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ABSTRACT

Aim We aimed to examine the phylogeographical structure and demographic
history of domestic and wild yaks (Bos grunniens) based on a wide range of
samples and complete mitochondrial genomic sequences.

Location The Qinghai-Tibetan Plateau (QTP) of western China.

Methods All available D-loop sequences for 405 domesticated yaks and 47 wild
yaks were examined, including new sequences from 96 domestic and 34 wild yaks.
We further sequenced the complete mitochondrial genomes of 48 domesticated
and 21 wild yaks. Phylogeographical analyses were performed using the
mitochondrial D-loop and the total genome datasets.

Results We recovered a total of 123 haplotypes based on the D-loop sequences
in wild and domestic yaks. Phylogenetic analyses of this dataset and the
mitochondrial genome data suggested three well-supported and divergent
lineages. Two lineages with six D-loop haplogroups were recovered for all
morphological breeds of domestic yaks across their distributions in the QTP,
while one more lineage and more endemic haplogroups or haplotypes were found
for wild yaks. Based on the mitochondrial genome data, the divergences of the
three lineages were estimated to have occurred around 420,000 and 580,000 years
ago, consistent with the geological records of two large glaciation events
experienced in the QTP.

Main conclusions There are distinct phylogeographical differences between
wild and domestic yaks. However, there is no apparent geographical correlation
between identified haplogroups and distributions of domestic yaks. Three
differentiated lineages of yaks probably evolved allopatrically in different regions
during the Pleistocene glaciation events, then reunited into a single gene pool
during post-glacial population expansion and migrations before the start of the
domestication of yaks in the Holocene.
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INTRODUCTION

The domestication of animals made available stable sources of
protein and enabled the development of human civilization
(Mason, 1984; Diamond, 2002). Molecular and archaeological

studies indicate complex phylogeographical histories of the ani-
mals used for meat (e.g. Lau et al., 1998; Luikart et al., 2001;
Troy et al., 2001; Jansen et al., 2002; Beja-Pereira et al., 2004;
Larson et al., 2005; Pedrosa et al., 2005; Meadows et al., 2007;
Naderi et al., 2008). For example, distinct phylogeographical
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patterns have been recovered for wild boars and domestic pigs,
suggesting multiple centres of pig domestication (Larson et al.,
2005). In goats, the distributions of highly divergent lineages
and haplogroups show weak phylogeographical structure
because of extensive transportations across the world (Luikart
et al., 2001). It is usually suggested that such divergent
intraspecific lineages have derived from multiple, independent
domestication events associated with genetically discrete wild
populations or species with a history of ancient divergence
(e.g. Luikart et al., 2001; Larson et al., 2005; Pedrosa et al.,
2005).

Domesticated yaks (Bos grunniens) are distributed across the
Qinghai-Tibetan Plateau (QTP) and adjacent highlands
(Wiener et al., 2003). The QTP is the largest continuous
high-elevation ecosystem in the world, occupying nearly 2.5
million km? of the Asian continent and reaching an average
elevation of more than 4000 m a.s.l. (Li et al., 1995). More
than 14 million yaks are currently herded there and they
provide many of life’s necessities (food, hides, dung fuel and
transport power) for the nomadic Tibetan pastoralists living in
this extremely harsh region (Wiener et al., 2003). It has been
suggested that these yaks were the product of local domesti-
cation of wild individuals (Qian, 1979); indeed, around 15,000
wild yaks currently inhabit northern Tibet and west Qinghai
on the QTP (Schaller & Liu, 1996; Leslie & Schaller,2009).

Genetic analyses based on mitochondrial DNA (mtDNA)
D-loop sequences have suggested that two highly divergent
lineages are present in both domesticated and wild yaks (Tu
et al., 2002; Qi et al., 2005; Guo et al., 2006; Lai et al., 2007,
Ho et al., 2008). However, there are distinct geographical and
morphological differences between wild and domestic yaks, the
former being of larger size, having long hair, and occurring
mainly in the northwestern QTP. Accordingly, they have been
treated as separate species (e.g. Leslie & Schaller, 2009); here
we treat them as a single species because of the absence of a
reproductive barrier between them. Studies based on D-loop
sequences, as well as those based on nuclear microsatellite
alleles (Zhang et al., 2008) and blood protein electrophoresis
(Tu et al., 1997), also suggest that identified genetic groups
show weak geographical or morphological correlations within
domestic yaks. Because of limited sampling in previous studies,
especially for wild yaks (Qi et al., 2005; Guo et al., 2006; Lai
et al., 2007), it remains unknown whether additional differ-
entiated maternal lineages or haplogroups occur between and
within wild and domestic yaks. In addition, Guo et al. (2006)
estimated that the divergence of the two major lineages
occurred around 130,000-100,000 years ago, while Ho et al.
(2008) suggested that this divergence occurred more recently,
around 75,000 years ago, based on D-loop sequences. How-
ever, intraspecific divergences recorded in a few biota occur-
ring on the QTP have been linked to extensive glaciations
during the Pleistocene (e.g. Jin et al., 2008; Wang et al., 2009),
for example, around 600,000 years ago, much earlier than the
estimates for the divergence of the two lineages within the yaks.

