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Abstract

Background: Artificial and natural selection for important economic traits and genetic
adaptation of the populations to specific environments have led to the changes on the
sheep genome. Recent advances in genome sequencing methods have made it possible
to use comparative genomics tools to identify genes under selection for traits of eco-
nomic interest in domestic animals.

Obijectives: In this study, we compared the genomes of Assaf and Awassi sheep breeds
with those of the Cambridge, Romanov and British du cher sheep breeds to explore
positive selection signatures for milk traits using nucleotide diversity (Pi) and FST sta-
tistical methods.

Methods: Genome sequences from fourteen sheep with a mean sequence depth of
9.32X per sample were analysed, and a total of 23 million single nucleotide polymor-
phisms (SNPs) were called and applied for this study. Genomic clustering of breeds was
identified using ADMIXTURE software. The FST and Pi values for each SNP were com-
puted between population A (Assaf and Awassi) and population B (Cambridge, British
du cher, and Romanov).

Results: The results of the PCA grouped two classes for these five dairy sheep
breeds. The selection signatures analysis displayed 735 and 515 genes from FST and
nucleotide diversity (Pi) statistical methods, respectively. Among all these, 12 genes
were shared between the two approaches. The most conspicuous genes were related
to milk traits, including ST3GAL1 (the synthesis of oligosacaridos), CSN1S1 (milk pro-
tein), CSN2 (milk protein), OSBPLS (fatty acid traits), SLC35A3 (milk fat and protein per-
centage), VPS13B (total milk production, fat yield, and protein yield), DPY19L1 (peak
yield), CCDC152 (lactation persistency and somatic cell count), NT5DC1 (lactation per-
sistency), PAHTM (test day protein), CYTH4 (FAT Production) and METRNL (somatic
cell), U1 (milk traits), U6 (milk traits) and 5S_RRNA (milk traits).

Conclusions: The findings provide new insight into the genetic basis of sheep milk prop-
erties and can play a role in designing sheep breeding programs incorporating genomic

information.
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1 | INTRODUCTION

The sheep was one of the first herbivores to be partially domesti-
cated due to its controllable size and ability to adapt to different cli-
mates and diets with poor nutrition. After artificial selection, different
breeds were formed with different morphology, coat colour or main
production (milk or wool and meat). For the last few decades, repro-
ductive breeding methods using calculated breeding values of repro-
ductive traits from pedigree and phenotype information have signifi-
cantly increased sheep performance (Goddard & Hayes 2009; Niemann
& Kues 2003).

In recent years, advances in high-throughput genome scanning
methods, chiefly whole-genome sequencing, SNP genotyping array,
and comparative genomic hybridisation (CGH) arrays, have allowed
identifying causal genes and variants related to different traits. Com-
pared to the other two methods, the next-generation sequencing
method has been proven to be a valuable strategy for detecting func-
tional genes and genetic variants related to important economic traits
in sheep (Jiang et al., 2014).

Sheep milk is a notable source of income, computing for a large part
of universal milk production, and is generally applied to yield many cul-
tured dairy supplies, like cheese. Milk traits can be defined by calcu-
lating yield, fat, lactose percentage and protein. Because local multi-
purpose breeds mainly produce sheep’s milk with low to moderate milk
outputs, few sheep breeds have been expanded obviously to produce
milk. To date, only a few studies including GWAS and selective sweep
experiments have been performed to identify genomic regions affect-
ing milk traits in sheep using the SNP array (Eydivandi et al., 2021;
Garcia-Gamez et al., 2012; Gutiérrez-Gil et al., 2014; Moioli et al.,
2013; Rupp et al., 2015; Yuan et al., 2019) and RNA-Sequencing meth-
ods (Giordani et al., 2017; Suarez-vega et al., 2015; Suarez-vega et al.,
2016).

A positive selection signature analysis has previously been used to
detect the genes/gene regions influenced by selection using genome
comparison of different phenotypic breeds. For this reason, the
sequencing of the reference genome assemblies of the sheep (Ovis-
aries) simplified efforts to realise the genetic basis of phenotypic dif-
ferences of several sheep breeds with re-sequencing methods.

