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Introduction to the Pigmentary System

1.1 Introduction

The colors of mice, horses, dogs, rabbits, humans, and other animals – yellow, black, brown, cream,
orange, chocolate, blue, beige, white – result from mutations in genes that influence some of the
most basic genetically controlled processes of life. These include specification of cell lineage, migra-
tion and homing of specialized cells, tissues, and organs, interactions of cells with surrounding 
tissues and their differentiation, and maintenance throughout life. Because defects in pigment cells
are usually not lethal to the organism, pigmentation is an unusually accessible system in which to
study these basic processes of vertebrate life.

In addition to these useful qualities of the pigmentary system, the availability of inbred mice with
genetic defects in pigmentation that can be studied using modern techniques of genetics and cell
biology – and comparative genetics at the level of sequenced genomes – has resulted in an unprece-
dented explosion of information about pigmentation.

The pigmentary system of the inbred laboratory mouse is a uniquely useful model of 
phenotype-based genetics, both basic and applied (Lauber 1971; Morse 1978; Barsh 2007). With the
inbred mouse, the sequenced genome, modern technologies, and the pigmentary model we have
the necessary tools to unravel the complex web of interacting genic functions that lead from a
change in a gene through the multiple communicating processes that result in a specific phenotypic
outcome.

Study of pigmentary genetics began, at the turn of the last century, with yellow mice and albino
mice (Cuénot 1902; Castle & Allen 1903; Little 1913a; Wright 1917). A few books serve as landmarks
of the progress of our studies of the genetic control over murine and comparative phenotypes;
prominent among them are Green’s (1966) Biology of the Laboratory Mouse, Searle’s (1968)
Comparative Coat Color Genetics in Mammals, Silvers’ (1979) The Coat Colors of Mice, and Nordlund 
et al.’s (2006) The Pigmentary System. See also Foster (1965). More recent technological advances have
given us the tools to take a closer look at the interacting processes that generate specific pigmentary
phenotypes of the mouse, our most valuable genetically controlled animal model (Fig. 1.2).

The Colors of Mice: A Model Genetic Network, 1st edition. By M. Lynn Lamoreux, Véronique Delmas, Lionel Larue, and
Dorothy C. Bennett. Published 2010 by Blackwell Publishing Ltd.
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4 PART I INTRODUCTION TO THE PIGMENTARY SYSTEM

1.2 Colors of vertebrate animals

The function of melanocytes is to deposit melanin pigment within their cell-specific organelles
(melanosomes). In the skin and/or growing hairs (feathers, scales) these melanosomes are often
delivered to neighboring keratinocytes. Pigment cells of the eye arise in situ and retain their
melanosomes; pigment cells of other organs may also retain their melanosomes. The colors of the
native pigment – but not all the phenotypes of mice and other mammals – are red/yellow pheome-
lanin and black or brown eumelanin. Yellow, black, and chocolate brown are the three basic colors
of pigment produced in mammalian melanocytes (see Chapter 4 on melanogenesis and Chapter 5
on pigment-type switching). Additionally, some colors are affected by the blood in the tissues, as for
example in the comb and wattles of chickens, and other colors are influenced primarily by the struc-
tures of skin and hair (Quevedo & Holstein 2006), but most color variables, especially in animals
that are covered with hair or feathers, are created by genetically controlled modification of the
amount and distribution of the three basic colors of melanin pigment and of the melanocytes 
themselves (Searle 1968; Silvers 1979).

Pheomelanin is yellow/red melanin pigment found, for example in the hairs of Golden Retriever
and Irish Setter breeds of dogs; yellow mice, rabbits and guinea pigs, orange or red cats, sorrel or
chestnut horses, ‘red’ chickens (Fig. 1.3), ‘brown’ cattle (Fig. 1.4), and the bright red hair of humans
(Little 1957; Searle 1968; Robinson 1971; Bowling & Ruvinsky 2000; Ostrander et al. 2005; Pontius
et al. 2007; Schmutz & Berryere 2007; Barsh 2007; see Chapter 5). Eumelanic pigment is of two 
varieties: black eumelanin, as in the hairs of black Labrador Retriever dogs, and brown eumelanin,
as in brown (chocolate) Labrador Retrievers, as well as chestnut Oriental Shorthair cats (see the pic-
ture under Statement regarding the use of pictures at the front of the book), brown mice (Fig. 1.5),
and others.

Some of the phenotypes that we think of as ‘brown’ actually are not brown at the level of pigment
color, and this is also true of ‘red’ or ‘yellow.’ It’s not always easy to tell the difference visually, and

Figure 1.2 White spotted mouse, red-eyed-white, genotype Mitf rw/Mitf rw.
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CHAPTER 1 INTRODUCTION TO THE PIGMENTARY SYSTEM 5

Figure 1.3 Pheomelanic chicken, genotype unknown.

