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Abstract

To characterize the origin, genetic diversity, and phylogeographic structure of Chinese domestic sheep, we here analyzed a 531-bp fragment of
mtDNA control region of 449 Chinese autochthonous sheep from 19 breeds/populations from 13 geographic regions, together with previously
reported 44 sequences from Chinese indigenous sheep. Phylogenetic analysis showed that all three previously defined lineages A, B, and C were
found in all sampled Chinese sheep populations, except for the absence of lineage C in four populations. Network profiles revealed that the lineages B
and C displayed a star-like phylogeny with the founder haplotype in the centre, and that two star-like subclades with two founder haplotypes were
identified in lineage A. The pattern of genetic variation in lineage A, together with the divergence time between the two central founder haplotypes
suggested that two independent domestication events have occurred in sheep lineage A. Considerable mitochondrial diversity was observed in
Chinese sheep. Weak structuring was observed either among Chinese indigenous sheep populations or between Asian and European sheep and this
can be attributable to long-term strong gene flow induced by historical human movements. The high levels of intra-population diversity in Chinese
sheep and the weak phylogeographic structuring indicated three geographically independent domestication events have occurred and the

domestication place was not only confined to the Near East, but also occurred in other regions.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Domestic sheep (Ovis aries) have played important roles in
diverse human societies as a source of food, hide, and wool, and
are one of the major components of agro-pastoral societies since
the Neolithic. It is therefore of considerable interest to appreciate
what, where, and when of sheep domestication. Archaeological

Abbreviations: mtDNA, mitochondrial DNA; bp, base pairs; nps, nucleotide
positions; CR, control region; Cyt b, Cytochrome 5; AMOVA, analysis of mole-
cular variance; MDS, multidimensional scaling; TMRCA, the most recent common
ancestor.
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evidence suggested that sheep were probably first domesticated in
the Fertile Crescent region of the Near East approximately 8000—
9000 years ago (Ryder, 1984). Three major groups of Eurasian
wild sheep, mouflon (O. musimon or O. orientalis), urial
(O. vignei), and argali (O. ammon), have been proposed as an-
cestors of domestic sheep (Ryder, 1984) or, at least, are believed to
have contributed to specific breeds (Reed, 1960; Zeuner, 1963).

Mitochondrial DNA (mtDNA) data from wild and domestic
sheep revealed that there were no contributions from urial and
argali species to domestic sheep and thus favoring the mouflon
species as the only progenitor of domestic sheep (Hiendleder et al.,
1998a, 2002). Two maternal lineages A and B were identified in
modern domestic sheep breeds sampled from different geographic
regions of the world (Hiendleder et al., 1998a, 2002; Meadows et
al., 2005; Wood and Phua, 1996). More recently, a novel maternal
lineage C, besides lineages A and B, was observed in sheep from
Turkey and China (Guo et al., 2005; Pedrosa et al., 2005). The time
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since divergence among these three lineages in Turkish sheep
estimated from the mtDNA cytochrome b gene (around 160,000 to
750,000 years ago) (Pedrosa et al., 2005) greatly predated the time
of sheep domestication (around 8000—9000 years ago) and sug-
gested that at least three independent sheep domestication events
occurred. These results, combined with archaeological data and
wide distribution of wild sheep populations, further highlight the
importance of the Near East region in the sheep domestication
process (Pedrosa et al., 2005). However, the question of how many
founders in each lineage, the geographic distribution of these
lineages, and the dispersal pattern from the domestication centre to
other regions remains poorly understood.

