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Abstract Variation in pigmentation is one of the most
conspicuous phenotypic traits in vertebrates. Although
mammals show less variation in body pigmentation than
other vertebrate groups, the genetics of colour determina-
tion and variation is best understood for them. More than
150 genes have been identified that influence pigmentation,
and in many cases, the cause for variation in pigmentation
has been identified down to the underlying nucleotide
changes. These studies show that while some genes are
often responsible for deviating pigmentation, similar or
almost identical phenotypes even in the same species may
be due to mutations in different genes. In this review we
will first discuss the current knowledge about the genes and
their functions underlying the biochemical pathways that
determine pigmentation and then give examples where the
mutations responsible for colour variation have been
determined. Finally, we will discuss potential evolutionary
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Introduction

The living world is colourful; nobody having a brief
look at it will doubt that. In contrast to the non-living
part of our globe such as rocks or ice, which may
sometimes gleam at sunset, but are mostly dull grey,
organisms often show extremely bright colours, and it is
difficult to imagine something more colourful than a
coral reef full of fishes varying from yellow over orange,
pink, violet to green and bright blue—plus all combi-
nations. However, not only fishes are colourful, almost
any animal group shows a wide range of colours
(Fig. 1). Beautiful as this is, it is not only a beautiful
sight, but it also raises numerous questions about the
underlying biology. On the proximal level the issues
focus on questions about the biochemical and develop-
mental basis underlying colours and colour patterns,
whereas on the ultimate level, it is interesting which
evolutionary forces are the drivers behind this pheno-
typic variability. In this review we will first describe
what little is known about the molecular mechanisms
that underlie pigmentation, then give examples of how
colouration differs between and within species, including
the genes and mutations that are responsible for such
differences and discuss the multitude of evolutionary
forces that are the drivers behind the evolution of pig-
mentation. Finally, we will discuss differences in hair
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Fig. 1 Colour variation among
primate species. Although
mammals have a very limited
number of pigments to their
disposal compared to other
vertebrates, they are still quite
variable in colouration.

a Gibbon pair (Hylobates lar);
b gibbon portrait (H. lar);

¢ white-faced saki (Pithecia
pithecia); d golden lion
tamarind (Leontopithecus
rosalia); e squirrel monkey
(Saimiri sciureus); f ring-tailed
lemur (Lemur catta). Pictures
courtesy of Brenda Bradley

and skin colour in our own species. For reasons of scope
and scale, we will stick with vertebrate species as indi-
cated already in the title, but we would like to note that
quite a lot is also known about the molecular basis of
invertebrate pigmentation, such as differences in wing
spots among butterflies [1-3] or body pigmentation in
Drosophila species [4].

Molecular pathways involved in pigmentation

Mammals

There are two major issues that determine colouration, not
only in organisms, but for anything not monochromatic.
First, it is important which pigments are available and,
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second, how these pigments are distributed. Given the
multitude of colours and the vast array of arrangements of
these two traits in vertebrates, it is not surprising that more
than 368 genetic loci (159 cloned genes and 209 not yet
cloned genes) are so far known that are involved in pig-
mentation [5]. Due to this complexity and the fact that
colours and their distribution are different among almost
any pair of species, it is not surprising that we are far from
a full understanding of how pigmentation is regulated in
vertebrates. However, some patterns start to emerge.

In mammals, to start with the best known and most
simple example, colour depends on two major factors: the
presence of pigments at all and the balance of the black
eumelanin and the yellowish pheomelanin [6]. Both are
produced in melanocytes, pigment-producing cells that
reside mainly in the epidermis, eye and hair follicles and
are responsible for skin, eye and hair colour. Melanin is
produced in specialised organelles, the melanosoms, which
are then transported via dentritic processes to the growing
hair or the keratinocytes [7, 8]. Although numerous genes
are involved in this process (see [9] for a review), there are
some key players that warrant special attention. Tyrosinase
is the most important of a number of melanogenesis-related
enzymes (MREs) that regulate both speed and specificity of
melanogenesis. Tyrosinase, or possibly tyrosine hydroxy-
lase, catalyses the conversion of L-tyrosine to L-DOPA, an
early and important step of melanogenesis [10]. Conse-
quently, loss-of-function mutations in tyrosinase result,
among other effects, in albinism. Eumelanin synthesis is
further stimulated by two tyrosinase-related proteins, TRP1
and TRP2, and also depends on more general factors such
as pH value, metal ions, reducing agents and oxygen.

