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Abstract

Rate of ovulation (i.e. fecundity) is largely influenced by both genetic and environmental factors. The ovarian growth factors
including members of bone morphogenetic proteins (BMPs) play a central role in determining ovulation quota and litter size.
Naturally occurring mutation in sheep and knock-out and knock—down studies in murine indicated the importance of bone
morphogenetic protein 15 (BMP15), growth differentiation factor 9 (GDF9) and bone morphogenetic protein receptor 1B
(BMPR1B) genes in mammals. These factors have major regulatory roles during the gonadotrophin-independent and -
dependent stages of follicle development. Understanding of BMPs in reproduction assists in the treatment of infertility/

sterility inanimals.
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Introduction

Rate of ovulation is the characteristic of a species.
According to the ovulation rate, farm animals are
mainly classified either as monovulators (e.g., cattle
and buffalo) or multiovulators (e.g., goat and pig). The
ovarian follicle development is mainly divided in to
two; gonadotropin-dependent and gonadotropin-
independent. Primordial to pre antral stage is
gonadotropin-independent while antral follicular stage
is gonadotropin-dependent. The transition from
primordial to ovulatory stage is controlled by both
environmental and genetic factors. Among the genetic
factors, endocrines that act through so called
reproductive axis (i.e. Hypothalamic — hypophyseal —
gonadal axis) plays an important role in follicular
development and in determining the ovulation rate [1].
Follicle stimulating hormone (FSH) is considered as a
primary regulator of follicle development. Subsequently,
it has been shown that growth factors produced by the
follicle itself can modulate FSH action through
autocrine and paracrine mechanisms [2, 3]. Besides
coordinating the proliferation, differentiation and long
term survival of granulosa cells, these growth factors
are also responsible for mechanistic basis of FSH
action[4].

Studies examining the role of the growth factors
of bone morphogenetic protein (BMP) family in the
reproductive system have led to significant break
throughs [5]. The elucidation of aberrant reproductive
phenotypes of animals with naturally occurring
mutations [6] or targeted deletion [7, 8] of certain genes
of BMP family has further highlighted its importance.
Three important fecundity genes from BMP family
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have been identified in sheep, namely, bone morpho-
genetic protein receptor type IB (BMPR1B) or activin-
like kinase 6 (ALK-6) or FecB on chromosome 6 [9],
growth differentiation factor 9 (GDF9) or FecG on
chromosome 5 [10] and bone morphogenetic protein
15 (BMP15) or FecX on chromosome X [10]. Naturally
occurring mutations in BMP15 [11], GDF9 [12],
BMPR1B [13] dramatically influencing the number of
ova ovulated in sheep, provides definitive evidences
that the ovarian BMPs play a central role in the
mechanisms governing ovulation quota and litter size.
These studies have further led to the concept that
normal ovulation quota requires the regulated expression
of BMPs. A common point mutation in BMPR1B gene
has been identified in different breeds of sheep (eg.
Booroola, Garole, Hu, Han, and Javanese) [14]. An
increased ovulation rate/ litter size is observed in ewes
that were heterozygous for the mutation [15].
Ovulation rates were highest in the ewes that were
heterozygous mutants in GDF9 and BMP15; whereas,
the homozygote mutant showed a primary ovarian
failure resulting in a complete sterility in sheep [16,
17]. In case of BMPR1B, super-fertility in heterozygotes
is further augmented in homozygotes mutants [18].
While the mechanism of increased ovulation is likely
to be similar in naturally occurring mutant of either
BMP15 or GDF9 but ewes with simultaneous mutation
in both the genes demonstrated higher ovulation rates
[10]. The mice lacking BMP15, GDF9 or BMPR1B
showed a marked reduction in fertility or complete
infertility. The BMP15 knock-out mice exhibited a
reduced fertility due to the defect in ovulation and
embryo development [8]. However, GDF9 and BMPR1B
knock-out mice were infertile due to a block in
folliculogenesis at the primary stage [19, 20] and defects
in the cumulus expansion and fertilization [21],
respectively.
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Studies in the farm animals

candidate genes expression in the ovary: BMP15 is
expressed specifically in the oocyte from the beginning
of formation of one-layer primary follicle and it
continues till ovulation [22]. In sheep and cattle [23],
oocyte expression of GDF9 mRNA begins at the
primordial follicle stage but BMP15 is detected only in
oocytes from the primary follicle stage onward in
sheep. In goat, BMP15 and GDF9 proteins were found
in oocytes of all types of follicles and granulosa cells of
primary, secondary and antral but not in primordial
follicles. The mRNAs for BMP15, GDF9 and BMPR1B
was detected in primordial, primary and secondary
follicles as well as in oocytes and granulosa cells of
antral follicles [24]. reported both GDF9 and BMP15
were maintained in oocytes and granulosa cells (GCs)
of porcine from primordial to mature follicles except
that GDF9 was undetectable in GCs of mature follicles
[22]. However, BMPR1B was found in oocytes and
GCs of all follicles in mouse and porcine. GDF9,
BMP15 and their receptors might correlate with
primordial follicular recruitmentin pig.

