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Studies of the genetic basis of adaptive changes in
natural populations are now addressing questions that
date back to the beginning of evolutionary biology, such
as whether evolution proceeds in a gradual or discontin-
uous manner, and whether convergent evolution
involves convergent genetic changes. Studies that com-
bine quantitative genetics and population genomics
provide a powerful tool for identifying genes controlling
recent adaptive change. Accumulating evidence shows
that single loci, and in some cases single mutations,
often have major effects on phenotype. This implies that
discontinuous evolution, with rapid changes in pheno-
type, could occur frequently in natural populations. Fur-
thermore, convergent evolution commonly involves the
same genes. This implies a surprising predictability un-
derlying the genetic basis of evolutionary changes.
Nonetheless, most studies of recent evolution involve
the loss of traits, and we still understand little of the
genetic changes needed in the origin of novel traits.

New approaches to old questions

In the latter part of the 19th Century debate raged in the
incipient field of evolutionary biology between the biome-
tricians, who took a gradualist, incremental view of evolu-
tion, and the mutationists, who argued that evolutionary
change could proceed in discontinuous leaps [1]. Such was
the animosity that the leading biometricians, Karl Pearson
and Walter Frank Raphael Weldon, were forced to estab-
lish their own journal rather than contend with the muta-
tionist William Bateson who had a stranglehold on
publication at the Royal Society. Although many of the
early arguments were reconciled in the modern evolution-
ary synthesis, essentially the same debate was resurrected
in different forms throughout the 20th Century, with the
discontinuous evolutionary position represented with dif-
ferent emphasis by the ‘hopeful monsters’ of the develop-
mental biologist Richard Goldschmidt in the 1940s [2], and
to some extent by the ‘punctuated equilibrium’ hypothesis
of the palaeontologist Stephen J. Gould in the 1970s [3]. In
the 21st Century we now have the tools to study evolution
on a genome-wide scale in a diverse array of natural
populations, allowing us to uncover the mutational steps
that characterise adaptive change. In this way, questions
that date back to the early days of evolutionary biology are
beginning to be answered.
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Indeed, there has been a recent explosion of studies
attempting to identify the genetic basis of adaptive change
in natural populations. These can be divided into forward
genetics approaches, which assume no a priori knowledge
of the genes involved and scan the genome for regions of
interest, and those using reverse genetics or candidate-
gene approaches in which genes are selected a priori (Box
1). Focusing on adaptation in wild animal populations
under natural selective pressures, and primarily but not
exclusively on morphological evolution, we look at three
major questions: does evolution proceed by large-effect
mutations or by the accumulation of many small-effect
mutations? Are the same genes utilised when evolving
similar phenotypes? And, what are the genetic changes
required for the evolution of novel structures? Although
our examples are restricted to animals, some similar pat-
terns are emerging in plants [4-6] and microorganisms
[7,8].

Is evolution jerky or gradual?
The question of whether evolution proceeds in major steps is
really one of the relative contribution of different substitu-
tions to an overall bout of adaptive change, sometimes
termed an ‘adaptive walk’ [9,10]. Although an individual
substitution will often correspond to a single novel muta-
tion, this might not be the case if novel alleles are drawn
from standing variation or from gene flow between different
populations or species. Theoretical work has shown that the
distribution of substitutions should follow an exponential
distribution (with few substitutions of large effect and many
of small effect) and large-effect substitutions are more likely
in the early stages of adaptation to a novel environment;
these adaptations are subsequently perfected by minor-
effect substitutions [9,11]. Empirical tests of this theory
in natural populations, however, are hampered by our
inability to identify individual mutations and to track the
timecourse of adaptive substitutions. Nonetheless, many
studies have identified quantitative trait loci (QTL) across
the genome that contribute to a particular adaptation.
Importantly, these QTL can contain many individual muta-
tions (as discussed below) but they do still provide some
insight into the number of genes influencing a trait.
Before molecular studies, classical crossing experiments
had already shown that some major phenotypic changes,
such as the wing patterns of tropical Heliconius butterflies,
or banding patterns of polymorphic Cepaea snails, could be
controlled by a small number of Mendelian loci [12,13].
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Box 1. Methods for identifying adaptive genes in natural
populations

Quantitative genetics

QTL mapping: the study of the genetic architecture of quantitative
traits. QTL are identified by genetic mapping either using cross(es)
or natural pedigrees to look for regions of the genome that are
preferentially inherited with a particular phenotype. Crosses can be
between divergent populations or inbred laboratory strains with
different trait values [69,39]. Quantitative genetics can also be
carried out using natural populations with known pedigree [19]. The
QTL thus identified could represent large genome regions and
commonly contain multiple functionally important sites in one or
more genes.

