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Domestication of the Bovini species (taurine cattle, zebu, yak, river buffalo and swamp
buffalo) since the early Holocene (ca. 10 000 BCE) has contributed significantly to the
development of human civilization. In this study, we review recent literature on the origin
and phylogeny, domestication and dispersal of the three major Bos species — taurine cattle,
zebu and yak — and their genetic interactions. The global dispersion of taurine and zebu

Summary

cattle was accompanied by population bottlenecks, which resulted in a marked phylogeo-
graphic differentiation of the mitochondrial and Y-chromosomal DNA. The high diversity of
European breeds has been shaped through isolation-by-distance, different production
objectives, breed formation and the expansion of popular breeds. The overlapping and broad
ranges of taurine and zebu cattle led to hybridization with each other and with other bovine
species. For instance, Chinese gayal carries zebu mitochondrial DNA; several Indonesian
zebu descend from zebu bull x banteng cow crossings; Tibetan cattle and yak have
exchanged gene variants; and about 5% of the American bison contain taurine mtDNA.
Analysis at the genomic level indicates that introgression may have played a role in
environmental adaptation.
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advances. De novo WGSs for most of the bovine species

Introduction
and several genome resequencing projects (Table 1) have

The domestication of cattle and other species of the tribe
Bovini played a key role in the development of human
civilization. Largely fed on grass that is undigestible by
humans, they provide meat, milk, leather and other
products in addition to transportation and traction. Because
of their impact on agricultural production, their size and
powerful appearance, cattle have in most cultures a higher
status than other domestic animals, with horse being the
possible exception.

Like other livestock species, scientific investigations of the
bovine species are keeping pace with technological
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revealed numerous unpredicted findings on the evolution
and domestication of bovines (Taylor & Larson 2019). In
this review, we survey the domestic and wild Bovini species
and summarize the advancements based on the molecular
evidence on phylogeny and evolution (Section The bovine
species). For taurine cattle, zebu and yak, which are the
most numerous cattle species, we review recent literature
on the domestication, dispersal and differentiation of breeds
(Section Phylogeny and evolution). Finally, we discuss
hybridization between the interfertile bovine species as
related to adaptation (Section Domestication, dispersal and
differentiation of breeds).

The bovine species

The bovine species form the tribe Bovini, which depending
on the different classifications comprises four to seven
genera and 14-18 species (Hassanin & Douzery 1999;
Robinson & Ropiquet 2011): saola (Pseudoryx nghetinhensis,
discovered only in 1992), African buffalo (Syncerus caffer),
wild water buffalo (Bubalus arnee), the domestic river-type
(Bubalus bubalis bubalis) and swamp-type (Bubalus bubalis
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Table 1 WGSs of Bovini species.

Species Sex Size (Gb) Assembly level N50 (Mb) Reference

A. De novo assembled genomes

Taurine cattle Male, female'? 2.49 Chromosome 6.09 Elsik et al. (2009)
Male, female'? 2.54 Chromosome 6.49 Zimin et al. (2009, 2012)
Female* 2.7 Chromosome 110 Rosen et al. (2020)

Zebu Male (Nelore)® 2.49 Chromosome 106.3 Canavez et al. (2012)
Male (Gir) 2.55 Chromosome 104.3 Assembly ASM29337v1

Taurindicine Male 2.50 Chromosome 99.63 Koren et al. (2018)
Male 2.40 Chromosome 98.00 Koren et al. (2018)

Gayal Female 2.61 2.74 Mei et al. (2017)
Female 2.85 28.7 Wang et al. (2017b)

3.00 Mukherjee et al. (2019)

Yak Female 2.46 Scaffold 1.34 Qiu et al. (2012)
Female 2.13 Chromosome 98.2 Unpublished
Male Chromosome 114.4 Assembly BosGru3.0

Wild yak Female 2.83 Scaffold 16.3 Liu et al. (2020)

American bison Male 2.63 Scaffold 6.86 Dobson (2015)

Wisent Male 2.58 Scaffold 4.70 Wang et al. (2017a)

River buffalo Female 2.65 Chromosome 112.00 Mintoo et al. (2019)
Female 2.58 Chromosome 116.1 Luo et al. (2020)

Swamp buffalo Female 2.57 Chromosome 117.3 Luo et al. (2020)

African buffalo Female 2.64 Scaffold 1.35 Glanzmann et al. (2016)

Species Sex Number of animals Reference

B. Major resequencing projects

Taurine Male 432 Chung et al. (2017)

Taurine, composite Male 379 Stothard et al. (2015)

Taurine, zebu Male 2703° Hayes & Daetwyler (2019)

European taurine 155 Mielczarek et al. (2018)

French taurine 274 Boussaha et al. (2016)

Iberian taurine 48 Da Fonseca et al. (2019)

German Fleckvieh 43 Jansen et al. (2013)

Southern Europe taurine 19 Upadhyay et al. (2019a, 2019b)

African taurindicine 48 Kim et al. (2017)

East Asian taurine, zebu 49 Chen et al. (2018)

Korean Hanwoo 126 Lee et al. (2016)

Chinese taurine, taurindicine 46 Mei et al. (2017)

Ancient taurine 67 Verdugo et al. (2019)

Aurochs Male 1 Park et al. (2015)

Aurochs 6 Verdugo et al. (2019)

Pakistani zebu Male 20 Igbal et al. (2019)

Yak 69 Qiu et al. (2015)

Wild yak 15 Qiu et al. (2015)

Wisent 7 Wecek et al. (2017)

River buffalo 25 Whitacre et al. (2017)

River and swamp buffalo 98 Sun et al. (2020)

River buffalo 132 Luo et al. (2020)

Swamp buffalo 98 Luo et al. (2020)

Taurine, zebu and taurindicine (60), Bali cattle (8), gayal (23), 103 Wau et al. (2018)

American bison (1), wisent (11)

"Hereford Dominette female (major component) plus her father Domino.

2Assembly UMD 3.1 (updated).

3Assembly Btau 5.0 (updated).

4Assembly ARS-UCD 1.2; Hereford Dominette female.
5Assembly Bos_indicus_1.0.

®These may included from sources that are listed in this table.

carabensis) water buffalo, lowland anoa (Bubalus depressi-
cornis), mountain anoa (Bubalus quarlesi), tamaraw (Bubalus
mindorensis), European bison or wisent (Bison bonasus),

American bison (Bison bison), yak (Bos grunniens), wild yak
(Bos mutus), banteng (Bos javanicus), gayal (Bos frontalis),
gaur (Bos gaurus), kouprey (Bos sauveli), taurine cattle (Bos
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taurus) and zebu (Bos indicus; Wilson & Reeder 2005).
Although alternative taxonomic designations exist (e.g.
B. taurus indicus or Bos primigenius taurus), in this article we
follow the nomenclature more frequently used in the
literature, which relies less on cross-fertility and reproduc-
tive isolations, and more on aspects related to genome
divergence and domestication. All Bos and Bison species are
cross-fertile (Table 2) and fertility is maintained in all female
F1 hybrids and in male hybrid F1 offspring from matings of
wild with domestic yak, American with European bison and
taurine with zebu (Lenstra et al. 2012).

Five bovine species have been domesticated, are kept in
large domestic populations and have been subject to strong
human-directed selection. At present, around 0.75 billion
taurine cattle (www.fao.org/faostat/en/) are raised around
the world (Scherf & Pilling 2015). About the same number
of zebus lives in the tropical regions (Utsunomiya et al.
2019). Both taurine cattle and zebu descend from the
extinct aurochs. Approximately 135 million river-type buf-
faloes are kept at low altitudes in the tropical and
subtropical regions (www.fao.org/faostat/en/). Most of
these (94%) live in Asia (Luo et al. 2020). The swamp-
type buffaloes are used in China and south-east Asia
(35 million) as draft animals. A limited number of wild
individuals still exist in India and Thailand (Zhang et al.
2020a, 2020b). Most of the about 14 million yaks are
raised on the high-altitude Qinghai-Tibet Plateau (QTP).
Their wild ancestor, the wild yak, maintains a population of
around 15 000 in the north-western part of the QTP.

In contrast, Bali cattle and gayals have a restricted
distribution range in south-east Asia close to the original
range of their wild ancestor (Fig. 1). Although both are
adapted to the human environment, they have not been
subject to intense selective breeding. A population of more
than 2 million Bali cattle are kept as draft and meat cattle

Table 2 The fertility of hybrid offspring between bovine species.

Parental Female Male

combination offspring  offspring  Reference

Cattle x American  Fertile Infertile  Boyd (1915)
bison

Cattle x European  Fertile Infertile  http://www.zubry.com/
bison zubron

Cattle x gaur Fertile Infertile  Adbullah et al. (2009)

Cattle x gayal Fertile Infertile  He et al. (2015)

Cattle x yak Fertile Infertile ~ Wiener et al. (2006)

Cattle x zebu Fertile Fertile Lenstra et al. (2012)

Yak x American Fertile Infertile  Deakin et al. (1935)
bison

Yak x bison-cattle  Fertile Infertile  Deakin et al. (1935)
hybrid

Zebu x banteng Fertile Infertile  Vadhanakul et al. (2004)

Zebu x gaur Fertile Infertile  Vadhanakul et al. (2004)

Zebu x gayal Fertile Infertile  Winter et al. (1986)

Zebu x yak Fertile Infertile  Wiener et al. (2006)

Bovini Evolution and domestication

on Bali, other islands in eastern Indonesia and elsewhere in
isolated herds (Wilson & Reeder 2005). They were intro-
duced for farming on the Cobourg peninsula in northern
Australia and after being abandoned established a large
feral population (Bradshaw et al. 2007). Bali cattle still
strongly resemble the endangered wild banteng, have a
high fertility and thrive on low-quality fodder. Wild banteng
may be still present in Java, possibly on Bali, and in
Kalimantan (Indonesian Borneo), Sabah (part of Malaysian
Borneo), Myanmar, Thailand, Cambodia and, probably,
Laos and Vietnam (Gardner et al. 2016). The semi-feral
gayals (about 300 000) are not kept in a farm environment
and are used for ritual slaughtering. Like their wild
ancestor, the gaur and gayal are both large animals but
they have clearly different horns.

The other bovine species only live in the wild: American
bison and European bison being kept in reservations in
North America and Europe respectively; African or Cape
buffalo in tropical Africa; and the three Bubaline lowland
anoa, mountain anoa and tamaraw, the kouprey (now
probably extinct) and the saola in south Asia (Fig. 1).

Phylogeny and evolution

Sequences of ribosomal and mitochondrial DNAs and
differences in karyotypes indicate three subtribes within
the tribe Bovini (Tanaka et al. 1996; Hassanin & Douzery
1999). The Pseudorygina subtribe contains only the genus
Pseudoryx with the only species saola; the Bubalina com-
prise the genera Syncerus and Bubalus containing the
African and Asian buffaloes respectively; whereas the
Bovina subtribe consists of the genera Bison and Bos
(Fig. 2). The Bovina and Bubalina diverged 10-15 million
years ago (Mya; MacEachern et al. 2009; Hassanin et al.
2013; Hassanin 2014). Molecular analyses suggested a
close relationship of saola and the Bovina (Hassanin &
Douzery 1999; Gatesy & Arctander 2000; Hassanin &
Ropiquet 2004), but cytogenetic analyses linked saolo to
the Bubalina (Nguyen et al. 2008; Robinson & Ropiquet
2011).

The number of the Bubalina species varies according to
the author (Wilson & Reeder 2005; Groves & Grubb 2011;
Rasmus et al. 2013). For the Asian buffaloes, we tentatively
acknowledge six species: river buffalo, swamp buffalo, wild
buffalo and three other wild species (see above, Fig. 1;
Wilson & Reeder 2005). The river buffalo (2n=50) and
swamp buffalo (2n = 48) have different karyotypes (Fischer
& Ulbrich 1967), but are interfertile and have formed hybrid
populations in south China and Bangladesh (Luo et al.
2020; Zhang et al. 2016). MtDNA and Y-chromosomal
sequences indicate that the swamp and river buffalo are at
least as divergent as taurine and zebu cattle (Yindee et al.
2010) and have been domesticated separately (Sun et al.
2020). Selection targeting the dairy production of the river
buffalo and the draught power of the swamp buffalo is likely
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a - b w c

Bos taurus Bos indicus Bos javanicus

Bos frontalis Bos gaurus

Bubalus Bubalus Bubalus

depressicornis

Figure 1 Bovine species are widespread throughout the world. The map shows the locations of 16 bovine species. The areas with alternating stripes
indicate the overlapping ranges of two or three species. In this map, we combined wild Asian buffalo with domesticated buffalo and wild yak with
domesticated yak. (a) Cattle are found everywhere except on in deserts and in the polar regions. Most cattle are raised at mid and low altitudes
(<1500 m) but the Peru Criollo lives at an altitude of more than 3000 m. (b) Zebu cattle are kept in tropical regions in India, Indochina, Indonesia,
south China (Yunnan, Guangxi, Hainan), east Africa, Brazil, USA and Australia (www.fao.org/faostat/en/, Felius et al. 2014). (c) Wild banteng live
on Java, probably in Laos and Vietnam and possibly in Bali, Kalimantan, Sabah, Myanmar, Thailand and Cambodia (Gardner et al. 2016). (d) Gayal is
a domestic relative of gaur living in east India and in Yunnan. (e) Gaur still occur in scattered areas in Bhutan, Cambodia, China, India, Laos,
peninsular Malaysia, Myanmar, Nepal, Thailand and Vietnam (Duckworth et al. 2016). (f) Yaks live on the Qinghai-Tibet Plateau, including Gansu,
Sichuan, Xinjiang, Tibet and Qinghai, in Outer Mongolia and in Ladak (north India and in Nepal (Buzzard & Berger 2016). (g) European bison now
live in free-ranging and semi-free herds in Poland, Lithuania, Belarus, Russian Federation, Ukraine, Slovakia and several reservations in western
Europe (Olech 2008). (h) The original North American range for Bison bison is situated between northern Mexico, Alaska and central Alberta in
Canada (Aune et al. 2017). (i) African buffaloes are distributed throughout sub-Saharan Africa (Group 2008). (j) Domestic river-type buffaloes are
found in India, Sri Lanka, Pakistan, south Iraq, several Balkan countries, Italy, Egypt and Brazil (Mason & Cockrill 1974; Luo et al. 2020). (k) The range
of domestic swamp-type water buffaloes includes the Yangtze river basin in China, south China, Indochina, Nepal, Indonesia, the Philippines and
Brazil, whereas small wild populations of the wild water buffaloes are found in India, Sri Lanka, Bhutan, Nepal, Myanmar and Thailand (Hedges et al.
; Felius et al. 2014; Luo et al. 2020; Kaul et al. 2019). (I, m) The lowland and mountain anoa are found only in Indonesia on Sulawesi and Buton
islands (Burton et al. 2016a,b. (n) The historical distribution of kouprey was Cambodia, southern Laos, south-east Thailand, and western Vietnam
(Timmins et al. 2016a). (0) The Tamaraw is endemic to Mindoro Island in Philippine, where it is limited to the mountainous interior of the Island
(Boyles et al. 2016). (p) Saola occur only in the Annamite Mountains region of Laos and Vietnam (Timmins et al. 2016b).

to have led to divergent domestication traits (Luo et al.
2020). There are only few data on the similarities between
domestic and wild buffaloes (Zhang et al. 2020a; Luo et al.
2020) and there may have been domestic introgression into
the wild populations and vice versa.

Doubts on the separate species status of the gayal
(Payne 1970) were dispelled after analysis of the mtDNA
and Y-chromosomal DNA (Verkaar et al. 2004) and WGSs
(Wu et al. 2018). Gayal is often considered as the domestic
form of gaur. These two species indeed have similar
mtDNA (Verkaar et al. 2004) and Y-chromosomal
sequences (Nijman et al. 2008). However, gaur (2n= 56)
and gayal (2n=58) have different karyotypes and also
different horn shapes. Wu et al. (2018) observed a large
difference between their WGSs and proposed that gayal
descended from a different (sub)species. On the other hand,
the divergence of the gaur and gayal may have been

increased by the recent zebu introgression into the gayal
from the Yunnan population, which is known to harbour
zebu mtDNA (Gou et al. 2010). In addition, gaur and
gayal share the t2/28 Robertsonian translocation (Chi
et al. 2005; Qu et al. 2012), whereas the t1/29 translo-
cation (Mamat-Hamidi et al. 2012) in gaur was not found
in Indian gaur and in at least part of the Thai gaurs
(Chaveerach et al. 1988; Gallagher & Womack 1992) and
is thus polymorphic. So gayal and gaur are closely related,
if clearly diverged, species and hybrid offspring must be
rare.

