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Review
Glossary

Adaptation: the process by which natural selection favors those individuals

with heritable morphological, physiological or behavioral traits that increase

fitness in a particular environment.

Crown group: a group or clade of organisms defined by only extant species. It

includes the last common ancestor of a given clade as well as all living

descendents of that ancestor.

Developmental evolution (Evo-Devo): a field of study that integrates traditional

research on organismal evolutionary biology (systematics, paleontology, and

comparative anatomy) with molecular embryology, genetics and genomics

with the goal of understanding how changes in developmental genetic

programs produce morphological diversity.

Expressed sequence tag (EST): a short sequence of transcribed RNA that is

produced by random sequencing of cloned cDNA pools.

Genotype � environment interactions: differential developmental or physiolo-

gical responses of certain genotypes in different environments; these might

reflect varying degrees of phenotypic plasticity.

Hybridization: the interbreeding of distinct species.

Macroevolution: evolutionary changes that are studied above the level of

species, often associated with differences between families or phyla.

Microevolution: the process of allele frequency change over many generations,

usually measured at the species level or below. Microevolutionary processes

are also often studied among closely related, often interfertile, species.

Near isogenic lines (NILs): a genotype, generally derived by repeated

backcrossing, which differs from another genotype by only one genetic region.

Phenotypic plasticity: the ability of an organism of a given genotype to alter its

phenotype in response to environmental conditions.

Quantitative trait loci mapping: quantitative traits are aspects of a phenotype

that are controlled by more than one locus and often vary continuously. The

genomic localization of these loci is conducted by statistical analysis of

the segregation of multiple genetic markers and variation in the phenotypic

trait(s) of interest.
It is increasingly clear that additional ‘model’ systems
are needed to elucidate the genetic and developmental
basis of organismal diversity. Whereas model system
development previously required enormous investment,
recent advances including the decreasing cost of DNA
sequencing and the power of reverse genetics to study
gene function are greatly facilitating the process. In this
review, we consider two aspects of the development of
new genetic model systems: first, the types of questions
being advanced using these new models; and second,
the essential characteristics and molecular tools for new
models, depending on the research focus. We hope that
researchers will be inspired to explore this array of
emerging models and even consider developing new
molecular tools for their own favorite organism.

The need for new genetic model systems
Determining how and why the diversity of complex life
forms that surround us originated is a major question in
biology. Given the millions of species on our planet, un-
derstanding the evolution of organismal form, physiology
or behavior will require a sustained effort to expand the
currently small set of experimental model organisms to
include many others at key branches of the tree of life.

Investigators, however, are interested in addressing
many different questions about organismal diversity.
Some of us want to understand the evolutionary process
at the twigs of the tree of life – in the last fewmillion years
of evolution – and focus on the genetic, developmental and
ecological changes that underlie differentiation of closely
related species. Others aremore interested in the changes
that evolved hundreds of millions of years ago and now
are only found in representatives of surviving crown
groups (see Glossary). There are advantages and chal-
lenges to working on both evolutionary time scales. When
sampling the twigs on a single branch, we are often able to
identify the genetic basis of phenotypic variation because
we can take advantage of the ability to cross closely
related species; however, these recent transitions often
involve relatively small changes in phenotype. By con-
trast, when sampling single twigs in different branches,
we can study major phenotypic transitions (e.g. changes
in body plan) that represent major evolutionary changes.
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However, because there are often few surviving inter-
mediate species and genetic crosses are not feasible,
the precise molecular mechanisms responsible for these
phenotypic transitions are usually more difficult to
pinpoint.

Regardless of our individual preferences in sampling the
tree of life, a clearer picture of organismal evolution will
emerge only as we study more taxa. In addition, many of us
want to understand evolutionary processes at themolecular
and/or developmental level, processes that are at work in
natural populations. Although traditional models can be
studied in thewild (see below), some researchers aremoving
away from existing laboratory systems (e.g. Drosophila
melanogaster, Caenorhabditis elegans,Mus musculus, Ara-
bidopsis thaliana) and are developing new genomic
resources and tools for organisms at diverse branches of
the tree of life [1,2].
Speciation: the evolutionary process by which new species are formed.
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Box 1. Models and tools for macroevolutionary studies

