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Genetic basis of fithess differences in

natural populations

Hans Ellegren’ & Ben C. Sheldon®

Genomics profoundly influences current biology. One of many exciting consequences of this revolution is the potential for
identifying and studying the genetic basis of those traits affecting fitness that are key to natural selection. Recent studies
using a multitude of genomic approaches have established such genotype-phenotype relationships in natural populations,
giving new insight into the genetic architecture of quantitative variation. In parallel, an emerging understanding of the

quantitative genetics of fitness variation in the wild means that we are poised to see a synthesis of ecological and molecular

approaches in evolutionary biology.

he darwinian evolutionary process can be summarized
into three components: struggle for existence, variation
in characters that influence success in that struggle, and
transmission of that variation from parents to offspring.
Understanding the causes of variation among individuals in their
contribution to future generations—variation in fitness—and the
way in which that variation is inherited—its genetic basis—thus lies
at the heart of our understanding of evolution. In this review we
discuss the genetic architecture of fitness traits in wild populations
and how new genomic approaches to non-model organisms can
pinpoint the genetic locus’ of evolution. We argue that we are
approaching a synthesis of population biology and genomics, with
the potential greatly to advance our understanding of evolution in
wild populations. We focus on animal populations, because these are
easier to study in the wild; for related work on plants see ref. 1.

Fitness variation in the wild

For most biological problems, studying laboratory model organisms
offers tremendous advantages in terms of control, replication and
convenience. However, it is precisely those advantages that under-
mine the utility of these models for studying fitness variation (see
Box 1), and its basis. In this case, field studies are of most relevance,
because laboratory studies provide novel, stable, uniform, benign
environments, where selection is unlikely to operate as it would in
wild populations. In some cases (such as Drosophila populations used
by biologists for experimental evolution studies®), laboratory popu-
lations have been maintained for long enough (hundreds of genera-
tions), and with sufficient competition, that adaptation to this novel
environment has presumably occurred. Even in these cases, the
relative invariance of the environment (or the arbitrariness of any
imposed variation) suggests that they may be poor models of natural
populations. On the other hand, laboratory models offer very clear
advantages for testing the plausibility of evolutionary hypotheses,
and for fine-scale dissection of their operation, and are often able
to suggest novel hypotheses that can be further tested in field
populations®”. In addition to the environment influencing the
relevance of fitness measures, the expression of genetic variance
depends strongly on the environment in which it is measured.
Comparisons across environments both in the laboratory and in
the field indicate strong interactions between the expression of
genetic variance and environmental axes®. Hence, studies of fitness,

and the genetic factors influencing it, must be carried out in matching
environments, ideally those to which organisms are adapted. This
was appreciated by early ecological geneticists such as Ford and
Dobzhansky; indeed, there are interesting parallels between their
work and current interest in moving genomics into the field.

Measuring fitness in natural populations requires dedicated field
effort, sometimes for decades, and the scale of these studies makes
them particularly valuable for studying genetics of fitness in the wild.
Studies over tens of generations result in long-term pedigrees of
animals of known relatedness, inhabiting a wide range of environ-
mental conditions. Currently, reliance on physical marking methods
(banding or tagging), and the need for some observational informa-
tion to frame inferences about parentage, has restricted such studies
to vertebrates that undergo limited dispersal, particularly birds and
mammals. This may change, and genetic-marker-based approaches
may soon be used to reconstruct pedigrees in population types such
as free-ranging invertebrates, or organisms with external fertilization.
There are now numerous studies of selection on morphological,
behavioural and life-history characters, replicated over many years
within populations”. These studies confirm that natural selection
often acts strongly and consistently within populations; the strength
of selection is comparable to, or stronger than, that obtained from
shorter-term studies of selection'.