China has 15 autochthonous sheep breeds and numerous local
sheep populations, which are distributed from the high Qinghai—
Tibet Plateau to the low land of East China (Tu et al., 1989). Based
on the morphology and the distribution of wild sheep populations
of O. ammon, it was hypothesized that Chinese domestic sheep
derived from wild sheep populations of O. orientalis and
O. ammon (Tu et al., 1989). However, molecular phylogenetic
analyses have excluded O. ammon as the maternal ancestor of
domestic sheep (Hiendleder et al., 1998a, 2002; Wu et al., 2003).
Previous genetic studies identified three mtDNA types in Chinese
domestic sheep by restriction fragment length polymorphism and
hinting multiple maternal sources (Li et al., 2001; Tu and Zhang,
1998). This point is further confirmed by the recent survey, in
which three mtDNA lineages A, B, and C were found in six Chi-
nese indigenous breeds by single-strand conformational polymor-
phism and mtDNA control region sequence analysis (Guo et al.,
2005). Considering archaeological remains showing an early
presence of domestic sheep in ancient China (Kuo et al., 1999; Tu
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et al., 1989), whether there is any specific founder or subclade in
the three lineages A, B, and C in Chinese domestic sheep needs to
be further investigated. Due to limited geographic sampling in
previous studies, little is known about the pattern of genetic
diversity, the geographic distribution of these three lineages, and
population structure in Chinese domestic sheep.

To address these issues, we here examined the mtDNA se-
quence variation in 19 Chinese autochthonous sheep breeds/
populations from 13 geographic regions in China, combined with
the 44 sequences of Chinese native sheep reported in a previous
study (Guo et al., 2005). To know more about the degree of
diversity found in Chinese sheep and haplotype sharing between
sheep from China and other geographic regions, we compared our
data with the available sheep sequences in GenBank database.
Meadows et al. (2005) found weak structuring between Asian and
European sheep owing to high levels of gene flow. Given the few
sequences from Asian sheep during that time, we also further
investigated the phylogeographic structure between Asian and
European sheep by adding the Chinese sheep sequences.

2. Materials and methods
2.1. Sampling and DNA extraction

Blood samples from 405 domestic sheep (O. aries) represent-
ing 17 populations from 13 Chinese autochthonous breeds were
collected from small remote villages belonging to 11 geographic
regions in China (Fig. 1 and Table 1), and stored at —70 °C. An
effort was made to collect samples from unrelated individuals
based on the information from the owners and local farmers.

Fig. 1. Geographic distribution of samples and of the three mtDNA lineages A, B, and C in Chinese domestic sheep breeds/populations. Breed/population codes are as

reported in Table 1. Circle area is proportional to the sample size.
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Table 1
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The sample information and some diversity indices for each breed/population used in the study

Breed/population Code Location Sample size® Number of haplotypes Lineage observed Haplotype diversity (SE) Nucleotide diversity (SE)
Tan NXT Ningxia 12 4 A, B 0.4545+0.1701 0.0069+0.0042
Small Tailed Han SDS  Shandong 8 8 A,B,C 1.0000+£0.0625 0.0200+0.0116
Small Tailed Han HNS  Henan 21 11 A,B,C 0.8762+0.0581 0.0106+0.0059
Small Tailed Han HBS Hebei 9 (gb) 8 A,B,C 0.9722+0.0640 0.0223+0.0127
Mongolian MON Inner Mongolia 28+9 (gb) 28 A, B, C 0.9640+0.0222 0.0154+0.0081
Hu ZJH  Zhejiang 8 (gb) 8 A, B, C 1.0000£0.0625 0.0239+£0.0138
Lanzhou Large Tailed GSL  Gansu 22 15 A, B, C 0.9437+0.0330 0.0170£0.0091
Lanzhou Large Tailed HNL Henan 16 7 A, B 0.7917+0.0886 0.0106+0.0060
Large Tailed Han LTH Henan 11 10 A, B 0.9818+0.0463 0.0104+0.0061
Tong SXT  Shaanxi 24+5 (gb) 21 A, B, C 0.9729+0.0173 0.0161+0.0085
Tibetan QHT  Qinghai 29 16 A, B, C 0.8941+0.0467 0.0142+0.0076
Tibetan XZT Xizang 9+7 (gb) 13 A,B,C 0.9750+0.0295 0.0173+0.0094
Tibetan YNT  Yunnan 28 8 A, B, C 0.5794+0.1041 0.0101+0.0056
Yunnan Local YNL Yunnan 51 20 A, B, C 0.8941+0.0274 0.0145+0.0076
Guizhou Local GZL  Guizhou 5 4 A, B 0.9000+0.1610 0.0139+0.0092
Kazakh Fat-rumped  KAZ Xinjiang 10+6 (gb) 13 A,B,C 0.9750+0.0295 0.0148+0.0082
Altay Fat-rumped ALT  Xinjiang 35 19 A,B,C 0.9092+0.0385 0.0141+0.0075
Hetian XJH Xinjiang 48 22 A, B, C 0.9025+0.0339 0.0132+0.0070
Xinjiang Local XJL  Xinjiang 48 29 A,B,C 0.9619+0.0147 0.0151+0.0079