Phylogenetic position is an important consideration in choosing

models for macroevolutionary studies. New models, which repre-

sent undersampled lineages, are useful in investigating the

complement of genetic pathways present in the last common

ancestor of a given clade. This type of question can be asked at

many phylogenetic levels, and systems such as the Crustacean

Parhyale are helping us to understand how deeply conserved

particular genetic programs are. Crucial components of this

research include established expression protocols and reverse

genetics, which allow candidate genes to be functionally assessed

at many different levels [12,65]. Another important goal in macro-

evolution is to understand the mechanisms by which morphological

novelties arise. Morphological innovation can be recognized

throughout the tree of life but, in some cases, these evolutionary

events have occurred recently enough to offer the chance to fully

tease apart their evolution. In the butterfly Bicyclus, as well as in

other Lepidopterans, researchers are drawing on a wealth of natural

variation, combined with comparative gene expression and elegant

transgenic techniques, to understand how the genetic pathways

controlling eyespots evolved [52,66,67]. In this example we see an

important new trend: the bridging of micro- and macroevolutionary

scales to inform one another. Choosing macroevolutionary models

with this information in mind (e.g. taxa with tractable genome sizes

and natural variation) will greatly improve the overall utility of the

system.

Box 2. Models and tools for microevolutionary studies

Choosing a system that harbors significant recent phenotypic

variation is an absolute necessity for microevolutionary studies.

Several new models that meet this requirement are now used to

address a series of long standing questions in evolutionary biology.

Do convergent phenotypes result from changes in the same genes

or even the same mutations? Does adaptation arise from standing

genetic variation or from new mutations? Do adaptive mutations

occur in protein-coding regions or noncoding regions? For example,

new molecular tools, including a large database of interspecific

genetic variation, are helping to elucidate the basis of recent

adaptive radiation in the genus Aquilegia. This database was

generated through deep express sequence tag sequencing of

interspecies hybrids, producing both an important resource for

candidate gene characterization and for mapping major quantitative

traits (http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gud-

b=aquilegia). There is perhaps no better known example of adaptive

radiation than Darwin’s finches, the genus Geospiza. By combining

a candidate gene approach with creative microarray analyses, the

developmental pathways responsible for the evolution of diverse,

complex, and, in some cases, convergent beak morphologies are

finally being elucidated [34,35]. The ability to conduct genetic

crosses (or alternatively, to collect detailed pedigree information)

allows for not only the identification of genes, but in some cases

also of the precise mutations contributing to adaptation. The recent

development of a molecular genetic map in deer mice (Peromyscus)

highlights how different types of mutations (those in both protein-

coding regions and putative cis-regulatory regions) can contribute

to phenotypic evolution [17,53]. Thus, the integration of modern

molecular genetic tools is rapidly advancing the development of

long-standing evolutionary models into fully realized genetic

systems.
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The development of new model systems, however, is not
trivial and requires a significant investment of money and
time; thus, it is crucial to make careful choices about the
most appropriate organism to study. As most research
today is hypothesis driven, it is also important to evaluate
whether the specific questions cannot be better addressed
in traditional systems. Notably, some of the most success-
ful recently developed systems are not actually ‘new’ but
have been the subjects of ecological and evolutionary study
for decades (e.g. cichlids, sticklebacks, deer mice, butter-
flies, Darwin’s finches and monkey flowers). What is new is
our ability to apply advanced molecular tools to these
ecologically well-characterized species.

The goals of this review are twofold. First, we provide an
overview of the diverse array of questions that newly
emerging model systems can help to elucidate, including
the genetic basis of speciation and adaptation, the evol-
ution of morphological and ecological novelty and the
nature of the metazoan genetic toolkit. Second, we outline
the fundamental characteristics and tools that are essen-
tial for the development of new model systems. Whereas
the former serves to highlight the important contributions
already being made by new model systems, the latter
might guide researchers who are considering the develop-
ment of new tools for their own study organisms.

Research questions for new model systems
The growing number of species for which significant
genetic resources are available is sparking a new era of
study in which fundamental genetic questions underlying
phenotypic evolution, adaptation and speciation can be
addressed with rigor. One area of progress is the merging
of fields (e.g. population genetics and development) and a
concomitant expansion of the questions that can be
answered. This type of synergy is exemplified by studies
in developmental evolution (termed ‘evo-devo’), which are
increasingly intersecting with the genomic scale study of
natural variation underlying adaptive traits within
species. Although far from complete, the studies described
below, all drawn from emerging models, are beginning to
answer some long-standing questions about the genetics of
phenotypic evolution at both the macro- and micro-levels
(Boxes 1 and 2).

