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Preface

Fifteen years have passed since publication of the first edition of The Genetics of Cattle. During
this time a deep transformation has occurred in biological sciences. Just two decades ago the
chromosomal location of only a few genes was known in cattle. By 2009 the bovine genome was
sequenced and annotated, and all this information became easily accessible. The consequences of
such an incredible scientific and technological explosion will follow; some of them are still unknown
and others are discussed in this book. All this provides a strong case for the publication of the
second edition of The Genetics of Cattle.

Since domestication more than 10,000 years ago, cattle have played an increasingly impor-
tant role in development of human civilizations around the world. It is not easy to find a country
that does not have a more or less significant population of cattle. The ability to effectively digest
rough plant mass allows cattle to occupy a special ecological position in the global environment.
Cattle have always provided essential human needs like food, clothing, draught, soil improvement
and more, including meeting cultural and religious necessities. The current number of cattle
worldwide exceeds 1300 million and continues to grow.

Traction power was probably the initial reason for bovine domestication, which marked a
turning point in the development of agriculture. Over time, cow’s milk steadily became a sta-
ple source of food in many geographical areas. This process is continuing, and milk, as well
as numerous milk products, is spreading into countries that were not traditional dairy consum-
ers. The total world production of cow’s milk was 600 billion kilogrammes in 2010. Another
valuable product is beef. The worldwide production of beef and veal exceeds 65 billion kilo-
grammes per year.

Progress in cattle breeding and selection over the past century was impressive. Breeding
programmes developed to exploit principles of quantitative genetics, artificial insemination and
embryo transfer. Scientifically designed breeding schemes along with increasing computerization
of the industry were the main causes of the tremendous increase in milk production per cow.
Previously separated, quantitative and molecular genetics have now become a unified approach
in identification of loci underlying important cattle traits (quantitative trait loci). However, lengthy
and convoluted pathways from genes to complex traits affected by numerous factors create sig-
nificant impediments in both theoretical understanding and practical applications.

The purpose of this book is to present in one location a complete, comprehensive and
fully updated description of cattle genetics. It is our intention to combine essential knowledge
from various fields of genetics and biology of cattle in this reference book. The 24 chapters
of the book can be partitioned into five connected sections. The first five chapters cover
systematics, phylogeny, domestication, breeds and factorial genetics of cattle. The next two
chapters provide crucial information about the structure of bovine chromosomes and the
genome, as well as gene mapping in cattle. Chapters 8-10 cover the foundations of immune
response and disease resistance. The following section, Chapters 11-14, discusses genetics
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of behaviour, reproduction and development. Chapters 15-23 are devoted to genetics
applied to cattle improvement. Standard genetic nomenclature for cattle is presented in the
final chapter.

This book is the result of truly international cooperation. Scientists from Australia, Belgium,
Canada, France, Japan, Ireland, Netherlands, the UK and the USA made valuable contributions
to this book. The editors are very grateful to all of them. The authors have made every attempt
to highlight the latest and most important publications in the area of cattle genetics. However, we
realize that omissions and errors are unavoidable and apologize for possible mistakes.

The book is addressed to a broad audience, which includes researchers, lecturers, students,
farmers and specialists working in the industry. The 2nd edition of The Genetics of Cattle is the
latest book in a series of monographs on mammalian genetics recently published by CAB
International. Two other recent books, The Genetics of the Pig (2011) and The Genetics of the
Dog (2012) are based on similar ideas and have comparable structure.

It is our hope that this book will be useful to many people throughout the world interested in
cattle genetics. Perhaps it will support consolidation and further progress in this field of science
and its implementation in order to advance practical agriculture.

Dorian J. Garrick
Anatoly Ruvinsky
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Introduction

Cattle belong to the subtribe Bovina, a taxo-
nomic group represented by a single genus,
Bos, which contains six wild species that were
widely distributed in the Palearctic, Nearctic
and Indomalayan regions during the Late
Pleistocene and Holocene epochs (Plate 1):
(i) Bos primigenus — aurochs (now only repre-
sented by domestic forms, humpless cattle
and humped cattle or zebu); (ii) Bos bison —
American bison (in the western half of North
America) and European bison (reintroduced in
Poland and a few adjacent countries); (iii) Bos
gaurus — gaur (in India and mainland Southeast
Asia); (iv) Bos javanicus —banteng (in Southeast
Asia); (v) Bos mutus — yak (throughout the

© CAB International 2015. The Genetics of Cattle,
2nd Edn (eds D.J. Garrick and A. Ruvinsky)

Tibetan Plateau); and (vi) Bos sauveli — kouprey
(formerly in northern and eastern Cambodia and
adjacent countries). The present classification
differs from that of the IUCN (2012) by the fact
that American and European bison are not con-
sidered as two separate species of the genus
Bison, but are treated as two subspecies of Bos
bison (see below for details).

The most fascinating aspect in the evolution
of Bos is that four species have been domesti-
cated since the Neolithic period: B. primigenius,
B. mutus, B. javanicus and B. gaurus. Today,
there are more than 1.5 billion cattle and zebu
around the world (FAO, 2011), 14 million
domestic yaks in the Tibetan Plateau and
adjacent Asian highlands (Leslie and Schaller,
2009), 2.6 million Bali cattle, a domesticated
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banteng of Indonesia (Martojo, 2012) and more
than 100,000 mithun (or gayal), a domesticated
form of gaur found in the hill regions of
Bangladesh, Bhutan, northeast India, Myanmar
and China (Simoons and Simoons, 1968;
Mondal et al., 2010). Domestic cattle provide
an important part of the food supply for many
of the world’s people, either as livestock for
meat or as dairy animals for milk. In many rural
areas, they are still used as draught animals.
Before the Neolithic period, populations of wild
cattle were very successful and widely dis-
tributed across Europe, North Africa, Asia and
North America (Plate 1). Today, domestic forms
are present on all arable land on Earth, whereas
wild species are restricted to small and isolated
populations in a few countries. The aurochs,
Bos primigenius, which was the ancestor of
most breeds of domestic cattle, became extinct
in 1627 (Van Vuure, 2005). Field scientists have
not reported a living specimen of kouprey
(B. sauveli) in Southeast Asia since the 1980s,
suggesting that it is also extinct ((UCN, 2012).

Despite the obvious importance of cattle
in the emergence and development of human
civilizations, several aspects of their evolution-
ary history still remain poorly understood.
In this chapter, [ review the systematic position
of the genus Bos, give a brief description of
wild species and discuss ancient and recent phy-
logenetic hypotheses of interspecies relation-
ships. I also propose a biogeographic scenario
explaining their past and current geographic
distributions.

Systematic Position of the
Genus Bos

Cattle belong to the order Cetartiodactyla
(Fig. 1.1), which is the second most diversified
order of large mammals after Primates (IUCN,
2012). Members of this taxonomic group were
originally divided into two different orders: Artio-
dactyla and Cetacea (e.g. Wilson and Reeder,
2005). Artiodactyls are even-toed ungulates
including ruminants, pigs, hippos and camels.
They were originally present on all continents,
except Antarctica and Australasia, and most
domestic livestock come from this group, includ-
ing cattle, sheep, goats, pigs and camels. They

are characterized by two main limb features:
a paraxonic foot, which means that the axis of
the limb support passes between the third and
fourth digits; and in the ankle, the astragalus is
‘double-pulleyed’, i.e. with a trochlea for the
tibia and an opposing trochlea for the navicular,
which enhances hind limb flexion and exten-
sion and allows very limited lateral rotation of
the foot. Cetaceans include whales, dolphins
and porpoises. All are marine animals except
a few species of freshwater dolphins. The com-
mon ancestor of Cetacea acquired many adap-
tations for an aquatic life, such as a fusiform
body, forelimbs modified into flippers, no
hindlimbs or rudiments and a tail fin (fluke) used
for propulsion (Muizon, 2009; Uhen, 2010).

Molecular studies have recovered a sister-
group relationship between cetaceans and hip-
pos, indicating that Artiodactyla is paraphyletic
(Irwin and Arnason, 1994; Gatesy et al., 1996;
Montgelard et al., 1997). In addition, they have
shown that Ruminantia, Cetacea and Hippopot-
amidae form a clade named the Cetruminantia
by Waddell et al. (1999) (e.g. Shimamura
et al., 1997; Gatesy et al., 1999; Hassanin
et al., 2012). To render the classification
compatible with the molecular phylogeny,
Montgelard et al. (1997) proposed to place all
species of Artiodactyla and Cetacea into the
same order, called Cetartiodactyla. After sev-
eral years of controversy between molecular
biologists and morphologists, a paraxonic foot
and a double-pulley astragalus were found in
Eocene whales (Gingerich et al., 2001), con-
firming that cetaceans evolved from terrestrial
cetartiodactyls.

Cattle belong to the suborder Ruminantia
(Fig. 1.1), which is the most diversified group
of Cetartiodactyla, with 214 species related
to goats, sheep, deer, pronghorn, giraffes and
chevrotains. Ruminants are herbivores, which
are primarily defined by rumination, i.e. the
digestion is done through a process of regurgi-
tation, rechewing and reswallowing of foregut
digesta (Mackie, 2002). Since this process
greatly facilitates the digestion of plant fibres, it
is clear that rumination largely explains the
evolutionary success of ruminants. All rumi-
nants are able to digest cellulose through the
enzymes produced by various microorganisms
(bacteria and eukaryotes, such as ciliates and
fungi) that are contained in the rumen, the most
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Fig. 1.1. Systematic position of the genus Bos. The tree is a chronogram, which means that branch
lengths are proportional to divergence times. A time scale is provided at the bottom. Divergence times
were deduced from the molecular studies of Meredith et al. (2011) and Hassanin et al. (2012). The
number of species is indicated on the nodes for higher taxa, and between round brackets for terminal

taxa (data extracted from IUCN, 2012).

developed compartment in their stomach.
The ruminant stomach is composed of three
other compartments: the reticulum, omasum
and abomasum. The reticulum retains particles
larger than 1 mm in the rumen (Zharova et al.,
2011). The main function of the omasum
remains little known, but it filters particles
depending on their size, serves as a suction
pump controlling the flow of digesta (liquid and
particles) between the reticulum and abomasum,
facilitates the reabsorption of water, volatile
fatty acids, ammonia, sodium, potassium and
carbon dioxide, and participates in fibre diges-
tion (Hackmann and Spain, 2010). The last

compartment, the abomasum, corresponds to
the glandular stomach: secreting acid, its func-
tion is very similar to that of the stomach of
monogastric mammals such as humans.
Ruminants have well-adapted teeth charac-
terized by the presence of an incisiform lower
canine, which is adjacent to the lower incisors,
and a horny pad that replaces the upper inci-
sors. All modern and fossil representatives of
the group are diagnosed by an osteological auta-
pomorphy, which corresponds to the fusion of
the cuboid and navicular bones in the tarsus.
Molecular studies have confirmed the monophyly
of Ruminantia, as well as the major division
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between Tragulina and Pecora (Hassanin and
Douzery, 2003; Matthee et al., 2007,
Hassanin et al., 2012). The infra-order Tragulina
is represented by only a few species of chevro-
tains, which are found in tropical forests of the
Old World. The infra-order Pecora contains all
other families, i.e. Bovidae (see below), Cervidae
(deer), Moschidae (musk deer), Giraffidae (giraffes
and okapi) and Antilocapridae (pronghorn).
According to the most recent estimations
(Hassanin et al., 2012), Pecoran families
diverged rapidly from each other at the
Oligocene/Miocene boundary, between 27.6 +
3.8 Ma and 22.4 + 2.4 Ma. During the Early
Miocene, most habitats in Western Europe and
Africa were forested; whereas those of Eastern
Europe, Asia and North America were more
open (Prothero and Foss, 2007). The spread
of open habitat grasses at the Oligocene/Miocene
was promoted by a global environmental change,
when the warming Late Oligocene was inter-
rupted by a brief but deep glacial maximum at
the Oligocene/Miocene boundary (Stromberg,
2005). All these paleoecological data suggest
that the emergence of modern pecoran families
took place in the northern hemisphere, most
probably in Eastern Eurasia. Then, the families
dispersed and diversified rapidly: Antilocapridae
and a group of extinct Moschidae (Blastomery-
cinae) entered into North America; Cervidae
and other Moschidae stayed in Eurasia; Bovidae
and Giraffidae appeared suddenly throughout
the Old World (Prothero and Foss, 2007).
Cattle belong to the family Bovidae
(Fig. 1.1), which is the most successful family
of the suborder Ruminantia (139 species).
Bovids are characterized by the structure of the
horns. Present in all males and sometimes
females, these consist of a permanent bone core
covered by a non-branched and non-deciduous
sheath of keratin. Wild representatives of
the family are found on all continents except
Australia, Antarctica and South America. Most
older classifications recognize between five
and eight subfamilies within the Bovidae (e.g.
Simpson, 1945; McKenna and Bell, 1997,
Wilson and Reeder, 2005), but molecular stud-
ies have concluded there exists a major division
within the family Bovidae, separating the sub-
family Bovinae from all other species of Bovidae
(Hassanin and Douzery, 1999a, b; Matthee and
Robinson, 1999; Matthee and Davis, 2001;

Ropiquet et al., 2009; Hassanin et al., 2012).
This result is consistent with the taxonomic view
of Kingdon (1982, 1997), who defined only two
bovid subfamilies on the basis of morphology
and behaviour: on the one hand, the subfamily
Bovinae includes the three tribes Bovini (cattle,
buffaloes and saola), Boselaphini (nilgai and four-
horned antelope) and Tragelaphini (bongo,
eland, bushbuck, kudu, nyala and sitatunga);
on the other hand, the subfamily Antilopinae
includes all other bovid tribes: Antilopini
(gazelles), Aepycerotini (impala), Alcelaphini
(hartebeest and allies), Caprini (goats, sheep and
relatives), Cephalophini (duikers), Hippotragini
(horse-like antelopes), Neotragini (dwarf ante-
lopes), Oreotragini (Klipspringer) and Reduncini
(reedbucks, kob and rhebok) (Fig. 1.1). Molecular
estimations of divergence times have suggested
that the tribal diversification of both Bovinae and
Antilopinae occurred simultaneously, between
16 and 14 Ma (Hassanin and Douzery, 1999b;
Hassanin et al., 2012). This evolutionary event
coincides with the Middle Miocene Climatic
Optimum (MMCO), between 17 and 15 Ma,
which was the last of a series of global warm-
ing events that have punctuated the Cenozoic
Era (Zachos et al., 2008). This interval was the
warmest time since 35 Ma in Earth’s history.
The warmer and more humid conditions pre-
vailing during the Middle Miocene favoured the
expansion of evergreen forests (Woodruff, 2003;
Utescher et al., 2007; Patnaik and Chauhan,
2009; Senut et al., 2009). However, the
MMCO was directly followed by a drastic global
cooling, from 15 to 13 Ma, marking a transition
from a greenhouse world to an ‘icehouse-world’
(Zachos et al., 2008). These rapid climatic
changes created a mosaic of ecosystems, which
may have promoted the emergence of most
bovid tribes. Biogeographic inferences have
suggested that the two bovid subfamilies first
diversified in two different continents, Bovinae
in Eurasia and Antilopinae in Africa (Hassanin
and Ropiquet, 2004; Ropiquet and Hassanin,
2005).

Cattle belong to the tribe Bovini (Fig. 1.1).
Originally, this group was defined on the basis
of morphological similarities between cattle
and buffaloes (Gentry, 1992; Geraads, 1992).

There are currently five wild buffalo spe-
cies (IUCN, 2012): Syncerus caffer (African
buffalo in sub-Saharan Africa), Bubalus arnee
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(Asian water buffalo; only a few small popula-
tions in India and mainland Southeast Asia; but
domesticated forms occur everywhere in Asia),
Bubalus depressicornis (lowland anoa) and
Bubalus quarlesi (mountain anoa) (both anoa
species are only found on Sulawesi and Buton
Islands), and Bubalus mindorensis (tamaraw;
endemic to the Philippine island of Mindoro).
In 1992, a new bovid species, Pseudoryx
nghetinhensis, was discovered in the Annamite
Range, the mountainous jungle that separates
Vietnam and Laos (Dung et al., 1993). The
species is listed as critically endangered by the
IUCN (2012) because it is facing an extremely
high risk of extinction in the wild. The saola,
as called by local hunters, is characterized by
an unusual morphology, including very long
horn cores (ca. 40-50 cm) and a tricoloured
pelage. Schaller and Rabinowitz (1995) sug-
gested that the saola shares morphological
affinities with members of the tribe Bovini: the
frontal sinus of the skull extends well into the
base of the horn cores; it has equally sized
incisors; and its body shape, hooves and horns
are similar to those of anoas. Most phyloge-
netic studies based on DNA sequences have
confirmed that the saola belongs to the tribe
Bovini (Hassanin and Douzery, 1999a; Gatesy
and Arctander, 2000; Hassanin and Ropiquet,
2004; Hassanin et al., 2012; Hassanin et al.,
2013). The association of the saola with
Bovini is robust and reliable, as it is supported
by both mitochondrial and nuclear genomes.
Molecular estimations have revealed that
the most recent common ancestor of crown
Bovini experienced rapid diversification into
three divergent lineages corresponding to the
subtribes Bovina (cattle; species of the genus
Bos), Bubalina (African and Asian buffaloes)
and Pseudorygina (saola) during the Late
Middle Miocene, between 13.5and 13.0 + 2.0
Ma (Hassanin et al., 2012; Hassanin et al.,
2013). The identification of the sister-group
of the saola was problematic, but a recent
study based on 18 autosomal markers sug-
gested that it is the clade uniting Bovina and
Bubalina, a node supported by 12 molecular
signatures detected in several independent
markers and including three diagnostic dele-
tions (Hassanin et al., 2013). South Asia is
likely to constitute the centre of origin of
Bovini, as supported by the fossil record and

biogeographical analyses (Hassanin and Ropiquet,
2004; Bibi, 2007).

Description of Bos Species

Wild species of Bos are heavily built mammals
(400-1000 kg) with head carried low, possessing
a large muzzle, short legs and a long tail with a
terminal tuft of hair. There are no facial, pedal
or inguinal glands. Two pairs of teats are pre-
sent. Both sexes have typically smooth horns,
which are located near the top of the skull;
those of males being larger and more complex.
The cross-section of horns is less angular than
in other bovids. There is a strong sexual dimor-
phism characterized by differences in body weight
(males are about 30% larger than females), horn
shape and size (cow horns tend to be thinner
and more upright), and pelage (adult males
tend to be darker than adult females and young)
(Lydekker, 1913; Huffman, 2013). Sexual dimor-
phism is generally explained by polygyny, a
mating system in which dominant males can
reproduce with multiple females, the reproduc-
tive success of males being directly correlated
with strength and horn size (McPherson and
Chenoweth, 2012).

Bos primigenius Bojanus, 1827

Today, the aurochs (Bos primigenius) is extinct
in the wild, but in the Late Pleistocene, more
than 11,700 years ago, it occurred in a wide
geographic area covering Western Europe to
East Asia and India, through North Africa, the
Middle East and Central Asia (Plate 1). In the
Middle Ages, the aurochs’ range was already
restricted to central Europe. The last aurochs
died in 1627 at Jaktoréw in Central Poland.
The extinction of the aurochs was caused by
man because of increasing hunting pressure and
the development of agriculture, in particular, the
competition with domestic livestock for food
resources (Van Vuure, 2005).

The aurochs was first domesticated in the
Tigris-Euphrates Valley from the nominate sub-
species Bos primigenius primigenius at around
8500 BC. An independent episode of domes-
tication occurred at around 6500 BC in the



A. Hassanin)

Indus Valley (Pakistan) from the smallest Indian
subspecies Bos primigenius namadicus (Chen
et al., 2010; Ajmone-Marsan et al., 2010;
Vigne, 2011). Today, cattle breeds are distributed
worldwide. The two domestic forms were listed
as Bos taurus (humpless cattle) and Bos indicus
(humped cattle or zebu) in the 10th edition of
Systema Naturae (Linnaeus, 1758), whereas
the aurochs was described later as Bos primi-
genius Bojanus, 1827. According to the zoo-
logical code of nomenclature, the names based
on wild forms should be therefore synonymized
with those proposed for domestic derivatives.
However, the International Commission on
Zoological Nomenclature (2003) stated that two
different species names could be used for wild
and domestic forms. Alternatively, the commis-
sion considered that subspecies names could
be also used for wild and domestic forms
(Gentry et al., 2004). In this chapter, I consider
domestic forms as subspecies of B. primige-
nius, B. p. taurus and B. p. indicus. Indeed,
using different species names for humpless
and humped cattle is not appropriate because
hybrids between these two domestic forms are
fully fertile.

The morphology of aurochs is well described
in Van Vuure (2005). Its general appearance
was similar to modern cattle breeds, but with
considerably longer and more slender legs, and
with larger and more elongated horns. In addi-
tion, sexual dimorphism was expressed more
strongly, including body size, coat colour and
horn size and shape. The bulls were signifi-
cantly bigger and more muscular than the
cows. The shoulder height of European bulls
varied from 160 to 180 c¢cm, whereas that of
European cows was around 150 cm. Pleistocene
aurochs were apparently 10 cm higher than
those of the Holocene, and the size varied
by region, Indian populations being smaller
than European populations. The coat colour
was reddish-brown for calves and cows, and
changed to a dark brown or black in bulls, with
apparently a white dorsal stripe running down
the spine. Both sexes had a pale muzzle.
Another feature often attributed to the aurochs
is blond forehead hairs. The horns of the
aurochs were different from those of domestic
breeds: they were longer and thicker, and
typically forward-pointing and inward-curving.

The horns of bulls were larger, with the curva-
ture more strongly expressed than in cows.

Bos bison Linnaeus, 1758

Bison were widespread in North America and
probably in most parts of northern Eurasia dur-
ing late prehistoric times (Plate 1). By the end
of the 19th century, the species was close to
extinction in both North America and Europe,
mainly owing to overhunting. In 1903, the
number of American bison fell to 1644. Today,
there are approximately 500,000 bison, but
most of them are captive commercial popula-
tions; there are 15,000 free-ranging individuals
occurring as geographically isolated populations
in prairies and woodlands of North America
(Meagher, 1986; IUCN, 2012). In Europe, the
last wild population survived in the Caucasus
until 1927, and captive populations were sub-
sequently reintroduced in several areas, includ-
ing mixed deciduous forests in Bialowieza
(Poland and Belarus) and Western Caucasus.
Today, there are around 1800 free-living bison
in Europe and a few hundred captive animals
(Pucek et al., 2004; IUCN, 2012). Bison are
gregarious, forming herds of females and their
young. Males are either solitary or found in
small groups.

The brown coat of bison is well character-
ized by long and woolly hair on the head, neck,
hump and forequarters. The tail is short by com-
parison with other species of Bovina, and tufted
only near the tip. Sexes are similar in appear-
ance, although males develop larger body size,
larger hump, and longer and more conical
horns. Body weight is around 700 kg for males
and 450 kg for females. Both sexes have short
black horns that curve upward and inward
(Meagher, 1986; Pucek et al., 2004).

Some authorities place the bison in a dif-
ferent genus, Bison, and recognize two distinct
species, B. bison (American bison) and
B. bonasus (European bison) (e.g. McKenna and
Bell, 1997; Wilson and Reeder, 2005; IUCN,
2012). In addition, two subspecies are often
considered in North America, Bison bison bison
(plains bison) and B. b. athabascae (wood
bison). Two subspecies are also distinguished
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in Europe, Bison bonasus bonasus (lowland
bison) and B. b. caucasicus (Caucasian bison).
In agreement with some molecular and mor-
phological data (see below), all bison are here
included into a single species Bos bison.
American and European bison are treated as
two distinct subspecies, Bos bison bison and
B. b. bonasus. American bison have a much
darker coat colour, being blackish brown, pass-
ing into black on the long hair of the head and
forequarters. In addition, they are stockier in
appearance but smaller than European bison.

Bos gaurus C.H. Smith, 1827

The gaur is the largest bovid species in the
world. The biggest males can reach 2.2 m high at
the shoulder, and can weigh more than 1500 kg.
They are found in forested areas of India,
Indochina and the Malay Peninsula. Gaur for-
merly occurred in Sri Lanka. The number of
wild gaur is estimated at between 13,000 and
30,000 animals, but the populations are heav-
ily fragmented and most of them are in serious
decline, in particular in Southeast Asian coun-
tries (IUCN, 2012).

The general coloration is dark brown, with
white ‘stockings’ on their lower legs (from knees
or hocks down to the hoofs) and pale muzzle.
The hair is short, fine and glossy. On the fore-
head, there is a convex ridge connecting the
horns, which is enhanced by grey or blonde hair.
Both sexes have white or yellow horns that
turn black at the tips. At the base, they are flat-
tened and go outward; then, they curve inward
and tend to point at each other. Sexual dimor-
phism is important, as males are larger and
heavier than females, and exhibit a high mus-
cular ridge on back, as well as a dewlap under
the neck.

Two subspecies are currently recognized:
Bos gaurus gaurus in India and Nepal and Bos
gaurus laosiensis in Southeast Asia. Indian
specimens are smaller, with relatively longer
nasal bones, a wider horn span and a larger
occiput (Groves and Grubb, 2011).

There are several forms of semi-wild gaur,
known as mithun, gayal or dulong, in the hill
regions of Bangladesh, Bhutan, northeast India,

Myanmar and China (Mondal et al., 2010).
These domestic forms were described before
wild representatives as Bos frontalis Lambert,
1804. In this chapter, I will treat them as a
subspecies of B. gaurus, B. g. frontalis. The
population of mithun was estimated to be
between 100,000 and 150,000 individuals
(Simoons and Simoons, 1968). Morphologi-
cally, mithun are similar to wild gaur, but they
have a smaller body size (400-500 kg versus
600-1000 kg) and their horns show different
and variable shape and size. They are reared
under free-living conditions in dense forests at
altitudes of between 1000 and 3000 m, and are
primarily used for work and meat production.
Variable hybrid forms between semi-wild gaur
and domestic cattle also occur in these regions.

Bos javanicus d’Alton, 1823

The banteng occupies a variety of forest types
in Java, Borneo, Thailand, Cambodia, Laos,
Vietnam and Myanmar, where it generally
occurs as small isolated populations (< 500
individuals) (IUCN, 2012). Recent field surveys
in the Eastern Plains Landscape of Cambodia
have however suggested that a large popula-
tion, including more than 2000 individuals,
may still survive within protected areas of this
region (Gray et al., 2012). The world popula-
tion of banteng is estimated to be less than
8000 individuals (IUCN, 2012).

Banteng exhibit a characteristic white
rump patch that contrasts sharply with the
colour of the body, which is rufous-brown in
females and young, and which generally turns
dark brown or dark chocolate in adult males.
The pelage of banteng shares similarities with
that of gaur: the hair is short, but not glossy;
there are white ‘stockings’ on the legs; and the
mouth is surrounded by white hair. Banteng
are however smaller and more lightly built than
gaur. In addition, banteng males have a less
developed dorsal ridge, which does not form a
distinct hump, and their dewlap is smaller. The
horns of both sexes are clearly distinct from
those of other species of Bos. The horns of
males emerge laterally, and then curve upward
and inward, and are typically connected by a
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horny patch of thick skin on the forehead. The
short horns of females emerge more upright
and point inward at the tips.

Two subspecies of banteng can be distin-
guished, mainly on the basis of the coat colour
of adult males. On Java and Borneo, adult bulls
of B. javanicus javanicus are blackish brown or
black. On the Asian mainland, the colour
observed in adult bulls of B. j. birmanicus ranges
from dark fawn, orange, chestnut, to chocolate,
with different colours between face and body
(either lighter or darker).

Banteng have been domesticated in
Indonesia, probably at around 3500 years BC.
Domestic banteng, which are known as Bali
cattle, are kept on several islands, including Bali,
East Java, Sumatra and Sulawesi. Bali cattle are
similar in appearance to wild banteng, but they
are smaller (adult females: 200-300 versus
500-650 kg; adult males: 350-400 versus
600-800 kg). They should be named differ-
ently, e.g. Bos javanicus domesticus, in order
to avoid confusion between wild and domestic
forms. There are around 2.6 million domestic
banteng, which are used as working animals
and for their meat (Martojo, 2012). Mating
between Bali cattle and zebu occurs freely
in Indonesia, resulting in high levels of genetic
introgression into Indonesian cattle breeds

(Mohamad et al., 2009).

Bos mutus (Przewalski, 1883)

The wild yak occurs on the Tibetan Plateau
at an altitude of 3000-6000 m, which covers
three different countries, i.e. China, India and
Nepal. Therefore, this species developed spe-
cific physiological adaptations for living under
extreme conditions, including low temperatures,
low oxygen availability, high solar radiation and
aridity. Now, there are probably no more than
15,000 wild yaks, which are restricted to remote
high-elevation areas of the Tibetan Plateau
(Leslie and Schaller, 2009; IUCN, 2012).

The coat colour is black with rust-brown
hues. The pelage is dense and woolly, with long
draping hair on chest, flanks, rump and tail.
The withers are elevated forming a conspicu-
ous hump. Limbs are short and stout and have
broad hooves and large dewclaws, as an adap-
tation to cold snow-covered environments.

The wide-spaced horns of yak are smooth and
nearly circular in section: firstly, they are orien-
tated transversely; then, they curve forward,
and finally, they point upward and inward, fre-
quently with a more or less marked backward
inclination at the tips. Those of females are
much more slender. There is an important
sexual dimorphism in body size, as females may
be only one-third of the weight of large males
(350 versus 1000 kg; Olsen, 1990; Leslie and
Schaller, 2009). Yaks live in herds of 10-300
individuals, most of which are females and their
young.

Yaks have been domesticated across
most of their range. The domestic forms were
described before wild representatives as Bos
grunniens Linnaeus, 1766. The 14 million yaks
currently herded in the Tibetan Plateau and
adjacent Asian highlands (North India, Pakistan,
Kyrgyzstan, Mongolia and Russia) have origi-
nated from one or two domestication events
during the Neolithic period (Guo et al., 2006;
Wang et al., 2010). Domestic yaks are still
used by nomadic pastoralists for transportation,
and for providing milk, meat, wool, leather and
even dried dung, which is used as fuel.

Bos sauveli Urbain, 1937

The kouprey was described as a new species,
Bos sauveli, on the basis of a calf captured in
the Preah Vihear province of Cambodia and
kept alive at the Vincennes Zoo near Paris until
1940 (Urbain, 1937). In the middle of the
20th century, its range was already limited to
open deciduous dipterocarp forests found in
northern provinces of Cambodia, and slightly
beyond the borders with Thailand, Laos and
Vietnam (Sauvel, 1949). Populations have
declined dramatically during the past six dec-
ades due to multiple possible factors including
overhunting, deforestation and competition
with domestic livestock. No living specimen
has been observed during the past four dec-
ades, suggesting that the species is definitively
extinct.

The kouprey was a graceful animal when
compared to other wild cattle found in the
Indochinese region, i.e. banteng and gaur. Adult
females had a characteristic grey colour, which



(Systematics and Phylogeny of Cattle

gave the animal its other local name (grey ox),
and readily distinguished them from the reddish-
brown females of banteng and the dark,
blackish-brown females of gaur. The male lost
its grey flanks with age, becoming increasingly
black. Both sexes had notched nostrils, and a
long tail. Adult males had a very large dewlap,
which may nearly touch the ground. They
had wide-spaced horns, which raised laterally,
dropped below the base, and then curved
upward and backward. Typically, the tips tended
to split in old bulls. The horns of females were
lyre-shaped.

The analyses of a taxidermy mount pre-
served in the collections of the Natural History
Museum of Bourges (N° 1871-576) have sug-
gested that the kouprey may have been domes-
ticated in Cambodia (Hassanin et al., 2006).
This stuffed specimen shares morphological
similarities with the kouprey, but differs in sev-
eral aspects, including its smaller size, its coat
colour, as well as the shape of its horns. Such
differences are generally observed between
domestic and wild forms of Bos species. A pre-
liminary molecular study has indicated that
the enigmatic specimen of Bourges was a male
possessing a mitochondrial genome of kouprey.
It was therefore interpreted as being either a
domestic kouprey, or alternatively, a hybrid
between kouprey and domestic cattle (Hassanin
et al., 2006). My recent analyses of nuclear
sequences have revealed that the specimen
of Bourges was an F1 hybrid resulting from a
mating between a domestic bull of B. primige-
nius and a female kouprey (B. sauveli) (unpub-
lished data). Indeed, two non-coding fragments
of the Y chromosome (SRY-5" and SRY-3’
fragments; Hassanin and Ropiquet, 2007)
were found to be identical to those of B. primi-
genius, but different from those of all other
species of Bos. In addition, the intronic
sequences of two autosomal genes (FGB and
TG; Hassanin and Ropiquet, 2007) were
found to contain several heterozygous nucleo-
tide sites, as expected for an F1 hybrid between
B. primigenius and B. sauveli (for more details
on the theory, see Hassanin and Ropiquet,
2007). These new molecular data show
therefore that kouprey have been affected by
occasional hybridization with domestic cattle,
which may have accelerated its extinction in
the wild.

Phylogenetic Relationships Among
Species of Bovina

Classifications of the tribe Bovina based
on morphology

In the popular classification of Simpson (1945),
the species of wild cattle were included in three
distinct genera: Bos (aurochs, domestic cattle
and vak), Bibos (gaur and banteng) and Bison
(European bison and American bison) (Fig. 1.2A).
Bohlken (1958) largely followed this view, but
treated the European bison as a subspecies of
Bison bison. Simpson (1945) did not mention
the kouprey in his classification, whereas
Bohlken (1958) interpreted the kouprey as a
hybrid between banteng and domestic cattle.
Three years later, Bohlken (1961) recognized
however that the kouprey belongs to a distinct
species closely related to the banteng, but he
reduced Bibos to a subgeneric rank under Bos.

In the morphological study of Groves
(1981), the kouprey was grouped with the
aurochs, and the yak with the bison (Fig. 1.2B).
As a consequence, the genera Bibos and Bison
were synonymized with Bos. The phylogenetic
results of Geraads (1992) were very similar, but
both yak and bison were found to be the sister-
group of the aurochs, banteng, gaur and kou-
prey. Geraads (1992) retained apparently only
two genera within the subtribe Bovina: Bison
for bison and yak, and Bos for the four other
species.

In more recent classifications, such as
those of McKenna and Bell (1997) (Fig. 1.2C),
Wilson and Reeder (2005) and IUCN (2012)
(Fig. 1.2D), Bos and Bison were also distin-
guished, but the yak was ranged into the genus
Bos. In addition, McKenna and Bell (1997)
recognized four distinct subgenera: Bos was
restricted to the aurochs and domestic forms,
Bibos for banteng and gaur, Bison for American
and European bison, and Poephagus for the yak.

Molecular phylogenies

The question of interspecific relationships among
species of Bovina remains highly debated among
molecular biologists, as recent different data-
sets have produced conflicting phylogenetic results.
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[ discuss below that there are only two cases of
robust incongruence between mitochondrial
and nuclear phylogenies of Bovina: one con-
cerning the monophyly of banteng, and the
other concerning the monophyly of bison.
Moreover, | show that most conflicts between
nuclear studies can be explained by a lack of
robust phylogenetic signal.

The relationships among species of Bovina
were first studied with DNA sequences of the

Simpson, 1945; Bohlken, 1958

mitochondrial genome, such as the subunit II of
the cytochrome c oxidase gene, the cytochrome
b gene, the small and large subunits riboso-
mal RNA genes (12S and 16S rRNAs), the
control region (also named D-loop) or the
complete mtDNA genome (Miyamoto et al.,
1989; Janecek et al., 1996; Hassanin and
Douzery, 1999a; Hassanin and Ropiquet, 2004;
Verkaar et al., 2004; Hassanin et al., 2012).
The phylogenetic relationships supported by

Groves, 1981 E
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Bos sauveli
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Fig. 1.2. Interspecies relationships within the subtribe Bovina. (A) In the classifications of Simpson (1945)
and Bohlken (1958), the species of Bovina were ranged into three different genera: aurochs and yak into
Bos, banteng and gaur into Bibos and bison into Bison. (B) By analysing 30 skull characters with the cladistic
method, Groves (1981) confirmed that banteng and gaur are closely related, but suggested that the yak
is allied to bison, whereas the aurochs is associated to kouprey. Groves (1981) considered that all
species should be included in the genus Bos. (C) In their classification, McKenna and Bell (1997) recognized
Bison as a separate genus, and split the genus Bos into four subgenera: Bos (aurochs, cattle and zebu),
Bibos (banteng and gaur), Novibos (kouprey) and Poephagus (yak). (D) In the classifications of Wilson and
Reeder (2005) and IUCN (2012), Bison was also treated as a distinct genus, whereas all other species
were included in the genus Bos. (E) Bayesian tree reconstructed using the Y chromosomal sequences
published in Nijman et al. (2008) (see Appendix F in Hassanin et al., 2013 for more details). Dashed
branches indicate nodes that were not highly supported by the data. (F) Bayesian tree reconstructed using
the nuclear data published in MacEachern et al. (2009) (see Appendix H in Hassanin et al., 2013 for
more details). Dashed branches indicate nodes that were not highly supported by the data. The terminal
branch with a danger sign indicates that the specimen was possibly concerned by genetic introgression
from domestic cattle (see text for details). (G) Tree summarizing the phylogeny of Bovina as reconstructed
from a DNA alignment of complete mitochondrial genomes (Hassanin et al., 2012). A terminal branch
with a danger sign highlights a taxon concerned by an ancient mitochondrial introgression (see text for
details). Note that the complete mitochondrial genome was not available for the kouprey (Bos sauveli).
The phylogenetic position of B. sauveli was however inferred using three mitochondrial markers,
corresponding to the cytochrome b gene (cytb), subunit Il of the cytochrome ¢ oxidase (CO2) and D-loop
(DL) (Hassanin and Ropiquet, 2007). (H) Tree summarizing the analyses of 18 autosomal genes (Hassanin
et al., 2013). Only the nodes considered to be reliable are shown in the figure.
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Fig. 1.2. Continued.

the mitochondrial data are summarized in
Fig. 1.2G. Surprisingly, the genus Bison and
the species Bos javanicus were not found to be
monophyletic with mtDNA data. Since these
results are in strong disagreement with the
analyses of morphological characters and
nuclear markers, it is now obvious that the
phylogenetic signal of the mtDNA genome
can be misleading for inferring relationships
among species of Bovina (Hassanin and Ropiquet,
2004; Verkaar et al., 2004; Hassanin and
Ropiquet, 2007; Nijman et al., 2008).

The monophyly of Bison has been con-
firmed by analysing three nuclear markers from
the Y chromosome (Verkaar et al., 2004;
Nijman et al., 2008; Fig. 1.2E) and 18 autoso-
mal genes (Hassanin et al., 2013; Fig. 1.2H).
Although discordant with mtDNA data, these
results are in good agreement with the mor-
phology, and the fact that hybrids between
American and European bison are fertile in

both sexes (Van Gelder, 1977). Verkaar et al.

Bos primigenius taurus -----------.
Bos primigenius indicus ----------. :I
N Bos bison bonasus - «--««-««--«- :I

Autosomal markers
Hassanin et al., 2013
18,095 characters

(2004) proposed two hypotheses for explain-
ing the anomalous divergence of the mtDNAs
from the two bison species: the first hypothesis
is lineage sorting, which implies that two dis-
tinct mitochondrial lineages coexisted until the
recent divergence of American and European
bison; alternatively, the second hypothesis is
that the European bison has emerged by spe-
cies hybridization initiated by introgression
of bison bulls in another ancestral species.
A recent study has shown that American and
European bison have very similar autosomal
sequences (Hassanin et al., 2013). Their nucle-
otide variation is similar to that found for intra-
specific variation in Bos gaurus, Bos javanicus
and Bos primigenius. There is no trace of hybrid
origin in the nuclear markers of the European
bison. Therefore, the data suggest that the mito-
chondrial genome of European bison was
acquired by introgression after one or several
past events of interspecific hybridization between
a male of European bison and a female of
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an extinct species, which was related to Bos
primigenius. The mtDNA introgression proba-
bly arose somewhere in Europe after the diver-
gence between American and European bison,
i.e. during the Middle Pleistocene according to
the fossil record (Scott, 2010). From the taxo-
nomic point of view, these molecular results sug-
gest, first, synonymy of the genus Bison with
Bos, and second, treatment of the American and
European bison as subspecies of Bos bison.

The sister-group relationship between
Cambodian and Javan banteng, i.e. the mono-
phyly of Bos javanicus, has been confirmed
by analysing DNA sequences from the SRY
gene and different autosomal genes (Hassanin
and Ropiquet, 2007; Hassanin et al., 2013).
Although slightly different, the Cambodian and
Javan banteng share many morphological char-
acteristics that are not observed in other spe-
cies of Bovina, including a large white patch on
the hindquarters, the typical reddish-brown
colour of females and young, the shape and
size of the horns in females and the horny
shield that connects the bases of the horns on
the forehead of adult males. As in the case of
bison, mtDNA introgression has been invoked
to explain mtDNA sequence similarity between
Cambodian banteng (subspecies Bos javanicus
birmanicus) and kouprey (Bos sauveli) (Hassanin
and Ropiquet, 2007). According to this hypoth-
esis, the mitochondrial genome of kouprey was
transferred into the ancestor of Cambodian ban-
teng by natural hybridization. Molecular dating
estimates have suggested that the hybridization
occurred during the Pleistocene epoch, at 1.34 +
0.45 Ma (Hassanin and Ropiquet, 2007).
The mitochondrial introgression hypothesis
assumes that at least one kouprey female, which
was probably young in order to overcome inter-
specific ethological barriers, was adopted into
a herd of banteng. The event may have happened
in open, dry, deciduous forests of Northern
Cambodia, where several field biologists have
reported the existence of temporary mixed herds
between banteng and kouprey (Edmond-Blanc,
1947; Wharton, 1957; Pfeffer, 1969).

