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Glossary

Absolute constraint: one that is impossible to break even over very long

periods of time and, thus, of mutational input. A strict constraint, although not

impossible to break, would require some form of evolutionary novelty to do so.

Convergent evolution (convergence): evolution of similar phenotypic features

independently in different lineages, usually from different antecedent features,

and assumed to involve different developmental pathways.

Developmental constraint: a bias on the production of various phenotypes

caused by the structure, character, composition, or dynamics of the

developmental system [20].[20]

External and internal factors: external refers to influences on the phenotype via

the biotic and abiotic environment of the organism, especially natural selection,

whereas internal refers to the processes of genetics, development and

physiology, involved directly in making the phenotype and in generating

variation in the phenotype.

Generative constraint: one that involves the internal processes that govern

how the phenotype is generated. It can comprise some combination of genetic

channeling and developmental bias.

Genetic channeling: leads to a trend in a set of traits towards evolution along a

genetic line of least resistance that reflects the consequences of shared genetic

pathways and genetic variation [24]. Similarly, a developmental line of least

resistance could result from shared developmental pathways.[24]

Modularity: ability of individual parts of an organism, such as repeated pattern

elements, limbs, or segments, to develop or evolve independently from one

another; the ability of the regulation of development to be modulated

independently in different tissues and stages. Different elements within a

single module will lack individuality and the ability for independent evolution,

but show independence from other modules.

Morphospace: hypothetical unconstrained phenotypic space available for

occupancy by a particular morphology, usually within an evolutionary lineage.

Parallel evolution (parallelism): evolution of similar or identical features

independently in related lineages, usually considered to be based on similar

modifications of the same developmental pathways.

Pleiotropy: phenotypic effect of a gene on more than one trait or character that

contributes to a genetic correlation between them. Combinations of pleiotropic

effects can account for genetic channeling.

Relative constraint: effect of a bias in the generation of phenotypic variation,

rather than of any strict limitation. Such a bias can affect evolutionary change,

for example, because only a limited window of time is available for adaptation

in a particular direction in response to a new environment. The basis of such
Developmental bias, or genetic channeling, can influ-

ence the tempo and direction of evolution and, thus,

become reflected in patterns of biodiversity. Twenty

years ago, this notion rested on armchair descriptions of

potential constraints on evolution. Now, a broad evo-

devo approach involving both evolutionary and develop-

mental genetics provides experimental analysis of such

bias, revealing how shared genetic or developmental

pathways among morphological traits contribute to the

evolution of complexity and diversity, and that develop-

mental bias itself evolves, generating variation in

evolvability. As I discuss here, it is now possible to

determine the relative importance of natural selection

and of genetical and developmental architecture as

determinants of organic diversity, particularly for

examples of adaptive radiations and parallel evolution.

A broad evo-devo and differences in morphology

There has always been interest in how developmental
processes change in the evolution of morphologies.
However, only during the past two decades have these
issues been opened up to analysis through modern
evolutionary developmental biology, or evo-devo [1].
Variation in morphology can now be mapped onto genetic
variation via developmental mechanisms and the pro-
cesses of pattern formation and morphogenesis [2]. This
can be done for morphologies that are relevant in an
ecological arena, such as interactions with predators or
with potential mating partners. For example, whether
different populations of stickleback fish have reduced
pelvic spines depends on the expression of the Pitx1 gene
[3], and whether the wings of males of different species of
fruit fly are patterned with an apical black spot is
primarily the result of the expression pattern of the gene
yellow [4]. Integrating such insights with experimental
studies of natural selection and comparative analyses of
morphology in particular lineages or clades will test
between the relative importance of selection versus
constraint. Although I discuss such studies in animals
here, similar progress is also being made in plants [5].

Many differences in complex morphological traits are
not the result of the presence or absence of particular
genes but are based on changes in the mechanisms of gene
regulation affecting when and where a gene is expressed
[6–8]. Thus, there is a limited genetic tool kit and much of
morphological diversity evolution is about old genes
performing new tricks. Although existing genetic
pathways can be co-opted and subsequently elaborated
upon to do something different, and specific genes can take
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on additional tasks at new times during development and
in different tissues via gene duplication and divergence, de
novo evolution of new pathways appears to be rare. Our
increasing knowledge of development can help us to
understand how these processes influence evolutionary
change in morphology and how they are reflected in
current patterns of diversity.
The evolution of allometry

Two related issues in biology now opening up to
experimental analysis are how the processes that gen-
erate morphological variation bias evolution, and how
patterns of allometric growth change during evolution.
The impact of most illustrations of related species of
animals reflects diversity in form arising from changes in
the size of morphological features, such as appendages,
relative to one another, and to overall body size. Although
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constraints could lie solely in the standing genetic and developmental variation

within populations.
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the tinkering on themes of form that results from changes
in patterns of allometric growth is a major source of
diversification [9–13], we know little about the underlying
proximate and causal processes, or about how such
internal and external factors interact with one another
to yield the observed patterns of evolution.

