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Abstract

The present study aimed to investigate the presence of polymorphisms at four known genes con-
trolling ovine prolificacy i.e. BMP15, GDF9, BMPRIB and B4GALNT2 in a sample of 115 Iranian
Mehraban ewes and their association with litter size (LS) and lambs’ birth weight (BW) traits.
Using Sanger sequencing of exons and polymorphism specific genotyping, ten SNPs (Single Nu-
cleotide Polymorphisms) were observed in only two genes, GDF9 and BMPRIB. Seven SNPs were
found in the GDFY gene on the chromosome 5. Among them, six were already described in the cod-
ing sequence, and a new one (g.41840985C>T) was found in the 3’°UTR. In the BMPRIB gene on
the chromosome 6, three novel SNPs were detected in the exon 7 (g.29382184G>A; 2.29382337G>A
and g.29382340G>A). Allelic frequencies were established for six SNPs among the ten identified
and they were in Hardy-Weinberg equilibrium. A significant association was found between the
novel SNPs found in the exon 7 of BMPRIB and LS. Present results indicate the potential role of
the BMPRIB locus in controlling prolificacy of Mehraban sheep and provide genetic markers for
further exploitation in selection to improve reproductive efficiency.
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There are more than 50 million heads of sheep in Iran, including 27 breeds and
ecotypes (retrieved from Zamani and Mohammadi, 2008). Among them, the Mehra-
ban sheep originates from the Hamadan western province of Iran and is a dual-pur-
pose breed used for both wool and meat production. The breed counts approximately
2.2 million heads (Atashi et al., 2013). The Mehraban sheep exhibits a high genetic
variability, opening interesting prospects for future selection programs and preserva-
tion strategies (Bahrami et al., 2013). The breed has a higher litter size (LS), fertility
and survival rate from birth to weaning when compared to other Iranian native sheep
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of French National Institute for Agricultural Research (INRA), Costanet Tolosan, France.
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(Zamani and Mohammadi, 2008). An interesting lever to improve sheep productivity
is the increased number of lambs produced per ewe. Indeed, LS is economically the
most important trait in lamb meat production and higher LS also allows more selec-
tion pressure on the other economically important traits. Because the heritability of
LS is usually low, selection on phenotype is expected less effective in improving LS
(reviewed in Janssens et al., 2004). Therefore, inclusion of genetic information of
the genes associated with reproductive ability could efficiently enhance the response
(retrieved from Abdoli et al., 2016).

Since the 1980s, extensive research has been conducted to decipher the inheri-
tance patterns of sheep prolificacy. This research has demonstrated that LS and the
associated ovulation rate (OR) can be genetically regulated either by a set of differ-
ent genes, each having a small effect (Ricordeau et al., 1990) and/or by major genes
having large effect and the potential to significantly increase the sheep reproductive
efficiency (reviewed in Davis, 2005; Drouilhet et al., 2009). Up to now, four major
genes affecting prolificacy (Fec genes) namely BMPR1B/FecB (bone morphogenetic
protein receptor type 1B), BMP15/FecX (bone morphogenetic protein 15), GDF9/
FecG (growth and differentiation factor 9) and B4GALNT2/FecL (beta-1,4-N-acetyl-
galactosaminyl transferase 2), have been evidenced and genetically described in dif-
ferent sheep breeds (Galloway et al., 2000; Mulsant et al., 2001; Wilson et al., 2001;
Hanrahan et al., 2004; Nicol et al., 2009; Drouilhet et al., 2013). Other Fec genes are
also known to exist from the expressed inheritance patterns, although the mutations
have not yet been identified (Davis, 2005). Among the identified Fec genes, numer-
ous causative mutations have been discovered in various sheep populations world-
wide. BMPRIB and B4GALNT? carry only one prolific allele, FecB? and FecL’,
respectively (Mulsant et al., 2001; Drouilhet et al., 2013). In contrast, BMP15 and
GDF9 accumulate numerous prolific alleles such as FecX!, FecX", FecX?, FecX°,
FecLt, FecX®?, FecX?, FecX? for BMP15 and FecG", FecGT, FecG*, FecGM"S, FecG”
for GDF9 (for an overall report of prolific alleles in ovine BMP15 and GDF9 genes,
see Persani et al., 2014). The additive effect of a single copy of the prolific alleles
ranges from 0.4 to 1.5 extra ovulations per oestrus cycle and 0.25 to 1.0 more lamb
per lambing and ewe (Davis, 2005).