* The suffix of sample size (gb) indicates that these sequences were extracted from GenBank database (Guo et al., 2005).

Details of breeds, geographic regions, and sample sizes are given
in Table 1. Total genomic DNA was extracted from blood by
standard phenol—chloroform extraction method.

2.2. PCR amplification and sequencing

To avoid the tandem repeats in the sheep mtDNA control region
(CR), a 531-bp fragment of control region between nucleotide
positions (nps) 16007 to 16537 of the sheep reference sequence
AF010406 (Hiendleder et al., 1998b) was amplified and se-
quenced. The primers CR400F (5-ACTGCTTGACCGTACA
TAGTAC-3’) and CR1099R (5'-AGTATTGAGGACGGGGTA
A-3") were used to amplify the 531-bp CR sequence fragment. The
1140 bp cytochrome b (Cyt b) was sequenced for six sheep
arbitrarily chosen (two individuals with different CR sequences
from each lineage) by using the primers L14724V (5’-ATGA
TATGAAAAACCAT CGTTG-3’) and HI15915V (5'-TCTCCTT
CTCTGGTTTACAAGAC-3’) (Luikart et al., 2001). PCR am-
plifications were conducted in a 50 pl volume containing 5 pul 10x
reaction buffer, 1.5 mM MgCl,, 0.2 mM dNTPs, 0.2 pM each
primer, 1.5 U Taq DNA polymerase (TaKaRa Biosystems), and
approximately 30 ng genomic DNA. The PCR mixture underwent
3 min at 95 °C, 35 cycles 50 s at 94 °C, 1 min at 51 °C (CR se-
quence fragment) or 53 °C (Cyt b), and 1 min at 72 °C, and 5 min at
72 °C. PCR products were purified by using Watson PCR Puri-
fication Kit (Watson BioTechnologies Inc., Shanghai) and were
directly sequenced by using BigDye™ Terminator v3.1 Ready
Reaction Cycle Sequencing Kit (Applied Biosystems) on ABI
PRISM 3700 DNA Analyzer according to the manufacturer’s
manual. The 531-bp CR sequence fragment was sequenced using
the primers CR400F and CR1099R. The Cyt b gene sequences
were sequenced by the primers L14724V and H15915V and
additional two internal primers CYTB-FI (5'-CGCCTTCCACTT
TATCCTCCC-3’) and CYTB-RI (5-GTCTGATGGAATTCCT
GTGGG-3’) (Chen et al., 2005). DNA sequences were edited
using DNAstar 5.0 package (DNASTAR Inc.).

