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 A total of three family farms including Village No. 9 in Nima township, Nerong 
Naqu County (NQA); Village No. 11 in Nima township, Nerong Naqu County 
(NQB); and Yare township, Gegi County, Ali District (GJ) from three ecology yak 
populations (EYP) were selected for this study to identify the most optimized 
mode of exogenous male adult yak introduction (EMI) within EYP for solving the 
inbreeding problem caused by the small-scale yak husbandry system. Exogenous 
adult male yaks from the same EYP with different proportions (100% to NQA, 
50% to NQB, and 0% to GJ) were introduced, and 10 microsatellites were used to 
detect the genetic diversity of these populations before (in 2017) and after (in 
2019) the introduction of exogenous adult male yaks (EMI). Results showed that 
the divergence between the observed and the expected heterozygosity of the NQA 
and NQB populations was reduced in 2019, while the number of markers 
significantly deviating from Hardy–Weinberg equilibrium (P<0.05) and FIS 
(inbreeding coefficient) within populations decreased compared with that in 2017. 
In contrast, the FIS of GJ population without EMI continued to increase (from 
0.011 to 0.033) over the years 2017 to 2019. Moreover, genetic differences 
between the populations (Pairwise Fixation index, FST) showed that EMI increased 
the genetic divergence between populations. Overall, this study shows that the 
introduction of exogenous male adult yaks not only effectively reduces the degree 
of population deviation from equilibrium but also decreases the inbreeding level 
within the population within a few generations. This study also provides a valuable 
management model for stable yak production on small sized family farms. 
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INTRODUCTION 

 

Molecular markers can effectively reveal the genetic 
resources of livestock and poultry at the DNA level. 
Microsatellite markers are available in large numbers and 
show co-dominant inheritance and high polymorphism. 
These markers have been used in many human and 
livestock genetic studies, such as parent–child relationship 
identification, species classification, population or 
individual genetic variation, genetic structure analysis and 
genetic diversity exploration (Fan et al., 2008; Zhou et al., 
2008). These markers are also effective tools commonly 
used in research on topics such as marker-assisted 
selection, quantitative trait locus mapping and population 
clustering analysis (Sewalem et al., 2002). 

Most of the complete genetic linkage maps of cattle, 
sheep and pigs were constructed on the basis of 
microsatellite markers. For example, Barendse et al. 
(1997) developed genetic linkage maps in cattle by using 
746 molecular markers, including 601 microsatellite 
markers. Subsequently, a more accurate genetic linkage 
map for cattle was generated using 3960 markers 
comprising 3802 polymorphic microsatellites, with the 
marker distance reduced to 1.4 cM (Ihara et al., 2004). 
Moreover, genetic maps of pigs (Rohrer et al., 1994), 
sheep (Crawford et al., 1995) and goats (Vaiman et al., 
1996) have been developed. To date, many studies on the 
genetic diversity of livestock based on microsatellites, 
including those of E et al. (2019), Habimana et al. (2020) 
and Ba et al. (2020) have been reported. 
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As one of the main yak husbandry areas in China, 

Tibet has 4.57 million heads of yaks, which account for 

30% of the total yak population in this country. Since 

1950s, Chinese scholars have conducted detailed research 

on yak production performance. Particularly since 1990s, 

the genetic diversity of yak breeds has been 

comprehensively and systematically investigated at the 

molecular level by using different genetic markers. For 

example, Liao et al. (2008) revealed the rich genetic 

diversity and low genetic differentiation levels of yak 

breeds from five ecotype regions in China with 16 

microsatellites. Li et al. (2013) used eight microsatellite 

markers and showed that the genetic diversity of yaks in 

eastern Tibet was higher than that in western Tibet and 

that eastern Tibet was a possible cradle of yak diversity. 

Luo et al. (2017) used 15 microsatellite loci to study the 

genetic diversity of the Maiwa yaks and found that the 

breed had rich genetic diversity but no genetic 

differentiation. Recent studies (Pei et al., 2018; Zhu et al., 

2019) investigated the genetic diversity of several 

ecological groups of Tibetan yaks using microsatellite 

DNA, which provided helpful information on the 

conservation and utilization of local ecotype population 

resources for Tibetan yaks. 

