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Genome-wide association research on the reproductive traits of 
Qianhua Mutton Merino sheep

Jiarong Li1,a, Limin Sun2,a, Jiazhi Sun3, and Huaizhi Jiang1,*

Objective: Qianhua Mutton Merino sheep is a new breed of meat wool sheep cultivated 
independently in China. In 2018, it was approved by the state and brought into the national 
list of livestock and poultry genetic resources. Qianhua Mutton Merino sheep have the 
common characteristics of typical meat livestock varieties with rapid growth and 
development in the early stage and high meat production performance. The objective of 
this research is to investigate the Genome-wide association of the reproductive traits of 
Qianhua Mutton Merino sheep.
Methods: Qianhua Mutton Merino sheep from the breeding core group were selected as 
the research object, genome-wide association analysis was conducted on genes associated 
with the reproductive traits (singleton or twins, birth weight, age [in days] for sexual maturity, 
weaning weight, and daily gain from birth to weaning) of Qianhua mutton merino. 
Results: Our study findings showed that 151 loci of single-nucleotide polymorphisms 
(SNPs) were detected, among which 3 SNPs related to birth weight and weaning weight 
occupied a significant portion of the wide genome. The candidate genes preliminarily 
obtained were SYNE1, SLC12A4, BMP2K, CAMK2D, IMMP2L, DMD, and BCL2.
Conclusion: We found 151 SNP loci for five traits related to reproduction (including 
singleton or twins, birth weight, age [in days] at sexual maturity, weaning weight, and 
daily weight gain from birth to weaning). The functions of these candidate genes were 
mainly enriched in nucleotide metabolism, metal ion binding, oxytocin signaling pathway, 
and neurotrophin signaling pathway.
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INTRODUCTION

Qianhua mutton merino is a new fine-wool sheep breed developed for dual purposes of 
mutton and wool and has gained independent intellectual property in China. This breed 
was given national authorization in China in 2018. It was bred by crossing South African 
mutton merino (as a male parent) with Northeast fine-wool sheep (as a female parent). 
This sheep lives in integrated regions of cultivation and grazing and has demonstrated 
strong adaptability, high early growth rate, great body weight, excellent meat quality, and 
high meat yield. Moreover, its lambing rate could reach more than 130%, and its coat is 
covered by homogeneous fine wool with 66 counts as the main form. This breed is an ex-
cellent source of species for the development of the Chinese mutton sheep industry.
  Reproductive traits of sheep are complex economic traits modulated by numerous 
genes, and evidence for the major genes associated with the reproductive traits remains 
unclear. A genome-wide map of the livestock and poultry is available, and single-nucleotide 
polymorphism (SNP) chips with different densities have been developed and promoted. 
In addition to these phenomena, genome-wide association analysis (GWAS) has been 

* �Corresponding Author: Huaizhi Jiang
Tel: +86-17543067888,  
E-mail: sheepandgoatjlau@sina.com

  1 �College of Animal Science and Technology, 
Jilin Agricultural University, Changchun, 
130000, China

  2 �Institute of Animal Husbandry and 
Veterinary, Jilin Academy of Agricultural 
Sciences (Northeast Agricultural Research 
Center of China), Changchun, 130000, China

  3 �Anhua Agricultural Insurance Co., Ltd. 
Changchun Central Branch, Changchun, 
130000, China

a These authors contributed equally to this 
work.

ORCID
Jiarong Li
https://orcid.org/0009-0003-3722-8252
Limin Sun
https://orcid.org/0000-0002-0666-9659
Jiazhi Sun
https://orcid.org/0009-0005-1134-548X
Huaizhi Jiang
https://orcid.org/0009-0006-8287-639X

Submitted Sept 14, 2023; Revised Dec 26, 2023;  
Accepted Feb 1, 2024

Open Access

http://creativecommons.org/licenses/by-nc/3.0/


1536  www.animbiosci.org

Li et al (2024) Anim Biosci 37:1535-1547

performed to detect the critical candidate genes associated 
with the complex traits of livestock and poultry. Thus, it has 
become important to identify the critical candidate genes 
associated with key economic traits of livestock and poultry. 
Considering the cost and yield of sequencing, we applied 
sequencing-based methods for amplifying fragments of spe-
cific loci (specific-loci amplified fragment sequencing [SLAF-
seq]) of pigs [1], which was also used for the genetic difference 
analysis of the ewe population of Qianhua Mutton Merino. 
The SLAF-seq technology was employed in this study to de-
velop molecular markers using 200 blood samples from 
foreflower Merino sheep. By combining the original data 
obtained through measurement and calculation (Supple-
mentary Table S1), whole genome molecular markers were 
acquired. This study also compared the differences in the 
genotype frequency of genome-wide SNP loci among treat-
ment groups. The candidate genes were ascertained on the 
basis of physical locations of the SNP loci, and the selected 
candidate genes were subsequently subjected to data mining 
to make annotations for their molecular functions and bio-
logical processes. These results further provided guidance 
for the breeding and production of Qianhua mutton merino. 

MATERIALS AND METHODS

Ethical statements
We conducted this study in compliance with the principles 
of the Laboratory Animal Center of Jilin Agricultural Univer-
sity (No. 2021 10 20 001).

Analyzed indicators and methods
i) Birth weight and weaning weight of animals.
ii) Age (in days) at sexual maturity: This refers to the age 

(in days) when the ewes were subjected to the first suc-
cessful mating.

iii) Average daily weight gain from birth to weaning = 
(weaning weight – birth weight)/(time for analysis of 
weaning weight − time for analysis of birth weight)

Samples collection and DNA extraction
Experimental animals were selected from animals of the 
breeding central group of Qianhua mutton merino fed by 
Qiananzhihua Sheep Breeding Limited Company in Jilin 
Province. Briefly, 200 ewes that were born during January 10 
to 13, 2018, were selected at random. The selected ewes were 
in good physical condition, good appetite and good health. 
All the ewes were subjected to house feeding. Upon weaning 
of the ewes (at the age of 90 days), the daily ration was de-
signed according to the standards of National Research 
Council (NRC) (2007). The ewes were injected with various 
vaccines regularly, and insects on the ewes were expelled in 
a timely manner. Whole-blood samples were collected in 

ethylene diamine tetraacetic acid (EDTA) sampling tubes 
preplaced with an anticoagulant and were stored at –80°C 
for the subsequent DNA extraction. Genomic DNA from 
the whole blood was extracted using Genomic DNA Purif-
cation Kit (Termo Fisher Scientifc Inc., Waltham, MA, USA). 
Te concentration and purity of DNA were measured by Nano-
Drop 2000 spectrophotometer (Termo Fisher Scientifc Inc., 
USA) and stored at –20°C for whole-genome sequencing.