In this study we used mtDNA sequence data to study the
historical domestication, intraspecific diversification and
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geographical distribution  of lineages of yaks. MtDNA
sequences have been widely used when studying the popula-
tion genetics and phylogeographical histories of animals; their
value lies in the occurrence of multiple copies per cell, rare
recombination (Olivo et al., 1983; Ingman et al., 2000),
maternal inheritance (Giles et al., 1980; Gyllensten et al.,

1985), and high rates of change (Brown et al., 1979). Most
previous studies of the phylogeographical histories and
domestication patterns of animals have been based on the
mtDNA D-loop region (Luikart et al., 2001; Troy et al., 2001;
Jansen et al., 2002; Beja-Pereira et al., 2004; Larson et al., 2005;
Guo et al., 2006; Lai et al., 2007). This region is highly variable
and informative in determining intraspecific diversification,
but it is also subject to frequent parallel mutations (Tamura &
Nei, 1993; Ingman & Gyllensten, 2001) — it is a mutation

‘hotspot’ region (Wakeley, 1993). Complete mitochondrial
genomes, containing 18 times the number of sites in the
D-loop region, may allow us to recover finer details and reach
more confident conclusions regarding the geologically recent
evolution of animals, especially for molecular estimates of
intraspecific, divergent lineages (e.g. Ingman & Gyllensten,

2001). Recently, a number of studies have adopted this
phylogenomic approach to examine intraspecific diversifica-
tion or to clarify the domestication history of animals (Wu
et al., 2007; Achilli et al., 2008; Gilbert et al., 2008).

The major goals of this study were: (1) to examine
intraspecific genetic diversification and geographical distribu-
tions of genetic lineages of both wild and domesticated yaks
based on sequences of part of the D-loop region and a larger
sample of animals than previously available (Guo et al., 2006);
and (2) to clarify when and where major lineages diverged
based on the complete mitochondrial sequences of the selected
samples. This fine-scale phylogenomic analysis of matrilineal
components of wild and domesticated yaks provides new
insights into the intraspecific diversification and phylogeo-
graphical history of wild and domestic yaks.

MATERIALS AND METHODS

Sample collection

About 15,000 wild yaks occur only in the Kokohili region in
the northern and northwestern QTP, where the arrival of
herdsmen is rare (Leslie & Schaller, 2009). However, domestic
yaks are widely distributed in other regions of the QTP
(Wiener et al., 2003). We collected genetic material from 96
domesticated yaks, including samples from two new breeds,
and samples from a few locations where we had not previously
collected (see previous study by Guo et al., 2006). Therefore
our domestic yaks represent all the morphological breeds and
distributional range over the QTP.

We also collected another 34 wild samples in the Kokohili,
including 15 wild individuals in one location where more than
100 wild yaks died of hunger in the snowy spring. The other
wild samples were sparsely collected from corpses of wild yaks
in the central Kokohili. (These were considered to be wild yaks
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based on taxonomic characters: long hair and large skeleton.)
We placed the domestic samples collected within a diameter of
200 km as a separate population. Similarly, the wild yaks were
also treated as three separate populations because these
samples were collected at a spacing of more than 200 km.

We sequenced the partial D-loop region of these samples.
Together with our previous samples (Guo et al., 2006) and
other sequences from GenBank, we collated data on the
D-loop sequences of a total of 405 domesticated and 47 wild
yaks. Of the samples from which we had sequenced the D-loop
region, 48 domestic yaks and 21 wild yaks were randomly
selected for complete mitochondrial sequencing (see Appen-
dix S1 in Supporting Information). In addition, three com-
plete mtDNA sequences from domesticated yaks were
downloaded from GenBank, resulting in a dataset comprising
51 domesticated yaks; this dataset represented most morpho-
logical breeds as well as the range of species across the QTP
(Appendix S2). One cattle (Bos indicus) sample was also
collected from Yunnan province. Muscle tissue and/or skin
samples were collected and stored in 100% ethanol.

DNA extraction, amplification and sequencing

Genomic DNA was extracted using the standard phenol—
chloroform method (Sambrook & Russell, 2001). The partial
D-loop region that has a length of 637 base pairs (bp) was
amplified using the primers and methods described by Guo
et al. (2006). For complete mitochondrial sequencing, mito-
chondrial DNA fragments were amplified using a long and
accurate-polymerase chain reaction (LA-PCR) kit (Takara,
Dalian, China). Six pairs of PCR primers were designed to
amplify the complete sequence of the mitochondrial genome
based on the conserved sequences of three species (cattle, sheep
and pig) (Appendix S3). PCR amplifications were carried out
in 50-IL reaction mixtures containing 50 ng DNA, each
primer (0.5 IL of a 5 Im solution), dNTPs (4 IL of a 2.5 mm
solution), 5 IL of 10 - buffer and 0.2 IL of 5 U 1L>* LA-Taq
DNA polymerase. The PCR programme, run in a Tpersonal
Thermocycler (Biometra, Germany), consisted of an initial
denaturing step at 95 °C for 3 min, 35 amplification cycles
(95 °C for 20 s, 52 °C for 40 sand 72 °C for 4 min) and a final
extension at 72 °C for 10 min. PCR products were purified
using a Tiangen PCR purification kit following the manufac-
turer’s instructions (Tiangen, Beijing, China). The purified PCR
products were sequenced on an ABI 3130XL Sequencer
(Applied Biosystems, Foster, CA, USA) using a BigDye Termi-
nator Cycle Sequencing Kit (Applied Biosystems). Seventy-two
primers were used for sequencing (Appendix S4) and overlap-
ping contigs were compiled using the programs phred (Ewing
& Green, 1998), phrap (Green, 2010) and consed (Gordon
et al., 1998), in order to assemble a continuous sequence.