Association mapping: markers distributed over the genome are
screened for an association with a variable phenotype. Commonly
used in medical genetics, and for naturally varying traits especially
in Drosophila [16,80], but less commonly applied in non-model
systems because a sequenced genome and large sample sizes are
required. Association mapping relies on ‘historical’ recombination
over many generations in natural populations, potentially allowing
the effects of much smaller regions of the genome to be
characterised.

Population genomics

Divergence genomics: the remaining methods make no assump-
tions about the traits under selection but instead scan markers
distributed over the genome [21] for evidence of selection. The
genome is scanned for regions showing the greatest genetic
divergence between locally adapted populations or species [often
measured using an estimate of genetic variance among populations
(Fst)] compared to estimated or observed null distributions [81].
These so-called ‘outlier’ markers can indicate regions under
selection. This approach carries a significant risk of false positives
because all distributions will have extreme values that might not
necessarily be due to selection.

Hitch-hiking mapping: the characteristic signatures of a selective
sweep are reduced genetic diversity, a region of increased linkage
disequilibrium (LD) and a distinctive haplotype structure. These
patterns can be used to identify regions that have been subject to
recent selection [82]. This approach suffers from difficulties in
differentiating the effects of selection from those of population
demography [83,84] because a population bottleneck can have very
similar effects to those of a selective sweep. Demography can often
stochastically influence different genome regions in different ways,
giving rise to patterns similar to a selective sweep.

Subsequently, QTL analyses have shown that in fact a few
loci of relatively major effect similarly contribute to adaptive
differences between populations, even in continuous quan-
titative traits [14-18]. We arbitrarily consider a single
substitution that contributes >10% of the difference be-
tween parental strains to be of ‘large’ effect (although in
QTL analysis effect size is instead often estimated as a
percentage of the phenotypic variance seen in an experi-
mental cross, which is a less evolutionarily-relevant mea-
sure). A well-studied example of adaptation in wild
populations is the stickleback, a marine fish that has re-
peatedly colonised and adapted to freshwater habitats.
These freshwater populations have evolved reduced armour
plating, pelvic spines and changes in body shape as well as
physiological changes in response to the osmotic environ-
ment. This system has become an exemplar of convergent
evolution, and QTL studies have looked at a range of these
traits. Commonly, one or a few major-effect QTL explain a
large proportion of the variance in such crosses [15-17].
QTL studies have their limitations, however, because
the power to detect loci of small effect is limited by the
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number of individuals, either in laboratory crosses or in
natural pedigrees [19], and a statistical artefact known as
the ‘Beavis effect’ can inflate the apparent influence of
single QTL due to sampling effects [20]. Population geno-
mics therefore offers an alternative approach, and this
takes advantage of molecular variation linked to selected
sites in natural populations (Box 1). Such studies also often
identify just a few loci associated with adaptive divergence
between populations [21-25]. For example, 22% of the
difference in wing size along a latitudinal cline in Drosoph-
tla melanogaster could be explained by allelic variation in
the promotor sequence of the cold acclimation (Dca) gene in
Drosophila [25]. On a larger scale, a recent stickleback
study used high-throughput sequencing methods to screen
over 20 000 sequence tags in natural populations of marine
and freshwater sticklebacks, and this revealed several
regions that were genetically divergent between popula-
tions, indicating habitat adaptation [21]. Some of these
corresponded to previously identified QTL whereas others
indicated novel regions that probably harbour previously
unidentified genes involved in local adaptation. Population
genomics can therefore be complementary to more estab-
lished quantitative genetic techniques, with the two
approaches not necessarily highlighting the same genomic
regions (Box 2). The main drawbacks of the population
genomics approach alone are that divergent regions cannot
be directly related to particular traits under selection, and
that the inference of selection can be confounded by demo-
graphic effects.