Kouprey was discovered as a separate species only in
1937. Wild populations were recorded in Cambodia,
southern Laos, south-east Thailand, and western Vietnam
(Wilson & Reeder 2005). However, it has not been sighted
since 1970 (Timmins et al. 2016a). Again, molecular
analysis removed doubts on the species status (Galbreath
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Bubalina

ox (Bos taurus , Bos primigenius)

zebu (Bos indicus)

European bison (Bison bonasus)
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American bison (Bison bison, Bison priscus , Bison latifrons)
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yak (Bos grunniens , Bos mutus)
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gayal (Bos frontalis)

gaur(Bos gaurus)

kouprey (Bos sauveli)

Figure 2 Phylogeny of the tribe Bovini. The suggested three subtribes (Wilson & Reeder 2005), taxonomical treatments and maximum-likelihood
phylogenetic relationships of the Bovine species based on the mitochondrial genomes (Robinson & Ropiquet 2011; left) and the nuclear genomes
(unpublished and Wang et al. 2018) (right). For mtDNA trees that differentiate swamp and river water buffalo, see Bibi (2013) and 2012 Hassanin

et al. (2012).

2006; Hassanin & Ropiquet 2007a; Hassanin & Ropiquet
2007b). Ancient mtDNA analysis revealed its similarity to
the continental banteng (Banteng javanicus birmanensis;
Hassanin & Ropiquet 2007a; Hassanin & Ropiquet
2007b). Because this mtDNA deviates from the mtDNA of
the Indonesian banteng (Banteng javanicus javanicus) or its
domestic derivative Bali cattle, it was proposed that kouprey
mtDNA has been introgressed into the continental banteng
(Hassanin et al. 2006).

Continental (2n = 56) and Indonesian (2n = 60) banteng
are considered as the same species, although they have
different karyotypes as a consequence of the same t1/29
and t2/28 Robertsonian translocations (Robinson & Ropi-
quet 2011), which are also observed in gaur (see above). In
addition, Indonesian bulls do not have the same fawn color
as the females, but are dark brown.

Although wild yaks were suggested to comprise a
separate species, morphological and genetic evidence sug-
gest a close interaction of wild and domestic populations
(Guo et al. 2006). Only 209 genes of domestic yak were
found to be influenced by selection, whereas most genomic
regions do not show wild-domestic differentiation (Qiu et al.
2015). In addition, gene flow between domestic and wild
yaks is more frequent than between the domestic yak and
two domestic breeds with morphological features deviating
from both wild and domestic yak. Plausibly, domestic yaks
emerged by multiple domestications of the wild yak (Guo

et al. 2006), as has been proposed for taurine cattle
(Verdugo et al. 2019).

Because of their morphological distinctiveness, American
bison (B. bison) and European wisent (B. bonasus) have been
placed in a separate monophyletic genus within the Bovina
(Simpson 1945; Wilson & Reeder 2005). In phylogenetic
analyses of genome sequences (Fig. 2), these two Bison
species are linked to yak (Wang et al. 2018; Wu et al. 2018).
However, mitochondrial genomes link the European wisent
to the root of the taurine-indicine branch clearly separate
from American bison, the extinct steppe bison (Bison
priscus), yak and the other four Bos species (Hassanin &
Ropiquet 2004; Wang et al. 2018). This has been explained
by either a hybrid origin of the wisent (Verkaar et al. 2004;
Soubrier et al. 2016) or by incomplete lineage sorting
(Lenstra et al. 2016; Massilani et al. 2016). The latter
explanation is the most compatible with an appreciable
heterogeneity of the nuclear gene tree topologies of the
bovine species (Wang et al. 2018). Ancient DNA analysis
revealed that the wisent mtDNA is closely related to the
mtDNA of a taxon denoted as ‘Bb1’ (Massilani et al. 2016)
or ‘X-clade’ (Soubrier et al. 2016). Subsequently, this taxon
was identified as the extinct woodland bison (Bison
schoetensacki), which emerged about 1 Mya and is thus a
sister species of the wisent (Palacio et al. 2017).

Where and when did the tribe Bovini originate? Bovini
fossils dated at 8.9 Mya in the late Miocene have been found
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in southern Asia in the lowlands south of the Himalayas,
where the Bovini emerged as a lineage of the Boselaphini
(Bibi 2007). This tribe within the subfamily Bovinae
comprises two extant species, the Indian nilgai and the
four-horned antelope in India and Nepal respectively, both
near the origin region of the Bovini. Still in the late Miocene,
the Bovini grew in size and acquired their typical robust
dentition as a response to an increase in seasonal aridity
(Bibi 2007). From the subtribe Pseudorygina only the saola
survived. Within the subtribe Bubalina, the ancestor of
African buffalos migrated through Europe to Africa (Has-
sanin 2014). Predecessors of the African buffalo are the
Pelorovis antiquus or giant buffalo, which lived from 2.5 Mya
to 4000 years ago (Martinez-Navarro et al. 2007), and the
late Pleistocene Ugandax (Museum et al. 1978). The Asian
late Pleistocene Proamphibos (Abbas et al. 2018) is probably
ancestral to Asian buffalos, which subsequently evolved
into the current water buffalo (Gautier et al. 2016; Zhang
et al. 2020a, 2020b). The common ancestor of the subtribe
Bovina may have been related to the fossil genus Seleno-
portax living in Siwaliks around 9 Mya (Bibi 2007). A more
recent fossil Bovini species was Leptobos (Cherin et al. 2019),
which lived around 2 Mya .

The subtribe Bovina comprises three subclades contain-
ing respectively: (i) yak, American bison and wisent; (ii)
gaur, gayal and banteng; and (iii) taurine and zebu (Fig. 2).
Divergence of these subclades is supposed to have taken
place between 3 and 5 Mya, but estimates on the basis of
recent genomic data range from 0.5 to 1.7 Mya (Gautier
et al. 2016; Wang et al. 2018; Wu et al. 2018). The yak
diverged from the bison—wisent lineage around 1.8—
2.5 Mya and became adapted to the high altitude of the
QTP (Flerow 1980). Most bison-like fossils from the
Pliocene—Pleistocene dated at 1.7-2 Mya were found in
Europe (Martinez-Navarro et al. 2007). Therefore, bison and
wisent probably diverged within the early Pleistocene in
Europe or northern Asia. Bison arrived in North America
via the Bering Strait during the late Pleistocene: 135 000—
195 000 years ago and again 45 000-21 000 years ago as
testified by numerous fossils near the Strait and adjacent
regions (Froese et al. 2017).

The Bos subclade most likely split into the taurine-zebu
and kouprey-banteng—gayal-gaur lineages during the late
Pliocene (Bibi 2007). After the divergence of taurine and
zebu cattle within the Pleistocene, the wild cattle or aurochs
(B. primigenius) from the taurine lineage became widespread
in Europe between the Middle Pleistocene to Holocene.

Domestication, dispersal and differentiation
of breeds
General aspects of domestication

For a better understanding the domestication of the Bovini
species, it is relevant to summarize a few new and general

insights into the domestication process. Domestication of
both animals and plants has been highly important during
the history of our civilization and has been beneficial in
several ways. First, domesticated animals provide a stable
source of food and other animal products such as hides and
wool. Second, before the mechanization of agriculture, large
livestock such as cattle and horses supplied the labor force
for transport, plowing and riding. In addition, dogs guard
human settlements as well as livestock and assist during
hunting; cats protect grain stores from rodents; domestic
pets provide company; and several species, but especially
the bovines, are used in a variety of games and rituals.

Domestication implies breeding in captivity for several
generations and adaptation to human management (Larson
& Burger 2013; Loftus et al. 2014). It provides to the animal
shelter, food and protection against predators (Mignon-
Grasteau et al. 2005). Domestication has been successful for
those mammalian and avian species that were able: (i) to
attenuate aggression and fear while retaining strong social
instincts; (ii) to breed in captivity; and (iii) to grow fast
growth on food not suitable for human consumption, e.g.
grass, acorns, rodents and wastes (Diamond 2002). It has
been proposed that domestication via a slight reduction in
neural crest cells affects animal behavior and alters mor-
phological and physiological traits associated with domes-
tication, such as a smaller brain and a marked docility
(Wilkins et al. 2014).

Three plausible modes of domestication have been
proposed (Larson & Burger 2013): (i) the commensal
approach for species that were attracted to human settle-
ments and were captured and bred; (ii) the prey route for
most domestic artiodactyls, which initially were used as
source of food; and (iii) a directed pathway for species able
to accomplish specific tasks, such as horses for riding.

All bovines most likely were domesticated via the prey
pathway. The volume of scientific literature on the different
bovine species in fact mirrors their respective population
sizes. In the following sections, we focus on the domestica-
tion and subsequent dispersal of the three Bos species that
have established the largest populations, taurine cattle, zebu
and yak. For the domestication of two other highly
successful bovines, the river and the swamp buffalo, we
refer to Zhang et al. (2020a), Sun et al. (2020) and Luo et al.
(2020). A more detailed account of the domestication of
zebu has been presented by Utsunomiya et al. (2019).

Taurine and zebu cattle

The wild auroch ancestors of the taurine cattle became
extinct in 1627, well after domestication. The Indian
aurochs ancestral to zebu disappeared from Uttar Pradesh
of India around 1800 years ago (Chen et al. 2009).
Paleontological studies have indicated that domestic forms
of the aurochs were kept in the Middle Euphrates Valley
10 800-10 300 years ago (Helmer et al. 2005; Conolly
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et al. 2011; Bollongino et al. 2012; Koren et al. 2018), in the
High Tigris Valley around 10 200 years ago (Bollongino
et al. 2005) and in western Anatolia and south-eastern
Europe around 8800 years ago. A taurine cattle fossil found
in eastern Sahara near the Nubian Nile originated from
6500-5500 years BC (Chenal-Vélardé 1998). Archaeolog-
ical evidence for zebu domestication was found in India in
the middle or late Holocene (Naik 1978).

Remarkably, a bovine mandible fossil (belonging to the
taurine species lineage) with obvious signs of artificial
breeding from north-east China was dated to between
10 756 and 10 565 years ago (Zhang et al. 2013), but
there is no other evidence for the establishment of a
domestic population. Furthermore, molecular markers link
the present cattle in this region to the domesticates from the
Fertile Crescent. Therefore, if domestication took place in
north-east China, it did not persist.

Molecular evidence for domestication and the subsequent
dispersal over the Old World has been derived from the
uniparental mitochondrial (Lenstra et al. 2012) and Y-
chromosomal markers (Edwards et al. 2011) and from
autosomal variation (Decker et al. 2014; Verdugo et al.
2019). In general, mtDNA sequence variations may link
domestic animals to their wild ancestors. In addition, they
often differentiate livestock animals from different conti-
nents or subcontinents as the result of major migrations.
MtDNA divides most of the current cattle into six major
haplogroups: taurine T1, T2, T3 and T4 and indicine I1 and
12 (Troy et al. 2001; Magee et al. 2007; Chen et al. 2009;
Bollongino et al. 2012; Lenstra et al. 2012). All T
haplogroups diverged 11 000-16 000 years ago (Achilli
et al. 2009; Di Lorenzo et al. 2016). Analysis of ancient DNA
indicated that T1, T2 and T3 originated from the first
domestic cattle in south-west Asia and led to an estimate of
80 female founders (Bollongino et al. 2008). T1 is predom-
inant in Africa (Troy et al. 2001; Bonfiglio et al. 2012). Its
occurrence in Spain and southern Italy probably indicates
admixture of African cattle (Decker et al. 2014; Da Fonseca
et al. 2019). An African sub-haplogroup Tlcl is well
represented in Brazil and Paraguay, providing evidence for
direct migration from Africa to South America (Ginja et al.
2019). The T3 haplogroup occupies around half of the
populations in south-west Asia (Lenstra et al. 2012; Di
Lorenzo et al. 2016). Most cattle from the Neolithic age in
Europe carry T3 haplogroup (Lari et al. 2011; Lenstra et al.
2012). An Italian aurochs sequence has also been reported
(Lari et al. 2011), but this T3 sequence is remarkably close
to modern sequences. Therefore, contamination via the
presence of bovine serum albumin in the reagents may not
have been rigorously excluded (Champlot et al. 2010). The
T4 haplogroup derived from T3 has only been found in
China, Korea (Achilli et al. 2009) and Japan (Mannen et al.
2004) and in Yakutian cattle from Siberia (Kantanen et al.
2009). A bovine fossil dating back to 4500 years ago in
eastern China was found to carry T4 (Cai et al. 2014).

Bovini Evolution and domestication

The zebu haplogroups I1 and 12 most likely originated in
India (Chen et al. 2009). Haplogroup I1 became predom-
inant in zebus from China and Indochina (Magee et al.
2007; Jia et al. 2010; Gao et al. 2017). Several Chinese
cattle carry Y1A, a derivative of Y1 (Chen et al. 2018; Xia
et al. 2019).

In addition to the major T haplogroups, eight rare
haplogroups have been found in current or ancient cattle:
T5, T6 (for two different haplogroups), E, P, Q, R and C
(Achilli et al. 2009). In the phylogenetic tree of hap-
logroups, T5 resulted from an early split-off in the T
haplogroups and has been found in Italian Valdostana
cattle (Bonfiglio et al. 2010). T6 first designated a hap-
logroup in Balkan cattle (Hristov et al. 2017), but its
phylogenetic position separate from the other T hap-
logroups has not been supported by a complete mitogenome
sequence, and its occurrence in Balkan ancient cattle and
aurochs has not been confirmed (Scheu et al. 2015). T6 has
also been used to designate a haplogroup in Chinese
Yunling cattle, which appeared to split independently from
the root of T1, T2 and T3 (Xia et al. 2019).

In a haplotype trees, the haplogroups diverge in the order
I (zebu) - R - E - P before the most recent split of Q and T
(Achilli et al. 2009). Haplogroup E has so far only been
observed in one German Neolithic sample. The P hap-
logroup has been found in most aurochs samples. It has
been reported for a few taurine mtDNA entries in the
nucleotide sequence database (Achilli et al. 2008; Achilli
et al. 2009), for a taurine fossil in Switzerland (Schlumbaum
et al. 2006) and, remarkably, in the Korean Hanwoo (Noda
et al. 2018). This suggests that auroch introgression into
domestic cattle did occur, but rarely. WGSs of ancient
auroch DNA have indeed indicated low level of auroch
introgression (Park et al. 2015; Upadhyay et al. 2017,
Verdugo et al. 2019).

Haplogroup Q, similar to haplogroup T, has been found in
both ancient and modern taurine cattle from different
locations in Europe and North Africa (Bonfiglio et al. 2010;
Olivieri et al. 2015; Scheu et al. 2015; Niemi et al. 2015),
suggesting that it was also present in the earliest domes-
ticates (Edwards et al. 2007b). Haplogroup R has only been
found in a few Italian cattle (Bonfiglio et al. 2010). The
deviating haplogroup C was present in Late Pleistocene
cattle with the domestication signal in north-east China
mentioned above (Zhang et al. 2013).

In contrast to the maternally inherited mtDNA, Y-
chromosomal DNA is informative for the paternal origin
and male introgression. Y-chromosomal SNP loci identified
two taurine chromosome haplogroups, Y1 and Y2, and one
zebu haplogroup, Y3 (Svensson & Gotherstrom 2008).
Haplogroup Y1 is mainly found in northern European and
northern Spanish cattle (Edwards et al. 2011) and Y2 is
predominant in cattle from central and southern Europe,
western Asia and Africa (Edwards et al. 2011; Lancioni et al.
2016). The initial finding of Y1 in ancient auroch DNA
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(Gotherstrom et al. 2005) appeared not to be reproducible
and all wild aurochs in Europe and Africa analyzed so far
carry haplogroup Y2 (Bollongino et al. 2008; Pérez-Pardal
et al. 2010).

On the basis of WGSs, Chen et al. (2018) differentiated
Y2a was present in European and north- and central-
Chinese bulls and Y2b was mainly found in Chinese bulls.
However, Alvarez et al. (2017) used Y2a to indicate an
African haplogroup identified on the basis of Y-chromoso-
mal microsatellites. There is a similar conflicting nomen-
clature for a subdivision of Y3. On the basis of WGS results,
Y3a has been defined as the major Chinese Y3 haplotype
and Y3b as the haplotype of Indian zebu bulls (Chen et al.
2009). On the basis of microsatellites, an African—south
Asian Y3,, an African Y3 and a south Asian Y3 were
futher suggested (Pérez-Pardal et al. 2018).

The large difference between taurine and zebu mitogen-
omes and their Y-chromosome haplogroups is also reflected
by their autosomal DNAs (Porto-Neto et al. 2014; Decker
et al. 2014; Upadhyay et al. 2017; Chen et al. 2018;
Utsunomiya et al. 2019). On the basis of molecular
evidence, additional domestication sites have been proposed
in Africa for taurine cattle and in south-east China for
zebus. Cattle from both regions have distinctly different
autosomal DNA (Decker et al. 2014; Flori et al. 2014; Gao
et al. 2017; Chen et al. 2018; Zhang et al. 2018a, 2018b;
Pitt et al. 2019b). However, Pitt et al. (2019a) conclude on
the basis of 50K SNP profiles and approximate Bayesian
calculations that there was no separate domestication in
Africa and that gene flow from African aurochs explains the
additional genetic variation of African taurine cattle. With
the currently available evidence, the separate position of
south-east Chinese cattle with an estimated divergence
since 36.6-49.6 kya (Chen et al. 2018) may be the result of
either a separate domestication or a complete turnover of
immigrated domestic cattle by introgressive capture of local
aurochs. The latter scenario would be similar to the history
of European domestic pigs (Frantz et al. 2019).

