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Article Info ABSTRACT
Article type: Introduction: Sheep reproductive traits are among. the most important
economic traits that directly determine production costs and economic
benefits of sheep production. Ewes that produce more lambs per birth can
increase the number of lambs and thus enhance economic efficiency.
Article history: Therefore, identifying.molecular markers that affect the birth rate in sheep
is crucial. Reproductive function is one of the significant economic
features in the sheep breeding industry. Litter size is the most important
production trait among economig. traits, accounting for 70-90% of the
industry’s economic value. Due to the high economic importance of
fertility-and reproduction traits in sheep, genome-wide association studies
(GWAS) have been frequently performed as a standard method for
mapping QTL, discovering new single nucleotide polymorphisms (SNPs),

Keywords: GWAS

Ié;fézgséf:eds Gene: and identifying candidate genes for economically important traits in

ontology animals. In this study, a GWAS analysis was performed to identify
biological pathways and genes associated with the litter size trait in 12
sheep breeds.

Materials and. Methods: In this study, the litter size information of 12
sheep breeds was collected from various sources and articles. Based on the
average litter size, these breeds were categorized into three groups: breeds
with high litter size (2.52) (Finnsheep, Santa Ines, and Black Headed
Mountain), five breeds with medium litter size (1.96) (Barbados Black
Belly, Chinese Merino, Sakiz, Scottish Blackface, and Valais Blacknose
Sheep), and four breeds with low litter size (1.17) (Cyprus Fat Tail,
Karakas, Moghani, and Red Maasai). The data used in this research was
genotypes from the SOK SNPChip belonging to the HapMap project were
obtained from the study by Kijas et al. (Kijas et al., 2012). Genotype
quality control (QC) was performed using PLINK v1.9 software (Purcell et
al., 2007). SNPs with a missing genotype rate of more than 10%, MAF
(minor allele frequency) less than 0.02, markers with a genotype loss rate
of more than 2%, individuals with more than 1% missing genotypes, and
SNPs that failed the Hardy-Weinberg Equilibrium (HWE) test at a
significance level of 0.005 were excluded from the analysis. We ranked the
genome-wide association studies (GWAS) for all breeds using Plink
software based on their litter size percentage from highest to lowest. In the




next step, to identify significant genes and biological pathways, the
DAVID server version 6.8 was used.

Results and Discussion: Based on the findings of the present study,
pathways associated with the litter size trait were identified through
candidate genes in the studied breeds. Further studies are necessary to
validate these findings. The results highlight that a genome-wide
association study conducted in these breeds revealed a panel of genes
potentially linked to reproductive traits and litter size of interest.
Specifically, GTF2Al1, PHACTRI, KHDRBS3, SCMHI, FOXPI,
ELMOI1, KCNN3, BEST3, METTL14, PRDM2 and EFNAS were
identified as significant candidate genes. These genes may play roles in
regulating the genetic architecture of twinning and litter size. This study
underscores the genes associated with /litter size traits and their
involvement in pathways crucial for litter size and ovulation rate. The
findings suggest that these candidate genes could influence the genetic
basis of litter size and fertility. Despite limitations-in data volume in the
current study, it provides insights into the genetic mechanisms underlying
birth rate and reproductive traits, potentially informing future sheep
breeding programs.

Conclusion: The current study revealed genes associated with litter size in
sheep and pathways that play an important role in litter size and ovulation
rates. Among these, the genes ATGS5, NCKAP1L, CERK, AGPS, DCK,
EPHA7, DOCKS, FOXN2, SOX6, PIGN, and ONECUT?2 were introduced
for the first time as effective genes in litter size in sheep. The results of this
research can be used as a guide for sheep breeding programs and might
lead to improvements in reproductive traits.
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Table 1- Three categories of sheep based on the average litter size
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Table 4- KEGG pathways enriched by the candidate genes of important SNPs of the genome related to Litter size trait.