The appropriate management of high-quality yak 

resources considering conservation and utilization in core 

yak husbandry areas, especially due to the existing 

livestock husbandry system, needs to be ensured. The 

inbreeding problem within the yak population is becoming 

increasingly serious under the small-scale family farming 

model. In the present study, the population structure and 

genetic diversity level of populations before and after the 

introduction of exogenous male yaks were investigated 

with microsatellites to evaluate the effect of such 

introductions and identify the most optimized mode for 

exogenous adult male yak introduction. 

 

MATERIALS AND METHODS 

 

Experimental animals: For this study, sampling before 

exogenous adult male yaks introduction (EMI) was done 

in October 2017, when 129 healthy yaks (1–3 years old) 

were selected from three Tibetan yak groups including 

Village No. 9 in Nima township, Nerong Naqu County 

(NQA; n = 47), Village No. 11 in Nima township, Nerong 

Naqu County (NQB; n = 59) and Yare township, Gegi 

County, Ali District (GJ; n = 23). One milliliter of venous 

blood was collected from each individual and stored at      

-80°C for further analysis. 

Subsequently, in December 2017, exogenous adult 

male yaks equal to 0% (control), 50%, or 100% of the 

original male population size were introduced into the GJ, 

NQB, and NQA populations, respectively, to participate 

in intragroup mating for that year. The exogenous male 

yaks belonged to other family farms located within their 

own ecological population, and there had been no blood 

relationship between the yaks on the farms for the past 5 

years. 

For sampling after EMI, healthy newborn and 

juvenile yaks (1-3 years old) were identified at the 3 sites 

in October 2019. Then 32 animals were randomly selected 

from each ecology population with EMI, about 1 ml 

venous blood was collected from each animal and stored 

at −80°C. 

 

Genomic DNA extraction: The genomic DNA from all 

blood samples collected from yaks before and after EMI 

was extracted, using the standard phenol-chloroform 

protocol, as described earlier (Sambrook and Russell, 

2001). This extracted genomic DNA was stored at -20°C. 

Ten microsatellite markers of the genetic diversity 

estimation system for bovines, recommended by the Food 

and Agriculture Organization (FAO) of the United 

Nations and the International Society of Animal Genetics 

(ISAG), were used in the present study to estimate the 

diversity of yak populations (Zhu et al., 2019). 

Information regarding these 10 microsatellite markers and 

their primers is given in Table 1. 

 

PCR analysis: A 20 μL PCR system was used for PCR 

analysis. In the analysis, the final concentrations of each 

component were as follows: dNTPs, 0.2 mmol/L; Mg2+, 

1.5 mmol/L; mixed upstream and downstream primers, 

0.5 mmol/L; Taq enzyme, 5 U/2 L; and DNA template, 1 

μL (approximately 60 ng). The PCR procedure was as 

follows: pre-denaturation at 94°C for 5 min; 35 cycles of 

denaturation at 94°C for 30s, annealing at 50°C–65°C for 

30s, and extension at 72°C for 30s; extension for 7 min at 

72°C; and storage at 4°C. The PCR products were 

genotyped using an ABI 3130 xl automatic genetic 

analyzer (AB, USA). 

 

Statistical analysis: Microsatellite Toolkit software 

(Attard et al., 2010) was used to calculate the mean 

number of alleles (NA), polymorphism information content 

(PIC), observed heterozygosity (HO) and expected 

heterozygosity (HE). The genetic differentiation index 

(FST) among populations was calculated using Arlequin 

3.5 software (Excoffier and Lischer, 2010). Hardy–

Weinberg equilibrium (HWE) was assessed by 

GENEPOP 3.4 software (Raymond and Rousset, 1995), 

while FSTAT 2.9 software (Goudet, 1995) was used to 

calculate the inbreeding coefficient (FIS). 

 

RESULTS  

 

Results of the present study showed that the HE and 

PIC of ILSTS008 in 2017 were the lowest (HE = 0.5949, 

PIC = 0.4936), and the HO of AGLA293 was the lowest 

(HO = 0.2571). However, MGTG7 had the highest levels 

of HE (0.8691) and PIC (0.8260). Among the three 

populations in 2019, ILSTS008 had the lowest HE 

(0.5676), HO (0.5060), and PIC (0.4737). By contrast, 

TGLA73 had the highest HE (0.8433), HO (0.8730), and 

PIC (0.8085), as shown in Table 2. 

