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Preface to 1st Edition

Basic genetics textbooks seldom mention horses. Horse breeders tell me that they
cannot relate fruit flies, corn and mice to practical horse breeding. This book aims to
provide a good overview of genetic principles using horses as the primary examples.
I have sifted and distilled facts and ideas to provide horse breeders with relevant illustra-
tions. While providing a basic primer, I will not oversimplify to the point of inaccuracy.
Students and science professionals can confidently use this handbook as a resource.

Do not expect to read this book from cover to cover! In my years of teaching,
I have found that genetics is a subject that can only be taken in small doses. When
you reach your saturation point, stop for the moment to return at another time.

Browse the contents, the pictures and tables to become familiar with the material
present. You may want to read only selected chapters or sections. The index may
point you to several sections discussing a subject of particular interest. If you wish to
read the original research papers, the reference section provides the citations to find
them in a university library. You will probably want to have a general genetics text-
book at hand to refresh your memory or to provide alternative and more detailed
examples of basic principles.

Knowledge about horse genes lags well behind that for human or mouse, or even
for genes of other domestic animals such as [the] cow, pig, sheep, and chicken. Since
the horse provides only a very limited set of examples, readers keen to know more
about genetics are encouraged to consult current texts in general genetics. I especially
recommend the veterinary genetics textbook by Nicholas (1987) [current edition
Nicholas, EW. (2010) Introduction to Veterinary Genetics. Wiley-Blackwell, Ames,
Towa] for its wealth of animal examples.

You may find the contents overwhelmingly detailed about Paint horse pattern
genes. The emphasis is a reflection of the many inquiries I receive from Paint breeders.
Even if white spotting genes don’t pertain to your breeding program, they provide
examples to help you practice thinking about horse genetics. You may be disappointed
that no discussion is provided on a particular subject important to your breeding pro-
gram. Information specific to horse genetics comes at a price. Government-funded
agriculture programs support research on food and fiber animals, not companion
animals. Knowledge about horse genetics will be forthcoming in direct proportion to
how much money is invested. Without money being committed to horse research by
horse breeders, our understanding about genetics of humans, mice and cattle will con-
tinue to advance rapidly, but knowledge about horse genetics will only unfold slowly.

Readers of this book will find answers to many of their questions about the
genetics of horses, but I hope that other questions will replace them. Learning is a
continuous process that does not end with finding answers. The path of knowledge
is learning to ask questions and to build new questions from the answers.

Ann T. Bowling
1996
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Preface to 2nd Edition

The preface written for the first edition of this book remains pertinent, but at the
same time, many new discoveries have been made since it was written. Ann Bowling
wrote the first edition just when molecular genetics was beginning to be applied to
horses. At that time, parentage testing was converting from blood typing technologies
to DNA technologies. The mutation had been identified for one coat color gene
(Extension) and one disease gene (hyperkalemic periodic paralysis in Quarter
Horses). Scientists were beginning to construct a genetic map for the horse with hopes
of making more discoveries. Indeed, a lot has happened during the intervening
18 years. The entire DNA sequence of a Thoroughbred horse was determined.
Molecular genetics has been used to identify many color genes and disease genes.
Molecular markers have now replaced blood typing markers for parentage testing.
DNA information is providing insights on the domestication of horses and the rela-
tionships among breeds. We are beginning to identify specific DNA sequences that
influence performance and behavior. Many more horses have now had their entire
DNA sequence completed. Genetics has become even more interesting and more useful.

Several years ago, the publishers asked us if we could update the existing text.
Initially we declined, responding that so much had happened that it would take more
than a revision to produce a useful text. However, when we took a closer look at the
book, we were impressed by the organization of the topics and the quality of Ann’s
descriptions and explanations.

We did make some changes. We deleted the chapter on gene mapping and added
chapters on evolution and genomics. The organization of the color pattern chapters
was changed to reflect insights gleaned from molecular genetics. The book contains
a large amount of new information and concepts reflecting research during the last
decade. Nevertheless, it remains a revision inasmuch as the organization is true to
Ann’s original plan. Her book was a thoughtful challenge to regard genetic questions
as puzzle that could be addressed with a wide range of tools.

Ann was fascinated with horse genetics and loved the opportunities she was
afforded at the University of California, Davis to work on all aspects of horse genet-
ics, especially coat color and cytogenetics. She was also an enthusiastic leader in gene
mapping research for up to the time of her passing; Ann passed away on 8 December
2000 as a result of a massive stroke. The stroke was a complete surprise and Ann was
at work discussing research with a colleague when it occurred. However, the greater
tragedy was the loss endured by her family. Ann was a wife and mother, devoted to
her family. She spoke often and proudly of Michael and Lydia. Together they oper-
ated an Arabian horse breeding farm and were proud of their bloodlines and the
accomplishments of their produce.

The spirit of this book reflects Ann’s love of horses and genetics. It is not neces-
sarily the one she would have written, but Ann contributed to many of the advances
described in the book and enjoyed learning of accomplishments by others. We anticipate
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that horse breeders and owners will find the updated text useful. The material in the
book includes breeding practices that are products of centuries of experience as well
new information and concepts that will make horsemanship more successful for horse
and rider.

The authors are very grateful to several colleagues for critical reading of chapters,
especially to Drs Teri Lear and Rebecca Bellone who provided extensive help with the
chapters on Cytogenetics (Chapter 13) and Leopard Spotting (Chapter 9). Many col-
leagues also provided images for the book and they are identified in the legends
accompanying the images.

Ernest Bailey
Samantha A. Brooks
27 November 2012
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1 Evolution and Domestication
of Horses

The special relationship between horses and people began over 5000 years ago. The
horse encountered at the dawn of domestication was already the product of more
than 50 millions of years of evolution occurring across several continents (reviewed
in McFadden, 1992). Changes in climate, geography and interactions with the natu-
ral flora and fauna influenced the genes and gene combinations that were successful
in each generation. By the time that people encountered the horse, it had already
become large, strong, fleet, and social, traits that led to the special relationship
between horses and people.

Evolution and Migration of Early Equids
Earliest ancestor of horses

The earliest recognized ancestor of the modern horse belonged to a species of the
clade hyracothere (an animal or fossil of the genus Hyracotherium). Animals belong-
ing to this clade were small, some say the size of a small dog, and browsed leafy
vegetation across a wide landscape across North America and Europe. The hyraco-
theres present in North America became isolated from the rest of the world when rising
waters submerged the land bridges that existed between the American and the other
continents 58 million years ago. The modern horse is descended from one of the spe-
cies of hyracothere present in North America 58 million years ago. Yet the hyraco-
there gave rise to hundreds of other horse-like species that evolved and went extinct
in the intervening 58 million years. Figure 1.1 illustrates the modern view of the
evolutionary processes leading to the horse.

Fossil teeth

Horse teeth have been well preserved and provide us with a perspective on the
changes that may have driven horse evolution (MacFadden, 2005). From the Eocene
to the early Miocene periods (5820 million years ago) horses had short crown teeth
suitable for browsing on the nutritious, leafy vegetation that was characteristic of
North America during that period. However, the climate changed and grasslands
became common, then predominant. Coincidental with that change, paleontologists
found in the fossil record from the late Miocene era a progressive change during the
late Miocene showing a decrease in the number of short crown, browsing teeth. These
browsing teeth were replaced, leading to replacement in the more recent fossil record
with high crowned teeth adapted to grazing.

© E. Bailey and S.A. Brooks 2013. Horse Genetics, 2nd Edition 1 ]
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Fig. 1.1. The phylogeny, geographic distribution, diet and body sizes of the family Equidae
over the past 55 million years is shown. Vertical lines represent the actual time ranges of
equid genera. The first ~35 million years are characterized by browsing species of relatively
small body size. The last 20 million years are characterized by genera that are primarily
browsing/grazing or are mixed feeders, exhibiting wide diversity in body size. Horses
became extinct in North America about 10,000 years ago but the family survived by
migration across land bridges to Asia and Europe. This figure is reprinted with permission
from McFadden (2005). Plio., Pliocene; Quat., Quaternary.
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Aside from their impact on equid morphology, climate changes also had geographic
consequences which led to the migration of many of these ancestral equid species.
Between 15 and 20 million years ago, a land bridge between North America and Asia
opened up and relatives of the horse (Anchiterium, Sinobippus) crossed into Asia. They
thrived in Asia, Africa, and Europe for millions of years before becoming extinct.

Approximately 18 million years ago, extensive grasslands developed in North
America and grazing became advantageous. As noted above, horses could and did evolve
teeth for grazing. Furthermore, in the drier, open climates, the ancestors of horses that
could travel farther and faster were favored; consequently, those with a single toe, the
hoof, and other adaptations for travel became more numerous than others. Speed may
have also provided protection from fleet predators. Migrations occurred a second and a
third time, 5-10 million years ago, as more relatives of the horse (hipparions) crossed
the land bridge to Asia and thrived for millions of years before also becoming extinct.

Meanwhile, the ancestors of modern horses continued to evolve in North
America with the genus Equus appearing approximately 4 million years ago. Species
of Equus crossed the land bridge to Asia, populating Asia, Africa, and Europe along
with equids in the genera Hippidion and Onohippidium. This time, however, when
the bridge closed, Equus became extinct in the Americas about 12,000 years ago but
continued to live on the Eurasian and African continents. By this time, the other gen-
era of Equidae had already gone extinct in Eurasia and Africa, including Hippidion
and Onobhippidium. It is unknown why all of representatives of Equus became extinct
in North America but continued to live elsewhere, although species of Equus were
among many large mammalian species that perished in the same time period. Both
climate change and predation by people are suspected.

Regardless of the situation in North America, the horse continued its evolution
in Asia, Africa, and Europe. Indeed, the horse did well in Europe. Cave paintings of
horses in France, dated over 30,000 years ago, show that prehistoric man knew
horses well. When the last Ice Age occurred, approximately 20,000 years ago, glaciers
descended on northern Europe, driving all living things into southern Europe, Africa
and Asia. The numbers of horses dwindled. The European horse may have been on
its way to extinction as well.

Domestication of Horses

Two models exist for the domestication of animals. Model one specifies that animals
were domesticated in one location and that all domestic animals of that species are
descended from that original event. The second model holds that when people deter-
mined that a particular species of wild animal could be domesticated, the animals were
captured and domesticated throughout the natural range of the animal. Model one
predicts limited genetic variation for the species. Model two predicts wide variation.
Molecular DNA studies of horses reveal wide variation and indicate that large num-
bers of horses were involved in domestication; whether this implies multiple independ-
ent domestication events or the continuing addition of wild horses to the population
of domestic horses is not known (Vila et al., 2001). Nor does the DNA sequence
information tell us where or when domestication occurred. Yet archeological data
does indicate a close relationship with peoples of Ukraine and Kazakhstan between
4000 and 6000 years ago. Ancient peoples routinely hunted and slaughtered horses for
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food (Levine, 1999). However, bit wear on teeth from the Kazakhstan sites indicated
that horses may have been ridden, an activity that is unlikely without domestication
(Brown and Anthony, 1998). Mare’s milk residue has been also found associated with
pottery, indicating that horses were kept and used for milk (Outram ez al., 2009). It
does not appear that these people bred and raised horses. Instead, they may have cap-
tured wild horses and tamed them for domestic uses. Breeding probably came later.

A reduced number of horses would be a hardship for people who hunted horses
for food. Furthermore, hunting became difficult once people developed a lifestyle
based on agriculture, growing crops, and living in permanent villages. Wild animals
in the vicinity of villages would have been harvested to extinction or driven off.
Breeding captured horses to assure a continued supply was the next step. We do not
yet know where this occurred, but this activity probably prevented the extinction of
the horse and caused it to become, in evolutionary terms, one of the most successful
large animals on the planet (Budiansky, 1997).

Domestication and selection

Once horses were domesticated, people had become adept at selecting horses for the
characteristics they valued. This is clearly apparent in the diversity of horses that exist
today. But molecular studies have provided more discrete evidence of genetic selection
by prehistoric people. Ludwig et al. (2009) studied ancient horse DNA using genetic
markers discovered for coat color variation in modern horses. They observed that
DNA tests from 14,000 year old horse bones indicated that horses were uniformly
bay in color. At the time of domestication, 4000-5000 years ago, genotypes for both
bay and black were still apparent. In addition, DNA from those horses included DNA
sequences characteristic of chestnut, tobiano and sabino. Color variation among
horses therefore likely occurred coincidentally with domestication.

Summary

Fifty eight million years of evolution led to at least dozens of species of equids. The
equids belonging to the genera Hippidion, Dinohippus, Pliohippus, Neohipparion,
and others are all gone: extinct. Only ten equids belonging to the genus Equus remain.
These ten remaining species are popularly known as horses (the domestic horse and
Przewalski’s horse), asses (the domestic donkey and Somali wild ass), zebras (Grevy’s
zebra, Burchell’s zebra, and Hartmann’s zebra), and Asiatic asses (kulans, onagers and
kiangs). These are more completely described in Chapter 18. The subject of this book
is the domestic horse, known scientifically as Equus ferus caballus.
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Basic Horse Genetics

Genes behave in very predictable ways. In fact, working with genetics can be fun and
rewarding for those people who have logical thinking skills and enjoy playing sleuth.
Many horse breeders will enthusiastically take on the task of learning about genetics,
especially for the breed they have chosen, but interest in horse genetics is not limited
to people with a breeding program. Buyers, even if not planning to breed horses, need
to know what may and may not be reasonably expected. Horse owners may be fas-
cinated to learn how one favorite steed comes to be distinctive in color, size, shape,
or ability from another.

A horse show provides a good opportunity to compare characteristics that iden-
tify individual horses as belonging to a particular breed. The most conspicuous dif-
ferences among breeds include color, size, gait, and carriage. Horse breeds are
developed with very specific goals in mind and horses are often closely related or
highly selected for the same genetic traits. Despite this powerful selection, variation
continues to exist. Judges still manage to award ribbons of different colors at horse
shows. Even the casual observer can discern the close relationship among, for exam-
ple, Arabian horses and distinguish them from groups of Thoroughbred horses,
Quarter Horses and Friesian horses. Horse breeders had an intuitive sense of genetics
guiding them to create the diversity of breeds that exist today. However, the horse is
not an ideal model for studying genetics.

In 1866, the Austrian monk Gregor Mendel clearly described the principles of
genetics from work using with garden peas. Subsequently, scientists proved that these
Mendelian genetic principles apply to the inheritance of traits in animals as well as in
plants. One aim of this chapter is to describe the basic principles of Mendelian genet-
ics using horses, not peas, as examples. But first, let us consider the nature of genes.

What Are Genes?

Until the discovery of DNA structure, the word “gene” was simply an abstract term.
People used the word whenever they wanted to denote that a trait was hereditary,
such as the traits of hair color, performance, or size. Genes were useful concepts, not
unlike numbers or music. We cannot see concepts, but we become aware of them
through experience or education. Mendel never saw a gene, yet he was able to
describe the basic principles of genetics. He worked with peas just as horse breeders
have worked with horses. Beginning with domestication 6000 years ago, horse breed-
ers recognized that offspring most resembled their parents. If one wanted a gray
horse, then one of the parents needed to be gray. But the inheritance of other traits,
such as conformation, size, and performance, was more complex and confounded
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breeders. They could not discern the principles of genetics because horses were slow
breeding and usually had singleton offspring. The genius of Mendel was to study
plants, select a small number of traits, understand them well, then extend that con-
cept to all of heredity.

Genes ceased being abstract concepts in 1953 (Watson and Crick, 1953). The
accurate description of DNA structure as the basis for heredity created a second
avenue for understanding genetics. The structure, replication, modification, and func-
tion of DNA provided a concrete basis for what had been abstract concepts. Clearly,
we can best explain hereditary traits in expensive, slow-breeding species such as the
horse by combining breeding studies with molecular genetics studies.

DNA

Deoxyribonucleic acid (DNA) was shown to be the chemical substance of heredity by
scientists working on bacteria (Avery et al., 1944). But the molecule was poorly char-
acterized and this observation did not immediately explain how DNA worked. Since
then, DNA has become iconic with genetics following the famous description of DNA
structure by Watson and Crick (1953), who used chemistry and X-ray crystallogra-
phy to understand DNA structure. DNA is the largest molecule found in a cell. It is
also one of the simplest molecules in the cell, with only four types of basic units.

DNA structure

The nucleus of each horse cell has 64 DNA molecules. Each molecule is composed of
millions of units called nucleotide bases (or just bases or just nucleotides). Only four
types of bases compose DNA: adenine (referred to as A), guanine (referred to as G),
thymidine (referred to as T), and cytosine (referred to as C). The bases are joined in
a long, single strand which pairs with a second, complementary strand. This second
strand contains a mirror image of the DNA bases found in the first. Throughout the
length of this long, doubled molecule, all As in one strand pair with Ts in the other
strand, and all Gs in one strand pair with Cs in the other strand. The combination is
referred to as a base pair. The two strands of the DNA molecule wind around each
other, with the pitch determined by the angle of the molecular bonds between each
base; hence, DNA is referred to as a double helix.

DNA replication

The two-stranded structure of DNA serves two functions. Firstly, the second strand
is a mirror image of the first strand, and any damage to one strand can be repaired
precisely using the alternate strand as a template. We know of repair enzymes in cells
that constantly monitor DNA sequences and repair any damage whenever possible.
Second, the two strands provide a remarkably simple system for the replication of the
DNA molecule. The two stands separate and enzymes, called DNA polymerases, cre-
ate complementary strands using the original strands as templates. At the end of the
process, there are two chemically identical DNA strands.
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Genes coding for proteins (DNA > RNA > protein)

One of the major roles of DNA is to encode proteins. The process is basically the
following: DNA contains a code within its sequence which is “transcribed” into
another information molecule called ribonucleic acid (RNA). RNA is similar to DNA
except that: (i) it is a single-stranded copy of one of the DNA strands; (ii) its struc-
tural backbone contains the sugar “ribose” rather than “deoxyribose”; and (iii) it
substitutes the nucleic acid uracil (U) for thymidine wherever thymidine would
have occurred based on the sequence of the DNA molecule. In transcription, one of
the DNA strands is used as a template to make a complementary RNA strand such
that a sequence “ATTCGAAGG” of DNA, for example, is transcribed to an RNA
strand with the sequence “UAAGCUUCC”. The transcribed single RNA strand is
shorter than the entire DNA molecule and easily moves through the cell to join with
a protein-manufacturing complex called a ribosome. Ribosomes travel down the
RNA molecule, reading each set of three nucleotides and adding one of 20 amino
acids according to the instructions from the genetic code.

Amino acids are small molecules which can be joined in series to create longer
molecules called peptides. Two amino acids are joined to form a dipeptide, three form
a tripeptide, etc. A protein can be a linear arrangement of hundreds of amino acids.
There are 20 different amino acids. The differences between them reside in the side
chains attached to the amino and carboxyl core of the molecule. Some of the side
chains repel water, some attract water, some are basic or acid, others have the cap-
acity to form attachments with other amino acids (disulfide bonds). All together, the
combination of amino acids and their side chains cause the folding of the linear pep-
tide and provide clefts, pockets, and receptor sites that make the protein biologically
active as a structure or an enzyme. Examples of proteins include hemoglobin, immu-
noglobulin, and the diverse molecules making up muscle fibers, as well as the liver
enzymes which detoxify blood and blood clotting enzymes which heal wounds.
Mammalian genomes contain over 20,000 genes for proteins (Chapter 3).

Genetic code

DNA is an information molecule. It contains all the information necessary to trans-
form a single cell, specifically a fertilized egg, into a complex, multicellular individual.
Scientists were initially surprised that a molecule with only four basic units — A, T, G,
and C - could deliver sufficient information. However, the information was found to
be contained in the precise order of bases along the molecule. Each DNA molecule is
millions of base pairs long with any one of the four bases possible at each position.
The random permutations of base order exceed the number of animals that have ever
existed! But as this is an information molecule, the order of bases is not random.

The function of a protein is based on the precise number and order of amino
acids in its composition. The identity of an amino acid is determined by a set of three
nucleotides. Each group of three is called a codon. As ribosomes move down the
RNA molecule, they begin at a precise point which is determined by multiple factors
(including the start codon, AUG), read a set of three nucleotides, then jump to the
next set of three. The codons do not overlap. The triplet codes of RNA bases for
amino acids are shown in Table 2.1.
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Table 2.1. The genetic code based on RNA sequences read by the ribosome. The triplet
codes for each of the 20 amino acids found in proteins are presented, as well as the codon
signals that start and stop protein synthesis.

Amino acid/ Amino acid/
codon signal Codon/s codon signal Codon/s
Alanine GCU, GCC, GCA, Leucine UUA, UUG, CUU,
GCG CUC, CUA, CUG
Arginine CGU, CGC, CGA, Lysine AAA, AAG
CGG, AGA, AGG
Asparagine AAU, AAC Methionine AUG
Aspartic acid GAU, GAC Phenylalanine Uuu, uucC
Cysteine UGU, UGC Proline CCU, CCC, CCA,
CCG
Glutamine CAA, CAG Serine UCU, UCC, UCA,
UCG, AGU, AGC
Glutamic acid GAA, GAG Threonine ACU, ACC, ACA, ACG
Glycine GGU, GGC, GGA, Tryptophan UGG
GGG
Histidine CAU, CAC Tyrosine UAU, UAC
Isoleucine AUU, AUC, AUA Valine GUU, GUC, GUA,
GUG
START AUG STOP UAG, UGA, UAA

Because four possible bases are used to create codons of three bases, there are
64 possible codons. As shown in Table 2.1, the 64 codons are used to signal the
20 amino acids (listed in columns 1 and 3) as well as to provide a signal to start
(START) or stop (STOP) protein production. As there are 64 possibilities for
20 amino acids and two signals (start and stop), most amino acids can be encoded
by more than one codon. This is referred to as “redundancy of the genetic code”.
For example, alanine, in the top left corner of Table 2.1, is encoded by four different
codons. Only two amino acids, methionine and tryptophan, have a single codon.
The amino acids with the largest number of possible codons are arginine, leucine,
and serine with six each.