2.3. Data analysis

All 405 sequences of 531-bp CR sequence fragment and 44
sequences previously reported from Chinese indigenous breeds
(GenBank accession nos. AY829376, AY829383-AY829405,
and AY829411-AY829430) (see Table 1) were aligned using the
Clustal W program (Thompson et al., 1994). In our analysis, we
also included mtDNA CR sequences from different geographic
regions available from GenBank with the accession numbers: New
Zealand [Z235228-735268, and Z35293] (Wood and Phua, 1996);
Mexico [AY582800-AY582820]; Germany [AF039577-
AF039578] (Hiendleder et al., 1998a); Turkey [AY091495—
AY091497], Tajikistan [AY091498], and Kazakhstan
[AY091499-AY091500] (Hiendleder et al., 2002); India
[DQ073049-DQ073050, DQO73053, and DQO87255]; Turkey
[DQO097431-DQ097468] (Pedrosa et al., 2005); Austria
[AY 879343, AY879347-AY879373, AY879409-AY 879432,
AY879442—AY879443, and AY879451-AY879457], imported
to Austria with European origins [AY879397, AY879400,
AY879407-AY 879408, AY879441, AY879449-AY879450],
Indonesia [AY879374—AY 879387 and AY879444—-AY879447],
Aland islands [AY879344-AY879346, AY879396, and
AY879440], Finland [AY879399, AY879401-AY879403, and
AY879405], Russia [AY879388—AY879395, AY879398,
AY879404, and AY879448], Spain [AY879434-AY879439],
Tibet [AY879433, and AY879458—AY879462], Central Asia
[AY879406], and Mongolia [AY879463] (Meadows et al., 2005).

All median joining (MJ) networks (Bandelt et al., 1999) were
drawn using the program Network 4.1.0.9 (www.fluxus-engi-
neering.com) to investigate the possible relationships among
haplotypes. Haplotype diversity, nucleotide diversity, mismatch
analysis, Fgr distances, Fu’s (1997) Fs values, and AMOVA
(analysis of molecular variance) (Excoffier etal., 1992) were com-
puted using ARLEQUIN 2.0 software (http://anthropologei.
unige.ch/arlequin) (Schneider et al., 2000). Population pairwise
Fsr genetic distances were displayed in two-dimensional space by
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means of a multidimensional scaling (MDS) analysis, using the
SPSS 10.0 software package.

According to Luikart et al. (2001), Beja-Pereira et al. (2004),
and Chen et al. (2005), a molecular-clock likelihood-ratio test (for
heterogeneity in substitution rates) was performed by using the six
Chinese sheep and two domestic goats (Capra hircus) (GenBank
accession nos., X56289 and AF533441) Cyt b sequences analyzed
for the 380 nucleotides at third codon positions (i.e., synonymous
positions unlikely to be under selection). The test was not sig-
nificant (P>0.05), permitting us to use the amount of divergence
between domestic sheep and goat sequences to estimate the ap-
proximate time to the most recent common ancestor (TMRCA) of
Chinese sheep. All sequences in this study are deposited in Gen-
Bank (accession nos. DQ308611-DQ309021).

3. Results
3.1. mtDNA variation in Chinese domestic sheep

All the 449 Chinese sheep sequences represented 19 pop-
ulations from 13 geographic regions (Fig. 1 and Table 1). A total
of 170 haplotypes of 449 sequences of 531-bp CR sequence
fragment was defined by 91 variable sites (see Supplementary
Fig. S1), in which there were 87 substitutions (10 transversions)
and 4 insertions/deletions. The number of haplotypes identified in
each population ranges from four to twenty-nine, and haplotype
diversity values from 0.4545+0.1701 in Tan breed to 1.0000+
0.0625 in Hu breed and Small Tailed Han breed from Shandong
(Table 1). The Hu breed shows the highest nucleotide diversity
value (0.0239+0.0138), whereas the Tan breed displays the
lowest one (0.0069+0.0042) (Table 1).

