For example, developmental biologists often assert that
the apical ectodermal ridge (AER) is essential for out-
growth of paired appendagesin ‘al tetrapods’ or even ‘al
vertebrates', even though an AER haslong been known to
be lacking in some amphibians (reviewed by Richardson
et a., 19984). In this example, a phylogenetic approach
would provide information about whether the AER is a
primitive character of gnathostomes, and whether its ab-
sencein amphibiansisaderived condition.

The formulation of positional information theory
(Wolpert, 1969) was a major impetus to the identifica-
tion of universals. Asnoted by Richardson et al. (1999),
Wolpert emphasised universal principles and mecha-
nisms in development (Wolpert, 1969, 1989) and intro-
duced the concept of a universal positional field in al
animals. Wolpert's emphasis on universals was later
adopted by scientists studying the molecular basis of
pattern formation, and may have influenced such con-
cepts of universality as the zootype (Slack et a., 1993)
and developmental toolkit (Akam et al., 1994).
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It could be argued that studies of ‘universa’ features
have no need for a phylogenetic framework. However,
we believe that the idea of universality carries with it
tacit phylogenetic assumptions (i.e., the primary ho-
mology of the character being considered, and the relat-
edness of the species under study). It therefore requires
the use of an explicit phylogenetic framework rather
than the implicit (and occasionally naive) evolutionary
onethat is sometimes used.

Difficulties with the analysis
of developmental data

Comparative studies of development are, in principle,
extremely complicated. They typically involve a 5-di-
mensional anaysis. Morphology, or patterns of gene
expression, are studied in 3 spatial dimensions within
an embryo. Another dimension isthe progress of devel-
opment in one individual. Finaly, the evolutionary di-
mension has to be considered by comparing develop-
ment in different species. This complexity in the analy-
sismakesit tedious, but not impossible.

However, more serious difficulties are raised by the na-
ture of development itself. Unfortunately, it may prove
impossible to solve al of these difficulties. The most
difficult, and perhaps insurmountable problem, is try-
ing to compare species at equivalent developmental
stages. As discussed elsewhere, change in developmen-
tal timing (heterochrony) is one factor which may make
thisimpossible (Richardson, 1995, 2001; Richardson et
a., 1997). Thus, because of heterochrony, the land-
marks use to define ‘ common stages' occur at different
relativestimesin different species.

And if it is true that there are no ‘universal’ develop-
mental stages (such as those proposed by Witschi,
1956), then comparative embryology has no fundamen-
tal unit of comparison. And while this problem can be
overcome by techniques such as event-pairing, these in
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turn can lead to further difficulties (e.g., character non-
independence; see below).

Another problem liesin the definition of devel opmen-
tal characters. For example, as embryos pass through
stages of morphogenesis and pattern formation, de-
velopmental characters undergo transformation and
therefore disappear. And so, because developmental
characters are not static, they need to be given defined
start and end points (e.g., the otic pit is present after
the otic placode has invaginated, but before the oto-
cyst has detached from the ectoderm). There is also
the issue of whether to score for the simple presence
or absence of a character (‘otic pit present’), or
whether to score for a transformation leading to that
character (‘otic placode invaginating'). These issues
are easily addressed by defining rules for character
definitions.

Phenetic approaches

Phenetic approaches study overall similarities and dif-
ferences without considering their historical relation-
ships. von Baer’s approach was essentially phenetic be-
cause he arranged animalsinto nested groups according
to their degree of overall similarity (Fig. 1). This type
of approach dominates comparative embryology, and is
typified by the Haeckelian portrait-galery diagram
where species are arranged in columns, and develop-
mental stagesin rows (Fig. 2).

This type of diagram is widely used in textbooks, and
has found favour as a teaching device. It provides a
simple way to represent the 5-dimensional data of com-
parative embryology. Indeed it is difficult to think of a
more succinct pictorial representation that would show
different species and developmental stages simultane-
oudly. Cladograms, for example, use single sema
phoronts and cannot therefore accommodate different
developmental stages.

