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OPINION

Evolutionary and ecological
functional genomics

Martin E. Feder and Thomas Mitchell-Olds

A unique combination of disciplines is
emerging — evolutionary and ecological
functional genomics — which focuses on
the genes that affect ecological success
and evolutionary fitness in natural
environments and populations. Already
this approach has provided new insights
that were not available from its disciplinary
components in isolation. However,

future advances will necessitate the
re-engineering of scientific attitudes,
training and institutions, to achieve
extensive multidisciplinarity.

Wild organisms flourish in nature despite
severe challenges from their biotic and abi-
otic environments. Indeed, every living
organism can be viewed as an evolutionary
success story®. The emerging field of evolu-
tionary and ecological functional genomics
(EEFG) seeks to understand how this success
is achieved. To accomplish this goal, the bio-
logical mechanisms that influence or under-
lie ecologically important traits must be
studied. Also, it is necessary to investigate
how these traits affect evolutionary fitness in
nature, and to examine the evolutionary
processes through which specific traits arise
and persist. This makes EEFG a multidisci-
plinary endeavour. Because the mechanisms
of each trait of interest are manifested at
lower levels of biological organization and
the significance of a trait is only apparent at
higher levels?, understanding a given trait
usually requires the simultaneous use of
molecular, cellular, organismal, population
and ecological approaches.

This outlook, rather than genomics per se,
is both the defining feature of EEFG and
the source of its primary challenge. The
molecular tools and functional under-
standing that are required to accomplish
the goals of the field are beyond the capac-
ity of any single investigator, which necessi-
tates sustained interactions among research
communities?. However, these communi-
ties are often organized around classical
laboratory-based model organisms, which
can be poor exemplars of the wild organ-
isms that flourish in challenging natural
environments. So, should EEFG emphasize
the focal species of model organism com-
munities at the potential expense of ecolog-
ical and evolutionary realism? Or should it
eschew existing model species and their
research assets in favour of more ecologi-
cally appropriate non-classical models,
even if these are less tractable and it takes
time to develop the necessary resources and
tools? The EEFG meta-community is not
monolithic, and is evolving rapidly despite
the apparent constraints inherent in these
options. Here, we review progress in this
field, which points to several resolutions of
its central challenge.

Goals

Seemingly everyday, the suffix ‘-omic’ appends
to yet another discipline, which signifies the
expansion of rost-cenomic science. Most of this
growth is in the fields of biomedical and agri-
cultural functional genomics, which aim to
improve the health, longevity, productivity
and well being of humans and agricultural

species. For EEFG, by contrast, the focus is
on organisms that inhabit natural environ-
ments and the goal of researchers is to explain
variation in baARwiINIAN FITNESs iN populations,
and variation in size, range, longevity and
diversity among populations, species and
higher taxa.

Nonetheless, biomedical and agricultural
functional genomics, as well as EEFG, share a
dominant research motif; finding the genes
and polymorphisms that affect traits of
interest and characterizing the mechanisms
that underlie these effects®. The first step —
identifying genes of interest — is being
helped by post-genomic technologies that
allow the high-throughput discovery of
candidate genes*®. However, proving that a
candidate is consequential still depends on
studies of mutants®.

Genes and polymorphisms that might be
of evolutionary significance can also be iden-
tified from theoretical population genetics, by
using algorithms that infer which nucleotides
evolve non-neutrally’. However, these algo-
rithms provide little insight into the molecu-
lar mechanisms or ecological consequences of
fitness differences, or the probable impact of
evolutionary adaptations. So, we still need to
characterize the mechanisms that cause par-
ticular genes and polymorphisms to impact
on ecologically and evolutionarily significant
traits. Such insights require mechanistic biol-
ogy (biochemistry, physiology and so on),
ultimately under realistic cellular and envi-
ronmental conditions — not just ‘-omics, but
‘functional -omics’

