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Cis-regulatory region

A segment of DNA that
regulates transcription; such
segments typically lie
immediately 5’ of the start site
of transcription, but are often
discontinuous, and individual
segments can reside within
introns, 5” and 3" UTRs, or tens
of kilobases on either side of
the gene they regulate.

Clade
A group of species that share a
unique common ancestor.
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cis-regulatory mutations
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Ideas about the evolutionary significance of non-
coding mutations are nearly as old as the discovery of
regulatory sequences themselves. Soon after publish-
ing their ground-breaking paper describing the lac
operon in 1961 (REF. 1), Jacob and Monod speculated
about the unique role that mutations in operators (their
term for cis-regulatory regions) might have during the
course of evolution®. They based their arguments on
the recognition that the proper function of every gene
depends on two distinct components: what its product
does and the circumstances under which that product is
produced. A perfectly good enzyme can be useless or
even counterproductive, they argued, if synthesized
under the wrong conditions.

The experimental tools needed to test these ideas
lay decades in the future. Nonetheless, two influential
papers published during the 1970s argued, on the basis
of indirect evidence, that cis-regulatory mutations
might have an important role in evolution. The first,
published by Britten and Davidson in 1971 (REF. 3), was
stimulated by the discovery that a substantial proportion
of many eukaryotic genomes is composed of repetitive
sequences. Britten and Davidson proposed that repeti-
tive sequences regulate transcription; they advanced the
first model for the evolution of regulatory sequences
and argued that regulatory mutations play a crucial
part in phenotypic evolution. The second influential
paper, published by King and Wilson in 1975 (REF. 4),
was motivated by the realization that homologous
proteins in humans and chimpanzees are nearly identi-
cal. King and Wilson argued that the modest degree of
divergence in protein sequence cannot account for the

Abstract | For decades, evolutionary biologists have argued that changes in cis-regulatory
sequences constitute an important part of the genetic basis for adaptation. Although
originally based on first principles, this claim is now empirically well supported:

numerous studies have identified cis-regulatory mutations with functionally significant
consequences for morphology, physiology and behaviour. The focus has now shifted to
considering whether cis-regulatory and coding mutations make qualitatively different
contributions to phenotypic evolution. Cases in which parallel mutations have produced
parallel trait modifications in particular suggest that some phenotypic changes are more
likely to result from cis-regulatory mutations than from coding mutations.

profound phenotypic differences between the species,
and proposed instead that regulatory mutations must
be primarily responsible.

With the benefit of 30 years of hindsight, it is clear
that some early ideas about regulatory evolution were
wrong in their detail. But it is equally evident today that
the basic postulate was sound: mutations within cis-
regulatory regions underlie a variety of interesting and
ecologically significant phenotypic differences in mor-
phology, physiology and behaviour (TABLE 1). It is now
possible to ask whether coding and regulatory mutations
make qualitatively distinct contributions to phenotypic
evolution. In this Review, I examine the significance of
cis-regulatory mutations from the perspective of evolu-
tionary genetics. As such, the focus is on cases in which
the genetic basis for a trait is understood in detail and on
phenotypic divergence within populations and among
closely related species. (Large-scale phenotypic changes,
such as modifications in body plan, are notably inter-
esting, but exceedingly difficult to dissect genetically.)
I begin by considering how cis-regulatory and coding
mutations might differ functionally and evolutionar-
ily, then examine several cases in which cis-regulatory
mutations have altered ecologically relevant traits in
three well-studied clades, and end by asking whether cis-
regulatory mutations have a qualitatively distinct role in
phenotypic evolution.

What makes cis-regulatory mutations different?

Despite burgeoning interest in the evolution of gene
expression during the past several years, most of what
we know about the phenotypic impact and fitness
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Table 1| Cis-regulatory mutations with interesting phenotypic consequences*

Gene Function of product Phenotype Taxon References
AVPR1A Vasopressin receptor Creative dance performance Humans 82
Avprla Vasopressin receptor Paternal care Rodents 83
Cyp6G1 P450 enzyme Pesticide resistance Fruitflies 84
DARC Chemokine receptor Resistance to infection with malaria Humans 58,59
e Pigment synthesis Colour pattern of abdomen Fruitflies 25
hsp70 Heat shock protein Thermal tolerance Fruitflies 85,86
HTR2A Serotonin receptor Obsessive-compulsive behaviour Humans 87
IL10 Interleukin Outcome of infection with HIV and Humans 88,89

infection with leprosy
IL10 Interleukin Susceptibility to schizophrenia Humans 90
LCT Digestive enzyme Lactose persistence Humans 64,81
LDH Metabolic enzyme Cardiac physiology Killifish 91
ovo/svb Transcription factor Bristle pattern on larvae Fruitflies 34,36
MAOA Neurotransmitter Aggressive behaviour Humans 92,93

turnover

MMP3 Matrix metalloprotease Risk of heart disease Humans 94,95
PDYN Neuropeptide Memory, emotional status Humans 71,76
pitx1 Transcription factor Skeletal patterning Stickleback fish 37,39,40
sc Transcription factor Bristle pattern on adult notum Fruitflies 35,96
SLC6A4 Serotonin transporter Depression, creativity, anxiety Humans 82,97
SLC6A4 Serotonin transporter Dispersal behaviour Macaques 98
th Transcription factor Branching structure Maize 99,100
Ubx Transcription factor Bristle pattern on adult legs Fruitflies 101
y Pigment synthesis Colour pattern of cuticle Fruitflies 25-28