Macroevolutionary changes

In our quest to understand the molecular basis of pheno-
typic traits, novel traits are of special interest because they
represent major discontinuities in the diversity of life.
Given that many genes have retained the same function
over millions of years, how do novel functions and traits
evolve? Generally, two interrelated processes have been
proposed to account for such evolution. One process is gene
duplication followed by divergence – one gene copy retains
its original function, whereas the other copy is free to
diverge and take on a new role or expression pattern. A
second process is to increase the complexity of regulatory
control of genes whereby additional spatial or temporal
patterns of gene expression occur (i.e. co-option). Under-
standing how these processes have contributed to the
evolution of novelty, and thus biodiversity, has been stu-
died at many time scales. For example, in columbines
354
(Aquilegia), a novel fifth floral organ, the staminodium,
evolved within the last 12–15 million years [3]. One type of
floral organ identity gene, APETALA3 (AP3), has three
paralogs, one of which is specific to the novel staminodium,
suggesting that duplications of the AP3 locus facilitated
the evolution of new floral organ types [4]. By contrast, in
several butterflies, eyespot pattern evolution seems to be
associated with the co-option of pre-existent small circuits
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of interacting genes that also function in patterning the
anterior-posterior wing compartment [5], the insect ven-
tral appendages and/or genes that enable wound healing
[6]. At some level, both of these examples involve co-option
of pre-existing genetic components. The key difference is
whether gene duplication facilitates the co-option process,
as is seen in columbine, or if the genetic module can be
directly recruited, as observed for butterfly eyespots.

Major evolutionary transitions can also be studied by
comparing genome sequences at a much deeper phyloge-
netic level.Whendid theevolutionary ‘toolkits’ necessary for
major new features evolve? For example, genome compari-
sons among early branching animals have identified homo-
logs for most synapse components in the demosponge,
Amphimedon queenslandica, which might have facilitated
the later evolution of a nervous system in metazoans [7]. In
plants, whole genome duplications followed by diploidiza-
tionhavebeena recurrent theme.Thisprocess couldprovide
the building blocks for large-scale diversification by dupli-
cating entire genetic pathways, which in turn enables
greater phenotypic plasticity and can create novel genetic
interactions [8]. However, additional genome sequences at
key phylogenetic positions are needed to date the timing of
ancestral duplication events and determine whether they
are correlated with major plant diversification events [9].

Another important contribution of such sequencing
efforts is to elucidate the evolutionary dynamics of micro-
RNA (miRNA)-based regulatory mechanisms across plants
and animals [10,11]. The fact that many genetic modules,
including miRNAs, are deeply conserved, has offered
numerous opportunities for convergence at the molecular
level. Similarly, new model systems for macroevolutionary
questions allow us to measure degrees of conservation and
diversification at both molecular and developmental levels
[12–14].

Microevolutionary changes

A major question in evolutionary biology concerns the
number, location and the effect size of loci underlying
phenotypic variation. Darwin laid the groundwork for a
‘micromutational’ view of evolution in which numerous
genetic changes of small effect underlie differences in
phenotypic and adaptive traits [15]. Variation in some
phenotypic traits described using quantitative trait locus
(QTL) mapping is consistent with this view (e.g. floral
characters associated with self-pollination in Mimulus
nasutus �M. guttatus crosses) [16]. However, QTL studies
from a variety of species have identified traits for which a
modest number of genes can explain large amounts of
observed phenotypic variation. For instance, coat pigmen-
tation differences in beach mice (Peromyscus polionotus)
are largely explained by variation at two genes [17],
whereas many distinct wing patterns inHeliconius butter-
flies seem to be produced by variation at the same locus
[18]. Moreover, major QTLs have been identified in Black
Cottonwood (Populus trichocarpa) for both stem growth
and an adaptive trait, spring bud burst [19]. Although the
micromutational view could still hold, it has become clear
that evolutionary genetic changes can also be concentrated
in few genomic regions (i.e. many mutations of small effect
could occur at the same locus).
A challenge in research using established and emerging
model species is to increase the power and resolution of
genome-scale strategies to identify the precise sequence
changes that lead to phenotypic evolution. In addition, the
role of epistasis and other higher-order interactions (e.g.
among duplicated genes or chromosomes) are poorly
defined in the regulation and evolution of phenotypic
traits. Similarly, in only a few cases has the potential
genetic basis of crucial genotype � environment (G�E)
interactions been identified. Plants hold a special potential
to assist in this process because they respond strongly to
environmental cues. In the major model system Arabidop-
sis, analysis of natural variation has provided considerable
insight into the role of genes such as those that encode the
Phytochrome family in responses to light and temperature
[20,21]. This work highlights how existing major model
systems can be used to address evolutionary and ecological
questions when examined in nature [22,23]. Of course,
more rigorous approaches, including studies of network
biology, are probably required to fully understand G�E
and other complex interactions.