The results for genetic diversity at the population 

level are shown in Table 3. The HE of the three 

populations in 2017 ranged from 0.7291±0.0345 (NQB) to 

0.7695±0.0286 (NQA), HO ranged from 0.6094±0.0212 

(NQB) to 0.7302±0.0332 (GJ), and NA ranged from 

5.90±1.73 (GJ)  to 8.00±2.91 (NQA). In addition, the PIC 

of the three populations was larger than 0.6 (0.6692 to 

0.7154), which indicated that the markers were highly 

polymorphic within the three yak populations. 

http://www.baidu.com/link?url=o8Ng_o5VJEQfWbiErXSe30RHTfzcMZniTtcNyrlXjaskcgvSBmRn9Qhak4wMPNjj5pv09-a52OBlzEATmyLX24YloFkPYlxr---02X45UQO
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Table 1: Primer sequence, fragment size, and PCR annealing temperature (Tm) for 10 microsatellite markers used in the study 

Marker name Sequences (5’-3’) Size (bp) Tm (℃) 

ILSTS008 F: GAATCATGGATTTCTGGGG 
R: TAGCAGTGAGTGAGGTTGGC 

175-187 58 

BM1824 F: GAGCAAGGTGTTTTTCCAATC 
R: CATTCTCCAACTGCTTCCTTG 

180-194 57 

ETH225 F: GATCACCTTGCCACTATTTCCT 

R: ACATGACAGCCAGCTGCTACT 

144-162 64 

SPS115 F: AAAGTGACACAACAGCTTCTCCAG 
R: AACGAGTGTCCTAGTTTGGCTGTG 

234-254 64 

ETH152 F: TACTCGTAGGGCAGGCTGCCTG 
R: GAGACCTCAGGGTTGGTGATCAG 

194-212 56 

MGTG7 F: TTCATTGCAGCAACTATTTACAATAG 

R: TAAGTTCCCTGTATCATTTTTGAA 

278-312 55 

TGLA53 F: GCTTTCAGAAATAGTTTGCATTCA 
R: ATCTTCACATGATATTACAGCAGA 

143~191 55 

TGLA73 F: GAGAATCACCTAGAGAGAGGCA 
R: CTTTCTCTTTAAATTCTATATGGT 

111~143 55 

AGLA293 F: GAAACTCAACCCAAGACAACTCAAG 
R: ATGACTTTATTCTCCACCTAGCAGA 

210~240 55 

TGLA122 F: CCCTCCTCCAGGTAAATCAGC 
R: AATCACATGGCAAATAAGTACATAC 

143-175 54 

F = Forward; R = Reverse. 
 
Table 2: Comparative genetic diversity analysis of 10 microsatellite loci 
in the overall yak group between 2017 and 2019 

Marker 2017 2019 

HE HO PIC HE HO PIC 

SPS115 0.8054 0.7223 0.7599 0.7054 0.6882 0.6495 

ETH152 0.8172 0.7274 0.7603 0.7969 0.8289 0.7540 
TGLA122 0.7265 0.7150 0.6739 0.7411 0.5958 0.6914 
ETH225 0.7371 0.6934 0.6797 0.7123 0.7153 0.6504 

MGTG7 0.8691 0.6014 0.8260 0.8127 0.8515 0.7730 
TGLA73 0.8210 0.7957 0.7856 0.8433 0.8730 0.8085 
AGLA293 0.6463 0.2571 0.5687 0.6163 0.5426 0.5484 

TGLA53 0.7357 0.7371 0.6912 0.7463 0.7903 0.6933 
BM1824 0.7012 0.7385 0.6367 0.6318 0.6300 0.5704 
ILSTS008 0.5949 0.6723 0.4936 0.5676 0.5060 0.4737 

 

The HE of the populations in 2019 ranged from 

0.7060±0.0373 (NQB) to 0.7251±0.0311 (NQA), the HO 

ranged from 0.6871±0.0260 in GJ to 0.7175 ± 0.0254 in 

NQB, and the NA ranged from 5.90±1.10 (GJ) to 

7.00±2.40 (NQA). The PIC of the three populations was 

larger than 0.6 (0.6613 to 0.6876). Specifically, compared 

with the results from 2017, NQA and NQB showed 

remarkable increases in HO in 2019, while no such change 

was observed in the GJ population (Table 3). 

The inbreeding coefficient (FIS) values of NQA and 

NQB were 0.148 and 0.166 in 2017, respectively. 

However, after the introduction of the male adult yaks, the 

FIS values of the two populations dropped to 0.048 and 

−0.017. Interestingly, the FIS of the GJ population without 

the introduction of male yaks increased from 0.011 to 

0.033 after two years (Table 3). These results suggest that 

the introduction of exogenous male adult yaks can quickly 

reduce FIS to a certain extent. 