Mating behaviour 102

*A sampling of cases in which the genetic basis for a trait difference is known to be cis-regulatory; well over 100 cis-regulatory
mutations that segregate in human populations are known to affect diverse aspects of behaviour, physiology and disease
susceptibility'®1% and only a few examples are listed here. AVPR1A, arginine vasopressin receptor 1A; DARC, Duffy blood group,
chemokine receptor; e, ebony; hsp70, heat shock protein 70; HTR2A, 5-hydroxytryptamine (serotonin) receptor 2A; IL, interleukin; LCT,
lactase; MAOA, monoamine oxidase A; MMP3, matrix metallopeptidase 3; PDYN, prodynorphin; pitx1, paired-like homeodomain
transcription factor 1; sc, scute; SLC6A4, solute carrier family 6 member 4; tb, teosinte branched; Ubx, Ultrabithorax; y, yellow.

consequences of mutations is still based on studies
of coding sequences®®. This is because the genetic
code makes it easy to identify, accurately and com-
prehensively, mutations that alter protein sequences
from DNA sequence comparisons alone (that is, non-
synonymous substitutions, frameshifts, premature stop
codons), whereas the same is not true of mutations
that alter transcription, splicing, transcript stability
and other regulatory processes (FIC. 1). Most regulatory
mutations can only be identified through functional or
biochemical tests>*%, and are consequently substantially
under-represented in evolutionary studies. Of course,
not every mutation that alters molecular structure or
function also affects organismal phenotype, but the
reverse is true: the only mutations that can change
traits such as morphology, physiology and behaviour
are those that alter the structure and function of mac-
romolecules. The difference in our ability to identify
potentially functional mutations from coding and
regulatory sequences makes it difficult to estimate their
relative contribution to the evolution of organismal
phenotypes.

A more interesting and tractable question is whether
regulatory mutations make a qualitatively distinct con-
tribution to phenotypic evolution. Several authors have
argued this point from examples and first principles'.
Their arguments fall into two basic categories that are
not mutually exclusive: that cis-regulatory mutations are
intrinsically more likely to affect certain kinds of pheno-
typic traits, and that selection operates more efficiently
on cis-regulatory mutations.

The first hypothesis proposes that some kinds of
phenotypic difference are easier to achieve through
cis-regulatory mutations than through coding muta-
tions™*”. The crux of this argument is that transcription
is a dynamic process that can be ‘fine-tuned’ to meet
context-dependent functional demands, whereas
structure is generally more static. Many aspects of
organimsal phenotype require dynamic changes in
gene function, including reproduction, development,
behaviour, immune responses and resource utilization.
Traits associated with dynamic processes such as these
might be expected to evolve to some extent more readily
through regulatory rather than coding mutations.
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All mutations in or
near a gene of interest

Mutations in
regulatory sequences

Mutations in
coding sequences

Alter protein sequence

Figure 1| Functional classes of mutations. Although most mutations in and around
a gene have no functional consequence (grey area), a subset occur in coding or
regulatory regions (purple and blue areas, respectively). Only some of these
mutations have functional consequences at a molecular level. Of these, the

only mutations that can be reliably and exhaustively identified through sequence
comparisons are those that result in an amino-acid substitution. Mutations that
affect regulation of all kinds (transcription, mRNA splicing and stability, and post-
translational modifications) are generally difficult to identify without functional
tests. As a result, the vast majority of evolutionary analyses focus on non-synonymous
substitutions, while the evolutionary consequences of other functional classes of
mutations remain poorly studied.

Indeed, some authors have argued that the evolution
of complex multicellular organisms would have been all
but impossible in the absence of cis-regulatory systems
that allowed context-dependent transcriptional regula-
tion>!’. Of course, protein structure is not entirely static:
many genes produce distinct isoforms through alterna-
tive transcription start sites and splicing and through
post-translational modifications. Even so, the number
of isoforms is generally small and each represents a dis-
crete state, whereas expression is a continuous variable
that can be adjusted in fine increments across a broad
dynamic range. Cis-regulatory mutations might con-
sequently play a disproportionate part in the evolution
of quantitative traits and of responses to environmental
factors that vary over time, such as stressors, resources
and pathogens.

The second hypothesis proposes that natural selec-
tion operates differently on mutations in cis-regulatory
sequences®®'". This hypothesis is based on two proper-
ties of the organization and function of cis-regulatory
regions. First, allele-specific measures of transcript
abundance indicate that each allele in a diploid organ-
ism is transcribed largely independently' ', suggesting
that mutations in cis-regulatory regions are often
co-dominant. By contrast, many or most coding muta-
tions are recessive'”. Natural selection operates far more
efficiently on co-dominant mutations because they
can have fitness consequences as heterozygotes: a new
variant is visible to selection immediately rather than
requiring drift to raise allele frequencies to the point

Co-dominant

A mutation that has an additive
phenotypic impact, and is
therefore apparent in
heterozygotes.