Library construction and whole genome sequencing
The purified polymerase chain reaction products were ex-
ported from the library for subsequent library quality 
inspection and computer-based sequencing. After quality 
inspection, the qualified library was sequenced using the 
Illumina platform. To ensure the quality of the bioinfor-
matics analysis, raw reads were filtered to obtain clean 
reads for subsequent information analysis. The major steps 
in data filtration are as follows: i) reads with adapters are 
removed, ii) reads with N content above 10% are filtered, 
and iii) reads with over 50% of bases (whose quality value 
was below 10) are eliminated.
  To explore models that fit the analysis of resource groups 
in this study, association analysis was performed using three 
software programs, namely, TASSEL [2], factored spectrally 
transformed linear mixed models (FaST-LMM) [3], and 
EMMAX [4], using data from developed high-density SNP 
molecular markers. Specifically, equations for the general-
ized linear model (GLM) and mixed linear model (MLM) 
of TASSEL software are as follows:

  GLM: y = Xα+Qβ+e 

  MLM: y = Xα+Qβ+Kμ+e

Data processing software and databases
The software used for data analysis was as follows: TASSEL 
5.0 (https://www.maizegenetics.net/tassel), FaST-LMM 
(https://www.microsoft.com/en-us/download/confirmation.
aspx?id=52588), EMMAX (https://csg.sph.umich.edu//kang/ 
emmax/download/index.html), R language (https://www.r-
project.org/), Admixture software, EIGENSOFT 5.0 (https://
www.hsph.harvard.edu/alkes-price/software/): Burrows-
Wheeler aligner (BWA) software, (https://sourceforge.net/
projects/bio-bwa/files/bwa-0.7.15.tar.bz2/download?use_mi
rror=netix&download=&failedmirror=nchc.dl.sourceforge.
net). The databases used for data analysis is as follows: NCBI: 
https://www.ncbi.nlm.nih.gov/, Genome of sheep Ovis_aries_
v1.0: hftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/002/742/ 
125/GCA_002742125.1_Oar_rambouillet_v1.0, DAVID 
website for annotation of online functions: https://david. 
ncifcrf.gov/

https://www.maizegenetics.net/tassel
https://www.microsoft.com/en-us/download/confirmation.aspx?id=52588
https://www.microsoft.com/en-us/download/confirmation.aspx?id=52588
https://csg.sph.umich.edu//kang/emmax/download/index.html
https://csg.sph.umich.edu//kang/emmax/download/index.html
https://www.r-project.org/
https://www.r-project.org/
https://www.hsph.harvard.edu/alkes-price/software/
https://www.hsph.harvard.edu/alkes-price/software/
https://sourceforge.net/projects/bio-bwa/files/bwa-0.7.15.tar.bz2/download?use_mirror=netix&download
https://sourceforge.net/projects/bio-bwa/files/bwa-0.7.15.tar.bz2/download?use_mirror=netix&download
https://sourceforge.net/projects/bio-bwa/files/bwa-0.7.15.tar.bz2/download?use_mirror=netix&download
https://sourceforge.net/projects/bio-bwa/files/bwa-0.7.15.tar.bz2/download?use_mirror=netix&download
https://www.ncbi.nlm.nih.gov/, Genome of sheep Ovis_aries_v1.0: hftp://ftp.ncbi.nlm.nih.gov/genomes/
https://www.ncbi.nlm.nih.gov/, Genome of sheep Ovis_aries_v1.0: hftp://ftp.ncbi.nlm.nih.gov/genomes/
https://www.ncbi.nlm.nih.gov/, Genome of sheep Ovis_aries_v1.0: hftp://ftp.ncbi.nlm.nih.gov/genomes/
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
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Data processing and statistical analysis
Average daily weight gain of experimental ewes from birth 
to weaning was calculated using data on birth weight and 
weaning weight provided by Qiananzhihua Sheep Breeding 
Company Limited. Birth weight data were obtained from 
records of Qianhua mutton merino production in 2018, 
whereas weaning weight data were obtained through measure-
ments during the process of practical production performance 
analysis. Statistical analysis was performed using SPSS 25.0 
for data on birth weight, weaning weight, and daily weight 
gain from birth to weaning. Concomitantly, frequency distri-
bution histograms were plotted for these three traits relevant 
to mutton quality.

Computational analysis of linkage disequilibrium
Linkage disequilibrium (LD) of two loci occurs when the 
probability for simultaneous occurrence of a particular allele 
at one locus and another allele in another locus is greater 
than that for simultaneous occurrence of two alleles due to 
random distribution within a group. Conceptually, LD is re-
lated neither to chromosome nor to linkage. However, within 
a chromosome, the stronger the LD at two loci, the more 
compact the linkage. LD analysis could yield the smallest 
genetic unit of a species.

Annotation and enrichment analysis
The OvineSNPs50 BeadChip genome location annotation 
files were used to locate the SNP position in the latest ver-
sion of the genome sequencing tool (Ovis_aries_v1.0). The 
Ovisaries Annotation Release100 tool in NCBI was used to 
identify neighboring genes of sheep corresponding to the 
SNPs that showed significant association. Finally, the quanti-
tative trait locus database was used to compare the significantly 
associated SNPs and the known quantitative trait loci (QTL) 
of sheep and verify the obtained data. Gene ontology (GO) 
is an integrated database that provides information on 
gene functions and classifies genes based on their essential 
functions, thus describing the functions of genes and pro-
teins. Kyoto encyclopedia of genes and genomes (KEGG) is 
an integrated database containing information on genome, 
chemistry, and system function. The local platform of gene 
set enrichment analysis (GSEA) tools (https://www.gsea-
msigdb.org/gsea/index.jsp) was used to perform enrichment 
analysis on the molecular function, biological process, and 
cellular components of genes. It can also select genes relevant 
to the traits of sheep growth and development according to 
the results of enrichment analysis.

RESULTS

Evaluation of sequencing quality value distribution
The sheep genome (Ovis_aries_v1.0) was selected as the ref-

erence genome in the electronic enzymolysis prediction. 
Finally, Hpy166II+EcoRV-HF was used for enzymolysis. A 
total of 453,722 SLAF markers, including 366,094 polymor-
phic SLAF markers, were obtained through bioinformatics 
analysis. A total of 6,157,562 population SNPs were obtained, 
which were filtered based on a minor allele frequency of 
above 0.05 and integrity of above 0.8. The SNPs obtained after 
filtration were used for evolutionary analysis.

Distribution of single-nucleotide polymorphisms in 
chromosome
The development of SNP markers was based on the sheep 
genome (Ovis_aries_v1.0) as the reference genome. BWA 
software was used for mapping the sequencing reads to the 
reference genome, and two methods (GATK [5] and sam-
tools [6]) were used to develop the SNPs. The intersection of 
the SNP markers obtained using the two methods was con-
sidered the final reliable database of SNP markers. A total of 
6,157,562 population SNPs were obtained. A diagram of the 
SNP distribution on the chromosome was plotted (Figure 1).