With the discovery of these numerous prolific alleles, the study of fecundity genes
has become of great importance in sheep production, because it provides important
genetic tools for improving reproductive efficiency (Notter, 2008; Nicol et al., 2009).
Given the potential economic impact of lambing rate, the objective of this study was
to investigate in Mehraban sheep the existence of polymorphisms in four fecundity
genes i.e. BMP15, GDF9, BMPRIB and B4GALNT?. Current results are expected to
provide genetic markers potentially associated with prolificacy in Mehraban sheep
and assist in designing a breeding program of this trait in the future.

Material and methods

Animals and blood sampling
One hundred and fifteen Mehraban ewes (115) were randomly chosen for the
current analysis from the research farm of Bu-Ali Sina University in Dastjerd region,
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located in Hamedan province in western Iran. Records on litter size (from 1 to 5 LS
record/ewe) and lambs’ birth weight (BW) were collected between years 2008 and
2016 accompanied with information of lambing season (February-March). For some
analyses, among the 115 ewes we have formed two groups of extreme prolificacy,
the highly prolific group (n=8; LS > 2; 2 SD away from the mean LS) and the lowly
prolific group (n=8; LS=1). Blood samples (5 ml per animal) were taken from the
jugular vein by Venoject tubes containing EDTA. Genomic DNA (gDNA) was ex-
tracted from whole blood using a salting out DNA extraction method (Montgomery
and Sise, 1990) and kept at —20°C. Quantity and purity assessment of gDNA were
determined using NanoDrop® ND-8000 based on absorbance at 260 and 280 nm
(A260/A280).

PCR amplification

Primers used for the PCR amplification are indicated in Table 1. The PCR reac-
tion was carried out in 20pl final volume consisting of 1X PCR buffer (50 mMKCI,
10 mMTris-HCI, pH 8.0), primers (0.25 uM each), dNTPs (200uM), 0.5 units of
GoTaq polymerase (Promega, Charbonniéres-les-Bains, France) and gDNA (50 ng).
The PCR running condition was as follows: initial denaturation at 94°C for 5 minutes
followed by 35 cycles of amplification (94°C/30sec, 55-58°C/30sec, 72°C/30sec)
and final extension at 72°C for 7 minutes.

Table 1. PCR primer sequences

Gene Amplified
(Chr. NCBI . "Primer sequence (5°—3”) Application
region
RefSeq)
GDF9 exon 1 Fwd: GAAGACTGGTATGGGGAAATG Sanger
(NC_019462.1) Rev: CCAATCTGCTCCTACACACCT sequencing
exon 2 Fwd: TGGCATTACTGTTGGATTGTTTT Sanger
Rev: GCTCCTCCTTACACAACACACAG sequencing
G1 SNP Fwd: GAAGACTGGTATGGGGAAATG RFLP
Rev: CCAATCTGCTCCTACACACCT genotyping
G4 SNP Fwd: GGAATATTCATGTCTGTAAATTTTACATGTTCG RFLP
Rev: GAGGGAATGCCACCTGTCAAAAGCC genotyping
GU SNP Fwd: CTCAGTGCCAAGACCATCC RFLP
Rev: GCTCCTCCTTACACAACACACAG genotyping
BMPI15 exon 1 Fwd: CACAAAGGATAGGGCAAGGA Sanger
(NC_019484.1) Rev: ACTTTTCTTCCCCATTTTCTCCC sequencing
exon 2 Fwd: CGCTTTGCTCTTGTTCCCTC Sanger
Rev: GGCAATCATACCCTCATACTCC sequencing
BMPRIB exon 7 Fwd: AGTGTGTTGGGGGATTTA Sanger
(NC_019463.1) Rev: AAAGAGAGGAAAGCTAGGAA sequencing
B4GALNT2 SNP intron 7 Fwd allele 1: GCAAGAAGCTGCGTGTGT KASP
(NC_019468.1) Fwd allele 2: GCAAGAAGCTGCGTGTGA genotyping

Rev: CCTATCACATGCCATGCATA

'Fwd and Rev : Forward and Reverse primers.
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DNA sequencing