Phylogenetic analyses

The newly determined D-loop and complete mitochondrial
sequences from yaks were lodged in GenBank (GQ464116-
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GQ464314). Three complete yak mitochondrial sequences
(EF494177-EF494179) and 322 D-loop sequences were down-
loaded from GenBank (DQ138998-DQ139260, AY521137-
AY521161, DQ007210-DQ007224, DQ856594-DQ856600,
DQ856602-DQ856604,  EF494177-EF494179, AY722118,
AY749414, AY684273, AY374125, AF485066 and AF083355).
The complete mitochondrial sequence of bison (Bison bison)
(EU177871) was also added to the final data matrix. All
sequences were aligned using the ClustalX program (Thomp-
son et al., 1997). Two datasets were collated for phylogenetic
analyses: yak D-loop haplotypes and yak-bison complete
mitochondrial sequences. We used the sister species of yak,
Bison hison (Kierstein et al., 2004; Gu et al., 2005) (U12936) as
an outgroup to root all yak D-loop haplotypes. The cattle
(GU256940) was further selected as an outgroup to analyse
complete mitochondrial sequences (including both yak and
bison) (Kierstein et al., 2004; Gu et al., 2005). For the
complete mitochondrial dataset, a total of 12 protein genes
were used; the ND6 gene was excluded because it was
associated with significant bias in codon usage. The initiation
and termination codons and overlapping regions between
ATP6 and ATP8, ND4 and NDA4L, and ND5 and ND6 were
also excluded.

Each dataset was subjected to maximum likelihood (ML)
analyses in paup* 4.0b10 (Swofford, 2002), as well as Bayesian
analyses in MrBayes 3.1 (Huelsenbeck & Ronquist, 2001).
Modeltest (Posada & Crandall, 1998) was used to select
parameters and assumptions for the ML analyses. The heuristic
search parameters used for the paup* analyses were the simple
addition sequence of taxa with tree bisection—reconnection
(TBR) branch swapping, MULTREES and COLLAPSE. We
further used garli 0.96 (Zwickl, 2010) to obtain the support
values for the nodes of ML tree. Garli (Genetic Algorithm for
Rapid Likelihood Inference) is a program that performs
phylogenetic searches on aligned sequence datasets using the
maximum-likelihood criterion. It uses a stochastic genetic
algorithm-like approach to simultaneously find the topology,
branch lengths and substitution model parameters that
maximize the log-likelihood. The GTR + | + G model was
used, and the bootstrap analyses were carried out with 1000
replicates. Posterior probabilities were calculated for nodes in
the tree. For the Bayesian analyses, four simultaneous Markov
chain Monte Carlo (MCMC) analyses were run for 10,000,000
steps, with one tree saved every 1000 steps and with the first
25% discarded as ‘burn-in’. The standard deviation of split
frequencies was below 0.01 after 10,000,000 steps, indicating
the convergence of the four chains to the stationary distribu-
tion.

Analysis of molecular diversity

The haplotype diversity (Hd) and nucleotide diversity (p) of all
domesticated yaks and wild yaks were estimated separately for
the D-loop region, the complete mtDNA sequences and the
protein coding regions using arlequin 3.1 (Excoffier et al.,
2005). Fu’s Fg test (Fu, 1997) was used to determine whether
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or not each haplogroup and all samples exhibited neutrality. A
population that has experienced expansion may result in a
rejection of the null neutrality hypothesis with significant
negative values. The genetic structure of domestic yaks and
wild yaks was examined across the distribution regions by
analysis of molecular variance (AMOVA, Excoffier et al., 1992)
as implemented in arlequin 3.1. Network 4.1 (available
from http://www.fluxus-engineering.com/sharenet.htm) was
used to determine D-loop haplotype relationships among the
wild and domesticated yaks (Bandelt et al., 1999).

Molecular calibration and divergence estimation

A likelihood-ratio (LR) test (Huelsenbeck & Rannala, 1997) in
paup* 4.0b10 (Swofford, 2002) was used to test the hypothesis
of a molecular clock for the protein-coding genes of bison and
yaks. This test was performed by comparing the log likelihood
(In L) of the ML trees with and without assuming a molecular
clock. The hypothesis of a molecular clock could not be
rejected because constrained and unconstrained analyses were
not significantly different (GTR+ G, 2DInL = 33.27,
d.f. = 49, P = 0.96).

