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Abstract Genetic variations in the bone morphogenetic
protein 15 (BMPI15) gene exert a major effect on the
ovulation rate in sheep. This study was conducted to
investigate the polymorphisms of the BMP15 gene and its
association with twining performance in two breeds of
Awassi: purebreds and crossbreds. Two loci were geno-
typed within the exon 2 of the BMPI5 gene, B2 and B4
amplicons. PCR-single-strand conformation polymor-
phism (SSCP) method indicated the presence of two
genotypes in B2 amplicons, TT in purebreds and TA in
crossbreds. Two novel SNPs were identified in the B2
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amplicons, Asp238Glu, which was detected in both studied
breeds, and Phe255Leu, which was detected only in
crossbreds. Asp238Glu was predicted to have a highly
deleterious effect on protein structure and function. Sheep
with TA genotype showed 87% of twining ratio compared
with sheep with TT genotype that exhibited only 48.3%,
signifying an obvious superiority of TA genotype over TT
genotype. In conclusions, the non-deleterious Phe255Leu is
associated with higher litter size in crossbreds, while the
deleterious Asp238Glu is associated with the observed
lower litter size on the purebreds. The present study
demonstrated the presence of a highly positive effect of
Phe255Leu on BMP15 protein, manifesting in a possible
improved prolificacy in the ovine population.

Keywords BMP15 gene - Deleterious SNP - Mutations -
Polymorphism - Sheep

Introduction

The mammalian ovulation is a complex trait influenced by
several genetic and non-genetic factors. Variation studies
in different prolific breeds of sheep showed that one of
these genetic factors is the bone morphogenetic protein 15
(BMP15) gene, also known as FecX (Fecundity X gene).
The BMP15 gene has a crucial role in regulating the pro-
liferation and differentiation of granulosa cells and plays a
key role in the ovulation rate, oocyte quality, and con-
trolling the number of eggs that are ovulated [1]. The
BMP15 gene is composed of two exons and is situated on
the X chromosome. Genetic variations in the BMPI5 gene
regulate fertility and affect the reproductive rate in sheep.
Several important SNPs have been identified in the BMP15
gene, such as FecX! in Inverdale sheep, FecX in Hanna
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sheep [2], FecX? in Irish Belclare sheep, FecX® in Galway
sheep [3], FecX” in French Lacaune sheep [4], FecX® in
Spanish Rasa Aragonesa sheep [5], FecX® in French
Grivette sheep, FecX? in Polish Olkuska sheep [6], and
recently FecX®*® in Tunisian Barbarian sheep [7]. Though
these variations differ in type and effect, several natural
variations in exon 2 of the ovine BMPI5 gene have been
shown to cause infertility in homozygous ewes due to
defects in the early stages of folliculogenesis [8]. However,
the most important variations are likely to be amino acid
substitutions that alter the three-dimensional structure of
BMP-15 protein, thereby changing its biological function
[6]. These wvariations exhibit the same phenotype:
Homozygous carrier ewes are sterile in some prolific
breeds of sheep [4], while heterozygous carriers show an
increased rate of prolificacy [9]. However, this locus has
not been screened in the Awassi breed until now. This
breed is a fat-tailed proliferative sheep that characterizes
with high capability to withstand harsh environments and is
considered as one of the best sheep breeds in the Middle
East [10]. This breed is a popular meat-type animal in this
area, and genotyping information regarding this breed in
relation to the BMP15 gene would be of substantial interest
to marker-assisted breeding strategies. Besides, recent
revolutions in bio-computational tools that predict the
impact of non-synonymous SNPs (nsSNPs) on protein
structure and function have not been implemented in this
arena to identify potentially hidden issues in this popula-
tion [11]. Therefore, it is highly mandatory to investigate
the possible effect of BMPI5 genetic polymorphisms in the
coding portions of the BMP15 protein, as well as to
incorporate knowledge of such polymorphisms in the litter
size of Awassi sheep. Accordingly, this study was carried
out to investigate the presence of polymorphisms in the
BMPI5 gene in Awassi sheep and its potential association
with reproductive traits.