Technical note: sometimes DNA sequences are used
to report the genetic code

A curious convention has evolved for reporting gene sequences. As described above,
the genetic code is based on RNA. The information in DNA is transcribed to RNA
and the information contained in the RNA sequence is translated into proteins. None
the less, our molecular genetics technology is based on DNA sequences. In the labora-
tory, two (double)-stranded DNA is more robust than single-stranded RNA, so we
usually convert RNA to DNA before sequencing. Therefore, the convention for
reporting gene sequences is to use the DNA equivalent of the RNA message; in effect,
this is the DNA sequence that is complementary to the one transcribed into RNA.
Basically, the code is reported as shown in Table 2.1, except that all occurrences of U
are reported as T.
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An example is given by the bases “ATCTTCGACTTC?”, which form a very short
part of the sequence for the gene encoding the horse skeletal muscle sodium channel
alpha subunit (designated by the acronym, SCN4A). This base order contains infor-
mation for assembling amino acids into a protein. The sequence is read in groups of
three bases, starting at a precise point. For this gene in this region, the triplets are
ATC, TTC, GAC, TTC. The protein sequence for these codons is reported as a string
of four amino acids (isoleucine-phenylalanine-asparagine—phenylalanine). ATC
always codes for isoleucine, TTC always codes for phenylalanine, GAC always codes
for aspartic acid and TTC always codes for phenylalanine. This part of the protein is
one very small piece that integrates into the membrane of each muscle cell.

Mutations

Sometimes DNA is altered. We know that some chemicals, UV light and radiation can
alter DNA. In addition, random errors may occur when DNA strands are being cop-
ied. When this happens, the change is called a mutation. Most mutations do not cause
problems. They occur in DNA regions which do not play important roles in regulat-
ing or coding for genes. Less than 3% of the DNA codes for genes. We are still deter-
mining the function of the remainder, as described in Chapter 3. However, mutations
outside of protein-coding genes are less likely to have an impact on gene function.

Some mutations may make a change in the coding region which does not alter
the amino acid because of the redundancy of the genetic code. With reference to
Table 2.1, you can see that alanine is encoded by four different codons. The first two
bases are always “GC”. The third base can be U, C, A, G and still code for alanine.
So changing the third base would not alter the amino acid. These kinds of mutations
are called silent mutations or neutral mutations.

In other cases, sometimes the change of amino acids does not change the function of
the molecule. For example, the chemical properties of glycine and alanine are similar such
that a change from one to the other may not have a large effect upon protein function.

Other mutations can change the expression of the gene. For instance, a mutation
in the SCN4A gene (described above), can cause a disease in horses. In this case,
change of the second C to a G (mutation of TTC to TTG) in the short part of the
sequence “ATCTTCGACTTC? results in a substitution of the amino acid leucine for
phenylalanine, and is associated with hyperkalemic periodic paralysis (HYPP), an
inherited muscle paralysis disease of Quarter Horses (Rudolph et al., 1992).

Other kinds of mutations may entail the deletion or addition of a base. When this
happens, the bases occurring in the subsequent triplet shift to a new frame according
to the number of additions or deletions to the DNA. If the shift is not a multiple of
three (e.g. the loss of three bases or the gain of three bases), the amino acids from that
point on will be incorrectly coded by the DNA. Such mutations are called frameshift
mutations. Frameshift mutations often destroy the function of a gene.

Other roles of DNA: introns and exons, and regulatory DNA sequences

All DNA sequences do not code for amino acids. The sections that code for DNA are
called exons. Most proteins are encoded by (i.e. transcribed and translated from)
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multiple exons. The DNA sequences between the exons are called introns. Together,
exons and introns comprise what we have traditionally called genes. Whenever DNA
is transcribed into RNA, the entire section of introns and exons is made into RNA.
Next, editing enzymes read the RNA strand and clip out introns to make the final
transcript for translation into protein, called a messenger RNA (mRNA). Translation
into protein at the ribosome only occurs after the introns are spliced out. The gene
SCN4A described above, has 24 exons separated by 23 introns.

In addition to introns and exons, there are large stretches of DNA between genes,
called, not surprisingly, intergenic DNA. We do not know the function of these
stretches or even if they have function. But we believe these stretches of DNA may
play a regulatory role in controlling gene expression. As we learn more about the
importance of these regulatory pieces of DNA, we begin to ask whether these should
also be called genes, even though they do not produce proteins.

Where Are Genes Found?
Genes in the nucleus

Horse genes are packaged into 64 chromosomes that are found in the nucleus of every
cell. Chromosomes can be seen with the aid of a microscope and dyes that bind to
DNA or to the proteins associated with DNA. The genetic information of all horses
is nearly identical and, not surprisingly, horses of all breeds have the same number,
size and shape of chromosomes.

When a cell starts the process of division into two daughter cells, the chromo-
somes condense by supercoiling from their extended state to resemble tangled spa-
ghetti, and form into discrete rod-shaped bodies. Careful cutting and matching of
stained chromosome images obtained from microscopic examination of a cell in the
process of division shows that the 64 chromosomes can be arranged as a series of
32 pairs of structures. This array of paired chromosomes is known as a karyotype.
The only distinguishing feature between most horse karyotypes is a difference
between males and females seen in a single pair of chromosomes (the sex chromo-
somes), which are discussed in a later section.

Genes in mitochondria

In addition to the DNA in chromosomes, each cell has DNA in the mitochondria.
Horses have 37 mitochondrial genes, all of which are dedicated to the function of
mitochondria. Mitochondria are almost always inherited from the dam and these
genes do not follow Mendelian principles of heredity. The special genetic behaviours
of mitochondria are discussed in Chapter 16.

Behavior of Chromosomes

The conduct of chromosomes through cell life cycles is the key to the principles of
Mendelian inheritance. Two types of division cycles are characteristic of chromosomes.
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The first process (mitosis) occurs in all cells of the body. The second chromosome
process (meiosis) is directly involved in the formation of the gametes (sperm and
eggs) and occurs only in the reproductive organs or gonads (testes in males and ovar-
ies in females).

In Fig. 2.1, the large mass near the top of the image is a large, intact nucleus. The
smaller, dark staining bodies are chromosomes which have burst from another cell’s
nucleus. Each contains tightly coiled DNA from one of the 64 horse chromosomes.
Chromosome studies are described further in Chapter 13.

Mitosis

When body cells divide, the chromosomes first replicate, then condense by tight coil-
ing (as already described) to become the discrete chromosome elements shown in a
karyotype. At cell partition, the duplicated strands separate so that each daughter cell
has an exact replica of the genetic material of the original cell. This process assures
that all cells of the body are genetically identical and have the normal chromosome
number (the diploid number). For domestic horses, this diploid chromosome number
is 64, a collection of 32 pairs of chromosomes. One chromosome of each pair has a
maternal origin, the other a paternal origin.

Meiosis

Meiosis generates gametes (sperm in males and ova in females) with only 32 chromo-
somes (the haploid number) — only one copy from each of the chromosome pairs
found in normal diploid cells. When a sperm and an ovum combine during fertiliza-
tion to form a zygote, the chromosome number in the resulting cell is 64, reconstitut-
ing the diploid chromosome number and gene composition appropriate for the
animal we know as the horse.
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Integral to meiosis are two programs that are directly responsible for the charac-
teristics of gene inheritance.

® Reduction division, which results in the gamete receiving only one chromosome
of each pair. Thus, chromosomes derived from each parent are randomly distrib-
uted through the children and on to the grandchildren. This process reassorts
chromosome pairs in each generation and generates characteristic trait ratios and
segregation of alleles. Mendel did not know about chromosomes, but he hypothe-
sized this kind of process to explain inheritance.

® Recombination, which allows homologous maternal- and paternal-derived chro-
mosomes to exchange sections. This crossing-over process was not part of the
genetic theory hypothesized by Mendel, but is the basis for the important concept
of linkage genetics.

An animal has only two copies of each gene despite the genetic input from many
pedigree elements. For example, all four grandparents will provide material to the
overall genetic makeup of a grandchild, although for each specific gene only two
grandparents, one from the paternal side and one from the maternal side, will be
represented. Certain groups of genes are likely to be co-contributed because genes are
closely strung together on linear chromosomes. Meiosis ensures that genes on differ-
ent chromosomes, or far apart on one chromosome, are unlikely to stay together
beyond a few generations.

If this brief summary of cell division processes is not sufficient, consult a basic
text on genetics for a more detailed review. For this topic, it would make very little
difference for understanding the fundamental process whether a mouse, a fly or a
horse was the example. From the description of the various cell and chromosome
division processes, and basic to all that follows, the key point to understand is that
individual genes — the units of heredity — are passed on unaltered from parent to off-
spring, but the gene combinations are changed in every generation.

The inheritance of sex

A foal’s sex is determined by the genetic contribution it receives from its sire, not its
dam. A clear difference between the karyotypes of males and females can be seen in
one pair of chromosomes: the sex chromosomes. In the male, this pair has two dif-
ferent elements, while in the female the two chromosomes are indistinguishable. The
sex chromosomes of the male are designated X and Y, and his configuration is
referred to as XY. The sex chromosomes in the female are both X chromosome and
so her pair is designated XX. The other chromosomes, apart from those involved in
sex determination, are called autosomes. The members of every chromosome pair are
split up during gamete formation. Every gamete receives 31 autosomes and one sex
chromosome. All gametes of the female have a single X chromosome. Male gametes
are an equally divided mixture of X- and Y-bearing sperm. Any ovum fertilized by an
X-bearing sperm results in a filly. A Y-bearing sperm produces a colt.

Because a sperm is equally likely to contain either an X or a Y chromosome,
female and male offspring are equally likely to occur. For each offspring produced,
the chance of being male or female is 50%. The sex of each offspring is independent
of the sex of any previous offspring.
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Geneticists often use a simple diagram called a checkerboard or Punnett square
to predict the outcome of matings (see Table 2.2). At the top right of this diagram are
listed the alternative traits contributed by one parent (in this case the stallion’s chro-
mosomes, symbolized X and Y); at the top left are the alternatives from the other
parent (in this case the mare, who contributes only a single X trait).

Important genetics lessons to learn from the study of sex determination are:

® Equal ratios of the trait alternatives (in this case sex) are expected among the
offspring in a cross of this type. The arithmetic of genetics is that of chance.
Genetics is like a game of coin tossing — with hundreds of coins in the air at once.
The outcome of each coin toss is an independent event.

® The inheritance of Mendelian traits follows the inheritance pattern of chromo-
somes. Chromosomes occur in pairs so the genetic information for each gene is
present in duplicate, but only one of the two alternatives will be transmitted, at
random, from each parent to each offspring.

®  Genetic contrasts between siblings could be determined solely by a difference in
the contribution of one parent (for traits other than sex, this will not always be
the male). When we are evaluating the inheritance of traits, our task may be made
easier if we can recognize or set up situations in which trait variation is only deter-
mined by one parent (e.g. a test cross, to be discussed later), although for some
types of traits this may not be possible.

The Language of Genetics
Genes and alleles

When a gene at a particular locus (the position of a gene — or a mutation — on a
chromosome) has two alternative forms we call these forms alleles. Presumably, a
mutation of the original gene changed the protein that it coded, resulting in a slightly
different function of that protein. For example, a mutation in the gene MCIR
resulted in a protein that causes the production of red pigment rather than black pig-
ment. (This is the locus we called Extension before we knew about the mutation in
MCI1R.) This gene is discussed further in Chapter 4.

Gray is another gene which influences coat color. The Gray locus has two alleles,
G for gray and g for non-gray. The Gray locus is different from the Extension locus,
and is caused by a mutation in an entirely different gene (discussed in Chapter 7).

Table 2.2. A Punnett square showing the expected outcome of sex
chromosome distribution from sire and dam to offspring, predicted to
produce a 1:1 ratio of male to female offspring.

Factors contributed by sperm

Genetic contribution from ova X Y
X XX (female) XY (male)
Offspring proportion 50% 50%
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Therefore, the color gray is not allelic to the colors red or black; it is an entirely dif-
ferent property of hair color.

The proper assignment of traits as allelic alternatives is not always intuitively
obvious. Scientists may propose allelic relationships based on information from simi-
lar traits that have been described in other animals. Novice geneticists probably will
need to accept the given definition of traits as alternative alleles, but eventually they
will want to understand how allelism is proven through breeding trials.

Dominant and recessive

When black parents produce a red foal, the red color factors were carried in the
DNA of the black parents although they could not be seen by someone looking at
the horses. The red allele is said to be recessive to black, and the black allele is the
dominant alternative to red. A dominant allele is expressed even when it is carried by
only one member of a chromosome pair. A recessive allele is expressed only when a
dominant alternative is absent. A characteristic that is often useful to know about a
recessive trait is that it will always breed true — red bred to red will always produce
red. Horses that possess recessive genes which are hidden by the presence of domi-
nant genes are called “carriers” for that gene.

A dominant allele is not necessarily associated with strength, nor is a recessive
allele a sign of weakness. The terms dominant and recessive describe the relationship
between alleles of one gene, not the relationship between different genes. This point
must be understood by anyone interested in predicting genetic traits such as coat
colors, as well as disease or performance genes, and will be repeatedly emphasized.

Figures 2.2 and 2.3 illustrate pedigrees in which the patterns of inheritance are
characteristic of a dominant gene and a recessive gene, respectively. In these cartoon
representations of a pedigree, squares represent males and circles represent females.
A horizontal line joining a circle and a square represents a mating of those two indi-
viduals. The circles and squares that are attached to the vertical line joining two
symbols represent offspring of that mating.

The inheritance of a dominant gene is shown in Fig. 2.2. The shapes filled in with
black represent those individuals inheriting the dominant gene. There are three key
points to notice: (i) all individuals exhibiting the dominant phenotype (filled-in black
shape) have at least one parent with that phenotype; (ii) matings of two horses with
the dominant phenotype can produce offspring without the trait; and (iii) offspring
which do not inherit the trait from the parents do not exhibit the trait and cannot
pass it on to their offspring. Examples of dominant genes in horses include gray coat
color, tobiano coat color spotting and the disease gene for HYPP.

The inheritance pattern for a recessive gene is shown using a very similar family
in Fig. 2.3. The shapes filled in with black represent those horses exhibiting the reces-
sive trait. Again, there are three key points about recessive genes that are illustrated
in this figure: (i) unaffected parents can have affected offspring; (ii) affected parents
will only have affected offspring; and (iii) matings of affected horses (or carriers) to
horses without the recessive gene will never produce affected offspring (illustrated
here by assuming that the female mated in the third generation does not have the
recessive gene and all offspring are without the recessive trait). Examples of recessive
genes in horses include the red gene (e) for chestnut coat color and the gene for severe
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Fig. 2.2. Pedigree representation illustrating the inheritance of a dominant trait. Squares
represent males and circles represent females. The black shapes represent those individuals
exhibiting the dominant trait. The open or clear shapes represent those without the trait.

O

| d) |
ome®
dé | |

Fig. 2.3. Pedigree representation illustrating the inheritance of a recessive trait. Squares
represent males and circles represent females. The black shapes represent those individuals
exhibiting the recessive trait. The open or clear shapes represent those without the trait.

combined immunodeficiency disease (SCID) in Arabian horses. (Question: Which of
the horses in the pedigree are clearly unaffected carriers? Hint: there are eight.)

Practices for Naming Genes

Names of genes and loci are always capitalized and always italicized. These practices are
consistent with early conventions for genetic nomenclature; however, other conventions
have diverged. At one time the practice was to always identify the locus with a single or
a few letters, then represent the allele in superscript. For example the Extension locus was
represented by the letter E. Dominant alleles at that locus would be represented using
capital letters in superscript, e.g. the dominant allele for black pigment at the Extension
locus was represented by EF. The recessive alleles were represented by lowercase letters,
e.g. the recessive allele for red color at the Extension locus was represented as E°.

With the advances brought by molecular genetics, we have come to realize that
most genes have homologues among closely related species (e.g. all mammals). A gene
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discovered in one species has a counterpart in another and we adopt nomenclature
that reflects this comparative genetic homology. A second issue that led to an altera-
tion in practice was the difficulties associated with using superscripts. They were
difficult to reproduce on some early computers and were also more readily confused
by readers because of the small print. Furthermore, the distinctions between some
uppercase and lowercase letters were difficult to discern when using superscripts; an
example is WY versus W (White). Therefore, modern convention has led to drop-
ping the superscript and representing the allele full sized, on the line, and in italics.
The practice is not universal. There is no committee standard for the nomenclature
of horse genes. So it behoves the reader to pay close attention to the convention used
by the writer in describing those genes.

Many of the laboratories and web pages reporting the genetics of color in horses
do not use superscripts. Instead, they identify the locus by name, then represent the
alleles using full-sized italic letters. For example, the Extension locus (E) has two
alleles, one producing black pigment and identified as E, and the other producing red
pigment and represented as e. As before, the dominant alleles are represented by capi-
tal letters and recessive alleles are represented by lowercase letters.

With the advent of molecular genetics, it has been possible to identify the DNA
sequence and actual gene responsible for the trait of black or red color. In Chapter 4,
the Extension locus is described as being the gene Melanocortin-1 Receptor (MCIR).
The precise DNA changes responsible for the two alleles are known and we could
represent the alleles in a format reflecting the DNA strand or the changes in amino
acids for the protein. However, it has been simpler and easier to continue using the
conventional nomenclature of the Extension locus when referring to this gene in the
context of coat color genetics. This is true with most of the other genes which had
been identified and named before the discovery of the underlying molecular genetics.

Some writers may change the nomenclature used in an effort to increase clarity
for the reader. While this may work in the short term, it will cause problems when
readers compare different papers from different writers. For instance, the gene for
non-dilution at the Cream dilution locus has been represented by different authors as
C, C* and N. (For the record, we are referring to that allele as cr) At this point, there
is no internationally recognized naming convention for horse coat color genes.
Therefore, as already noted, the reader needs to pay particular attention to which
locus the authors are describing and to the subsequent description of the alleles to
determine the points of correspondence between papers.

A full discussion of the issues of genetic nomenclature, as well as a proposal for
nomenclature guidelines for the horse, can be found in Dolling (2000).

Mendelian Ratios
Phenotype and genotype; homozygous and heterozygous

The difference between black and red coat color is due to the alleles of Extension, the
black pigment gene, symbolized as E. The dominant allele is assigned a capital letter, E.
The recessive allele is e. In describing the genetic traits of any animal, the genotype
designates the alleles present and the phenotype specifies the external appearance
resulting from the interaction of allelic pairs (see Table 2.3).
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Table 2.3. Chart showing the relationship of
genotype to phenotype for the different combinations
of the alleles E and e of the Extension gene for

coat color.

Genotype Phenotype
EE Black hair
Ee Black hair
ee Red hair

Nomenclature for ambiguous genotypes

The genotype of a red horse will always be ee. Because the black allele is dominant
to the red allele, the genotype for a black horse is not readily apparent from the pheno-
type. Genotypes EE and Ee will both have a black phenotype (although horses may
actually be bay, black or buckskin depending on the alleles present at other loci). We
know that one allele is E because black is present. Unless we have further genetic
information we cannot know whether the second allele is E or e. By convention, we
list the unknown allele as a “~”. A black horse of unknown parentage would be
identified by the genotype as “E-". When both alleles in a pair are the same (EE or ee),
the horse is said to be homozygous; when the pair has unlike alleles (Ee), the horse is
said to be heterozygous.

A Punnett square shows how two black horses can produce red (chestnut) off-
spring and the expected proportions of black and chestnut offspring (Table 2.4).

We now have molecular tests to determine the precise genotype of a horse (see
Chapter 4). But before these tests were developed, one needed to perform test crosses
to determine the genotype. One way to determine which black horses are EE and
which are Ee is through a test cross to an ee (chestnut) horse, as no direct assay for
the e allele is available. A test cross is a mating between a homozygous recessive ani-
mal and an animal with the phenotype of the dominant allele. Such a cross provides
evidence to define the genotype of an animal with the dominant phenotype. In a test
cross, a homozygote (EE) for the dominant phenotype will never have foals of the
recessive (ee) phenotype, but a heterozygote (Ee) will have foals of both the dominant
and recessive phenotypes in a 1:1 ratio.

Sometimes, a pedigree or family study can help to determine genotypes that may
not be obvious from the phenotype. For example, a black horse with a chestnut sire,
and any black horse that produces a chestnut foal, will necessarily be Ee.