Overall, there is therefore considerable evidence that
single loci have major effects on adaptive phenotypes in the
wild. However, this does not directly address the temporal
question of whether evolutionary change is jerky or grad-
ual. Genetic differences between current populations with
divergent phenotypes might not be the same as the genetic
changes that originally gave rise to these phenotypes,
particularly if different species are being considered, and
where multiple genetic changes affecting phenotype could
have occurred [26]. As Ronald A. Fisher highlighted in the
context of the evolution of butterfly mimicry, many small
and sequential substitutions could lead to gradual evolu-
tion of a single major locus controlling adaptive differences
[27]. Similarly, QTL of major effect could in fact harbour
multiple linked substitutions of more minor effect [28-30].
Thus, we really need to identify the contribution of indi-
vidual mutational steps to the differences between taxa, a
much more difficult task. Directional, human-induced se-
lection provides clear evidence for single mutations result-
ing in major phenotypic changes. Good examples include
adaptation to insecticides in agricultural environments
[31], laboratory evolution experiments with bacteria [7]
and animal domestication [32], but the phenotypic effects
of individual substitutions are less well documented for
natural adaptations.

Nonetheless, numerous individual protein-coding muta-
tions with major phenotypic effects have been described in
natural populations, for example in the gain or loss of
pigmentation [33-36]. Regulatory changes are harder to
document, but detailed dissection of a promotor region of
the ebony gene has recently shown that altitudinal variation
in pigmentation in D. melanogaster is controlled by just five
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Box 2. The benefits and drawbacks of quantitative genetic
and population genomics approaches

QTL mapping. The QTL approach allows identification of genome
regions influencing variation in a particular trait [14-18,29,34,36,53].
However, it usually relies on laboratory crosses and power is limited
primarily by family size and recombination frequency [49]. The loci
identified in captive populations might not be those responsible for
trait differences in wild populations [85]. Genetic variation present in
captive populations might not be representative of that present in the
wild due to sampling, or could contain combinations of epistatically
interacting alleles not found in the wild (as might be the case if a
particular allele has been introgressed into a different genetic
background). In particular, the influence of a QTL in the genetic
background of a homogeneous captive strain might not be repre-
sentative of the effect in a wild population. Genotype by environment
interactions can also cause difficulties because the environment will
normally differ and show less variation in the laboratory as compared
to wild populations. Linkage disequilibrium will also tend to be higher
in lab crosses than in the wild, resulting in QTLs often being large and
encompassing many genes. The same QTL might not be detected by
population genomics approaches where natural recombination could
have broken up large regions of association.

Population Genomics. Population genomic approaches are therefore
appealing because they do not require laboratory crosses [82,49] and
can potentially take advantage of natural recombination to delimit
QTL more finely. The major limitation of these approaches is that
regions under selection cannot be directly related to adaptation at
particular traits, hence the need to combine QTL and population
genomics approaches. In addition, the power of these genomics
approaches is limited by the vagaries of population demography and
the history of selection [86]. Clear evidence of selection, in the form of
a reduction in variation around a selected locus, is most likely under a
‘strong’ selective sweep when a novel advantageous mutation
spreads rapidly to fixation. Signatures of selection are much weaker
under ‘soft’ sweeps when selection acts on standing genetic variation,
or on several mutations at a single locus [62], because there is greater
opportunity for the advantageous allele to undergo recombination
with surrounding variants before reaching fixation. Hence, selection is
most difficult to detect when it acts on polygenic quantitative traits
with standing genetic variation [84]. Finally, the signature of a
selective sweep decays with time; in particular the characteristic
reduction in nucleotide diversity will decay as nhew mutations arise
and reach equilibrium.

mutations, with individual mutations responsible for up to
40% of the difference in expression between natural variants
[37]. Similarly, individual deletion mutations can account
for large expression differences at the pituitary homeobox
transcription factor 1 (Pitx1) gene between marine and
freshwater sticklebacks, although the precise phenotypic
effect of each mutation has not been measured independent-
ly of other sequence differences at this locus [38]; this high-
lights the difficulty of measuring the phenotypic effects of
single mutational events in non-model systems.