A related question concerning the nucleotide basis for
phenotypic evolution is whether mutations are primarily
found in cis-regulatory regions or in structural, protein-
coding regions and whether these locations differ among
traits or developmental timing. Examples for both have
been found in plants and animals, although the total
number of causative mutations discovered and function-
ally verified remains modest (for recent reviews, see Refs
[24,25]). One example of a cis-regulatory change is the
evolution of light pigmentation in threespine stickleback
(Gasterostreus aculeatus) populations, which result from
upstream changes at the Kit Ligand locus [26]. In plants,
variation in the promoter regions of two KNOX (Knotted1-
like homeobox) genes is associated with the diversification
of leaf morphology in the A. thaliana relative Cardamine
[27]. (This latter case underscores the utility of developing
new systems that are closely related to existing models.)
Conversely, numerous examples can be found for struc-
tural changes underlying differences inmorphological phe-
notypes (e.g. Refs. [24,28,29]). Interestingly, adaptive
differences in beach mouse coat color are attributed to
the interaction of both a structural mutation (Melanocor-
tin-1 receptor) and a cis-regulatory element that affects
Agouti expression [17]. More data are needed to have a
complete view of the relative contribution of cis-regulatory
versus structural differences to phenotypic evolution. Most
notably, the ability to identify cis-regulatory regions is
challenging, because they can exist far from the coding
sequence of their target genes, are variable in length and
are not always well conserved [30].

Another route to understanding how phenotypic evol-
ution proceeds is to study independent origins of the same
adaptive traits and ask whether the same pathways, genes
and mutations have been used (i.e. whether convergence
has occurred at the molecular level; see Ref. [31] for a
recent review). At one extreme is the finding that inde-
pendent origins of melanism have evolved through differ-
ent genetic mechanisms in different populations of rock
pocket mice (Chaetodipus intermedius) [32]. By contrast,
in threespine sticklebacks, the evolution of low-plated
355
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phenotypes in freshwater locations has occurred through
the repeated selection ofEctodyplasin (Eda) alleles derived
from the same ancestral haplotype [33]. Similarly, adap-
tive evolution of beak morphologies in Darwin’s finches
(Geospiza) might have tweaked only two genetic pathways
to generate considerable morphological variation [34,35].
In the plant columbine (Aquilegia), a comparison of the
expression patterns of the anthocyanin pathway genes
across multiple species revealed similar gene-specific
downregulation in lineages that had independently lost
the production of these floral pigments, suggesting similar
mutations in trans-regulatory factors [36].

The ability to identify the degree of molecular conver-
gence for particular traits depends on the genetic resources
available. For instance, QTL mapping can indicate that
similar genomic regions are responsible for a trait but
alone will not determine whether the same genes and
mutations are involved. Similarly, expression studies
might show that different levels of a particular gene cor-
relate with trait variation, but either cis-regulatory or
trans-regulatory mutations could be responsible for the
expression differences. An important goal will be to
identify particular constraints or biases that promote mol-
ecular convergence and the circumstances under which
they occur [37].

