PERSPECTIVES

OPINION

The future of evo—devo: model
systems and evolutionary theory
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Abstract | There has been arecent trend in evolutionary developmental
biology (evo—devo) towards using increasing numbers of model
species. | argue that, to understand phenotypic change and novelty,

Darwin200 researchers who investigate evo—devo in animals should choose a
limited number of model organisms in which to develop a sophisticated
methodological tool kit for functional investigations. Furthermore, a synthesis of
evo—devo with population genetics and evolutionary ecology is needed to meet

future challenges.

Evolutionary developmental biology (evo-
devo) investigates the evolution of develop-
mental processes, aiming for a mechanistic
understanding of phenotypic change'?.
Building on the analysis of model organ-
isms in developmental biology, evo—devo
has seen a fruitful expansion in the last two
decades and has successfully integrated vari-
ous comparative research strategies*”. The
investigation of several concepts, including
modularity, redundancy, developmental
constraints, evolutionary novelties and phe-
notypic plasticity, forms a framework for
evo-devo. However, evo-devo suffers from

a sometimes misguided selection of model
organisms, often with a limited availability of
technical tools* and, most importantly, poor
integration with other areas of evolutionary
biology™. In this Opinion article, I argue that
the future success of evo—devo in animals
depends on two major technical and concep-
tual aspects: first, evo—devo has to concen-
trate on a few well-selected model organisms
to allow the development of a sophisticated
analytical tool kit for functional investiga-
tions; and second, evo-devo has to enhance
its connections to other areas of evolutionary
biology. Specifically, synthesis with popula-
tion genetics can reveal how phenotypic
evolution is initiated at the microevolution-
ary level, and synthesis with evolutionary
ecology can add an ecological perspective to
these evolutionary processes.

Limiting the number of models

The principle that focusing on a few organ-
isms can be effective is demonstrated by the
fact that the initial rise of developmental
genetics was largely based on two inver-
tebrate model systems, Drosophila mela-
nogaster and Caenorhabditis elegans. The
mechanistic understanding of development
in these model organisms was also one of the
important starting points for ‘modern’ evo-
devo. Initial evo—devo work, which focused
mainly on the cloning and expression pattern
analysis of genes homologous to D. mela-
nogaster developmental control genes'',
pointed towards an unexpected conservation
of developmental genes. This work was,
however, largely descriptive.

In some new evo-devo model organisms,
such as the insects Tribolium castaneum'
and Nasonia vitripennis' and the nematode
Pristionchus pacificus', researchers started
to build a more sophisticated tool kit to
investigate the mechanisms of evolutionary
change in developmental processes (TABLE 1).
However, the development of these methods
— including forward genetics to allow gene
knockout or knockdown, and transgenesis to
allow experimental manipulation — proved
challenging. Method development depends
mostly on empirical optimizations, which
are largely species specific, so protocols can-
not be transferred from one organism to
another. Large research communities can

overcome these challenges, but in evo-devo,
with its relatively small research communities,
method development is much harder.

One reverse genetics technology that has
been used extensively in evo—-devo in recent
years to overcome technical limitations is
RNAi. Although RNAI is becoming increas-
ingly accessible, it is not easily transferable
to every organism, and even in C. elegans,
in which it was originally described, it does
not work in all cells and tissues. By defini-
tion, RNAI is biased towards candidate
genes identified in model organisms and is
a transient method. Both of these features
influence the type of questions that can be
addressed by RNAi and the accuracy of the
conclusions. Two of the strongest applica-
tions of RNAi in model organisms are
genome-wide RNAi screens and the genera-
tion of double mutants by performing RNAi
in a mutant background, but these are not
yet realistic in evo—devo systems.