In contrast to the variation in morphological traits
among taxa, allometric relationships within species
typically show little variation [14–16]. For example, eye
stalk length within species of diopsid flies varies little
relative to body length, but can differ dramatically among
species [17,18]. How then can a comparative absence of
variability within individual populations or species be
reconciled with such disparity across taxa? Examining
such specific issues about patterns of variation, as well as
testing selection or constraint, requires a broad approach
to evo-devo [19]. This will extend from experimental
studies of how morphologies are made in model organ-
isms, to comparative analyses of patterns of diversity
within groups of related taxa, and will ultimately reveal
why morphospace (see Glossary) is occupied by species in
the way it is.

Evolutionary constraints and the generation

of the phenotype

The topic of constraints and how they influence the
dynamics of evolution has fascinated evolutionary
biologists from long before the origin of TREE. Do
constraints, other than the more obvious absolute or
physical examples (e.g. rate of oxygen diffusion and insect
body size), influence evolutionary patterns of change or
stasis?

Developmental bias and genetic channeling

An early key review [20] established the crucial idea of
developmental bias: do the properties of the develop-
mental system bias the course of evolution? Following on
from ideas about how genetic covariances among traits
could influence the tempo and direction of evolution
[21–23], Schluter [24] developed the influential notion of
genetic channeling, which could result in the clustering of
populations or species along lines or axes of least
resistance. More case studies and experimental data are
necessary to discover whether developmental bias and
genetic channeling are just two sides of the same coin.
Whether they are will have implications for our ability to
apply the appropriate adjectives in descriptions of
constraints on the evolution of morphology.

Perhaps a wider term, such as generative constraints,
will be useful to encompass the roles of developmental bias
and genetic channeling in the processes of generating
evolutionarily relevant variation in the phenotype.
However, thinking about developmental and genetical
mechanisms (including those of epigenetics) might not
cover all such generative constraints. For example,
hormones coordinate the control of growth, as well as
the maintenance of function once development has run its
course [25]. Whereas the expression of genes controlling
developmental decisions via cell–cell signaling pathways
occurs within comparatively small populations of cells,
hormones are long-distance signalling mechanisms, often
www.sciencedirect.com
with multiple populations of target cells or tissues. There
might be fundamental differences in the consequences of
such properties for the evolution of complexity. For
example, differential expression of a developmental gene
in a particular tissue can be achieved independently of
effects in other tissues, whereas, because many target
tissues experience the same circulating hormone, uncou-
pling the effects in different tissues will usually necessi-
tate changes in receptor expression or downstream
targets. Thus, if different traits, especially life-history
and behavioral traits, are modulated by the same
physiological mechanism, this needs to be taken into
account when considering their evolutionary dynamics
[26,27]. Hormones, and their downstream targets, are of
special significance in the control of growth patterns
among different tissues and organs, and are likely to be
crucial in the evolution of allometries [28–30].

Thus, any unitary framework for generative con-
straints or developmental bias will need to consider how
the phenotype is built and maintained not only via the
regulation of genes and epigenetic processes, but also via
physiological mechanisms. Either a move is needed
towards a wider view of what development encompasses,
or comparative and evolutionary physiologists must
become more involved in the broader initiatives of
functional genomics and of integrating ecology within
evo-devo [31–33].
The need for experimental analysis

Descriptions of potential constraints on evolution have
been characterized by a lack of experimental analysis.
This is illustrated by Raup’s classic example of how
mollusc species fill plots of potential morphological space
for shell form as described by three parameters of growth
[34]. Although such maps of species occurrence in
morphospace generally emphasize how large parts of the
potential space are empty, these descriptions are not
sufficient to confirm the involvement of developmental
bias or genetic channeling. However, this will change as
experimental analyses place such descriptions in a more
experimental framework that also examines genetical and
developmental mechanisms and, thus, can begin to test
between selection and constraint.

Absolute or strict constraints undoubtedly account for
some boundaries in patterns of occupancy of morpho-
logical space. However, I consider that relative constraints
or patterns of bias in the generation of phenotypic
variation will prove more interesting and, debatably,
more relevant to our understanding of the overall
distribution of species in morphospace. A relative con-
straint or bias in the generation of phenotypic variation
might channel evolutionary responses to new environ-
ments because of limitations arising from the combination
of the time available for adaptation to occur and the
evolvability of the traits involved. Specialization might
also occur more rapidly along some line of least resistance
that then makes alternative directions of evolution
increasingly less likely [35]. Analyses of traits with shared
genetics or development will explore the likelihood of
adaptive evolution in different directions of morphospace.
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Figure 1. Parallel evolution of trophic morphologies (ecomorphs) in the species

flocks of cichlid fishes from two African lakes: (a) Lake Tanganyika and (b) Lake

Malawi. The species in each lake aremore closely related to one another than to any

species in another lake. Reproduced with permission from [47].
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How constrained are adaptive radiations?