The growing evidence for the importance of large-effect
mutations in adaptation contrasts with data on the genetic
architecture of quantitative traits in flies, mice and
humans [39]. In these systems, quantitative traits are
generally controlled by many loci of small effect, commonly
with extensive pleiotropic effects on different aspects of
phenotype. Early QTL studies did identify single QTL of
large effect, and in many cases these were later found to
consist of many linked sites of smaller effect [39]. There-
fore, this discrepancy might partly reflect the relative
infancy of studies addressing the genetic basis of adaptive
traits. Nonetheless, there does appear to be a genuine
discrepancy between the results from studies of back-
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ground quantitative variation within populations and
those of adaptive divergence between populations. We
would argue that this is unsurprising because standing
variation in quantitative traits is largely controlled by
neutral or ‘nearly neutral’ variants and recessive deleteri-
ous alleles; by contrast, the adaptive traits described here
have been subject to strong directional selection. As a
population adapts to a novel environment, those rare
mutations of large phenotypic effect that avoid deleterious
side-effects will be most strongly favoured. Thus, almost by
definition, the mutations that contribute to adaptation will
be a highly non-random subset of those that contribute to
standing variation in quantitative traits [40,41]. Further-
more, as highlighted by a recent study of insecticide resis-
tance in Drosophila, the effective population size relevant
for strong adaptation can be considerably larger than that
estimated for neutral variation, such that extremely rare
mutational events are available for adaptive change [42].
In summary, we argue that the genetic architecture of
adaptive traits is different to that for standing variation
in quantitative traits, and shows a greater role for sub-
stitutions of large effect. Nonetheless, a more precise
quantification of this difference will require more examples
in which the influence of mutational effects on natural
adaptations is quantified.

Those same old genes again?

A related question is the predictability of evolutionary
change. If selection preferentially acts on genes and muta-
tions of large effect, are certain genes more likely to be the
target of selection than others? Convergent evolution,
whereby the same phenotype has evolved independently
in two or more lineages, is a ubiquitous phenomenon and
offers an excellent opportunity to test for the repeatability
of genetic changes during adaptation (following Ref. [43],
we use the term convergent rather than parallel evolution).
As we gain more insight into the genetic basis of adaptive
traits it is hard to escape the conclusion that certain genes
have been repeatedly and preferentially used in multiple
species and populations (Table 1).

A recent study showed that two haemoglobin genes in
eight species of Andean waterfowl have multiple amino
acid differences between high and low altitude popula-
tions, with a high incidence of the same substitutions
occurring independently [44]. Similarly, and now widely
cited, coding changes in the melanocortin 1 receptor
(MCIR) gene are associated with both increases and
decreases in pigmentation in many wild vertebrate popu-
lations, often with the same amino acid substitutions
implicated in the production of similar phenotypes
[35,45-47]. More broadly, there is evidence that MCIR
has had an increased rate of evolutionary change in re-
sponse to sexual selection on multiple independent
lineages in the pheasant family [48]. A recent QTL study
identified MCIR as being independently responsible for
pigmentation loss in two cavefish populations, supporting
the view that MCIR is a key gene in the evolution of
pigmentation across vertebrates [14].

However, the ‘candidate gene’ approach suffers from an
inevitable ascertainment bias. It would be preferable to
determine how many of the loci involved in convergence are
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Table 1. Examples of adaptive phenotypic convergence resulting from convergence at the molecular level®
Organism(s) Genel(s)®? Phenotypic Level of Technique(s) used Refs
effect convergence to identify genes
Banaquits, snow MC1R/Mc1r Pigmentation Orders, Candidate gene [35]°¢
geese, skuas, darkening classes
Flycatchers [87]
Jaguars, jaguarundi, [46]°
rock pocket mice
Beach mice MC1R/Mc1r Pigmentation Classes QTL, candidate gene [47]1°
Lizards, (possibly lightening Candidate gene
mammoths)
Cavefish QTL [14]
Human ASIP/Agouti Pigmentation Populations, Association mapping, [88]
orders candidate gene
Beach/oldfield mice lightening Candidate gene [60]
Cavefish oca2/OCA2 Pigmentation lightening Populations, QTL, candidate gene [36]
Human classes Association mapping, [88]
candidate gene
Threespine stickleback Kitlg Pigmentation lightening Populations, QTL [16]
Human classes Candidate gene,
association mapping
Heliconius melpomene Two genes Wing colour Species Genetic mapping, [50-52]
and H. erato mapping to pattern population genetics
homologous regions
Drosophila gunungcola yellow (loss of Loss of Species Candidate gene, [64]
and D. mimetica cis-regulatory element) pigmentation spot expression and
transgenics
Four Drosophila species yellow Gain of wing spots Species Candidate genes, [71,64]
expression, transgenics
Threespine stickleback Pitx1 Loss of pelvic Populations QTL, transgenics [38,89,17]
spines/ structures
Ninespine stickleback Genera Interspecific crosses [90]
(Possibly manatees) (Classes) (developmental
similarities)
Threespine stickleback Eda Loss of armour Populations QTL, population [15,21]
plating genomics, transgenics
Pelagic antarctic silverfish Expression patterns: reduction of skeletal Genera Expression of [91]
and blackfin icefish collal, col2aib, col10al mineralisation — candidate
increased buoyancy genes
Six Drosophila species svb/ovo Loss of trichomes Species Genetic mapping, [24]
interspecific crosses,
expression
Eight waterfow! species oA and BA Adaptation to Genera Candidate genes [44]
haemoglobin genes high altitude
Several bird species SWS1 opsin gene Ultraviolet sensitivity Species, Candidate gene [92]
orders
Old-world primates, LWS opsin duplication Trichromacy Infra-order, Candidate gene [93]¢
howler monkeys classes
Cavefish [94]
Asian and African RNASET1 duplication Adaptation to foregut Genera Candidate gene [95]
leaf monkeys fermentation
Human Lactase-phlorizin Digestion of lactose Populations Candidate gene [63]
hydrolase (LCT) from milk in adulthood
Colias butterflies, Pgi Dispersal behaviour Families Candidate gene [96]¢
Glanville fritillary butterfly
Colias butterflies Pgi Thermal adaptation Families, Allozyme scan [96]°
Copper butterfly, Sierra classes Candidate gene
willow leaf beetle,
Sand crab
D. melanogaster adh Adaptation to latitude Populations Candidate genes [97]
period [98]
IR [99]
Transposable Population [22]
elements in introns genomics
of sra and ago2
Arthropods, annelids, Expression patterns: Segmentation Phyla Expression [66]