In addition, there are numerous regulators of melano-
genesis functioning upstream of tyrosinase and other
MREs. The promoter of the tyrosinase gene contains a
wide variety of binding sites, including UV response ele-
ments and several potential microphtalmia-associated
transcription factor (MITF) binding sites. In addition to
tyrosinase transcription, MITF also stimulates the tran-
scription of TRP1 and TRP2. MITF transcription is itself
under control of cAMP via cAMP response elements
(CRE). Therefore, MITF plays a key role in melanogenesis,
as cAMP is the major second messenger-stimulating
melanogenesis [11]. In addition to cAMP, Ca*" plays an
important role as second messenger in melanogenesis by
stimulating the synthesis of L-tyrosine, the starting point of
melanin synthesis, from L-phenylalanine [12].

The cAMP level in melanocytes is mainly controlled by
melanocyte-stimulating hormones (MSH). MSH and sev-
eral other bioactive peptide hormones are processed from
the prohormone propiomelanocortin (POMC). o-MSH but
also other structurally related peptides such as f-MSH and
the adrenocorticotrophic hormone (ACTH) are endogenous

agonists of the melanocortin 1 receptor (MCIR) [13], a
rhodopsin-like G protein-coupled receptor (GPCR) [14]
and one of the key regulators in melanogenesis. Upon
binding of MSH to MCI1R, conformational changes within
this plasma membrane receptor activate the heterotrimeric
G; protein. The G a-subunit stimulates adenylyl cyclases,
which convert ATP to cAMP, thereby stimulating the
synthesis of dark eumelanin. Failure of MCIR to induce
cAMP formation accordingly results in a reduced or
diminished eumelanin production, and the pigmentation is
then mainly determined by pheomelanin [15, 16]. There-
fore, gain-of-function mutations in MCIR result in
melanism, e.g., in mouse, pig, fox, sheep and chicken [17—
21], while loss-of-function mutations usually lead to
lighter, reddish or yellowish pigmentation, including red
hair and pale skin in humans [22, 23]. Numerous other
cases of MCIR as the cause of colour variation are known
from both wild and domestic species, and it probably
represents the most studied of all proteins involved in
pigmentation (see below). MCIR is furthermore regulated
by agouti signalling protein (ASIP), which works as an
antagonist/inverse agonist to MCIR function. The current
model of GPCR activation, the so-called allosteric ternary
complex model, proposes that a receptor, independent of
ligand binding, is in equilibrium between an inactive and
active conformation [24]. Agonist binding stabilises the
active conformation of a given receptor, whereas inverse
agonists, such as ASIP, shift the equilibrium to the inactive
conformation. Many MCIR orthologs display high basal
activity and, therefore, ASIP acts not only by displacing
MSH but also by reducing MCIR basal activity [25].
Consequently, yellow/light coat colour in mammals may be
caused by either loss of function mutations in MCIR or
increased production of ASIP due to gene duplication or
mutations within the promoter region of the ASIP gene
[26-28]. It has also been shown that loss-of-function
mutations in agouti result in melanism [21, 29]. Interest-
ingly, this is the case even in POMC knock-out mice [30],
showing that apart from MCIR, other GPCR or factors are
able to provide the cAMP required to trigger eumelano-
genesis [12]. One of the factors that may help to explain the
apparent paradox that mutations of POMC have a relatively
minor effect on pigmentation are probably f-defensins. For
example, f-defensin 103 is a high-affinity ligand of MC1R
and has effects on pigment type-switching in wolves,
domestic dogs and transgenic mice [31, 32].