Pleiotropy

The ability of a gene or
mutation to alter more than
one trait.

Functional trade-off

For many traits, improving one
aspect of function might incur
a cost in some other aspect of
function.

Crypsis

Concealment from predators,
usually through shape and
colouration of the integument.

at which homozygotes begin to appear in the popula-
tion'. To the extent that cis-regulatory mutations are
more commonly co-dominant than coding mutations,
the efficiency of natural selection will differ between
these mutational classes. Second, the modular organi-
zation of some cis-regulatory regions®” means that a
mutation in one module might affect only one part of
the overall transcription profile®”'¢. For instance, the
effects of a cis-regulatory mutation could be limited to
larval anatomy without affecting the adult, or to a sin-
gle organ or tissue even when the gene is much more
widely expressed (examples are discussed below). By
contrast, most non-synonymous coding mutations
change the resulting protein no matter where it is
expressed. (Alternative splicing could in principle
limit pleiotropy caused by a non-synonymous substi-
tution in proteins with modular organization, but few
clear examples are known.) Reduced pleiotropy allows
selection to operate more efficiently by minimizing
functional trade-offs>”!¢. This might be particularly
relevant for genes expressed in a variety of cell types
and tissues.

Testing these ideas directly is not straightforward.
Nonetheless, we can begin to evaluate whether they are
consistent with a rapidly growing body of detailed case
studies (TABLE 1). The following sections consider some
of the most thorough analyses that have been carried
out on the contribution of cis-regulatory mutations to
organismal phenotypes in three clades. These studies
highlight how simple mutations within cis-regulatory
regions can change transcription in ways that alter
ecologically relevant traits.

Pigmentation (and bristles) in fruitflies

The first set of instructive cases concerns the evolu-
tion of pigmentation patterns within the cuticle of
fruitflies, a set of traits that differ between species and
have fitness consequences that are probably based on
crypsis, thermoregulation and mate choice'’-*". The
core enzymatic pathway that produces black, brown
and tan pigments from tyrosine is well defined?-*
(FIG. 2a). Work by Carroll and colleagues has shown
two genes in this pathway to be particularly interesting
from an evolutionary perspective: yellow (y) and ebony
(e). Yellow protein, which synthesizes black melanin,
is produced in a pattern that closely prefigures dark
pigmentation**?*. This correlation is consistent among
species with different pigmentation®*’, suggesting
that the spatial distribution of yellow is a major factor
in determining the final pattern of black pigment. By
contrast, production of ebony does not generally cor-
relate with pigment patterns®; instead, ebony is present
at low levels throughout the cuticle and produces tan
pigment where black or brown melanins are not syn-
thesized. At higher levels of expression, however, ebony
acts antagonistically to yellow, repressing synthesis of
black melanin. A number of regulatory inputs affect
the activity of the pigmentation pathway?®, including
activation by Abdominal B (Abd-B) and repression by
bric a brac 1/2 (bab1/bab2) to produce sex-specific
patterns'7?*%7.
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Candidate gene

A gene that seems likely, on
the basis of its function or a
prior association study, to
contain a mutation or
mutations that underlie a
phenotypic trait of interest.

Abdominal pigment patterns. Using a candidate gene
approach, Wittkopp and colleagues* demonstrated that
differences in abdominal pigmentation in the Drosophila
species D. melanogaster, D. subobscura and D. virilis are due
in part to mutations within the cis-regulatory sequences
of y. Transformation of the y locus from D. subobscura
and D. virilis into a strain of D. melanogaster null for
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Figure 2 | Evolution of cuticular pigmentation in Drosophila species. a| Pigment
synthesis pathway. Dark pigmentation in fruitflies is predominantly due to black and
brown melanins, which are derived from dopa and dopamine, respectively, whereas
lighter, tan pigmentation is a polymer of N-B-alanyl dopamine (NBAD). b,c | Species-
specific differences in pigmentation in wings and abdomens within the Drosophila
genus?®?’. Both sites of pigmentation are sexually dimorphic in some species.

d | Genomic organization of the yellow (y) locus. Blue shading indicates exons, grey
shading indicates the 5" UTR. The location of cis-regulatory mutations that resulted

in the evolution of the anterodorsal wing spot (as in Drosophila tristis) are indicated by
the purple regions. e | Phylogenetic relationships among the Drosophila species
discussed in the text?®*%. DDC, Dopa decarboxylase; E, ebony; P, Pale. Images in panel b
reproduced with permission from Nature REF. 26 © (2005) Macmillan Publishers Ltd.
Images in panel c reproduced with permission from REF. 27 © (2006) Cell Press.
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expression of yellow resulted in ectopic yellow production
and matching melanin deposition characteristic of these
other species. These results suggest that the causal muta-
tions for pigmentation differences are regulatory and lie
cis to the y locus. They also suggest that independent reg-
ulatory mutations near the same gene can affect diverse
manifestations of the same aspect of phenotype as these
species differ in abdominal pigmentation. However, not
all mutations affecting species-specific y expression are
cis-regulatory, as shown by reciprocal transformations,
which indicate a role for mutations trans to the y locus.
Whether these additional mutations reside in coding
or non-coding sequences is not known, but they act by
altering y transcription.