Quantitative genetics of fitness in the wild

The maturation of long-term population studies, and the opportu-
nities they offer for measuring selection, has been accompanied by a
surge of interest in applying quantitative genetic models, particularly
the ‘animal model’ approach'' to wild populations. This has con-
firmed the empirical generalization from laboratory studies that
additive genetic variance varies with respect to trait type: characters
under strong selection have low heritabilities, high additive genetic
variance, and even higher environmental variance'. Estimates of the
heritability of fitness itself have generally been unable to exclude zero
in their range when using traditional measures of fitness; those that
have taken account of demography, and which are measured at a per-
generation scale (for example, Box 1) have found small, but signifi-
cant, heritability of lifetime fitness>'’. Simultaneous estimation of
environmental and genetic influences on characters, and their sepa-
ration in individuals, which animal models allow, is vital to gain
unbiased estimates of the force of selection on characters. Both
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Box 1| Fitness variation and natural selection in the wild

A mathematical model for the relationship between natural selection
and evolution was developed in the 1960s and 1970s by Robertson, Li
and particularly Price, encapsulated by the Price equation, which
specifies the relationship between evolutionary change and selection,
conditional on the transmission of variation®. The link between
genetics and selection was further developed in multivariate form by
Lande and co-workers®®®’, who proposed an intuitive multiple-
regression-based approach for the quantification of selection in natural
populations. The essence of this approach is that selection gradients
are derived that describe associations between fitness and trait
variation. Its appeal is that, in principle, in combination with
information about genetic variances and covariances, inferences about
the evolutionary forces acting on populations, and potential
evolutionary trajectories, may be derived. A central challenge for
studies in the wild is to understand the importance of environmental
covariance between traits (Box 1figure). In this hypothetical example,
selection f is assessed by measuring the covariance ¢ between
phenotype (subscript ‘p) and fitness w, but the true relationship
between the genetic component of a character and fitness (that is, the
degree to which the trait will respond to selection) may be masked by
environmentally induced covariances (where subscript ‘e’ refers to the
environment) between the trait and fitness, which will be determined
by the product of ¢, and ¢. ., When this covariance is positive,
selection will be overestimated. To understand selection and fitness
variation requires that fitness be measured. While fitness can be
defined simply as the number of offspring contributed to future
generations, either for individuals or for populations, this definition
may not be reliable in non-stable populations, for which a measure of
the intrinsic rate of increase at either population or individual levels
that takes into account the timing during life that offspring are
produced, is preferred. The appropriate definition of fitness may also
depend on the context: theoretical approaches typically focus on
population fitness measures, whereas empirically oriented studies
tend to focus on individual fitness®®. A recently developed fitness
measure that combines individual and population aspects of fitness,
designed to deal with unstable population dynamics and to take
account of the continuous nature of evolution, has been termed ‘de-
lifing', because it assesses the effect on population growth of removing
each individual's contribution to the population®®. Application of this
and other methods to take account of population demography may
yield insights about the operation of selection and evolution in natural
populations’®”",

B
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Box 1Figure | Genetic and environmental effects on fitness.

Darwin and Fisher discussed cases of what we would now term envir-
onmental covariance between phenotype and fitness, where selection
on a character is apparent, rather than real, because both are corre-
lated with a third unmeasured character (Box 1). Such effects can be
very important, with the result that selection is much weaker than
would be apparent. For example, Kruuk and colleagues showed” in
red deer stags that while the males with the largest antlers enjoyed
highest reproductive success, most of this effect was due to correlated
effects of the environment: the true force of selection on antler size
was much weaker.

An emerging theme from recent studies of wild populations is the
conditional nature of much of the expressed genetic variation, both
with respect to the environment, but also to the life-stage of the focal
individual™, and its sex’. This has important consequences for our
understanding of the evolutionary dynamics of characters in the wild.
For example, Wilson and colleagues® showed that additive genetic
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Box 2 | Evolutionary change while the environment changes