Domestication has been followed by a number of major
migrations of cattle, which have reached all inhabited
continents (Felius et al. 2014). This created a huge diversity
of breeds and adaptations to various, often extreme envi-
ronments. The most consequential migrations were the
following:

1 The Neolithic colonization of Europe from 6000 to
4000 BC introduced cattle as well as other livestock
and crop species. WGS studies of ancient taurine and
auroch DNA samples between the fertile crescent and
the Balkan regions showed influence of local aurochs
on the domestic samples (Verdugo et al. 2019). This is
in line with a detectable affinity of a British auroch
sample with modern British and Irish breeds (Park et al.
2015). Although there is only scarce documentation
on the diversity of European cattle until the eighteenth
century, it is plausible that local developments led to a

number of distinct types that existed as early as the
Middle Ages: the primitive Balkan Busha cattle, the
Podolian steppe cattle, the Alpine spotted cattle (Fleck-
vieh) such as the Simmental, the Alpine brown cattle,
the German Red dairy cattle and since the eighteenth
century the Dutch black- and red-pied dairy cattle.
Cattle from Spain, south France, Great Britain and the
Nordic countries are phenotypically diverse, but breeds
originating from the same country or region are
relatively closely related (Felius et al. 2011). Since the
eighteenth century the differences between local types
of cattle have increased by the formation of breeds with
explicit breeding objectives (Felius et al. 2014, 2015).
Relationships between these breeds can be studied at
the genomic level using SNP bead arrays (Decker et al.
2014) or whole-genome sequencing (Chung et al.
2017; Hayes & Daetwyler 2019). Analysis of genetic
diversity typically uses three complementary analysis
tools: coordination analysis, genetic distances and
model-based clustering. The several studies published
so far target either worldwide panels of breeds (Decker
et al. 2014; Orozco-terWengel et al. 2015; Chung et al.
2017) or breeds from the same region or country:
central Europe (Kukuckova et al. 2018), northern
Europe (Stronen et al. 2019), north-west Europe
(Kelleher et al. 2017), north-west and southern Europe
(Upadhyay et al. 2017), southern Europe (Upadhyay
et al. 2019a, 2019b), the Mediterranean area (Flori
et al. 2019), the Balkans (Simcic et al. 2015; Ramljak
et al. 2018), Belgium and the Netherlands (Frangois
et al. 2017), France (Gautier et al. 2010), Ireland
(Browett et al. 2018), Italy (Mastrangelo et al. 2018;
Barbato et al. 2020), the Netherlands (Van Breukelen
et al. 2019), Russia (Yurchenko et al. 2017; Sermyagin
et al. 2018), Sardinia (Cesarani et al. 2018), Sicily
(Mastrangelo et al. 2014), northern Spain (Cafas-A
Ivarez et al. 2015), Spain and Portugal (Da Fonseca
et al. 2019), Sweden (Upadhyay et al. 2019a, 2019b)
and Switzerland (Signer-Hasler et al. 2017). The
European diversity pattern reflects the geographic
origin of the breeds, but also a number of breed
expansions (Felius et al. 2014). During the first half of
the nineteenth century, the English Shorthorn was a
popular breeding sire in Belgium and northern France.
The French beef breed Rouge de Prés (or Maine-Anjou)
is closely related to the Shorthorn, which also has
influenced the dairy breeds Belgian Blue and Normande
and the beef breed Charolais. Later in the same century,
black-pied, red-pied and red dairy breeds spread over
northern Europe. The export of Dutch black-pied cattle
to the USA eventually led to the development of the
Holstein, now the most productive breed of dairy cattle.
Another dairy breed, the hardy Scottish Ayrshire, had a
major influence on several Norwegian, Swedish and
Finnish breeds (Li & Kantanen 2010), whereas modern
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dairy breeds have been crossed into Danish Red (Zhang
et al. 2018a, 2018b). The dispersal of these dairy breeds
largely accounts for the north-west European range of
the Y-chromosomal haplogroup Y1. In central Europe,
the dual-purpose Swiss Simmental and related Fleckvieh
breeds as well as the Swiss Alpine brown cattle
influenced several breeds, the brown cattle mainly in
mountainous areas. A consistent finding based on
genome-wide SNP studies (Gautier et al. 2010; Decker
et al. 2014; Ramljak et al. 2018) suggests a major
cluster of central European breeds that consists of
distinct subclusters of Alpine spotted (Simmental-like),
Alpine brown and southern-French beef breeds respec-
tively. This cluster is separate from both the northern
(British, northern-continental, Scandinavian) and
Mediterranean (Iberian, Podolian) breeds. A few breeds
(Jersey, Guernsey, Charolais, Piedmontese, Mal-
lorquina) appear to have been developed separately
from other cattle breeds, which might be the combined
effect of a mixed origin and genetic isolation. Simmen-
tal are now more and more influenced by Holstein—
Friesian cattle (Frkonja et al. 2012). Admixture anal-
ysis shows the influence of zebu breeds on Mediter-
ranean cattle (Decker et al. 2014; Barbato et al. 2020).
The Italian Podolian breeds emerged from documented
massive imports from the fifteenth to eighteenth
centuries of east-European steppe cattle (oxen as well
as fertile animals) via the Adriatic ports of Zadar and
Venice (Felius et al. 2014). Several studies were focused
on two potential sources of phenotypic variation: the
ROHs (Purfield et al. 2012; Ferencakovi¢ et al. 2013a,
2013b; Kim et al. 2013; Sidlovd et al. 2015: Zhang et al.
2015) and the CNVs (Bickhart et al. 2016; Boussaha
et al. 2016; Letaief et al. 2017; Upadhyay et al. 2017;
Mielczarek et al. 2018). Different algorithms have been
used to localize in the genome those regions that have
been targeted by selection, as indicated by a relatively
low diversity and/or more pronounced differences in
allele frequencies between breeds (Utsunomiya et al.
2015). Selection signatures have been reported for
several European breeds (Utsunomiya et al. 2013;
Mancini et al. 2014; Zhao et al. 2015; Boitard et al.
2016; Cesarani et al. 2018; Eusebi et al. 2018;
Yurchenko et al. 2018). For the POLLED (hornless)
trait, four genetic variants have been identified in an
intergenic region of BTA1 (Aldersey et al. 2020).
Another widespread and consequential gene variant is
the PLAG1 Q allele, which led to the recovery of stature
of cattle in the sixteenth to eighteenth centuries
(Utsunomiya et al. 2017).

Taurine cattle immigrated into Africa after 4800 BC
(Hanotte et al. 2002; Stock & Gifford-Gonzalez 2013),
where they have probably been influenced by local
aurochs (see above). Although many taurine cattle
have been influenced by zebu, several taurine breeds
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still persist (Gautier et al. 2009; Flori et al. 2012, 2014;
Jemaa et al. 2015; Boushaba et al. 2019). The
trypanotolerant taurine cattle near the West African
coast have remained relatively free from zebu intro-
gression because of the local occurrence of tse-tse flies
causing trypanosomiosis (Bradley et al. 1996). Gautier
et al. (2009) report selection signatures in west African
cattle. Flori et al. (2012) linked the slick hair coat locus
to thermotolerance.

An eastward migration of taurine cattle reached east
Asia between 3000 and 2000 BC (Flad et al. 2009; Cai
et al. 2014; Choi et al. 2014; Lee et al. 2014, 2016;
Sharma et al. 2016; Gao et al. 2017; Mei et al. 2017;
Chen et al. 2018; Zhang et al. 2018a, 2018b),
including Siberia, with its extremes of temperature
(Iso-Touru et al. 2016).

After 3200 BC climate change caused a westward
migration of zebu from the Indus Valley to the Fertile
Crescent and resulted in a turnover of the cattle in the
Fertile Crescent. This was partially male-mediated as
revealed by the taurine/indicine ratios for mtDNA, Y-
chromosomes and autosomes (Edwards et al. 2007a;
Karimi et al. 2016; Verdugo et al. 2019). In India and
Pakistan, several specialized zebu breeds have emerged
(Liao et al. 2013; Gajjar et al. 2018; Igbal et al. 2019;
Dixit et al. 2020). Crossbreeding with taurine dairy
breeds enhances dairy production (Wakchaure et al.
2015).

The import of zebu bulls into Africa started as early as
4000 years ago and after AD 700 was stimulated by
the Islamic conquest (Hanotte et al. 2002; Murray et al.
2013; Mbole-Kariuki et al. 2014; Taye et al. 2018;
Utsunomiya et al. 2019). Crossbreeding with local
taurine populations generated so-called ‘taurindicine’
hybrids with a variable taurine/zebu genomic compo-
sition (McTavish & Hills 2014), which were better
adapted to the tropical conditions than the original
taurine cattle. Sanga cattle (Makina et al. 2014, 2016)
remained mostly of taurine origin and around 1500
AD were the dominant cattle in east and south Africa.
However, at the end of the nineteenth century Sanga
was, together with several taurine breeds, largely
replaced by indicine cattle, which suffered less than
taurine cattle from the rinderpest epidemic (Felius et al.
2014). All African zebu cattle have retained the taurine
mtDNA from their ancestor along the maternal lineage.
Admixture of modern dairy breeds into African zebu
breeds has been reported by Kim & Rothschild (2014).
Selection signatures have been identified by Bahbahani
et al. (2015), Kim et al. (2017) and Taye et al. (2018).
After 1000 BC zebu migrated to Indochina and China
(Naik 1978). Contacts with earlier imports of taurine
cattle in China resulted in a taurus—indicine cline from
north to south. The intermediate taurindicine breeds
exhibit different combinations of taurine and zebu
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mtDNA and Y-chromosomes (Gao et al. 2017; Mei et al.
2017; Chen et al. 2018; Lwin et al. 2018; Zhang et al.
2018a, 2018b; Li et al. 2019; Utsunomiya et al. 2019;
Xu et al. 2019). Yang et al. (2017) and Xu et al. (2019)
studied CNVs and selection signatures in Chinese zebu
as well taurine cattle. CNVs in Chinese cattle have been
proposed to be involved in high-altitude adaptation
(Zhang et al. 2020a, 2020b).

Import of zebu to Indonesia probably started 1500
years ago. Several Indonesian zebu breeds have
retained traces or even mtDNA of banteng origin
(Mohamad et al. 2009; Decker et al. 2014; Wangkum-
hang et al. 2015; Hartati et al. 2015).

Cattle were imported into North and South America
from Europea and Africa from 1492 (Gautier & Naves
2011; McTavish et al. 2013; Felius et al. 2014; Pitt
et al. 2019a). A large variety of well-adapted Criollo
breeds (Ginja et al. 2019) are mainly of Iberian and
African origin. In contrast, most cattle imported into
the USA and Canada and later to Australia and New
Zealand originated from north-west Europe (Felius et al.
2014; Stothard et al. 2015). The Chirikof island cattle
in Alaska combined Siberian Yakut with north-west
European ancestry (Decker et al. 2016). The Mexican
Lidia (fighting cattle) with a high level of inbreeding
(total ROH coverage 68%) is a genetically distinct
population largely separate from the Spanish Lidia
(which has an even higher genomic ROH coverage of
74%) and from the Criollo breeds (Eusebi et al. 2017).
The import of large numbers of Indian zebus to Brazil
included mostly bulls but also cows (Ajmone-Marsan
et al. 2010; Perez-O'Brien et al. 2015; Campos et al.
2017; Utsunomiya et al. 2019). From Brazil zebus were
exported to other American countries, including the
USA (Villalobos-Cortés et al. 2015). As with the African
taurine cattle, several Criollo breeds are partially of
indicine origin (Ginja et al. 2019). In the USA, the
import of zebu led to the development of the popular
transboundary Brahman zebu breed, which has taurine
mtDNA as well as an autosomal taurine ancestry of 9%
(Koufariotis et al. 2018). Zavarez et al. (2015) and
Peripolli et al. (2018) reported an average genomic
coverage of ROHs (>1 Mb) in Nellore (5%) and Gyr
(7%) respectively. These values are clearly lower than
those found for taurine breeds (for instance, 16% for
Criollo cattle, Eusebi et al. 2017).

In the nineteenth and twentieth centuries, the produc-
tive ‘cosmopolitan’ breeds, most of which originated
from Europe, started to spread worldwide (Felius et al.
2015). Nowadays, the most important and highly
productive transboundary breeds include the dairy
black-pied Holstein—Friesian and Jersey, the beef breeds
Angus, Hereford, Charolais and Limousin and the
Brahman zebu. In America and Australia, this has led
to the formation of several synthetic breeds by

combining taurine and/or indicine cattle from different
origins (Felius et al. 2014). Artificial selection has been
most intense for Holstein cattle (Kim et al. 2013; Ma
et al. 2019) and is now being accelerated by genomic
selection.

Yak

The domestication of yaks is considered to have been
essential for the human habitation of the QTP. The
existence of domestic yaks 4500 years ago has been
documented (Wiener et al. 2006; Meyer et al. 2009), but
so far there is no fossil evidence for an earlier domestication.

Sequence variations in the mtDNA D-loop region from
domestic yaks identified two lineages, which diverged more
than 100 000 years ago (Guo et al. 2006). Both lineages
and one additional lineage are present in wild yaks (Wang
et al. 2010). These lineages may have resulted from
allopatric differentiation of subpopulations separated by
the Pleistocene glaciation, which became reunited during
post-glacial migrations. After the glacial period, the distri-
butional range of wild yaks shrank owing to the expansion
of the human population (Wang et al. 2010). These events
may also explain the presence of three well-diverged Y-
chromosomal haplotypes YH1, YH2 and YH3 (Li et al.
2014).

On the basis of sequence variation, domestic mtDNA
clades are estimated to have expanded since 6000 and
12 000 years BP (Guo et al. 2006; Wang et al. 2010). This
roughly agrees with a domestication of yaks 7300 years
ago on the basis of WGSs (Qiu et al. 2015). Furthermore,
these WGS data indicated a sixfold expansion of the
domestic yak population around 3600 years ago. These
two expansion datings are consistent with two large-scale
human population expansions in the QTP, 10 000—
7000 years ago during the early Neolithic and 4000—
3000 years ago during the late Holocene (Qiu et al. 2015).
The first expansion was explained by the domestication of
yaks, which in the absence of agricultural settlements was
accomplished by nomadic herders (Qiu et al. 2015). The
second expansion of the yak population coincided with the
introduction of the cultivation of barley on the QTP between
4000 and 3000 years, which may well have allowed the
human population expansion (Chen et al. 2015). However,
this expanded human population also increased the
requirement for protein-rich food, hides, fuel and trans-
portations, which could all be provided by the expanding
domestic yak population.

Genomic comparisons between yak and cattle identified
an expansion in yaks of gene families related to sensory
perception and energy metabolism, as well as an enrich-
ment of protein domains involved in sensing the extracel-
lular environment and hypoxic stress (Qiu et al. 2012).
Furthermore, positively selected and rapidly evolving genes
in the yak are significantly related to hypoxia and nutrition
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metabolism. Domestication of yaks probably relaxed selec-
tive constraints and allowed an accumulation of deleterious
mutations (Wang et al. 2010; Hu 2012; Qiu et al. 2015; Xie
et al. 2018). Several of these genes are related to smell
perception and chemical stimuli (Hu 2012). Although this
may well be explained by the environmental requirement to
be able to find scarce food, olfactory receptor genes often
give false positives in GWAS studies as a consequence of
their abundance and dynamic evolution (Lawrence et al.
2013).

Breed-level differentiation is weak, but the white Tianzhu
yaks have a clearly distinct appearance with several
selection signatures (Qiu et al. 2015; Xin et al. 2019).
Genomic approaches to adaptation have been comple-
mented by microRNA (Guan et al. 2017) or transcriptome
studies (Wang et al. 2017a; Lan et al. 2018; Qi et al. 2018;
Xin et al. 2019), which identified for several genes a higher
or lower expression than in taurine cattle. However, the
inferred involvement of genes in adaptation needs to be
tested further by functional studies.

Interspecific hybridization

Species hybridization is often revealed by a discordance of

the mtDNA-derived phylogeny with the phylogeny based on

morphology, autosomal DNA and/or Y-chromosomal DNA.

A more refined analysis may localize in the genome those

parts that have been introduced by hybridization. We can

discern three categories of interspecific hybridization.

1 incidental hybridization of wild or semi-feral species with
domestic cattle;

2 hybridization of domestic species for breed improvement;

3 terminal crossing exploiting the unique performance of
the hybrid offspring.

Incidental hybridization

As discussed in the Introduction, the mtDNA of the
mainland banteng differs from the mtDNA from Indonesian
banteng and has descended since about 10 000 years from
the mtDNA of the extinct kouprey (Hassanin & Ropiquet
2007a; Hassanin & Ropiquet 2007b). Likewise, the south-
Chinese population of semi-feral gayals carries zebu mtDNA,
which most likely resulted from spontaneous female intro-
gression (Gou et al. 2010). A genomic scan of the
differentiation of gayal and zebu across the gayal genome
indicated a number of zebu autosomal sequences in the
Chinese gayal sequence, which are proposed to play a role
in adaptation (Wu et al. 2018).