These two detected cases of ancient mtDNA
introgression suggest that interspecific hybrid-
ization may have been a relatively common
process during the evolutionary history of
Bovina. Several arguments can be advanced to
support that idea. First of all, several hybrids

have been described between wild and domes-
tic species of Bovina, such as the yakow, which
is a hybrid between yak and domestic cow, the
selembu, which is a hybrid between gaur and
zebu, and the beefalo, which is a hybrid between
domestic bull and bison (Mamat-Hamidi and
Hilmi, 2009). Such hybrids can be easily obtained
because most species of Bovina share very
similar karyotypes with the same diploid num-
ber of chromosomes (2n = 60): Bos primige-
nius, Bos javanicus, Bos mutus, Bison bison
and Bison bonasus. Only Bos gaurus has
slightly different karyotypes (2n = 58 or 56),
which can be, however, easily explained by one
or two Robertsonian fusions, (1;29) and (2;28)
(Ropiquet et al., 2008). Similar Robertsonian
fusions (1;29) and (2;28) have also been described
in the subspecies Bos javanicus birmanicus,
as well as in several individuals of Bos primige-
nius taurus and Bos primigenius indicus
(Ropiquet et al., 2008). All these cytogenetic
data explain why viable hybrids have been
produced in captivity among various species
of Bovina (Van Gelder, 1977). In general, the
males of the first hybrid generation are sterile,
whereas the females are not (e.g. Steklenev and
Elistratova, 1992; Steklenev, 1995; Qi et al.,
2010). The sterility of hybrids of the heteroga-
metic sex (males XY) is commonly encountered
in mammals (Haldane’s rule; Coyne and Orr,
2004), and this characteristic explains why intro-
gression occurred more often on the mater-
nally inherited mtDNA rather than on the
paternally inherited markers of the Y chromo-
some (Ballard and Whitlock, 2004).

By analysing 18 autosomal markers,
Hassanin et al. (2013) have concluded that
bison and yak are sister-groups. This hypothe-
sis is robust, as the node was recovered in the
separate analyses of seven independent nuclear
markers. In addition, it confirms the morpho-
logical studies of Groves (1981) and Geraads
(1992), as well as the paleogeographic scenario
of Tibetan mammals proposed by Deng et al.
(2011). The analyses of amplified fragment
length polymorphism (AFLP) fingerprinting
published in Buntjer et al. (2002) have also
provided a signal in favour of the clade uniting
bison and yak. By contrast, other molecular
studies have concluded different relationships,
including a basal position of Bison (microsatel-
lites; Ritz et al., 2000), a basal position of Bos mutus
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(Y chromosomal genes; Nijman et al., 2008)
or an association of Bos mutus with Bos primi-
genius (autosomal genes; MacEachern et al.,
2009). However, the reanalyses of Hassanin
et al. (2013) have shown that the nuclear datasets
used in Nijman et al. (2008) and MacEachern
et al. (2009) do not contain a strong signal
for the position of both bison and yak (BP,,
< 80). For instance, the early divergence of
Bos mutus is only supported by the fact that all
other species of Bovina share a G nucleotide
in position 3186 of the Y chromosomal align-
ment. Another problem is that MacEachern
et al. (2009) provided no information on the
origin of the yak sequenced in their study,
while this point seems crucial for interpreting
their results. Indeed, nomad pastoralists of the
Tibetan Plateau have traditionally used hybridi-
zation of domestic yak with domestic cattle for
over 3000 years, because vyak—cattle F1
hybrids are preferred to both parental types for
meat and milk. Although F1 hybrid males are
sterile, F1 hybrid females remain fertile, which
has promoted cattle introgression into popula-
tions of domestic yak, as demonstrated in Qi
et al. (2010). Therefore, the association of yak
with domestic cattle in the tree of MacEachern
et al. (2009) can be easily explained if they
sequenced a domestic yak, which has been
introgressed from cattle several generations
earlier. I consider therefore that the hypothesis
of a sister-group relationship between yak and
bison cannot be rejected by the nuclear studies
of Nijman et al. (2008) and MacEachern et al.
(2009).

To conclude, only a few nodes can be con-
sidered as being robust and reliable within the
subtribe Bovina. They include the association
of American and European bison, their sister-
group relationship with the yak and the mono-
phyly of the species Bos javanicus, Bos gaurus
and Bos primigenius. All other relationships
are unstable and need further testing with addi-
tional molecular data. However, it has been
suggested that the species Bos javanicus and
Bos gaurus share close phylogenetic affini-
ties using three independent datasets: mtDNA
genome (Hassanin et al., 2012); Y chromosomal
genes (Nijman et al., 2008); and autosomal
genes (MacEachern et al., 2009). Interestingly,
these two species share with Bos sauveli a few
morphological characteristics that are not

observed in other species of Bovina, including
a dewlap in adult males and the occurrence of
white socks in both sexes (Pfeffer and Kim-
San, 1967).

Fossil Record and Biogeography

Rapid radiation and dispersal of Bovina
during the Middle Pliocene

Several extinct genera, which are possibly related
to Bovina, first appeared during the Pliocene:
Simatherium and Pelorovis in Africa, Leptobos
in Africa and Europe. During the Early Pleis-
tocene, Pelorovis spread in the Middle East,
Leptobos was present in northeastern India
and China, and Epileptobos was found on Java
(Duvernois, 1992; Vislobokova, 2005; Martinez-
Navarro et al., 2007; Dong, 2008). The phy-
logenetic relationships between extinct and
extant species of Bovina remain problematic
(Geraads, 1992; Bibi, 2009), but the morpho-
metric analyses of Martinez-Navarro et al. (2007)
have evidenced two major groups: Pelorovis +
Bos primigenius, and Leptobos + Bison.
Unfortunately, most extant species of Bovina
were not included in the analyses (i.e. B. gaurus,
B. javanicus, B. mutus and B. sauveli). However,
the authors proposed to synonymize the genus
Pelorovis with Bos, and suggested that Bos
originated in the Late Pliocene of eastern
Africa, and dispersed into the Middle East at
around 1.4 Ma, and finally into Europe at
around 0.6-0.5 Ma. My interpretation is that
this biogeographic scenario could hold only
for the lineage leading to Bos primigenius.
Molecular and cytogenetic studies have shown
that the genus Bison should be treated as
a synonym of Bos. If the extinct genera
Epileptobos, Leptobos and Pelorovis are con-
firmed to be related to living species of Bos
(and Bison), then this would imply their syn-
onymy with Bos as well. This would result
in the genus Bos being already represented
by different morphological and biogeographic
lineages by the Pliocene of Africa, Europe and
northeastern South Asia. Molecular dating
analyses support this early age, suggesting that
the last common ancestor of extant Bovina
underwent a rapid radiation during the Early to
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Middle Pliocene (3.3-4.8 Ma in Hassanin and
Douzery, 1999b; 4.7 + 0.8 Ma in Hassanin
and Ropiquet, 2004; 3.3 + 0.9 Ma in Hassanin
etal., 2012; 3.7 = 1.1 Ma in Hassanin et al.,
2013). At that time, most of the modern arid
and semi-arid climate zones in Africa and
Arabia were covered with temperate and tropi-
cal xerophytic shrublands and grasslands
(Salzmann et al., 2011). Simulations have also
indicated that there was a northward expan-
sion of temperate forests and grasslands in
Eurasia, with vast tracts of grassland in Siberia
(Haywood et al. 2009). I suggest that these
palaeoenvironmental conditions triggered the
radiation and dispersal of Bovina in a huge
area covering North and eastern Africa, southern
Europe, western Asia, central Asia and Siberia.

Evolution of the yak—bison lineage
in the northern hemisphere

As discussed previously, nuclear data strongly
support the association of American and
European bison, and their sister-group relation-
ship with the yak. Interestingly, yak and bison
share at least two osteological synapomorphies,
which may be useful for identifying their ances-
try in the fossil record: unlike other species of
Bovina, the premaxillae doesn’t touch the nasal
(Olsen, 1990); and they have 14 thoracic ver-
tebrae and 5 lumbars, whereas other Bovina
have 13 thoracic vertebrae and 6 lumbars
(Groves, 1981). Unfortunately, these charac-
teristics are only rarely preserved in the fossil
remains. To date, fossils related to the yak have
been found dating to the Late Pleistocene in
Siberia, Tibet and Nepal (Leslie and Schaller, 2009),

whereas fossils ascribed to Bison are much
older, with Bison sivalensis from the Late
Pliocene of the Upper Siwaliks (dated between
3.3 and 2.6 Ma; Khan et al., 2010). Bison
appeared in Eastern Europe at 1.77 Ma, and
were present in the Middle East at around 1.6—
1.2 Ma, and thereafter in Western Europe at
around 1.5 Ma (Martinez-Navarro et al.,
2011). Bison entered North America at around
240-220 ka, and then they rapidly spread out
across the continent, where they diversified
into different (sub)species (Scott, 2010). The
paleontological data suggest therefore that the
common ancestor of yak and bison emerged
somewhere in Asia, and possibly during the
Pliocene. Based on the discovery of a Himalayan
woolly rhino in the Pliocene (dated to 3.7 Ma),
Deng et al. (2010) have proposed that some
Ice Age megaherbivores, such as the woolly
rhino and vyak, first evolved in Tibet before the
beginning of the Ice Age. Such a scenario is
compatible with molecular estimates, since
the vyak/bison lineage separated from other
Bovina between 3.7 + 1.1 Ma and 2 + 0.5 Ma
(Hassanin et al., 2013). Subsequently, yak
remained in East Asia, while bison spread in
the Siwaliks, Middle East and Europe, and
crossed into North America through Beringia
in the Middle Pleistocene.
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Introduction

The appearance, characteristics and genetic
makeup of cattle have been heavily influenced
by domestication and by their dynamic history
right up to the present day. Paleontology and
molecular-genetic analysis have revealed the
approximate place and date of domestication
(Zeder et al., 2006). However, documentation of
the subsequent history of cattle, although closely
connected with human history, is scarce until
250 years ago. In this chapter we summarize the
available data on the domestication and history of
cattle, including the appearance of phenotypes
that today are the subject of genetic research.

The First Domestic Cattle

Domestic cattle appeared in northern and west-
ern parts of the Fertile Crescent in Southwest

© CAB International 2015. The Genetics of Cattle,
2nd Edn (eds D.J. Garrick and A. Ruvinsky)

Asia not long after domestic sheep and goats
and at about the same time as domestic pigs
(Hongo et al., 2009). Together with the intro-
duction of crops, livestock fundamentally
changed human demography and eventually
led to our present complex society. It is plausi-
ble that cattle husbandry, requiring more labour
and organization than the keeping of smaller
sized sheep, goats and pigs, contributed to the
earliest stratification of society (Ajmone-Marsan
et al., 2010).

The oldest evidence of taurine domestic
cattle was found on both sides of the Turkish—
Syrian border northeast of Aleppo and dates
from 10,300-10,800 BP (Ho and Shapiro,
2011; Vigne, 2011; Bollongino et al., 2012).
Modelling of cattle autosomal DNA sequence
variation suggested a predomestic population
bottleneck, which was possibly induced by a
glaciation period (Murray et al., 2010; Teasdale
and Bradley, 2012). Coalescence analysis of

19
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mtDNA sequences from Iranian Neolithic and
Iron Age cattle led to an estimate of ¢.80 female
aurochs (Bos primigenius) being the maternal
ancestors of almost all present day taurine cat-
tle (Bollongino et al., 2012). The present tau-
rine (T) mtDNA is clearly less variable than the
mtDNA of yak or bison and diverged less
than 15,000 BP, indicating taurine population
expansion after domestication (Ho and Shapiro,
2011).

Zebu (B. indicus) (Plate 4) emerged in the
Indus valley by a separate domestication of a dif-
ferent aurochs subspecies (B.p. namadicus, Chen
et al., 2010). Archeological evidence dates the
domestication of zebu 2000 years after the
taurine domestication (Bradley, 2006; Fuller,
2006; Jarrige, 2006). This is in line with
Bayesian estimates of mtDNA variants (Ho and
Shapiro, 2011) and with the diversity pattern
and broad geographic distribution of the
mtDNA haplogroup I1 (Chen et al., 2010;
Teasdale and Bradley, 2012). However, the
absence in East Asia of the second haplogroup
12, modelling of autosomal gene variation and
a more complex 12 diversity cline suggests that
there may have been an additional zebu domes-
tication, possibly including introgression of
wild females into domestic herds (Murray et al.,
2010; Teasdale and Bradley, 2012).

Remarkably, the characteristic hump, which
is caused by an overdevelopment of the tho-
racic part of the rhomboid major muscle rela-
tive to the cervical part, does not appear on
rock paintings of B.p. namadicus. Fossil
remains from Mehrgarh in Baluchistan have
been attributed to zebu and were dated at 8000
BP (Jarrige, 2006), but the earliest convincing
clay figurines of humped cattle are dated at
5000 to 6000 BP, suggesting that the hump
emerged after domestication. The earliest clear
depictions of humped cattle are from a seal
from 4450-4200 BP found in Harappa in the
Indus valley and in pictures from south Indian
Neolithic sites (Allchin and Allchin, 1974).

Since there are no reproductive barriers
between zebu and taurine cattle, they should
zoologically be considered as subspecies with
designations Bos primigenius indicus and
B.p. taurus, respectively. However, B. indicus and
B. taurus are the more common designations.

As in other domestic species, adaptation
to the habitat of early human settlements was
accompanied by profound genetic changes in

morphology, physiology and behaviour (Hall,
2004). This included decrease in size, reduc-
tion of the outspoken sexual dimorphism of
the aurochs and increase in intramuscular fat
content. Taming implies an attenuation of
behaviour, but feral populations such as the
Chillingham and Heck cattle regain the typical
behaviour of wild herd species with male domi-
nance. The selection signatures are likely to be
different in indicine and taurine cattle because
of their separate domestications, but selection
may have targeted some of the same genes.

Taurine Cattle Spread over
the Old World

Early farms and dairying

The expansions of the first, well-populated agri-
cultural communities from Southwest Asia to the
rest of Eurasia and to Africa have so far been
reconstructed on the basis of sporadic pictorial
representations and by dating of the earliest
farms and paleontological remains of livestock.
Domestic taurine cattle probably reached central
Anatolia between 10,000 (Vigne, 2011) and 8500
BP (Arbuckle and Makarewicz, 2009). This was
possibly preceded by intensified management
of wild cattle populations, which may have inter-
acted with the smaller imported domesticates.

The subsequent colonization of Europe
proceeded via the Mediterranean coast and
along the Danube River. Traces of dairy prod-
ucts in remains of pottery and nitrogen isotope
ratios as signs of early weaning of calves
showed that dairying followed soon after the
arrival of domestic cattle (Payne and Hodges,
1997; Price, 2000; Tresset, 2003): in the
9th millennium BP in Southwest Asia; in the
7th millennium in Africa (Dunne et al., 2012);
in the 8th millennium in southeastern (Evershed
et al., 2008) and northern (Salque et al.,
2013) Europe; and in the late 7th millennium
in the UK (Copley et al., 2003) and France
(Balasse and Tresset, 2002). This was accom-
panied by a gene flow from the Southwest
Asian agricultural societies into the European
communities of hunter-gatherers (Pinhasi
et al., 2012; Rasteiro and Chikhi, 2013). The
emergence of lactase persistence in adult
humans in European and African Neolithic
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populations may be regarded as an example of
human-animal coevolution (Beja-Pereira et al.,

2003; Gerbault et al., 2011).

Maternal lineages

Archaeological observations do not rule out
secondary domestications of taurine cattle
outside the Fertile Crescent. Separate domes-
tications have been postulated for African
cattle on the basis of fossil remains (Brass,
2012) and East Asian cattle on the basis of
the high frequency of the T4 mtDNA haplo-
type (Fig. 2.1; Mannen et al., 2004). How-
ever, the Mesopotamian origin of almost all
taurine cattle is supported by a phylogeny of

the common taurine mtDNA haplotypes with-
out deep splits and by their geographic distri-
bution (Bradley et al., 1998; Ajmone-Marsan
et al., 2010). Southwest Asia has a high hap-
lotype diversity with haplogroups T, T1, T2 and
T3 (Fig. 2.1). In contrast T1 is almost fixed in
Africa, whereas T3 is dominant in Europe and
north-central Asia (Troy et al., 2001; Beja-
Pereira et al., 2006; Achilli et al., 2009;
Kantanen et al., 2009; Bonfiglio et al., 2010;
Jiaet al., 2010; Ginja et al., 2010; Stock and
Gifford-Gonzalez, 2013).

The shift from ~29% T1 in Southwest
Asia to almost 100% in Africa indicates strong
maternal founder effects during migrations
from Southwest Asia to North Africa and then
to West and Central Africa (Fig. 2.1, Bonfiglio

Brahman zebu

7 O O TexasLonghorn o

[
@an Crlollo (%4

(&
MexicafGj Gér:gebu

>
’
a8

aib an Cricllo

Colomblan Cnollo

Brazilian Nelore zebu

Brazlllan Zriollo

@ Paraguay Criollo

Argentine Cnollo

Uruguay Criollo

(6 Nordic
Uéj Russia
Black-Pied

Central Europe

West Africa

. A

/E-at’-Europ@an Rogolian Mongolia

@ > Japan
Central Asia K‘oga ‘ﬁp
Northeast
O India

Indus O %
ﬂ(/\ Gange\l\
South Indla Southeast Asia

\Phlllpplnes
Aceh q

c
{ Filial Ongo\e {
Madu%
4
Bali
8¢ /
T4 _T 471
T3 @ﬁ d @

East Africa

Fig. 2.1. Continental distribution of taurine (circles) and zebu/banteng (ovals) mtDNA haplogroups
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et al., 2012). Likewise, the T4 is a subvariant of
the closely related T3 (Achilli et al., 2009) and
probably spread over East Asia by a founder
effect during the eastward migration of cattle.

The frequency of the T3 haplogroup
increases from ~40% in Southwest Asia to
100% in northwest Europe (Beja-Pereira et al.,
2006; Bonfiglio et al., 2010) with a concomi-
tant decrease of T2 (Fig. 2.1). This suggests
a large influence of T3 carrying founders,
although a predomestic origin of the high T3
frequency in Europe cannot be ruled out (Beja-
Pereira et al., 2006; Mona et al., 2010; Lari
et al., 2011). Ancient DNA confirmed that
most Neolithic European cattle already carried
T3 haplotypes (Bollongino et al., 2006). This
agrees with Bayesian analysis of the coales-
cence of taurine mtDNA variants showing pop-
ulation expansion during the last 10,000 years
(Finlay et al., 2007).

A few examples show that haplotypes in
European cattle other than T3 and T2 may
provide additional information on the history
of cattle:

e Alow frequency (c.1/1000) of the P hap-
lotype from European aurochs in European
domestic cattle and the sporadic finding of
R haplotypes suggests a rare recruitment of
cows from the European aurochs population
(Stock et al., 2009; Bonfiglio et al., 2010).

e A frequency of 13% T1 in Iberian breeds
reflects prehistoric or later gene flow across
the Strait of Gibraltar (Cymbron et al.,
1999; Beja-Pereira et al., 2006; Ajmone-
Marsan et al., 2010; Ginja et al., 2010),
which recently has been confirmed by SNP
genotyping (Decker et al., 2014).

e The high frequency of T1 in Sicilian and
south Italian Podolian breeds may also
indicate African influence.

e Podolian breeds in central Italy have
appreciable frequencies of both T1 and
T2 (Bonfiglio et al., 2010), which for T2
is also observed in east European cattle
(Fig. 2.1). Since there are no records of
intensive demographic contacts between
Africa and central Italy, secondary gene
flow from Anatolia (Pellecchia et al., 2007)
or Greece (Kron, 2004, see below) well
after the introduction of cattle may explain
the high mtDNA diversity in central Italy.

Paternal lineages

In contrast to mtDNA, which shows the mater-
nal origin and therefore stays with the herds,
Y chromosomal haplotypes are markers of
paternal origin and male introgression. So far
two major well diverged Y chromosomal hap-
logroups have been identified in taurine bulls,
Y1 and Y2. Y1 is predominant in northern
European and in north Spanish breeds, has a
low frequency in Southwest Asian bulls and is
carried by male offspring of recent European
imports (Edwards et al., 2011). Y2 is domi-
nant in central European, Mediterranean,
Asian and African taurine bulls.

Remains of European aurochs bulls for
which their wild origin was validated via their
mtDNA all carried Y2 haplotypes (Bollongino
et al., 2008). Since these cannot yet be differ-
entiated from European or Southwest Asian
Y2 haplotypes, this neither proves nor dis-
proves wild male introgression. Wild—domestic
crossbreeding was suggested by intermediate-
sized Neolithic bones found in what is now the
Czech Republic (Kysely and Hajek, 2012). The
Y1 distribution pattern is interpreted as reflect-
ing later expansions of dairy breeds (Edwards
et al., 2011, see below; Bollongino et al.,
2008; Svensson and Gotherstrom, 2008).

The finding of African-specific Y2 haplotypes
provides evidence for introgression of African
aurochs in domestic herds (Perez-Pardal et al.,
2010a,b; Stock and Gifford-Gonzalez, 2013).
An African origin of taurine cattle, in spite of a
Southwest Asian maternal origin, has been con-
firmed by SNP analysis (Decker et al., 2014).

Adaptation

Fossil remains reveal that skeletal morphol-
ogy of cattle kept changing after domestication.
In Europe the size of taurine cattle continued to
decrease in the Stone Age, Bronze Age and
Iron Age (Jewell, 1962; Zeuner, 1963;
Bokonyi, 1974; Barker, 1985). A selective dis-
advantage of large cattle may have been
imposed by: (i) slaughtering of the largest ani-
mals just before the winter; (i) food shortage
during winter in the temperate zones; and (iii)
castration of the strongest bulls for use as work
animals (Barker, 1985; Clutton-Brock, 1989).
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The first domestic cattle were long-horned.
This phenotype still persists in several British,
French, Mediterranean, Podolian and zebu breeds
(see Plates 10, 12, 16, 21, 22, 24 and 26), but
did not suit the domestic habitat. About 2000
years after the domestication of long-horned
cattle, short-horned cattle appeared in Mesopo-
tamia and reached Africa 6000-5000 BP (Payne
and Hodges, 1997), southern and central Europe
4500-5000 BP and Britain 3000-4000 BP.
Long-horned cattle persisted in the Bronze Age
in eastern Europe when the majority of Swiss
and Austrian cattle were already short-horned
(Bokonyi, 1974). From 3600 BP short-horns
were predominant in Africa and from 3000 BP in
Europe (Epstein and Mason, 1984).

Horns became dispensable in captivity
because domestic cattle are protected against
predation and the bulls do not fight for domi-
nance. Hornless skulls found in Switzerland,
Poland and Germany date as early as the 6th
millennium BP (Bokonyi, 1974), while English
hornless skulls date from 2700 BP (Jewell,
1962). Polled cattle were depicted in the 2nd
millennium BC in Egypt, although it is not
clear if these animals were also born hornless
(Strouhal, 1992; Bard and Shubert, 1999).
Herodotus mentioned hornless cattle kept by
Scythians (Rawlinson, 1985), while in the
north of the Netherlands most hornless skulls
date from the Roman era (Lauwerier, 2011).

Molecular analysis localized the horned/
polled causative mutation in an intergenic region
on BTA1 (Medugorac et al., 2012; Allais-
Bonnet et al., 2013; Wiedemar et al., 2014).
The congenital absence of horns correlated in a
broad panel of breeds from Switzerland, France,
the UK and Scandinavia with the presence of
one particular indel, whereas a different indel in
the same region was associated with polledness
in the dairy breeds from northwestern-conti-
nental Europe. Remarkably, in spite of the old
origin of the trait, its autosomal transmission
and an obvious advantage to the farmer, the
absence of horns has rarely been fixed within
breeds, possibly because of association with
unfavourable traits (Allais-Bonnet et al., 2013).
However, polledness was favoured in the ances-
tors of Scottish Angus (Plate 2) and Galloway and
of several Nordic breeds, possibly because of
the necessity to house cattle during long winter
periods (Felius, 1995; Medugorac et al., 2012).

Domestication also favoured a diversity in
coat colours, ever the most visible trait (see
Plates 2—-29; Chapter 4).

Zebus around the Equator

Zebu spread after domestication to eastern and
southwestern Asia, in the latter region becom-
ing introgressed into pre-existing taurine popu-
lations (Fuller, 2006; Edwards et al., 2007a;
Ajmone-Marsan et al., 2010; Chen et al.,
2010). These migrations again generated a
differential distribution of the mtDNA haplo-
groups I1 and 12, with eastern Asia populated
almost exclusively by I1 haplotypes (Fig. 2.1).

Later migrations took zebu to tropical or
subtropical zones of all inhabited continents,
populating China, Indochina and Indonesia
in the east and Africa and North and South
America in the west. Pictures in Egypt at 3800
BP show the earliest African zebu, but large-
scale introduction of zebu bulls occurred about
2000 BP (Epstein and Mason, 1984) and again
following the Islamic invasions after AD 700
(Ajmone-Marsan et al., 2010; Payne and
Hodges, 1997). Importation from India in the
19th century brought zebu to America.

These migrations led to various admix-
tures with taurine cattle as well as other bovine
species (Lenstra and Bradley, 1999). Selembu
is the offspring after terminal crossing of zebu
with gayal (Bos frontalis), which is practised
in Myanmar and Malaysia. Indonesian and
south Chinese zebu breeds carry 10-30%
autosomal alleles from domestic banteng (Bos
javanicus) with the frequency of banteng
mtDNA ranging from 0 to 100% (Fig. 2.1,
Mohamad et al., 2009; Decker et al., 2014).
Southwest Asian and Chinese cattle from
mixed taurindicine descent may carry both
taurine and indicine mtDNA or Y chromo-
somes (Mannen et al., 2004; Lai et al., 2006;
Lei et al., 2006; Edwards et al., 2007b; Jia
etal.,2010; Liet al., 2013). In contrast, only
zebu bulls were exported to Africa and almost
only bulls to America; in fact, indicine mtDNA
is rare outside Asia (Bradley et al., 1998;
Meirelles et al., 1999; Ginja et al., 2010).

African Sanga cattle descend from early
taurindicine crosses and around AD 1500 they
were the dominant type of cattle in eastern and
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central Africa (Payne and Hodges, 1997).
Various degrees of zebu introgression in taurine
and Sanga populations resulted in the present
continuous spectrum of taurine, admixed taurine,
Zenga (zebu x Sanga) and African zebu breeds.
By crossbreeding of Indian bulls to American
Criollo breeds, which are of Iberian maternal
descent, overall frequency of the zebu-specific
Y3 Y chromosomal haplotype is almost 51%
(Ginja et al., 2010) and their ancestry became
taurindicine (Martinez et al., 2012; McTavish
et al., 2013). During the past century, several
American and Australian synthetic breeds have
been formed by planned crosses of taurine breeds
with zebu (Buchanan and Lenstra, Chapter 3,
this volume; Felius et al., 2014).

Several traits contribute to the adaptation of
zebu to tropical and dry environments: a low
metabolic rate, proliferation of large sweat
glands, a large skin surface, a predominance
of intramuscular instead of subcutaneous fat, a
smooth coat, a low susceptibility to insects, ticks
and protozoa and good utilization of low-quality
fodder (Turton, 1991, see also Chapter 23). The
heat tolerance often encouraged zebu intro-
gression in spite of the higher productivity of
European taurine cattle. Zebu did not develop the
trypanotolerance of West African taurine breeds
(see Chapter 9), but has a higher resistance to
rinderpest and largely replaced the East African
sanga after the epidemic of 1887-1897.

Several distinct indicine and taurindicine
breeds have been described. However, selec-
tive breeding and genetic isolation of zebu have
been less systematic and consequential than
for taurine cattle.

Large Taurines during
Classical Antiquity

The relatively peaceful Hellenistic and Roman
societies and an increase of trading stimulated
farming on a larger scale than in earlier pasto-
ral societies. This also coincided with a reversal
of the size reduction of taurine cattle in and
around the Roman Empire. Already in the 8th
century BC large cattle existed in the Greek
Messenia region (Kron, 2004). It was probably
the first type of cattle that spread over a large
region because of its superior qualities: to Epiros,
Greece, Anatolia, Sicily, from the 3rd century
BC to south Italy and to north Italy and the

Mediterranean French coast even before the
Roman occupation. If these so-called Epirote
cattle are ancestral to the current Italian Podolian
breeds, it would explain the maternal genetic link
between Anatolia and Italy as evidenced by the
high mtDNA in Italy (Pellecchia et al., 2007,
Bonfiglio et al., 2010).

Export probably accounted for the large
size of several cattle during the Roman period
in the European part of the Roman Empire
(Kron, 2004; Boékonyi, 1974; Schlumbaum
et al., 2003). In the peripheral regions of the
empire large cattle coexisted with small local
short-horns (Jewell, 1962; Bokonyi, 1974;
Riedel, 1985). One of these cattle found in the
Alpine region appeared to carry the T2
mtDNA haplotype, which is rare in current
Swiss cattle (Schlumbaum et al., 2006).

Written documentation from Greek and
Roman sources provides the first contempo-
rary reports of different types of cattle. White
cattle were already reported in the Mycenean
period on Pylos (Bokényi, 1974; Mclnerney,
2010). Archimedes (287-212 BC) mentioned
four coat colours or colour patterns on Sicily:
creamy white, ebony black, yellow and spotted
(Archimedes, 1999). Several Roman authors
described a large variety of Italian cattle of dif-
ferent sizes and coat colours, which were used
mainly for draught and played a role in reli-
gious rituals (Barker, 1985; MacKinnon, 2010).
Beef was consumed, but fetched in Ap 305 a
lower price than pork (Diocletian Price Edict,
Leake, 1826). Roman cattle were not milked in
contrast to Alpine and Germanic cattle (Caesar,
50-40 BC; Strabo, 1969; MacKinnon, 2010).

Small Cattle in Medieval Europe

After the fall of the Roman Empire, cattle
accompanied the migrations of various Germanic
tribes. Fossil remains, which have outlasted any
written evidence, show a swift disappearance
of the large Roman cattle with the possible
exception of Italian cattle (Zeuner, 1963; Barker,
1985; Kron, 2002). Thus most cattle found in
the graves from the empire of the Azars in
Balkan from the 6th and 9th century were small
and short-horned (Bokonyi, 1974). Presumably,
these small cattle were adequate for local demands
and represent an adaptation to medieval farm-
ing practices and to the vicissitudes of the unruly
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societies (Jewell, 1962). This phenotype has
been preserved in the Balkan Busha cattle and
in American Criollo, which descend from 15th-
century Iberian cattle.

Presumably, frequent depletion of local live-
stock populations during famines or by plunder-
ing maintained gene flow between neighbouring
regions. For instance, the clear phylogenetic rela-
tionship of southern French and Swiss breeds
(Buchanan and Lenstra, Chapter 3, this volume)
may indicate import into France from the Alpine
regions, which were less affected by the devas-
tating Roman conquest, medieval wars and 14th-
century famines. Nevertheless, it is plausible that
already during the Middle Ages local develop-
ments generated geographic differentiation. At
least the characteristic phenotypes found at the
European periphery have medieval or even older
origins: the small Nordic polled cattle, several
long-horned or short-horned British types of cat-
tle, the long-horned Podolic cattle in Italy and
the Balkan steppe, and the large variety in coat
colour and horns in Iberian cattle (Bishko, 1953;
Felius, 1995). Present cattle from these regions
also have high Y chromosomal diversity (Ginja
et al., 2010; Edwards et al., 2011).

Iberian cattle expanded to the south dur-
ing the Reconquista from aD 900-1492.
Incorporation of south Iberian cattle intro-
duced the T1 mtDNA haplogroup (Cymbron
et al., 1999). On regained territories a beef
cattle ranching economy with extensive man-
agement developed, which after 1492 was
also introduced in the New World (Bishko,
1953). The high frequency of the mtDNA T1
haplogroup in Latin American Criollo cattle
(Fig. 2.1, 29%) as well as SNP genotyping
(Decker et al., 2014) indicate an Iberian
ancestry. The increased frequency of the T1
subvariant Tlclal (originally named AA,
Miretti et al., 2004; Ginja et al., 2010;
Bonfiglio et al., 2012) reflects a founder
effect, which very well may have taken place
on one of the Caribbean islands before trans-
port of cattle to the American continent.

The origin of the Podolian-type of cattle in
Italy and the Balkans is unclear: a landrace with
roots in the antiquity (Ciani and Matassino, 2001),
which may have originated from the Epirote cat-
tle (see above) and may in the 5th and 6th centu-
ries have been influenced by cattle brought in by
various German tribes; as suggested by their
name, importation from Podolia in the Ukraine;

or, as proposed on the basis of fossil evidence, an
emergence in Hungary since the 14th century by
selective breeding (Bokonyi, 1974) stimulated by
their large-scale export as beef animals (see
below). Podolian cattle in Italy continued the
Roman tradition of using cattle as draught ani-
mals, although Aragonian rule in south Italy
encouraged sheep ranching at the expense of cat-
tle (Kron, 2004). Remarkably Italian and east
European Podolian mtDNA haplogroup distribu-
tions are clearly different (Fig. 2.1), emphasizing
that gene flow was mostly male-mediated.

Intensive dairy farming was practised in at
least two regions, in the Alps with the vertical
transhumance between summer and winter
pastures and on the rich pastures of the North
Sea and Baltic coastal regions. This probably
continued a tradition predating the Roman era.
In both regions a single Y chromosome is now
predominant, a northern Y1 haplotype and a
central European Y2 haplotype (Edwards et al.,
2011). These haplotypes are separated by a
sharp genetic boundary that divides both France
and Germany in northern and southern parts.
This now reflects the contrast of specialized
dairy cattle from the northwestern continental
green lowland with the beef or dual-purpose cat-
tle from the more hilly and mountainous regions
(Comberg, 1984). However, it also coincides
with historic cultural differences between north-
ern and southern Europe, in France corre-
sponding to the langue d’oil and langue
d’oc and Germany to the Niederdeutsch and
Hochdeutsch, respectively.

Modernization of Cattle
Husbandry

In post-medieval society higher literacy rates
led to a more extensive documentation of
agricultural history, so we can identify the sev-
eral processes that led to the development of
modern cattle, which shows a few clear paral-
lels with Hellenistic and Roman agriculture.

¢ An increased demand for beef and dairy
products stimulated international trade and
large-scale movements of cattle. If the urban
centres could not be directly supplied with
locally produced beef, cattle were produced
in extensive cow-calf operations on more
distant breeding grounds and driven to the
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cities. Already in the Middle Ages Welsh cat-
tle were moved along the so-called droves
to London. From early 17th- to early 19th-
century London and other English cities
were supplied by cattle raised on Scottish
grazing fields. Hungarian Grey cattle
reared on the puzsta were driven westwards
to Munich, Vienna and Venice in the 16th
and 17th century (Bartosiewicz, 1997).
During the same period The Netherlands
and Germany were supplied by Danish
cattle (Petersen, 1970). Both Danish and
Hungarian cattle suffered competition from
Ukrainian cattle driven via Krakow to the
west (Carter, 1994). The cattle drives declined
following improved husbandry practices that
increased productivity of cattle bred near the
urban centres. Most cattle were moved as
meat-on-the-hoof, but in Italy Podolian cattle
may have been recruited as breeding material
(see above). In the 16th century Dutch,
Holstein and Danish dairy cattle were
imported in Sweden (Falk, 2012) and in
the 17-18th century Dutch cattle contrib-
uted to the Shorthorn, Ayrshire, Hereford
and other British breeds (Hall and Clutton-
Brock, 1989; Felius, 1995).
Improvements in agricultural practices allowed
larger cattle to be kept, especially the
increased availability of fodder during the win-
ters. It is likely that selection contributed to the
gradual size increase since the Middle Ages.
A higher density of cattle probably played a
role in the frequent occurrence of rinderpest
epidemics (Broad, 1983; Spinage, 2003).
In The Netherlands this necessitated the
import of cattle from Jutland and Holstein,
which were the ancestors of the Dutch black
and red pied dairy cattle (Felius, 1995).
From the 18th century, breed formation had
a most profound influence on the appear-
ance, productivity and genetic constitution of
cattle. This was achieved by systematic selec-
tion of breeding bulls according to explicit
breeding objectives within genetically isolated
regions. Pedigrees and performance were
documented in herd books and organized
by breeding societies. Eventually this led to
the development of hundreds of special-
ized breeds, which over time became inte-
gral parts of local tradition (Felius, 1995;
Buchanan and Lenstra, Chapter 3, this
volume). Inbreeding by genetic isolation was

for many breeds counteracted by intro-
gression and crossbreeding. In the UK, the
Nordic countries, south France and the
Iberian Peninsula, local breeds with minimal
crossbreeding to cattle from other regions
have retained their common ancestry and
constitute regional clusters of genetically
related breeds (Felius et al., 2011). Distance
analysis indicates also a cluster of Russian
and Siberian breeds in spite of crossbreed-
ing with west European breeds (Li and
Kantanen, 2010; Felius et al., 2011).
Other more international clusters of related
breeds were created in the 19th century
by systematic crossbreeding of local breeds
with sires of successful breeds (Felius, 1995).
In the first half of the 19th century, English
Dairy Shorthorn bulls (Plate 19) were crossed
into several Belgium and north French
breeds (Béranger and Vissac, 1994). Hardy
dairy Ayrshire cattle from Scotland were
imported to Finland and Scandinavia and
crossed into several local breeds, generating
a Nordic Ayrshire breed cluster. Dairy Black-
Pied cattle (Plate 11) and dual-purpose
Red-Pied breeds were kept in most north
European countries. Baltic Red dairy cattle
(Plate 7) spread along the Baltic coasts and
were also crossed into German Highland
Red Cattle. Spotted dual-purpose cattle
descending from the Swiss Simmental
(Plate 20) became popular in Central Europe
and the Balkans (Epstein and Mason, 1984;
Averdunk and Krogmeier, 2011). Another
dairy breed, the Swiss Brown, was crossed
into mountain breeds in France, Germany,
Italy and Spain. Finally, Podolian breeds
(Plates 6 and 12) are now kept in the
Balkan countries and Italy.

Massive exports of European and Asian
cattle to America, Australia and New
Zealand replicated in the 19th and 20th
centuries a large portion of the cattle genetic
resources in the New World (Ajmone-
Marsan et al., 2010). Holstein Friesians
(Plate 11) originating from The Netherlands
and the British Jersey (Plate 13) became
the major dairy breeds. British Hereford
and Angus (Plates 2 and 9) are still the
dominating beef cattle, but since 1960
several European continental breeds have
been imported as well. Zebus were imported
in large numbers into Brazil, the USA
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and Australia. Since then, many new
taurine as well as taurindicine synthetic
breeds have expanded considerably the
cattle genetic repertoire (Buchanan and
Lenstra, Chapter 3, this volume; Felius et
al., 2014).

These developments accelerated the evo-
lution of cattle and expanded the phenotypic
differentiation with regard to dairy or beef pro-
duction, correspondingly influencing milk com-
position and meat quality (see Chapters 16—18).
Dairy development in north or central Europe
induced the typical wedge shape of dairy con-
formation (Plates 7, 11 and 17) in stark contrast
to the appearance of muscular-hypertrophic beef
cattle (Plate 3).

The continental lowland dairy cattle and the
central European dairy cattle, carry different Y
chromosomal haplotypes (Edwards et al., 2011).
Together with the separate development of the
dairy island breeds Jersey and Guernsey, both
free of crossbreeding since 1789, this indicates
multiple origins of specialized dairy cattle.
Therefore, different sets of genomic variants may
confer the dairy productivity traits in cattle from
the north European lowland, from central Europe
and from the Channel Islands, respectively.

Autosomal DNA allows a monitoring of
inbreeding and crossbreeding. By phylogenetic
analysis it reveals local and international breed
clusters mentioned above, which underlie a com-
prehensive classification of European breeds
(Edwards et al., 2011; Felius et al., 2011;
Buchanan and Lenstra, Chapter 3, this volume).
However, the genetic surveys also demonstrate
that breeds have considerable genetic overlap
and still contain a large part of the total variety of
the species (European Cattle Genetic Diversity
Consortium, 2006; Decker et al., 2009).

Industrial Cattle, Crossbreds
and Local Breeds

Since World War II the development of cattle has
been intensified and facilitated by modern repro-
ductive techniques such as artificial insemination
(Al) and multiple ovulation embryo transfer
(MOET). The introduction of the tractor ended
the requirement for draught power (Averdunk
and Krogmeier, 2011). A growing role of the
American cattle is illustrated by the allopatric

development of highly productive breeds on the
basis of imported European breeds (Felius,
1995; Felius et al., 2011). Several beef breeds
have in recent decades been bred for solid black
colour by crossbreeding with Angus cattle.

Genomic approaches now accelerate the
identification of genetic signatures of selection
and of sequence variants that are causative of
phenotypic variation. In addition, genomic
selection of favourable quantative trait locus
(QTL) variants is expected to offer a viable
alternative for traditional selection, which eval-
uates animals on the basis of the phenotypic
characteristics of the individual or its immedi-
ate relatives (see Chapters 15 and 19).

