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Abstract

With the establishment of modern sheep production systems in China, various forms of hybridization with
Western breeds and between native breeds have been utilized for genetic improvement. At the same time, the
progressive destruction or deterioration of sheep habitat has accompanied urbanization in China. Together
these factors have accelerated the loss of genetic diversity, or even resulted in the extinction of some
indigenous breeds. It is therefore important that efficient strategies for surveillance, evaluation, conservation
and utilization of available genetic resources are developed for this species. In this study, a total of 30
microsatellite markers were used to assess genetic diversity for 12 native breeds and oneWestern sheep breed
in Northern China. The high polymorphism information contents at the 30 markers, varying from averages
of 0.519 to 0.666 for the 13 breeds, imply the retention of natural variation from source populations in the
domestic breeds from different geographic regions in China. Analysis of genetic differentiation revealed
substantial divergence among these breeds. Neutrality tests indicated that more than one third of the 30 loci
were in departure from neutrality, implying that some evolutionary forces (e.g. selection and migration) had
acted on these populations. Phylogenetic and phylogeographic analyses displayed a remarkable degree of
consistency between geographic origins, breeding histories and the pattern of genetic differentiation.

Introduction

China has a long history of sheep domestication. A
total of 30 breeds consisting of 15 indigenous, 7
improved, and 8 Western breeds have been char-
acterized based on their breeding histories, physi-
ological characteristics, behaviors and geographic
distributions (Zheng 1988). However, not all have
been characterized, and there may be more than 40
in total (Zheng 1988). Most of the indigenous
breeds are highly adapted to local environmental
conditions. For example, some local breeds have

the ability to deposit a large amount of fat in the
body to meet nutritional demands during the
winter and spring. The varieties found among
indigenous breeds provide for some important
‘niche’ markets. For instance, Ningxia Tan is one
of the major breeds for fur production and carpet
wool (a type of coarse wool) in China and Small-
(Fat)-Tail Han is one of the most prolific breeds on
the world.

In order to establish modern sheep production
systems, competitive for high market returns, a
large number of breeds were imported into China
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during the second half of the last century to initiate
a nation-wide campaign for the genetic improve-
ment of native breeds. However, there has been
concern that this may have led to the loss of
unique indigenous genetic information or the
extinction of indigenous breeds through artificial
selection for traits of economic importance. This is
especially because of the known unfavorable
genetic correlations between ‘economic’ and
‘adaptability’ traits (Rao and Notter 2000). About
15% of sheep and goat breeds have been classified
as susceptible to loss of genetic diversity or
extinction based on criteria proposed by (Simon
1999). The continual loss of genetic resources of
domestic animals including poultry (Fulton and
Delany 2003) is a worldwide trend, especially in
developing countries, due to the development and
establishment of more efficient livestock produc-
tion systems (i.e., raising a few high productive
breeds or hybrids) for the competitive domestic
and world markets.

Conservation practice is based on the need to
maintain genetic variation, which retains deleteri-
ous recessive mutations in a heterozygous state
and provides adaptive potential in a changing
environment and market demands. During the last
century, genetic diversity loss in sheep occurred in
an unprecedented pace in China, with the wide use
of crossbreeding and with the progressive
destruction or deterioration of the ecological
environments for sheep habitat in China. There is
thus a great demand to quantifying the amount of
genetic variation in the current populations to
permit genetic information to be used in sheep
conservation practice. Of the many types of
genetic markers now available, private microsat-
ellite loci are best suited for answering several
conservation issues (Guti’errez-Espeleta et al.
2000). First, a genetic survey can directly measure
the amount of genetic variation in sheep. Second,
genetic data at the molecular level can be instru-
mental for clarifying the ambiguities in the current
taxonomic classification based on morphological
and physiological data, which is deemed to be
insufficient for determining relationships between
breeds (Arranz et al. 1998). Third, recognizing
historical patterns of genetic variation among the
sheep breeds is required to preserve evolutionary
relationships for conservation. For example, gene
flow between different lines within the same breed
has been a valuable part of sheep conservation

efforts (Crandall et al. 2000). But, combining
genetically different populations of sheep could
alter adaptations to local environments and sub-
sequently lower the fitness of populations
(Guti’errez-Espeleta et al. 2000).

