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Abstract. The coat colour of animals is an extremely important trait that affects their behaviour and is decisive
for survival in the natural environment. In farm animal breeding, as a result of the selection of a certain coat
colour type, animals are characterized by a much greater variety of coat types. This makes them an appropriate
model in research in this field. A very important aspect of the coat colour types of farm animals is distinguish-
ing between breeds and varieties based on this trait. Furthermore, for the sheep breeds which are kept for skins
and wool, coat/skin colour is an important economic trait. Until now the study of coat colour inheritance in
sheep proved the dominance of white colour over pigmented/black coat or skin and of black over brown. Due
to the current knowledge of the molecular basis of ovine coat colour inheritance, there is no molecular test to
distinguish coat colour types in sheep although some are available for other species, such as cattle, dogs, and
horses. Understanding the genetic background of variation in one of the most important phenotypic traits in
livestock would help to identify new genes which have a great effect on the coat colour type. Considering that
coat colour variation is a crucial trait for discriminating between breeds (including sheep), it is important to
broaden our knowledge of the genetic background of pigmentation. The results may be used in the future to
determine the genetic pattern of a breed. Until now, identified candidate genes that have a significant impact on
colour type in mammals mainly code for factors located in melanocytes. The proposed candidate genes code
for the melanocortin 1 receptor (MC1R), agouti signaling protein (ASIP), tyrosinase-related protein 1 (TYRP1),
microphthalmia-associated transcription factor MITF, and v-kit Hardy–Zuckerman 4 feline sarcoma viral onco-
gene homologue (KIT). However, there is still no conclusive evidence of established polymorphisms for specific
coat colour types in sheep.

1 Introduction

A large coat colour variation in animals is due to both ge-
netic and environmental backgrounds. In the natural envi-
ronment, dark/brown coat colours are preferable, whereas for
economic purposes, pale coats (i.e. white and yellow) are de-
sirable. Wild species are usually uniform in phenotype and
show species-specific colours and patterns. By contrast, do-
mesticated animals have a higher extent of coat colour varia-
tion compared to their wild ancestors. Therefore, the domes-
ticated breeds are preferably used as the most suitable animal
model for coat colour variation (Cieslak et al., 2011).

The colour diversity results from the presence and bio-
chemical activity of melanocytes, the cells derived from
the ectoderm. These cells are specialized in producing

melanins – pigments protecting organisms from ultravio-
let radiation (Solano, 2014). Melanins are divided into eu-
melanins (black/brown, pigmented phenotype) and pheome-
lanins (red/yellow, non-pigmented phenotype). In embryonic
development, melanoblasts arise from the neural crest, mi-
grate to the skin within a certain time frame, and then develop
into mature forms of melanocytes (Parichy et al., 2006).
Within 6 months of embryo development, the number of
melanocytes is established (Costin and Hearing, 2007). If the
melanoblasts fail to reach certain skin parts, they will lack
pigment cells, and this is expressed as white patches (a phe-
notype leucism). This explains why those parts of an animal’s
body that are furthest away from the neural crest (i.e. the
forehead, legs, belly) are usually white in colour.
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For many years, only the phenotypic classification of
breeds has been used. Coat colour phenotypes can be di-
vided into two main types: patterned and non-patterned phe-
notypes, which are determined by the presence of eumelanin
(brown and black) and pheomelanin (red or yellow). The
coat colour of breeds was often the only visual trait in the
morphological selection for breed identification (Hubbard et
al., 2010). Thus, in the classic genetics of mammalian coat
colour, the genes/loci names are mostly reflected in their phe-
notypic effect in the form of skin/coat colour.

Ryder and Land (1974) were among the first to high-
light the complexity of the coat colour inheritance process
in sheep. Based on an analysis of the proportion of differ-
ently coloured sheep performed on Soay, Orkney, and Shet-
land, these authors suggested that coat colour traits were de-
termined by multiple allelic series within a locus, which can
be compared to the agouti gene in mice. Several alleles corre-
spond to variation in coat colour, and it was determined that
white (A1 allele) was dominant over grey (A2 allele). More-
over, A locus is epistatic to the locus B, associated with pig-
ment production and black coat colour (B1), and dominant
over brown (B2) (Ryder and Land, 1974).

