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ABSTRACT

Recently a novel member of the transforming growth factor
b (TGFb) superfamily termed growth/differentiation factor-9
(GDF-9) was shown to be expressed in ovaries of mice and hu-
mans, and to be essential for normal follicular development be-
yond the primary (type 2) follicle stage in mice. In the present
study, the gene for ovine GDF-9 was isolated and characterized,
and expression of GDF-9 mRNA in ovaries of domestic rumi-
nants was examined. The predicted amino acid sequence of
ovine GDF-9 is 77% and 66% homologous to human and mouse
GDF-9, respectively. Specific hybridization using homologous
35S-antisense probes was restricted to oocytes. In contrast to
similar studies in mice in which GDF-9 was first detected be-
ginning at the primary (type 2) follicle stage, in ovine and bovine
ovaries GDF-9 mRNA was expressed beginning at the primordial
(type 1) follicle stage. The observed timing and pattern of GDF-
9 expression in oocytes of domestic ruminants is consistent with
a role for GDF-9 in the initiation and maintenance of follicu-
logenesis in these species, and supports the general concept that
early stages of follicular growth and development are regulated
by intraovarian factors.

INTRODUCTION

Ovarian folliculogenesis is a complex process dependent
upon the intricate interplay of numerous hormones and
growth factors that regulate the growth and differentiation
of oocytes, and granulosa and theca cells. After antrum for-
mation, follicular growth and ovulation are acutely depen-
dent on gonadotropin support. Although there is consider-
able information on the role of gonadotropins in the final
stages of follicular development (for review see [1–3]), the
signal(s) and mechanism(s) responsible for the initiation of
follicular growth are unknown. In fact, elucidation of the
factor or factors responsible for the initiation of folliculo-
genesis remains one of the major unsolved problems of
ovarian physiology [4]. Initiation of follicular growth in-
volves the transformation of primordial follicles from a qui-
escent, growth-arrested state to a growth-committed state.
This process is characterized by differentiation and prolif-
eration of granulosa cells and by enlargement of the oocyte
[4, 5]. Once the transition into the growth phase has begun,
follicles are ‘‘committed,’’ and follicular growth proceeds
until the follicle is ovulated or undergoes atresia [6]. Since
follicular development up to and including early antrum
formation is not affected in hypophysectomized ewes [7,
8], it appears that the transition from a growth-arrested to
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a growth-committed state is not directly regulated by go-
nadotropins. Further, even though bioactive FSH is present
in fetal sheep plasma beginning at Day 55 of gestation,
follicular growth does not begin until around Day 90 of
gestation [9]. In addition, FSH receptor mRNA is not ex-
pressed by granulosa cells until the 1–2-layer (primary) fol-
licle stage; i.e., after follicles have begun to grow [10].
Therefore, it appears that there may be an intragonadal sig-
nal that stimulates and sustains early follicular development
independent of gonadotropins (for review see [11]).

Among the key regulators of growth and differentiation
in a number of tissues are members of the transforming
growth factor b (TGFb) superfamily. Members of this su-
perfamily bind to serine/threonine kinase receptors and in-
fluence a number of differentiation processes including he-
matopoiesis, adipogenesis, myogenesis, and epithelial cell
differentiation. In addition, several of the TGFb family
members, including inhibin, activin, and Müllerian inhibi-
tory substance are known to play important roles in repro-
duction. Recently, a novel member of the TGFb superfam-
ily termed growth/differentiation factor-9 (GDF-9) was
shown to be essential for normal follicular development
beyond the primary follicle stage in mice [12]. This novel
growth factor has been shown to be expressed in human
and mouse ovaries, and appears to be localized exclusively
to oocytes at all stages of follicular growth except primor-
dial follicles in neonatal and adult mice [13]. Taken to-
gether, these observations suggest that GDF-9 is essential
for normal folliculogenesis and may be important in the
regulation of early follicular and oocyte growth. Because
of the potential regulatory role of GDF-9 in folliculoge-
nesis, the purpose of the present study was to clone the
ovine gene for GDF-9 and to characterize the temporal and
spatial expression of GDF-9 within the ruminant ovary.