Before sequencing, PCR products were purified from amplification primers
by Alkaline Phosphatase (TSAP 1U/ul, Promega) and Exonuclease I (Exol 20U/
ul, Ozyme, Montigny-le-Bretonneux, France) digestion at 37°C for 45 minutes in
a 15pl final volume. The reaction was stopped at 80°C for 30 minutes. The Sanger
sequencing reaction was carried out in a 20ul final volume via the BigDye Ter-
minator v3.1 Cycle Sequencing Kit and analyzed on an ABI3730 sequencing ma-
chine (Applied Biosystems) using 1ul of a 10uM specific sequencing primer (see
Table 1). Once sequenced reads were obtained, they were aligned against the ovine
reference sequence for each gene of interest (ovine reference genome v3.1;
BMP15:NC 019484.1; GDF9: NC 019462.1 and BMPRIB: NC 019463.1) using CLC
Main Workbench Version 7.6.4 (www.clcbio.com) in order to assess for polymorphisms.

Polymorphism genotyping assays

The genotyping assays of SNP G1 and G4 were already established (Hanrahan
et al., 2004). G1 (OAR5:41843258G>A, NC_019462.1) was tested by restriction
fragment length polymorphism (RFLP) by its ability to disrupt a Hha I (5’-GCG/C)
site, and G4 (OARS5:41841675A>G) was assessed by forced-RFLP with mutated
strand cleaved by BstB 1 (5’-TT/CGAA). A RFLP assay was designed for the GU
SNP (OARS5:41840985C>T) with a ApeK 1 (5’-G/CwGC) digestion (Webcutter 2.0;
http://rna.lundberg.gu.se/cutter2/). Primers used for the PCR amplification before
the restriction assays are presented in Table 1. RFLP assays were resolved by a 2%
agarose gel electrophoresis.

DNA sequencing of the entire BMPR B exon 7 was used to genotype the Booroola
FecB? (OAR6:29382188A>G, NC_019463.1) polymorphism (Mulsant et al., 2001).
For B4GALNT? (Drouilhet et al., 2013), the genotyping of FecL* (B4GALNT?2 intron
7, OAR11:36938224T>A, NC 019468.1) was done by fluorescent competitive al-
lele specific PCR (KASP primers are shown in Table 1) via the KASP V4.0 2x Mas-
ter mix (LGC, Molsheim, France). The KASP genotyping was analyzed by a final
point read of the fluorescence on an ABI 7900HT Real-Time PCR System and using
the SDS Software 2.4 (Applied Biosystems).

Statistical analysis

SNP allele proportions were tested for Hardy-Weinberg equilibrium (HWE) using
the POPGENE software (Version 1.32; Yeh et al., 1999). This program was also used
to estimate the pairwise linkage disequilibrium (LD) levels between SNPs based on
the multi-allelic 7 (correlation coefficient) measure, as well as to estimate dominant
haplotypes for all SNPs identified in different gene loci. The following models were
used to detect possible associations between the two traits and genotypes: LS: ¥,

u + year,+ NL+ G+ € and BW: Y= Mt yeart L+ Sex, + LS+ G, + enklmn
In these models Y ,orY, are the phenotyplc values of the studled tralts w is the
overall mean; year 1s the effect of ith year of ewe lambing; L is the fixed effect of
lambing number (j =1, 2, 3 and 4); NL, is number of lambing; G is the effect of gth
genotype; Sex, is the effect of kth sex of lamb; LS, is the effect of Ith litter size; e,
ore,,  are the residual effects. Association analys1s was carried out using the GLM

procedure of SAS software (SAS Institute, 2004).
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Results

Sequencing of GDF9, BMP15 in highly and lowly prolific animals

Of the 115 ewes, 42 ewes had only one LS record, 45 had 2 LS records and 28
had more than 3 (up to 5) LS records. The mean + SD of LS of this population was
1.19 £ 0.42, respectively. We first selected sixteen extreme prolific ewes with LS >
2 (n=8) or LS=1 (n=8) for the complete sequencing of the BMP15 and GDF9 genes.

Among the eight highly prolific ewes, five exhibited repeated lambing of twins,
and three had only one lambing record with triplets. No polymorphism was ob-
served by DNA sequencing of the exon 1 and exon 2 of BMP15 in both highly and
lowly prolific Mehraban ewes. In contrast, as shown in Figure 1 and Table 2, we
observed the presence of already known SNPs in the GDF9 gene named G1 (G>A)
in exon 1, and G2 (T>C), G3 (A>G), G4 (A>G), G5 (A>G) and G6 (G>A) in exon
2, previously reported by Hanrahan et al. (2004). Additionally, as illustrated in Fig-
ure 3, we identified a novel polymorphism in the 3’UTR of GDF9 we named GU
(OAR5:41840985C>T, NC 019462.1).