Traces of taurine introgression have been found in wisent
(Massilani et al. 2016; Wecek et al. 2017; Wang et al.
2018). This appears to be of recent origin, but occurred
before the extinction of wisent in the wild. However, as
discussed in the section ‘The bovine species’, the bovine-
like mtDNA in wisent and the extinct woodland wisent

Bovini Evolution and domestication

probably resulted from incomplete lineage sorting (Wang
et al. 2018).

The maternal introgression of taurine cattle into Amer-
ican bison has resulted in an overall 5% frequency of
taurine mtDNA (Ward et al. 1999) and a taurine origin of
up to 1.8% of the autosomal genome (Halbert et al. 2005;
Halbert & Derr 2006; Wang et al. 2018; Wu et al. 2018).
This is thought to have occurred at the beginning of the
nineteenth century during captive breeding of the bison
prior to their release into the wild (Hedrick 2009). On the
other hand, it has not been excluded that spontaneous
contacts occurred between the still large bison population of
the nineteenth century and cattle escaped from the large
herds that were transported across the prairies. So far, there
is no clear evidence that mtDNA from a related species
affects an animal’s appearance, viability and adaptation,
and its relevance for conservation is arguable.

Hybridization and breed improvement

Hybridization of cross-fertile species may serve the purpose
of improving the adaptation or performance of breeds
(Fig. 3). During their dispersal over the tropical zones of
Asia, Africa and America (see above), zebu came into
contact with south-west Asian, African, Chinese and
American taurine populations respectively, which led to
the emergence of several taurindicine breeds (Utsunomiya
et al. 2019). Both south-west Asia (Edwards et al. 2007a;
Verdugo et al. 2019) and central China (Lai et al. 2006; Lei
et al. 2010; Gao et al. 2017; Chen et al. 2018) are now
taurine—zebu transition zones. Remarkably, the level of zebu
ancestry in China does not vary continuously, but has at
increasing range values of 0-0.1, 0.25-0.35 or 0.6-1.0
from north to south China (Gao et al. 2017). Chinese zebu
acquired taurine alleles associated with production traits,
whereas zebu heat-acclimatization-related alleles were
introgressed into taurine cattle (Chen et al. 2018).

In addition, zebu cattle in south China as well as
Indonesia were found to contain traces of banteng
(Mohamad et al. 2009; Decker et al. 2014; Gao et al.
2017; Chen et al. 2018). For the southern Chinese cattle,
the banteng component amounts to 3% and contains genes
related to sensory perception, immunity, heat-acclimatiza-
tion and color pattern (Chen et al. 2018). Conversely, Wu
et al. (2018) reported introgression of zebu into both
banteng and gayal, which in both cases introduced genes
involved in the nervous and immune systems.

The link between introgression and adaptation is most
obvious in Tibetan cattle, which received 1.2% yak ances-
try. This contains genes involved in smell perception,
immunity and adaptation to hypoxia and high altitude
(Chen et al. 2018; Wu et al. 2018). Conversely, introgres-
sion of taurine or zebu cattle into yak (Qi et al. 2010)
introduced variants of genes involved in nervous system
development (Medugorac et al. 2017) and coat color (Wu
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et al. 2018). However, as mentioned in the section ‘Yak’,
associations of olfactory receptor genes may be artifactual
(Lawrence et al. 2013).

Beefalo is a recognized American breed that is claimed to
maintain a domestic cattle/bison composition of 5:3
(www.ctq2.org/beefalo/a-short-history-of-beefalo/).  Here-
ford and Charolais are often used as domestic ancestors,
but beefalo bulls are fertile and can be bred within their
population. Beefalo is advertised to give tender beef with
more protein, one-fifth less fat and one-third less cholesterol
than beef from normal cattle. However, the ancestry of the
beefalo has not been verified by molecular analysis. The
founder of the beefalo, ‘Basolo’, was said to be a bison x F1
backcross, but it has been reported to have a taurine Y-
chromosome (Lenoir & Lichtenberger 1978).

Zubron (en.wikipedia.org/wiki/zubron) is a wisent-tau-
rine hybrid, which was intended to be a hardy and
productive alternative to cattle. So far it has remained an
experimental breed.

Terminal crossing

Terminal crossing offers a fast alternative to selective
breeding and combines favorable alleles from different
species. A well-known parallel in the Equini tribe is the
case of the mule and hinny reciprocal crosses, which are
obtained by hybridization between horses and donkeys.
Thus, dzo, khainag or yakow denotes an F1 hybrid of yak
and taurine or zebu cattle. They are reared in Tibet and
Mongolia (Wiener et al. 2006). By hybrid vigor, these
hybrids grow fast, reach a large sizes, have good disease
resistance and are productive.

plateau adaptation
g bikies s aberentich

—————
lighter fur color

Bos javanicus

Bos grunniens

Bison bison

Figure 3 Gene flow and the likely adaptations
of the introgressed genes between seven
Bovine species.

Another productive terminal crossbred is the selembu,
kept since 1980 in Malaysia and generated by mating gaur
bulls and taurindicine cows (Ismail et al. 2018). Selembu
are used for both dairy and beef production.

Conclusion

We have surveyed recent literature on evolution, domes-
tication and hybridization of the Bovini, several of which
are domestic and thus relevant for agricultural production.
The tribe of the Bovini is remarkably versatile with respect
to environmental range. Whole-genome sequencing iden-
tifies exchange of genes between the species. This is a
source of information on the adaptation of cattle to specific
environments, which remains to be tested on the func-
tional level.

Acknowledgements

This work was supported by the Ministry of Science and
Technology of the People’s Republic of China (2010DFA34610),
the Fundamental Research Funds for the Central Univer-
sities (lzujbky-2019) and International Collaboration 111
Programme (BP0719040).

References

Abbas S.G., Babar M.A., Khan M.A., Aftab K., Riaz A., Ghaffar A.,
Akhtar M. (2018) Fossil Bovidae from Late Miocene Dhok Pathan
Formation of Siwaliks, Northern Pakistan. Pakistan Journal of
Zoology, 50, 217-28. http://dx.doi.org/10.17582/journal.pjz/
2018.50.1.217.228

© 2020 Stichting International Foundation for Animal Genetics, 51, 637-657

85UB017 SUOWILIOD 3A 3810 3|qeoljdde sy} Aq pausenob ke Sopie O ‘88N JO S9INI 10} ARG 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLLBHW0D" A8 | 1M ALRIq 1 BUIIUO//SANY) SUORIPUOD PUe SWS L 83 88S *[€202/0T/TT] U0 AriqIauliuo AB|IM ‘Ariqi AiseAIUN 1yoanN AQ 12621 9B TTTT 0T/I0p/W00" A3|1m Atelq 1 Ul U0/ SARY WOy papeo|umod 'S ‘0202 ‘ZS02S9ET


http://www.ctq2.org/beefalo/a-short-history-of-beefalo/
http://dx.doi.org/10.17582/journal.pjz/2018.50.1.217.228
http://dx.doi.org/10.17582/journal.pjz/2018.50.1.217.228

Achilli A., Olivieri A., Pellecchia M., et al (2008) Mitochondrial
genomes of extinct aurochs survive in domestic cattle. Current
Biology, 18, R157-R158. http://dx.doi.org/10.1016/j.cub.2008.
01.019

Achilli A., Bonfiglio S., Olivieri A., et al. (2009) The Multifaceted
Origin of Taurine Cattle Reflected by the Mitochondrial Genome.
PLoS ONE, 4, e5753. http://dx.doi.org/10.1371/journal.pone.
0005753

Adbullah ML.H., Idris I., Hilmi M. (2009) Karyotype of Malayan
Gaur (Bos gaurus hubbacki), Sahiwal-Friesian Cattle and Gaur x
Cattle Hybrid Backcrosses. Pakistan Journal of Biological Sciences,
12, 896-901. http://dx.doi.org/10.3923/pjbs.2009.896.901

Ajmone-Marsan P., Garcia J.F., Lenstra J.A. (2010) On the origin of
cattle: How aurochs became cattle and colonized the world.
Evolutionary Anthropology: Issues, News, and Reviews, 19, 148-57.
http://dx.doi.org/10.1002/evan.20267

Aldersey J.E., Sonstegard T.S., Williams J.L., Bottema C.D.K. (2020)
Understanding the effects of the bovine POLLED variants. Animal
Genetics, 51), 166-76. http://dx.doi.org/10.1111/age.12915

Alvarez I., Pérez-Pardal L., Traoré A., Koudandé D., Fernandez I.,
Soudré A., Diarra S., Sanou M., Boussini H. & Goyache F. (2017)
Differences in genetic structure assessed using Y-chromosome
and mitochondrial DNA markers do not shape the contributions
to diversity in African sires. Journal of Animal Breeding Genetics
134, 393-404. http://dx.doi.org/10.1111/jbg.12278

Aune, K., Jorgensen, D. & Gates, C. (2017) Bison bison (errata
version published in 2018). The IUCN Red List of Threatened
Species, 2017, e.T2815A123789863. https://dx.doi.org/10.
2305/IUCN.UK.2017-3.RLTS.T2815A45156541.en

Bahbahani H., Clifford H., Wragg D., Mbole-Kariuki M.N., Van
Tassell C., Sonstegard T., Woolhouse M. & Hanotte 0. (2015)
Signatures of positive selection in East African Shorthorn Zebu: a
genome-wide single nucleotide polymorphism analysis. Scientific
Reports 5, 11729.

Barbato M., Hailer F., Upadhyay M., Del Corvo M., Colli L., Negrini
R., Kim E.-S., Crooijmans R.P.M.A., Sonstegard T. & Ajmone-
Marsan P. (2020) Adaptive introgression from indicine cattle
into white cattle breeds from Central Italy. Scientific Reports 10,
1279.

Bibi F. (2007) Origin, paleoecology, and paleobiogeography of early
Bovini. Palaeogeography, Palaeoclimatology, Palaeoecology 248,
60-72.

Bibi F. (2013) A multi-calibrated mitochondrial phylogeny of
extant Bovidae (Artiodactyla, Ruminantia) and the importance of
the fossil record to systematics. BMC Evolutionary Biology 13,
166.

Bickhart D.M., Xu L., Hutchison J.L. et al. (2016) Diversity and
population-genetic properties of copy number variations and
multicopy genes in cattle. DNA Research 23, 253-62.

Boitard S., Boussaha M., Capitan A., Rocha D. & Servin B. (2016)
Uncovering adaptation from sequence data: lessons from genome
resequencing of four cattle breeds. Genetics 203, 433.

Bollongino R., Edwards C.J., Alt K.W., Burger J. & Bradley D.G.
(2005) Early history of European domestic cattle as revealed by
ancient DNA. Biology Letters 2, 155-9.

Bollongino R., Elsner J., Vigne J.-D. & Burger J. (2008) Y-SNPs do
not indicate hybridisation between European aurochs and
domestic cattle. PLoS One 3, e3418.

Bovini Evolution and domestication

Bollongino R., Burger J., Powell A., Mashkour M., Vigne J.D., &
Thomas M.G. (2012) Modern taurine cattle descended from small
number of near-eastern founders. Molecular Biology and Evolution
29, 2101-4.

Bonfiglio S., Achilli A., Olivieri A., Negrini R., Colli L., Liotta L.,
Ajmone-Marsan P., Torroni A. & Ferretti L. (2010) The
enigmatic origin of bovine mtDNA haplogroup R: sporadic
interbreeding or an independent event of Bos primigenius domes-
tication in Italy? PLoS One 5, e15760.

Bonfiglio S., Ginja C., De Gaetano A., Achilli A., Olivieri A., Colli L.,
Tesfaye K., Agha S.H., Gama L.T. & Cattonaro F. (2012) Origin
and spread of Bos taurus: new clues from mitochondrial genomes
belonging to haplogroup T1. PLoS One 7, e38601.

Boushaba N., Boujenane I., Moazami-Goudarzi K., Flori L., Saidi-
Mehtar N., Tabet-Aoul N. & Laloé D. (2019) Genetic diversity and
relationships among six local cattle populations in semi-arid
areas assessed by a bovine medium-density single nucleotide
polymorphism data. Animal Conservation 13, 8—14.

Boussaha M., Michot P., Letaief R. et al. (2016) Construction of a
large collection of small genome variations in French dairy and
beef breeds using whole-genome sequences. Genetics Selection
Evolution 48, 87.

Boyd M. (1915) Crossing Bison and cattle. Zeitschrift fiir induktive
Abstammungs- und Vererbungslehre, 13, 294.

Boyles, R., Schutz, E. & de Leon, J. (2016) Bubalus mindorensis. The
IUCN Red List of Threatened Species, 2016,e.T3127A50737640,
https://dx.doi.org/10.2305/ITUCN.UK.2016-2.RLTS.
T3127A50737640.en

Bradley D.G., Machugh D.E., Cunningham P. & Loftus R.T. (1996)
Mitochondrial diversity and the origins of African and European
cattle. Proceedings of the National Academy of Sciences of the United
States of America 93, 5131-5.

Bradshaw C.J., Isagi Y., Kaneko S., Brook B.W., Bowman D.M. &
Frankham R. (2007) Low genetic diversity in the bottlenecked
population of endangered non-native banteng in northern
Australia. Molecular Ecology 16, 2998-3008.

Browett S., Mchugo G., Richardson I.W., Magee D.A., Park S.D.,
Fahey A.G., Kearney J.F., Correia C.N., Randhawa LA. &
Machugh D.E. (2018) Genomic characterisation of the indige-
nous Irish Kerry cattle breed. Frontiers in Genetics 9, 51.

Burton, J., Wheeler, P. & Mustari, A. (2016a) Bubalus depressicornis.
The IUCN Red List of Threatened Species, 2016,
e.T3126A46364222. https://dx.doi.org/10.2305/TUCN.UK.
2016-2.RLTS.T3126A46364222.en

Burton, J., Wheeler, P. & Mustari, A. (2016b) Bubalus quarlesi. The
IUCN Red List of Threatened Species, 2016, e. T3128A46364433.
https://dx.doi.org/10.2305/ITUCN.UK.2016-2.RLTS.
T3128A46364433.en

Buzzard, P. & Berger, J.(2016) Bos mutus. The IUCN Red List of
Threatened Species, 2016, e T2892A101293528. https://dx.doi.
org/10.2305/IUCN.UK.2016-2.RLTS.T2892A101293528.en

Cai X., Mipam T., Zhao F. & Sun L. (2014) Isolation and
characterization of polymorphic microsatellites in the genome
of yak (Bos grunniens). Molecular Biology Reports 41, 3829-37.

Campos B.M., Do Carmo A.S., Do Egito A.A., Da Mariante A.S., Do
Albuquerque M.S.M., De Gouveia J.J.S., Malhado C.H.M., Verardo
LL., Da Silva M.V.G.B. & Carneiro P.L.S. (2017) Genetic
diversity, population structure, and correlations between locally

© 2020 Stichting International Foundation for Animal Genetics, 51, 637-657

649

85UB017 SUOWILIOD 3A 3810 3|qeoljdde sy} Aq pausenob ke Sopie O ‘88N JO S9INI 10} ARG 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLLBHW0D" A8 | 1M ALRIq 1 BUIIUO//SANY) SUORIPUOD PUe SWS L 83 88S *[€202/0T/TT] U0 AriqIauliuo AB|IM ‘Ariqi AiseAIUN 1yoanN AQ 12621 9B TTTT 0T/I0p/W00" A3|1m Atelq 1 Ul U0/ SARY WOy papeo|umod 'S ‘0202 ‘ZS02S9ET


http://dx.doi.org/10.1016/j.cub.2008.01.019
http://dx.doi.org/10.1016/j.cub.2008.01.019
http://dx.doi.org/10.1371/journal.pone.0005753
http://dx.doi.org/10.1371/journal.pone.0005753
http://dx.doi.org/10.3923/pjbs.2009.896.901
http://dx.doi.org/10.1002/evan.20267
http://dx.doi.org/10.1111/age.12915
http://dx.doi.org/10.1111/jbg.12278
https://dx.doi.org/10.2305/IUCN.UK.2017-3.RLTS.T2815A45156541.en
https://dx.doi.org/10.2305/IUCN.UK.2017-3.RLTS.T2815A45156541.en
https://dx.doi.org/10.2305/IUCN.UK.2016-2.RLTS.T3127A50737640.en
https://dx.doi.org/10.2305/IUCN.UK.2016-2.RLTS.T3127A50737640.en
https://dx.doi.org/10.2305/IUCN.UK.2016-2.RLTS.T3126A46364222.en
https://dx.doi.org/10.2305/IUCN.UK.2016-2.RLTS.T3126A46364222.en
https://dx.doi.org/10.2305/IUCN.UK.2016-2.RLTS.T3128A46364433.en
https://dx.doi.org/10.2305/IUCN.UK.2016-2.RLTS.T3128A46364433.en
https://dx.doi.org/10.2305/IUCN.UK.2016-2.RLTS.T2892A101293528.en
https://dx.doi.org/10.2305/IUCN.UK.2016-2.RLTS.T2892A101293528.en

650

Zhang et al.

adapted zebu and taurine breeds in Brazil using SNP markers.
Tropical Animal Health and Production 49, 1677-84.

