',\' frontiers

in Ecology and Evolution

REVIEW
published: 13 May 2020
doi: 10.3389/fevo.2020.00116

OPEN ACCESS

Edited by:
Ricardo Mallarino,
Princeton University, United States

Reviewed by:

Salvatore D’Aniello,

Stazione Zoologica Anton Dohrn, Italy
Claudius Frank Kratochwil,

University of Konstanz, Germany

*Correspondence:
Leif Andersson
Leif. Andersson@imbim.uu.se

Specialty section:

This article was submitted to
Evolutionary Developmental Biology,
a section of the journal

Frontiers in Ecology and Evolution

Received: 08 December 2019
Accepted: 09 April 2020
Published: 13 May 2020

Citation:

Andersson L (2020) Mutations

in Domestic Animals Disrupting or
Creating Pigmentation Patterns.
Front. Ecol. Evol. 8:116.

doi: 10.3389/fevo.2020.00116

Mutations in Domestic Animals
Disrupting or Creating Pigmentation
Patterns

Leif Andersson?23*

" Department of Medical Biochemistry and Microbiology, Uppsala University, Uppsala, Sweden, ? Department of Veterinary
Integrative Biosciences, Texas A&M University, College Station, TX, United States, ° Department of Animal Breeding
and Genetics, Swedish University of Agricultural Sciences, Uppsala, Sweden

The rich phenotypic diversity in coat and plumage color in domestic animals is primarily
caused by direct selection on pigmentation phenotypes. Characteristic features are
selection for viable alleles with no or only minor negative pleiotropic effects on other
traits, and that alleles often evolve by accumulating several consecutive mutations in
the same gene. This review provides examples of mutations that disrupt or create
pigmentation patterns. White spotting patterns in domestic animals are often caused
by mutations in KIT, microphthalmia transcription factor (VITF), or endothelin receptor
B (EDNRB), impairing migration or survival of melanoblasts. Wild boar piglets are
camouflage-colored and show a characteristic pattern of dark and light longitudinal
stripes. This pattern is disrupted by mutations in Melanocortin 1 receptor (MC1R),
implying that a functional MC1R receptor is required for wild-type camouflage color
in pigs. The great majority of pig breeds carry MC1R mutations disrupting wild-type
color and different mutations causing dominant black color were independently selected
in European and Asian domestic pigs. The European allele evolved into a new allele
creating a pigmentation pattern, black spotting, after acquiring a second mutation. This
second mutation, an insertion of two C nucleotides in a stretch of 6 Cs, is somatically
unstable and creates black spots after the open reading frame has been restored
by somatic mutations. In the horse, mutations located in an enhancer downstream
of TBX3 disrupt the Dun pigmentation pattern present in wild equids, a camouflage
color where pigmentation on the flanks is diluted. A fascinating example of the creation
of a pigmentation pattern is Sex-linked barring in chicken which is caused by the
combined effect of both regulatory and coding mutations affecting the function of
CDKNZ2A, a tumor suppressor gene associated with familial forms of melanoma in
human. These examples illustrate how evolution of pigmentation patterns in domestic
animals constitutes a model for evolutionary change in natural populations.

Keywords: pigmentation, domestic animals, patterning, domestication, selection

INTRODUCTION

Pigmentation phenotypes have been under strong selection in domestic animals throughout their
evolutionary history, and references to variation in pigmentation are indicated already in ancient
literature and illustrations. For instance, the Greek historian Herodotus described that the Persian
emperor Xerxes (in reign 485 to 465 BC) kept sacred white horses, most likely white horses caused
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by the Graying with age mutation (Rosengren Pielberg et al.,
2008). Coat color variation is also described in old Roman
literature (Forster and Heffner, 1968). Pigmentation must
have been one of the first traits that were altered after
domestication was initiated and extensive color diversity is a
hallmark for domestic animals. The molecular characterization
of mutations underlying these changes has given insight about
mechanisms underlying pigmentation patterns. The evolution
of pigmentation patterns in domestic animals constitutes a
model for evolutionary change in natural populations. This
review provides examples of mutations that disrupt pigmentation
patterns and others that create pigmentation patterns. In addition
to the patterns described here, it is worth noticing the Himalayan
pattern that occurs in several species like cat, rabbit, mouse, and
gerbil (Lyons et al., 2005), and is caused by temperature-sensitive
mutations of tyrosinase producing white color but with dark
pigmentation in cooler areas of the body, like the tips of the ears.