[] Xinjiang
WYurnan [ wngaa [OZhejang

[l Cinghai
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B Hebei

3.2. Phylogeny of haplotypes

In comparison to previously well-defined sheep mtDNA
lineages A, B (Hiendleder et al., 1998a), and C (Guo et al.,
2005; Pedrosa et al., 2005), all these 170 haplotypes of Chinese
domestic sheep can be clearly grouped into these three lineages
A, B, and C with 91 (al-a91), 48 (b1-b48), and 31 (c1—c31)
haplotypes, respectively (see Supplementary Fig. S1). To
discern the phylogenetic relationships among haplotypes within
lineages, we constructed the median joining (MJ) networks for
each lineage (Figs. 2 and 3). Within the network profile of each
lineage, there is one major haplotype in the centre (al for
lineage A, b10 for lineage B, and c6 for lineage C) as shown in
Figs. 2 and 3. From the haplotype al in lineage A, there were
eleven and ten mutation steps to b10 of lineage B and c6 of
lineage C, respectively. Interestingly, one larger subclade with
central haplotype al (here defined as subclade al) and one
smaller subclade with two major central haplotypes a5 and a22
(considering a5 connected more one-mutation-step haplotypes
and a22 also derived from a5, here defined it as subclade a5) can
be identified in lineage A, and there are eight mutation steps
between al and a5 (Fig. 2).

3.3. Population demography and structure

The star-like phylogeny of Chinese sheep lineages A, B, and
C in the MJ network (Figs. 2 and 3) is consistent with a pop-
ulation expansion (Slatkin and Hudson, 1991). The sign of a
population expansion was also demonstrated by the bell-shaped
curve of the mismatch pairwise distributions (Rogers and Har-
pending, 1992) within each lineage (data not shown). As expec-
ted, lineages A, B, and C yielded significantly negative values

aB5

W Shaanxi [ Henan/Shandong
[ Guizhou [l Inner Mongclia

Fig. 2. The median joining network of 91 haplotypes in the control region 531-bp fragment of 281 Chinese sheep sequences. Suffixes A, C, G, and T indicate
transversion, “d” indicates deletion, and “+” indicates insertion. The nucleotide positions 1 to 531 correspond to the nucleotide positions 16007 to 16537 of Ovis aries

[AF010406] (Hiendleder et al., 1998b).
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Fig. 3. The median joining networks of 48 and 31 haplotypes in the control region 531-bp fragment of lineages B (a) and C (b) from 98 and 70 Chinese sheep
sequences, respectively. Suffixes A, C, G, and T indicate transversion, “d” indicates deletion, and “+” indicates insertion. The nucleotide positions 1 to 531 correspond
to the nucleotide positions 16007 to 16537 of Ovis aries [AF010406] (Hiendleder et al., 1998b).

for Fu’s (1997) Fs test (—26.20, —25.89, and —25.31 for line-
ages A, B, and C, respectively). These analyses uniformly indi-
cated lineages A, B, and C had undergone population expansion
events.

The network profile showed that populations from different
geographic regions in China intermixed (Figs. 2 and 3). Some

haplotypes (e.g., the largest haplotype al) were shared by
individuals from different populations across wide geographic
regions. The MDS plot of population pairwise Fgr genetic
distances displayed that the relationships among populations were
not in harmony with their geographic locations, for instance, the
population of Lanzhou Large Tailed breed from Hennan closely
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Fig. 4. Two-dimensional scaling plot of breed/population pairwise Fgr distances.
Breed/population codes are as reported in Table 1.

related to the population of Tibetan breed from Yunnan (Fig. 4).
Furthermore, a global AMOVA (i.e., the 19 sheep populations
were treated as a single group) estimated that 94.66% (P<0.001)
of genetic variance was within populations and 5.34% (P<0.001)
was among populations. When all sheep populations were
divided into four geographic groups ([North China] [Central
and East China] [Northwest China] [Southwest China]) (see

Table 2
Diversity measures and frequency of sheep mtDNA lineages A, B, and C in
different geographic regions (mtDNA from nps 16093 to 16537)

Region Haplotype Nucleotide Lineage Lineage Lineage
diversity (SE)  diversity (SE) A (%) B (%) C (%)

China 0.8970 (0.0124) 0.0116 (0.0062) 286 99 70
(N=455)" (62.8) (21.8) (154

Indonesia 0.7582 (0.0787) 0.0061 (0.0038) 4 (22.2) 1 4 0
(N=18) (77.8)