Los ol 6).33.&66&“ 0 ld sen Olile
Category
Genes P- value GO terms
CERK, AGPS, CHSY3, . .
PRDM2, DCK 0,039 0as01100:Metabolic pathways KEGG PATHWAY
NCKAPIL, ATGS 0,045 G0:0009410~respongg GOTERM BP DIRECT
xenobiotic stimulus - -
METTL14, ONECUT2,
PRDM2, DCK, 0,015 G0:0005654~nucleoplasm GOTERM_CC DIRECT
ARHGEF5, NEK11
EPHA7, EFNAS 0,004 GO:0022407regulation,of el yrprv Bp DIRECT
cell adhesion - =
EPHA7, EFNAS 0,006 GO:0031290-~retinal ganglion.  ;oppp\ Bp DIRECT
cell axon guidance - =
EPHA7, EFNAS 0,004 GO:004549a9c:i°£te;“°repe“em GOTERM_MF_DIRECT
EPHA7, EFNAS 0,057 0as04360:Axon guidance KEGG_PATHWAY
DOCKS, GTF2A1, PIGN,
TUT4, PHACTRI, 0,022 GO:0005829~cytosol GOTERM_CC_DIRECT
RPAP2, DCAF6
KHDRBS3, SCMHI,
PHACTRI, NRF1, 0,064 GO:0005634~nucleus GOTERM_CC_DIRECT
FOXN2, FOXP1
GO:0003700~transcription
NRF1, SF(();;% 1F OXNZ 0,003 factor activity, sequence- GOTERM_MF DIRECT
specific DNA binding
KHDRBS3, ELMOI 0,066 GO:0017 ini;ii? domain GOTERM_MF_DIRECT
GO0:0099055~integral
NRP1, GRIK4 0,020 component of postsynaptic GOTERM_CC DIRECT
membrane
SLC9A9, SLC26A4 0,026 GO:0006885~regulation of pH GOTERM_BP DIRECT
GO:0045060~negative thymic T
ATG5, LOC101112639 0,019 . GOTERM_BP DIRECT
cell selection - =
GO:0010811~positive
SMOC2, NID1 0,045 regulation of cell-substrate GOTERM_BP_DIRECT
adhesion
GRKS5, NCKAPIL, 0,063 GQ:OO43066~negatlve GOTERM BP DIRECT
ATGS regulation of apoptotic process - -
ADAMTS12, NID1 0,094 GO:0007160~cell-matrix GOTERM_BP_DIRECT
adhesion — =
LOC101108019, BEST3 0,073 GO’003470£I§L‘{§£“1€ channel 56 TERM CC DIRECT
LOC101108019, BEST3 0,064 G0:000525 :;tcilv‘ilto;‘de channel GO TERM MF DIRECT
PIGN, USP4, KCNN3, 0,079 GO:0005886~plasma membrane =~ GOTERM_CC DIRECT

BEST3




Ol Ko g dea Ul des 51 30laue /o gWIFE 3 Winly &5 Cdo b ad po (g5 (o2 Ll

References

Abdoli, R., Zamani, P., Mirhoseini, S. Z., Ghavi Hossein-Zadeh, N., & Nadri, S. (2016). A
review on prolificacy genes in sheep. Reproduction in Domestic Animals, 51(5), 631-637.

Abdoli, R., Mirhoseini, S. Z., Hossein-Zadeh, N. G., Zamani, P., Ferdosi, M. H., & Gondro, C.
(2019). Genome-wide association study of four composite reproductive traits in Iranian fat-
tailed sheep. Reproduction, Fertility and Development, 31(6), 1127-1133.

Abdoli, R., Mirhoseini, S. Z., Hossein-Zadeh, N. G., Zamani, P., Moradi, M. H., Ferdosi, M. H.,
& Gondro, C. (2019). Genome-wide association study of first lambing age and lambing
interval in sheep. Small Ruminant Research, 178, 43-45.

Bakkum-Gamez, J. N., Wentzensen, N., Maurer, M. J., Hawthorne, K. M., Voss, J. S.,
Kroneman, T. N.,& Sherman, M. E. (2015). Detection of endometrial cancer via molecular
analysis of DNA collected with vaginal tampons. Gynecologic Oncology, 137(1), 14-22.