WHITE SPOTTING PATTERNS IN
DOMESTIC ANIMALS

White spotting patterns occur frequently in domestic animals.
The most common causes are mutations in KIT encoding the KIT
tyrosine kinase receptor, microphthalmia transcription factor
(MITF), or endothelin receptor B (EDNRB), all with a crucial role
for melanoblast migration and survival. Thus, a common reason
for white spotting is lack of pigment cells in skin and/or in the
hair/feather follicles.

The majority of KIT mutations causing pigment patterns in
domestic animals are structural rearrangements. There are two
reasons why these are common in domestic animals. One is that
structural rearrangements that do not touch the coding sequence
may give a spectacular pigmentation pattern without causing
negative pleiotropic effects, because KIT function is also essential
for development of hematopoietic cells and for germ cells. The
second reason is because some regulatory elements affecting
KIT expression are located hundreds of kb both upstream and
downstream of the coding sequence, disruption of these often
gives spectacular spotting patterns. This is well illustrated by
the domestic pig where a 450 kb duplication encompassing
the entire coding sequence and more than 100 kb upstream
and downstream of the coding sequence is causing the Patch
phenotype characterized by large areas of the coat lacking
pigmentation (Johansson Moller et al., 1996; Giuffra et al., 2002).
Further, the Belt phenotype, characterized by a white belt across
the foreleg, is associated with several duplications in non-coding
regions of KIT (Rubin et al, 2012). The top dominant KIT
allele, present in billions of pigs used for meat production world-
wide, is Dominant white causing complete or near complete
absence of skin and hair pigmentation. The Dominant white
allele carries multiple causal mutations, including the different
duplications associated with the Patch and Belt phenotypes,
and in addition a splice mutation in one of the copies that
leads to skipping of exon 17 encoding the tyrosine kinase
domain. Thus, this results in a dominant negative receptor with
normal ligand binding but inactivated tyrosine kinase signaling

(Marklund et al., 1998; Rubin et al., 2012). The Dominant white
allele is affecting pigmentation based on the combined effect
of regulatory mutations (the duplications) and a coding change
(splice mutation) in one of the copies. Due to this combination,
it is the most dominant KIT allele as regards its effect on
pigmentation in any mammal and with no or only very mild
pleiotropic effects on hematopoiesis and fertility. Other examples
of KIT structural rearrangements causing striking pigmentation
patterns in domestic animals are Tobiano white spotting in
horses caused by a 40 Mb inversion where one of the inversion
breakpoints is located about 100 kb downstream of KIT (Brooks
et al., 2008), and color sidedness in cattle caused by two serial
translocations affecting KIT expression (Durkin et al., 2012).

In contrast to pigs where there is an allelic series at the
KIT locus, white spotting in dogs is largely determined by an
allelic series at the MITF locus (Karlsson et al., 2007). This
Spotting (S) locus was first described by Little (1957) and is
composed of four alleles Solid (S, wild-type), Irish spotting (S!),
Piebald (SP), and Extreme white (S¥). Irish spotting occurs
in breeds like Bernese mountain dogs, Collie and Basenji,
and is characterized by limited white spotting on the chest
and often with a white ring around the neck. The Piebald
phenotype occurs in for instance Beagles and Fox terriers
and is characterized by more extensive white spotting across
the body. Finally, Extreme white occurs in Dalmatians, white
Boxers, and white Bull terriers and presents as a near total
absence of pigmentation but remaining spots of pigmentation
show normal pigmentation implying no defect in pigment
production per se. In contrast to the situation in mice where
the majority of described alleles affect the coding sequence and
is associated with severe negative pleiotropic effects in other
tissues where MITF function is essential, none of the MITF
alleles in dogs affect the coding sequence and they have no
or only mild negative effects (Karlsson et al., 2007); a fraction
of the Extreme white dogs show deafness. Furthermore, an
interesting aspect of the dog MITF alleles is that the three
mutant alleles do not represent three independent mutations
but show haplotype sharing strongly suggesting that the three
alleles have evolved by consecutive accumulation of several
causal mutations in the non-coding part of MITF. Functional
characterization indicated that a simple repeat polymorphism
in the MITF promoter is likely one of the causal variants
affecting white spotting patterns (Baranowska Korberg et al.,
2014). A non-coding variant in the 5 region of MITF is also
associated with a white spotting pattern in cattle (Hofstetter
et al., 2019). In horses, mutations in both MITF and PAX3
are associated with the Splashed white pigmentation pattern
(Hauswirth et al., 2012).