The divergence between D. virilis and D. melanogaster
occurred ~65 million years ago®, making it difficult to
reconstruct the sequence of events that led to divergence
in pigment patterns. Analysing closely related spe-
cies can help to resolve how these differences became
established. Abdominal pigmentation differs between
Drosophila americana and Drosophila novomexicana,
which diverged just a few million years ago® (FIG. 2e). In
this case, a combination of QTL mapping and a candidate
gene approach ruled out the possibility that mutations
in y are responsible. Instead, four other loci account for
most of the differences, one of which is ¢. Further exam-
ples that are particularly interesting involve evolutionary
changes in sexual dimorphism of abdominal pigmenta-
tion, which are due in part to changes in babl/bab2 and
Abd-B transcription'”"”. Although most pigmentation
differences among species correlate well with altered
bab1/bab2 transcription, a few do not, indicating that
mutations at other loci also affect this trait. In none of
these comparisons of closely related species is it known
whether the causal mutations are regulatory or coding,
but they clearly act by altering transcription of y. They
also demonstrate that mutations at multiple points in the
pigmentation pathway and in its regulatory inputs can
produce parallel phenotypic changes.

The precise genetic basis for pigmentation differences
is clearer in the Oriental D. melanogaster species group.
Male-specific dark abdominal pigmentation is wide-
spread but not universal within this group: phylogenetic
relationships suggest that this trait is ancestral for the
Oriental species group but was subsequently lost at least
three times (FIG. 2¢). Jeong and colleagues transformed the
cis-regulatory region of y from various species linked to
a GFP reporter into D. melanogaster, which has sexually
dimorphic abdominal pigmentation®. The cis-regulatory
region from Drosophila biarmipes, which also has male-
specific pigmentation, drives sexually dimorphic GFP
expression, indicating that the set of trans-acting factors
driving sex-specific transcription has been conserved
between the two species. More surprising were the
results from three species reconstructed as having lost
sexually dimorphic pigmentation. The cis-regulatory
regions from Drosophila bipectinata (with sexually
monomorphic pigmentation) and Drosophila santomea
(with no abdominal pigmentation) both drove sexually
dimorphic GFP expression, whereas that of Drosophila
kikkawai (also lacking abdominal pigmentation)
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Trans

Located far away from the
gene of interest; in practical
terms, anywhere in the
genome except nearby.

Macrochaete

The largest bristles on
flies; their function is
mechanosensory.

produced no GFP expression. Through additional
experiments, Jeong et al. demonstrated that the loss of
male-specific transcription in D. kikkawai is due in part
to mutations within a specific ABD-B binding site (as
well as other mutations) within the cis-regulatory region
of y. By contrast, sexually monomorphic transcription in
D. bipectinata is probably due to a change in the expres-
sion of babl/bab2, with little or no contribution from
mutations in the cis-regulatory region of y. These results
demonstrate that the loss of sexually dimorphic pigmen-
tation can happen through changes cis or trans to y that
affect its transcription, and that parallel phenotypic
changes can arise in different ways.

Wing pigment patterns. Cis-regulatory mutations have
also been important in the evolution of wing pigmenta-
tion. Although the wings of D. melanogaster are notably
plain, the genus encompasses a considerable diversity
of pigmentation patterns (FIC. 2b). A phylogeny of the
melanogaster and obscura species groups® indicates that
anterodistal wing spots have evolved independently
at least once within each group, and were secondarily
lost at least four times within the melanogaster group.
Gompel and colleagues® examined the genetic basis
for the origin of a male-specific spot on the distal
part of the wing of D. biarmipes. As with abdominal
pigmentation, they found that expression of yellow
precisely prefigures the wing spot. Using transforma-
tions, the authors demonstrated that the genetic basis
for this change in y transcription resides within a spe-
cific portion of its cis-regulatory region (FIC. 2d). They
identified specific mutations along the lineage leading
to D. biarmipes that created de novo binding sites for
transcription factors. However, ectopic y transcription
is not sufficient to produce a pigment spot in trans-
formed D. melanogaster, indicating that mutations trans
to y were also important in the evolutionary origin of
the spot; localized downregulation of ebony, allowing
greater accumulation of black melanin, is part of this
trans component. Taken together, the evidence suggests
that the evolution of the anterodistal spot required
mutations at several loci, at least some of which are
cis-regulatory in nature.