To counteract negative consequences asso-
ciated with selection for high productivity, cross-
breeding is gaining popularity, with Holstein
Friesian x Jersey becoming a usual combination
for dairying (Freyer et al., 2008; Serensen
et al., 2008). In New Zealand 36% of dairy cat-
tle are now crossbred. In Europe the Viking Red
is being developed by combining animals from
Danish, Norwegian and Swedish Red breeds and
Finnish Ayrshire (http:/www.genusbreeding.
co.uk). Crossbreeding has also created several
taurine or taurindicine synthetic beef breeds (Plate
18) both in America and Australia, several of
which are suitable for extensive management.

Concerns about the growing focus on prod-
uctivity have also led to a renewed interest in
local breeds that are characterized by low prod-
uctivity but are better suited for extensive
management (FAO, 2007). Such traits would
be useful for a new purpose of cattle: rewilding
of uninhabited areas by the release of cattle
and other megaherbivores (www.megafauna-
foundation.org). The crossbred Heck cattle, a
much disputed attempt to revive the aurochs
(Felius, 1995), is often used for this purpose,
but an alternative is being developed (www.
taurosproject.com). The new feral cattle popu-
lations may very well develop new adaptations
to their environment and reverse some of the
changes associated with domestication.
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Introduction

Since domestication began more than 8000
years ago, cattle have become adapted to widely
varying geographical areas and a multiplicity of
breeding purposes (meat, dairy, draught, hides,
ceremonial, etc.) (Ajmone-Marsan et al., 2010).
Since the 18th century, this diversification has
been reinforced by systematic breeding of sepa-
rate subpopulations, which we have come to
refer to as ‘breeds’.

In its most basic form, a breed is anything
that is bred. This has often resulted in groups
of animals with similar physical characteristics,
such as colour, horns, body type, performance,
etc. In Europe, breeds are developed in a highly
directed fashion by organizations that protect
the purity of the breed and pursue its further
improvement. These ‘breed societies’ originated
in the UK during the early part of the 19th cen-
tury (Willham, 1987) and spread to other coun-
tries, most notably in Europe and the USA.

In contrast, many (sub)tropical populations
are still managed by the owners of the animals
and differ gradually from neighbouring popula-
tions. However, gene flow between breeds is also

© CAB International 2015. The Genetics of Cattle,
2nd Edn (eds D.J. Garrick and A. Ruvinsky)

normal for the developed breeds. Many breeding
societies manage similar types of cattle and
exchange breeding sires. Animals from most
breeds have a relatively recent common ances-
try yet several herdbooks have allowed entry of
animals from exotic ancestry or even large-scale
crossbreeding to exotic sires from a highly pro-
ductive breeds. One step further is the emergence,
mainly in the New World, of several synthetic
breeds that combine traits from widely divergent
parental populations.

More than 1000 different breeds have been
described (Mason, 1969, 1996; Felius, 1985),
but this counts many national derivatives of
a breed imported from its native country.
A restricted number of cosmopolitan breeds with
high census numbers account for a large part
of the dairy and beef production. On the other
hand, many local breeds with low numbers are
important either historically or as a source of
unique genetic material. For breeds kept under
extensive management this may include an
adaptation to environmental conditions such as
alocal disease resistance. Breeds may therefore
be conserved for economic, scientific or cultural
reasons.
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Bos taurus and Bos indicus

All cattle are contained within the genus Bos
(Hassanin, Chapter 1). Most breeds can be
assigned to the species Bos taurus or Bos
indicus (Felius, 1985) or are of mixed taurindi-
cine ancestry. This assignment to two species
is common in scientific circles and among cattle
producers. This is in line with the divergence of
their mitochondrial (Achilli et al., 2009) and Y
chromosomal (Nijman et al., 2008) DNA and
with their separate domestication events (Lenstra
and Felius, Chapter 2). However, because of
their cross-fertility they should formally be
described as subspecies of the extinct ancestor
Bos promigenius (Hassanin, Chapter 1).

Bos taurus cattle evolved in Mesopotamia
~10,000 years ago and migrated into Europe
and Africa between 5500 and 7000 years ago,
adapting to both temperate and (sub)tropical
climates. The tropically adapted Bos indicus cat-
tle, commonly denoted as zebu or humped cat-
tle, emerged on the Indian subcontinent ~8000
years ago and migrated ~2500 years later to
West and East Asia and then to eastern Africa.
Crossbreeding of indicine bulls and taurine cows
in Africa resulted in indicine admixture in the
taurindicine ‘Sanga’, the zebu-Sanga interme-
diate Zenga and the African zebu (Hanotte et al.,
2000; Ajmone-Marsan et al., 2010). Import of
Iberian cattle into the Americas started late in
the 15th century and adaptation for several
hundred years resulted in the American Criollo
cattle. Import of zebu cattle into America
started in the 19th century and several Criollo
breeds are now also taurindicine (Ajmone-
Marsan et al., 2010; Ginja et al., 2010;
Delgado et al., 2012; McTavish et al., 2013).
In the last century, numerous American and
Australian taurindicine breeds have been
developed, which combine characteristics of Bos
taurus and Bos indicus cattle.

The distinction between taurine and indi-
cine cattle has been supported by genome-
wide analysis of genetic variation as revealed
by almost 50,000 single nucleotide polymor-
phisms (SNPs) (Bovine Hapmap Consortium,
2009). The indicine Brahman, Gir and Nelore
breeds formed a group that was distinct from
all taurine cattle, while the African taurine
N’'Dama (African, taurus) was separate from
the European taurine breeds. The taurindicine

Beefmaster and Santa Gertrudis were interme-
diate between the taurine and indicine breeds.
These results also indicated that many of these
breeds are experiencing rapid decline in effec-
tive population size since their descent from
large ancestral populations.

Categorization According to Utility
and Mode of Origin

In addition to the species categorization, cattle
breeds may be divided by utility. The introduc-
tion of tractors has ended the use of cattle as
draught animals in most production systems,
while selection for fighting abilities is restricted
to the Iberian fighting bulls and the Swiss Valais
or Italian Valdostana fighting cows. Systematic
selection facilitated by artificial insemination
has now caused many European and North
American breeds to excel in either meat or milk
production. Dairy breeds such as the Holstein
produce much more milk than can be consumed
by a calf and have become well adapted to
being milked twice, or even thrice, daily. Other
breeds give only enough milk to sustain a calf
but have highly developed muscularity, possibly
originating from their former use as a draught
animal, and are now important for meat produc-
tion. The different breeding histories of dairy and
beef cattle were confirmed by genome-wide sur-
vey of SNP variation suggesting different dairy
and beef selection signatures (Hayes et al., 2008;
Utsunomiya et al., 2013).

Another categorization of breeds considers
the mode of origin, interaction with other breeds
and international status (FAO, 2007). Felius
et al. (2014) have refined the categorization of
the FAO, differentiating: (i) authentic local breeds
from the 18th century or earlier; (i) local breeds
derived from 19th- or 20th-century imports;
(iii) highly productive cosmopolitan breeds; and
(iv) breeds maintained by crossbreeding.

Classification and Phylogeny
of Breeds

A final categorization of cattle breeds is based
on a comprehensive classification. Since the
19th century, several classifications have been
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proposed, focusing on European breeds and
based on cranial and horn morphology, colour
pattern, (supposed) history, geographical origin
and molecular analysis (Alderson, 1992; Felius
et al., 2011). Table 3.1 shows the integrative
classification emphasizing geography and, within
regions, history and morphology. Worldwide,
16 major groups are recognized comprising tau-
rine, taurindicine and indicine breeds or cattle
derived from other Bos species. Further subdi-
vision of the major groups results in a compre-
hensive account of the global diversity of cattle
(Felius 1995; Felius et al., 2011).

This classification is largely recapitulated
by a molecular-genetic classification of European
taurine cattle (Table 3.2). This is based on
genetic distances and model-based clustering

of microsatellite genotyping (Laloe et al., 2011;
Edwards et al., 2011; Felius et al., 2011), and
is in good agreement with a classification based
on protein polymorphisms (Baker and Manwell,
1980) and a clustering based on 50K SNP typ-
ing (Decker et al., 2009). Both classifications
demonstrate for the European breeds a major
subdivision in northern (integrative groups
1 and 2; genetic cluster I), central (3 and 4; II),
Iberian, Podolian and Balkan cattle. Northern
European cattle also differ from other European
breeds owing to the predominance of the Y chro-
mosomal haplogroup Y1 (Edwards et al., 2011).

Phylogenetic trees of breeds can be con-
structed as done for species, but with two
major differences (Lenstra et al., 2012). First,
differences between breeds are not based on

Table 3.1. Integrative classification of cattle breeds (Felius et al., 2011).

Number  Group Subgroups
1 Northern Polled, Celtic Nordic Polled, Longhorned Dairy, British Polled, Celtic
2 North-Western Lowland Lowland Red, Lowland Pied Dairy, Lowland Pied Dual-Purpose,
British Shorthorn, English Lowland, Channel Island and
Northwest French
3 Western-Central Highland Vosges and Black Forest, Highland Red, Shortheaded Alpine,
Central European, Yellow and Blonde, Broadheaded
Spotted, Charolais
4 Highland solid-coloured Middle French, Southwest French, Pyrenean Grey and Blonde,
North Italian Fawn-Brown, Central European Brown and
Grey, lllyric Shorthorn
5 Iberian West Mediterranean isolates, Northwest Iberian and Balearic
Blonde-Brown, Northwest Iberian Chestnut, Central and
Southwest Iberian Black, Central and Southwestern Iberian
Red and Southeastern Iberian
6 Podolian Italian White, Italian and Croatian Podolian, East European,
Balkan, Anatolian
7 Southwest Asian and Caucasian, Anatolian, Levant Shorthorns, Damascus type
Egyptian Shorthorn
8 Indo-Pakistani zebu Central West Asian, Convex foreheaded, Shorthorned,
Longhorned, Mysore, small Deshi, Himalayan
9 Central and Northeast Asian  Turuano-Mongolian, Northeast Asian, yak and yak hybrids
10 Central and South China, Chinese yellow, Chinese and Southwest Asian zebu, banteng,
Southeast Asian gayal and their hybrids
11 North and West African North African Shorthorn, Lake Chad Longhorn, N’'Dama, West
taurine African Dwarf Shorthorn
12 West African zebu Sahel Shorthorn, Sahel Longhorn
13 East African zebu Northeast African, East African Shorthorn, Madagascar
14 Sanga and zenga Northeast African, Central African Ankole, Southern African
15 Iberian-American Texas Longhorn, Gulf Coast, Criollo
16 Modern American, Original imports, taurine (British, continental, Japanese),

New Zealand,
Australian; bison

indicine, taurindicine, crossbreds, dairy, beef, dual-purpose
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Table 3.2. Molecular-genetic classification. (From Edwards et al., 2011; Felius et al., 2011, Table S35.)

Number

Cluster

Description

|
1.1

1.7

]
1.1

I.1.1

I.1.2

11.1.3

I1.1.4
1.2

1.3

11.3.1

North European breeds

British

Nordic

Nordic Ayrshire

Lowland-Pied

Baltic Red

Northwest Intermediate

Eastern crossbred

Eastern

Central European cattle
Central Western

Central Spotted

Central Blonde
West Alpine

Central Yellow
South French

Central Brown

Spanish Brown

British dairy and beef breeds, including also the Channel
Island breed (Jersey, Guernsey), but not the Shorthorn.
Jersey tends to be different from the other breeds in this
group and may have apparent affinity to Podolian or Alpine
grey breeds

Authentic Norwegian, Swedish, Finnish and Baltic breeds,
including both polled as long-horned (Dgle, Telemark)
breeds

Imported Finnish Ayrshire and Ayrshire crossbreds:
Norwegian Red, Swedish Red-and-White,

Ringamala, Vane

Black- and red-pied dairy cattle originating from the
northwestern European lowlands. Also includes the solid
Red Flemish

Solid red dairy cattle from the Baltic coasts and the German
Highland. Also includes the Russian Suksun, Byelorussian
Red and Ukrainian Red Steppe

Cattle from northwestern Europe that are not closely related to
each other, but are influenced to different degrees by
surrounding breeds: Shorthorn, Maine-Anjou (similar to
Shorthorn), Bretonne-Pie Noir, Normande, Parthenaise
(close to southern French breeds), Vosges, Charolais.
Charolais clustered with south French breeds and Vosges
with central western breeds in a 50K SNP analysis (Decker
et al., 2009; Gautier et al., 2010)

Russian breeds heavily influenced by western breeds: Istoben
(influenced by Lowland Black- and Red-Pied), Kazakh
Whiteheaded (influenced by Hereford), Ukranian Whitehead
(influenced by Groningen Whiteheaded), Bestuzhev
(influenced by several breeds)

Russian and Siberian breeds: Kholmogory, Pechora (both
influenced by 1.4), Kalmyk, Yaroslav, Yakut

Includes four subtypes (Il.1.1-4) and Hinterwald; SNP data
suggest inclusion of Charolais and Vosges

Central European spotted dairy cattle with Simmentaler as
prototype breed from which several other breeds have been
derived

Carinthian and Waldviertel Blonde, genetically close to the
Central Spotted

French Alpine, Swiss Valais (Wallis) and Italian Valdostana
breeds, AustrianTux-Zillertaler

German Yellow breeds, Murbodner, Portuguese Minhota

Southern French beef breeds and the Spanish Pirenaica,
which is also influenced by Iberian cattle

Brown Swiss dairy cattle and derived breeds in Germany, ltaly
and Spain; including Murnau-Werdenfelder

Spanish breeds derived from Central Brown:
Bruna dels Pirineus, Parda Montana and Serrana de Teruel

Continued
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Table 3.2. Continued.

Number Cluster Description

1.4 Central Grey Tyrolean Grey, Grigia Alpina

1.5 Central Eastern Pinzgauer, Pustertaler, Cika

n Iberian cattle Authentic and morphologically diverse Spanish and
Portuguese breeds. Relationships with the Mallorquina and
Menorquina are unclear owing to the high degree
of inbreeding of both Balearic breeds. The feral Betizu
is genetically between the Iberian and southern French
cattle. Contains regional clusters of breeds:

.14 Cantabrian Tudanca, Monchina, Betizu

.1.2 Andalusian Andalusian breeds: Berrenda, Cardena, Marismena, Mostrenca,
Pajuna, Fighting cattle (Lidia, Brava)

111.11.3 Iberian Black Avilefa, Morucha, Negra Andaluza, Preta

1.1.4 Morenas Alistana, Barrosa, Cachena, Frieiresa, Caldelana, Limiana,
Marinhoa, Maronesa, Mirandesa, Vianesa

1.1.5 South Portuguese

Red Alentejana, Garvonesa, Mertolenga

v Podolian cattle Steppe cattle, presumed to originate from the Podolia region.
Contains also Ukranian Grey, Turkish Grey and Chianina

\' Balkan and Southwest Authentic taurine cattle smaller and less developed than

Asian taurine cattle

most European breeds; Busha, Anatolian and

Caucasian cattle

substitutions, but on differences in frequencies
of alleles, most of which are shared by the
breeds. Second, unlike well diverged species,
breeds may keep interacting long after their
divergence, which invalidates the hierarchical,
tree-like phylogenies by introducing reticula-
tions. Nevertheless, neighbour-joining trees are
still popular as convenient, if incomplete visu-
alizations of the breed phylogeny. Reticulations
may be visualized by phylogenetic networks as
in the NeighborNet graphs (see Fig 3.1).

After an early tree based on protein poly-
morphisms (Baker and Manwell, 1980), phylo-
genetic trees and networks of microsatellite
genetic distances have been published for rep-
resentative Asian, African and European (Cym-
bron et al., 2005), British (Wiener et al., 2004),
Danish (Withen et al., 2011), North Eurasian
(Kantanen et al., 2000; Li and Kantanen,
2010), Polish (Grzybowski and Prusak, 2004),
French (Moazami-Goudarzi et al.,1997; Maudet
et al., 2003), Alpine (Del Bo et al., 2001),
Iberian (Martin-Burriel et al., 2007, 2011),
Italian (D’Andrea et al., 2011), Slovenian (Simcic
et al., 2013) Balkan (Medugorac et al., 2009),
Southwest Asian (Loftus et al., 1999), Indian

(Shah et al., 2012), Chinese (Zhang et al.,
2007), African (Moazami-Goudarzi et al., 2001;
Freeman et al., 2004; Ibeagha-Awemu et al.,
2004; Zerabruk, 2012), Brazilian (Egito et al.,
2007), Cuban (Acosta et al., 2013) and
American (Delgado et al., 2012; Martinez et al.,
2012) breeds. Combining several of these data
with a Europe-wide database (Lenstra et al.,
2008) vyielded a network covering most
European breeds (Felius et al., 2011).

Higher phylogenetic resolution has been
achieved with a genome-wide analysis using
1536 SNPs for French and African breeds
(Gautier et al., 2007) or 50 K SNPs for a
global (Decker et al., 2009) and French (Gautier
et al., 2010) set of breeds.

These phylogenies show close relationships
of recently diverged breeds as, for example,
black-pied and Baltic red breeds (Withen et al.,
2011. However, recent genetic drift is reflected
in long terminal branches (e.g. with the island
breed Mallorquina and the Betizu A subpopula-
tion, Martin-Burriel et al., 2007) and obscures
deeper phylogenetic relationships of the clusters
of related breeds. These may be approached
by pooling breeds from the same cluster as
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Fig. 3.1. NeighborNet graph illustrating microsatellite phylogenetic network of taurine cattle breeds.

reconstructions of the ancestral populations
(Lenstra, 2008). Figure 3.1 shows a phylogeny
of Eurasian breed clusters, visualizing a genetic
cline from eastern (Anatolian) to Balkan, Mediter-
ranean and Nordic cattle, and then to the more
developed breeds from central and northwest-
ern Europe. It also shows the major subdivision
of European breeds (see above).

Description of Cattle Breeds

Tables 3.3 to 3.9 give, for a selection of the
cattle breeds worldwide, species origin (taurine,
indicine, etc.), integrative and, for European
breeds, genetic classification, category of origin,
main and morphological traits (Rouse, 1970a,
1970b; Briggs and Briggs, 1980; Felius, 1985,
1995; Walker, 1989; Committee on Managing
Global Genetic Resources, 1993; see also
http://dad.fao.org, www.ansi.okstate.edu/breeds/
cattle and http://en.wikipedia.org/wiki/List_
of_ cattle_breeds).

Where information is available, breeds are
also described for the seven traits that have been
used since the late 1960s for the Germ Plasm
Evaluation (GPE) experiment: size, age at
puberty, marbling, tenderness, lean to fat ratio,
milk production and tropical adaptation (Cundiff
et al., 1986, 1993, 1997; Cundiff, 2003a,
2003b). Descriptors for breeds other than those in
the GPE are subjective and reflect a performance
that is dependent upon the environment in which
the breeds are used instead of what would be
achieved in a uniform environment for all breeds.

Table 3.10 provides references to research
information about the most common breeds,
listing for each of the papers the breeds that
have been evaluated.

Plates 2-25 contain colour images of several
breeds representing various breed categories.

Perspectives

The concept of a breed is likely to remain rather
fluid. Several beef cattle breeds developed in
North America during the 20th century and this
may be indicative of a general effort to identify
combinations of germplasm for use in the var-
ied environments in which cattle are raised.
These developments are, apparently, continu-
ing. It is tempting to assume that the important
breeds of today will continue to be important in
the future. One has only to examine the history
of breeds during the 20th century, in cattle and
in other species of livestock to see the fallacy
of this assumption. The evolutionary pace in
both beef and dairy cattle may even speed up
due to improved techniques for identification
of superior genetic material such as genomic
selection. This may very well create new breeds
by recombining gene variants from different
genetic stocks.
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Table 3.3. Breeds from Asia.

Classifi- Category Country of
Breed cation®  of origin®  Species® origin Global range Colour Size and growth ~ Milk production  Other traits, remarks
Bengali 8 1 | Bangladesh Asia White, blonde, Small Tropical triple-
and Bengal, brown purpose, tolerates
India poor food
Chinese Yellow 10 1 T, T/, 1 China Asia Yellow Small Comprising many
local varieties
Dhanni 8 1 | Pakistan Asia White, black  Moderate Tropical,
spotted triple-purpose
Gir 8 1,2 | Guijarat, India  Asia, South  Red, red with Moderate High Large population in
America white spots Brazil, tropical dairy
Guzerat 8 1,2 | India Asia, South  Steel-grey, Moderate-large Moderate Kankrej in India,
America black tropical
markings
Hissar 8 1 | India Asia White Moderate-large
Krishna Valley 8 1 | India Asia White Moderate-large Tropical
Mongolian 9 1 T Mongolia Asia Variable Small Adapted to extreme
conditions
Nelore 8 2 | India South White, black  Moderate-large?  Moderate? Derived from Ongole,
America, markings tropical, low
Australia tenderness?, late
puberty?, low
marbling?
Ongole 8 1 | India Asia White, black  Moderate-large Moderate Tropical, work-dairy
markings
Red Sindhi 8 1,2 | Pakistan Asia, Africa, Red Small Moderate-high  Tropical, triple
Australia purpose
Sahiwal 8 1,2 | India Asia, Africa, Red Small- moderate? Moderate-high® Tropical, low
America, tenderness?, late
Australia puberty?, low
marbling?
Tharparkar 8 1 | India Asia Grey to white Moderate-large Tropical, draught

Continued
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Table 3.3. Continued.

Classifi- Category Country of
Breed cation®  of origin®  Species® origin Global range Colour Size and growth ~ Milk production  Other traits, remarks
Wagyu 9 1,2 T Japan Asia, North Both black Small? Moderate® Very high marbling?
America and red high tenderness?,
Europe strains early puberty?, low
lean-to-fat?
Xinjiang Brown 9 1 T China Asia Variable Small-moderate  Low-moderate  Derived from Hazake
x Alpine Brown
Mountain
Yakut 9,18 1 T Sakha Asia White, red or  Small Uniquely adapted to
Republic, black spots climate above polar
Siberia circle

aFor more details, see Cundiff, 2003. Breed names in bold refer to pictures in Plates 2—-25.

bcodes of integrative (Arabic numbers) and genetic (Roman followed by Arabic numbers) classifications, respectively, as in Tables 3.1 and 3.2
©1, authentic local; 2, imported local.

dSpecies: I, Bos indicus; T, Bos taurus; T/I, taurindicine.
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Table 3.4. Breeds from Africa.

Classifi-  Category Sizeand  Milk
Breed cation® of origin®  Species? Country of origin Global range Colour growth production  Other traits, remarks
Abyssinian 13 1 | Ethiopia Africa Variable Small Comprises several landraces
Shorthorned adapted to the range of
Zebu cool highlands to hot
lowlands
Adamawa 12 1 Nigeria Africa Variable Moderate Bamenda in Nigeria,
N’Gaoundéré in Cameroon,
tropical, hanging hump
Africander 14 1,2 S South Africa Africa, Red Moderate Tropical, moderate lean-to-fat,
Australia moderate to late age at
puberty
Watusi 16 1,2 DR Congo, Africa, North  Dark Moderate Tropical, very large white
Uganda, Rwanda, America brown, horns, high fat milk,
Burundi, Tanzania white moderate-high lean-to-fat,
spots tropical, in the US Texas
Longhorn introgression
Arsi 13 | Central Ethiopia Africa Variable Small Highland work-beef
Bonsmara 14 1,2 T/ South Africa Africa, Red Moderate? Moderate?  Afrikander—Hereford—
Australia, Shorthorn hybrid, moderate
South lean-to-fat?, moderate
America marbling?
Boran 13 1,2 Ethiopia Africa, South White, Moderate? Moderate? Tropical, low tenderness?, low
America grey, marbling?, late puberty?,
fawn, red moderate lean-to-fat®
Brown Atlas 11 1 T Algeria, Morocco Africa Brown Small Comprises several landraces
Butana 13 1 | Sudan Africa Dark red Moderate- Moderate-  Tropical
large high
Danakil 14 1 S Ethiopia Africa Variable Moderate- Moderate Afar Sanga in Ethiopia,
large tropical
Dinka (Nilotic) 14 1 S Sudan Africa White, also  Small- Tropical, very long horns
pied moderate
Fogera 14 1 S/l Ethiopia Asia Variable Moderate Tropical

Continued
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Table 3.4. Continued.
Classifi-  Category Sizeand  Milk
Breed cation® of origin®  Species? Country of origin Global range Colour growth production  Other traits, remarks
Kenana 13 1 I Sudan Africa White Small- Moderate Tropical
moderate
Keteku 11 1 T/ Nigeria Africa White, also  Small Zebu-Shorthorn hybrid,
black tropical
spotted
Menufi 11 1 T Egypt Africa Red Small Baladi variety, tropical
Muturu 11 1 T Nigeria Africa Black and  Dwarf Tropical, trypanotolerant
white
spotted
N’Dama 11 1 T Guinea, West Africa  Africa Fawn Small Tropical, trypanotolerant
Nguni 14 1 S South Africa Africa Variable Small- Amalgate of local varieties
moderate
Tuli 14 1,2 S Zimbabwe Africa, Yellow Moderate2 Moderate? Moderate marbling?, low
Australia tenderness?, moderate age
at puberty?
White Fulani 12 1 Nigeria, Niger Africa White, also Moderate Tropical, triple purpose
black
spotted

aFor more details, see Cundiff, 2003. Breed names in bold refer to pictures in Plates 2-25.
Codes of integrative classification as in Table 3.1.
¢1, authentic local.
dSpecies: |, Bos indicus; S, Sanga; S/I, Zenga; T/I, taurindicine.
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Table 3.5. Breeds from continental Europe.

Classifi-  Category Country of Size and
Breed cation®  of origin®  Species? origin Global range  Colour growth Milk production  Other traits, remarks
Alentejana 5,111.1.5 1 T Portugal Europe Red Moderate-
large
Aubrac 4,11.2 1 T France Europe Brown, white Moderate
muzzle band
Belgian Blue 2, 1.6 1,3 T Belgium North White, blue Moderate- Moderate? High frequency double-
America, roan, black large? muscled, high lean-to-
Europe pied fat?, very low marbling?,
moderate tenderness?
Blonde 4,11.2 1,3 T France North Yellow to red Large Low-moderate  Recent local amalgate
d’Aquitaine America,
Europe
Braunvieh 4,11.3 1,3 T Switzerland  America, Grey-brown, Moderate-  Moderate- Early-moderate puberty?,
Europe, Africa  white muzzle large® higha moderate-high
band lean-to-fat?, moderate
marbling?
Brown Swiss 4, 11.3 3 T Switzerland ~ America, Light brown, Large High American derivate of
Europe, white muzzle Braunvieh
Asia, Africa band
Charolais 3,1.6 1,3 T France America, Creamy white Large? Low? High lean-to-fat?, late
Europe puberty?, low
marbling?, low
tenderness?
Chianina 6, IV 1,3 T Italy North America, White, black Very large? Low? Podolian, high lean-to-fat?,
Europe points late puberty?, low
marbling?, low
tenderness?, late
puberty?
Danish Red 2,1.5 1 T Denmark Europe Red Moderate Moderate to Brown Swiss, Red
high Holstein introgression
Danish Red 2, 1.4 2 T Denmark Europe Red and white  Moderate Moderate Shorthorn—-Red-Pied
and White composite

Continued
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Table 3.5. Continued.

Classifi- Category Country of Size and
Breed cation®  of origin® Species? origin Global range  Colour growth Milk production  Other traits, remarks
Dutch Belted 2,1.4 1 T Netherlands  Europe Black and white Moderate Moderate Hobby breed, Galloway
belted introgression
Fighting Bull 5, 111.1.2 1,2 T Spain Europe, Latin ~ Variable Small- Bred for bullfighting
(Toro de American moderate several inbred lines
Lidia) countries
Flamande 2,1.6 1 T France Europe Dark brown- Moderate- Moderate
black large
Fleckvieh 3,11.1.1 2,3 T Germany America, Red and white, Moderate- Moderate Related to Simmental,
Europe white head large dual-purpose or beef
Gelbvieh 3,1.1.2 1,3 T Bavaria, North America, Blond to red Moderate-  Moderate-high® Amalgate, low marbling?,
Germany Europe, large® low tenderness?, early
Australia puberty?
Holstein 2,14 3 T Netherlands  Global Black and white, Large? Very high?@ Derived from Dutch
red-and-white Black-Pied, separate
beef Friesian strain,
moderate marbling?,
early puberty?
Hungarian 6, IV 1 T Hungary Europe Grey Large Low
Grey
Icelandic 1,12 1 T Iceland Iceland Variable Small- Moderate Isolated since Viking
moderate import
Limousin 4,11.2 1,3 T France America, Red Moderate?  Low? High lean-to-fat, low
Europe marbling?, late
puberty?, low
tenderness?
Maine-Anjou 4,1.6 2,3 T France North America, Red and white  Large?® Moderate? Influenced by British

Europe

Shorthorn, high
lean-to-fat?, low
marbling?, low
tenderness?, moderate
puberty age?
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Marchigiana 6, IV

Meuse-Rhine- 2,1.4
Yssel

Montbéliarde 4, 11.1.1

Normande 4,1.6

Norwegian Red 1, 1.3

Piedmontese 6

Pinzgauer 3, 1.5

Polish Red 2,15

Romagnola 6, IV

Rotvieh 2o0r4,
(German Red) 1.5
Salers 4,11.2

1,3

1,2

1,3

1,3

1,3

1,3

1,2

1,3

Marche, Italy

Netherlands

France

Manche &
Calvados,

France

Norway

Italy

Austria

Poland

Italy

Germany

France

North
America,
Europe

Europe
Europe

America,
Europe

Europe

North
America,
Europe

North
America,
Europe,
Africa

Europe

North
America,
Europe

Europe

North
America,
Europe

White, black
eye markings

Red and white

Red and white,
white head

Red-brown
spotted, pied,
brindled,
white face

Red-and-white

Grey-white,
black
markings

Red, defined
white
markings

Red

Grey with black
shades

Red

Red

Moderate-
large

Moderate-
large

Moderate-
large

Moderate-
large

Moderate-high

Moderate-high

Moderate?

Low? Low-moderate?

Moderate?  Moderate?

Small-
moderate
Large

Moderate

Moderate- Moderate?

large?

Moderate-high®

Podolian, moderate-high
lean-to-fat, early-
moderate age-puberty

Ancestral to other lowland
red-pied breeds
Related to Simmental

Moderate-high lean-to-fat

Ayrshire influence,
moderate marbling?,
early puberty?

High frequency double-
muscled, very high
lean-to-fat?, low
marbling?, moderate
tenderness?, early
puberty?

Moderate lean-to-fat?,
moderate marbling?,
early age puberty?

Influenced by Danish Red

Podolian, high lean-to-fat,
moderate age-puberty

Influenced by Danish Red
Moderate lean-to-fat?, low
marbling?®, moderate

puberty age?
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9e)d Jjo speeJa)

174




Table 3.5. Continued.

Classifi- Category Country of Size and
Breed cation®  of origin®  Species? origin Global range  Colour growth Milk production  Other traits, remarks
Simmental 3,111 1,3 T Switzerland ~ America, Red-and-white, Large? Moderate-high? Low marbling?, moderate
Europe, white face, in puberty age?,
Asia America moderate-high
mostly black lean-to-fat?, in America
influenced by Angus
Swedish Red 1, 1.3 2 T Sweden Europe Red and white  Moderate- Moderate-high? Moderate-high lean-to-
and White high? fat?, moderate
marbling?, early
puberty?
Swedish Red 1,1.2 1 T Sweden Europe Red Small
Polled
Tarentaise 4,11.1.3 1,3 T France North America, Red, white Moderate® Moderate? Moderate lean-to-fat?,

Europe muzzle band

low marbling?, early
puberty?

aFor more details, see Cundiff, 2003. Breed names in bold refer to pictures in Plates 2-25.
Codes of integrative (Arabic numbers) and genetic (Roman followed by Arabic numbers) classifications, respectively, as in Tables 3.1 and 3.2.
¢1, authentic local; 2, imported local; 3, cosmopolitan.
dSpecies:T, Bos taurus.
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Table 3.6. Breeds from Great Britain (and nearby islands).

Classifi- Category of Country of Size and
Breed cation® origin® Species? origin Global range Colour growth Milk production  Other traits, remarks
Angus 2,11 1,3 T Scotland America, Black, also ~ Moderate- Moderate? Polled, high marbling?, high
Europe, red strain high? tenderness?, low-moderate
Australia lean-to-fat?, early puberty?
Ayrshire 1, 1.1 1,3 T Scotland North Red-and- Moderate Moderate-high  Exported to Finland, ancestral
America, white to several Scandinavian
Europe, breeds
Africa,
Australia
Belted 1,11 1,3 T Scotland North Black with Small- Polled, curly hair
Galloway America, white belt moderate
Europe
British White 1, I.1 1 T England Europe White, black Moderate Polled
points
Devon 2, 1.1 1 T England North Red Small- Moderate? Moderate marbling?, moderate
America, moderate® tenderness®?, moderate
Europe puberty age?, moderate
lean-to-fat?
Dexter 1, 11 1,3 T Ireland North Black, also ~ Dwarf Moderate Ancestral to American
America, dun or red miniature breeds, milk high
Europe in butterfat, small size by
heterozygozity of
chondrodysplasia mutation,
bulldog calves by
homozygosity
Galloway 2,11 1,3 T Scotland North Black, also ~ Small- Low-moderate? Long, curly hair, polled,
America, dun moderate? moderate tenderness?,
Europe moderate marbling?,
moderate puberty age®
Guernsey 2,11 1,3 T Guernsey North Fawn and Moderate Moderate Moderately high in butterfat,
America, white genetically largely isolated
Europe since 1789

Continued
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Table 3.6. Continued.

Classifi- Category of Country of Size and
Breed cation®  origin® Species?  origin Global range Colour growth Milk production  Other traits, remarks
Hereford 2, 1.1 1,3 T England North Red, white Moderate- Low-moderate? Moderate marbling?,
America, face and higha moderate tenderness?,
Europe, markings moderate lean to fat?
Australia
Jersey 1,11 1,3 T Jersey Global Fawn, also  Smalla High? High in butterfat, low
pied lean-to-fat, high marbling?,
moderate tenderness?,
early puberty?, genetically
largely isolated since 1789,
used for dairy
crossbreeding
Lincoln Red 2 1 T England Europe Red Large Related to Shorthorn
Longhorn 1, 1.1 1 T England Europe Red or grey Moderate Long downward horns
(English) colour-
sided, also
brindled or
speckled
Red Angus 2,11 1,3 T Scotland America, Red Moderate- Moderate? Polled, moderate marbling?,
Europe, high? moderate tenderness?,
Australia early puberty?, low-
moderate lean-to-fat?
Red Poll 1 1,3 T England North Red Moderate Moderate-high  Polled, moderate tenderness,
America, moderate-high marbling,
Europe, low-moderate lean-to-fat,
Africa, early puberty
Australia
Scottish 1,11 1,3 T Scotland North Brown, black Small Long hair, long horns, rustic,
Highland America, or red cold adaptation
Europe

8
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Shorthorn 2,1.6 1,3
South Devon 2, I.1 1,3
Sussex 2 1,2
Welsh Black 1 1
White Park 1,11 1,3

England

England

England

Wales
England

America,
Europe,
Australia

North
America,
Europe

Europe,
Africa
Europe

Dark red,
red-and-
white or
roan

Light-red

Blood-red

Black

Europe, North White with

America

black points

Moderate-
high?

Moderate?

Small

Moderate
Moderate

Moderate® Low-moderate lean-to-fat?,
moderate-high marbling?,
moderate tenderness?,
early-moderate age
puberty?

Moderate® Moderate lean-to-fat?,
moderate-high marbling?,
moderate tenderness?,
early-moderate age
puberty?

aFor more details, see Cundiff, 2003. Breed names in bold refer to pictures in Plates 2—-25.
bcodes of integrative (Arabic numbers) and genetic (Roman followed by Arabic numbers) classifications, respectively, as in Tables 3.1 and 3.2.

¢1, authentic local; 2, imported local; 3, cosmopolitan.

dSpecies:T, Bos taurus.
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Table 3.7. Breeds from North America.

Classifi- Category Country of Size and
Breed cation® of origin® Species? origin Global range  Colour growth Milk production Other traits, remarks
American White 16 2 T United North America White with  Moderate Introgressed with beef and
Park States red points dairy cattle
Amerifax 16 4 T United North Red or Moderate-  Moderate-high Polled, Angus—Beef
States America black large Friesian hybrid
Barzona 16 2 T/ United North Dark red Moderate Africander—Hereford—
States America Angus—Santa Gertrudis
hybrid
Beefmaster 16 2 T/ United North Red and Moderate- Moderate? Moderate lean-to-fat?, low
States America, other high? marbling?, low
Africa colours tenderness?, moderate
puberty age?
Braford 16 2 T/ United North Red, white  Moderate Moderate Brahman-Hereford hybrid,
States America, face and tropical
Australia markings
Brah-Maine 16 2 T/ United North Red and Moderate-  Moderate Brahman—Maine Anjou
States America white large hybrid, tropical
markings
Brahman 16 2 T/ United America, Grey Moderate-  Moderate-large?  Blending of Gir, Guzerat
States Africa, strains, large® and Nelore, low
Australia red tenderness?, late
strains puberty?, moderate-high
lean-to-fat?
Brahmousin 16 2 T/ United North Red Moderate Limousin—Brahman hybrid,
States America tropical
Bralers 16 2 T/ United North Red Moderate Moderate Brahman-Salers hybrid,
States America tropical
Brangus 16 2 T/ United North Black Moderate-  Moderate? Angus—Brahman hybrid,
States America, large® moderate lean-to-fat?,
Africa moderate marbling?, low

tenderness?, moderate
puberty age?, tropical
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Canadienne

Charbray

Chiangus
Corriente
Florida Cracker
Gelbray

Hays Converter

Red Brangus
RX3

Salorn

Santa Cruz

Santa Gertrudis

Senepol

16

16

T/

T/

T/

T/

T/

Canada

United
States

United
States
Mexico

United
States

United
States

Canada

United
States
United
States
United
States
United
States
United
States

Virgin

Islands

North
America,
Europe

North
America,
Australia

North
America

North
America

North
America

North
America

North
America

North
America
North
America
North
America
North
America
North
America,
Africa
North
America

Red

White-tan

Black

Variable

Variable

Red

Black or red
with white
face and
markings

Red

Red

Red

Red

Red

Red

Small
Moderate-
large
Moderate-
large

Small
Small
Moderate-
large
Moderate-
large
Moderate
Moderate
Moderate
Moderate
Moderate?

Small-
moderate

Moderate

Moderate-high

Moderate-high

Moderate-high

Low-moderate?

16/17th century Breton/
Normandy derivative+
since 1990 in France

Charolais—Brahman hybrid,
tropical

Former Ankina, polled
Criollo of northern Mexico

Criollo, adapted to humid
tropics

Gelbvieh-Brahman
crossbred, tropical

Holstein—Hereford—Brown
Swiss crossbred

Red Angus—Brahman
crossbred, tropical

Hereford—Holstein—Red
Angus hybrid

Salers—Texas Longhorn
crossbred

Santa, Gertrudis, Red
Angus, Gelbvieh hybrid

Shorthorn—Brahman
hybrid+, tropical

N’Dama/Red Poll
crossbred, tropical
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Table 3.7. Continued.

Classifi- Category Country of Size and
Breed cation® of origin® Species? origin Global range  Colour growth Milk production Other traits, remarks
Simbrah 16 2 T/ United North Red with Moderate- Simmental-Brahman
States America white face  large hybrid, tropical
and
markings
Texas Longhorn 15 1 T/ Mexico North Variable Small® Small-moderate?  Criollo cattle of
and America Southwestern United
United States, moderate
States lean-to-fat?, low-

moderate marbling?,
moderate puberty age?

aFor more details, see Cundiff, 2003. Breed names in bold refer to pictures in Plates 2—-25.
Codes of integrative classification as in Table 3.1.

¢1, authentic local; 2, imported local; 4, continuously crossbred.

dSpecies: T, Bos taurus; T/1, taurindicine.
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Table 3.8. Breeds of cattle with origin in Australia, Southwest Asia and Oceania.

Classifi- Category Country Size and Milk
Breed cation®  of origin® Species?  of origin Global range Colour growth production Other traits, remarks
Bali Cattle 10 1 J Bali Australia, SW Dark-brown bulls,  Small Tropical, work-beef, high
Asia Oceania tan cows; white fertility, adapted to
mirror and lower extensive management
legs
Grati 10 2 T Indonesia Oceania, tropical Red or Moderate Crossbred of Javanese,
black-and-white Black-pied and other dairy
taurine breeds
lllawarra 16 1 T Australia  Australia, Asia, Red, some roans  Moderate Crossbred of mainly Ayrshire
America, or white and other dairy taurine
Oceania breeds
Javanese 10 1 11J Indonesia Oceania Tan Small- Banteng-Indochinese hybrid
moderate upgraded with Ongole
Kedah-Kelantan 10 1 | Malaysia  Oceania Tan-brown Small Indo-Chinese zebu
Local Indian 8 2 | Malaysia  Asia, Oceania White Small Kedah—Kelantan zebu
Dairy crossbred, now x Holstein
Madura 10 1 11J Indonesia Oceania Tan Small Zebu (paternal)-Banteng
cross, ‘racing bull’
Mandalong 16 4 T/ Australia Cream to red Moderate- Charolais—Chianina—poll
Special large Shorthorn—British
White—Brahman crossbred
Murray Grey 16 2 T Australia  Australia, Silver to dun-grey  Moderate Shorthorn x Angus
Europe, crossbred, polled

North America

aFor more details, see Cundiff, 2003.
bCodes of integrative classification as in Table 3.1.
©1, authentic local; 2, imported local; 4, continuously crossbred.
dSpecies: I, Bos indicus; J, Bos javanicus; T, Bos taurus; 1/J, mixed B. indicus—javanicus origin; T/I, taurindicine.
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Table 3.9. Breeds of cattle with origin in South America.