MATERIALS AND METHODS

PCR and Analysis of Amplified Products

Genomic DNA fragments of ovine and bovine GDF-9
were isolated by polymerase chain reaction (PCR) using
primers directed against homologous sequences of human
and mouse GDF-9 exon 2 (59-TAGTCAGCTGAAGTGGGA-
CA-39 and 59-ACGACAGGTGCACTTTGTAG-39). PCR
was carried out using 100 ng genomic DNA and a temper-
ature gradient of 46–608C on a RoboCycler (Stratagene, La
Jolla, CA; 2.25 mM MgCl2; 40 cycles). PCR resulted in
the amplification of a product of the expected size (277
base pairs [bp]) for both species. The identity of the prod-
ucts was confirmed by Southern analysis (described below).
Since results indicated that GDF-9 was present, the re-
maining PCR products resulting from the optimal annealing
temperatures (ovine 5 588C; bovine 5 608C) were sepa-
rated by electrophoresis in a 1.2% agarose gel and isolated
with the Qiaex II Agarose Gel Extraction Kit (Qiagen Inc.,
Valencia, CA). Gel-isolated DNA was reamplified with 20
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cycles of PCR at the appropriate temperatures (58 or 608C),
and fragments were subcloned into PCR 2.1 (TA Cloning
Kit; Invitrogen, Carlsbad, CA). Plasmid DNA was isolated
(PRIME Kit; Intermountain Scientific Corporation, Kays-
ville, UT) and sequenced (Macromolecular Resources, Fort
Collins, CO). Nucleotide and amino acid sequences were
compared with published sequences for mouse [14, 15] and
human [13] GDF-9 using the GeneWorks algorithm
(IntelliGenetics Inc., Mountain View, CA).

Clone Isolation and Sequencing

To isolate the gene for ovine GDF-9, an ovine genomic
library constructed in lEMBL-3 (Clontech, Palo Alto, CA)
was screened by phage plaque hybridization using the 277-
bp fragment generated by PCR amplification of ovine ge-
nomic DNA as the radioactive probe [16]. Plaques that test-
ed positive after the primary screen were isolated, and elut-
ed phages were subjected to sequential screening until
plaque-purified. Library screening resulted in the isolation
of three potential ovine GDF-9 genomic clones, all of
which were similar based on restriction mapping. One of
the clones was arbitrarily selected, and a 5.3-kilobase (kb)
BamHI fragment that hybridized to both exon 1- and exon
2-specific probes was subcloned into the pBS/KS vector
(Stratagene). Plasmid DNA was characterized by restriction
mapping and Southern hybridizations to exon 1 and exon
2 specific probes. A 2.1-kb BamHI/PstI fragment contain-
ing part of exon 1 and a 1.5-kb PstI fragment containing
part of exon 2 were isolated and subcloned. To determine
the sequences of the remaining portions of exons 1 and 2
and the intron, primers were designed to known segments
of exon 1 and 2 (59-CTTCTAGGGGAGAAGCTCAG-39;
and 59-TCAGCAGCTTCTTCTCCCAC-39) and used to se-
quence the original 5.3-kb insert. Nucleotide and amino
acid sequences were compared with published sequences
for mouse [14, 15] and human [13] GDF-9 with the
GeneWorks algorithm. The sequence of the 5.3-kb BamHI
fragment was submitted to GenBank as ovine GDF-9 (ac-
cession number: AF078545; submitted July 15, 1998).
Exon/intron boundaries were predicted on the basis of ho-
mology to human and mouse sequences and the BCM Gene
Finder algorithm (Baylor College of Medicine, Houston,
TX).

Southern Analyses

To ensure that no deletions or rearrangements had been
introduced during cloning, restriction mapping and South-
ern analyses comparing the 5.3-kb insert to ovine genomic
DNA were conducted. Plasmid DNA (1 mg) and ovine ge-
nomic DNA (10 mg) were digested with BamHI, PstI, NcoI,
SacI, and BglI restriction endonucleases alone or in com-
bination. After electrophoresis in a 1.0% agarose gel, DNA
was transferred to a nylon membrane (Hybond; Amersham
Life Science, Buckinghamshire, England) via capillary ac-
tion. Membranes were hybridized to a-[32P]dCTP-labeled
exon 1 or exon 2 specific probes at 428C overnight. After
hybridization, nonspecific binding was removed by sequen-
tial washes in SSC (highest stringency was 0.5-strength
SSC [single-strength SSC 5 0.15 M sodium chloride, 0.015
M sodium citrate]; 0.1% SDS at 428C). Membranes were
placed on film for 3 days. Approximate locations of restric-
tion enzyme sites located outside of the subcloned BamHI
fragment were determined by restriction mapping and
Southern analyses of the complete l genomic clone.