Results of genome-wide association analysis for each 
trait
The Bonferroni method was used to determine the signifi-
cant critical values used as a reference for the GWAS. At 
p<0.05/N or p<0.01/N, wherein N is the number of SNPs 
obtained during detection, the SNP became significant or 
extremely significant at the genome-wide level. Supplementary 
Table S2 lists information about chromosomes and the sig-
nificant threshold values at the chromosome and genome-
wide levels.
  The software programs TASSEL, FaST-LMM, and EMMAX 
were used to perform GWAS, on the basis of GLM and MLM, 
for traits of singleton or twins, birth weight, age (in days) at 
sexual maturity, weaning weight, and daily weight gain from 
birth to weaning in the Qianhua mutton merino group com-
prising 200 ewes. After a comprehensive evaluation of the 
results of multiple models, the genome-wide analysis results 
obtained using EMMAX software were selected. As suggested 
from the GWAS results, 151 SNPs were significantly corre-
lated (at the chromosome level) with five traits (namely, 
singleton or twins, birth weight, age [in days] at sexual ma-
turity, weaning weight, and daily weight gain from birth to 
weaning) of the ewes of Qianhua mutton merino. Among 
them, three SNPs were significantly correlated (at the genome-
wide level) with these five traits and were associated with 
birth weight and weaning weight.
  In detail, 14 loci of SNPs were significantly correlated with 
the traits of singleton or twins, and all the loci were significant 
at the chromosome level. Among these loci, four were located 
on chromosome 6 and two were located on chromosome 21, 
while the others were located on chromosomes 2, 5, 11, 12, 

https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp


1538  www.animbiosci.org

Li et al (2024) Anim Biosci 37:1535-1547

20, 24, 25, and 26, respectively (Supplementary Table S3). 
Figure 2a illustrates the Manhattan plots of the GWAS.
  Twenty-one loci of SNPs were significantly correlated 
with the birth weight trait, and all these loci were significant 
at the chromosome level. Among these loci, two demonstrated 
significances at the genome-wide level (given 0.5/718040 = 
6.96E-07, i.e., –log10(0.5/718040) = 6.16), which are located 
on chromosomes 8 and 14. Among the other 19 SNP loci 
that exhibited significance at the chromosome level, two 
were located on chromosomes 2, 7, 16, and 20; the other loci 
were located on chromosomes 1, 4, 5, 6, 9, 11, 17, 23, 25, and 
27 (Supplementary Table S4). Figure 2b shows the Manhattan 
plots of the GWAS.
  Seventy-four loci of SNPs were significantly correlated 
with the trait of age (in days) at sexual maturity, and all the 
loci were significant at the chromosome level. Among these 
loci, 9 were located on chromosome 24, and 8 were located 
on chromosomes 17 and 22. Additionally, 6 loci were located 
on chromosome 5; 5 loci were located on chromosome 4; 4 
loci were located on chromosome 6; 3 loci were located on 
chromosomes 7, 20, 25, and 27; 2 loci were located on chro-
mosomes 1, 8, 10, 11, 13, 14, and 26; and the other loci were 
located on chromosomes 2, 3, 12, 15, 16, 19, and 23. Addition-
ally, a locus of the SNPs was located in unknown chromosomes 

(Supplementary Table S5). Figure 2C shows the Manhattan 
plots of the GWAS of the trait of age (in days) at sexual ma-
turity.
  Twenty-one loci of SNPs were significantly correlated with 
the trait of weaning weight, and all the loci were significant 
at the chromosome level. Among them, one exhibited sig-
nificance at the genome-wide level (given 0.5/718040 = 
6.96E-07, i.e., –log10(0.5/718040) = 6.16), which was located 
on chromosome 27. Among the other 20 loci, 10 were located 
on chromosome 27, 2 were located on chromosome 11, and 
the others were located on chromosomes 10, 14, 15, 16, 18, 
19, 20, and 26 (Supplementary Table S6). Figure 2d. illustrates 
the Manhattan plots of the GWAS for the trait of weaning 
weight.
  Twenty-one loci were significantly correlated with the 
daily weight gain before weaning, and all the loci were sig-
nificant at the chromosome level. Among them, 4 were 
located on chromosomes 11 and 27, while 2 were located on 
chromosomes 1, 19, and 25; the other loci were located on 
chromosomes 6, 10, 12, 20, 23, and 24. Additionally, one 
locus was located in an unknown chromosome (Supple-
mentary Table S7). Figure 2e presents the Manhattan plots 
of the GWAS for the trait of daily weight gain before weaning.
  The structure of a group, that is, the hierarchy of a group, 

Figure 1. Distribution of single-nucleotide polymorphisms on chromosomes. Abscissa refers to the length of the chromosome. Each band repre-
sents a chromosome. The genome is divided according to the size of 1 Mb. The more SNP markers in each window, the darker the color, whereas 
the fewer SNP markers, the lighter the color. The darker area in the figure represents the area where the SNP markers are concentrated. SNP, sin-
gle-nucleotide polymorphism.
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Figure 2. Results of genome-wide association analysis for each trait. (A) Manhattan plots of the genome-wide association analysis of singleton 
and twin traits in Qianhua mutton merino; (B) Manhattan plot of the genome-wide association analysis of birth weight in Qianhua mutton merino; 
(C) Manhattan plot of the genome-wide association analysis of age at sexual maturity in Qianhua mutton merino; (D) Manhattan plot of the ge-
nome-wide association analysis of weaning weight in Qianhua mutton merino; (E) Manhattan plot of the genome-wide association analysis of 
daily weight gain before weaning in Qianhua mutton merino. The abscissa represents the position of the chromosome, and the ordinate repre-
sents the p-value (−log10(p)), taking the negative logarithm based on 10. The scattered dots (or lines) on the graph represent the −log10(p) corre-
sponding to each SNP site). The blue horizontal line represents 0.01/718040 = 1.39E-08, which means –log10(0.01/718040) = 7.86; the red horizon-
tal line represents 0.1/718040 = 1.39E-07, which means –log10(0.1/718040) = 6.86.

indicates that subgroups with varying gene frequencies exist 
in the studied group. Samples within one subgroup have 
closer relatedness, whereas those from different subgroups 
have more distant relatedness. Hierarchical analysis of a 
group can quantify the number of ancestors in the studied 
group and infer the consanguinity origin of each sample. 
Currently, it is used as an analytical clustering method for 
groups with more applications, which contributes to the under-
standing of the evolution of samples. 
  Using R language, the quantile-quantile plot was con-
structed for five traits (singleton or twins, birth weight, age 
[in days] at sexual maturity, weaning weight, and daily weight 
gain from birth to weaning). This plot can give an intuitionis-
tic reflection of the differences between the observed and 
predicted values (Figure 3).

Analysis of linkage disequilibrium
For one chromosome, the LDs for each pair of SNPs were 
calculated within the range of a certain distance (e.g., 1,000 
kb). The intensity of LD was expressed as an r2 value, and an 
r2 value closer to 1 indicated a more intense disequilibrium 
of linkage. Spanning distance along with the maximum r2’ 
decreasing to its half value was defined as LD decay distance. 
Plink2 [7] software was used for LD analysis. A decay dia-

gram of LD is depicted in Figure 4.