Classifi- Category of Country of Size and
Breed cation® origin® Species? origin Global range Colour growth Milk production Other traits, remarks
Blanco 15 1 T/ Colombia South White with  Moderate Colombian Criollo, longhorned or
Orejinegro America black polled, tropical

points

Caracu 15 1 T Brazil South Blondeto  Moderate Criollo cattle of Brazil, tropical

America light red

Indo-Brazil 16 2 | Brazil America White or Large Guzera, Nelore, Hissar, Gir

grey crossbred, tropical, leaflike
hanging ears
Romosinuano 15 1 T/ Colombia America Tantored Small? Moderate? Colombian Criollo, polled,

moderate lean-to-fat?, low
marbling?, low tenderness?,
moderate puberty age?

aFor more details, see Cundiff, 2003.

bCodes of integrative classification, respectively, as in Table 3.1.

¢1, authentic local; 2, imported local.

dSpecies: |, Bos indicus; T, Bos taurus; T/l, taurindicine.
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Table 3.10. References for beef cattle breed comparison research.

Authors Location Breeds
Prayaga, 2003a,b, 2004 Australia  Africander, Boran, Brahman, Charolais, Hereford,
Shorthorn, Simmental, Tuli
Chase et al., 1997; Chenoweth et al., Florida Angus, Brahman, Hereford, Nelore,
1996 Romosinuano, Senepol
Koger, 1980 Florida Zebu, Brahman, Santa Gertrudis, Beefmaster,

Arango, 2002b; Crouse et al., 1975; Koch Nebraska
and Dikeman, 1977; Koch et al., 1976,
19883; Laster et al., 1972, 1976; Smith,
1976; Smith et al., 1976¢,d

Arango et al., 2002a; Crouse et al., 1989; Nebraska
Cundiff et al., 1984; Gregory et al.,
1979a,b; Koch et al., 1982a,b

Arango et al., 2002c Nebraska

Arango et al., 2004a; Cundiff et al., 1990, Nebraska
1998; Thallman et al., 1999; Wheeler
etal., 1996, 1997

Arango et al., 2004b; Cundiff et al., Nebraska
1986b; Cundiff et al., 1993; Jenkins
et al., 1991b; Notter et al., 1978a,b;
Young et al., 1978a,b

Casas and Cundiff, 2003; Casas et al., Nebraska
2011; Cundiff et al., 1994; Freetly and
Cundiff, 1997, 1998; Freetly et al.,
2011; Wheeler et al., 2001

Casas and Cundiff, 2006; Casas et al., Nebraska
2007, 2012; Cundiff and Thallman,
2002; Wheeler et al., 2004

Casas et al., 2010; Wheeler et al., 2010  Nebraska

Cundiff et al., 1974a,b, 1992; Gregory Nebraska
etal., 1965, 1966a,b,c; Long and
Gregory 1974, 1975a,b; Nuhez-
Dominguez et al., 1991, 1992; Olson
et al., 1978a,b,c; Smith and Cundiff,
1976; Smith et al., 1976a,b; Wiltbank
etal., 1966, 1967
Cundiff et al., 1981; Dearborn, 1986, Nebraska
1987a,b; Gregory et al., 1978a,b,c,d,e;
Jenkins et al., 1991a; Koch et al.,
1979, 1981; Laster et al., 1979
Cundiff et al., 1986a Nebraska

Cushman et al., 2007, Nebraska
Rodriguez-Almeida et al., 1995a,b;
Wheeler et al., 2005

Brangus, Braford, Barzona, Charbray, Simbrah,
Bramousin

Angus, Charolais, Hereford, Jersey, Limousin,
Simmental, South Devon

Angus, Brahman, Hereford, Pinzgauer, Sahiwal,
Tarentaise

Angus, Braunvieh, Chianina, Gelbvieh, Hereford,
Maine Anjou, Red Poll

Angus, Charolais, Galloway, Gelbvieh, Hereford,
Longhorn, Nelore, Piedmontese, Pinzgauer,
Salers, Shorthorn

Angus, Brahman, Brangus, Braunvieh, Brown
Swiss, Charolais, Chianina, Devon, Galloway,
Gelbvieh, Hereford, Holstein, Jersey, Limousin,
Longhorn, Maine-Anjou, Nelore, Piedmontese,
Pinzgauer, Red Poll, Sahiwal, Salers, Santa
Gertrudis, Shorthorn, Simmental, South
Devon, Tarentaise

Angus, Belgian Blue, Boran, Brahman, Hereford,
Piedmontese, Tuli

Angus, Friesian, Hereford, Norwegian Red,
Swedish Red and White, Wagyu

Angus, Beefmaster, Bonsmara, Brangus,
Hereford, Romosinuano
Angus, Hereford, Shorthorn

Angus, Brown Swiss, Chianina, Gelbvieh,
Hereford, Maine Anjou, Red Poll

Angus, Brown Swiss, Charolais, Chianina,
Gelbvieh, Jersey, Limousin, Maine Anjou,
Pinzgauer, South Devon, Tarentaise

Angus, Charolais, Gelbvieh, Hereford, Limousin,
Pinzgauer, Red Angus, Simmental

Continued
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Table 3.10. Continued.

Authors

Location

Breeds

Ferrell, 1982; Laster et al., 1973a,b

Ferrell and Jenkins, 1998a,b;
Jenkins and Ferrell, 2004

Gregory and Cundiff, 1980

Gregory et al., 1991a,b,c, 1992a,b,c,
1994; Jenkins and Ferrell, 1992,
1994, 1997

Laster and Gregory, 1973

Laster et al., 1973a,b

Amer et al., 1992

Cundiff, 1970

Franke, 1980

Franke, 1997

Hetzel, 1988

Long, 1980

Mason, 1971

Plasse, 1983

Roughsedge et al., 2001

Sanders, 1980

Nebraska

Nebraska

Nebraska

Nebraska

Nebraska

Nebraska

Review

Review

Review

Review

Review

Review

Review

Review

Review

Review

Angus, Brown Swiss, Charolais, Hereford, Jersey,
Limousin, Red Poll, Simmental, South Devon
Angus, Boran, Brahman, Hereford, Tuli

Angus, Brahman, Charolais, Hereford
Angus, Braunvieh, Charolais, Gelbvieh, Hereford,
Limousin, Pinzgauer, Red Poll, Simmental

Angus, Charolais, Hereford, Jersey, Limousin,
Red Poll, Simmental, South Devon

Angus, Charolais, Hereford, Jersey, Limousin,
Simmental, South Devon

Angus, Charolais, Hereford, Limousin,
Simmental

Angus, Brahman, Brangus, Brown Swiss,
Charolais, Hereford, Shorthorn

Angus, Brahman, Brangus, Charolais, Devon,
Shorthorn

Beefmaster, Boran, Brahman, Brangus, Gir,
Indu-Brazil, Nelore, Sahiwal, Santa Gertrudis,
Tuli

Africander, Angoni, Barotse, Boran, Mashona,
Tuli

Angus, Blonde D’Aquitaine, Brahman, Brown
Swiss, Charolais, Chianina, Gelbvieh, German
Black and White, German Red and White,
Hereford, Holstein, Jersey, Limousin, Maine
Anjou, Normande, Marchigiana, Piedmontese,
Pinzgauer, Red Poll, Romagnola, Sahiwal,
Santa Gertrudis, Shorthorn, Simmental, South
Devon, Tarentaise

Angus, Blonde d’Aquitaine, Brown Swiss,
Chianina, Charolais, Danish Red, Eastern Red
Pied, French Brown, Friesian, Galloway,
German Black Pied, German Brown, German
Yellow, Hereford, Jersey, Limousin, Lincoln
Red, Maine Anjou, Marchigiana, Montbeliard,
Meuse-Rhine-Yssel, Normandy, Piedmontese,
Red Poll, Romagnola, Shorthorn, Simmental,
South Devon, Sussex, Swedish Red and
White, Welsh Black

Brahman, Brown Swiss, Charolais, Criollo,
Marchigiana, Red Poll, Simmental, Zebu

Angus, Belgian Blue, Braunvieh, Blonde
d’Aquitaine, Brown Swiss, Charolais, Chianina,
Devon, Friesian, Gelbvieh, Galloway, Hereford,
Holstein, Jersey, Limousin, Longhorn, Maine
Anjou, Pinzgauer, Piedmontese, Red Angus,
Red Poll, Simmental, Salers, South Devon,
Shorthorn, Tarentaise

Brahman, Gir, Guzerat, Indu-Brazil,
Nelore, Zebu

Continued
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Table 3.10. Continued.

Authors Location Breeds

Thrift, 1997 Review Beefmaster, Boran, Braford, Brahman, Brangus,
Gir, Indu-Brazil, Nelore, Romana Red,
Sahiwal, Santa Gertrudis, Senepol, Simbrah,
Tuli

Thrift et al., 2010 Review Angus, Beefmaster, Bonsmara, Brahman,
Brangus, Boran, Charolais, Gelbray, Gelbvieh,
Gir, Hereford, Indu-Brazil, Nelore, Red Poll,
Romosinuano, Sahiwal, Santa Gertrudis,
Senepol, Simbrah, Tuli

Turner, 1980 Review Boran, Brahman, other breeds
Turton, 1964 Review Charolais and other breeds
Baker et al., 1984, 1989; Jenkins et al.,  Texas Angus, Brahman, Hereford, Holstein and Jersey

1981; Long et al., 1979a,b; Nelson
et al., 1982a,b; Rohrer et al., 1988;
Sacco et al., 1987, 1989a,b, 1990,
1991; Stewart et al., 1980;
Talamantes et al., 1984

Baker et al., 2001 Texas Angus, Brahman, Hereford, Tuli
Paschal et al., 1991, 1995 Texas Angus, Brahman, Gir, Indu-Brazil, Nelore
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Introduction

Studying genetics of coat colour in mammals
commenced immediately after the rediscovery
of Mendelian laws during the first years of the
20th century. The life-long work of C. Little
(1958) created a solid understanding of colour
variation in mammals and an impetus for fur-
ther investigations. He identified several major

© CAB International 2015. The Genetics of Cattle,
2nd Edn (eds D.J. Garrick and A. Ruvinsky)

loci influencing coat colour variation and
described numerous mutations. A comparative
approach developed by A. Searle (1968) con-
vincingly showed that a great deal of knowl-
edge obtained in laboratory mice and dogs was
relevant to other mammals. A comprehensive
description of coat colour genetics in cattle
available at the time can be found in the first
edition of The Genetics of Cattle (Olson, 1999).
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This chapter is mainly focused on molecular
genetic aspects of coat colour genetics.

Mammalian melanocytes produce only
two types of pigments — black eumelanin and
red pheomelanin. These two pigments are suf-
ficient to produce the great variety of coat col-
ours observed in cattle and other species. The
understanding of molecular mechanisms respon-
sible for making these ‘combinatorial’ colours
has significantly accelerated during the past two
decades. This chapter considers three major
mechanisms producing numerous cattle coat
colour variations due to: (i) pigment intensity
and balance; (i) switching genes affecting spa-
tial and temporal distribution of pigments; and
(iii) development, migration and survival of mel-
anosomes, the pigment producing cells. Other
mechanisms influencing colour variation include
mRNA longevity and processing, which impacts
translation and melanin production (Rouzaud
et al., 2010). Despite a long and successful
history of discoveries in genetics of colour vari-
ation one may expect further progress in this
classical field of science.

The Basis of Pigmentation

Despite the deceptive simplicity of only two
pigments generating all colour variations, the
entire system of mammalian coat colour deter-
mination is complicated, comprising more
than 150 coat colour-associated genes discov-
ered to date (Cieslak et al., 2011). However,
the genetic pathways influencing coat colour
are still poorly understood and, hence, signifi-
cant progress is anticipated in the future. Coat
colour depends on type of melanin produced
by melanocytes or a ratio of the two pigments.
It also depends on intensity of melanin produc-
tion and distribution of pigments along hairs.
Distribution and activity of melanocytes across
the body is another important factor affecting
the final colour of an animal. The current
knowledge of coat colour genes in cattle is
much narrower than in better studied rodents
and dogs. This might be explained by the his-
tory of mouse and dog domestication, during
which fancy colours were particularly attrac-
tive, as well as by more practical aspects gov-
erning domestication of cattle. For instance,

there is some evidence that in tropical condi-
tions characterized by high solar radiation, ani-
mals with light-coloured coats and darkly
pigmented skin might be better adapted (Finch
and Western, 1977; Finch et al., 1984).
Interestingly most zebu breeds and Italian
breeds like the Chianina (Plate 6) and some oth-
ers have this type of coloration (Olson, 1999).

T. van Vuure (http:/members.chello.
nl/~t.vanvuure/oeros/uk/lutra.pdf) concluded
that sexual dimorphism in domestic cattle has
decreased markedly including coat colour com-
paratively to the known ancestral differences.
The coat colour and pattern are rather uniform
in many current cattle breeds. Nevertheless
there are some breeds where segregating
alleles in the colour determining gene(s) create
several common colour and pattern types, all
of which are acceptable within a breed.

A mammalian melanocyte can produce
two types of pigments, eumelanin (black) and
pheomelanin (red), which are incorporated in
organelles called melanosomes. Synthesis of
both pigments starts from tyrosine and includes
several steps, the first of which is catalysed by
tyrosinase (TYR gene). The major chemical
difference in the formation of the two pigments
is the involvement of cysteine in pheomelanin
synthesis. The final steps of eumelanin synthe-
sis are catalysed by dopachrome tautomerase
(DCT gene) and tyrosinase related protein 1
(TRP1 gene). Melanosomes containing eumela-
nin are compact, dark and have an elliptical
oblong shape, whereas those with pheomela-
nin are less compact, reddish and have a
spherical shape. Depending on animal geno-
type, individual melanocytes may contain both
types of melanosomes; the coat colour of
Limousin (Plate 14) is an example (Renieri
et al., 1993). However, production of melano-
somes in a melanocyte is usually shifted towards
one or other type. The solid black phenotype
in numerous cattle breeds (Plate 2) is a result of
predominant production of eumelanosomes,
whereas breeds with light red (Plate 9) or yel-
low coloration exclusively produce pheomela-
nosomes. Eventually melanosomes are transferred
to keratinocytes of growing hair at which time
they determine the colour of the hair. A simpli-
fied illustration of the role that some major
coat colour-related genes play in melanocyte
biology is shown in Fig. 4.1. All genes shown
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Fig. 4.1. The role of bovine coat colour genes in melanocyte cell biology. (This figure was adapted from
Kaelin and Barsh (2012) with the kind permission of Chris Kaelin.) The diagram shows a melanocyte,
with eumelanogenesis and pheomelanogenesis depicted in the upper and the lower sections,
respectively. Protein names correspond to the genes, some of which are discussed in this chapter. The
proteins with allelic variation in cattle are shown in black (except MLPH, which is monomorphic), and
those that have been implicated in other systems or in different species are shown in grey. The type of
pigment synthesized by melanocytes is controlled by the MC1R and its second messenger cAMP. High
levels of basal MC1R signalling cause increased expression of TYR (tyrosinase), TYRP1 (tyrosinase-
related protein 1), OCA2 (a membrane protein implicated in oculocutaneous albinism) and PMEL (a
melanocyte-specific transmembrane glycoprotein), leading to increased eumelanin synthesis. Low levels
of cAMP cause increased expression of the cysteine transporter SLC7A11, leading to increased
pheomelanin synthesis. CBD103, which is named DEFB300 or beta-defensin 103B (an MC1R ligand,
encoded by the K locus), prevents ASIP from inhibiting MC1R, thereby promoting eumelanin synthesis.
This illustration is drawn to emphasize the differences between eumelanin and pheomelanin synthesis in
the melanosomes; in reality, biogenesis of the different organelles is more complex and involves a
common precursor organelle and several distinct protein trafficking steps. As melanosomes mature, they
are transported to dendritic tips via a process that depends on the unconventional myosin (MYO5A), a
GTP-binding protein (RAB27A) and an adapter protein (MLPH). MATP is a member-associated
transporter protein; SLC24A5 is a solute carrier family 24 member 5 (also known as sodium/potassium/
calcium exchanger 5 precursor), which has not yet been studied in cattle.

in the figure have been identified in cattle and muta-
tions of several these genes have been studied.

The wild type

Colour variations occurring in different cattle
breeds are easier to understand when the wild
type is known. According to Olson (1999) the
wild predecessor of domestic cattle, the auroch,
was essentially reddish brown to brownish
black with a tan muzzle. According to Hassanin
(Chapter 1) ‘the coat colour [of aurochs, Bos
primigenius] was reddish-brown for calves and

cows, and changed to a dark brown or black in
bulls, with apparently a white dorsal stripe run-
ning down the spine. Both sexes had a pale
muzzle’. A detailed description of the aurochs
(http:/members.chello.nl/~t.vanvuure/oeros/
uk/lutra.pdf) was given by van Vuure. These
views match well and provide a reasonable
description of the wild type. Some Jersey
(Plate 13), Brown Swiss purebreds as well as
some crosses may have more or less similar
phenotypes. ‘Cattle with such brownish-black
colour at maturity are born a reddish brown
and darken when the calves shed out for the
first time’ (Olson, 1999). An opinion was
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expressed that the wild type of the ancestral
cattle breeds might be caused by a genotype
causing higher pheomelanin content, and that
steady fixation of mutations led to the signifi-
cant coat colour variations seen today (Seo
et al., 2007). Lenstra and Felius (Chapter 2)
note that white, creamy white, ebony black,
yellow and spotted cattle were already known
in antiquity. The modern breeds represent an
even wider variety of colours and patterns. Still
the most commonly observed coat colour phe-
notypes in bovine are deviations from red or
black.

Sometime in those genes where only
dominant mutations have been observed so far,
the wild type alleles are considered as recessive
and designated by the lower case letter. This
creates an uneven approach to different genes
and here we follow a simple rule: all wild alleles
are designated by the capital letter with
superscripted + symbol. Obviously this kind of
nomenclature does not influence any conclu-
sion regarding dominance or recessiveness of
the wild allele in question. Such an approach
makes the rules uniform across all genes and
is compatible with the genetic nomenclature
requirements (Chapter 24).

Genes Causing Spatial and Temporal
Pigment-type Switching

Introduction

In cattle, as in some other mammals, muta-
tions of the Extension and Agouti loci have
critical importance for switching between
eumelanin and/or pheomelanin production
over the entire coat or in a particular region
and also during development (Searle, 1968;
Silvers, 1979). Figure 4.1 shows that the syn-
thesis of both melanins is regulated by MCI1R
and ASIP genes controlling an intercellular sig-
nalling pathway. The proteins produced by
these genes are antagonists and the outcome
of their interaction influences the passage
of the activation signal into the melanocyte.
A few mutant and wild type alleles have been
described for both loci in cattle (Table 4.1).
Until very recently nothing or very little was
known about the contribution of the K locus

(DEFB300) in this signalling pathway. The lat-
est available information regarding this locus is
given below. The antagonistic interactions
between these genes and proteins have been
known for some time and create complex
phenotypes.

The Extension locus (MC1R)

The three most common alleles were identified
in the Extension locus. EP dominant black
causing uniformly distributed black colour at
birth (Plate 2); E*, which in homozygotes leads
to a brown-black coat with darker extremities
(wild type); and recessive e, which in homozy-
gotes leads to a red coat without any dark pig-
mentation (Plate 7) (Olson, 1999). Thus, cattle
with genotypes EP- generate only eumelanin
and with genotype ee only pheomelanin, while
E*E* cattle produce both pigments. Obviously
such a description oversimplifies the situation
as it ignores the effects of other genes and
complex interactions.

As initially established in the mouse, the
Extension locus corresponds to Mclr, the
gene coding for the melanocyte-stimulating
hormone receptor (melanocortin 1 receptor)
(Robbins et al., 1993). In several mammalian
species, some mutations in the MC1R gene led
to the dominant black phenotype due to exclu-
sive eumelanin production or the recessive red
phenotype determined by pheomelanin. MC1R
signalling controls switching between the pro-
duction of eumelanin and pheomelanin. This is
done by binding either melanocyte-stimulating
hormone (a-MSH), acting as an agonist, or the
agouti signalling protein acting as an antagonist
(Fig. 4.1). As a result, synthesis of eumelanin
and/or pheomelanin is stimulated or inhibited,
respectively. In cattle three MCIR alleles were
initially found. One that corresponds to the
dominant EP allele determining black colour
is the result of a substitution. Another allele is
caused by a frameshift mutation which gener-
ates a stop codon and leads to prematurely
terminated MCI1R protein in e/e red coat col-
our homozygotes. The third corresponds to
wild-type allele E*+, generating a variety of col-
ours. The MCIR gene has been mapped to
bovine Chromosome 18 (Klungland et al., 1995).



Table 4.1. Major bovine genes switching and diluting coat colours

Classical view

Molecular genetic view

Symbol Gene name  Alleles Allele description Representative breeds Location Symbol Name Effect on pigmentation

A Agouti Abp Patterned blackish Holstein, Jersey Chr.13 ASIP Agouti-signalling Switch between eumelanin
A* Wild type Auroch protein and pheomelanin
av White-bellied Brown Swiss, Hungarian Grey
a’ Fawn Limousin, Brahman, Chianina

B Brown B* Wild type Most breeds Chr. 8 TYRP1 Tyrosinase-related Change black eumelanin to
bPx Brown Dexter protein 1 brown

C Albino ct Wild type (full colour) Most breeds Chr.29 TYR Tyrosinase Total or partial lack of
c Albino Braunvieh (some animals) precursor pigmentation in hair, skin
e Himalayan type White Highlands and eyes in mutant

homozygotes

D Dilution DC Dilution Charolais Charolais Chr.5 PMEL17  Melanocyte protein Dilution of pigment
D" Dilution Highland Highland, Galloway PMEL precursor
DS Dilution Simmental Simmental
D* Wild type Most breeds

E Extension EP Dominant black Black Angus Chr.18 MCI1R Melanocortin 1 Relative production and
E* Wild type Jersey, Brown Swiss receptor distribution of eumelanin
e Red Red Angus and pheomelanin

K (Black) K* Wild type Most breeds Chr.27 DEFB300 p-defensin 103B Switch between eumelanin
Ker Brindle Some animals in precursor and pheomelanin

K ‘Variant red’

Icelandic cattle, Highland,
etc., carry allele K
Holstein

UOIBLIB/ IN0J0D) 180D JO SONBUSK) namoepw)
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A deletion in the MC1R gene was discovered
that is associated with red coat colour in
Holstein cattle (Joerg et al., 1996). MCIR
mutations creating premature stop codons are
widespread in several cattle populations, which
indicates that this gene may not have other
critical for life functions (Klungland and Vage,
2003). A new allele, named E!, was found
in Aubrac and Gasconne breeds in hetero- and
homozygotes. This allele has a duplication
of 12 nucleotides, which generates four addi-
tional amino acids in the protein, located within
a region known for interaction with G proteins
transmitting signals from outside to inside a cell
(Rouzaud et al., 2000). In this case the signal
is o-MSH.

Further studies demonstrate that the
MCI1R mutation corresponding to the e allele
is a non-functional receptor, as it was unrespon-
sive to a wide range of a-MSH concentrations.
Another recessive e/ allele found in the Simmental
breed was more responsive but under much
higher o-MSH concentrations. Two additional
alleles were found in the Brown Swiss popula-
tion (EP? and EP?), both of which act in a dose-
dependent manner to stimulate a-MSH. This is
in contrast to a common dominant EP allele,
which encodes constitutively activated MC1R
receptor (Graphodatskaya et al., 2002). Allele
EPZ contains the same 12 nucleotide duplica-
tion earlier described by Rouzaud et al. (2000),
which does not affect colour in the Brown
Swiss. This observation is supported by the
study of Dreger and Schmutz (unpublished data
cited by Schmutz, 2012). A simple Mendelian
explanation of phenotype—genotype relations
was put under some pressure when a bull with
mosaic expression of red versus black pigment
was found to be a carrier of the dominant EP
allele (Klungland and Vage, 1999). According
to the International Genetic Nomenclature
rules the Extension alleles should be named

MCIRP, MCI1R* and MCIR".

The Agoutilocus (ASIP)

The Agouti locus also has several alleles. The AP
allele, so called pattern blackish, slightly mod-
ifies typical wild type by making it nearly black
and is not influenced by sex (Olson, 1999).

This allele is dominant in the presence of E*
but hypostatic to EP. No molecular data are
available at this stage for the AP allele and,
until such information is published, one should
accept it as a preliminary observation. A simi-
lar notion is relevant to other alleles, which
fit into the same category. White-bellied
agouti, a¥, is a recessive allele that in homozy-
gotes removes red pigment and partially black
pigment and distributes black pigment more
uniformly across the sides of the animal. The
belly is usually white or light. Another allele is
the recessive fawn, af, which was postulated by
Olson (1999) and causes removal of red and
black pigment, particularly red, along the
underline. No molecular data relevant to this
allele are currently available.

As initially discovered in the mouse, the
Agouti locus encodes a protein (agouti signal-
ling protein, ASIP), which is a high-affinity
antagonist of the MC1R and blocks a-MSH
stimulation of adenylyl cyclase, the effector
through which a-MSH induces eumelanin syn-
thesis (Lu et al., 1994; Fig. 4.1). High levels of
basal MC1R signalling cause elevated quanti-
ties of TYR, TYRP1, OCA2 and PMEL proteins,
thus leading to increased eumelanin synthesis.
Low levels of cAMP cause increased expres-
sion of the cysteine transporter SLC7A11 (as
yet uncharacterized in cattle), leading to increased
pheomelanin synthesis.

The bovine ASIP gene is located at chro-
mosome 13 (Schlapfer et al., 2000) and has
three coding and several non-coding exons
(Fig. 4.2). A widespread expression of ASIP in
different bovine tissues at mRNA (Girardot
et al., 2005) and protein levels (Albrecht et al.,
2012) was clearly demonstrated. Mutations of
ASIP may affect switches of melanin synthesis
from the black/brown eumelanin to red/yellow
pheomelanin. Numerous mutant alleles of this
gene have been described in the mouse. In cat-
tle four alleles, mentioned in the introduction
and causing similar phenotypes, have also
been identified (Adalsteinsson et al., 1995;
Olson, 1999; Table 4.1), although final confir-
mation might be desirable. Sequencing the
coding exons of the ASIP gene in 20 animals
belonging to six Spanish (Asturiana de los
Valles, Asturiana de la Montana, Negra Serrana,
Parda Alpina, Sayaguesa and Tudanca) and
three French cattle breeds (Parthenais, Tarantaise
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and Normande) has not revealed a single muta-
tion. This result suggests that the ASIP coding
region does not play a central role in coat col-
our variation in cattle (Royo et al., 2005);
Girardot et al. (2005) also independently found
‘no evidence of coding-region sequence varia-
tion within and between eight breeds repre-
senting a large panel of coat colour phenotypes’.

The temporal and spatial regulation of
ASIP (Agouti) was not understood in molecu-
lar terms until two alternative promoters were
discovered in mice that behave differently on
the dorsal and ventral sides of the body (Vrieling
et al., 1994). Similar discoveries were made in
dogs (Kaelin and Barsh, 2012) and other spe-
cies. In cattle three mRNAs with the same coding

region but different 5’ untranslated regions
were also discovered. ‘Upstream regulatory
sequences display two alternative promoters
involved with the broad expression in tissues
other than skin’ (Girardot et al., 2005). These
sequences are highly homologous to upstream
sequences of other studied mammals. Further
investigations are warranted in order to check
whether or how alternative promoters operate
in cattle with different coat colours and hence
genotypes.

Unlike in other studied mammals, in cattle
ASIP is expressed in many tissues other than
skin. ‘ASIP mRNA was up-regulated more than
ninefold in intramuscular fat of Japanese Black
cattle compared to Holstein (p < 0.001). Further
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nt 64,165,041 gap =135 gap = 1751in L1-BT nt 64,239,964
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Fig. 4.2. Structure of the bovine ASIP gene and its transcripts. (This figure was adapted from Albrecht
et al. (2012) with the kind permission of Steffen Maak.) (A) Non-coding (grey) and coding exons of ASIP
(black) are given as boxes and are numbered below. Exons in parentheses were not observed in the
study of Albrecht et al. (2012). Smaller numbers indicate exon and intron sizes in base pairs. A LINE

element (L1-BT) is inserted between non-coding and coding exons. The underlying sequence (GenBank
accession no. GK000013.2) contains two gaps. The size of the first gap was determined by sequencing,
whereas the second gap was closed in silico by insertion of a partial sequence from DQ000238.1.

(B) Transcripts of the bovine ASIP gene resulting from different use of non-coding exons. Transcript 2C
recruits a non-coding exon from the LINE. Transcript 1A was not observed in the study of Albrecht et al.
(2012). The figure was modified and supplemented by Albrecht et al. (2012) on the basis of data from
Girardot et al. (2005, 2006).
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analyses revealed that a transposon-derived
transcript was solely responsible for the
increased ASIP mRNA abundance’ (Albrecht
et al., 2012). However, these differences, are
not related to the intramuscular fat content in
cattle. According to the International Genetic
Nomenclature rules the Agouti alleles could be
named ASIP+ and possibly ASIPP?; ASIP* and
ASIP! after molecular identification of the
expected alleles.

Extension—Agouti interactions

There should be a number of molecular inter-
actions that influence a-MSH signal-activating
melanogenesis. Despite the significant limita-
tions in our current knowledge, two critically
important participants are known: MC1R and
ASIP proteins. ASIP antagonizes MC1R sig-
nalling and thus promotes pheomelanin syn-
thesis (Fig. 4.1). As already mentioned
mutations in MC1R or ASIP in cattle alter the
timing and/or distribution of eumelanin and
pheomelanin. As established in other species,
sometimes MCIR gain-of-function or ASIP
loss-of-function mutations cause exclusive pro-
duction of eumelanin. Conversely, MC1R loss-
of-function or ASIP gain-of-function mutations
cause exclusive production of pheomelanin
(Kaelin and Barsh, 2012). Whether the same
rule is applicable to cattle is not yet known.
Many authors emphasize that red and
black colours are the most common among
numerous cattle breeds. It has to be taken into
consideration that unidentified modifiers may
cause significant variations around these two
basic colours and thus complicate the general
situation. Still it can be concluded that in cattle
the red phenotype is predominantly generated
by the genotype (A*A*ee), which indeed has
non-functional (loss-of-function) MC1R alleles.
Thus, it may represent an example of reces-
sive epistasis, when functional ASIP protein
determined by wild type alleles cannot further
antagonize non-functional MC1R; a similar
explanation may be true for AP allele. A spe-
cial case of red with a different genetic deter-
mination is mentioned below. Alternatively,
gain-of-function MCIR mutation, like EP,
which encodes constitutively activated MC1R

receptors (Graphodatskaya et al., 2002), usually
leads to the black phenotype, and this is an
example of dominant epistasis. Adalsteinsson
et al. (1995) concluded that the Agouti alleles
are only able to express their effect in
E*/- genotypes.

According to Schmutz (2009) ‘E* appears
to act as a “neutral” allele in most breeds and
EP/E* cattle are typically black and E*/e cattle
are typically red. E*/E* cattle can be almost
any colour since other genes, such as the
Agouti take over in dictating what pigments
are produced.’ Even if ‘E*/e cattle are typically
red’ sounds a bit controversial, it may mean
that the E* allele does not exert epistatic influ-
ence on Agouti and even might be itself sub-
ject to epistatic influence, like in the case of
white-bellied cattle. However, such influence
has obvious dorso—ventral differences. The ori-
gin of such differences is not related to coding
exons, which are conservative in animals of dif-
ferent colours but rather regulatory sequences
(Fig. 4.2). Hopefully future molecular studies in
cattle will bring more relevant information.
Paradoxically Berge (1949) realized that inher-
itance of black, brindle, brown and red in cattle
is really complicated. The data presented in
several tables and particularly Table 5 of his
paper demonstrate that even crosses of red x
red produce not only red offspring (101 from
total 125), but also 3 black, 6 brindle and 15
brown.

An observation described by Schmutz
(2009) regarding age-related changes in coat
colour adds further complexity: ‘some Holstein
cattle change from red to black or less com-
monly from black to red as they age from calf
to adult.” In Highland cattle these age related
changes are expressed particularly clearly (Glen
and Karen Hastie; http:/www.bairnsley.com/
Colour%20-%20black.htm).

The Klocus (DEFB300)

The phenotype of cattle carrying mutation
Brindle (Plate 26) may hint at pigment switch-
ing in different sections of the coat. Indirect
observations have been published (Girardot
et al., 2006) which could indicate that allele
Brindle belongs to the Agouti locus. However,
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as explained below, the latest publication
negates this possibility (Albrecht et al., 2012)
and the Brindle is more likely to be a mutation
belonging to the K locus.

This locus was discovered during the past
several years owing to the efforts of canine
geneticists (Candille et al., 2007; Kaelin and
Barsh, 2012). In mammals, beyond the MC1R-
ASIP pair encoding ligand-receptor system
controlling pigment type-switching, there is a
third gene (named the K locus) which repre-
sents a previously unrecognized component of
the melanocortin pathway. In dogs this gene
was identified as beta-defensin 103 (CBD103).
Its protein binds with high affinity to the MC1R
and promotes eumelanin synthesis by inhibit-
ing ASIP antagonism of MC1R (Candille et al.,
2007). Bovine beta-defensin 103B precursor,
DEFB300 gene, has ~70-80% identity with
the orthologous genes from other studied
mammals, like dog, mouse, human and others
(Ensembl genome browser).

The so-called ‘variant red’ coat colour
observed in some Holstein cattle is a good reminder
that similar phenotypes can be produced by very
different genotypes. Co-segregation analysis
conducted by Dreger and Schmutz (2010) exclu-
ded melanocortin 1 receptor, agouti-signalling
protein, attractin and melatonin receptor 1A as
causative genes, but indicated that B-defensin,
which is homologous to the canine gene and
located at chromosome 27, seems to be respon-
sible for the segregation pattern. According to
Schmutz, this ‘variant red’ acts like it is domi-
nant to black, but it is rather epistatic since it is
not caused by a MCIR allele. Temporarily
this allele may be named K. Thus, proteins
produced by MCIR, ASIP and DEFB103
interact on the melanocyte entrance and depend-
ing on genotype pass a signal transmitted by
o-MSH.

In the dog, the brindle mutation causes an
irregular pattern of circular stripes. In cattle a
similar phenotype with black and red stripes
also can be observed. Sometimes such a phe-
notype is described as the ‘tiger stripe’. As
already explained, in the dog brindle is a
mutation of CBD103 gene. A study in the
Normande cattle breed discovered insertion of
a full-length LINE 1 transposon element in the
5’ regulatory sequence of the ASIP gene. Some
of these animals had the brindle phenotype,

which generated a hypothesis that the inser-
tion may explain the origin of the brindle coat
colour in the Normande breed (Girardot et al.,
2006). A similar observation was made regard-
ing Highland cattle, with one essential differ-
ence: non-brindle animals also had the allele
with a LINE 1 element (Schmutz, 2009).
Albrecht et al. (2012) tested this hypothesis,
while studying expression of ASIP transcript
2C from a single allele in skin and found four
animals carrying LINE 1 (Fig. 4.2). However,
none of these animals displayed a brindle pheno-
type. The conclusion was drawn that the hypoth-
esis does not work, at least in the original form.
In other words no causative connections between
the LINE1 insertion and brindle phenotype
were found. ‘Either a homozygous status for the
insertion of the LINE 1 is required, which was
not observed in the animals, or additional fac-
tors may be necessary to cause the brindle coat
colour in cattle’ (Albrecht et al., 2012).
Similarity with the facts established in the
dog investigations is very significant and allows
us to assume that brindle in cattle is caused by
a mutation of the DEFB300 gene. Certainly
only experimental testing will allow the verifi-
cation of this assumption. At this stage this
assumption looks to be the most parsimonious.
If so, the appropriate symbol for bovine brindle
should be K. Brindle cattle always have at
least one E* and no EP alleles (Schmutz, 2012).
Thus, at the moment two rare mutant bovine
alleles are assumed in the K locus: K and K®".
Unavoidably a question about the wild type
allele arises and such a wild allele could be
named K*. If the assertion regarding the nature
of brindle and ‘variant red’ phenotypes is cor-
rect, then according to the International
Genetic Nomenclature rules the K locus alleles
could be named DEFB*, DEFB!" and DEFB"".

Genes Diluting Pigmentation
Introduction

So far three genes causing coat colour dilution
in cattle have been identified. All these three
genes operate within melanocytes: TYR,
TYRP1 and PMEL (Fig. 4.1). The first gene
(TYR) encodes tyrosinase, a transmembrane
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melanosomal protein. The intramelanosomal
domain of this protein catalyses a critical step
in both eumelanin and pheomelanin synthesis.
The second gene (TYRP1) encodes an enzyme
(5,6-dihydroxyindole-2-carboxylic acid oxidase)
that catalyses the oxidation of intermediates in
eumelanin synthesis. The third gene (PMEL)
encodes a melanocyte-specific type I trans-
membrane glycoprotein, which is involved in
generating internal matrix fibres of melano-
somes. These three proteins are involved in
different but essential processes taking place
during pigment biosynthesis in melanosomes.
Not surprisingly mutations of these genes lead
to similar phenotypic consequences in studied
mammalian species. Independent actions of
these genes and proteins create complex
phenotypes.

The Albino locus (TYR)

Mutations of several major mammalian loci
cause different types of pigment dilution. The
Albino locus is one of them. The wild type
allele (C*) provides full colour, whatever it
might be. A couple of classical forms of albi-
nism are known in several mammalian species
like the complete albino (cc) with red eyes, and
partial forms of albinism (cPcP) when only the
tip of muzzle, ears and lower limbs are col-
oured. Both forms are found in cattle and have
been studied. No such forms of albinism are
common for a cattle breed but these recessive
alleles do exist in low frequencies in Braunvieh,
Brown Swiss and other breeds. Recessive
epistasis expressed in albino animals is caused
by a deficiency of tyrosinase — a key enzyme
for melanin biosynthesis.

A molecular basis for the Albino locus
was understood long before the genomic era.
Russell and Russell (1948) demonstrated that
deficiency of tyrosinase enzyme was a reason
for the albino phenotype. The TYR (tyrosi-
nase) gene was mapped to bovine chromo-
some 29 (Schmutz and Cundiff, 1999). A study
of the full-length protein-coding sequence of
tyrosinase (TYR) in albino Braunvieh calves
revealed an insertion that caused a premature
stop codon at residue 316. All three studied
calves were homozygous for this insertion and

their parents were heterozygotes. This condi-
tion is also called oculocutaneous albinism.
However, an albino Holstein calf did not have
this insertion, and the exact nature of the
mutation that led to albinism in this case was
not established (Schmutz et al., 2004). According
to the International Genetic Nomenclature
rules, this albino Braunvieh allele could be
named TYR®®" and the wild type should be
TYR".

Another form of albinism is typical for
White Galloway cattle, which have coloured
muzzles, ears and lower limbs. The colours
vary depending on the animal’s genotype for
other colour-determining alleles. A similar
looking phenotype in other mammalian spe-
cies is usually called Himalayan. Observed in
homozygotes for c' alleles, it served for dec-
ades as a classical example for genetics text-
books. The molecular cause for this kind of
mutation in White Galloway cattle has not
been studied as yet. However, information
available from other mammals is useful. In
mice for instance, the Himalayan allele con-
tains an A—G substitution at nucleotide 1259
that alters a histidine residue to an arginine
residue. Importantly this residue and the sur-
rounding amino acids are conserved from
mouse to human. It seems likely that the
altered amino acid may play a role in stabiliza-
tion of the tyrosinase molecule, or in interac-
tion with other molecules (Kwon et al., 1989).
The answer to the question of why only
extremities are coloured in such Himalayan
animals was found many years ago and is
related to the temperature of the coloured
areas. The ‘Himalayan’ tyrosinase has maxi-
mum activity at temperatures (15°C to 25°C)
well below normal body temperature. In other
areas higher temperature prevents normal
functioning of this temperature-sensitive mutant
tyrosinase  (Kidson and Fabian, 1981).
According to the International Genetic Nomen-
clature rules this albino White Galloway allele
could be named TYR*WH,

The Brown locus (TYRP1)

Variations of brown coat colour are quite often
seen in cattle. However, the origin of these
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bovine colours seems to be entirely different
from the well-studied brown colour in mice,
where a wild type B and two recessive b and b°
alleles have been described. Coat colour of B-
mice is determined by other genes, the mutant
homozygotes however are brown. Until molec-
ular techniques were introduced nothing was
known about the Brown locus in cattle.

Our current knowledge about the TYRP1
gene in cattle is based on two publications
(Berryere et al., 2002, 2003). This gene was
mapped to chromosome 8. Brown coat colour
in Dexter cattle is inherited as an autosomal
recessive trait and, as became clear during the
investigation, concomitant dun colour has
nothing to do with this phenomenon. A muta-
tion (H424Y) in the TYRP1 gene that caused
amino acid substitution was found in the
homozygous condition in all 25 affected ‘brown’
Dexter animals regardless of shade of dun
ranging from a pale golden to dark brown.
Importantly, black Dexter animals had either
one mutant allele or none. This mutation was
not found in any of the 121 examined animals
from other breeds.