Owing to the technical limitations
discussed above, evo—devo has largely fol-
lowed the classical strategy of comparative
morphology by analysing more organisms
to provide unbiased phylogenetic sampling®.
Particularly in the animal kingdom, with its
deep branches and vast diversity of form
and species, one can always look at new
taxa and investigate their molecular inven-
tory. If species are selected from a phyloge-
netic perspective, such studies can increase
our understanding of the molecular evolu-
tion of developmental control genes; this
research strategy provides important insight
into evolutionary patterns. However, this
strategy also has a serious trade-off: because
of the limited resources and small number of
researchers, large phylogenetic sampling will
often result in few studies per organism and
a superficial understanding of each system.
In addition, it has been argued that analysing
species because of their phylogenetic posi-
tion rather than their conceptual value could
leave the discovery of law-like generalities
to chance®.

I argue that the analysis of the central
concepts of evo—devo can best be achieved
by the selection of a limited number of
model organisms and the development
of sophisticated made-to-measure tool kits:
this principle has been highly successful
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in developmental genetics and its applica-
tion in evo—devo seems equally promising.
One reason for this optimism is that most
conceptual themes in evo-devo arose from
developmental genetics. Phenomena such

as redundancy might be observed as wide-
spread', and yet their significance in devel-
opmental processes and their contribution to
evolution cannot be identified by the analy-
sis of a single species; their role in evo—devo
requires comparative studies between related
species of the same taxa. Classical model
organisms are a valuable starting point for
such studies; by comparing D. melanogaster
with other insects, or C. elegans with other
nematodes, one can use the mechanistic
insights provided by classical models to
investigate evo-devo themes.

Considerations for comparative studies. To
ensure that the comparative studies intro-
duced above will be valuable for elucidating
changes in development and the influence of
these changes on evolution, two factors must
be considered.

First, the species that are compared
should be related in such a way that distinct,
but still homologous, developmental pat-
terns can be studied. Changes in develop-
mental processes and mechanisms can then
be identified as the cause of morphological
diversity and novelty. By contrast, if organ-
isms are completely unrelated, comparisons
often result in a descriptive list of their
molecular inventories, thus not going
much beyond the information that genome
projects provide. The intellectual merit of
comparative studies in unrelated organisms
often rests with providing evidence for
the co-option of conserved transcription
factor modules and signalling networks in
independent evolutionary lineages’.

Second, comparative studies should
concentrate on mechanisms rather than,
for example, gene conservation and gene
expression. For transcription factors and
cell-cell signalling molecules this is of
particular importance because studies in
model organisms constantly reveal that
protein function is context dependent.
One well-known example is Wnt signal-
ling, which has both p-catenin-dependent
and B-catenin-independent functions'.
Therefore, studies that rest on the analysis of
expression patterns of shared components
of such pathways can easily be misleading.
Only functional investigations and compari-
sons between a developmental model system
and an evo-devo ‘model systeny’ can reveal
how mechanisms change during evolution
to create phenotypic diversity or novelty
(discussed further in the following section).
Furthermore, such studies can indicate the
importance of evo—devo concepts for study-
ing the evolution of developmental processes.

Taking these two considerations together,
I argue that restricting the number of model
organisms would help the field of evo-devo
in its search for a theory. Developing a
theory is of utmost importance for any dis-
cipline. This is clearly shown in evolutionary
genetics, which builds on the framework
of population genetics. In the context of
developing a theory, it has been argued that
signalling pathways and transcription factor
modules could serve as a theoretical frame-
work for elucidating developmental changes
in evolution'. As functional investigations
of development require the generation of
sophisticated methods (TABLE 1), the limi-
tation of the number of evo—devo model
organisms is a logical consequence, and is
a prerequisite for the long-term success of
evo-devo.