It is therefore relevant to ask to what extent examples of
adaptive radiation are shaped by natural selection alone
rather than being compromised in some way by the
processes that generate phenotypic variation [36]. Given
that some evolutionary innovation has occurred or some
new ecological opportunity has arisen, we can then ask
whether the subsequent pulse of elaboration on such a
new theme is directed only, or even primarily, by natural
selection. Such issues have led to much debate and
discussion with numerous examples of potential modes
of constraints [37–41].

Even in a dramatic example of adaptive radiation, such
as Darwin’s finches [42,43], the ways in which variation in
bill morphology has been generated might influence the
morphologies found among the present-day species. In
other words, even in the face of the intense natural
selection known to occur, at least intermittently, in this
system [44], the forms of bills and other morphological
traits might be different from those currently observed if
development worked in another way and was based on
different genetic pathways and key control points [45].
Further exploration of such issues requires a focus on
systems that can be analyzed at all levels, from genes to
fitness effects.

Parallel evolution: selection or constraint?

Patterns of parallel evolution can provide even stronger
illustrations of the need to distinguish explanations based
on the similarity of natural selection from those involving
developmental bias or genetic channeling. The species
flocks of Haplochromine cichlids in the African lakes of the
Rift Valley are enthralling examples of parallel evolution
and adaptive radiation (Figure 1). There is a striking
similarity in the forms of the modal trophic morphologies,
from the body, head and fins to life-history and behavioral
traits, that have evolved in each lake from different
founder populations [46,47]. Are these ecomorphs a
reflection of shared environments and modes of natural
selection, or are they, at least in part, suites of traits that
emerge because of the ways in which phenotypic variation
is generated? In the latter case, the course of evolution will
depend on the evolvabilities of the traits concerned and
their interactions, as well as how these properties match
up to the shapes of fitness curves and the demands of
natural selection in different directions. The relative
contributions of such intrinsic and extrinsic factors will
remain unclear until more is known not only about
functional morphology and how natural selection works
for different case studies, but also about precisely how
development maps phenotypic variation onto genetic
variation in these examples [48–51]. Applying a broad
evo-devo approach that combines experimental analyses
using model species with comparative analyses based on
phylogenetic reconstructions will provide new insights
[52–54].

Thus, although natural selection in novel environments
has no predetermined endpoints, examples of parallel
evolution such as in the African cichlids suggest that the
ways in which phenotypic variation is generated orches-
trate adaptive evolution along certain trajectories.
www.sciencedirect.com
Perhaps patterns of parallel morphological evolution
given similar ecological opportunities are to be expected
and that, given sufficient knowledge of developmental
processes, they could be predictable. Such considerations
about evolvability and the repeatability of evolution apply
to macroevolutionary events and radiations through to
adaptive microevolution in multiple populations of the
same organism presented with a similar environmental
challenge [1,55–59].

Molecular analyses of replicated asexual populations of
Escherichia coli that had undergone experimental
evolution over thousands of generations in a novel
nutrient environment, revealed a high degree of parallel
evolution with respect to the genes in which keymutations
occurred [60,61]. Parallel evolution involving mutations in
the protein-encoding sequences of the same genes is also
being detected for the MC1R protein in several cases of
melanism in mammals and birds [62,63], and for the
region encoding the Oca2 protein responsible for albinism
in multiple cavefish populations [64]. These proteins have
a high degree of tissue and functional specificity, and the
genes probably show few, if any, other phenotypic effects
and, thus, have minimal pleiotropy. The phenotypic trait
can then evolve comparatively independently of
other traits.

http://www.sciencedirect.com
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Figure 2. The occupancy of morphological space for the relative size of the two

dorsal forewing eyespots of the butterfly Bicyclus anynana compared with the

variation among species of this African genus and of the closely related Asian

genus Mycalesis. The four images of the wing in each corner of the morphospace

are representative examples of the wing pattern after 25 generations of artificial

selection in B. anynana [76] towards each of these corners of morphospace, starting

from thewild-type for this species as depicted by the star. The four wings are placed

in roughly the correct position in the depicted trait space. Circles show the position

of the mean patterns of the size of the same eyespots for different species of

Bicyclus (closed symbols) and of Mycalesis (open symbols). The dotted square

encloses species for which both eyespots are very small or absent, and frequently

difficult to measure. Reproduced with permission from [19].
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Such flexibility owing to the absence of any coupling is
paralleled for more complex morphologies involving inde-
pendent modules, each based on discrete genetic networks
and patterning mechanisms [65–72]. By contrast, the
developmental genes underlying animal forms are fre-
quently expressed in many different cells and tissues, and
at many different times during development. They are
highly pleiotropic, and there is increasing evidence that
evolutionary change tends to occur via extensive evolution-
ary tinkering in their complex regulatory apparatus, rather
than in the encoding sequences themselves, and that
particular sets of cis-regulatory elements are associated
with specific modes of gene function [2,6–8].