A comparison of the results of the HWE test for the 

three populations before and after the introduction of male 

yaks is shown in Table 4. In 2017, three markers 

(ETH152, MGTG7, and AGLA293) showed significant 

deviation from HWE (P<0.05) in NQA, five markers 

(SPS115, ETH152, ETH225, MGTG7, and AGLA293) 

deviated from HWE in NQB, while only one marker 

(AGLA293) significantly deviated from HWE (P<0.05) in 

GJ. However, in 2019, only one marker (AGLA293) 

significantly deviated from HWE (P<0.05) in NQA and 

NQB each. The GJ population had two markers 

(AGLA293 and TGLA122) that showed significant 

deviation from HWE (P<0.05). The number of markers 

deviating from HWE generally decreased in 2019 

compared with 2017 in NQA and NQB. However, GJ 

showed the opposite trend. 

Estimation of the genetic differences among the 

populations showed that the FST values of the three 

populations ranged from 0.0148 to 0.0362 in 2017 and 

from 0.0235 to 0.0378 in 2019. The genetic differentiation 

index among the populations revealed a significant 

genetic difference (P<0.05) among the populations (Table 

5). Moreover, the genetic divergence of yaks was higher 

after the introduction of male yaks (in 2019) than that 

before the introduction of male yaks (in 2017). It indicates 

that the genetic differences among the populations 

generally increased, which would be conducive to yak 

conservation and the further development and utilization 

of local yak resources. 

 

DISCUSSION 

 

Microsatellites are commonly used as molecular 

genetic markers, with a wide and uniform distribution in 

the genome, rich polymorphism information content, and 

co-dominant inheritance; thus, they are considered to be 

the best marker system for evaluating the genetic diversity 

of livestock and poultry (Fathi et al., 2018; Gvozdanović 

et al., 2019). The results of the present study showed that 

the three populations were still highly polymorphic after 

the introduction of the exogenous adult male yaks based 

on PIC and NA because the difference among the three 

populations was not notable (Table 3). The difference 

between HO and HE before the introduction of exogenous 

adult male yaks in 2017 was more than 0.1 on the average 

in NQA and NQB populations. However, this difference 

decreased approximately by 0.01–0.02 after the introduction 

of exogenous adult male yaks in 2019. The introduction of 

exogenous male yaks reduced the divergence between HO 

and HE by 5 to 10 times in NQA and NQB. 

Theoretically, large disparities between the expected 

heterozygosity (HE) and the actual heterozygosity 

(observed heterozygosity, HO) and high degrees of 

deviation from HWE lead to the substantial risks of 

inbreeding and bottleneck effects (Montarry et al., 2015; 

Selvam et al., 2017; Furlan-Murari et al., 2019). 
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Table 3: Genetic diversity assessment of three different farm-scale yak populations before and after the introduction of exogenous adult male yaks 

Sampling year Population HE±SD HO±SD No. of alleles PIC FIS 

2017 NQA 0.7695±0.0286 0.6585±0.0291 8.00±2.91 0.7154 0.148 
NQB 0.7291±0.0345 0.6094±0.0212 7.10±2.96 0.6781 0.166 

GJ 0.7378±0.0233 0.7302±0.0332 5.90±1.73 0.6692 0.011 

2019 NQA 0.7251±0.0311 0.7018±0.0262 7.00±2.40 0.6876 0.048 
NQB 0.7060±0.0373 0.7175±0.0254 6.30±1.77 0.6659 -0.017 

GJ 0.7209±0.0221 0.6871±0.0260 5.90±1.10 0.6613 0.033 

 
Table 4: Hardy–Weinberg analysis of 10 microsatellite loci within different farm-scale yak populations before and after the introduction of 
exogenous adult male yaks 

Marker 2017 2019 

NQA NQB GJ NQA NQB GJ 

SPS115 P =0.144 P =0.000* P =0.793 P =0.793 P =0.754 P =0.368 
ETH152 P =0.031* P =0.000* P =0.722 P =0.722 P =0.877 P =0.667 
TGLA122 P =0.702 P =0.290 P =0.600 P =0.600 P =0.084 P =0.044* 

ETH225 P =0.364 P =0.023* P =1.000 P =1.000 P =0.712 P =0.061 
MGTG7 P =0.018* P =0.000* P =0.273 P =0.273 P =0.362 P =0.762 