Fig. 1. Von Baerian phenetic approach to
comparative embryology (4 imaginary
species, A-D, are shown). The species are
arranged in nested sets (left) according to
similarity in their adult characters and not in
away that reflects evolutionary history. Note
that there is modification of subterminal de-
velopmental characters (right) in this
scheme. Thus all stages, except the very ear-
liest, differ.

adult

stages
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Nonetheless, the portrait-gallery diagram can be ob-
jected to on several grounds. First, the species are ar-
ranged so as to imply a linear transformation series
reminiscent of the Scala Naturae; the true evolutionary
relationships among the species depicted are thereby
obscured. On similar grounds, Hanken (1993) has criti-
cised the naive evolutionary seriesimplied in some de-
velopmental studies (e.g., where the zebrafish is said to
be ‘primitive’ with respect to the chick; see aso Coates,
1994, 1995; Metscher and Ahlberg, 1999).

Second, the reader is asked to believe that the horizontal
rows represent embryos at comparable stages of develop-
ment. As mentioned above, there are difficulties with this
assumption, because heterochrony can ater the sequence
of characters used to define the ‘common’ stages. Third,
overal similarity is being compared, instead of charac-
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ters. It is easy to see how the developmental hourglass
(Raff, 1996) is derived from this type of portrait-gallery
diagram (Fig. 2), and it is open to the same objections.
Thus, both the portrait-gallery and the hourglass aim to
convey gross phenotypic divergence, in alinear series of
species, at different stages of development.

Despite these drawbacks, phenetic analyses have high-
lighted many interesting correlations, for example be-
tween developmental gene-expression patterns and
adult morphologies. Thus, in one study, it was found
that species with short necks showed amore cranial ex-
pression of the anterior Hoxc-6 boundary than species
with long necks (Burke et a., 1995). Importantly, this
study provided key insights into similar processes and
contrasting skeletal patterns, but did not concern itself
primarily with the polarity of change.
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Fig. 2. The classic portrait-gallery of comparative embryology (left) and its derivative, the developmental hourglass (right). In this por-
trait gallery, the point of minimum phenotypic divergence is represented by the top row, whereasin the hourglassit isin the narrow, mid-
dle part. Both are stylistic conventions which often reflect an underlying phenetic approach. They do provide a simple representation of
phenotypic divergence in development, though they can overlook the evolutionary history of the species studied, and imply, perhaps
wrongly, that the stages examined are comparable. Figures on |eft from Richardson et al. (1998b); on right from Richardson (1999).
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Fig. 3. TheBiogenetic Law: evolution and devel- - — — — — 1
opment are treated as two parallel sequences. The
model allowed for departures from a strictly par- -
allel scheme (caenogenesis; not shown here). 44
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Phylogenetic approaches

The Biogenetic Law

Ernst Haeckel was probably the first to systematically
analyse development in an evolutionary context. Some
aspects of his approach were phenetic, as shown by his
use of portrait-gallery comparative embryology figures
(Fig. 2). HisBiogenetic Law formed the basis of his ap-
proach (Gould, 1977). We think it is important to dis-
cuss Haeckel’s phylogenetic embryology because: (i)
his methodology involved the analysis of developmen-
tal sequencesto reveal information about ancestral con-
ditions; (ii) he attached importance to heterochrony, be-
lieving that it obliterated the phylogenetic signal in de-
velopmenta data. Developmental sequences and hete-
rochrony are both important in modern phylogenetic
methods (e.g., event-pairing), which are being used to
examine developmental datain a phylogenetic context.
The important features of Haeckel’s Biogenetic Law
are embodied in his alphabetical analogy (Haeckel,
1896). This represents a phylogenetic series of species
with the letters A—Z; the developmental sequence of a
species in that series is represented by the same |l etters.
Thus, the evolutionary appearance of anovel featurein
a phylogenetic sequence is assumed to parallel its ap-
pearance in the developmental sequence (Fig. 3). But
the sequence of stages, according to Haeckel, is not ex-
actly parallel: thus there may be heterochrony (produc-
ing sequence changes such as ABDCEF); there may
also be evolutionary transformations of stages or char-
acters, such as ABCDEF-.