Prud’homme and colleagues subsequently examined
the independent gain of an anterodistal wing spot in
Drosophila tristis, a member of the subobscura group®.
Using transformations, they found that cis-regulatory
changes affecting y transcription were again involved in
producing the pigment spot. In this case, however, the
causal mutations reside within a different module of
the cis-regulatory region from that driving spot-specific
transcription in D. biarmipes (FIG. 2d). So, what initially
appears to be yet another example of a parallel genetic
basis for a convergent phenotype on closer examination
proves to be more subtle and striking: functionally simi-
lar changes in transcription evolved through mutations
in different modules of the cis-regulatory apparatus of
the same locus. Therefore, even if the genetic basis for a
parallel phenotypic change maps to the same locus in two
different clades, this does not mean that the underlying
molecular basis is necessarily the same.

Bristle patterns. Before leaving Drosophila, another
aspect of cuticle phenotype deserves particular mention,
namely species-specific differences in the distribution
of bristles*. Mutations within the cis-regulatory regions of
several genes provide additional examples of evolution-
ary significance: in Ultrabithorax (Ubx) altering bristles
on legs*, in the achaete-scute (ac-sc) complex changing
macrochaetes on the notum*-*, and in ovo/shaven baby
(ovo/svb) affecting the denticle bands of larvae®**. The
last case is especially interesting, because independ-
ent ovo/svb cis-regulatory mutations underlie parallel
changes in larval bristle patterns®, hinting at a situa-
tion that is similar to y and its contribution to parallel
changes in pigmentation. Unlike pigmentation, how-
ever, causal nucleotides have not yet been identified for
species-specific differences in bristle patterns.

Skeletal reduction in stickleback fish

Bones have long provided an important source of infor-
mation about the grand sweep of vertebrate evolution;
more recently they have begun to provide insights into
microevolutionary processes as well. The second set of
examples illustrating the evolutionary significance of cis-
regulatory mutations come from a clade of small bony
fish called sticklebacks.

Threespine sticklebacks. Kingsley and colleagues have
established the threespine stickleback, Gasterosteus
aculeatus, as a genetic model for vertebrate evolution”,
complementing an extensive body of behavioural and
ecological studies®. Gasterosteus aculeatus is widely
distributed in high temperate regions of the northern
hemisphere (FIG. 3b). Although most individuals live in the
ocean, populations have repeatedly invaded freshwater
habitats. During the last glacial retreat (~10,000-20,000
years ago), hundreds of these populations were isolated
in newly formed lakes, where they have independ-
ently adapted to a diversity of local environmental
conditions from a common ancestral marine form®-*.
Some of these independently isolated populations
show a similar pattern of reduction or loss in skeletal
armour, involving the dorsal spines and pelvic girdle
(FIC. 3a), which is ecologically associated with reduced
calcium and fewer large-gape predators. Shapiro and
colleagues* crossed a marine, fully armoured fish with
a freshwater fish from Paxton Lake in British Colombia
that had reduced pelvic armour, and used F2 hybrids to
map the genetic basis for pelvic reduction. One locus of
major effect, in the vicinity of paired-like homeodomain
transcription factor 1 (pitxI), explains about half the vari-
ation in pelvic structures, and four modifier loci explain
most of the remainder. Pitx] encodes a transcription fac-
tor expressed in the hindlimbs but not the forelimbs of
mouse embryos*!, and whose null phenotype is a loss
of hindlimbs*. The sequence of pitxI in Paxton Lake
fish lacks non-synonymous substitutions relative to the
marine population, implying that the causal mutation
is regulatory. This conclusion is supported by mRNA
localizations that show pitx1 transcription in the pelvic
region of marine larvae but not of those larvae from
Paxton Lake*. Interestingly, other domains of pitx1
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transcription, including the thymus and olfactory pits,
are indistinguishable between the two populations. The
specific mutation (or mutations) responsible for pelvic
reduction in the Paxton Lake population has not been
identified, but it is clearly cis-regulatory.

The existence of multiple, independently derived
stickleback populations with pelvic reduction has pro-
vided an opportunity to examine the genetic basis for
the parallel evolution of anatomical traits. Populations
of G. aculeatus in Lake Vifilsstadavatn in Iceland and in
Boot Lake, Whale Lake and Bear Paw Lake in Alaska
must have evolved reduced pelvic structures independ-
ently because they were never part of the same lake
system (FIC. 3b,c). Offspring from crosses between these
populations also have highly reduced pelvic struc-
tures®*. This failure to complement strongly suggests
that mutations in the same genes are responsible for
the derived phenotypes in each lake. Mapping studies
with the three Alaskan populations point to a single
locus of major effect in the vicinity of pitx1, reinforcing
this conclusion®. Gene expression was not examined
in any of these populations, so it remains possible that
the causal mutations disrupt pitxI function by altering
splicing or protein function. Nonetheless, it seems clear
that closely linked (possibly even identical) mutations
of major effect are primarily responsible for the parallel
anatomical changes in these independently isolated lake
populations.