Material and Methods
Sheep Population

This study was conducted according to regulations of the
international recommendations for the care and use of
animals under the approval of Al-Qasim Green (Agri, No.
015, 3, 12). Careful identification of both included pure-
bred and crossbred Awassi ewes was performed by ana-
lyzing the main distinctive morphological characteristics,
such as ear length, face morphology, fleece color and dis-
tribution, and wool texture [12]. All other sheep having a
non-confirmed identity or questioned to have purebred or
crossbreeding phenotypes were excluded from the sched-
uled genotyping experiments. Thus, a total of 184 sexually
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Fig. 1 An assessment for the association of BMP15 gene polymor-p
phism with reproductive performance in Awassi sheep. a The
genomic positions of two PCR specific primers for B2 and B4
amplicons selected to amplify a portion of exon 2 of the ovine BMP15
gene were described according to GenBank accession no.
NC_019484. b PCR-RFLP genotyping of the amplified loci, in
which no polymorphism was detected from either B2 or B4
amplicons. ¢ PCR-SSCP genotyping of the same amplified loci, in
which the RFLP results were confirmed in B4 amplicons, while B2
amplicon exhibits two genotypes. d DNA sequencing electrophero-
gram of the polymorphic B2 amplicon, in which one SNP,
Asp238Glu, was observed in purebred Awassi, and two SNPs,
Asp238Glu and Phe255Leu, were observed in the crossbred Awassi.
e In silico prediction of both SNPs: Deleterious consequences were
observed in Asp238Glu, while neutral consequences were found for
Phe255Leu. f The TA genotype of the crossbred Awassi breed
exhibited a higher twinning rate than the TT genotype of the purebred
Awassi counterpart

mature healthy Iraqi Awassi ewes (Ovis aries), consisting
of 120 purebreds (Awassi X Awassi) and 64 crossbreds
(Awassi X Arrabi), were randomly included in this study.
Ewes between 2 and 2.5 years of age were raised in the
Barakat Abu al Fadhl Al-Abbas Station (AS) for raising
sheep (Al-Khafeel co., Karbala, Iraq). Both maintenance
and feeding were similar for all animals and remained
under proper animal welfare guidelines for the care and use
of livestock animals [13]. Pedigree information of the
investigated ewes was updated annually. The recorded
relevant ancestor animals were selected in both purebred
and crossbred cases. The number of ewes mated per ram
varied between 10 and 15. After parturition, ewes were
classified into two groups: single lambs and twin lambs.

Genotyping of BMP15 Gene

Venous jugular blood samples (2-3 ml per ewe) were
collected from all included sheep. Genomic DNA was
extracted from whole blood by a rapid salting-out method
[14]. Two specific primer pairs were used to amplify two
portions within the exon 2 of the BMP15 gene, B2 and B4
amplicons, of 141 bp and 153 bp, respectively (Fig. 1a).
Primer sequences of the B2 amplicon were B2-Hinf1-F-5'-
CACTGTCTTCTTGTTACTGTATTTCAATGAGAC-3'

and B2-R-5-GATGCAATACTGCCTGCTTG-3', while
primer sequences of the B4 amplicon were B4-Ddel-F-
GCCTTCCTGTGTCCCTTATAAGTATGTTCCCCTTA

and B4-R-TTCTTGGGAAACCTGAGCTAGC-3' [3]. The
PCR was performed using the AccuPower PCR PreMix
(Bioneer, South Korea). The PCR program was set as
follows: initial denaturation at 94 °C for 4 min, followed
by 30 cycles of denaturation (94 °C for 45 s), annealing
(63.1 °C for BMP15-B2 and 64.1 °C for BMP15-B4 for
45 s), elongation (72 °C for 45 s), and a final extension
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(72 °C for 5 min). After performing thermocycling,
digestion with restriction enzymes Hinfl (5GANTC) and
Ddel (5'CTNAG) was performed for BMPI5-B2 and
BMP15-B4 amplicons, respectively, to identify previously
known variations. Genotyping with the SSCP technique
was performed to identify the presence of possible
unknown variation(s). The PCR-SSCP was performed
according to [11]. Electrophoresis conditions were per-
formed in a vertical slab gel unit according to the manu-
facturer’s  instructions (MiniVS10DSYS, Cleaver
Scientific-UK). Electrophoresis reactions were conducted
at 8% polyacrylamide at room temperature. Running con-
ditions were set at 200 V, 100 mA for 200 min. DNA
fragments in the gels were visualized with PAGE GelRed
dye (Biotium, Hayward, USA). Each observed PCR-SSCP
pattern was re-amplified and sequenced in forward and
reverse directions (Macrogen—Korea). Quality-checked
sequences of gene amplicons were aligned by a multiple
sequence alignment program according to DNA Star,
EditSeq./Clustal W, with sequences published in the Gen-
Bank database as a reference to identify polymorphisms.
The novelty of SNPs within the BMPI5 gene was deter-
mined by reviewing the Ensembl genome browser data-
base. Observed variations were deposited in the NCBI
nucleotides database (GenBank acc. no. MH938358 and
MH938359).