India (N=5) 0.8000 (0.1640) 0.0072 (0.0052) 5 (100) 0 0

Turkey 0.9695 (0.0143) 0.0139 (0.0075) 21 44 17
(N=82)° (25.6) (53.7) (20.7)

Central Asia  0.7000 (0.2184) 0.0103 (0.0071) 3 (60) 2(40) 0
(N=5)

New Zealand 0.8850 (0.0360) 0.0112 (0.0062) 17 25 0
(N=42) (40.5)  (59.5)

Mexico 0.5524 (0.1215) 0.0018 (0.0015) 0 21 0
(N=21) (100)

Austria 0.8842 (0.0361) 0.0074 (0.0043) 9 (14.8) 52 0
(N=61) (85.2)

Europe 0.9365 (0.0217) 0.0091 (0.0052) 6 (16.7) 30 0
(N=36)" (83.3)

455 sequences include 405 sequences in this study, 44 sequences from Guo
et al. (2005), and six sequences from Tibet of China reported by Meadows et al.
(2005).

® Pedrosa et al. (2005) examined 79 individuals, but only 38 sequences were
submitted to GenBank database. Three individuals were reported by Hiendleder
et al. (2002). Diversity measures were calculated based on the 41 sequences.

¢ Five sequences include three sequences (two from Kazakhstan and one from
Tajikistan) reported by Hiendleder et al. (2002) and two sequences (one from
northern Mongolia and one from Central Asia) reported by Meadows et al.
(2005).

4 36 European sequences include 34 sequences (five from Aland, five from
Finland, eleven from Russia, six from Spain including four mouflon, and seven
from imported animals with European origin) reported by Meadows et al. (2005)
and two of Germany reported by Hiendleder et al. (1998a,b).

Table 3), only 2.13% (P<0.05) of the genetic variation could be
attributed to differences among regional groups. There results
consistently demonstrated that there was no significantly geo-
graphical structuring among Chinese sheep populations.

3.4. Divergence time estimation

Using a calibration of five or seven million years for the
sheep—goat split derived from fossil records (Carroll, 1988;
Savage and Russell, 1983), the age of the TMRCA of the three
Chinese domestic sheep mtDNA lineages was traced back to
roughly 481,700 to 674,400 years, which was much longer than
the ca 8000—-9000 years of sheep domestication history (Ryder,
1984). The estimated divergence times between lineages C and
A (419,900 to 587,900 years), and lineages C and B (542,600 to
759,600 years) were almost identical with those estimated by
Pedrosa et al. (2005). The divergence time between lineages A
and B (190,900 to 267,300 years) in Chinese sheep was higher
than the value of 160,000 to 170,000 years in Turkish sheep
(Pedrosa et al., 2005). To give a clue to the domestication pro-
cess of lineage A, we estimated the divergence time between the
two central haplotypes al and a5 (Fig. 2). The estimated time
was approximately 105,800 to 148,100 years ago.

3.5. Comparative analysis with sheep from other regions

We analyzed currently available 684 mtDNA CR sequences
(Table 2). Based on the 445-bp sequence fragment between nps
16093 to 16537 of O. aries [AF010406], 85 and 97 haplotypes
were identified in 344 and 258 sequences belonging to lineages
A and B, respectively. 38 haplotypes were found in 82 sheep

Table 3
Different hierarchical distribution of sheep mtDNA variation within and among
populations under AMOVA analyses (% of total)

Grouping® Within Among populations within Among
populations groups® groups’