The comprehensive study of the inheritance pattern of coat
colour in sheep was investigated by Renieri et al. (2008) on
lambs which were descended from crosses and backcrosses
between seven pigmented rams and 166 full white ewes. It
was found that there is no relationship between coat colour
(white, black, or brown) and the pigment coat distribution
(uniform or regular spotting), on the one hand, and the sex
of the individuals on the other. Moreover, it was noticed that
the full white phenotype dominated over black and brown
and that the black colour is dominant over brown.

A coat/skin colour is an important economic trait in
sheep breeding, and in 2013 sheep skin and wool pro-
duction amounted to over 374 thousand tonnes in Asia
and 179 tonnes in Australia and New Zealand com-
bined (http://www.fao.org/faostat/en/#compare; 15 Febru-
ary 2018). Given the economic importance of the trait as well
as its importance for sheep breeders, there is need to broaden
our knowledge of the genes which are involved in establish-
ing a particular coat colour pattern. The aim of this review
is to summarize findings reported in the literature relating to
the genetic basis of coat colour variation in sheep.

2 Candidate genes

The most common coat colour loci in farm animals are the A
locus (agouti) (Bultman et al., 1992) and the E locus (Exten-
sion) (Robbins et al., 1993). It has been established that the
number of alleles of the A and E loci is variable in different
breeds. In cattle, two common E alleles have been identified
– D (dominant) and e (recessive) – as well as the less frequent
allele E+ (“wild type”). The black phenotype of cattle is usu-
ally found in animals possessing the ED allele, whereas a red

coat colour is found in recessive homozygotes (e/e). Interest-
ingly, an E+ allele was found to be “neutral”, and its pres-
ence in genotypes can be expressed with almost any colour
(e.g. ED/E+ cattle are typically black and E+/e cattle are
typically red). Moreover, alleles of the agouti locus can be
expressed if E+ allele is present. The A+ allele codes for
brown coat colour, whereas recessive homozygotes (aa) are
black coloured (Adalsteinsson et al., 1995; Klungland et al.,
1995). In horses, so far several dozens of coat colour types
and subtypes have been identified, each resulting from sev-
eral loci/genes (e.g. the champagne locus (CH and ch alleles)
or cream locus (C/C, Ccr/C, Ccr/Ccr)).

Although classic genetics, which relied on “by eye” classi-
fication of coat colour type, was helpful in breeding schemes,
it was not sufficient for different reasons. Firstly, different
phenotypes can be caused by different alleles of one gene.
Secondly, similar phenotypes can be caused by different al-
leles of many genes (Cieslak et al., 2011). Therefore, in or-
der to define the phenotype, it is very important to determine
its genetic complexity. Bennet and Lamoreux (2003) com-
prehensively reviewed the genetics of pigmentation in mice,
pointing out that the most of the genes code for factors that
are located in melanocytes. Following Cieslak et al. (2011),
the candidate genes might be grouped into four categories de-
pending on their activity in the following processes: (a) de-
velopment of melanocytes, (b) melanogenesis, (c) pigment
transport and transfer, and (d) survival of pigment stem cells.

For the coat colour of mammals, candidate genes have
been proposed that code for the melanocortin 1 recep-
tor (MC1R), agouti signaling protein (ASIP), tyrosinase-
related protein 1 (TYRP1), microphthalmia-associated tran-
scription factor MITF and v-kit Hardy–Zuckerman 4 feline
sarcoma viral oncogene homologue (KIT).