Bonnet, A., Cabau, C., Bouchez, O., Sarry, J., Marsaud, N., Foissac, S., Woloszyn, F., Mulsant,
Ph & Mandon-Pepin, B. (2013). An overview of gene expression dynamics during early
ovarian folliculogenesis: specificity of follicular compartments and bi-directional
dialog. BMC Genomics, 14, 1-19.

Deng, T. X., Ma, X. Y., Lu, X. R., Duan, A. Q., Shokrollahi, B., & Shang, J. H. (2022).
Signatures of selection reveal candidate genes involved in production traits in Chinese
crossbred buffaloes. Journal of Dairy Science, 105(2), 1327-1337.

Dolebo, A. T., Khayatzadeh, N., Melesse, A., Wragg, D., Rekik, M., Haile, A., Rischkowsky,
B., Rothschild, M. F., & Mwacharo, J. M. (2019). Genome-wide scans identify known and
novel regions associated with prolificacy and reproduction traits in a sub-Saharan African
indigenous sheep (Ovis aries). Mammalian Genome, 30(11), 339-352.

Drouilhet, L., Lecerf, F., Bodin, L., Fabre, S., & Mulsant, P. (2009). Fine mapping of the FecL
locus influencing prolificacy in Lacaune sheep. Animal Genetics, 40(6), 804-812.

Elliott, M. R., & Ravichandran, K. S. (2010). ELMO1 signaling in apoptotic germ cell clearance
and spermatogenesis. Annals of the New York Academy of Sciences, 1209(1), 30-36.

Elliott, M. R., Zheng, S., Park, D., Woodson, R. 1., Reardon, M. A., Juncadella, I. J., Kinchen, J.
M., Zhang, J., Lysiak, J. J., & Ravichandran, K. S. (2010). Unexpected requirement for
ELMOL1 in clearance of apoptotic germ cells in vivo. Nature, 467(7313), 333-337.

Esmaeili-Fard, S. M., Gholizadeh, M., Hafezian, S. H., & Abdollahi-Arpanahi, R. (2021). Genes
and pathways affecting sheep productivity traits: genetic parameters, genome-wide
association mapping, and pathway enrichment analysis. Frontiers in Genetics, 12, 710613.

Fox, J., Bouchet-Valat, M., Andronic, L., Ash, M., Boye, T., Calza, S., Chang, A.; Grosjean, P.;
Heiberger, R.; & Pour, K. K. Package “Rcmdr”. 2020. Available online: cran. ma. imperial.
ac. uk/web/packages/Remdr/Remdr. pdf (accessed on 19 April 2020).

Roshandel Ghalezoo, M. R., Zerehdaran, S., & Javadmanesh, A. (2022). Selection signature and
gene ontology for traits related to fat deposition in Afshari and Sunite fat-tailed sheep breeds.
Journal of Ruminant Research, 10(2), 47-72.

Gholizadeh, M., & Esmacili-Fard, S. M. (2022). Meta-analysis of genome-wide association
studies for litter size in sheep. Theriogenology, 180, 103-112.

Hamadalahmad, A., Almeziad, M., & Javadmanesh, A. (2020). Genetic similarity comparison
between some Iranian and Middle Eastern sheep breeds using mitochondrial control region
sequencing. DYSONA-Life Science, 1(1), 20-24.

Han, S., Zhou, L., Upadhyaya, A., Hyun Lee, S., Parker, K. L., & DeJong, J. (2001). TFIIAa/B-
like factor is encoded by a germ cell-specific gene whose expression is up-regulated with
other general transcription factors during spermatogenesis in the mouse. Biology of
Reproduction, 64(2), 507-517.

Hanrahan, J. P., Gregan, S. M., Mulsant, P., Mullen, M., Davis, G. H., Powell, R., & Galloway,
S. M. (2004). Mutations in the genes for oocyte-derived growth factors GDF9 and BMP15
are associated with both increased ovulation rate and sterility in Cambridge and Belclare
sheep (Ovis aries). Biology of Reproduction, 70(4), 900-909.



