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Abstract — Twelve Chinese indigenous goat popidas were genotyped for twenty-six
microsatellite markers recommended by the EU Sheep and Goat Biodiversity Project. A total
of 452 goats were tested. Seventeen of the 26 microsatellite markers used in this analysis had
four or more alleles. The mean expected hetggosity and the mean observed heterozygosity
for the population varied from 0.611 to 0.784d 0.602 to 0.783 respectively. The méas
(0.105) demonstrated that about 89.5% of thiltgenetic variation was due to the genetic
differentiation within each population. A plogenetic tree based ohd Nei (1978) standard
genetic distance displayed a remarkable degf@ensistency with theidifferent geographical
origins and their presumed migration dlughout China. The correspondence analysis did
not only distinguish population groups, but alsmnéirmed the above results, classifying the
important populations contributing to diversitdditionally, some specific alleles were shown

to be important in the construction of the pogida structure. The study analyzed the recent
origins of these populations and contributedhe knowledge and genetic characterization of
Chinese indigenous goat populations. In additibe, seventeen microsatellites recommended
by the EU Sheep and Goat Biodiversity Project proved to be useful for the biodiversity studies
in goat breeds.
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1. INTRODUCTION

Goats were first domesticated in west Asia during the period of 9000-
7000 B.C. [35]. They migrated east into China. Modern goat breeds generally
originated from the territorial plateau of southwest China and the adjacent
mid-Asia area [28]. There are 135.92 million goats in China [18] and the
Chinese indigenous goat breeds are a valuable resource in the world goat
population. Twelve Chinese indigenous goat populations were investigated
in this study: Tibetan goats distributed among th@inhai-Tibet Plateau. The
Tibetan goats, having a strong adaptability prefer the cold weather over the dry
climate. TheTibetan goats are divided into two ecotypes according to their
ecological characteristics such as body figure, fur, dissection, physiological
and biochemical indices: the plateau one and the mountain-valley one [30].
The WU goat, Nanjiang Brown goat, Black goat andChuandong white goat
exist in the isolated Three-gorge reservoir area. \Waggoat, also named the
“medical goat”, provided a medical value. Tsmall-xiang goat originates
from the remote mountain area of tfiizhou province in southwest China.

In order to maintain its small physical figure and fragrance after being cooked,
intercrosses are often made and the population size afrilé-xiang goat has
become smaller. Three breed¢e{monggol, Liaoning, Taihang) originating

from north China and one local breed from central China are famous for
cashmere, down, and mutton respectively.

The evolution of goat breeds has been shaped by man over many generations.
The local climates, diseases, nutritional environments, selections for different
objectives and genetic drifts have contributed to the evolution of diverse goat
breeds. As a result of the introduction of modern commercial goat breeds
and the shortage of effective conservation, some populations, such & the
goat, Small-xiang goat andTibetan goat, have decreased rapidly in number
of sires and population sizes. Some are even facing extinction. Since the
genetic resources required for the future are difficult to predict, selection for
conserving these populations with unique evolutionary history has to be taken
into account and breeds should be chosen in order to cover the widest range of
genetic variability. In addition, the Three-gorge Project will force some goat
populations to leave the habitat they have occupied for centuries. Therefore,
the evaluation of the genetic structure, conservation and utilization of these
goat breeds are urgent tasks for animal breeders and geneticists.

In recent years, the genetic diversity of Chinese indigenous goat breeds has
been evaluated on the basis of biochemical genetic methods [30], mitochondrial
DNA (mt DNA) restriction patterns [15] and random amplified polymorphic
DNA (RAPD) [8]. However, all of these markers are polymorphic, but not
highly variable and serum proteins have not revealed a clear separation of the
plateau type and the mountain-valley typélddetan goats [31]. Microsatellite
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The Mid Asia

Figure 1. Geographical locations of the 12 Chinese indigenous goat populations
sampled. The two-letter or three-code letter besides the black point in the figure
corresponds to the populations sampled as folldest Tibetan goat, ET;Neimonggol

goat, NM;Liaoning goat, LN;Taihang goat, TA;Wu goat, WU;Nanjiang Brown goat,

NJB; Chuandong White goat, CDW;Black goat, BL; Matou goat, MT; South-east
Tibetan goat, SETNorth Tibetan goat, NT;Small-xiang goat, SX.