a. BMP15: Five separate point mutations in the BMP15
gene have been identified to affecting the ovulation rate
[10] in sheep. Animals homozygous for each of these
mutations are anovulatory and thus sterile; whereas,
heterozygous animals have mean ovulation rates
between 0.8 and 2.4 above that of the respective non-
carrier flocks [10]. The Inverdale and Hanna mutations
in the BMP15 gene have dramatic consequences on
follicle development in sheep. BMP15 is exclusively
expressed in the oocyte within the ovary, with
expression increasing in relation to follicle growth and
development [6]. Consistent with responsiveness to
BMP ligands throughout folliculogenesis, expression
of the type | (BMPR1B) and type Il (BMPR11)
receptors utilized by BMP15 has been confirmed in
granulosa cells from the primordial to primary stages
onwards [25, 26]. BMP15 actions are regulated by
follistatin, a binding protein that can bind BMP15 and
negate its activity [6]. Follistatin is strongly expressed
in dominant follicles, with very low or undetectable
levels in atretic follicles. As BMP15 inhibits FSH
receptor expression, follistatin regulation of BMP15
actions is likely important for maintaining granulosa
cell responsiveness to FSH.

b. GDF9: GDF9 has high amino acid homology and a
similar oocyte-specific ovarian expression pattern to
BMP15 [27]. In sheep, it has been observed that a
potent action of GDF9 on suppressing both basal and
FSH-stimulated progesterone production by ovine
granulosa cells from small antral follicles with
proliferation being unaffected [7,15]. In some
Cambridge ewes, a single point mutation has been
identified in GDF9 [10]. Each of the above point
mutations results in an increased ovulation rate in
heterozygous carriers; whereas, primary ovarian
failure is observed in the homozygous mutants. The

GDF9 mutation (Belclare; FecGH) corresponds to a
non-conservative amino acid substitution at position
77 of the mature protein region. The ovarian phenotype
in animals homozygous for this mutation is different
than that for the BMP15 mutations in that ovarian
follicles continue to develop to the antral (i.e. type 5)
stages although most, if not all, are abnormal with
respect to oocyte morphology and the arrangement and
appearance of the granulosa and cumulus cell-types. In
vitro studies using recombinant GDF9 protein have
clarified the biological roles and importance of GDF9
actions in follicle growth and development at all stages
of folliculogenesis. There is compelling evidence in
several mammalian species that GDF9 is essential for
early stages of follicle development. GDF9 null mice
[19] and ewes either homozygous for naturally occurring
mutations in the GDF9 gene [10] or immunized against
GDF9 [28] exhibit a block in follicle growth at the
primary stage.

c. BMPR1B: Booroola was the first major gene that has
been reported to increase ovulation rate [29]. The
FecB® allele corresponds to a single mutation in the
coding sequence of the BMPR1B. BMPRI1B is
precociously expressed, as early as 25 days post-
coitum (dpc) before the gonadal sex differentiation.
BMPR1B expression significantly increases at 56 dpc
at the time of germinal cell meiosis. The BMP receptor,
BMPR1B is expressed by granulosa cells and oocytes
from the primary to the late antral follicle stages and to
a lesser extent, by the theca layer of ovine and bovine
antral follicles [25,30]. BMPR1B together with
BMPRII mRNA have been identified in ovine oocytes
of type 1 follicles and expression levels for both remain
high throughout the follicular types 1-4 and early type 5
stages of growth [18]. Thereafter, the levels of
BMPR1B but not BMPRII mRNAin oocytes decline in
large antral follicles. BMPR1B has been described as a
potent receptor for various BMP factors [31] including
BMP15, BMP2, 4, 6 and BMP7. In FecB animals, a
single A to G substitution at nucleotide position 830
results in an arginine replacing a glutamine amino acid
in a highly conserved region of this receptor [32]. The
dominant phenotype is precocious ovarian follicular
development and exceptional prolificacy [33].