Data digging for candidate genes
The selected 151 SNPs were assessed through GO and KEGG 
analyses for function annotation and enrichment analysis on 
genes using GSEA analytical tools and clusterProfiler soft-
ware. The interaction network diagram for candidate genes 
was then plotted based on known interactions of the sheep 
genome (Ovis_aries_v1.0). Enrichment analysis is based on 
the hypergeometric distribution theory, and the obtained set 
of differentially expressed genes is the set of differentially 
expressed genes after difference significance analysis and 
with annotations in the GO or KEGG database. Background 
genes’ set refers to the set of all genes subjected to difference 
significance analysis and annotated in the GO or KEGG data-
base (Figure 5). As shown in Figure 5, through function 
annotation and function clustering analyses for candidate 
genes, the functions of candidate genes were accumulated 
mainly in nucleotide metabolism, metal ion complexation, 
circadian rhythms, oxytocin signaling pathway, and neuro-
trophin signaling pathway.
  Interaction network analysis was performed for genes and 
proteins mainly through the protein-protein interactions in 
the STRING database (https://string-db.org/). Overall, 395 

https://string-db.org/
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genes were associated with the five traits, and their corre-
sponding protein sequences were extracted to screen optimal 
genes for constructing a diagram of genes’ interactions (Fig-
ure 6).

DISCUSSION

The GWAS is performed to screen high-density molecular 

markers (most of which are SNPs) at the genome-wide level, 
use statistical methods to perform association analysis be-
tween the obtained information about molecular markers 
and phenotypic traits, combine the results with the genetics 
theory to screen and validate genetic variations related to 
targeted traits, and then select the candidate genes relevant 
to targeted traits. Compared with the traditional candidate 
gene method, the GWAS method can locate the mutation 
regions more accurately and has become a research hotspot 
in the field of genetics and breeding at home and abroad. 
Therefore, GWAS has become an effective method for identi-
fying candidate genes relevant to the complex traits of animals 
and plants as well as human diseases. Among the various 
traits of livestock, the reproductive trait has significant eco-
nomic benefits but involves extremely complex genetic 
mechanisms and greater heritability, and the phenotype of 
the reproductive trait could be revealed only after birth. 
Hence, genetic advances could be achieved very slowly 
through traditional breeding methods. Even for livestock 
such as pigs with great reproductive ability, slower improve-
ments have been observed in their reproductive traits. By 
contrast, the GWAS method enables the QTL regions and 
candidate genes to be localized more accurately. It can also 
select genetic markers relevant to breeding and reproduction 
more precisely and enable its direct application in breeding, 

Figure 4. Linkage disequilibrium decay attenuation diagram.

Figure 3. Quantile-quantile plot of the different traits. The abscissa represents the expected value, and the ordinate represents the observed value. 
The red line in the figure represents the 45° center line, and the gray area is the 95% confidence interval of the scattered points on the graph.
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thus accelerating the breeding process. As for singleton ani-
mals of cows, sheep, and goats, the GWAS method could 
be used to select and localize candidate genes or genome 
regions associated with reproductive traits. This is more re-
markable for applying genomic selection breeding techniques 
and enhancing the reproduction efficiency of the correspond-
ing species.
  In the GWAS of 200 ewes of Qianhua mutton merino, 151 
SNP loci exhibiting significance at the chromosome level 
were identified. Among them, 3 showed significance at the 
genome-wide level, 2 of which were located on chromo-
somes 8 and 14. Additionally, the annotation results revealed 
that two loci were located on the SYNE1 and SLC12A4 genes, 
which are genes associated with birth weight. One locus was 
located on chromosome 27, and the annotation results re-
vealed that it was located on LOC101121916 (related to 
weaning weight). Based on these analytical results, we can 
preliminarily deduce that these genes are vital candidate 
genes influencing the reproductive traits of Qianhua mutton 
merino. 
  Spectrin repeat-containing nuclear envelope protein (SYNE) 
1, also called the Nesprin-1 gene, encodes a spectrin repeat 
sequence that encodes proteins expressed in the skeletal 
muscle, smooth muscle, and peripheral blood lymphocytes. 
The protein is expressed and localized in the karyotheca, 
Golgi apparatus, and cytoskeleton, including the central ner-
vous system [8]. This protein is characterized by multiple 
repeat sequences of various spectrins highly expressed in the 

striated muscle [9]. It participates in the processes of cell 
proliferation and division (including cytokinesis and local-
ization of the nucleus), and the related pathways include 
meiosis, cell cycle, and mitosis. GO annotations related to 
this gene are involved in binding with nucleotides, and SYNE2 
is an important paralogue of this gene. The most prominent 
characteristic of SYNE1 is its size, and it encodes a protein 
comprising approximately 8,797 amino acid residues (41,000 
kDa). The encoded protein contains two actin-binding do-
mains at the N-terminal, which consist of a tandem pair of 
calmodulin homologous domains, a transmembrane domain, 
several spectrin repeat sequences, and a C-terminal Klarsicht 
structural domain (KASH). Syne-1 is involved in the anchor-
ing of the special muscle nucleus at the neuromuscular 
junction (NMJ) [10]. Higher vertebrates may have additional 
nuclear migration compensation mechanisms. Noteworthy, 
the muscle nucleus of muscle tissues from affected individuals 
exhibited abnormal localization at the NMJ. However, clini-
cally or electro-physiologically detectable muscle phenotypes 
were not detected in the affected individuals. Abnormal ag-
gregation of the postsynaptic nucleus detected in affected 
individuals presented no critical effects on the maturity or 
maintenance of the NMJs. All members of the spectrin family, 
including spectrin, dystrophin, and utrophin, seem to share 
a common function: they enable linkages between the plas-
malemma and actin cytoskeleton. The GWAS findings in 
this study showed that SYNE1 was significantly correlated 
(at the genome-wide level) with the trait of birth weight in 

Figure 5. Cluster analysis of candidate genes. The q value on the right represents the p-value; the lower the p-value, the redder the color, and the 
more significant the enrichment; the size of the circles represents the number of genes; the larger the gene represents the pathway or gene ontology 
(GO) term, the more the genes contained in each circle. On the left is a detailed description of the pathway or GO term. (A) The GO enrichment 
map; (B) the Kyoto encyclopedia of genes and genomes enrichment map.
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Qianhua mutton merino. Nevertheless, the specific func-
tioning mechanisms remain to be confirmed in subsequent 
studies.
  Solute carrier family 12 (SLC12) member 4, also called 
potassium/chloride transporter protein, is an important ion 
transporter protein–encoding gene. It also encodes proteins 

that mediate the coupled movement of potassium and chloride 
ions across the plasmalemma. Members of the SLC family 
have shown modulatory effects on exocytosis. Nonetheless, 
the functions of the SLC12 family have not been ascertained 
[11]. Hanzawa et al [12] reported the localization of SLC12A4 
and SLC7A10 homologs in horses, features of molecular 

