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Abstract This study assessed the usefulness of geographic and pairwise genetic

distances in the characterization of five sheep populations using 15 microsatellite

markers. The average F statistics across loci were FIT = 0.523 ± 0.140,

FST = 0.363 ± 0.131, and FIS = 0.263 ± 0.092. The average heterozygosity was

0.716 ± 0.069, polymorphism information content was 0.691 ± 0.070, and effec-

tive number of alleles was 3.736 ± 0.998. Sheep populations clustered into group 1

(Hu and Tong breeds) and group 2 (small-tailed Han, Wadi, and Tan breeds).

Reynolds’ distance varied from 0.0062 to 0.0499, and the range of gene flow (Nm)

was 4.8834–40.0726 among the sheep populations. The results showed that the

genetic structure of the five populations was not consistent with their genetic dis-

tances, and the population genetic divergence was not linearly related to geographic

distance as indicated by a Mantel test (P = 0.7936).
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Introduction

Assessment of genetic variability in domestic sheep is the first step toward the

conservation of genetic resources for maintaining breeding options. Phylogenetic

studies of population diversification have revealed the essential features of the

evolutionary history of many species (Avise 2000). Population differentiation

through reduced gene flow, selection, and genetic drift can change the scenario of

geographic shifting under regional warming (Davis and Shaw 2001). Domestic

animals are currently losing their genetic diversity through many mechanisms. First,

highly productive breeds have recently been intensively selected for production

traits, without adequate emphasis on the preservation of overall genetic diversity.

Second, autochthonous breeds in marginal areas are also seriously endangered

(Taberlet et al. 2008). The tools of choice for determining the genetic diversity of

domestic animal breeds are statistical measures derived from Wright’s F statistics

(Wright 1951) or phylogenetic techniques based on genetic distances estimated

from polymorphic microsatellite markers (Hall and Bradley 1995). Microsatellites

provide vast amounts of genetic information based on individual genotypes, which

contributes to establishing genetic relationships between populations (Arranz et al.

1998; Kantanen et al. 2000; Ruane 1999). Calculation of genetic distances from

microsatellite data can provide useful information for monitoring and managing the

genetic diversity of rare breeds. Therefore, the goal of our study is to assess the

usefulness of geographic and pairwise genetic distances in the characterization of

livestock breeds. We used a set of 15 microsatellite markers that had previously

been shown to be useful in obtaining sound assessments of the genetic relationships

among sheep breeds.

Materials and Methods

Experimental Animals

The Chinese sheep populations used in the present study included 63 Hu sheep from

Huzhou, Zhejiang Province; 65 Tong sheep from Baishui, Shaanxi Province; 60

small-tailed Han sheep from Liangshan, Shandong Province; 73 Tan sheep from

Yinchuan, Ningxia Hui Nationality Autonomous Region; and 76 Wadi sheep from

Dongying, Shandong Province.

DNA Extraction and Polymerase Chain Reaction

Blood samples were randomly collected from the jugular vein of each animal. DNA

was extracted from whole blood using the saturated salt method (Sambrook et al.

1989), quantified spectrophotometrically, and adjusted to 50 ng/ll. The 15 sheep

microsatellite markers (Table 1), located on different chromosomes (Crawford et al.

1995), were synthesized by Shanghai Sangon Biological Engineering Company.

The PCR solution comprised 2 ll 50 ng/ll genomic DNA, 0.4 ll 5 U/ll Taq DNA

polymerase, 15 ll 25 mmol/l MgCl2, 0.5 ll 10 mmol/l dNTP, and 1 ll 8 pmol/ll
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forward and reverses primers. PCR conditions were an initial denaturation for 5 min

at 94�C; 35 cycles at 94�C for 1 min, 53–66�C for 1 min, and 72�C for 1 min; and a

final extension at 72�C for 5 min. A 6 ll aliquot of the PCR product was subjected

to 1.5–3.0% agarose gel electrophoresis and 12–14% nondenatured PAGE. The

length of the amplified fragment in relation to the pBR322/MspI marker was

calculated using Kodak Digital Science ID Image Analysis software.