There are numerous additional genes influencing aspects
of pigmentation. A specific form of ocular albinism (ocular
albinism type 1, OAl) has been associated with an
x-chromosomally encoded protein [33]. The OA1 protein
has been identified as an intracellular GPCR (GPR143)
regulating melanosome transport in pigment cells. Recently,
L-DOPA, a basic substrate in pigment biosynthese, was
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determined as the endogenous agonist for GPR143 [34].
Inactivating mutations in GPR143 are responsible for OA1
[35]. So far, this type of hypopigmentation appears to be
restricted to the ocular fundus in mammals, including
humans [36]. There are also several forms of oculocuta-
neous albinisms (OCA1-4). The oculocutaneous albinisms
type 1A and type 1B (OCA1A and OCA1B) are caused by
inactivating and partially inactivating, respectively, muta-
tions in the tyrosinase gene. OCA2, OCA3 and OCA4 have
somewhat milder phenotypes and are caused by mutations
in the OCAZ2 (its gene product has structural features of a
transporter), the tyrosinase-related protein, and transporter
MATP (SLC45A2) genes, respectively. Loss-of-function
mutations in OCA2 cause albinism in populations of
Mexican cavefish tetra [37], while mutations in the fish
MATP homolog reduce melanin content in medaka fish
[38].

Finally, p53 seems to play a major role in eumelano-
genesis, especially as a reaction to UV exposure via both
the tyrosinase and the POMC pathway. Thus, melanogen-
esis represents a complex and integrated pathway,
including both stimulatory and inhibitory interactions (for
further details on melanogenesis, see [11, 12]).

Apart from the production of melanin, the migration of
melanoblasts/melanocytes from the neural crest during
embryogenesis and into the developing skin and hair fol-
licles is obligatory for pigmentation. The major factors
during this process are the c-kit receptor/steel factor sys-
tem, which 1is critical for melanocyte survival.
Consequently, c-kit mutations are associated with white
coat colour in a number of species, including mice, rats,
pigs and horses [39—42].

Other vertebrates

Although the genetics of colour determination may seem to
be complicated in mammals, they represent the simplest
example among vertebrates. As is obvious from simple
observation, mammals are less colourful than any other
class of vertebrates, i.e. fishes, amphibians, reptiles and
birds. Not surprisingly, in fishes, amphibians and reptiles,
colour is not determined by a single cell type as in mam-
mals, but by three cell layers, the melanophore (containing
melanin), the xanthophore (containing carotenoid and
pteridine colours) and the iridophore (“structural” colours
due to reflection). Together, these cell layers can produce
almost any combination of colours, with xantophores being
responsible for yellow, red and orange colours, melano-
phores for brown, black and gray, and iridophores for short
wave length colours (blue, violet and green) as well as for
silvery colours. However, it should be noted that blue
pigments, called cyanophores, do exist in fishes [43]. Many
of these pigments (or their precursors) cannot be

synthesised by vertebrates and must therefore be taken up
with the diet.

While much has still to be learned about the genetics of
colour variation and distribution, some genes stand out as
key players and have been identified time and again as the
cause of colour variation within or between species. Before
discussing examples for this, we will first outline which
evolutionary forces may be responsible for colour
variation.

Evolutionary forces behind colour variation

Generally, there are two classes of individuals that can be
the target of colour signals: conspecifics and individuals
belonging to different species. In the latter case, there is
only one major function for colouration, namely avoiding
predation. However, this aim can be reached via two very
different pathways, namely crypsis and aposematics,
although in the latter case, the signal may not always be
honest.

Crypsis

Cryptic colouration is ubiquitous among vertebrates, be it
the vast majority of fishes, most (female) birds or almost all
small mammals. However, as cryptic colouration depends
heavily on the habitat of the species—or population—in
question, numerous examples for the power of predation
risk as an evolutionary force exist [44-47]. For example,
pocket mice of the genera Chaetodipus and Perognathus
occur on different coloured substrates in North America
that range from almost black (basaltic lava) to almost white
(gypsum dunes). As already noted by naturalists in the first
half of the 20th century, mice living on different substrates
also differ in coat colour, matching their specific environ-
ment [48]. Interestingly, the same pattern of dark
colouration on dark substrate and light colouration on light
substrate has also been observed in Western fence lizards
(Sceloporus undulates) [47] that live in the same habitat as
the pocket mice. Experimental studies on another genus of
mice, Peromyscus, which also shows variation in coat
colour matching the respective substrate, have moreover
shown that this has indeed a strong influence on predation
rates by visually orientating avian predators [49]. Such
adaptations to the colour of the environment can happen
very fast. In populations of the deer mouse (Peromyscus
maniculatus) living on the Nebraska sand hills (Fig. 2), the
adaptation to light-coloured ground could be linked to a
single amino acid deletion in the agouti gene and an
increased agouti expression probably due to cis-acting
mutation(s) [28]. Further evidence suggests that this
change happened very rapidly during the last 8,000 years.
Similarly, in New Mexico, three lizard species have, during
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Fig. 2 Deer mice (Peromyscus maniculatus) populations showing
different colourations. a Peromyscus maniculatus luteus from
Nebraska Sand Hills; b environment at Nebraska Sand Hills; ¢