Hernandez-Montiel, W., Martinez-Nufiez, M. A., Ramon-Ugalde, J. P., Roman-Ponce, S. 1.,
Calderon-Chagoya, R., & Zamora-Bustillos, R. (2020). Genome-wide association study
reveals candidate genes for litter size traits in pelibuey sheep. Animals, 10(3), 434.

Hirschhorn, J. N., & Daly, M. J. (2005). Genome-wide association studies for common diseases
and complex traits. Nature Reviews Genetics, 6(2), 95-108.

Huang, Y. W., Jansen, R. A., Fabbri, E., Potter, D., Liyanarachchi, S., Chan, M. W., Liu, J. C.,
Crijns, A. P. G., Brown, R., Nephew, K . P ., van der Zee, A. G.J ., Cohn,D. E ., Yan, P. S
., Huang, T. H. M ., & Lin, H. J. L. (2009). Identification of candidate epigenetic biomarkers
for ovarian cancer detection. Oncology Reports, 22(4), 853-861.

Jansson, T. (2014). Genes involved in ovulation rate and litter size in sheep. Uppsala, Sweden:
Swedish University of Agricultural Sciences.

Johnston, S. E., McEwan, J. C., Pickering, N. K., Kijas, J. W., Beraldi, D., Pilkington, J. G.,
Pemberton, J. M., & Slate, J. O. N. (2011). Genome-wide association mapping identifies the
genetic basis of discrete and quantitative variation in sexual weaponry in a wild sheep
population. Molecular Ecology, 20(12), 2555-2566.

Kijas, J. W., Lenstra, J. A., Hayes, B., Boitard, S., Porto Neto, L. R., San Cristobal, M., Servin,
B., McCulloch, R., Whan, V., Gietzen, K., Paiva, S., Barendse, W., Ciani, E., Raadsma, H.,
McEwan, J., Dalrymple, B., & International Sheep Genomics Consortium Members (2012).
Genome-wide analysis of the world's sheep breeds reveals high levels of historic mixture and
strong recent selection. PLoS biology, 10(2), e1001258.
https://doi.org/10.1371/journal.pbio.1001258

Lai, F. N, Zhai, H. L., Cheng, M., Ma, J. Y., Cheng, S. F., Ge, W., Zhang, G. L. Wang, ] .J.,
Zhang, R. Q., Wang, X., Min, L . J., Song, J] .Z & Shen, W. (2016). Whole-genome scanning
for the litter size trait associated genes and SNPs under selection in dairy goat (Capra
hircus). Scientific Reports, 6(1), 38096.

Lan, Q., Deng, Q., Qi, S., Zhang, Y., Li, Z., Yin, S., Yin, Sh., Li, Y., Tan, H., Wu, M., Yin, Y.,
He, J & Liu, M. (2023). Genome-wide association analysis identified variants associated
with body measurement and reproduction traits in shaziling pigs. Genes, 14(2), 522.

Lawal, R. A., Al-Atiyat, R. M., Aljumaah, R. S., Silva, P., Mwacharo, J. M., & Hanotte, O.
(2018). Whole-genome resequencing of red junglefowl and indigenous village chicken
reveal new insights on the genome dynamics of the species. Frontiers in Genetics, 9, 370979.

Li, H., Liu, P, Xu, S., Li, Y., Dekker, J. D., Li, B., Fan, Y., Zhang , Z., Hong , Y., Yang , G.,
Tang , T., Ren, Y., Tucker, H. O., Yao, Z & Guo, X. (2017). FOXP1 controls mesenchymal
stem cell commitment and senescence during skeletal aging. The Journal of clinical
investigation, 127(4), 1241-1253.

Liu, P., Huang, S., Ling, S., Xu, S., Wang, F., Zhang, W., Zhou,R ., He,L ., Xia, X ., Yao,
Z.,Fan,Y ., Wang , N., Hu, C., Zhao, X., Tucker, H. O., Wang,] & Guo, X. (2019). Foxp1
controls brown/beige adipocyte differentiation and thermogenesis through regulating 3-AR
desensitization. Nature Communications, 10(1), 5070.