2.1 The melanocortin 1 receptor (MC1R) gene and the
agouti signaling protein (ASIP) gene

According to the classic genetics assumption, the presence
of eumelanin or pheomelanin is under the genetic control
of Extension and agouti locus. The Extension locus encodes
for melanocortin 1 receptor (MC1R) a 7-transmembrane
G protein-coupled receptor which is predominantly ex-
pressed in melanocytes (Robbins et al., 1993). It has been
confirmed that the MC1R gene is about 953 bp long in cat-
tle (Klungland et al., 1995) and 877 bp in horses (Marklund
et al., 1996). The ovine MC1R gene is 1000 bp long and
consists of one highly polymorphic exon (Fontanesi et al.,
2010a).

Some recessive genetic loss-of-function variants in the
MC1R gene are responsible for the red hair colour pheno-
type in humans (red hair, fair skin) and increase the risk of
developing cutaneous melanoma (Valverde et al., 1995). The
MC1R polymorphism has been used to detect hybrids in wild
boars (Sus scrofa scrofa) and domestic pigs (Sus scrofa do-
mestica), which was not possible with the use of the mi-
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tochondrial DNA polymorphism (Fajardo et al., 2008). A
unique MC1R allele (E+) associated with the wild-type coat
colour of European wild boar has not been found in any of the
domestic pig breeds (Fajardo et al., 2008; Koutsogiannouli
et al., 2010). The functional and non-functional mutations of
the MC1R gene have been described for cattle (Klungland
et al., 1995), pigs (Kijas et al., 1998), horses (Marklund et
al., 1996), and sheep (Fontanesi et al., 2010a) and have an
effect on dominant or partially dominant black or dark phe-
notypes or on recessive or partially recessive red, yellow, or
pale coats.

The agouti locus encodes the agouti signalling pro-
tein (ASIP), a paracrine molecule. The MC1R and ASIP
genes reveal the epistatic interaction. A binding of MC1R
with the α melanocyte-stimulating hormone (αMSH) on the
surface of the melanocyte membrane stimulates eumelanin
production. An alternative binding with ASIP causes a syn-
thesis of pheomelanins (Lu et al., 1994; Ollmann et al.,
1998). It is believed that a black pigmentation is induced by
dominant Extension alleles (ED), whereas recessive alleles
cause the synthesis of pheomelanin. It is worth noting that the
expression of the mutated agouti alleles is dependent on the
presence of wild-type Extension alleles (E+). The dominant
agouti alleles determine pheomelanin phenotypes, whereas
recessive alleles cause black coat colour (Bennett and Lam-
oreux, 2003). This last is of special interest to breeders since
it is impossible to distinguish by eye a sheep with recessive
alleles causing black fur colour. This is the reason why black
lambs are sometimes born in flocks of white sheep (Våge et
al., 2003).

In sheep, classic genetic studies have identified a two-
allele series at the Extension locus: one is expressed in the
dominant black phenotype allele ED (Våge et al., 1999) and
the other in the wild type (E+), which de facto has the ef-
fect of ASIP alleles (described by Fontanesi et al., 2010a).
Våge et al. (2003) mapped MC1R to ovine chromosome 14
and identified the two missense mutations, i.e. Met>Lys
mutation at position 73 and the Asp>Asn mutation at po-
sition 121, which results in a dominant black effect (ED al-
lele) (Våge et al., 1999, 2003). The mutation in the E+ lo-
cus (c.199C>T, p.R67C) resulted in a red or brown spotted
sheep coat (Fontanesi et al., 2010a).

The ovine agouti locus has been mapped to chromo-
some 13, containing the sequence for the agouti signaling
protein (Beraldi et al., 2006). The ASIP variations include
a nine base pair deletion (D9) g.10-19delAGCCGCCTC,
a five base pair deletion (D5) g.100-105delAGGAA, and
point mutations: g.5051G>C and g.5172T>A. The D5 and
g.5172T>A mutations change the function of the ASIP pro-
tein. In homozygotes for one or both of these mutations, the
recessive black phenotype is expressed (Norris and Whan,
2008; Gratten et al., 2010).