Figure 6. Interaction network diagram of candidate genes.
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polymorphisms, and relationships between these genes as 
well as SLC7A9 and variability of erythrocyte osmotic fragility 
in horses. However, only few studies have focused on SLC12A4 
in sheep.
  Bone morphogenetic protein 2 inducible kinase (BMP2K), 
that is, BMP2-induced kinase, is protein-encoding gene. 
Bone morphogenetic proteins (BMPs) are a type of secretory 
protein participating in the regulation of organisms’ func-
tions such as cell proliferation and differentiation, apoptosis, 
morphogenesis, and organofaction. Among these functions, 
BMP2 is closely related to bone growth and differentiation 
[13]. The BMP2 gene also promotes the differentiation of 
preadipocytes in sheep, thereby participating in fat deposi-
tion in sheep tail and further influencing the development of 
sheep tail shape [14]. In addition to cell cycle modulation, 
BMP2K may participate in the differentiation of megakaryo-
cytes through other modulating mechanisms.
  Inner mitochondrial membrane peptidase subunit 2 
(IMMP2L) is a type of mitochondrial protein located in the 
mitochondria. This protein is essential for the catalytic activity 
of the mitochondrial intimal peptidase (IMP) complexes. It 
can cleave the signal peptide sequence of mitochondrial cyto-
chrome C1 (cyc1) and glycerophosphate dehydrogenase 2 
(GDP2). Mutations in IMMP2L can increase the risk of cere-
bral injury induced by transient cerebral ischemia, inhibit 
and decrease cellular activity, promote ROS generation, and 
reduce mitochondrial membrane potential [15]. Thus, it could 
lead to a decrease in food intake and weight loss in animals 
[16]. KEGG annotations related to this gene include ovarian 
follicle development, female gamete generation, ovulation, 
and so on.
  Zinc finger protein 326 (ZNF326), a member of the protein 
family AKAP95, is a gene encoding zinc finger transcrip-
tion factor proteins. It is a new partner for interactions and 
substrate of the PRMT5/WDR77 nuclear complexes. ZNF326 
interacts with DBC1 and promotes the expression of matrix 
metalloproteins (MMPs), cyclins, and factors associated 
with epithelial-mesenchymal transition (EMT) [17]. 
  Sortilin-related receptor 1 (SORL1), also named LR11 or 
SORLA, is a membrane-bound protein. The encodes hetero-
zygous receptors with several domains involved in endosomal 
intracellular sorting and transport of the proteins to the cor-
responding subcellular compartments, mainly located in 
endosomes and Golgi apparatus [18]. The encoded proteins 
include repeat sequences of fibronectin (type III) and epider-
mal growth factors. The proprotein is converted to mature 
receptors after protein hydrolysis, and these mature recep-
tors may play a role in endocytosis and sorting. It is mainly 
located in the lysosomal system of cells, trans-Golgi network, 
and mitochondria-associated membrane [19] of the middle 
endoplasmic reticulum. It is also expressed in other tissues, 
such as testis, ovary, thyroid, and lymph nodes [20].

  Acetyl-CoA carboxylase alpha (ACACA) mainly converts 
acetyl-CoA into malonyl-CoA through carboxylation and 
acts as a rate-limiting enzyme for the synthesis of fatty acids. 
Therefore, it is usually used as a marker to evaluate the dif-
ferentiation degree of adipocytes of intramuscular fat (IMF) 
in animals and candidate genes [21]. ACACA participates in 
the development of fat tissues and the metabolism of lipids 
[22]. Based on this theory, it has been used to study whether 
it could be used as molecular markers for traits of pork quality 
[23].
  LASP1 (LIM and SH3 protein 1) is a scaffolding protein 
that mediates cell migration, proliferation, and survival in 
several human breast cancer cell lines [24]. This gene encodes 
members in the protein subfamily of LIM characterized by 
the sequence motif of LIM and the structural domain of Src 
homologous region 3. It is also a member of the actin-bind-
ing protein family, and the encoded proteins are dependent 
on the signaling proteins of cAMP and cGMP. The elongated 
regions of the encoded proteins are combined with the actin 
cytoskeleton of the cell membrane. In human macrophages, 
LASP1 is associated with cyclic-F-actin in corpuscles, which 
promotes protein hydrolysis in the extracellular matrix [25]. 
At present, studies on LASP1 have focused mostly on human 
cancers, and the underlying mechanisms remain unclear.
  Secretagogin (SCGN) is a calcium-binding protein found 
in the cytoplasm, and this protein is involved in KClstimu-
lated calcium flux, cell proliferation, and insulin release from 
the pancreas. It is expressed in the interneurons of the glom-
erulus and granular cell layers, thyroid, gastrointestinal tract, 
adrenal medulla, paranephros, and brain [26]. The exact 
mechanisms for the effects of CGN on insulin release have 
not been known until recent years. It involves SGN-interact-
ing proteins, which are actin-binding proteins participating 
in the transport and exocytosis of insulin granules [27] or 
modulating actin cytoskeleton by promoting the transport 
of vesicles toward the periphery during insulin release [28]. 
  A disintegrin and metalloprotease 12 (ADAM12) is a 
member of the multi-domain metalloproteinases-bisintegrin 
family. It has characteristics of cell binding and metallo-
proteinases and participates in several biological processes 
related to the cell-cell and cell-extracellular matrix interac-
tions (including fertilization, muscle development, and 
neurogenesis). Diseases associated with ADAM12 include 
lung cancer and ectopic gestation, and the related pathways 
include RET signal transduction and G-protein–coupled 
receptor signal transduction. During the early stage of 
mammalian development, ADAM12 mRNA expression is 
significant in mesenchymal cells, while mesenchymal cells 
would develop into skeletal muscle, bones, and visceral organs 
[29]. In adult mammals, ADAM12 has shown high expression 
in tissues, and its expression is the highest in bones [30].
  In addition to analyses for annotated candidate genes of 
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the aforementioned significant SNP loci, we performed gene 
function annotation and clustering analyses for the other 
139 SNP loci that exhibited significance at the chromosome 
level. In the past two decades, research on the application of 
the GWAS method for the association analysis of growth, 
development, and reproduction traits of sheep has gained 
wide focus for selecting and localizing corresponding candi-
date genes. Zhang et al [31] used 50KSNP chips of sheep to 
conduct GWAS on Sunit sheep, German merino, and Dorper 
sheep and concluded that 36 SNPs were significantly corre-
lated with seven traits (birth weight, weight at the age of 6 
months, daily weight gain before weaning, daily weight gain, 
chest circumference, and tube circumference). Among these 
SNPs, 10 were significantly correlated (at the genome-wide 
level) with daily weight gain before weaning; based on gene 
annotations, five candidate genes associated with daily weight 
gain before weaning were MEF2B, RFXANK, CAMKMT, 
TRHDE, and RIPK2. Gholizadeh et al [32] conducted GWAS 
for birth weight, weaning weight, weight at the age of 6 
months, and weight upon the first birthday in Baluchi sheep. 
Concomitantly, the authors found that 13 SNPs were signifi-
cant at the chromosome level; gene annotations indicated 
that the STRBP and TRAMIL genes were candidate genes 
for birth weight, while APIP and DAAMI were candidate 
genes for weight at the age of 3 months. By contrast, Al-Mamun 
et al [33] found that 39 SNPs were associated with body 
weight in Australian merino; among these SNPs, 13 related 
to body weight were located in the zone of 36.15 to 38.56 
Mb on chromosome 6, and this zone involved candidate 
genes for body weight (including LAP3, NCAPG, and LCORL). 
Demars et al [34] used the GWAS method and analyzed the 
lambing traits of French Grivette sheep and Polish Olkuska 
sheep and confirmed that BMP15 was an important candi-
date gene determining the number of lambs birthed. Based 
on 50KSNP chips of sheep, Våge et al [35] applied GWAS for 
the lambing numbers of female generations of Norwegian 
white sheep rams and found that the best candidate gene 
that could effectively increase the ovulation rate or lambing 
birthing was located in chromosome 5 of sheep (near the 
GDF9 gene). Gholizadeh et al [36] applied GWAS for 96 in-
dividuals from two groups of Baluchi sheep according to the 
rate of twin production in the first four generations and con-
cluded that SNPs influencing the total number of produced 
lambs were located on chromosomes 10 and 15.
  In this study, GWAS was used, and the results revealed 
that 151 SNPs in Qianhua mutton merino were correlated 
(at the chromosome level) with five traits (i.e., traits of sin-
gleton or twins, birth weight, age [in days] at sexual maturity, 
weaning weight, and daily weight gain from birth to weaning) 
of its ewe groups. Among the SNPs, two were located on 
chromosomes 8 and 14 (associated with birth weight) and 1 
was located on chromosome 27 (associated with weaning 