Liu, K., Liu, Y., & Chu, M. (2024). Detection of polymorphisms in six genes and their
association analysis with litter size in sheep. Animal Biotechnology, 35(1), 2309954.

Liu, Z., Ji, Z., Wang, G., Chao, T., Hou, L., & Wang, J. (2016). Genome-wide analysis reveals
signatures of selection for important traits in domestic sheep from different ecoregions. BMC
Genomics, 17, 1-14.

Liu, R., Sun, Y., Zhao, G., Wang, H., Zheng, M., Li, P., Liu, Li.,, & Wen, J. (2015).
Identification of loci and genes for growth related traits from a genome-wide association
study in a slow-x fast-growing broiler chicken cross. Genes & Genomics, 37, 829-836.

Mohammadi, H., Shahrebabak, H. M., & Taheri-Yeganeh, A. (2022). Genome-wide association
study based on gene set enrichment method (pathway analysis) associated with litter size at
birth in Zandi sheep. Agricultural Biotechnology Journal .

Mohammadi, F., Tahmoorespur, M., & Javadmanesh, A. (2019). Study of differentially
expressed genes, related pathways and gene networks in sheep fetal muscle tissue in thin-
and fat-tailed breeds. Animal Sciences Journal, 32(123), 301-312.



Ol Ko g dea Ul des 51 30laue /o gWIFE 3 Winly &5 Cdo b ad po (g5 (o2 Ll

Onteru, S. K., Fan, B., Du, Z. Q., Garrick, D. J., Stalder, K. J., & Rothschild, M. F. (2012). A
whole-genome association study for pig reproductive traits. Animal Genetics, 43(1), 18-26.
Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A., Bender, D., Maller, J.,
Sklar, P., Bakker, P.I. W., Daly, M. J., & Sham, P. C. (2007). PLINK: a tool set for whole-
genome association and population-based linkage analyses. The American journal of human

genetics, 81(3), 559-575.

Selionova, M., Trukhachev, V., Aibazov, M., Sermyagin, A., Belous, A., Gladkikh, M., &
Zinovieva, N. (2024). Genome-Wide Association Study of Milk Composition in Karachai
Goats. Animals, 14(2), 327.

Sherman, B. T., Hao, M., Qiu, J., Jiao, X., Baseler, M. W., Lane, H. C., T. Imamichi & Chang,
W. (2022). DAVID: a web server for functional enrichment analysis and functional
annotation of gene lists (2021 update). Nucleic acids research, 50(W1), W216-W221.

Shen, W., Sun, B., Zhou, C., Ming, W., Zhang, S., & Wu, X. (2020). CircFOXP1/FOXP1
promotes osteogenic differentiation in adipose-derived mesenchymal stem cells and bone
regeneration 1in osteoporosis via miR-33a-5p. Journal of Cellular and Molecular
Medicine, 24(21), 12513-12524.

Souza, C. J. H., MacDougall, C., Campbell, B. K., McNeilly, A. S., & Baird, D. T. (2001). The
Booroola (FecB) phenotype is associated with a mutation in the bone morphogenetic
receptor type 1 B (BMPR1B) gene. Journal of Endocrinology, 169(2), R1.

Sun, X., Niu, Q., Jiang, J., Wang, G., Zhou, P., Li, J., & Ren, H. (2023). Identifying candidate
genes for litter size and three morphological traits in Youzhou dark goats based on genome-
wide Snp markers. Genes, 14(6), 1183.

Taheri, S., Zerehdaran, S., & Javadmanesh, A. (2022). Genetic diversity in some domestic and
wild sheep and goats in Iran. Small Ruminant Research, 209, 106641.

Taheri, S., Saedi, N., Zerehdaran, S., & Javadmanesh, A. (2023). Identification of selection
signatures in Capra hircus and Capra aegagrus in Iran. Animal Science Journal, 94(1),
e13864.