Divergence times of three divergent lineages of yaks were
estimated using the Bayesian method implemented in the
program beast v. 1.5.3 (Drummond & Rambaut, 2007). To
address the problem of time-dependent rates, whereby rates
appear to be elevated over short time-scales owing to
incomplete purifying selection (Ho et al., 2005), our dating
analysis was limited to the third codon sites in the alignment.
This approach follows recent dating studies, which have
suggested that rates at synonymous coding sites, for which
third codon sites are taken as a proxy here, are subject to a
much smaller degree of time-dependence than non-synony-
mous sites (Kivisild et al., 2006; Endicott & Ho, 2008;
Subramanian et al., 2009). We compared five population
models (constant size, exponential growth, logistic growth,
expansion growth, and Bayesian skyline plot) using Bayes
factors (Nylander et al., 2004) (indicating the strength of the
evidence in favour of the best of compared models), then
estimated divergence times under the chosen model (constant
size). Following a burn-in of 1,000,000 steps, all parameters

were sampled once every 1000 steps from 10,000,000 MCMC
steps. We checked convergence of the chains to the stationary
distribution by visual inspection of plotted posterior estimates
using the program Tracer (Rambaut & Drummond, 2010),
and the effective sample size for each parameter sampled from
the MCMC analysis was found to exceed 100, usually by an
order of magnitude.

To calibrate the divergence-time analysis, the divergence
between bison and yak was set to be around 2.5 million years
ago (Ma). This was done by specifying a lognormal prior on
the age of the bison—yak divergence, with a minimum bound
of 2Ma, a mean of 2.5 Ma, and with 95% of the prior
probability between 2 and 3 Ma (Ho & Phillips, 2009). We
chose a mean value of 2.5 Ma rather than the value of 1.8 Ma
adopted by Guo et al. (2006), for the following reasons. First,
fossils of yaks were well established before 1.8 Ma in the QTP
(Flerow, 1980). These fossil records suggested that origins of
yaks should have been earlier than this time (Yonezawa et al.,
2007). In addition, the earliest bison-like fossil (which might
be a yak fossil) was dated at around 2.5 Ma during the late
Pliocene (Olsen, 1990; Tedford et al., 1991). Finally, previous
molecular estimates have placed the bison-yak divergence
earlier than 2.5 Ma, at about 3.0 Ma (e.g. Kierstein et al., 2004;
Gu et al., 2005).

RESULTS

MtDNA D-loop sequences

The final analyses used data from 405 domestic yaks (see
Appendix S2 for locations) and 47 wild yaks from western
China. A total of 87 variable sites and 123 haplotypes were
identified from these (452) sequences (Table 1). We identified
a total of 29 haplotypes from the wild samples, with five
haplotypes shared by domesticated and wild yaks. The average
haplotype diversity was clearly higher in wild than in
domesticated yaks (Table 1).

Phylogenetic analyses of the 123 haplotypes revealed two
highly supported divergent lineages (I and II) (Fig. 1).
However, two haplotypes from the wild yaks formed a more
divergent lineage, and its clustering with lineage Il was poorly

Table 1 Summary of statistical parameters for the D-loop region and mitochondrial genomes of yaks (Bos grunniens) in western China.

Dataset Length Y N h Hd + SD p+SD

D-loop All yaks 636-637 87 (62) 452 123 0.927 + 0.008 0.0165 + 0.0084
Domesticated yaks 636-637 79 (52) 405 99 0.916 = 0.009 0.0156 + 0.0079
Wild yaks 636-637 49 (41) 47 29 0.967 + 0.013 0.0221 + 0.0112

Complete mtDNA All yaks 16,321-16,325 306 (153) 72 64 0.995 + 0.004 0.00315+ 0.00153
Domesticated yaks 16,321-163,25 187 (132) 51 45 0.992 + 0.007 0.00294 + 0.00144
Wild yaks 16,322-163,23 235 (127) 21 19 0.991+ 0.018 0.00365+ 0.00183

Protein-coding regions All yaks 10,710 193 (82) 72 50 0.944 + 0.022 0.00262 + 0.00129
Domesticated yaks 10,710 105 (71) 51 34 0.904 + 0.039 0.00238+ 0.00118
Wild yaks 10,710 148 (67) 21 17 0.981 + 0.020 0.00323+ 0.00164

V, number of variable sites; numbers in parentheses indicate number of parsimony-informative sites; N, number of sequences; h, number of

haplotypes; Hd, haplotype diversity; SD, standard deviation; p, nucleotide diversity.
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supported. All domesticated yak haplotypes nested within
lineages | and 1, within which six major haplogroups (A-F)
were identified (Fig.1). The wild haplotypes were evenly
distributed throughout the entire tree, and about 60% of wild
individuals had haplotypes belonging to the six domestic
haplogroups (Fig. 2). However, there were more haplogroups
or haplotypes specific to the wild yaks.