Figure 1.4 Pheomelanic calf/cow, Mc1r e/Mc1r e (original name e /e); genotype name
Recessive yellow. The common name is ‘red’ or ‘brown’; however, brown is technically
incorrect as Brown is an allele of the black /brown Tyrp1 locus (Chapter 4).
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6 PART I INTRODUCTION TO THE PIGMENTARY SYSTEM

the common names for color phenotypes are not based on science. Sometimes the word brown is
used to describe animals that are pheomelanic, like the cow and calf in Figure 1.4, that may be called
brown or red; sometimes the word brown is used instead of the more accurate term agouti for 
phenotypes such as the mouse in Figure 1.6 and the cat in Figure 1.7. Agouti coloration – such as 

Figure 1.5 Eumelanic mice, one brown, one black; Tyrp1b/Tyrp1b (former name b /b),
phenotype brown; Tyrp1B/Tyrp1B (formerly B /B ), phenotype black.

Figure 1.6 Agouti black mouse and nonagouti black mouse; A /A Tyrp1B/Tyrp1B (former
name A /A B /B); a /a Tyrp1B/Tyrp1B (former name a /a B /B ). The hairs of the agouti mouse
are banded with yellow pigment and nonyellow pigment as determined by the Agouti locus.
The color of the nonyellow pigment is black, as determined at the black /brown (Tyrp1) locus.
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CHAPTER 1 INTRODUCTION TO THE PIGMENTARY SYSTEM 7

the wild type in the mouse, rabbit, cat, guinea pig, and squirrel (Fig. 2.5), actually most mammals –
consists of patterns (bands) of eumelanin and pheomelanin within individual hairs. These are 
produced by pigment-type switching, with switching between the deposition of eumelanic and
pheomelanic pigment, into the growing hair at different times in its creation, as discussed 
in Chapter 5. We will reserve the word ‘brown’ for phenotypes that are based on brown eumelanin.

Mammals may produce eumelanin or pheomelanin in the same or different melanocytes. This
choice is under direct genetic control. In mice, pheomelanin may be produced in the skin of tail and
ears; otherwise pheomelanin is not normally produced outside the hair follicles. Other mammals,
however, do produce pheomelanin in the skin; for example, humans, rabbits, and guinea pigs.

Color of pigment is not the only cause of variability in phenotypes. Banding patterns of hairs have
already been described. Pheomelanin and eumelanin may also be distributed in specific patterns
over the body surface. Normal black (or brown) and yellow color patterns such as those of 
tigers and ocelots, black (or brown)-and-tan patterns of mice or dogs (Fig. 1.8), brindle dogs 
(Fig. 1.9) and cows (Fig. 5.11), and tabby cats, as well as the agouti pattern of hair banding (Fig. 5.8),
are exquisitely controlled and are caused by pigment-type switching as discussed in Chapter 5.

Figure 1.7 An Agouti (A /A) cat of the Abyssinian breed. The name of a breed of animal
does not relate to the genetics of its pigmentation.

9781405179546_4_001  2/23/10  2:04 PM  Page 7



8 PART I INTRODUCTION TO THE PIGMENTARY SYSTEM

Figure 1.8 Black-and-tan dog with white spotting; at/at Tyrp1B/Tyrp1B (former name at/at,
B /B ). The specific white-spotting genotype is unknown, but it does not relate to the Agouti
gene locus or the Tyrp1 locus. This is another example of the patterning function of the
Agouti locus. The Agouti locus regulates patterns of yellow pheomelanin and nonyellow
eumelanin on individual hairs, as in Figures 1.6 and 1.7, or patterns of pheomelanin and
eumelanin over the surface of the body. The so-called tan portion of the pattern is actually
pheomelanic (yellow) pigment. The black color of the eumelanic portion is determined by
the Black /brown locus (Kerns et al. 2004).

Pigment-type switching describes the ability of pigment cells to switch between the production
of eumelanin and pheomelanin, under the control of the Agouti (A) and/or Extension (Mc1r) loci and
modifying genes. The Agouti locus regulates the pattern of distribution of eumelanin and pheome-
lanin on each hair and over the surface of the body. So, agouti is not so much a color as a pattern of
pheomelanogenesis that may or may not occur. That the pigment switch is between eumelanin and
pheomelanin is illustrated, for example, in the Doberman Pinscher dog (or the similarly pigmented
dog in Fig. 1.8). These may display yellow and black pigment patterns, or yellow and brown pat-
terns in chocolate brown (incorrectly named ‘red’) Doberman Pinscher dogs.

Black and brown combinations do not occur. The type of eumelanin pigment, black versus
brown, is genetically determined at birth, by the genotype at the B (Tyrp1, black/brown) locus, and
there is no mechanism for switching between them. Color switching is exclusively a phenomenon
involving eumelanin and pheomelanin.

In the mouse and other mammals, the three basic colors of melanin pigment, and their patterns
of distribution over the body or within individual hairs, are regulated by the Agouti (A), Extension
(Recessive yellow, E, or Mc1r), and black/brown (B or Tyrp1) loci (see Chapter 4).

Two basic types of pigment pattern exist that involve the death of melanocytes or their failure to
differentiate or survive. White spotting is defined as the congenital absence of pigment cells from
portions of the body or from the entire body, and we will use the term progressive graying to
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CHAPTER 1 INTRODUCTION TO THE PIGMENTARY SYSTEM 9

describe ongoing loss of melanocytes in mice. Everyone has seen progressive graying with age,
caused by loss or death of pigment cells from the hair follicles. Premature graying or patterned
graying may be termed vitiligo or hypopigmentation; these are discussed in Chapter 3 (see also 
Fig. 1.10). Here we will use vitiligo and avoid the term hypopigmentation because it is not specific
to an etiology.