Various methods have been expanded and applied to distinguish
the positive selection signatures in the genomes of different live-
stock species or breeds. Some are based on significantly reduced
nucleotide diversity levels, long-range haplotype homozygosity (Sabeti
etal.,, 2007) and high population differentiation (Bahbahaniet al., 2015;
Porto-Neto et al., 2014). Information on the genetic diversity of these
genes in different sheep populations can be interesting. For example,
evidence of selection signatures around these genes could indicate a
potential direct effect of the desired gene on phenotypes of interest
for the dairy sheep industry. In this research, nucleotide diversity (Pi)

and FST statistical methods were applied to compare the genomes
of Assaf and Awassi breeds with Cambridge, Romanov and British du
Cher breeds in order to explore positive selection signatures for milk
traits and to find new candidate genes in the genomic regions under
selection.

2 | MATERIALS AND METHODS

2.1 | Sequencing data and mapping

We utilised 14 whole genomes, including an Assaf breed (acces-
sion number, ERR1163920, an Awassi breed (accession num-
ber, ERR1163918), seven Cambridge breeds (accession num-
ber, ERR1163918), four Romanov breeds (accession numbers,
ERR1456968, ERR1456970, ERR1456972 and ERR1456974) and a
British du Cher breed (accession number, ERR1456963). The data were
downloaded from the Sequence Read Archive at the NCBI site (https://
trace.ncbi.nlm.nih.gov/Traces/sra). Burrows-Wheeler Aligner (BWA)
(Li & Durbin 2009) was applied to aligned reads against the ref-
erence genome assembly V3.0 (ftp://ftp.ensembl.org/pub/release-
91/fasta/ovis_aries/dna/). By using SAMtools (Li et al., 2009), All
Sequence Alignment MAP (.sam) files were changed to the Binary
Alignment MAP (.bam) files, followed by sorting and indexing them.
PCR duplicates were removed from the .bam files using the Picard
program (https://github.com/broadinstitute/picard).

2.2 | Studied population

The Assaf breed is the result of crossbreeding the Awassi and East
Friesian from Israel and is raised for milk and meat. The Awassi orig-
inated from the Syro-Arabian desert in South-West Asia and primar-
ily is raised for milk. The Cambridge breed originated in 1964 at Cam-
bridge University, a crossbred sheep from mating between Landrace
rams with many of local ewes and has high prolificacy. Romanov devel-
oped from Russia. This breed is raised primarily for meat and has solid
and resourceful wool. British du Cher originated from crossbreed-
ing three breeds of Berichon du Cher, Merino and Dishley Leices-
ter and has high standard wool. More details about these breeds are
available on http://www.sheep101.info/sheepbreedsa-z.html and http:

//www.fao.org/dad-is/en/.

2.3 | SNP detection

To increase and improve the quality score of each base, base quality

scores were re-evaluated using the GATK3.4-46-ghc02625 program
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(McKenna et al., 2010). SNPs of all individuals were identified and
filtered using GATK Unified Genotyper and GATK Variant Filtration,
respectively.

2.4 | Analyses of the regions of homozygosity

Runs of homozygosity (ROH) segments are introduced as contigu-
ous homozygous regions of the genome, which can provide an
insight into a population’s history, genomic inbreeding, and signa-
tures of selection (Ceballos et al., 2018; Purfield et al., 2012). The
extent and length of these ROHs are different among individu-
als and populations (Curik et al., 2014; Purfield et al., 2012). We
obtained ROH segments for each breed using the ‘runs of homozy-
gosity’ function (-homozyg-kb) for three length categories (more than
100, 200 and 300 kb) in the program PLINK v1.07 (Purcell et al.,
2007). It should be noted that we used default parameters for other

adjustments.

2.5 | Genetic structure analysis

Genomic clustering of breeds was identified using ADMIXTURE soft-
ware (Alexander & Lange, 2011) with a maximum likelihood approach.
The admixture runs were done for K values of 1-4. Barplots were
produced for K values in the dataset. In addition, the different kinds
of files (bim, bed and fam files) were created in PLINK software to
draw possible population/genetic structure between and within differ-
ent populations under study. Then these files were handled in an R-
programming environment (http://www.R-project.org) for eigenvector
formation and PCA plotting along two axes. The first two principal com-
ponents (PCs) (i.e., PC 1 and PC 2) were concurrently calculated for
each dataset. In the end, these PCs were graphically plotted against
each other in two axes. Also, Nei's genetic distances (Nei, 1972) among
different populations were applied to build a neighbour-joining (NJ)
tree ingdsfmt and NPRelate (Zheng et al., 2012; Zheng et al., 2017)
packages of R.