weight), exhibiting significance at the genome-wide level. 
All the other 148 SNPs presented significant correlations (at 
the chromosome level) with the five traits, which were located 
on the other chromosomes. These results were similar to 
those of other relevant traits of sheep [37], pig [38], and cow 
[39], suggesting that GWAS was efficient in exploring signifi-
cant loci of the targeted traits at the genome-wide level, which 
cannot be replaced by traditional methods. 
  In this study, we performed GO and KEGG functional 
annotation and enrichment analysis for 151 SNPs of five 
reproduction-related traits of Qianhua mutton merino. Genes 
associated with these traits were SYNE1, SLC12A4, BMP2K, 
CAMK2D, MMP2L, ZNF326, PELO, SORL1, ACACA, LASP1, 
SCGN, ADAM12, and other genes near the 151 SNP loci re-
lated to reproduction traits. Among these genes, ACACA 
mainly converts acetyl-CoA into malonyl-CoA by carboxyl-
ation, functioning as a rate-limiting enzyme during the 
synthesis of fatty acids. Therefore, this gene is usually used as 
a marker for evaluating the differentiating degree of adipo-
cytes of IMF in animals and candidate genes [21]. It also 
participates in the development of fat tissues and lipid me-
tabolism [22]. ZNF326 could interact with DBC1, thus 
promoting the expression of MMPs, cyclins, and factors asso-
ciated with EMT [17]. Proteins encoded by IMMP2L are 
located in the mitochondria. IMMP2L is essential for the 
catalytic activity of IMP complexes. IMMP2L is involved 
in ovarian follicle development, generation of the female 
gamete, ovulation, and so on. CAMK2D belongs to the 
family of serine/threonine protein kinases and the subfamily 
of calmodulin-dependent protein kinase. GO annotations 
for this gene include serine/threonine protein kinase activity, 
purine ribonucleotide binding, homologous dimerization 
of proteins, and protein kinase activity. Relevant KEGG 
annotations include ErbB signaling pathway, HIF-1 signal-
ing pathway, meiosis of oocytes, and oxytocin signaling 
pathway. The encoded protein contains two actin-binding 
domains at the N-terminal, which consist of a tandem pair 
of calmodulin homologous domains, a transmembrane 
domain, several spectrin repeat sequences, and a C-terminal 
KASH. This protein is characterized by highly expressed 
repeat sequences of various spectrins in the striated muscle 
[9] and participates in cell proliferation and division (in-
cluding cytokinesis and localization of nucleus), and the 
related pathways include meiosis, cell cycle, and mitosis. 
Moreover, it is involved in the anchoring of the special 
muscle nucleus at the NMJ and provides linkages between 
the plasmalemma and actin cytoskeleton [10]. 
  The SNP loci selected in this study are mainly enriched in 
nucleotide metabolism, metal ion binding, circadian rhythm, 
oxytocin signaling pathway, and neurotrophin signaling 
pathway. Therefore, genes associated with these signaling 
pathways are presumed to be candidate genes correlated 
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with reproduction-related traits in sheep. However, repro-
duction-related traits in sheep are complex quantitative traits 
controlled by various genes. As such, it remains unclear 
whether candidate genes selected in this study could directly 
affect the targeted traits, which needs to be further confirmed. 

CONCLUSION

Using GWAS, 151 SNP loci were detected for five traits re-
lated to reproduction (including singleton or twins, birth 
weight, age [in days] at sexual maturity, weaning weight, and 
daily weight gain from birth to weaning). Among the SNP 
loci, 3 exhibited significance at the genome-wide level, which 
were correlated with birth weight and weaning weight. GO 
and KEGG functional annotation and enrichment analyses 
were conducted for candidate genes. The results showed that 
functions of these candidate genes were mainly enriched in 
nucleotide metabolism, metal ion binding, circadian rhythm, 
oxytocin signaling pathway, and neurotrophin signaling 
pathway. Overall, 151 candidate genes of SYNE1, SLC12A4, 
BMP2K, CAMK2D, IMMP2L, DMD, and BCL2 were obtained 
through comparative genomics on the basis of reference to 
the sheep genome Ovis_aries_v1.0 information.

AUTHOR CONTRIBUTIONS

Conceptualization: Huaizhi Jiang, Limin Sun; Methodology: 
Jiarong Li, Huaizhi Sun; Formal analysis and investigation: 
Jiarong Li, Jiazhi Sun; Writing - original draft preparation: 
Jiarong Li, Jiazhi Sun, Limin Sun; Writing - review and editing: 
Jiarong Li, Jiazhi Sun, Limin Sun, Huaizhi Jiang; Funding 
acquisition: Huaizhi Jiang; Resources: Huaizhi Jiang, Jiazhi 
Sun; Supervision: Huaizhi Jiang.

CONFLICT OF INTEREST

We certify that there is no conflict of interest with any financial 
organization regarding the material discussed in the manu-
script. Sun J is an employee of Anhua Agricultural Insurance 
Co., Ltd..

FUNDING

This work was supported by National Key Research and 
Development Project of China (2021YFF1000702). 

SUPPLEMENTARY MATERIAL

Supplementary file is available from: https://doi.org/10.5713/ 
ab.23.0365

Supplementary Table S1. Data of the reproductive traits Qianhua 

Mutton Merino sheep 
Supplementary Table S2. Bonferroni method to calculate the 
significant threshold at the chromosome and genome-wide levels
Supplementary Table S3. Results of the genome-wide association 
analysis of singleton and twin traits of Qianhua mutton merino
Supplementary Table S4. Results of the genome-wide association 
analysis of birth weight in Qianhua mutton merino
Supplementary Table S5. Results of the genome-wide association 
analysis of age at sexual maturity in Qianhua mutton merino
Supplementary Table S6. Results of the genome-wide association 
analysis of weaning weight in Qianhua mutton merino
Supplementary Table S7. Results of the genome-wide association 
analysis of daily weight gain before weaning in Qianhua mutton 
merino

DATA AVAILABILITY

The original contributions presented in the study are included 
in the article/supplementary material, further inquiries can 
be directed to the corresponding author/s. The datasets have 
been submitted to the SRA database of NCBI (accession num-
ber PRJNA1065116).