the last 6,000 years, rapidly evolved so-called blanched
phenotypes as concealing colouration on the gypsum dunes
of White Sands in the Chihuahuan Desert, New Mexico,
[50].

In general, crypsis is likely to be one of the most potent
forces influencing colour as many species match with the
background colour in their habitat. This may even be the
fact for the—to the human eye—unusually colourful coral
reef fishes [51]. In contrast to humans, many coral reef
fishes are dichromats and therefore, as noted by Marshall
and Vorobyev [52], “the reef is probably less colourful to
many fishes than it appears to us” and “colours of reef
fishes are almost always for camouflage”.

However, crypsis is not only a strategy of prey species
in an attempt to avoid predation, it may be equally
important for predators to avoid being spotted by prey too
early. There are fewer examples for variation in colour
among different populations of predator species, possibly
due to the on average larger size and therefore habitat
range, but recently a very interesting example has been
published. In the Yellowstone National Park wolf popula-
tion, which goes back to a limited number of founder
animals, a black colour morph is present in very high
frequency. This phenotype has been traced back to the K
locus, which encodes a beta-defensin protein, CBD103
[53]. Interestingly, it seems to be derived from domestic
dogs, having entered the wolf gene pool via introgression,
possibly already shortly after introduction of domestic dogs
to the New World some 10,000-15,000 years ago [32]. In
contrast to wolf populations from tundra environments

Peromyscus maniculatus bairdii from Nebraska prarie; d environment
at Nebraska prarie. Pictures by Emily Kay

where this variant is rare, it is generally common in wolf
populations from forest habitats. Thus, if the tundra habitat
declines due to human impact and/or climate change, the
allele derived by introgression from domestic dogs may
actually prove beneficial for adaptation of wolves to new
environmental conditions.

Aposematism

Given that cryptic colouration should be adaptive for both
predators and prey, why is it then that so many animals are
extremely colourful? Obviously, there are occasions when
an animal has an evolutionary advantage of being seen.
This can have a number of reasons. First, poisonous ani-
mals can signal to a potential predator that they do not
represent suitable prey, by various means such as odour or,
very often, bright colours. There are numerous examples
for such so-called aposematic signals, for example, in
poisonous frogs, snakes or lionfish. Although a naive
predator may try—and succeed—to kill a member of such
an aposematic species, the experience will result in it
avoiding such prey in the future. Although individuals of
the aposematic species may thus still be killed occasionally
by predators, the overall risk will be low enough for the
system to evolutionary survive. Interestingly, similar col-
ouration may be displayed by both two poisonous species
(Mullerian mimicry) as well as by a poisonous and a non-
poisonous species (Batesian mimicry). In the first case, the
two (or more) species both profit from each other, as the
more common the signal, the more likely it is that predators
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will have encountered it before and consequently avoid it. In
contrast, in Batesian mimicry, the non-poisonous species
exploits the warning signal of the poisonous one, as predators
avoid them without the mimicking species having to bear the
cost of producing venom. One example in vertebrates is pro-
vided by some species of king snakes (genus Lampropelltis)
that mimic the highly venomous coral snakes (genus Micru-
curus). However, if the non-poisonous species becomes too
frequent, predators will learn that the signal is not honest. This
is one of several examples of frequency effects when it comes
to evolution and maintenance of colour.

Frequency-dependent selection can also occur within
species with regard to predators. One well-studied example
comes from guppies, in which males show bright nuptial
colours. Interestingly, rare colour morphs show higher
survival rates possibly due to predators developing a search
image that targets the most common colour pattern [54].
This effect favours the persistence of multiple colour
morphs within a population.