Ratios for lethal traits

The dominant White coat color gene (W) is one of the earliest lethal genes
described for horses. Molecular genetic studies have determined several mutations
that are responsible for dominant white in horses, and these are discussed in
Chapter 6. A breeding study by Pulos and Hutt (1969) suggested that at least
one of the mutations that causes a white coat could cause embryonic losses.
In matings between white horses, both solid color (non-white) and white foals
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were always produced, demonstrating that the gene for white coat color (W) was
dominant to the non-white gene (w). However, the ratio of white to colored foals
(28:15) from matings of heterozygous white horses (Ww) did not correspond to
the expected ratio of 3:1 that would be expected in matings of known heterozy-
gotes (see Table 2.5). In this case, the results more closely approximated a 2:1
ratio. This could be explained if homozygous white (WW) offspring are lost as
embryos, and only the heterozygous white and the non-white offspring make it to
term, as shown in Table 2.5. Consistent with this observation, the authors of the
study did not observe true-breeding white horses (homozygotes) in their herd
(Pulos and Hutt, 1969).

Incomplete dominance and codominance

Occasionally, homozygous and heterozygous genotypes for a dominant trait have
recognizably different phenotypes. While this is not the case for the Extension

Table 2.4. This Punnett square shows the results of crossing black horses heterozygous
for the Extension gene. The cross produces black and red foals in a 3:1 ratio. The black-
producing allele E is dominant to the red-producing allele e.

Genetic contribution from Ee stallions

Genetic contribution

from Ee mare Offspring characteristic E e

E Offspring genotype EE Ee
Offspring phenotype Black Black
Proportion of offspring 25% 25%

e Offspring genotype Ee ee
Offspring phenotype Black Chestnut
Proportion of offspring 25% 25%

Table 2.5. If all classes of offspring are equally viable, the proportion of white to colored
offspring from matings between white horses heterozygous for the dominant White gene
W is expected to be 3 white: 1 colored. If one homozygous class is lethal, then the
proportion of white to colored would be 2:1. Relatively large numbers of offspring might
be needed to distinguish between a 3:1 and a 2:1 ratio.

Genetic contribution from Ww stallions

Genetic contribution

from Ww mare Offspring characteristic w w

w Offspring genotype ww Ww
Offspring phenotype Embryonic loss White
Proportion of offspring 25% 25%

w Offspring genotype Ww ww
Offspring phenotype White Not white
Proportion of offspring 25% 25%
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genotypes EE and Ee, which both have a black coat color, another coat color pro-
vides an example of this effect. A coat color dilution gene of horses can be used to
demonstrate dosage effect — or incomplete dominance. Palominos and buckskins are
heterozygous for the Cream allele (CR) of the basic color gene; they have the geno-
type CRer. The gene action of CR dilutes red pigment to yellow. Hence, chestnuts
with CR become palominos and bays with CR become buckskins. Cremellos are
homozygous for the cream allele (CRCR). For cremellos, all pigment (both black and
red) is diluted to a very pale cream.

In Chapters 11 and 17, we will see examples of genetic markers that are inherited
as codominant traits. For such traits, allelic variants do not demonstrate dominant
and recessive relationships, but are always co-expressed. There are no good examples
among coat color or disease genes of horses, but we can identify these when we test
for genetic markers. In such cases, the phenotype exactly indicates the genotype. For
example, the gene for albumin has two common alleles which are detectable using a
biochemical test. A genetic marker test shows that horses have two copies of the allele
for A albumin or two copies of the allele for B albumin or one copy of each. This
corresponds exactly to being homozygous for A or B albumins or heterozygous A and
B albumins. Codominant inheritance of alleles can be used as an efficient and power-
ful tool for parentage testing.

Expected ratios, statistical tests and alternative models

Learning to predict and recognize simple 1:1, 1:2:1, 3:1. and 2:1 trait ratios among
offspring is extremely useful for building genetic models of trait transmission. These
ratios may be complicated, as we have seen, by the interactions of more than one
gene, and may not be obvious unless large numbers of offspring are available.
Statistical testing (e.g. the chi-square test) may be needed to determine whether the
observed ratios match the expected ratios. (Consult a basic genetics or statistics text
for information on how to apply such tests.)

If the data obtained do not match expected ratios, then alternative proposals
need to be considered, such as:

® The trait is genetic but the hypothesized transmission mechanism is incorrect (e.g.
more than one gene may be involved).

® The trait is produced by environmental influences, not genes.

® The gene shows “reduced penetrance” (i.e. the phenotype is modified by environ-
ment or other gene combinations, so that the effect of the mutant gene is not eas-
ily recognized).

® One genotypic class is lethal, so the expected ratios need to be adjusted
accordingly.

® Several of these mechanisms simultaneously influence the trait expression.

It is obviously much easier and faster for an individual dog breeder to obtain
statistically significant data working with litters of puppies than for a horse breeder
working with a single birth per mare each year! Indeed, with rare exceptions, such as
the study of dominant white by Pulos and Hutt (1969), horse breeders are unlikely
to use such information. However, understanding the principles are important to
understanding genetics.
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Two genes and more

As the genetic makeup of every horse consists of thousands of genes, a horse breeder
will want an understanding of the complex results expected from the interaction of
the products of more than one gene. The now familiar Punnett square provides a
model for predicting the outcome when two independently inherited traits are simul-
taneously considered, such as sex and black/red color (Table 2.6).

The four different genetic types of sperm can combine with the two types of ova
to generate eight genotypic classes of offspring (four phenotypes). Due to chance, any
particular mating of this type may never produce any red females or males, while
others may have two or three of each. When data from many matings are combined
and evaluated by statistical tests, the hypothesized outcomes of the random events
shown in the Punnett square will be validated.

Dihybrid cross

Moving along to a slightly more complicated situation, consider a mating between
dun tobianos, each heterozygous for the genes controlling the dun and tobiano pat-
terns. Geneticists label a cross between double heterozygotes a dihybrid cross. The
dun color is a dominantly inherited trait that modifies the expression of the Extension
gene to produce horses of diluted coat color and a distinctive pattern of striping on
the legs and along the back. Tobiano is a white spotting pattern inherited as a domi-
nant trait. The phenotypic ratios among the offspring of such a cross between
heterozygotes for the two genes will be 9:3:3:1 (Table 2.7). This chart does not show
the interaction of these two genes with a third important color gene — Extension. Try
your understanding of gene interaction by drawing that Punnett square with 64 pos-
sible genotypes. To help you know when you have the right scheme, the predicted
number of classes is eight, with phenotypic ratios of 27:9:9:9:3:3:3:1. (Hint: the most
frequent class has at least one copy of the dominant allele for each gene and the least
frequent class is homozygous for the recessive alleles for each gene.) Even more

Table 2.6. Punnett square diagram showing independent assortment of two traits, gender
and basic coat color of offspring for mares and stallions, both heterozygous for the black
(Extension) color gene (Ee). X and Y are the sex chromosomes. E and e are allelic genes
producing the black/red coat color. Each trait shows a 3:1 ratio (black to red or female to
male). Considered together, the phenotypic ratios are 3:3:1:1 — 3 black males, 3 black
females, 1 red male, and 1 red female.

Genetic contribution from Ee stallions (XY)

Genetic contribution

from Ee mares (XX) XE Xe YE Ye

X E XX EE XX Ee XY EE XY Ee
Black Black Black Black
Female Female Male Male

Xe XX Ee XX ee XY Ee XY ee
Black Red Black Red
Female Female Male Male
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Table 2.7. Complex interaction between two genes is demonstrated in a dihybrid cross
between two heterozygous dun (Dd) tobiano (Toto) horses. The dun to not-dun ratio is 3:1;
tobiano to solid is 3:1. Four phenotypes in a 9:3:3:1 ratio are found among offspring — 9
dun and tobiano, 3 tobiano, 3 dun solid, and 1 solid.

) o Genetic contribution from stallions (sperm)
Genetic contribution

from mares (eggs) D TO D to dT0 dto

D TO DD TOTO DD TOto Dd TOTO Dd TOto
Color of cross Dun tobiano Dun tobiano Dun tobiano Dun tobiano
D to DD Toto DD toto Dd Toto Dd toto
Color of cross Dun tobiano Dun solid Dun tobiano Dun solid
dTO Dd TOTO Dd TOto dd TOTO dd TOto
Color of cross Dun tobiano Dun tobiano Tobiano Tobiano
dto Dd TOto Dd toto dd Toto dd toto
Color of cross Dun tobiano Dun solid Tobiano Solid

complicated examples could be constructed, but the point to be taken is that a basic
understanding of the allelic actions of genes allows model building to predict the
outcomes of complex interactions.

Note that in Table 2.7, the possible offspring genotypes for the two traits of
dun and tobiano show the two sets of alleles that are present (e.g. DD TOTO)
separated by a space. Sometimes though, and especially if the names of the alleles
are long or complex (or because of other particular conventions), the alleles are
separated by forward slashes (see Tables 8.3 and 8.4; HYPP alleles in Chapter 12).

Epistasis and hypostasis

Occasionally, the action of the alleles of one gene may cover up the actions of
another. The masking of allelic effects that results from interaction with alleles of a
gene at a different site or location on a chromosome is called epistasis, not domi-
nance. (Dominant and recessive refer to interactions between alternative alleles
from the same site.) The gene that is masked by epistasis is said to be hypostatic.
The Gray gene is a common example of a gene with epistatic action. This is a domi-
nant gene, meaning that only one copy is necessary for exhibition of the trait,
which halts the production of pigment in hair cells within several years of the birth
of horses. At birth, horses may exhibit a variety of color patterns, including chest-
nut, bay, tobiano, appaloosa, sabino, etc. However, when they have the Gray gene,
they begin to lose that color and by the age of 10 usually have only white hair. The
Gray gene (G) is dominant to its allele (g), so, as mentioned above, only one copy
is necessary to produce the gray color. The mutation responsible for the gray color
has been discovered and is discussed in more detail in Chapter 7. While gray horses
can be impressive and are popular for parades, the gene for gray is very frustrating
for breeders interested in appaloosa, pinto and many of the other coat color pat-
terns of horses.
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Linkage

Although the independent inheritance of genetic traits has been emphasized up to
now, some genes will tend to be inherited together. The august monk Mendel did not
envision the relationship that we now know to exist between genes and chromo-
somes. But to understand genetics more completely, it is necessary to expand his
otherwise elegant theories to include gene linkage.

Any given gene has a particular chromosomal assignment and a place on that chro-
mosome that we call a locus (plural: loci). Occasionally, traits of interest are on the same
chromosome and tend to be inherited together more often than they are split apart: these
are linked genes. Linked genes can be separated from each other as part of the normal
process of chromosome recombination that occurs uniquely during meiosis. At present,
the entire genome of the horse has been sequenced and we know the location and
sequence of many genes of interest for the horse (see Chapter 3, Horse Genomics). Yet
our understanding of the relationships of the bits of DNA to behavior, performance, and
many other phenotypic characters that we value in the horse remains to be developed.

Sex-linked genes

A special case of linkage relates to genes on the X chromosome. X-linked genes are
often called sex linked, to contrast them with autosomal genes, which are located on
any of the other 31 pairs of horse chromosomes. Remember that males have only one
X chromosome; in this case, we refer to males as being hemizygous, because they only
ever have one copy of a gene from the X chromosome. Females, in contrast, may be
either homozygous or heterozygous for X chromosome genes. The relationship of the
X chromosome to gender has a particular impact on the ratio and occurrence of traits
associated with the X chromosome. One of the genes residing on the X chromosome
is important for the production of a blood clotting protein called Factor VIIL
Individuals without an effective Factor VIII protein have hemophilia, a condition in
which the blood will not clot and the individual can easily bleed to death. The muta-
tion that causes the production of defective Factor VIII is recessive. A horse needs to
have only one good copy of the gene for Factor VIII in order to avoid hemophilia.
However, as only females have two copies of the X chromosome, they are the only
ones that can be protected by the presence of a second copy of the gene. Males that
inherit the mutated gene, albeit in the recessive form, will develop hemophilia. The
inheritance of X-linked recessive disease-causing genes has an expression pattern that
reflects the transmission of the sex chromosomes. Although it is possible for females
to inherit two copies of such recessive sex-linked genes, they will have a much lower
prevalence of the corresponding phenotype than the males that inherit only one copy.
Of course, if the X-linked gene is lethal in males, then it will never be seen in females
because a male is not going to transmit the gene to its female offspring.

Polygenic (Multiple Gene) Traits

We have come to understand genetics by the investigation of genes that have a simple
effect on phenotype. Such genes affect coat color, cause diseases or are useful for
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parentage testing. But most traits are influenced by more than one gene. The pheno-
types related to horse speed, endurance, conformation, height, behavior, and gait
cannot be as easily broken down into simple dominant and recessive gene combina-
tions. These are quantitative traits in that horses do not exhibit a simple presence and
absence of the trait, but rather, exhibit a continuous range for these traits. It may be
that there are many genes related to speed and the horse with the most of them is the
fastest. It may be that there are different combinations of many genes that make a
horse fast. We do not know. But, in practice, breeders have been studying these traits
for hundreds, if not thousands, of years. In recent years, we have begun to refer to
the hypothetical genes for these traits as quantitative trait loci (QTLs). Considerable
work has been done to investigate QTLs for meat, milk, fiber, and eggs in other areas
of the agricultural industry. With the availability of the horse genome sequence and
the application of the methods developed in other species, we will begin to discover
and understand QTLs in horses.

Determination of Inheritance Patterns

Genetics is responsible for much of the variation we see among horses. Applying
the principles of genetics to make progress in breeding programs, or to just under-
stand the genetics of one’s own horse, can be fun. But all variation is not genetic.
Before assuming that a trait has a genetic basis, other factors must be ruled out,
including management, exposure to toxins, infectious diseases, and even random
chance. At the beginning of every genetic study, the following questions must be

addressed:

1. Are differences seen between different horse populations (breeds)?
2. TIs the effect localized to one farm or region, especially without regard to breed?
3. Is there a familial aspect within a breed?

If the answer to these questions is “no”, then the trait is unlikely to be hereditary.
Consider the following:

1. Horses within a breed share the same set of genes. If a trait is caused by genes,
then it is more likely to be seen in some breeds than others. Differences between
breeds are a hallmark of hereditary traits.

2. If management is responsible, then there will be a farm effect. The use of contami-
nated feed or the appearance of toxins in the water can adversely affect reproduction
and development, and sometimes may mimic a genetic basis. Management problems
are difficult to determine because breeders may have unique breeding programs on
individual farms. However, if the trait is hereditary, it may have been seen on other
farms with horses of similar pedigrees.

3. If the trait is hereditary, then there may be lines within a breed that are affected
as well as lines that are not. Breeders may already have a sense of the stallions that
are carriers for good and bad traits. This can be a serious issue, because casting
aspersions on breeding stock can be deleterious to the commercial interests of
breeders. Hence, it becomes very important to determine the precise cause of a
trait and to devise ways to manage it without losing access to valuable breeding
stock.
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Components of genetic research include:

Searching the scientific literature to find a well-described candidate gene that causes
similar clinical and pathological characteristics in other mammalian species.
Collecting pedigrees of horses that express the trait so as to search for relationships.
Collecting tissue samples (blood or hair roots) to store for possible future genetic
marker research (especially to look for DNA markers).

Collecting offspring data from breeders to suggest the pattern of trait
transmission.

Designing matings and performing crosses to test genetic hypotheses, which is an
essential, major money-consuming aspect of any research proposal.

The main patterns of inheritance (trait transmission), can be summarized as follows.

An autosomal dominant trait will show direct transmission from parent to off-
spring (except in the unlikely event the trait has just appeared as a new mutation).
About 50% of offspring of both sexes will have the trait. If the trait is a disease
problem, normal offspring of affected parents when mated to a normal mare or
stallion will produce only normal foals. The trait will generally be rare and con-
fined to a single breed. It will be frequent in the family in which it occurs, even if
the family shows little inbreeding.

An autosomal recessive trait will initially probably be seen in both sexes as a
result of matings between horses without the trait (usually related). It will gener-
ally be confined to one breed or to closely related breeds. This kind of genetic trait
can appear to skip generations. When animals with the trait are mated together,
all the offspring will show the trait. The trait will be more frequently seen in
inbred families.

An X-linked recessive trait is generally obvious from an apparent association with
males, but is not a trait that is necessarily associated with sexual characteristics.
A polygenic trait will: (i) be most frequent among related horses; (ii) shows excep-
tions to the dominant/recessive modes of inheritance; and (iii) is not usually con-
fined to a single breed. Polygenic traits often show a continuous range of variation,
ranging from normal to slightly affected to extremely affected. Examples of such
traits in humans include diabetes and heart disease; for horses, conformation
traits and performance traits behave as polygenic traits.

Summary

We have a much richer vocabulary to discuss genetics than was available to Gregor
Mendel. But genes remain abstract concepts discussed using words such as dominant,
recessive, reading frame, double helix and Punnett square. Nevertheless, these con-
cepts are useful to make us more successful horse breeders.
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Horse Genomics

Genes do not function alone. Most genes exist, function, and have effects within a
network of thousands of other genes. While we consider genetics as the study of sin-
gle genes, genomics is the study of all genes in an individual or population. Until
recently, we only studied genes one at a time. We did not have the ability to study or
use genomics to aid our genetic studies. In fact, we did not even know how many
genes there were. That changed with the advent of the human genome project.

Genome Projects

The Human Genome Project began in 1990 with the goal of sequencing all of the
DNA that exists in a human cell by 20085. It was a bold plan. At that time, we could
sequence stretches of DNA containing thousands of bases, but the entire genome
contained 3 billion base pairs (bp); today it would be like planning manned flight to
Mars within the next 15 years. The technical challenges were awesome. The capacity
to organize and sequence 3 billion bp of DNA did not exist; the amount of informa-
tion generated would exceed the capacity of computers and computer programs to
analyze and organize. Clearly, the initial task for the human genome project was to
invent new technologies. By 1997, only 3% of the human genome had been
sequenced. However, DNA sequencing machines were invented through the process
that led to completion of the first draft by 2001, and of the entire project by 2003,
some 2 years ahead of schedule (International Human Genome Sequencing
Consortium, 2001; Venter et al., 2001).

The new technologies invented in connection with the Human Genome Project
made the investigation of genomic DNA inexpensive and relatively easy to perform.
Indeed, some students in high school biology classes now perform laboratory exer-
cises in which they sequence short stretches of DNA. Its reduced costs placed
molecular genetics technology within reach of scientists working on livestock,
including horses. Discoveries resulting from the Human Genome Project had already
made it clear that the future of applications of agricultural research entailed having
a detailed gene map or even a whole genome sequence for agriculturally impor-
tant animals.

In October 1995, a horse genome mapping workshop was held in Lexington,
Kentucky to make a plan for mapping the horse genome — the Horse Genome Project
(see Websites section for URL). At the time, no single laboratory had the resources to
map the horse genome. Therefore, a group of approximately 100 scientists from
25 laboratories around the world met at annual workshops, shared information, and
methodically created a gene map that led to many discoveries that are part of this
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volume. More significantly, the existence of the research community and the quality
of the developing horse gene map led the National Human Genome Research
Institute to sequence the horse genome in 2006.

Differences between a genome map and a genome sequence

Initially, DNA sequencing the horse genome did not seem possible. It was expensive.
Consequently, the scientists working on the horse simply identified the commonalities
between the human genome and the horse, then used information from the Human
Genome Project to predict the organization and sequence of genes in the horse.
Toward that goal, several techniques were used to create various types of maps:

® synteny maps (Bailey et al., 1995; Caetano et al., 1999; Shiue et al., 1999) — maps
localizing genes to specific chromosomes

® linkage maps (Penedo et al., 2005; Swinburne et al., 2006) — maps based on fam-
ily studies showing gene order and distance between them

® cytogenetic maps (Bowling et al., 1997; Lear et al., 2001, Milenkovic et al., 2002) —
maps based on microscope images localizing genes to chromosomes

® 700-FISH chromosome painting maps (Raudsepp et al., 1996) — maps comparing
gene organization between different species (see Chapter 13)

® radiation hybrid (RH) maps (Raudsepp et al., 2010) — maps similar to synteny
maps but having a resolution that shows gene order and distance between genes.

The net effect was of the utilization of these techniques was overlapping sources of
evidence that identified chromosome locations, gene orders, and distance between
genes. Taken altogether, this information was collated and assembled to identify land-
marks on horse chromosomes for comparison with the organization of genes that had
been identified for humans. Figure 3.1 illustrates a genome map for horse chromo-
some 3 (ECA3) and compares its organization with that of two human chromosomes
(HAS4 and HSA16).

G-banded ECA3 ECA3 HSA16 HSA4
fom karyotype

PDGFRA

Fig. 3.1. Image of a G (Giemsa)-banded \

horse chromosome 3 (ECA3), an
ideogram of ECAS, and positions of
genes or DNA markers, and comparison
with the organization of genes on human
chromosome 4 (HSA4) and 16 (HSA16).

[ 28 Chapter 3



This figure illustrates several important points. Firstly, the organization of genes
is not identical for horses and humans. This should at once seem obvious because
people have 46 chromosomes while horses have 64 chromosomes, so a one-to-one
correspondence cannot exist. Second, human genes and horse genes appear to
be homologous. Many horse DNA sequences showed 80-98% identity to DNA
sequences for genes already identified in humans. Third, the organization of genes
was similar. From Fig. 3.1, it is apparent that ECA3 does not have a precise equiva-
lent in humans, though the long arm of ECA3 appears to have the same genes as the
top half of human chromosome 4 (HSA4) and the short arm of ECA3 appears to have
the same genes as the bottom arm of human chromosome 16 (HSA16). An assump-
tion of complete homology leads us to predict the remaining genes on ECA3. The
human genome is an excellent model for the horse genome. The horse genome map
guides us in our use of the human genome sequence to predict horse sequences.