Table 1| Several central criteria for evo-devo model species

Methodology or approach

Forward genetics

Reverse genetics (RNAi, small interfering RNA
morpholinos)

Genome projects
Transgenesis
Phylogenetic reconstructions

Microevolutionary comparison of different
isolates of the same species

Genome-wide association studies
Recombinant inbred line analysis

Evo—devo in relation to ecology

Scientific aim

Unbiased identification of developmental
mechanisms

Functional studies from gene predictions

Evolution of genome architecture
Experimental manipulation of gene function
Directionality of evolutionary changes

Natural variation in developmental control
genes

Environmental influence on developmental
control genes
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The need for sophisticated tools

The importance of in-depth functional
studies for achieving the aims of evo-devo,
and by consequence limiting the number of
organisms used, can be illustrated by case
studies from nematodes and insects. These
two cases indicate how the use of forward
and reverse genetics can provide mechanistic
insights into the evolution of development.

The nematode vulva. The nematode
P, pacificus has been developed as a model
system in evo—devo for comparison with
C. elegans'* (TABLE 2). P. pacificus shares
many technical features with C. elegans, such
as a 3—4 day life cycle, simple culture and
self-fertilization as mode of reproduction.
Its hermaphroditic mode of reproduction
makes forward genetics feasible, the P. pacifi-
cus genome has recently been sequenced"’
and a DNA-mediated transformation
method allows genetic manipulation'®.
Although P, pacificus shares technical
features with C. elegans, many aspects of
its development are strikingly different.
Particular attention has been given to the
development of the vulva, the nematode
egg-laying structure. C. elegans vulva for-
mation is one of the best studied develop-
mental processes in animals'®, providing
a platform for mechanistic studies in evo—
devo®. Two hallmarks of C. elegans vulva
formation are the generation of a vulva
equivalence group and the induction of the
vulva by the gonadal anchor cell. P. pacificus
reveals striking differences with respect to
both aspects of vulva development (BOX 1).
Vulva induction requires different signalling
pathways, and the reduction of the size of
the vulva equivalence group in P. pacificus
involves a transcriptional module that is
absent from C. elegans, although it is oth-
erwise conserved among metazoans*?.
Recent genetic studies in just these two spe-
cies have allowed the molecular and mecha-
nistic basis for these evolutionary changes
in pattern formation and induction to be
identified.

Insect dorso-ventral patterning. The red
flour beetle T. castaneum is one of a few
insects that have been developed as a model
organism for mechanistic investigation in
evo-devo'. This beetle can be easily cul-
tured, has a short life cycle and is amenable
to forward genetics analysis. The genome of
T. castaneum has been sequenced, and an
RNAI technique has been developed®. RNAi
has proved particularly powerful and effi-
cient in this organism, providing a tool for
the large-scale elucidation of gene function®.
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Table 2 | A selection of emerging evo-devo model systems with genetic tools in the vicinity of classical model organisms

Classical model organism Evo-devo model Evo-devo themes Refs
Drosophila melanogaster Tribolium castaneum Segmentation, appendix formation 12,26,28
{aiionet) Nasonia vitripennis Segmentation 13

Daphnia pulex Response to environmental variation 58
Caenorhabditis elegans Caenorhabditis briggsae ~ Sex determination, convergent evolution 63
i el Pristionchus pacificus Pattern formation, induction 14,20-22
Zebrafish Astyanax mexicanus Developmental and morphological response to environmental variation 54

Sticklebacks Developmental and morphological response to environmental variation 64
Hydra (cnidarian) Nematostella vectensis Evolution of body plan, ecological evo—devo 53
Arabidopsis thaliana (higher plant)  Antirrhinum (snapdragon) Flowering 65

In T. castaneum embryogenesis, poste-
rior segments develop successively and two
extra-embryonic membranes cover the egg.
By contrast, in D. melanogaster all segments
form simultaneously and extra-embryonic
membranes are fused to the amnioserosa®
(BOX 2). RNAi studies of known dorso-
ventral patterning genes have shown strik-
ing differences between T. castaneum and
D. melanogaster in the function of individual
genes and of genetic networks (BOX 2). In
particular, gene duplications and subfunc-
tionalization are crucial for extra-embryonic
membrane formation and dorso-ventral
patterning®2.