K’T G CGI((}G/%) T A c‘
A

G2 (T/C) G3(A/A)
G TN T T TGCTAT AT AC

G1(G/A) G2(C/C) G3(A/G)
TTTGeCcHNCTAC|[CSAGSGTC TTITGCTHNTATAC
/\ ‘ \r \ { \ \

G1(G/A) G2(C/C) G3(G/G)

TTTGCHNcTACJCAGTCTTGC TG T ATAC
N ) ‘,f \ M N
vr‘ \“

[\ v o\
|\ \ J

\ Vs

G4(A/G)
C T T ACAT GG T GGG A AGACCAGCTGC

G4(G/G)
T T T T ACAT G T GCGOCGCGGAAGCGACCAGC T GC

D G5(A/G) G6(G/4)
TCTGGABT TGAAGAAGCCTCTGE t TCCAGCTT

G5(A/A) G6(G/G)
GCTCTGCGAAT TGCAAGAAGCCCTCTGCGT TCCAGCTT

CLC Main Workbench image capture of Sanger sequencing histograms from A) FecG/GDF9 exon 1,
OARS5 g.41843258G>A (G1), NC_019462.1. B) FecG/GDF9 exon 2, OARS g.41841925 T>C (G2),
and FecG/GDF9 exon 2, OARS g. 41841919 A>G (G3), NC _019462.1. C) FecG/GDF9 exon 2, OARS
241841675 A>G (G4), NC_019462.1. D) FecG/GDF9 exon 2, OARS g. 41841418 A>G (G5), and
FecG/GDF9 exon 2, OARS g. 41841402 G>A (G6), NC_019462.1. Coordinates based on Ovis aries
chromosomes (OAR) reference genome v3.1.

Figure 1. Known single nucleotide polymorphisms detected in exons 1 and 2 of the GDF9 gene in
Mehraban ewes
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Table 2. Identified SNPs in Mehraban sheep

Gene SNP genomic SNP alleles Protein
(Chr. NCBI RefSeq) location (Chr.") position/substitution

GDF9 (NC_019462.1) 5:41843258 G>A (G1) p.87R>H
5: 41841925 T>C (G2) p-157V (unchanged)
5:41841919 A>G (G3) p.159L (unchanged)
5:41841675 A>G (G4) p.241E>K
5:41841418 A>G (G5) p.326E (unchanged)
5:41841402 G>A (G6) p-332V>1
5: 41840985 C>T (GU) 3’UTR

BMPRIB (NC_019463.1) 6:29382340 G>A p-198R (unchanged)
6: 29382337 G>A p-199T (unchanged)
6:29382184 G>A p-250T (unchanged)

! Chromosome position according to ovine reference genome v3.1.

@AAATGC'GCGCCCCTGTAGG?GACNATAGCAN

(1 £\ A\

7’\ CAGAGAACGATAGCAA
A/A

\ , N
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CAGAGNACG(.;:GATAGCAA
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CLC Main Workbench image capture of Sanger sequencing histograms from A) FecG/GDF9
3’UTR, OARS5 g.41840985C>T, NC_019462.1. B) FecB/BMPRIB exon 7, OAR6 g.29382340G>A,
NC_019463.1. C) FecB/BMPRIB exon 7, OAR6 g.29382337G>A, NC_019463.1. D) FecB/BMPRIB
exon 7, OAR6 g.29382184G>A, NC 019463.1. The black arrows indicate the position of the FecB
Booroola SNP in BMPRIB exon 7. Coordinates based on Ovis aries chromosomes (OAR) reference
genome v3.1

Figure 2. Novel single nucleotide polymorphisms detected at major prolificacy genes loci in Mehraban
ewes
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Genotyping of GDF9 polymorphisms and association with litter traits