Statistical Analysis

Gene and genotypic frequencies were estimated by direct gene counting.

Heterozygosity (He) (Nei et al. 1983), polymorphism information content (PIC)

(Botstein et al. 1980), and the effective number of alleles (Ne) (Kimura and Crow

1974) were estimated by Popgene version 1.31 (Yeh et al. 1997). The F statistic

indices (Wright 1978) were estimated in terms of F, h, and f. The sample-based

estimators of these parameters were proposed by Weir and Cockerham (1984), and

the indices were implemented by the Fstat program (version 2.9.3; Goudet

2002).The significance of the F statistics was determined from permutation tests in

which the sequential Bonferroni procedure was applied over loci (Hochberg 1988).

The FST values among pairs of breeds were calculated using Genepop (Raymond

and Rousset 1995), and then isolation by distance was applied to the sheep

populations (Rousset 1997).

Linear regression was used to estimate the coefficients Y = FST/(1 - FST) =

a ? b ln(d), where d is the pairwise geographic distance between breeds. Gene flow

between populations was defined as the number of reproductively successful migrants

per generation (Nm), determined on the basis of the n island model of population

structure. The estimate was based on the relationship FST = 1/(4Nm ? 1), where

N is the effective population size, m is the migration rate, and FST is the mean

FST value across all loci (Slatkin and Barton 1989). Reynolds’ genetic distance

between breeds was calculated on the basis of the FST values (Reynolds et al. 1983):

DR = –ln(1 - FST). A consensus UPGMA tree was reconstructed using the

NTsys-PC package (Rohlf 2000).

Results

Genetic Diversity

The average F statistics across loci were FIT = 0.523 ± 0.140, FST = 0.363 ±

0.131, and FIS = 0.263 ± 0.092. The average heterozygosity (He) was

0.716 ± 0.069, PIC was 0.691 ± 0.070, and effective number of alleles (Ne) was

3.736 ± 0.998 (Table 1). In addition, the average values of FIS, He, PIC, and Ne

across the 15 loci were estimated for each breed (Table 2), and all breeds showed

relatively high heterozygosity. Among the populations studied, the Han sheep had

the highest He, PIC, and Ne values, and the Hu sheep had the lowest.
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Phylogenetic Analysis

The UPGMA tree divided the five sheep populations into two groups (Fig. 1). The

Hu and Tong populations clustered in group 1 at the 0.26 coefficient level; the

small-tailed Han and Wadi populations were clustered first in group 2, followed by

the Tan population. The Nm value ranged from 4.8834 between the Hu and Tan

breeds to 40.0726 between the Hu and Tong breeds (Table 3). Reynolds’ genetic

distances (DR) between populations varied from 0.0062 between the Hu and Tong

breeds to 0.0512 between the Hu and Tan breeds (Table 4).

Geographic and Pairwise Distances

The geographic distance ln(d) and the pairwise distance FST/(1 - FST) among the

five sheep populations are also presented in Table 4. The application of Rousset’s

isolation by distance method, as implemented in the Genepop program, yielded the

Table 2 Mean heterozygosity across 15 microsatellite loci in five sheep populations

Breed FIS Mean He Mean PIC Mean Ne

Hu sheep 0.1560 0.708 0.692 3.425

Tong sheep 0.1326 0.725 0.703 3.636

Small-tailed Han sheep 0.0682 0.821 0.804 5.587

Tan sheep 0.0758 0.796 0.772 4.902

Wadi sheep 0.0814 0.756 0.732 4.098

Fig. 1 UPGMA dendrogram for five sheep populations based on 15 microsatellite loci

380 Biochem Genet (2010) 48:376–384
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parameters a and b in the regression FST/(1 - FST) = -0.021 ? 0.0073 ln(d)

(Fig. 2). The genetic structures of the five sheep populations did not satisfy the

criteria of the distance isolation model, and the population genetic divergence was

not linearly related to the geographic distance, as indicated by a Mantel test

(P = 0.7936).