Furthermore, although many genes are involved in
making a complex trait, evolution of diversity within a
clade probably tends to involve key regulatory genes with
particular properties. Recent work on multiple gains and
losses of dark pigment spots on the distal wing tips of
males of some species in the Drosophila clade is
demonstrating that the yellow gene acts as such an
‘evolutionary hot spot’ [5,73]. Two independent gains of
wing spot in the Drosophila clade involve distinct cis-
regulatory elements of this gene, and losses of the spot
that involve the same regulatory element of yellow have
also been identified. Thus, similar phenotypic changes can
show some parallel evolution, not only in terms of the key
developmental genes, but also at the level of their
regulatory apparatus. The next decade should reveal
how general such findings are for complex morphological
traits in different clades.

Divergence among repeated structures

A fully integrative approach to testing how the filling of
morphospace depends on natural selection and on
constraint is materializing for complex morphological
traits based on multiple copies of a particular element.
One example is the evolution of mouse teeth, based on
work ranging from developmental genetics with the
laboratory mouse, to tracing the evolutionary history of
changes in tooth morphology in the fossil record [74].
Furthermore, the experimental data are now such that
robust simulation models are being developed of the
evolution of developmental gene networks; in combination
with the fossil record, this should reveal the evolution of
the developmental processes involved [75].

Teeth, similar to butterfly wing eyespots, the bones of
the vertebrate jaw or the limbs of an arthropod, illustrate
the concept of modularity and, more particularly, the
nested nature of pleiotropic gene interactions that can
evolve within what were presumably single modules at
their origin [67–72]. Many such complex sets of traits
involve serial repeats or multiple copies of an element, and
have their origins in sets of more similar structures; each
element shares some common genetic and developmental
architecture. But how do the different elements gain
individuality and how does the evolution of complexity
occur? Does the evolvability in such a system itself evolve
in terms of responses to natural selection and with respect
to the mechanisms that lead to some uncoupling of the
development of different elements? Do these mechanisms,
in turn, bias or channel the future paths of evolution for
www.sciencedirect.com
the whole module, and thus become reflected as emergent
properties in patterns of diversification in morphology?
Using artificial selection to examine evolutionary change

Artificial selection can be used not only to produce novel
phenotypes for genetical and developmental analysis, but
also to explore the potential for developmental bias and
genetic channeling on evolutionary change. The degree of
morphologicalflexibility in theevolutionof repeatedpattern
elements is being examined using this tool for the wing
eyespots of the tropical butterfly Bicyclus anynana [76,77].

Each individual eyespot along the wing margins is
formed during the late larval and pupal stages around a
central ‘signalling’ organizer or focus. The eyespots all
share the same developmental process [78] and show
parallel patterns of gene expression for several known
developmental genes, including Distal-less, engrailed,
spalt and Notch [79,80]. Selection on different traits of a
single eyespot yields correlated responses in other eye-
spots, indicating positive genetic correlations for the same
trait across eyespots (but not among traits). Furthermore,
most single gene mutations influence all eyespots in a
comparable manner. Artificial selection in different
directions through morphological space for the pattern of
the relative size of two eyespots on the same wing surface
nevertheless reveals a remarkable degree of flexibility in
their evolution [76]. Thus, 25 generations of selection
yielded phenotypes for this pattern towards each corner of
morphospace, either along the predicted line of least
resistance reflecting the positive genetic covariance and
developmental coupling of the two eyespots, or along the
orthogonal axis to this that reflects changes in the size of
the eyespots in opposite directions (i.e. one larger and the
other smaller; Figure 2).
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Figure 3. Examples of variation in allometry in butterflies [89,90]. Species

illustrating divergence for the scaling relationship of wing size to body size or

‘wing loading’ (a,b) and forewing size to hindwing size (c,d) are shown. Scale barZ
1 cm. Images reproduced with permission from the Naturalis Museum in Leiden

and H. Berkhoudt.
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An ability to produce small undifferentiated spots of
pigment centered midway between each of the pairs of
veins towards the edge of the wings appears to have
evolved as a novel patterning mechanism in early
Lepidoptera [79]. Evolution has elaborated on this simple
pattern, for example by adding the ability to form nested
series of color rings centered around each spot. The
flexibility of responses to artificial selection on eyespot
size observed for a single stock of B. anynana probably
reflects a long legacy of natural selection in favor of the
formation of eyespots of different size across populations
and species in different environments [77]. Natural
selection with respect to predation [81,82] and to mate
choice [83,84] has contributed to this evolution of diversity
in size. The result is that, even in a single laboratory stock
of one species, there is sufficient standing genetic
variation for the mechanisms that specify eyespot size to
enable extreme uncoupling over small numbers of
generations. Thus, evolvability is high for this trait and
any generative constraints are weak, although a residual
bias in the system might still account for some clustering
of related species along a genetic and developmental line
of least resistance (Figure 2).