Classification of Follicles

Criteria used to classify ovine [17] and bovine [4] fol-
licles into specific developmental stages included the num-
ber and appearance of granulosa cells, layers of granulosa
cells, and follicle/oocyte diameters. Although there are mi-
nor differences between the ovine and bovine classification
systems with respect to follicle and oocyte diameter and the
number of layers of granulosa cells, five well-defined stages
from primordial to early antral stages are recognized. Pri-
mordial follicles are classified as type 1 follicles and are
characterized by a single layer of squamous granulosa cells.
Type 1A follicles are also characterized by a single layer
of granulosa cells, but one or more of the granulosa cells
surrounding the oocyte is cuboidal. Type 1A follicles are
thought to represent a transition stage from a quiescent,
growth-arrested stage into an active growth-committed
stage. The granulosa layers of follicles classified as types
2–5 consist of cuboidal granulosa cells. Type 2 follicles are
commonly referred to as primary follicles and have , 2
layers of cuboidal granulosa cells. Characteristics of sub-
sequent stages using this classification scheme are as fol-
lows: type 3, small preantral follicles with 2 to , 4 layers
of granulosa cells; type 4, large preantral follicles with 4–
6 layers of granulosa cells; and type 5, small antral follicles
with . 5 layers of granulosa cells and an antral cavity.
Because of the thickness (15–20 mm) of the sections used
in the present study and the small diameter of type 1 and
type 1A follicles, it was not possible to hybridize the same
follicles to antisense probe in one section and sense probe
in the adjacent section. However, serial sections were avail-
able for type 2–5 follicles, and hybridization of 35S-anti-
sense and 35S-sense GDF-9 riboprobes in these follicles
were compared using adjacent sections.

In Situ Hybridization

Genomic fragments (277 bp) representing coding se-
quences in exon 2 of the ovine and bovine GDF-9 genes
were isolated from PCR 2.1 (Invitrogen) by digestion with
XbaI and BamHI, and ligated into the XbaI and BamHI sites
in pBS/KS (Stratagene). Plasmid DNA was digested either
with BamHI (T7; antisense) or XbaI (T3; sense) restriction
endonucleases for the production of riboprobes. Distribu-
tion and relative abundance of GDF-9 mRNA was exam-
ined using in situ hybridization as previously described
[18]. Frozen sections of ovine and bovine ovaries embed-
ded in OCT were cut at a thickness of 15 or 20 mm, fixed
for 5 min in 4% paraformaldehyde, washed twice in dou-
ble-strength SSC for 5 min, rinsed in distilled water, dipped
in triethanolamine (0.1 M, pH 8.0), incubated in 0.25%
acetic anhydride in 0.1 M triethanolamine 10 min, dipped
in double-strength SSC, dehydrated through graded alco-
hols (50–100%), and air-dried. After linearization of plas-
mid, antisense and sense [35S]UTP-labeled riboprobes were
generated using T7 and T3 promoters. Sixty microliters (2
3 107 cpm/ml) of RNA probe in hybridization buffer (for
40 ml: 25 ml deionized formamide, 3.75 ml 4 M NaCl, 0.5
ml 1 M Tris pH 8.0, 1 ml 50-strength Denhardt’s solution,
10 ml 50% dextran sulfate, 0.75 ml double-distilled H2O,
and 200 mM dithiothreitol) was added to each section and
covered with a glass coverslip. Sections were incubated
overnight at 458C in a humidified chamber. After hybrid-
ization, coverslips were removed by soaking in double-
strength SSC. Sections were then washed in double-
strength SSC for 10 min, incubated in a ribonuclease (RN-
ase)-A solution (Sigma Chemical, St. Louis, MO; 600 ml
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FIG. 1. Analyses of the ovine genomic
clone. A) Map of the ovine l genomic
clone illustrating known restriction en-
zyme sites. A detailed map of the 5.3-kb
BamHI fragment is also presented. Loca-
tion and sizes of exon 1 and 2 and the in-
tron are illustrated. B) Detection of ovine
GDF-9 in ovine genomic DNA by South-
ern analyses. The migration pattern of the
molecular weight markers is shown in the
center of the Southern blots (GenBank ac-
cession number: AF078545).