Canas-Alvarez J., Gonzalez-Rodriguez A., Munilla S., Varona L.,
Diaz C., Baro J., Altarriba J., Molina A. & Piedrafita J. (2015)
Genetic diversity and divergence among Spanish beef cattle
breeds assessed by a bovine high-density SNP chip. Journal of
Animal Science 93, 5164-74.

Canavez F.C., Luche D.D., Stothard P. et al. (2012) Genome
sequence and assembly of Bos indicus. Journal of Heredity 103,
342-8.

Cesarani A., Sorbolini S., Criscione A., Bordonaro S., Pulina G.,
Battacone G., Marletta D., Gaspa G. & Macciotta N.P.P. (2018)
Genome-wide variability and selection signatures in Italian island
cattle breeds. Animal Genetics 49, 371-83.

Champlot S., Berthelot C., Pruvost M., Bennett E.A., Grange T. &
Geigl E.-M. (2010) An efficient multistrategy DNA decontami-
nation procedure of PCR reagents for hypersensitive PCR
applications. PLoS One 5, e13042.

Chaveerach A., Kakampuy W., Tanomtong A., Sangpakdee W.,
Berland H., Sharma A., Cribiu E., Darre R., Boscher J. & Popescu
C. (1988) Chromosome studies in the superfamily Bovidea.
Pakistan Journal of Biological Sciences 10, 33—6.

Chen S., Lin B.-Z., Baig M., Mitra B., Lopes R.J., Santos A.M., Magee
D.A., Azevedo M., Tarroso P. & Sasazaki S. (2009) Zebu cattle are
an exclusive legacy of the South Asia Neolithic. Molecular Biology
Evolution 27, 1-6.

Chen F.H., Dong G.H., Zhang D.J., Liu X.Y., Jia X., An C.-B., Ma
M.M., Xie Y.W., Barton L. & Ren X. (2015) Agriculture facilitated
permanent human occupation of the Tibetan Plateau after 3600
BP. Science 347, 248-50.

Chen N., Cai Y., Chen Q. et al. (2018) Whole-genome resequencing
reveals world-wide ancestry and adaptive introgression events of
domesticated cattle in East Asia. Nature Communications 9, 2337.

Chenal-Vélardé I. (1998) Les premieres traces de boeuf domestique
en Afrique du Nord: état de la recherche centré sur les données
archéozoologiques. Archaceozoologia 9, 11-40.

Cherin M., D’allestro V. & Masini F. (2019) New bovid remains from
the early pleistocene of umbria (Italy) and a reappraisal of
Leptobos merlai. Journal of Mammalian Evolution 26, 201-24.

Chi J., Fu B., Nie W., Wang J., Graphodatsky A. & Yang F. (2005)
New insights into the karyotypic relationships of Chinese
muntjac (Muntiacus reevesi), forest musk deer (Moschus bere-
zovskii) and gayal (Bos frontalis). Cytogenetic Genome Research
108, 310-6.

Choi J.-W., Liao X., Stothard P. et al. (2014) Whole-genome
analyses of Korean native and Holstein cattle breeds by massively
parallel sequencing. PLoS One 9, e101127.

Chung N.C., Szyda J., Fraszczak M., Fries H.R., Sandelund M.,
Guldbrandtsen B., Boichard D., Stothard P., Veerkamp R. &
Goddard M. (2017) Population structure analysis of bull
genomes of european and western ancestry. Scientific Reports 7,
40688.

Conolly J., Colledge S., Dobney K., Vigne J.-D., Peters J., Stopp B.,
Manning K. & Shennan S. (2011) Meta-analysis of zooarchae-
ological data from SW Asia and SE Europe provides insight into
the origins and spread of animal husbandry. Journal of Archae-
ological Science 38, 538-45.

Da Fonseca R.R., Urena I., Afonso S., Pires A.E., Jorsboe E.,
Chikhi L. & Ginja C. (2019) Consequences of breed formation

on patterns of genomic diversity and differentiation: the case of
highly diverse peripheral Iberian cattle. BMC Genomics 20,
334.

Deakin A., Muir G.W., Smith A.G. & Canada. Department of
Agriculture (1935) Hybridization of domestic cattle, bison and
yak. In: Hybridization of Domestic Cattle, Bison and Yak : Report of
the Wainwright Experiment (Ed. by Dominion of Canada, D. O. a.
0.), pp. 1-30. Publication 479, Technical Bulletin 2. Ottawa, ON:
Department of Agriculture. https://books.google.co.uk/books?id=
RpDKGWAACAA]

Decker J.E., Mckay S.D., Rolf M.M., Kim J., Alcala A.M., Sonstegard
T.S., Hanotte O., Gotherstrom A., Seabury C.M. & Praharani L.
(2014) Worldwide patterns of ancestry, divergence, and admix-
ture in domesticated cattle. PLoS Genetics 10, e1004254.

Decker J.E., Taylor J.F., Kantanen J., Millbrooke A., Schnabel R.D.,
Alexander L.J. & Macneil M.D. (2016) Origins of cattle on
Chirikof Island, Alaska, elucidated from genome-wide SNP
genotypes. Heredity 116, 502-5.

Di Lorenzo P., Lancioni H., Ceccobelli S., Curcio L., Panella F. &
Lasagna E. (2016) Uniparental genetic systems: a mae and a
female perspective in the domestic cattle origin and evolution.
Electronic Journal of Biotechnology 23, 69-78.

Diamond J. (2002) Evolution, consequences and future of plant and
animal domestication. Nature 418, 700-7.

Dixit S.P., Singh S., Ganguly I., Bhatia A.K., Sharma A., Kumar
N.A., Dang A.K. & Jayakumar S. (2020) Genome-wide runs of
homozygosity revealed selection signatures in Bos indicus. Fron-
tiers in Genetics 11, 92.

Dobson L.K. (2015) Sequencing the Genome of the North American
Bison. Doctoral dissertation, Texas A & M University. http://hdl.
handle.net/1969.1/155759

Duckworth J.W., Sankar, K., Williams, A.C., Samba Kumar, N. &
Timmins, R.J. (2016) Bos gaurus. The IUCN Red List of Threatened
Species, 2016, e.T2891A46363646. https://dx.doi.org/10.2305/
IUCN.UK.2016-2.RLTS.T2891A46363646.en

Edwards C.J., Baird J. & Machugh D. (2007a) Taurine and zebu
admixture in Near Eastern cattle: a comparison of mitochondrial,
autosomal and Y-chromosomal data. Animal Genetics 38, 520-4.

Edwards C.J., Bollongino R., Scheu A., Chamberlain A., Tresset A.,
Vigne J.-D., Baird J.F., Larson G., Ho S.Y. & Heupink T.H. (2007b)
Mitochondrial DNA analysis shows a Near Eastern Neolithic
origin for domestic cattle and no indication of domestication of
European aurochs. Proceedings of the Royal Society B: Biological
Sciences 274, 1377-85.

Edwards C.J., Ginja C., Kantanen ]., Pérez-Pardal L., Tresset A.,
Stock F., Gama L.T., Penedo M.C.T., Bradley D.G. & Lenstra J.A.
(2011) Dual origins of dairy cattle farming—evidence from a
comprehensive survey of European Y-chromosomal variation.
PLoS One 6, e15922.

Elsik C.G., Tellam R.L., Worley K.C., Gibbs R.A., Muzny D.M.,
Weinstock G.M., Adelson D.L., Eichler E.E., Laura E. & Roderic G.
(2009) The genome sequence of taurine cattle: a window to
ruminant biology and evolution. Science 324, 522-8.

Eusebi P.G., Cortés O., Dunner S. & Canén J. (2017) Genomic
diversity and population structure of Mexican and Spanish
bovine Lidia breed. Animal Genetics 48, 682-5.

Eusebi P.G., Cortés O., Carleos C., Dunner S. & Canon J. (2018)
Detection of selection signatures for agonistic behaviour in cattle.
Journal of Animal Breeding and Genetics 135, 170-7.

© 2020 Stichting International Foundation for Animal Genetics, 51, 637-657

85UB017 SUOWILIOD 3A 3810 3|qeoljdde sy} Aq pausenob ke Sopie O ‘88N JO S9INI 10} ARG 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLLBHW0D" A8 | 1M ALRIq 1 BUIIUO//SANY) SUORIPUOD PUe SWS L 83 88S *[€202/0T/TT] U0 AriqIauliuo AB|IM ‘Ariqi AiseAIUN 1yoanN AQ 12621 9B TTTT 0T/I0p/W00" A3|1m Atelq 1 Ul U0/ SARY WOy papeo|umod 'S ‘0202 ‘ZS02S9ET


https://books.google.co.uk/books?id=RpDKGwAACAAJ
https://books.google.co.uk/books?id=RpDKGwAACAAJ
http://hdl.handle.net/1969.1/155759
http://hdl.handle.net/1969.1/155759
https://dx.doi.org/10.2305/IUCN.UK.2016-2.RLTS.T2891A46363646.en
https://dx.doi.org/10.2305/IUCN.UK.2016-2.RLTS.T2891A46363646.en

Felius M., Koolmees P.A., Theunissen B., European Cattle Genetic
Diversity Consortium & Lenstra J.A. (2011) On the Breeds of
Cattle—Historic and Current Classifications. Diversity, 3, 660—
92. http://dx.doi.org/10.3390/d3040660

Felius M., Beerling M.-L., Buchanan D., Theunissen B., Koolmees P.
& Lenstra J.A. (2014) On the history of cattle genetic resources.
Diversity 6, 705-50.

Felius M., Theunissen B. & Lenstra J.A. (2015) Conservation of
cattle genetic resources: the role of breeds. The Journal of
Agricultural Science 153, 152-62.

Ferencakovi¢ M., Hamzi¢ E., Gredler B., Solberg T.R., Klemetsdal G.,
Curik I. & Solkner J. (2013) Estimates of autozygosity derived
from runs of homozygosity: empirical evidence from selected
cattle populations. Journal of Animal Breeding and Genetics 130,
286-93.

Ferencakovi¢ M., Solkner J. & Curik I. (2013b) Estimating autozy-
gosity from high-throughput information: effects of SNP density
and genotyping errors. Genetics Selection Evolution 45, 42.

Fischer H. & Ulbrich F. (1967) Chromosomes of the Murrah buffalo
and its crossbreds with the Asiatic swamp buffalo (Bubalus
bubalis). Zeitschrift fiir Tierziichtung und Ziichtungsbiologie 84, 110—
4.

Flad R., Yuan J. & Li S. (2009) On the source and features of the
Neolithic domestic animals in the Gansu and Qinghai region,
China. Archaeology 5, 80-6.

Flerow C. (1980) Zur geographischen verbreitung der gattung
poephagus im pleistozan und holozan. Quartarpalaontolog 4, 123—
6.

Flori L., Gonzatti M.I., Thevenon S., Chantal I., Pinto J., Berthier D.,
Aso P.M. & Gautier M. (2012) A quasi-exclusive european
ancestry in the senepol tropical cattle breed highlights the
importance of the slick locus in tropical adaptation. PLoS One 7,
e36133.

Flori L., Thevenon S., Dayo G.K., Senou M., Sylla S., Berthier D.,
Moazami-Goudarzi K. & Gautier M. (2014) Adaptive admixture
in the West African bovine hybrid zone: insight from the B orgou
population. Molecular Ecology 23, 3241-57.

Flori L., Moazami-Goudarzi K., Alary V. et al. (2019) A genomic
map of climate adaptation in Mediterranean cattle breeds.
Molecular Ecology 28, 1009-29.

Frangois L., Wijnrocx K., Colinet F.G., Gengler N., Hulsegge B.,
Windig J.J., Buys N. & Janssens S. (2017) Genomics of a revived
breed: case study of the Belgian campine cattle. PLoS One 12,
e0175916.

Frantz L.A., Haile J., Lin A.T., Scheu A., Georg C., Benecke N.,
Alexander M., Linderholm A., Mullin V.E. & Daly K.G. (2019)
Ancient pigs reveal a near-complete genomic turnover following
their introduction to Europe. Proceedings of the National Academy
of Sciences of the United States of America 116, 17231-8.

Frkonja A., Gredler B., Schnyder U., Curik I. & Solkner J. (2012)
Prediction of breed composition in an admixed cattle population.
Animal Genetics 43, 696-703.

Froese D., Stiller M., Heintzman P.D. et al. (2017) Fossil and
genomic evidence constrains the timing of bison arrival in North
America. Proceedings of the National Academy of Sciences of the
United States of America 114, 3457-62.

Gajjar S.G., Guldbrandtsen B., Nayee N.G., Sudhakar A., Trivedi
K.R., Lund M.S. & Sahana G. (2018) Genetic composition,
divergence, admixture and use of ancestry informative markers

Bovini Evolution and domestication

in indigenous breeds of cattle in India. In: Proceedings of the
World Congress on Genetics Applied To Livestock Production. p.
585.

Galbreath G. J., Mordacq J. C., Weiler F. H.. (2006) Genetically
solving a zoological mystery: was the kouprey (Bos sauveli) a
feral hybrid?. Journal of Zoology, 270, 561-64. http://dx.doi.org/
10.1111/.1469-7998.2006.00188.x

Gallagher D. Jr, Womack J. (1992) Chromosome conservation in
the Bovidae. Journal of Heredity 83, 287-98.

Gao Y., Gautier M., Ding X. et al. (2017) Species composition and
environmental adaptation of indigenous Chinese cattle. Scientific
Reports 7, 16196.

Gardner, P., Hedges, S., Pudyatmoko, S., Gray, T.N.E. & Timmins,
R.J. (2016) Bos javanicus. The IUCN Red List of Threatened Species,
2016, e.T2888A46362970. https://dx.doi.org/10.2305/TUCN.
UK.2016-2.RLTS.T2888A46362970.en

Gatesy J. & Arctander P. (2000) Hidden morphological support for
the phylogenetic placement of Pseudoryx nghetinhensis with
bovine bovids: a combined analysis of gross anatomical evidence
and DNA sequences from five genes. Systematic Biology 49, 515—
38.

Gautier M. & Naves M. (2011) Footprints of selection in the
ancestral admixture of a New World Creole cattle breed.
Molecular Ecology 20, 3128-43.

Gautier M., Flori L., Riebler A., Jaffrézic F., Laloé D., Gut I.,
Moazami-Goudarzi K. & Foulley J.-L. (2009) A whole genome
Bayesian scan for adaptive genetic divergence in West African
cattle. BMC Genomics 10, 550.

Gautier M., Laloé D. & Moazami-Goudarzi K. (2010) Insights into
the genetic history of French cattle from dense SNP data on 47
worldwide breeds. PLoS One 5, e13038.

Gautier M., Moazamigoudarzi K., Leveziel H., Parinello H., Grohs C.,
Rialle S., Kowalczyk R. & Flori L. (2016) Deciphering the wisent
demographic and adaptive histories from individual whole-
genome sequences. Molecular Biology Evolution 33, 2801-14.

Gentry A. & Gentry A.W. (1978) Fossil Bovidae (Mammalia) of
Olduvai Gorge, Tanzania. Bulletin of the British Museum (Natural
History). 29, London: BM(NH). 289-446.

Ginja C., Gama L.T., Cortés O., Burriel .M., Vega-Pla J.L., Penedo
C., Sponenberg P., Canodn J., Sanz A. & Do Egito A.A. (2019) The
genetic ancestry of American Creole cattle inferred from uni-
parental and autosomal genetic markers. Scientific Reports 9, 1—
16.

Glanzmann B., Moller M., Le Roex N., Tromp G., Hoal E.G. & Van
Helden P.D. (2016) The complete genome sequence of the
African buffalo (Syncerus caffer). BMC Genomics 17, 1001.

Gotherstrom A., Anderung C., Hellborg L., Elburg R., Smith C.,
Bradley D.G. & Ellegren H. (2005) Cattle domestication in the
Near East was followed by hybridization with aurochs bulls in
Europe. Proceedings of the Royal Society B: Biological Sciences 272,
2345-51.

Gou X., Wang Y., Yang S., Deng W. & Mao H. (2010) Genetic
diversity and origin of Gayal and cattle in Yunnan revealed by
mtDNA control region and SRY gene sequence variation. Journal
of Animal Breeding Genetics 127, 154-60.

Group, I. S. A. S. (2008) Syncerus caffer. The TUCN Red List of
Threatened Species 2008: e.T21251A9260904.

Groves C. & Grubb P. (2011) Ungulate Taxonomy. Johns Hopkins
Ebook. 108-124.