Completion of the Human Genome Project and realization
of horse genome sequencing

Once the human genome sequence was completed, the information from it generated
more questions. One major surprise was the number of genes. In 1990, scientists
speculated that the human genome might contain 100,000 to 300,000 genes coding
for proteins. When the sequencing was completed and the DNA analyzed, the num-
ber of genes was only around 20,000. In fact, all mammals appear to have between
19,000 and 24,000 genes. How could the diversity and function of complex animals
be directed by a mere 20,000 genes, most of which were shared between species?

Another observation was that only 2% of the human genomic DNA was for
genes. The remaining 98% of the DNA did not have a known function. Taken
together, these two observations led to the hypothesis that the genetic diversity that
comprises the differences among and within species is a result of the regulation of
genes by the 98% of the non-protein coding DNA. How could this hypothesis
be tested?

Sequencing another human would produce the same pattern but not shed light
on the function of the non-protein coding DNA. But comparing sequences among
mammals might identify non-protein coding DNA that was conserved among all
mammals. Once those regions were identified, experiments could be conducted to
determine their function in the genome. Therefore, the National Human Genome
Research Institute (NHGRI, see Websites section for URL) began sequencing a wide
range of animals representing the diverse branches of phylogeny and evolution.
Although the purpose was to benefit human health research, the plan was a major
boon for the equine.

Horse Genome Sequencing
The sequencing of Twilight’s genome

The horse genome was sequenced at the Broad Institute of MIT and Harvard at
Boston, Massachusetts (see Websites section for URL) as part of a project by the
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NHGRI. A Thoroughbred mare, named Twilight, was chosen for genome sequencing.
Twilight was part of a research horse herd at Cornell University in New York state.
DNA was isolated from her white blood cells in 2005 and sent to the Broad Institute
in Boston for sequencing. Pieces of her genome were sequenced and made publically
available for research in 2006, subsequently followed by the publication announcing
the annotated genome (Wade et al., 2009). Information, including the completely
assembled DNA sequence, annotations for genes and comparisons with the genomes
of other species can be found on the websites of the following three institutions (see
Websites section for URLs): the Genome Center at University of California at Santa
Cruz; ENSEMBL - a joint project between EMBL~EBI (the European Bioinformatics
Institute of the European Molecular Biology Laboratory) and the Wellcome Trust
Sanger Institute in Cambridge, UK; and the National Center for Biological
Information (NCBI) in Washington, DC.

The genome assembly for Twilight contained 2.43 billion DNA bp. The next step
was to annotate the sequence, specifically utilizing existing information to identify
the genes of the horse. However, little information was available about the genes
expressed in the horse. Therefore, the horse genome was annotated using genomic
information from other species, especially the human. The DNA sequences were ana-
lyzed by ENSEMBL and NCBI, with estimates of 20,322 genes by ENSEMBL and
17,610 genes by NCBI (Coleman et al., 2010). The different numbers from the two
annotations, were the result of the different methods that each group used to validate
genes, but it is generally believed that there are over 20,000 genes. Furthermore, these
estimates will change as we learn more about horse genes. Indeed, we still do not
know precisely the number of human genes despite vastly more research in this area.

The DNA sequence is now available for all 31 autosomes and the X chromosome
for horses, though the DNA sequence for the entire Y chromosome remains incom-
plete at the time of writing. As noted in Chapter 2, female mammals have two
X chromosomes, while males have one Y and one X chromosome. Twilight was a
female, so her sequence does not contain information about the Y chromosome. The
X chromosome contains many important genes. Consequently, scientists considered
it more important to obtain the high quality information for the X chromosome that
was available from sequencing a female individual, as this can provide more complete
information about the genes and sequence on the X chromosome. The Y chromo-
some could then be sequenced at a later time.

Identification of genetic variation at the DNA level for horses

One of the reasons for sequencing the whole genome was to identify genetic markers
covering all of the horse chromosomes. At the beginning of the horse genome project,
variation had been found for approximately 50 horse genes in connection with blood
typing tests. Investigating genetic variation at the sequence level makes it easier to
find variation. Firstly, there are more chances for variation when evaluating 2.43 billion
DNA bp as opposed to evaluating just 20,322 proteins. Second, the techniques for
studying DNA are standard, automated and inexpensive compared with the
approaches for characterizing proteins.

One of the most common types of genetic variation detectable at the DNA level
is called a single nucleotide polymorphism (SNP and pronounced “SNiP”). Figure 3.2
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Horse 1 ATGGCTTAGGCATTTGATGGGT...

Horse2 ATGGCTTAGGCATTTGATGGGT...

Horse 3 ATGGCTCAGGCATTTGATGGGT... Fig. 3.2. Comparison of base sequences of
Horse 4 ATGGCTCAGGCATTTGATGGGT... DNA strands illustrating a single nucleotide

Horse 5 ATGGCTCAGGCATTTGATGGGT... Polymorphism (SNP). A hypothetical
sequence is shown for five horses. The bold

t letter denotes the presence of a SNP, a site
at which two horses have a T and three
SNP=TvsC horses have a C.

illustrates a SNP. From the previous chapter, recall that DNA is made up of billions
of bases called nucleotides. There are four types, abbreviated A, T, G and C. When a
single one of them is mutated it may change from A to C, or G to T, or C to A, etc.
When that happens, the DNA can exist in two forms at that site — essentially, it
becomes polymorphic.

Twilight was the only horse completely sequenced in the horse genome project.
As she has two copies of each chromosome, many SNPs were discovered just from
sequencing her DNA. However, this provided limited information for genetic investi-
gations in other horses. Therefore, DNA samples from seven other horses were
sequenced at random sites in order to identify additional SNPs. These seven addi-
tional horses were chosen to represent diverse other breeds. This aspect of the project
resulted in the discovery of nearly 2 million SNPs. These SNPs are identified in
the online database EquCab2.0 (horse_snp_release/v2/) from the Broad Institute
(see Websites section for URL). This information provides a valuable resource for
scientists to investigate the genetics of horses.

Uses of Genome/DNA Variation

The techniques for investigating DNA continue to evolve. The methods used 2 years
ago have been replaced. The methods we use today are likely to be eclipsed by newer,
less costly approaches. Science technology moves rapidly. Scientists will use the tech-
niques, but horse breeders need only the derived information, and do not need to
become molecular geneticists. Tests have been developed, and will continue to be
developed, for a wide range of traits. So far, many of the traits have been coat color
genes. The genetics of coat color are well understood and breeders are interested in
having such tests. The genes for coat color have also been instructive in identifying
many of the different types of DNA changes that affect gene expression. These genes
are discussed in greater detail in later chapters; we mention them here simply to illus-
trate the range of genetic variation that scientists can consider.

Changes in DNA affecting genes
Mutations changing an amino acid in a protein

These include mutations in the coat color genes Extension or MCIR, aka Black/Bay/
Chestnut (Marklund et al., 1996; see Chapter 4), Cream dilution (Mariat et al., 2003;
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see Chapter 5) and Champagne dilution (Cook et al., 2008; see Chapter 5). These
three coat color genes show genetic variation because of a SNP in the gene that
changes an amino acid making up the protein. Changes in amino acids can alter
receptor function or disable enzymatic function.

Deletion/loss of function

The Lavender Foal Syndrome (Brooks et al., 2010; see Chapter 12) involves a dele-
tion in the coding sequence for a protein which destroys the function of that protein
by shifting the reading frame for translating the DNA sequence into the protein. In
addition to a color variant, these foals die of multiple neurological abnormalities.

Changes in gene structure (splicing)

The Sabino mutation, which causes a particular pattern of white spotting (see
Chapter 6), occurs between segments of a gene (exons) in one of the intron regions
(Brooks and Bailey, 2005). This mutation disrupts the signal that causes the next exon
to be added to the protein. In this case, although it is changed, the protein continues
to operate, but has an altered function with respect to pigmentation.

Chromosome inversions

The Tobiano mutation, which causes white spotting (Brooks et al., 2008; see Chapter 6),
occurs well outside the gene that is thought to be responsible for the tobiano color
pattern. In this case, the mutation is a major chromosome rearrangement; 50
megabases of DNA near the gene have an inverted order when compared with that
of other horses. The precise effect of this mutation is not known but thought to affect
DNA outside the gene that regulates expression of the gene.

Changes affecting gene expression

The mutation affecting the gene for appaloosa (leopard spotting) (Bellone et al.,
20105 see Chapter 9), like that for the Tobiano mutation, occurs outside the DNA
coding for the gene itself. In this case, the mutation is thought to affect the signals
that control when the gene is expressed.

DNA Sequencing in Horses in Addition to Twilight

The cost of whole genome sequencing has decreased dramatically during the past few
years. At time of writing one of the goals for human research is to be able to sequence
a mammalian genome for less than US$1000. If this becomes possible, then it may
become common to sequence horses as an aid to selective breeding. The DNA
sequence for an American Quarter Horse has also now been published and compared
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with the reference sequence reported for Twilight (Doan et al., 2012a). Whole
genome sequencing is becoming a routine approach for genetic studies, and hundreds
of horses will have their genomes sequenced within the next few years. Why is this
important?

The genome sequence of Twilight is a powerful reference for comparison with
other horses. However, we are aware that differences in genome organization occur
between horses. For example, we know of a major chromosome rearrangement asso-
ciated with the tobiano coat color (Brooks et al., 2008). We are also aware that the
number of genes in the major histocompatibility complex (MHC) can vary between
horses, potentially reflecting differences in immune response (Fraser and Bailey,
1998). Therefore, it was not surprising that the DNA sequence comparisons of
16 horses from 15 different breeds revealed thousands of genome rearrangements
(Doan et al., 2012b). The effects of these genetic differences are unknown but will be
subject of further research. Twilight’s genome sequence is a wonderful reference point,
but we will learn more about horse genetics and genomics as we sequence more horses.

DNA Transcription/gene Expression

As noted earlier in this chapter, one of the great surprises from sequencing the genome
was the discovery that most of our DNA does not code for genes. For a brief time,
people jokingly referred to such DNA as junk! We just did not know what function
it might serve. Since then, we have learned that almost all DNA is transcribed; that
is, it is read and used to make corresponding RNA molecules. For a long time, we
thought that RNA only carried out two functions in a cell: (i) to code for genes; and
(ii) to serve as part of the machinery to use DNA to make proteins. Now we realize
there are over 30 different types of RNA and that these carry out a wide range of
functions in a cell, including the regulation of gene expression and inhibition of virus
infection. We are only at the beginning of understanding this aspect of genetics, but
realize that it has an impact on all areas of biology. Genetics, genomics and DNA
transcription are the foundation for future understanding of everything from infec-
tious diseases to reproduction to nutrition.
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4 Black, Bay, and Chestnut
(Extension and Agouti)

It is likely that the ancestral color of the horse was a black-based pattern that
provided camouflage protection against predators. The coat might have resembled
that of the modern-day Przewalski’s horse, the surviving wild species most closely
related to domestic horses, which is typically described as dun. Regardless of the true
ancestral color, under domestication the horse has clearly evolved into an animal with
a wide range of coat variation. In fact, research using DNA-based tests for coat color
alleles has been used with ancient DNA samples to assess the color of prehistoric
horses. This work demonstrated that many of the modern colors and spotting
patterns that we observe today were very rapidly acquired by the horse around
5000 years ago, very shortly after domestication (Ludwig et al., 2009).

The different color patterns are controlled by genetic differences that occurred
initially as random mutations and have since been selected for during the course of
domestication. In mammals, melanin is the most important pigment of coat color. It
occurs as pigment granules in the hair, skin, and iris as well as in some internal tis-
sues. Melanin is made in two related forms: eumelanin (black or brown) and
pheomelanin (red or yellow) (Searle, 1968). The biochemistry of pigment production
in the horse is homologous to that of other species (Woolf and Swafford, 1988).
Genes produce coat color variation by altering the switch between eumelanin and
pheomelanin production in pigment cells (melanocytes), or by the presence, shape,
number, or arrangement of pigment granules. Color names for many phenotypes are
easy to designate by visual inspection. Owners and breed registries often record
colors as one means of identifying individuals. This word description of the color
phenotype can suggest which alleles a particular animals might possess for pigment
synthesis and distribution. However, there are several key limitations of word
descriptions:

® Most breeds have a rather restricted set of recognized color names compared with
the variation of hues that exists. Although frustrating at times, this may be an
appropriate policy because much of the variation in shade and intensity within
colors is not yet defined by adequate genetic models.

® Two breeds may use different names for colors that appear to be the same, or the
same name for colors that are genetically different.

® Phenotypic descriptions can provide an approximation of the genes involved and
a working model to predict the color outcome of different matings. It should be
emphasized though that two horses with the same word description may not have
the same genotype.

® DNA-based tests for the color genes of the horse most reliably describe the alleles
carried by an individual, and therefore the potential to pass these alleles on to
offspring.
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The Extension locus (E) is responsible for the base coat color of horses. Other genes,
including Agouti (A), act to modify or mask the effects of the Extension locus.
Together, Extension and Agouti are responsible for the most common color patterns
of horses, namely, black, bay and chestnut (red). Plate 1 shows Thoroughbred and
draft cross mares exemplifying the chestnut (left) and bay (right) base coat colors.
Near the turn of the 19th century, Hurst (1906) showed that Thoroughbred stud
book color records could be explained using genes inherited according to Mendelian
principles.

Extension

In the horse, the Extension locus is credited with producing the black pigment
(eumelanin) observed in blacks, browns, bays, buckskins, duns and grullas, as well as
the red pigment (pheomelanin) seen in chestnuts, sorrels, palominos and red duns.
Initially, this locus was called Brown (B) but the Extension locus terminology became
preferred as it was clearly the same as the Extension genes already identified in
other mammals.

Trait inheritance and gene symbol

Two alleles of extension are assigned to account for the black/chestnut color variation
in horses. The alleles either extend (E) or diminish (e) the amount of eumelanin
(black) in the coat, thus exerting the opposite effect on the visible extent of pheomela-
nin (red). In the simplest terms, the extension gene determines whether black pigment
is found in the hair and skin (EE or Ee), or only in the skin (ee) (see Table 4.1).

A second and important aspect of black hair pigment in horses is its distribution.
Black hair may be distributed uniformly across the body, as found in a black horse,
or in a pattern called bay where it is restricted to the mane, tail and legs but reduced
or absent on the body. Black pattern characteristics are due to a second gene (Agouti
aka ASIP), which is discussed in the next section of this chapter.

The presence of black pigment is inherited as a trait dominant (E) to its absence (e),
so matings between two chestnut (ee) horses will not produce any black/brown/bay
offspring. This “chestnut rule” has been repeatedly verified by parentage exclusion in
exceptional cases (Trommershausen-Smith et al., 1976).

The intensity of pigmentation can vary for both chestnut and black horses. Some
chestnut horses have very light, red coats, sometimes called “light sorrel”, while
others exhibit a much darker coloration and are often called “liver chestnut”.
Likewise, horses that are genetically black can show graded variation in color such

Table 4.1. Genotypes and phenotypes for the
Extension (E) allele.

Color Genotype
Black, brown or bay EE or Ee
Chestnut (red) ee
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that the visual impact of some black horses is to appear as brown. The Extension
locus is not responsible for this type of variation. Other, as yet unknown, modifying
loci are likely responsible for this variation in intensity. Other variants that can
appear include “Bend D’Or” spots, which are small, irregular dark hair patches
found on chestnut horses that look like black smudges on the red coat. Similarly,
small white patches in the coat are known as “Birdcatcher” spots. Eumelanin produc-
tion in the hair appears to break through in these ee horses, but not to such an extent
that they could be confused with E- horses.

Molecular genetics and gene location

The Extension gene, E, is also termed the MC1R gene. Initial mapping of the MCIR
gene located it on ECA3 along with another important color gene, KIT (Raudsepp
et al., 1999; see Chapter 6). According to the second assembly of the horse genome
sequence (EquCab2), MC1R can be found at chr3:36259305-36260257.

The genetic change responsible for the mutation of the E allele to the e allele
was a missense mutation of a single nucleotide in the Melanocortin 1 Receptor
gene (MCIR) (Marklund et al., 1996). This alteration of the genetic code results
in the substitution of a phenylalanine for a serine in a portion of the protein that
crosses the cell membrane. This change destroys the receptor function of the
MCI1R molecule that results in the production of eumelanin. Therefore, horses
homozygous for this mutation cannot produce black pigment ... with the unex-
plained exceptions of Bend D’Or spots and other minor exceptions men-
tioned above.

A third, very rare allele of MC1R has been found for chestnut color. This allele,
designated ea, is functionally equivalent to the e allele but interferes with its detection
in many standard DNA tests (Wagner and Reissmann, 2000). Horses with this allele
possess the mutation responsible for e plus a second mutation, very nearby, that
interferes with detection of e when using some testing methods. While this mutation
changes the DNA, it does not change the protein. Therefore, breeders will only
become aware of this allele when they obtain test results inconsistent with the color
of the horse: specifically, chestnut horses reported to possess the E allele by the DNA
test laboratory.

A fourth allele of MC1R in horses (called EP, though as noted in Chapter 2 we
would advocate the use of ED for this name) has been proposed to account for
“dominant black”; however, the genetic basis for this allele has yet to be discovered
(Rieder et al., 2001).

Gene function

MCIR was a good candidate for Extension in horses because it was known to have
several alleles that affect black hair distribution in mice. In fact, a eumelanin/
pheomelanin switch is seen in the hair colors of many mammalian species and is a
prominent source of color variation among domestic animals. Labrador Retriever
dogs may be black or yellow (or chocolate, but that is a gene story we will not be
discussing in the horse context). Holstein and Angus are predominantly black-pigmented
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cattle breeds, but red animals occur and some owners specifically select for the red
color. In both examples, alleles of the MCIR gene have been identified as controlling
red/black base coat colors.

From studies in mice, it is known that MCIR codes for a receptor protein that is
part of the membrane of melanocytes, the cells that make pigment. Once this receptor
binds its specific signaling hormone (melanocyte stimulating hormone) it triggers the
cell to make eumelanin (black pigment). Recessive alleles of MC1R in the mouse fail
to bind the melanocyte stimulating hormone, so only pheomelanin, and not eumela-
nin, is made (Robbins et al., 1993). Other alleles cause the receptor to bind the hor-
mone so tightly that eumelanin is always made.

MCIR also plays a role in some other signaling pathways. In the brain, for exam-
ple, it has been shown to be important in the perception of pain. Studies of people
with red hair, as a result of a human MCIR allele, have shown that they are more
sensitive to pain, and receive less relief from certain analgesic drugs (Mogil et al.,
20035). Given the similarities in the type of mutation, this same effect may be present
in chestnut horses, although this remains to be investigated.

Breeds

Most horse breeds include both red- and black-pigmented variants, but a few breeds
have little or no variation for this gene. Friesians and Cleveland Bays have only the
dominant allele of Extension, E. Rare recessives could be present but are extremely
difficult to detect without the use of a DNA-based test. In contrast, Suffolks and
Halflingers have only the recessive allele of Extension, e.

Agouti

Bay horses have a deep red body with black mane, tail, and lower limbs. The body
shade varies from a bright “blood bay” to a deeper “mahogany bay”. Bay horses are
more common than black or chestnut horses among Thoroughbred and Standardbred
horses. The coat of black horses can vary in hue and have a uniform distribution of
black pigment throughout the hair coat (see Plate 2).

Trait inheritance and gene symbol

The dominant allele A of the Agouti gene causes the distribution of eumelanin in
hair to be restricted to a “points” pattern (e.g. mane, tail, ear rims, lower legs) (see
Plate 1). The recessive allele a does not restrict the distribution of black hair, and
when homozygous in the presence of E, it produces a uniformly black horse (see
Table 4.2).

Breeders specializing in black horses will want to understand the special combi-
nation of the two genes Extension and Agouti that are required to obtain the desired
color. Predicting whether given matings will produce black is complicated by the
uncertainty about which Agouti alleles are present in chestnut (ee) horses. In many
breeds, the a allele is rare (black horses are infrequent), so most bays and chestnuts
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Table 4.2. Phenotypes for combinations of the E and A alleles.

Phenotype Genotype

Bay or brown EEAA, EeAA, EEAa, or EeAa
Black EEaa or Eeaa

Chestnut (red) eeAA, eeAa, or ecaa

are AA. Any red or bay horse that sires or produces a black offspring must be carry-
ing a. If a chestnut horse has two black (Eeaa) parents then he must be ecaa.

Black coat color varies from blue-black to sun-fading black, but the genetic dif-
ferences among the variations are currently undefined. Other alleles hypothesized for
agouti in horses (described as A+ or A' in earlier studies) have been proposed to
define the inheritance of wild pattern (as in Przewalski’s horse) and brown horses, but
they have not been studied extensively. Alternative alleles of Agouti might be respon-
sible for some of the variation in pigment distribution of color shades of bays, seal
browns, and blacks.

Molecular genetics and gene location

The Agouti signaling peptide gene (ASIP) has been identified as the cause of Agouti
(A) in horses (Rieder ef al., 2001). ASIP controls the distribution pattern of eumela-
nin, so its actions are obvious only in the presence of E (an example of epistatic gene
interaction). The Agouti gene is located on ECA22 at chr22:25,167,080-25,171,073
in the EquCab2 assembly of the genome. The a allele results from the deletion of
11 nucleotides from the sequence for the ASIP gene (Rieder ef al., 2001). It is thought
that loss of these nucleotides destroys the function of the peptide. Additional alleles
of ASIP have been proposed (At, responsible for seal brown or black and tan; and
A+, wild bay) but results of these studies have not yet been published and the genetic
basis for these alleles is not widely known. Testing for the a allele is available at sev-
eral laboratories and is often coupled with the test for the MCIR alleles in order to
predict the base color of offspring.