10 mg/ml RNase-A into 300 ml double-strength SSC) at
378C for 30 min, washed in double-strength SSC for 10
min, washed in stringent wash solution (0.1-strength SSC,
0.09% b-mercaptoethanol, 1 mM EDTA) at 558C for 2 h,
and rinsed twice in 0.5-strength SSC for 10 min. Sections
were dehydrated through graded ethanol-sodium acetate so-
lutions (50–100% ethanols; 0.3 M NH4OAc) and air-dried.
Slides were then coated with emulsion (type NTB2; East-
man Kodak, Rochester, NY) and stored for 32 days at 48C.
The emulsion was developed, and tissue sections were
stained with hematoxylin and eosin and examined using
both brightfield and darkfield optics. The experiment was
performed twice using sections from ovaries obtained from
adult nonpregnant ewes (n 5 2) and cows (n 54). Ovaries
used in each experiment were from different animals and
were processed on separate occasions.

RESULTS

Molecular Cloning of the Ovine GDF-9 Gene

Amplification of ovine and bovine genomic DNA with
primers directed against homologous sequences of human
and mouse GDF-9 exon 2 resulted in the isolation of a 277-
bp fragment for both species. Nucleotide and amino acid
sequences of the isolated fragments demonstrated 96% ho-
mology between species. In addition, sequences of the 277-
bp fragments were approximately 91% and 83% homolo-
gous to human and mouse GDF-9, respectively. The ge-
nomic fragments corresponded to amino acids 362–454 of
the predicted human sequence [13] and 349–441 of the
predicted mouse sequence [14, 15].

The entire coding sequence of the ovine GDF-9 gene

was isolated in a 5.3-kb BamHI fragment from a single l
clone (Fig. 1A). Like the human and mouse genes, ovine
GDF-9 spans approximately 2.5 kb and contains 2 exons
and 1 intron. Exon 1 spans 397 bp and encodes for amino
acids 1–134 while exon 2 spans 968 bp and encodes for
amino acids 135–456. The single intron spans 1126 bp. The
hybridization pattern for ovine genomic DNA (Fig. 1B) was
consistent with that predicted by sequence analysis of the
recombinant l clone. Prominent hybridizing DNA frag-
ments were observed at 5.3 kb with BamHI, 5.5 kb with
PstI, 2.9 kb with NcoI, 3.5 kb with BamHI/SacI, 2.7 kb
with BglI/SacI, and 11.2 kb with SacI for exon 1. Prominent
hybridizing fragments were observed at 5.3 kb with BamHI,
1.5 kb with PstI, 2.9 kb and 0.9 kb with NcoI, 1.3 kb with
BamHI/SacI, 5.3 kb with BglI/SacI, and 6.0 kb with SacI
for exon 2. Predicted amino acid sequences are 77% and
66% homologous to human and mouse GDF-9, respectively
(Fig. 2). In addition, there are four potential N-glycosyla-
tion sites and six cysteine residues that appear to be con-
served across species (Fig. 2).

Expression of GDF-9 mRNA in Ovaries of Domestic
Ruminants

In situ hybridization was used to determine the distri-
bution and relative abundance of mRNA for ovine and bo-
vine GDF-9. The distribution of silver grains over the sec-
tions of ovine and bovine ovaries incubated in the presence
of the 35S-radiolabeled antisense probe appeared to be oo-
cyte-specific (Fig. 3). Specific hybridization was not evi-
dent in any other cell type, including granulosa and theca
cells. Oocytes in follicles from the primordial follicle stage
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FIG. 2. Comparison of the predicted ami-
no acid sequences for ovine, human, and
murine GDF-9. Numbers indicate amino
acid positions relative to the amino termi-
ni. Amino acids in boldface type are dif-
ferent between species. Dashes indicate a
gap in sequence between species. Boxed
sequences indicate the four potential N-
glycosylation sites and six cysteine resi-
dues that are conserved across species.