TGLA73 P =0.119 P =0.206 P =0.946 P =0.946 P =0.335 P =0.834 

AGLA293 P =0.000* P =0.000* P =0.000* P =0.000* P =0.003* P =0.000* 
TGLA53 P =0.152 P =0.389 P =0.585 P =0.585 P =0.167 P =0.246 
BM1824 P =0.949 P =0.396 P =0.165 P =0.165 P =0.858 P =0.583 

ILSTS008 P =0.059 P =0.117 P =0.285 P =0.285 P =0.072 P =0.106 

*Represents significant lack of heterozygosity (P<0.05). 
 
Table 5: Genetic differentiation index (FST) among three different farm-

scale yak populations before and after the introduction of exogenous 
adult male yaks 

 Population code 2019 

NQA NQB GJ 

2017 NQA 0.0000 0.0235* 0.0284* 

NQB 0.0148* 0.0000 0.0378* 
GJ 0.0362* 0.0152* 0.0000 

Note: The FST values of the three groups in 2017 are in the lower left, 

and those in 2019 are in the upper right corner.: *Represents a 

significant genetic divergence between populations of the years of 2017 
and 2019 (P<0.05). 
 

This prediction is consistent with the dynamic results 

observed for the higher number of markers deviating from 

HWE in the NQA and NQB populations in 2017. 

In addition, the control population (GJ) used in this 

study showed very small difference between HE and HO in 

2017 (the difference was approximately 0.0076). 

However, the difference between HE and HO in the GJ 

population in 2019 increased by approximately 0.0338. 

Moreover, the number of markers that deviated from 

HWE decreased after the introduction of exogenous male 

yaks decreased from 3 (in 2017) to 1 (in 2019) in NQA 

and from 5 (in 2017) to 1 (in 2019) in NQB. These results 

show that the introduction of exogenous adult male yaks 

helps in maintaining, and even recovering, natural 

population status. Yaks in China are generally free to 

mate within the population, and manual intervention is 

minimal. Therefore, maintaining the natural balance of the 

population is extremely critical. 

This study also revealed that NQA and NQB had high 

inbreeding risks in 2017, with FIS values of 0.148 and 

0.166, respectively. However, the FIS values of the two 

populations decreased to 0.048 and −0.017 after the 

introduction of exogenous adult male yaks. This indicates 

that the young generation within population was almost 

completely free from inbreeding risk in comparison with 

that before EMI. On the contrary, the GJ population 

(control group) that did not receive exogenous male yaks, 

showed an increase in FIS from 0.011 in 2017 to 0.033 in 

2019. These results employ that the risk of rapid increase 

in inbreeding coefficient is more likely to occur in family 

farming due to the limited number of breeding bulls. 

Therefore, the introduction of exogenous adult male yaks 

can rapidly reduce FIS within few generations, which can 

help curb the risk of inbreeding. 

Notably, the FIS of the original population can be 

reduced on the basis of the introduced yak proportion 

(50% and 100% of the original male yak population). 

However, considering the economic cost, such effects can 

be achieved in a short period by introducing exogenous 

yaks at a frequency of 50% of the number of male yaks in 

the original herd. The test results revealed that the FIS of 

NQB significantly decreased to −0.017 (Table 3), which 

also had a negative value, after the introduction of yaks at 

a frequency of 50%. The excess heterozygotes, indicated 

by negative FIS were found in the population possibly 

because the exogenous males decreased the mating 

opportunities for the original yaks via their size and other 

advantages (Balloux, 2004; Carlson et al., 2017). This 

phenomenon may lead to a risk of bottleneck effects in the 

population within a short period and inbreeding after 

many generations (Saccheri et al., 1999; Seyedabadi et 

al., 2017). However, the excess of heterozygotes can help 

improve the adaptability of individuals and populations to 

the ecological environment, especially the resistance to 

pathogens (Apanius et al., 1997; Chowell et al., 2019). 

It is well known that FST represents genetic 

divergence between populations (Holsinger and Weir, 

2009; Chen et al., 2019). In this study, it was found that 

EMI can generally increase the genetic divergence 

between different ecological populations, which is 

conducive to maintaining and enriching the genetic 

diversity within the population. It also helps in 

maintaining the unique genetic material within population 

and phylogenetic genetic structure of inter-population. 

