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Abstract. The color of dogs is the result of various genes that control the pigmentation of the coat
mainly. There are many genes that influence the color, pattern and distribution of fur in dogs, one of
which is the gene encoding the melanocortin 1 receptor (MC1R), also known as the E locus. The
melanocortin 1 receptor (MC1R) is a protein that plays a key role in the regulation of skin, hair and
eye pigmentation in animals. This receptor is responsible for the processing of peptide hormones that
control the production of melanin, which is the pigment of the skin and fur. Mutations within this gene
can affect the color of animals, including dogs. The main alleles identified and described for the E lo-
cus are: E (wild type), EM (melanistic mask) and e (recessive red); they are widespread in various dog
breeds, indicating that they existed at an early stage in the formation of individual breed groups. The
other identified alleles are less common and are: E° (grizzle/domino), e? (only among Australian Cattle
Dogs and their crossbreds) and e® (only among Siberian Huskies and their crossbreds), e# (ancient
red) allele and the allele E" (only among English Cocker Spaniels and American Cocker Spaniels).
Of course, it's important to remember that dog color is a complex genetic phenomenon that can be
controlled by many different genes working together, and that the variety of coat colors in different dog
breeds results from a combination of these genes.
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INTRODUCTION

Genes play a significant role in determining the color of dogs. The genetic makeup of a dog
influences the production and distribution of pigments in their fur, which ultimately determines
their coat color. There are several genes involved in this process, and different combinations
and variations of these genes can result in a wide range of coat colors and patterns. The
most known and described genes that affect the color of dogs are: melanocortin 1 recep-
tor (MC1R), agouti signaling protein (ASIP), beta-defensin 103 (CBD103), tyrosinase-related
protein 1 (TYRP1). MC1R gene controls the production of eumelanin, which is responsible for
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black and brown pigments, ASIP gene regulates the distribution of pigments within the hair
shaft; it controls the switch between eumelanin (black/brown) and phaeomelanin (red/yellow),
CBD103 gene influences the production of white or yellow coat color in certain dog breeds,
TYRP1 gene is involved in the production of eumelanin and affects the intensity of black and
brown pigments. It's important to note that coat color in dogs is a complex trait influenced by
the interactions of multiple genes. Different combinations and interactions of these genes can
produce a wide variety of coat colors and patterns observed in different dog breeds (Schmutz
et al. 2003; Schmutz and Berryere 2007; Kaelin and Barsh 2013; Saif et al. 2020; Brancalion
et al. 2021).

E (EXTENSION) LOCUS

One of the most well-known genes associated with coat color in dogs is the melanocortin recep-
tor 1 (MC1R) gene, also known as the E (extension) locus. This naming convention is derived
from early genetic research conducted in mice, which used alphabetical letters to denote differ-
ent genes and loci.

In mice, the E locus was associated with variations in coat color, and subsequent studies
revealed that this locus corresponded to the MC1R gene. When researchers began studying
the similar gene in dogs, they adopted the same nomenclature, referring to the canine MC1R
gene as the E locus. It's important to note that the use of “E locus” as a name for the MC1R
gene in dogs is a convention within the field of genetics, and it helps researchers identify and
communicate about specific genes and genetic loci across different species (Newton et al.
2000; Brancalion et al. 2021).

The melanocortin 1 receptor (MC1R) is a protein that plays a central role in regulating
coat color determination in mammals, including humans. The MC1R protein belongs to the
G-protein-coupled receptor (GPCR) family, which are transmembrane proteins that transmit
signals from outside the cell to the inside, activating various cellular responses. The MC1R
protein is primarily expressed in melanocytes, which are specialized cells responsible for pro-
ducing the pigment melanin. Melanin is responsible for determining the color of our hair, skin,
and eyes. There are two primary types of melanin: eumelanin, which gives color ranging from
brown to black, and pheomelanin, which gives color ranging from yellow to red. The MC1R
protein is involved in the production of eumelanin and pheomelanin by melanocytes. It acts
as a receptor for a hormone called alpha-melanocyte-stimulating hormone (a-MSH), which is
produced by the pituitary gland. When a-MSH binds to the MC1R receptor, it activates a sig-
naling pathway that stimulates the production of eumelanin (Hubbard et al. 2010; Wolf Horrell
et al. 2016).

The MC1R gene is a gene that codes for the melanocortin 1 receptor, which is a protein
located on the surface of melanocytes (cells that produce melanin) in the skin and hair follicles.
This receptor plays a crucial role in regulating the production of melanin and determining coat
color in dogs (Kaelin and Barsh 2013).