Gene function

The gene derives its name from a South American rodent with black-banded hairs. In
the dog, four Agouti alleles are known, including recessive black, black and tan, wild
type and fawn (Schmutz and Berryere, 2007). Several alleles are also observed in
cattle, including recessive black, lighter points and a regulatory mutation leading to
a brindle pattern (Girardot et al., 2006; Seo et al., 2007). The agouti signaling peptide
regulates the production of eumelanin versus pheomelanin synthesis, either during
hair growth phases (black-banded yellow hairs) or spatially (black hairs on the back,
but not on the abdomen). It competes with melanocyte stimulating hormone for bind-
ing to MCIR, thus affected the cellular “switch” for pigment type. This signaling
system is also important in the control of fat storage in adipocytes. Several mouse
alleles of ASIP result not only in coat color variation but also in obesity.
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Breeds

The uniformly bay Cleveland Bay breed has only the A allele; black horses are never
produced. Friesians are all black and therefore have only the a allele for Agouti. The
distribution of black versus bay horses in a population depends on the frequency of
alleles for this gene. Most light horse breeds appear to have a higher frequency of
A than g (and therefore are bay), but for pony and draft breeds with a high prevalence
of chestnut horses, the frequency relationship may be reversed with an increase of
black horses.
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5 Color Diluting Genes

Coat color dilution in horses is due to the actions of at least four genes, Cream (C),
Dun (D), Silver (Z) and Champagne (CH). These genes dilute the black (eumelanin)
and red (pheomelanin) pigments produced as a consequence of gene action by the
Extension locus (E or MCIR) modified by the Agouti (A) locus; see Chapter 4). As
the effect of the dilution genes is to modify the action of another locus (E), the dilu-
tion genes are described as having an epistatic effect on coat color. These genes are
well known to horse owners and popular for many breeds. Molecular genetic studies
have led to the discoveries of the genes and the DNA mutations responsible for three
of these four dilution genes.

Cream Dilution

The most widely recognized of the color dilution genes is the one that produces the
golden body color seen in palominos (Plate 3) and buckskins (Plate 4). A palomino
horse has a white (flaxen) mane and tail while a buckskin has black mane, tail, and
legs. The Cream Dilution gene reduces the intensity of the red pigment (pheomelanin)
and modestly reduces the intensity of the black pigment. Diluting the red hair of
chestnuts produces a palomino pattern, while dilution of the red hair for bays pro-
duces a buckskin pattern.

The skin and eyes of palominos and buckskins are dark, although they may be
lighter than those of non-diluted colors. Sometimes, the mane and tail of the palo-
mino or the body color of the buckskin have dark hairs intermixed, reflecting the
similar admixtures found in the undiluted dark bay or chestnut counterparts.
Palominos can be very light cream when born. A darker golden color becomes obvi-
ous after the foal coat is shed. Buckskins may also be light when born, even to a
degree that the black points may not be obvious until the foal is some weeks old.
These colors may also vary seasonally, being lighter in the winter coat.

Cremellos are “double dilutes” based on chestnuts with two copies of the Cream
Dilution gene, while perlinos are double dilutes of bays with two copies of the
Cream Dilution gene. Cremellos have pink skin, blue eyes and ivory hair. Perlinos have
the same features, except that the mane and tail are slightly darker than the body.

As described in Chapter 4, it is not obvious that black horses (aaE-) have red
pigment. However, one or two copies of the Cream Dilution gene exhibit moderate
dilution effects on these horses, producing a phenotype sometimes described
as “smokey”.

A third allele has been identified for the Cream Dilution locus, which is called the
Pearl Dilution. This allele interacts with the Cream Dilution gene to produce coat
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color dilutions that are very similar to the Champagne Dilution phenotypes
described below.

Trait inheritance and gene symbol

The gene symbol used for the Cream Dilution locus is C. This gene symbol was first
used in other mammals to denote the locus for albinism and was subsequently used
to describe horses that had white or near white coats (Castle, 1948). Even though
actual albino horses are exceptionally rare, this terminology has continued to be used
for Cream Dilution (Bowling, 1996; Sponenberg, 2009). Because this locus has noth-
ing to do with albinism, it would be appropriate for a body of scientists to rename
the locus symbol as “CR” for Cream Dilution. But for the time being we will con-
tinue to refer to it as the C locus.

The C locus has three known alleles. The gene causing the dilution effect is an
incomplete dominant and we use the symbol “CR” to designate that allele. The
absence of dilution is recessive and the symbolic representation we use for this allele
is “cr”. As noted above, a third allele has also been reported for this locus, called
Pearl. This allele is reported to have a recessive mode of inheritance and we use the
symbol “prl” to identify it.

Genetics of CR and cr in bay, chestnut and black horses

The action of CR is to dilute pheomelanin (red) to yellow when heterozygous, while
having little effect on eumelanin (black). Both eumelanin and pheomelanin are diluted
to pale ivory when the dilution allele is homozygous (CRCR) (Adalsteinsson, 1974);
see Table 5.1.

When we combine the dilution gene symbols with those for the coat color genes
involved with the basic production of color, palominos are diluted reds (CRcr ee) and
buckskins are diluted bays (A—-E— CRcr). Blacks (aaE— CRcr), can carry the dilution
gene without expressing it, because they do not have visible red pigment to show the
single dose effects of the dilution gene. Sometimes, the presence of the dilution gene
in black horses may not be recognized and breeders will be surprised when a palo-
mino or buckskin offspring is produced from breeding a non-diluted horse (crcr) to
a black horse. Molecular testing can verify the situation.

Why the palomino has a white mane and tail, not gold like the body color, is not
easily explained, but could be related to differences in gene action between the mel-

Table 5.1. Genotypes and phenotypes for the CR
allele of the Cream Dilution (C) locus; cr denotes the
absence of dilution and is recessive.

Phenotype Genotype
Not dilute crer
Palomino/buckskin CRcr
Cremello/perlino CRCR
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anocytes (pigment producing cells) of the permanent hair (mane and tail) compared
with those of the seasonally shed hair.

Novice breeders, captivated by the beauty of the palomino and buckskin colors,
are discouraged to learn that neither will breed true as the desirable colors are pro-
duced by heterozygosity for a dilution gene. If a breeder attempts to duplicate the
color of a favorite palomino, say by breeding that palomino to another palomino, the
predicted colors and their frequencies among the offspring will be 50% palomino,
25% chestnut and 25% cremello (see Table 5.2). For some breeds, a cremello (or
perlino) is undesirable, or even cannot be registered. In this case, the better mating
choice would be palomino x chestnut; the expected proportion of palominos for this
cross is the same as that from a palomino x palomino mating (50%) but no cremellos
would be anticipated. In breeds that allow the registration of cremello and perlino —
colors such as Icelandic, Miniature, Peruvian Paso, or Paso Fino — a homozygous
diluted horse can be an important component for a breeding program specializing in
palominos and buckskins. The cremello or perlino will contribute a color dilution
gene to all offspring, resulting in the desired heterozygous genotype when mated to
non-diluted individuals (Plate 5).

Genetics of the Pearl (prl) allele

The Pearl Dilution allele (prl) has been described in review by Sponenberg (2009).
Pearl Dilution is a recessive allele and horses with a single copy of the Pearl Dilution
allele and the non-dilute allele (genotype: crprl) do not exhibit dilution and will appear
as bay, chestnut, or black. However, in the presence of CR, e.g. in the genotype CRprl,
the effect of the dilution approaches the appearance of horses with a copy of the
Cream Dilution gene and a copy of the Champagne Dilution gene (CRcr and CHch),
which produces greater dilution of the pheomelanin and a modest dilution of eumela-
nin. (The Champagne gene is described in the last section of this chapter.) For a horse
with two copies of prl, the effect is nearly identical to the colors produced by heterozy-
gotes for Champagne, but defined to reflect the different genetic origin: chestnut
becomes pearl gold, bay becomes amber or sable pearl, and black becomes classic pearl.

The effects of each possible genotype for the Cream Dilution locus on the base
coat colors are shown in Table 5.3.

Table 5.2. Punnett square for mating a palomino mare (ee CRcr) and stallion (ee CRcr).
Palominos will only be produced 2 in 4 times, cremellos 1 in 4 times, and chestnuts 1 in
4 times.

Genetic contribution from

] o stallion sperm (ee CRcr)
Genetic contribution from

mare eggs (ee CRcr) e CR ecr

e CR ee CRCR ee CRcr
Color of cross Cremello Palomino
ecr ee CRcr ee crcr
Color of cross Palomino Chestnut
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Table 5.3. Genotypes and phenotypes for alleles of the Cream Dilution locus (C) with
different base color phenotypes.

Base color phenotype

and genotype (A, E loci) C genotype Phenotypic effect
Chestnut (— — ee) crer Chestnut
CRcr Palomino
CRCR Cremello
crprl Chestnut
CRprl Nearly white
priprl Gold pearl
Bay (A- E-) crer Bay
CRcr Buckskin
CRCR Perlino
crprl Bay
CRprl Beige, brown points
priprl Amber pearl
Black (aa E-) crer Black
CRcr Black (smokey?)
CRCR Smoky cream
crprl Black
CRprl Tan, tan points
priprl Classic pearl

Molecular genetics and gene location

The locus of the CR allele was initially mapped to ECA21 using microsatellites (see
Chapter 11) and family studies (Locke et al., 2001). Later, CR was shown to be an
allele of SLC45A2 (solute carrier family 45, member 2 gene, previously known as
MATP, the gene for the membrane associated transport protein) (Mariat et al., 2003).
SLC45A2 is located at chr21:30,664,390-30,693,166 in the EquCab2 genome assem-
bly. A missense mutation in the second exon of SLC45A2 results in the exchange of
an aspartic acid for an asparagine in the amino acid sequence. This polymorphism is
easily detected and a genetic test for it is widely available.

Gene function

Polymorphisms of the SLC45A2 gene result in variations in human skin, hair and
eye color, from dark to fair. More severe mutations result in oculocutaneous albi-
nism type IV. In the mouse, variations at the locus result in dilution of the under-
fur, skin, and eyes. This gene is also responsible for a form of albinism and silver
feather color in the chicken. Although it has also been investigated as a candidate
gene for cream color in dogs, no association has yet been made (Schmutz and
Berryere, 2007).

The function of SLC45A2 is not completely understood, though it is known to
mediate the synthesis of melanin thorough transport of the tyrosinase enzyme (Costin
et al., 2003).

Color Diluting Genes 45 ]



Breeds

The CR allele occurs in a variety of breeds. It is typically associated with ponies and
stock horse breeds, but also occurs in Paso Finos, Peruvian Pasos, American
Saddlebreds, Morgans and Tennessee Walking horses. Palominos and buckskins
occur among US Thoroughbreds, but they are very rare. This dilution gene is prob-
ably absent from Arabians. While Arabian iridescent light chestnuts with extremely
flaxen manes and tails may be registered with palomino societies, the buckskin and
cremello counterpart colors to palomino are not seen in this breed.

The Pearl allele has been reported among Lusitano, Gypsy Cob/Vanner, and
Paint horses, and among American Quarter Horses (Sponenberg, 2009). In Quarter
Horses and Paints it has been referred to as the “BarLink Factor”, but this has been
found to be genetically identical to the factor previously described as Pear! (UC Davis
Veterinary Medicine website; see Websites section for URL).

Health concerns

The blue eyes of cremellos and perlinos are sensitive to the sun and owners report
that these horses actively seek protective shade in summer (i.e. they exhibit photo-
phobia). Pink-skinned horses are more subject to sunburn neoplastic conditions such
as squamous cell and basal cell carcinomas about the eyes (Knottenbelt and
Pascoe, 1994).

Dun

In an otherwise red horse, the Dun gene produces a pinkish-red horse with darker
red points and the complex pattern of dorsal stripe, shoulder stripe and leg bars
(these three patterns are often collectively referred as “primitive markings”). This
color is known as red dun or claybank dun. In a horse with a bay base coat, Dun
produces a more or less yellow-red animal with black points and primitive mark-
ings which is known simply as dun (Plate 6). Grulla describes an otherwise black
animal with the Dun gene which appears as a mouse-gray color with primi-
tive markings.

Trait inheritance and gene symbol

The dominantly inherited Dun allele, “D”, dilutes both the eumelanin and the
pheomelanin of body hair, but does not dilute either pigment in hair on the points.
The recessive alternative (not dun) is designated “d”. The red body color is diluted
to pale red (claybank or red dun) or yellow red (buckskin dun); black body hair is
diluted to mouse gray (grulla) (Van Vleck and Davitt, 1977). In addition to pig-
ment dilution, D is characterized as producing a coat pattern that includes a dark
head, dark points, dorsal stripe, shoulder stripes, and leg bars, even though these
markings may be subtle and easily go unnoticed. Among some Przewalski’s horses
and Mongolian ponies, the dun markings on the shoulder and upper leg may be in
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the form of a distinctive network or webbing pattern. Homozygotes for D are
phenotypically indistinguishable from heterozygotes and do not show the extreme
color dilution effects associated with homozygotes for the palomino/buckskin
gene. Gremmel (1939) showed that in the hair shafts of duns, pigment granules are
heavily concentrated on one side rather than being uniformly distributed around
the core. The D gene may affect the clumping of pigment granules, thus providing
an optical dilution effect, in contrast to the CR allele, which controls pig-
ment quantity.

The allelic effects of D can be confused with those of CR, although there are
several important differences. Firstly, unlike CR, D dilutes both the black and red
pigment on the body but does not dilute either pigment on the points. Red body color
is diluted to a pinkish red, yellowish red or yellow; black body color is diluted to
mouse gray. Second, in addition to pigment dilution, a key characteristic of D is the
striping pattern. Finally, homozygosity for D does not produce extreme color dilution
(see Table 5.4).

A horse may have both the CR and D dilution alleles. A red horse with both
dilution genes looks like a palomino with dun markings. Heterozygosity for dilution
genes at both loci does not result in extreme color dilution. More or less faint primi-
tive markings can sometimes be found on otherwise “ordinary” undiluted chestnuts
and bays, and may be prominent on young grays. These dun markings without color
dilution are probably the effects of another gene, but at times could be confused with
those of the D gene.

Molecular genetics and gene location

The location of the Dun gene has not yet been reported. However, a genetic test is
commercially available from the Veterinary Genetics Laboratory (VGL) at the
University of California Davis (see UC Davis Veterinary Medicine in Websites sec-
tion), based on preliminary results from research at VGL.

Gene function

Dun does not have obvious counterparts in other species. In other mammals (Searle,
1968), d is the symbol for dilute, a recessively inherited color gene that effects a dis-
tinctive clumping of pigment granules that produces the optical effect of color dilu-
tion. The dun color of Dexter cattle is an allele of the TYRP1 gene, as is brown in
dogs, but as polymorphisms in this gene specifically change the color of eumelanin
from black to brown, this is not a candidate for dun in the horse.

Table 5.4. Genotypes and phenotypes for the D

locus.

Phenotype Genotype
Dun DD or Dd
Not dun dd
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Breeds

In North America, the D allele is seen in stock horses, in ponies, and among feral
horses. A prominent breed with dun is the Norwegian Fjord. The dun trait is gener-
ally found in breeds that also have CR, so it is important to be able to distinguish the
variants of these genes both alone and in combination.

Silver Dilution

The color diluting gene Silver Dilution, “Z”, is a complement to the Cream Dilution
gene. Just as the Cream Dilution gene affects the red pigment with minimal effect on
black pigment, the Silver Dilution gene dilutes black pigment. Silver Dilution was
first described by Castle and Smith (1953) and is purported to have originated in the
late 1800s among Shetland ponies. This origin was initially accepted, but the occur-
rence of Silver Dilution among horses as well as ponies suggests that it may be have
an ancient origin. The color variant is sometimes called silver dapple or taffy.

The effects of the Silver Dilution gene are seen conspicuously on black horses (aa E-)
in which the coat color is diluted to a chocolate or black chocolate, often with dapples,
and the mane and tail are diluted to silver gray or flaxen (Plate 7). On genetically bay
horses, the gene produces color dilution so that the horse is usually described as a silver-
maned chestnut, but the legs retain some darker pigment. A possible color name for a
bay with the silver dapple dilution is silver bay. The gene has little effect on chestnut
(pheomelanin) coat color, beyond producing a slightly lighter mane and tail. This color
is sometimes called silver sorrel, but it is difficult to distinguish visually from sorrel.

The addition of the word “dapple” to the name of this dilution gene is unfortu-
nate. The name implies that dapples are always associated with this color, which is
emphatically not true. The word “dapple” leads some owners to confuse this color
with gray. In Miniature horses, many silver dapple horses are registered as dapple gray.
Classic silver foals are born a light reddish brown color with the same color mane and
tail. As the foal coat is shed, the mane and tail grow in light, and the body color dark-
ens to deep chocolate. Silver dapple interacts with gray so that the birth color of foals
with the gray allele (G; see Chapter 7) is comparable to that of a mature gray.

Trait inheritance and gene symbol

The silver trait is inherited as dominant, but the gene action in combination with
variants at other coat color genes is poorly documented. Castle and Smith (1953)
initially proposed S for the gene symbol, reflecting the name silver given to the color
in horses, but this symbol was not suitable as it is used for spotting traits in other
mammals. Currently, Z is used as the gene symbol for silver dapple, with Z and z,
respectively, representing the dominant and recessive alleles for the presence and
absence of the silver dilution trait.

As described above, this gene has no or minimal effects on chestnut horses, which
are devoid of black pigment. However, a single copy of Z produces the dilution
effects. Horses homozygous for Z may exhibit greater dilution, but the effect is mod-
est. Table 5.5 shows the effects of Z genotypes on the base coat colors.

[ 48 Chapter 5



Table 5.5. Genotypes and phenotypes for alleles of the Silver Dilution gene (Z) with
different base color phenotypes.

Base color phenotype (A, E loci) Z genotype Phenotypic effect
Chestnut (— —, ee) zz Chestnut

Zz Chestnut

zz Chestnut
Bay (A-, E-) zz Bay

Zz Silver mane

2z Silver mane
Black (aa, E-) zz Black

Zz Silver body

zZ Silver body

An apparent exception to the “chestnut coat color rule” may be a consequence
of the Silver Dilution gene (Trommershausen-Smith et al., 1976). A bay horse (A-E-)
with a dilution of the black pigment could be misidentified as a chestnut. When this
silver bay (registered as a chestnut) is bred to a chestnut, offspring receiving E, but
not the dilution gene, could be, legitimately, bay or black.

Molecular genetics and gene location

Silver is attributed to a missense mutation in the SILV (aka PMEL17) silver homolog
gene (Brunberg et al., 2006). The missense mutation occurs in exon 11 and results in
an amino acid substitution of an arginine for a cysteine. SILV encodes a protein that
is found on the surface of the melanosome, the pigment producing organelle in
melanocytes. Its function is not fully understood, but it may play a role in the organi-
zation of melanosomes. SILV is located at chr6:73,665,135-73,672,980 in the
EquCab2 genome assembly.

Gene function

The identical mutation of SILV has not been observed in other species, though other
mutations in SILV in other species have affected coat colors. In the mouse, mutations
of the SILV gene result in a variety of diluted colors and roan-like phenotypes. The
diluted coat of Charolais cattle is also attributed to a polymorphism in SILV
(Gutiérrez-Gil et al., 2007). In contrast, the strikingly spotted coat of merle dogs is
also a result of the SILV locus, although in this case the polymorphism is the insertion
of a repeat element rather than a change in the coding sequence (Clark et al., 2006).

Breeds

The silver color dilution gene is most conspicuously found in Shetland, American
Miniature, and Rocky Mountain horses, and in Icelandic breeds, and but is also observed
in Quarter Horses, Paints, Morgans, American Saddlebreds, and Peruvian Pasos.
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Health concerns

The Multiple Congenital Ocular Anomalies (MCOA) syndrome results in a collection of
eye problems, including cysts and cataracts. MCOA has been mapped to the same genetic
region as SILV (Andersson et al., 2008), and is inherited in a codominant manner. As such,
homozygotes are more severely affected than heterozygotes. While many silver horses also
have MCOA, the association is not complete. Some silver horses do not exhibit MCOA,
and MCOA also occurs in some horses without silver. Nevertheless, this association has
been strong, and it may be due to the close proximity (linkage) of two separate mutations.

Champagne Dilution

The Champagne Dilution (CH) gene is thought to be the result of a fairly recent
mutation because it occurs only among horse breeds developed in North America.
The Champagne Dilution gene is distinct from the Cream Dilution and Silver
Dilution genes in that it dilutes both eumelanin and pheomelanin. On a chestnut (ee)
base coat, the champagne dilution results in a gold body color with a light flaxen
mane and tail. Gold champagnes in particular, but occasionally the other champagne
shades as well, can possess an attractive metallic sheen. When present in combination
with a bay base coat, champagne results in a slightly darker golden body with a dark
chocolate color to the mane and tail. Hairs along the margins of the mane and tail
may be even further diluted to a color more similar to the body. This combination of
champagne and bay is called “amber”. The “classic” champagne is a result of the
champagne dilution on a black base coat. Classic champagnes have a deeper bronze
body coat color and a dark chocolate mane and tail (Plate 8).