Unfortunately, for the present study, 3 local 

ecological yak populations were used which are not 

recognized yak breeds. However, it is well known that 

there are a large number of regional yak ecological groups 

on the Qinghai-Tibet Plateau due to the natural selection 

of geographical barriers and natural climate conditions. 

So, the genetic structure of ecological groups is 

independent due to their long-term stable habitat and 

limited range of pasture. Moreover, yaks on the Qinghai-
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Tibet Plateau in China mainly have two ancestral genetic 

backgrounds, including the Kunlun Mountain branch and 

the Qilian Mountain branch, with the existing domestic 

yak population basically has these two kinds of ancestral 

blood. Moreover, the purpose of this study was to use a 

family farm yak in the same ecological group to mix with 

male yak from different family farms in the same 

ecological group for evaluation of the changing level of 

genetic diversity, so as to find a solution to the ancestor 

effect in yak family farming. 

 

Conclusions: The current study indicates that the EMI 

can effectively reduce the possibility of population 

equilibrium deviations and the risk of inbreeding. It 

reduced the inbreeding level in the population within a 

few generations. The optimal mode for the EMI 

considered the production needs and the actual features of 

the population to determine the number and proportion of 

exogenous male yaks to be introduced. 

 

Acknowledgements: This work was supported by the 

National Modern Agricultural Technology System 

(CARS-37), Open Project Program of the State Key 

Laboratory of Barley and Yak Germplasm Resources and 

Genetics Improvement, Tibet Academy of Agricultural 

and Animal Husbandry Sciences (TAAAS), Lhasa Tibet 

850002, China. 

 

Authors contribution: Guang-Xin E, Yan-Bin Zhu, 

Basang Wang-Dui conceived and designed the 

experiments. Pingcuo Zhan-Dui, Luosang Dun-Zhu, 

Dawa Yang-La performed the lab work. Guang-Xin E, 

Yan-Bin Zhu, Basang Wang-Dui analyzed the data and 

wrote the paper. 

 

REFERENCES 

 
Apanius V, Penn D, Slev PR, et al., 1997. The nature of selection on the 

major histocompatibility complex. Crit Rev Immunol 17:179-224.  

Attard CRM, Beheregaray LB, Jenner C, et al., 2010. Genetic diversity 

and structure of blue whales (Balaenoptera musculus) in Australian 

feeding aggregations. Conserv Genet 11:2437-41.  

Ba NV, Arakawa A, Ishihara S, et al., 2020. Valuation of genetic richness 

among Vietnamese native pig breeds using microsatellite markers. 

Anim Sci J 91:e13343; DOI:10.1111/asj.13343. 

Balloux F, 2004. Heterozygote excess in small populations and the 

heterozygote-excess effective population size. Evolution 58:1891-

1900.  

Barendse W, Vaiman D, Kemp SJ, et al., 1997. A medium-density genetic 

linkage map of the bovine genome. Mamm Genome 8:21-8. 

Carlson MO, Gazave E, Gore MA, et al., 2017. Temporal genetic 

dynamics of an experimental, biparental field population of 

Phytophthora capsici. Front Genet 8:26. doi: 10.3389/fgene.2017. 

00026. 

Chen W, Ding H, Cheng Y, et al., 2019. Genetic polymorphisms analysis 

of pharmacogenomic VIP variants in Bai ethnic group from China. 

Mol Genet Genomic Med 7:e884. doi: 10.1002/mgg3.884. 

Chowell D, Krishna C, Pierini F, et al., 2019. Evolutionary divergence of 

HLA class I genotype impacts efficacy of cancer immunotherapy. 

Nat Med 25:1715-20.  

Crawford AM, Dodds KG, Ede AJ, et al., 1995. An autosomal genetic 

linkage map of the sheep genome. Genetics 140:703-24. 

E GX, Hong QH, Zhao YJ, et al., 2019. Genetic diversity estimation of 
Yunnan indigenous goat breeds using microsatellite markers. Ecol 

Evol 9:5916-24. 

Excoffier L and Lischer HEL, 2010. Arlequin suite ver 3.5: A new series 
of programs to perform population genetics analyses under Linux 
and Windows. Mol Ecol Resour 10:564-67. 

Fan B, Han JL, Chen SL, et al., 2008. Individual-breed assignments in 
caprine populations using microsatellite DNA analysis. Small 
Rumin Res 75:154–61. 