DNA is currently the most useful marker of choice for a wide range of molecu-
lar genetic studies such as establishing population structure [5], population
differentiation and reconstruction of phylogenetic relationships among popula-
tions [4,16,32]. The present study was undertaken to characterize the general
relationships among twelve indigenous goat populations by estimating genetic
distances from 17 microsatellites. This total includes two microsatellite loci
screened across five goat populations previously studied in this laboratory [33].

2. MATERIALS AND METHODS

2.1. Sample collection for DNA analysis

A total of 452 randomly sampled animals from different geographical
locations representing twelve Chinese indigenous populations was analyzed.
Southeast Tibetan goats, North Tibetan goats andeast Tibetan goats were
sampled in particular villages and towns of different ecological zones within
the Tibet autonomous region and were grouped according to these ecological
zones. Sample size and locality for each population are listed in Table I. The
geographical distributions of thegopulations are shown in Figure 1.
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2.2. DNA extraction and PCR amplification

Blood collection and DNA extraction were conducted in accordance with
Li et al. [14]. A total of 26 microsatellite markers recommended by the EU
Sheep and Goat Biodiversity Project (http://139.222.64.94) were included in
this investigation. The PCR amplification protocol was based on Crawford
et al. [9]. Fluorescently end-labeled (with fluorescent dye: FAM, JOE; the
internal size standard: Genescan-Rox500) PCR primers were used and size
characterization of the PCR product was performed with an ABI 310 DNA
Genetic Analyzer (Applied Biosystem/Perkin Elmer, Foster City, CA, USA).

2.3. Data analysis
2.3.1. Diversity analysis

The allele frequencies and tests of genotype frequencies for deviation from
Hardy-Weinberg equilibrium (HWE) were carried out using the exact tests of
the GENEPOP v.1.2 program [23]. The GENES IN POPULATIONS v.2.0
program [17] was employed for the calculation of total heterozygosiy, (
expected heterozygosityH§) for locus, mean observed heterozygosiis)
and mean expected heterozygositye) for populations. The Wright F-
Statistic for locus, polymorphic information content (PIC) [3] and effective
allele number [11] were calculated using the SAs®ftware package [24].

The standard genetic distance of Nei (1978) [19] and Cavalli-Sforza and
Edwards (1967) [6] chord distance, calculated from the allele frequencies,
demonstrated their superior performance in phylogenetic tree construction
when the microsatellite marker was used [27]. For the purpose of comparing
our results with those obtained by other authors [29,34], Nei (1978) stand-
ard genetic distances were estimated using the DISPAN package [21]. The
genetic affinities among the twelve analyzed populations were evaluated by the
neighbor-joining tree. Bootstrap & 1000) resampling was performed to test
the robustness of the dendrogram topology.

2.3.2. Multivariate correspondence analysis

Multivariate analysis deals with the statistical analysis of the data collected
on more than one variable and can condense the information from a large num-
ber of alleles and loci into fewer synthetic variables. Correspondence analysis
(CA) [2,13] is a multivariate method analogous to the principal component
analysis (PCA) but which is appropriate for discrete variables. It is applied
to study the link between and to seek the best simultaneous representation of
two sets of categories that make up the rows and columns of a contingency
table, where these two sets have symmetrical roles. Correspondence analysis
(CA) can also be transformed into principal component analysis (PCA) by
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making appropriate changes to variables. A correspondence analysis (CA) was
performed to reveal major patterns of genetic variability based on the allele
frequencies among all the populations.