2.6 | Genome-wide selective sweep scans

To detect genomic regions harbouring footprints of positive selection
in five sheep breeds, we used two tests to study selection signatures.
Here, we applied the FST and Pi statistical methods. FST values for
each SNP were computed between population A (Assaf and Awassi)
and population B (Cambridge, British du cher and Romanov). To charac-
terise genetic differentiation (FST) and also nucleotide diversities (A
or APi) = rpopA - popB) between two populations, VCFtools v0.1.14
software (https:/github.com/vcftools/vcftools) was applied. The val-
ues were estimated in a sliding window size of 50 kb and a step size
of 25 kb. Pairwise FST values for each SNP were calculated based on
Weir and Cockerham method (1984). In both analyses, the top 1% was

considered as selection footprints.

TABLE 1 Output mapping for fourteen samples

Number of
Sample sites Depth
Awassi 23,641,651 12.7
Assaf 23,664,074 11.51
Romany1 23,363,383 4.09
Romany2 22,719,118 3.82
Romany3 22,439,114 4.67
Romany4 23,031,003 4.62
British Du cher 22,998,264 10.16
Cambridgel 23,536,793 12.22
Cambridge2 23,684,977 12.10
Cambridge3 23,628,113 9.34
Cambridge4 23,538,622 10.3
Cambridge5 23,657,712 10.3
Cambridge6 23,680,612 11.89
Cambridge7 23,676,266 11.30
Mean 9.32
2.7 | Selective sweep region annotation and gene

functional enrichment analysis

Candidate selective sweeps discovered with the approaches men-
tioned above were annotated using the Variant Effect Predictor exist-
ing at http://asia.ensembl.org/info/docs/tools/index.html.

Functional enrichment analysis was performed using the ‘g:Profiler’
enrichment analysis tool to identify their biological functions (Reimand
et al,, 2011). And the p value of the gene enrichment was adjusted by

Benjamini-Hochberg FDR (false-discovery rate).

3 | RESULTS

3.1 | Output mapping of five sheep breeds

Our efforts produced a mean sequence depth of 9.32x per sample,
within a range of 3.82- to 12.7-fold (Table 1). A total of 23 million SNPs
were detected in all individuals.

3.2 | Runs of homozygosity

For all breeds, shorter ROHs (100 kb) were more frequent than longer
ROHSs (200 and 300 kb) (Figure 5). The mean number of ROH segments
was highest for the Awassi, while the Romanove breed revealed the
lowest average ROH coverage in three length categories. Awassi and
Assaf populations had larger long ROHs (200 and 300 kb) than the
other breeds.
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FIGURE 2 Neighbour joining (NJ) tree based on Nei’s genetic
distance in which five sheep breeds was separated by clusters

3.3 | Genetic structure analysis

Principal components analysis (PCA) was performed to study the
genetic separation of five sheep breeds (Figure 1). PCA grouped the
five introduced breeds (Cambridge, British du cher, Romanov, Assaf
and Awassi). Neighbour-joining (NJ) tree of Nei’s genetic distance of
these five sheep breeds acknowledged the results of the PCA; for
example, two dairy sheep breeds (Assaf and Awassi) were classified
together, and British du cher was genetically close to Romanov (Fig-
ure 2). Genomic breed clustering for four values of K in five sheep
breeds is presented in Figure 3.

3.4 | Positive selection signature

Using nucleotide diversity (Pi) and FST statistical methods, we com-
pared the genomes of Assaf and Awassi breeds with Cambridge,

Principal comment analysis of SNPs data set from five sheep breeds
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FIGURE 3 Admixture output for four value of k exanimated

Romanov and British du cher breeds to explore positive selection
signatures. The first percentile rank was applied as a threshold to
detect candidates all over the analysis. Several protein-coding genes
with significant higher FST (735 genes, Table S1) and a lower value
for nucleotide diversity (Pi, 515 genes, Table S2) were detected and
examined as potential candidate genes that endured selection during
domestication. Among all these, 12 genes were shared between two
of the methods (Figure S1). Gene ontology (GO) analysis for the genes
showing signatures of positive selection is reported in the table (Table
S3). All the terms related to sensory perception are over-represented
(p < 0.01). Potential candidate genes for milk traits are listed in the
table (Table S4). The most conspicuous genes related to milk traits
include ST3GAL1,CSN1S1, CSN2, OSBPL8, SLC35A3, VPS13B,DPY19L1,
CCDC152, NT5DC1, P4HTM, CYTH4, METRNL, U1, U6 and 55_RRNA
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FIGURE 4 Distribution of FST values across the genome of five sheep breeds

genes. From the genes mentioned above, U1, U6 and 5S_RRNA (Fig-

ure 4) were shared between the two statistical methods.

