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Introduction: The number of lambs per lambing is one of the most important reproductive traits in sheep. Many
studies have reported that genetic mechanisms play an important role in the variation of litter size in sheep.
Selection for higher litter size in sheep has led to a variation of this trait within and across different breeds. Natural
and artificial selection related to adaptation and economic traits, such as litter size, results in changes at the
genomic level which leads to the appearance of selection signatures. Detection of these regions provides an
opportunity for a better understanding of genetic mechanisms underlying the phenotypic variation of litter size in
sheep. Several tests including the linkage disequilibrium-based approach, site frequency spectrum, and population
differentiation-based approach have been developed to explore the footprints of selection in the genome. This
study aimed to identify selection signatures in Baluchi sheep to investigate the genes annotated in these regions
as well as the biological pathways involved. For this purpose, XP-EHH and Fsr analyses were conducted using
the genome-wide single nucleotide polymorphisms (SNPs).

Materials and methods: In this study, data from 96 Baluchi ewes genotyped using [llumina Ovine SNP50K
BeadChip were used to identify genomic regions under selection associated with litter size in sheep. Phenotypic
and pedigree data were collected at the Abbasabad Sheep Breeding Station. Based on records on different litters,
ewes were divided into two groups: the case (two lambs per litter) and control (one lamb per litter).

Quality control was conducted using the Plink software. The markers or individuals were excluded from the
further study based on the following criteria: unknown chromosomal or physical location, call rate <0.95, missing
genotype frequency >0.05, minor allele frequency (MAF) < 0.05, and a P-value for Hardy—Weinberg equilibrium
test less than 10, To identify the signatures of selection, two statistical methods of Fsr and XP-EHH were used
under Fsr and EHH software packages, respectively. We also calculated unbiased estimates of Fst. Because the
results were strongly correlated with the Fsr results, unbiased estimates have not been reported. In our study, all
the SNPs ranking above 0.1 percentile of the distribution of test statistics were selected as candidates for the
signature of selection. Gene ontology analysis for identified genes was performed using DAVID online database.
Results and discussion: We used the Fst and XP-EHH statistics to identify genomic regions that have been under
positive selection associated with litter size in Baluchi sheep. Using Fsr approach, we identified 14 genomic
regions on chromosomes 1 and 2 (two regions per chromosome), 3, 7, 9, 14, 18, 22, 23 (one region per
chromosome), and X chromosome (three regions). Also, XP-EHH analysis identified nine genomic regions on
chromosomes 2, 12, 13, and 22 (one region per chromosome), 7 (three regions), and X (two regions). Some of the
genes located in identified regions under selection were associated with the number of lambs per lambing (ACVR1
and TGIF1), ovarian and follicle growth (DDX24), and fertility (FOXH1). Bone morphogenetic proteins are
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critical regulators of chondrogenesis during development which transduce their signals through three type I
receptors namely BMPR1A, BMPRIB, and ACVRI/ALK2. TGIF1 is highly expressed in sheep ovaries
suggesting that TGIF1 plays an important role in ewe reproduction. Also, TGF-/SMAD signaling is critical in
reproductive processes such as follicular activation, ovarian follicle development, and oocyte maturation. It has
been evidenced that Ddx24 is highly expressed in sheep uterus affecting the development of ovaries and follicles.
Foxh1 was first introduced as a transcriptional partner for Smad proteins and has been reported to play an
important role in embryonic development. Results of gene ontology analysis identified two biological pathways
namely defense response and cell motility which play an important role in the ovulation rate and the number of
lambs per lambing. Reproductive activity and immune defenses can be mutually constraining, with increased
reproductive activity limiting immune function and immune system activation leading to decreased reproductive
function.

Conclusions: The results of this study identified candidate genes involved in the regulation of litter size in sheep
suggesting that ACVR1 and TGIF1 genes can be considered as candidate genes related to the number of lambs
per litter in sheep breeding programs to improve reproductive performance.
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Table 1. Description of quality control steps in case (one lamb per litter) and control (two lambs per litter)
groups of Baluchi sheep

Item Control Case
Number of animals 56 40
Sample call rate <95% 7 3
Raw number of SNPs 50750 50750
MAF < 0.05 6815 6709
Marker call rate < 0.95 2535 675
Qualified SNPs 41400 43366

WinSFst

- T 5 g
T L r !
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-
e -
i 1 |
8 16 19 23 27

Fig. 1. Distribution of win5 Fsr values in Baluchi sheep genome. The genomic position of the SNPs is on the
horizontal axis and the numeric values of winS FST are on the vertical axis. The red line shows the threshold
(99.99 percentile).
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Table 2. The candidate genes in genomic regions under selection in Baluchi breed estimated from Fsr statistic