Computational Analysis

The amino acid sequence of the ovine BMP15 protein was
retrieved from the UniProtKB server (
https://www.uniprot.org/uniprot/Q9MZE?2). The prediction
of the possible deleterious or tolerated effects of observed
nsSNPs on BMP15 was performed by SIFT [15], while
their potential functional impact was determined using
PolyPhen-2 [16]. The previously predicted effects of
observed SNPs were validated by PROVEAN [17]. The
severity of observed missense SNPs on corresponding
amino acid sequences was assessed by the SNAP2 server
[18]. Subsequently, the 3D structure of BMP15 was gen-
erated by RaptorX server [19] and validated through
PhyRe2 mate [20]. The evolutionary conservation status of
each detected nsSNP was assessed by the ConSurf tool
[21]. The status of each amino acid before and after the
missense variation was described within the 3D structure of
BMPI15 by PyMol-vl, Schrodinger, LLC. The potential
roles of observed nsSNPs in posttranslational mechanisms,
such as phosphorylation and ubiquitylation, were also
predicted by NetPhos3.0 and UbPerd [22, 23]. The putative
role of each observed nsSNP in the binding with ligands or
receptors was predicted by FTSite and 3DLigandSite tools,
respectively [24, 25].
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Statistical Analysis

According to the binary nature of litter size, a logistic
model with binomial distribution was used in the SAS
package (SAS, 2001). The following model was used to
investigate the association between litter size and the
studied factors in Awassi ewes:

Logit (1) = o+ G; + Pj + LMy + By

where n is the probability of litter size, « is the scale
parameter of the trait, G; is the fixed effect of the ith
genotype (i = TT, TA), P; is the fixed effect of the jth
parity (j = 1, 2, 3, 4), LM; is the fixed effect of the kth
lambing month (k = Dec., Nov., and Oct.), and f3, is the
covariate factor of the body weight at lambing
(64.96 £ 3.66 kg in crossbreds and 55.33 £ 6.16 kg in
purebreds). Reproductive traits (fecundity and prolificacy)
and twinning ratio were analyzed using the chi-square test,
while genotype and allele frequencies and deviation from
Hardy—Weinberg equilibrium were evaluated by Popgen32
software, v. 1.31 [26]. The values of polymorphism
information content (PIC) were calculated using HET
software version 1.8 [27].

Results and Discussion
Results
Genotyping

Initially, the PCR-RFLP method was performed to assess
the reported variations in the BMP15 gene. No polymor-
phisms were identified after digesting B4 (153 bp) ampli-
cons with Ddel restriction endonuclease in both purebreds
and crossbreds. Regarding the B2 (141 bp) amplicons, one
Hinfl heterogeneous pattern of endonuclease digestion was
exhibited in all ewes with three discrete electrophoretic
bands, including 141, 110, and 31 bp (Fig. 1b), while the
potential presence of the unknown variation(s) remains to
be confirmed by SSCP protocol. The homogeneity of RFLP
digests of B4 amplicons was also confirmed by exhibiting
monomorphous SSCP bands. The utilization of SSCP in
the B2 amplicons did not confirm the RFLP homogeneity
since two electrophoretic bands were detected in purebreds,
while the crossbreds showed an extra band in the same
specified region in the gel (Fig. Ic). The sequencing
reactions confirmed the SSCP electrophoretic difference
between the two breeds. Regarding the homozygous SSCP
genotypes observed in the purebred Awassi, the sequencing
reactions detected one SNP, NC_019484:ex-
on2:¢.50980697C > G, or C31G, with a missense effect of
Asp238Glu. The same SNP was also observed in the
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heterozygous SSCP genotypes with an additional SNP,
NC_019484:exon2:¢.50980646T > A, or T82A, with a
missense effect of Phe255Leu. According to T82A SNP,
the purebred genotype was assigned TT genotype, while
the crossbred was assigned TA genotype (Fig. 1d).