Ninespine sticklebacks. Even more striking is a similar
result from ninespine sticklebacks (Pungitius pungitius),
where pelvic reduction has evolved independently in a
biogeographical context that parallels that of threespine
sticklebacks. Pungitius pungitius also has circumpolar
marine populations that have given rise to multiple,
recent freshwater populations isolated in lakes and
ponds throughout the boreal northern hemisphere (for
example, Fox Holes Lake). Threespine and ninespine
sticklebacks both belong to the family Gasterosteidae®,
but last shared a common ancestor ~10 million years
ago™. When individuals showing pelvic reduction from
each of the two species were crossed, the offspring
also showed pelvic reduction®. Because cis-regulatory
mutations affecting pitxI transcription are causal in
G. aculeatus, this result implies a similar specific causal
basis in P. pungitius as well. Indeed, the amino-acid
sequence encoded by pitx1 is identical in the marine
and pelvic-reduced populations of P. pungitius, but
transcription is absent or very low in the pelvic-reduced
populations, confirming that the causal mutations are
cis-regulatory. Mutations in pitxI might not account for
all cases of pelvic reduction in teleosts, however. In the
pufferfish Takifugu rubripes, the basis appears to reside
in the expression of homeobox D9a (hoxd9a), which acts
upstream of pitxI during limb developments.

Not surprisingly, the genetic basis for pelvic reduction
in sticklebacks has been worked out in less detail than
that of some of the pigmentation changes in fruitflies. On
the other hand, the ecological context for pelvic reduc-
tion is clearer in sticklebacks and has been replicated
in many ‘natural experiments’: parallel anatomical
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changes in ecologically similar lakes were probably
driven by similar selective forces and have evolved over
approximately the same interval of time. Another impor-
tant contribution of the stickleback system has been
demonstrating how cis-regulatory variants segregating
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Figure 3 | Evolution of armour reduction in stickleback
fish. a| Differences in pelvic armour among Gasterosteus
aculeatus from the marine population and from Paxton
Lake (British Columbia, Canada). b | Biogeographical
distribution of G. aculeatus marine populations (red) and
the location of the lakes discussed in the text where pelvic
reduction has occurred independently in G. aculeatus and
Pungitius pungitius. ¢ | Phylogenetic relationships among
G. aculeatus marine and lake populations, P. pungitius
marine and lake populations, and Takifugu rubripes***.
Note that each of the lake populations of G. aculeatus
shown was derived independently as a peripheral isolate
of the marine population®**°. Images in panel a
reproduced with permission from Nature REF. 37 © (2001)
Macmillan Publishers Ltd.
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Figure 4 | Cis-regulatory mutations with phenotypic consequences in humans. a | The DARC (Duffy blood group,
chemokine receptor) locus, showing the location of a mutation at —46 (red bar) that abolishes transcription in red
blood cells*’*8. b | The LCT (lactase) locus, showing the location of four mutations (red bars) that result in lactase
persistence embedded within an intron of the MCM6 (minichromosome maintenance deficient 6 homologue) locus®*#*.
c| The PDYN (prodynorphin) locus, showing the location of five mutations within the 68-bp repeat region and one
mutation within the DREAM binding site (red bars). Genes are shown to the same scale; start sites of transcription are
indicated by bent arrows, UTRs are indicated by grey boxes and coding regions are indicated by blue boxes.

in a wild population can contribute to phenotypic differ-
ences over microevolutionary timescales — a process that
is poorly understood for y and fly pigmentation, but one
that has also been studied in the next set of examples.

Physiology in humans

Humans and the other great apes provide the third set
of instructive examples. Although these are difficult
organisms to work with for a variety of reasons, they
provide some of the most precisely delineated exam-
ples of mutations in cis-regulatory regions that have
contributed to within- and between-species trait differ-
ences. This is partly because of the enormous resources
directed towards biomedical research, which provide
an unparalleled knowledge base regarding the genetic
basis for complex trait variation. But, just as importantly,
genetic divergence between and within species is small
in comparison with many other well-studied organisms,
facilitating the identification of causal mutations once
a locus has been implicated. There are other reasons
for studying the genetic basis for phenotypic evolution
within the great apes, of course, chief among them a
desire to understand our own origins**.

Immune responses. One of the clearest examples of a
significant cis-regulatory mutation in human evolution
concerns the Duffy blood group, chemokine receptor
(DARC, formerly known as FY) locus, which encodes
a receptor that binds interleukin 8 (IL8), and other sig-
nalling molecules of the immune system*->!. DARC is
transcribed in several tissues and cell types including
erythrocytes, where it provides a point of entry for the
malarial parasite Plasmodium vivax®. Certain DARC
haplotypes segregating in modern human populations
provide almost complete resistance to infection with
P, vivax™®*. Resistance is due to the absence of Duffy
protein expression in erythrocytes, but not in several
other cells where it is normally expressed®>*. Individuals
lacking DARC expression in erythrocytes show no
adverse health consequences. The causal mutation is a
cis-regulatory SNP (FIC. 4a), which disrupts binding of the

transcription factor GATA binding protein 1 (GATA1)
(REFS 57,58). This case provides a striking illustration
of limited pleiotropy, involving a dramatic change in
transcription within one expression domain and little
or no impact on other expression domains of the same
gene. It is also notable in that a single SNP results in a
phenotype expected to accrue a substantial fitness gain.
Consistent with this expectation, genetic variation in and
around the DARClocus bears evidence of recent, strong
positive selection within geographical regions where
malaria is endemic®*®. Cis-regulatory mutations in genes
encoding several other immune system components also
show evidence of positive or balancing selection as well
as phenotypic associations with pathogen interactions,
including tumour-necrosis factor-o. (TNFA), IL4, and
IL10 (TABLE 1).