Whether populations are usually at evolutionary equilibria, evolving
only in response to shifts in the adaptive landscape, or whether
evolution is continually occurring, is fundamental to our understanding
of the evolutionary process. Recent studies of wild populations suggest
that observations of phenotypes alone offer little chance of resolving
this question, because evolutionary responses may be hidden by
environmental deterioration (for example, due to density-dependent
competition for resources). Indeed, Fisher’® and Price” showed that
this can be expected to be the case when a change in gene frequencies
itself causes a form of environmental deterioration, which will be true
when fitness depends to a large extent on success in competition with
conspecifics. If generally true, this implies that much evolutionary
change, and differentiation in wild populations, may not be apparent at
the level of the phenotype (Box 2 figure): detecting these differences
becomes increasingly challenging using quantitative genetics alone,
because the models and traits become ever more complex, and
removed from raw phenotypes. Understanding the molecular genetic
basis of the traits can make this problem far more tractable.
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Box 2 Figure | Simplified representation of opposing effects of the
environment and selection on the phenotypic evolution of a quantitative
character. If a trait is under directional selection, the mean phenotype is
expected to change as a function of the genetic variance and the strength of
selection on that character (Cov[w, z]), as shown in the top panel; the red
curve at time #, (bottom panel) indicates a hypothetical change in the
distribution of phenotypes due to selection. However, a simultaneous
change in the environment(¢,,, and the green curve) can act to mask any
change due to selection. The resultant phenotype (blue curve), and the
extent to which any evolutionary response over time Az(t, — t;) is
observed, depends on the balance between these two effects.

variance in birth weight in wild sheep, a trait under strong selection,
was higher in years in which survival was high; conversely, selection
was weakest in such environments. This had the effect of producing a
negative covariance between the selection on this character, and the
variance available for selection, a process that would act to constrain
the evolutionary response to selection. A second recently emergent
theme is that analysis at the level of phenotypes may give a very
incomplete picture of the degree of genetic change occurring over
time. Ecological geneticists have long been aware of the phenomenon
of counter-gradient variation, where an ecological or environmental
gradient acts to hide genetic differentiation along the same axis'”. For
example, selection may favour faster developmental rates at higher
latitudes, but in ectotherms, lower ambient temperatures may reduce
the effective rate of development'®; ‘common garden’ experiments
are used to separate such effects. Several recent long-term studies
have demonstrated a form of temporal counter-gradient variation,
where responses to selection on morphology (body mass in two bird
species'”'® and in wild sheep'®) at the level of the breeding value were
much larger than was apparent at the phenotypic level, because of
simultaneous changes in the environment. Such a pattern of ‘cryptic
evolution’ may be quite general (Box 2).

©2008 Nature Publishing Group
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What is the ‘locus’ of evolution?
The application of quantitative genetics should, ideally, be done bear-
ing in mind the assumptions of this method of analysis: for example,
that very large numbers of loci of small effect underlie traits. It will not
be until the union of ecological and molecular genetics that we have an
understanding of how realistic these assumptions are. Before we dis-
cuss the potential for unravelling the molecular basis of fitness differ-
ences in natural populations using genomic approaches, we must
consider in which type of DNA sequence we expect to find adaptive
mutations affecting fitness. What is, as Hoekstra and Coyne™ put it,
“the locus of evolution”? More than 30 years ago, King and Wilson®',
inspired by the similarity of human and chimpanzee proteins, sug-
gested that it may be changes in regulation of gene expression, rather
than changes in their structure, that mainly drive phenotypic evolu-
tion. Whether this is actually the case has been a contentious issue,
perhaps more now (paradoxically, given the availability of sequence
data) than ever before. One school of thought, whose advocates are
mainly concerned with morphological evolution (‘evo-devo’), holds
that cis-regulatory elements are indeed the primary targets for genetic
changes underlying new phenotypes®. Another school of thought
maintains that changes in amino-acid-coding regions of genes, lead-
ing to new protein structures, are the key to functional evolution®.
There is no reason to expect one or other of these mechanisms to the
sole explanation, so the debate concerns their relative importance.
Work on model organisms rarely focuses on population data so
there is little information available on naturally occurring variants
that affect fitness that is relevant to this debate. Comparisons of
closely related species in Drosophila and Saccharomyces show that
regulatory mutations underlie several key fixed differences in pheno-
type*°. However, there are also examples of structural changes in
genes affecting phenotypes of central importance*. More generally,
much recent work has demonstrated the role of positive selection in
adaptive protein evolution across many different organisms®. As
genomics is taken into natural populations, it seems prudent to
expect that the loci of evolution will be both regulatory and structural
in origin. We now review the resources and approaches (Fig. 1) that
are currently available to find these loci.