4 | DISCUSSION

The Cambridge breed appeared as an independent cluster for K val-
ues of 2-. At K = 3, Assaf, Awassi and British du cher breeds were
clustered the same, while 75% of the Romanov population were in
the separate group. At K = 4, the Assaf and Awassi breeds had the
same cluster. In contrast, 50% of the Romanov population had the same
cluster with British du cher and another 50% of the Romanov popula-
tion clustered in a separate group. Analysis of genetic structure con-
firmed a close genetic relationship between two dairy sheep breeds,
Assaf and Awassi. These results were in agreement with the fact that
the Assaf sheep were created by crossing the East Friesian sheep to
Awassi, which both have high milk and high lamb production capac-
ity (Gootwine & Goot, 1996). The Cambridge breed had an indepen-
dent cluster for K values of 2-4. It is reasonable because the Cam-
bridge breed is a crossbred sheep from mating between Landrace rams
with many local ewes in Cambridge’s university. Results of admixture
analysis at K = 3 (with the least CV error), similar to a previous study
(Meadows et al., 2005), indicated that sheep have the weakest popula-
tion structure and the highest intercontinental dispersal compared to
other domestic animals studied to date. The frequency of ROHs across
the genome can present information about the history and the man-
agement of flocks over time (Kirin et al., 2010). The mean number of
RoHs above 100, 200 and 300 Kb per populationis reported in Figure 5.
We observed a decreasing trend from short to long lengths. Longer

ROH may indicate recent inbreeding has occurred within a pedigree,

2000 -

1500 4

1000

500 -

100 200 300
Awassi

100 200 300

Cambridge

100 200 300
Assaf

100 200 300 100 200 300
British du cher Romanov

FIGURE 5 Meannumber of RoHs longer than 100, 200 and 300
Kb per each population

while shorter segments can show the existence of more old relatedness
(Bjelland et al., 2013; Kirin et al., 2010). Awassi, Assaf and Cambridge
breeds had more short runs of homozygosity, while British du cher and
Romanov had fewer long runs of romozygosity.. So the results of ROH
analyses are indicators of the recent reduction of inbreeding in British
du cher and Romanov of the other breeds.

Two genes identified simultaneously by the applied approaches, U1
and U6 genes, encode small nuclear RNAs (snRNAs) that play a role in
RNA splicing. The 5S ribosomal RNA gene encodes 5SrRNA, a struc-
tural and functional component of the large subunit of the ribosome.
It has been previously reported to be positively selected for milk traits
(Taye et al.,, 2017).

The population differentiation analysis (FST) revealed GO terms
related to different biological processes. For example, the term ‘reg-
ulation of homeostatic process’ was enriched to which genes for milk
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traits (P4HTM and METRNL) were involved. PAHTM and METRNL genes
were formerly presented associated with the test day protein (Ibeagha-
Awemu et al., 2016) and somatic cell (Chen et al., 2015) in milk, respec-
tively. Other genes associated with milk traits, CSN1S1 and CSN2,
were found to be selection candidates (top 1% Pi). Previous studies
reported that polymorphisms in these milk proteins impact milk pro-
duction parameters and protein quality (Caravaca et al., 2008; Kishore
et al., 2013). Casein alpha S1 protein is encoded by the CSN1S1 gene
and has an important role in the milk capacity for calcium phosphate
transport. CSN2 gene encodes beta-casein, the main protein in milk and
is the primary source of essential amino acids for infants. STSGAL1 gene
has been previously reported to be responsible for the production of
3’-sialylactose in colostrum and late lactation milk in goats (Crisa et al.,
2016).

A polymorphism in the SLC35A3 gene has been found to be asso-
ciated with fat yield and protein production (Liu et al., 2018). It has
been reported that the VPS13B gene influences total milk produc-
tion, fat yield and protein production (Liu et al., 2018). CCDC152 (Chen
et al,, 2015; Do et al., 2017; Zhao et al., 2015) and NT5DC1 genes
(Yodklaew et al., 2017) have previously been shown to affect lac-
tation persistency. OSBPL8 gene encodes Oxysterol-binding protein-
related eight proteins, a group of intravenous lipid receptors. It is
found to affect the fatty acid trait in milk (Li et al., 2014). The pro-
tein encoded by the DPY19L1 gene has a role in transferring glyco-
syl groups, and a polymorphism in this gene has been reported to be
associated with peak yield in dairy cattle (Yodklaew et al., 2017). ARF-
GAP3 gene has been found to affect fat production (De Camargo et al.,
2015).