chordates

Notch, engrailed,
wingless (Wnt1)

2This table contains all the animal examples that we are aware of in which phenotypic convergence results from changes in the same genes.
®Abbreviations: adh, alcohol dehydrogenase; ago2, argonaute 2; collal, collagen, type |, alpha 1; col2a1b, collagen, type Il, alpha-1b; col10a1, collagen, type X, alpha 1; IR,
Insulin-like Receptor; Kitlg, Kit ligand; LWS, long wavelength sensitive; oca2/OCA2, oculocutaneous albinism Il; Pgi, Phosphoglucose isomerase; sra, sarah; SWS1, short
wavelength sensitive 1; svb/ovo, shavenbaby/ovo.
°Reviews containing original references.
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shared between the species across the whole genome. For
example, in northern and southern hemisphere latitudinal
clines in D. melanogaster, a survey of all transposable
elements across the genome identified ten elements show-
ing evidence of selection, of which two were shared between
hemispheres [22]. Similar parallel patterns were seen in a
genome-wide survey of genetic divergence across the same
clines [23]. Although such studies provide clear evidence
for a degree of parallelism in the genetic basis of adapta-
tion, where different loci are identified it is unclear wheth-
er this represents selection on different traits, or different
genes affecting convergent traits. Again, a disadvantage of
the population genomic approach is therefore that genetic
signatures of selection cannot be linked directly to partic-
ular traits.

Thus, studies ideally need to combine both QTL and
population genomic approaches [49]. Again, the stickle-
back system provides a good example, and population
genomic data have provided striking evidence for repeated
divergence of the same genomic regions in the freshwater
populations [21], with most regions identified correspond-
ing to previously identified QTL for traits relating to
morphology and osmoregulation, for example the Ectodys-
plasin (Eda) gene [15]. Nonetheless, some of the regions
identified in the population survey had not been previously
described in QTL analysis of individual traits, and some
major QTL were not highlighted in the population survey
(see Box 2 for reasons why the two approaches could differ).
Detailed study of the genes underlying differences in ar-
mour plating and pelvic spines, Eda and PitxI respectively,
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has shown that convergence can result from either selec-
tion of the same allele from standing variation [15] in the
case of Eda, or repeated independent mutation of the same
cis-regulatory region in multiple freshwater populations in
the case of Pitx1 [38].

Mimetic butterflies offer another striking example be-
cause different species converge on the same wing pattern
(Figure 1). For example, Heliconius melpomene and Heli-
conius erato exhibit convergent colour patterns wherever
they co-occur, driven by Miillerian mimicry (convergence in
appearance of two or more distasteful species in order to
minimise the cost of educating predators), and much of the
colour pattern variation in both species can be explained by
a small number of Mendelian loci [13]. Mapping of these
switch genes has revealed that similar phenotypic changes
map to the same genomic regions in both species, making it
highly likely that the similarities in colour pattern have
evolved through changes in orthologous genes in the two
species [50]. Population surveys complement the mapping
approach, and have highlighted narrow gene regions with
parallel divergence between forms of the mimetic species
on a much finer genomic scale [51,52].