Examples of white spotting include Paint horses, Hereford cattle, white forelock in humans, and
the white areas of white-spotted cats, dogs, and mice, many of which are pictured throughout this
book, especially in Chapter 3. The terms partial albinism and hypopigmentation are sometimes
substituted for white spotting, especially in older publications. However, these are not appropriate
to specifically describe white spotting, because hypopigmentation is a term also applied to albinism,
which is a fundamentally different process. White-spotting and progressive-graying phenotypes
result from pigment cell death or failure to survive, whereas albinism is the failure of deposition of
pigment in living pigment cells, as discussed in Chapter 4.

The final step in cutaneous pigmentation occurs when the pigment cell transfers its
melanosomes into keratinocytes of the adjacent skin, or the keratinocytes of a growing hair or
feather as discussed in Chapter 4. The distribution of melanosomes in hairs is precise, and is an

Figure 1.9 Franny and Bitsy, a white-spotted dog of the Border Collie breed and brindle-
colored Catahoula Hound. Both dogs have white spotting of unknown genotype that is not
associated with the other color genotypes. Both dogs are Black at the Black /brown locus;
therefore, eumelanic areas are black. The brindle phenotype is associated with mutation at
a third locus that regulates the eumelanin/pheomelanin alternative in dogs (the K, Canine
b -defensin 103 locus).
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10 PART I INTRODUCTION TO THE PIGMENTARY SYSTEM

important component of how we perceive the color. When this pattern of distribution is modified
by mutation, if the change causes the fur coat or feathers to reflect light differently to our eyes, the
animal may appear to be quite a different color. In mammals, the most common example of this
type of genetically controlled color difference is found in the ‘dilute’ phenotypes that are variously
referred to as gray or blue, lavender, or cream (there are yet more names for this phenotype in 
various species) colors of cats, dogs, and other mammals (see Fig. 1.11). These may be caused by
mutation at several different loci. We discuss melanosomal transfer briefly below in section 1.8 and
in more detail in Chapter 4.

Figure 1.10 Vitiligo; (a) Mitf vit/Mitf mi-rw; (b) Mitf mi-vit/Mitf mi-or. The Vitiligo mouse has both
white spotting and vitiligo. (a) This mouse is in the process of molting to a lighter color. 
(b) The older mouse is shown at the rear.

(a)

(b)
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CHAPTER 1 INTRODUCTION TO THE PIGMENTARY SYSTEM 11

To summarize, the complexity of pigmentation phenotypes results primarily from four basic
processes:

1 development of the melanocyte (Chapter 3);
2 differentiation of the melanocyte as it generates melanosomes (Chapter 4);
3 regulation of the type of melanin that is deposited upon the melanosome (pheomelanin, black

eumelanin, or brown eumelanin) (Chapter 5);
4 transport of the melanosome within the pigment cell and transfer to the neighboring 

keratinocytes (Chapter 4).

These four basic functions are regulated by over 300 gene loci in the laboratory mouse (see 
the Appendix to this chapter). In the mouse, any of these genes can be evaluated using natural or

Figure 1.11 Mini Mizzle, lavender color, oriental shorthair. Oriental shorthair is the name
of a breed of cat, and is therefore not a color. ‘Lavender’ is a cat fancier’s term for
‘nonagouti, brown, dilute’ Unfortunately, ‘dilute’ is the cat breeder’s term for the mouse
gene known as Leaden (Melanophilin). The mouse Dilute gene identifies the Myo5a locus.
The genotype of this cat is a /a Tyrp1b/Tyrp1b MlphIn/MlphIn, which cat fanciers would refer
to as a /a b /b d /d; however, the correct original nomenclature is a /a b /b In /In.
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12 PART I INTRODUCTION TO THE PIGMENTARY SYSTEM

created mutations against an inbred background genome and using advanced genetic techniques
(see Chapter 6). The mutant mice, or their cells, are usually viable and can be evaluated at every
level of gene function, from transcription to the final mouse phenotype. This makes the pigment
system of mice uniquely valuable to our understanding of basic biological processes, including cell
and tissue communication networks within the developing embryo and the adult body, and specific
medical conditions, including melanoma.

1.3 Other pigment cells

Chromatophores or chromatocytes (colored cells) are general terms for pigment cells, which in
some vertebrates may produce pigments other than melanin. Chromatophores of vertebrates –
fish, amphibians, reptiles, birds, and mammals – provide protection from the environment as well
as adaptive and/or disruptive coloration, through the colors of their pigments and the movement of
their pigmented organelles (chromatosomes) within the pigment cells (Bagnara & Matsumoto
2006; Logan et al. 2006). The chromatophores of fishes, amphibians, and some reptiles are more
varied in content and function than those of birds and mammals, and generally retain their pigment
rather than transferring it to other cells. Colors of lower vertebrates thus result from the distribu-
tion of dermal and epidermal pigment cells (Lamoreux et al. 2005; Parichy et al. 2006). Fish chro-
matophores are primarily melanophores/melanocytes that produce black or brown melanin
pigment; leucophores (white) and iridophores (shiny silvery colors), both of which use purines to
create their pigments; and the yellow-red xanthophores. The yellow colors of fish xanthophores,
unlike the pheomelanocytes of birds and mammals, are based in pteridine pigments (Ziegler 2003).
Color changes in the dermal melanophores of fishes, amphibians, and reptiles may be rapid and 
varied, because the pigment cells can quickly disperse or aggregate their chromatosomes within
the dermal chromatophores in response to neuronal and hormonal controls.