Genomic resources

Linking genes or other DNA sequences to fitness ultimately requires
genome sequence information. Until recently, obtaining such data
has been a limiting step for progress on non-experimental models.
With the first gigabase-pair-sized genomes targeted, it was foreseen
that genomic research would move rapidly into post-genomic
approaches focusing on functional aspects rather than on gathering
more sequence data. However, while functional genomics has
indeed flourished, DNA sequence data continues to accumulate

Phenotype
Expression Linkage: L|nk§g_e: Comparative
-~ 4 association F
profiling genetic ; genomics
mapping

NM

(Candidate) gene

!
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Figure 1| Linking phenotypes to genotypes. Routes towards linking
variation in phenotypes to variation in genotypes.
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exponentially. New high-throughput technologies have hugely
decreased the unit time and cost of obtaining sequence data and open
up immense possibilities for large-scale sequencing initiatives in
ecologically important species. One of the first such examples is the
sequencing of a large fraction of the coding part of genome of the
Glanville fritillary butterfly Melitaea cinxia, a key model species in
studies of metapopulation ecology*®. Moreover, it is increasingly
recognized that comparative genomics, where sequences from two
or more species are aligned and compared, is a powerful tool for
detecting regions that evolve under negative or positive selection,
indicative of functionality. Adaptive evolution can be inferred
from, for example, gene sequences showing sites of repeated non-
synonymous substitutions in multiple species alignments, an
increased rate of non-synonymous substitutions in divergence com-
pared to diversity data, or a high frequency of derived alleles™.

Genetic mapping in natural populations

Linkage analysis is the traditional way of identifying chromosomal
regions containing trait loci in model organisms. It relies on following
the inheritance of segregating traits in pedigrees and seeks to find co-
inheritance of traits and genetic markers; if this can be established,
trait loci are inferred to map in the vicinity of marker loci. As the
power of linkage analysis increases with number of meioses that can be
studied, linkage maps have so far mainly been constructed for species
that can be bred in captivity, including fishes, insects and mammals.
However, linkage maps from wild populations are starting to accu-
mulate, including some of model species for ecological research.

Decades of work on human disease genetics and trait mapping in
model organisms has revealed that finding the causal genetic basis of
segregating phenotypes can be extremely demanding. In general, the
lower the heritability and the more loci involved, the more difficult it
is to dissect genotype—phenotype relationships™. Added complexity
results from the fact that genetic variation at different loci may con-
tribute to similar phenotypes in different populations, notably due to
gene—environment interactions. Given this, will quantitative trait
locus (QTL) mapping be a useful method for unravelling genetic
architecture of traits of modest heritability that demonstrate con-
tinuous variation in natural populations®'? The answer is likely to
depend on the character of the study system. The use of inbred line
crosses is the most powerful method of QTL analysis, because it
maximizes linkage disequilibrium between markers and trait loci*.
Accordingly, if organisms from natural populations can be bred and
selected for divergent phenotypes under controlled conditions, map-
ping is quite feasible, although, as stated above, laboratory conditions
do not replicate the full range of environments experienced by organ-
isms in the wild. Another caveat is that the use of inbred lines fails to
mirror epistasis based on standing genetic variation shown by organ-
isms in outbred populations.

For QTL mapping to become widely used for studies of outbred
natural populations will require that large pedigrees, or extensive
series of sibling-pairs, can be sampled and components of fitness
measured in these individuals®?*. If this proves impractical, for
instance because of long generation times or because fitness can be
measured for few individuals in the pedigree, alternative approaches
may be more promising, as discussed below. Moreover, it must be
recognized that mapping chromosomal regions that co-segregate
with traits of interest represents just the first step towards identifica-
tion of causative genetic variants. Numerous genes usually reside
within a targeted chromosomal region and the eventual identifica-
tion of such variants may require positional cloning, refined mapping
and nomination of candidate genes. Only a few studies of natural
populations have yet gone all this way, notably the mapping® and
subsequent identification of ectodysplasin®® underlying armour
plate patterning in different populations of threespine sticklebacks.
Mutations at this locus have led freshwater forms of sticklebacks to
evolve a loss of pelvic structure, possibly an adaptation to a change in
the risk of predation.