Based on the GDF9 sequence data (Figure 1 and Figure 2), we focused on the
new GU SNP, and on the G1 and G4 SNPs because they both alter the GDF9 protein
sequence by non-conservative substitutions, p.Arg87His and p.Glu241Lys, respec-
tively (Table 2). The RFLP genotyping of these three SNP was perfectly coherent
with the sequencing results for the eight selected prolific ewes, indicating the good
accuracy of the RFLP genotyping (Figure 3). These polymorphisms were observed
in some but not all of our eight selected Mehraban prolific ewes (Figure 3). Thereaf-
ter, the entire set of the 115 Mehraban ewes with litter size records was genotyped for
these three SNPs by RFLP. As illustrated in Table 3, Mehraban ewes exhibited a low
frequency of the GU SNP variant allele T (0.02) with only 4% of heterozygous C/T
animals. In contrast at the G1 position, the variant allele A had a frequency of 0.15
with the presence of heterozygous G/A (27%) and homozygous carrier animals A/A
(2%). At G4, the variant allele G was the most frequent (0.82) with 68% of homo-
zygous G/G carriers, 29% of heterozygous A/G and 3% of homozygous non-carrier
animals A/A (Table 3). Moreover, a high degree of linkage disequilibrium (LD) was
estimated between G1 and G4 SNP as attested by the high correlation coefficient
values (77 = 0.91). All SNPs were in HWE. Furthermore, the three SNPs genotyped
in GDF9i.e. G1, G4 and the novel GU SNP were not found to be associated with the
two traits, LS and BW (Table 4)

/MW GG GG AG GG AG GG AA AG

Figure 3. Agarose gel electrophoresis (2%) of digested product of GDF9 gene through Restriction Frag-
ment Length PolymorphismA) G1 (OARS5:41843258G>A,NC_019462.1). B) G4 (OAR5:41841675A>G,
NC 019462.1). C) GU (OAR5:41840985C>T, NC_019462.1). DNA samples came from the eight most
prolific Mehraban ewes. The 3 possible genotypes for G1 (homozygous non-carriers: GG, heterozygous:
AG and homozygous carriers: AA), G4 (homozygous non-carriers: AA, heterozygous: AG and homozy-
gous carriers: GG), and the two possible genotypes for the SNP in the 3° UTR of GDF9 (homozy-
gous non-carriers: CC and heterozygous: CT), were evidenced in accordance with sequencing results.
MW: DNA molecular weight marker, informative size (bp) colored in red. The size (bp) of the digested
fragments is indicated in black
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Genotyping of B4GALNT2 and BMPRIB polymorphisms and association
with litter traits
No polymorphism in BMP15 and GDF9 was found to be associated with prolifi-
cacy in the Mehraban sheep. Furthermore, the 115 Mehraban ewes were carriers of
neither the Lacaune FecL” prolific allele in the B4GALNT2 gene nor the Booroola
FecB? prolific allele in the BMPRIB gene. In contrast, as illustrated in Figure 2 and
Table 2, three other SNPs were detected by sequencing of the exon 7 of the BMPRIB
gene, 2.29382184 G>A, g.29382337 G>A and g.29382340 G>A. The allele frequen-
cies of the three SNPs were in HWE. The polymorphism g.29382184 G>A was pres-
ent in 19% of our animals only at the G/A heterozygous state (Table 3). Interestingly,
the presence of the minor allele A was associated with a significant lower LS (1.20
vs. 1.02, G/G vs. G/A, P=0.02) (Table 4). The two other SNPs lying in the BMPRIB
exon 7, £.29382337 G>A and g.29382340 G>A, exhibited a higher frequency at
the heterozygous state G/A (43 and 26%, respectively) along with the presence of
homozygous animals A/A (11 and 1%, respectively) (Table 3). In contrast with the
previous polymorphism the minor allele A of the SNP g.29382337 G>A was found to
be associated with higher LS at the homozygous state (LS: 1.41 vs. 1.12 or 1.14; A/A
vs. G/A or G/G, P<0.05, Table 4). The SNP g.29382340 G>A was not significantly
associated with any trait (Table 4).

Table 3. Genotypic and allelic frequencies in Mehraban ewe

Gen(;(ecfshre.qI;ICBI SNP Genotype frequency Allele frequency

GDF9 (NC_019462.1)  5:41843258G>A (G1) G/G 0.71 G 0.85
G/A 0.27

A/A 0.02 A 0.15

5:41841675A>G (G4) A/A 0.03 A 0.18
A/IG 0.29

G/G 0.68 G 0.82

5:41840985C>T (GU) c/C 0.96 C 0.98

C/T 0.04 T 0.02

BMPRIB (NC_019463.1) 6: 29382340G>A G/G 0.73 G 0.86
G/A 0.26

A/A 0.01 A 0.14

6:29382337G>A G/G 0.46 G 0.67
G/A 0.43

A/A 0.11 A 0.33

6:29382184G>A G/G 0.81 G 0.90

G/A 0.19 A 0.10
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Table 4. Least square means of litter traits in association with the observed genotypes