In Silico Prediction

The conducted computational analyses revealed two dif-
ferent changes in the two observed missense SNPs:
Asp238Glu and Phe255Leu. The cumulative impact of
each SNP was predicted by applying five bio-computa-
tional tools: SIFT, PolyPhen-2, PROVEAN, SNAP2, and
ConSurf. The amino acid substitution Asp238Glu was
found to be deleterious by all in silico tools in terms of
structure, function, and evolutionary conservation. How-
ever, the Phe255Leu exhibited a completely different
computational status in all five computational tools.
Phe255Leu was predicted to be entirely non-deleterious on
BMP15 structure, function, and evolutionary conservation
status (Fig. le). Prediction tools were utilized to assess
possible participation of both missense SNPs in post-
translational activities of BMPI15 protein, such as phos-
phorylation, ubiquitylation, as well as potential binding
with receptors. However, none of these tools suggested any
possible role for both detected SNPs in any of these
activities.

Reproductive Performance

From 120 ewes of the purebreds, 62 single lambs and 58
twin lambs were produced, while from 64 ewes of the
crossbreds only 8 single lambs and 56 twin lamb were
produced (Table 1). The total twinning ratio of the pure-
bred Awassi was only 48.3%, while the crossbred ewes
exhibited 87.5% of the twinning ratio, which presented a
markedly higher value of reproductive performance
(Fig. 1f). This observation indicated a significantly higher
litter size (P < 0.01) of the sheep with TA genotype than
those with TT genotype. Results showed that the BMP15
polymorphism has a significant effect on the litter size
(x2 = 6.576), while no significant association was observed
with parity, lambing month, and body weight at lambing
month. The observed value of chi-square means indicated

that the populations were not in Hardy—Weinberg equilib-
rium (HWE), which was significant at P < 0.05 (Table 2).
Lack of HWE in this population implied that natural or
artificial selection favored the mutated allele frequency.
According to the classification of PIC (low polymorphism,
if PIC value < 0.25; median polymorphism if 0.25 < PIC
value < 0.5, and high polymorphism if PIC value > 0.5),
the present study showed moderate levels of polymorphism
information content within the BMPI5 gene.

Discussion

To assess the polymorphism of the BMP15 gene and its
possible association with two types of breeds, two coding
regions in exon 2 of this gene were considered: B2
amplicons of 141 bp and B4 amplicons of 153 bp.
Regarding the absence of any polymorphism in the 153 bp
amplicons, our findings are in line with previous studies
conducted on several breeds, which indicated no corre-
sponding polymorphism on the Ddel digesting site at
153 bp PCR amplicons [28]. Though RFLP exhibited
efficient digestion with Hinfl, there were no differences
between purebreds and crossbreds, suggesting that all
animals were heterozygous in terms of the Hinfl recogni-
tion site. This finding is not in accordance with the
observed differences in the reproductive performance of
both Awassi types since the twinning ratio in crossbreds
was significantly higher than the purebreds. However,
RFLP is still limited in its detection of unknown variations
since RFLP is only concerned with the presence or absence
of the recognition sequences of the utilized enzymes, while
other sequences are not screened in the same amplicons,
resulting in loss of variations between the studied ovine
species [8]. Instead, the SSCP technique was used due to its
powerful sensitivity to detect the potential presence of
unknown variation [29]. Therefore, the SSCP technique
was employed to resolve this issue by revealing a particular
genotype for each type of Awassi breed, in which the
purebreds exhibited a different electrophoretic pattern from
that found in the crossbreds, suggesting the presence of a
particular variation in one of these types that did not exist
in another one. Sequencing reactions identified a novel
SNP that was positioned in both genotypes. This SNP
might be a causal factor for giving all Awassi population

Table 1 The observed twining ratio, fecundity, and prolificacy in both studied purebred and crossbred Awassi populations

No. Ewes Single lamb births (%) Twin lamb births (%) Total lamb born Fecundity Prolificacy
Purebred Awassi 120 62 (51.7% 58 (48.3%) 178 1.48 148.33
Crossbred Awassi 64 8 (12.5") 56 (87.5% 120 1.87 187.5