The pigmentation repertoire of mammals and birds is more limited. Mammals and birds do not
have so many types of chromatophores; for the most part, they are limited to epidermal
melanophores. Furthermore, rapid changes in the hair/feather pigmentation pattern of birds and
mammals are not possible, except through behaviors such as the tail flagging of deer or courtship
displays of birds. There are two reasons for this. First, the hairs of mammals (and feathers of birds)
are not living tissue and so cannot change biologically. Secondly, the epidermal melanocytes of
mammals do not normally translocate their melanosomes in response to direct neuronal and 
hormonal cues, as do the dermal melanophores of amphibians and fishes. Their primary function is
to transfer melanosomes into neighboring keratinocytes. They accomplish this function slowly,
responding to the environment via the epidermal melanin unit (Klaus 2006; Quevedo & Holstein
2006).

1.4 The epidermal melanin unit

The epidermal melanin unit (also called the EMU) of human skin (Fitzpatrick & Breathnach 1963;
Quevedo & Holstein 2006) is a subunit of epidermal tissue, in humans consisting of a melanocyte
and its 30–40 associated keratinocytes, that together are responsible for the production of
melanosomes, and their subsequent transport, metabolism, and degradation. As they mature, the
melanosomes, which are members of the lysosomal family of organelles, are transferred to adjacent
keratinocytes of a growing hair or, in pigmented skin of humans and some other mammals, to 
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CHAPTER 1 INTRODUCTION TO THE PIGMENTARY SYSTEM 13

the adjacent keratinocytes of the epidermal melanin unit in the basal layer of the epidermis, 
where they are sequestered within lysosomes. Because the epidermis grows continually from the
basal layer, the cells of the epidermal melanin unit are pushed upward, gradually cornified as the
normal protective layer of skin, and then lost/shed as new epidermal tissue replaces them from
below.

In mice, the outermost protective layer is the hair coat. The transfer of melanosomes from the
pigment cell into the growing hair is precisely controlled in its distribution within the cortex and the
medulla of the hair and differentially according to the type of hair and its location on the body. In
mice, control over the amount, distribution, and color of melanosomes is specific to the age of
mouse, stage of the hair growth cycle, and position on the body (Galbraith 1964).

Mammalian pigment cells are also delivered to the inner ear, iris, choroid, heart, and other 
extracutaneous locations (Quevedo & Holstein 2006). The retinal pigment epithelium (see Chapter 3)
is produced in situ.

1.5 Mammalian hair

In mice, overall pigment phenotype is predominantly a reflection of the hair (fur) that covers the
body. Most of the melanocytes are located in the hair rather than in the interfollicular epidermis.
Each hair grows from an epidermal hair follicle (Fig. 1.12). The hair follicle is an ingrowth of the epi-
dermis that pushes deep into the dermis and the hypodermis. The hair follicle, where most of the
activity takes place during a hair growth cycle, consists of the hair bulb, the dermal papilla, and the
bulge area. The dermal papilla pushes up into the root of the hair bulb and provides a blood supply
to the hair bulb cells, which generate the keratinocytes that become cornified as hair. The bulge
area, at least in mice, sequesters melanocyte stem cells between hair cycles. At the beginning of a
hair cycle, melanoblasts (unpigmented melanocyte precursor cells; sometimes called melanocyte

Anagen

Melanocyte

B

Figure 1.12 A mature hair follicle. B indicates the bulge region of the hair follicle and the
gray spot shows where the melanocyte stem cells reside. The horizontal line represents the
level to which the follicle regresses after the growth phase is complete. Diagram courtesy of
Nishimura et al. (2002).
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14 PART I INTRODUCTION TO THE PIGMENTARY SYSTEM

stem cells in this context) migrate from the bulge area into the hair bulb, around the dermal hair
papilla, where they proliferate, differentiate, and initiate melanogenesis.

1.6 Melanosome biogenesis and translocation

The epidermal melanocyte (Fig. 1.13) is dendritic and contains an abundant endoplasmic reticulum
and active Golgi region where melanosomal proteins are processed before being carried to their
specific locations in stage I, II, III, and the mature stage IV melanosomes, as described in Chapter 4
(Fig. 4.8). Correct processing of the melanosomal proteins and their appropriate transport to the
developing melanosome are necessary for normal pigmentation. Pigmentary defects associated
with processing and transport are discussed in Chapter 4.