Gene SNP/Genotype || s BW (Kg)

GDF9 (NC_019462.1) 5: 41843258G>A (G1)
A/A 2 1.00 3.56
A/G 31 1.17 3.62
G/G 82 1.16 3.88
SEM 0.18 0.33
P value 0.71 0.38
5:41841675A>G (G4)
A/A 4 1.00 3.62
A/G 33 1.16 3.67
G/G 78 1.18 3.87
SEM 0.12 0.22
P value 0.42 0.65
5: 41840985C>T (GU)
C/C 110 1.16 3.79
C/T 5 1.17 4.04
SEM 0.13 0.23
P value 0.78 0.37

BMPRIB (NC 019463.1) 6: 29382340G>A
G/G 84 1.17 3.74
G/A 30 1.14 3.95
A/A 1 1.00 436
SEM 0.16 0.30
P value 0.81 0.23
6: 29382337G>A
G/G 53 1.14b 3.82
G/A 49 1.12b 3.80
A/A 13 1.41a 3.76
SEM 0.09 0.18
P value 0.04 0.57
6: 29382184G>A
G/G 93 1.20a 3.82
G/A 22 1.02b 3.74
SEM 0.05 0.13
P value 0.02 0.72

n=number of ewes at each genotype; LS: litter size; BW: lambs’ birth weight; SEM: standard error of the
mean; a, b: the means with the same letter in each part of each column were not significantly different in Dun-

can’s test at error level of 0.05.

Discussion

The search for polymorphisms in four known major genes affecting prolificacy in
the 115 Iranian Mehraban ewes resulted in detection of a total number of 10 SNP in
only two genes namely GDF9 and BMPRIB. In GDF9, we detected six already de-
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scribed SNPs, firstly identified by Hanrahan et al. (2004) and a new one in the 3’'UTR
of the gene. In this specific gene, we focused particularly on G1 and G4 inducing
non-conservative amino-acid substitutions (R87H and E241K) that could possibly
affect the GDF9 biological activity. Notably, most of the heterozygous animals at
G1 were also heterozygous at the G4 position indicating a probable local haplotype
G1-G4 as attested by the high LD levels between the two SNPs. The existence of
such simultaneous/dual mutation (G1 and G4) has also been reported in Afshari and
Shal sheep (Eghbalsaied et al., 2014). Notably, the five animals carrying the spe-
cific haplotype were also the only carriers of the new GU SNP in the 3°’UTR part of
the GDF9 gene at position g.41840985C>T (NC 019462.1). The G1 polymorphism
has been widely reported in all Iranian native breeds such as Mehraban (Abdoli et
al., 2013), Baluchi (Moradband et al., 2011), Lori (Zamani et al., 2015 a), Afshari
and Shal (Eghbalsaied et al., 2014), and Moghani and Ghezel sheep (Barzegari et
al., 2010). According to Hanrahan et al. (2004), G1 has never been associated with
prolificacy in the Cambridge and Belclare breeds. Nevertheless, some studies have
reported the significant association of G1 with prolificacy in other sheep breeds (Bar-
zegari et al., 2010; Javanmard et al., 2011; Moradband et al., 2011; Eghbalsaied et
al., 2014; Zamani et al., 2015 a). Particularly, Paz et al. (2015), described G1 as the
FecG' mutation leading to increased LS in heterozygous animals (1.56) compared to
the wild type genotype (1.25) in Chilean local sheep breeds. In contrast to the Paz et
al. (2015) study, no significant association was detected between the G1 alleles and
LS records in the Mehraban sheep. With regard to the G4 mutation, no significant
association was evidenced with twin births in Greek sheep (Liandris et al., 2012)
or Iranian native sheep breeds including Afshari, Ghezel, Lori-Bakhtyari, and Shal
prolific sheep (Eghbalsaied et al., 2017). Accordingly, no significant effect of G4 on
the LS and BW could be detected in Mehraban sheep.