5 | CONCLUSION

Whole-genome sequencing analysis is a useful method for detect-
ing genes that functionally and globally are associated with differ-
ent phenotypes in domesticated animals. The current study aimed
to identify important genomic regions and genes associated with
milk production traits in dairy sheep breeds, including Assaf and
Awassi. The most conspicuous identified genes related to milk traits
include ST3GAL1,CSN1S1,CSN2, OSBPL8, SLC35A3,VPS13B,DPY19L1,
CCDC152,NT5DC1, P4HTM, CYTH4 and METRNL, U1, U6 and 55_rRNA
genes. Based on the biological function of these genes in the can-
didate selected regions, several genes, including CSN1S1, CSN2 and
SLC35A3, have possibly a major role in milk composition and produc-
tion in sheep breeds. However, the identified novel candidate genes
in the selected regions need to be validated in independent studies to
provide a more profound insight into the genetic architecture of Ovis

aries milk yield and composition.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge for the research funding provided
for this project (No. 97/3256) by Institute of Science and High Tech-
nology and Environmental Sciences, Graduate University of Advanced

Technology, Kerman, Iran.

CONFLICT OF INTEREST
There is no conflict of interest for this research

ETHICAL STATEMENT

We used the already available data and based on our institute policy in
this case, no ethics review was required. Based on the policy of the ani-
mal ethics committee, Shahid Bahonar University of Kerman, this study
did not require ethical approval because the study used the datasets
freely available in the public.

AUTHOR CONTRIBUTIONS

Elham Rezvannejad: conceptualisation; funding acquisition; writing
- original draft; writing - review & editing. Hojjat Asadollahpour
Nanaei: analysed and interpreted the data and drafted the manuscript.
Ali Esmailizadeh: conceptualisation; data curation; formal analysis;
methodology; project administration; supervision; writing - review &

editing.

DATA AVAILABILITY STATEMENT

The lllumina whole-genome sequences from Romanov sheep
(accession numbers, ERR1456968, ERR1456970, ERR1456972
and ERR1456974), Assaf sheep (accession number, ERR1163920)
(n = 1), Awassi sheep (accession number, ERR1163918), Cambridge
sheep (accession numbers, ERR1419201-ERR1419207) and British du
cher sheep (accession number, ERR1456963) were downloaded from
the Sequence Read Archive at the NCBI site (https://trace.ncbi.nlm

.nih.gov/Traces/sra).

PEER REVIEW
The peer review history for this article is available at https://publons.
com/publon/10.1002/vms3.731

ORCID
Hojjat Asadollahpour Nanaei
828X

Ali Esmailizadeh

https://orcid.org/0000-0002-5220-

https://orcid.org/0000-0003-0986-6639

REFERENCES

Alexander, D. H., & Lange, K. (2011). Enhancements to the ADMIXTURE
algorithm for individual ancestry estimation. BMC Biology, 12(1), 246.
Bahbahani, H., Clifford, H., Wragg, D., Mbole-Kariuki, M. N., Van Tassell,
C., Sonstegard, T., Woolhouse, M., & Hanotte, O. (2015). Signatures of
positive selection in East African Shorthorn Zebu: A genome-wide sin-
gle nucleotide polymorphism analysis. Scientific Reports, 5, 11729 https:
//doi.org/10.1038/srep11729

Bjelland, D. W., Weigel, K. A., Vukasinovic, N., & Nkrumah, J. D. (2013). Eval-
uation of inbreeding depression in Holstein cattle using whole-genome
SNP markers and alternative measures of genomic inbreeding. Journal of
Dairy Science, 96,4697-4706. https://doi.org/10.3168/jds.2012-6435

Caravaca, F., Amills, M., Jordana, J., Angiolillo, A., Aglera, P, Aranda, C.,
& Sanchez, A. (2008). Effect of as1-casein (CSN1S1) genotype on milk
CSN1S1 content in Malagueia and Murciano-Granadina goats. Journal
of Dairy Research, 75(4), 481-484.