The pattern of different eyespots in B. anynana not only
expresses variation in size but also in other traits,
including color composition and shape. Artificial selection
experiments on a single eyespot revealed similar herit-
abilities and responses to selection for color (the width of
the outer gold ring relative to the inner black disc;
Figure 2) but much lower for deviations from a circular
shape [85,86]. Moreover, the developmental bases of these
three traits differ: variation in eyespot size is primarily
specified by the signal strength of each individual central
eyespot organizer [87]; color composition is modulated by
the response properties to these signals by the whole
epidermal wing surface [85]; and tinkering with eyespot
shape is achieved by changes in overall wing shape or in
the spacing of the anterior–posterior rows of pigmented
scale cells over the wing surface [88]. Experimental
analyses can now be made of the consequences of these
differing combinations of genetic variation and develop-
mental properties for the evolvability of the different traits
and of their patterns of diversity among species of this
clade of butterflies [19]. Examinations of different species
of Bicyclus and the closely related Mycalesis indicates
that, although eyespot size varies in a highly flexible
manner (Figure 2), eyespot color composition is charac-
teristic of each species; some species have narrower gold
rings whereas others have broader gold rings, but the
eyespots on a single wing surface for any particular
species all have a similar color pattern [19].

The form of different eyespots across a wing or of
different teeth along a jawbone reflects patterns of
allometric growth on a small scale relative to body size.
However, the evolution of allometry is usually considered
for more prominent body parts, such as different limbs.
Evolutionary diversification in the patterns of relative
growth of different appendagesmust involve uncoupling of
traits that originally shared all of their genetic pathways
and developmental mechanisms. Figure 3 illustrates pairs
of butterfly species that are highly divergent either for the
www.sciencedirect.com
size of the forewings relative to the hindwings, or for the
size of both pairs of wings relative to body size. Again,
artificial selection in the model species B. anynana is
exploring the potential flexibility in short-term responses
in these scaling relationships [89,90].

Artificial selection resulted in divergence in the scaling
relationship for wing size relative to body size [89] and for
forewing to hindwing size [90], in each case producing
novel morphologies relative to those in the base line
population. Following selection, the populations with
divergent scaling relationships for each pair of traits
were crossed to produce single populations with wide
phenotypic variance for each scaling relationship. These
populations were then used to compare themating success
of males showing changed allometry with that of males of
wild-type allometry. For each scaling relationship, the
wild-type males had a substantially higher mating success
than did either of the divergent phenotypes [89,90]. These
studies provide support for the occurrence of strong
stabilizing selection within species in specific environ-
ments, but also suggest the necessary evolvability to
account for the evolution of diversity in scaling relation-
ships for species in different environments. Thus, this
analysis of allometry in B. anynana is beginning to
examine how natural selection and generative constraints
each contribute to specific patterns of variation and of
evolutionary change.
Prospects

Integrative research on generative constraints in which
genetic variation and developmental mechanisms are
explored together with natural selection and the per-
formance of phenotypes is necessary to progress beyond
the level of ‘just-so stories’. For allometry, the extent of the
evolvability of particular scaling relationships within
model species can be examined in the context of the
largely unknown mechanisms of genetics, development
and physiology that control growth and modulate the size
and form of different structures. Not only will such studies
inform us about developmental bias in evolution, but they
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will also reveal the bases of differences in evolvability
among traits.

The integration of experimental work combining
evolutionary genetics and (eco-)evo-devo with theoretical
models for the evolution of particular developmental gene
networks will become increasingly important in under-
standing the origins and consequences of evolvability.
Placing such efforts for tractable experimental systems
into the context of phylogenetic reconstructions of
patterns of evolution for these morphologies will reveal
much more about how the processes that generate
variation in the phenotype have contributed to examples
of radiations and parallel evolution. We will then know
whether a substantial proportion of the variation in
morphological diversity is explained by developmental
bias, rather than by natural selection.
Acknowledgements
I thank all members of the Bicyclus Lab for their inspiration over the
years, especially those whom have thought deeply about the analysis of
evolutionary constraints, including Cerisse Allen, Patrı́cia Beldade, Tony
Frankino, Hans Roskam, Wilte Zijlstra and Bas Zwaan. Martin Brittijn
helped prepare the figures. I thank Andrew Read for his encouragement
and help in preparing this article. Patrı́cia Beldade, Vernon French and
several anonymous referees provided useful comments on the article.
References

1 Carroll, S.B. (2005) Endless Forms Most Beautiful: The New Science of
Evo-Devo and the Making of the Animal Kingdom, W.W. Norton

2 Brakefield, P.M. et al. (2003) Development and the genetics of
evolutionary change within species. Annu. Rev. Ecol. Evol. Syst. 34,
633–660

3 Shapiro, M.D. et al. (2004) Genetic and developmental basis of
evolutionary pelvic reduction in threespine sticklebacks. Nature 428,
717–723