In mice ultrastructural evaluation revealed
that mutations in the TYRPI1 gene affected
melanosome maturation and compromised
tyrosinase activity within the organelle. Dihy-
droxyphenylalanine (DOPA) histochemistry
also revealed differences in the melanosomal
stages between black and brown melanocytes
(Sarangarajan et al., 2000). These findings
confirmed the classical understanding of the
phenomenon observed in mice (Searle, 1968;
Silvers, 1979). It is reasonable to assume that
similar changes in bovine TYRP1 protein
might lead to the brown colour in the Dexter.
According to the International Genetic Nomen-
clature rules this brown Dexter allele could be
named TYRPI'P* and the wild type allele
TYRPI*.

The Dilution locus (PMEL17)

Dilution of a major colour is known in several
cattle breeds like the Charolais, Highland,
Galloway, Simmental and others. The mode of
inheritance was described as dominant or
semi-dominant. Olson (1999) indicated that

Charolais and Simmental alleles are different,
Dc and Ds correspondingly. Wild allele D+,
while behaving as recessive or rather less domi-
nant in heterozygotes is unable to resist visible
dilution of a colour, while in homozygotes it
produces full colour. Mutant homozygotes
show significant and uniform pigment dilution
over the entire body. These types of dilutions
affect black and red pigmentation. Only the
introduction of molecular techniques allowed
some progress in identification of different
mutations causing dilution in cattle breeds.

Guibert et al. (2004) established that
pheomelanin coat colour dilution in French
cattle breeds is not correlated with TYR,
TYRP1 or DCT transcription levels. Then two
papers indicated a connection between dilution
of eumelanin and pheomelanin in cattle and
the SILV gene on chromosome 5 (Gutiérrez-
Gil et al., 2007; Kithn and Weikard, 2007).
A non-synonymous mutation in exon 1 of the
SILV gene was detected (c.64A—G) and asso-
ciated with coat colour dilution in an F2-Backcross
Charolais x Holstein population, where Charolais
animals were mutant homozygotes. This muta-
tion was initially described in Oulmouden, A.,
Julien, R., Laforet, J.-M. and Leveziel, H.
Patent Publication in 2005 (WO2005,/019473
cited by Gutiérrez-Gil et al., 2007). Kiihn and
Weikard (2007) confirmed this finding and
draw similar conclusions. Hence, the mutation
observed in the Charolais is equivalent to the
previously known Dc allele. Thus, the SILV
gene was identified as the PMEL17 gene
encoding melanocyte protein PMEL precursor.
This protein plays a central role in the early
stages of melanosome biogenesis (Theos et al.,
2005). PMEL is found in pigment cells and
forms fibrils during early stage melanosomes
upon which eumelanins are deposited later.
Murine melanosomes within Pmel”/~ melano-
cytes, where both alleles have been inactivated,
are spherical in contrast to the ellipsoid oblong
shape typical for wild-type animals (Hellstrém
et al., 2011). Something similar can be expected
in mutant homozygotes in cattle.

Hereford x Friesian crossbreds were used
to investigate cases of coat colour dilution and
hypotrichosis (abnormal hair patterns due to
loss or reduction). An affected calf and its
Hereford sire were heterozygous for a three-base
deletion in exon 1 of the PMEL17 gene (a loss
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of leucine codone, CTT, in position 18). The
two animals were also heterozygous for a sec-
ond mutation in exon 11 of the PMEL17 gene
(C—A substitution in 612 codon, replacing ala-
nine with glutamic acid). It appears almost cer-
tain that the mutation in exon 11 is an
independent event. Four other related animals
also carried the same mutations (Jolly et al.,
2008). Authors of this study believe that a simi-
lar genetic disorder was previously described in
Simmental crossbred calves (Jolly et al., 2008).
A conclusion could be drawn that the described
Hereford x Friesian crossbreds were distinct
from the above mentioned affected Charolais
animals, which have a different mutation in the
first exon.

The latest available study of Dilution in
Highland and Galloway breeds described a
similar, or rather likely the same, PMEL17
deletion that also led to a loss of leucine in
position 18 in the PMEL17 protein (Schmutz
and Dreger, 2013). There are two shades of
colour dilution in Highland and Galloway cat-
tle, less and more intense. The first shade is
known as dun and the second as silver dun.
Schmutz and Drager (2013) have convincingly
shown that heterozygotes for this deletion have
significantly lighter colour regardless of the
MCIR genotype. Homozygotes for this dele-
tion have drastically reduced colour and can be
categorized as silver dun, again regardless of
MCI1R genotype, and inheritance type is semi-
dominant. The mutant allele found in Charolais
was not observed in Highland or Galloway
cattle.

A region on chromosome 28 influences
the intensity of pigmentation and therefore
may include a modifier of the D¢/Dc genotype.
A candidate gene, LYST, was identified
(Gutiérrez-Gil et al., 2007). Kiihn and Weikard
(2007) suggested further investigation because
the existing data indicate that a single mutation
in the PMEL17 gene may not be sufficient to
explain all observed variations relevant to dilu-
tion colours.

According to the International Genetic
Nomenclature rules the described Dilution
alleles could be named as: PMEL17€ (Charolais
type), Simmental/Hereford type PMEL17%,
PMEL17H6 (Highland/Galloway type, which
might be equivalent to Simmental/Hereford
type) and PMEL17+.

Genes Affecting Migration and
Survival of Pigment Cells

Introduction

Genes and phenotypes described in this sec-
tion do not affect coat colour as such but rather
the pattern or distribution of coloured and
white areas over the entire body or a particular
part of it. These genes influence either migra-
tion of embryonic melanoblasts or develop-
ment of functional melanocytes and their
survival in relevant tissues. This is unlike the
genes and phenotypes that are described in the
previous sections. In most domestic animals,
including cattle, all kinds of white spotting are
very common, which is not observed in their
wild ancestors. Genetic and developmental
changes occurring during domestication signifi-
cantly increase the frequency of spotted pat-
terns (Belyaev, 1979; Trut et al., 2012).

The variety of spotted patterns in cattle is
significant and there are a number of genes,
mutations of which cause the phenomenon.
Some animals may have more than one spot-
ted phenotype expressed simultaneously. This
may complicate investigations and only some
relevant genes have been studied deeply
enough. Others still await their turn. Blaze is
one such mutation. Some Simmental cattle as
well as animals from other breeds (possibly
Holstein and Groningen) may have a solid col-
our (i.e. black) phenotype with a white blaze on
their forehead and face. The size of such a
white blaze may vary from a wide stripe along
the face to an almost entirely white head,
except eyes and muzzle. It probably never or
very rarely includes areas beyond the ears and
may be accompanied by another type of white
spotting, which is not obligatory. In some doc-
umented cases two solid black siblings differed,
with one of them having a well-expressed
blaze phenotype and the other a black face.
According to Olson, the blaze phenotype is
determined by incompletely dominant allele Bl
(Olson, 1999; http:/www.braunviehcenter.
com/cattle_genetics_part2.html). As accepted
in this chapter, the wild allele should be desig-
nated BI*. The phenotype of mutant homozy-
gotes was not described with certainty but it is
probably a stronger expressed blaze phenotype.
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No molecular genetics data relevant to this
mutation have been published so far. Another
insufficiently studied mutation is Brockling,
which causes pigmentation in areas of white
spotting caused by mutations in other genes.
Brockling (Bc) is considered to be dominant
and found in several solid-coloured breeds as
well as in Shorthorns, Ayrshire and Normande
breeds (Olson, 1999).

Five genes generating different spotted
patterns are described below. These include
Belted, Colour-sided, Piebald, Roan and
White-spotting genes (Table 4.2). The exact
molecular nature of Belted may require further
confirmation, but a candidate gene encoding
for a transcription cofactor regulating cell dif-
ferentiation was framed in a short DNA fragment
on chromosome 3. Colour-sided represents a
unique case, when translocations of the KIT
gene from chromosome 6 to chromosome 29
and back create the alleles. Piebald (MITF)
encodes microphthalmia-associated transcrip-
tion factor, which is responsible for pigment
cell-specific transcription of the genes involved
in melanogenesis. The Roan gene (KITLG)
encodes the ligand of the tyrosine-kinase
receptor encoded by the KIT gene. The White-
spotting (KIT) gene encodes tyrosine-protein
kinase, which plays an essential role in the
regulation of cell survival, proliferation, migra-
tion, melanogenesis and other functions. While
all five genes are different, the unifying feature
is their involvement in gene regulation and cell
differentiation and development.

The Belted locus (BTA3,
possibly HES6)

Belted is one the most striking white-spotting
phenotypes commonly observed in Dutch
Belted and Belted Galloway breeds (Plate 27).
The dominant allele (Bt) causes this special
phenotype and is possibly either widespread or
fixed in these two breeds. Wild type animals
(Bt* Bt*) are most common in cattle generally.

The recent attempt to find a gene associ-
ated with the belted phenotype brought signifi-
cant progress. During the first stage linkage
mapping was performed using Brown Swiss
animals, which identified the telomeric region

of bovine chromosome 3 as the point of inter-
est. Then fine-mapping and haplotype analysis
using 19 additional markers in this region
refined the critical region of the belted locus to
a 922-kb interval (Drogemiiller et al., 2009).
Consequently two additional cattle breeds with
the belted phenotype: Galloway and Dutch
Belted (Lakenvelder) were investigated, which
led to confirmation that this phenotype in
Galloway is strongly associated with the same
chromosomal locus as in Brown Swiss cattle.
Eventually a single belt-associated haplotype
was identified for each of the analysed breeds.
These haplotypes share alleles in four blocks.
The largest shared haplotype block incorpo-
rates nine SNPs along a 336-kb interval.
A potential candidate gene within this interval,
HES6, is a transcription co-factor playing a
developmental role (Drégemiiller et al., 2010).
So far no belt-associated polymorphisms have
been found despite studying the complete
HES6 coding sequence. Whether a mutation
in regulatory sequences is involved remains
unknown. The pedigree data suggest a com-
mon founder for animals with the belt pheno-
type in different cattle breeds.

According to the International Genetic
Nomenclature rules the described Belted alleles
could be preliminarily named as: HES6? (belted
type) and HES6* (wild type).

The Colour-sided locus (KIT;
BTA6—>BTA29—BTAG6 translocations)

Another peculiar phenotype observed in a
number of breeds, including Texas Longhorn,
White Park, British White, Florida Cracker,
English Longhorn, Belgian Blue, Dutch Belted,
Brown Swiss and a few more, is the so-called
colour-sided pattern. In heterozygotes (CsCs*)
an irregular white strip along the dorsal and
ventral parts is common. Olson (1999) pro-
vided a comprehensive description of typical
phenotypes and suggested that the mutant
allele is semi-dominant. As recently established,
the nature of this genetic change is novel, unu-
sual, complex and there is more than one ‘allele’
(Durkin et al., 2012; see below).

Olson (1999) noticed that ‘The spotting
patterns produced by animals heterozygous for



Table 4.2. Major pattern creating bovine genes affecting pigment cells migration and survival.
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Cs may be differentiated from those produced
by SP (Pinzgauer type) in that the spotting pro-
duced by Cs generally has a ragged or roan-like
edge, whereas the edge of spots produced by
SP are clearly defined.” Interestingly this obser-
vation indicates some similarity and difference
between the genetic nature of both mutations.
A recent publication (Durkin et al., 2012)
demonstrates the unique origin of colour-sided-
ness. ‘Colour-sidedness is determined by a first
allele on chromosome 29 (Cs,,), which results
from the translocation of 492-kilobase chro-
mosome 6 segment encompassing KIT to
chromosome 29, and a second allele on chro-
mosome 6 (Cs,), derived from the first by
repatriation of fused 575-kilobase chromosome
6 and 29 sequences to the KIT gene’ (Durkin
etal., 2012).

According to the paper, initially a section
of chromosome 6 that included the KIT gene
(see the paragraph below on the White-
spotting locus) and surrounding DNA was cut
out or amplified. Then, this circular DNA inter-
mediate was nicked in a different spot, lin-
earized and inserted into chromosome 29
(Durkin et al., 2012). This resulted in the new
KIT allele (Cs,,), which while being homolo-
gous to the wild-type KIT allele located on
chromosome 6, was nevertheless non-syntenic.
In such an unusual case even the term ‘allele’
may not be appropriate. When this first set
of translocation events occurred, there were
probably three KIT alleles in the original ani-
mals. Then later a new version of chromosome
29 carrying Cs,, was fixed and such animals
possess two copies of KIT on chromosome
6 and two modified copies on chromosome 29.
This was observed in Belgian Blue animals
(Durkin et al., 2012).

In the next stage a part of the previously
translocated DNA without the KIT gene,
together with a fraction of the original chromo-
some 29, was cut out or amplified and inserted
back into chromosome 6 close to the KIT
gene. This second translocation somehow
modified the KIT gene and a new allele (Cs,),
which can be found in Brown Swiss animals
and causes colour-sidedness, was originated.
The manner in which this translocation
occurred led to duplication of a DNA fragment
from chromosome 6 and the inclusion of an
additional fragment from chromosome 29.

Testing for the presence of the two Belgian
Blue-specific fusion points, the Brown Swiss-
specific fusion point and the Belgian Blue/
Brown Swiss-shared fusion point in several
breeds where the colour-sidedness is known
revealed the following. ‘Colour-sided Dutch
Witrik (Plate 28) and Ethiopian Fogera animals
were shown to carry the Belgian Blue Cs,,
allele; Austrian Pustertaler Sprinzen, Czech
Red Spotted cattle and French Vosgienne the
Brown Swiss Cs, allele, and Irish Moiled,
Swedish Mountain and domestic yak carried
both the Cs,, and Cs alleles. Authors assume
that Cs,, and Cs; alleles were introgressed in
yak after its domestication via well-documented
hybridization of Bos taurus and Bos grun-
niens. These findings indicate that the Cs,, and
Cs, alleles account for most if not all colour-
sidedness in cattle’ (Durkin et al., 2012).

This excellent research project provided
very convincing explanation of genetic determi-
nation of colour-sidedness. There are other
questions which probably will be addressed in
the near future: What changes normal expres-
sion of KIT alleles and how is this change
effected? How many KIT alleles exist in different
breeds and animals? Do KIT alleles from chro-
mosomes 6 and 29 interact and, if so, how?

The white-coloured variations in White
Galloway cattle and White Park cattle are also
caused by a KIT gene (chromosome 6) duplica-
tion and aberrant insertion on chromosome 29
(Cs,g) (Brenig et al., 2013) as described for colour-
sided Belgian Blue and some other breeds. White
Galloway cattle show significant variation from
fully black to animals without marks. Importantly
all 27 studied fully black individuals were homozy-
gotes for the wild-type chromosome 29; all 104
well and strongly marked individuals were het-
erozygotes (Cs,,/wt) and all 37 animals with-
out marks were homozygotes (Cs,,,/Cs,,).

According to the International Genetic
Nomenclature rules the described Colour-
sided alleles could be preliminarily named as:
KIT ©29 (Belgian Blue type) and KIT “*¢ (Brown
Swiss type).

The Piebald locus (MITF)

Piebaldness or white spotting are commonly
used descriptions of widespread phenotypes
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observed in many cattle breeds. In the past
there was a tendency to describe all this great
variety of phenotypes assuming the existence
of one gene with many alleles. Olson (1999)
suggests three mutant alleles: semi-dominant
SH — Hereford pattern with white face, belly,
feet and tail (Plate 9); semi-dominant SF —
Pinzgauer pattern with variable amount of
white along dorsal and ventral areas; and
recessive s — piebald with irregular pigmented
and white areas and usually white feet, belly
and tail (Plate 15). Obviously there should be
the wild type allele S*. The limitations of hybri-
dological analysis particularly in large animals
did not help to establish allelic relationships in
this and other cases. Hence, only direct molec-
ular genetic evidence could advance this com-
plex matter.

Use of molecular genetic methods has
allowed distinguishing piebaldness and specific
white-spotted phenotypes like the Hereford
pattern (see below). Holstein—Friesian cross-
bred cows from an F, experimental design
were used for the genome scan. Significant
QTLs were found on chromosomes 6, 18 and
22. Haplotype data revealed the highly signifi-
cant QTL on chromosome 22 in the interval
covering Microphthalmia-associated transcrip-
tion factor (MITF) gene (Liu et al., 2009). This
gene was proven to be associated with pig-
mentation traits in some other mammals and is
a regulator of differentiation of the neural
crest-derived melanoblasts (Hozumi et al.,
2012). Fontanesi et al. (2012) performed a
candidate gene analysis, QTL mapping and
genome-wide association study for piebaldness
in Holstein cattle. These authors obtained clear
evidence that the most likely gene causing/
affecting the trait in question is the MITF gene
located at chromosome 22. Sequencing MITF
in numerous animals from breeds where the
piebald animals are common led to identifica-
tion of 17 SNPs. ‘The allele frequencies of one
polymorphism (g.32386957A—T) were clearly
different between spotted (A = 0.875; T =0.125)
and non-spotted breeds (A = 0.125; T = 0.875)
(P = 8.2E-12).” Altogether 21 different haplo-
types were also inferred in the study. Although
observed MITF variability explains the exist-
ence of piebald and solid coloured animals,
other genetic factors also make a contribution
(Fontanesi et al., 2012). This conclusion

matches very well with numerous inconclu-
sive studies of piebaldness made over a long
time.

According to the International Genetic
Nomenclature rules the described Piebald
alleles could be preliminarily named as: MITF?
(piebald type) and MITF* (wild type).

The Roan locus (KITLG)

Belgian Blue cattle, Shorthorns, Texas Long-
horns and several other breeds have a pheno-
typic trait called roan, caused by a mixture of
pigmented and white hairs (Plate 29). This phe-
notype occurs in heterozygotes (RR*) due to
the presence of a semi-dominant allele. Mutant
homozygotes (RE) are almost white with rare
pigmented hairs mainly in the ears. At least
in Shorthorns and Belgian Blue such female
homozygotes suffer from so called ‘White Heifer
disease’ affecting reproduction (Hanset, 1969).
The colour of heterozygotes depends on other
genes. The available information on the genes,
which were studied using molecular methods,
is given below and in Table 4.3.

Understanding the molecular nature of
Roan was among the first discoveries of the
molecular genetic era. Roan was mapped to
bovine chromosome 5 and the interval, where
it was located, included newly mapped gene
coding for mast cell growth factor (Charlier
et al., 1996). This gene was proposed as the
candidate gene for Roan. Further study under-
taken by Seitz et al. (1999) identified a mis-
sense mutation at position 654 bp (amino acid
193, Ala—Asp) of KITLG (former MGF) gene,
which created the R allele.

According to the International Genetic
Nomenclature rules the described Roan alleles
could be preliminarily named as: KITLGF
(roan) and KITLG™ (wild type).

The White-spotting locus (KIT)

Various white spotting phenotypes in mice
(Mackenzie et al., 1997), pig (Andersson and
Plastow, 2011) and other mammals are deter-
mined by mutations of the KIT gene encoding
mast/stem cell growth factor receptor Kit
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(tyrosine Kkinase receptor). In cattle KIT is
located on chromosome 6 and genome scan-
ning found a QTL for the proportion of white
coat with large effects in German Simmental
and German Holstein cattle (Plate 11) is
located within the same interval (Reinsch et al.,
1999). A similar result was obtained in a
Hereford cross population, where the S locus
was mapped to the interval between markers
BM4528 and EL03 (Grosz and MacNeil 1999),
thus suggesting a connection between specific
Hereford (Plate 9) or white face types of spot-
ting and KIT.

Fontanesi et al. (2010) investigated varia-
bility of the KIT gene and haplotype distribu-
tion in three breeds (Angus, Hereford and
Holstein) with different anticipated alleles at
the S locus (S*, SH and s, respectively).
Re-sequencing a large DNA section (0.485 Mb)
including the KIT gene revealed 111 poly-
morphisms. ‘The global nucleotide diversity
was 0.087%. Tajima’s D-values were negative
for all breeds, indicating putative directional
selection. Of the 28 inferred haplotypes, only
five were observed in the Hereford breed, in
which one was the most frequent. Coalescent
simulation showed that it is highly unlikely
(P < 10E-6) to obtain this low number of hap-
lotypes conditionally on the observed number
of segregating SNPs. Therefore, the neutral
model could be rejected for the Hereford breed,
suggesting that a selection sweep occurred at
the KIT gene’ (Fontanesi et al., 2010).

The obtained data did not provide evi-
dence in favour of selective sweeps in two
other breeds. A conclusion can be drawn that
the SH allele determining the Hereford type
white face phenotype is likely an allele of the
KIT gene. Angus, having a solid colour with-
out white marks, unsurprisingly showed no
evidence of selective sweep. The same seems
to be correct for the Holstein spotting, which,
as described above, is caused by possible
mutations in the MITF gene (Fontanesi et al.,
2012).

According to the International Genetic
Nomenclature rules the described White-
spotting alleles could be preliminarily named
as: KITH (white face Hereford type) and KIT*
(wild type). Other possible alleles in this gene
have not been studied using molecular meth-
ods so far.

Other Genes Influencing
Coat Colour

As previous sections testify, the understanding
of the molecular genetic basis of coat colour
variation in cattle has advanced remarkably over
the past 10-15 years. Nevertheless it seems
very possible that other genes, which are proven
to be involved in coat colour determination in
other mammalian species, may be added to the
list of currently identified genes. For instance,
a whole genome Bayesian scan for adaptive
genetic divergence in West African cattle revealed
a number of candidate genes that are under
strong pressure of natural selection (Gautier
et al., 2009). Among them were the EDNRB
(Endothelin B receptor) gene located on chro-
mosome 12, which is referred to as the piebald
or S locus in the mouse (Shin et al., 1997), and
a null mutation induces a white coat colour in
the rat (Gariepy et al., 1996). Intensive sun
radiation in tropical areas indeed could act as a
powerful selective factor for coat colour in cat-
tle. Such a notion has been expressed in the lit-
erature many times. Interestingly Olson (1999)
mentioned that some African breeds ‘appear to
possess recessive (white) spotting’.

Another gene that might be potentially
involved in coat colour development in cattle is
DCT, encoding L-dopachrome tautomerase pre-
cursor (former TRPZ2), which is also mapped to
bovine chromosome 12 (Hawkins et al., 1996).
This gene is known to be involved in eumelanin
and pheomelanin synthesis in mouse melano-
blasts (Lamoreux et al., 2001; Hirobe et al.,
2006) and also is a factor affecting the develop-
ment of neural crest-derived melanoblasts (Pavan
and Tilghman, 1994). DCT actively interacts with
KIT and with MITF, which are established as
major coat colour genes in cattle (Opdecamp
et al., 1997). Gene MYO5A (myosin VA)
mapped to bovine chromosome 10, causes dilu-
tion in the mouse and other mammals (Engle and
Kennett, 1994). The list is probably longer, but
the whole point is to stress that there is a multi-
tude of key genes, which may affect coat colour in
cattle. The only critical requirement is functional
connection of these genes to a molecular or cel-
lular process leading to wild type pigmentation.

An autosomal recessive mutation causing
dilution of coat colour and a bleeding disorder
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has been reported in cattle and other mammals
half a century ago (Padgett et al., 1964; Kuneida
et al., 1999). This disorder was later named
Chediak-Higashi syndrome (CHS) and was
always considered separately from other kinds of
dilution. The gene called LYST (lysosomal-traf-
ficking regulator), which is located at bovine
chromosome 28, causes CHS in cattle and a few
other mammals (Prieur et al., 1976; Ensembl
genome browser accessed 23 July 2013). In
Japanese Black (Wagyu) cattle A—G transition
led to substitution of histidine with arginine
(H2015R). This particular mutation was found
to be causative for CHS in Japanese Black
(Wagyu) cattle (Kuneida et al., 1999; Yamakuchi
et al., 2000). The exact reason for the lighter
coat colour in affected animals is not known.

Pleiotropic Effects Caused
by Coat Colour Mutations

Sometime presence or absence of coloration
may impact productive traits like in Holstein
cows, where percentage of white coat correlates
with milk vield and reproductive traits are con-
gruent with the intensity of solar radiation (King
et al., 1988; Hansen, 1990; Becerril et al.,
1994, Olson, 1999). Another association of a
colour-related trait and an economically impor-
tant trait is the relationship between eyelid pig-
mentation and the susceptibility to eye lesions
leading to ‘cancer eye’ in Hereford and other
cattle breeds (Anderson, 1991). Stronger eyelid
pigmentation in Hereford cattle results in a
decreased incidence of lesion development.
Several coat colour genes act during early
development and affect basic molecular and cel-
lular processes. Quite often this is sufficient to
create significant pleotropic effects. The latest
review of various pleiotropic effects of coat col-
our-associated mutations in mammals was
recently published by Reissmann and Ludwig
(2013). Several such effects have been studied
in cattle on the molecular level (Table 4.3) and
have negative pleiotropic effects, as in the case
of German White Fleckvieh syndrome. A mis-
sense mutation (R210I) has been identified in
the MITF gene (chromosome 22) as causative
for the syndrome. This mutation affects the
highly conserved basic region of the protein and

causes a negative-dominant effect, which includes
hypopigmentation, heterochromia irides, colo-
bomatous eyes and bilateral hearing loss (Philipp
et al., 2011). Another example is White Heifer
Disease found among homozygotes for the
semi-dominant missense mutation of the KITLG
gene (causing amino acid substitution Ala—Asp),
which is characterized by a loss of fertility
(Charlier et al., 1996; Seitz et al., 1999).
Crossbred calves from Simmental x Angus
as well as Hereford x Friesian crosses are known
to develop some coat colour dilution and hypotri-
chosis, which is specifically expressed in col-
oured areas and, if the tail is affected, leads to
the phenomenon of so-called ‘rat-tailed’ calves
(Schalles and Cundiff, 1999; Jolly et al., 2008).
Such affected calves are less efficient in gaining
weight, and might be up to 36 kg lighter at
slaughter. It was established that some Simmental
and Hereford bulls are heterozygotes for a three-
nucleotide deletion removing leucine codon
from the first exon of the PMEL17 gene. The
same Herefords also carry another mutation in
PMEL17, which is the C—A mutation, causing
alanine—glutamic acid substitution (Jolly et al.,
2008). While further investigation of this phe-
nomenon might be useful, the molecular cause
of this phenomenon has been established. As
follows from available pedigree data, not all ani-
mals that carry the mutations develop hypotri-
chosis and ‘rat-tailed” syndrome. This observation
indicates that penetrance of such a mutation is
definitely below 100%. In case like this a molec-
ular test is very useful for discovering all carriers
of such a potentially undesirable trait. Such a test
was developed and allowed identification of a
common ancestor, which was responsible for
bringing this mutation into the herd. A similar
approach or direct DNA sequencing tests can be
applied to mutations of other genes, particularly
those with a recessive mode of inheritance or
semi-dominant mutations with low penetrance.

Conclusion

There has been significant progress in under-
standing molecular causes of coat colour muta-
tions in cattle during the past 10-15 years that
lays the foundation for further research in this
area. Several directions for future research seem



Table 4.3. Pleotropic effects of coat colour affecting genes in cattle with known molecular cause.

Gene Breed where
symbol  Gene name Chromosome Inheritance Syndrome Pleoitropic effects ~ Coat colour found Reference
KITLG KIT ligand Chr.5 Semi-dominant, ~ White Heifer Fertility loss Intermingled Belgian Charlier et al.,
(Roan) missense Disease coloured and Blue 1996
mutation white hairs in Seitz et al.,
heterozygotes, white 1999
homozygotes
LYST Lysosomal- Chr. 28 Recessive, Chediak- Increased bleeding Light coat colour Japanese Kunieda et al.,
trafficking missense Hagashi tendency, Black 1999
regulator mutation syndrome abnormal (Wagyu) Yamakuchi
(CHS) platelet granules et al., 2000
MITF Microphthalmia- Chr. 22 Semi-dominant, German White Deafness, White German Philipp et al.,
associated missense Fleckvieh colobomatous White, 2011
transcription mutation syndrome eyes, Fleckvieh
factor (Piebald) heterochromia
PMEL17 Melanocyte protein Chr. 5 Semi-dominant,  Hypotrichosis, Reduction of hairin Coat-colour dilution Simmental and Jolly et al.,
PMEL precursor 3-nucleotide ‘rat-tailed’ pigmented areas, Hereford 2008
(Dilution) deletion exon calves white areas are crossbred
1 and mutation intact, reduced calves
in exon 11 weight gain
TYR Tyrosinase Chr. 29 Recessive Albinism Multiple ocular White Numerous Schmutz
precursor frameshift abnormalities et al., 2004
(Albino) insertion
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feasible. This may include investigation of those
alleles whose molecular nature has not been
described so far; studies of complex interactions
between coat colour and other genes creating
complex colour variations; and finally develop-
ment and application of DNA-based methods
for identification of animals carrying undesirable
alleles. It seems that this classical field of genet-
ics has successfully passed the test of time and
has good options for further advancement.
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Introduction

The spectrum of morphological traits and
inherited disorders ranges from those that are
definitely due to the action of just one gene, to
those that are due to the combined action of
many genes and many non-genetic (environ-
mental) factors. In between these two extremes
are many traits and disorders that appear to
run in families, but for which there is insuffi-
cient information to enable a conclusion to be
drawn about whether one or more genes are
involved. Unfortunately, the literature abounds
with examples of traits and disorders that have
been claimed to be due to just one gene,
despite the data being so sparse that such a
claim cannot be justified. Similar problems
exist with claims of inheritance being recessive
or dominant; in most cases, there is insufficient
information to justify the claims that have been
made. In the fullness of time, of course, addi-
tional data might support the initial claims. But
we must be careful not to jump the gun.

This scarcity of reliable data on the inherit-
ance of traits and disorders poses a challenge
to those who are asked to compile lists of such
traits — as required for this chapter. Since no
two reviewers will interpret the evidence in
exactly the same way, we must expect that lists

90

920
90
91
91
101
101
102

of single-locus traits and disorders compiled by
different authors will differ at the margins. In
the fullness of time, as more data become
available, these differences will be resolved.

Previous Reviews

Many reviews of inherited traits and disorders
in cattle have been published over the years.
The first major summary specifically for cattle
was by Shrode and Lush (1947). Since then,
there have been surveys of inherited disorders
by Gilmore (1957), Lauvergne (1968), Leipold
et al. (1972), Jolly and Leipold (1973), Leipold
and Schalles (1977), Herzog (1992), Kuhn
(1997), Millar et al. (2000), Gentile and
Testoni (2006), Agerholm (2007), Whitlock
et al. (2008), Windsor and Agerholm (2009),
Windsor et al. (2011a,b) and Leeb (2012).1
No discussion of inherited disorders in cat-
tle can be complete without a special mention
of the pioneering work of Dr Horst Leipold,
whose name appears often in the list of
reviews. His pioneering research into the
inheritance of disorders, and his encylopedic
knowledge of inherited disorders, will continue
to earn him the gratitude of those who follow

© CAB International 2015. The Genetics of Cattle,
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in his footsteps. Mention must also be made of
the mammoth ‘retirement’ project of Dr Keith
Huston, a former colleague of Dr Leipold. In
reviewing all the published information on
inherited disorders, Dr Huston compiled an
annotated list of inherited disorders in cattle
(Millar et al., 2000) that will be a very impor-
tant source of information for many years
to come.

Current Sources of Information

While a list of reviews is useful, it is even more
useful to have a single catalogue of morphologi-
cal traits and inherited disorders that is regularly
updated, and which is made freely available on
the internet. Human geneticists have long had
access to such a resource, namely Dr Victor
McKusick’s Online Mendelian Inheritance in
Man (OMIM), which is freely accessible at
http: /www.omim.org. OMIM contains a wealth
of information on thousands of morphological
traits and inherited disorders in humans. It also
contains a surprising quantity of information
on cattle, because McKusick was always inter-
ested in potential animal models of human
disorders.

In 1978, the present author commenced
compiling a catalogue of inherited traits and
disorders in a wide range of animal species.
Being modelled on, and complementary to,
McKusick’s catalogue, this animal catalogue is
called Online Mendelian Inheritance in Animals
(OMIA). It is freely accessible on the internet at
http://omia.angis.org.au.

OMIA includes entries for all inherited dis-
orders in cattle, together with other traits in
cattle for which single-locus inheritance has
been claimed, however dubiously. Each entry
includes a list of references arranged chrono-
logically, so as to present a convenient history
of knowledge about each disorder or trait. For
some entries, there is additional information
on inheritance or molecular genetics. If the dis-
order or trait has a human homologue, the rele-
vant OMIM number is included, providing a direct
hyperlink to the relevant entry in McKusick’s
online catalogue OMIM.

OMIA is updated regularly and therefore
makes it possible for readers throughout the

world to obtain freely the latest information on
any single-locus trait or inherited disorder in
cattle.

An Overview

When the first edition of this book was pub-
lished in 1999, the chapter corresponding to
the present chapter stated ‘With the molecu-
lar revolution now in full swing, and, in par-
ticular, with the development of gene markers
covering all regions of all bovine chromo-
somes. . ., knowledge of morphological traits
and inherited disorders in cattle will increase
rapidly in the decades ahead.” The extent to
which this prediction has come to pass is
illustrated by the number of single-locus
bovine morphological traits and inherited dis-
orders with a known causal mutation, which
has risen from 12 in 1999 to 81 at the time
of writing in early 2013; a nearly sevenfold
increase in 13 years!

Because of this revolution, there is no longer
sufficient space available in a single chapter to
provide all the relevant textual material for all
relevant traits. Indeed, with the increasing use
of the internet, there is really no need to pro-
vide all the textual information in a chapter
such as this one. Instead, it is better to devote
the available space to a listing of the relevant
traits, with pointers to the relevant internet
entry. With so many single-locus morphologi-
cal traits and inherited disorders now char-
acterized at the DNA level, and with quite
high-quality sequence assemblies of the bovine
genome now available, it makes sense for this
chapter to concentrate on presenting a list
of bovine single-locus morphological traits and
inherited disorders with known causal muta-
tions, arranged according to their map position
in the genome. This is done in Table 5.1. Such
a table is best called a mostly-morbid map, by
analogy with McKusick’s long-established mor-
bid map of the human genome, which includes
only disorders.2 Table 5.2 presents bovine mor-
phological traits and inherited disorders for
which there is reasonable evidence of single-
locus inheritance but for which the causal
mutation has not yet been determined. Table 5.3
lists bovine morphological traits and inherited
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Table 5.1. A mostly-morbid map of the bovine genome, incorporating all Mendelian morphological traits and inherited disorders that have been characterized
at the DNA level, as at 1 March 2013.2 (Full details for each entry are available at http://omia.angis.org.au/.)

Location in bovine genome assembly UMD 3.1

Name of trait/disorder OMIA number® Gene Chromosome Nucleotide start Nucleotide end
Horns/polled 000483-9913 2 1 1,168,000 2,049,000
Deficiency of uridine monophosphate synthase 000262-9913 UMPS 1 69,732,777 69,782,823
Renal dysplasia 001135-9913 CLDN16 1 77,492,293 77,469,356
Leukocyte adhesion deficiency, type | 000595-9913 ITGB2 1 145,133,580 145,104,426
Muscular hypertrophy (double muscling) 000683-9913 MSTN 2 6,213,565 6,220,195
Polled and multisystemic syndrome 001736-9913 ZEB2 2 49,422,588 53,130,732
Ichthyosis congenita 000547-9913 ABCA12 2 103,720,886 103,520,023
Complex vertebral malformation 001340-9913 SLC35A3 3 43,418,922 43,404,022
Dwarfism, proportionate, with inflammatory lesions 001686-9913 RNF11 3 95,601,694 95,598,416
Scurs, type 2 001593-9913 TWIST1 4 27,855,319 27,853,325
Osteopetrosis 000755-9913 SLC4A2 4 114,438,014 114,450,606
Coat colour, roan 001216-9913 KITLG 5 18,377,443 18,317,747
Ehlers-Danlos syndrome, Holstein variant 001716-9913 EPYC 5 20,950,210 20,909,662
Epidermolysis bullosa 000340-9913 KRT5 5 27,541,427 27,547,278
Arachnomelia, BTA5 000059-9913 SUOX 5 57,643,833 57,639,564
Coat colour, dilution 001545-9913 PMEL 5 57,669,834 57,677,940
Hypotrichosis with coat colour dilution 001544-9913 PMEL 5 57,669,834 57,677,940
Abortion due to mutation in APAF1 000001-9913 APAF1 5 63,125,176 63,207,284
Mannosidosis, beta 000626-9913 MANBA 6 23,390,301 23,541,418
Coat colour, dominant white 000209-9913 KIT 6 71,796,317 71,917,430
Coat colour, colour-sided 001576-9913 KIT 6 71,796,317 71,917,430
Dwarfism, Angus 001485-9913 PRKG2 6 97,735,626 97,652,568
Chondrodysplasia 000187-9913 EVC2 6 105,291,555 105,437,261
Ehlers-Danlos syndrome, type VII 000328-9913 ADAMTS2 7 1,956,351 2,165,241
(Dermatosparaxis)
Mannosidosis, alpha 000625-9913 MAN2B1 7 13,954,084 13,969,420
Myoclonus 000689-9913 GLRA1 7 65,112,635 65,025,010
Coat colour, brown 001249-9913 TYRP1 8 31,726,908 31,710,696
Marfan syndrome 000628-9913 FBN1 10 61,877,807 62,142,170
Spinal dysmyelination 001247-9913 SPAST 11 14,714,303 14,769,811
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Citrullinaemia

Beta-lactoglobulin, aberrant low expression
Neuronal ceroid lipofuscinosis, 5

Coat colour, agouti

Acrodermatitis enteropathica

Goitre, familial

Abortion due to mutation in CWC15
Yellow fat

Syndactyly

Trimethylaminuria

Axonopathy

Lethal multi-organ developmental dysplasia
Multiple ocular defects

Coat colour, extension

Maple syrup urine disease
Cardiomyopathy and woolly haircoat syndrome
Cardiomyopathy, dilated

Abortion and stillbirth

Myasthenic syndrome, congenital
Spherocytosis

Tail, crooked

Dwarfism, growth-hormone deficiency
Glycogen storage disease ||

Dwarfism, Dexter

Brachyspina

Coat colour, white spotting

Dominant white with bilateral deafness
Epidermolysis bullosa, dystrophic
Arachnomelia, BTA23

Myopathy of the diaphragmatic muscles
Protoporphyria

Spinal muscular atrophy

Congenital muscular dystonia 1
Pseudomyotonia, congenital
Forelimb-girdle muscular anomaly

000194-9913
001437-9913
001482-9913
000201-9913
000593-9913
000424-9913
001697-9913
001079-9913
000963-9913
001360-9913
001106-9913
001722-9913
000733-9913
001199-9913
000627-9913
000161-9913
000162-9913
001565-9913
000685-9913
001228-9913
001452-9913
001473-9913
000419-9913
001271-9913
000151-9913
000214-9913
001680-9913
000341-9913
001541-9913
001319-9913
000836-9913
000939-9913
001450-9913
001464-9913
001442-9913

ASS1
LGB
CLN5
ASIP
SLC39A4
TG
cwcis
BCO2
LRP4
FMO3
MFN2
KDM2B
WFDC1
MC1R
BCKDHA
PPP1R13L
OPA3
MIMT1
CHRNE
SLC4A1
MRC2
GH1
GAA
ACAN
FANCI
MITF
MITF
COL7A1
MOCS1
HSPA1B
FECH
KDSR
ATP2A1
ATP2A1
GFRA1

11
11
12
13
14
14
15
15
15
16
16
17
18
18
18
18
18
18
19
19
19
19
19
21
21
22
22
22
23
23
24
24
25
25
26

100,791,338
103,301,663
52,453,835
64,213,311
1,719,731
9,278,155
15,705,459
22,838,239
77,701,217
39,505,887
42,587,220
55,898,977
10,558,019
14,757,331
50,819,364
53,447,530
53,612,019
64,325,122
27,118,516
44,708,380
47,689,028
48,772,013
53,113,263
20,800,157
21,137,917
31,769,465
31,769,465
51,859,651
13,866,949
27,333,869
57,333,272
62,180,437
26,204,651
26,204,651
37,020,528

100,843,336
103,306,380
52,461,656
64,239,963
1,724,220
9,281,191
15,713,949
22,905,944
77,663,789
39,631,948
42,560,146
56,018,629
10,587,118
14,759,081
50,838,368
53,432,741
53,579,091
64,431,506
27,123,113
44,692,186
47,748,129
48,768,617
53,100,964
20,868,836
21,198,617
31,735,989
31,735,989
51,889,953
13,832,464
27,331,771
57,298,433
62,118,138
26,187,386
26,187,386
36,789,222

Continued
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Table 5.1. Continued.