A complementary approach, which has been employed in
studies of lake whitefish (Coregonus clupeaformis), is to
study the response of the transcriptome to divergent adap-
tation [54,55]. Multiple populations of these fish have inde-
pendently evolved a dwarf form that exploits limnetic
habitats and also shows phenotypic convergence with the
related cisco (Coregonus artedi), which it replaces ecolog-
ically across their range. At the intraspecific level a signifi-
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Figure 1. Examples of intra-specific adaptive change that have been studied genetically. (a) Geographic races of Heliconius melpomene across South and Central America.
Each race is a near-perfect mimic of a race in the parallel radiation of Heliconius erato. Reproduced with permission from Bioscience (UC Press). (b) The Mexican tetra,
Astyanax mexicanus, showing eyed surface form (above) and eyeless cave form (below). (¢) The three-spine stickleback, Gasterosteus aculeatus showing marine (above)
and freshwater (below) forms. Note in particular the loss of dorsal spines in freshwater form. Photo credits to Yoshiyuki Yamamoto and Frank Chan.
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cant number ofthe same genes were differentially expressed
in independent pairs of dwarf and normal populations;
many of these were expressed in opposite directions between
populations, suggesting that this is not a simple case of
convergence via the same genetic mechanisms [54]. Howev-
er, at the interspecific level, six of the same candidate genes
were upregulated in both dwarf whitefish and ciscos, and
overall there was greater similarity of transcriptional pro-
files between the dwarf whitefish and ciscos than there was
between the normal whitefish and ciscos [55]. Thus, parallel
evolutionary changes can also involve parallel differences in
gene expression. Of course, expression changes might not be
regulated by the same underlying genetic changes; so this
work implies that the same pathways are involved in con-
vergent adaptation but the genetic basis of divergence could
be very different.

Some clear counterexamples have also emerged recent-
ly, such as the remarkable evolution of identical frog toxins
using different genes [56], or convergent abdominal pig-
mentation in Drosophila species that has evolved via a
diversity of genetic mechanisms [57]. Similarly, there are
several counterexamples in which MCIR is not involved in
changes in vertebrate pigmentation [58-60]. Pigmentation
and eye reduction in cavefish [61] and pale coat colour in
different populations of beach mice [34,45] have both been
cited as examples of convergent phenotypes that can result
from more than one genetic mechanism [43]. However, in
these cases there appear to be a small number of genes, any
one of which can be deployed in any particular situation,
but some of which are also repeatedly used in different
populations or species, supporting the idea that repeated
use of the same genes is a general rule rather than the
exception.

In some instances (such as the Eda locus in sticklebacks
[15]) the common genetic basis of convergent traits is most
likely to be due to independent selective events operating
on the same pool of standing genetic variation. In which
case, independent utilisation of the same genetic variation
is not particularly surprising given that this variation will
be most accessible to selection [62]. However, in many
cases both the mutations and selective events have oc-
curred independently in multiple populations or species
[14,24,35,38,44,63,64]. Again, these results contrast strik-
ingly with what is known about quantitative genetic vari-
ation in similar phenotypes, where tens or hundreds of
genes can influence traits such as bristle number in flies or
coat colour in mice [65,39]. Thus, it seems clear that the
bias towards utilisation of the same loci in convergent
evolution is a result of selection rather than an underlying
mutational bias. Recent attempts to explain the predict-
ability of genetic evolution have focused on the lack of
negative side-effects at some loci due to their position in
regulatory pathways, meaning that they can evolve more
freely without altering traits other then those under selec-
tion [40,41]. This predictability must be aided by shared
developmental systems [2]. For example, segmentation has
been proposed to have evolved independently in several
animal phyla through co-option of ancient conserved reg-
ulatory networks [66]. As we move beyond the simple
observation of a shared genetic basis for convergence,
the detection of general rules governing the genetic basis
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of adaptive changes promises to be an exciting area for
future research.