The issues for the conservation of domestic
animals and genetic resources have been well rec-
ognized (Chen 1995; Chen and Cao 2001). Hence,
we have established a large-scale gene bank con-
sisting of cryopreserved animal embryos and
semen, DNA and tissues for the endangered
domestic animal breeds in China (Feng et al. 1997;
Li et al. 2000; Fan et al. 2002; Ma et al. 2003b). In
this study, we used a total of 30 polymorphic mi-
crosatellite markers to assess the genetic diversity
among 12 native breeds and one Western sheep
breed in Northern China.

Materials and methods

Subject recruitment and geographic distribution

Strategies for collecting DNA samples were based
on the approach proposed in (Chang et al. 1989),
i.e., randomly sampling from a typical flock in the
central production region for each breed. The 13
breeds in the present study (Table 1) consist of
well investigated and documented breeds (e.g.
Ujumiqin, WU; Small-(Fat)-Tail Han, XH; and
Tong, TY), indigenous breeds with unique char-
acteristics that are less well investigated (e.g.
Qiaoke, QK; Ganjia, GJ; and Oula, OL), one
endangered breed (Langzhou Large-(Fat)-Tail
Han, LD) and one breed with high risk for
extinction (Hanzhong, HZ). The Western breed
(Poll Dorset, PD, imported from Australia) was
used for comparison. The studied breeds cover
most of the available breeds in five provincial
administrative regions (Inner Mongolia, Ningxia,
Shaanxi, Gansu and Beijing). The origins and
breeding histories of the studied breeds are diverse,
including four breeds of the Tibetan origin (OL,
GJ, QK; and Ming Black, MQ), five breeds of the
Mongolia origin (SU, WU, XH, TY; and Tan,
TA), one breed of the Middle Eastern origin (LD)
and one breed of the England origin (PD). We also
included an improved Mongolia breed (Inner
Mongolian Wool, NE) that had genetic contribu-
tions from the local breeds, Soviet Merino and
Australian Merino in its breeding history. Yet, the
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origin(s) of a studied breed (HZ) remains contro-
versial, based on the previous studies of its mor-
phological data, physiological characteristics and
historical evidence (Sun et al. 2003b).

Ear-tip tissue samples from 545 sheep were
collected from 13 different locations (Figure 1)
across the five regions. It should be noted that two
breeds were not sampled from their central pro-
duction regions. PD sheep were from the research
farm affiliated with the Institute of Animal Sci-
ence, Chinese Academy of Agricultural Sciences,
and XH were from a crop region in Beijing. Be-
tween 39 and 44 samples were collected for each
breed with the exception of PD, for which only 23
samples were obtained (Table 1). The protocol for
bio-sample recruitment was made in accordance
with the relevant laws to conservation and animal
welfare in China and was approved by each par-
ticipating center’s institutional review board.

Genotyping

About 0.5 g ear-tip tissue was obtained by a ster-
ilized ear punch and then put into a centrifuge tube
with 70% ethanol for cryopreservation under
)20 �C. Genomic DNA was extracted using the
method of phenol extraction (Sambrook et al.
1989). Thirty microsatellite markers (Table 2)
were chosen from two public databases (http://
www.marc.usda.gov and http://www.ncbi.com)
and some were originally provided by the Italian
Institute of Animal Genetic Resource Conserva-
tion and Utilization. The 30 microsatellite markers

are distributed on 19 chromosomes of the sheep
genome (Crawford et al. 1994, 1995), without
close linkage between any two loci. There were at
least 4 allelic variants in each breed at each of the
30 loci (Barker 1994). Primers for each bovine
marker (de Gortari et al. 1997) and others
(Table 2) were designed and made by SBSBIO Inc.
(Beijing, China). The multiplex PCR amplifica-
tions were carried out in a total volume of 12 l1
containing 0.2 mmol L)1 of each deoxynucleotide
triphosphate (dNTPs), 6 pmol of each primer, 1
unit of Taq-polymerase, 1.5 mmol L)1 MgCl2 and
50 ng of sheep genomic DNA. Electrophoresis was
performed for each product on 7% denaturing
polyacrylamide gel for about 2–4 h, and then
treated with 0.1% silver nitrate for half an hour to
develop the bands. Alleles and their sizes were
determined by comparison with the corresponding
Cosmid clone of PCR products, as described pre-
viously (Barker 1994; Ma et al. 2003a).