A missense mutation in EDNRB Ilel18Lys is causing the
Overo white spotting pattern in horses and in the homozygous
condition the Overo lethal white syndrome, where lethality
is caused by intestinal aganglionosis (Metallinos et al., 1998;
Santschi et al., 1998; Yang et al., 1998). This horse syndrome
corresponds to the form of Hirschsprung disease in humans
caused by mutations in the same gene. A missense mutation in
EDNRB2 is also associated with a feather pigmentation pattern in
chicken (see below).
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FIGURE 1 | Wild boar sow with piglets. The piglets show the characteristic
camouflage pattern which requires the presence of a wild-type MC1R allele.
Photo: Annelie Andersson.

MC1R MUTATIONS IN PIGS BOTH
DISRUPT AND CREATE PIGMENTATION
PATTERNING

Melanocortin 1 receptor (MCIR) is one of the major coat color
loci in the domestic pig. The wild boar piglets show a striking
camouflage color composed of longitudinal dark- and light-
colored stripes (Figure 1). In the great majority of pig breeds of
the world, this camouflage color is disrupted by MCIR mutations,
either dominant black or recessive red mutations (Kijas et al,,
1998, 2001). Fang et al. (2009) tested pigs from 68 different
breeds from Europe and China and found that pigs from only
one, the Hungarian Mangalica, were homozygous for the wild-
type allele. Domestication of pigs occurred in parallel in Europe
and Asia from two different subspecies of the wild boar, the
European wild boar and the Asian wild boar that separated from
each other about one million years ago (Giuffra et al., 2000;
Kijas and Andersson, 2001; Groenen et al., 2012). Two different
missense mutations in MCIR causing dominant black color
were selected in European and Asian domestic pigs, D124N and
L102P, respectively. A comprehensive screen of the MCIR coding
sequences in wild boars and domestic pigs from both Europe
and Asia led to the conclusion that there is purifying selection
to maintain camouflage in wild boars and selection to disrupt
camouflage in domestic pigs (Fang et al., 2009). A conclusion
based on the observation that seven out of seven nucleotide
substitutions among European and Asian wild boars were all
synonymous, whereas nine out of 10 nucleotide substitutions
among domestic pigs were non-synonymous changes.

The disruption of camouflage pattern in pigs carrying
dominant black or recessive red alleles at MCIR suggests
strongly that a wild-type MCIR receptor, whose signaling
activity is controlled by the relative abundance of melanocyte-
stimulating hormone (MSH) and agouti (ASIP), is required for
the development of this pattern. The most likely explanation
is that differential expression of agouti is causing patterning

as recently reported for periodic feather patterning in juvenile
galliform birds (Haupaix et al., 2018). Furthermore, differential
expression of the transcription factor ALX3 is associated with
the development of periodic dorsal stripes in the African
striped mouse, which resemble the camouflage pattern in piglets
(Mallarino et al., 2016).