Structure—function dualism. The genetic
experiments in T. castaneum and P. pacifi-

cus described above, and others like them!?,

indicate that the exact mechanisms by
which developmental control genes work
can change rapidly during the course of
evolution. For example, homologous genes
can assume different functions in differ-
ent species so that elimination of these
genes results in different phenotypes??.
Also, some developmental control genes
are present in one organism but not in
another?, and genes that are duplicated
during the course of evolution can undergo
subfunctionalization in individual evolu-
tionary lineages®. Therefore, comparative
studies between phylogenetically related
species can reveal how induction, pattern
formation and segmentation evolve and
contribute to the generation of evolution-
ary novelty. The examples of the nematode
vulva and insect embryogenesis also show
how homologous characteristics — char-
acteristics that are shared because of a
common ancestry — can be uncoupled

at different levels: although the cells that
form the nematode vulva and the organ
itself are homologous, the genes regulating
the underlying molecular processes are not

necessarily homologous®*. This allows
deBeer’s proposal, that homologous struc-
tures can be built by different genes®"*, to
be tested at a molecular level®.

Genetic experiments give insights into
how the function of a homologous gene
can change during evolution. Isolation of a
known gene in a new species or expression
studies do not allow us to identify function
and potential functional alterations dur-
ing the course of evolution; this requires
specific tools, such as forward and reverse
genetics. The genes zerkniillt and Toll, for
example, are both expressed during dorso-
ventral patterning in D. melanogaster and
T. castaneum, but their differing functions
were only revealed by genetic manipula-
tion experiments®. Although this conclu-
sion is worthy in itself, it also provides an
additional argument for the selection of a
limited number of evo-devo model systems
and the development of functional tools in
these species.

The future of evo-devo models

The T. castaneum and P. pacificus case
studies show how the use of new models
can give novel insights into evo-devo.
Therefore, going beyond the classical
model systems can be of value. T. casta-
neum and P. pacificus are two evo-devo
models that have a sophisticated tool kit —
but how many species should there be? The
number of species worked on in evo-devo
is constantly changing, with species being
added and being removed: a recent mono-
graph provides a detailed list of ‘emerging
model organisms™. In some cases these
organisms have received special attention
because they offer the analysis of themes
that have not received particular attention
in classical models, such as regeneration,
which can be efficiently studied in planar-
ians and ascidians®***. Similarly, some
themes in evo-devo can only be studied

in a particular species, or group of species.
Under such circumstances, alternative
models should also be used. But in the
more general evo-devo context most con-
cepts are based on widespread phenomena.
For example, redundancy, phenotypic
plasticity and developmental constraints
are found in most organisms, and their
role in evo-devo can therefore be studied
in several systems if the appropriate tools
are available. Thus, broad phylogenetic
sampling is not a necessary prerequisite for
studying the mechanisms behind impor-
tant evo—devo concepts. With the two cri-
teria identified above, namely the technical
considerations and the need to compare
the phylogenetic relationship of the evo-
devo and the classical model organism,

a realistic starting number of evo-devo
model species should not be much higher
than a dozen because the long-term value
of a species depends on its conceptual
merit (TABLE 2).

Implications for the funding of evo-devo
research. Another sensitive issue for evo-
devo studies is research funding. Relative to
comparative morphology, one of its intel-
lectual forerunners, research in evo-devo
requires substantially more investment. An
emerging consequence is, therefore, the
problem of securing funding for evo-devo
in the modern life sciences, which largely
aim to address applied research questions.
This difficulty arises when evo-devo studies
are compared with mechanistically driven
applied research projects. A second signifi-
cant problem is obtaining the initial funding
for technology development in new model
organisms. I argue that evo-devo projects
that focus on functional studies are the most
likely to be successful in competition with
other research fields. In addition, allocation
of research funds for technology develop-
ment, as has been seen for comparative
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genomics, could further help evo-devo to
succeed in a world of limited funds. Specific
funding allocation could, for example, target
the exploration of new species to extend the
number of model systems over a longer time
period. Together, seeking funding for func-
tional studies and technology development
might even result in a gain of funding for
evo—devo overall.