Geographical structure was weak among domestic yak
populations, as revealed by phylogeographical analyses of the
405 D-loop sequences. There were also no correlations between
phylogenetic lineages or haplogroups and the geographical
distribution of domesticated yaks (Fig. 2). The two main
lineages both consist of domestic yak haplotypes from Qinghai,
Tibet, Gansu, Sichuan, Yunnan and Xinjiang. A total of 55.5%
of domestic yaks had haplotypes belonging to haplogroup A,
and 83.9% had types belonging to haplogroups A, B and C
(Table 2). Haplogroups A and B were represented in all
geographical regions, and haplogroup C in all regions except
Xinjiang. Thus these three haplogroups constitute a common
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3 Figure 1 Phylogenetic tree of all domesti-
I cated and wild yak (Bos grunniens) D-loop

j\\"l | haplotypes in western China constructed by
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maximum likelihood analysis, rooted with
one sequence from Bison bison. The length of
the D-loop sequences is 637 bp. Filled circles
c indicate haplotypes found in wild yaks; open
circles, haplotypes shared by domestic and

i wild yaks. Branches with no circle are those
I found in domestic yaks. Support is indicated
| at the nodes as percentage bootstrap support
D for 1000 maximum likelihood replicates and
= Bayesian posterior probabilities.

source for a very large proportion of the mtDNA genetic
variation in all domestic yak populations. Haplogroup D was
found in all regions except Xinjiang and Yunnan, and
haplogroup E was represented in all geographical regions
except Xinjiang, while haplogroup F was found only regionally
in Xinjiang. Furthermore, the frequencies of haplogroups A-E
were similar in all regions except Yunnan due to the small
sample size from that province (Table 2). There is also no clear
correlation between the phylogenetic haplogroups and the 12
morphological breeds of domestic yak (Table 3). Most breeds
contain haplotypes from the five major haplogroups (A-E).
The similarity of genetic variation among regions can also be
seen from the haplotype network of most of the major
haplogroups (Fig. 3). Each haplogroup harboured a few widely
distributed major haplotypes, found in most geographical
regions and at high frequencies, surrounded by less frequent
types that were generally unique to a specific region. This
indicated demographic expansions following domestication,
further supported for four of the major haplogroups (A, B, C
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Figure 2 Geographical distribution of the
yak (Bos grunniens) D-loop haplogroups in
western China. These haplogroups are shown
in Fig. 1. Populations of domesticated yaks
are indicated by white circles; wild popula-
tions by black circles. The current range of
wild yaks is indicated by a continuous line.

Table 2 Numbers and proportions of individuals of yaks (Bos grunniens), and numbers of haplotypes and unique haplotypes representing

haplogroups A-F in each geographical region in western China.

A B c D E F
Region N h(U)  Hd+SD p + SD N (%) N (%) N (%) N (%) N (%) N (%)
Qinghai 180 52(33) 0.892+ 0017 00136+ 00012 107 (59.4) 29 (16.1) 18(100) 14(7.8) 12(6.7) 0(0)
Tibet 94 33(19) 0921+0017 00188+ 00013 47 (50.0) 15(16.0) 14 (149) 14(149) 4(42)  0(0)
Gansu 36 17(5) 0914+ 0031 00124+ 00025 20 (55.6) 8(222) 2(56) 3(83) 3(83) 0(0)
Sichuan 45 22(9) 0939+0018 00156+ 00023 25(555) 3(67)  5(11.1) 5(111) 7 (156) 0(0)
Xinjiang 35 10(6) 0842+ 0034 00097+ 00025 21(60.0) 12(343) 0 (0) 0 (0) 0 (0) 2 (5.7)
Yunnan 9  7(2) 0917+0092 00221+ 00039  2(222) 3(333) 3(333) 0(0) 1(11.2) 0(0)
Domestic yaks 405 99 0916+ 0.009 00156+ 0.0079 225(555) 72(17.8) 43(10.6) 36(8.9) 27(67) 2(05)

N, number of sequences; h, number of haplotypes; U, unique haplotypes; Hd, haplotype diversity; SD, standard deviation; p, nucleotide diversity.

Table 3 The distribution of sampled individuals of 12 morpho-
logical breeds of yak (Bos grunniens) representing the six identified
haplogroups (A-F) in western China.

Breed A B C D E F
Tianzhu 12 6 2 1

Gannan 2 1 1 1 2

Datong 17 7 4 2 1

Huanhu 38 7 5 5 6

Plateau 52 15 9 7 5

Jiali 19 7 4 9 3

Sibu 5 2 2 3

Pali 23 6 8 2 1

Maiwa 14 2 4 3 1

Jiulong 10 1 1 1 3

Bazhou 21 12 2
Zhongdian 2 3 3 1

and E) by Fu’s Fs test, which is particularly sensitive to
population growth (Fu, 1997). The test exhibited significant
(P < 0.01) departure from neutrality (Table 4).
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Analysis of molecular variance (AMOVA) of the D-loop
haplotypes suggested that 1.92% of the total variance was
distributed between wild and domestic yaks (Table 5). Within
domestic yaks, most of the total variances (93.91%) were
attributed within populations and 5.46% among populations,
with a very small percentage (0.64%) among regions
(Table 5).

Complete mitochondrial sequences

The 72 complete mitochondrial sequences from yaks varied in
length from 16,321 to 16,325 bp. A total of 311 segregating
sites were identified, of which 157 showed the same polymor-
phism in at least two individuals. When ND6 was excluded, the
mitochondrial protein-coding genes comprised 10,710 bp
(3570 codons). Based on this sequence length, we identified
34 haplotypes from the domesticated yaks and 17 from the
wild individuals. Only one haplotype was shared by domes-
ticated and wild yaks and therefore a total of 50 haplotypes
were recovered. Genetic diversity was higher in wild than
domesticated yaks.
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Figure 3 Parsimonious network of D-loop sequences of domesticated and wild yaks (Bos grunniens) in western China. Each haplotype
is represented by a circle, with the area of the circle proportional to its frequency. Samples from different regions are indicated by
different colours. The length of each branch is proportional to the number of mutations on the respective branch.