Statistical analysis

Allele frequencies were estimated from the geno-
typing data of the co-dominant microsatellite
markers by direct counting. We analyzed each
locus in each breed, each locus across breeds and
each breed across loci. Marker characteristics for
each breed in terms of polymorphism information
content (PIC) (Botstein et al. 1980), genetic
diversity index (mean heterozygosity across the
marker loci, DE), the averaged number of alleles
and the averaged number of effective alleles (NE)

Table 1. The geographic locations and the numbers of samples recruited for each sheep breed

Breed Location No. of samples

1 Sonid (SU) Sonid, Inner Mongolia, China 44

2 Ujumqin (WU) East Ujumqin, Inner Mongolia, China 44

3 Inner Mongolia Wool (NE) Zhenglianqi, Inner Mongolia, China 43

4 Tan (TA) Yanchi, Ningxia, China 44

5 Small-Tail Han (XH) Shunyi, Beijing, China 39

6 Hanzhong (HZ) Hanzhong, Shaanxi, China 44

7 Tong (TY) White Water, Shaanxi, China 44

8 Langzhou Large-Tail Han (LD) Lanzhou, Gansu, China 44

9 Ming Black (MQ) Ming, Gansu, China 44

10 Oula (OL) Maqu, Gansu, China 44

11 Ganjia (GJ) Xiahe, Gansu, China 44

12 Qiaoke (QK) Maqu, Gansu, China 44

13 Poll Dorset (PD) Beijing, China 23

Total 545
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(Hartl and Clark 1989) were computed. DE was
used to measure the amount of genetic variation
present in each breed using data from multiple
genetic loci. To characterize and determine whe-
ther the selected marker loci are appropriate for
phylogenetic inference, first, the locus-by-locus
heterozygosity as a measure for the overall genetic
diversity in all the breeds (HT) or for a specific
breed (HS, within-population heterozygosity) was
computed, using the proportion of heterozygotes
in the referenced population; second, the coeffi-
cient of genetic differentiation (GST), the ratio of
the inter-population genetic diversity over the ge-
netic diversity for all populations (Nei 1972), was
used to reveal genetic divergence between the
breeds; third, empirical neutrality tests (Fu and Li
1993) were conducted to assess the influences of
selection or other evolutionary forces for each loci

using 1000 permutations. Next, a genetic tree
analysis of the genotype data of all 30 loci using
Neighbor-Joining (NJ) method with a bootstrap
support of 1000 permutations (Sneath and Sokal
1973) and the Nei’s distance (Nei 1972) was con-
ducted to explore the genetic relationships between
the breeds. Bootstrapping over the loci (1000
replicates), as implemented in the DISPAN soft-
ware package (Ota 1993), tested the reliability of
the nodes in the phylogenetic tree. Finally, a
Mantel test was used for assessing the relation-
ships between the partitioning of genetic diversity
and geographic origin. This test involves measur-
ing the association between the elements in two
matrices by a suitable statistic, and then assessing
the significance of this statistic by comparison with
the distribution found by randomly reallocat-
ing the order of the elements in one of the matrices

Figure 1. The geographic locations of the central inhabitations for the 13 sheep breeds (11 Chinese indigenous breeds, 1 improved
breed and 1 Western breed). The abbreviations for the 13 breeds are: SU: Sonid; WU: Ujumqin; NE: Inner (Nei) Mongolia wool sheep;
TA: Tan; XH: Small-(Fat)-Tail Han; HZ: Hanzhong; TY: Tong; LD: Langzhou Large-(Fat)-Tail Han; MQ: Ming Black; OL: Oula;
GJ: Ganjia; QK: Qiaoke; and PD: Poll Dorset.
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(Bonnet and Van de Peer 2002). All the statistical
analyses were performed with one or combinations
of several genetic software: GDA (gene data
analysis) (Weir 1996), DISPAN (Ota 1993), AR-
LEQUIN (Schneider et al. 2000), POPGENE
(Yeh and Boyle 1997), and ZT, a software tool for
simple and partial Mantel tests (Bonnet and Van
de Peer 2002).

Results

Gene frequencies

A total of 390 alleles at the 30 microsatellite
markers were detected in the 13 breeds, with an

average of 13 alleles per locus. The number of
alleles per locus ranged from 5 to 22 (Table 2).
Marker BL6 could only be amplified in six breeds,
and MB067 only in nine breeds, which may reflect
the locus specificity for these loci in some breeds.
Some alleles were shared by all 13 breeds, while
others were specific to one or several breeds. MQ
and XH sheep have private alleles which may be
useful as biomarkers for breed origin (Li et al.
2002; Long et al. 2003). Most loci were polymor-
phic for all breeds, but some were monomorphic in
specific breeds.