REFERENCES

1.	Li Z, Wei S, Li H, et al. Genome-wide genetic structure and 
differentially selected regions among Landrace, Erhualian, 
and Meishan pigs using specific-locus amplified fragment 
sequencing. Sci Rep 2017;7:10063. https://doi.org/10.1038/ 
s41598-017-09969-6

2.	Bradbury PJ, Zhang Z, Kroon DE, Casstevens TM, Ramdoss 
Y, Buckler ES. TASSEL: software for association mapping of 
complex traits in diverse samples. Bioinformatics 2007;23: 
2633-5. https://doi.org/10.1093/bioinformatics/btm308

3.	Lippert C, Listgarten J, Liu Y, Kadie CM, Davidson RI, 
Heckerman D. FaST linear mixed models for genome-wide 
association studies. Nat Methods 2011;8:833-5. https://doi. 
org/10.1038/nmeth.1681

4.	Sul JH, Eskin E. Mixed models can correct for population 
structure for genomic regions under selection. Nat Rev 
Genet 2013;14:300. https://doi.org/10.1038/nrg2813-c1

5.	McKenna A, Hanna M, Banks E, et al. The genome analysis 
toolkit: a mapreduce framework for analyzing next-generation 
DNA sequencing data. Genome Res 2010;20:1297-303. https:// 
doi.org/10.1101/gr.107524.110

6.	Li H, Handsaker B, Wysoker A, et al. The sequence alignment/
map format and SAMtools. Bioinformatics 2009;25:2078-9. 
https://doi.org/10.1093/bioinformatics/btp352

7.	Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick 
NA, Reich D. Principal components analysis corrects for 
stratification in genome-wide association studies. Nat Genet 
2006;38:904-9. https://doi.org/10.1038/ng1847

8.	Apel ED, Lewis RM, Grady RM, Sanes JR. Syne-1, a dystrophin- 
and Klarsicht-related protein associated with synaptic nuclei 
at the neuromuscular junction. J Biol Chem 2000;275:31986-

https://doi.org/10.5713/ab.23.0365
https://doi.org/10.5713/ab.23.0365
https://doi.org/10.1038/s41598-017-09969-6
https://doi.org/10.1038/s41598-017-09969-6
https://doi.org/10.1093/bioinformatics/btm308
https://doi.org/10.1038/nmeth.1681
https://doi.org/10.1038/nmeth.1681
https://doi.org/10.1038/nrg2813-c1
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1038/ng1847


1546  www.animbiosci.org

Li et al (2024) Anim Biosci 37:1535-1547

95. https://doi.org/10.1074/jbc.M004775200
9.	Zhang J, Felder A, Liu Y, et al. Nesprin 1 is critical for nuclear 

positioning and anchorage. Hum Mol Genet 2010;19:329-
41. https://doi.org/10.1093/hmg/ddp499

10.	Grady RM, Starr DA, Ackerman GL, Sanes JR, Han M. Syne 
proteins anchor muscle nuclei at the neuromuscular junction. 
Proc Natl Acad Sci USA 2005;102:4359-64. https://doi.org/ 
10.1073/pnas.0500711102

11.	Morioka S, Perry JSA, Raymond MH, et al. Efferocytosis 
induces a novel SLC program to promote glucose uptake 
and lactate release. Nature 2018;563:714-8. https://doi.org/ 
10.1038/s41586-018-0735-5

12.	Hanzawa K, Lear TL, Piumi F, Bailey E. Mapping of equine 
potassium chloride co-transporter (SLC12A4) and amino 
acid transporter (SLC7A10) and preliminary studies on 
associations between SNPs from SLC12A4, SLC7A10 and 
SLC7A9 and osmotic fragility of erythrocytes. Anim Genet 
2002;33:455-9. https://doi.org/10.1046/j.1365-2052.2002. 
00907.x

13.	Ducy P, Karsenty G. The family of bone morphogenetic pro
teins. Kidney Int 2000;57:2207-14. https://doi.org/10.1046/j. 
1523-1755.2000.00081.x

14.	Li Q. Association of BMP2 and PDGF-D gene polymorphisms 
with tail type and verification of cellular level function in 
sheep [master's dissertation]. Beijing, China: Chinese Academy 
of Agricultural Sciences; 2019. 

15.	Ma Y, Zhang Z, Chen Z, et al. Suppression of inner mitochon
drial membrane peptidase 2-like (IMMP2L) gene exacerbates 
hypoxia-induced neural death under high glucose condition. 
Neurochem Res 2017;42:1504-14. https://doi.org/10.1007/ 
s11064-017-2207-y

16.	Han C, Zhao Q, Lu B. The role of nitric oxide signaling in 
food intake; insights from the inner mitochondrial membrane 
peptidase 2 mutant mice. Redox Biol 2013;1:498-507. https:// 
doi.org/10.1016/j.redox.2013.10.003

17.	Yu X, Wang M, Han Q, et al. ZNF326 promotes a malignant 
phenotype of breast cancer by interacting with DBC1. Mol 
Carcinog 2018;57:1803-15. https://doi.org/10.1002/mc.22898

18.	Andersen OM, Reiche J, Schmidt V, et al. Neuronal sorting 
protein-related receptor sorLA/LR11 regulates processing 
of the amyloid precursor protein. Proc Natl Acad Sci USA 
2005;102:13461-6. https://doi.org/10.1073/pnas.0503689102

19.	Lim AHL. Analysis of the subcellular localization of proteins 
implicated in Alzheimer’s disease [Doctoral dissertation]. 
Adelaide SA, Australia: The University of Adelaide Australia; 
2015. 

20.	Jacobsen L, Madsen P, Moestrup SK, et al. Molecular charac
terization of a novel human hybrid-type receptor that binds 
the alpha2-macroglobulin receptor-associated protein. J Biol 
Chem 1996;271:31379-83. https://doi.org/10.1074/jbc.271. 
49.31379

21.	Henriquez-Rodriguez E, Bosch L, Tor M, Pena RN, Estany J. 

The effect of SCD and LEPR genetic polymorphisms on fat 
content and composition is maintained throughout fattening 
in Duroc pigs. Meat Sci 2016;121:33-9. https://doi.org/10. 
1016/j.meatsci.2016.05.012

22.	Piórkowska K, Małopolska M, Ropka-Molik K, et al. Evalu
ation of SCD, ACACA and FASN mutations: effects on pork 
quality and other production traits in pigs selected based on 
RNA-Seq results. Animals (Basel) 2020;10:123. https://doi. 
org/10.3390/ani10010123

23.	Corominas J, Ramayo-Caldas Y, Puig-Oliveras A, et al. Analysis 
of porcine adipose tissue transcriptome reveals differences 
in de novo fatty acid synthesis in pigs with divergent muscle 
fatty acid composition. BMC Genomics 2013;14:843. https:// 
doi.org/10.1186/1471-2164-14-843

24.	Orth MF, Cazes A, Butt E, Grunewald TGP. An update on 
the LIM and SH3 domain protein 1 (LASP1): a versatile 
structural, signaling, and biomarker protein. Oncotarget 
2015;6:26-42. https://doi.org/10.18632/oncotarget.3083

25.	Stölting M, Wiesner C, van Vliet V, et al. Lasp-1 regulates 
podosome function. PLoS One 2012;7:e35340. https://doi. 
org/10.1371/journal.pone.0035340