Biological functions of candidate genes in
regulating follicular development

Neutralization of either GDF9 or BMP15, alone
or together, resulted in alterations of ovarian follicular
development in vivo indicating that both GDF9 and
BMP15 are likely regulators of ovarian follicular
development in cattle [34]. GDF9 and BMP15 alone
and in combination suppressed FSH-stimulated
progesterone production and stimulated cell
proliferation. Both GDF9 and BMP15 have species-
dependent effects. In ovine granulosa cells, ovine
BMP15 given together with mouse GDF9 or ovine
GDF9 was more potent in stimulating ovine granulosa
cells mitosis compared with each growth factor

Veterinary World, EISSN: 2231-0916

834



Available at www.veterinaryworld.org/Vol.6/Nov-2013/1.pdf

independently, while in bovine granulosa cells there is
little or no co-operative action between ovine BMP15
and GDF9 in terms of mitotic activity [35]. The species
of origin of GDF9 also affected the progesterone
response as well as inhibin production by ovine
granulosa cells. In terms of fertility, the outcome
varied, with some cattle immunized to BMP15 peptide
alone becoming anovulatory; whereas, others
immunized with BMP15 or BMP15 with GDF9
peptides had increased ovulation rates [34]. Both
murine and ovine GDF9+BMP15-stimulated
thymidine incorporation in rat granulosa cells was
dependent on the SMAD2/3 signaling pathway but not
the SMAD1/5/8 pathway [36]. Porcine GDF9 gene
was highly expressed in immature oocytes and
declined slowly during the oocyte maturation process.
But BMP15 mRNA and protein were expressed at low
levels in immature oocytes and increased to the highest
level at 18 h of in vitro maturation (IVM), which
coincides with the time of cumulus cell expansion [37].
However, the transcription of BMP6, BMP15, GDF9
and BMPR11 were downregulated, while BMP4,
BMPR1A and BMPR1B remained unchanged during
IVM in pig oocytes. MRNAs of BMPR1A, BMPR1B
and BMPR11 were constantly expressed in cumulus
cells in the process. However, BMP15 was absent in
cumulus cells [38]. The results of the in vitro study in
goat indicated 200 ng /mL GDF9 maintains the
survival of preantral follicles and promotes activation
of primordial follicles [39]. Lower developmental
competence in calf oocytes is associated with
immature expression of BMP15/GDF9 in an
intrafollicular environment [40]. In chicken, BMP15
and GDF9 expression is maintained during
hierarchical follicular maturation in the germinal disc
region and then progressively declined after ovulation
[41]. Higher ovulation rate in BB sheep (homozygous
for a mutation in the bone morphogenetic protein
receptor type 1B (BMPR1B) is due, at least in part, to
lower oocyte-derived BMP15 mRNA levels together
with the earlier onset of LH-responsiveness in GC [42].

Mutations and litter size

The same FecB mutation (Q249R) occurred in the
BMPR1B gene in Small Tailed Han ewes as found in
Booroola Merino ewes. An equivalant FecX® mutation
(Q239Ter) of the BMP15 gene was found in Small
Tailed Han ewes as in Belclare and Cambridge ewes.
The Small Tailed Han ewes carrying mutations in both
BMPR1B and BMP15 genes had greater litter size than
those with either mutation alone [43]. The differences
in expression levels of BMP15 and BMPR1B may play
a role in the increase in ovulation rate observed in
Woodlands ewes with FecX2" mutation [44]. The
inhibitory effect of BMPs and GDF9 on FSH secretion
was significantly greater in pituitary cells harvested
from Booroola homozygous carrier of BMPR1B
mutation when compared with non-carrier animals
[45]. FecX® and FecB mutations were not present in