EEFG therefore seeks to carry out the full
spectrum of investigations of biomedical and
agricultural functional genomics, but in wild
organisms or their proxies (FIG. 1), with a pri-
mary focus on the evolutionary processes
that determine and maintain genotypes and
phenotypes. This is challenging for several
reasons. For example, the genetic variation
that segregates in natural populations often
encodes alternative phenotypes of compara-
tively minor magnitude, which might be evi-
dent only under natural conditions. Also, the
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Figure 1 | Criteria for model species in evolutionary and ecological functional genomics. Ideally,
study organisms should satisfy all of the criteria shown; however, at present, few eukaryotes do so.
Classical model species, such as Drosophila and Arabidopsis, pose difficulties for ecological studies,
whereas many popular ecological models are genetically intractable, have poorly-characterized genomes
and lack large communities of investigators. This discrepancy should disappear with future advances in
technology. Some microbial models, by contrast, satisfy all criteria and are yielding great progress.

biotic and abiotic environments in which
wild organisms occur are often obscure,
highly unpredictable and difficult to monitor,
and techniques from standard model organ-
isms can be difficult to apply to wild species.
Altogether this is a challenging research
agenda and is very much a work in progress.
Data are now sufficient, however, to show
how each of the component approaches
(evolution, ecology, functional biology and
genomics) can contribute to the whole, how
each component benefits from the others
and how EEFG can contribute to biomedical
and agricultural functional genomics®.

Approaches

Model organisms for EEFG. The dichotomy
between ecologically and genetically
tractable model systems that are suitable for
EEFG studies is exemplified by two of the
many genera of potential model organisms:
Daphnia (FIG. 2a), which is a non-classical
model, and Arabidopsis (FIG. 2b), which is a
classical laboratory-based model.

Daphnia are aquatic crustaceans that have
been the focus of ecological and evolutionary
studies for many decades. Recently, an inter-
national Daphnia Genomics Consortium has
formed to develop Daphnia as a model sys-
tem for EEFG. This research and educational

network is expanding genomic resources for
Daphnia, including microsatellites, a linkage
map, expressed sequence tags (ESTs) and
microarrays, large-insert genomic clones,
transformation and RNAI, genomic data-
bases and an international stock centre.
Parallel development of genomic tools for
ecologically tractable species is underway for
other eukaryotes (TABLE 1), including fish?,
honeybees® and tobacco®, and is well
advanced for Archaea and Eubacteria. At pre-
sent, at least 140 complete genomes have
been published and more than 700 other
genome projects are underway (for further
information see links to the Genomes Online
Database, Genome News Network, TIGR
Gene Indices and Organism-Specific Genome
Databases in the online links box).
Arabidopsis thaliana is a genetically
tractable laboratory model, the complete
genomic sequence of which is known. Effort
now focuses on determining the function of
all of its 25,000 genes before the end of this
decade. Many recent studies have examined
the ecology and evolution of A. thaliana in
nature (for example, ReFs 11-13). Further-
more, because genomic tools are readily
transferable to wild relatives of A. thaliana, a
diverse research community has coalesced
around several closely related species that

grow in undisturbed natural habitats and
differ from A. thaliana in breeding system,
life history, physiology, genetics and develop-
mental biology?® (see link to Wild Relatives of
Arabidopsis in the online links box).
Similarly, parallel exploitation of laboratory
species as ecological models is underway for
yeast', Caenorhahditis elegans (see link to
the NemATOL web site in the online links
box), zebrafish and Drosophila>2,

Transcription profiling. Transcription profil-
ing (TP) is a useful genomics tool for EEFG,
and guantifies the expression of thousands
of genes in a series of treatments, tissues or
time points®®. TP technology is relatively
accessible for many laboratories, and is
applicable to non-model organisms. This
technology has had important successes in
identifying genes the expression of which is
correlated with ecologically important
traits*?2%, It has also spawned a vast litera-
ture of clustering, grouping and other forms
of multivariate data massage to describe
changes in gene expression. Only recently,
however, has TP begun to focus on hypothe-
sis testing in a rigorous statistical frame-
work??23, We suggest that TP is a useful first
step in describing patterns of gene expres-
sion and finding candidate genes that might
influence traits of interest. However, replica-
tion is often limited and hypothesis testing is
usually provisional. So, TP should be regarded
as exploratory data analysis in advance of the
manipulative experiments that are needed to
provide rigorous verification?. Accordingly,
we see TP as a useful tool for EEFG, but not
as a research goal in itself.