The melanosome is a member of the family of lysosome-related organelles that also includes
platelet dense granules, lamellar bodies of type II alveolar epithelial cells, and lytic granules of cyto-
toxic T lymphocytes and natural killer cells. Premelanosomes appear to derive as ‘saccules’ that bud
from the smooth endoplasmic reticulum (Orlow 1995). In eumelanosomes an internal matrix con-
denses from amorphous filamentous material to an organized internal structure. This material is
largely the protein product of the Silver gene locus, as discussed in Chapter 4 (Boissy et al. 2006).

When assembled into a stage II melanosome (lacking pigment) the structure appears in section
as highly organized spirals that apparently represent three-dimensional sheets that are rolled or

Figure 1.13 A eumelanocyte in cell culture.
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CHAPTER 1 INTRODUCTION TO THE PIGMENTARY SYSTEM 15

pleated to form the basic structure upon which pigment is deposited in later stage melanosomes
(Fig. 4.8). As the melanosome matures beyond stage II to stage III, catalytic enzymes are delivered
to it and initiate deposition of melanin upon and within the matrix of the melanosome until it finally
matures as the fully pigmented, chemically inert stage IV melanosome. In the living cell, the cata-
lytic enzymes are active only briefly in the controlled environment of the melanosome, when they
are needed for pigment deposition. During other stages of the cycle, their locations and functions
are controlled tightly by other molecules in the pigment cell, as discussed in Chapter 4. Stage IV
melanosomes are transported to the periphery of the melanocyte and transferred to keratinocytes
as discussed in Chapter 4 (Scott 2007; Byers 2006).

1.7 Melanin

Melanogenesis occurs within the melanosome. Failure of melanogenesis results in albinism. The
substrate molecule required for initiation of melanogenesis, tyrosine, is found in all cells; it is not a
limiting factor. The enzyme tyrosinase is normally the rate-limiting factor, and is sufficient to cata-
lyze melanogenesis in vitro. The biochemical pathway is relatively simple, as shown in Figure 1.14.
To prevent premature activity of tyrosinase in vivo, the cell maintains tight control over its process-
ing and routing to the melanosome, as described in Chapter 4. Genetic defects in tyrosinase itself,
encoded at the Albino or Color (Tyr, c) locus, constitute one class of albinism. Other causes of
albinism most often relate to the loci involved with processing and routing. As mentioned, mam-
mals are able to produce two chemically distinct types of melanin pigment: (1) black or brown
eumelanin and (2) pheomelanin in shades ranging from yellow to red (Chapter 4; Brilliant 2006;
Hearing 2006; Oetting & Setaluri 2006; Solano & García-Borrón 2006; Figure 1.15).

Pheomelanosomes differ from eumelanosomes in structure, as well as color and the chemical
nature of the pigment (Ito & Wakamatsu 2006; Sarna & Swartz 2006). These differences result at
least in part from the switching off of several of the gene loci that are responsible for the production
of eumelanosomes, as discussed in Chapter 5, pigment-type switching (and see Barsh 2006), and
probably also in the availability of cysteine substrate.

1.8 Hair growth

As melanosomes mature, they are carried to the outer perimeter of the pigment cell and normally
are transferred into neighboring keratinocytes of the growing hair or feathers in mammals
(described in Chapter 4) or birds, and within the skin of humans. In the hair follicle, melanogenesis
occurs during the growth of a new hair. During anagen, the first stage of hair follicle development,
which lasts about 17 days in mice, the hair follicle extends deeper into and below the dermis, while
melanocytes in the bulb area of the follicle (Figure 1.12) transfer melanosomes into the growing
hair. Catagen, which lasts about a day, is a transitional second stage of the cycle, after the hair is fully
grown, when a basal club is formed that anchors the hair in the upper part of the hair follicle.
Telogen is the resting stage between cycles of hair growth. The length of telogen varies between a
month and several months, depending upon the age of the mouse and other factors such as genet-
ics, nutrition, or damage to the hair.

During the anagen or growth stage of the hair follicle, keratinocytes flow upward in the hair shaft
from the lower hair bulb where they are generated, while melanocytes in the upper hair bulb 
synthesize melanosomes and deposit them from their long dendritic processes into the living 
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16 PART I INTRODUCTION TO THE PIGMENTARY SYSTEM

Dopaquinone
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DHI
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intermediates
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Tyrosine

DHICA

Tyrosinase

(b) (c)

(a)

Figure 1.14 (a) The melanogenic pathway functions in the pigment granule (pathway
simplified from Ito & Wakamatsu 2008; reproduced with permission of Wiley-Blackwell).
Enzymes are shown in boxes. The rate-limiting enzyme is tyrosinase; mutation at the Tyr
(Albino) locus reduces the amount of melanin that the pigment cell can make. In nonagouti
mice that are otherwise wild type at pigment loci, mutation of the gene that encodes
dopachrome tautomerase (DCT) results in slaty mice (below left, the one on the lower right
is Slaty, that is, mutant at Dct ). Mutation of the gene with 5,6-dihydroxyindole-2-carboxylic
acid (DHICA) oxidase activity (Tyrp1) results in brown mice (b, rear) (see also Chapter 4).
The mouse on the left in this picture is wild type. Pheomelanogenesis is primarily regulated
by a cell-surface receptor (MC1R) and its ligand, melanocyte-stimulating hormone (MSH),
that control whether or not the cell will make yellow pigment. Pheomelanogenesis is
epistatic to eumelanogenesis. The two pheomelanic mice (c) are (front) Recessive yellow,
in which the MC1R is mutant, and (back) Lethal yellow, in which the Agouti locus that
encodes MSH is mutant (see also Chapter 5).