26.	Maj M, Wagner L, Tretter V. 20 years of secretagogin: exocytosis 
and beyond. Front Mol Neurosci 2019;12:29. https://doi.org/ 
10.3389/fnmol.2019.00029

27.	Ferdaoussi M, Fu J, Dai X, et al. SUMOylation and calcium 
control syntaxin-1A and secretagogin sequestration by 
tomosyn to regulate insulin exocytosis in human ß cells. Sci 
Rep 2017;7:248. https://doi.org/10.1038/s41598-017-00344-z

28.	Yang SY, Lee JJ, Lee JH, et al. Secretagogin affects insulin 
secretion in pancreatic β-cells by regulating actin dynamics 
and focal adhesion. Biochem J 2016;473:1791-803. https:// 
doi.org/10.1042/bcj20160137

29.	Kärkkäinen I, Rybnikova E, Pelto-Huikko M, Huovila AP. 
Metalloprotease-disintegrin (ADAM) genes are widely and 
differentially expressed in the adult CNS. Mol Cell Neurosci 
2000;15:547-60. https://doi.org/10.1006/mcne.2000.0848

30.	Harris HA, Murrills RJ, Komm BS. Expression of meltrin-
alpha mRNA is not restricted to fusagenic cells. J Cell Biochem 
1997;67:136-42. https://doi.org/10.1002/(sici)1097-4644 
(19971001)67:1<136::aid-jcb14>3.0.co;2-f

31.	Zhang L, Ma X, Xuan J, et al. Identification of MEF2B and 
TRHDE gene polymorphisms related to growth traits in a 
New Ujumqin sheep population. PLoS One 2016;11:e0159504. 
https://doi.org/10.1371/journal.pone.0159504

32.	Gholizadeh M, Rahimi-Mianji G, Nejati-Javaremi A. Genome
wide association study of body weight traits in Baluchi sheep. 
J Genet 2015;94:143-6. https://doi.org/10.1007/s12041-015- 
0469-1

33.	Al-Mamun HA, Kwan P, Clark SA, Ferdosi MH, Tellam R, 
Gondro C. Genome-wide association study of body weight 
in Australian Merino sheep reveals an orthologous region 
on OAR6 to human and bovine genomic regions affecting 

https://doi.org/10.1074/jbc.M004775200
https://doi.org/10.1093/hmg/ddp499
https://doi.org/10.1073/pnas.0500711102
https://doi.org/10.1073/pnas.0500711102
https://doi.org/10.1038/s41586-018-0735-5
https://doi.org/10.1038/s41586-018-0735-5
https://doi.org/10.1046/j.1365-2052.2002.00907.x
https://doi.org/10.1046/j.1365-2052.2002.00907.x
https://doi.org/10.1046/j.1523-1755.2000.00081.x
https://doi.org/10.1046/j.1523-1755.2000.00081.x
https://doi.org/10.1007/s11064-017-2207-y
https://doi.org/10.1007/s11064-017-2207-y
https://doi.org/10.1016/j.redox.2013.10.003
https://doi.org/10.1016/j.redox.2013.10.003
https://doi.org/10.1002/mc.22898
https://doi.org/10.1073/pnas.0503689102
https://doi.org/10.1074/jbc.271.49.31379
https://doi.org/10.1074/jbc.271.49.31379
https://doi.org/10.1016/j.meatsci.2016.05.012
https://doi.org/10.1016/j.meatsci.2016.05.012
https://doi.org/10.3390/ani10010123
https://doi.org/10.3390/ani10010123
https://doi.org/10.1186/1471-2164-14-843
https://doi.org/10.1186/1471-2164-14-843
https://doi.org/10.18632/oncotarget.3083
https://doi.org/10.1371/journal.pone.0035340
https://doi.org/10.1371/journal.pone.0035340
https://doi.org/10.3389/fnmol.2019.00029
https://doi.org/10.3389/fnmol.2019.00029
https://doi.org/10.1038/s41598-017-00344-z
https://doi.org/10.1042/bcj20160137
https://doi.org/10.1042/bcj20160137
https://doi.org/10.1006/mcne.2000.0848
https://doi.org/10.1002/(sici)1097-4644(19971001)67:1<136::aid-jcb14>3.0.co;2-f
https://doi.org/10.1002/(sici)1097-4644(19971001)67:1<136::aid-jcb14>3.0.co;2-f
https://doi.org/10.1371/journal.pone.0159504
https://doi.org/10.1007/s12041-015-0469-1
https://doi.org/10.1007/s12041-015-0469-1


www.animbiosci.org  1547

Li et al (2024) Anim Biosci 37:1535-1547

height and weight. Genet Sel Evol 2015;47:66. https://doi. 
org/10.1186/s12711-015-0142-4

34.	Demars J, Fabre S, Sarry J, et al. Genome-wide association 
studies identify two novel BMP15 mutations responsible for 
an atypical hyperprolificacy phenotype in sheep. PLoS Genet 
2013;9:e1003482. https://doi.org/10.1371/journal.pgen.100 
3482

35.	Våge DI, Husdal M, Kent MP, Klemetsdal G, Boman IA. A 
missense mutation in growth differentiation factor 9 (GDF9) 
is strongly associated with litter size in sheep. BMC Genet 
2013;14:1. https://doi.org/10.1186/1471-2156-14-1

36.	Gholizadeh M, Rahimi-Mianji G, Nejati-Javaremi A, De 
Koning DJ, Jonas E. Genomewide association study to detect 
QTL for twinning rate in Baluchi sheep. J Genet 2014;93: 

489-93. https://doi.org/10.1007/s12041-014-0372-1
37.	Wang S, Li X, Niu Z, Shi H. Whole genomic association 

analysis of polyembryonic gene in Duolang sheep. Acta Agric 
Jiangxi 2017;29:77-81. https://doi.org/10.19386/j.cnki.jxnyxb. 
2017.05.16

38.	Cai W, Luo C, Xiang Y, Zhang X, Xu N, Guo X. Genome-
wide association study on reproductive traits in Jinhua pigs 
and Shengxian pigs based on 50K SNP chips technology. 
Chin J Anim Sci 2020;56:52-8. https://doi.org/10.19556/j. 
0258-7033.20190816-06

39.	Lu X, Zhou J, Yang C, et al. Functional annotation of candidate 
genes for milk production and reproductive traits in Xinjiang 
Brown cattle. Acta Agric Zhejiangensis 2019;31:1987-95. 
https://doi.org/10.3969/j.issn.1004-1524.2019.12.06

https://doi.org/10.1186/s12711-015-0142-4
https://doi.org/10.1186/s12711-015-0142-4
https://doi.org/10.1371/journal.pgen.1003482
https://doi.org/10.1371/journal.pgen.1003482
https://doi.org/10.1186/1471-2156-14-1
https://doi.org/10.1007/s12041-014-0372-1
https://doi.org/10.19386/j.cnki.jxnyxb.2017.05.16
https://doi.org/10.19386/j.cnki.jxnyxb.2017.05.16
https://doi.org/10.19556/j.0258-7033.20190816-06
https://doi.org/10.19556/j.0258-7033.20190816-06
https://doi.org/10.3969/j.issn.1004-1524.2019.12.06