(type 1) onward were labeled (Fig. 3, A–C and G and H).
Specific labeling was not observed in sections incubated
with 35S-radiolabeled sense probe (Fig. 3, D–F and I).

DISCUSSION

Although considerable information exists on the role of
gonadotropins in the final stages of follicular development,
the signal(s) and mechanism(s) involved in the initiation
and maintenance of gonadotropin independent folliculogen-
esis are unknown. Perhaps one of the more interesting de-
velopments in this area of ovarian physiology is the isola-
tion of GDF-9, a member of the TGFb superfamily that is
essential for early follicular growth in mice [12]. Unfortu-
nately, there is little information on the presence or function
of GDF-9 in domestic ruminants. Herein, we report the iso-
lation of the first ruminant GDF-9 genomic clone and char-
acterization of GDF-9 gene expression in the ruminant ova-
ry.

Consistent with the reported sequences for the human
[13] and mouse [14, 15] GDF-9 genes, the ovine gene for
GDF-9 consists of two exons separated by a single intron.
Exon 1 spans 397 bp and exon 2 spans 968 bp. Exon sizes
correlate well with those reported for the human [13] and
mouse [14, 15]. Amino acid sequence for the ovine GDF-
9 gene is approximately 77% homologous to human and
66% homologous to mouse with increased homology in the
mature portion of the gene. In addition, there are four po-

tential N-glycosylation sites and six cysteine residues that
appear to be conserved across species. Isolation of the
ovine GDF-9 gene and knowledge of its structure will allow
for further studies into the regulation of GDF-9 gene ex-
pression within the ruminant ovary.

To begin to address this issue, we used in situ hybrid-
ization to examine the distribution and relative abundance
of GDF-9 mRNA in ovine and bovine ovarian tissue. Spe-
cific hybridization using the antisense probe was localized
exclusively to the oocytes of both species. The oocyte-spe-
cific expression of GDF-9 in the ovaries of sheep and cattle
was similar to that reported for mice [13, 19]. However,
antisense hybridization was present in ovine and bovine
follicles at all stages of development, including type 1 (pri-
mordial) follicles. This is in contrast to results for mice in
which initiation of GDF-9 expression was reported to co-
incide with the formation of type 2 (primary) follicles [13,
19]. The discrepancy with respect to the onset of GDF-9
expression may be due to differences in follicular classifi-
cation criteria, to the sensitivity of the in situ hybridization
system used, or to species differences.

Oocyte-specific expression of GDF-9 mRNA in the ova-
ries of a number of species indicates that this growth factor
may be important in the regulation of folliculogenesis and
oocyte growth. In fact, targeted deletion of GDF-9 exon 2
creates a block to normal folliculogenesis in transgenic
mice at the primary follicle stage, which, in turn, leads to
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FIG. 3. In situ localization of mRNA for GDF-9 in oocytes present in ovine and bovine follicles. A–C) Ovine follicles from the same section hybridized
to ovine GDF-9 35S-antisense probe: A) ovine type 1 follicle; B) ovine type 2 follicle; C) ovine type 4 follicle. D–F) Adjacent serial section incubated
in the presence of ovine GDF-9 35S-sense probe: D) ovine type 1 follicles; E) ovine type 2 follicle; F) ovine type 4 follicle. G) Bovine type 1 follicle
hybridized to bovine GDF-9 35S-antisense probe. H) Bovine type 5 follicle, antisense probe. I) Adjacent serial section of the bovine type 5 follicle
incubated in the presence of bovine GDF-9 35S-sense probe.

complete infertility [12]. Although oocytes from the folli-
cles of these mice reached normal size, they rarely con-
tained cortical granules and did not achieve meiotic com-
petence. In addition, granulosa cells surrounding these fol-
licles appeared abnormal and theca layers were absent [12].
Thus, it appears that GDF-9 is essential for the maintenance
of normal follicular growth and oocyte development soon
after the transition into a growth-committed state. Since
GDF-9 mRNA expression is restricted to oocytes, it appears
that early folliculogenesis and oocyte growth are not only
regulated by factors from the somatic cells of the ovary,
but by factors from the oocyte itself. However, the biolog-
ical function(s) and site(s) of action of GDF-9 remain un-
known.