Ceballos, F. C., Hazelhurst, S., & Ramsay, M. (2018). Assessing runs of
Homozygosity: A comparison of SNP Array and whole genome sequence
low coverage data. BMC Genomics, 19, 106.


https://trace.ncbi.nlm.nih.gov/Traces/sra
https://trace.ncbi.nlm.nih.gov/Traces/sra
https://publons.com/publon/10.1002/vms3.731
https://publons.com/publon/10.1002/vms3.731
https://orcid.org/0000-0002-5220-828X
https://orcid.org/0000-0002-5220-828X
https://orcid.org/0000-0002-5220-828X
https://orcid.org/0000-0003-0986-6639
https://orcid.org/0000-0003-0986-6639
https://doi.org/10.1038/srep11729
https://doi.org/10.1038/srep11729
https://doi.org/10.3168/jds.2012-6435

REZVANNEJAD ET AL.

Chen, X.,Cheng, Z., Zhang, S., Werling, D., & Wathes, D. C. (2015). Combining
genome wide association studies and differential gene expression data
analyses identifies candidate genes affecting mastitis caused by two dif-
ferent pathogens in the dairy cow. Open Journal of Animal Science, 5(4),
358.

Crisa, A, Ferré, F., Chillemi, G., & Moioli, B. (2016). RNA-Sequencing for pro-
filing goat milk transcriptome in colostrum and mature milk. BMC Veteri-
nary Research, 12(1), 264.

De Camargo, G. M. F,, Aspilcueta-Borquis, R. R., Fortes, M. R. S., Porto-Neto,
R., Cardoso, D. F,, Santos, D. J. A., & Tonhati, H. (2015). Prospecting major
genes in dairy buffaloes. BMC Genomics, 16(1), 872.

Do, D. N,, Bissonnette, N., Lacasse, P, Miglior, F., Sargolzaei, M., Zhao, X.,
& Ibeagha-Awemu, E. M. (2017). Genome-wide association analysis and
pathways enrichment for lactation persistency in Canadian Holstein cat-
tle. Journal of Dairy Science, 100(3), 1955-1970.

Eydivandi, S., Roudbar, M. A,, Karimi, M. O., & Sahana, G. (2021). Genomic
scans for selective sweeps through haplotype homozygosity and allelic
fixation in 14 indigenous sheep breeds from Middle East and South Asia.
Scientific Report, 11, 2834.

Garcia-Gamez, E., Gutiérrez-Gil, B., Sahana, G., Sanchez, J. P, Bayon, Y., &
Arranz, J. J. (2012). GWA analysis for milk production traits in dairy
sheep and genetic support for a QTN influencing milk protein percent-
age in the LALBA gene. PLoS One, 7(10), e47782.

Giordani, T., Vangelisti, A., Conte, G., Serra, A., Natali, L., Ranieri, A., & Cav-
allini, A.(2017). Transcript profiling in the milk of dairy ewes fed extruded
linseed. Genome data, 11, 17-19.

Goddard, M. E., & Hayes, B. J. (2009). Mapping genes for complex traits in
domestic animals and their use in breeding programmes. Nature Reviews
Genetics, 10(6), 381.

Gootwine, E., & Goot, H. (1996). Lamb and milk production of Awassi and
East-Friesian sheep and their crosses under Mediterranean environ-
ment. Small Ruminant Research, 20, 255-260. https://doi.org/10.1016/
0921-4488(95)00807-

Curik, I, Ferencakovi¢, M., & Solkner, J. (2014). Inbreeding and runs of
homozygosity: A possible solution to an old problem. Livestock Science,
166,26-34.

Gutiérrez-Gil, B., Arranz, J. J.,, Pong-Wong, R., Garcia-Gamez, E., Kijas,
J., & Wiener, P. (2014). Application of selection mapping to identify
genomic regions associated with dairy production in sheep. PLoS One,
9(5),e94623.

Ibeagha-Awemu, E. M., Peters, S. O., Akwaniji, K. A., Imumorin, |. G., & Zhao, X.
(2016). High density genome wide genotyping-by-sequencing and asso-
ciation identifies common and low frequency SNPs, and novel candidate
genes influencing cow milk traits. Scientific Reports, 6, 31109.

Jiang, Y., Xie, M., Chen, W.,, Talbot, R., Maddox, J. F, Faraut, T., Wu, C.,
Muzny, D. M., Li, Y., Zhang, W., Stanton, J. A, Brauning, R., Barris, W. C.,
Hourlier, T., Aken, B. L., Searle, S. M. J., Adelson, D. L., Bian, C., Cam, G. R.,
...Dalrymple, B P. (2014). The sheep genome illuminates biology of the
rumen and lipid metabolism. Science, 344(6188), 1168-1173.