Sexual selection

Such a frequency dependent effect, favouring the rarer
colour morphs, is also known from sexual selection, when
females preferentially mate with rare colour morph males,
a phenomenon also known from guppies [55, 56]. In con-
trast, in Lake Victoria cichlids, it has been observed that
males from populations that lack a certain colour poly-
morphism show mating preference against females of the
colour morph that is lacking in the test population [57].
However, it should be noted that this is a special case, as
the colour-determining locus is associated with both male
and female mating preference. This observation may
explain the rapid sympatric evolution of numerous species
in Lake Victoria. Polymorphic mating preference is not
restricted to males. In swordtail fishes (Xiphophorus cor-
tezi), females prefer either males with bars or such without
bars [58]. Moreover, assortative mating with regard to
colour polymorphisms has been observed in numerous bird
species [59]. It has even be suggested for the white colour
morph (Kermode bears) of the American black bear (Ursus
americanus), although the sample size in the study was too
small to determine this with certainty [60].

Thus, sexual selection on colour variants can have
opposing outcomes. As preference for rare males will result
in the maintenance of many different colour variants, it
should promote gene flow among populations and impair
speciation. In contrast, assortative mating or female poly-
morphism with regard to preference for male colour
variants will support speciation. Although there may be a
bias with regard to the studies conducted and/or reported, it
seems that the latter mechanism is more common in nature.
It is now also well established that sexual selection on

colour is in many cases environment-dependent. Thus, it
was recently shown [61] that speciation in Lake Victoria
cichlids takes place according to the sensory-drive
hypothesis [62, 63]. This hypothesis predicts that adaptation
of both the sensory and signalling system in populations
living in different environment can lead to speciation. In
Lake Victoria, species pairs that show red and blue nuptial
colouration (Fig. 3), respectively, are quite common. In
their study, the authors found for several species pairs that
the absorption maximum of opsins is shifted to a longer
wave length for species that live at greater water depth. This
results in the populations living at greater depths showing a
red-shift in their light sensitivity maximum. In addition,
females from populations living at greater depths prefer red-
over blue-coloured males [61]. Thus, in accord with the
sensory-drive hypothesis, perception evolved according to
the environment, and both female preference and male
nuptial colouration followed the perceptual restrictions. In
this example, speciation occurred even in symaptry along
gradients in light condition. Sticklebacks are another
example for speciation via sensory-drive sexual selection.
In several Canadian Lakes, species pairs of a benthic and a
limnetic species are found, and again perceptual sensitivity,
male nuptial colour and female preference differ between
the limnetic and benthic form as expected from the wave-
length shift in the ambient light of the habitat [63].
Interestingly, in cichlids, different light regimes or even
bright colours are no prerequisite for sexual selection. For
deep-water cichlids of the genus Diplotaxodon, living in
Lake Malawi, it was found that males differ in colour pat-
terns, which are detectable despite the narrow wave length
spectrum in their habitat [64]. However, it is unknown
whether these species evolved in sympatry or in allopatry.

Conditions for sensory perception may not be the only
cause for driving evolution of a certain mate preference via
“sensory bias”. An interesting example is provided again
by guppies, in which females show a preference for males
with orange spots. Moreover, the intensity with which
females prefer orange males varies across populations.
Interestingly, both males and females react strongly to
orange objects also outside a mating context, and the var-
iability in this reaction explains a striking 94% of the
variability in female preference against orange males
among populations. The authors of this study therefore
suggest that male guppies actually “are mimicking fruit”
[65]. This is an interesting example for a “sensory bias”
that may have developed due to foraging triggering sexual
preference (but see below). A similar observation has been
reported for sticklebacks, despite the fact that red nuptial
colouration correlates with numerous fitness traits such as
male condition, male mating success and resistance of
offspring to parasites [66—68]. Although the extent of red
colouration therefore obviously represents an honest male
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Fig. 3 Different colour morphs of Lake Victoria cichlids. a Chess-
board pattern associated with non-territorial life in structured littoral
habitats; here on blue background (Paralabidochromis sp. *“rockk-
ribensis”); b midlateral stripe pattern: associated with life in the open

signal, both male and female sticklebacks also react to red
objects outside a mating context, and this is even true for
species that do not have red nuptial colours. Thus, red
nuptial colour again most likely evolved because of a
sensory bias of sticklebacks towards red colour, which in
itself may have evolved in a foraging context.