What characteristics, resources, and tools are important
for new model systems?
The recent explosion in newmodel systems has resulted in
large part from the increasing accessibility of medium- and
large-scale sequencing, which together with improvements
to bioinformatics tools, produced many genome and
expressed sequence tag (EST) resources (Figure 1). New
model system development has also gained momentum
from demonstrability: in sticklebacks, for example, the
identification of the Eda gene discussed above was con-
ducted via a mapping approach alone, despite the fact that
the locus was not an a priori candidate gene for armor
plating [38]. However, the tools and characteristics that
should be available in a model system depend to a large
extent on the particular questions beingasked. Althoughwe
expect major model systems to possess the full complement
of molecular tools, model systems that are especially devel-
oped to address evolutionary and ecological questionsmight
not possess this entire spectrum of resources (Figure 2).
Although a full complement of tools allows greater precision
and confidence in identifying and functionally verifying the
causative genetic changes responsible for phenotypic evol-
ution, the same level of precision is not always necessary
and, depending on the questions being asked, some tools are
more relevant than others.

Macroevolutionary tools

Models for answering macroevolutionary questions must
be selected with careful attention to their phylogenetic
position. The sampling of new lineages that are not well
represented by existing models, such as hemichordates or
lower land plants, is a priority. The experimental tools best
suited for these studies place an emphasis on candidate
gene approaches, gene expression and functional analyses
(Box 1).
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Obtaining candidate gene sequences. A common
approach in evo-devo research is to document changes in
the expression of candidate developmental genes that have
previously been shown to play an important role in
homologous traits in other taxa. These expression
changes in the underlying developmental program are
then correlated with phenotypic change. Species-specific
probes for such genes are crucial for this approach. One
starting point is to clone the gene of interest using
degenerate primers, given the sequence from a known
homolog(s). Another strategy is to produce a large EST
database from a cDNA library (ideally, a normalized
library). EST sequencing can be an important resource
for any new model system and will facilitate future lines of
research, ranging from candidate gene discovery to
phylogenomics to eventual genome sequencing [39,40].

Reliable expression protocols Established in situ
hybridization protocols are also an essential tool for any
system, but even more so for evo-devo in which studies are
often rooted in comparative gene expression. This technique
allows expression patterns to be visualized in greater detail,
both spatially and temporally, relative to coarser
approaches such as RT–PCR. Species-specific or cross-
reactive antibodies are also useful because antibody
localization techniques are more technically forgiving
than in situ hybridization. Cross-reactive antibodies have
beenaboon tomanybroadcomparativestudies forplantand
animal systems and could negate the need for gene cloning
(e.g. [41,42]).

Large numbers of organisms at many developmental

stages. Given that in situ hybridization can be a
challenging technique to optimize, its success depends on
the availability of a copious supply of organisms at different
developmental stages to ensure that the correct time points
and tissues are sampled. Ideally, these individuals can be
raised in large numbers in a controlled laboratory
environment, although this is not an absolute necessity.
It ispossible touseorganismscollected fromthewild, as long
as theyareavailable in largenumbersatappropriate stages.
Admittedly, this approach has limitations, but several
studies have shown that broad expression surveys and
even functional experiments can be conducted on wild-
collected embryos [13,35,43].

At least one functional tool (but the more, the better).

Inferring gene function fromgeneexpression isnotalwaysa
straightforward process. Some developmental genes are
expressed in very precise patterns and yet have no known
function(s) (e.g. Ref. [44]), whereas others have conserved
expression patterns but new function(s) (either
developmental, biochemical or both; e.g. Ref. [28,29]).
Therefore, it is important to develop reverse genetic tools
to test the functionof thegeneof interest, for example, by the
knockdown of endogenous gene function.With the advent of
RNA interference (RNAi) andmorpholino technology, these
reverse genetic approaches are becoming easily accessible
[45–47]. As overexpression techniques are also developed,
including direct injection of mRNA molecules or proteins
into tissues, viral vectors or transgenic expression assays,



Figure 1. Established and emerging model systems across the metazoan and plant kingdoms. Simplified phylogenies of the metozoan and plant kingdoms show the

relationships among both well-developed and nascent model systems. The colored circles to the right of each genus indicate the spectrum of available tools and resources,

as determined by search of PubMed, Web of Knowledge and public websites, as well as personal communications. The availability of ten different classes of tools are

considered for each model: Nat Var is the presence of natural genetic variation; Map, the availability of a genetic map, which is often, but not necessarily associated, with

the ability to perform classic genetic crosses; Exp, established gene expression techniques; Cult, the ability to culture the organism in the laboratory or easily obtain it in the

field; Trans, established transgenic techniques; Rev Gen, established reverse genetic tools; For Gen, the ability to conduct forward genetic screens; EST, the availability of

an express sequence tag (EST) database; BAC, the availability of bacterial artificial chromosome (BAC) library resources and associated physical genome maps; and Gen