keratinocytes. The hairs become pigmented in an exquisitely reproducible fashion that reflects 
the genotype of the mouse, type of hair, and its location on the body. The resulting hair consists of
variations on the theme of medullary segments, within which the melanosomes are arranged in a
ladder-like formation, surrounded by a cortex in which the melanosomes are more or less evenly
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CHAPTER 1 INTRODUCTION TO THE PIGMENTARY SYSTEM 17

distributed (Montagna & Ellis 1958; Searle 1968; Quevedo & Holstein 2006). By the time the hair
emerges from the shaft of the hair follicle, the keratinocytes are pigmented, cornified, nonliving
appendages to the skin.

1.9 Hair growth cycles

In mice, new hairs replace the old in more or less predictable cycles of growth. The first hairs begin
to grow around the time of birth. After the first coat has grown, hair growth cycles can be induced
artificially by plucking or shaving. Normally, the second cycle of hair growth begins at about 7–9
weeks of age. Thereafter, cycles of hair growth occur every few months. It may take about 2 weeks
to fully replace the coat of hair. The process begins at the head of the mouse and proceeds caudad as
a wave of new growth. During this time a continually changing pattern of pigmentation is usually
more or less obvious, depending upon how much the newer hairs differ in appearance from the old.

Natural molt patterns may be caused by age-related genetic changes in the new hairs, or simple
wear and tear of the old. In some mutant phenotypes or strain backgrounds, it is normal for 
pigmentation to change with age, sometimes resulting in rather dramatic molt patterns, especially
at first molt (for example, Lamoreux & Galbraith 1986, and Fig. 5.4). Even if there are no devel-
opmental differences, the black or brown hairs can become rusty-looking with age, presumably
because of the bleaching effect of saliva through grooming, and urine in the cage, so that a mouse in
the middle of a hair cycle may have a pattern of shiny black or brown new hairs that contrast with
the rusty-looking hairs, farther back on the body, that are yet to be shed. Similar patterns can be 

Figure 1.15 Pheomelanic cat (known by some as ‘red’ and others as ‘orange’ and even
others as ‘marmalade’). Notice that the darker markings on this yellow cat are
pheomelanic, whereas the darker markings on the agouti cat in Figure 1.7 are eumelanic.
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18 PART I INTRODUCTION TO THE PIGMENTARY SYSTEM

created artificially by injection (during the hair growth cycle) of substances that alter pigment 
phenotype (Chapter 5). The artificially created pattern will be maintained until the subsequent 
natural molt, when the mouse returns to its genetically determined phenotype. Patterns created by
hair growth cycles are secondary to the hair cycle itself. Therefore, strictly speaking, they are not
primarily the result of action of ‘pigmentary genes,’ but are nevertheless important to interpreta-
tion of pigmentary genetics for a couple of reasons. First, it is important to recognize the difference
between phenotypes that are under direct genetic control, and those such as the hair cycle patterns
that may not be directly relevant. Second, the hair cycle pattern of mice illustrates the need to be aware
of differences between the physiology of humans and of mice that must be taken into consideration
when interpreting data. The molt cycle of mice differs significantly from the condition in humans.

1.10 Embryonic development of the pigment cell lineage

Development has no beginning, and we hope it will have no end, technology notwithstanding. For
an individual organism, development begins with the zygote, product of the fusion of a haploid
sperm with an egg that carries a haploid set of chromosomes plus the extensive egg cytoplasm that
is rich in nutrients and proteins. These proteins, encoded in the genome of the mother, make pos-
sible the maturation of offspring by providing enzymes and cellular biochemical structures that 
support development, from organizing the zygote to mitotic cell divisions and the early steps 
of cleavage, with the formation of the primary germ layers.

The pigment cell lineage of melanoblasts that mature into melanocytes arises after these earliest
events, during the transient emergence of the neural crest as described in Chapter 3. The odyssey of
neural-crest-derived pigment cells begins when neural-crest cells delaminate from the dorsolateral
portion of the neural tube, in the mouse just before or as the neural tube closes. Melanoblasts
(immature pigment cells) migrate, while replicating rapidly, along complex pathways. In mice, as
the hair follicles develop concurrently with pigment-cell migration, the melanoblasts home to the
follicles, leaving the interfollicular areas nearly devoid of pigment cells. Some melanoblasts then
enter the bulge area of the follicle and others differentiate in the bulb region to pigment the growing
hair as described above. Melanoblasts also migrate through the head and to the nose, eyes, ears, and
even the heart following equally specific migratory pathways. The retinal pigment epithelium (see
Chapter 3) is exceptional because it is not neural-crest-derived, but is induced directly in the neural
tube.