© 2020 Stichting International Foundation for Animal Genetics, 51, 637-657

651

85UB017 SUOWILIOD 3A 3810 3|qeoljdde sy} Aq pausenob ke Sopie O ‘88N JO S9INI 10} ARG 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLLBHW0D" A8 | 1M ALRIq 1 BUIIUO//SANY) SUORIPUOD PUe SWS L 83 88S *[€202/0T/TT] U0 AriqIauliuo AB|IM ‘Ariqi AiseAIUN 1yoanN AQ 12621 9B TTTT 0T/I0p/W00" A3|1m Atelq 1 Ul U0/ SARY WOy papeo|umod 'S ‘0202 ‘ZS02S9ET


http://dx.doi.org/10.3390/d3040660
http://dx.doi.org/10.1111/j.1469-7998.2006.00188.x
http://dx.doi.org/10.1111/j.1469-7998.2006.00188.x
https://dx.doi.org/10.2305/IUCN.UK.2016-2.RLTS.T2888A46362970.en
https://dx.doi.org/10.2305/IUCN.UK.2016-2.RLTS.T2888A46362970.en

652

Zhang et al.

Guan J., Long K., Ma J., Zhang J., He D., Jin L., Tang Q., Jiang A.,
Wang X. & Hu Y. (2017) Comparative analysis of the microRNA
transcriptome between yak and cattle provides insight into high-
altitude adaptation. Peer] 5, €3959.

Guo 8., Savolainen P., Su J., Zhang Q., Qi D., Zhou J., Zhong Y.,
Zhao X. & Liu J. (2006) Origin of mitochondrial DNA diversity of
domestic yaks. BMC Evolutionary Biology 6, 73.

Halbert N.D. & Derr J.N. (2006) A comprehensive evaluation of
cattle introgression into US federal bison herds. Journal of Heredity
98, 1-12.

Halbert N.D., Ward T.J., Schnabel R.D., Taylor J.F. & Derr J.N.
(2005) Conservation genomics: disequilibrium mapping of
domestic cattle chromosomal segments in North American bison
populations. Molecular Ecology 14, 2343-62.

Hanotte O., Bradley D.G., Ochieng J.W., Verjee Y., Hill EW. & Rege
J.E.O. (2002) African pastoralism: genetic imprints of origins and
migrations. Science 296, 336-9.

Hartati H., Utsunomiya Y.T., Sonstegard T.S., Garcia J.F., Jakaria J.
& Muladno M. (2015) Evidence of Bos javanicus x Bos indicus
hybridization and major QTLs for birth weight in Indonesian
Peranakan Ongole cattle. BMC Genetics 16, 75.

Hassanin A. (2014) Systematic and evolution of Bovini. In: Ecology,
Evolution and Behaviour of Wild Cattle: Implications for Conservation
(Ed. by J. Burton & M. Melletti). Cambridge University Press,
Cambridge. 7-20.

Hassanin A. & Douzery E.J. (1999) Evolutionary affinities of the
enigmatic saola (Pseudoryx nghetinhensis) in the context of the

molecular phylogeny of bovidae. Proceedings of the Royal Society of

London. Series B: Biological Sciences 266, 893-900.

Hassanin A. & Ropiquet A. (2004) Molecular phylogeny of the tribe
Bovini (Bovidae, Bovinae) and the taxonomic status of the
Kouprey, Bos sauveli Urbain 1937. Molecular Phylogenetics
Evolution 33, 896-907.

Hassanin A. & Ropiquet A. (2007a) Resolving a zoological mystery:
the kouprey is a real species. Proceedings of the Royal Society B:
Biological Sciences 274, 2849-55.

Hassanin A. & Ropiquet A. (2007b) What is the taxonomic status of
the Cambodian banteng and does it have close genetic links with
the kouprey? Journal of Zoology 271, 246-52.

Hassanin A., Ropiquet A., Cornette R., Tranier M., Pfeffer P.,
Candegabe P. & Lemaire M. (2006) Has the kouprey (Bos sauveli
Urbain, 1937) been domesticated in Cambodia? Comptes Rendus
Biologies 329, 124-35.

Hassanin A., An J., Ropiquet A., Nguyen T.T. & Couloux A. (2013)
Combining multiple autosomal introns for studying shallow
phylogeny and taxonomy of Laurasiatherian mammals: applica-
tion to the tribe Bovini (Cetartiodactyla, Bovidae). Molecular
Phylogenetics and Evolution 66, 766-75.

Hassanin A., Delsuc F., Ropiquet A. et al. (2012) Pattern and timing
of diversification of Cetartiodactyla (Mammalia, Laurasiatheria),
as revealed by a comprehensive analysis of mitochondrial
genomes. Comptes Rendus Biologies, 335, 32-50. http://dx.doi.
org/10.1016/j.crvi.2011.11.002

Hayes B.J. & Daetwyler H.D. (2019) 1000 bull genomes project
to map simple and complex genetic traits in cattle: applica-
tions and outcomes. Annalu Review of Animal Bioscience 7,
89-102.

He Z., Wang P., Luo Z., Li C., Yin Y., Qu K., Wang A., Zhang J.,
Huang B. & Yuan X. (2015) Study on the interspecies

xrossbreeding between Gayal (Bos frontalis) and Yellow Cattle
(Bos taurus). Scientia Acricultura Sinica 48, 2676-86.

Hedrick PW (2009) Conservation genetics and North American
bison (Bison bison). Journal of Heredity 100, 411-20.

Helmer D., Gourichon L., Monchot H., Peters J. & Segui M.S. (2005)
Identifying early domestic cattle from Pre-Pottery Neolithic sites on
the Middle Euphrates using sexual dimorphism. In: First Steps of
Animal Domestication. New archaeozoological approachesFirst
Steps of Animal Domestication. New archaeozoological approaches.

Hristov P., Spassov N., Iliev N. & Radoslavov G. (2017) An
independent event of Neolithic cattle domestication on the South-
eastern Balkans: evidence from prehistoric aurochs and cattle
populations. Mitochondrial DNA Part A 28, 383-91.

Hu Q. (2012) The Yak genome database: an integrative database
for studying yak biology and high-altitude adaption. BMC
Genomics 13, 600.

Igbal N., Liu X., Yang T., Huang Z., Hanif Q., Asif M., Khan Q.M. &
Mansoor S. (2019) Genomic variants identified from whole-
genome resequencing of indicine cattle breeds from Pakistan.
PLoS One 14, e0215065.

Ismail M.I., Zainalabidin F.A., Akil A.S., Mail M.H., Ismail Z., Haron
A.W. & Othman A.M. (2018) Production and growth perfor-
mance of Malayan gaur x cattle hybrid (selembu) in Malaysia.
Advancements in Life Sciences 6, 19-23.

Iso-Touru T., Tapio M., Vilkki J., Kiseleva T., Ammosov I., Ivanova
7., Popov R., Ozerov M. & Kantanen J. (2016) Genetic diversity
and genomic signatures of selection among cattle breeds from
Siberia, eastern and northern Europe. Animal Genetics 47, 647—
57.

Jansen S., Aigner B., Pausch H. et al. (2013) Assessment of the
genomic variation in a cattle population by re-sequencing of key
animals at low to medium coverage. BMC Genomics 14, 446.

Jemaa S.B., Thamri N., Mnara S., Rebours E., Rocha D. & Boussaha
M. (2015) Genome-wide insights into population structure and
genetic history of tunisian local cattle using the illumina
bovinesnp50 beadchip. BMC Genomics 16, 677.

Jia S., Zhou Y., Lei C., Yao R., Zhang Z., Fang X. & Chen H. (2010)
A new insight into cattle’s maternal origin in six Asian countries.
Journal of Genetics Genomics 37, 173-80.

Kantanen J., Edwards C.J., Bradley D., Viinalass H., Thessler S.,
Ivanova Z., Kiselyova T., Cinkulov M., Popov R., & Stojanovi¢ S.
(2009) Maternal and paternal genealogy of Eurasian taurine
cattle (Bos taurus). Heredity 103, 404-15.

Karimi K., Strucken E.M., Moghaddar N., Ferdosi M.H., Esmailiza-
deh A. & Gondro C. (2016) Local and global patterns of
admixture and population structure in Iranian native cattle.
BMC Genetics 17, 108.

Kaul, R., Williams, A.C., Rithe, K., Steinmetz, R. & Mishra, R.
(2019) Bubalus arnee. The IUCN Red List of Threatened Species,
2019: e.T3129A46364616. https://dx.doi.org/10.2305/IUCN.
UK.2019-1.RLTS.T3129A46364616.en

Kelleher M.M., Berry D.P., Kearney J.F., Mcparland S., Buckley F. &
Purfield D.C. (2017) Inference of population structure of pure-
bred dairy and beef cattle using high-density genotype data.
Animal 11, 15-23.

Kim E.-S. & Rothschild M.F. (2014) Genomic adaptation of admixed
dairy cattle in East Africa. Frontiers in Genetics 5, 443.

Kim E.-S., Cole J.B., Huson H., Wiggans G.R., Van Tassell C.P.,
Crooker B.A., Liu G., Da Y. & Sonstegard T.S. (2013) Effect of

© 2020 Stichting International Foundation for Animal Genetics, 51, 637-657

85UB017 SUOWILIOD 3A 3810 3|qeoljdde sy} Aq pausenob ke Sopie O ‘88N JO S9INI 10} ARG 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLLBHW0D" A8 | 1M ALRIq 1 BUIIUO//SANY) SUORIPUOD PUe SWS L 83 88S *[€202/0T/TT] U0 AriqIauliuo AB|IM ‘Ariqi AiseAIUN 1yoanN AQ 12621 9B TTTT 0T/I0p/W00" A3|1m Atelq 1 Ul U0/ SARY WOy papeo|umod 'S ‘0202 ‘ZS02S9ET


http://dx.doi.org/10.1016/j.crvi.2011.11.002
http://dx.doi.org/10.1016/j.crvi.2011.11.002
https://dx.doi.org/10.2305/IUCN.UK.2019-1.RLTS.T3129A46364616.en
https://dx.doi.org/10.2305/IUCN.UK.2019-1.RLTS.T3129A46364616.en

artificial selection on runs of homozygosity in U.S. Holstein cattle.
PLoS One 8, e80813.

Kim J., Hanotte O., Mwai O.A. et al. (2017) The genome landscape
of indigenous African cattle. Genome Biology 18, 34.

Koren S., Rhie A., Walenz B.P., Dilthey A.T., Bickhart D.M., Kingan
S.B., Hiendleder S., Williams J.L., Smith T.P.L., & Phillippy A.M.
(2018) De novo assembly of haplotype-resolved genomes with
trio binning. Nature Biotechnology, 36, 1174-1182. http://dx.doi.
org/10.1038/nbt.4277

Koufariotis L., Hayes B.]., Kelly M., Burns B.M., Lyons R., Stothard
P., Chamberlain A.]. & Moore S. (2018) Sequencing the mosaic
genome of Brahman cattle identifies historic and recent intro-
gression including polled. Scientific Reports 8, 17761.

Kukuckova V., Moravcikova N., Curik I., Simci¢ M., Mészaros G., &
Kasarda R. (2018) Genetic diversity of local cattle. Acta
Biochimica Polonica 65, 421-424.

Lai S.J., Liu Y.P., Liu Y.X,, Li X.W. & Yao Y.G. (2006) Genetic
diversity and origin of Chinese cattle revealed by mtDNA D-loop
sequence variation. Molecular Phylogenetics Evolution 38, 146—
54.

Lan D., Xiong X., Ji W., Li J., Mipam T.-D., Ai Y. & Chai Z. (2018)
Transcriptome profile and unique genetic evolution of positively
selected genes in yak lungs. Genetica 146, 151-60.

Lancioni H., Di Lorenzo P., Cardinali I., Ceccobelli S., Capodiferro
M.R., Fichera A., Grugni V., Semino O., Ferretti L. & Gruppetta A.
(2016) Survey of uniparental genetic markers in the Maltese
cattle breed reveals a significant founder effect but does not
indicate local domestication. Animal Genetics 47, 267.

Lari M., Rizzi E., Mona S., Corti G., Catalano G., Chen K., Vernesi C.,
Larson G., Boscato P. & De Bellis G. (2011) The complete
mitochondrial genome of an 11,450-year-old aurochsen (Bos
primigenius) from Central Italy. BMC Evolutionary Biology 11, 32.

Larson G. & Burger J. (2013) A population genetics view of animal
domestication. Trends in Genetics 29, 197-205.

Lawrence M.S., Stojanov P., Polak P. et al. (2013) Mutational
heterogeneity in cancer and the search for new cancer-associated
genes. Nature, 499, 214-18. http://dx.doi.org/10.1038/nature
12213

Lee S.-H., Park B.-H., Sharma A., Dang C.-G., Lee S.-S., Choi T.-].,
Choy Y.-H., Kim H.-C., Jeon K.-]. & Kim S.-D. (2014) Hanwoo
cattle: origin, domestication, breeding strategies and genomic
selection. Journal of Animal Science Technology 56, 2.

Lee D., Cho M., Hong W.-Y., Lim D., Kim H.-C., Cho Y.-M., Jeong J.-
Y., Choi B.-H., Ko Y. & Kim J. (2016) Evolutionary analyses of
hanwoo (Korean cattle)-specific single-nucleotide polymorphisms
and genes using whole-genome resequencing data of a hanwoo
population. Molecules and Cells 39, 692.

Lei C.Z., Chen H., Zhang H.C., Cai X,, Liu R.Y., Luo L.Y., Wang C.F.,
Zhang W., Ge Q.L. & Zhang R.F. (2010) Origin and phylogeo-
graphical structure of Chinese cattle. Animal Genetics 37, 579-82.

Lenoir F. & Lichtenberger M. (1978) The Y chromosome of the
Basolo hybrid beefalo is a Y of Bos taurus. Veterinary Record 102,
422-3.

Lenstra J.A., Groeneveld L., Eding H., Kantanen J., Williams J.,
Taberlet P., Nicolazzi E., Solkner J., Simianer H. & Ciani E. (2012)
Molecular tools and analytical approaches for the characterization
of farm animal genetic diversity. Animal Genetics 43, 483-502.

Lenstra J.A., Ajmone-Marsan P., Beja-Pereira A. et al. (2016) The
year of the wisent. BMC Biology 14, 100.

Bovini Evolution and domestication

Letaief R., Rebours E., Grohs C. et al. (2017) Identification of copy
number variation in French dairy and beef breeds using next-
generation sequencing. Genetics Selection Evolution 49, 77.

Li M.-H. & Kantanen J. (2010) Genetic structure of Eurasian cattle
(Bos taurus) based on microsatellites: clarification for their breed
classification1. Animal Genetics 41, 150-8.

Li R., Wang S.Q., Xu S.Y., Huang J.P., Wang F.Q., Ma Z.J., Dang
R.H., Lan X.Y., Chen H. & Lei C.Z. (2014) Novel Y-chromosome
polymorphisms in C hinese domestic yak. Animal Genetics 45,
449-52.

Li R., Li C., Chen H., Liu X., Xiao H. & Chen S. (2019) Genomic
diversity and admixture patterns among six Chinese indigenous
cattle breeds in Yunnan. Asian-Australasian Journal of Animal
Sciences 32, 1069.

Liao X., Peng F., Forni S., Mclaren D., Plastow G. & Stothard P.
(2013) Whole genome sequencing of Gir cattle for identifying
polymorphisms and loci under selection. Genome 56, 592-8.

Liu Y., Luo J., Dou J., Yan B., Ren Q., Tang B., Wang K. & Qiu Q.
(2020) The sequence and de novo assembly of the wild yak
genome. Scientific Data, 7, 1-8.

Loftus R.T., Machugh D.E., Bradley D.G., Sharp P.M. & Cunning-
ham P. (2014) The evolution of animal domestication. Proceed-
ings of the National Academy of Sciences of the United States of
America 91, 115-36

Luo X., Zhou Y., Zhang B., Zhang Y., Wang X., Feng T., Li Z., Cui
K., Wang Z. & Luo C. (2020) Understanding divergent domes-
tication traits from the whole-genome sequencing of swamp- and
river-buffalo populations. National Science Review 7, 686-701.

Lwin M., Mon S.L.Y., Yamanaka H., Nagano Y., Mannen H.,
Faruque M.O., Kawabe K., Okamoto S. & Shimogiri T. (2018)
Genetic diversities and population structures of four popular
Myanmar local cattle breeds. Animal Science Journal 89, 1648—
55.

Ma L., Sonstegard T.S., Cole J.B., Vantassell C.P., Wiggans G.R.,
Crooker B.A., Tan C., Prakapenka D., Liu G.E. & Da Y. (2019)
Genome changes due to artificial selection in U.S. Holstein cattle.
BMC Genomics 20, 128.

Maceachern S., Mcewan J. & Goddard M. (2009) Phylogenetic
reconstruction and the identification of ancient polymorphism in
the Bovini tribe (Bovidae, Bovinae). BMC Genomics 10, 177.

Magee D.A., Mannen H. & Bradley D.G. (2007) Duality in Bos
indicus mtDNA diversity: Support for geographical complexity in
zebu domestication. In: The Evolution and History of Human
Populations in South Asia. (Ed. by M.D. Petraglia & B. Allchin), pp.
385-91. Dordrecht: Springer.