The recent studies using CRISP/Cas9 technology allowed
us to confirmed that the ASIP gene is strongly related to the
coat colour pattern in sheep (Zhang et al., 2017). Gene edi-

tion by the CRISP/Cas9 method was applied to lambs dis-
playing a variety of coat colour patterns. Furthermore, the au-
thors showed that a variable number of ASIP gene copies was
involved in the formation of colour patterns, which clearly
indicates a critical role of this gene in coat colour determina-
tion (Zhang et al., 2017).

2.2 The tyrosinase-related protein 1 (TYRP1) gene

In addition to Extension and agouti loci, the best-known
colour genes in the sheep genome are the tyrosinase-
related protein 1 (TYRP1), the v-kit Hardy–Zuckerman 4
feline sarcoma viral oncogene homologue (KIT), and
the microphthalmia-associated transcription factor (MITF)
(García-Gámez et al., 2011; Kijas et al., 2012; Li et al.,
2014).

The tyrosinase-related protein 1 (TYRP1) is a membrane-
bound protein identified in melanocytes and retinal epithe-
lium. In mice, the gene for TYRP1 is characterized by the
most phenotypic alleles of all known colour loci (Bennet and
Lamoreux, 2003). Moreover, some mutations in the gene for
TYRP1 are correlated with oculocutaneous albinism type 1
in humans and albinism in mice (Jackson and Bennett, 1990;
Boissy et al., 1996). During melanogenesis, the TYRP1 pro-
tein converts a precursor of eumelanin and pheomelanin into
eumelanin, which results in dark-coloured tissue (Bennet and
Lamoreux, 2003).

There had not been any evidence for the connection be-
tween the TYRP1 gene and coat colour in sheep until the
study on Soay sheep conducted by Gratten et al. (2007). The
authors found that the ovine BMS678 microsatellite locus
(bovine sequence homologue) co-segregates with the TYRP1
sequence, which is located on ovine chromosome 2. Accord-
ing to Gratten et al. (2007), the 869G>T functional mutation
causes a change of cysteine (Cys) into phenylalanine (Phe)
and results in the presence of either a dominant dark or a
recessive light allele.

2.3 The microphthalmia-associated transcription factor
MITF and the v-kit Hardy–Zuckerman 4 feline
sarcoma viral oncogene homologue (KIT)

The KIT gene plays a crucial role in the migration of
melanocyte precursors from the neural crest to the skin
(Lamoureux, 1999). The abnormity of this migration results
in piebaldism, i.e. the presence of white spots on coloured
body regions. In cattle, classic genetics has indicated the
spotting (S) locus that has a significant effect on cattle
piebaldism. In this locus, four alleles have been determined:
S+ – wild type, non-spotted; SH – Hereford pattern, solid
brown except for the head and abdomen, which are solid
white; SP – Pinzgauer pattern or lineback, white back and
abdomen with brown head, sides and legs. In contrast to clas-
sic genetics, genome-wide research has indicated a polygenic
background of piebaldism. Surveys conducted on cattle to
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date have suggested that the KIT, MITF, and PAX5 genes
contribute strongly to piebald phenotypes (Fontanesi et al.,
2010b, c; Hayes et al., 2010).

Han et al. (2015) analysed the presumed relation and inter-
action between the ovine KIT and MITF gene expression and
whether it affects the colour of sheep wool. The MITF gene
codes for a protein microphthalmia-associated transcription
factor, the most obvious function of which is the develop-
ment of melanocytes; the MITF expression is correlated with
the pigment accumulation in melanocytes (Steingrímsson et
al., 2004). Causative mutations in MITF are mostly recog-
nized to be involved in metabolic disorders in melanocytes,
affecting the pigment content of the skin, hair, and eyes.
Moreover, in eyes, the microphthalmia-associated transcrip-
tion factor plays a role in the development of retinal pigment
epithelial cells (Zhang et al., 2012).

In the research conducted by Han et al. (2015) on Tibetan
sheep, both the MITF mRNA and the protein level were sig-
nificantly higher in both solid-black skin tissue and black-
spot tissue compared to white-colour tissue. In addition, nei-
ther KIT mRNA nor KIT protein expression differed between
white and black skin tissue. The results indicate the essential
role of MITF expression for pigment accumulation in sheep
wool (Han et al., 2015).