1.11 Pigment cells in culture

Pigment cells of course develop normally in the tissue environment, not in cell culture, and there
are differences between the cell culture requirements and biochemical properties of mouse and
human melanocytes. Additionally, the mature pigment system of mice differs somewhat from the
human pigment system in vivo, as do some of its functions and associated functional genetics
(Sundberg 1994; Green 1966; Boissy et al. 2006; Montoliu et al. 2009). Therefore, it is wise to fully
define the genetics of biological materials, human or murine, and to use caution when attributing
results across species or genomic lines. That said, the unparalleled availability of murine pig-
mentary tissues and melanocytes that are inbred and genetically controlled provides a powerful 
tool for dissecting the basic mechanisms of melanogenesis at all levels, from the cell to the 
organism (Nordlund et al. 2006). Comparative mammalian genetics, especially at the molecular and
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CHAPTER 1 INTRODUCTION TO THE PIGMENTARY SYSTEM 19

phenotypic levels, has become highly sophisticated; information from the human and other species
is informing mouse studies, and vice versa.

1.12 Conclusion

The remarkably choreographed accomplishments that result in development and differentiation of
pigment phenotypes are made possible by an intricate web of tissue interactions and cellular signal-
ing pathways that direct the functions of the pigment cells at every level of organization from the
gene to the whole organism. Through chemical messages received from the environment and re-
cognized by its own information-processing pathways, the pigment cell regulates the genes that
direct the necessary cellular processes. Because pigment cells are easily observed, and their absence
is not lethal, the pigment phenotypes provide an unparalleled model for the study of cellular com-
munications and interacting signaling pathways as they function to bring about observable pheno-
types summarized above. With the genomes of several species now sequenced, and others rapidly
joining the databases, we are in a position to evaluate the pigmentary system using reductionist,
phenotypic, and comparative methods in parallel.

Figure 1.16 Two dogs that are mutant at different loci influencing the choice between
eumelanic and pheomelanic pigmentation (discussed in Chapter 5). The dog to the rear
(but leading the pack) is a chimeric mix of eumelanic and pheomelanic pigmentation
resulting from mutation at the K (Canine b -defensin 103) locus. In this case the eumelanin/
pheomelanin switch is regulated via the keratinocytes. See also Figure 5.13 for a better
view of the pattern. The dog in the foreground is mutant at the Agouti (A ) locus that
regulates the eumelanin/pheomelanin switch over the body and on each hair via the
genotype of the mesoderm. Other loci that influence the switch are listed in the Appendix 
of this chapter, and in Chapter 5. Photograph courtesy of TheOneCreation.
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Appendix: color loci of the mouse

Introduction

This appendix lists all of the loci that have been reported to contribute to pigmentation to date. For
further information and updates we refer you to:

• the Mouse Genome Informatics (MGI) database maintained by The Jackson Laboratory ( JAX),
www.informatics.jax.org/;

• the International Federation of Pigment Cell Societies (IFPCS) Color Genes initiative,
www.espcr.org/micemut/, maintained by the European Society for Pigment Cell Research
(ESPCR) (Montoliu et al. 2009).

Specific (mostly classical) mutant loci are discussed throughout the book in the context of their con-
tribution to phenotype. These sections can be identified in the text because they have headings that
look like the one shown here (e.g. see Chapter 4), and they are listed below in alphabetical order by
locus name.

Silver (Si, Pmel17, Gp100)
MGI lists one spontaneous phenotypic allele
Availability: JAX, CMMR, MMRRC

In such headings, ‘Availability’ refers to the facilities where various resources (mice, frozen
embryos, etc.) are available. We use abbreviations for the facilities, and these are listed below.
Besides the main ones ( JAX, HAR, ORNL, MMRRC), quite a few other centers that have prolifer-
ated internationally with the availability of modern genetic technology (see Chapter 6). These are
listed in full by the International Mouse Strain Resource (IMSR), sponsored by the MGI:
www.findmice.org/fetch?page=imsrStrainRepositories.

CARD Center for Animal Resources and Development
CFG Consortium for Functional Glycomics
CMMR Canadian Mouse Mutant Repository
EMMA European Mouse Mutant Archive
HAR Mammalian Genetics Unit, Harwell
JAX The Jackson Laboratory
KOMP Repository Knockout Mouse Repository
MMRRC Mutant Mouse Regional Resource Centers
ORNL Oak Ridge National Laboratories
RBRC RIKEN BioResource Center
TAC Taconic
TIGM Texas A&M Institute for Genomic Medicine

Following is an index to the specific mutant loci, listed by phenotype-based name, that are discussed
in the text of this book.
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Index of mutant loci discussed in text

Agouti (A, Nonagouti, a) Chapter 5, page 197
Albino (C, Tyr, Tyrosinase) Chapter 4, page 146
Ashen (Ash, Rab27a, RAS oncogene family member RAB27A) Chapter 4, page 175
Beige (Bg, Lyst, Lysosomal trafficking regulator) Chapter 4, page 170
Belted (Bt, Adamts20, A disintegrin-like and metallopeptidase Chapter 3, page 122