Means bearing different letters (a and b) in the same column differ significantly (P < 0.01)
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Table 2 Genotype and allele frequencies and genetic diversity parameters for the BMP15 gene in the studied population

Genotype frequencies Allele frequencies Ho He Ne PIC 7
TT TA T A 0.3478 0.2889 1.4032 0.2424 6.576
0.65 0.35 0.83 0.17

Abbreviations: 3> chi-square, Ho observed heterozygosity, He expected heterozygosity, Ne effective allele number.PIC polymorphism infor-
mation content. All chi-square tests have one degree of freedom and within the significance level P < 0.05

one heterozygous RFLP pattern. However, the present
study stated that the reason for the presence of two SSCP
banding patterns was not attributed to this C31G as it was
available in all observed genotypes. Instead, sequencing
reactions observed another SNP which was found only in
the crossbreds, namely T82A. The latter SNP was not
detected by RFLP since it did not have a recognition
sequence for the currently utilized Hinfl endonuclease.
Thus, the reason for the presence of two SSCP genotypes is
the presence of T82A SNP which exists only in the
crossbreds. A highly deleterious effect for C31G, or
Asp238Glu, was identified by all computational tools.
Accordingly, this SNP may induce a causal effect in the
observed reduced twinning rate in purebreds. Conversely,
the cumulative in silico tools indicated the non-deleterious
effect of T82A, or Phe255Leu, on the altered protein,
suggesting a rather beneficial role for this SNP in giving a
remarkably better twinning rate in Awassi sheep. Mean-
while, a beneficial role of Phe255Leu was confirmed by
two patterns of experiments, genotyping observations and
in silico computations. The genotyping results indicated
remarkable superiority of TA genotype for sheep having
this SNP, while in silico tools predicted no structural,
functional, or evolutionary damaging effects for this
alteration. Hence, the approach used to analyze the cur-
rently observed SNPs was entirely different from that
observed in other ovine BMP15 SNPs [8]. The results from
the computational tools on the observed deleterious SNP
revealed differences from the previous observation on
amino acid 239, i.e., Fex% induces a premature stop codon
in the place of glutamic acid at amino acid residue 239 of
the unprocessed protein, resulting in complete loss of
BMP15 function. In contrast, our observed Asp238Glu and
Phe255Leu SNPs were found to induce missense effects of
respective deleterious and non-deleterious effects in
BMP15 protein. Therefore, the resulting BMP15 protein
may be normal in its structure, but its function was sig-
nificantly altered [30]. These BMP15 protein alterations
induced by Asp238Glu and Phe255Leu SNPs were reflec-
ted by lower or higher twinning rates, respectively.

The present study suggests that the BMPI5 heterozy-
gosity described in other breeds has potentially no role in
the Awassi breed and that the twinning rate is determined
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by analyzing the final effects of each observed SNP. This
observation was identified from the detection of only two
genotypes for the analyzed populations: a pure Awassi with
TT (having only C31G SNP) genotype and hybrid Awassi
with TA genotype (having both C31G and T82A), while a
possible third genotype (AA) was not detected in both
populations. The possible explanation behind this point
refers to the putative contribution of both genetic patterns
in the regulation of litter size in both Awassi populations.
This in vitro finding was also supported by several in silico
predictions, since these tools have delineated a putative
mechanism for these remarkable differences by predicting
the effect of both observed SNPs on the final manifestation
of the resulting altered protein. Since Asp238Glu SNP is
entirely deleterious and Phe255Leu exerted the opposite
effect on BMP15, the beneficial Phe255Leu SNP in the
crossbred Awassi has potentially alleviated the deleterious
Asp238Glu consequences in the purebred Awassi. This
possible interaction may be responsible for the higher
twinning rate in the crossbreds compared to purebreds.

Conclusion

The present study has identified two novel SNPs:
Asp238Glu and Phe255Leu. The former is extremely
deleterious and exists in all studied Awassi populations and
is responsible for the reduced twinning rate for this popu-
lation. Phe255Leu is a beneficial SNP observed only in the
crossbred Awassi, which may neutralize the deleterious
effect of Asp238Glu, leading to improved reproductive
regulation and an increased twinning rate.
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