Seq, having a full genome sequence. Filled circles indicate that the tool is currently available or actively under development; empty circles, that it is not yet available. In

some cases (e.g. Arabidopsis spp., Caenorhabditis spp.), the genus name represents several developed model species. Images for models that are shown in bold are

displayed at right.
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Figure 2. Essential tools for new model systems. Depending on the research question and the evolutionary timescale, different tools are important. For macroevolutionary

questions, taxa are chosen to sample deep genetics and phenotypic divergence, whereas for microevolutionary questions, recent evolutionary history, such as adaptive

radiation, is needed. Major genetic models can contribute to either of these types of questions. Although major genetic models are expected to have the full range of genetic

tools and resources, it is not necessary for all model species to have all tools. The major tools we highlighted comprise four classes: genetic, developmental, functional and

genomic. The tools are color coded to correspond to the broader survey shown in Figure 1. The most crucial tools for all models are expression analysis protocols, reverse

genetic tools, expressed sequence tag (EST) databases and either the ability to be cultured in the laboratory or easily obtained from the wild. Microevolutionary models also

require natural variation within the species, classical genetic approaches that depend on genetic maps and a fully sequenced genome or, at least, the availability of BAC

library resources. Transgenic approaches are useful for any model type, but are not always essential.
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phenotypes of interest can be further tested and are
expected to mirror the results of the downregulation ex-
periments. Such complementary tools can establish both
requirement and sufficiency (e.g. when ectopic expression
leads to the activation of amodular developmental cascade)
for a gene’s role in the development of a particular trait.

Microevolutionary tools

To address microevolutionary questions, which typically
involve closely related species, populations of a species or
phenotypic plasticity within a species, it is a good idea to
choose models with an interesting and well-documented
recent diversification (e.g. adaptive radiation, hybridiz-
ation, adaptive phenotypic plasticity). The tools and
resources required to uncover the molecular basis of trait
evolution at this time scale have some overlap with macro-
evolutionary tools but also have some important differ-
ences (Box 2).

A large EST database from a normalized cDNA library.

In the context of microevolutionary studies, an EST
database can be useful for identifying novel candidate
genes in specific tissues associated with the trait under
investigation. Alternatively, a comprehensive library can
serve as the foundation formicroarray design, which can be
used to identify differentially expressed genes across
seasonal forms (phenotypic plasticity), populations of
one species or closely related species (e.g. Ref. [34]). In
addition, EST sequencing that uses tissue from a F1 or F2
hybrid enables the rapid identification of polymorphisms
358
for genetic mapping (e.g. Ref. [48], see below). This
mapping can itself be conducted using microarrays,
thereby facilitating QTL identification [49].

A genetic map with reliable markers. A well-resolved
genetic map is an essential tool for any study that aims to
understand how many loci are involved in phenotypic
variation, along with their relative effect size and
genomic location. Although marker development and the
subsequent construction of a genetic map was once an
extremely onerous task, many array-based and new
sequencing approaches have revolutionized this process
[50,51].

The ability to do traditional genetic crosses. The ability
to cross organisms in the laboratory, for at least two
generations, is required to map the alleles causing the
divergent phenotypes. When variation at candidate
genes is suspected, an association study with single-pair
crosses bearing distinct markers placed at the candidate
loci can help to further implicate these loci in trait
evolution (see Refs. [52,53]). Another option, however, is
to use existing natural variation (e.g. population
genomics), which can allow mapping approaches without
controlled crosses (see [54] for a review). Although the use
of controlled crosses is ideal, because it can also control for
environmental effects (e.g. Box 3), the use of large
pedigrees is often the only option when studying large or
long-lived individuals (e.g. reed deer, sheep, birds;
reviewed in Refs. [55,56]).



Box 3. Models for global climate change

Along with the evolutionary questions outlined here, an increasingly

important and practical issue is how to best study and quantify the

impact of abiotic change, such as global warming, on biodiversity

and ecology. As knowledge accumulates about the genetic variation

underlying adaptive traits within populations, a new question

emerges: can this new information be used to make better decisions

about conserving vital genetic variation, or making informed

decisions about determining appropriate genotypes for restoration?