Iranian Baluchi sheep breed. But preliminary
polymorphism analysis performed on FecG' mutation
in GDF9 locus suggested a major gene inheritance of
prolificacy in this breed [46]. There was no evidence of
mutation in FecX® and FecX® in Iranian goats, all of
which were monomorph for exon 2 BMP15 gene [47].
In Yunling black goats, the mMRNA expression levels of
FSHB, FSHR, and BMP15 positively correlated with
litter size, but those of BMPR1B and ESR2 correlated
negatively [48]. Polymorphisms of GDF9, BMP15 and
BMPR1B genes were not detected in Chinese goats
[49]. A point mutation is associated with increased
fecundity in heterozygous and infertility in
homozygote Thoka ewes [50]. Among the three
fecundity genes studied, only the BMPR1B gene was
polymorphic in Black Bengal goat [51]. However,
another study demonstrated thatthe FecB locus of the
BMPR1B gene and G1 locus of GDF9 gene were
polymorphic in Garole sheep [52]. Bonpala sheep isthe
first sheep breed in which concurrent polymorphism at
three important loci (FecB, G1, and G4) of two
different fecundity genes (BMPR1B and GDF9) has
been found [53]. There was a correlation of mutations
in BMP15 and GDF9 genes with the control on
fecundity of White goat and supported that they were
the pivotal factors in female fertility of White goat in
Guizhou province [54]. Wang et al (55) reported four
mutations in the BB genotype of BMP15 gene of Funiu
white goat but there was no mutation in the Taihang
black goat. So itis concluded that the BMP15 gene may
be a major gene which affects the prolificacy in Funiu
white goats [55]. In fat-tailed sheep breed of Iran,
mutations in BMP15 and GDF9 genes were associated
with increased litter size [56]. However, a study
reported polymorphic GDF9 in Sangsari sheep of Iran
[57]. Butthey didn't find any polymorphism in BMP15
loci [57]. BMP15 gene expression and structural
difference in the GDF9 and BMPR1B may be
associated with the reproductive difference between
Lezhi black and Tibetan goats [58]. The analysis of
polymorphism for GDF9 (FecG") loci in Shal sheep
indicates that the genetic factor responsible for
twinning or multiple lambing rates is not related to
reported mutated alleles at the GDF9 major gene in this
breed [59]. A 4-bp deletion was identified in the coding
region of the BMP15 gene in Chinese cows [60].
Recent finding is that the Lleyn breed was the most
likely source of the FecX® and FecG" mutations in
Belclare and Cambridge sheep and that the FecX®
mutation came from the high fertility line [61].

Future prospects and recommendations

Taken together, these studies shows that BMPs
plays an important role in female fertility. The clear
association between mutations and deletions in the
BMP15 and GDF9 genes and altered reproductive
function together with characterization of the biological
functions of these genes in follicular cells has
established the importance of BMP15 and GDF9 in
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normal female fertility. The advances in the research on
the BMP system will help in applications in the animal
sector and can be summarized as:

1. Genetic screening of BMP15 and BMPR1B gene
mutations in the sheep has already materialize as a
method to optimize profitability of sheep farmers (e.g.
Marker assisted introgression (MAI) of Fec® gene in
sheep).

2. The use of the mutant sheep as a model to find
genetic markers of prolificacy in genes of the BMP
system.

3.The development of some strategies that affect the
function of BMPs help in direct manipulation of litter
size of domestic species.

4. Researchers have demonstrated either increase or
decrease ovulation rate in sheep depending upon the
immunization conditions (e.g., anti BMP15/GDF9).

5. Understanding of BMPs in reproduction assists in
the treatment of infertility/sterility in animals.

Researchers reported that a correlation between
mutations in the GDF9 and BMP15 and diseases such
as premature ovarian failure (POF) and polycystic
ovary syndrome (POS) [62, 63]. The detection of
GDF9 and BMP15 mRNA in normal human oocytes
indicates that these factors may play a fundamental role
in folliculogenesis and fertility in women [64].
However, there is no report of role of BMPs in the
treatment of infertility in farm animals. Studies
defining the precise involvement of these factors in
ovarian physiology/physiopathology are needed for
the advancement of basic science and for the potential
application of the knowledge obtained to sterility
problemin large animals.

At present, BMP gene clone, construction single
chain antibody as well as the clinical practice of BMP
genotherapy could prompt broad prospects for BMP
application. The multiple high dose injections of
BMP15 or GDF9 peptides in sheep and cattle showed
production of anovulatory phenotype of homozygous
mutants [28,34]. These studies help in the adoption of
this technique to use as a permanent, low cost, non-
surgical and safe contraceptive option for women or
domesticated mammalian species. However, before
treatment with these proteins, translational studies
evaluating the effects of treatment doses and timing, as
well as the effectiveness of exogenously administering
mature protein are warranted.

Conclusion

The regulated expression of members of BMP
family in the ovary is necessary for normal
folliculogenesis. The BMP15, GDF9, and BMPR1B
are obligatory for folliculogenesis through their ability
to stimulate granulose cells proliferation and modulate
FSH dependent cytodifferentiation. Naturally
occurring mutations and knock-out and knock-down
studies in these genes dramatically influencing the
ovulation rate in animals, provides definitive evidences
that the ovarian BMPs play a central role in the

mechanisms governing ovulation quotaand litter size.
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