Two recent studies illustrate the power of
TP in EEFG. Oleksiak et al.* examined gene
expression in and between natural popula-
tions of Fundulus heteroclitus, a fish that is
found along the Atlantic Coast. Northern and
southern populations showed significant
divergence for 27 genes that are expressed in
heart tissue. In a similar approach, Rifkin et
al.® found differences in gene expression
between Drosophila melanogaster and two
closely related species. Both studies indicate
that changes in gene regulation might be
important in the evolutionary divergence of
populations or species, and provide a list of
genes that might have been influenced by nat-
ural selection. However, neither study has
taken the next step of showing the ecological
or evolutionary significance of variation in
transcript levels.

By contrast, in their study of the evolution
of ceotaxis in Drosophila, Toma et al.> have
followed TP with studies of mutant lines to
show that some of the genes nominated by
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Figure 2 | Model organisms for evolutionary and ecological functional genomics. a | Daphnia
minnehaha, photograph courtesy of Paul Hebert, University of Guelph, Canada. b | Arabidopsis lyrata
ssp. petraea, photograph courtesy of Thomas Mitchell-Olds.

TP actually function in geotaxis. A possible
next step would be to discover the polymor-
phisms that segregate in natural populations
and regulate differences in gene expression,
and to determine the evolutionary forces
(mutation, migration, natural selection and
drift) that maintain them. However, experi-
ments that are designed to answer such

questions are often still only at the planning
stage. Consequently, despite the usefulness of
TP for EEFG, we focus on progress towards
understanding the functional and evolution-
ary bases of ecologically important varia-
tion. Necessarily, successes so far involve
individual genes rather than genome-wide
patterns.
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Ecology

Benefits from EEFG. Genomic and molecular
tools have revolutionized our ability to iden-
tify the organisms that are present in any
community or ecosystem under study,
which, in the past, was only possible using
phenotypic criteria. Indeed, genomic
sequencing of DNA from environmental
samples, such as seawater or soil, now shows
that more than 99% of microbial species
were not detected by earlier methods?. These
techniques are discovering previously unrec-
ognized but crucial components of biological
communities, such as the SAR 11 clade,
which is a group of poorly known uncul-
tured marine bacteria that might represent
more than 10% of the marine prokaryotic
biomass worldwide?”. Pre-genomic ecology
emphasized conspicuous if not charismatic
species; post-genomic ecology has the
potential to escape this bias.

Large-scale molecular identification, which
is becoming crucial in describing ecological
pattern and process?, has only been feasible
with the advent of genomic techniques and
databases. For example, ecosystem studies of
rooting-depth patterns in forest tree commu-
nities have used molecular markers to deter-
mine the species identity of roots. Also, genes

Table 1 | Non-classical model eukaryotes used in evolutionary and ecological functional genomics studies

Genera Common name
Vertebrates

Oryzias Medaka
Gasterosteus Sticklebacks
Tilapia, Astatotilapia Cichlids

and others

Salmo and others Salmon
Cyprinus Carp
Oncorhynchus Trout
Ambystoma and others Salamanders
Invertebrates

Bombyx, Heliothis Lepidoptera
and others

Apis Honeybee
Daphnia Water flea
Amblyomma Tick
Strongylocentrotus Sea urchin
Plants

Populus Poplar

Pinus and others Other forest trees
Helianthus Sunflowers
Mesembryanthemum Iceplant

Nicotiana and
Solanum

Tobacco and
nightshade

Web sites Reference
http://mbase.bioweb.ne.jp/~dclust/medaka_top.html 65
http://cegs.stanford.edu 35
http://hcgs.unh.edu/cichlid 66
http://cgr.harvard.edu/hans/html/research.html

http://www.salmongenome.no -
http://sphere.bioc.liv.ac.uk:8080/bio/research/legr/index_html 67

http://locus.jouy.inra.fr/cgi-bin/igbc/mapping/common/intro2.pl?BASE=rainbow -

http://salamander.uky.edu

http://www.ab.a.u-tokyo.ac.jp/lep-genome

http://www.ucl.ac.uk/taxome/intro.html

http://www.hgsc.bcm.tmc.edu/projects/honeybee 68

http://daphnia.cgb.indiana.edu
http://www.genome.ou.edu/tick.html

http://sugp.caltech.edu 69
http://www.hgsc.bcm.tmc.edu/projects/seaurchin
http://genome.jgi-psf.org/poplar0/poplar0.home.html 70

http://dendrome.ucdavis.edu

http://compgenomics.ucdavis.edu/index.htm -

http://www.tigr.org/tdb/tgi/hagi
http://mwww.tigr.org/tdb/tgi/mcgi

http://www.ice.mpg.de/departments/Ecol/moleculartools/moleculartools.html -
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and transgenes the expression of which is
sensitive to environmental conditions can
provide continuing environmental monitor-
ing in organisms for which invasive instru-
mentation is not feasible. For example,
diverse protein-damaging stresses induce the
expression of genes that are under the control
of heat-shock promoters, and so report the
microenvironment of the host organism*.