Tao, L., Wang, X., Zhong, Y., Liu, Q., Xia, Q., Chen, S., He, X, Di, R & Chu, M. (2021).
Combined approaches identify known and novel genes associated with sheep litter size and
non-seasonal breeding. Animal Genetics, 52(6), 857-867.

Tao, L., Wang, X., Zhong, Y., Liu, Q., Xia, Q., Chen, S., He, X., Di, R., & Chu, M. (2021).
Combined approaches identify known and novel genes associated with sheep litter size and
non-seasonal breeding. Animal Genetics, 52(6), 857-867.

Tohidi, R., Javadmanesh, A., Ebrahimi Khoramabadi, E., & Ghasemi Bezdi, K. (2024).
Investigation on single nucleotide polymorphism of BMPR1B and GDF9 genes in Mughani,
Afshari and Baluchi ewes. Journal of Ruminant Research, 12(1), 69-84.

Tsartsianidou, V., Pavlidis, A., Tosiou, E., Arsenos, G., Banos, G., & Triantafyllidis, A. (2023).
Novel genomic markers and genes related to reproduction in prolific Chios dairy sheep: a
genome-wide association study. Animal, 17(3), 100723.

Uffelmann, E., Huang, Q. Q., Munung, N. S., De Vries, J., Okada, Y., Martin, A. R., Martin, H .
C., Lappalainen, T, & Posthuma, D. (2021). Genome-wide association studies. Nature
Reviews Methods Primers, 1(1), 59.

Vahedi, S. M., Salek Ardestani, S., Karimi, K., & Banabazi, M. H. (2022). Weighted single-step
GWAS for body mass index and scans for recent signatures of selection in Yorkshire
pigs. Journal of Heredity, 113(3), 325-335.

Worku, T., Wang, K., Ayers, D., Wu, D., Ur Rehman, Z., Zhou, H., & Yang, L. (2018).
Regulatory roles of ephrinA5 and its novel signaling pathway in mouse primary granulosa
cell apoptosis and proliferation. Cell Cycle, 17(7), 892-902.

Xu, S. S., Gao, L., Xie, X. L., Ren, Y. L., Shen, Z. Q., Wang, F., Shen, M., Eyporsdottir, E.,
Hallsson, JH., Kiseleva, T., Kantanen, J ., & Li, M. H. (2018). Genome-wide association
analyses highlight the potential for different genetic mechanisms for litter size among sheep
breeds. Frontiers in Genetics, 9, 118.



Yang, X., Mei, C., Ma, X., Du, J., Wang, J., & Zan, L. (2022). m6A methylases regulate
myoblast proliferation, apoptosis and differentiation. Animals, 12(6), 773.

Xu, S. S., & Li, M. H. (2017). Recent advances in understanding genetic variants associated
with economically important traits in sheep (Ovis aries) revealed by high-throughput
screening technologies. Frontiers of Agricultural Science and Engineering, 4(3), 279-288.

Yuan, J., Sun, C, Dou, T., Yi, G., Qu, L., Qu, L., Wang, K., & Yang, N. (2015). Identification
of promising mutants associated with egg production traits revealed by genome-wide
association study. PLoS One, 10(10), e0140615.

Yi, W., Hu, M, Shi, L., Li, T., Bai, C., Sun, F., Ma, H., Zhao, Z ... & Yan, S. (2024). Whole
genome sequencing identified genomic diversity and candidated genes associated with
economic traits in Northeasern Merino in China. Frontiers in Genetics, 15, 1302222.

Zeng, P., Zhao, Y., Qian, C., Zhang, L., Zhang, R., Gou, J., Liu, J., Liu, L & Chen, F. (2014).
Statistical analysis for genome-wide association study. Journal of biomedical research, 29(4),
285.

Zhao, F., Deng, T., Shi, L., Wang, W., Zhang, Q., Du, L., & Wang, L. (2020). Genomic scan for
selection signature reveals fat deposition in Chinese indigenous sheep with extreme tail
types. Animals, 10(5), 773.