No grouping in 94.66 5.34
China

Four regions in 94.22 3.64 2.13
China

China versus other 93.23 5.15 1.62
Asian countries

China versus 67.51 6.22 26.27
Europe

Asia versus 68.61 11.79 19.61
Europe

? Four regions in China indicate North, Northwest, Central and East, and
Southwest China. North China includes six provinces (Ningxia, Qinghai, Gansu,
Shaanxi, Hebei, and Inner Mongolia). Northwest China includes one province
(Xinjiang). Central and East China includes three provinces (Henan, Shandong,
and Zhejiang). Southwest China includes three provinces (Guizhou, Yunnan,
and Xizang). Asia includes China, Indonesia, India, Turkey, and Central Asia,
all the remaining countries or regions in Table 2 represent Europe, including
sheep from European countries or regions and sheep with European origins. The
groupings in China are based on 531 bp sequences (nps 16007—-16537). Other
groupings are based on 445 bp sequences (nps 16093—16537).

° P<0.001.

¢ P<0.05, except for China versus other Asian countries (0.05<P<0.1).
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belonging to lineage C from China and Turkey, based on the
common 531-bp sequence fragment corresponding to nps 16007
to 16537 of O. aries [AF010406]. There were five and seven
haplotypes of Chinese sheep shared by other regions in lineage
A and B, respectively (see Supplementary Figs. S2 and S3).
However, only two haplotypes were shared between sheep from
China and Turkey in lineage C (see Supplementary Fig. S4). Itis
worthy of notice that the level of genetic diversity observed in
China (nucleotide diversity value, 0.0116+0.0062) was the
second highest one in all countries or regions (Table 2), except
for Turkey (0.0139+0.0075).

When all sheep populations were grouped according to
continents (Asia and Europe), the fraction of genetic variance
between these two continents was 19.61% (P<0.05) (Table 3),
which was larger than 2.7% estimated by Meadows et al.
(2005). When comparing China with other Asian countries,
there was only 1.62% (0.05<P<0.1) of genetic variation that
could be attributed to differences between groups (Table 3).
However, the proportion of genetic variation between the
grouping China and Europe was 26.27% (P<0.05) (Table 3).

4. Discussion

Three star-like major mtDNA lineages A, B, and C were ob-
served in modern domestic sheep, based on all the available CR
sequence data. The time since divergence among these three
lineages (roughly 160,000—760,000 years) estimated by us and
Pedrosa et al. (2005) far predated the time of sheep domestication
history (around 8000-9000 years) (Ryder, 1984). This result
suggests that at least three independent domestication events have
occurred. Together all three mtDNA lineages found in Turkish
sheep, with abundant archaeological data throughout the Near
East, Pedrosa et al. (2005) highlighted the Near East region in the
sheep domestication process. However, all three mtDNA lineages
are not only found in sheep from the Near East, but also detected
in all sampled Chinese sheep populations in this study, except for
the absence of lineage C in four populations (Table 1). The high
levels of intra-population diversity in Chinese domestic sheep and
the weak population substructure observed in modern domestic
sheep (Table 3) suggest that three geographically independent
domestication events have occurred and the presence of all
lineages in Chinese and Turkish sheep is probably due to human
mediated animal movements and introgression. Molecular studies
in other domestic species such as Taurine cattle (Bradley et al.,
1996; Troy etal., 2001) and goats (Luikart et al., 2001; Chen etal.,
2005) have also revealed that animal domestication was not
confined to the Near East. In addition, one should recognize that
the Near Eastern origin of major domestic livestock supported by
archaeological data can be primarily attributed to an artifact of the
history of archaeological exploration (Loftus et al., 1999). Con-
sidering the dominance of lineage B and archaeological evidence
in the Near East, it is suggested that sheep lineage B was probably
first domesticated in the Near East region. So far, no sufficient
sequence data can be used to resolve the where of sheep lineages
A and C domestication, because domestic and wild sheep in wide
geographic regions are still poorly sampled. However, our results
strongly support the hypothesis that three geographically inde-

pendent domestication events have occurred in domestic sheep
(including other regions other than the Near East).