4 Gompel, N. et al. (2005) Chance caught on the wing: cis-regulatory
evolution and the origin of pigment patterns in Drosophila. Nature
433, 481–487

5 Langlade, N.B. et al. (2005) Evolution through genetically controlled
allometry space. Proc. Natl Acad. Sci. U. S. A. 102, 10221–10226

6 Davidson, E.H. (2001) Genomic Regulatory Systems. Development and
Evolution, Academic Press

7 Stern, D.L. (2000) Perspective: evolutionary developmental biology
and the problem of variation. Evolution 54, 1079–1091

8 Balhoff, J.P. and Wray, G.A. (2005) Evolutionary analysis of the well
characterized endo16 promoter reveals substantial variation within
functional sites. Proc. Natl. Acad. Sci. U. S. A. 102, 8591–8596

9 Thompson, D.W. (1917) On Growth and Form, Cambridge University
Press

10 Huxley, J.S. (1932) Problems of Relative Growth, Methuen
11 Gould, S.J. (1966) Allometry and size in ontogeny and phylogeny. Biol.

Rev. 41, 587–640
12 Stern, D.L. and Emlen, D.J. (1999) The developmental basis for

allometry in insects. Development 126, 1091–1101
13 Webster, M. and Zelditch, M.L. (2005) Evolutionary modifications of

ontogeny: heterochrony and beyond. Paleobiology 31, 354–372
14 Eberhard, W. and Gutierrez, E.E. (1991) Male dimorphisms in beetles

and earwings and the question of developmental constraints.
Evolution 45, 18–28

15 Emlen, D.J. (2001) Costs and the diversification of exaggerated animal
structures. Science 291, 1534–1536

16 Emlen, D.J. et al. Insulin signaling and limb-patterning: candidate
pathways for the origin and evolutionary diversification of beetle
‘horns’. Heredity (in press)

17 Wilkinson, G.S. (1993) Artificial sexual selection alters allometry in
stalk-eyed fly Cyrtodiopsis (Diptera: Diopsidae). Genet. Res. 62,
213–222
www.sciencedirect.com
18 Baker, R.H. and Wilkinson, G.S. (2001) Phylogenetic analysis of
sexual dimorphism and eye-span allometry in stalk-eyed flies
(Diopsidae). Evolution 55, 1373–1385

19 Brakefield, P.M. and Roskam, J.C. Exploring evolutionary constraints
is a task for an integrative evolutionary biology. Am. Nat. (in press)

20 Maynard Smith, J. et al. (1985) Developmental constraints and
evolution. Q. Rev. Biol. 60, 265–287

21 Lande, R. (1985) Genetic and evolutionary aspects of allometry. In Size
and Scaling in Primate Biology (Jungers, W.L., ed.), pp. 21–32,
Plenum Press

22 Cheverud, J.M. (1984) Quantitative genetics and developmental
constraints on evolution by selection. J. Theor. Biol. 110, 155–171

23 Steppan, S.J. et al. (2002) Comparative quantitative genetics:
evolution of the G matrix. Trends Ecol. Evol. 17, 320–327

24 Schluter, D. (1996) Adaptive radiation along genetic lines of least
resistance. Evolution 50, 1766–1774

25 Nijhout, H.F. (1994) Insect Hormones, Princeton University Press
26 Zera, A.J. and Harshman, L.G. (2001) The physiology of life history

trade-offs in animals. Annu. Rev. Ecol. Syst. 32, 95–126
27 Zijlstra, W.G. et al. (2004) Butterfly selected lines explore the

hormonal basis of interactions between life histories and morphology.
Am. Nat. 163, E76–E87

28 Hafen, E. and Stocker, H. (2003) How are the sizes of cells, organs, and
bodies controlled? PLoS Biol. 1, 319–323

29 Nijhout, H.F. (2003) The control of body size in insects. Dev. Biol. 261,
1–9

30 Shingleton, A.W. et al. (2005) The temporal requirements for insulin
signalling during development in Drosophila. PLoS Biol. 3,
1607–1617

31 Gilbert, S.F. and Bolker, J.A. (2003) Ecological developmental biology:
preface to the symposium. Evol. Dev. 5, 3–8

32 Feder, M.E. and Mitchell-Olds, T. (2003) Evolutionary and ecological
functional genomics. Nat. Rev. Genet. 4, 649–655

33 van Straalen, N.M. and Roelofs, D. (2006) An Introduction to
Ecological Genomics, Oxford University Press

34 Raup, D.M. (1967) Geometric analysis of shell coiling: coiling in
ammonoids. J. Paleontol. 41, 43–65

35 Teotónio, H. and Rose, M.R. (2000) Variation in the reversibility of
evolution. Nature 408, 463–466

36 Gould, S.J. and Lewontin, R.C. (1979) The spandrels of SanMarco and
the Panglossian paradigm: a critique of the adaptationist programme.
Proc. R. Soc. B 205, 581–598