Table 4 Genetic diversity and neutrality test for the major haplogroups of yak (Bos grunniens) based on the D-loop regions of all sampled

yaks in western China.

Including wild yaks

Excluding wild yaks

Haplogroup N Hd + SD

p+SD Fs test

235 0.777 + 0.025

7 0.852 + 0.031

50 0.664 + 0.077

39 0.709 + 0.069

31 0.404 + 0.111

Il 452 0.927 + 0.008

0.00241+ 0.00160
0.00269 + 0.00176
0.00203 + 0.00144
0.00264 + 0.00176
0.00081 + 0.00078
0.0165 + 0.0084

>mMOO0OW>

)27.900** 225
)24.839** 72
)14.785** 43

)23.830** 405

N Hd + SD p + SD Fs test
0777+ 0026  0.00237+ 0.00159  )27.894**
0845+ 0032  0.00252+ 0.00167  )20.652**
0546+ 0092  0.00157+ 0.00120  )8.952%*

)1.428 36 0671+0079 000251+ 000169  )1.752
)5.398%* 27 0399+ 0117  0.00081+ 0.00078  )4.004**
0.916 + 0.009 00156+ 0.0079  )23.931**

N, number of sequences; Hd, haplotype diversity; SD, standard deviation; p, nucleotide diversity; **P < 0.01.

Phylogenetic analyses of these 50 haplotypes based on the
best-fit model (GTR + | + G) identified three highly divergent
lineages, with each lineage receiving high bootstrap-support
values (Fig. 4). The other nodes of the ML tree received
moderate to high support values. The Bayesian tree was
consistent with the ML tree in its topology and all nodes
received high posterior probabilities (> 0.95), with one
exception (posterior probability = 0.82, marked with a star
in Fig. 4). Most haplotypes clustered into the two lineages I
and Il, which contained haplotypes from both domesticated
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and wild yaks. In these two lineages, five haplogroups (A-E) of
domesticated yaks, which were in accordance with the D-loop
phylogenetic tree, could be identified. We also identified more
haplogroups or haplotypes specific to the wild yaks (Fig. 4).
One wild haplotype (1I1) formed a sister lineage to the two
main lineages. The D-loop haplotypes identified from this wild
sequence were situated at the base of lineage Il in the
phylogenetic tree of the D-loop region (Fig. 1). The divergent,
low-frequency mtDNA haplotypes may result from nuclear
mitochondrial pseudogenes (numts) (Parr etal., 2006).

Journal of Biogeography 37, 2332-2344
& 2010 Blackwell Publishing Ltd



Table 5 Analyses of molecular variance (AMOVA) for haplotypes of yaks (Bos grunniens) in western China.

Source of variation d.f. Sum of squares Variance components Percentage of variation Fixation index

Wild yaks Among populations 2 1.260 0.01159 2.37 Fsr = 0.024
Within populations 39 18.621 0.47747 97.63
Total 41 19.881 0.48906

Domestic yaks Among regions 5 4.828 0.00293 0.64 Fer = 0.006
Among populations 40 24.902 0.02508 5.46 Fsc = 0.055**
Within populations 353 152.398 0.43172 93.91 Fst = 0.061**
Total 398 182.128 0.45973

All yaks Among groups 1 1.547 0.00906 1.92 Fer = 0.019
Among populations 47 30.989 0.02596 5.51 Fsc = 0.056**
Within populations 392 171.020 0.43627 92.57 Fsr = 0.074**
Total 440 203.556 0.47129

d.f., degrees of freedom; Fc+, correlation of haplotypes within regions relative to total; Fg., correlation within populations relative to regions; Fqr,
correlation within populations relative to total; **P < 0.01.

Figure 4 Maximum likelihood tree for

protein-coding sequences of the mitochon-
drial genomes of yak (Bos grunniens), bison

(Bison hison) and cattle (Bos indicus). This

tree was constructed using the best-fit model

(GTR + | + G). Filled circles indicate

haplotypes found in wild yaks; open circles,
haplotypes shared by domesticated and wild
yaks. Branches with no circle are those found
in domestic yaks. The asterisk indicates that

the Bayesian posterior probability of this
haplogroup was < 0.95. Numbers above

branches represent bootstrap values obtained
with garli 0.96. The divergence times of the

three lineages are also shown (years ago).
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However, there are two reasons why we can exclude the
possibility for this wild sample. First, this lineage was identified
in the phylogenetic analyses of the D-loop haplotypes with two
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individuals nested within it. Second, nucleotide alignments of
each gene from this sample are highly similar to those of the
other haplotypes without any indication of numts.

2339



Based on the assumption that the divergence between yak
and bison started around 2.5 Ma, the divergence time of the
two main lineages (I and 1) was estimated to have occurred
429,183 years ago, with a 95% highest posterior density (HPD)
of 304,856-562,300 years ago; the divergence between these
and the remote lineage Il was estimated to have occurred
580,584 years ago with a 95% HPD of 422,655-739,360 years
ago (Fig. 4).