The MC1R gene is located on a dog’s chromosome 5 and is a single exon gene (Nowacka-
-Woszczuk et al. 2012) and encodes a protein of 317 amino acid residues and is the same
length as in other mammals, with the exception of mice, which lack two amino-terminal residues
in the extracellular domain (Newton et al. 2000).

The following work focuses on the characteristics of the E locus in the context of the in-
fluence on the color of dogs, and therefore a query of scientific publications of both original
research and review papers was conducted. There are seven alleles at the E locus: '3, e4,
E, E® and EM, in order of increasing dominance, of which the e’ (most commonly called €), E
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and EM alleles are widespread, while the other alleles are less common (Anderson et al. 2020;
Brancalion et al. 2021).

MAJOR E LOCUS ALLELES

The E allele is associated with the expression of the full range of eumelanin production, which
means it allows for the formation of both black and brown pigment. When a dog carries two cop-
ies of the E allele (homozygous EE), it has the potential to express a wide variety of coat colors,
including black, liver, and their dilutions (such as blue and Isabella). This allele is considered the
dominant form, as it has a stronger effect on pigmentation compared to other alleles.

The EM allele is associated with a specific coat color phenotype known as “melanistic mask”.
It causes a specific pattern of coat color pigmentation, characterized by a dark mask on the
face. This mask typically covers the muzzle, ears, and sometimes extends to the eyes. Impor-
tantly, the mask visible in the dog’s phenotype will have the color of eumelanin that the dog can
produce due to the presence of other genes responsible for coloration, so it will be black, brown,
blue or lilac (Schmutz and Melekhovets 2012; Dreger et al. 2019).

The dominant E" allele is associated with the M264V amino acid change within melano-
cortin receptor (Conant et al. 2011). This change is located where the transmembrane domain
connects to the extracellular loop, which can affect ligand affinity, signaling, or receptor stability.
Another explanation for this effect on the dog’s phenotype is that it is in a linkage disequilibrium
with a regulatory mutation that alters MC1R expression levels. In both cases, the E allele is
assumed to affect MC1R signaling levels rather than its regional distribution, which in turn may
indicate that different body regions have different pigment type switching thresholds, which are
revealed by disturbances in MC1R signaling efficiency (Schmutz et al. 2003). The basis of the
M264V change is the nucleotide substitution c.790A>G (rs24201590) (OMIA 2023a).

The EF° allele is responsible for the grizzly phenotype. The E° allele encodes a coat colour
variant called “domino” in Afghan hounds and “grizzle” in Salukis (Dreger and Schmutz 2010).
The “grizzle” phenotype in dogs refers to a specific coat color pattern that is characterized by
a combination of light and dark bands on the hairs. This pattern creates a unique and attractive
appearance in the dog’s coat. The darker color is typically found at the base of the hair, while the
rest of the hair gradually lightens towards the tips. The term “grizzle” is often used to describe
the peppered or salt-and-pepper appearance of the coat. The individual hairs may have a mix
of colors, giving the overall impression of a speckled or mottled coat. Grizzle dogs often have
distinct facial markings, such as light-colored “eyebrows” above the eyes, which can add to their
expressive appearance. Each grizzle dog’s coat may vary in intensity, with some displaying
a more pronounced grizzle pattern, while others may have a more subtle effect (Dreger and
Schmuzt 2010; Dirig et al. 2018; Anderson et al. 2020; Brancalion et al. 2021). Interestingly,
in other breeds with a phenotype similar to Alaskan Malamute or Siberian Husky, the E€ allele
has not been identified. In contrast, the allele has recently been identified in a further 26 breeds,
including the Akita, Dachshund, Foxhound, Greyhound and Yorkshire Terrier, indicating that it is
more common than originally thought (Dreger et al. 2019).

The grizzle allele is dominant to all alleles of the E locus except the EM allele, which is re-
sponsible for the presence of a mask, which of course means that a dog with this phenotype will
never have a mask.

The E°€ allele is caused by a genetic mutation at position c.233G>T in the MC1R gene,
resulting in an amino acid change from glycine to valine at 78 position (G78V) (Dreger and
Schmutz 2010; OMIA 2023Db).