Integration with evolutionary theory

In addition to practical considerations
regarding the number of model organisms
and the development of appropriate analyti-
cal tools, the interaction of evo-devo with
other research areas needs to be re-consid-
ered to ensure future successes in the field.
Specifically, I argue that more integration
with evolutionary biology would be mutu-
ally beneficial (TABLE 1). The relationship
between development and evolution has
changed several times in the past 150 years
(discussed in REF. 36). Currently, there is
growing consensus that development has

to be integrated into evolutionary theory,
because the evolution of form and the
generation of morphological novelty are of
utmost importance in a general philosophi-
cal framework of biology. However, work-
ing solely within the conceptual framework
of evo-devo results in a gene-centred and
development-centred perspective that lacks
interrelationships with other areas of evolu-
tionary biology. If evo-devo wants to estab-
lish itself as a part of evolutionary theory, it
has to find a suitable way of incorporating
evolutionary thinking and recent advances,
such as genomics'. Specifically, I argue that
a synthesis with population genetics and
evolutionary ecology is required.

A synthesis with population genetics. Why
are developmental control genes conserved
at the sequence level, when their functions
can change? This question and the original
observations that led to it are important
because they help to distinguish, in the
evo-devo context, between the contrast-
ing theories of neo-Darwinism and neutral
evolution. In neo-Darwinism, positive (that
is, directional) selection is thought to be
the major mechanism driving the change
of allele frequencies and it predicts that
genes would not be conserved among spe-
cies’”*. By contrast, Kimura’s neutral theory
of molecular evolution proposes that the
majority of mutations in non-coding areas
of the genome are selectively neutral or
nearly neutral, whereas most mutations in
genes are selectively deleterious®. The neu-
tral theory predicts that in coding regions

PERSPECTIVES

Box 1| Vulva induction in C. elegans and P. pacificus

In Caenorhabditis elegans the vulva is a derivative of the ventral epidermis, which consists of 12
ectoblasts, named P1.p—P12.p according to their antero—posterior position'®(see the figure, part a).
In wild-type animals, the vulva is formed from the progeny of P5.p—P7.p. P6.p has the primary fate
and generates eight progeny (represented by a blue oval) and P5.p and P7.p have the secondary
fate and form seven progeny each (represented by red ovals). P3.p, P4.p and P8.p have the

tertiary fate (represented by yellow ovals). These cells are competent to form vulval tissue, but
remain epidermal under wild-type conditions. The remaining ectoblasts (light grey ovals) fuse with
the hypodermis and are not competent to form part of the vulva. P12.p is a special cell called
hyp12, and forms part of the rectum. The vulva equivalence group, consisting of P3.p—P8.p, is
located in the central body region and is specified by the homeobox (Hox) gene lin-39. In

C. elegans lin-39 mutants, positional information for the formation of the vulva equivalence group
is missing, and P3.p—P8.p fuse with the hypodermis. C. elegans vulva induction depends on a signal
from the anchor cell (AC, green circle) of the somatic gonad (dark grey oval). Ablation of the AC at
birth is sufficient to prevent vulva induction and mutations in the epidermal growth factor (EGF)
family member lin-3 result in a vulvaless phenotype.

As in C. elegans, the Pristionchus pacificus vulva forms from the ventral epidermis, which is
generated by homologous precursor cells, P1.p—P12.p (see the figure, part b). In P. pacificus,
however, P1.p—P4.p and P9.p—P11.p die of programmed cell death and reduce the size of the
vulva equivalence group to four cells?. In contrast to C. elegans, P3.p and P4.p are unable to form
part of the vulva in P, pacificus because they die early in development. P5.p—P7.p have a secondary-
primary-secondary pattern, as in C. elegans, and P8.p is a special epidermal cell (light grey oval),
which is designated a quaternary cell fate. The vulva equivalence group, although reduced in size,
is also formed by positional information of the Hox gene lin-39. In P, pacificus lin-39 mutants, the
vulva equivalence group is not formed and P5.p—P8.p die of programmed cell death. The reduction
of the size of the vulva equivalence group in P, pacificus involves the transcription factor hairy?’. In
hairy mutants, P3.p and P4.p survive and form a vulva equivalence group with a pattern that is
reminiscent of the pattern in C. elegans. Genetic and biochemical studies showed that, in