Dietary changes. Cis-regulatory mutations have also
contributed to traits that distinguish humans from other
species. Among the great apes, the human diet is an
outlier, involving a shift from largely herbivorous to
omnivorous habits. An important recent human dietary
adaptation is the ability to digest lactose as an adult, a con-
dition known as lactase persistence®’. This trait involves
more than the mere ability to extract energy from lactose,
the primary carbohydrate in milk; by eliminating indi-
gestion due to lactose fermentation in the gut, it allows
the substantially more nutritious lipid and protein com-
ponents to be utilized without complications. Lactose
persistence is thought to have evolved in association
with pastoralism sometime during the past 2,000-20,000
years®2. The enzyme that can catalyse this reaction is
lactase-phlorizin hydrolase, making lactase (LCT), the
gene that encodes it, an obvious candidate locus for
lactose persistence. Ennatah and colleagues® identified
the genetic basis for lactose persistence in northern
Europeans as a SNP residing in an intron of minichro-
mosome maintenance deficient 6 homologue (MCM6),
the next gene 5" of LCT (FIC. 4b). Experimental tests
demonstrate that this SNP elevates LCT transcription®.
However, this mutation is absent in some other
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pastoral societies. Tishkoff and colleagues®* identified
three additional SNPs within the same MCM6 intron
that are genetically associated with lactose persistence
in East African populations (FIC. 4b). By cloning several
haplotypes of the MCM6 intron independently fused
to the core promoter into an expression vector and
measuring expression in a relevant cell line, the authors
demonstrated that each of these three mutations also
increases LCT transcription. As with y in Drosophila,
this case provides clear evidence that several independ-
ent mutations within the cis-regulatory region of a key
enzyme have contributed to changes in an ecologically
relevant trait.

Behaviour and cognition. Looking deeper into evolution-
ary time, some of the most interesting traits in human
evolution concern behaviour and cognition, includ-
ing language with syntax, extensive tool use, abstract
reasoning and creativity expressed in myriad ways®>.
Several studies have compared transcript abundance
from the brains of deceased chimpanzees and humans
using microarrays. The first such analysis by Enard and
colleagues indicated a greater degree of evolutionary
change in transcription in brain than in liver, specifically
on the human branch of a three-species comparison
(human compared with chimpanzee, and rooted with
macaque)”. Subsequent microrray studies have found
that ~10% of genes examined differ in brain expression
between humans and chimpanzees®°. This is probably
an underestimate, because only a few brain regions have
been examined, and because microarrays can only reli-
ably detect moderately large differences in transcript
abundance. Also relevant to evolutionary analyses,
microarrays do not indicate where the genetic basis for
an expression difference resides: cis to the affected gene,
trans to the gene in a transcription factor that regulates
its expression, or even further upstream genetically.

In the case of prodynorphin (PDYN), the genetic
basis for an expression difference between humans and
chimpanzees has been identified as cis-regulatory”".
PDYN encodes a precursor protein that is cleaved
to release dynorphin, a neuropeptide with roles in
memory, emotional status and perception of pain””.
In humans, decreased PDYN expression is functionally
associated with schizophrenia and bipolar disorder’”
and is genetically associated with schizophrenia and
temporal lobe epilepsy”®””. Rockman and colleagues use
expression assays in cultured neurons to demonstrate
that human and chimpanzee haplotypes containing the
cis-regulatory region each drive different levels of both
constitutive and induced transcription”. Functional
sites within the cis-regulatory region of PDYN sustained
several mutations during human origins: five substitu-
tions within a 68-bp region that regulates constitutive
transcription and one mutation within the binding site
for the transcription factor DREAM (also known as
KCNIP3) that regulates induced expression (FIG. 4c). By
testing chimeric human and chimpanzee cis-regulatory
regions, Rockman and colleagues demonstrated that
these six human branch-specific mutations account
for most of the differences in constitutive and induced
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expression. Mutations within the cis-regulatory region
of PDYN show signatures of positive selection during
human evolution, as well as ongoing balancing selection
among populations”. Several other genes in humans
harbour cis-regulatory mutations that affect cognitive
or behavioural traits, including arginine vasopressin
receptor 1A (AVPRIA), 5-hydroxytryptamine (sero-
tonin) receptor 2A (HTR2A), monoamine oxidase A
(MAOA) and solute carrier family 6 member 4 (SLC6A4)
(TABLE 1), although interspecies functional analyses have
not been carried out.

Taking stock
We now have numerous clear examples of cis-regulatory
mutations that have contributed to functionally signifi-
cant and ecologically relevant traits. Besides the cases dis-
cussed above, these include mutations that affect a wide
range of morphological, physiological and behavioural
traits representing a broad taxonomic diversity (TABLE 1).
Many of these cases were described only recently, and
the list of cases is likely to grow rapidly as methods
for identifying functional cis-regulatory mutations
become more powerful and, particularly, as investigators
become more attuned to looking for them. Evaluating
the relative quantitative contribution of cis-regulatory
and coding mutations to phenotypic evolution is largely
beside the point: both have been important and mutations
of either kind can contribute to a wide range of traits.