Genetic variabilities within breeds

The averaged PIC over the 30 markers for each
breed ranged from 0.519 to 0.666. The averaged
heterozygosity (DE) over the 30 markers varied
from 0.589 to 0.714 (Table 3). All loci satisfied the
criterion of being highly polymorphic (PIC>0.5)
in each breed (Botstein et al. 1980). The averaged
effective number of alleles at the 30 markers had a
range of 2.2–3.7 in the 13 breeds and all breeds had
an average number of alleles greater than four
(Table 3).

Analysis of microsatellite diversity, differentiation
and neutrality

The total genetic heterozygosity (HT), average
heterozygosity within a population (HS) and
coefficient of gene differentiation (GST) at each of
the 30 microsatellite markers were estimated using
the DISPAN package (Table 4). HT ranged from
0.466 to 0.823, with an average of 0.721 and HS

ranged from 0.325 to 0.740, with an average of
0.624, indicating that the selected molecular
markers provided adequate information for sheep
phylogenetic inference. The coefficient of gene
differentiation for the 30 loci varied in a small
range from 0.071 to 0.229, with an average of
0.132, implying that these breeds had undergone
substantial genetic divergence.

Neutrality tests for each locus were performed
with 1000 simulations, as implemented in POP-
GENE. An empirical significance (P<0.05) of
departure from the neutrality hypothesis was
claimed if the observed F value was outside the
simulated 95% confidence interval. Over half of
the loci (a total of 19 markers: BM4311, URB037,
MB066, BM315, MAF70, BL6, AGLA269,

Table 2. The PCR anneal temperatures, the chromosome
assignments and the number of alleles for the 20 microsatellite
markers used in the study

Marker Chromosome No. of

alleles

Anneal

temp. (�C)

BM4311 6 13 58

BM6444 2 7 52

URB037 2 14 60

MB066 11 9 59

BM315 – 9 56

MAF70 4 18 60

BL6 23 10 52

BMS1004 15 13 55

AGLA269 23 18 52

BMS1248 3 14 60

BM6404 – 12 58

BMS574 1 17 60

BMS1714 25 10 54

BMS1724 8 22 58

BMS875 19 13 54

MB067 22 13 58

MB009 9 12 53

BM3413 18 14 60

BM3501 3 14 58

BMS1341 2 9 59

BMS1678 9 14 55

BMS710 3 6 60

BM1227 8 9 51

BM1225 16 20 56

ILSTS021 – 5 54

BM203 26 22 58

MB023 25 14 52

BM3033 7 13 58

BMC1206 21 14 54

BM6526 26 12 57
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BM6404, BMS875, MB067, MB009, BM3413,
BM3501, BM1341, BMS710, BM1227, ILSTS021,
MB023 and BM3033) were consistent with the
neutrality hypothesis (Table 4). However, we did
not find a significant difference in phylogenetic and
phylogeographic analyses when non-neutral loci
were omitted (data not shown).

Genetic relationships between the breeds

The Nei’s distance (DA) (Nei 1972; Nei et al. 1983)
between the 13 sheep breeds were computed using
theDISPANpackage andwere derived using all the
30 microsatellite loci considered together (values
are shown in Table 5). The genetic distance between
GJ and MQ both in Gansu province (DA=0.098),
was the smallest; next was the one between SU and
WU both in the Inner Mongolia (DA =0.112). PD,
a Western breed, had the largest genetic distance in
comparison with Chinese native breeds, as we ex-
pected. NJ trees (Figure 2) were generated using the
DA distance measure and were evaluated with
bootstrap support based on 1000 permutations, as
implemented in GDA (Weir 1996). The phylogenies
indicate that several breeds (GJ, MQ, QK, LD, OL,
TY and HZ) from the neighboring provinces of
Gansu and Shaanxi (Figure 1) were well supported
in a single lineage, while the breeds from Inner
Mongolia (SU, WU and NE) were less well sup-
ported in a separated lineage.