Finally, the GDF9 sequencing of 16 ewes with extreme phenotypes did not high-
light the already known prolific alleles at the FecG locus, G7/FecG"™S, G8/FecG*,
FecGE, FecGT or FecG” (Hanrahan et al., 2004; Nicol et al., 2009; Silva et al., 2011;
Vage et al., 2013; Souza et al., 2014).

At the FecX locus, we showed that the BMP15 gene was not polymorphic in the
studied prolific and non-prolific Mehraban ewes. However, Zamani et al. (2015 b)
identified one silent polymorphism in the exon 2 of the BMPI5 gene associated
with an increase in the prolificacy of Mehraban and Lori sheep. Additionally, in the
same two Iranian breeds, a new polymorphism in exon 1 of the BMPI5 gene was
identified inducing amino acid change (E41K) but without any association with the
reproductive traits (Nadri et al., 2016). In the present study, we did not sequence
the entire BMPI15 gene for all animals. Maybe these two polymorphisms are also
segregating in the Mehraban population we have studied, but without any effect on
prolificacy since they were absent from our highest prolific ewes sequenced for
BMPI5.

In a second step, we searched for the presence of the FecL” prolific mutation on
the chromosome 11 in the fourth known major locus controlling prolificacy in sheep
(Drouilhet et al., 2013). The FecL' mutation is not a loss-of-function mutation alter-
ing the protein sequence and is a regulatory mutation affecting the ovarian expres-
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sion of the B4GALNT?2 gene (Drouilhet et al., 2013). Also here, the use of the KASP
approach of the SNP OAR11:36938224T>A (NC_019468.1) resulted in no detection
of any carriers of the FecL* mutation in Mehraban sheep.

Finally, we searched for polymorphisms lying in the same exon as the prolific
FecB? mutation in the BMPRIB gene. The FecB mutation was initially discovered
in the prolific Booroola strain of Merino sheep. It was identified as a SNP A>G in
the BMPRIB exon 7 at position g.29382188 (NC _019463.1) on the chromosome 6
(Mulsant et al., 2001; Wilson et al., 2001). Apart from Merino sheep, FecB? segre-
gated in numerous breeds such as Garole (Davis et al., 2002; Polley et al., 2009),
Javanese (Bradford et al., 1986), Small Tailed Han (Liu et al., 2003; Wang et al.,
2003; Yan et al., 2005), Hu (Wang et al., 2003), Duo Lang (Zhong et al., 2005), Ken-
drapada (Kumar et al., 2008), and Cele black (Shi et al., 2010) sheep. Interestingly,
the FecB? mutation is also present in the Kalehkoohi Iranian local breed with a sig-
nificant positive effect on the LS (Mahdavi et al., 2014). Moreover, Abdoli et al. (2013)
have discovered in the vicinity of FecB? a new polymorphism g.29382185 C>A altering
the protein sequence (p.T250K). This SNP has also been shown to be associated with
prolificacy of Mehraban sheep (Abdoli et al., 2013). In our study, these two known vari-
ants (g.29382188 A>G and g.29382185 C>A) were not evidenced. However, we have
found three novel SNPs in the exon 7 of BMPR1B. One of them (g.29382340 G>A) was
not associated with litter traits, but the other two were significantly associated with the
variation of LS. Interestingly, the minor alleles of these two SNP have opposite effects on
LS, 2.29382337A increased LS by +0.3 at the homozygous state while g.29382184A de-
creased LS by —0.2 lambs at the heterozygous state. These SNPs are silent at the level of
the BMPR 1B protein sequence (Table 2) and they are not considered as potential causal
mutation controlling sheep prolificacy. However, they could be in strong LD with a new
causal mutation in the BMPR 1B locus which remains to be discovered.

In conclusion, based on LS records and selection of high prolific Mehraban ewes
with repeated lambing of twins, we evidenced genetic polymorphisms at two major
loci already known to control ovulation rate and prolificacy in sheep GDF9 and
BMPRIB. At the GDF9 locus, none of the detected polymorphisms was associated
with the LS variation in Mehraban ewes. At the BMPR 1B locus, we have evidenced
two novel SNPs in exon 7 with possible effect on LS. These two SNPs may provide
valuable genetic markers for increasing LS in the Mehraban sheep while confirming
the role of the BMPRIB locus in controlling sheep prolificacy. Nevertheless, further
studies using a greater number of individuals are warranted. Among them a GWAS
(genome-wide association study) approach is expected to be a valuable method for
detecting genetic markers of prolificacy in the Mehraban sheep.
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