Kirin, M., McQuillan, R., Franklin, C. S., Campbell, H., McKeigue, P. M., &
Wilson, J. F. (2010). Genomic runs of homozygosity record population
history and consanguinity. PLoS One, 5(11), e13996. https://doi.org/10.
1371/journal.pone.0013996.g001.

Kishore, A., Mukesh, M., Sobti, R. C., Mishra, B. P,, & Sodhi, M. (2013). Varia-
tions in the regulatory region of alpha s1-casein milk protein gene among
tropically adapted Indian native (BosIndicus) cattle. ISRN Biotechnology,
2013,926025.

Li, C., Sun, D., Zhang, S., Wang, S., Wu, X,, Zhang, Q. Liu, L., Li, Y., & Qiao,
L. (2014). Genome wide association study identifies 20 novel promising
genes associated with milk fatty acid traits in Chinese Holstein. PloS one,
9(5),e96186.

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics, 25(14), 1754-1760.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Durbin,
R., & 1000 Genome Project Data Processing Subgroup. (2009). The

WILEY 122

sequence alignment/map format and SAMtools. Bioinformatics, 25(16),
2078-2079.

Liu, J. J,, Liang, A. X, Campanile, G,, Plastow, G., Zhang, C., Wang, Z., Salzano,
A., Gasparrini, B.,Cassandro, M., & Yang, L. G. (2018). Genome-wide asso-
ciation studies to identify quantitative trait loci affecting milk production
traits in water buffalo. Journal of Dairy Science, 101(1), 433-444.

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky,
A., Garimella, K., Altshuler, D., Gabriel, S., Daly, M., & DePristo, M. A.
(2010). The Genome Analysis Toolkit: A MapReduce framework for ana-
lyzing next-generation DNA sequencing data. Genomic Research, 20(9),
1297-1303.

Meadows, J.R.S., Li, K., Kantanen, J.,, Tapio, M., Sipos, W., Pardeshi, V., Gupta,
V., Calvo, J. H., Whan, V., Norris, B., & Kijas, J. W. (2005). Mitochondrial
sequence reveals high levels of gene flow between breeds of domestic
sheep from Asia and Europe. Journal of Heredity, 96(5), 494-501.

Moioli, B., Scata, M. C,, Steri, R., Napolitano, F., & Catillo, G. (2013) Signa-
tures of selection identify loci associated with milk yield in sheep. BMC
genetics, 14(1), 76.

Nei, M., 1972. Genetic distance between populations. American Naturalist
106,283-292

Niemann, H., & Kues, W. A. (2003). Application of transgenesis in livestock
for agriculture and biomedicine. Animal Reproduction Science, 79(3-4),
291-317.

Porto-Neto, L. R, Lee, S. H., Sonstegard, T. S., Van Tassell, C. P, Lee, H. K.,
Gibson, J. P, & Gondro, C. (2014). Genome-wide detection of signatures
of selection in Korean Hanwoo cattle. Animal Genetics, 45(2), 180-190

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A., Maller, J.,
Sklar, P, de Bakker, P. 1., Daly, M. J.,, & Sham, P. C. (2007). PLINK: A tool
set for whole genome association and population-based linkage analy-
ses. American Journal of Human Genetic, 81, 559-575. https://doi.org/10.
1086/519795.

Purfield, D. C., Berry, D. P, McParland, S., & Bradley, D. G. (2012) Runs of
homozygosity and population history in cattle. BMC Genetics, 13, 70.

Reimand, J., Arak, T., & Vilo, J. (2011). g:Profiler—A web server for functional
interpretation of gene lists (2011 update). Nucleoid Acids Research, 39,
W307-W315.

Rupp, R., Senin, P, Sarry, J., Allain, C., Tasca, C.,, Ligat, L., Portes, D., Woloszyn,
F., Bouchez, O., Tabouret, G., Lebastard, M., Caubet, C., Foucras, G., &
Tosser-Klopp, G. (2015). A point mutation in Suppressor of Cytokine Sig-
nalling 2 (Socs2) increases the susceptibility to inflammation of the mam-
mary gland while associated with higher body weight and size and higher
milk production in a sheep model. PLoS Genetics, 11(12),e1005629.