7m

©2008 Nature Publishing Group



REVIEWS

An alternative method is to search for linkage between markers
and trait loci by genome scans of population samples, rather than by
pedigree analysis. Known as association mapping or linkage disequi-
librium mapping, the approach relies on a statistical association
between marker and trait loci that are in linkage disequilibrium,
typically with much higher resolution than in conventional pedigree
analysis. The efficiency of association mapping depends, among
other things, on the number and distribution of markers used to scan
the genome, and the extent of linkage disequilibrium. Extensive link-
age disequilibrium facilitates detecting disequilibrium between trait
loci and markers but comes with the price of reduced resolution;
short-range linkage disequilibrium requires more markers but sim-
plifies the subsequent process of identification of causative sequence
variants. Data on linkage disequilibrium in natural populations
are now accumulating and, not surprisingly, indicate that it varies
among species and is at least in part dependent on population his-
tory’”?. It is important to note that population structure may result
in artefactual associations™.

If genetic markers spread across the genome are available, other
approaches can be used for the identification of regions subject to
adaptive evolution, using population samples. Selective sweep map-
ping* takes advantage of the fact that strong positive selection is
expected to leave a local footprint in form of reduced genetic diversity
around the selected locus; when a selected allele goes to fixation,
linked neutral variants will also increase in frequency. However, it
can be demanding to achieve sufficient statistical power in genome-
wide scans, in part relating to dominance and whether selection has
been acting on standing variation or a new mutation*"*. Finally, it
has recently been argued that, by studying the distribution of
inbreeding coefficients across the genome, regions that show appar-
ent adaptive divergence among populations can be identified***.
Often referred to as population genomics*, this approach is particu-
larly suited for identifying loci under disruptive selection, such as in
recently derived species or in diverging populations. It has been
applied to a variety of species in which genomic regions with a high
distribution of inbreeding coefficients, suggestive of strong assort-
ative mating, or even reproductive isolation, contrast with a genomic
background of almost free gene flow*. Local adaptation often
occurs along environmental gradients associated with continuously
varying phenotypic characters, so it is sensible to search for outlier
loci in consecutive pairwise comparisons along such gradients. For
example, in the common frog (Rana temporaria), a number of can-
didate loci for adaptation to altitude have been found, identified
through showing a significantly higher degree of differentiation than
under neutral expectation®.

In combination, genome scans are important in confirming that
QTLs identified in contemporary populations have played a part in
adaptive phenotypic differentiation, driven by directional selection. If
signs of selection as revealed by scans for reduced within-population
variability or increased between-population divergence coincide with
the chromosomal location of QTLs, this highlights the significance of
genes within these regions in adaptive evolution*®.

Candidate gene approaches

A major advantage of studies of the genetic basis of fitness differences
in natural populations is that candidates for trait loci can be nomi-
nated on the basis of knowledge of similar phenotypes in model
species, circumventing the tedious process of unprejudiced gen-
ome-wide approaches. A successful example of this approach is the
analysis of adaptive variation in vertebrate pelage and plumage
traits. Coat-colour mutations in laboratory mice provide a detailed
catalogue of proteins involved in pigmentation with associated
information on how these proteins interact with each other. The
melanin-based pigmentation pathway leading to melanocyte develop-
ment and migration is highly conserved in vertebrates, so the wealth of
information provided by mouse genetics is broadly applicable. The
melanocortin-1 receptor (Mclr), a G-protein-coupled receptor that
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induces cAMP production needed in the synthesis of eumelanin, is
known to be a major determinant of pigmentation phenotypes®. A
candidate gene approach focusing on allelic variation in McIr has
successfully linked this gene to colour morphs of adaptive significance
in several natural populations, including pigmentation variation
relating to crypsis in pocket mice®, little striped whiptail and lesser
earless lizards®, and to mate choice in arctic skuas and lesser snow
geese”. Other genes involved in this pathway, like Tyrp1, Agouti*® and
Kitlg*, have also been shown to be associated with pigmentation
polymorphisms in natural populations. In the case of McIr, there is
compelling evidence that the causative genetic background to pheno-
typic variation is coding sequence polymorphism. As such, fitness-
related coat-colour polymorphism mediated by McIr exemplifies a
mendelian trait governed by variation in gene structure rather than
gene expression.