Makina S.0., Muchadeyi F.C., Van Marle-Koster E., Macneil M.D. &
Maiwashe A. (2014) Genetic diversity and population structure
among six cattle breeds in South Africa using a whole genome
SNP panel. Frontiers in Genetics 5, 333.

Makina S.0., Whitacre L.K., Decker J.E., Taylor J.F., Macneil M.D.,
Scholtz M.M., Van Marle-Koster E., Muchadeyi F.C., Makgahlela
M.L. & Maiwashe A. (2016) Insight into the genetic composition
of South African Sanga cattle using SNP data from cattle breeds
worldwide. Genetics Selection Evolution 48, 88.

Mamat-Hamidi K., Hilmi M., Idris I., Di Berardino D. & lannuzzi L.
(2012) Chromosome evolution of the Malayan gaur (Bos gaurus
hubbacki). Caryologia 65, 34-9.

Mancini G., Gargani M., Chillemi G., Nicolazzi E.L., Marsan P.A.,
Valentini A. & Pariset L. (2014) Signatures of selection in five

© 2020 Stichting International Foundation for Animal Genetics, 51, 637-657

653

85UB017 SUOWILIOD 3A 3810 3|qeoljdde sy} Aq pausenob ke Sopie O ‘88N JO S9INI 10} ARG 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLLBHW0D" A8 | 1M ALRIq 1 BUIIUO//SANY) SUORIPUOD PUe SWS L 83 88S *[€202/0T/TT] U0 AriqIauliuo AB|IM ‘Ariqi AiseAIUN 1yoanN AQ 12621 9B TTTT 0T/I0p/W00" A3|1m Atelq 1 Ul U0/ SARY WOy papeo|umod 'S ‘0202 ‘ZS02S9ET


http://dx.doi.org/10.1038/nbt.4277
http://dx.doi.org/10.1038/nbt.4277
http://dx.doi.org/10.1038/nature12213
http://dx.doi.org/10.1038/nature12213

654

Zhang et al.

Italian cattle breeds detected by a 54K SNP panel. Molecular
Biology Reports 41, 957-65.

Mannen H., Kohno M., Nagata Y., Tsuji S., Bradley D., Yeo J.,
Nyamsamba D., Zagdsuren Y., Yokohama M. & Nomura K.
(2004) Independent mitochondrial origin and historical genetic
differentiation in North Eastern Asian cattle. Molecular Phyloge-
netics and Evolution 32, 539-44.

Martinez-Navarro B., Pérez-Claros ]J.A., Palombo M.R., Rook L. &
Palmgqvist P. (2007) The Olduvai buffalo Pelorovis and the origin
of Bos. Quaternary Research 68, 220—6.

Mason I. & Cockrill W.R. (1974) The Husbandry and Health of the
Domestic Buffalo. FAO, Rome.

Massilani D., Guimaraes S., Brugal J.-P., Bennett E.A., Tokarska M.,
Arbogast R.-M., Baryshnikov G., Boeskorov G., Castel J.-C. &
Davydov S. (2016) Past climate changes, population dynamics
and the origin of Bison in Europe. BMC Biology 14, 93.

Mastrangelo S., Saura M., Tolone M., Salces-Ortiz J., Di Gerlando R.,
Bertolini F., Fontanesi L., Sardina M.T., Serrano M. & Portolano
B. (2014) The genome-wide structure of two economically
important indigenous Sicilian cattle breedsl. Journal of Animal
Science 92, 4833-42.

Mastrangelo S., Ciani E., Marsan P.A., Bagnato A., Battaglini L.,
Bozzi R., Carta A., Catillo G., Cassandro M. & Casu S. (2018)
Conservation status and historical relatedness of Italian cattle
breeds. Genetics Selection Evolution 50, 35.

Mbole-Kariuki M.N., Sonstegard T., Orth A. et al. (2014) Genome-
wide analysis reveals the ancient and recent admixture history of
East African Shorthorn Zebu from Western Kenya. Heredity 113,
297.

McTavish E.J. & Hillis D.M. (2014) A genomic approach for
distinguishing between recent and ancient admixture as applied
to cattle. Journal of Heredity 105, 445-56.

McTavish E.J., Decker J.E., Schnabel R.D., Taylor J.F. & Hillis D.M.
(2013) New World cattle show ancestry from multiple indepen-
dent domestication events. Proceedings of the National Academy of
Sciences of the United States of America, 110, E1398-406.

Medugorac 1., Graf A., Grohs C. et al. (2017) Whole-genome
analysis of introgressive hybridization and characterization of the
bovine legacy of Mongolian yaks. Nature Genetics, 49, 470-75.
http://dx.doi.org/10.1038/ng.3775

Mei C., Wang H., Liao Q., Wang L., Cheng G., Wang H., Zhao C.,
Zhao S., Song J. & Guang X. (2017) Genetic architecture and
selection of Chinese cattle revealed by whole genome resequenc-
ing. Molecular Bbiology Evolution 35, 688-99.

Meyer M.C., Hofmann C.-C., Gemmell A.M., Haslinger E., Hausler
H. & Wangda D. (2009) Holocene glacier fluctuations and
migration of Neolithic yak pastoralists into the high valleys of
northwest Bhutan. Quaternary Science Reviews 28, 1217-37.

Mielczarek M., Fraszczak M., Nicolazzi E., Williams J.L. & Szyda J.
(2018) Landscape of copy number variations in Bos taurus:
individual — and inter-breed variability. BMC Genomics 19, 410.

Mignon-Grasteau S., Boissy A., Bouix J., Faure ]J.M., Fisher A.D.,
Hinch G.N., Jensen P., Neindre P.L., Mormede P. & Prunet P.
(2005) Genetics of adaptation and domestication in livestock.
Livestock Production Science 93, 3-14.

Mintoo A.A., Zhang H., Chen C. et al. (2019) Draft genome of the
river water buffalo. Ecology and Evolution 9, 3378-88.

Mohamad K., Olsson M., Van Tol H.T. et al. (2009) On the origin of
Indonesian cattle. PLoS One 4, ¢5490.

Mukherjee S., Cai Z., Mukherjee A. et al. (2019) Whole genome
sequence and de novo assembly revealed genomic architecture of
Indian Mithun (Bos frontalis). BMC Genomics 20, 617.

Murray G.G., Woolhouse M.E., Tapio M., Mbole-Kariuki M.N.,
Sonstegard T.S., Thumbi S.M., Jennings A.E., Van Wyk I.C.,
Chase-Topping M. & Kiara H. (2013) Genetic susceptibility to
infectious disease in East African Shorthorn Zebu: a genome-wide
analysis of the effect of heterozygosity and exotic introgression.
BMC Evolutionary Biology 13, 246.

Naik S. (1978) Origin and domestication of zebu cattle (Bos indicus).
Journal of Human Evolution 7, 23-30.

Nguyen T., Aniskin V., Gerbault-Seureau M., Planton H., Renard J.,
Nguyen B., Hassanin A. & Volobouev V. (2008) Phylogenetic
position of the saola (Pseudoryx nghetinhensis) inferred from
cytogenetic analysis of eleven species of Bovidae. Cytogenetic and
Genome Research 122, 41-54.

Niemi M., Bldauer A., Iso-Touru T., Harjula J., Edmark V.N.,
Rannamaée E., Lougas L., Sajantila A., Lidén K. & Taavitsainen J.-
P. (2015) Temporal fluctuation in North East Baltic Sea region
cattle population revealed by mitochondrial and Y-chromosomal
DNA analyses. PLoS One 10, e0123821.

Nijman LJ., Van Boxtel D.C., Van Cann L.M., Marnoch Y., Cuppen
E. & Lenstra J.A. (2008) Phylogeny of Y chromosomes from
bovine species. Cladistics-the International Journal of the Willi
Hennig Society 24, 723-6.

Noda A., Yonesaka R., Sasazaki S. & Mannen H. (2018) The
mtDNA haplogroup P of modern Asian cattle: a genetic legacy of
Asian aurochs? PLoS One 13, e0190937.

O'Brien A.M.P., Holler D., Boison S.A. et al.(2015) Low levels of
taurine introgression in the current Brazilian Nelore and Gir
indicine cattle populations. Genetics Selection Evolution 47, 31.

Olech W.I.S.B.S.G. (2008) Bison bonasus. The ITUCN Red List of
Threatened Species 2008: . T2814A948471.

Olivieri A., Gandini F., Achilli A., Fichera A., Rizzi E., Bonfiglio S.,
Battaglia V., Brandini S., De Gaetano A. & El-Beltagi A. (2015)
Mitogenomes from Egyptian cattle breeds: new clues on the
origin of haplogroup Q and the early spread of Bos taurus from
the Near East. PLoS One 10, e0141170.

Orozco-Terwengel P., Barbato M., Nicolazzi E., Biscarini F., Milanesi
M., Davies W., Williams D., Stella A., Ajmone-Marsan P. &
Bruford M.W. (2015) Revisiting demographic processes in cattle
with genome-wide population genetic analysis. Frontiers in
Genetics 6, 191.

Palacio P., Berthonaud V., Guérin C., Lambourdiere J., Maksud F.,
Philippe M., Plaire D., Stafford T., Marsolier-Kergoat M.-C. &
Elalouf J.-M. (2017) Genome data on the extinct Bison schoeten-
sacki establish it as a sister species of the extant European bison
(Bison bonasus). BMC Evolutionary Biology 17, 48.

Park S.D., Magee D.A., Mcgettigan P.A., Teasdale M.D., Edwards
C.J., Lohan A.]J., Murphy A., Braud M., Donoghue M.T. & Liu Y.
(2015) Genome sequencing of the extinct Eurasian wild aurochs,
Bos primigenius, illuminates the phylogeography and evolution of
cattle. Genome Biology 16, 234.

Payne W.J.A. (1970) Cattle Production in the Tropics. Vol. 1. General
Introduction and Breeds and Breeding. Longman Group Ltd.,
London.

Pérez-Pardal L., Royo L.J., Beja-Pereira A. et al. (2010) Multiple
paternal origins of domestic cattle revealed by Y-specific inter-
spersed multilocus microsatellites. Heredity 105, 511.

© 2020 Stichting International Foundation for Animal Genetics, 51, 637-657

85UB017 SUOWILIOD 3A 3810 3|qeoljdde sy} Aq pausenob ke Sopie O ‘88N JO S9INI 10} ARG 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLLBHW0D" A8 | 1M ALRIq 1 BUIIUO//SANY) SUORIPUOD PUe SWS L 83 88S *[€202/0T/TT] U0 AriqIauliuo AB|IM ‘Ariqi AiseAIUN 1yoanN AQ 12621 9B TTTT 0T/I0p/W00" A3|1m Atelq 1 Ul U0/ SARY WOy papeo|umod 'S ‘0202 ‘ZS02S9ET


http://dx.doi.org/10.1038/ng.3775

Pérez-Pardal L., Sanchez-Gracia A., Alvarez 1., Traoré A., Ferraz
J.B.S., Fernandez I., Costa V., Chen S., Tapio M., Cantet R.].
(2018) Legacies of domestication, trade and herder mobility
shape extant male zebu cattle diversity in South Asia and Africa.
Scientific Reports 8, 18027.

Peripolli E., Stafuzza N.B., Munari D.P., Lima A.L.F., Irgang R.,
Machado M.A., Panetto J.C.D.C., Ventura R.V., Baldi F. & Da
Silva M.V.G.B. (2018) Assessment of runs of homozygosity
islands and estimates of genomic inbreeding in Gyr (Bos indicus)
dairy cattle. BMC Genomics 19, 34.

Pitt D., Bruford M.W., Barbato M., Orozco-Terwengel P., Martinez
R. & Sevane N. (2019a) Demography and rapid local adaptation
shape Creole cattle genome diversity in the tropics. Evolutionary
Applications 12, 105-22.

Pitt D., Sevane N., Nicolazzi E.L., Machugh D.E., Park S.D., Colli L.,
Martinez R., Bruford M.W. & Orozco-Terwengel P. (2019b)
Domestication of cattle: two or three events? Evolutionary
Applications 12, 123-36.

Porto-Neto L.R., Reverter A., Prayaga K.C., Chan EK., Johnston
D.J., Hawken R.J., Fordyce G., Garcia J.F., Sonstegard T.S. &
Bolormaa S. (2014) The genetic architecture of climatic adap-
tation of tropical cattle. PLoS One 9, e113284.

Purfield D.C., Berry D.P., Mcparland S. & Bradley D.G. (2012) Runs
of homozygosity and population history in cattle. BMC Genetics
13, 70.

Qi X,, Jianlin H., Wang G., Rege J. & Hanotte O. (2010) Assessment
of cattle genetic introgression into domestic yak populations
using mitochondrial and microsatellite DNA markers. Animal
Genetics 41, 242-52.

Qi X., CuiC., Peng Y., Zhang X., Yang Z., Zhong H., Zhang H., Xiang
K., Cao X. & Wang Y. (2013) Genetic evidence of paleolithic
colonization and neolithic expansion of modern humans on the
Tibetan plateau. Molecular Biology and Evolution 30, 1761-78.

Qi X., Zhang Q., He Y., Yang L., Zhang X., Shi P., Yang L., Liu Z.,
Zhang F. & Liu F. (2018) The transcriptomic landscape of yaks
reveals molecular pathways for high altitude adaptation. Genome
Biology and Evolution 11, 72-85.

Qiu Q., Zhang G., Ma T. et al. (2012) The yak genome and
adaptation to life at high altitude. Nature Genetics 44, 946-9.
Qiu Q., Wang L., Wang K. et al. (2015) Yak whole-genome
resequencing reveals domestication signatures and prehistoric

population expansions. Nature Communications 6, 10283.

Qu K., He Z., Nie W., Zhang J., Jin X., Yang G., Yuan X., Huang B.,
Zhang Y. & Zan L. (2012) Karyotype analysis of mithun (Bos
frontalis) and mithun bull x Brahman cow hybrids. Genetic and
Molecular Research 11, 131-40.

Ramljak J., Bunevski G., Bytyqi H., Markovi¢ B., Brka M., Ivankovi¢
A., Kume K., Stojanovi¢ S., Nikolov V. & Simc¢ic M. (2018)
Conservation of a domestic metapopulation structured into
related and partly admixed strains. Molecular Ecology 27,
1633-50.

Rasmus H., Peter F., Lorenzen E.D. & Siegismund H.R. (2013) Are
there really twice as many bovid species as we thought?
Systematic Biology 62, 490-3.

Robinson T.J. & Ropiquet A. (2011) Examination of hemiplasy,
homoplasy and phylogenetic discordance in chromosomal evo-
lution of the Bovidae. Systematic Biology 60, 439-50.

Rosen Benjamin D., Bickhart Derek M., Schnabel Robert D. et al
(2020) De novo assembly of the cattle reference genome with

Bovini Evolution and domestication

single-molecule sequencing. GigaScience, 9, 1-9. http://dx.doi.
org/10.1093/gigascience/giaa021

Scherf B. & Pilling D. (2015) The State of the World’s Animal Genetic
Resources for Food and Agriculture. FAO Commission on Genetic
Resources for Food and Agriculture Assessments, Rome.

Scheu A., Powell A., Bollongino R., Vigne J.-D., Tresset A., Cakirlar
C., Benecke N. & Burger J. (2015) The genetic prehistory of
domesticated cattle from their origin to the spread across Europe.
BMC Genetics 16, 54.

Schlumbaum A., Turgay M. & Schibler J. (2006) Near East mtDNA
haplotype variants in Roman cattle from Augusta Raurica,
Switzerland, and in the Swiss Evolene breed. Animal Genetics 37,
373-5.

Sermyagin A.A., Dotsev A.V., Gladyr E.A., Traspov A.A., Deniskova
T.E., Kostyunina 0.V., Reyer H., Wimmers K., Barbato M. &
Paronyan I.A. (2018) Whole-genome SNP analysis elucidates the
genetic structure of Russian cattle and its relationship with
Eurasian taurine breeds. Genetics Selection Evolution 50, 37.

Sharma A., Lee S.-H., Lim D., Chai H.-H., Choi B.-H. & Cho Y.
(2016) A genome-wide assessment of genetic diversity and
population structure of Korean native cattle breeds. BMC Genetics
17, 139.

Sidlova V., Kasarda R., Moravéikova N., Trakovicka A., Curik I. &
Ferencakovic M. (2015) Genomic variability among cattle
populations based on runs of homozygosity. Poljoprivreda 21,
44-7.

Signer-Hasler H., Burren A., Neuditschko M., Frischknecht M.,
Garrick D., Stricker C., Gredler B., Bapst B. & Flury C. (2017)
Population structure and genomic inbreeding in nine Swiss dairy
cattle populations. Genetics, Selection and Evolution 49, 83.

Simci¢ M., Smetko A., Solkner J., Seichter D., Gorjanc G., Kompan
D. & Medugorac I. (2015) Recovery of native genetic background
in admixed populations using haplotypes, phenotypes, and
pedigree information — using Cika Cattle as a case breed. PLoS
One 10, e0123253.