While sensory bias seems to be a strong force with
regard to the development of female colour preferences, as
noted above, nuptial colouration may still serve as an
important signal for females when assessing male quality.
In fact, it was shown for guppies that females even show a
plastic phenotypic response to nuptial colour. Thus,
females that grow up with a high-carotenoid diet show a
weaker response to bright orange nuptial colour in males
than females that grow up with a low-carotenoid diet [69].
Due to the combination of several factors, this reaction
makes evolutionary sense. Fish cannot produce carote-
noids, the chemical components for orange colour, but
have to take them up with their diet. However, carotenoids
cannot only be used as pigment but are also important
effectors in the immune response. Therefore, in low-
carotenoid environments, only high-quality males can
afford allocating the limited amounts of carotenoids
available to orange coloured pigment patterns. In contrast,
with increasing availability of carotenoids, low quality
males will also be able to express orange pigment spots,
making this type of signal increasingly useless for females
to discriminate between high and low quality males. Thus,
the negative correlation between carotenoid availability
and female response to the orange coloured males observed
is exactly what would be expected evolutionarily.

The above result also shows that male signalling
depends on the environment, an observation not restricted

water (Enterochromis cf. paropius); ¢ chessboard pattern on red
background (Paralabidochromis sp. “rockkribensis”); d vertical bars
pattern: associated with highly territorial life in structured littoral
habitats (Pundamilia nyererei). Pictures courtesy of Ole Seehausen

to guppies. Studies on a number of fish species have shown
that especially eutrophication, mostly due to human
activity, can dramatically reduce the strength of selection
on traditional mating traits. In sticklebacks, increased algal
growth was found to reduce the strength of selection on
both male nuptial colouration and courtship display [70]. A
similar effect has been observed in the sand goby, where
male mating success was more evenly distributed under
turbid water conditions, thus relaxing both opportunity for
and strength of sexual selection [71]. Finally, a breakdown
of sexual selection and consequently reproductive isolation
among differently coloured species have been found in
parts of Lake Victoria, where visual conditions changed
dramatically because of eutrophication caused by human
activity [61]. This example of a breakdown in species
barriers shows how dramatic the evolutionary effect of
environmental changes influencing sexual selection can be.

Finally, female preference and/or sensory bias may not be
the only intra-specific evolutionary force influencing colour
evolution. For several cichlid species from lakes Malawi and
Victoria, it has been described that males show more
aggressive behaviour against similarly coloured opponents
than against those that show different colour [72, 73].
Therefore, differently coloured males may potentially have a
selective advantage, an effect that could eventually lead to
speciation via colour morph separation [73, 74].

The genetic basis of coat colour variation: the MC1R
case

As noted above, more than 150 genes have been described
to date that play a role in colour determination. However,
for a variety of reasons, only a much more limited number
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are generally studied as candidate genes in non-model
organisms that show colour variation. One of the best
examples for this is MCIR. With the advent of large,
publicly available genomic data sets and the completion of
numerous vertebrate genome sequences, there has been
much effort to identify the origin and to follow the evo-
lutionary history of the endocrine melanocortin system.
Although its importance for pigmentation was demon-
strated at the molecular level more than 15 years ago [75],
the interest of the scientific community in its relevance in
adaptation processes and diseases not only in humans but
also vertebrates from fish to mammals is still growing.
Therefore, in the following section we will discuss exam-
ples for colour variation that have been studied specifically
with regard to variation in MC1R sequence and for which
the molecular basis could, or could not, be determined.