An excellent example of how the power of the candidate gene
approach can be strengthened by parallel genetic mapping is the case
of albinism in Mexican tetra fish (Astyanax fasciatus/mexicanus).
Several cave populations of these fish have independently evolved
reduced pigmentation and regressed eyes compared with surface or
river-dwelling sister populations. By constructing a microsatellite-
based genetic map, Protas et al.> obtained a very strong signal of
linkage between albinism and a single chromosomal region. When
testing the segregation of a number of candidate genes known to have
profound effect on pigmentation in model species, the gene ocular
and cutaneous albinism-2 (Oca2) was found to map to the same
region and thus co-segregate with albinism. Subsequent sequence
analysis showed that amino-acid substitutions and coding sequence
deletions occur in Oca2 of albinistic cave fish. This study is of par-
ticular importance because, as is now commonplace in studies of, for
example, human disease mutations, the identification of a causative
locus was supported by functional studies in a mouse model.
Although technologically demanding, such dual strategies (genetic
and functional) will be very important in future studies of natural
populations.

Another category of genes that are good candidates for those influ-
encing fitness in natural populations is those encoding proteins
involved with glucose metabolism (‘energy production’). For
example, the enzyme phosphoglucose isomerase (Pgi) catalyses the
conversion of glucose-6-phosphate to fructose-6-phosphate in the
first phase of glycolysis. Pgi polymorphism has major fitness effects in
a diverse range of species®. In the Glanville fritillary butterfly, allelic
variation at Pgi correlates with flight metabolic rate and is related to
dispersal rate and the ability to establish new and isolated popu-
lations™. As such, this system constitutes one of the best examples
of how genetic variation at a fitness-related locus affects metapopu-
lation dynamics and population growth. The effect of Pgi poly-
morphism was found to be dependent on the size and isolation of
populations; hence the genetic effect was strongly dependent on the
environmental context, underlining the importance of combining
ecological and genetic approaches. A caveat is that it remains to be
formally demonstrated that Pgi is the causally responsible locus; in
theory, a closely linked locus may be involved.

Transcriptome analysis

Improvement in array technology has had a significant impact on
large-scale studies of gene expression—transcriptome profiling—
with increasing application to natural populations™. A case study
of the genetic background to adaptive variation in beak morphology
among Darwin’s finches is described in Box 3. A microarray experi-
ment uses representative probes corresponding to known genes
from a genome, or of most of the sequence from a genomic region
(tiling paths or tiling arrays), to which tissue messenger RNA is
hybridized and quantified on the basis of hybridization intensity.
The experimental rationale is usually straightforward: hybridization
data from two or more groups of samples (treatments) are compared
to seek evidence of differentially expressed genes. The access to
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Box 3 | The genetic basis of beak morphology in Darwin's finches