These and related challenges are addressed by the applied fields of

conservation genetics and genomics, which require basic informa-

tion from studies of evolution, population genetics and genomics,

as well as the dissection of adaptive traits. In addition, many

emerging model systems (e.g. Nematostella, Saccoglossus, Popu-

lus and Aquilegia, among others) have the potential to serve as

‘sentinel species’ – canaries in the coal mine so to speak – because

their sensitive biology can provide feedback on changing habitats.

For example, like many plants, Populus ties its life cycle to

environmental cues, such as temperature [68], making it a useful

model to study responses to climate change. In addition, Populus

might be useful for such applications as carbon sequestration,

bioremediation and even biofuels; thus, the recent completion of the

Populus genome sequence represents an important milestone [69].
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A sequenced genome or bacterial artificial chromosome

library. Many QTL studies identify candidate genomic
areas containing hundreds of genes. A genome sequence
allows additional targeted markers and/or the best
candidate genes to be identified for further examination.
Thus, the genome sequence of a new model species (or a
close relative with conserved linkage) is particularly
important for microevolutionary questions. Bacterial
artificial chromosome (BAC) libraries, on the other hand,
can substitute for full genome sequencing as they allow
relevant BAC clones to be identified and sequenced on a
more limited scale.

At least one functional tool. Once candidate loci are
identified, functional assays are required to test whether
changes in that gene(s) is causative. To determine whether
an amino acid change contributes to the trait, one option is
to produce in vivo or in vitro assays to test alternative
proteins. If transcriptional regulatory changes are
suspected, gene overexpression or knock-down (e.g.
RNAi, see above) can determine whether these
manipulations affect the trait, and specific regulatory
elements can be tested by in vivo or in vitro reporter
assays. In plants, near isogenic lines (NILs) are also
valuable to assess the specific contribution of a locus to
a particular trait as they allowQTL regions to be studied in
isolation (e.g. Ref. [57]). Transgenics, however, are often
themost informative assays, and also are the most difficult
to perform, because they can determine the specific
contribution of genes or mutations to a phenotype.

For microevolutionary systems, recent phenotypic diver-
sification, deepEST sequencing and ease of culture or avail-
ability are essential (Figure 2). Many other techniques
including expression protocols and reverse genetics are
highly valuable, whereas the importance of transgenics
and classical genetics depends on the questions being asked.

Concluding remarks and future perspectives
Recently developed model species already have made a
significant contribution to our understanding of ecological
and evolutionary processes. In addition to the major ques-
tions discussed above, the concept of developmental mod-
ularity has been refined with data using emerging model
organisms including non-melanogaster Drosophilids and
finches [34,35,58]. Also, the persistently intractable issue
of homology is being re-examined using comparative gene
expression and functional tests in models such as ferns,
butterflies and sea anemones [6,14,59]. Novel systems can
also offer information about phylogenetic relationships by
providing new informativemarkers either as sequence data
[40] ormorphological and developmental characters [60,61].
Finally, if currentmodelsprove inefficient orunsatisfactory,
newmodel systems can and should be developed to address
questions of practical and clinical significance. For example,
new insights into stem cell biology and regeneration are
promised by flatworms [62], and transgenic advances in
chickens, including the development of economically
important traits, could have important applications [63].

Establishing a new model system is not as laborious or
expensive as it once was. This discussion of important
characteristics to answer specific types of biological ques-
tions should help pinpoint candidate species for newmodel
development. As long as samples can be easily obtained,
even if they cannot be cultured in the laboratory, deep
express sequence tag (EST) and genome sequencing is
possible. However, developing a new model system can
present challenges: a pre-existing research community
might not exist, and specific tools might have to be devel-
oped, possibly requiring significant investments of time
and/or money. Moreover, we acknowledge that every study
organism is not suited for development as a model system,
whether it is because of factors such as large genome size,
extremely long generation time or limited research ques-
tions. Ultimately, increased resources from funding
agencies will have to stretch to support the development
of new community resources (e.g. transgenics or culture
facilities) and the creation of preliminary tools (e.g. EST
collections or bacterial artificial chromosome libraries) for
emerging model systems, making it even more important
that choices bemade with care. If given the proper support,
August Krogh’s comment that ‘For many problems there is
an animal [or plant] on which it can be most conveniently
studied’ [64] can be realized.
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