One of the MCIR alleles in pigs is also creating a stochastic
pigment pattern. That is the black-spotting E? allele that evolved
from the European dominant black allele (EP!), carrying the
D124N missense mutation, by the insertion of two C nucleotides
at codon 22 creating a mononucleotide repeat of 8 C (Kijas et al.,
2001). A frameshift mutation at codon 22 is expected to result in
a complete loss-of-function and lack of black eumelanin in the
coat. But that is not the case, the most common phenotype is
red with a more or less random distribution of black spots across
the body or white coat with larger black spots; whether the black
spots occur on a white or red background is determined by one
or more other genetic factors that have not yet been identified.
The black-spotting phenotype associated with this allele ranges
from almost no spots at all, in particular on the red background
as in Tamworth pigs, to an entire black coat with six white points
(tail, nose, and four white feet) in Berkshire. So, how is this
possible? The explanation is that the 8 C mononucleotide repeat
is somatically unstable and may lose two nucleotides or gain one
nucleotide and thereby restore the open reading frame. When
that happens, constitutive MCIR signaling is reactivated due to
the presence of the D124N missense mutation. This somatic
instability of the mononucleotide repeat was confirmed by RT-
PCR analysis (Kijas et al., 2001). The phenotypic range associated
with the black-spotting allele is most likely explained by sequence
variants affecting the probability for somatic reversion to occur
as well as loci affecting the proliferation of melanocytes after
reversion has occurred.

A similar stochastic pattern of pigmented spots occurs in
white horses carrying the dominant graying with age mutation.
These horses are born normally colored but start to gray already
during the first year of life and they are usually completely white
before they are 10 years of age. Graying with age is caused by a
4.6 kb tandem duplication in an intron of syntaxin 17 (Rosengren
Pielberg et al., 2008). Many horses that are heterozygous for this
mutation show large number of small pigmented spots and are
called flea-bitten gray. It appears plausible that this phenotype is
caused by somatic loss of one of the duplicated copies or that
it is inactivated by an epigenetic mechanism. A third example
of a stochastic generation of a pigmentation pattern in domestic
animals is the merle patterning in dogs in which pigmentation
is diluted by a retrotransposon insertion in PMEL (previously
denoted SILV), somatic deletion of the retrotransposon restores
normal pigmentation (Clark et al., 2006).

REGULATORY MUTATIONS IN TBX3
DISRUPT CAMOUFLAGE COLOR IN
HORSES

The majority of domestic horses have a non-dun phenotype
characterized by intense pigmentation and caused by
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homozygosity for a recessive allele at the Dun locus. The
dominant Dun phenotype occurs in some horses like Icelandic
horses and the Norwegian Fjord horse, but this is in fact a
wild-type color present also in the Przewalskis horse, a close
relative to the ancestor of domestic horses. Dun is causing a
pattern of dilution on the flanks but leaves a dark dorsal stripe
and may be associated with other dark patterns which may
include facial mask, shoulder cross, and zebra-like stripes on the
legs (Imsland et al., 2016). There are many mutations described
in the pigmentation literature causing pigment dilution caused
by various defects in the pigment machinery. It is worth noticing
that Dun in horses is in fact a wild-type phenotype contributing
to camouflage by reducing the intensity of pigmentation.

Histological studies revealed that the difference between
hairs from Dun and non-dun horses is that the latter have
a symmetric deposition of pigment whereas hair from Dun
horses have an asymmetric deposition of pigments on the
outward-facing side of the hair (Imsland et al, 2016). Thus,
this is a pigmentation pattern affecting the individual hair.
High-resolution genetic mapping combined with whole genome
sequencing data from Dun and non-dun horses revealed that the
non-dun phenotype is caused by cis-acting regulatory mutations
affecting tissue-specific expression of the TBX3 transcription
factor gene (Imsland et al., 2016). TBX3 had never before
been associated with pigmentation, but it is important during
development and loss-of-function mutations cause the ulnar-
mammary syndrome in humans that involves defects in limb,
apocrine gland, tooth, and genital development (Bamshad et al,,
1997). Imsland et al. (2016) first showed that the majority of
non-dun horses, including the reference horse used for the horse
genome assembly, were homozygous for an 1609 bp deletion
located about 5 kb downstream of TBX3, in a region showing
high sequence conservation among mammals. The fact that not
all non-dun horses were homozygous required further analysis
which revealed the presence of two different alleles non-dunl
(lacking the deletion) and non-dun2 (with the deletion). The
causal mutation for non-dunl is a single nucleotide substitution
within the region deleted in non-dun2! Furthermore, genotyping
more than 1000 horses for these two causal variants explained a
phenotypic heterogeneity among non-dun horses where horses
homozygous for non-dun2 have the most intense pigmentation
and non-dunl horses show an intermediate phenotype often
with a weak dorsal stripe (Imsland et al.,, 2016). Interestingly,
non-dunl is in fact also a wild-type allele since it was found
in two ancient horses (4400 and 42,700 years old). This implies
that there existed two different color morphs of the ancestor
of domestic horses, Dun and non-dunl, possibly adapted to
different environmental conditions.