3. RESULTS

3.1. Genetic variability

Allele frequencies are available from the authors upon request. All the
Chinese indigenous goat populations were genetically highly diverse at 17 loci
of the total 26 loci (Tab. Il). Specific alleles were present in some populations.
The breed-specific allele dM2113 (157 bp) was present with a frequency
of 74% only in the three populations of tt@utheast Tibetan goat, North
Tibetan goat ancEast Tibetan goat. The unique alleles MAF70 (142 bp) and
SR-CRSP-1 (138 bp) were found only in thislatou goat andSmall-xiang goat
respectively. Amongthe 26 loci, 17 were polymorphic and the number of alleles
varied between 4(STS005) and 19 BM2113). The remaining nine loci tested
had less than four alleles or non-specific PCR products. It was suggested by
Barker [1] that, for studies of genetic distance, microsatellite loci should have
no fewer than four alleles to reduce the standard errors of distance estimates; so
nine loci were excluded from this analysis. Mean observed heterozygosities,
mean expected heterozygosities, mean polymorphic information content (PIC)
and their standard errors respectively, mean observed number of alleles, and
mean effective number of alleles for all populations are shown in Table I.
Although varying among populations, observed mean heterozygosity was lower
than the expected mean heterozygosity for all the populations. Measures of
genetic variation for each population showed that the level of genetic variation
within the Taihang goat population was the highest and that of$hmll-xiang
goat was the lowest.

The Ht, Hs, fixation indices Fs, Fir andFst) values for each locus are
shown in Table Il. Théd varied from 0.657(STS005) to 0.880 BM2113).
MultilocusFst values indicated that around 10.5% of the total genetic variation
was explained by a population difference, the remaining 89.5% corresponding
to differences among individuals. The HWE test showed that all loci gave a
deviation from the HWE when analyzed across populations. On the contrary,
the threeTibetan goat populations were in equilibrium for all 17 loci when
pooled across loci. By contrast, the mean observed numbers of alleles and the
mean expected heterozygosities in the three populations dfiletan goat
breed were higher than the majority of the nine other populations (eight and
six respectively). The main factors that may have caused such deviations in the
remaining populations are probably their small effective population sizes and
the difficulties in collecting enough unrelated pure individuals.
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Table Ill. Matrix of genetic distance among 12 goat populations: the Nei [1978]
standard genetic distances (below diadpaad standard errors (above diagonal).

ET® NM LN TA WU NJB CDW BL MT SET NT SX

ET 0.073 0.078 0.097 0.087 0.045087 0.073 0.095 0.083 0.087 0.069
NM 0.176 0.052 0.086 0.057 0.040042 0.055 0.036 0.068 0.079 0.062
LN 0.259 0.230 0.062 0.084 0.063045 0.089 0.089 0.078 0.039 0.060
TA  0.419 0.315 0.513 0.077 0.075081 0.035 0.094 0.024 0.056 0.043
WU 0.291 0.255 0.386 0.354 0.0810@7 0.053 0.022 0.075 0.022 0.100
NJB 0.205 0.227 0.289 0.472 0.331  0.064 0.080 0.069 0.042 0.039 0.038
CDW 0.478 0.409 0.545 0.396 0.4D2433 0.040 0.047 0.073 0.062 0.030
BL 0.324 0.318 0.516 0.183 0.183386 0.304 0.049 0.097 0.083 0.099
MT 0.290 0.195 0.423 0.236 0.073300 0.303 0.128 0.057 0.024 0.088
SET 0.379 0.316 0.376 0.490 0.38&206 0.465 0.447 0.343 0.054 0.060
NT 0.324 0.375 0.441 0.525 0.427103 0.271 0.440 0.394 0.249 0.081
SX  0.320 0.335 0.294 0.514 0.422066 0.559 0.421 0.408 0.299 0.256

@ The two-letter and three-code letter in the table correspond to the populations
sampled as followsEast Tibetan goat, ET;Neimonggol goat, NM; Liaoning goat,

LN; Taihang goat, TA;Wu goat, WU;Nanjiang Brown goat, NJB Chuandong White

goat, CDW;Black goat, BL; Matou goat, MT; South-east Tibetan goat, SET;North
Tibetan goat, NT;Small-xiang goat, SX.