So far, most ecological experimentation has
been comparatively gross, involving wholesale
alterations of entire habitats, communities
or ecosystems, the inclusion or exclusion of
species and cuiLps, and the surgical manipula-
tion of individual organisms. Although it is
possible to experimentally manipulate traits
one gene or even one nucleotide at a time, at
least in genetically tractable species, the
effects of such changes in nature have not
been widely assessed. Nevertheless, several
first studies show that such experiments are
feasible!320, Similarly, although there has been
progress in identifying specific naturally
occurring polymorphisms, the number of
studies testing the effects of these phenotypes
in nature is small®1113:203L,

“...knowing the details of
how genetic variation
affects molecular, cellular
and organismal function is
often essential to
understanding genetic
variation and its
evolutionary impact...”

Experimental work on model organisms
in the laboratory, moreover, can be extended
into complementary work on non-classical
models in nature. For comparisons between
Drosophila and honeybees, or laboratory mice
and wild rodent species, polymorphisms or
mutations in laboratory studies have counter-
parts in wild or exotic species, which can be
analysed as naTuraL experiMENTS?®2, Insights
from such fine-scale experimentation might
be essential to predict the outcome of several
unintentional large-scale ecological experi-
ments that are now underway, including
global climate change, anthropogenic ecosys-
tem destruction, biodiversity depletion and
the introduction of invasive species. Indeed,
evolved or engineered genomes are already
crucial components of human responses to
habitat deterioration and invasive species, and
will probably increase in importance.

Contributions to EEFG. Ecological knowledge
is crucial for the interpretation of genomic and
post-genomic data'®!!, particularly in estab-
lishing the consequences of genetic variation.
Transcription profiles are exquisitely sensitive
to the interaction and kinetics of environmen-
tal factors, which necessitates great care in
establishing the physiological and ecological
relevance of experimental conditions?.
Similarly, the fitness consequences of genetic
variants can differ substantially between labo-
ratory and field experiments, with phenotypes
that are absent in one venue being present in
the other. In mice, for example, inbreeding is
more harmful and major histocompatability
complex (MHC) heterozygosity more benefi-
cial in large semi-natural enclosures (which
are environmentally complex and afford real-
istic social interactions) than in the labora-
tory®, Likewise, some quantitative trait loci
(QTLs) for salt-tolerance traits in sunflowers
differ substantially when measured in model
soil in greenhouses and in the wild3. Also,
QTLs that control Arabidopsis flowering time
are detectable in both laboratory and field
experiments, but other genomic regions have
different influences on flowering under con-
trolled versus natural conditions. The
genetic basis of flowering time in Arabidopsis
isamong the best understood traits; so, the
limited predictive power of laboratory studies
is sobering.

Finally, ecology and natural history are
goldmines of species, mechanisms and
genes that are ripe for scientific exploitation,
as many examples from modern science and
medicine attest, including DNA polymerase
from Thermus aquaticus and other ther-
mostable polymerases, squid giant axons,
antibiotics, restriction enzymes, fluorescent
proteins and taxol. Organisms that inhabit
extreme environments have been especially
valuable for sioprosPecTING, aS the severe con-
ditions often exaggerate their features. Also,
broad knowledge of biodiversity allows the
most suitable model organisms to be cho-
sen: examples include genomics of the
pufferfish (Fugu), which was chosen for its
small genome, and evolutionary develop-
mental biology of the Bicyclus butterfly and
stickleback fish®-%, the ecology and phylo-
geography of which are ideal for interpret-
ing the phenotypic consequences of genetic
variation.

Evolution

Genetics, genomics and evolutionary biol-
ogy are already strongly embedded in one
another, and the fruits of their interaction
are obvious. Here, we present a few of the
many excellent examples.