Location in bovine genome assembly UMD 3.1

Name of trait/disorder OMIA number® Gene Chromosome Nucleotide start Nucleotide end
Mucopolysaccharidosis 111B 001342-9913 NAGLU 26 43,258,821 43,265,801
Factor XI deficiency 000363-9913 F11 27 15,350,936 15,370,081
Chediak-Higashi syndrome 000185-9913 LYST 28 8,567,654 8,423,714
Hypotrichosis 000540-9913 HEPHL1 29 744,426 653,015
Coat colour, albinism 000202-9913 TYR 29 6,462,239 6,351,876
Congenital muscular dystonia 2 001451-9913 SLC6A5 29 24,618,069 24,564,841
Glycogen storage disease V 001139-9913 PYGM 29 43,617,816 43,606,016
Thrombopathia 001003-9913 RASGRP2 29 43,602,498 43,590,192
Haemophilia A 000437-9913 F8 X 38,838,454 38,982,286
Anhidrotic ectodermal dysplasia 000543-9913 EDA X 86,099,972 85,708,002
Ovotesticular DSD (disorder of sexual development) 001230-9913 SRY Y 42,225,120 42,225,990
Epilepsy? 000344-9913 ? ? ? ?
Hydrocephalus® 000487-9913 ? ? ? ?
Tibial hemimelia® 001009-9913 ? ? ? ?
Arthrogryposis multiplex congenitald 001465-9913 ? ? ? ?
Contractural arachnodactyly (Fawn calf syndrome)® 001511-9913 ? ? ? ?
001562-9913 ? ? ? ?

Pulmonary hypoplasia with anasarca®

aThis table is a revised and updated version of a table that first appeared in Nicholas, F.W. (2012) Mendelian inheritance in cattle. In: Womack, J. (ed.) Bovine Genomics. Wiley-

Blackwell, Ames, lowa, pp. 11-19.

bxxxxxx-9913, where xxxxxx is the unique six-digit OMIA ID for a trait/disorder, and 9913 is the NCBI taxonomy ID for cattle.
°The polled locus is an enigma: two alleles that are completely associated with polledness in European cattle map to a region of chromosome BTA1 with no known functional sequences.
dCausal mutations for these disorders have been discovered, and in some cases are being offered for DNA testing to control the disorder. However, for intellectual-property reasons, the

causal mutation has not yet been published.
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Table 5.2. Bovine morphological traits and inherited disorders for which there is reasonable published
evidence for single-locus inheritance, but for which no causal mutations have been reported, as at
1 March 2013. (Full details for each entry are available at http://omia.angis.org.au/.)

OMIA number? Name of trait/disorder
000004-9913 Achondroplasia

000010-9913 Acroteriasis congenita
000036-9913 Amputated

000991-9913 Androgen insensitivity syndrome (AIS)
000047-9913 Ankylosis, generalized
001556-9913 Ankylosis, jaw

000083-9913 Atresia ani

000117-9913 Blood group system A
000120-9913 Blood group system B
000121-9913 Blood group system C
000124-9913 Blood group system F
000130-9913 Blood group system J
000132-9913 Blood group system L
000133-9913 Blood group system M
001629-9913 Blood group system N'
001630-9913 Blood group system R'
000139-9913 Blood group system S
001631-9913 Blood group system T'
001632-9913 Blood group system Z
001502-9913 Caprine-like Generalized Hypoplasia Syndrome
000160-9913 Cardiomyopathy

000168-9913 Cataract, generic

001585-9913 Cleft lip and jaw, right-sided
000204-9913 Coat colour, albinism, incomplete
001320-9913 Coat colour, spotted
001529-9913 Coat colour, variant red
001469-9913 Coat colour, white belt
000313-9913 Congenital dyserythropoietic anaemia with dyskeratosis and progressive alopecia
001659-9913 Dwarfism, dominant
001294-9913 Dwarfism, growth-hormone-receptor deficiency
000308-9913 Dwarfism, proportionate
000310-9913 Dwarfism, snorter

000311-9913 Dwarfism, stumpy

000317-9913 Ears, crop

000321-9913 Ears, notched

000343-9913 Epididymal aplasia

000348-9913 Epitheliogenesis imperfecta
000402-9913 Gangliosidosis, GM1
000468-9913 Heterochrirides

000493-9913 Hydrops foetalis

000495-9913 Hyperbilirubinaemia, unclassified
000542-9913 Hypotrichosis, streaked
000601-9913 Limber legs

000603-9913 Limbs, curved

001407-9913 Lipofuscinosis, renal
001557-9913 Ljutikow’s lethal

001558-9913 Micromelia, achondroplastic
000656-9913 Molars, impacted

000664-9913 Mucopolysaccharidosis |

Continued
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Table 5.2. Continued.

OMIA number?

Name of trait/disorder

000673-9913
000674-9913
000181-9913
000754-9913
001175-9913
000827-9913
000834-9913
000850-9913
000894-9913
000911-9913
001372-9913
000927-9913
000973-9913
001510-9913
000992-9913
001048-9913

Mummified foetus

Muscle contracture

Neuronal Ceroid Lipofuscinosis, generic
Osteogenesis imperfecta

Porphyria, congenital erythropoietic
Progressive degenerative myeloencephalopathy (Weaver syndrome)
Protamine-2 deficiency

Rectovaginal constriction

Scurs

Short spine

Slick hair

Spastic lethal

Tail, kinky

Tail, wry

Testicular hypoplasia

Vertical fibre hide defect

axxxxxx-9913, where xxxxxx is the unique six-digit OMIA ID for a trait/disorder, and 9913 is the NCBI taxonomy ID

for cattle.

Table 5.3. Bovine morphological traits and inherited disorders for which there is insufficient published
evidence for single-locus inheritance, as at 1 March 2013. (Full details for each entry are available at
http://omia.angis.org.au/.)

OMIA number?

Name of trait/disorder

001119-9913
000002-9913
000005-9913
000012-9913
000014-9913
000021-9913
000022-9913
000027-9913
000030-9913
001702-9913
000040-9913
000044-9913
000049-9913
000050-9913
001411-9913
000056-9913
000058-9913
000061-9913
000069-9913
000070-9913
001169-9913
000077-9913
000078-9913
001091-9913
000085-9913
000086-9913

Abomasum, displaced
Abrachia

Achondroplasia foetalis
Adactyly

Adenohypophyseal aplasia
Agenesis of corpus callosum
Agnathia

Allergic rhinitis

Alopecia

Alopecia areata

Amyloidosis, renal
Anencephaly

Anophthalmos

Anophthalmos microphthalmos
Anotia

Aplasia segmentalis ductus wolffii
Aprosopia

Arnold-Chiari malformation
Arthrogryposis

Arthrogryposis and palatoschisis syndrome
Ascites

Ataxia

Ataxia, cerebellar

Ataxia, progressive

Atresia coli

Atresia ilei

Continued
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Table 5.3. Continued.

OMIA number?

Name of trait/disorder

000087-9913
000089-9913
000091-9913
000110-9913
000112-9913
000113-9913
000116-9913
000147-9913
000149-9913
000150-9913
000159-9913
000515-9913
000175-9913
000177-9913
000178-9913
000179-9913
000189-9913
000195-9913
000197-9913
000214-9913
000200-9913
000219-9913
001689-9913
001270-9913
001118-9913
000231-9913
000235-9913
000237-9913
000243-9913
000245-9913
000246-9913
000249-9913
000254-9913
000260-9913
000261-9913
000272-9913
000274-9913
000279-9913
000283-9913
001410-9913
000290-9913
000291-9913
000293-9913
000295-9913
000299-9913
001323-9913
000318-9913
000324-9913
001126-9913
001488-9913
001489-9913
001490-9913

Atresia intestinal

Atrial septal defect

Atrophic rhinitis

Black hair follicle dysplasia

Bleeding diathesis

Bleeding disorder

Blood group systems, generic

Brachygnathia

Brachygnathia superior

Brachygnathia superior and degenerative joint disease
Cardiac anomaly

Cardiomyopathy, hypertrophic

Cerebellar abiotrophy

Cerebellar cortical atrophy

Cerebellar disease

Cerebellar hypoplasia

Chondrodystrophy

Claw defects

Cleft palate

Coat colour, white spotting

Coat colours, generic

Coloboma

Congenital hydranencephaly and cerebellar hypoplasia
Convulsions and ataxia, familial

Corkscrew penis

Corneal opacity

Cranial duplication

Cranioschisis

Cryptorchidism

Curly coat

Curly hair, karakul-type

Cyclopia

Cystic ovary

Debility, congenital

Defective keratogenesis of hooves and mouth
Dermoid sinus

Dermoid, ocular, congenital

Diabetes mellitus

Diabetes mellitus, type |

Diphallus

Diprosopus

Doddler

Double cervix

Duck-legged

Dwarfism

Dwarfism, Laron

Ears, double

Ectrodactyly

Ectromelia

Encephalomyelopathy, multifocal symmetrical necrotizing, Angus
Encephalomyelopathy, multifocal symmetrical necrotizing, Limousin
Encephalomyelopathy, multifocal symmetrical necrotizing, Simmental

Continued
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Table 5.3. Continued.

OMIA number? Name of trait/disorder
000338-9913 Epidermal dysplasia
000339-9913 Epidermolysis

000342-9913 Epidermolysis bullosa, junctionalis
001239-9913 Epiphora

000346-9913 Epistaxis

000353-9913 Exophthalmos with strabismus
000355-9913 Extra ear lobes
000358-9913 Eye defects

000360-9913 Facial digital syndrome
001276-9913 Facial eczema

000366-9913 Fanconi syndrome
000391-9913 Fragile X

000393-9913 Freemartin

000401-9913 Gangliosidosis

000406-9913 Genital hypoplasia
000410-9913 Glandular aplasia
000426-9913 Gonadal hypoplasia
000428-9913 Haemochromatosis
000430-9913 Haemolytic anaemia
000435-9913 Haemolytic uremic syndrome
000440-9913 Hair, long

000444-9913 Harelip

000446-9913 Heart defect, congenital
000726-9913 Hemeralopia

001191-9913 Hemivertebrae

000454-9913 Hepatic fibrosis, idiopathic
000457-9913 Hernia, brain

000462-9913 Hernia, inguinal
000464-9913 Hernia, scrotal

000465-9913 Hernia, umbilical
000466-9913 Hernia, ventral

000470-9913 High lysozyme activity
000473-9913 Hip dysplasia

000474-9913 Histocytosis

000475-9913 Hocks, straight

001197-9913 Horner syndrome
000484-9913 Horse rump

000486-9913 Hydranencephaly
000489-9913 Hydrocephalus, internal
001107-9913 Hymen, imperforate
001412-9913 Hyperextension of fetlock joints
001231-9913 Hyperhidrosis

000506-9913 Hypermetria

000513-9913 Hypertrichosis

000527-9913 Hypomyelinogenesis, congenital
000530-9913 Hypoplasia of sex organs
001187-9913 Hypospadias

000541-9913 Hypotrichosis, semi
000555-9913 Immunoglobulin G2 deficiency
000558-9913 Imperforate anus
000560-9913 Impotentia cocundi
000562-9913 Infertility

Continued



(Genetics of Morphological Traits and Inherited Disorders 99

Table 5.3. Continued.

OMIA number?

Name of trait/disorder

000563-9913
000564-9913
001227-9913
000570-9913
001125-9913
000576-9913
001693-9913
000579-9913
001225-9913
001206-9913
000584-9913
000585-9913
001404-9913
000590-9913
000599-9913
000605-9913
000606-9913
000611-9913
000613-9913
000621-9913
000629-9913
000631-9913
000644-9913
000646-9913
000647-9913
000649-9913
000675-9913
000690-9913
000697-9913
001097-9913
000714-9913
000716-9913
001351-9913
000728-9913
000729-9913
000735-9913
000741-9913
000747-9913
000750-9913
000753-9913
001277-9913
001266-9913
001127-9913
000759-9913
000761-9913
001539-9913
001147-9913
000775-9913
000776-9913
000778-9913
000779-9913
001188-9913

Interdigital tissue pachydermia
Intersex

Intussusception

Joint laxity and dwarfism, congenital
Ketosis

Knobbed acrosome

Lacrimal fistula, bilateral congenital
Lameness

Laminitis

Laryngeal paralysis

Leg defects

Leg weakness

Leptin concentration

Lethal gene

Limb deformity, congenital
Lipidosis, hepatic

Lipomatosis, multiple

Luxating patella

Lymphoedema

Malignant hyperthermia
Megacolon

Megaoesophagus
Micrencephaly

Micrognathia
Microhydranencephalus
Microphthalmia

Muscle contracture and chondrodysplasia
Myoclonus epilepsy of Lafora
Myositis ossificans

Necrotizing encephalopathy, subacute, of Leigh
Neuraxial oedema
Neurofibromatosis
Neuromuscular disease, degenerative
Nipples, depressed

Nipples, inverted

Ocular squamous cell carcinoma
Omphalocele

Osteoarthritis

Osteochondrosis
Osteodystrophy

Otitis interna, susceptibility to
Otitis media, susceptibility to
Otocephaly

Ovarian aplasia

Ovarian hypoplasia
Pancytopenia, neonatal
Papillomatosis, cutaneous
Pasterns, bowed

Pasterns, flexed

Patellar luxation

Patent ductus arteriosus
Pemphigus

Continued



100

FW. Nicholas)

Table 5.3. Continued.

OMIA number2

Name of trait/disorder

001453-9913
000789-9913
000792-9913
000795-9913
001218-9913
000798-9913
001337-9913
000803-9913
000809-9913
000810-9913
001226-9913
001100-9913
000817-9913
001265-9913
000823-9913
000824-9913
000832-9913
000833-9913
000840-9913
000841-9913
001691-9913
001533-9913
001744-9913
001663-9913
001413-9913
000890-9913
000896-9913
000898-9913
000908-9913
001102-9913
000917-9913
000919-9913
000922-9913
000926-9913
000928-9913
000929-9913
000930-9913
000932-9913
001662-9913
001334-9913
000933-9913
000935-9913
000938-9913
000944-9913
001156-9913
000947-9913
000950-9913
000965-9913
000975-9913
000977-9913
000984-9913
000985-9913

Periodic spasticity, inherited
Perosomus elumbis
Persistent frenulum praeputii
Persistent truncus arteriosus
Persistent truncus arteriosus with ventricular septal defect and patent foramen ovale
Phalanges, reduced
Platelet aggregation disorder
Platelet function defect
Polycythemia
Polydactyly
Polymelia
Polymicrogyria
Portosystemic shunt
Preputial prolapse
Prognathism
Progressive alopecia
Progressive spinal myelopathy
Prolonged gestation
Pulmonary adenomatosis
Pulmonary hypertension
Recombination rate
Resistance to infectious bovine keratoconjunctivitis
Resistance to mastitis
Retinal dysplasia and internal hydrocephalus
Retinitis pigmentosa
Schistosomus reflexus
Seminal defect
Serum cholesterol level
Sheep’s head
Situs inversus
Skeletal deformity
Skin defect
Smooth tongue
Spastic lameness
Spastic paresis
Spastic syndrome
Sperm defect
Sperm, dag defect of
Sperm, decapitated
Sperm, short tail
Spina bifida
Spina bifida with myelomeningocele
Spinal dysraphism
Spongiform encephalopathy
Spongiform myelopathy
Stenosis, spinal
Stringhalt
Syringomyelia
Tail, short
Taillessness
Teat injury
Teat number

Continued
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Table 5.3. Continued.

OMIA number? Name of trait/disorder

000986-9913
000987-9913
000990-9913
000994-9913
000997-9913
001001-9913
001491-9913
001012-9913
001022-9913
001023-9913
001026-9913
001033-9913
001039-9913
001041-9913
001043-9913
001055-9913
001056-9913
001060-9913
001142-9913
001071-9913
001194-9913
001769-9913

Teats, bottle
Teats, fused

Tetralogy of fallot

Thrombocytopaenia
Tomaculous neuropathy
Tongue-wagging
Twinning

Twinning, conjoined
Udder abnormality
Urolithiasis

Various disorders
Ventricular septal defect

Vitiligo

Von Willebrand disease
Warts between hooves
Wilms tumour

Wilson disease

Tendons, contracted, congenital

Wolff-Parkinson-White syndrome
Y anomaly in low reproductive females

Thoracic limb, angular deformity of

Ventricular septal defect with atrioventricular valvular anomaly

axxxxxx-9913, where xxxxxx is the unique six-digit OMIA ID for a trait/disorder, and 9913 is the NCBI taxonomy ID

for cattle.

disorders for which there is insufficient evidence
of single-locus inheritance. Details for each entry
in all three tables, including comprehensive ref-
erence lists, are available from http:/omia.angis.
org.au.

It is readily acknowledged that the informa-
tion in OMIA is incomplete, and that it includes
errors of omission and commission. One of the
advantages of having this type of information
stored in a database is that errors can be recti-
fied easily as soon as they are spotted. The
author would therefore be very grateful to any
readers who identify errors in the information
supplied in this chapter or on the website.

Conclusions

The lists of inherited morphological traits and
disorders presented in this chapter provide an
indication of the range of such traits and disor-
ders that have been observed and studied in
cattle. The molecular and gene-mapping revo-
lutions now underway have already led to an

explosion of knowledge in this area, and there
is much more to come! To exploit fully the
genetic variation that does occur, breeders and
researchers need to be continually on the look-
out for unusual animals, saving DNA from
them where possible. The power of modern
genomic technologies is such that only a hand-
ful of affected animals are required in order to
map the disorder (if it is single-locus) and (in
many, but not all, cases) to determine the causal
mutation.

Notes

1 For a full list of reviews pertaining to cattle,
see the Bos taurus section of http:/omia.
angis.org.au/key_articles/reviews/. It should be
noted that some of these reviews are con-
cerned with congenital traits and disorders, i.e.
traits and disorders that are present at birth.
Not all such traits and disorders are inherited.
2 Available for download from http: /www.omim.
org/downloads/.
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Introduction

In 2009 the cattle genome sequencing and
assembly was completed. The success of this
effort was the result of an international collabo-
ration between six countries. An assembly of the
genome became possible due to numerous pro-
jects started in the 1970s to understand the
organization of cattle chromosomes (Heuertz and
Hors-Cayla, 1978; Womack and Moll, 1986),
to perform the microsatellite (Barendse et al.,
1997) and gene mapping (Itoh et al., 2003),
and to construct high resolution physical (Everts-
van der Wind et al., 2005; Snelling et al., 2007)
and linkage maps (lhara et al., 2004). With the
availability of the genome sequence and accurate
assembly it became feasible to perform analysis
of the genome at a level that was not possible

before (Elsik et al., 2009).

© CAB International 2015. The Genetics of Cattle,
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One of the major drivers of cattle genome
studies is an attempt to understand the genetic
nature of quantitative traits and diseases affect-
ing economically important traits, such as milk
or meat quality. Significant progress has been
achieved in this area leading to identification of
several quantitative trait nucleotides (QTNs) that
contribute to such traits in cattle (Grisart et al.,
2002; Cohen-Zinder et al., 2005). The availa-
bility of the whole-genome annotation in con-
junction with less expensive sequencing and
genotyping techniques opens new exciting oppor-
tunities for identification and genotyping of all
single-nucleotide mutations in any breed. Together
with genome-wide association studies (GWAS),
this will lead to detection of all common and
some individual QTNs (Larkin et al., 2012).

The cattle genome is a great resource for
studying mammalian genome evolution. Unique
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genome features formed in the processes of
speciation and adaptation are reflected in the
genome by gene mutations, sequence losses,
duplications and repositions due to multiple chro-
mosomal rearrangements that distinguish the
cattle genome from other mammalian genomes
and a putative mammalian ancestor (Murphy
et al., 2005; Larkin et al., 2009; Elsik et al.,
2009). However, when compared to other
sequenced mammalian genomes, the cattle
genome in some chromosomal regions repre-
sents an ancestral organization, allowing for the
detection of evolutionary events that happened
in the course of genome evolution in other spe-
cies (Murphy et al., 2005).

We briefly summarize results of the cattle
genome mapping efforts, annotation and the
evolutionary history analysis. We start with ear-
lier efforts in cattle genome analysis, including
cattle cytogenetic and somatic cell hybrid map-
ping, linkage mapping, and later present advances
achieved with the use of radiation hybrid map-
ping and fingerprint map construction. Together
these efforts have gradually built a basis for

A UL

3

understanding Mendelian traits and some cattle
quantitative trait loci (QTLs), facilitated genome
assembly, and made possible functional and
evolutionary study of the cattle genome.

The Cattle Chromosome
Nomenclature

Domestic cattle (Bos taurus and Bos indicus)
have 30 chromosome pairs: 58 acrocentric
autosomes and 2 submetacentric sex chromo-
somes. Using a uniform staining on metaphase
chromosomes, the cattle karyotype can be pre-
sented as a decreasing series of arbitrarily divided
chromosome groups, using the relative length of
each chromosome as the only criterion (Fig. 6.1).

Early in the 1970s, cytogenetists used dif-
ferent banding techniques, such as C-bands,
G-bands, Q-bands with Hoechst 33258 or
quinacrine and R-bands, to differentiate cattle
chromosomes. Contemporary cytogenetics
uses 4',6- diamidino-2-phenylindole (DAPI) as a
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Fig. 6.1. A cattle karyotype. (From Rebecca O’Connor, School of Biosciences, University of Kent.)
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fluorescent stain (Plate 30). Different staining
methods would produce slightly different cytoge-
netic nomenclatures of the cattle chromosomes,
leading to several major disagreements in nomen-
clatures. It was during the Ninth North American
Colloquium on Domestic Animal Cytogenetics
and Gene Mapping, held at Texas A&M Univer-
sity in 1995, that the cattle karyotype was stand-
ardized. This nomenclature (‘Texas standard’) has
merged the previous nomenclature’s attempts
with the data on somatic cell and in situ hybrid-
ization gene mapping for each cattle chromo-
some. It also has indicated rough homologies
between cattle, human and sheep chromosomes
(Table 6.1) (Popescu et al., 1996). This nomen-
clature has failed to resolve differences between
cattle chromosomes 25, 27 and 29. To resolve
this issue Hayes et al. (2000) unambiguously
localized 31 marker genes on to the 31 cattle
chromosomes using fluorescent in situ hybridi-
zation (FISH) technique (Hayes et al., 2000).

While G-, Q- and C-banding techniques
produce the characteristic banding pattern of
all chromosomes; silver staining is used to reveal
the active nuclear organizer regions (NORs).
In cattle, NORs can be found in telomeres of
chromosomes 2, 3, 4 and 11 (Henderson and
Bruere, 1979; Di Berardino et al., 1981; Mayr
and Czaker, 1981). Moreover, chromosomes
25 and 28 probably contain NORs, although
their assignment is difficult due to problems
with chromosome identification and polymorph-
ism detection.

Chromosome Abnormalities

Chromosome abnormalities can be classified
into numerical or structural aberrations. Numer-
ical abnormalities affect the diploid number of
the cell, whereas structural mutations affect the
arrangement of chromosomes. Chromosome
abnormalities have been broadly studied since
they are associated with fertility problems or
reproductive failure in humans and domestic
animals.

Numerical chromosome aberrations

There are two types of numerical chromo-
some aberrations: polyploidy and aneuploidy.

Table 6.1. The Texas standard chromosome
nomenclature, showing homologies with human and
sheep chromosomes. (From Popescu et al., 1996.)

Texas Human Sheep
standard % length chromosome chromosome
1 5.87 3,21 1q
2 5.12 1p, 29 2q
3 4.71 1p, 22 1p
4 4.67 7p 4
5 4.48 1qP, 12, 22 3q
6 4.33 4 6
7 4.18 128, 59, 19p 5
8 4.13 42, 8p, 9q 2p
9 3.86 6q 8
10 3.67 5q, 14, 15 7
11 3.94 2,9q 3p
12 3.29 13 10
13 3.09 10p, 20 13
14 3.15 8q 9
15 3.1 5° 11p 15
16 3.07 1q 12
17 2.83 4q, 12q, 22 17
18 2.60 16q, 199 14
19 2.54 17 11
20 2.75 5 16
21 2.72 14,15 18
22 2.51 3,72 19
23 2.09 6p 20
24 2.37 18 23
25 1.97 7q, 16p 24
26 1.96 10q 22
27 1.83 32,42, 8 26
28 1.73 13,10q 25
29 1.99 11 21
X 5.45 X X
Y 2.13 Y Y

Length of each chromosome is expressed as relative
length of the haploid genome.

aIndicates additional homologies with human chromosomes
detected using the alignment of human and cattle genome
sequences.

bIndicates homologies with human not confirmed with the
whole genome sequence alignment.

Polyploidy is the result of abnormal fertilization
(polyandry or polygyny): suppression of the first
cleavage division in embryogenesis or fusion of
embryonic cells. Aneuploidy arises from non-
disjunction of homologous chromosomes dur-
ing meiosis.

Aneuploidy is the only numerical chromo-
some aberration found in mammals, with mon-
osomies and trisomies the most common
abnormalities. Compared to humans, fewer cases
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of aneuploidy have been found in the cattle
breeds analysed so far. This is probably due to
the elimination of the embryos carrying these
mutations prior to implantation or to low levels
of sperm aneuploidies (Nicodemo et al., 2009;
Pauciullo et al., 2012). Some well-documented
cases include autosomal trisomies for chromo-
some 17 (Herzog et al., 1977), chromosome
18 (Herzog et al., 1982) and chromosome 28
(lannuzzi et al., 2001). However, several sex
chromosome trisomies, including XXX, XXY
and XYY, have been documented in cattle
(Citek et al., 2009), but with negligible or no
effect on normal development, due to the gene
dosage inactivation mechanism of the mam-
malian X chromosome.

Numerical chromosome aberrations have
limited economic consequences, since they reduce
the fertility of the affected animal. Therefore,
spreading of these mutations at a population
level does not represent a problem.

Freemartin syndrome

The freemartin condition represents the most
frequent form of intersexuality found in cattle,
and occasionally other species. Freemartins
are females born co-twin to a male. Vascular
connections form between the placentae of
developing twin feti, XX/XY chimerism devel-
ops, and ultimately there is masculinization of
the female tubular reproductive tract to varying
degrees (Padula, 2005). From a cytogenetic point
of view, freemartins are chimerical organisms,
carrying XX and XY cells in blood and haema-
topoietic organs. However, the ratio of XX/
XY cells present in a freemartin is not an indi-
cator of the severity of the masculinization that
has occurred. The male co-twin to a freemartin
female is also a chimera, but the genital organs
are normal. However, they usually have poor
semen quality and are subfertile (Dunn et al.,
1979; Peretti et al., 2008).

Other chromosomal abnormalities occa-
sionally coincident with XX/XY chimeras have
been reported such as 4/21 tandem fusion
(Pinheiro et al., 1995), 1/29 Robertsonian trans-
location (Fig. 6.2) (Zhang et al., 1994; Guanti
and Minola, 1978), 6/1 translocation and XXY
trisomy (Zhang et al., 1994), undetermined cen-
tric fusion (Zhang et al., 1994) and mixoploid
chromosome constitution (Hare, 1976).

Fig. 6.2. A cattle cell containing 1/29 Robertsonian
translocation. (From Dr Pietro Parma, Department
of Agricultural and Environmental Sciences,
University of Milan.) Chromosome containing the
translocation is indicated by a black arrow.

Structural chromosome aberrations

Structural chromosome aberrations can be
defined as a change in the integrity of the chro-
mosome, affecting part of its length or its
entirety. They occur after a misrepair of breaks
during meiosis. They can be classified as bal-
anced or unbalanced depending on the modifi-
cations of the genome. Balanced chromosome
aberrations do not alter the DNA content of
the cell. Typically, balanced reorganizations
include fusions, fissions, translocations (where
a fragment of one chromosome breaks and
fuses to a different chromosome) or inversions
(being pericentromeric or paracentromeric,
whether the centromere is affected or not,
respectively). Balanced aberrations are often
associated with reproductive failure because of
the possible formation of unbalanced gametes
during meiosis. These unbalanced gametes are
able to participate in fertilization but will give
rise to a non-viable zygote. However, if a bal-
anced gamete is formed, it will contribute to a
viable zygote with reduced fertility.

Deletions and duplications are unbalanced
aberrations, since they reduce or increase the
DNA content of the cell. These aberrations can
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produce balanced gametes, and therefore con-
tribute to offspring formation.

In cattle, the most commonly detected
structural chromosome change is the so-called
Robertsonian translocation or centric fusion,
where two acrocentric chromosomes break
and fuse at the centromere region. So far, 44
Robertsonian translocations have been described
in cattle breeds, affecting almost all chromo-
somes (Table 6.2). From these centric fusions,
the 1/29 translocation (Fig. 6.2) is the most
widely spread across different breeds and envi-
ronments. Its frequency varies considerably from
one breed to another, reaching up to 60% in
British White (Eldridge, 1975) and Corsican
breeds (Hari et al., 1984). This translocation
causes a 5—10% reduction of fertility due to the
formation of unbalanced gametes and an increase
in embryonic mortality (Dyrendahl and Gustavs-
son, 1979), reaching values of up to 2.76%
of unbalanced sperm and 4.06% of unbal-
anced oocytes (Bonnet-Garnier et al., 2008).

Other types of structural chromosome aber-
rations have been described in cattle, with recip-
rocal translocations the second most commonly
identified. To date, only 19 reciprocal transloca-
tions have been described (Table 6.3), represent-
ing a frequency of 0.03% (Ducos et al., 2008).
This low frequency could be due to low occur-
rence of such abnormalities in cattle or due to
difficulties in detecting smaller rearrangements
by routine cytogenetics using Giemsa staining. In
a recent study, De Lorenzi et al. (2012) showed
that only 16% of reciprocal translocations could
be detected using these techniques; therefore,
the frequency of these rearrangements would be
underestimated (De Lorenzi et al., 2012). This
was exemplified in a recent paper, where using
a combination of cytogenetic and sequencing
techniques, Durkin et al. (2012) described a new
serial translocation led by circular intermediates
responsible for colour sidedness in cattle breeds
(Durkin et al., 2012).

Structural chromosome aberrations are
responsible for significant economic losses in
cattle breeding, and thus, their identification
in animals intended for reproduction repre-
sents an important step in cytogenetic studies.
Therefore, accurate and fast cytogenetic tech-
niques, such as array Comparative Genomic
Hybridization (@aCGH), could be applied to
screen chromosome aberrations in these animals.

Chromosome Maps
Overview of chromosome mapping

At early stages of genome mapping the maps
contained ‘synteny’ or ‘linkage’ groups of genes
and other markers that were not assigned to
specific chromosomes. The number of groups
could be significantly larger than the haploid
number of chromosomes in a mapped species
due to limitations in resolution of mapping
panels and populations or insufficient number
of markers to detect linkage or synteny. Such
maps produced with somatic cell hybrid or link-
age mapping techniques would contain a few
markers and often would fail to resolve the
order of closely or even distantly located genes.
However, even sparse linkage maps were pow-
erful enough to roughly identify chromosome
regions that control economically important
traits in cattle (Heyen et al., 1999). With
advances in human and mouse genomics, map-
ping techniques and development of molecular
markers with single orthologues in wvarious
mammalian genomes, a ‘comparative mapping’
approach has become widely utilized in live-
stock genomics. Comparative genomics has
been able to efficiently couple information about
the association of markers and phenotypes
produced by genetic studies in ‘map poor’ spe-
cies (e.g. cattle) with information on functional
‘candidate genes’ from ‘map rich’ human and
mouse genomes. This has resulted in the detec-
tion of multiple candidate genes and actual
mutations controlling genetic disorders and
some economically important traits in cattle
(Grobet et al., 1997). This approach became
especially effective when linkage mapping was
able to be supported with radiation hybrid maps
of hundreds or even thousands of ordered
genes and microsatellites. The radiation hybrid
maps were integrated with linkage maps by
enabling positioning of the same markers (e.g.
microsatellite) and simultaneous integration
with physical maps (cytogenetic or fingerprint)
providing a strong link between the genetic
and physical maps (Everts-van der Wind et al.,
2005). Radiation hybrid maps have also pro-
vided high enough resolution to compare pat-
terns of chromosome evolution in multiple
mammals and have been used as a basis for a
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Table 6.2. Robertsonian translocations described in cattle breeds.

Reference

Robertsonian translocation Breed

1;4

1;7

1;21 Holstein Friesian
1;23

1;25 Piebald

1;26 Holstein Friesian
1;28

1;29 Different breeds
2;8 Friesian

2,27

2;28 Vietnamese

3;4 Limousin

3;27 Friesian

4:4

4;8 Chianina

4;10 Blonde d’Aquitaine
5;18 Simmental

5;21 Japanese Black
5;22 Polish Red

5;23 Brune Roumaine
6;16 Dexter

6;28

7;21 Japanese Black
8;9 Brown Swiss

8;23 Ukrainian Grey
9;23 Blonde d’Aquitaine
11;16 Simmental

11;22

12;12 Simmental

12;15 Holstein Friesian
13;19

13;21 Holstein Friesian
13;24 Red and White
14;19 Braunvieh

14;20 Simmental

14;21 Simmental

14,24 Podolian

14;28 Holstein Friesian
15;25 Barrosa

16;18 Barrosa

16;19 Marchigiana

16;20 Ger. Red Pied x Czech. Red Pier
16;21 Ger. Red Pied x Czech. Red Pier
19;21 Holstein Friesian
20;20 Simmental

21;27 Blonde d’Aquitaine
24;27 Holstein hybrid
25;27 Grey Alpine

Lojda et al.,, 1976

Frank and Robert, 1981
Miyaket et al., 1991
Lojda et al., 1976
Stranzinger and Forster, 1976
Miyake and Kaneda, 1987
Lojda et al., 1976

See text for details
Pollock, 1974

Yu and Xin, 1991

Tanaka et al., 2000
Popescu, 1977
Samarineanu et al., 1977
Lojda et al., 1975

De Giovanni et al., 1988
Bahri-Darwich et al., 1993
Papp and Kovacs, 1980
Masuda et al., 1978
Sysa and Slota, 1992
Samarineanu et al., 1977
Loghe and Harvey, 1978
Lojda et al., 1976
Hanada et al., 1981
Tschudi et al., 1977
Biltueva et al., 1994
Cribiu et al., 1989
Kovacs, 1975

Lodja et al., 1976
Herzog and Hohn, 1984
Roldan et al., 1984
Molteni et al., 1998
Kovacs et al., 1973

Slota et al., 1988
Stranzinger, 1989

Logue and Harvey, 1978
Kovacs and Szepeshlyi, 1977
Di Berardino et al., 1979
Ellsworth et al., 1979
lannuzzi et al., 1992
lannuzzi et al., 1993
Malerba, 1997

Rubes et al., 1996
Rubes et al., 1992
Pinton et al., 1997
Herzog and Hohn, 1984
Berland et al., 1988
Mahrous et al., 1994

De Giovanni et al., 1979

series of important discoveries. Murphy et al.
(2005) reported that evolutionary breakpoints
in mammalian chromosomes are often reused
in evolution, and identified such regions in

mammalian chromosomes with the use of the
data from sequenced human, mouse and rat
genomes and radiation hybrid maps from five
additional species, including cattle. The same
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Table 6.3. Reciprocal translocations (RCPs) in cattle.
(Modified from De Lorenzi et al., 2012.)

RCP Reference

1;5 lannuzzi et al., 2001
1;8;9 Kovacs et al., 1992

1;15 Ducos et al., 2008

2;4 Switonski et al., 2008
2;5 Pinton et al., 2003

2;20 De Schepper et al., 1982
4;7 De Lorenzi et al., 2010
8;13 Ansari et al., 1993

8;21 Ducos et al., 2008

8;27 De Schepper et al., 1982
9;11 De Lorenzi et al., 2007
9;12 Ducos et al., 2008

11;21 Molteni et al., 2007
12,17 Ducos et al., 2000

20;24 Villagomez et al., 1993

Y;9 lannuzzi et al., 2001

Y;17 Vallenzasca et al., 1990
Y;21 Switonski et al., 2011
X;23 Basrur et al., 2001

group reported that rates of chromosomal rear-
rangement in mammals were not equal through-
out evolutionary time and have increased
significantly after the Cretaceous—Tertiary bound-
ary about 65 MYA at the time of active specia-
tion of mammals (Murphy et al., 2005).

Since the completion of sequencing of the
cattle genome, high resolution radiation hybrid
(Everts-van der Wind et al., 2005) or integrated
(Snelling et al., 2007) maps have become
invaluable to build whole genome assembly
at chromosomal level (Plate 31). As has been
demonstrated by the cattle genome sequencing
initiative, different maps used to assemble exactly
the same sequence data lead to different enough
assemblies (Elsik et al., 2009; Zimin et al.,
2009) to contain a number of large-scale dif-
ferences in the chromosome structure.

Somatic cell hybrid maps

Somatic cell hybrid mapping utilizes an ability
of cultured mammalian cells from different spe-
cies to fuse forming heterokaryons in the
presence of some viruses (Barski et al., 1961)
or polyethylene glycol (Ahkong et al., 1975).
In the next rounds of division heterokaryons

randomly lose chromosomes from the donor
but retain chromosomes of the recipient spe-
cies. A panel of 20-30 independent hybrid
cell clones containing different combinations
of donor chromosomes is used for synteny
mapping. These clones are analysed for the
presence/absence of donor markers that are
distinguishable from the recipient orthologues.
A concordance between the presence of a donor
chromosome and a marker suggests location
of the marker in the donor chromosome. If
multiple markers are found in the clones con-
taining the same donor chromosome, these
markers are syntenic. In this manner somatic
cell hybrid mapping identifies groups of mark-
ers co-located on chromosomes (‘syntenic
groups’). Somatic cell hybrids normally contain
complete donor chromosome(s); therefore they
can only be used to identify marker synteny
in the donor genome. The order of markers
within syntenic groups in the majority of cases
remains unresolved.

The first work using interspecies hybrids
of somatic cells for establishing synteny between
cattle genes reported genes G6PD, PGK,
GALA and HPRT being located on cattle chro-
mosome X (Heuertz and Hors-Cayla, 1978).
Later, after the construction of a rodent-cattle
somatic cell hybrid panel (Womack and Moll,
1986), containing 31 independent clones, a
large number of cattle markers were mapped
using this approach. Even at the early stages
of somatic cell hybrid mapping in cattle the
map has demonstrated a higher level of synteny
conservation between human and cattle than
between human and mouse chromosomes
(Womack and Moll, 1986). Now the cattle
somatic cell hybrid map contains over 2700
genes, 1400 of which were genotyped on the
cattle—hamster somatic cell hybrid panel by
a Japanese research group (Itoh et al., 2003).
The somatic cell hybrid map was integrated
with the USDA-MARC linkage map (Kappes
et al., 1997) by the genotyping of over 200
microsatellite markers from the linkage map
on the somatic cell hybrid panel providing a
detailed integration of physical and linkage
data. Another interesting attempt to improve
the cattle somatic cell hybrid map was made by
Laurent et al. (2000), who used 233 human
Expressed Sequence Tag (EST) PCR primers
that amplified cattle sequences to map additional
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gene markers on cattle chromosomes. Eventually
they assigned 60 human ESTs to cattle chro-
mosomes, of which 46 ESTs had assignments
consistent with human-cattle chromosome
painting results (Laurent et al., 2000).

Somatic cell hybrid maps provided infor-
mation about the chromosomal assignments of
gene markers or microsatellites, but the infor-
mation about the order of markers in chromo-
somes was very limited because the majority of
clones would contain complete or nearly
complete cattle chromosomes. However, these
maps were invaluable for the assignment of
ordered markers within linkage groups to cattle
chromosomes and for some pioneering studies
of chromosome evolution in mammals.

Linkage maps

Since the first linkage map, built by A. Sturtevant
in T. Morgan’s laboratory more than 100 years
ago, construction of meiotic or linkage maps
has become an essential genetic procedure
(Barendse and Fries, 1999; Moran and James,
2005). Genetic linkage was initially revealed as
a deviation from Mendel’s law of independent
assortment. Genes that are located close to each
other on the same chromosome do not assort
independently at meiosis, which is explained
by the linkage. The exchanges or crossovers
between homologous chromosomes, which
occur at meiosis during formation of gametes,
break the linkage with certain frequency. The
proportion of recombinant haplotypes is a meas-
ure of crossing over frequency. In general, the
further apart two loci are on a chromosome
the greater the chance a crossover event will
have taken place between them and so the
greater will be the proportion of recombinants.
The recombination rate can be used for meas-
uring distance between two loci on a chromo-
some. There are two important requirements
for basic linkage mapping — large pedigrees,
in which the relationships are known, and
availability of polymorphic genetic loci. Both
these requirements were satisfied for cattle
in the early 1990s when polymorphic DNA
markers like microsatellites became available.
Modern genomic tools provide practically end-
less sources of polymorphic loci.

It should be emphasized that physical dis-
tances between loci on DNA are constant and
can be expressed as the number of nucleotides
or other common metrics. On the contrary,
the recombination rate or linkage between two
genes or markers varies for the same physical
distance depending on type of cross, genotype,
region of a chromosome, sex and other factors.
Despite this well-known ‘volatility’ in measuring
recombination distances between loci, linkage
maps remain a unique instrument in genetic
research and selection even in the post-genomic
era. While physical/genomic maps allow the high-
est possible accuracy, linkage maps provide a valu-
able link between genomes and phenotypes.

Cattle are hardly the best choice for build-
ing good linkage genetic maps due to large
size, slow growth and usually a single offspring
in each parity. Also, as the chapter testifies, cat-
tle have 30 pairs of chromosomes, which adds
complications caused by the necessity to con-
struct 30 linkage maps for females and 31 for
males. The difficulties in building a linkage map
are usually compounded by a lack of knowledge
of the relative position of alleles on homologous
chromosomes. The major solution to the prob-
lem was calculating a likelihood ratio that takes
into account alternative phases. This procedure
can be quite complex, particularly with large
and convoluted pedigrees. Fortunately several
computer programs were developed in the late
1980s including LINKAGE (Lathrop and Lalouel,
1988) and CRI-MAP (Green et al., 1990),
which have been widely used for resolving these
problems in most cases. The theoretical solu-
tion of these problems and the corresponding
computer programs were major advancements
that eventually led to construction of multi-
locus linkage maps. For cattle, such linkage
maps were built by the late 1990s and included
nearly all polymorphic genes and microsatel-
lites available at that time (for details see
Barendse and Fries, 1999). The latest release
of bovine maps can be found at the website
of Roslin Bioinformatics Group (UK) (http://
www.thearkdb.org/arkdb/).