3.2. Genetic distances

Inthe Chinese indigenous goat groups, genetic differentiation was significant
between the populations originating in different ecological zones. Among
the Tibetan goat populations, a close relationship was shown between the
genetic distances determined for tHerth Tibetan and theEast Tibetan goat
populations (Tab. 111). A NJ topology tree based on the Nei (1978) standard
genetic distance relating the 12 indigengoat populations studied is presented
in Figure 2. The numbers at the nodes are values for 1000 bootstrap resampling
of the 17 typed loci. The bootstrap values obtained in the NJ topology tree at
the nodes suggest that the robustness of the tree is not high, but the genetic
relationships of the Chinese indigenous goat populations fit well with their
geographic origins from the NJ topology tree.

3.3. Correspondence analysis

Figure 3 illustrates the three-factor correspondence analysis for 17 micro-
satellite allele frequency distributions in 12 Chinese indigenous goat popula-
tions. The first two factors accounted for 28% and 18% of the total variation
respectively and clearly distinguished the following blocks: blo@olth-east
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o s Rovth Trbetan Goat
Euast Tibotem Goat
i South-eqst Tibetan Goat
52 L Swall-xiemg Goat
Tt hemg Goat
40 Meimonggo! Goat
Ligoning Goat
L Mtow Goat
s ——— Wi Goat
a0 Chuamdong White Goat
24

Memjiemg Brown Goat
Black Goat

Figure 2. The NJ topology tree showing the genetic relationships among goat popula-
tions using the Nei [1978] standard geneticamce from 17 microsatellite loci. The
numbers at the nodes indicate the percentage of a group’s occurrence in a bootstrap
resampling of 1000 trees.

Tibetan goat,North Tibetan goat,East Tibetan goat,Small-xiang goat), block 1
(Taihang goat,Neimonggol goat,Liaoning goat) and block Il Nanjiang Brown
goat, Chuandong White goat, Black goat,\Wu goat). TheMatou goat popula-
tion was isolated from the others and represented 12% of the total variation
respective to the other populations. The first two dimensions fitted well with
the geography, while the third factor, contributing 14% of the total variation,
played an important role in discriminating tBaall-xiang goat population.

The most important alleles are alle#12113 (157 bp) which contributed
12% in axis 1 and 8% in axis 2, alleMAF70 (142 bp) which contributed 9%
in axis 1 and 14% in axis 2 and alleB®-CRSP-1 (138 bp) which contributed
9% in axis 2 and 15% in axis 3. TiM2113 allele (157 bp) is a breed-specific
allele with frequencies of 38%, 42% and 32% in Bmeith-east Tibetan goat
population,North Tibetan goat population and EaSibetan goat population
respectively. The unique alleles of alle\@AF70 (142 bp) and alleleéSR-
CRSP-1 (138 bp) which were closely associated with atou goat breed and
Small-xiang goat breed, respectively, were present with frequencies of 42%
in the Matou goat population and 49% in th@mall-xiang goat population.
Considering the important effect of the three breed-specific alleles, we repeated
the analysis excluding the three microsatellites separately. As a result, the
Small-xiang goat went into the cluster of theouth-east Tibetan goat, North
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Figure 3. Correspondence analysis of allele freqcies from seventeen microsatellite

loci genotyped in twelve Chinese indigenous goat populations: (A) projection of
populations on axis 1 and axis 2; (B) projection of populations on axis 1 and axis 3.
The two-letter and three-code letter in the figure correspond to the populations sampled
as follows: East Tibetan goat, ET; Neimonggol goat, NM;Liaoning goat, LN;Taihang

goat, TA;Wu goat, WU;Nanjiang Brown goat, NJB;Chuandong White goat, CDW;

Black goat, BL;Matou goat, MT; South-east Tibetan goat, SET;North Tibetan goat,

NT; Small-xiang goat, SX.
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Tibetan goat andEast Tibetan goat for excluding the microsatelliteR-CR-

SP-1 and theMatou goat went into the cluster of thidanjiang Brown goat,
Chuandong White goat, Black goat andWu goat for removing theVIAF70
microsatellite. Some separation still existed between the cluster &btlik-

east Tibetan goat, North Tibetan goat, East Tibetan goat and the rest of the
populations after removinBM2113 microsatellite from the analysis, though

the result was less robust than before. On the contrary, when we repeated the
analysis excluding one by one the breeds in which there was a breed-specific
allele, a zooming-in effect on the other populations appeared in the results.
These two changes were also reported by Cafiéral. [10].