Partitioning of genetic diversity and geographic
origin

The NJ phylogenetic analysis demonstrates a
relationship between the partitioning of genetic
diversity and geographic origin, as the two
broadly defined lineages clearly represent different
geographic clusters (Figure 1), with the exception
of TA. We used Mantel tests to assess the rela-
tionships between genetic (pairwise FST/(1)FST))
and geographic (ln(km)) distance matrices using
ZT, a software tool for Mantel tests (Bonnet and
Van de Peer 2002). The matrix for pairwise FST

values between the breeds, calculated using AR-
LEQUIN, is given in Table 5 and its pattern
among the breeds resembles remarkably the Nei’s
DA matrix. Calculation of the geographic distance
matrix involved calculation of centroids (average
coordinates among data points) for each sampling
location, followed by the calculation of distances
between centroids. As the motherland of PD
sheep was England, we omitted this breed from
the Mantel test comparisons. The phylogeo-
graphic analyses of these breeds based on the
genotype data displayed significant phylogeo-
graphic structure (the Mantel r = 0.496,
P = 0.0026). Overall, these data establish a
remarkable degree of consistency between geo-
graphic origins, breeding histories and the pattern
of genetic differentiation.

Table 3. Measures for genetic variability at 30 microsatellite loci for each breed

Breed PIC DE No. of alleles NE

SU 0.610 0.665 4.3 3.0

WU 0.649 0.704 4.4 3.3

NE 0.587 0.677 4.5 3.1

TA 0.569 0.695 5.0 3.7

XH 0.643 0.697 4.0 3.2

HZ 0.666 0.714 4.9 3.6

TY 0.614 0.686 4.3 3.2

LD 0.590 0.658 5.1 3.2

MQ 0.634 0.696 5.4 3.4

OL 0.601 0.680 5.2 3.1

GJ 0.617 0.593 4.6 2.2

QK 0.644 0.710 5.4 3.5

PD 0.519 0.589 4.3 3.0

PIC, polymorphism information content.DE, genetic diversity index, mean heterozygosity over the 30 markers for each breed.NE, the
averaged effective number of alleles over the 30 markers for each breed.
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Discussion

Phylogenetic and phylogeographic analyses of the
breeds have generally agreed with each other to
support the conclusion that the partitioning of
genetic diversities of the breeds is consistent with
their geographic distributions. The data that four
breeds of Tibetan origin (OL, GJ, QK and MQ)
were clustered with LD on the NJ phylogenetic
tree may be attributed to the fact that all the five

breeds lived in a small region in the Gansu prov-
ince (also see Figure 1). It is possible that gene
flow may occur more frequently between these
regional populations. Although HZ and TY in
Shaanxi province were classified into the Mongolia
group in the previous literature (Zheng 1988), they
were clustered into a group with three Tibetan
breeds instead. This phylogenetic result might also
be explained by gene flow between the regional
breeds.

Table 4. Locus-by-locus genetic diversity, genetic differentiation and neutrality

Marker HS HT GST Neutrality test

Observed F Simulated F (95% CI)

BM4311 0.681 0.736 0.071 0.160 0.316 (0.159–0.640)

BM6444 0.542 0.648 0.168 0.193 0.502 (0.245–0.893)

URB037 0.652 0.729 0.106 0.140 0.269 (0.139–0.548)

MB066 0.622 0.714 0.129 0.199 0.403 (0.198–0.808)

BM315 0.470 0.596 0.216 0.218 0.427 (0.212–0.826)

MAF70 0.692 0.793 0.130 0.131 0.260 (0.131–0.502)

BL6 0.325 0.352 0.036 0.540 0.364 (0.180–0.719)

BMS1004 0.616 0.788 0.215 0.112 0.322 (0.155–0.677)

AGLA269 0.718 0.794 0.095 0.123 0.234 (0.123–0.480)

BMS1248 0.687 0.823 0.166 0.078 0.204 (0.110–0.415)

BM6404 0.618 0.560 0.190 0.297 0.365 (0.172–0.737)

BMS574 0.647 0.811 0.198 0.087 0.246 (0.122–0.506)

BMS1714 0.626 0.560 0.155 0.146 0.401 (0.196–0.787)

BMS1724 0.754 0.747 0.109 0.078 0.193 (0.104–0.409)

BMS875 0.697 0.847 0.103 0.155 0.305 (0.154–0.611)

MB067 0.530 0.778 0.116 0.219 0.303 (0.157–0.611)

MB009 0.661 0.598 0.111 0.177 0.345 (0.174–0.720)

BM3413 0.664 0.741 0.152 0.158 0.303 (0.155–0.573)

BM3501 0.681 0.782 0.070 0.185 0.309 (0.151–0.620)

BM1341 0.571 0.735 0.099 0.213 0.434 (0.195–0.827)