During the last few years, the number of studies that
discuss coat colour variation in non-domesticated species
as well as the genetics underlying variation has increased
almost exponentially [76]. A major reason for this has been
the concentration on the MCIR gene, which seems to be
involved in colour variation in a disproportional fraction of
the studies. In 2005, Garcia-Borron and colleagues listed
already 60 natural variants of the MC1R gene [77], and this
number has increased considerably since then. Moreover,
MCIR is a short gene, consisting of only about 350 amino
acids, contains a single protein-encoding exon, and func-
tional tests are established, making it an ideal target for
molecular studies. It becomes increasingly popular to
screen for variants in MCIR and in its antagonist/inverse
agonist, the vertebrate ASIP [28, 29], which consists of 4
exons with a total protein size of about 130 amino acids
[78-80]. Finally, MCIR plays a role in pigmentation in a
large group of species ranging from fishes, amphibians,
reptiles across birds to mammals [81], and in contrast to
some other genes involved in colour determination such as
the KIT gene, where mutations may be lethal at least in the
homozygote state [82], generally neither activating nor
inactivating mutations in MCIR have major pleiotropic
effects. In fact, researchers have become so accustomed to
MCIR being responsible for colour differences that
research articles have started to state already in the abstract
when MCIR is NOT responsible for an observed colour
difference (e.g., [29]).

The skin colouration effect of «-MSH is well established
for fish, amphibians and reptiles since decades [83]. Con-
sistently, MCIR, the other four fish orthologs of the
mammalian melanocortin receptor family (MC2R-MC5R),
ASIP and POMC have been cloned and sequenced in
multiple fish species [79, 84, 85]. This indicates that the
different components of the melanocortin system were
already present before the radiation of gnathostomes, but
melanocortin receptors were not yet found in non-chordate

species. The action of the melanocortin system has been
implicated in fish dorsal ventral pigmentation and back-
ground adaptation in several teleost fishes [79, 86]. The
pharmacological properties of fish MCIR and its peptide
agonists appear to be very similar when compared to the
mammalian system [79, 85]. MCIR is a single copy gene
in all fishes investigated so far [81]. Until recently, there
was no report on the variability of MCIR or other mela-
nocortin system components in fishes. Using a QTL
approach combined with sequence and functional analyses,
two distinct genetic alterations in the coding sequence of
the gene Mclr were found to cause reduced pigmentation
in Mexican cave fishes [87]. Interestingly, the depigmented
phenotype has arisen independently in geographically
separate caves, mediated through different mutations of the
same gene and probably due to loss-of-constraint—a per-
fect example for parallel evolution targeting one gene.

Although Xenopus melanophores are frequently used to
bioassay MCIR function [88, 89], there is no report to our
best knowledge on variants in the melanocortin receptor or
signalling pathways in amphibians. There are several
albino phenotypes in for example axolotl and blind cave
salamander, but the contribution of the melanocortin sys-
tem to depigmented phenotypes, as shown in cave fishes
[87], is not analysed yet.

In reptiles and birds several intraspecies colouration
differences were traced to MCIR variants. For example,
melanic or blanched forms of lizard species living in the
Chihuahuan Desert [50] of New Mexico were associated
with partially inactive MC1R variants. There are numerous
examples in birds that suggest that intraspecies variations
in colour are associated with MC1R variants. For example,
melanic plumage in swans is related to amino acid changes
at important functional sites in MCIR that are consistent
with increased MCIR activity and melanism. Since the
putative melanizing mutations were independently derived
in the two melanic swan lineages, this is another example
of convergent evolution at MCIR [90]. Similarly, red-
footed booby [91], quails [92, 93], fairy-wrens [94], ba-
nanaquit [95] and chicken [17] carry MCIR variants that
correlate with melanic plumage. Melanism and MCIR
variants are strongly associated in geese and skuas, with
melanism being the derived trait that seems to have
evolved during the Pleistocene [96]. For both species,
positive assortative mating of the colour morphs has been
described [97, 98]. Evidence for sexual selection affecting
the MCIR locus was also found for some galliform birds
[99].

There are also numerous examples for MC1R mutations
being causal for colour variations in mammals, ranging
from humans over mice to wolves, bears and various cat
species. For example, melanistic coat colouration occurs as
a common polymorphism in 11 of 37 felid species and
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Fig. 4 Colour morphs of Peromyscus polionotus. a Anastasia Island beach mouse Peromyscus polionotus phasma; photo by J.B. Miller,
USFWS; b oldfield mouse Peromyscus polionotus subgriseus; photo by Shawn Carey, Migration Productions