Adaptive radiation among Darwin's finches has resulted in more than
ten different finch species exploiting a variety of ecological niches on
the Galapagos islands, reflected in distinct beak morphology. Species
feeding on cactus flowers have long, pointed beaks, species eating
seeds on the ground have deep, wide beaks, while insect eaters have
slender, pointed beaks. Differences in external beak morphology are
consistent with corresponding differences in craniofacial skeletons and
it has been shown experimentally in other bird species that the cellular
origin of beak development is in the neural crest-derived
mesenchyme’?. Studying the expression pattern of growth factors
implicated in avian craniofacial development, Abzhanov et al.”* found a
strong correlation between beak morphology and the level of
expression of bone morphogenetic protein 4 (Bmp4) in the
mesenchyme of the upper beak. This suggests that regulation of Bmp4
expression is a key variable determining quantitative variation in beak
morphology of Darwin's finches, although it cannot distinguish
between a role of cis-regulatory elements or of variation in the
induction/transduction of upstream factors. Subsequently, the same
group used microarray hybridization to identify differentially
expressed genes among finches with different beak morphology’®. This
led to the identification of calmodulin (CaM), a key component of a
Ca’*-dependent signal transduction pathway essential for the control
of bone differentiation and growth, being expressed at much higher
levels in cactus-feeding finches than in other species. These studies not
only provide new insight into this textbook example of evolution by
natural selection. They also show both the power and feasibility of
combining several genomic approaches to non-model species, in this
case including the construction of a species-specific expression array.
In addition, they constitute an unusual example of experimental
confirmation of the functional significance of the proposed genetic
mechanism by experimental manipulation in a model system:
misexpression of Bmp4 and CaM in developing chicken embryos has an
effect on beak morphology similar to that seen in finches’”.

species-specific arrays, typically limited to organisms in focus for
genome projects, has somewhat impeded widespread use of micro-
arrays. However, cross-species application of arrays developed for
related species is a useful alternative.

Transcriptome profiling has in several cases shown distinct differ-
ences in gene expression between divergent natural populations, par-
ticularly for fish species®. For example, differences in the expression
of genes involved with swimming activity were found between the
dwarf and lake ecotypes of whitefish, consistent with differences in
feeding behaviour and niche exploitation®. However, just as the
relative importance of natural selection and genetic drift has been a
long-standing issue in molecular evolution, there is ongoing debate
concerning how much variation in gene expression results from
neutral processes and selection, respectively. Similarly, the relative
influence of directional selection and stabilizing selection is
debated®. Many microarray studies use pooled rather than indi-
vidual samples for analysis, but there is increasing evidence for sig-
nificant inter-individual variation in patterns of gene expression,
perhaps for the majority of genes. Moreover, there is an emerging
understanding that much of the expression variation seen under
controlled environmental conditions is heritable®'. Hence, in prin-
ciple, there is raw material for evolution by natural selection. Also, as
genes are typically part of networks, it is easy to see that many, if not
most, of the differences in gene expression seen between two pheno-
types do not necessarily represent genetic differences underlying
phenotypic difference. As an illustrative example, thousands of tran-
scripts can be found differentially expressed between males and
females of many species®, yet the great majority of these genes are
not directly involved with sex determination.

With new, ultrahigh-throughput sequencing technology, the way
gene expression is studied is likely to change soon. Rather than rely-
ing on measuring gene transcript abundance from hybridization
intensity to microarrays, the number of times transcripts are called
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in deep-coverage sequencing affords direct quantification of expres-
sion levels. An attractive feature of this approach for studies of non-
model organisms is that there is no need for the construction of
species-specific microarrays.

Future directions

As outlined above, the past few years have seen remarkable growth in
the range and scope of applications of genetic tools to evolutionary
problems. Many conceptual, technological and analytical innova-
tions, driven by work on the major genomic models, have hugely
increased the applicability of these methods to non-model organisms.
As sequence and genome structure data continue to accumulate, the
possibilities for using these data for comparative purposes, and for
leaping between species, will become ever richer. Given the rate of
development, predicting where the limits of technology will lie in five
years’ time is very difficult.

Coupled with the huge increase in the applicability of genomic
resources has been an improved understanding of the operation of
natural selection from a quantitative genetic perspective in wild
populations. This has been driven by the increased availability of
high quality, long-term data sets from natural population studies,
as well as the application of analytical techniques from other fields.
These new studies have, in some cases, studied selection, phenotypic
changes, and inheritance over tens of generations, providing richly
detailed insights into the importance of spatial and temporal vari-
ation and their interaction with selection and inheritance.