Interestingly, Haeckel believed that the principle role of
development was to provide conserved characters for
phylogeny reconstruction; he regarded specialised de-
velopmental characters as useless for this purpose be-
cause he believed that they ‘falsify’ the implied evolu-
tionary history in the developmental sequence
(Haeckel, 1896).

New approaches

Recently, advances have been made in the analysis of
developmental data within a phylogenetic context. De-
velopmental sequences are anaysed to reveal sequence
changes (heterochrony). One methodology is event-
paring (Smith, 1996), which is used to provide an ex-
plicitly relative time frame in which to study hete-
rochronic shifts (Mabee and Trendler, 1996; Velhagen,
1997). A pair of developmenta events may have one of
three timing relationships: Event A may occur before
event B; events A & B may occur simultaneously; or
event A may occur after event B. Each possibility is
coded as adiscrete character state (i.e., 0, 1 or 2, respec-
tively here).
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Event-pairing involves recording the relative timing of
every possible combination of two events in the devel-
opmental sequence. The resulting event-pair scores for
each species can be plotted onto a phylogenetic tree.
Evolutionary changes in the developmental sequence
will be highlighted by changes in the event-pair scores.
There are advantages and disadvantages to this method.
The main advantage is that event-pairing, by encoding
the entire developmental sequencein arelative fashion,
eliminates the problems of comparing species at similar
stages of development. The main disadvantage is that it
isdifficult to reconstruct likely evolutionary changesin
the developmental sequence based purely on the
changesin event-pair scores (Smith, 1996, 1997).

Also, because an event-pair score results from the inter-
action of two developmental events, there is a high de-
gree of non-independence within the collated event-
pair data for each species. Because al events are com-
pared to one another, a larger timing shift will affect
more event-pair scores than a smaller shift (Smith,
1997). This can lead to problems when using event-pair
data to reconstruct phylogeny, rather than ssimply opti-
mising them onto phylogenies established by other
means. We are currently using computer modelling to
investigate the utility of event-pairing.

The importance of this type of work isthat it promises
to give insights into the relationship between evolution
and development. Thisrelationship is one of the central
themesin biology and has been the subject of active de-
bate for over a century. There is some confusion and
disagreement, however, because the data appear to be
contradictory. Thus, although there are examples of de-
velopmental novelties which violate the Biogenetic
Law, others are consistent with it (Mayr, 1994). We be-
lieve that a methodology for analysing changes in de-
velopmental sequenceswill help cast light on this fasci-
nating and complex issue.

References

Akam, M., P. W. Holland and G. Wray. 1994. Preface. Develop-
ment (Supplement).

Burke, A. C., C. E. Nelson, B. A. Morgan and C. Tabin. 1995.
Hox genes and the evolution of vertebrate axial morphology.
Development 121: 333-346.

Coates, M. 1. 1993. Ancestors and homology. Acta Biotheor. 41:
411-424.

Coates, M. . 1994. The origin of vertebrate limbs. Development
Supplement: 169-180.

Coates, M. |. 1995. Limb evolution. Fish fins or tetrapod limbs —
asimpletwist of fate? Curr. Biol. 5: 844-848.

Ferrier, D. E., C. Minguillon, P. W. Holland and J. Garcia-Fer-
nandez. 2000. The amphioxus Hox cluster: deuterostome pos-
terior flexibility and Hox14. Evol. and Development 2:
284-293.

Zoology 104 (2001) 34



Gould, S. J. 1977. Ontogeny and Phylogeny. Belknap Press,
Cambridge, Massachusetts.

Haeckel, E. 1896. The Evolution of Man: a Popular Exposition of
the Principa Points of Human Ontogeny and Phylogeny. Ap-
pleton & Co, New Y ork (2 volumes).

Hanken, J. 1993. Model systems versus outgroup: alternative ap-
proaches to the study of head development and evolution.
Amer. Zool. 33: 448-456.

Hull, D. L. 1980. Science as a Process. University of Chicago
Press, Chicago.