37 Antonovics, J. and van Tienderen, P.H. (1991) Ontoecogenophylo–
constraints? The chaos of constraint terminology. Trends Ecol. Evol. 6,
166–168

38 Schwenk, K. (1995) A utilitarian approach to evolutionary con-
straints. Zoology 98, 251–262

39 Arthur, W. (2004) Biased Embryos and Evolution, Cambridge
University Press

40 Wagner, G.P. and Laubichler, M.D. (2004) Rupert Riedl and the
re-synthesis of evolutionary and developmental biology: body plans
and evolvability. J. Exp. Zool. B 302B, 92–102

41 Blows, M.W. and Hoffmann, A.A. (2005) A reassessment of genetic
limits to evolutionary change. Ecology 86, 1371–1384

42 Grant, P.R. (1986) Ecology and Evolution of Darwin’s Finches,
Princeton University Press

43 Schluter, D. (2000) The Ecology of Adaptive Radiation, Oxford
University Press

44 Grant, P.R. and Grant, B.R. (2002) Unpredictable evolution in a 30-yr
study of Darwin’s finches. Science 296, 707–711

45 Abzhanov, A. et al. (2004) Bmp4 and morphological variation of beaks
in Darwin’s finches. Science 305, 1462–1465

46 Kocher, T.D. et al. (1993) Similar morphologies of cichlids in lakes
Tanganyika and Malawi are due to convergence. Mol. Phylogenet.
Evol. 2, 158–165

47 Albertson, R.C. and Kocher, T.D. Genetic and developmental basis of
cichlid trophic diversity. Heredity (in press)

48 Westneat, M.W. (2004) Evolution of levers and linkages in the feeding
mechanisms of fishes. Integr. Comp. Biol. 44, 378–389

49 Emlen, D.J. et al. (2005) Evolution of sexual dimorphism and male
dimorphism in the expression of beetle horns: phylogenetic evidence
for modularity, evolutionary lability, and constraint. Am. Nat. 166,
S42–S68

http://www.sciencedirect.com


Review TRENDS in Ecology and Evolution Vol.21 No.7 July 2006368
50 Moczek, A.P. and Nagy, L.M. (2005) Diverse developmental
mechanisms contribute to different levels of diversity in horned
beetles. Evol. Dev. 7, 175–185

51 Jeffery, W.R. (2005) Adaptive evolution of eye degeneration in the
Mexican blind cavefish. J. Hered. 96, 1–12

52 Harmon, L.J. et al. (2005) Convergence and the multidimensional
niche. Evolution 59, 409–421

53 Colosimo, P.F. et al. (2005) Widespread parallel evolution in stickle-
backs by repeated fixation of ectodysplasin alleles. Science 307,
1928–1933

54 Parichy, D.M. and Johnson, S.L. (2001) Zebrafish hybrids suggest
genetic mechanisms of pigment pattern diversification in Danio. Dev.
Genes Evol. 211, 319–328

55 Kauffmann, S.A. (1985) Self-organisation, selective adaptation, and
its limits. In Evolution at a Crossroads (Depew, D.J. and Weber, B.H.,
eds), pp. 169–207, MIT Press

56 Kirschner, M. and Gerhart, J. (1998) Evolvability. Proc. Natl. Acad.
Sci. U. S. A. 95, 8420–8427

57 Dawkins, R. (1989) The evolution of evolvability. In Artificial Life
(Langton, C., ed.), pp. 201–220, Addison-Wesley

58 Wagner, A. (2005) Robustness and Evolvability in Living Systems,
Princeton University Press

59 Conway-Morris, S. (2003) Life’s Solution: Inevitable Humans in a
Lonely Universe, Cambridge University Press

60 Elena, S.F. and Lenski, R.E. (2003) Evolution experiments with
microorganisms: the dynamics and genetic bases of adaptation. Nat.
Rev. Genet. 4, 457–469

61 Cooper, T.F. et al. (2003) Parallel changes in gene expression after
20,000 generations of evolution in Escherichia coli. Proc. Natl. Acad.
Sci. U. S. A. 100, 1072–1077

62 Nachman,M.W. et al. (2003) The genetic basis of adaptivemelanism in
pocket mice. Proc. Natl. Acad. Sci. U. S. A. 100, 5268–5273

63 Theron, E. et al. (2001) The molecular basis of an avian plumage
polymorphism in the wild: a melanocortin-1-receptor point mutation
is perfectly associated with the melanic plumage morph of the
banaquit, Coereba flaveola. Curr. Biol. 11, 550–557

64 Protas, M.E. et al. (2006) Genetic analysis of cavefish reveals molecular
convergence in the evolution of albinism. Nat. Genet. 38, 107–111