The first two whole-genome linkage maps
for cattle were published in 1994 (Barendse
et al., 1994; Bishop et al., 1994). These maps
contained about 200 and 300 polymorphic
markers, respectively, with an average interval
between markers >10 cM. Individual linkage
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groups were assigned to cattle chromosomes
using an overlapping set of markers placed on
the somatic cell hybrid or cytogenetic physical
maps. Significant progress in cattle linkage
mapping has been achieved with the construc-
tion of the USDA-MARC linkage map containing
~1200 polymorphic markers with an average
spacing of 2.5 cM and a total genome length
of 2990 cM (Kappes et al., 1997). This map
has provided the basis for integration of four
linkage maps (Barendse et al., 1994; Bishop
et al., 1994, Georges et al., 1995; Ma et al.,
1996), which significantly increased the power
of QTL detection. The next significant improve-
ment in the USDA-MARC map was an addi-
tion of 2277 microsatellite markers, resulting
in the generation of a 3802 microsatellite map
with an average interval between markers of
1.4 cM (lhara et al., 2004). Later BAC end
sequences (BESs) and EST-based SNPs were
added to the linkage map resulting in a 4585
marker map (Snelling et al., 2005). After the
cattle genome sequence became available, the
cattle linkage maps were enriched for biallelic
SNP markers. A high-density bovine linkage map
was recently constructed using 294 microsatel-
lites, 3 milk protein haplotypes and 6769 SNPs.
This map was built by combining genetic and
physical information in an iterative mapping
process. Markers were mapped to 3155 unique
positions; the 6924 autosomal markers were
mapped to 3078 unique positions and the 123
non-pseudoautosomal and 19 pseudoautoso-
mal sex chromosome markers were mapped to
62 and 15 unique positions, respectively (Arias
et al., 2009).

Linkage maps, besides their significant
theoretical value in several fields of genetics, are
essential for locating quantitative trait loci (QTLs)
and can be used in marker assisted selection.
During the last 10-15 years the underlying
genetic architecture of critically important bovine
traits like growth, disease resistance, milk pro-
duction, meat and carcass quality and behav-
ioural characteristics became more accessible
for investigation. Further study of QTLs and
their interactions will continue to be of consid-
erable interest. However, a link between phe-
notype and genotype for quantitative traits is
usually not very strong as these traits are poly-
genic and individual genes involved in develop-
ment of these traits do not have large effects;

there is always significant influence of envi-
ronmental factors as well as the unavoidable
contribution of developmental randomness
(Ruvinsky, 2009).

Nevertheless tracking the inheritance of
markers in cattle populations with well recorded
performance data should allow some of the
QTLs to be detected and the genetic control of
production traits to be at least partially identi-
fied. The general principle of such an approach
is simple; as soon as significant associations
between the inheritance of a particular chromo-
somal region (as determined by marker inherit-
ance) and trait variation is detected in a sufficiently
large population, this suggests existence of a
gene or genes affecting the traits in question.
Efforts of numerous research groups and par-
ticularly from lowa State University led to the
creation of a QTL database for different agri-
cultural animals including cattle (www.animal-
genome.org/cgi-bin/QTLdb/BT/index). Once
a QTL has been mapped to an interval between
two arbitrary markers, there is a need to iden-
tify markers that are as close to the QTL as
possible. Tightly linked markers are rarely
involved in meiotic recombination and will con-
tinue to frame the QTL for a long time. As
outlined in this and the following chapters, syn-
tenic or linkage relationships over short dis-
tances (<3 cM) are often conserved across
species and the cattle genome is no exception.
Now when the cattle genome is resequenced
(Elsik et al., 2009), genes in many QTL regions
can be examined for causative mutations. For
example a whole-genome scan for QTLs
affecting milk production traits in Holstein cat-
tle (Georges et al., 1995; Heyen et al., 1999;
Keele et al., 1999) was performed. In addi-
tion, 31 chromosomal regions affecting milk
production QTLs were detected using Finnish
Ayrshire dairy cattle (Viitala et al., 2003).
Several monogenic disorders were identified
using the genetic linkage map information and
genome wide association analysis. A missense
mutation in the bovine ATP2A1 gene was
found to be associated with congenital pseudo-
myotonia of Chianina cattle and potentially
can be used as an animal model of human
Brody disease (Drégemiiller et al., 2008).
A deletion of the myostatin gene causes the
double-muscled phenotype in cattle (Grobet
etal., 1997).
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Radiation hybrid maps

Based on an observation of Goss and Harris
(1975) and subsequent application by Cox
et al. (1990) for the human genome high-
resolution mapping (Cox et al., 1990, Goss
and Harris, 1975), radiation hybrid (RH) map-
ping has been widely used for mammalian spe-
cies to build ordered maps with marker spacing
between millions and as few as thousands of
base pairs. The approach is based on a ran-
dom segregation of irradiated chromosomal
fragments from donor cells used for the con-
struction of somatic cell hybrids. As a result
heterokaryons from a donor and recipient cell
fusions contain a complete recipient genome
and a random set of donor chromosomal frag-
ments. Sizes of the donor chromosomal frag-
ments correlate negatively with the dose or
radiation applied to the donor cell. Therefore
the principle of RH clone construction is equiv-
alent to that of somatic cell hybrids with the
addition of irradiation of the donor cells step.
In contrast the principle behind RH mapping is
similar to that of genetic mapping, where
instead of estimating distances between mark-
ers based upon frequencies of recombination
in a population of related individuals, these dis-
tances are estimated based on the frequency of
physical DNA breakage. The closer markers
are in a chromosome the higher is the fre-
quency of their co-appearance in DNA frag-
ments found in independent RH clones. RH
panels generated using higher doses of radia-
tion allow for estimating distances and the
order of markers located closer to one another,
but often fail, producing long linkage groups,
while RH panels generated with lower radiation
doses produce longer linkage groups but often
are non-informative to resolve the order of
closely located markers. Because RH markers
are genotyped on the fragmented chromo-
somes of the same donor individual, there is no
need for within-species polymorphism to esti-
mate the order of markers. However inter-
species differences between the donor and
recipient marker counterparts are important.
Therefore unlike linkage maps, RH maps could
be built with markers that lack within-species
polymorphism (e.g. genes) and there is no
need for a large mapping population, making
this type of map ideal for mapping genes and

other molecular markers in mammals that have
a limited number of offspring (e.g. cattle). It
worth mentioning that unlike linkage maps RH
maps could not be used to find an association
between specific chromosomal interval and
QTLs. However, RH maps could be integrated
with linkage maps to enrich candidate intervals
of a linkage map with gene markers.

In cattle, an RH mapping approach was
first applied by Yang and Womack (1998) for
the creation of a comparative map of cattle
chromosome 19 and human chromosome 17
(Yang and Womack, 1998). A 5000 Rad radia-
tion hybrid panel constructed by Womack et al.
(1997) was used to build three generations of
[llinois-Texas (IL-TX) whole-genome cattle radia-
tion hybrid maps containing 1087, 1913 and
3484 markers, respectively (Womack et al.,
1997). The first generation medium-resolution
IL-TX RH map contained 768 gene markers
and 319 microsatellites, which were used to link
RH linkage groups to the USDA-MARC linkage
map (Band et al., 2000). A total of 638 mark-
ers on this RH map had known orthologues in
the human genome, and an estimated compara-
tive coverage of the human genome was ~50%.
Regardless of the relatively small number of
markers, this map provided a great resource for
predicting positions of cattle BAC end sequences
(BESs) using the ‘comparative mapping by
annotation and sequence similarity’ (COMPASS)
approach that utilizes comparative maps of cat-
tle and human genomes for the prediction of
positions of cattle genomic sequences on cattle
chromosomes (Ma et al., 1998; Rebeiz and
Lewin, 2000; Larkin et al., 2003).

To generate a higher resolution cattle
IL-TX RH map, 870 new markers with pre-
dicted positions in gaps of cattle~human com-
parative coverage were selected for a new
mapping project. As a result, 1913 markers
were placed on a new version of the cattle RH
map. This provided ~66% comparative cover-
age between human and cattle genomes and
almost maximum resolution and coverage of
the cattle genome that could be achieved using
EST markers because of uneven distribution of
genes in mammalian genomes. Most of the large
gaps in the comparative coverage between the
human and cattle genomes were located in
gene-poor regions. To build the third genera-
tion whole-genome IL-TX RH map of the cattle
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genome, a set of genomic markers rather than
ESTs was used (Everts-van der Wind et al.,
2005). This set of markers was generated by the
International Cattle BAC Mapping Consortium
and represented ~500 bp terminal end
sequences of cattle BAC clones (Larkin et al.,
2003; Snelling et al., 2007). These sequences
were compared to the human genome sequence
and over 3000 cattle sequences with evenly
spaced (~1 Mb apart) unique BLASTn hits in
human chromosome sequences were placed
on the cattle RH map. The resulting map, con-
taining 2516 ordered BESs, 736 ESTs and
232 microsatellites, was integrated with a
physical fingerprint map. The third generation
[L-TX cattle radiation hybrid map had ~91%
comparative coverage of the human genome
and demonstrated ~93% agreement in the
order of markers with the cattle physical finger-
print map containing the same BAC clones
(Plate 31). Whereas the focus of IL-TX radia-
tion hybrid maps was on mapping markers
with known orthologues in the human genome,
other groups have built RH maps that con-
tained a significant number of microsatellite
and SNP markers. For example, a 3966 marker
map built using Roslin 3000 Rad panel
contained 1072 microsatellite markers, 1999
genes, BESs and amplified fragment length
polymorphism (AFLP) markers (Jann et al.,
2006). Another map (SUNbRH, 7000 Rad)
contained 5593 markers, of which 3216 mark-
ers were microsatellites and 2377 were ESTs
(Itoh et al., 2005). An attempt for bioinformat-
ics-based integration of several RH and linkage
maps into a single integrated map resource has
been made (Snelling et al., 2007). The result-
ing composite map contained 17,254 markers
and was integrated with the cattle fingerprint
map. The latest version of the map was used to
assign scaffolds to chromosomes and to estab-
lish their order on the Maryland cattle genome
assembly (UMD2.0) (Zimin et al., 2009).

Fingerprint maps

A ‘fingerprint’ physical map contains contigs
of cloned DNA fragments (often YAC or BAC
clones) combined and ordered based on sim-
ilarities in their patterns of digestion with

endonucleases of restriction. To increase reso-
lution often a combination of two enzymes is
used to generate digests that are separated on
agarose gels and compared with thousands of
other clone digestion patterns using specially
written software (e.g. FPC; Soderlund et al.,
2000). The length and quality of contigs depends
on the representativeness of the clone library
used to build the map as well as on the actual
number of overlapping clones from the library
that were included in the mapping experiment.
Physical fingerprint maps provide the highest
resolution among other physical maps (except
for the recently introduced optical maps and
genome assembly) and are very useful to build
maps for specific regions for QTLs or disease
gene mining or for whole genomes for selec-
tion of the minimum ‘tiling paths’ of clones for
the whole-genome sequencing using a clone-
by-clone sequencing approach.

A British Columbia Cancer Research Center
(BCCRC) fingerprint physical map of the cattle
genome has been built by the International
Bovine BAC Mapping Consortium (Snelling
et al., 2007). This map contains 290,797
BAC clones from free cattle BAC libraries gen-
erated from different breeds, 200,064 clones
from CHORI-240 (Hereford male), 94,848
from RPCI-42 (Holstein male) and 44,948
from TAMBT (Angus male). The initial set of
~13,000 contigs has been merged by FPC
software into a set of 655 large contigs, con-
taining 257,914 clones. Comparative data
obtained from the alignment of cattle BES with
the human genome allowed for selection of
probable merge points between contigs that
were examined by an FPC program using relaxed
threshold criteria. The use of a comparative
information and a high number of fingerprinted
clones allowed for significant decrease in the
number and increase in the length of contigs
compared to another cattle fingerprint map con-
structed at INRA. The INRA fingerprint map
contained 6615 contigs designed from ~105,000
clones from the INRA BAC library and
~27,000 clones from the CHORI-240 library
(Schibler et al., 2004).

The BCCRC physical map has been inte-
grated with the third generation IL-TX RH
map by 3400 BESs. These independent maps
show about 93% agreement in the order or
clones indicating high quality of these resources



114

D.M. Larkin and M. Farré)

(Plate 31). Several hundred RH and linkage
map markers were assigned to BAC clones
from the BCCRC fingerprint map using PCR
analysis or in silico comparative mapping against
the human genome. This whole-genome con-
tig map provided the highest level of resolution
of the cattle genome until the sequence assem-
bly became available. The human—cattle com-
parative map based on the fingerprint map and
BES hits in the human genome has been used
for discovery of long regions of amniote chro-
mosomes that are non-randomly maintained
during chromosomal evolution (Larkin et al.,
2009). A skim of ~19,600 overlapping BAC
clones from the CHORI-240 library from this
map has been selected to complement the
whole-genome shotgun (WGS) sequence for
genome sequencing (Elsik et al., 2009).

Genome assembly

The cattle genome assembly (~7.1x Sanger
reads) has been generated at Baylor College of
Medicine combining BAC sequencing from a
Hereford male CHORI-240 library and the
whole-genome shotgun sequences of DNA
taken from a Hereford dam, L1 Dominette
01449 (Elsik et al., 2009). The overlapping
set of BAC clones for sequencing has been
selected from the BCCRC fingerprint map.
Combining BAC and shotgun sequences, a
set of scaffolds with N50 of 1.9 Mb was gener-
ated. The published build of the cattle genome
(Btau 4.0) has ~90% of the cattle genome
sequence placed on 29 autosomes and chro-
mosome X. The estimated cattle genome size
based on that map is 2.87 Gb (Elsik et al., 2009).

Another assembly of the cattle genome
was built at the University of Maryland (UMD2.0)
(Zimin et al., 2009). For this assembly the same
set of raw sequences was used as for Baylor
assembly, however a different assembly approach
and software were used. This allowed 5% more
of the sequence to be placed on chromosomes
compared to Btau 4.0 and resulted in larger
N50 size of the sequence contigs. There are
significant discrepancies between the Btau 4.0
and UMD 2.0 assemblies. Additional efforts
were required to resolve the discrepancies case
by case.

An annotation of the cattle genome was
performed by the Bovine Genome Sequencing
and Analysis Consortium on the Baylor version
of the cattle genome assembly. The number of
genes in the cattle genome was estimated as
>22,000 protein-coding and 496 miRNA genes.
The genome contains a large number of rumi-
nant-specific transposable elements that com-
prise 27% of the genome. Some transposable
elements from the BOV-B group have intact
open reading frames and could still be active.
An analysis of orthologous gene pairs between
human, cattle, dog, mouse, rat, opossum and
platypus genomes has revealed 1217 genes
that could be placental-specific because they are
not present in opossum and platypus genomes.
About 3.1% of the cattle genome is in segmen-
tal duplications. Seventy-six per cent of segmen-
tal duplications contain complete or partial gene
duplications. This set is enriched for genes involved
in interactions of the organism with its external
environment, e.g. immune proteins and olfac-
tory receptors.

A comparison of the cattle chromosome
architecture to the chromosomes of other
mammals has revealed 124 evolutionary break-
point regions in the cattle lineage of which 24
are shared by cattle and pig chromosomes
(artiodactyl-specific). The remaining 100 were
found only in cattle chromosomes. Our current
studies show that only about 50% of these evo-
lutionary breakpoints have occurred in the cat-
tle lineage, while the rest of them are ancestral
Pecora or even ruminant-specific events. Nine
additional breakpoints were shared by all ferun-
gulate species (cattle, pig, dog) and represent
events that originated in the ferungulate ances-
tor. Interestingly, there is a strong negative cor-
relation between the positions of cattle and
artiodactyl-specific breakpoints and transposa-
ble elements, e.g. some long interspersed ele-
ments (LINEs) and short interspersed elements
(SINEs), whereas more recent LINE-L1 and
LINE-RTE elements are significantly enriched
in these breakpoint regions. Another group of
repeats, tRNACU-derived SINEs originating in
the common ancestor of all artiodactyls has
a higher than expected density in artiodac-
tyl-specific breakpoint regions, but not in the
cattle-specific breakpoints. This suggests that
evolutionary breakpoints tend to happen in
genome regions with a high density of repetitive
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elements that are active (Fig. 6.3), and there-
fore have high sequence similarity between dif-
ferent copies required for non-allelic homologous
recombination. In confirmation of this observa-
tion, an analysis revealed a high density of large
(>10 kb) segmental duplications in cattle and
artiodactyl-specific breakpoint regions, phenom-
ena previously reported for primate (Murphy
et al., 2005) and murine rodent (Armengol et al.,
2005) genomes.

Comparative Studies

Among the livestock species, cattle have one of
the best and most detailed sets of chromosome
comparative maps available mostly due to its
global economic importance. Whereas somatic
cell hybrid maps and cross-species chromosome
painting with human and other species DNA
probes have provided an important but patched
correspondence between cattle, human, mouse
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and pig genomes (Womack and Moll, 1986;
Hayes, 1995; Chowdhary et al., 1996; Schmitz
et al., 1998), the real breakthrough in cattle
comparative studies started with the introduction
of high-resolution ordered radiation hybrid maps
(Band et al., 2000; Everts-van der Wind et al.,
2004, 2005) and a COMPASS-based approach
of marker selection for mapping (Rebeiz and
Lewin, 2000; Larkin et al., 2003). The whole-
genome high-resolution ordered chromosome
comparative maps identify approximately
201-211 large blocks of homologous synteny
between human and cattle chromosomes (Fig. 6.4).
These blocks have two or more genes found in
human and cattle on the same chromosome and
most likely represent the gene order inherited by
both human and cattle from their common
ancestor. Comparable numbers are reported
for the comparison of completely sequenced cat-
tle and human genomes with the highest number
of 268 homologous synteny blocks being
reported by Zimin and coworkers (2009). The
variation in the number of conserved blocks could
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Fig. 6.3. Average density of lineage-specific repetitive elements in lineage-specific evolutionary breakpoint
regions (EBRs, point 3) and two immediately adjacent chromosomal intervals (points 1,2 and 3-5). Each
line represents data for individual chromosomes. The data demonstrate that EBRs are preferably located
in the regions of genomes enriched for repeat families that were recently active in species evolution.
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be explained by differences in the rule sets used
by different groups for the identification of evo-
lutionary breakpoints and conserved parts of
chromosomes. An identification of evolutionary
breakpoints that distinguish cattle chromosome
architecture from the chromosomal archi-
tecture of other species has played an impor-
tant role in finding the major patterns in the
cattle and mammalian chromosome evolution.
For example, Everts-van der Wind and co-
workers (2004) reported that evolutionary
breakpoints between the cattle and human
genomes are enriched in genes, at least in the
human genome (Everts-van der Wind et al.,
2004). Lately this observation has been con-
firmed by multi-species genome comparisons
(Murphy et al., 2005; Larkin et al., 2009). In
addition, it has been demonstrated that in cattle
gene families coding milk proteins have been
significantly rearranged compared to other
mammals. One example is histatherin (HSTIN),
a gene in the casein cluster on BTA6. In cattle
HSTN was moved to a regulatory element impor-
tant for B-casein expression, and as a probable
consequence, HSTN is regulated like the casein
genes during the lactation cycle (Elsik et al.,
2009). Also, it was demonstrated that the cluster
of B-defensin genes coding antimicrobial pep-
tides was significantly reorganized and expanded
in the cattle genome due to a large segmental
duplication located in a cattle-specific evolution-
ary breakpoint region. The analysis of cattle seg-
mental duplications has confirmed the previous
observation that evolutionary breakpoint regions
in different mammalian species are enriched for
this type of sequence. Therefore, one important
lesson learned from the cattle-whole genome
analysis and its comparison to other mammalian
genomes is that evolutionary breakpoint regions
could play an important role in adaptation of the
genome to the environment because they are
reorganizing the genes that contribute to the species’
response to external stimuli, immune response
and other functions related to the lineage-specific
features (Larkin et al., 2009, Lemay et al., 2009).

Future of Cattle Genome Mapping

With the introduction of next generation sequenc-
ing (NGS) platforms genome sequencing became

a trivial task. However, de novo assembly of
sequences generated from a large number of
short or pair-end reads is still a difficult and
resource-consuming endeavour especially if a
genome needs to be assembled to the chromo-
some level. Next generation resequencing pro-
jects in cattle will be focused on assembly using
a reference genome as the basis for contig con-
struction. As with humans (Levy et al., 2007,
Wheeler et al., 2008) resequencing projects in
cattle will become the major source of poly-
morphic markers (mostly SNPs and indels) for
QTL association studies and QTN discoveries
(Eck et al., 2009). For example in a recent
study Larkin et al. (2012) reported de novo
sequencing and reference-based assembly of
the two most influential bulls in the history of
the Holstein Friesian breed in the USA (Larkin
et al., 2012). These two bulls (sire and son)
have contributed about 16% of their genes to
the population and both had multiple promi-
nent offspring. By using Roche-454 sequenc-
ing technology and a reference-based assembly
approach the authors were able to reconstruct
genome-wide phases of alleles for both indi-
viduals’ chromosomes and trace these chro-
mosomes in seven generations of descendants.
The phasing and haplotype-reconstruction step
would be impossible without a high-quality refer-
ence genome that was assembled with the use of
radiation hybrid and other types of chromosome
maps described in this chapter. By following the
frequency of alleles originating from one of the
bulls in the Holstein Friesian population sub-
jected to strong artificial selection the authors
identified 49 chromosomal intervals affected by
selection in Holsteins including 11 candidate
point mutations for traits related to milk produc-
tion and disease resistance. This final example
demonstrates how a combination of contempo-
rary chromosome mapping techniques and NGS
facilitates efficient and high-throughput detection
of mutations controlling economically important
traits in cattle.

Conclusions

In several decades the study of cattle chromo-
somes has advanced from Giemsa-stained met-
aphase spreads, low resolution mapping of
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microsatellites and genes to whole-genome stud-
ies involving thousands of genes and millions of
polymorphisms. Altogether these studies have
drastically improved our understanding of the
genetic basis of economically important phe-
notypes in cattle and have successfully connected
many phenotypes to chromosomes. Due to
high quality resources available for cattle chro-
mosomes, the cattle genome was also success-
fully utilized to study chromosomal evolution.
A success of the cattle genome studies could
not have been achieved without a combination
of cytogenetic and various genomic techniques.
While a traditional cytogenetics could be used
on a daily basis to screen for chromosome
aberrations in cattle in a cost-effective manner,
it also provides a link between chromosomes,
phenotypes mapped in linkage studies, RH
maps and genome assemblies. Coupled together
these techniques have already led to detection

of intervals, genes and mutations in cattle chro-
mosomes related to multiple QTLs like milk
production, fertility and disease resistance. With
the introduction of the NGS technologies and
the continuing hunt for rare or breed-specific
QTLs, the role of high-quality chromosome
resources will stay important because of a need
to detect long-range haplotypes and linkage
disequilibrium.
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Introduction

Because of the economic importance of cattle
as a source of dairy and meat products, there
has been sustained interest in and extensive
resources applied to genetic improvement of
both dairy and beef cattle. The availability of
high-resolution genetic maps and millions of
potential genetic markers in the bovine genome
sequence data have been critical to advances in
the study of associations between genotype
and phenotype.

Whilst the origin and influence of bovine
gene mapping and its importance to the assem-
bly of the bovine genome has been recently
reviewed (Womack, 2012), for the purposes
of this review we consider the beginning of
bovine genomics to be the first release of com-
prehensive microsatellite-based linkage maps
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of the bovine genome in 1994 (Barendse et al.,
1994, Bishop et al., 1994). The elaboration
of these maps, along with the availability of
radiation hybrid panels and physical maps
(Schlapfer et al., 1997; Womack et al., 1997)
provided the first resources for comparative
mapping of the bovine genome (Everts-van
der Wind et al., 2004), and set the stage for
the sequencing of the bovine genome. The
first release of the first preliminary bovine
genome assembly, Btau 1.0 in 2004 (www.hgsc.
bem.edu/content/bovine-genome-project)
was produced by the Baylor College of
Medicine Human Genome Sequencing Center,
was contig-based and incorporated no chro-
mosomal scaffolding. Subsequent assemblies
incorporating tiled bovine bacterial artificial
chromosome (BAC) clones that had been
physically mapped using restriction fragment

© CAB International 2015. The Genetics of Cattle,
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fingerprinting (Schibler et al., 2004) led to the
release of the first draft assembly, Btau_3.1 in
2006. The culmination of the mapping era of
bovine genomics occurred with the release of
the integrated genome map (Snelling et al.,
2007), which was the foundation for high-
resolution long-range assembly of the bovine
genome sequence, and contributed to the
Btau_4.0 draft assembly. The improved and
annotated draft genome of the cow was pub-
lished a few years later (Elsik et al., 2009),
and has served as the basis for subsequent
rapid growth in bovine genomics. A unique
feature of bovine genomics compared to
other species is the availability of two inde-
pendent draft genome sequence assemblies
based on the same primary sequence data.
Shortly after the publication of the annotated
draft genome, an alternative assembly was
released (Zimin et al., 2009). Since then, the
field of bovine genomics has grown rapidly,
with improved draft genome assemblies
and >10 million mapped single nucleotide
polymorphisms (SNPs) for genotyping and
trait association studies.

At present, the existence of two genome
assemblies poses a challenge for research-
ers wishing to map traits or carry out whole
genome analyses based on a reference
genome sequence. While the reference genome
is Hereford-based, additional reference qual-
ity assemblies are a certainty as the cost of
whole genome sequencing and assembly
drops. The recent publication of a Bos indi-
cus genome aligned to both reference assem-
blies (Canavez et al., 2012) can be viewed as
the prototype new cattle genome aligned
and anchored to the cattle reference
genome. As whole genome sequencing tech-
nologies improve, become cheaper and
more widely available to the scientific com-
munity, newer consensus assemblies will be
produced reducing some of the current
challenges. The likely eventual outcome will
be a world where reference genomes from
multiple breeds will be aligned and anno-
tated to each other. Currently the 1000 bull
genomes project (http://1000bullgenomes.
com) aims to collect additional bull genome
assemblies for use in genotype imputation
and is anchoring those assemblies to existing
reference assemblies.

Bovine Genome Sequence
Sequencing strategy

The Baylor College of Medicine Human Genome
Sequencing Center sequenced the bovine
genome by using a hybrid approach pioneered
for the rat genome sequence (Gibbs et al.,
2004). That approach combined both whole
genome shotgun (WGS) sequencing and shot-
gun sequencing of physically mapped BAC clones
to generate two assemblies: a WGS assembly
and a series of assembled BACs. These two
assemblies were then combined to take advan-
tage of the high confidence local assembly
from the BACs and the combined assembly
contigs were then positioned on chromosome
scaffolds. The long-range marker information used
for scaffolding was obtained from the integrated
map of the bovine genome, which included the
BAC physical map (Snelling et al., 2007). This
approach was used to produce the Btau_ 3.1
assembly. In theory this strategy should provide
an improved contig assembly compared to shot-
gun sequencing alone. However shortcomings
in the Btau_3.1 assembly required reassembly
using a high-resolution bovine-human com-
parative map (Everts-van der Wind et al., 2005),
the BAC physical map (Snelling et al., 2007),
and the inclusion of bovine—ovine comparative
genome information (Dalrymple et al., 2007).

Baylor assembly

The result of the above assembly was named
Btau_4.0, the assembly process and outcome
are described in detail in Liu et al. (2009). It
was used as the basis for the published bovine
genome analysis (Elsik et al., 2009). The inclu-
sion and merging of multiple marker sets for
long range assembly required additional devel-
opment of the ATLAS assembly program
(Havlak et al., 2004) and in the process relied
heavily on comparative genome mapping
between bovine and human, ovine and human
and bovine and ovine. The resulting assembly
had all the hallmarks of a high-quality draft
assembly in terms of contig length distribution
and proportion of reads incorporated into
contigs, but it still had a significant amount
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(10%) of sequence that could not be placed on
to chromosomes.

Since 2009, the Baylor assembly has been
improved and the current assembly release is
known as Btau_4.6.1 and differs from the pub-
lished assembly by the inclusion of more fin-
ished BAC sequences and some paired-end
sequencing by synthesis (SOLID) data to pro-
vide additional long-range links between scaf-
folds. This current assembly differs in terms of
overall sequence content from Btau_4.0 because
it includes a Y chromosome sequence derived
from BACs. In addition to the Y chromosome
sequence, Btau_4.6.1 has fewer/smaller gaps
and is an improvement in terms of chromosome
level assembly compared to Btau_4.0/4.2.
However, the current bovine assembly still has
a significant amount of unplaced sequence, with
11% of the assembly not placed on to chromo-
somes. This is in stark contrast to the rat genome,
where only 4% of the contig sequences could
not be mapped to chromosomes. Details of the
assembly process and assembly statistics for
Btau_4.6.1 can be obtained from ftp:/ftp.hgsc.
bcm.edu/Btaurus/fasta/Btau20101111/
readme.Btau20101111.txt.

The reasons for the relatively poor assem-
bly of the bovine genome compared to the rat
genome are unclear. The bovine genome ben-
efited from improvements in sequencing tech-
nology and the ATLAS assembler compared to
the rat, and had a greater number of markers
available for long-range assembly.

University of Maryland (UMD)
assembly

Shortly after publication of the bovine genome
analysis, an alternative assembly (UMD?2) for
the bovine genome was released (Zimin et al.,
2009). This assembly used the same sequence
reads used for Btau_4.0 as input to the assem-
bly process. The first released UMD assembly
was produced using the Celera assembler first
developed for the Drosophila genome project
(Myers et al., 2000) and then used for the
Celera human genome sequence (Venter et al.,
2001). In addition to using a different assembler,
the UMD assembly was carried out as a pure
WGS assembly, incorporating the BAC shot-
gun sequences along with the WGS sequences

as input into the Celera assembler. Placing of
contigs on to chromosomes used the same inte-
grated bovine map as the Btau_4.0 assembly
and conserved synteny with human was used
to orient contigs on scaffolds as required. The
UMD2 assembly was compared to the Btau_4.0
assembly and found to have contigs of greater
length and incorporated ~2% more sequence
into chromosomes. This improvement in sequence
assembly is a direct result of using a WGS
assembly method instead of first assembling
BACs and incorporating WGS reads as done
with the ATLAS assembler. WGS assembly
includes reads that would otherwise be missed
because of gaps between BACs. Comparison
of the two assemblies showed a number of
discrepancies, mostly inversions or deletions.
A striking difference between UMD2 and
Btau_4.0 assemblies was the inclusion of 53
Mbp of additional sequence in the UMD2 assem-
bly of the X chromosome. The UMDZ2 assembly
was comparable to the Btau_4.0 assembly in
terms of unplaced contigs, with about 8.5% of
assembled sequence not placed on chromo-
some scaffolds. As a result of these compari-
sons, the UMDZ2 assembly was believed to be
superior to the Btau_4.0 assembly, particularly
for chromosome X. Subsequently UMD3.1
was released and compared to Btau_4.2
(Zimin et al., 2012) revealing that Btau_4.2
contained significantly more misassemblies
contributing to spurious segmental duplications.
The UMD3.1 assembly included ~3% more
placed contig sequence than the UMD2 assem-
bly and so represents a significant improvement.
Since the release of the UMD3.1 assembly,
the Baylor assembly has been further improved,
and the current version is Btau_4.6.1. However
no direct comparison of these two assemblies
has been published. We have carried out
simple pairwise alignments of chromosome
assemblies between UMD3.1 and Btau_4.6.1
in order to display the current gross differences
between the two assemblies described below.

Differences in the Current Baylor
and UMD Assemblies

Pairwise alignments of chromosomes from the
two current bovine assemblies were carried out
using Mummer (Delcher et al., 2003) (Fig. 7.1).
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These large-scale alignments show significant  perhaps segmental duplications in one assembly
differences such as inversions and indels in ten  not present in the other.

autosomes, and as reported previously (Zimin While the UMD3.1 assembly may be sig-
et al., 2012) the two X chromosome assemblies  nificantly better than Btau_4.6.1 it is still a draft
aligned very poorly. In addition to the signifi- assembly and contains known gaps, unknown
cant differences there were many smaller regions,  misassemblies and missing sequences. However,
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it is clear that the Btau_4.6.1 draft assembly is
very likely much less accurate overall than the
UMD3.1 assembly. In spite of this, investiga-
tors should be wary of complete reliance on
any draft assembly and should be cognizant of
the fact that there are misassembled regions on
UMD3.1 that are likely correctly assembled in
Btau_4.6.1, particularly in regions lying within
a single sequenced BAC clone or Bactig. For
quantitative trait locus (QTL) mapping we
expect that the better long-range assembly of
UMD3.1 should be a better resource, but for
shorter range information, such as identifying
candidate mutations in a critical interval the
Btau_4.6.1 assembly information might be
more reliable. In future, polymorphism discov-
ery and genotyping for trait mapping may be
done simultaneously, by genome sequencing.
At present, cost restricts such analysis to a
sequencing depth of 4-10x for whole genome
sequencing or 50-100x for exome sequencing.
For either of these, a reference genome on which
to map reads is required. Even when mapping
10x read-depth resequenced genomes to a fin-
ished genome, there are reads that do not
map. For example, in the mouse we mapped
~10x average sequencing depth 100 bp
paired-end Illumina reads from C57BL/6J or
knock out mutants derived from a related 129S
strain to the reference genome. We found
that ~18% of raw reads or ~2.5% of the de-
duplicated (non-redundant) reads did not map
at all using the Burroughs-Wheeler Aligner
(BWA) (Li and Durbin, 2010). When mapping
whole genome resequencing reads to the cattle
draft genome assembly we can expect more
unmapped reads and we can expect different
mapping between the UMD3.1 and Btau_4.6.1
assemblies.

Genome Annotation

The contig level (short range) assembly of a
genome is the primary determinant of annota-
tion quality, because many, if not most, gene
models will fall within a single contig. Higher
order assembly may alter the order and orien-
tation of contigs, and hence the coordinates of
the annotated features, but will not alter their
contents. Because the contigs for UMD3.1 are

on average longer than for Btau_4.6.1, there
are some small differences in the gene models
between the two assemblies. Bovine genome
annotation is available from the National Center
for Biotechnology Information (NCBI) (www.
ncbi.nlm.nih.gov), Ensembl (www.ensembl.org),
the UCSC Genome Browser (http://genome.
ucsc.edu) and Bovinegenome.org (http:// bovi-
negenome.org). The last website is a bovine-
centric, comprehensive one-stop shop for bovine
genome assembly data and annotations (Reese
et al., 2010; Childers et al., 2011).

Sequence polymorphism

As of February 2013, there were 13,146,622
cattle single nucleotide polymorphisms (SNPs)
deposited in dbSNP (Sherry et al., 2001), of
which 66,994 are coding and non-synony-
mous. These constitute an enormous resource
for genotyping and trait mapping. SNPs
selected to be evenly spaced across the genome
and possessing useful minor allele frequencies
in economically important cattle breeds have
been included in various SNP genotyping plat-
forms. At present there are two high density
SNP genotyping arrays available, one from
[llumina (BovineHD Genotyping BeadChip
with 777,962 SNPs) and one from Affymetrix
(Axiom Genome-Wide BOS 1 Array with
648,874 SNPs). The overlap in SNP content
between these two platforms is only ~100,000
SNPs, based on sequence coordinates. The
performance of these two SNP genotyping arrays
has been evaluated in dairy cattle (Rincon
et al., 2011) and is roughly comparable for
most uses, with some degree of superiority for
Copy Number Variation (CNV) calling from the
BovineHD array. In addition, the limited over-
lap between the SNPs on the two high-density
platforms provides an advantage when fine-
mapping traits through the use of both arrays.
In addition to genotyping for trait mapping and
selection, the BovineHD array can also be used
to impute microsatellite genotypes currently
used for bovine parentage testing (McClure
et al., 2012). This allows the BovineHD to be
used for more accurate, lower cost genotyping
on living animals, while providing an avenue
for parentage verification using ancestors with
microsatellite genotypes.
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In addition, a low density SNP array
designed for imputation in dairy cattle is also
available from Illumina (BovinelLD Genotyping
BeadChip; 6909 SNPs) based on the Bovine
LD Consortium design (Boichard et al., 2012).
That low density chip is effective for imple-
menting genomic selection in dairy cattle at
greatly reduced cost compared to high density
genotyping alternatives, allowing genotyping
to be extended beyond elite sires, into entire
herds. Other custom Illumina products based
on the BovinelD are available from GeneSeek,
the GGP-LD (8762 SNPs) and GGP-HD cus-
tomized for either Bos taurus (77k) or Bos
indicus (80k). Those products also include causal
mutations for diseases and other traits.

Gene models

Identifying all the genes in an organism has
long been viewed as the principal justification
for sequencing genomes. Because most genes
deduced from genome sequences have not
been validated, they are referred to as gene
models, which correctly conveys the uncer-
tainty with which most of them should be
viewed. The major genome data repositories, such
as NCBI and Ensembl have developed their
gene annotation pipelines to use a variety of data
to best predict gene models (Hubbard et al.,
2005; Maglott et al., 2007). In broad terms
these pipelines integrate in silico gene predic-
tions, aligned cDNA and expressed sequence
tags (ESTs) and comparative alignment of gene
models from other organisms. Because NCBI
and Ensembl have independent annotation
pipelines and procedures, the sets of gene mod-
els they produce are never identical, although
they largely overlap.

NCBI, as of February 2013 had entries
for 29,754 genes for the Btau_4.6.1 assembly
and 27,155 genes for the UMD3.1 assembly.
Ensembl had entries for 26,740 genes for
the UMD3.1 assembly, but does not host
data for Btau_4.6.1. So investigators not only
have to choose between two assemblies, but
between gene predictions from two different
sources.

This produces a conundrum for research-
ers who have to choose which model to base
their analyses or experiments on. The solution

has been to create a consensus gene set that
merges the NCBI, Ensembl and other gene
prediction data to provide gene models with
accompanying probabilistic confidence scores
(Elsik et al., 2007). The cow is unique among
mammals in having a consensus gene set that
integrates the NCBI, Ensembl and other gene
prediction data that has been annotated and
reviewed (Elsik et al., 2006; Reese et al.,
2010) by many in the bovine genomics com-
munity. This approach provides both a single
source of information and a measure of confi-
dence in the gene models. The consensus
gene set for cattle is called the Bovine Official
Gene Set (OGSv2) and has entries for 26,835
gene models.

Repetitive elements

In addition to SNPs and gene models, other
genomic features deserve annotation for vari-
ous reasons. Non-protein coding or non-gene
elements such as repetitive elements and ncR-
NAs are also annotated because of their signifi-
cance from either an experimental viewpoint
or because they are potentially regulatory ele-
ments. Repetitive sequences account for at
least 40-50% of mammalian genomes, but
probably account for more, as our detection
threshold based on sequence similarity searches
is effectively ~65% identity, depending on the
length of the element. As most repetitive elements
are short, this means that most old, divergent
elements cannot be detected by sequence simi-
larity searching.

Repeats that we can detect, usually with
tools such as RepeatMasker (Smit et al., 1996—
2010) fall into several broad classes such as
DNA transposons, which use a cut and paste
mechanism to jump throughout the genome.
DNA transposons were first identified in maize
as the causal mechanism for colour spotting in
kernels (Fedoroff et al., 1983; McClintock,
1950). Other types of repeats include retro-
transposons, which move via a copy and paste
mechanism using an RNA intermediate and
re-insertion into the genome via reverse tran-
scription (Esnault et al., 2000; Babushok et al.,
2006; Kubo et al., 2006). Retrotransposons
include long terminal repeat (LTR)-containing
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elements, which include retroviruses or retrovi-
rus like elements, or non-LTR elements, which
include Long INterspersed Elements (LINEs) or
Short INterspersed Elements (SINEs) (reviewed
by Jurka et al., 2007).

Bovine repetitive elements were charac-
terized de novo for the analysis of the bovine
genome sequence (Adelson et al., 2009)
and as with most mammals are primarily
composed of retrotransposons. However,
cattle and other ruminants and Afrotheria
have a different repetitive element profile
from most other Eutheria, in that they
include a class of non-LTR LINEs known as
BovB, which makes up a substantial propor-
tion of their genomes and appears to have
been horizontally transferred between rep-
tiles, ticks and ruminants (Walsh et al.,
2013). BovB retrotransposons are also of
interest because they contain a short region
(~50 bp) of sequence identity with another
ruminant specific LTR-containing repeat
known as BTLTR1 (Fig. 7.2). It is not clear
if this short, shared sequence is functionally
significant and has resulted in transfer from

BovB to BTLTR1 in ruminants, or if it is just
a chance sequence similarity.

Of all the eutheria harbouring BovB, cat-
tle are the best model system to study how the
horizontal transfer of a retrotransposon can
remodel a genome and illuminate some of the
dynamics of genome evolution. Because BovB
were incorporated into the ruminant ancestor
genome <50 MYA, they can be considered
recent or modern repeats compared to ances-
tral repeats such as LINE L2 and SINE MIR,
both of which are present in the mammalian
common ancestor, but have been inactive for
>100 MYA (Jurka et al., 1995). This allows us
to determine which portions of the genome have
been permissive to BovB invasion and which
have been protected from BovB invasion.