Interestingly, the pattern of genetic variation in lineage A of
Chinese domestic sheep revealed two subclades (subclades al and
a5) with star-like phylogeny (Fig. 2), in which the subclade a5 was
only present in China, especially North China, but not in other
regions. Individuals belonging to haplotypes of subclade a5 in
Chinese sheep are present at a total frequency of 6.2% (28/449)
(see Supplementary Fig. S1). It would be expected that haplotypes
belonging to subclade a5 can be observed in other regions with
lower frequency. However, there is no any haplotype belonging to
subclade a5 found in the 229 sheep sequences from other regions.
Assuming the domestication of lineage A from the wild ancestral
population including two divergent maternally related sheep, it is
unreasonable that the haplotypes of subclade a5 disappeared in
sheep from other regions due to random genetic drift, but were
only maintained in Chinese sheep. It is worthwhile to note that the
mutation steps between the two central haplotypes al and a5 were
eight (Fig. 2), which were only less than three or two mutation
steps from haplotype al to central haplotype b10 of lineage B and
to central haplotype c6 of lineage C (Fig. 3), respectively. In
addition, the estimated divergence time based on the Cyt b gene
between the two founder haplotypes al and a5 was about 105,800
to 148,100 years ago, which was much longer than the time of
sheep domestication around 8000 to 9000 years ago (Ryder,
1984). These results suggested that two independent domestica-
tion events have occurred in sheep lineage A. Given the lack of
samples of domestic sheep and O. orientalis from Indus Valley
and Central Asia, the quite confused taxonomy of Ovis genus, and
no records on the distribution of O. orientalis in North China, data
presented here does not permit us to infer geographic locations of
lineage A domestication.

The analyses of population genetic structure showed a stri-
king degree of homogeneity among different Chinese sheep pop-
ulations. This is revealed not only by the MJ network (Figs. 2
and 3) and the MDS plot (Fig. 4), but also by the AMOVA results
(Table 3). In other words, it indicated that there was no sig-
nificant geographical structuring of mtDNA variation among
Chinese sheep populations. This result was in agreement with
phylogeographic patterning observed in Chinese indigenous
goats (Chen et al., 2005) and Portuguese autochthonous goats
(Pereira et al., 2005). Because our sampling only included the
autochthonous breeds from remote geographic locations as what
Luikart et al. (2001) and Chen et al. (2005) did, it is unlikely that
weak structuring among Chinese domestic sheep was due to the
very recent transport of sheep among different regions in China.
Notably, the intercontinental subdivision (Asia and Europe) ac-
counted for =20% of the total mtDNA variation in sheep
(Table 3), which was slightly higher than that observed in do-
mestic goats ~ 14% (Luikart et al., 2001), but was much lower
than that found in cattle =84% (Bradley et al., 1996). The
fundamental factor that could invoke to explain weak structuring
is the extensive levels of gene flow induced by human migratory
movements and commercial trade in history (Luikart et al., 2001).

In summary, we observed considerable mitochondrial diver-
sity in Chinese domestic sheep. The high levels of intra-pop-
ulation diversity (most Chinese sheep populations contain all
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three lineages) and the observation of weak population sub-
structure suggested that three geographically independent do-
mestication events (including other regions other than the Near
East) have occurred. Noticeably, two subclades with two central
founder haplotypes were identified in Chinese sheep sequences
belonging to lineage A. The pattern of genetic variation in lineage
A, combined with the divergence time between the two central
haplotypes, indicated that two independent domestication events
have occurred in domestic sheep lineage A. Our findings have
significant implications that the origins of domestic sheep were
more complicated and fascinating than previously thought and
that the domestication place was not only confined to the Near
East, but also occurred in other regions. Further extensive sam-
pling across worldwide geographic regions, especially, Indus
Valley and Central Asia, will provide new insights into the origins
of lineages A and C. Weak structuring of domestic sheep was
observed either among Chinese indigenous sheep populations or
between continental grouping, and this can be attributable to
strong gene flow induced by historical human movements. It
suggests that domestic sheep, like goats, might have played im-
portant roles in historical human migration, trade and commerce.
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