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

66 West-Eberhard, M.J. (2003) Developmental Plasticity and Evolution,
Oxford University Press

67 Kauffmann, S.A. (1993) The Origins of Order: Self-Organization and
Selection in Evolution, Oxford University Press

68 Wagner, G.P. and Altenberg, L. (1996) Complex adaptations and the
evolution of evolvability. Evolution 50, 967–976

69 Schlosser, G. and Wagner, G.P. (2004) Modularity in Development and
Evolution, University of Chicago Press

70 Franz-Odendaal, T.A. and Hall, B.K. (2006) Modularity and sense
organs in the blind cavefish, Astyanax mexicanus. Evol. Dev. 8, 94–100

71 Griswold, C.K. (2006) Pleiotropic mutation, modularity and evolva-
bility. Evol. Dev. 8, 81–93
Reproduction of material

Interested in reproducing part or all of an article publishedby Elsevier,

Department with details of how and where the requested material w

http://www.elsevier.com/wps/find/obtainpermi

Alternatively, ple

Elsevier Global Rig

Phone: (+44) 18

permissions@e

www.sciencedirect.com
72 Klingenberg, C.P. (2005) Developmental constraints, modules and
evolvability. In Variation (Hallgrı́msson, B. and Hall, B.K., eds), pp.
219–247, Academic Press

73 Prud’homme, B. et al. (2006) Repeated morphological evolution
through cis–regulatory changes in a pleiotropic gene. Nature 440,
1050–1053

74 Kangas, A.T. et al. (2004) Nonindependence of mammalian dental
characters. Nature 432, 211–214

75 Salazar-Ciudad, I. and Jernvall, J. (2002) A gene network model
accounting for development and evolution of mammalian teeth. Proc.
Natl. Acad. Sci. U. S. A. 99, 8116–8120

76 Beldade, P. et al. (2002) Developmental constraints versus flexibility
in morphological evolution. Nature 416, 844–847

77 Beldade, P. et al. (2003) Modularity, individuality, and evo-devo in
butterfly wings. Proc. Natl. Acad. Sci. U. S. A. 99, 14262–14267

78 Beldade, P. and Brakefield, P.M. (2002) The genetics and evo-devo of
butterfly wing patterns. Nat. Rev. Genet. 3, 442–452

79 Brunetti, C.R. et al. (2001) The generation and diversification of
butterfly eyespot color patterns. Curr. Biol. 11, 1578–1585

80 Reed, R.D. and Serfas, M.S. (2004) Butterfly wing pattern evolution is
associated with changes in a Notch/Distal-less temporal pattern
formation process. Curr. Biol. 14, 1159–1166

81 Lyytinen, A. et al. (2004) Does predationmaintain eyespot plasticity in
Bicyclus anynana? Proc. R. Soc. B 271, 279–283

82 Brakefield, P.M. and Frankino, W.A. (2006) Polyphenisms in
Lepidoptera: multidisciplinary approaches to studies of evolution. In
Phenotypic Plasticity in Insects. Mechanisms and Consequences
(Whitman, D.W. and Ananthakrishnan, T.N., eds), pp. 121–152,
Science Publishers

83 Breuker, C.J. and Brakefield, P.M. (2002) Female choice depends on
size but not symmetry of dorsal eyespots in the butterfly Bicyclus
anynana. Proc. R. Soc. B 269, 1233–1239

84 Robertson, K.A. and Monteiro, A. (2005) Female Bicyclus anynana
butterflies choose males on the basis of their dorsal UV-reflective
eyespot pupils. Proc. R. Soc. B 272, 1541–1546

85 Monteiro, A. et al. (1997) Butterfly eyespots: the genetics and
development of the color rings. Evolution 51, 1207–1216

86 Monteiro, A. et al. (1997) The genetics and development of an eyespot
pattern in the butterfly Bicyclus anynana: response to selection for
eyespot shape. Genetics 146, 287–294

87 Monteiro, A. et al. (1994) The evolutionary genetics and develop-
mental basis of wing pattern variation in the butterfly Bicyclus
anynana. Evolution 48, 1147–1157

88 Monteiro, A. et al. (1997) The relationship between eyespot shape and
wing shape in the butterfly Bicyclus anynana: a genetic and
morphometrical approach. J. Evol. Biol. 10, 787–802

89 Frankino, W.A. et al. (2005) Natural selection and developmental
constraints in the evolution of allometries. Science 307, 718–720

90 Frankino, W.A. et al. Internal and external constraints in the
evolution of allometries among morphological traits in a butterfly.
Evolution (in press)
from Elsevier articles

or one of our article figures? If so, please contact ourGlobal Rights

ill be used. To submit a permission request on-line, please visit:

ssionform.cws_home/obtainpermissionform

ase contact:

hts Department

65-843830

lsevier.com

http://www.sciencedirect.com

	Outline placeholder
	A broad evo-devo and differences in morphology
	The evolution of allometry

	Glossary
	Evolutionary constraints and the generation of the phenotype
	Developmental bias and genetic channeling
	The need for experimental analysis

	How constrained are adaptive radiations?
	Parallel evolution: selection or constraint?
	Divergence among repeated structures
	Using artificial selection to examine evolutionary change

	Prospects
	Acknowledgements
	References