The e allele of the MC1R gene in dogs is another allele that affects a dog’s coat color. The e
allele is associated with the expression of a recessive red or yellow coat color in dogs. Recessive
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red dogs have a non-functional variant of the gene in the E locus that prevents the pigment cells
from receiving the signal they need to switch from producing pheomelanin to producing eumel-
anin. This loss of gene function is caused by a nhonsynonymous mutation at position c.916C>T
(rs851563576) in the promoter region causing a premature stop codon (R306ter) resulting in
the elimination of the evolutionary strongly conserved 10 carboxy terminal amino acid residues
(Everts et al. 2000; Newton et al. 2000). This mutation is presumed to delete 12 of the 17 resi-
dues that make up the cytoplasmic tail of the melanocortin receptor. In the case of other G pro-
tein-coupled receptors, such as MC1R, the cytoplasmic tail often contains phosphorylation and/or
palmitoylation sites at amino acid residues Ser, Thr or Cys, respectively, whose post-translational
modification is necessary for the proper functioning of the receptor (Everts et al. 2000; Newton et
al. 2000).

A recessive red refers to a coat color that is inherited when a dog carries two copies of the
recessive red gene (ee) and lacks dominant black or other color genes.

A recessive red dog’s coat color is typically a shade of red or yellow, and it can vary in in-
tensity, ranging from light cream to deep red. The coat color is solid, without any black or other
darker pigmentation. The nose, eye rims, and paw pads of recessive red dogs are usually a liver
or flesh color, which is different from the standard black found in many other dog colors. Keep in
mind that the specific appearance of a recessive red dog can still vary depending on the breed
and individual genetics.

MINOR E LOCUS ALLELES

It is worth noting that more and more often it is postulated to distinguish three e alleles — denot-
ed as e, e and e°. All alleles work in the same way, and we cannot infer the presence of a given
allele in a genotype from a dog’s phenotype. The e’ allele is the most common and has so far
been referred to simply as the allele, i.e. the one described above. Diirig et al. (2018) reported
two new e alleles namely a variant within the MITF binding site of the canine MC1R promoter
(Chr5:63695679C>G) in Australian Cattle Dogs (e?) and a 2-bp deletion in the coding sequence,
MC1R:c.816_817delCT (p. (lle272MetfsTer22) in Alaskan and Siberian Huskies (€?). The first of
these mutations, called the e? allele, is a mutation mapped 430 nucleotides upstream of the ATG
start codon of the MC1R gene within an E-box motif. As shown in previous studies in humans
and mice, this site is responsible for the binding of MITF, which is an important regulatory factor
for melanocytes. In dogs, the E-box motif in the promoter sequence of the MC1R gene has the
sequence CACGTG, and in the case of the e? allele, conserved guanine at the fourth position is
replaced by a cytosine (CACCTG) (Durig et al. 2018). The consequence of the second detected
mutation, named by the authors the e’ allele, is an altered expression of MC1R, which results
in the absence of the last transmembrane domain and cytoplasmic C-terminal tail in the protein.
In the examined group of Husky dogs (cohort included a complete family with seven offspring),
a connection between white color and the presence of two loss-of-function alleles (e’, e°) was
demonstrated. The authors did not detect the e allele in any of the other breeds they studied
(Durig et al. 2018; Brancalion et al. 2021).

Recently, another allele from the E locus responsible for recessive red has been character-
ized, called ancient red, designated e”. This is the name of the substitution of arginine for cyste-
ine at position 301 of MC1R (R301C), which can also interfere with the expression of MC1R on
the cell surface, because it causes changes in the cytosolic C-terminal extension. Importantly, it
was first identified in dog DNA samples from 10,000 years ago and is believed to be one of the
earliest mutations associated with dog domestication. The authors tested the presence of this
mutation in the modern dog population and found it to be present mainly in hound breeds, like
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the Drever and English Foxhound, and Spitz breeds, like the Alaskan Malamute, Alaskan Klee
Kai, and Siberian Husky (Ollivier et al. 2013; Anderson et al. 2020).

The function of the e* allele is defined as a partial recessive red allele, resulting in pheno-
types of increased pheomelanin expression and decreased eumelanin expression than would
be expected based on information about the dominant black (K locus) and agouti (A locus)
genotypes. As a result, the phenotype of dogs carrying the ancient red allele is very variable
and may look like a domino or grizzly phenotype (associated with the E° allele). The phenotype
known as “pied” in Beagles is also attributed to a variation of the e* allele (Brancalion et al.
2021).

The last of the described alleles within the E locus is the E” allele. It is responsible for the
specific sable or dirty red color of American and English Cocker Spaniels. This type of coat
colour in the phenotype is observed as a pale undercoat and areas of the body with reduced
black or brown and at the same time with increased production of pheomelanin. In all dogs with
the sable phenotype, the ¢.250G>A mutation causing a change in the transmembrane domain
was detected during sequencing of the MC1R gene. The E" allele is recessive to the E allele
(Laukner 2015; Peist et al. 2021).