P. pacificus, HAIRY and GROUCHO form a heterodimer that downregulates the activity of lin-39 in
P3.p and P4.p. Surprisingly, there is no 1:1 orthologue of hairy in the C. elegans genome. Moreover,
vulva induction in P, pacificus requires multiple cells of the somatic gonad instead of only one, as is
the case in C. elegans. Mutations in the B-catenin-like gene bar-1 in P. pacificus result in a vulvaless
phenotype, indicating that Wnt signalling controls vulva induction. Indeed, genetic studies
showed a redundant role of several Wnt ligands, which are expressed in the somatic gonad and
the posterior region of the animal (arrows)?2.

a C. elegans
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Box 2 | Dorso-ventral patterning in D. melanogaster and T. castaneum

D. melanogaster

T. castaneum

Wild type Wild type
@p
zen zen] RNAI
pp
Toll- Toll RNA
@ Amnion [ Mesoderm [ Dorsal 1 Neurogenic .-~ Segmental pp Posterior
—o- Serosa <=7 Amnioserosa ectoderm ectoderm border pit

Drosophila melanogaster is a long germ band insect that forms all body segments simultaneously
during the blastoderm stage? (see the figure, left panel). By contrast, Tribolium castaneum is a
short germ band insect in which posterior segments develop successively? (see the figure, right
panel). As a result, the extra-embryonic membranes differ between D. melanogaster and

T. castaneum. T. castaneum has two extra-embryonic membranes: the serosa, surrounding the
complete embryo, and the amnion, covering the embryo proper on the ventral side. In

D. melanogaster, both membranes are fused to an amnioserosa, which covers the embryo only at
the dorsal side. Dorso—ventral patterning and extra-embryonic membrane formation require
homologous genes that have divergent functions. Mutations in the homeobox transcription factor
zerkniillt (zen) in D. melanogaster result in the replacement of the amnioserosa by ectodermal
tissue?. T. castaneum contains two zen genes, zenl and zen2, and RNAi experiments revealed sub-
functionalization of these genes?. RNAi against zen1 results in the absence of the serosa and an
expansion of the germ rudiment towards the anterior, indicating that zen1 acts in
antero—posterior development and specifies the border between the embryonic and
extra-embryonic tissue?. In D. melanogaster, the loss of the transmembrane receptor Toll results in
completely dorsalized embryos, whereas RNAi against T. castaneum Toll results in the absence of
the central nervous system and the amnion. These differences reflect the different regulatory
linkage of signalling networks in D. melanogaster and T. castaneum?.

purifying selection dominates over posi-
tive selection and, as a result, genes should
be conserved over large evolutionary time
spans®. The evolutionary conservation of
developmental control genes — as indicated
by studies in evo-devo — strongly supports
Kimura’s neutral theory.

Recent advances in population genetics
have come through comparative genomics,
with genome sequencing projects revealing
an enormous amount of natural variation'’.

But is natural variation also seen in develop-
mental control genes? How do developmen-
tal control genes change in microevolution?
More generally, are non-adaptive forces
important for developmental evolution?
Work at the interface between population
genetics and evo-devo will indicate

the contribution of natural variation to the
evolution of development. This requires

the research portfolio of population genetics
to be added to evo—devo!®* (TABLE 1).