To identify these regions each of the chro-
mosomes in the genome was divided into a
series 1.5 Mbp bins down its length. For each
bin where the number of unknown (N) bases
was less than 0.5 Mbp (=1 Mbp called bases) the
following information was obtained: the number
of each of 18 interspersed repeat types that
were contained within the bin, the number of

-

BovB 51 ] 3
Region of sequence similarity
between BovB and BTLTR1
BTLTR1 5 3
—
Size &' : : : : ko 3
0 1 2 3 4 5
Query = gi 16941 emb Iv00116.11 Bos taurus repetitive sequence element
|:| BovB (insertion sequence like). Designation is INS-1.711 B, isolated from

BTLTRH1

satellite DNA of density 1.711 g/ml
(1198 letters)

| Region of sequence similarity
between BovB and BTLTR1

>BovB#LINE/RTE RepbaselD: BOVB
Length = 3302

Score = 95.6 bits (48), Expect = 7e—20
Identities = 67/72 (93%), Gaps = 1/72 (1%)

Strand = Plus / Minus

Query: 44  gcatattgagtgcagcactttccacageatcatctttcaggatctggaatagetccactg 103
FEEEEEEETEEEER TR PR R e PEEErerr ri
Sbject: 2092 gcatattgagtgcagcacttic-acagcatcatctttcaggattigaaatagctcaactg 2034

Query: 104 gaattctatcac 115
FEEEEE
Sbject: 2033 gaattccatcac 2022

Fig. 7.2. Sequence similarity between BovB and BTLTR1 as determined by BLASTN alignments. The ~70 bp
region of sequence identity is present on opposite strands of the two repeats.
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genes that started within the bin, the number of
CpG Islands contained within the bin, the CpG
Island coverage of the bin, and the GC content
of the bin. Previously bins had been identified as
ancestral if the sum of ancestral repeats (LINE
L2/SINE MIR) ranks exceeded that expected in
5% of the genome (Adelson et al., 2009). This
method has been refined so that it does not
rely on an arbitrary cutoff of the expected cov-
erage of the genome by ancestral regions. In the
current method a principal components analysis
is performed on the data, transformed by taking
the square root of the counts, and an arcsine
transformation taken of the CpG Island coverage
to stabilize the variance. The principal compo-
nent appropriate for identifying ancient areas —
that is the one with high weights in the same
direction for SINE/MIR, LINE/L2 and LINE/
CR1 - is identified. For the identified principal
component (PC2), the running average from a
window size of five bins, and its 95% confidence
band was obtained over each chromosome.
Ancient bins were identified as those whose run-
ning average’s lower confidence limit was >0,
and new bins, those in which ancient repeats
are significantly under-represented, as those
whose upper confidence limit was <0. Results
of this analysis are shown in Fig. 7.3, and it is
clear that the genome bins enriched in ancient
repeats tend to cluster into regions. New bins
also tend to cluster into regions.

The previous method could identify which
bins in the genome were most enriched in
ancient repeats. The new method identifies all
regions of the genome that statistically, are
enriched in ancient repeats. There is evidence
to support the view that ancient repeats have
either been exapted into genes or recruited as
enhancer/promoter elements for genes (Lowe
et al., 2007). PC2 ancient regions cover 24.8%
of the UMD3.1 assembly, and we believe this
method is an alternative approach to substitution
rate-based methods for identifying evolutionar-
ily conserved regions, particularly in non-coding
regions of the genome that may have regula-
tory functions.

Long non-coding RNAs

While the protein coding portion of the bovine
genome only occupies about 2% of the sequence,

there are also many non-coding transcripts.
The existence, distribution and abundance of
ncRNAs have been the subject of debate
(Mattick and Makunin, 2006; van Bakel et al.,
2010), but it is clear that long non-coding
RNAs (IncRNA) can regulate the expression
of protein coding genes through a variety of
mechanisms (Qu and Adelson, 2012b).
Analysis of bovine transcripts has shown that
cattle are no exception when it comes to IncR-
NAs, particularly long intergenic non-coding
RNAs (lincRNA) (Qu and Adelson, 2012a).
Based on very stringent criteria, we have previ-
ously shown that 23,060 ncRNAs are tran-
scribed from the bovine genome, with 12,614
of these lincRNAs (Qu and Adelson, 2012a).
The lincRNAs are primarily (8500 of 12,614)
located within 20 Kbp of protein coding genes
and show evidence of both negative and posi-
tive selection (Qu and Adelson, 2012a). These
are not unusual results and similar results have
been described in human, mouse and zebra
fish (Qu and Adelson, 2012c¢). Because gain
and loss of function experiments involving lin-
cRNAs in other organisms have shown they
can regulate genes in cis and in trans (Martens
et al., 2004; Costa, 2008; Leeb et al., 2009),
it is likely that ncRNAs, particularly lincRNAs
in cattle may have important regulatory functions
and thus be critical to our understanding of
beef and dairy cattle traits of economic impor-
tance. One line of evidence for regulatory
functions of ncRNAs stems from their highly
tissue-specific expression patterns. Below, evi-
dence is provided for tissue-specific co-expression
of both coding and non-coding RNAs in a num-
ber of bovine tissues.

Gene Expression Sub-networks

We have used existing public domain Massively
Parallel Signature Sequencing (MPSS) data
from a wide selection of bovine tissues.
Bovine MPSS data were downloaded from
the NCBI GEO database (GSE21544). The
samples were collected from 92 adult, juvenile
and fetal cattle tissues and three cattle cell
lines (Harhay et al., 2010). The sequence
tags were mapped to bovine RefSegs and ncR-
NAs using GSNAP with maximum one mismatch.



(Bovine Genomics

141

Position (Mbp)

0 20 40 60 80 100 120 140 160

| ! ! | | R |
e, '.‘-‘-"'.-‘.-.. 'l.-" N AL PRI A - -2

A S LN NN 08

9 24 L3 {1 1 #—

1o HH—‘+H#t+——T+H—+—""1—

11 HEg— OO0 O
12—
13— OH—H
gL I —O—C+—{ 1—
2 15 B—— g
gwl—%—ﬂ—ﬂ—@—:’—ﬂ
5 17— O
18 | 1 a4

19 b——— 824
o —
21— —m T H—H
2 —T1F11——+#

e T e N

24 3 0—
25 —{—7+FA
26 —H1+———1—+#-
a7r——F—

|- 1

28 B 8
29 —{+—FZA
X H—_1 4

Region

New
[] Ancient

—a—aa——1 +—
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The digital expression value for each transcript
(RefSeq or ncRNA) was calculated by normal-
izing sequence counts mapped to the 3" ends
of transcripts with library size. Expression
values for all transcripts in 95 samples were
combined as the expression profile, which
was used to reconstruct protein-coding and

non-coding co-expression networks. The
co-expression networks were reconstructed
using R package ‘WGCNA’ (Langfelder and
Horvath, 2008). The visualization of co-
expression networks was performed with
Power Graph in Cytoscape (Royer et al.,
2008).
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There were 15,829 protein-coding genes
and 4012 ncRNAs with digital expression in
at least 3 out of 95 samples. Among these
19,841 transcripts, 4945 transcripts were
reconstructed into 33 modules, which repre-
sent transcripts showing highly correlated
expression patterns across 95 samples. We
have used one of these modules, containing
41 protein-coding genes and 11 intergenic
ncRNAs as a simple example of a specific
sub-network reconstruction. All 52 transcripts
showed high expression in three samples
compared to all other 92 samples. These
three samples were ‘rumen’, ‘duodenum’ and
‘ventricle’. Thirty-four of the 41 protein-
coding genes had human orthologues, and
their annotation based on GeneCards (www.
genecards.org) is shown in Table 7.1. The other
seven protein-codinggenesare ‘LOC615250’,
‘MGC128175’, 'LOC787094°, ‘LOC784776,
‘LOC521764’,'LOC790435 and LOC615365’.

The co-expression network for our
example module is shown in Fig. 7.4. Ten
ncRNAs are in the two big power nodes,
sharing highly correlated co-expression with
multiple transcripts, including protein-coding
genes. In particular ‘NCRNA_DT885051’
and ‘NCRNA_EE220881’ show significantly
highly correlated co-expression with other
transcripts in the network. This co-expression
is consistent with a regulatory role for these
ncRNAs, perhaps by acting as decoys for
miRNAs.

GO (Gene ontology) classification of all
41 protein-coding genes in the example
module is shown in Table 7.2. These GO
annotations are consistent with this sub-
network being specifically associated with
cardiac physiology. Interestingly this sub-
network is also found in two gut-specific
tissues, indicating shared genetic regulation
in these somewhat disparate tissues. The
top three significantly over-represented
terms are ‘regulation of system process’,
‘regulation of the force of heart contraction’
and ‘circulatory system process’. We expect
that using this approach in combination with
gene mapping for quantitative traits associ-
ated with particular tissues such as milk com-
position or intramuscular fat might prove
useful in resolving QTL to the gene or

ncRNA level and in identifying epistatic
interactions difficult to map with current
resources.

Conclusions

We are now able to use the bovine genome
sequence and associated annotations as an
unparalleled resource for bovine genetics.
Genetic mapping is now done routinely at sin-
gle nucleotide resolution and genetic intervals
containing QTLs can now be mined for infor-
mation associated with both protein coding
and non-coding genes. The use of transcrip-
tome profiling as a tool to narrow down potential
candidate genes is likely to increase dramati-
cally, as it provides the means to identify inter-
acting genes, both coding and non-coding, that
are specific to economically important tis-
sues/traits.

However the existence of two draft assem-
blies that differ significantly in some regions is
a complication for the applications of bovine
genomics. Whilst the UMD3.1 draft assembly
is currently superior for many mapping based
applications, it is still far from perfect. As more
and more genomes are sequenced it is appar-
ent that individual genomes vary in their con-
tent, and that this individual content will have
to be taken into account when determining
the genetic basis of traits of interest. The ulti-
mate solution to this problem will be de novo
whole genome sequencing and assembly, with
comparisons carried out between assemblies,
rather than mapping sequence reads to a refer-
ence assembly.

For genomic selection in the short term, it
is likely that low-density SNP arrays tailored to
maximize imputation of genome sequence/
structure will become more and more signifi-
cant because of their cost advantages and ease
of use.

Acknowledgement

The authors wish to acknowledge Dan
Kortschak for helpful discussions and his will-
ingness to challenge the obvious.


http://www.genecards.org
http://www.genecards.org

(Bovine Genomics 143

Table 7.1. Gene annotation of 34 of 41 protein-coding genes in a sub-network expression module
based on human orthologues in GeneCards.

Gene symbol Gene description Aliases and descriptions Diseases/disorders
MYBPC3 Myosin binding Cardiac MyBP-C | MYBP-C | Hypertrophic
protein C, cardiac C-protein, cardiac muscle isoform | cardiomyopathy | familial

myosin binding protein C, cardiac | hypertrophic
myosin-binding protein C, cardiac- cardiomyopathy | dilated
type | FHC | myosin-binding protein  cardiomyopathy | heart
C, cardiac | CMH4 failure

NEBL Nebulette Actin-binding Z-disk protein | Endocardial fibroelastosis |

LIM-nebulette | nebulette | LNEBL Ebstein anomaly
|[LASP2 | Actin-binding Z-disk

protein
CCDC141 Coiled-coil domain ~ CAMDI | coiled-coil protein
containing 141 associated with myosin Il and

DISC1 | coiled-coil domain
containing 141 | FLJ39502 |
coiled-coil domain-containing
protein 141

PDE3A Phosphodiesterase  Cyclic GMP-inhibited

3A,cGMP-inhibited ~ phosphodiesterase A | cAMP

phosphodiesterase, myocardial
cGMP-inhibited | CGI-PDE |
cGMP-inhibited 3',5'-cyclic
phosphodiesterase A | CGI-PDE A |
CGI-PDE-A | Cyclic GMP-inhibited
phosphodiesterase A |
phosphodiesterase 3A, cGMP-
inhibited | EC 3.1.4.17

TRIM55 Tripartite motif RNF29 | MURF-2 | tripartite motif

containing 55 containing 55 | MuRF2 | Muscle-

specific RING finger protein
2 | tripartite motif-containing
55 | muscle-specific RING finger
protein 2 | muscle specific ring
finger 2 | tripartite motif-containing
protein 55 | MURF2 | MuRF-2 |
ring finger protein 29 | RING finger
protein 29 | muRF2

SYT15 Synaptotagmin XV Synaptotagmin XV | CHR10SYT |
SytXV | Chr10Syt | synaptotagmin
XV | synaptotagmin XV-a | sytXV |
chr10 synaptotagmin |
synaptotagmin-15

SOX11 SRY SRY-related HMG-box gene 11 | SRY Lymphoma
(sex determining (sex determining region Y)-box 11 |
region Y)-box 11 SRY (sex-determining region Y)-
box 11 | transcription factor
SOX-11
LMO7 LIM domain 7 FBXO020 | zinc-finger domain- Emery-Dreifuss muscular
containing protein | LMO-7 | LIM dystrophy

domain only 7 protein | LIM
domain only protein 7 | F-box
protein Fbx20 | LIM domain only 7 |
F-box only protein 20 | FBX20 |
LOMP | LIM domain 7 | KIAA0858
Continued
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Table 7.1. Continued.

Gene symbol Gene description

Aliases and descriptions

Diseases/disorders

KCNE1 Potassium
voltage-gated
channel,
IsK-related family,

member 1

TNNISK TNNI3 interacting

kinase

SCN5A Sodium channel,
voltage-gated,
type V, alpha

subunit

ACTC1
muscle 1

Actin, alpha, cardiac

IsK producing slow voltage-gated

potassium channel subunit beta
Mink | voltage gated potassium
channel accessory subunit | delayed
rectifier potassium channel subunit
IsK | potassium voltage-gated
channel, IsK-related family,

member 1 | minimal potassium
channel | cardiac delayed rectifier
potassium channel protein |
potassium voltage-gated channel
subfamily E member 1 | delayed
rectifier potassium channel subunit
IsK | JLNS2 | JLNS | MinK | minK | ISK |
LQT2/5 | Minimal potassium channel |
potassium voltage-gated channel,
IsK-related subfamily, member 1 |
human cardiac delayed rectifier
potassium channel protein | LQT5

Serine/threonine-protein kinase

TNNI3K | TNNI3 interacting kinase
| cardiac ankyrin repeat kinase |
cardiac troponin l-interacting
kinase | TNNI3-interacting kinase |
CARK | cardiac troponin
l-interacting kinase | cardiac
ankyrin repeat kinase | EC 2.7.11.1

HB1 | HBBD | sodium channel,

voltage-gated, type V, alpha subunit |
SSS1 | ICCD | sodium channel
protein cardiac muscle subunit alpha |
sodium channel protein cardiac
muscle subunit alpha | IVF |
voltage-gated sodium channel
subunit alpha Nav1.5 | CMD1E |
sodium channel protein type 5
subunit alpha | voltage-gated sodium
channel subunit alpha Nav1.5 |
PFHB1 |cardiac tetrodotoxin-
insensitive voltage-dependent sodium
channel alpha subunit | sodium
channel protein type V subunit alpha |
Nav1.5 | LQT3 | CMPD2 | sodium
channel, voltage-gated, type V, alpha
(long QT syndrome 3) | HH1 |
CDCD2 | VF1 | HB2

Actin, alpha cardiac muscle 1 |

CMH11 | LVNC4 | Alpha-cardiac
actin | ACTC | actin, alpha, cardiac
muscle | ASD5 | CMD1R | actin,
alpha, cardiac muscle 1 |
alpha-cardiac actin

Long QT syndrome |
Jervell-Lange Nielsen
syndrome | Brugada
syndrome | sensorineural
hearing loss | congenital
heart block | hypokalaemia

Brugada syndrome | long
QT syndrome | sudden
infant death syndrome |
heart disease | congenital
heart block | Jervell—
Lange Nielsen syndrome |
congenital epilepsy

Hypertrophic
cardiomyopathy | dilated
cardiomyopathy |
nemaline myopathy |
familial hypertrophic
cardiomyopathy |
restrictive cardiomyopathy

Continued
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Table 7.1. Continued.

Gene symbol Gene description

Aliases and descriptions

Diseases/disorders

TNNT2

TECRL

PLN

CASQ2

FGF16

SLC8A1

RNF207

Troponin T type 2
(cardiac)

Trans-2,3-enoyl-coa
reductase-like

Phospholamban

Calsequestrin 2
(cardiac muscle)

Fibroblast growth
factor 16

Solute carrier family
8 (sodium/calcium
exchanger),
member 1

Ring finger protein
207

RCM3 | cardiomyopathy, dilated 1D
(autosomal dominant) | ¢cTnT |
TnTc | TnTC | troponin T type 2

(cardiac) | Cardiac muscle

troponin T | troponin T, cardiac
muscle | CMPD2 | cardiac muscle
troponin T | LVNC6 | CMD1D |
CMH?2 | troponin T2, cardiac |
cardiomyopathy, hypertrophic 2

DKFZp313D0829 | GPSN2L |

SRD5A2L2 | TERL | steroid

5-alpha-reductase 2-like 2 protein |
trans-2,3-enoyl-CoA reductase-like |

DKFZp313B2333 | steroid

5-alpha-reductase 2-like 2 protein |
glycoprotein, synaptic 2-like |
steroid 5 alpha-reductase 2-like 2 |

EC 1.3.1.-

PLB | CMD1P [CMH18 |

phospholamban | cardiac
phospholamban

Calsequestrin 2 (cardiac muscle) |

calsequestrin 2, fast-twitch,

cardiac muscle | calsequestrin,

cardiac muscle isoform |

Calsequestrin, cardiac muscle
isoform | calsequestrin-2 | PDIB2
FGF-16 | FGF-16 | fibroblast growth

factor 16

NCX1 | Na(+)/Ca(2+)-exchange
protein 1 | CNC | sodium/calcium
exchanger 1 | solute carrier family
8 (sodium/calcium exchanger),
member 1 | Na+/Ca++ exchanger |

Na+/Ca2+ exchanger

RING finger protein 207 | FLJ32096 |
chromosome 1 open reading
frame 188 | C10rf188 | ring finger

protein 207 | FLJ46380

Myocardial infarction |
intermediate coronary
syndrome | familial
hypertrophic
cardiomyopathy |
hypertrophic
cardiomyopathy | heart
failure | dilated
cardiomyopathy | kidney
failure | pulmonary
embolism | myocarditis |
coronary heart disease |
restrictive cardiomyopathy
| cerebrovascular
accident | gas gangrene |
myopathy | hypertension |
congenital heart defect |
diabetes mellitus

Heart failure | dilated
cardiomyopathy | familial
hypertrophic
cardiomyopathy |
myocardial infarction |
hypertrophic
cardiomyopathy

Heart failure | malignant
hyperthermia | gas
gangrene | myopathy |
dilated cardiomyopathy |
hyperthyroidism |
autoimmune thyroiditis

Heart failure | vascular
disease

Long QT syndrome

Continued
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Table 7.1. Continued.

Gene symbol Gene description

Aliases and descriptions

Diseases/disorders

HSPB3 Heat shock 27 kDa
protein 3

SH3RF2 SH3 domain
containing ring
finger 2

MYL3
alkali; ventricular,
skeletal, slow

MYLK3 Myosin light chain
kinase 3

ADPRHL1 ADP-
ribosylhydrolase
like 1

HspB3 | HSP 17 | heat shock 17 kDa
protein | protein 3 | HMN2C | heat
shock 27 kDa protein 3 | HSP27 |
DHMN2C | heat shock 17 kDa
protein | HSPL27 | protein 3 | heat
shock protein beta-3 | heat shock
27 kDa protein 3

Protein phosphatase 1, regulatory
subunit 39 | HEPP1 | putative E3
ubiquitin-protein ligase SH3RF2 |
POSH-eliminating RING protein |
protein phosphatase 1 regulatory
subunit 39 | PPP1R39 | RNF158 |
POSHER | Hepp1 | SH3 domain
containing ring finger 2 | heart
protein phosphatase 1-binding
protein | FLJ23654 | protein
phosphatase 1 regulatory subunit
39 | RING finger protein 158 | SH3
domain-containing RING finger
protein 2 | heart protein
phosphatase 1-binding protein |
EC6.3.2.-

Myosin, light chain 3, Ventricular/slow twitch myosin alkali

light chain | ventricular/slow twitch
myosin alkali light chain | CMH8 |
cardiac myosin light chain 1 |
CMLC1 | myosin light chain 3 |
myosin, light chain 3, alkali;
ventricular, skeletal, slow | cardiac
myosin light chain 1 | myosin light
chain 1, slow-twitch muscle B/
ventricular isoform | MLC1SB |
myosin, light polypeptide 3, alkali;
ventricular, skeletal, slow | myosin
light chain 1, slow-twitch muscle
B/ventricular isoform | MLC1V |
VLC1

MLCK | cardiac-MyBP-C-
associated Ca/CaM kinase |
putative myosin light chain kinase
3| caMLCK | cardiac-MyBP-C-
associated Ca/CaM kinase |
myosin light chain kinase 3 |
cardiac-MyBP-C associated Ca/
CaM kinase | MLC kinase |
MLCK2 |[EC 2.7.11.18

[Protein ADP-ribosylarginine]
hydrolase-like protein 1 | ADP-
ribosylhydrolase 2 | ARH2 |
ADP-ribosyl-hydrolase | ADP-
ribosylhydrolase like 1

Hypertrophic

cardiomyopathy

Anthrax disease

Continued
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Table 7.1. Continued.

Gene symbol Gene description

Aliases and descriptions

Diseases/disorders

ADRB1 Adrenoceptor beta 1

PKP2 Plakophilin 2

KCNJ8 Potassium inwardly
rectifying channel,
subfamily J,
member 8

RBM20 RNA binding motif
protein 20

RYR2 Ryanodine receptor

2 (cardiac)

Beta-1 adrenoceptor | beta-1
adrenergic receptor |
adrenoceptor beta 1 | ADRB1R |
Beta-1 adrenoreceptor |
adrenergic, beta-1-, receptor |
beta-1 adrenoceptor | RHR |
BETA1AR | beta-1 adrenoreceptor |
B1AR

plakophilin-2 | ARVD9 | plakophilin 2

Inwardly rectifying potassium
channel KIR6.1 | Inward rectifier
K(+) channel Kir6.1 | Kir6.1 |
ATP-sensitive inward rectifier
potassium channel 8 | potassium
channel, inwardly rectifying
subfamily J member 8 | KIR6.1 |
inward rectifier K(+) channel
Kir6.1 | potassium inwardly
rectifying channel,
subfamily J, member 8 | potassium
channel, inwardly rectifying
subfamily J member 8 |
UKATP-1

Probable RNA-binding
protein 20 | RNA-binding
motif protein 20 | RNA-binding
protein 20

ARVD?2 | cardiac-type ryanodine
receptor | type 2 ryanodine
receptor | ryanodine receptor 2
(cardiac) | RYR-2 | cardiac
muscle ryanodine receptor-
calcium release channel | cardiac
muscle ryanodine receptor-
calcium release channel | cardiac
muscle ryanodine receptor |
hRYR-2 | kidney-type ryanodine
receptor | type 2 ryanodine
receptor | cardiac-type ryanodine
receptor | ryanodine receptor 2 |
RyR2 | VTSIP | islet-type
ryanodine receptor |
cardiac muscle ryanodine
receptor | ARVC2 |
arrhythmogenic right ventricular
dysplasia 2 |RyR

Heart failure | dilated
cardiomyopathy |
hypertension | congenital
aortic valve stenosis |
myocardial infarction

Arrhythmogenic right
ventricular dysplasia |
palmoplantar
keratosis

Vascular disease

Dilated cardiomyopathy |
heart failure

Heart failure | malignant
hyperthermia | central
core myopathy |
arrhythmogenic right
ventricular dysplasia |
long QT syndrome |
Brugada syndrome |
dilated cardiomyopathy

Continued
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Table 7.1. Continued.

Gene symbol Gene description Aliases and descriptions Diseases/disorders
TNNI3 Troponin | type 3 CMD2A | CMD1FF | troponin |, Myocardial infarction |
(cardiac) cardiac muscle | CMH7 | RCM1 | intermediate coronary
TNNCH1 | troponin | type 3 (cardiac) |  syndrome | hypertrophic
troponin |, cardiac | cardiac cardiomyopathy | heart
troponin | [cTnl failure | familial
hypertrophic
cardiomyopathy |
restrictive cardiomyopathy
| myocarditis | pulmonary
embolism | dilated
cardiomyopathy | kidney
failure | congenital heart
defect | gas gangrene |
pericardial effusion |
coronary heart disease |
pericarditis
LRRC10 Leucine rich repeat  Leucine rich repeat containing 10 |
containing 10 LRRC10A | HRLRRP | leucine-rich
repeat-containing protein 10
POPDC2 Popeye domain Popeye protein 2 | popeye protein 2 |
containing 2 popeye domain containing 2 |
popeye domain-containing
protein 2 | POP2
ANKRD1 Ankyrin repeat Cytokine-inducible gene C-193 Scimitar syndrome
domain 1 protein | cardiac ankyrin repeat
(cardiac muscle) protein | ankyrin repeat domain-
containing protein 1 | CVARP |
cytokine-inducible nuclear protein |
MCARP | liver ankyrin repeat
domain 1| C-193 | bA320F15.2 |
C193 | cytokine-inducible gene
C-193 protein | ALRP | CARP |
ankyrin repeat domain 1 (cardiac
muscle) | HA1A2 | Cardiac ankyrin
repeat protein | Cytokine-inducible
nuclear protein
FHOD3 Formin homology 2 KIAA1695 | FHOS2 | formin homolog
domain overexpressed in spleen 2 |
containing 3 FLJ22297 | formactin-2 | hNFHOS2 |

formin homology 2 domain
containing 3 | formin homologue
overexpressed in spleen 2 | FH1/
FH2 domain-containing protein 3 |
formactin2 | FLJ22717 |
formactin-2
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Fig. 7.4. Power graph representation of co-expression network of 52 transcripts, including 41 protein-
coding genes and 11 ncRNAs in example module. Small circles filled with darker grey colours represent
protein-coding gene nodes. Small diamonds filled with darker grey colours represent ncRNA nodes.
Bigger circles represent power nodes, which are sets of nodes that are connected by power edges.

A power edge between two power nodes signifies that all nodes in the first set are connected to all nodes
in the second set. The line width of power edges represents the strength of the correlation of expression
profiles of transcripts between power nodes.
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Table 7.2. Over-represented GO terms for 41 protein-coding genes in example sub-network module.

GO term category Term Count Pvalue Fold enrichment

BP_3 G0:0044057~regulation of system process 6 4.51E-07 33.2

BP_3 G0:0002026~regulation of the force of heart 4 1.22E-06 164.1
contraction

BP_3 G0:0003013~circulatory system process 4 2.95E-04 27.7

BP_3 G0:0051239~regulation of multicellular 6 5.49E-04 7.7
organismal process

BP_3 G0:0048513~o0rgan development 7 9.03E-04 5.2

BP_3 G0:0048731~system development 7 0.0024 4.3

BP_3 G0:0055082~cellular chemical homeostasis 4 0.0028 12.9

BP_3 G0:0003012~muscle system process 3 0.0036 30.8

BP_3 G0:0042592~homeostatic process 5 0.00367.0

BP_3 G0:0009888~tissue development 4 0.0124 7.5

BP_3 G0:0006811~ion transport 5 0.0134 4.8

MF_3 G0:0005246~calcium channel regulator 2 0.0143 132.8
activity

BP_3 G0:0002027~regulation of heart rate 2 0.0208 89.5

MF_3 G0:0043169~cation binding 11 0.0415 1.8

BP_3 G0:0009266~response to temperature 2 0.0557 32.8
stimulus

BP_3 G0:0009887~organ morphogenesis 3 0.0616 6.9

BP_3 GO0:0030154~cell differentiation 4 0.0999 3.3
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Introduction

The immune system of jawed vertebrates
evolved to provide innate and adaptive immu-
nity against a diverse array of potentially harm-
ful antigens. The adaptive immune effector
cells are B and T lymphocytes (also known as
B cells and T cells), while innate system cells
include those of the myeloid lineage (mono-
cytes, macrophages, eosinophils, basophils,
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mast cells, neutrophils and dendritic cells) as
well as primitive lymphoid cells known as natu-
ral killer (NK) cells. The cells of the innate
immune system not only play their own direct
role in immunity, for example, killing infectious
microbes following phagocytosis, but in the
case of macrophages and dendritic cells func-
tion as accessory cells for T cells by presenting
antigenic peptides on major histocompatibility
complex (MHC) molecules and producing
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cytokines that direct T cell functional responses.
The immune response has been historically
broken into two aspects known as humoral and
cell-mediated immunity. While B cells produce
antibodies, which are mediators of humoral
immunity, T cells can promote the B cell
response through their production of specific
soluble molecules known as cytokines, thereby
facilitating humoral immunity. Alternatively,
T cells mediate cellular immunity by killing
infected host cells and by their production of
cytokines that activate macrophages to more
effectively kill phagocytosed infectious organisms
or inhibit viral replication. The host’s immune
system must differentiate between self and non-
self antigens but still recognize a diverse array
of potentially harmful antigens, estimated to be
between 108 and 10!!. Significant advances
have been made in describing the genetics of
the bovine immune system receptors and MHC
molecules that are involved in presenting pep-
tides to T cells to engage their so-called T cell
receptor (TCR) and will be reviewed here. We
describe in detail the genes that code for the T
and B cell antigen-specific receptors (TCR and
B cell receptor (BCR)) and the immunoglobu-
lins (antibodies) that are secreted by B cells and
which mirror the BCR of the secreting cell.
These receptors and antibodies are formed by
somatic gene rearrangements. In addition we
describe germline encoded multigene recep-
tor families that are expressed by both innate
and adaptive immune system cells and which
interact with pathogen-associated molecular
patterns (PAMP), host cell-derived damage-
associated molecule patterns (DAMP), as well
as classical and non-classical MHC molecules.

The Major Histocompatibility
Complex

The major histocompatibility complex (MHC)
plays a crucial role in determining immune
responsiveness (Klein, 1986). The MHC is
referred to as a ‘complex’ because its genes are
clustered together within a single genomic
region or locus. This region of tightly linked
genes encodes the proteins responsible for
presenting self and non-self-antigens to T cells
and is, therefore, fundamental to immune

recognition and regulation. Classical MHC
class I and class II molecules bind antigen-
derived peptides and present them to T cells.
Antigen presentation is one aspect of a com-
plex series of events that results in activation of
T cells with the ultimate objectives being elimi-
nation of invading parasites, microorganisms
and infected host cells, but can also result in
rejection of transplanted organs. Diversity of
antigenic peptides presented is achieved in sev-
eral ways: (i) the coding of the MHC is poly-
genic, meaning that a single characteristic is
controlled by two or more genes; (i) MHC
genes are highly polymorphic; and (iii) MHC
genes are expressed from both inherited alleles.

Our knowledge of MHC genetics, gene
function, disease associations, protein struc-
ture, phylogeny and genomic organization has
(mainly) been gained through human and
mouse studies. The murine MHC was first
described 75 years ago by Peter Gorer (Gorer,
1937). George Snell then identified the MHC
locus by selectively breeding two different
mouse strains in order to create a new mouse
strain that was almost genetically identical to
one of the original parental strains, differing
only in the locus that governs histocompatibility
(the ability for a tumour to be accepted) (Snell
and Higgins, 1951). The first human MHC
antigen, initially called Mac, is now known as
human leukocyte antigen (HLA)-A2, was identi-
fied 21 years later (Dausset, 1958). Since then,
the study of MHC genes has undergone a
marked expansion, driven by the identification
and characterization of many MHC class I and
class I genes in humans, mice, chickens and
other jawed vertebrates, although not in jawless
vertebrates (e.g. hagfish, lamprey) or inverte-
brates (Flajnik and Kasahara, 2001).

Bovine MHC genes were first identified by
Amorena and Stone (1978) and Spooner et al.
(1978). The genetic regions they defined are
referred to as the bovine leukocyte antigen
(BoLA) system (Spooner et al., 1979). The
BoLA is encoded on chromosome 23, within a
4000 kb stretch of DNA that contains more
than 154 tightly linked genes (Elsik et al., 2009).
The current BoLLA nomenclature, as detailed in
the Immuno Polymorphism Database (IPD-
MHC; www.ebi.ac.uk/ipd/mhc/bola) (Robinson
et al., 2010), has been in place since 2004 and
is modelled on the HLA nomenclature system
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(Marsh et al., 2005). The BoLA section of
the IPD-MHC database currently contains
sequences assigned to class I genes and class Il
DRB3, DQA and DQB genes. An overview of
the essential features of the most studied MHC
molecules in both humans and mice is pre-
sented below, but the main focus of the remain-
ing sections will be on the structural and
functional features and the disease associations
of the BoLLA genes.

Molecular structure and function
of MHC molecules

The MHC gene family is divided into three sub-
groups: class I, class Il and class IIl. The class [
and II regions comprise genes that encode
both classical and non-classical MHC proteins
(Painter and Stern, 2012). The ‘classical MHC’
molecules, encoded by highly polymorphic
class I and class II genes, serve to present anti-
gen-derived peptides of varying sizes to con-
ventional aff T cells and play an integral role in
vertebrate adaptive immunity. There are also
non-polymorphic representatives-termed ‘non-
classical MHC molecules’ for those encoded by
genes located within the MHC region, and
‘MHC-like molecules’ when encoded by genes
located outside the MHC; these exist for both
class I and class Il MHC-related proteins, with
the most diverse being related to the MHC
class [ molecules. Some af T cells, including
the so-called natural killer (NK) T cells, recog-
nize protein antigens that have lipid compo-
nents and which are presented by particular
MHC-class I like molecules in the CD1 family.

Class | MHC molecules

Classical MHC class I molecules have an
o-chain (molecular mass, 45 kDa) comprising
three domains, a1, a2 and o.3. The a-chain is
non-covalently associated with the non-MHC
molecule, B2 microglobulin ($2m; 12 kDa)
(Fig. 8.1A, left panel). The a1 and o2 domains
form a groove that accommodates antigen-
derived peptides (Bjorkman et al., 1987).
Classical MHC class I molecules are expressed
on the surface of all nucleated cells (Adams and
Luoma, 2013). Proteins within the cytosol are
degraded by the proteasome, which is encoded

by PSMBS8 and PSMB9 located within the
MHC region; liberated peptides are internal-
ized by the MHC-encoded transporter associ-
ated with antigen processing (TAP) channel in
the endoplasmic reticulum (ER), where they
are loaded on to MHC class I molecules.
This complex traffics through the Golgi appar-
atus and fuses with the cell membrane where
it can interact with the TCR on cytotoxic T
cells that co-express the CD8 molecule. CD8
docks with the classical MHC class I molecule,
thereby anchoring the T cell to the antigen-
presenting cell and facilitating signal trans-
duction. If the TCR interacts strongly with
this complex the T cell is stimulated to prolifer-
ate, produce cytokines and/or Kkill the cell.

A recent study showed the high-resolution
crystal structure of the bovine MHC class 1
N*01301 allele bound to an immunodomi-
nant 1l-amino acid fragment (Tpl,;, 5,,)
derived from Theileria parva (Macdonald
et al., 2010). As shown in Fig. 8.1, the pep-
tide is presented in a distinctive raised confor-
mation rather than being buried in the groove,
which is likely to have a significant impact on
TCR recognition. This unconventional struc-
ture results from a hydrophobic ridge within
the MHC peptide binding groove, which is
found in a set of BoLA alleles. This feature
is extremely rare in other species, although it
occurs in a small group of murine MHC class [
molecules.

Non-classical MHC class I and class | MHC-
like molecules (Table 8.1) have limited poly-
morphism, expression patterns and antigen
presentation abilities but are important for their
ability to act as ligands for the killer receptors.
Non-classical MHC proteins are those mole-
cules encoded within the MHC loci (e.g. HLA-
E, -F and -G and MIC in humans and M3 and
Qa in mice), while MHC class [Hike molecules are
encoded across chromosomes. Some of the non-
classical MHC class I molecules present peptides
or act as ligands for killer receptors as mentioned
above. MHC class [-like molecules include the
stress ligands that interact with Natural Killer
Group 2D (NKG2D) receptors (described below).
They are known as UL16-binding proteins
(ULBPs) in humans and in mice retinoic acid
early inducible gene 1 (Rael), histocompatibility
60 (H60) and murine UL16-binding protein-like
transcript 1 (MULT1). These molecules interact
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Fig. 8.1. Structure of the MHC molecules. (A) The MHC class | molecule (left) and the MHC class Il molecule
(right). (B) 3D structure of a bovine MHC class | molecule (PDB: 2xfx) as reported by Macdonald et al. (2010).
Left panel: looking down from the T cell receptor; right panel, side view. The peptide is presented by the
bovine class | molecule in a distinctive raised conformation, which is extremely rare in other species.

with CD8* T cells, NKT cells (which are a unique
type of o T cell), y§ T cell and NK cells to exert
functions that can be immune or non-immune
related through a variety of receptors (described
below in this chapter). Other MHC-like mol-
ecules such as those in the CD1 family, like their
classical relatives, are able to bind and present
peptides, although distinct structural features
within the peptide binding groove and their low
polymorphism distinguish them from classical
MHC molecules and allow them to present mol-
ecules with lipid tails.

Class Il MHC molecules

Classical MHC class Il molecules are heterodi-
meric transmembrane glycoproteins of approx-
imately 50 kDa, which are formed by the
non-covalent association between «- and
B-chains encoded by distinct genes within the
MHC (Fig. 8.1A, right panel): the a1l and B1

domains form the peptide binding groove
(Brown et al., 1993). Classical class II mol-
ecules are expressed by so-called ‘professional
antigen-presenting cells’ (APCs), which include
dendritic (DCs) cells, macrophages and B cells
(Painter and Stern, 2012). These cells process
peptides derived from self and foreign proteins
and display them at the cell surface in conjunc-
tion with MHC class II molecules (described
below). The MHC class Il/peptide complex is
recognized by CD4* T cells. Newly synthe-
sized classical MHC class Il a- and B-chains are
translocated to the lumen of the ER where
they associate with a trimeric chaperone pro-
tein known as the class Il-associated invariant
chain, which directs them to endosomal com-
partments. Endosomal proteases cleave the
invariant chain to yield a small peptide called
the class Il-associated invariant chain peptide
(CLIP), which is presented in the class I pep-
tide binding groove.
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Table 8.1. Non-classical and MHC class I-like genes.

Function of these

Known as Gene map Cattle Humans Mice gene products
Non-classical MHC class | 17 alleles of 5 HLA-E, HLA-F,  Q, M gene Present peptides to
MHC class  locus genes (e.g. HLA-G clusters T cells; HLA-E is
| genes NC1-NC5) (e.g-M3,Qa) ligand for NKG2A
and NKG2C
BoLA MICT1, MICA, MICB Not found in Ligands for NKG2D
BolLA MIC2, mice receptors on NK
BolLA MIC3 and T cells
MHC class  Non-MHC loci ULBP1- 10 ULBP genes Mult1, Rae, Ligand for NKG2D
I-like encoded ULBP30 (aka Rae) H60 receptors on NK
molecules and T cells
CD1a, CD1b CD1a-e CD1a-c Present lipid-
(2 copies), containing antigens
CD1d to ap T cells
pseudogene

The non-classical MHC class II mole-
cules, DM or DO, act as a catalytic peptide
exchange factor, which releases CLIP and
promotes the binding of self or foreign anti-
gen peptides to MHC class Il molecules; this
complex goes to the cell surface, where it
interacts with TCRs expressed by CD4+ T
cells (Kropshofer et al., 1999). The CD4
molecules themselves bind to the MHC class
II molecules to stabilize the interaction and
this results in signal transduction to activate
the T cell. CD4* T cells are known as helper
T cells (Th), which are divided into functional
subpopulations known as type 1 (Th1), type
2 (Th2), type 17 (Th17) (Harrington et al.,
2005) and regulatory (Treg) (Sakaguchi
et al., 1995). The crystal structures of DM
and DO show that these accessory proteins
are structural homologues of classical MHC
class II proteins and differ mainly within the
MHC 1I peptide binding groove. However
they are restricted to the membrane of
lysosomes.

Class Ill molecules

The MHC class Il locus resides between the
class I and class II loci, and the molecules
coded for have a different physiological role.
Class III molecules include several secretory
proteins that have immune functions other than
antigen processing and presentation or interaction

with Killer receptors such as NKG2D. Examples
include components of the complement sys-
tem (such as C2, C4 and B factor), cytokines
involved in immune signalling (such as tumour
necrosis factor-a  (TNF-a), lymphotoxin-a
(LTA) and lymphotoxin-f (LTB)), and heat
shock proteins (HSP), which buffer cells from
stress.

Genomic organization
of the bovine MHC

The genome of a Hereford cow has been
sequenced and assembled (‘Bos_taurus_UMD _
3.1’; www.hgsc.bcm.tmc.edu/projects/bovine;
http:/www.ncbi.nlm.nih.gov/projects/
mapview). Although there is some discordance
with other published results, we have placed
the MHC genes in order and predicted the size
of the MHC region in cattle (Fig. 8.2).

The BoLA and structural genes have been
mapped to bovine autosome 23 (BTA23). The
MHC of most mammalian taxa comprises
tightly linked genes with the general structure
relatively conserved, bein