The more interesting question at this point is whether
cis-regulatory mutations are qualitatively distinct in evo-
lutionary terms. With the benefit of several well-defined
cases, it is useful to revisit the arguments for such a role
that were considered near the beginning of this article.
One of these arguments is that some kinds of phenotype
might be easier to achieve through cis-regulatory muta-
tions than through coding mutations. The observation
that parallel phenotypic changes in pigmentation and
bristles in fruitflies, pelvic reduction in fish, and lactose
persistence in humans have all been caused by parallel
mutations in cis-regulatory regions adds weight to this
argument. For these phenotypes, at least, it would seem
that cis-regulatory mutations are either mutationally
more likely or functionally more effective than coding
mutations. The prediction that various mutations within
the same cis-regulatory apparatus can achieve similar
phenotypic consequences is particularly well illustrated
by the different genetic bases for parallel abdominal and
wing pigment patterns and by the multiple SNPs that can
independently increase LCT transcription. Of course,
this will not always be the case: parallel increases in
overall melanization in vertebrates are often due to cod-
ing mutations in melanocortin 1 receptor (MC1R)77.
(This contrast could reflect the different developmental
bases for pigment patterns in the two groups, which are
established by regulating enzyme synthesis in insects and
through cell migration in vertebrates.) For some traits
in some clades, however, the genetic basis seems to be
primarily cis-regulatory.

The second argument is that selection could generally
operate more efficiently on cis-regulatory mutations than
on coding mutations for reasons of reduced pleiotropy
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and incomplete dominance. Limited pleiotropy is evi-
dent in several of the examples considered. With DARC,
an advantageous point mutation apparently affects tran-
scription in just one crucial cell type out of several where
it is expressed. Both y and e are crucial for pigment
synthesis throughout the fly cuticle, but cis-regulatory
mutations often alter restricted aspects of the overall pig-
ment pattern; the same is true of ovo/svb and sc mutations
affecting bristle patterns. Similarly, the pitxI haplotype
that is primarily responsible for pelvic reduction in
Paxton Lake sticklebacks has little effect on transcription
in other domains of expression. Co-dominance is also
clear in some cases. Individuals who are heterozygous for
the DARC mutation that abolishes erythrocyte transcrip-
tion show partial protection from malarial infection,
while the degree of lactase persistence in humans and
pelvic reduction in sticklebacks are a function of both
cis-regulatory haplotypes. Therefore, reduced pleiotropy
and incomplete dominance have been observed in cases
in which cis-regulatory mutations have an ecologically
significant phenotypic impact.

A conspicuous theme that runs through many of the
cases discussed here is the degree to which parallel phe-
notypic changes can have parallel genetic bases. Not only
are mutations in the same gene often responsible, but they
are often repeatedly cis-regulatory rather than coding
in nature. Independent mutations in the cis-regulatory
regions of y and LCT have been responsible for parallel
changes in morphology and physiology, respectively; the
same is probably true of pitx1, babl/bab2 and ovo/svb
although the precise mutations have not been identified
in these cases. Interestingly, however, there are exceptions
in certain instances: some parallel changes in fly pigmen-
tation map to genes other than y, eand bab1/bab2, and at
least one other case of pelvic reduction in teleosts involves
changes genetically upstream of pitx1 during hindlimb

development*. These exceptions are a useful reminder
that phenotypic evolution is a probabilistic process, even
if parallel traits are sometimes caused by mutations in
the same gene.

Future directions

The number of well-documented cases in which cis-
regulatory mutations have contributed to interesting
organismal traits has grown rapidly during the past few
years. Future studies can now address gaps in our under-
standing of their evolutionary significance. One pressing
issue is generality, as most existing examples come from
a handful of systems and phenotypes (TABLE 1). Are these
cases unusual, or will it be possible to expand the phy-
logenetic and phenotypic breadth of well-documented
cases? A second important issue is the genetic and
molecular basis for changes in gene expression in more
cases. Although causal mutations have been identified
in some cases, more often a trait difference is known to
be cis-regulatory but the genetic and mechanistic bases
remain unknown. This information can help to clarify
evolutionary processes (was one mutation or several
required?) and molecular processes (how does a change
in transcription produce trait differences?). A third press-
ing issue is the ecological and population genetic contexts
that lead to the causal mutation or mutations becoming
established in a population. This information, which is
lacking in most of the cases listed in TABLE 1, provides
insights into why particular trait differences evolved.
Fortunately, all three of these issues are tractable using
existing technology. Connecting the dots between seg-
regating variation, molecular consequences, organismal
traits, evolutionary mechanisms and ecological contexts
will significantly enrich our understanding of the evolu-
tionary significance of cis-regulatory mutations, and of
the genetic basis for biological diversity in general.
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