The comparison of very closely related
species and independent isolates of the
same species can indicate to what extent
developmental processes evolve at the
microevolutionary level. High-resolution
mapping, through genome-wide association
studies or through recombinant inbred lines,
combined with next-generation sequenc-
ing can identify the molecular changes that
cause a particular effect. Such studies can
easily be performed in any species, as long as
enough natural isolates have been or can be
obtained. A few inroads into the microevo-
lution of development have been taken; for
example, studies in P. pacificus and C. elegans
indicate that vulva development is subject to
microevolutionary change'*2. In C. elegans,
several recent studies show the power of
QTL analysis for other developmental and
life history traits, such as copulatory plug
formation and pathogen susceptibility**.
Therefore, ‘next-generation genetics, as
recently proposed for plants*, can be a pow-
erful new tool when applied to evo-devo.
Ultimately, such studies might indicate how
natural variation contributes to macroevolu-
tionary alterations. Neo-Darwinism assumes
that macroevolutionary change results from
repeated microevolutionary alterations, but
there is no substantial proof for this assump-
tion. Current population genetics lacks an
in-depth consideration of developmental
control genes in the same way as evo—devo
lacks a serious consideration of microevo-
lutionary processes. Therefore, a synthe-
sis of evo—devo and population genetics
would provide a substantial contribution to
evolutionary theory.

A synthesis with evolutionary ecology. All
processes required for phenotypic change —
natural variation, selection, genetic drift and
developmental change — occur in popula-
tions that live in a specific ecological con-
text. As the environmental conditions that
organisms are exposed to change, it is crucial
to ask whether the environment influences
development. But are the developmental
response to the environment and the ecolog-
ical interactions of the organism important
for the evolution of new phenotypes? How
do developmental processes evolve under
changing environmental conditions?
Research programmes in ‘ecological
developmental biology” are now actively
propagated’**s. For some evo-devo mod-
els the ecological niche is well described.
For example, P. pacificus lives on a scarab
beetle”* and T. castaneum in dry environ-
ments, such as wheat*. Both species are
now the subject of ‘ecological evo-devo’

420 [ JUNE 2009 [ VOLUME 10

© 2009 Macmillan Publishers Limited. All rights reserved

www.nature.com/reviews/genetics



research®->2. Other evo—devo models,

such as the cnidarian Nematostella vect-
ensis and some of its close relatives, differ
from each other in their ecological niche
and tolerance, and research programmes
that involve ecology-oriented studies are
well underway®’. Other models have been
established largely owing to ecological
considerations. For example, studies in the
cavefish Astyanax mexicanus can indicate
how the developmental networks regulat-
ing eye development have been altered in
response to the dark environment in caves™.
Phenotypic plasticity is a central concept

of evo—devo and is, by definition, at the
interface between evo-devo and ecology®>*.
However, although it is a widespread phe-
nomenon®*, further studies are required
to reveal whether phenotypic plasticity is a
common route for the generation of devel-
opmental novelty. One advocate of this idea
was van Valen, who was ahead of his time
when he proposed that “evolution is the
control of development by ecology”™® — a
statement that is now being transferred to

a highly interdisciplinary research agenda.

Conclusions

I argue that the attempt of evo-devo to
understand phenotypic change and novelty
requires functional investigations. This is
best achieved by choosing a limited number
of model organisms and by developing a
sophisticated methodological tool kit in
those organisms. Although such a research
strategy is constrained by unbiased phy-
logenetic sampling, it can help evo-devo

to develop its own theory and to secure
funding as part of the modern life sciences.
Insight into the change of developmental
mechanisms provides a platform for the
integration of evo-devo into evolutionary
theory — the single most important require-
ment for the long-term success of this young
discipline. The partial ignorance of evo-
devo with respect to the complexity of
evolutionary theory®, and the naive assump-
tion that all developmental patterns observed
in nature are adaptive®, is an important
threat to evo—devo. A synthesis with popula-
tion genetics and evolutionary ecology can
help evo-devo meet these challenges, but
requires new research strategies and intense
consideration of evolutionary theory.
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