Imsland et al. (2016) also established a plausible molecular
mechanism underlying camouflage color in Dun horses, which
is disrupted in non-dun horses. In Dun horses, TBX3 has an
asymmetric expression in the hair follicle that matches the
asymmetric deposition of pigment. KIT ligand (KITL) shows
downregulation in the area where TBX3 is expressed, which in
turn means that pigment cells are not attracted to this part of
the hair follicle explaining the lack of pigment deposition. In
contrast, TBX3 is not expressed in the hair follicle in non-dun

horses explaining the symmetric deposition of pigment. Thus,
the results suggest that the deleted region contains an enhancer
required for TBX3 expression in the hair follicle.

The work on the Dun horse coat color revealed a previously
unknown function for TBX3 and a previously unknown
mechanism for generation of camouflage color in mammals. This
mechanism is present at least in all equids including zebras. For
instance, the Somali wild ass, the wild ancestor of the donkey,
shows a very clear Dun phenotype with diluted pigmentation
on the flanks, a dorsal black stripe and zebra-like leg stripes.
It is possible that this mechanism for camouflage pattern is
also active in other mammals including different species of
deer and antelopes.

MUTATIONS IN THE CDKN2A TUMOR
SUPPRESSOR GENE CREATE
PIGMENTATION PATTERN IN CHICKEN

Sex-linked barring is an iconic plumage phenotype present in
breeds like Barred Plymouth Rock and Coucou de Rennes
(Figure 2A). This phenotype shows sex-linked dominant
inheritance and is characterized by feathers with periodic black
and white bars. In the initial identification of the causal gene
for this phenotype, Hellstrom et al. (2010) mapped this locus to
a 12 kb region containing only the CDKN2A tumor suppressor
gene encoding two transcripts INK4b and ARF. CDKN2A had
never before been associated with a pigmentation phenotype
but has a well-established link to pigment cell biology because
heterozygosity for loss-of-function mutations in this gene is a
major risk factor for familiar forms of malignant melanoma
in humans (Hussussian et al., 1994). Sequence analysis of the
12 kb region across many breeds of chicken revealed three
CDKN2A alleles: wild-type (N), Sex-linked barring (BI), and
Sex-linked dilution (B2); the latter is a variant of Sex-linked
barring but causing a more diluted pigmentation and not as
sharp contrast between the black and white bars as in Sex-
linked barring. Four sequence variants, all in or near the ARF
transcript, were unique to the BI and B2 alleles and not found
in any of the sequenced wild-type chromosomes (Figure 2B).
Bl carried a V9D missense mutation while B2 was associated
with an R10C missense mutation, and both carried two SNPs in
non-coding sequences. The two missense mutations were very
strong candidates for being causal because they were both non-
conservative and affected the MDM2-binding domain of the ARF
protein. However, it was a mystery why both mutations occurred
on the same very rare haplotype characterized by two non-coding
changes not found among wild-type chromosomes.