DISCUSSION

Phylogeographical structure

Wild yaks are distributed in the northwestern QTP while
domestic yaks radiated around this region (Wiener et al.,
2003). Despite the parapatric distributions, there are distinct
morphological differences between them (Leslie & Schaller,
2009). In the present study, however, the three main
haplogroups occurring at high frequencies in domestic yaks
form a small proportion of the identified haplotypes in the
wild populations. One more lineage (II1), as well as many
endemic haplogroups and/or haplotypes, were identified to be
specificto the wild yaks (Figs 1 & 4). About 40% of the wild
yaks were found to have specific haplotypes or haplogroups
that did not belong to the six haplogroups recovered from the
domestic yaks. It is obvious that there is a distinct phylogeo-
graphical difference between wild and domestic yaks. In
addition, AMOVA analyses of the D-loop data suggested that
about 2% of the total variance could be partitioned between
them. However, such difference can be explained by the fact
that only a part of the wild populations or individuals were
involved in the yak domestication, although the actual
ancestral population size is difficult to determine without
further nuclear data.

We found that all domestic haplogroups included the
haplotypes from the wild yaks. Therefore the genetic diversity
of wild yaks is clearly higher than that of domesticated yaks,
based on the mitochondrial D-loop sequences and genomic
data (Table 1). This reduced diversity is a common feature of
domestic animals when compared with their wild counterparts
(Bruford et al., 2003). However, within domestic yaks there
was no correlation between the identified haplogroups and
their geographical distributions (Fig. 2) or the current mor-
phological breeds (Table 3). Samples from an individual
population or morphological breed were distributed across
different haplogroups, with each haplogroup containing indi-
viduals from different populations or breeds. These findings
are largely consistent with our previous results (Guo et al.,
2006), despite the fact that the present analyses included all
morphological breeds and comprised all samples across the
QTP and adjacent regions of western China.

We further quantified the degree of structuring by
computing the components of D-loop variation under the
hierarchical AMOVA framework, and the results reflected the
low phylogeographical structure within domestic yaks
(Table 5): only 0.64% of the variance was attributed among
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regions. Because most breeds represent local distribution
(Wiener et al., 2003), genetic correlations with morphological
breeds may also reflect phylogeographical structure. However,
we failed to find such a correlation (Table 3). Similarly, based
on nuclear microsatellite alleles, Zhang et al. (2008) revealed
that 94.4% of the genetic variation was observed within yak
breeds, while only 5.6% of the genetic variation existed among
breeds.

Although further studies based on nuclear data are needed,
we tentatively suggest three possible factors that might account
for the limited structures in domestic yak populations. First,
these maternal haplogroups recovered from the domesticated
yaks had formed in the wild yaks before domestication; this
can be inferred from the phylogenetic analyses (Figs 1 & 4).
Domestication of yaks from a single wild gene pool may have
involved a few haplogroups, and there has been an insufficient
amount of subsequent breeding in specific geographical areas
and/or breed selection to produce maternal haplogroups
through genetic drift. This hypothesis was also supported by
the AMOVA analyses showing that only a small percentage of
variation existed between the wild populations (2.37%)
(Table 5), indicating little between-population genetic differ-
entiation for the wild yaks.

Second, exchanges between different local breeds are
frequent, thus preventing segregation of the maternal haplo-
groups. Domestic yaks were the main transport power
resources in the QTP region in early herding history; the high
mobility of domestic yaks might have caused extensive
interchanges between different maternal lineages. Notably,
hybridization between different breeds and sometimes even
with wild yaks was widely used in cultivation; therefore these
activities would blur the concordance between the current
breeds and the identified haplogroups.

Third, morphological diversification and local fixing may
result from recent breeding activities and artificial selection for
a few beneficial nuclear alleles, thus reducing the strength of
natural selection. However, such alleles are not linked to
mtDNA variations. It is obvious that further studies, especially
based on functional genes, are needed to clarify the genetic
mechanisms underlying the morphological and/or geograph-
ical differentiation of the current yaks in the QTP and adjacent
highlands of western China.

Since the genetic diversity is similar among the geographical
regions (Table 2), it is difficult to determine the original sites
of domestication. However, both the total number of haplo-
types and the number of region-specific haplotypes are higher
in Qinghai and Tibet, which are close to the current
distribution of wild yaks. This might hint that the earliest
domestication occurred in this region. Subsequently, the
mitochondrial gene pool spread from the region of origin to
other regions. All domesticated yak haplotypes of four of the
six haplogroups formed a star-phylogeny encircling the basic
haplotypes, and have a wide distribution and high frequency
(Fig. 3), suggesting an exponential expansion following initial
domestication (Avise, 2000). This hypothesis was further
supported by Fu’sFs test (Table 4).
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Development of divergent lineages within yaks