Fathi M, El-Zarei M, Al-Homidan I, et al., 2018. Genetic diversity of 
Saudi native chicken breeds segregating for naked neck and frizzle 
genes using microsatellite markers. Asian-Austr J Anim Sci. 

31:1871-80. 
Furlan-Murari PJ, Ruas CF, Ruas EA, et al., 2019. Structure and genetic 

variability of golden mussel (Limnoperna fortunei) populations from 
Brazilian reservoirs. Ecol Evol 9:2706-14. 

Goudet J, 1995. FSTAT (Version 1.2): A computer program to calculate 
F-statistics. J Hered 86:485-6. 

Gvozdanović K, Margeta V, Margeta P, et al., 2019. Genetic diversity of 

autochthonous pig breeds analyzed by microsatellite markers and 
mitochondrial DNA D-loop sequence polymorphism. Anim 
Biotechnol 30:242-51.  

Habimana R, Okeno TO, Ngeno K, et al., 2020. Genetic diversity and 
population structure of indigenous chicken in Rwanda using 
microsatellite markers. PLoS One 15:e0238966.  

Holsinger KE and Weir BS, 2009. Genetics in geographically structured 
populations: defining, estimating and interpreting FST. Nat Rev 
Genet 10:639-50. 

Ihara N, Takasuga A, Mizoshita K, et al., 2004. A comprehensive genetic 
map of the cattle genome based on 3802 microsatellites. Genome 
Res 14:1987-98.  

Li D, Chai ZX, Ji QM, et al., 2013. Genetic diversity of DNA 

microsatellite for Tibetan yak. Hereditas 35:175-84.  
Liao XJ, Chang H, Zhang GX, et al., 2008. Genetic diversity of five 

native Chinese yak breeds based on microsatellite DNA markers. 

Biodiversity Sci 16:156-65. 
Luo H, Zhao FF, Sun L, et al., 2017. Screening the polymorphic tri-

nucleotide repeat microsatellites from the genome of Maiwa yak 

and their genetic diversity analysis. China Anim Husb Vet Med 
44:1438-44.  

Montarry J, Jan PL, Gracianne C, et al., 2015. Heterozygote deficits in 

cyst plant-parasitic nematodes: possible causes and consequences. 
Mol Ecol 24:1654-77. 

Pei J, Bao P, Chu M, et al., 2018. Evaluation of 17 microsatellite markers 

for parentage testing and individual identification of domestic yak 
(Bos grunniens). Peer J 6:e5946; doi: 10.7717/peerj.5946. 

Raymond M and Rousset F, 1995. GENEPOP (Version 1.2): Population 
genetics software for exact tests and ecumenicism. J Hered 86:248-9. 

Rohrer GA, Alexander LJ, Keele JW, et al., 1994. A microsatellite 
linkage map of the porcine genome. Genetics, 136:231-45. 

Saccheri IJ, Wilson IJ, Nichols RA, et al., 1999. Inbreeding of 

bottlenecked butterfly populations. Estimation using the likelihood 

of changes in marker allele frequencies. Genetics 151:1053-63. 
Sambrook J and Russell D, 2001. Molecular Cloning: A Laboratory 

Manual. 3rd Ed, New York: Cold Spring Harbor Laboratory Press. 
Selvam R, Murali N, Thiruvenkadan AK, et al., 2017. Single-nucleotide 

polymorphism-based genetic diversity analysis of the Kilakarsal and 

Vembur sheep breeds. Vet World 10:549-55. 
Sewalem A, Morrice DM, Law A, et al., 2002. Mapping quantitative trait 

loci for body weight at three, six and nine weeks of age in a 
broiler layer cross. Poult Sci 81:1775-81. 

Seyedabadi HR, Sofla SS and Kazemi E, 2017. Genetic characterization 
and assessment of demographic bottleneck in Caspian horse 
population. Cell Mol Biol (Noisy-le-grand) 63:92-6. 

Vaiman D, Schibler L, Bourgeois F, et al., 1996. A genetic linkage map of 
the male goat genome. Genetics 144:279-305. 

Zhou Y, Liu YP, Kang L, et al., 2008. Correlation between microsatellite 

loci and onset of lay and egg quality traits in Chinese Silkies, Gallus 
gallus. J Poult Sci 45:241-8. 

Zhu YB, Basang WD, Pingcuo ZD, et al., 2019. Genetic diversity and 

population structure of seven Tibet yak ecotype populations using 
microsatellite markers. Pak J Zool 51:1-4. 

 

 