Table 3 Gene flow between sheep populations

Population Hu Tong Small-tailed Han Tan Wadi

Hu 40.0726 10.9107 4.8834 7.8145

Tong 0.0062 11.8273 5.8625 10.2542

Small-tailed Han 0.0227 0.0209 8.1112 12.0652

Tan 0.0499 0.0418 0.0304 7.1464

Wadi 0.0315 0.0241 0.0205 0.0333

Above the diagonal: number of effective migrants per generation (Nm). Below the diagonal: FST. The

estimate is in balance with genetic drift (FST = 1/(4Nem ? 1)

Table 4 Genetic distance between sheep populations

Population Hu Tong Small-tailed Han Tan Wadi

Hu 0.0000 7.1507 6.6067 7.5858 6.8701

Tong 0.0062 0.0000 6.9007 6.4615 7.1107

Small-tailed Han 0.0229 0.0211 0.0000 7.2724 5.8749

Tan 0.0512 0.0426 0.0308 0.0000 7.2731

Wadi 0.0320 0.0244 0.0207 0.0350 0.0000

Above the diagonal: geographic distance ln(d). Below the diagonal: pairwise FST/(1 - FST) distance

Fig. 2 Plot of relationship between geographic distance ln(d) and pairwise distance FST/(1 - FST) for all
sheep populations. The line corresponds to the equation FST/(1 - FST) = -0.021 ? 0.0073 ln(d)

Biochem Genet (2010) 48:376–384 381
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Discussion

The average genetic diversity among the populations observed in our study was

consistent with that reported in previous studies (Li et al. 2004; Diez-Tascon et al.

2000). The high PIC values obtained for most of the markers suggest their

usefulness in the evaluation of the biodiversity of native Chinese sheep breeds. The

Hu and Tong populations clustered first in group 1, and the Han, Wadi, and Tan

populations were clustered in group 2, indicating that the phylogenetic relationships

among the five sheep populations were not closely linearly correlated with their

geographic distribution. This was in agreement with the findings of previous studies,

which showed that these populations were originally different but shared the same

genetic material because of natural and artificial selection and their ecological

habitat (Lei 1999; Li 1993; Ran and Li 1998; Shan 1983). Populations with similar

frequencies at microsatellite loci may still have adaptively important differences

maintained by natural selection (Hedrick 1999). On the other hand, populations with

differing frequencies of microsatellite loci may share adaptively important traits.

Differentiation at microsatellite loci should reflect the potential for adaptive

differences among populations (Gutiérrez-Espeleta et al. 2000).

In the present study, in order to test isolation by distance, FST values were

plotted against the natural logarithm of pairwise geographic distances among the

populations. In order to determine whether the degree of scatter shown in the

scatter plots increases with geographic distance and whether the populations are

in drift-gene flow equilibrium, the residuals from the linear regression FST were

correlated with geographic distance. No correlation was found, which indicates

that there is no relationship between the scatter of pairwise genetic and

geographic distances. From a conservation genetics perspective, Hedrick and

Miller (1992) indicated that populations should be managed so that adequate

genetic variability is retained to provide for future adaptation and successful

expansion of native and reintroduced free-ranging populations. Because we

cannot directly evaluate the biological significance of the genetic differences

between locations and because genetic differences are roughly proportional to

geographic distances, the most conservative method of selecting stock for

translocation would be to choose the closest available population to preserve

local variation and/or potential adaptation (Gutiérrez-Espeleta et al. 2000).

Finally, this study showed significant levels of genetic divergence between the

five populations, and these findings indicate that the genetic process was

associated with historical ecogeographic barriers.
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