BMS1678 0.688 0.631 0.115 0.125 0.326 (0.164–0.655)

BMS710 0.520 0.781 0.153 0.249 0.496 (0.243–0.906)

BM1227 0.484 0.621 0.153 0.335 0.425 (0.205–0.828)

BM1225 0.661 0.568 0.131 0.092 0.209 (0.114–0.417)

ILST021 0.361 0.782 0.139 0.463 0.619 (0.302–0.962)

BM203 0.735 0.466 0.228 0.081 0.213 (0.112–0.406)

MB023 0.613 0.817 0.100 0.170 0.341 (0.166–0.700)

BM3033 0.588 0.696 0.120 0.177 0.342 (0.175–0.690)

BMC1206 0.635 0.686 0.156 0.098 0.286 (0.145–0.607)

BM6526 0.740 0.732 0.071 0.114 0.350 (0.170–0.712)

Mean 0.624 0.721 0.132

Heterozygosity as a measure for genetic diversity for a specific breed (HS, within-population heterozygosity) or for the overall genetic
diversity in all the breeds (HT) is the proportion of heterozygotes over the total number of genotypes in the referenced population.
Coefficient of genetic differentiation (GST) was computed to be the ratio of the inter-population genetic diversity over the genetic
diversity in the total populations. An empirical significance (P< 0.05) of departure from the neutrality hypothesis was claimed if the
observed F value was outside the simulated 95% confidence interval (95% CI).
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In the other main lineage of the NJ tree, we
observed that the only Western breed (PD) clus-
tered with SU, a Mongolian breed, which may be
explained by a recent history of genetic improve-
ment for this breed. A large-scale crossbreeding
campaign for genetic improvement of the native
breed in the Inner Mongolia was undertaken in the
last 20 years, although this practice had to be
stopped because of the poor adaptability of the
resulted crossbreds (mostly with Western wool
breeds) to the harsh arid Mongolian plateau. The
Inner Mongolia wool breed, NE, was formed in
the last decade by crossing with Australian Merino
rams, and was identified in the same broad lineage
as PD and SU. This phylogenetic outcome is
consistent with historical evidence that some of
these breeds may share Merino genes. Dorset (the
ancestor of PD) was formed in England centuries
ago, by crossbreeding between the Merino sheep
and the Horned Sheep of Wales (http://
www.ansi.okstate.edu/breeds/sheep/). The occur-
rence of WU and SU in the same lineage is con-
sistent with previous work based on
morphological and physiological similarities, and
with their breeding and evolutionary history
(Zheng 1988). An alternative and plausible expla-
nation is that their genetic similarity reflects recent
gene flow due to their geographic proximity. The
data showing that XH (a breed from agricultural
regions in the central plains of China) clustered
with breeds from the Mongolian plateau are also
consistent with the breeding history of the breed.
XH sheep originated from Mongolian sheep and

were translocated to their current geographic
range. However, TA is one of the few clear
exceptions to the correlation between genetic
similarity and geographic proximity. Although it is
geographically closer to four breeds of Tibetan
origin (GJ, OL, QK and MQ), TA was located on
the lower lineage of the NJ tree (see also Figure 2),
consisting of Mongolia breeds and the only

Table 5. Genetic distances (DA, below the diagonal) and pairwise FST (above the diagonal) between the breeds