A second study (Schwochow-Thalmann et al., 2017)
characterized a fourth allele, BO, that carried only the two non-
coding changes (Figure 2B). The B0 allele was associated with the
most extreme suppression of pigmentation with a weak barring
pattern and was therefore named Sex-linked extreme dilution.
Functional analysis revealed allelic imbalance associated with
the BO, BI, and B2 alleles, with higher expression of the mutant
allele compared with the wild-type allele in feather follicles but
not in skin or in liver. The results imply that one of the two
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FIGURE 2 | Phenotypes and alleles at the Sex-linked barring (CDKN2A) locus in chicken. (A) Female and male Coucou de Rennes chicken illustrating the Sex-linked
barring phenotype caused by the B7 allele. (B) Sex-linked barring alleles and associated sequence variants. SNP1 and SNP2 are non-coding while SNP3 and SNP4
constitute non-synonymous changes in the region encoding the MDM2 binding domain. Photo credit: (A) Hervé Ronné, Ecomusée du pays de Rennes. From
Schwochow-Thalmann et al. (2017).
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FIGURE 3 | Proposed mechanism for development of the Sex-linked barring phenotype. (A) The non-coding mutation(s) present in the B0, B1, and B2 alleles cause
a tissue-specific upregulation of CDKN2A encoding the ARF protein. ARF inhibits MDM2-mediated degradation of p53. p53 will activate downstream targets
possibly initiating premature melanocyte differentiation resulting in a loss of mature pigment cells. (B) The amino acid substitutions associated with the B7 and B2
alleles impair the ARF/MDM2 interaction, which counteracts the consequences of upregulated ARF expression. (C) In wild-type feathers, melanocyte progenitor cells
migrate up from the feather base and start expressing ARF in the barb region leading to differentiation of melanocytes and pigment production without exhausting
the pool of undifferentiated melanocytes. In Sex-linked barred feathers, upregulated ARF expression may lead to premature differentiation of pigment cells and a lack
of undifferentiated melanocytes that can replenish the ones producing pigment. As the feather keeps on growing, no more melanocytes are available to produce
pigment resulting in the white bar. A plausible explanation for the periodic appearance of white and black bars is that new recruitment of melanocyte progenitor cells
takes place after the undifferentiated melanocytes have been depleted. From Schwochow-Thalmann et al. (2017).

non-coding changes or the combined effect of the two constitutes
a cis-acting regulatory mutation. Furthermore, functional
characterization using far-UV circular dichroism and isothermal
titration calorimetry (ITC) of the different protein variants (N,
Bl, and B2) showed that the missense mutations impair the
interaction between ARF and MDM2 (Schwochow-Thalmann
et al., 2017) and thus counteract the effect of the upregulated
expression of ARF caused by the regulatory mutation. The results

are consistent with an evolutionary scenario where the regulatory
mutation occurs first resulting in the B0 allele followed by two
independent missense mutations causing the BI and B2 alleles.
Schwochow-Thalmann et al. (2017) proposed a plausible
mechanism of action of the mutant alleles (Figure 3), partially
based on the finding by Lin et al. (2013) that Sex-linked barring
is associated with premature differentiation of pigment cells.
First, upregulation of ARF expression blocks MDM2 and leads
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to upregulation of the p53 tumor suppressor and shorter life-
span of pigment cells. Thus, this is the opposite effect compared
with the consequence of CDKN2A loss-of-function mutations
predisposing for human melanoma. Second, the missense
mutations in the B and B2 alleles impair the interaction between
ARF and MDM2 (Figure 3B). The Sex-linked barring phenotype
is most likely caused by a repeated process where melanocyte
progenitor cells are recruited, differentiate and produce pigment
resulting in a black bar, followed by exhaustion of pigment cells
due to premature differentiation resulting in a white bar, and then
the process start again with the recruitment of new progenitor
cells (Figure 3C).