The champagne colors of gold, amber, and classic look similar to, and can be
easily confused with, palomino, buckskin resulting from CR, and dun and grulla due
to D. However, the colours can be uniquely distinguished by possession of lightly
pigmented “pumpkin” colored skin, mottled freckling of the hairless skin, and light-
ened eye color, which are not commonly seen in horses possessing cr. Identification
of the champagne dilution can be further complicated by interactions with many
other color loci. Age can also alter the color, as CH foals are usually born with blue
eyes and pink skin, which will darken somewhat with age.

Trait inheritance and gene symbol

Champagne Dilution is inherited in a dominant manner with alleles CH (dominant) and
ch (recessive), so that there are few phenotypic differences between heterozygous and
homozygous individuals. It can occur in combination with the other coat dilution genes,
resulting in an additive effect of the two loci. CH and CR alleles result in a very lightly
colored horse similar to a creamello or perlino. In individuals with both a CH and D
allele, the color is diluted but the Dun characteristics of a dorsal stripe and leg bands
remain visible. As noted above, horses homozygous for the prl allele of Cream Dilution
will appear very similar to heterozygotes for CH. Determining the genetic basis for the
champagne color may require DNA testing. The effects of each possible genotype for the
Champagne Dilution locus on the base coat colors is shown in Table 5.6.
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Table 5.6. Genotypes and phenotypes for alleles of the Champagne Dilution gene (CH)
with different base color phenotypes.

Base color phenotype (E, A loci) CH genotype Phenotypic effect
Chestnut chch Chestnut
CHch Gold champagne
CHCH Gold champagne
Bay chch Bay
CHch Amber champagne
CHCH Amber champagne
Black chch Black
CHch Classic champagne
CHCH Classic champagne

Molecular genetics and gene location

CH has been mapped to ECA14 (Cook et al., 2008). Sequencing of the SLC36A1
gene revealed a missense mutation that was completely associated with CH. SLC36A1
is located at EquCab2 chr14:26,678,645-26,701,135. CH is due to a missense muta-
tion resulting in the substitution of an amino acid in the second exon of SLC36A1.

Gene function

Notably, CH is the first phenotype attributed to the SLC36A1 gene in any species.
However, as it is similar in structure to the gene responsible for C (SLC45A2), it is
not surprising that the two genes have similar effects on pigmentation. The precise
function of SLC36A1 is not currently known. Evidence in rats suggests that it may
be important for the maturation of melanosomes (Cook et al., 2008). Further study
of the CH phenotype will provide needed insight in to the function of SLC36A. Due
to its dominant mode of inheritance, genetic testing is necessary to identify homozy-
gotes with certainty. Several commercial labs now offer a test for the CH allele.

Breeds

CH is predominantly found in breeds developed in North America, such as the American
Saddlebred, American Quarter Horse, Tennessee Walking horse, and Appaloosa.
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Tobiano, White, Sabino,
and Roan (KIT)

The set of genes for tobiano, sabino, white, and roan produces white hair against the
basic color patterns of chestnut, bay, or black as determined by the Extension (E)
locus modified by the Agouti (A) locus. While other genes can produce white hair
patterns, as discussed in subsequent chapters, the four traits of tobiano, sabino,
white, and roan are all products of the same gene, KIT. The genetics of each pattern
were well known before the discovery of the common genetic element; consequently,
they each were assigned unique genetic names: Tobiano (TO), Sabino (SB1),
Dominant White (W), and Roan (RN). In many mammals, including the mouse and
pig, dominantly inherited white spotting patterns are due to mutations of the KIT
gene (Geissler et al., 1988; Besmer et al., 1993; Johansson Moller er al., 1996).
Although these diverse coat color patterns have a single molecular source, using sepa-
rate genetic terminology for the four traits remains useful.

Tobiano

The inheritance of the tobiano pattern of white spotting is well known to be a domi-
nant trait. A tobiano foal must have a tobiano parent. Fillies and colts inherit tobiano
from either sire or dam, or both. The tobiano gene is absent in the predominant
North American breeds of Quarter Horse, Thoroughbred, Standardbred and
Arabian, but is found in a wide variety of other breeds, including Paint, Pinto, Dutch
Warmblood, American Saddlebred, Tennessee Walking horse, Missouri Fox Trotter,
Paso Fino, Icelandic, Shetland and Miniature.

The overall impression of a tobiano is that of a white horse on which large colored
patches have been placed (Plate 9). The colored areas generally include the head, the
chest, and the flanks. Pink skin underlies the white areas and there is black skin under the
colored areas. The eyes are usually brown, but one or both may be blue or partially blue.
The tail may be of two colors (white with black or red), a characteristic seldom seen in
horses other than tobianos. The tobiano pattern is obvious at birth. Comparison of foal
and adult photographs shows that the large pattern definition remains constant during
the horse’s lifetime, though the outlines of the markings may change in small details. To
be registered as a tobiano Paint, a horse must meet the American Paint Horse Association
(APHA) pedigree and requirements for white markings. The APHA describes the charac-
teristic pattern features of tobiano as follows (see Website section for URL):

1. The dark color usually covers one or both flanks.

2. Generally, all four legs are white, at least below the hocks and knees.

3. Generally, the spots are regular and distinct as ovals or round patterns that extend
down over the neck and chest, giving the appearance of a shield.
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4. Head markings are like those of a solid-colored horse — solid, or with a blaze,
strip, star or snip.

5. A tobiano may be either predominantly dark or white.

6. The tail is often of two colors.

As with many patterns, the expression of the tobiano pattern can vary owing to
the contribution of many unknown modifying genes. Individuals have been noted to
carry the tobiano allele and possess remarkably minimal markings — generally white
legs and some white in the mane or tail.

Combination with colors and other patterns

Tobiano can occur with any coat color (sorrel tobiano, bay tobiano, palomino tobi-
ano, dun tobiano, black tobiano, and so on), and can also occur in a mixture with
other spotting patterns. For instance, a combination of tobiano with overo (“tovero”
or “medicine hat”) results in a horse with more total white than either individual
spotting gene could usually produce: an additive genetic effect. The interaction of
Tobiano and Owvero (see Chapter 8) genes can at its most extreme result in a white
horse. Genes that produce leg and facial markings probably also interact with
Tobiano to affect the extent of white (sabino, for example). A tobiano with a minimal
white pattern may lack independently inherited genes for common white markings.

Tobiano can also occur in combination with roan (RN) and appaloosa (LP; see
Chapter 9) spotting patterns. As neither the Paint nor the Appaloosa breed allows
registration of tobiano/appaloosa pattern blends, the “pintaloosa” is perhaps the best
known today as a color variant in American Miniature Horses and other breeds with
no registration restrictions on pattern. Mule breeders have demonstrated that the best
way to get fancy stockings on a mule is to use a tobiano mare. For mules with the
Tobiano gene, the extent of body spots may be quite restricted compared with the
expression of Tobiano in the horse parent, but the leg markings part of the pattern is
consistently present.

Trait inheritance and gene symbol

The locus symbol for the Tobiano gene is TO, and we also use TO for the dominant
allele of the pattern; the recessive allele, absence of tobiano spotting, uses fo. The
genotype for a horse with the tobiano pattern is either TOTO (homozygous) or TOto
(heterozygous) (see Table 6.1). Homozygotes for Tobiano are usually indistinguisha-
ble from heterozygotes. However, homozygotes will always produce offspring with

Table 6.1. Phenotypes and genotypes for the Tobiano

(TO) allele.

Phenotype Genotype
Tobiano TOTO or Toto
Non-tobiano toto
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tobiano spotting patterns and are highly valued by breeders. In the past, laboratories
tested for genetic variants of two genes (Albumin and Vitamin-D binding protein
(GQ)) associated with the pattern, and used pedigree information to advise a breeder
on the probability that their horse was homozygous for Tobiano. Today, a definitive
genetic test is commercially available (Brooks et al., 2007). Horses without the tobi-
ano pattern gene are denoted as toto. This single dominant gene determines the
appearance of the tobiano patterns; if a horse does not have the TO gene, it cannot
pass the trait to its offspring, even if its parents had the tobiano pattern.

Tobianos often have a few, small, colored spots in white areas. Occasionally,
tobiano horses show a dramatic proliferation of small, clustered spots, often with
roan edges — “halos”, or with roaning of the entire spot. Clustered colored spots that
appear to be breaking through in otherwise large areas of body white have been
called “ink spots” or “paw prints” (Plate 9). Horses that are homozygous for tobiano
commonly have these spots, with a moderate extent of white area. Although dramati-
cally evident at times, the association of ink spots with homozygosity does not appear
to be absolute. Therefore, the best method for determining zygosity is by DNA test-
ing. Only a horse with two copies of Tobiano (homozygous) will be true breeding for
this pattern (see Table 6.1).

Molecular genetics and gene location

Tobiano results from a unique chromosome rearrangement on ECA3, rather than a
base change within the KIT gene itself (Brooks et al., 2007). The rearrangement
resulted from a section of the ECA3 that “flipped” during a recombination event.
This flip created a segment of the chromosome where the gene order is inverted rela-
tive to the order that is common in ECA3. The inversion spans nearly a third of the
length of the chromosome, and likely causes spotting by separating the KIT gene
from important regulatory sequences. Loss of control by these regulatory regions may
disrupt KIT signaling used to control melanocyte migration across the embryo. As
already mentioned, a genetic test is commercially available from several laboratories
to detect the mutation causing the tobiano pattern.

The DNA test for Tobiano has been used to show a single and ancient origin of
this pattern (Brooks et al., 2007). All horses with the tobiano pattern carry precisely
the same DNA inversion associated with KIT. Its broad distribution among breeds
from around the world, especially those that do not select positively for spotting pat-
terns, certainly suggests that the mutation must have been present early in the forma-
tion of these breeds. Recent work that tested DNA samples from ancient horses has
revealed that Tobiano is in fact quite old, as it appears in a number of animals that
lived some ~3500 years before the present (Ludwig et al., 2009).

Breeds

The tobiano pattern occurs in breeds worldwide, although “pied” is the English lan-
guage term, which is probably more often used outside the Americas. “Tobiano”
appears to have been coined in South America, where it was traditionally used for
distinctively spotted horses said to have descended from those brought by a Dutch
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emigrant named Tobias. In Britain, tobiano horses may be called “painted”,
“colored”, “piebald” (white and black), “skewbald” (white and any single color but
black) or “odd-colored” (white and two or more colors), without distinguishing any
particular pattern. Besides the North American horse breeds with tobiano spotting
listed at the beginning of this chapter, others worldwide include East Prussian
Trakehners, and native ponies such as the Pottok from the Basque region of Spain,
and the Mongolian pony of central Asia.

Dominant White

The “white” horse has been valued throughout history; it has a ceremonial status,
and is frequently portrayed in art and mythology. However, horses popularly called
white often are genetically Gray or homozygotes for the Cream Dilution gene (cre-
mello). From a genetics standpoint, the genetic term “White” is strictly reserved for
the dominant hereditary trait that produces horses with extensive white pigmentation
from birth. But whereas the presence of the gene for White determines the presence
of white color, the extent of white is highly variable. In practice, the extent of white
coloration can vary from being complete, to being mostly white but with pigment in
the tips of the ears, to being white with extensive patches of pigment along the back
and tail. Consequently, White has sometimes been described as producing “sabino-
style spotting” (Mau et al., 2004; Sponenberg, 2009).

The effect of the White gene is distinguishable from white coloration caused by
the Gray or Cream Dilution genes. Gray horses are born with pigmented hair that
becomes white with age but the skin remains dark; white horses have white hair from
birth, with pink skin. Cremello horses (CRCR) are more difficult to distinguish from
the effect of the White gene because they have both the cream phenotype from birth,
and the pink skin. Their eyes, though, are usually blue in contrast to the usually
brown eyes found in white horses; sometimes subtle differences can also be seen in
the hue of cream or white hair at transition zones around the head or on the legs
(Plate 10).

The genetics of White are more complex than the genetics described for
Extension, Agouti, the dilution genes, and Tobiano. While Extension, Agouti, Cream,
Silver, Champagne and Tobiano are the result of single, specific mutations in the
associated genes, White can be caused by many and independent mutations at differ-
ent sites within the gene KIT (see Table 6.2). In general, mutations in KIT commonly
result in white hair color, but the extent and distribution of the white hair is a product
of the site and nature of the mutation.

Trait inheritance and gene symbol

The symbol W was used very early to represent Dominant White in horses (reviewed
in Castle, 1948). As implied by the name, the gene causing white coloration is domi-
nant, and therefore W is used for the allele responsible for white, and w is used for
the recessive allele, the absence of white. All non-white horses have the genotype ww.
Molecular studies of KIT and white pigmentation led to the definition of a series of
alleles encoding white hair color, which were identified as Wi1-W17 (Table 6.2;

[ 56 Chapter 6



Table 6.2. Dominant White (W) alleles for the KIT gene, with their associated breeds,
types of mutation and location on the KIT gene (adapted from Haase et al., 2011).

Designation Breed Mutation type Location on KIT
wi Franches-Montagnes Nonsense Exon15
wa Thoroughbred Missense Exon17
w3 Arabian Nonsense Exon4
w4 Camarillo White Missense Exon12
w5 Thoroughbred Frameshift Exon15
weé Thoroughbred Missense Exon5
wr Thoroughbred Splice site Intron2
w8 Icelandic Splice site Intron15
w9 Holstein Missense Exon12
wio Quarter Horse Frameshift Exon7
wi1 German Draft Splice site Intron20
wiz Thoroughbred Deletion Exon3
wi3 Quarter Horse Splice site Intron17
Wwi4 Thoroughbred Deletion Exon17
Wwis Arabian Missense Exon10
wié Oldenburger Missense Exon18
w17 Japanese Draft Missense Exon14
Other KIT variants

SB1 Many Splice variant Intron16
TO Many Inversion Intergenic

Haase et al., 2007, 2009, 2011). However, breeders continue to use the simple termi-
nology, W or w, because the different alleles are only distinguishable by DNA
sequencing.

Homozygous lethal white

No living WW (homozygous) horse has been reported. Castle (1948) recounted that
some breeders thought that Dominant White might be a homozygous embryonic
lethal trait based on the absence of true-breeding, homozygous White horses. He sug-
gested that homozygous white foals might be lost during pregnancy. Breeders might
not even become aware that their white mare had become pregnant, depending on
how early the mare lost the foal. Pulos and Hutt (1969) did an extensive breeding
study in which they mated white horses to white horses, and observed the ratio of
white to non-white offspring. According to Mendel, they should have seen a 3:1 ratio
of white to non-white, but what they saw was a 2:1 ratio, suggesting that the
homozygous offspring were lost as embryos. (Dominant White is described as an
example of dominant lethal genes in Chapter 2.) The phenotypes and genotypes for
W are shown in Table 6.3.

The DNA sequencing results (mutation types) shown in Table 6.2 offer a likely
explanation for the homozygous lethality of W. Most mutations responsible for W
are nonsense mutations, frameshift mutations or DNA deletions, all of which would
destroy the possibility of producing a functional KIT protein. Horses with one KIT
mutation might be viable, albeit with some white hair, because they would have at
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Table 6.3. Phenotypes and genotypes for the
Dominant White (W) series of alleles.

Phenotype Genotype
White Ww

Not white ww
Embryonic lethal ww

least one copy of functional protein. However, two dysfunctional copies could result
in failure for an embryo to develop: an embryonic lethal. Conversely, some of these
mutations may not destroy the function of KIT. Missense and splice site mutations,
for example, have a more modest effect on gene function. They might leave intact the
ability to make a functional KIT protein. Consequently, homozygotes for these white
alleles might be viable, but we will not know this unless someone mates two white
horses with those mutations.

Molecular genetics and gene location

The KIT gene, responsible for W, is found on ECA3, like the Tobiano gene. As shown
in Table 6.2, the mutations responsible for the trait can occur throughout the gene.
Most W alleles in the horse have been found spontaneously, i.e. they occur in just one
founder individual, and the offspring of that individual. The result is a large number
of unique alleles (17 to date, as shown in Table 6.2), all within the KIT gene (Haase
et al., 2007, 2009, 2011; Holl et al., 2010). Each allele is independently responsible
for a W- type phenotype, though there is significant variation in the spectrum of
phenotypes within the W series. Many W alleles are specific to a breed, or to a family
of horses, making prognostic DNA-based testing difficult without screening for all
alleles, or making an educated guess as to which test is appropriate based on the
target breed. While it is possible to test for W using a DNA test, the diversity of muta-
tions makes this commercially impractical.

Breeds

The W alleles are rare in nearly all breeds of horses. The color has appeared among
Thoroughbreds, Arabians, American Quarter Horses, Hanoverians, Icelandics, as
well as several others, and is the founding characteristic of the Camarillo White horse
(Haase et al., 2011). The diversity of mutations found in the KIT gene suggests that
it may be prone to mutation. In that case, the opportunity exists for novel alleles of
the W series to appear in any breed of horse.

Health concerns

As with any depigmented horse, individuals with a W allele will be extra sensitive to
sun exposure. Although abnormalities of other systems, such as the blood, and testes
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or ovaries, are frequently seen in mice with W alleles, no such issues have yet been
observed in the horse (Haase et al., 2010). The evidence for a homozygous lethal
effect was discussed above and in Chapter 2.

Sabino (Sabino1)

The name sabino is given to a white spotting pattern characterized by tall irregular
stockings and a blaze on the face. Many horses with this pattern also have a splotch
of white on the belly or flank. Sabino horses often possess a mixture of white hairs
interspersed with the base coat color in an effect that is similar to that of roan or gray.
The borders of sabino white markings are often more jagged than that of a sock or
blaze caused by a typical white marking gene. Sabino is often confused with other
patterns, especially splashed white and overo. For example, in the registry for the
Tennessee Walking horse there are many foundation horses recorded as “roan” that
exhibit the characteristics of sabino patterning in photographs. Some of these horses
were described anecdotally as “lit-up roan”, giving credit to the flashy nature of their
white socks.

The term sabino is Spanish, and in Spain it is used not only to denote this par-
ticular color of horse, but also to denote “from the ancient region of Sabine”. The
Sabine people inhabited the mountains just to the north of modern Rome, and the
Sabines played an integral role in the early history of the Roman Empire. How this
geographical region came to be associated with this particular color of horse
is unknown.

The focus of this section is on one particular sabino pattern, found in a variety
of horse breeds, many of which have ties to Spanish bloodlines. As described below,
a genetic mutation was found in the gene KIT that appears to be responsible for the
trait. All horses found to have this mutation have a sabino pattern, but the mutation
is not present among Clydesdale horses, or among other horses exhibiting another
sabino pattern, demonstrating that there are multiple genetic pathways to producing
this phenotype.

Trait inheritance and gene symbol

As noted in the previous paragraph, the genetics of sabino are different in some
breeds. Therefore, the gene for the trait described here was given the name Sabinol
(SB1) as the first gene discovered for the sabino pattern. The gene is an incomplete
dominant identified as SB1, with the absence of sabino identified as sb1. A single
copy of the gene will produce the sabino pattern in a horse. These individuals pos-
sess the characteristic flashy socks and blaze. However, homozygotes (SB1SB1) are
white or near white, while sometimes retaining pigmentation along the dorsal mid-
line (Plate 11). The pattern is unique and distinct from similar phenotypes caused
by the W series of alleles in that sabino alleles do not produce a homozygous lethal
(WW) as W does. For this reason, sabino was given its own symbol, SB1, rather
than using the W symbol, as suggested by precedence in mouse research (Besmer
et al., 1993). The phenotypes and genotypes associated with SB1 are shown in
Table 6.4.
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Table 6.4. Genotypes and phenotypes for the Sabino

(SBT) locus.

Phenotype Genotype
White Sabino SB1SB1
Sabino SB1sb1

Not sabino Sbisbi

Molecular genetics and gene location

The allele responsible for the one type of sabino pattern (SB1) described here was
discovered within the KIT gene on ECA3 (Brooks and Bailey, 2005). A single base
change within the 16%™ intron alters the regulation of exon splicing, resulting in a
proportion of the gene transcripts lacking the 17" exon (see bottom of Table 6.2). As
splicing is not completely disrupted, and even homozygotes retain some transcripts
with the normal sequence, health deficits have not been reported in SB1 horses.

Breeds

SB1 is found in many breeds of horse, from Miniature horses and Shetland ponies, to
mustangs and gaited breeds. This diverse breed distribution suggests that the muta-
tion is ancient. Indeed, the very old roots of this sabino pattern were demonstrated
by the work of Ludwig et al. (2009). By testing samples of DNA from ancient horses,
these authors demonstrated that the SB1 pattern was present in a horse that lived on
the Siberian steppe approximately 5000 years ago.

Clydesdales have a characteristic sabino-type pattern, but SB1 has not been
found in this or in other draft breeds. Clearly, sabino in these breeds has a different
genetic origin, possibly another mutation of KIT, or a consequence of a mutation at
yet another locus.

Roan

The Roan gene produces a silvering effect by mixing white and colored hairs, gener-
ally more so on the body than the head and the lower legs (Plate 12).The roan effect
does not progressively whiten with age as does gray, although often the summer coat
appears lighter than the winter coat. Hair regrowth in areas of skin wounds may not
show the white hair mixture, thus accentuating the appearance of scars (and brands)
in the roan coat.