Sabeti, P. C., Varilly, P, Fry, B., Lohmueller, J., Hostetter, E., Cotsapas, C., Xie,
X., Byrne, E. H., McCarroll, S. A,, Gaudet, R., Schaffner, S. F,, Lander, E. S.,
International HapMap Consortium, Frazer, K. A., Ballinger, D. G., Cox, D.
R., Hinds, D. A, Stuve, L. L., Gibbs, R. A,, ...Stewart, J. (2007). Genome-
wide detection and characterization of positive selection in human pop-
ulations. Nature, 449,913-918.

Sudrez-Vega, A., Gutiérrez-Gil, B., & Arranz, J. J. (2016). Transcriptome
expression analysis of candidate milk genes affecting cheese-related
traits in 2 sheep breeds. Journal Dairy Science, 99(8), 6381-6390.

Sudrez-Vega, A., Gutiérrez-Gil, B., Klopp, C., Robert-Granie, C., Tosser-
Klopp, G., & Arranz, J. J. (2015). Characterization and comparative anal-
ysis of the milk transcriptome in two dairy sheep breeds using RNA
sequencing. Scientific Reports, 5, 18399.

Taye, M., Lee, W,, Jeon, S., Yoon, J., Dessie, T., Hanotte, O., Mwai, O. A., Kemp,
S., Cho, S., Oh, S. J, Lee, H. K., & Kim, H. (2017). Exploring evidence of
positive selection signatures in cattle breeds selected for different traits.
Mammalian Genomics, 28(11-12), 528-541.

Weir, B. S., & Cockerham, C. C. (1984). Estimating F-statistics for the analy-
sis of population structure. Evolution. 38(6), 1358-1370.

Yodklaew, P, Koonawootrittriron, S., Elzo, M. A., Suwanasopee, T., & Laodim,
T. (2017). Genome-wide association study for lactation characteristics,
milk yield and age at first calving in a Thai multibreed dairy cattle popu-
lation. Agricultural Research, 51(3), 223-230.


https://doi.org/10.1016/0921-4488(95)00807-
https://doi.org/10.1016/0921-4488(95)00807-
https://doi.org/10.1371/journal.pone.0013996.g001
https://doi.org/10.1371/journal.pone.0013996.g001
https://doi.org/10.1086/519795
https://doi.org/10.1086/519795

2% | WILEY

REZVANNEJAD ET AL.

Yuan, Z., Li, W,, Li, F., & Yue, X. (2019). Selection signature analysis reveals
genes underlying sheep milking performance. Archive Animal Breeding.
62(2):501-508.

Zhao, F.,,McParland, S., Kearney, F.,, Du, L., & Berry, D. P. (2015). Detection of
selection signatures in dairy and beef cattle using high-density genomic
information. Genetic Selection Evolution, 47(1), 49.

Zheng, X., Gogarten, S. M., Lawrence, M,, Stilp, A., Conomos, M. P, Weir,
B.S., Laurie, C., & Levine, D. (2017). SeqArray—A storage-efficient high-
performance data format for WGS variant calls. Bioinformatics, 33(15),
2251-2257.

Zheng, X., Levine, D., Shen, J., Gogarten, S. M., Laurie, C., & Weir, B.
S. (2012). A high-performance computing toolset for relatedness and
principal component analysis of SNP data. Bioinformatics, 28, 3326-
3328.

SUPPORTING INFORMATION
Additional supporting information may be found in the online version

of the article at the publisher’s website.

How to cite this article: Rezvannejad, E., Asadollahpour
Nanaei, H., & Esmailizadeh, A. (2022). Detection of candidate
genes affecting milk production traits in sheep using
whole-genome sequencing analysis. Veterinary Medicine and
Science, 8, 1197-1204. https://doi.org/10.1002/vms3.731


https://doi.org/10.1002/vms3.731

	Detection of candidate genes affecting milk production traits in sheep using whole-genome sequencing analysis
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Sequencing data and mapping
	2.2 | Studied population
	2.3 | SNP detection
	2.4 | Analyses of the regions of homozygosity
	2.5 | Genetic structure analysis
	2.6 | Genome-wide selective sweep scans
	2.7 | Selective sweep region annotation and gene functional enrichment analysis

	3 | RESULTS
	3.1 | Output mapping of five sheep breeds
	3.2 | Runs of homozygosity
	3.3 | Genetic structure analysis
	3.4 | Positive selection signature

	4 | DISCUSSION
	5 | CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	ETHICAL STATEMENT
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT
	PEER REVIEW

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