Chromosome Physical map Marker distance Gene
(bp) from gene
1 59254771-60501827 Within TTLL7
1 102112281- Within SNAPIN, NPR1, INTS3, GATAD2B, CRTC2,
103606224 SHE, PMVK, SLC39A1, JTB,RPS27, TPM3,
MIR190B, HAX1, ATP8B2, CHRNB2, PMVK,
S100A7, CHTOP, RAB13, C3H1orf43
2 20898912-22405837 Within GRIN3A, PPP3R2, MIR2284Z-5, PGAP4,
ALDOB, PLPPR1, MRPL50, RNF20, ZNF189
2 45043978-46405335 Within SLC18A1, LZTS1, ATP6V1B2, LPL
3 49899934-51116201 Within RNFTI
7 85018812-86241267 Within TMEMG63C, POMT2, NGB, AHSA1, ADCKI,
CIPC, ZDHHC22, TMEDS, VIPAS39, AHSAI,
SPTLC2, SNW1, GSTZ1, ALKBH1, SLIRP
9 11919854-13713975 Within SLC39A4, RECQLA4, VPS28, OPLAH, EXOSC4,
SHARPIN, DGATI1, SLC52A2, ADCKS, CPSF1,
TONSL, CYHRI, LRRC24, MFSD3,
C14H8orf82, RPL8, ZNF34, C14H8orf33,
PTP4A1, PHF3, EXOSC4, COMMDS5,HSF1,
SCRT1, MROH1, FOXH1, KIFC2, RECQLA4,
MAFI, GRINA, GPAA1, ARHGAP39
14 42980150-44278762 Within WTIP, KCTD15, LSM14A, COX7A2, LSM14A,
PDCD2L, UBA2, CHST8, GARRE1
18 56432894-57806940 Within UBR7, PRIMA1, ASB2, IF127, SERPINA10,
TMEM251, GON7, OTUB2, DDX24, ISG12(B),
CCtDC197
22 38366864-39753249 Within GRKS5, RGS10, TIAL1, SEC231P, MCMBP,
BAG3, PPAPDCI1A, BAG3, MCMBP, WDR1
23 37337139-38612389 Within MYOMI1, MYL12A, MYL12B, TGIF1, DLGAPI
X 115990433- Within MAF1, TRPC5, NDUFA1, SERTM2, DCX,
117314073 CAPNG6, PAK3CIPC, TMEM63C, POMT2, VIP,
TRPCS, SERTM2, CAPN6TENM1
X 35021641-36362696 Within CIPC, TMEM63C, POMT?2, VIPAS39, AHSAL,
SNWI, SLIRP, ZDHHC22, TMEDS, NGB,
SPTLC2, AHSA1, VIPAS39, ALKBH1, SNW1
X 102128756- Within SH2DI1A
103850118
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Fig. 2. Distribution of XP-EHH values in Baluchi sheep genome. The genomic position of the SNPs is on the
horizontal axis and the numerical values of XP-EHH are on the vertical axis. Horizontal lines indicate the
threshold (99.99th percentile). Negative values indicate the selection in case group (twin bearers) and positive
values indicate the selection in control group (single bearers).
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Table 3. The candidate genes in genomic regions under selection in case group (twins) of Baluchi breed estimated from
XP-EHH statistics

Chromosome Physical map  Marker distance Gene
(bp) from gene

2 150448610- Within ACVRI.ACVRIC, ERMN, CYTIP, GALNTS
151448610

7 43527589- Within C2CD4B, MIR2285Y, TPM1,MIR190A, APH1B, RABSB,
45664257 RPS27L, LACTB

7 39013097- Within RPS29, RPL36AL, POLE2, KLHDCI1, KLHDC2, VCPKMT,
40577499 L2HGDH, LRR1, NEMF, DNAAF2, MIR6517, CDKLI,

DMAC2L, MAP4K5

7 40288484- Within FRMD6, TMX1, ATL1, PYGL, TRIM9, SAV1, GNG2
41847236

12 41107017- Within UBE4B, NMNATI1, CTNNBIP1, TMEM201, PIK3CD,
42499843 SPSB1, MIR34A, SLC2A5

13 68315186- Within TOP1, PLCG1
69315186

22 43016551- Within ABRAXAS2, ZRANBI
44016551

X 103851418- Within PRR32, MIR2285X
105043760

X 103883398- Within MIR190A, RPS27L, APH1B, RABSB, LACTB, TPM1

105054446
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Table 4. The most important biochemical pathways associated with twinning in genomic regions of Baluchi
breed estimated from Fsr and XP-EHH statistics

Category Go term Term P- Number Reported Gene Statistics
value of genes
GOTERM_BP ALL GO:0031062 Histone 0.01 3 RNF20, CHTOP, Fsr
methylation SNW1
GOTERM_BP ALL GO:0016236  Macroautophagy 0.01 6 MYOMI, SNAPIN, Fsr
SPTLC2, ASB2,
ZNF189, PAK3
GOTERM_BP_ALL GO:0051607 Defense response  0.02 4 TENMI, HAX1, Fst
WDRI1, TGIF1
GOTERM_BP_ALL GO:0097305 Actin 0.02 3 CHRNB2, GRIN3A, Fst
polymerization or PMVK
depolymerization
GOTERM_BP_ALL GO:0048870 Cell motility 0.02 7 ACVRI, ZRANBI, XP-EHH
TMEM?201,
ACVRIC, DNAAF?2,
PIK3CD, PLCG1
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