Origins of novelty

Many of the well-studied examples of adaptive evolution
have involved trait loss, such as the loss of bony structures
in freshwater stickleback populations [15,38] and the re-
duction of pigmentation and eyes in cavefish [61]. However,
over the broad sweep of evolutionary time what we would
really like to explain is the gain of complexity and the
origins of novel adaptations. It has previously been sug-
gested that certain kinds of mutations might be more liable
to cause trait loss [33] (but see Ref. [40]). Is it possible that
trait loss could involve different evolutionary processes to
trait gain?

In some cases loss-of-function mutations could result
simply from relaxed constraints following a change in
environment or ecology. For example, Drosophila sechellia
is a host-plant specialist in which all 136 olfactory and
gustatory receptors show high rates of change as compared
to other Drosophila species [68]. This includes a large
number of loss-of-function mutations leading to many
pseudogenes. This pattern is significantly different to that
found at other genes in the genome, and in some cases
probably represents adaptation to the novel host, but much
of the change is probably due to a reduction in the number
of olfactory and gustatory receptors needed for a specia-
lised life style. Similarly, reduction of eyes and pigmenta-
tion in cavefish involves loss of complexity, although such
losses can be due to genetic drift in the case of pigmentation
or positive natural selection for eye reduction [69].

In some cases gains of phenotypic complexity have been
studied at the genetic level, such as the gain of wing spots
in Drosophila species [70,71], elaborated beetle horns [72],
or butterfly wing patterns [73]. These commonly involve co-
option of existing genes and pathways, but the observation
that existing genes are involved in the development of such
structures is in itself unsurprising. Presumably this co-
option generally occurs through the evolution of novel
tissue-specific cis-regulatory regions [37], but such changes
have only rarely been documented [71]. In general, gains of
complexity have been studied on deeper timescales than
losses, making it difficult to infer the precise sequence of
events that has led to the origin of the novel structure. Of
course, to some extent the difference between loss and gain
could be a question of semantics, so for example the loss of
trichomes could be called gain of naked cuticle [40]. How-
ever there clearly are complex structures that are gained
during evolution, such as butterfly wing patterns, and we
currently know little about how this process takes place.
Promising systems include rapidly evolving ornaments
such as the colour patterns of butterflies and cichlid fish
[51,52,58,74], the elongated eyes stalks of stalk-eyed flies
and the swords of swordtail fish, all of which are being
characterised at the molecular level [75,76], and progress
is likely to be rapid in the near future.

Concluding remarks and future perspectives

Over the last decade or so the advances in our understand-
ing of the link between genotype and phenotype have been
profound. It is clear that evolution can often proceed by
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means of single mutations with major effects on phenotype,
a result that would have been a surprise to Darwin and
some of his earliest followers. This is consistent with theory
that predicts a distribution of effect sizes, with a few
substitutions making a major contribution to evolutionary
change during an ‘adaptive walk’ [9,11]. Our understand-
ing of how such major shifts can remain beneficial without
incurring deleterious side-effects is illuminated by studies
of convergent evolution. These have shown that, of the
many genes likely to influence variation in a particular
trait, it is common for only one or a few to be recruited by
natural selection. This implies that particular points in
genetic pathways, or particular kinds of mutations, can
avoid deleterious side-effects and move phenotypes in
predictable ways towards local adaptive peaks [41]. To
comprehend these results requires a realisation of the vast
size of natural populations, especially compared to labora-
tory stocks of model organisms. Only then can we under-
stand how what appear to be extraordinarily unlikely
events, such as the repeated deletion of precisely the same
promotor sequence [38], can actually become predictable
evolutionary outcomes.

Much of the recent progress has been facilitated by new
technologies, making this an exciting time for evolutionary
genetics. Advances in sequencing and other technologies
mean that large numbers of individuals can be genotyped at
genome-wide scales, facilitating both quantitative genetic
and population genomics approaches [77] and dramatically
increasing the diversity of systems in which adaptive diver-
gence can be analysed genetically. A particularly exciting
development is the restriction-site-associated DNA (RAD)
sequencing method used for population genomic studies of
sticklebacks [21], which allows large amounts of sequence
data to be generated for mapping or population genetic
studies, but without the need for prior identification of
SNP sites [78]. Further, techniques are now available for
target enrichment that allow next-generation sequencing of
particular genome regions of interest [79]. For the future,
there is a clear need to diversify the study systems and
investigate the generality of results inferred from a handful
of candidate genes and model systems, but fortunately the
tools are now available to do just that.
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