reaches high population frequency in some cases, but never
achieves complete fixation [100]. Association and trans-
mission analyses showed that a 2-bp deletion in the ASIP
gene specifies black colouration in domestic cats, and two
different in-frame deletions in the MCI1R gene are impli-
cated in melanism in jaguars and jaguarondis [100].
Because melanistic individuals from other felid species did
not carry any of these mutations, there must be additional
independent genetic origins for melanism in the cat family.
Coat-colour polymorphisms based on MCIR variants
were identified also in the extinct Pleistocene mammoth
(Mammuthus primigenius) [101]. One of these, Arg67Cys,
is carried at the homologous sequence position by light-
coloured populations of the beach mouse, which have
lighter coloured coats than their inland counterparts, driven
by natural selection for camouflage against the pale sand
dunes (Fig. 4). Functional tests and crossing experiments
revealed both a reduction in basal and induced activity
highly similar to that observed for the mammoth MCIR
protein and a strong association between this amino acid
polymorphism and adaptive coat colour phenotype [46].
Humans are probably the best studied species for pig-
ment variations. Thus, a number of genome-wide
association studies have been conducted in humans to
identify candidate genes involved in pigmentation. SNP
polymorphisms in a number of genes such as TYR,
SLC24A4, SLC45A2, SLC24AS, ASIP, OCA2, KITLG
and HERC?2 present in human populations can account for
differences between those of darkest and lightest skin [9,
102-104]. Blue-brown eye colour can be explained by a
single SNP in the HERC2 locus proposed to regulate
OCAZ2 expression [105, 106]. However, the best correla-
tions between the biochemical signalling properties of the
encoded receptor and the red-hair fair skin pigmentation
phenotype are again shown by variant MCIR alleles. Over
150 sequence variations at the human MCIR locus,
including about 90 missense, non-sense and frame shifting
mutations, have been reported so far [22, 23]. Interestingly,
these studies also show that there is no ‘hot spot’ for
mutations in MCIR. Missense mutations often lead to

altered receptor trafficking and loss of high affinity binding
of MSH [107]. Many of the variant MCIR found to be
functionally impaired have been associated with red hair
and pale skin in humans. The majority of red-haired indi-
viduals are compound heterozygotes or homozygotes for
loss-of-function mutations [108]. In contrast to other spe-
cies, activating mutations in MCIR, such as those
identified in dark-coat coloured mice [18], have not yet
been described in humans. The worldwide pattern of
MCIR diversity indicates functional constraint and con-
sequently purifying selection in African populations,
whereas the greater allelic diversity seen in non-African
populations seems to be consistent with neutrality rather
than with positive selection [109]. Its key role in regulating
skin pigmentation makes MCIR a major determinant of
sun sensitivity and, therefore, a genetic risk factor for
melanoma and non-melanoma type skin cancer [110-112].
This function may be an important selective force that
confers the functional constraint of MCIR in regions with
high UV irradiation.

Differences in skin and hair pigmentation due to
functional MCI1R variants are not only a phenomenon in
humans of European origin during recent times. Lalueza-
Fox and co-workers [113] amplified and sequenced a
fragment of the MCIR gene from two Neanderthal
remains. Both specimens had a mutation (Arg®°’Gly) that
was not found in approximately 3,700 modern humans
analysed. Functional analyses revealed that this variant
reduces MCIR activity to a level that alters hair and/or
skin pigmentation in modern humans. The impaired
activity of this variant suggested that Neanderthals also
varied in pigmentation levels and inactive MCI1R variants
evolved independently in both modern humans and
Neanderthals.

Conclusion

The wide variety of colours and colour patterns found in
nature is realised by concerted action of more than 150
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genes that realise and influence pigmentation. Nucleotide
changes in these genes are responsible for different pig-
mentation with such diverse effects as avoidance of
predation, conspicuous attraction or optical warning. Ulti-
mately, deviating pigmentation may allow adaptation to
different environments and even result in speciation.
Changes in a single coat colour-determining gene and
sometimes even a single nucleotide can be responsible for
both divergent and convergent evolution of different spe-
cies. Vice versa, similar or almost identical phenotypes
even in the same species may be due to mutations in
different genes. We have progressed quite far in under-
standing some of the components involved in pigmentation
such as the melanocortin system, but future studies of
Mother Nature’s paint box will surely reveal further fas-
cinating causalities of vertebrate evolution.
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