In addition to Sex-linked barring, there is an extensive
diversity in intra-feather pigmentation patterns in the
domestic chicken. Smyth (1990) described the following
main types: stippling (wild-type), penciling, autosomal barring,
single lacing, double lacing, spangling, and mottling. The
difference between stippling and the other variants is caused
by mutations at distinct loci or by the combined effect
of multiple loci, some of these genes have been identified
at the molecular level. Autosomal barring resembles Sex-
linked barring but the difference is that the white bars in
Sex-linked barring lack pigment whereas the light-colored
bars in Autosomal barring usually have pigment deposition.
According to Smyth (1990), autosomal barring is caused
by the combined effect of mutations at the Extension, Dark
brown, Patterning, and Columbian loci. Extension corresponds
to MCIR in which an allelic series has been identified at
the molecular level (Takeuchi et al., 1996; Kerje et al., 2003;
Davila et al, 2014). Dark brown is caused by an 8.3 kb
deletion upstream of SOXI10 (Gunnarsson et al, 2011).
The SOX10 transcription factor plays an important role
during melanocyte development, and SOXI10 mutations is
causing some forms of Waardenburg syndrome, involving
pigmentary disturbances of hair, skin, and eyes (Pingault
et al, 1998). The Patterning and Columbian loci have not
yet been identified at the molecular level. Mottling (white
tip of the feather) has been associated with a missense
mutation in EDNRB2 encoding endothelin receptor B2
(Kinoshita et al., 2014).

DISCUSSION

An extensive phenotypic diversity of pigmentation patterns
is a characteristic feature in domestic animals. It has been
speculated that this, in particular white spotting patterns, is
a by-product of selection for tameness (Wilkins et al., 2014).
The argument is based on proposed pleiotropic effects of
mutations in genes expressed in neural-crest derived cells
affecting both brain function and pigmentation. However, to the
best of my knowledge, there are no convincing empirical
data supporting this hypothesis as a major explanation
for coat color diversity in domestic animals. For instance,
the white spotting locus in dogs (S/MITF) contradicts this
hypothesis, because mutations affecting melanocyte migration
with no or minor pleiotropic effects have been selected.

Furthermore, some of the friendliest dogs, like Labradors
and Golden Retrievers, tend to be homozygous for the
Solid (wild-type) allele at this locus. In fact, a recent study
confirms the degree of white pigmentation do not covary
with differences in behavior across dog breeds (Wheat
et al, 2019). The most important reason for the extensive
variation in pigmentation pattern in domestic animals is
positive selection for variation (Fang et al, 2009). Selection
against camouflage like the striping patterns in piglets may
have facilitated animal husbandry when domestic piglets
were roaming freely around early settlements. Furthermore,
Columella, the Roman authority on agriculture, wrote almost
2000 years ago that shepherds prefer dogs with white color
because it helps them to distinguish dogs from wolves at
low light conditions (Forster and Heflner, 1968). There
has also been a selection for pure beauty, exampled by
the phenotype of the white horses (Rosengren Pielberg
et al, 2008) and Sex-linked barring in the domestic chicken
(Schwochow-Thalmann et al., 2017). Finally, relaxed purifying
selection, related to the importance of pigmentation for
camouflage and mate choice in natural populations, has
most certainly contributed to the observed diversity in
domestic animals.

A characteristic feature of alleles affecting pigmentation
in domestic animals is that alleles with strong effects on
pigmentation but no or only mild negative pleiotropic effects
have been preferred. This is well illustrated by the MITF
white spotting alleles in dogs, and by KIT alleles in pigs
where a drastic effect on pigmentation without strong negative
effect on hematopoiesis and fertility became possible after
the gene was duplicated. The relatively long evolutionary
history of domestic animals, compared with experimental
organisms, has resulted in another characteristic feature of
alleles affecting pigmentation in domestic animals, namely, the
common occurrence of alleles differing by more than one
sequence change from the wild-type allele. This is illustrated
by four examples given in this review, including KIT alleles in
pigs and cattle, MCIR alleles in pigs, and CDKN2A alleles in
chicken. In this aspect, domestic animals are better models than
experimental organisms for pigmentation phenotypes in natural
populations. For traits that have been under selection for many
generations, the presence of multiple causal variant is expected
to be the rule rather than the exception. A possible example
of this is the MCIR allele associated with white ornamental
feathers in Satellite males in the ruff that differs by four
derived missense mutations compared with the wild-type allele
(Lamichhaney et al., 2016).
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