(reprolysin type) with thrombospondin type 1 motif, 20)
Buff (Bf, Vps33a, Vacuolar protein sorting 33a) Chapter 4, page 165
Cappuccino (Cno) Chapter 4, page 166
Chocolate (Cht, Rab38, RAS oncogene #38) Chapter 4, page 165
Cocoa (Coa, Hps3, Hermansky–Pudlak syndrome 3 homolog) Chapter 4, page 168
Dilute (D, Myo5a, Myosin Va) Chapter 4, page 175
Dilute suppressor (Dsu, Melanoregulin, Mreg) Chapter 4, page 175
Dominant black (K, CBD103, Canine B-defensin 103) Chapter 5, page 204
Dominant megacolon (Dom, Sox10, SRY-related box 10) Chapter 3, page 93
Faded (Fe) Chapter 4, page 162
Gpnmb (Glycoprotein transmembrane NMB) Chapter 4, page 146
Gunmetal (Gm, Rabggta, Rab geranylgeranyl transferase, A subunit) Chapter 4, page 171
Kit (c-Kit, W, Dominant white spotting) Chapter 3, pages 98 and 118
Leaden (Ln, Mlph, Melanophilin) Chapter 4, page 175
Lethal spotting (Ls, Edn3, Endothelin 3) Chapter 3, page 102
Light ear (Le, Hps4, Hermansky–Pudlak syndrome 4 homolog) Chapter 4, page 169
London gray (Lgr) Chapter 4, page 162
Mahogany (Mg, Atrn, Attractin) Chapter 5, page 203
Mahoganoid (Md, Mgrn1, Mahogunin ring finger 1) Chapter 5, page 203
Microphthalmia (Mi, Mitf, Microphthalmia-associated transcription factor) Chapter 3, page 94
Mocha (Mh, Ap3d, Adaptor-related protein complex 3, delta subunit) Chapter 4, page 163
Mottled, Mosaic, Pewter, Atp7a (ATPase, Cu2+-transporting, Chapter 4, page 154

A polypeptide, MNK, Menkes protein)
Muted (Mu, Txndc5, Thioredoxin domain containing 5) Chapter 4, page 168
Ocular albinism 1 (Oa1, Gpr143, G protein-coupled receptor 143) Chapter 4, page 153
Pale ear (Ep, Hps1, Hermansky–Pudlak syndrome 1 homolog) Chapter 4, page169
Pallid (Pa, Pallidin, Pldn) Chapter 4, page 168
Patch (Ph) Chapter 3, page 118
Patchwork (Pwk) Chapter 3, page 126
Pearl (Pe, Ap3b1, Adaptor-related protein complex 3, B1 subunit) Chapter 4, page 164
Piebald (S, Ednrb, Endothelin receptor type B) Chapter 3, page 102
Pink-eyed dilution (P, Oca2, Oculocutaneous albinism type II ) Chapter 4, page 156
Pro-opiomelanocortin (POMC ) Chapter 5, page 202
Recessive yellow (E, Extension, Mc1r, Melanocortin 1 receptor) Chapter 5, page 194
Reduced pigmentation (Rp, Bloc1s3; Biogenesis of lysosome-related Chapter 4, page 168

organelles complex-1, subunit 3; Blos3)
Ruby-eye (Ru, Hps6, Hermansky–Pudlak syndrome 6 homolog) Chapter 4, page 169
Ruby-eye 2 (Ru-2, Hps5, Hermansky–Pudlak syndrome 5 homolog) Chapter 4, page 169
Rump white (Rw; not Rumpwhite) Chapter 3, page 118
Sandy (Sdy, Dtnbp1, Dystrobrevin-binding protein 1, Dysbindin, Hps7) Chapter 4, page 168
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22 PART I INTRODUCTION TO THE PIGMENTARY SYSTEM

Silver (Si, Pmel17, Gp87) Chapter 4, page 140
Slaty (Slt, Dct, Dopachrome tautomerase, formerly Trp2, Chapter 4, page 152

Tyrosinase-related protein 2)
Splotch (Sp, Pax3, Paired box gene 3) Chapter 3, page 91
Steel (Sl, Kitl, Kit ligand, SLF, Steel factor; MGF, Mast cell growth factor; Chapter 3, page 100

SCF, Stem cell factor)
Subtle gray (Sut, Slc7a11) Chapter 5, page 204
Tyrp1 (Brown, B, Tyrp1, Tyrosinase-related protein 1) Chapter 4, page 150
Underwhite (Uw, Matp, Membrane-associated transporter protein, Chapter 4, page 158

Slc45a2, Solute carrier family 45, member 2)

Cloned and uncloned loci

Table A1.1 shows a summary of the cloned mouse color genes and Table A1.2 gives a summary of
the uncloned mouse color genes.
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CHAPTER 1 INTRODUCTION TO THE PIGMENTARY SYSTEM 47

Figure 1.17 Studs Terkel, Mahonia, and Postdoc (left to right). Terk may have a mutation
at the Silver locus (see Chapter 4). Mahonia is pheomelanic, often known as chestnut or
sorrel (probable genotype Mc1r e/Mc1r e). Postdoc is the horse equivalent of wild type,
known as bay or brown, depending on the amount of eumelanic pigment. Note that the
mane, tail, and legs are eumelanic, and the pheomelanic pigmentation on the body varies
from bright red/yellow to dark and nearly eumelanic, in response to modifying genes.
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