The above describes the characteristics of an important but only one gene that affects the
phenotype of a dog. Of course, keep in mind that a dog’s coat color is influenced by a combi-
nation of genetic factors. Genes play a key role in determining the color, pattern, and markings
of a dog’s fur. These genes interact in complex ways to produce the wide variety of coat colors
seen in different dog breeds. It's important to note that the inheritance of coat color in dogs is
quite complex due to the presence of multiple genes and their interactions. Different breeds
have different combinations of these genes, leading to the incredible diversity of coat colors and
patterns that we see in dogs today.

Dog breeders and geneticists often study these genetic factors to better understand how to
predict and produce specific coat colors in breeding programs. However, it's important to prior-
itize the health and well-being of the dogs over attempting to produce specific coat colors, as
some genetic combinations can also be associated with health issues.

CONCLUSIONS

The melanocortin receptor 1 gene (MC1R) is a gene that plays a crucial role in determining coat
color in dogs, as well as in other mammals. It is often referred to as the “E locus” in dogs be-
cause itis one of the key genetic loci responsible for variations in coat color. The E locus (exten-
sion locus) is a term often used in the context of coat color genetics to describe a genetic region
that influences the distribution of black and red pigments in animals, including dogs. Variations
in the MC1R gene can lead to different coat colors and patterns in dogs. The gene produces
a protein that is involved in the production of melanin, which is responsible for pigmentation in
the skin, hair, and eyes. Mutations in the MC1R gene can result in a wide range of coat colors,
including black, brown, red, and yellow, as well as variations in patterns such as brindle and
sable. Different combinations of alleles at the MC1R gene locus can lead to the expression of
various coat colors. Some alleles may produce more eumelanin (black and brown pigments),
while others may produce more pheomelanin (red and yellow pigments). The interaction of
these alleles determines the final coat color of a dog.

It's important to note that the MC1R gene is just one of several genes and genetic loci that
influence coat color in dogs. Overall, the MC1R gene is a key player in the complex genetic
regulation of coat color in dogs, and its variations contribute to the wide diversity of coat colors
and patterns observed in different dog breeds.
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CHARAKTERYSTYKA GENU MC1R JAKO LOCUS E WPLYWAJACEGO
NA UMASZCZENIE PSOW

Streszczenie. Umaszczenie psow jest wynikiem dziatania roznych genow, ktére kontrolujg pigmenta-
cje gtownie siersci. Istnieje wiele gendw, ktdre wpltywajg na kolor, wzor i rozktad barw siersci u pséw,
a jednym z nich jest gen kodujgcy receptor melanokortyny 1 (MC1R), znany takze jako locus E.
Receptor melanokortyny 1 (MC1R) jest biatkiem, ktére odgrywa kluczowg role w regulacji pigmentacji
skory, siersci i oczu u zwierzgt. Receptor ten jest odpowiedzialny za przetwarzanie hormonéw pep-
tydowych, ktdre kontrolujg produkcje melaniny, czyli barwnika skéry i sieréci. Mutacje w obrebie tego
genu mogg wptywaé na umaszczenie zwierzat, w tym réwniez pséw. Gtéwne allele zidentyfikowane
i opisane dla locus E to allele: E (typ dziki), E (melanistyczna maska) oraz e (recesywna czerwien);
sg one szeroko rozpowszechnione u réznych ras pséw, co wskazuje, ze istniaty juz na wczesnym eta-
pie formowania sie poszczegolnych grup ras. Pozostate zidentyfikowane allele sg mniej powszechne
i sg to: E® (grizzle/domino), e? (tylko w rasie australijski pies pasterski i u mieszancéw) i e? (tylko w ra-
sie husky syberyjski i u mieszancéw), allel e* (antyczny czerwony) oraz allel E* (tylko w rasach cocker
spaniel angielski i cocker spaniel amerykanski). Nalezy oczywiscie pamietac, ze umaszczenie psow
jest ztozonym zjawiskiem genetycznym, ktére moze byé kontrolowane przez wiele réznych genow
dziatajgcych wspdlnie, a réznorodno$¢ umaszczen dla poszczegdlnych ras pséw wynika z kombinacji
tych gendw.

Stowa kluczowe: umaszczenie pséw, MC1R, locus E, melanistyczna maska, recesywna czerwien.