4. DISCUSSION

4.1. Genetic variability within populations

Heterozygosity estimates within the populations were based on a set of
microsatellites showing that thiaihang goat had the largest genetic variabil-
ity, whereas theamall-xiang goat showed the lowest genetic variability. The
mean number of alleles and mean observed and expected heterozygosities were
similar (Tab. I), supported bly,s estimates that were not significantly different
from zero (Tab. II). The cause may be that Théhang goat had a large number
of individuals and broad distributing area. In contrast, $h@ll-xiang goat
existed in a remote area with a small population size and there was less gene
exchange between it and other populations. However, it is well known that the
number of alleles in a population is a function of sample size. In a population,
larger sample size would result in more alleles. To reduce the impact of
population size on comparing the mean numbers of alleles between populations,
resampling under a constant size should be an effective alternative. The mean
observed heterozygosity and mean pabyphic information content (PIC) of
the three€Tibetan goat populations were lower than those of Taghang, Matou
andNeimonggol goat populations. This result was in concordance with that of
six microsatellite loci reported previously by Yaegal. [33]. Comparisons
of the mean observed heterozygosity, mean polymorphic information content
(PIC) and mean observed number of alleles between the four goat populations
originating in the Three-gorge reservoir area and the other goat populations
except theSmall-xiang goat indicate that the polymorphisms of the four goat
populations from the Three-gorge reservoir area are slightly lower. A possible
explanation for this observation may be that the rapidly reduced population size
and the isolated geographic location resulted from the Three-gorge Project.
Intercrosses with other goat populations may result in thaiheoat is
more polymorphic than the three other goat populations existing in the Three-
gorge reservoir area. The mean observed heterozygosity over all populations
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is higher than that of eighBwiss goat breeds, th€reole goatandBezoar

goat [25]. Since the set of microsatellites we used showed a little higher
variability than that of the microsatellites used in the genetic diversity analysis
of Swiss goat breeds, th€reole goat andBezoar goat, we interpreted our
higher gene values as reflections of both the choice of the microsatellite and
the choice of populations. The existence of null alleles has been frequently
reported, particularly when the markers are transferred between species. In
this study, the clear deficiency of polymorphism at the other nine loci in all
Chinese indigenous breeds suggests that they are not promising for studies
on genetic diversity analysis of goat breeds. In the global test of deviation
from Hardy-Weinberg equilibrium, a number of locus-population combinations
showed a significant departure (Tab. Il). The deviations from the expected value
may be due to a variety of causes: population subdivision owing to genetic
drift [12] or the effect of a bottleneck through the reproductive isolation of
rare populations [27], whereas the equilibrium in the three populations of the
Tibetan goat for all loci may result from a large effective population size, their
few artificial selections and random mating in the populations.

4.2. Genetic variability between populations

Genetic relationships among the populations are illustrated by the NJ topo-
logy tree derived from the Nei (1978) standard genetic distance. Although
the NJ topology tree is not well supported by the nodes, the dendrogram
(Fig. 2) shows a clear separation of the Chinese indigenous goat populations
from different geographic locations. Since some goat populations may be
derived from a small number of founders, possible bottleneck effects should
not be ignored in interpreting the population relationships [20]. The rRean
value (0.105) demonstrates that only about 10.5% of the total genetic variation
attributes to the differentiation bgeen populations and 89.5% is within the
populations. This result is lower than that of the total populations including
eightSwiss goat breeds, th€reole goat andBezoar goat (0.27) [25]. Among
the Chinese indigenous goats, breeds are mainly artefacts classically based on
morphological differences and tightly related to geographical locations. Within
the tree, three sub-clusters can be identified which contain the populations from
southwest China, north China and the Three-gorge reservoir areadtbe
goat originating in central China at some distance from the other Chinese
indigenous populations forms a sub-branch alone, which has been reported
previously, based on the analysis of blood group [26] and six microsatellite
loci [34].