Figure 3 | Variation in mouse coat colour.
Light and dark coloured pocket mice
(Chaetodipus intermedius) shown on rocky
substrates in Arizona. Reproduced with
permission from REF. 32. © (2003) National
Academy of Sciences, USA.

Positional cloning has successfully identi-
fied molecular polymorphisms that are
responsible for variation in several complex
traits®283% The next objective is to understand
the historical and evolutionary forces that
influence this variation. Sensory bristles,
which are components of the peripheral ner-
vous system in Drosophila, are among the best
understood quantitative traits®®, but nonethe-
less exemplify the difficulties that are involved
in attaining this information. Bristle number
clearly shows genotype—environment inter-
action between sexes and among growth
environments, and seems to be under weak
STABILIZING SELECTION. HOwever, it is still unclear
which of the particular nucleotide polymor-
phisms near bristle number QTLs have been
targets of selection*'. One possible explana-
tion for these polymorphisms comes from a
MUTATION-SELECTION BALANCE MODEL that incorpo-
rates both stabilizing selection and deleterious
pLeloTrRoPY*; this predicts that many QTL alle-
les might have substantial effects on quanti-
tative traits, but little effect on fitness itself.
Another explanation is that QTL interac-
tions with other loci (eristasis) or with the
environment maintain genetic variation for
bristle number (C. Langley, T. MacKay and
M. Turelli, personal communication). Finally,
SINCe LINKAGE DIsEQuILIBRIUM extends only a few
hundred base pairs in Drosophila*, the known
polymorphisms might not be the nucleotides
that affect fitness, but might simply be linked
to those evolutionarily important sites. The
genetic complexity of Drosophila bristle num-
ber will probably be evident for quantitative
traits in wild populations, agricultural species
and human biomedical research.

Polymorphism at disease resistance genes
can be maintained by saLANcING sELEcTION fOr
long evolutionary periods®. For example,
Pseudomonas species are natural pathogens
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of A. thaliana in wild populations*. The resis-
tance gene RPM1 can detect pathogens carry-
ing AvrRpm1 or AvrB avirulence genes®. In
both A. thaliana and Brassica napus, disease-
susceptible plants have lost the RPM1 gene,
which is present and functional in resistant
individuals. These plant species diverged ~18
million years ago, which indicates either that
independent deletions occurred or an
ancient trans-specific polymorphism existed.
Does a cost of resistance maintain the sus-
ceptible RPM1-deletion allele? Genomic
methods have only recently allowed a clear
test of this hypothesis. In four independent
pairs of RPM1 insertion versus deletion lines,
which differ only in the RPM1-encoding
locus and its endogenous promoter, the pres-
ence of a functional RPM1 allele caused a 9%
reduction in total fecundity under disease-
free conditions, providing strong evidence
for a cost of resistance®®.

Colour polymorphisms have attracted
biological interest for many years, and pro-
vide some of the best characterized examples
of functionally and ecologically important
polymorphisms*#7, In the pocket mouse
Chaetodipus intermedius, coat colour is cor-
related with the colour of the soil that is
inhabited by individual populations® (FiG.3),
presumably as an anti-predator adaptation.
Nachman and colleagues® examined two
candidate genes, agouti and Mclr, which reg-
ulate coat colour in mammals. In one popula-
tion, amino-acid polymorphisms in the Mclr
locus (encoding the melancortin-1-receptor)
are associated with coat colour, and patterns
of nucleotide polymorphisms indicate recent
directional selection at this locus. In New
Mexico populations, by contrast, the Mclr
locus shows no signature of natural selection,
which indicates that other loci control the
adaptive evolution of coat colour.

“The molecular tools and
functional understanding
that are required to
accomplish the goals of the
field are beyond the capacity
of any single investigator...”

These diverse findings exemplify several
points. First, existing genomes and phenotypes
can be the product of diverse evolutionary
processes that interact in a complex fashion.
This situation, rather than simple stabilizing
or directional selection acting on a few genes
of large effect, should be the starting point for
research programmes in EEFG. Second,
analysis of genomic and phenotypic com-
plexity requires the joint application of tools
from genetics, genomics and post-genomics,
population biology and evolutionary biology.
The disease-resistance genes of Arabidopsis,
for example, required genomics for their dis-
covery, population studies to document levels
of polymorphism in the wild, evolutionary
biology to frame robust hypotheses about the
maintenance of these polymorphisms and
experimental genetics to test them. These
tools will frequently emerge from areas out-
side EEFG, such as biomedicine and model
systems, which EEFG will need to include.
Third, although research in this mode can be
challenging, it is feasible and has already
yielded significant insights.