The D-loop region is highly variable and sometimes subject to
parallel mutation (e.g. Tamura & Nei, 1993), thus calibrations
based on this region may distort the actual between-lineage
divergence (Ingman & Gyllensten, 2001). Previous dating
based on the D-loop region suggested that two lineages
(lineages | and Il here) diverged 100,000-130,000 years ago
(Guo et al., 2006) or more recently, 75,000 years ago (Ho
et al., 2008). In this study, we used the third codon sites of
mitochondrial protein-coding genes to produce a new estimate
of the divergence time between the major lineages of wild yaks.
Based on this new approach and new calibration point
(centred on 2.5 Ma), the divergence times of the three lineages
were estimated to have occurred around 420,000 and
580,000 years ago. In addition to the older calibration point
based on the bison fossil, the elevated divergence estimates of
main lineages in this study seem more reasonable than the
previous ones based on the mitochondrial D-loop region (Guo
et al., 2006; Ho et al., 2008), and probably reflect the following
factors: (1) one more lineage was included in the present
analysis, which might be more representative of the total
intraspecific phylogeny; (2) a larger genomic dataset allows an
improvement in phylogenetic resolution; and (3) the present
molecular clock-like dataset might have avoided a few errors in
the previous study, such as rate variation among lineages,
parallel mutations in the D-loop ‘hotspot’ mutation region,
and time-dependent rates (Ho et al., 2005).

Our current estimates might not fully reflect the actual
diversification time-scales of yaks because they are based
exclusively on mitochondrial data. However, these estimates
provide a preliminary timeframe to trace the intraspecific
differentiation of the maternal lineages of yaks. Two alternative
hypotheses are suggested to explain the development of
divergent lineages within a species: the extremely large
ancestral population size; or allopatric differentiation in the
past (Avise, 2000).

Under the first scenario, we followed Luikart et al. (2001) to
compute the possible effective size (Ne) of an ancestral
population necessary to maintain three divergent mtDNA
lineages we observed today. To perform this calculation, we
assumed the coalescent time of all lineages in the ancestral
population to be around 580,000 years ago, or 290,000 gener-
ations of 2 years. The expectation of this time is 2Ne(1)1/k)
generations, where k is 72 mt protein-coding sequences,
implying an Ne value of 147,000. A generation time of 3 years
would lead to Ne = 98,000. The population census size would
have to be far larger than this estimated Ne (Avise, 2000). Wild
yaks have been declining ever since modern humans reached the
QTP (Schaller, 1998); based on the limited number of wild yaks
currently present on the QTP (Leslie & Schaller, 2009), it is
unlikely that a population of this size was present at any time
(Wiener et al., 2003). Such a large ancestral population is also
unlikely for any other ungulate species (Luikart et al., 2001).

Therefore the second scenario is more likely: namely that the
glacial climate drove the wild yaks into a number of refugia,
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where the populations diverged, they then mixed again when
the climate improved. The divergence times of the three
lineages of yaks estimated here are highly consistent with the
large glaciation events recorded for the QTP during the
middle—late Pleistocene (Zheng et al., 2002). The ice-sheet size
of the Last Glacial Maximum (LGM) (which started around

20,000 years ago) in the QTP remains disputed (Shi etal.,

1998; Kaufmann, 2005; Kuhle, 2007). However, it is commonly
agreed that the most extensive glacial activity on the QTP
occurred between 800,000 and 600,000 years ago in the
Pleistocene: the Naynayxungla Glaciation formed an ice sheet
around 500,000 km? (Shi et al., 1990, 1998; Wu et al., 2001;
Zheng et al., 2002; Owen et al., 2006). In addition, the
subsequent and relatively extensive Nebraskan glaciation
occurred between 500,000 and 400,000 years ago (Shi et al.,

1998; Owen et al., 2006), as occurred in North America (Dort,

2008). Although temperatures rose during the interglacial
stages, development of glaciers and/or extremely low temper-
atures at high elevations (> 4500 m) throughout the Pleisto-
cene may have continued to impede the gene flow of wild yaks,
eventually resulting in the genetic divergence of yaks in the
allopatric regions. Recently, a few other animal and plant
species that have been studied on the QTP have been found to
exhibit similar intraspecific divergences, which largely corre-
spond to the Quaternary glaciations during the mid- and
late-Pleistocene: for example, the white-rumped snowfinch
(Onychostruthus taczanowskii, Yang et al., 2006), the schizo-
thoracine fish (Schizopygopsis pylzovi, Qi et al., 2007), the toad-
headed lizard (Phrynocephalus vlangalii, Jin et al., 2008), the
plateau zokor (Eospalax baileyi, Tang et al., 2010) and an
alpine herb (Aconitum gymnandrum, Wang et al., 2009).
Within the toad-headed lizard and the plateau zokor, a series
of divergences in several lineages were found to be highly
associated with these extensive glacial advances (Jin et al.,

2008; Tang et al., 2010). However, the diverged lineages of
these other species are allopatrically distributed across their
current ranges. Presumably, it is the high mobility of yaks and
the deteriorating habitats on the QTP that might have resulted
in a reunion of the allopatrically divergent lineages of the wild
yak at the end of the LGM into a single gene pool within their
current limited distributional range. Therefore later domesti-
cation(s) from this gene pool around the start of the Holocene
(Schaller, 1998) might have further led to the presence of two
divergent lineages within domestic yaks, although a third
remote lineage remained undomesticated. Despite the fact that
mobility and domestication might have complicated the
intraspecific maternal divergences of yaks, our analyses high-
light the roles of past extensive glaciations on the recent
evolution of this species.
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