Simpson G.G. (1945) The principles of classification and a

classification of mammals. Bulletin American of theMuseum of

Natural History, 85. 270-72.

Soubrier J., Gower G., Chen K., Richards S.M., Llamas B., Mitchell
K.J., Ho S.Y., Kosintsev P., Lee M.S. & Baryshnikov G. (2016)
Early cave art and ancient DNA record the origin of European
bison. Nature Communications 7, 13158.

Stock F. & Gifford-Gonzalez D. (2013) Genetics and African cattle
domestication. African Archaeological Review 30, 51-72.

Stothard P., Liao X., Arantes A.S., De Pauw M., Coros C., Plastow
G.S., Sargolzaei M., Crowley J].J., Basarab ]J.A. & Schenkel F.
(2015) A large and diverse collection of bovine genome
sequences from the Canadian Cattle Genome Project. GigaScience
4, 49.

Stronen A.V., Pertoldi C., Iacolina L., Kadarmideen H.N. &
Kristensen T.N. (2019) Genomic analyses suggest adaptive
differentiation of northern European native cattle breeds. Evolu-
tionary Applications 12, 1096-13.

Sun T., Shen J., Achilli A., Chen N., Chen Q., Dang R., Zheng Z.,
Zhang H., Zhang X. & Wang S. (2020) Genomic analyses reveal
distinct genetic architectures and selective pressures in buffaloes.
GigaScience 9, gizl 66.

Svensson E. & Gotherstrom A. (2008) Temporal fluctuations of Y-
chromosomal variation in Bos taurus. Biology Letters 4, 752—4.

© 2020 Stichting International Foundation for Animal Genetics, 51, 637-657

655

85UB017 SUOWILIOD 3A 3810 3|qeoljdde sy} Aq pausenob ke Sopie O ‘88N JO S9INI 10} ARG 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLLBHW0D" A8 | 1M ALRIq 1 BUIIUO//SANY) SUORIPUOD PUe SWS L 83 88S *[€202/0T/TT] U0 AriqIauliuo AB|IM ‘Ariqi AiseAIUN 1yoanN AQ 12621 9B TTTT 0T/I0p/W00" A3|1m Atelq 1 Ul U0/ SARY WOy papeo|umod 'S ‘0202 ‘ZS02S9ET


http://dx.doi.org/10.1093/gigascience/giaa021
http://dx.doi.org/10.1093/gigascience/giaa021

656

Zhang et al.

Tanaka K., Solis C.D., Masangkay ].S., Maeda K., Kawamoto Y. &
Namikawa T. (1996) Phylogenetic relationship among all living
species of the genus Bubalus based on DNA sequences of the
cytochromeb gene. Biochemical Genetics 34, 443-52.

Taye M., Lee W., Caetano-Anolles K., Dessie T., Cho S., Jong Oh S.,
Lee H.-K. & Kim H. (2018) Exploring the genomes of East African
Indicine cattle breeds reveals signature of selection for tropical
environmental adaptation traits. Cogent Food & Agriculture 4,
1552552.

Taylor S.A. & Larson E.L. (2019) Insights from genomes into the
evolutionary importance and prevalence of hybridization in
nature. Nature Ecology & Evolution 3, 170-7.

Timmins R.J., Burton J. & Hedges S. (2016a) Bos sauveli. The [UCN
Red List of Threatened Species 2016: . T2890A4636336.

Timmins R.J., Hedges S. & Robichaud W. (2016b) Pseudoryx
nghetinhensis. The TUCN Red List of Threatened Species 2016:
e.T2888A46362970.

Troy C.S., Machugh D.E., Bailey J.F., Magee D.A., Loftus R.T.,
Cunningham P., Chamberlain A.T., Sykes B.C. & Bradley D.G.
(2001) Genetic evidence for Near-Eastern origins of European
cattle. Nature 410, 1088.

Upadhyay M., Chen W., Lenstra J.A., Goderie C., Machugh D., Park
S., Magee D.A., Matassino D., Ciani F. & Megens H. (2017)
Genetic origin, admixture and population history of aurochs (Bos
primigenius) and primitive European cattle. Heredity 118, 169—
76.

Upadhyay M., Bortoluzzi C., Barbato M., Ajmone-Marsan P., Colli
L., Ginja C., Sonstegard T.S., Bosse M., Lenstra J.A. & Groenen
M.A. (2019a) Deciphering the patterns of genetic admixture and
diversity in southern European cattle using genome-wide SNPs.
Evolutionary Applications 12, 951-63.

Upadhyay M., Eriksson S., Mikko S., Strandberg E., Stalhammar H.,
Groenen M.A.M., Crooijmans R.P.M.A., Andersson G. & Johans-
son A.M. (2019b) Genomic relatedness and diversity of Swedish
native cattle breeds. Genetics Selection Evolution 51, 56.

Utsunomiya Y.T., Pérez O'brien A. M., Sonstegard T. S., Van Tassell
C. P., Do Carmo A. S., Mészaros G., Solkner J. & Garcia J. F.
(2013) Detecting loci under recent positive selection in dairy and
beef cattle by combining different genome-wide scan methods.
PLoS One 8, ¢64280.

Utsunomiya Y.T., Pérez O’brien A.M., Sonstegard T.S., Sélkner J. &
Garcia J.F. (2015) Genomic data as the “hitchhiker’s guide” to
cattle adaptation: tracking the milestones of past selection in the
bovine genome. Frontiers in Genetics 6, 36.

Utsunomiya Y.T., Milanesi M., Utsunomiya A.T.H. et al. (2017) A
PLAG1 mutation contributed to stature recovery in modern
cattle. Scientific Reports 7, 17140.

Utsunomiya Y., Milanesi M., Fortes M., Porto-Neto L., Utsunomiya
A., Silva M., Garcia J. & Ajmone-Marsan P. (2019) Genomic clues
of the evolutionary history of Bos indicus cattle. Animal Genetics
50, 557-68.

Vadhanakul N., Tunwattana W., Sekkasiddhi P., Tansatit M. &
Chavananikul V. (2004) Karyotype of crossbred progeny born to
the interspecies hybridization of wild and zebu -cattle with
reference to their fertility and growth performance. Thai Journal
of Veterinary Medicine 34, 73-82.

Van Breukelen A.E., Doekes H.P., Windig J.J. & Oldenbroek K.
(2019) Characterization of genetic diversity conserved in the
gene bank for dutch cattle breeds. Diversity 11, 229.

Verdugo M.P., Mullin V.E., Scheu A., Mattiangeli V., Daly K.G.,
Delser P.M., Hare A.]., Burger J., Collins M.]. & Kehati R. (2019)
Ancient cattle genomics, origins, and rapid turnover in the Fertile
Crescent. Science 365, 173-6.

Verkaar E.L., Nijman I.C.J., Beeke M., Hanekamp E. & Lenstra J.A.
(2004) Maternal and paternal lineages in cross-breeding bovine
species. Has wisent a hybrid origin? Molecular Biology and
Evolution 21, 1165-70.

Villalobos-Cortés A., Martinez A., Vega-Pla ]J.L., Landi V., Quiroz J.,
Marques J.R. & Delgado J.V. (2015) Genetic relationships among
five zebu breeds naturalized in America accessed with molecular
markers. Italian Journal of Animal Science 14, 3280.

Wakchaure R., Ganguly S., Para P.A., Praveen P.K., Kumar A. &
Sharma S. (2015) Development of crossbred cattle in India: a
review. International Journal of Emerging Technology and Advanced
Engineering 5, 75-7.

Wang Z., Shen X., Liu B. et al. (2010) Phylogeographical analyses
of domestic and wild yaks based on mitochondrial DNA: new
data and reappraisal. Journal of Biogeography 37, 2332-44.

Wang K., Wang L., Lenstra J.A. et al. (2017a) The genome
sequence of the wisent (Bison bonasus). Gigascience 6, 1-5.

Wang M.S., Zeng Y., Wang X. et al. (2017b) Draft genome of the
gayal, Bos frontalis. Gigascience 6, 1-7.

Wang K., Lenstra J.A., Liu L., Hu Q., Ma T., Qiu Q. & Liu J. (2018)
Incomplete lineage sorting rather than hybridization explains the
inconsistent phylogeny of the wisent. Communications Biology 1, 169.

Wangkumhang P., Wilantho A., Shaw P.]., Flori L., Moazami-
Goudarzi K., Gautier M., Duangjinda M., Assawamakin A. &
Tongsima S. (2015) Genetic analysis of Thai cattle reveals a
Southeast Asian indicine ancestry. Peer] 3, e1318.

Ward T.J., Bielawski J.P., Davis S.K., Templeton J.W. & Derr J.N.
(1999) Identification of domestic cattle hybrids in wild cattle and
bison species: a general approach using mtDNA markers and the
parametric bootstrap. Animal Conservation 2, 51-7.

Wecek K., Hartmann S., Paijmans J.L.A. et al. (2017) Complex
admixture preceded and followed the extinction of wisent in the
wild. Molecular Biology and Evolution 34, 598-612.

Weldenegodguad M., Popov R., Pokharel K., Ammosov I., Yao M.,
Ivanova Z. & Kantanen J. (2018) Whole-genome sequencing of
three native cattle breeds originating from the northernmost
cattle farming regions. Frontiers in Genetics 9, 728.

Whitacre L.K., Hoff J.L., Schnabel R.D. et al. (2017) Elucidating the
genetic basis of an oligogenic birth defect using whole genome
sequence data in a non-model organism, Bubalus bubalis. Scientific
Reports 7, 39719.

Wiener G., Jianlin H. & Ruijun L. (2006) The yak, Bangkok,
Regional Office for Asia and the Pacific Food and Agriculture
Organization of the United Nations.

Wilkins A.S., Wrangham R.W. & Fitch W.T. (2014) The “domes-
tication syndrome” in mammals: a unified explanation based on
neural crest cell behavior and genetics. Genetics 197, 795-808.

Wilson D.E. & Reeder D.M. (2005) Mammal Species of the World: A
Taxonomic and Geographic Reference. Mammal Species of the
World: A Taxonomic and Geographic Reference. 1, Baltimore:
Johns Hopkins University Press. pp. 689-99.

Winter H., Mayr B., Schleger W., Dworak E., Krutzler J. & Kalat M.
(1986) Genetic characterisation of the mithun (Bos frontalis) and
studies of spermatogenesis, blood groups and haemoglobins of its
hybrids with Bos indicus. Research in Veterinary Science 40, 8-17.

© 2020 Stichting International Foundation for Animal Genetics, 51, 637-657

85UB017 SUOWILIOD 3A 3810 3|qeoljdde sy} Aq pausenob ke Sopie O ‘88N JO S9INI 10} ARG 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLLBHW0D" A8 | 1M ALRIq 1 BUIIUO//SANY) SUORIPUOD PUe SWS L 83 88S *[€202/0T/TT] U0 AriqIauliuo AB|IM ‘Ariqi AiseAIUN 1yoanN AQ 12621 9B TTTT 0T/I0p/W00" A3|1m Atelq 1 Ul U0/ SARY WOy papeo|umod 'S ‘0202 ‘ZS02S9ET



Wu D.D., Ding X.D., Wang S. et al. (2018) Pervasive introgression
facilitated domestication and adaptation in the Bos species
complex. Nature Ecology and Evolution 2, 1139-45.

Xia X., Qu K., Li F., Jia P., Chen Q., Chen N., Zhang J., Chen H.,
Huang B. & Lei C. (2019) Abundant genetic diversity of yunling
cattle based on mitochondrial genome. Animals 9, 641.

Xie X., Yang Y., Ren Q., Ding X., Bao P., Yan B., Yan X., Han J.,
Yan P. & Qiu Q. (2018) Accumulation of deleterious mutations in
the domestic yak genome. Animal Genetics 49, 384-92.

Xin J.-W., Chai Z.-X., Zhang C.-F., Zhang Q., Zhu Y., Cao H.-W., Ji
Q.-M. & Zhong J.-C. (2019) Transcriptome profiles revealed the
mechanisms underlying the adaptation of yak to high-altitude
environments. Scientific Reports 9, 7558.

Xu L., Yang L., Zhu B., Zhang W., Wang Z., Chen Y., Zhang L., Gao
X., Gao H. & Liu G.E. (2019) Genome-wide scan reveals genetic
divergence and diverse adaptive selection in Chinese local cattle.
BMC Genomics 20, 494.

Yang L., Xu L., Zhu B. et al. (2017) Genome-wide analysis reveals
differential selection involved with copy number variation in
diverse Chinese Cattle. Scientific Reports, 7, http://dx.doi.org/10.
1038/s41598-017-14768-0

Yindee M., Vlamings B., Wajjwalku W., Techakumphu M., Loha-
chit C., Sirivaidyapong S., Thitaram C., Amarasinghe A.,
Alexander P. & Colenbrander B. (2010) Y-chromosomal varia-
tion confirms independent domestications of swamp and river
buffalo. Animal Genetics 41, 433-5.

Yurchenko A., Yudin N., Aitnazarov R., Plyusnina A., Brukhin V.,
Soloshenko V., Lhasaranov B., Popov R., Paronyan LA. &
Plemyashov K.V. (2017) Genome-wide genotyping uncovers
genetic profiles and history of the Russian cattle breeds. Heredity
120, 125.

Yurchenko A.A., Daetwyler H.D., Yudin N., Schnabel R.D., Vander
Jagt C.J., Soloshenko V., Lhasaranov B., Popov R., Taylor J.F. &
Larkin D.M. (2018) Scans for signatures of selection in Russian
cattle breed genomes reveal new candidate genes for environ-
mental adaptation and acclimation. Scientific Reports 8, 12984.

Zavarez L.B., Utsunomiya Y.T., Carmo A.S. et al. (2015) Assessment
of autozygosity in Nellore cows (Bos indicus) through high-
density SNP genotypes. Frontiers in Genetics 6, 5.

Bovini Evolution and domestication

Zhang H., Paijmans J.L., Chang F. et al. (2013) Morphological and
genetic evidence for early Holocene cattle management in
northeastern China. Nature Communications 4, 2755.

Zhang Q., Guldbrandtsen B., Bosse M., Lund M.S. & Sahana G.
(2015) Runs of homozygosity and distribution of functional
variants in the cattle genome. BMC Genomics 16, 542.

Zhang Y., Lu Y., Yindee M., Li K.Y., Kuo H.Y,, Ju Y.T., Ye S.,
Faruque M.O., Li Q. & Wang Y. (2016) Strong and stable
geographic differentiation of swamp buffalo maternal and pater-
nal lineages indicates domestication in the China/Indochina
border region. Molecular Ecology 25, 1530-50.

Zhang Q., Calus M.P., Bosse M., Sahana G., Lund M.S. &
Guldbrandtsen B. (2018a) Human-mediated introgression of
haplotypes in a modern dairy cattle breed. Genetics 209, 1305—
17.

Zhang W., Gao X., Zhang Y., Zhao Y., ZhangJ., Jia Y., Zhu B., Xu L.,
Zhang L. & Gao H. (2018b) Genome-wide assessment of genetic
diversity and population structure insights into admixture and
introgression in Chinese indigenous cattle. BMC Genetics 19,
114.

Zhang Y., Colli L. & Barker J.S.F. (2020a) Asian water buffalo:
domestication, history and genetics. Animal Genetics 51, 177-91.

Zhang Y., Hu Y. & Wang X. et al. (2020b) Population structure, and
selection signatures underlying high-altitude adaptation inferred
from genome-wide copy number variations in Chinese indige-
nous cattle. Frontiers in Genetics 10, 1404.

Zhao F., Mcparland S., Kearney F., Du L. & Berry D.P. (2015)
Detection of selection signatures in dairy and beef cattle using
high-density genomic information. Genetics Selection Evolution 47,
49.

Zimin A.V., Delcher A.L., Florea L., Kelley D.R., Schatz M.C., Puiu
D., Hanrahan F., Pertea G., Tassell C.P.V. & Sonstegard T.S.
(2009) A whole-genome assembly of the domestic cow, Bos
taurus. Genome Biology 10, R42.

Zimin A.V., Kelley D.R., Roberts M., Margais G., Salzberg S.L. &
Yorke J.A. (2012) Mis-assembled “segmental duplications” in
two versions of the Bos taurus genome. PLoS One 7, €42680.

© 2020 Stichting International Foundation for Animal Genetics, 51, 637-657

657

85UB017 SUOWILIOD 3A 3810 3|qeoljdde sy} Aq pausenob ke Sopie O ‘88N JO S9INI 10} ARG 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLLBHW0D" A8 | 1M ALRIq 1 BUIIUO//SANY) SUORIPUOD PUe SWS L 83 88S *[€202/0T/TT] U0 AriqIauliuo AB|IM ‘Ariqi AiseAIUN 1yoanN AQ 12621 9B TTTT 0T/I0p/W00" A3|1m Atelq 1 Ul U0/ SARY WOy papeo|umod 'S ‘0202 ‘ZS02S9ET


http://dx.doi.org/10.1038/s41598-017-14768-0
http://dx.doi.org/10.1038/s41598-017-14768-0