Need for integration

Although evolutionary biology has wel-
comed genetics and genomics, it has some-
times been averse to functional biology (for
exceptions see REFs 13,41). e contend, as have
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others*49 that knowing the details of how
genetic variation affects molecular, cellular
and organismal function is often essential to
understanding genetic variation and its evo-
lutionary impact, and frequently facilitates
evolutionary genetic studies. The most prag-
matic benefit of functional analysis is in
excluding linkage as the cause of proposed
genetic effects. Also, although exclusively
bioinformatic analyses can infer which
nucleotides have been targets of natural
selection®, they provide little information on
the probable consequences of this selection.
For example, knowing that haemoglobin-
encoding genes have undergone balancing
selection in a population would have been a
dead end without knowledge of the functions
of haemoglobin in respiratory-gas transport,
pH buffering and malaria resistance. Indeed,
if the functional consequences of each codon
and non-coding nucleotide are understood,
as are the interactions of these functionsin
the proteome, the power and resolution of
functional insights increase accordingly. For
example, Swanson and colleagues® inferred
positive Darwinian selection acting specifi-
cally on functional domains of mammalian
reproductive proteins (such as the ‘sperm
receptor’ ZP3) by exploiting knowledge of
which domains were functional. Similarly,
Riley and colleagues®> made use of the well-
known Ras signalling pathway of Drosophila
to show that upstream elements in particular
were prone to selection.

Alternatively, comparative and ecological
variation can implicate important nucleotides,
genes and proteins for functional analysis®. For
example, comparisons of metabolic enzymes,
such as lactate dehydogenase (LDH) and phos-
phoglucose isomerase (PGI), among popula-
tions arrayed along environmental gradients
have detected considerable genetic variation,

Glossary

BALANCING SELECTION
Natural selection that maintains higher levels of genetic
variation than are expected under neutrality.

BIOPROSPECTING
The sampling of diverse organisms for genes, gene products
and other compounds that are of value to humans.

DARWINIAN FITNESS
The expected reproductive contribution to future
generations.

EPISTASIS
The influence of the interaction of multiple loci on
variation in asingle trait.

GEOTAXIS
Movement up or down, which requires the perception of
and response to gravity.

GUILDS
Groups of species that use acommon resource in
similar ways.

LINKAGE DISEQUILIBRIUM
When genotype frequencies at several loci are correlated
or non-independent.

MUTATION-SELECTION BALANCE MODEL

A population genetics model that assumes that a
combination of mutation and balancing selection can
explain present levels of genetic variation.

NATURAL EXPERIMENTS

The comparison of naturally arising variants of
individual organisms, populations, species or higher taxa,
which is similar to the way in which control and
manipulated subjects are compared in anthropogenic
experimentation.

PHYLOGENETIC FOOTPRINTING AND SHADOWING

Both approaches seek to identify conserved regulatory
elements by comparing genomic sequences between
related species. Phylogenetic footprinting uses one or a few
relatively distant evolutionary comparisons, whereas
phylogenetic shadowing examines a set of closely related
species.

PLEIOTROPY
When a single gene or polymorphism influences two or
more separate traits.

POST-GENOMIC
The era following the availability of complete genome
sequences.

STABILIZING SELECTION
Natural selection that favours intermediate values of a
quantitative trait.
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which in turn has unexpectedly shown impor-
tant functions for variants of these seemingly
mundane enzymes*. A case in point concerns
LDH in the fish Gillichthys, in which natural
allelic variation in a presumed innocuous
region of the protein, which was far from the
active site and recognized functional domains,
led to the discovery of a new functional role for
this region®.