In the subgroup of the Three-gorge reservoir arealNdreliang Brown goat
was closely grouped with tHélack goat. This was consistent with the recorded
breed history and the result of a random amplified polymorphic DNA (RAPD)
molecular marker [33]. Th&lanjiang Brown goat was formed by crossing
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between theBlack goat andChengdu Grey goat. Moreover, thdlack goat
usually was considered as a type of @uandong White goat. TheWu goat

had a common geographical location and a similar morphological appearance
to that of theChuandong White goat. In general, the four populations had
closer genetic distances and relationships.

There are three populations in the sub-cluster of north China.Taiheng
goat separates itself from theaoning goat andNeimonggol goat for fleece
characters since itis assumed that such a difference reflects distinct origins. The
three populations studied in this paper arelthamning goat andNeimonggol
goat (coarl-wool type), and th&ihang goat (fine-wool type). The four
populations from southwest China form a subgroup. Reproductive isolation by
geographic barriers led to the genetic differentiation betwee&tiat -xiang
goat and the three oth@ibetan goat populations. Among the thrééetan goat
populations, the dendrogram showed a separation of the plateauNggé (
Tibetan goat,East Tibetan goat) and mountain-valley typ&duth-east Tibetan
goat). This was in concordance with the non-negligible difference between
the two types of thdibetan goats not obtained in some previous studies using
random amplified polymorphic DNA (RAPD)nd restriction fragment length
polymorphism (RFLP) markers [22].

Concerning the correspondence analysis, our findings were in perfect agree-
ment with the historic and geographic origins of the twelve Chinese indigenous
goat populations. From Figure 3 it is evident that axis 1 has an important
effect on the genetic differentiation of all the populations. Resulting from the
presence of breed-specific alleles, Mh&tou goat andSmall-xiang goat demon-
strated separations from the other populations in Figure 3(A) and Figure 3(B)
respectively. A distinct separation was the block of $hetheast Tibetan goat,

North Tibetan goat andEast Tibetan goat. Even though the populations of
Taihang goat,Neimonggol goat and_iaoning goat were not very close to one
another, the block was easily distinguished as well. Finally, there is the block
of the Nanjiang Brown goat,Chuandong White goat,Black goat andM goat,
although it was less homogeneous than the two blocks cited above. In this
study, comparisons of the correspondence analysis with the neighbor-joining
topology tree showed good agreement with each other. In addition, the results
of the corresponding analysis excluding the three microsatellites separately
indicated that the new population structures of the twelve goat populations were
consistent with their geographic origins as well, although the new population
structures were less precise than before.

The overall relationship pattern among the twelve Chinese indigenous goat
populations proved that the middle valley of the Yellow River was the dissem-
ination center of domestic goats in China. The blood lineage of the ancestor
colonies in this area came from ti@nhai-Tibet plateau. The goats in this
area spread eastwards and southwards after long periods of tameness [7]. The
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correspondence analysis (CA) was also in support of the results of the cluster
analysis.

The results of this study contribute to the knowledge of the genetic structure
of the Chinese indigenous goat populations, especially many of the small pop-
ulations verging on the potential threat of extinction or even being effectively
lost with the rapid destruction of the ecological environment. Conservation of
genetic diversity should be considered by breeders, in the interest of the long-
term future of the Chinese breeds. In addition, we conclude that the 17 loci
of the microsatellite panel designed by the EU Sheep and Goat Biodiversity
Project are suitable for the biodiversity studies in goats, even in closely related
goat populations.
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