Mabee, P. M. and T. A. Trendler. 1996. Development of the cra-
nium and paired fins in Betta splendens (Teleosti: Percompor-
pha): intraspecific variation and interspecific comparisons. J.
Morphoal. 227: 249-287.

Mabee, P. M., K. L. Olmstead and C. C. Cubbage. 2000. An
experimental study of intraspecific variation, developmental
timing, and heterochrony in fishes. Evolution 54: 2091-2106.

Mayr, E. 1994. Recapitulation reinterpreted: the somatic pro-
gram. Q. Rev. Biol. 69: 223-232.

Meier, R. 1997. A test and review of the empirical performance of
the ontogenetic criterion. Syst. Biol. 46: 699—721.

Metscher, B. D. and P. E. Ahlberg. 1999. Zebrafish in context:
uses of a laboratory model in comparative studies. Dev. Biol.
210: 1-14.

Panchen, A. L. 1992. Classification, Evolution and the Nature of
Biology. Cambridge University Press, Cambridge.

de Pinna, M. C. C. 1991. Concepts and tests of homology in the
cladistic paradigm. Cladistics 7: 367-394.

Raff, R. A. 1996. The Shape of Life: Genes, Development and the
Evolution of Animal Form. University of Chicago Press, Chicago.

Richardson, M. K. 1995. Heterochrony and the phylotypic period.
Dev. Biol. 172: 412-421.

Richardson, M. K. 1999. Vertebrate evolution: the developmental
origins of adult variation. Bioessays 21: 604—613.

Richardson, M. K. 2001. Developmental sequences. In: McGraw-
Hill Yearbook of Science & Technology. (M. D. Licker, ed.),
McGraw-Hill, New Y ork, pp. 120-122.

Zoology 104 (2001) 34

Comparative developmental biology

Richardson, M. K. and J. Narraway. 1999. A treasure house of
comparative embryology. Int. J. Dev. Biol. 43: 591-602.

Richardson, M. K., J. Hanken, M. L. Gooneratne, C. Pieau, A.
Raynaud, L. Selwood and G. M. Wright. 1997. There is no
highly conserved embryonic stage in the vertebrates: implica
tions for current theories of evolution and development. Anat.
Embryol. 196: 91-106.

Richardson, M. K., T. Carl, J. Hanken, R. P. Elinson, C. Cope and
P. Bagley. 1998a. Limb development and evolution in
Eleutherodactylus coqui, a frog with no apical ectodermal
ridge (AER). J. Anat. 192: 379-390.

Richardson, M. K., J. Hanken, L. Selwood, G. M. Wright, R. J.
Richards, C. Pieau and A. Raynaud. 1998b. Haeckel, embryaos,
and evolution. Science 280: 985-986.

Richardson, M. K., A. Mindli and M. |. Coates. 1999. Some
Problems with Typological Thinking in Evolution and Devel-
opment. Evol. Development 1: 5-7.

Slack, J. M., P. W. Holland and C. F. Graham. 1993. The zootype
and the phylotypic stage. Nature 361: 490-492.

Smith, K. K. 1996. Integration of craniofacial structures during
development in mammals. Amer. Zool. 36: 70-79.

Smith, K. K. 1997. Comparative patterns of craniofacial develop-
ment in eutherian and metatherian mammals. Evolution 51:
1663-1678.

Tautz, D. and J. Schmid. 1998. From genesto individuals: devel-
opmental genes and the generation of the phenotype. Phil.
Trans. R. Soc. Lond. B 353: 231-240.

Velhagen, W. A. 1997. Analyzing developmental sequences
using sequence units. Syst. Biol. 46: 204-210.

Witschi, E. 1956. Development of vertebrates. Saunders,
Philadel phia.

Wolpert, L. 1969. Positional information and the spatial pattern
of cell differentiation. J. Theor. Biol. 25: 1-47.

Wolpert, L. 1989. Positional information revisited. Development
107 (Suppl.): 3-12.

Wray, G. A. 2000. The evolution of embryonic patterning mecha-
nismsin animals. Semin. Cell Dev. Biol. 11: 385-393.

283