The merging of these two research traditions offers the possibility
for important insights into major problems in the evolutionary bio-
logy of wild populations; we outline three candidates here. First, the
ability to identify specific genetic loci influencing phenotypes will
enable a much more precise understanding of what constitutes a trait
that can be the target of selection. For example, there is considerable
interest at present in the evolutionary ecology of plasticity, partly
owing to its relevance to adaptation to human-induced environ-
mental change, and a reaction norm approach is often taken, where
the expression of phenotypes across environment is analysed as a
trait®”. Knowledge of the molecular genetic basis of characters,
coupled with expression studies, will enable the determination of
whether phenotypes in different environments are really the same
traits, and also potentially of the loci (‘plasticity genes’) which control
the expression of these phenotypes across environments. In general,
field biologists have tended to ignore the problem of the relationship
between traits and underlying genetic causes (the ‘phenotypic gam-
bit’), but there is no longer any excuse to do so.

Second, with an increased focus on the loci underlying traits, several
related issues are brought closer to solution. For example, recent inter-
est in the role of sexually antagonistic genetic variation is based on
classical quantitative genetics** or laboratory-based Drosophila breed-
ing experiments’. A genomic perspective allows the possibility—for
example through whole-genome scans or the analysis of sex-by-link-
age-disequilibrium interactions—of identifying and characterizing
any sex-antagonistic genes, and testing evolutionary theories about
their genomic location.

Genomic approaches can also be used to determine the molecular
genetic basis of genetic correlations, whether resulting from linkage
disequilibrium or pleiotropy, and hence are of considerable impor-
tance in determining their role in directing evolutionary trajectories.
A much-debated question in evolutionary biology concerns the
stability of the genetic variance—covariance matrix. While assessing
the temporal component of this problem may still be beyond reach, it
might be approached at least from a spatial or environmental per-
spective. The genetic structure of traits is also of great importance for
debates about the forces driving sexual selection, and the evolution of
costly mate choice. The application of genomics has the potential
to resolve questions such as the importance of additive and non-
additive genetic variance in sexual display characters, and hence to
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determine the extent to which female choice predicated solely on
characteristics that can be transmitted to offspring is plausible®.

Third, a general problem concerns the extent to which environ-
mental and temporal variation act to maintain genetic variation for
characters under fluctuating selection. There are many candidate pro-
cesses that can maintain genetic variation in natural populations™;
some of these processes can be studied by linking genes and fitness
variation in ecological studies. For example, testing for the presence
and importance of QTL and gene—environment interactions will shed
light on this problem from a within-population perspective, whereas
comparisons of selection on allelic variants in populations in different
selective environments can place this question in a spatial context.
Extending this question to a temporal framework offers the possibility
of addressing (for example by applying a re-sequencing approach
involving archived specimens or samples, and contemporary popula-
tions) the extent to which populations are continually undergoing
adaptive evolution, or are relatively static.

Challenge and conclusion

A challenge must be accepted for this synthesis to occur. Each field
has been based around the choice of different attributes for model
organisms. It is inevitable that our understanding of evolutionary
genomics is best developed in those organisms that have longest
served as models for laboratory genetics (Drosophila, rodents), or
that have most relevance to biomedical science (for example, pri-
mates). The most effective choice for studies of fitness in wild popu-
lations is diurnally active vertebrates that live at high densities
(ungulate mammals, passerine birds, squamate reptiles). This has
affected the kinds of problems that are tackled; more overlap between
these questions should develop as more genomic information
becomes available. For example, bird genomes appear to show high
degrees of conservation in terms of organization, suggesting that with
the impending addition of the zebra finch to the completed genome
sequences of birds, much more work on wild birds that is genomic in
focus will become possible. Equally, the increased ease of obtaining
genomic information may reduce the need for observations of mat-
ings or parentage that motivates the choice of ecological models.
Nevertheless, it would be naive to suggest that purely field-based
models are soon likely to offer the opportunities that laboratory
models do: there is a continuum between experimental model and
ecological realism, and the most productive ground may lie with
species that occupy an intermediate position on this continuum,
such as sticklebacks or mice. Some field biologists may need to reas-
sess their choice of model species, or be prepared to wait some time
before they can apply the full range of genomic approaches. Equally,
some laboratory-based scientists may need to consider whether
placing their studies within an ecologically relevant context may
offer, in the long run, more insight into contemporary evolution.
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