The pattern of GDF-9 expression and results from GDF-
9 gene ablation studies in mice suggest that GDF-9 may
play an autocrine role in the regulation of oocyte devel-
opment and maturation and/or a paracrine role in the reg-
ulation of granulosa cell differentiation and proliferation.
An autocrine and/or paracrine role for GDF-9 within the
ovary is further supported by the presence of a putative
signal sequence for secretion [13]. GDF-9 has also been
shown to be expressed after ovulation and up to 1.5 days
after fertilization [13]. This continued expression implies
an additional role of GDF-9 in fertilization and early em-
bryonic development. GDF-9 was also recently shown to

be expressed in a variety of nongonadal tissues, which sug-
gests possible roles for GDF-9 outside of the ovary [19].
However, expression of GDF-9 within the ovary is cell-
specific and is necessary for normal follicular and oocyte
development. Therefore, although GDF-9 may have phys-
iological roles in other tissues, it is critical to understand
the role of GDF-9 in cellular differentiation and/or prolif-
eration within the ovary. Further research into the site(s) of
action of GDF-9 within the mammalian ovary is needed to
determine the precise role of GDF-9 in the initiation and
regulation of folliculogenesis.

The potential role of a number of growth factors and
hormones and their receptors on the initiation of folliculo-
genesis has been examined (for review see [17]). In contrast
to GDF-9, the majority of these factors are expressed after
follicles have entered the growth phase, i.e., after the tran-
sition from type 1 (primordial) to type 2 (primary) follicles.
As discussed above, the oocyte specificity and timing of
GDF-9 expression indicate that this growth factor may be
important in the initiation of folliculogenesis. To our
knowledge, the tyrosine kinase receptor c-kit and its ligand,
stem cell factor, are the only other factors expressed by cells
in the ovary during this critical stage of development that
have been shown to play a role in folliculogenesis. Ex-
pression of c-kit was detected in mouse oocytes starting at
the diplotene stage [20] and in fetal sheep oocytes from the
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primordial follicle stage onward [21]. Mutations in the c-
kit receptor lead to varying degrees of infertility in mice
and have been shown to affect gametogenesis (for review
see [22]). In addition, blockage of c-kit function via the
administration of an anti-c-kit antibody, ACK2, prevented
the onset of follicular growth [23]. Further, the ligand for
the c-kit receptor, stem cell factor, appears to be necessary
for mouse primordial germ cell survival in culture [24] and
is expressed in granulosa cells at all stages of follicular
development, from primordial through antral follicles in
sheep [25]. However, the presence of stem cell factor alone
did not induce proliferation of mouse primordial germ cells
in culture; and it was suggested that perhaps stem cell fac-
tor was involved in regulating a survival signal rather than
a proliferation signal [24, 26]. Tisdall et al. [25] have pro-
posed that stem cell factor may act as an inhibitor of apo-
ptosis in granulosa cells and oocytes during follicular for-
mation and early growth in sheep [25]. It is possible, there-
fore, that c-kit and stem cell factor act in combination with
another factor to stimulate granulosa cell proliferation, oo-
cyte growth, and follicular survival. For example, once the
interaction between c-kit and its ligand had been achieved
and primary follicles had formed, administration of ACK2
did not prevent further development [23]. In addition, c-kit
is expressed only by oocytes, but administration of ACK2
prevents granulosa cell proliferation [23]. Since the stage
of follicular growth disrupted by ACK2 administration is
similar to that disrupted by the GDF-9 mutation in mice,
GDF-9 may be a signal for granulosa cell proliferation de-
rived from oocytes that is activated via stem cell factor and
c-kit interaction [23]. The timing of GDF-9 expression ob-
served in the present study indicates that it may play a role
in oocyte growth and granulosa cell proliferation and dif-
ferentiation. Thus, GDF-9, c-kit, and stem cell factor may
act together to promote follicular growth and survival.

In summary, the members of the TGFb superfamily in-
fluence a wide variety of growth and differentiation pro-
cesses in a number of tissues and species. The newest mem-
ber of this superfamily, GDF-9, appears to be no exception.
In the present study, we report that the expression of GDF-
9 is oocyte-specific in domestic ruminants. The oocyte
specificity of GDF-9 mRNA expression is consistent with
the concept that the oocyte itself may play a role in the
regulation of follicular development and/or oocyte matu-
ration.
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