A wonderful array of names can be used for the color variations produced by the
combinations of roan with the basic colors, but most breed registries limit the
options. In some schemes, “blue roan” may be used as the color term for black,
brown, or bay, with roan and “red roan” used for sorrel or chestnut with roan.
Sometimes, bay with roan is called “strawberry roan”. Other breeds simply register
the horse as “roan”, losing the record of the basic coat color. The presence of the roan
allele is obvious by its silvering effect on coat color, and its inheritance follows a
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dominant pattern. However, a roan-type effect can be produced by other genes,
which sometimes creates confusion in color designations for registration, and in
assigning genotypes. For example, the gene responsible for leopard (LP, appaloosa)
spotting may also produce a mottled roaning effect called varnished roan.

Trait inheritance and gene symbol

Roan is represented by the symbol “RN”. The roan trait has a dominant mode of
inheritance, and the dominant allele is represented by RN, with the recessive allele,
absence of roan, represented as 7. No mutations have been identified for RN, even
though the trait is associated with KIT (Marklund et al., 1999). No commercial tests
exist for detection of the RN gene either.

Homozygous lethal roan

Hintz and Van Vleck (1979) suggested that RN is a homozygous lethal gene after
investigating the registry records for American-bred Belgian Draft horses. They dis-
covered a deficit of roan patterned offspring of roan parents. Mendelian expectations
predict a 3:1 ratio of roan to non-roan offspring; the ratio found by these authors
was closer to 2:1, and consistent with embryonic loss of homozygotes for roan. But
since then, there have been numerous anecdotal reports of homozygous, true-breeding
roan stallions in the USA, Germany, and Japan; published reports of homozygous
roan stallions include those of Geurts (1977), Bowling (2000), and Sponenberg
(2009), particularly in the Quarter Horse. These conflicting accounts may eventually
be explained should more than one RN allele be identified. Phenotypes and genotypes
for the RN allele (showing both the possibility and non-occurrence of homozygous
lethals) are shown in Table 6.5.

Roan variant: rabicano

Many horses have at least a few scattered white hairs, which could occasionally be
confused with the actions of RN. Occasionally, a horse may have a heavy dose of
roaning without having a roan parent to contribute an RN gene. For instance, in
Arabian horses, among over 500,000 historical registrations in the Arabian Horse
Registry of America (AHRA) Stud Book, 290 horses are designated as roan. Some of
the roans are probably misidentified grays (G), particularly in early records. When

Table 6.5. Phenotypes and genotypes for the Roan

(RN) alleles.

Phenotype Genotype
Roan RNrn

Not roan rnrn
Lethal or Roan RNRN
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those with a G or an RN parent are excluded, there are still 73 horses with the roan
designation. Based on the traditional definition of roan as a dominant gene, these
data could be taken to suggest either a very high percentage of pedigree error among
Arab roans, or a significant underreporting of the roan pattern. Parentage verification
through genetic marker testing provides validation of the recent stud book records,
and there is no compelling evidence to support the notion that parentage assignment
would be grossly inaccurate among the older records. If underreporting of the roan
color does occur, it is not likely to be deliberate as most breeders appreciate the tra-
ditional status of this pattern, and welcome its distinctiveness. Therefore, it seems
likely that the action of another, recessive, allele may be creating a roan-like pattern.
This “roaning” pattern is frequently called rabicano.

Compared with the classic roan gene, the rabicano trait is typically an uneven
pattern, heavier on the flanks, and on the barrel, than on the forehand. Other promi-
nent features include white flecking (irregularly shaped, white spots) on the flanks
and belly, between the front and hind legs, and on the sides of the neck near where it
joins the head. Particularly large flecked areas may be underlain with pink skin. The
mixed coat may have a diffuse vertical white striping pattern reminiscent of brindling
in dogs or cattle. Often the hair on the top of the tail is white, perhaps with several
rows of prominent stripes across the top of the dock. The rabicano trait is not con-
fined to Arabians, but is found in many breeds, including Thoroughbred horses and
Quarter Horses. The inheritance of rabicano has not been defined.

Molecular genetics and gene location

The gene coding for RN appears to be on ECA3, near or within the KIT gene.
Sequencing KIT exons did not reveal the mutation responsible for RN, but the studies
did demonstrate that RN might be a mutation within or nearby the KIT gene
(Marklund et al., 1999). Per se, this result also suggests that RN is part of the genetic
series including Tobiano, White, and Sabino, and may be listed in Table 6.2. As
already noted, no commercial tests exist for detection of the RN gene.

Breeds

The RN allele is found in such diverse breeds as the Quarter Horse, Peruvian Paso,
Paso Fino, Welsh pony, Miniature, and Belgian. The term “roan” is used for the
assigned color in stud book and racetrack descriptions of some Thoroughbreds with
bay and grey, as a way to distinguish them from those with chestnut and grey, thus
contributing to confusion about the definition of “roan”. Roan is recognized as a
color in the Arabian stud book, but in this breed an extensive interspersed white hair
pattern may be due to another gene or genes.

We may discover that RN is not the result of a single mutation in a single
gene, but occurs as a consequence of different mutations in different breeds, like
the W allele series. This would be consistent with the nature of KIT mutations,
and would explain the subtle phenotypic differences that are found, such as rabi-
nico. Furthermore, it might explain why some RN alleles are homozygous lethal
and others may be viable as homozygotes: mutations such as deletions would
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destroy KIT protein production, while missense mutations might produce the
roan phenotype and also allow the production of KIT protein. The former case
would result in an embryonic lethal, whereas the latter case could result in a
viable pregnancy.

Summary

KIT mutations play a key role in producing white spotting patterns in horses.
However, not all white spotting patterns in horses are products of the KIT locus. The
next few chapters describe the genetics of the traits gray, overo, splashed white and
leopard, all of which are encoded by genes elsewhere in the genome. Nevertheless, the
diversity of mutations and phenotypes that occur associated with KIT are remarka-
ble. The association of KIT with white spotting is not confined to horses, of course,
and we draw on a remarkable body of knowledge about the genetics of KIT and
melanogenesis in other species, and especially from studies in mice (Geissler ez al.,
1988; Besmer et al., 1993; Johansson Moller et al., 1996). As noted above, we still
have not identified the mutations responsible for sabino in draft horses, nor the muta-
tions for roan patterns. The work of Marklund et al. (1999) indicated that at least
one of the RN mutations is associated with KIT, but it remains possible that muta-
tions in other genes can create the roan phenotype — or the sabino phenotype of
draft horses.
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7 Gray

Everyone is familiar with the progressive changes of human hair color in which the
hair color of youth is replaced with gray or white. Horses show a similar phenom-
enon of hair silvering, although it occurs at a proportionately much younger age
than in people. A young horse that has the progressive graying allele can be born
any color. In the popular literature, the birth color of grays is often said to be
black, but that is not true for all breeds. The birth color of a gray horse is a func-
tion of the alleles of the other coat color genes of that individual, particularly
Agouti and Extension. For example, most gray Arabians are born bay or chestnut,
not black.

The Gray Trait

Soon after birth a foal going gray will begin to show intermixed white hairs that
proportionally increase in number with age. The rate at which this change will
occur is dependent on a number of factors, primarily the base coat color.
Chestnut (ee) base color horses will acquire white hairs at a much faster rate
than darker base color horses (Rosengren Pielberg ef al., 2008). Other unknown
heritable factors also impact the rate of pigmentation loss and are unique to
some breeds. For example, the Arabian horse stud book records made on the
basis of foal colors at about 6 months of age will often accurately reflect the gray
color of the mature horse. In contrast, this same determination is not always
possible at 6 months of age in other breeds such as the Thoroughbred. At inter-
mediate stages, many gray horses show a dappling pattern of light gray hair
splotches surrounded by dark gray rings. The knees, hocks and fetlocks may be
obviously dark gray, a character usually retained for longer than dappling. At
maturity, the hair coat will be a clear gray (it appears as a “pure” white horse
with dark skin; see Plate 13) or gray with colored speckling (“flea-bitten” or
“mosquito-bitten”). Some chestnuts going gray proceed through a stage known
as “rose gray”. “Dun-like” markings, often faint in other colors, may be quite
prominent in intermediately gray foals.

Care must be taken during the registration process to distinguish those white
markings on a gray horse that have underlying pink skin from those that do not.
Particularly around the face, white markings may not be accompanied by pink skin,
and in a mature gray horse such markings will no longer be visible. White spotting
patters such as tobiano, overo and appaloosa may not be readily visible as a coat
pattern in a mature gray horse, but can be seen as pink skin patterns, particularly
when the hair is wet.
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Trait inheritance and gene symbol

The locus symbol for the Gray gene is G, and the dominant allele for Gray is desig-
nated G, while the recessive allele for non-gray is g. A gray horse will be either GG
or Gg (Table 7.1). It is not possible to tell by looking at the horse whether it is
homozygous for G. A horse without the Gray gene is symbolized as gg. Gray inter-
acts epistatically with all other coat color genes except white, obscuring their actions
so that it is difficult or impossible to determine by looking at a gray horse what other
coat color genes it possesses.

The earliest indications of the presence of the G allele can be seen by careful
study of the head of a young foal, particularly around the eyes. Later, the horse will
have a mixture of white and dark hairs throughout the body, a stage that can easily
be confused with roan. Foals with the G allele are frequently born with a much
darker base color than their not-gray counterparts. For example, the foal coat of a
chestnut is often a light fawn color, which is particularly evident on the legs, but will
later shed to produce the darker adult shade. Newborn chestnut foals carrying a Gray
allele appear to possess the dark chestnut color of an adult but will later lose this hue
during the change to gray. The foal coat darkening effect of G- appears to affect all
base colors. Bay foals also typically have fawn-colored hair on their legs, which sheds
to produce black. In bay foals that are going to be gray, the legs are black at birth.
Black horses with G are born a shiny black, rather than the more typical mouse-gray
foal color of blacks.

As gray color is produced by the action of a dominant gene, at least one parent
of a gray horse must be gray. If a gray horse does not have a gray parent, then the
purported parentage is likely to be incorrect (Trommershausen-Smith et al., 1976).
A foal with two gray parents has at least a 25% chance to be homozygous for gray.
Homozygous grays, as with other dominant alleles, should only have gray offspring.
When an apparent exception occurs in the stud book, usually it is found that the
horse is gray but the owner did not recognize the color when filling out registration
forms and failed to notify the stud book in time to change the published color.

The color nomenclature for gray can be confusing. In the case of the Thoroughbred
stud book, grays born chestnut are customarily registered as “roan”, while grays
born dark bay, brown or black are registered as “gray”. Bays with G— may be called
either “roan” or “gray”, depending on how conspicuous is the red hair component.
(The classic roan gene, per se, is not found in Thoroughbreds.)

The incidence of speckling (“flea-bites”) varies greatly among individuals and
breeds possessing the gray allele. No genetic analysis for independent inheritance for
the speckling trait in grays has been reported. However, the gray genotype does seem
to have a considerable impact on the appearance of speckles. Horses that are GG
homozygous usually do not possess speckles once the graying process is complete.

Table 7.1. Genotypes and phenotypes for the Gray

gene.
Phenotype Genotype
Gray Gg, GG
Not gray ag
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Most speckled horses are Gg heterozygous. Alleles that are common only to certain
breeds may also play a part as breeds in which gray is rare (so most horses are hete-
rozygous), and these usually do not possess speckles. Likewise, a non-flecked hete-
rozygous gray bred to a gg (not-gray) may have flecked gray offspring. This situation
suggests that speckling is a trait separate from gray, yet interacts with the gray allele.

Gray horses are also susceptible to a progressive loss of pigmentation in the skin
known as vitiligo. This depigmentation occurs around the eyes, mouth, and anus, and
although it is frequently considered unattractive, it is not a health risk. This can be a
frustration to owners because in some horses the condition disappears and in others
it persists. As with melanomas, vitiligo depigmentation is also occasionally seen with
other colors, but it is more often associated with gray. Vitiligo may be a hereditary
trait genetically independent of Gray, but which may interact (epistatically) with the
Gray gene.

Molecular genetics and gene location

The gene for Gray was mapped to ECA25 independently by three research groups
(Henner et al., 2002; Locke et al., 2002; Swinburne et al., 2002). The duplication of
4200 bp of sequence within an intron of the STX17 gene was subsequently shown to
cause G (Rosengren Pielberg er al., 2008). Consequently, there is a commercially
available DNA test for Gray.

Gene function

STX17 is a member of the syntaxin protein family, a group with important functions
in the targeting of vesicles and membrane trafficking. Although the expression of
both STX17 and a neighboring gene, NR4A3, is increased by presence of the G dupli-
cation, neither gene offers a simple explanation for how this change led to the gray
phenotype (Rosengren Pielberg er al., 2008). Subsequent experiments examining the
sequence of the duplication revealed that it possessed regulatory sequences specific to
melanocytes and acting on the neighboring NR4A3 gene (Sundstrom et al., 2012).
Additional research is needed, but as NR4A3 is important for regulating the cell
cycle, it now seems likely that upregulation due to the G duplication could cause
exhaustion of the melanocyte population in the hair follicle (leading to pigment loss
with age), and overgrowth of some melanocyte populations in the skin (resulting
in tumors).

All gray horses have this particular mutation. While we have the DNA sequence,
we still do not know why horses become gray at different ages, or exhibit the diver-
sity of secondary characteristics described above. These other characteristics may be
the result of yet other genes acting in concert with Gray.

Breeds

Gray occurs in breeds throughout the world, including ponies, riding horses and draft
horses. It is the predominant, but not exclusive, color in a few breeds (e.g. Andalusian,
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Kladruber, and Lipizzaner). This widespread breed distribution suggests a fairly
ancient origin for the gray color.

Health concerns

Gray horses are susceptible to a particular type of tumor that, although it originates
with pigment-producing melanocyte cells, is not caused by exposure to the sun as are
most human melanomas. In this case, the duplication responsible for the gray color
may also alter the regulation of the cell cycle in dermal pigment cells, resulting in
overgrowth and the development of tumors. Equine melanomas in non-gray horses
are very rare. The tumors are most commonly seen around the tail or the head, but
are occasionally found internally in any organ system. Gray horse melanomas are
benign, but may be disfiguring and can lead to loss of use of the associated body part
if the tumor causes discomfort or becomes ulcerated (Seltenhammer et al., 2003).
Internal tumors can be life-threatening if they interfere with vital organ function.
Gray horses that also possess the Agouti (aka ASIP) genotype aa (black) are more
likely to develop melanoma than those with Aa or AA (Rosengren Pielberg et al.,
2008). The ASIP genotype does not alter the rate of melanoma development in gray
horses with the chestnut (ee) genotype, owing to the loss of MCIR function (and
black pigmentation) conferred by the e (Extension) allele.
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Frame Overo and
Splashed White

The nomenclature for white spotting in horses varies from region to region, influenced
by the language and patterns in local horse breeds. Overo (“bird's egg pattern”) is the
term used in South America for a pattern that is often called sabino in North America.
In the British Isles, terms are less discriminating and “painted”, “piebald”, “coloured”,
and“skewbald” can include tobiano patterns as well as overo-type patterns. Thus,
there is significant variation in the terms used to describe these patterns, which often
have no relationship to the underlying genetic mechanisms. Indeed, breeders generally
appreciate that the patterns are hereditary but complex. Only when specific patterns
are identified accurately in families or in breeds can the genetic basis be investigated.
In this chapter, the genetic bases are described for two well-known white spotting
patterns: frame overo and splashed white.

Frame Overo

The overall impression of a frame overo is that of a colored horse with white patches
(Plate 14). Pink skin underlies the areas of white. The eyes are usually brown, but one
or both may be blue or partially blue. The frame overo pattern is obvious at birth and
does not change significantly over the lifetime of the horse. The American Paint Horse
Association (APHA) is one of the breed registries that is based on spotting patterns.
To be registered as an “overo” Paint, a horse must meet APHA pedigree and
requirements for white markings. The APHA describes the characteristic “overo” pat-
tern features as follows:

® The white usually will not cross the back of the horse between its withers and its
tail.

® Generally, at least one and often all four legs will be of the dark color.

®  Generally, the white is irregular, rather scattered or splashy. It is often referred to
as calico.

® Head markings are predominantly white; often bald, apron or bonnet faced.

® An overo horse may be either predominantly dark or white. (The darker color is
more common.)

® The tail is usually one color.

The above characteristics also encompass a broad variety of patterns. Among
APHA’s Paint horses, the most prominent and distinctive overo pattern is that of
frame overo, in which the dark color typically occurs along the topline, chest, legs,
and tail, with white occurring in a horizontal motif on the body, accompanied by
substantial white face markings.

© E. Bailey and S.A. Brooks 2013. Horse Genetics, 2nd Edition 69 ]
(E. Bailey and S.A. Brooks)



Overo can occur with any coat color (sorrel overo, bay overo, palomino overo,
dun overo, black overo, and so on), and with other patterns.“Tovero” is used to
describe the tobiano and overo composite; however, at the same time, tovero is often
used to include composites of tobiano with a wide range of white patterns, including
sabino, frame overo, and splashed white. A horse with genes for both patterns usually
has more white area than colored area. Overo can also occur in combination with
various appaloosa spotting patterns, but neither the Paint nor Appaloosa breed
allows the registration of overo/appaloosa spotting blends.

Some people see tobianos as white horses with dark patches, and overos with the
opposite scheme. In minimally marked tobianos, the white body markings generally
appear as vertical stripes, but in overos the white patches more often show a horizon-
tal spreading. Exceptions to these generalizations occur often, particularly when
multiple spotting genes occur in one horse.

Notably, individuals carrying a frame overo allele do not always express the
spotting pattern. This phenomenon is known as reduced penetrance; a special case
in which the phenotype is not always expressed even when the allele is present.
The degree of phenotypic penetrance may depend on the action of epistatic and
modifying loci. In the case of the frame overo, incomplete penetrance can lead to the
misclassification of individuals as solid or breeding stock and, occasionally, the
appearance of an overo lethal white syndrome-affected foal from a “solid” colored
parent (Lightbody, 2002).

Trait inheritance and gene symbol

The locus symbol for the Frame Overo gene is “O”, but different texts have also used
“Ov”, “OV”, “FR” and “FrO”. The phenotypes and genotypes associated with the
Frame Overo are shown in Table 8.1. The symbol “O” is used to designate the domi-
nant allele responsible for the frame overo pattern, and the absence of the allele is
designated as “0”. However the gene action is more accurately described as incom-
plete dominance because there is a clear difference between homozygotes and hete-
rozygotes for O. Individuals with one copy of O display the distinctive frame overo
pattern described above. Individuals with two copies of O exhibit the lethal condition
of overo lethal white syndrome (OLWS). As described below, foals homozygous for
O are viable through pregnancy but at birth appear almost completely white and
exhibit multiple developmental abnormalities. Such foals die shortly after birth.
(A description of this tragic disease can be found below.)

Confusion resulting from the generic use of the term “overo” may lead to unnec-
essary euthanasia of white foals resulting from parents with overo-type or overo-like
patterns. Sabinol (see Chapter 6), for example, is sometimes referred to as overo-type

Table 8.1. Genotypes and phenotypes for the O
(Frame Overo) allele.

Phenotype Genotype
Non-overo 00

Frame overo Oo
Overo lethal white syndrome (OLWS) 00
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pattern, but in stark contrast, homozygotes for SB1 are healthy white foals. O is a
homozygous lethal gene while homozygotes for SB1 and CR (cremello) have similar
phenotypes but are viable and healthy.

Molecular genetics and gene location

Several research groups have mapped the Frame Overo gene to ECA17 and identified
a missense mutation in the EDNRB gene that is responsible for both the frame overo
pattern and OLWS (Metallinos et al., 1998; Santschi et al., 1998; Yang et al., 1998).
The dinucleotide change resulting from the O mutation switches an amino acid from
isoleucine to lysine in the genetic code of the endothelin receptor type B gene
(EDNRB), and disrupts its function. EDNRB is located at chr17:50,604,167-
50,625,930 in the EquCab2 genome assembly. As frame overo patterns can appear
similar to other inherited patterns, testing for the mutation in EDNRB is the best way
to be confident that the color pattern seen actually is frame overo. The O allele is eas-
ily detected, and a suitable genetic test is widely available. This test is applicable for
unambiguously identifying carriers of the frame overo allele, as well as diagnosing
suspected cases of OLWS.

Gene function

As noted above, the switch from isoleucine to lysine caused by the dinucleotide
change in O disrupts the function of the EDNRB gene, and the resulting changed
endothelin receptor type B protein is unable to fulfill its usual role. Under normal
conditions, this function is important in the signaling for several types of neural
crest-derived cells, including melanocytes and a specialized subset of nerve cells in
the digestive tract (intestinal ganglia). Mammalian pigment cells (melanocytes) origi-
nate in the neural crest region of the early embryo and migrate during later develop-
mental stages to populate selected areas throughout the body. Signaling through the
EDNRB system is just one of many biological pathways that contribute to this
migration. The loss of some EDNRB signaling in Oo animals results in the failure of
melanocytes to fully migrate and reach certain areas of the body, thereby creating
the visible overo pattern. Melanocytes are entirely lacking in the skin of foals
affected with OLWS (Lightbody, 2002). Although intestinal ganglia precursor cells
also rely on EDNRB signaling to migrate, in Oo horses they seem to complete their
migration sufficiently to provide normal gut function. However, in OO horses, the
loss of EDNRB signaling completely prevents migration, leading to a loss of gan-
glion cells and gut function.

Breeds

The frame overo pattern seems to occur in breeds worldwide, although it is not as
common as the sabino patterns. It is frequently observed in the American Paint
Horse, Pinto, American Mustang and American Miniature Horse. The O allele also
exists in the Thoroughbred breed, although it is very rare.
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Health concerns

Frame overos with blue eyes and extensive white areas on the face can be sensitive
to the sun and owners report that these horses actively seek protective shade in sum-
mer (photophobia). Pink-skinned areas of the face, as with any pattern of depigmen-
tation, are susceptible to sunburn and may require extra protection when they are
turned out.