Phylogenetic information is becoming
especially important in these endeavours.
A pre-existing phylogeny is a powerful tool
for identifying adaptation and homology (for
examples see REFS 56,57). In reverse, homology
allows enough cDNAs to be identified to
enable TP of many organisms that lack a
fully sequenced genome (for examples see
REFS5,57). Similarly, new techniques such as
PHYLOGENETIC FOOTPRINTING and PHYLOGENETIC
sHaDowING can identify regulatory elements in
cases in which standard bioinformatic algo-
rithms might be uninformative®, Clearly,
phylogenetic and comparative analyses provide
many opportunities to advance the functional
and evolutionary understanding of EEFG-L,

Conclusion

The contributions of genomics and post-
genomic technologies to EEFG are several-
fold, and include high-throughput tools,
comparative databases that allow discovery
in genomically obscure taxa and new exper-
imental techniques such as RNAI. Indeed,
genomics has enabled EEFG, rather than
initiating or shifting its paradigm, and this
is essential for any field that attempts the
challenging task of integrating genes, func-
tion, ecology and evolution in its research
programmes.

The EEFG community is in its youth and
is still united more by a shared value system
(that is, that interdisciplinary approaches are
required to understand the success of wild
organisms in natural environments) than by
discoveries of law-like properties or general
principles. Doubtless these discoveries will be
forthcoming in due course, but at different
rates for different portions of the community.
For microbial systems in which genomes are
more readily sequenced, evolution is rapid®?
and the economic and health consequences
are stark, progress should be fast®.

In studies of multicellular eukaryotes, the
acceleration of progress in EEFG might mean
overcoming several challenges. For example,
the community is divided among many mod-
els, with a meta-divide between the custom-
ary model organisms of biomedical research
and the charismatic non-classical models of
natural history and comparative biology. For
at least the next five years, manipulative

genetics will be intractable in most multicel-
lular eukaryotes. This intractability per se is
not an impassable barrier to progress. The
Human Genome Project and its successors
show how a unified community of investiga-
tors can succeed even with a difficult and
complex organism, and we have reviewed the
substantial progress that has already been
achieved with species other than the classical
laboratory-based models. Rather, the chal-
lenge emerges from a continuing near-
philosophical debate, the extremes of
which are whether to make the customary
biomedical model organisms do ‘double
duty’ as model wild organisms, for which
they are often not well suited, or to forego
the advantages of massive community sup-
port to optimize the insights that are
emerging from the study of non-classical
model organisms. Our expectation is that
technological advances will eventually
make this debate moot.

Also, EEFG has set itself an ambitious
further goal: the understanding of wild
organisms in situ and their evolution. Such
a goal, in principle, requires the application
of every scientific discipline and model, if
not the breaking-down of boundaries
among disciplines and models. Achieving
this goal will require new forms of training
and education, and a greater role for collab-
orative research and supportive academic,
private and governmental institutions (see
summary in Rer. 64). Ultimately, this chal-
lenge is concerned less with the technology
than with the re-engineering of scientific
attitudes, training and institutions.
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TIMELINE

An everlasting pioneer: the story of
Antirrhinum research

Zsuzsanna Schwarz-Sommer, Brendan Davies and Andrew Hudson

Despite the tremendous success of

Arabidopsis thaliana, no single model can

represent the vast range of form that is
seen in the ~250,000 existing species of
flowering plants (angiosperms). Here,
we consider the history and future of an
alternative angiosperm model — the
snapdragon Antirrhinum majus. We ask
what made Antirrhinum attractive to the
earliest students of variation and
inheritance, and how its use led to
landmark advances in plant genetics and
to our present understanding of plant
development. Finally, we show how the
wide diversity of Antirrhinum species,
combined with classical and molecular
genetics — the two traditional strengths
of Antirrhinum — provide an opportunity
for developmental, evolutionary and
ecological approaches. These factors
make A. majus an ideal comparative
angiosperm.

“Antirrhinum has always allowed new, and fre-
quently surprising, insights to be made into the
nature, variability and manifestation of genetic
substance and, even today, the rich variety of
appearance in the genus Antirrhinum offers an
inexhaustible resource for genetics-based
studies in developmental biology, biochem-
istry and evolution” With this sentence,
Hans Stubbe? justified his motivation to
write a comprehensive monograph on
Antirrhinum in 1966; this article shows that
his assessment of Antirrhinum is as valid
today as it was half a century ago.

It might seem surprising that such a
familiar ornamental plant could be used as
an experimental system. In fact, Antirrhinum
was used in the earliest studies of inheritance
by Darwin and Mendel, and became estab-
lished as a model by Erwin Baur (FIG. 1) dur-
ing the first decades of the twentieth century
(TIMELINE). Interest in Antirrhinum declined
after 1930, because of the emergence of
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