SU WU NE TA XH PD LD OL GJ QK MQ HZ TY

SU 0.101 0.316 0.264 0.228 0.389 0.329 0.271 0.289 0.259 0.265 0.293 0.284

WU 0.112 0.252 0.226 0.189 0.301 0.293 0.267 0.255 0.213 0.242 0.260 0.252

NE 0.326 0.215 0.301 0.276 0.400 0.323 0.314 0.298 0.263 0.264 0.301 0.275

TA 0.239 0.192 0.255 0.175 0.342 0.293 0.305 0.294 0.262 0.289 0.275 0.286

XH 0.207 0.159 0.234 0.144 0.328 0.302 0.287 0.293 0.237 0.278 0.269 0.262

PD 0.377 0.261 0.354 0.299 0.282 0.368 0.351 0.357 0.325 0.347 0.315 0.334

LD 0.303 0.258 0.285 0.259 0.262 0.325 0.178 0.144 0.154 0.171 0.185 0.186

OL 0.236 0.227 0.274 0.267 0.243 0.305 0.148 0.193 0.168 0.158 0.159 0.165

GJ 0.257 0.217 0.259 0.256 0.250 0.311 0.118 0.161 0.152 0.121 0.192 0.182

QK 0.228 0.179 0.227 0.227 0.199 0.283 0.128 0.139 0.125 0.145 0.167 0.153

MQ 0.231 0.209 0.232 0.254 0.240 0.310 0.145 0.131 0.098 0.120 0.157 0.146

HZ 0.256 0.225 0.263 0.240 0.231 0.275 0.156 0.132 0.162 0.140 0.132 0.139

TY 0.245 0.216 0.240 0.251 0.224 0.293 0.159 0.137 0.153 0.127 0.123 0.116

Figure 2. Neighbor-Joining (NJ) phylogeny based on Nei’s
genetic distance (DA) for 11 indigenous Chinese sheep breeds, 1
improved breed and 1 Western breed (for breed abbreviations,
see the legend for Figure 1). Bootstrap supports are shown,
based on 1000 permutations.
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Western breed. Based on the previous cytogenetic
evidence that suggests a distinct pattern of the
centromere index and relative length of chromo-
somes between Mongolian derived breeds and Ti-
betan derived breeds (Pang et al. 1998), TA was
deemed to belong to the Mongolia group. Like-
wise, a previous RAPD analysis also provided
evidence that TA had Mongolia origin (Gong
et al. 2002). Therefore, several earlier genetic
analyses indicate a closer relationships between
TA and breeds of Mongolia origin, consistent with
our results.

Not all genetic distances calculated for this
study (e.g. between HZ and TY) are in agreement
with current classification using morphological
data, but the latter has been suggested to be
insufficient for determining relationships between
breeds (Arranz et al. 1998; Mburu et al. 2003).
Artificial admixture of breeds through trade might
be an explanation but waits to be verified. Tsu-
noda et al. (1999) classified Asian sheep into three
groups: Indo-Pakistan, Tibetan and Mongolia
(Tsunoda et al. 1999). Per Tsunoda’s classifica-
tion, the indigenous breeds in the study belong to
the Mongolian or Tibetan groups, but the results
from this study are not in good agreement with
Tsunoda’s classification. Based on several investi-
gations (Zheng 1988; this study) and historical
evidence (Sun et al. 2003b), it is believed that TY
belongs to the Mongolian group and may also be
related to Large-(Fat)-Tail Han. The ancestors of
Large-(Fat)-Tail Han were perhaps the Fat-Tail
sheep in Middle East and Near East and they were
brought to Xinjiang, Gansu and Shaanxi prov-
inces of China along the ‘Silk Road’ through trade
and migrations. As documented in the book
‘‘Sheep and Goat Breeds in China’’ (Zheng 1988),
a sheep breed was formed in the Han Dynasty
(202 B.C.–A.D. 220), whose appearance and body
structure were quite different from TY, Small-
(Fat)-Tail Han or Large-(Fat)-Tail Han, but bore
a strong resemblance to HZ inhabiting in the
Qinba mountain regions of Shaanxi. The fact that
HZ and TY of Mongolian origins were clustered
together based on our data suggests that the two
breeds had frequent genetic exchanges. However,
disputes regarding whether HZ should be classified
into the Mongolian or Tibetan group will continue
and more data are needed to resolve this issue.

Caution should be taken in interpretation of
the tests for neutrality. The fact that a locus does

not conform to the assumption of neutrality does
not necessarily implicate selection the sole evolu-
tionary force, because substantial historical
migrations can also lead to departures from neu-
trality. The outcome of neutrality tests can also be
affected by selection favoring heterozygotes, lead-
ing to an equal frequency of alleles and thus a
small F value. Conversely, selection for homo-
zygotes can inflate the F value. Historical evidence
indicates that both large-scale migrations and
selection could have affected these breeds (Sun
et al. 2003a), which is supported by our finding
that over one third of markers significantly de-
parted from neutrality. Although presumably
neutral, microsatellite loci can be linked to func-
tional genes.

In conclusion, the high polymorphism infor-
mation contents at all 30 markers, which cover 19
chromosomes of sheep genome, imply substantial
retention of natural variation from the source
populations. Analysis of genetic differentiation
revealed substantial differentiation among these
breeds, and phylogenetic and phylogeographic
analyses displayed a remarkable degree of consis-
tency between geographic origins, breeding histo-
ries and the pattern of genetic differentiation.
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