3 High-throughput genetic techniques –
next-generation sequencing and microarray
methods

Since the introduction of high-throughput genetic tech-
niques, some additional genes as well as new factors that
have an impact on pigmentation have been identified. The
greatest advantage of the high-throughput sequencing meth-
ods is the possibility of obtaining a great deal of data of en-
tire genomes. It gives the possibility of obtaining complex
information about specific processes and of identifying the
new genetic basis of important phenotypic traits such as coat
colour in sheep.

The first time a microarray study on the pigmentation of
sheep was conducted was in Peñagaricano et al. (2012). Gene
expression was studied on black-spotted as well as solid-
white skin samples of five Corriedale sheep. The highest ex-
pression was indicated by, among others, C-FOS and CREB
(cAMP response element binding gene). Both genes are in-
volved in melanogenesis: C-FOS is a genetic factor stimu-
lating melanin synthesis as the response to ultraviolet (UV)
light (Gordon et al., 1992), and CREB is a transcription fac-
tor of numerous genes including MITF (Schallreuter et al.,
2007). Surprisingly, Peñagaricano et al. (2012) did not iden-
tify a significant difference in the expression of ASIP for
black or white skin samples. The results contrast with those
of Norris and Whan (2008) and Fontanesi et al. (2011), who
indicated the duplication of the functional ASIP region as a
cause of the white phenotype. The other conclusion of the re-

search is that ovine MC1R was not expressed in spotted skin
samples. This might exclude this gene as having an effect on
spotted phenotype formation.

Fan et al. (2013) analysed skin transcriptomes from white
and black merino sheep. The authors obtained over 100 mil-
lion raw reads from both skin colour types using the Illumina
sequencing technology. According to data analysis, they de-
termined 37 768 known genes, of which 2235 were differ-
ently expressed in black vs. white sheep. Among the differ-
ently expressed coat colour genes, TYRP1 was the one that
had the most significant expression differences between the
two groups of sheep. This gene, as well as TYR, MLPH,
MATP, and Si, was more highly expressed in black sheep
skin. Moreover, TYRP1, TYR, MLPH, and MATP code for
proteins involved in the pigment regulation of mammalian
melanocytes. The MLPH gene codes for melanophilin. The
MLPH gene polymorphism is associated with the “diluted”
phenotype of many animal species, including cats (Ishida et
al., 2006), dogs (Philipp et al., 2005), and rabbits (Lehner et
al., 2013). The MATP gene encodes for the Membrane Asso-
ciated Transporter Protein (MATP), also known as the solute
carrier family 45 member 2 (SLC45A2). The protein plays a
significant role in the processing and intracellular trafficking
of tyrosinase and other proteins of melanosomes (Costin et
al., 2003).

The microarray study conducted on Finnsheep (Li et
al., 2014) indicates a significance effect of SNP s66432.1
in ASIP on white/non-white-coloured wool. The homozy-
gotes (A/A) are found in 96 % of white-coloured Finnsheep,
whereas they are found in only 2 % of black animals in the
non-white Finnsheep.

According to the results of Fan et al. (2013), there were
upregulated genes encoding transcription factors regulating
mRNA expression (e.g. MITF) in white skin tissue, whereas
in black skin tissue several novel genes were detected. Two
of these were expressed exclusively in black sheep. The au-
thors suggest that these genes may be associated with a dif-
ferent transcription of melanocyte-specific genes, supporting
pigment synthesis and a dark phenotype.

Although some research on the genetic basis of wool
colour has been conducted, the complexity of the issue re-
mains. Identifying the genetic factors of coat colour in sheep
is pivotal for improving the efficiency of artificial selection
for preferable coat colour (or pattern) as well as for studying
the evolutionary changes regarding the phenotypic variation
in farm and wild animals.

Data availability. Data are available from the corresponding au-
thor upon request.
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