Occasional blue-eyed white foals (or nearly white foals with a few colored spots
about the muzzle, ears, or tail) from overo-type parents have been noted for dec-
ades (Smith, 1977; Hultgren, 1982; Vonderfecht ef al., 1983). Nearly all show
symptoms of intestinal discomfort within a few hours of birth, similar to the signs
in a foal with retained meconium. Neither medication nor surgery is successful in
overcoming the blockage. These foals cannot pass food through the digestive tract,
either because of the lack of intestinal ganglia that control the peristaltic muscle
actions of the gut or, more rarely, because of missing sections of the intestinal tract
(ileocolonic aganglionosis). The disease is termed overo lethal white syndrome
(OLWS). Nearly all affected foals are the products of the mating of phenotypically
frame overo parents, but a rare few exceptions are reported, especially in cases of
incomplete penetrance. The association of a neurological defect with a conspicuous
and unusual pigment pattern is encountered in several other species. This results
from the shared signaling pathways of migratory cells that originate from the same
neural crest area during embryological development, in this case nerve cells (gan-
glia) and pigment cells (melanocytes).

Based on our knowledge of the inheritance of O, the likelihood of producing a
frame overo or OLWS foal is simple to predict. Crossing an oo, non-overo, horse
with an Oo, frame overo, mate will result in 50% of off spring bearing the Oo geno-
type (and the frame overo pattern) and 50% bearing oo (non-overo). In the case of
two Qo parents, the result can be illustrated by a Punnett square (Table 8.2). The
three genotypic classes fit a model of O as a dominant gene, with lethal effects in the
homozygous condition. This model predicts that 25% of foals will be affected by
OLWS. Notably, in the case of frame overo it does not pay off to cross “like to like”.
In each case a maximum of 50% of foals will carry the desirable frame overo pat-

tern, but in mating two frame overo parents one out of four offspring will be
lost to OLWS.

Table 8.2. Predicted genotypes for a cross of two heterozygous frame overo (Oo) horses.

) o Genetic contribution from Oo stallion
Genetic contribution

from Oo mare Offspring characteristic (0] o

(0] Offspring genotype (00 Oo
Offspring phenotype oLwsa Frame overo
Proportion of offspring 25% 25%

o) Offspring genotype Oo 0o
Offspring phenotype Frame overo Non-overo
Proportion of offspring 25% 25%

a0LWS, overo lethal white syndrome.
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Researchers seeking to identify the gene responsible for OLWS began with a
similar condition in humans: Hirschsprung disease (aganglionic megacolon). This
condition is due to many different mutations in the EDNRB gene. Hirschsprung
disease differs from the horse problem in that it does not frequently involve a pigment
disorder and can often be surgically corrected (Puffenberger et al., 1994). The spotted
lethal rat and piebald mouse also provide excellent models for frame overo, as both
are characterized by spotting patterns and megacolon resulting from EDNRB
mutations.

A lethal intestinal defect similar to that of OLWS has been reported in Clydesdale
foals (Murray et al., 1988; Dyke et al., 1990). The foals, aged 4-9 months, had a his-
tory of lethargy and abdominal distention. The intestinal defect was characterized as
megacolon and microscopic examination of the affected gut showed an absence of
ganglia. This Clydesdale problem is different from OLWS in that the foals were not
white and were not neonates. However, a sabino pattern is prominent in Clydesdales,
so a connection of the intestinal defect to their spotting pattern is a distinct possibility.

Splashed White

“Splashed white” is a spotting phenotype in which the mode of appearance is of a
horse that has been splashed with white paint from underneath (Plate 15). The pattern
is characterized by white patches across the extremities, usually including all four
lower limbs, the belly, and across the face (Klemola, 1933; Sponenberg, 2009). Face
markings often include a broad blaze or bonnet, and blue or part-colored eyes. In con-
trast to the sabino and dominant white alleles of the KIT locus, these white markings
are often contained within crisp borders, and leave the remaining areas pigmented
without speckling or roaning. The quantity of depigmentation is variable in the
splashed white pattern. Some splashed white individuals are very minimally marked,
and the marks can be easily confused with common socks/blaze markings. A heredi-
tary aspect to this condition has been widely accepted.

Trait Inheritance and gene symbol

The symbols SW and Sp/ have been used to represent a putative gene causing splashed
white patterns. However, studies in a Quarter Horse family followed by investigations
of other horses with splashed white led to discovery of two different genes responsible
for some of the splashed white phenotypes (Hauswirth ef al., 2012). Consequently,
genetic designations for the trait need to be made in association with molecular
genetic tests.

One of the genes implicated for splashed white was MITF, whose product is the
microphthalmia-associated transcription factor protein (MITF) (Hauswirth et al.,
2012). The MITF allele that does not cause spotting can be designated MITF+. The
mutations causing splashed white phenotypes are dominant to the wild type MITF
allele. Three mutations of MITF were found to be associated with splashed white:
MITFE-prom1 (spotted, splashed white), MITF-C280Sfs™*20 (spotted, splashed white),
and MITF-N310S (a spotting pattern called macchiato). The allele designations refer to
the molecular changes and, respectively, represent a mutation in promoter 1 (insertion),
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a frameshift (deletion), and a missense mutation altering an amino acid in the MITF
protein. For the purposes of commercial testing MITF-prom1 and MITF-C280Sfs*20
are referred to as SW1 and SW3. As the Macchiato pattern was unique and occurred as
a result of a spontaneous mutation in a single, sterile stallion, it is unlikely to be
observed in other horses, and an abbreviated name has not been given to this allele
(Macchiato). The alleles referred to as SW3 and Macchiato are both very rare, and
homozygotes have not been observed. The genotypes and phenotypes associated with
MITF are shown in Table 8.3.

A second locus found to cause the splashed white phenotype was for the gene
PAX3, whose product is the Paired Box 3 Transcription Factor (Hauswirth et al.,
2012). The normal allele, PAX+, does not cause spotting and is recessive to the domi-
nant allele that causes the splashed white pattern, PAX3-C70Y. For the purposes of
commercial testing, Hauswirth ez al. (2012) referred to this allele as SW2. The geno-
types and phenotypes for PAX3 are shown in Table 8.4.

Healthy, SW1 homozygous horses have been observed, as well as compound het-
erozygotes in combination with the SW2 allele. These individuals have more extensive
white areas than heterozygotes, exemplifying an additive mode of inheritance. The
SW3 allele is very rare, if not unique, and its interaction with other alleles is unknown.
Hauswirth et al. (2012) observed homozygotes for SW1 that were quite healthy but
speculated that homozygotes for SW2 and SW3 would be embryonic lethal combina-
tions based on the effect of similar mutations in mice.

Molecular genetics and gene location

MITF is located at ECA16:20,089,347-20,170,130 in the EquCab2 genome assembly,
while PAX3 is at ECA6:11,340,602-11,431,275. The genes were discovered following

Table 8.3. Genotypes and phenotypes for the splashed white (SW)

MITF locus.

Phenotype Genotype

No splash white MITF+/MITF+

Splashed white (SW1) MITF-prom1/MITF+

Splashed white (SW3) MITF-C280Sfs*20/MITF+

Splashed white (Macchiato) MITF-N310S/MITF+

Extensive splashed white MITF-prom1/MITF-prom1

Not observed (lethal?) MITF-C280Sfs*20/MITF-C280Sfs*20
Not observed MITF-N310S/MITF-N310S

Table 8.4. Genotypes and phenotypes for the splashed white (SW2)

PAX3 locus.

Phenotype Genotype

No splashed white PAX3+/PAX3+

Splashed white (SW2) PAX3-C70Y/PAX3+

Not observed (lethal?) PAX3-C70Y/PAX3-C70Y
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a genome-widescan in a Quarter Horse family segregating for splashed white, which
implicated genes in these regions of ECA6 and ECA16. In these two regions, MITF and
PAX3 were obvious candidate genes because they caused similar phenotypes in mice
and people. Sequencing horses with splashed white in different breeds led to discoveries
of the different mutations that are involved.

Gene function

The MITF gene produces the microphthalmia-associated transcription factor, which
is a protein signal responsible for triggering the transcription of genomic DNA into
RNA in a number of genes, usually in response to a developmental or environmental
trigger. One of the many targets of MITF is KIT (see Chapter 6), which important for
melanocyte development. Therefore, it seems likely that, as in other species, these
alleles disrupt the production of KIT receptors, and hence the migration and matura-
tion of melanocytes.

PAX3 belongs to another highly conserved family of transcription factors
required for the development of multiple tissue types. It has been shown to act as both
a transcriptional activator and a repressor by binding with different proteins. PAX3
also regulates the genes involved in melanocyte development, one of which is MITF,
as well as genes involved in pigment synthesis (among others).

Breeds

The American Quarter Horse, Paint horse, Icelandic horse, Shetland pony, Miniature
horse, Shire, Clydesdale, Gypsy Vanner, and Welsh pony all exhibit patterns described
as splashed white. The MITF-prom1 allele appears to be distributed among diverse
breeds and may have an ancient origin. This allele was found in 58 American Quarter
Horses and Paint horses, 11 Icelandic horses, a Shetland pony, and a Miniature horse.
The other three mutations appear to be of more recent origin.

Pedigree studies have indicated that PAX3-C70Y (SW2) originated in a Quarter
Horse mare born in 1987. As such, the allele is unlikely to be found in breeds unre-
lated to the Quarter Horse. MITF-C280Sfs*20(SW3) appears to be very rare and
possibly restricted to Quarter Horses. MITF-Macchiato was a spontaneous mutation
found in a Franche-Montagne horse, and is probably unique in the world to that
individual, especially as the mutation may have caused the sterility of that horse.

Health concerns

Deafness, only rarely identified in horses, may also be occasionally associated with
splashed white, especially in horses that are mostly white, but much more work is
needed to substantiate the anecdotal reports of deafness in overos, and to determine
the incidence of hearing loss and whether it is associated with a specific white pattern.

Waardenburg’s syndrome, another human disease with a distinctive pigment dis-
tribution (white forelock) is associated with deafness, and one form of this syndrome
has been mapped to the human homolog on chromosome 2 of the mouse PAX3 gene
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(Baldwin et al., 1992). The mouse spotting pattern trait splotch is also assigned to the
PAX3 locus. Another form of Waardenburg’s syndrome is on human HSA3, at a site
homologous to the mouse microphthalmia (i) gene, associated with white spotting
and hearing loss (Tassabehji et al., 1994). Deafness is also associated with white color
or spotting patterns in cats, Dalmatians and dogs homozygous for the merle pattern.
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Leopard (Appaloosa) Spotting

Leopard Spotting

Leopard complex spotting is the name for the spotting pattern of the Appaloosa horses
of the USA, Knabstruppers of Denmark, Norikers of Austria, and many pony breeds
from around the world. The pattern is named after one of the distinctive patterns,
called “leopard”, that is produced by the Leopard Complex gene (LP). The leopard
pattern is composed of dark, oval spots on a white background which extends to cover
most of the entire horse. Plate 16 shows an image of a horse with the leopard pattern.

The diversity of phenotypes associated with the LP gene is quite extensive and
this is why it has been termed the leopard complex. The spotting patterns can range
from a sprinkling of a few white hairs on the rump to an almost completely white
coat. The patterns go by such names as white specks on the rump, lace blanket, spot-
ted blanket, snow cap blanket, leopard, and “fewspot leopard” (Bellone et al., 2008);
some of these are illustrated in Plates 17-19. In general, the patterns are associated
with the white distributed symmetrically and centered over the hips, and dark spots
of pigment can occur in these white areas. These dark spots are called leopard spots.
In addition, horses with the leopard complex trait will show progressive roaning,
called varnish roaning (Plate 17), as they age, and the extent of roaning varies from
horse to horse. Some of the patterns might be confused with other patterns, especially
sabino or roan, except that roaning occurring as a result of the leopard complex will
not affect pigment on the bony surfaces of the face, hips, and lower legs. In addition,
horses with the trait also exhibit the following additional traits, called “characteris-
tics”: striped hooves, unpigmented sclera around the eye, and mottled pigmentation
around the anus, genitalia, and muzzle (Sponenberg, 2009).

The Appaloosa horses are a famous color breed originating with the Nez Perce Native
Americans of the American Northwest. The name of Appaloosa comes from their origin
on the Palouse River of Idaho and Washington. The extent and popularity of the breed has
led to the popular use of Appaloosa to describe the leopard complex coat color pattern.
However, as noted above, the pattern has a worldwide distribution and may be ancient,
having occurred among horses of the Pleistocene period in Europe (Pruvost et al., 2011).

Trait Inheritance and gene symbol

The Leopard Complex spotting gene (LP) has an incompletely dominant allele (LP)
which is responsible for the presence of the spotting pattern, in contrast to the reces-
sive allele (Ip), which is responsible for the absence of Leopard Complex spotting. All
horses with a single copy of LP can exhibit a coat spotting pattern, progressive roaning,
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Table 9.1. Genotypes and phenotypes for the Leopard Complex (LP) gene.

Phenotype Genotype
Not leopard complex Iplp
Leopard complex and characteristics LPIp
Leopard complex with few to no pigmented spots and LPLP

characteristics, and congenital stationary night blindness (CSNB)

and the other associated characteristics of LP. Horses with two copies of the LP allele
(LPLP) are, however, distinguished by two traits: (i) they have few to no spots of
pigment (leopard spots) in the white regions and thus exhibit the patterns called
“snowcap blanket” or “fewspot leopard” and (ii) homozygotes for the LP allele are
affected by congenital stationary night blindness (CSNB), as described below. The
phenotypes and genotypes for the Leopard Complex gene are shown in Table 9.1.

The diversity of patterns associated with the appaloosa or leopard patterns initially
led to theories that invoked multiple genes to account for the variation in patterns, until
Sponenberg et al. (1990) convincingly demonstrated that a single major gene with
minor gene modifiers was adequate to explain stud book and family data from a variety
of breeds. While LP is the direct cause of the leopard complex phenotype, the extent of
white and the nature of the pattern may be under the control of other, as yet unidenti-
fied, genes (Sponenberg, 2009).

Molecular genetics and gene location

Terry et al. (2004) investigated the co-segregation of microsatellite DNA markers (see
Chapter 11) with genes for appaloosa patterns in several kindred horses (two paternal
half-sib families), and found that the genes that were implicated were on ECAT.
Within the region implicated on ECA1 the authors noted two genes that might influ-
ence pigmentation. The DNA for the protein coding regions of both genes was
sequenced without the discovery of a putative LP mutation (Bellone et al., 2010a). But
when the expression of the two genes was compared in the skin and retina of LP and
Ip horses, the expression of the gene for the transient receptor potential cation channel,
subfamily M, member 1 (TRPM1) was significantly diminished in the skin and retina
among horses known to be homozygous for LP and affected with CSNB. This sug-
gested that TRPM1 was responsible for leopard complex spotting, although the muta-
tion responsible for LP fell within a region regulating the rate of gene expression that
was outside the protein coding portion of the gene. A genetic marker was found useful
for predicting whether or not horses had the LP gene, but that marker was not the
actual mutation (Bellone et al., 2010b; Pruvost et al., 2011). At the time of writing, a
manuscript is in preparation that will identify the specific DNA basis for LP and
CSNB (R.R. Bellone, Tampa, Florida, 2012, personal communication).

Gene function

The product of TRPM1 belongs to a family of proteins thought to be important for
cell migration and signaling through the regulation of calcium ions. TRPMI,
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originally called Melastatinl, was selected as a candidate gene because it was
inversely expressed in malignant melanoma, thus suggesting a role in normal melano-
genesis (Duncan et al., 1998). While its role in melanogenesis is not yet fully eluci-
dated in humans, it has been suggested to be involved in melanin storage (Oancea
et al., 2009). Mice and humans with mutations in TRPM1 have CSNB but no pig-
mentation differences in these animals have been discovered to date.

Breeds

The pattern is found among many other breeds around the world, including
Knabstruppers of Denmark, Norikers of Austria, and many pony breeds from around
the world.

Health concerns

CSNB is an inherited condition of horses shown to be completely associated in
Appaloosa and American Miniature Horses with homozygosity for the LP allele
(Sandmeyer et al., 2007, 2012; Bellone et al., 2008). The condition manifests as
apparently normal vision in full light but greatly diminished vision under low light
conditions. Such horses may appear clumsy or apprehensive when moving around
objects when under low light. However, the eyes do not exhibit abnormal morphol-
ogy, even under microscopic examination. Clinical diagnosis is based on electroreti-
nography examination by veterinary ophthalmologists (Sandmeyer et al., 2007,
2012). TRPM1 controls polarization of the on-bipolar cell, which is the cell respon-
sible for transmitting the signal from the rod photoreceptor cell in the eye under low
light conditions. Thus, the causative mutation in leopard pattern horses is thought
to affect TRPM1 signaling (R.R. Bellone, Tampa, Florida, 2012, personal commu-
nication). Horses with one copy of the LP allele appear to be unaffected. Owners are
often surprised to learn that their horses have CSNB, despite years of working with
them. Horses have excellent memories and learn to compensate for poor night
vision, both by following the herd when moving at night or by memorizing the loca-
tion of objects in paddocks or stalls. To protect these animals, safe fencing should
be used; affected horses should also be kept with pasture mates at night, or in well
light paddocks or stalls; and caution should be exercised when entering a dark barn
or trailer.
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1 0 Putting It All Together:
Color by Design

Horse breeders understood the genetics of coat color long before DNA tests were
developed. The thought occurs: “The color of a horse is apparent just by looking at
it. Why do we need DNA tests?” Actually, there are several specific applications for
these tests:

1. Horses homozygous for a gene will always transmit the gene to its offspring.
This has been particularly useful for breeders of tobiano horses. Tobiano horses
usually look the same, whether they have one or two copies of the gene. Genetic
tests can quickly determine the likelihood of producing tobiano offspring from a
mating by determining whether the horse has one or two copies of TO of the TO
allele.

2. Some color patterns look similar despite distinctive genetic origins. While some
experts can distinguish cream dilution and champagne dilution, the DNA test is
definitive. The overo, sabino, dominant white, and other spotting patterns also can
be difficult to distinguish. We do not have tests for all spotting patterns, but we can
certainly make exclusions or inclusions using the existing tests.

3. Gray will mask the underlying coat color. Genetic tests can determine the potential
of a gray horse to produce chestnut, black, bay, diluted, tobiano, or leopard patterns
with the use of molecular genetic tests.

4. Identification of the molecular basis of a trait will help us to understand the nature
of some associated hereditary diseases, such as overo lethal white (foal) syndrome
(OLWS), homozygous lethal white or homozygous lethal roan, the association of
melanoma with gray, deafness associated with splashed white, and congenital station-
ary night blindness (CSNB) associated with the leopard complex.

5. Identification of the genes responsible for the different patterns will help to iden-
tify other genes that modify those patterns. Considerable work is underway to iden-
tify modifiers of the Leopard Complex gene (Sponenberg, 2009). We have not yet
identified modifiers of the Extension gene leading to the variants popularly referred
to as light sorrel, liver chestnut, or brown.

The preceding chapters are limited in their discussion of coat colors in horses.
Other books and some of the online media do a much better job of describing the
diversity of color patterns (Sponenberg, 2009, for example). Our chapters have
focused on the remarkable, but limited, contributions of molecular genetics to the
understanding of hair color in horses. This information is summarized in Table 10.1.
For example, we now know that dominant white is the product of not one, but many
different mutations. We know that sabino, tobiano, dominant white and roan are
related to each other as different mutations of the same gene (KIT). We know that
sabino has more than one genetic cause (SB1) because the SB1 locus is not responsible
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Table 10.1. Color genes for horses.

Locus Mode of
Locus name Effect on coat color symbol Gene Alleles Mutation inheritance Associated disease
Agouti (bay) Restrict black pigmentto A ASIP A Wild type Dominant None
points a Missense Recessive None
Appaloosa White spotting plus LP TRPM1 Ip Wild type Recessive None
leopard complex (LP) LP Not reported Incomplete Homozygous CSNB,?
characteristics dominant susceptibility to
uveitis
Champagne Dilution of black and red  CH SLC36A ch Wild type Recessive None
Dilution pigment CH Missense Incomplete None
dominant
Cream Dilution Dilution of red pigment CR SLC45A2 cr Wild type Recessive None
CR Missense Incomplete None
dominant
pr Not reported - -
Dominant White  White spotting w KIT w Wild type Recessive None
Wi-wi7z See Table 6.2 Incomplete Some homozygous
dominant lethal
Dun Dilution with black points D Unknown d Wild type Recessive None
and back stripe D Unknown Dominant None
Extension (black  Black and red pigment E MC1R E Wild type Dominant None
and chestnut) e Missense Recessive None
Frame Overo White spotting (0] EDNRB o Wild type Recessive None
(0] Missense Incomplete Homozygous OLWSP
dominant
Gray Loss of hair pigment G STX17 g Wild type Recessive None
with age G Gene duplication ~ Dominant Susceptibility to
melanoma
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Dominant

Recessive
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None

Some homozygous
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None

None

None
None

None

None

Possible
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Possible
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None

Possible
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None
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aCSNB, congenital stationary night blindness.

POLWS, overo lethal white syndrome.



for the sabino pattern seen in Clydesdale horses. We know that depigmentation
caused by the Overo,