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______________________________________________________________________________________

Abstract
Certain variants in the growth differentiation factor 9 (GDF9) gene have major effects on the ovulation
rate in sheep. The aim of this study was to analyse GDF9 variability in the Sudanese desert sheep ecotypes
Ashgar, Dubasi and Watish, and to test identified variants for association with litter size. For this purpose,
ewes of these ecotypes with litter size records for at least two litters were sampled. The complete GDF9
exon 2 was sequenced in a total of 28 ewes. An additional variant in exon 1 (c260G>A) was genotyped by
restriction-length polymorphism analysis in 97 ewes. Differences in genotype and allele frequencies of
polymorphic positions between two groups differing in litter size (only a single lamb versus more than a
single lamb) were tested for significance using Fisher's exact test. GDF9 exon 2 variants c.477G>A and
c.721G>A and exon 1 variant c.260G>A were found to be polymorphic in all three sheep ecotypes. Exon 2
variants c.471C>T and c.978 A>G were polymorphic in at least one ecotype. No significant associations
were observed between allele and genotype frequencies of identified variants and litter size. This suggests
that GDF9 variants influencing ovulation are absent in these Sudanese sheep ecotypes, and therefore
cannot be used to increase litter size within this population of sheep.
______________________________________________________________________________________
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Introduction
The growth differentiation factor 9 (GDF9) gene is located on chromosome 5 and contains two exons,
divided by an intron of 1126 base pairs. The exons code for a propeptide with 453 amino acids
(Bodensteiner et al., 1999).
GDF9 belongs to the transforming growth factor β superfamily, and has a vital role in ovarian follicular
development and ovulation rate. It has been widely studied in humans, sheep, and goats (Elvin et al., 1999;
McNatty et al., 2005). In sheep, numerous mutations in the GDF9 coding sequence have been reported, with
one single exception all of them being located in the second exon (Table 1). Eight of these 11 single
nucleotide polymorphisms (SNPs) cause amino acid substitutions, and some of them have an effect on
ovulation rate and hence litter size. The three non-synonymous SNPs c.943C>T, c.1184C>T and c.1279A>C
result in a phenotype of increased ovulation rate/litter size in heterozygous ewes, and infertility linked to
hypoplasia of ovary and uterus in homozygous females (Hanrahan et al., 2004; Juengel et al., 2013; Nicol et
al., 2009; Souza et al., 2014). Infertility due to the homozygous mutant genotype was not observed for two
other non-synonymous SNPs, c.1111G>A (Vage et al., 2013) and c.1034C>T (Silva et al., 2011), which
instead show an additive effect on ovulation rate and litter size.
As only the mature GDF9 peptide is deemed biologically active (Paulini & Melo, 2011), mutations that
are located proximal to the RRHR furin protease cleavage site (proximal to amino acid position 318) are
regarded as not affecting the protein function (Hanrahan et al., 2004). A single non-synonymous SNP in
exon 1 (c.260G>A) is located before the furin cleavage site, and causes only a conservative substitution of
amino acids (Arg87His) (Hanrahan et al., 2004). However, this GDF9 mutation was claimed by Barzegari et
al. (2010) to be associated with infertility (genotype AA), and at least in combination with another mutation in
the gene coding for the bone morphogenic protein 15 (BMP15) with higher ovulation rate (genotype AG) in
Iranian sheep.
Associations of GDF9 sequence variants at positions with no obvious impact on the gene function
might be due to a linkage with undetected or until now not tested causal variants. Such a linkage was
recently speculated by Albarella et al. (2015) for a silent G>A substitution they detected for the first time at
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position 750 of GDF9 in Bagnolese sheep. They observed a higher litter size in sheep with the genotype GG
compared with AG (P <0.05). The effect of the genotype AA was not tested because of its low frequency.

Table 1 Published sequence variants in the coding region of ovine GDF9
Position in
coding sequence

Variant name(s)

Amino acid
change

Breed

Variant first published by

G1

p.Arg87His

Cambridge & Belclare

Hanrahan et al., (2004)

c.471C>T

G2

p.Val157Val

Cambridge & Belclare

Hanrahan et al., (2004)

c.477G>A

G3

p.Leu159Leu

Cambridge & Belclare

Hanrahan et al., (2004)

c.531C>T

p.Asn177Asn

Bagnolese

Albarella et al., (2015)

c.617G>A

p.Arg206Lys

Laticauda

Albarella et al., (2015)

p.Glu241Lys

Cambridge & Belclare

Hanrahan et al., (2004)

p.Gln243His

Small Tail Han

Chu et al., (2011)

p.Arg250Arg

Thoka

Nicol et al., (2009)

p.Arg315Cys

Ile de France

Souza et al., (2014)

p.Arg318Ile

Bagnolese

Albarella et al., (2015)

p.Glu326Glu

Cambridge & Belclare

Hanrahan et al.,(2004)

p.Val332Ile

Cambridge & Belclare

Hanrahan et al.,(2004)

Exon 1
c.260G>A
Exon 2

c.721G>A

G4

c.729G>T
c.750G>A
c.943C>T

FecG

V

c.953G>T
c.978A>G

G5

c.994G>A

G6

c.1034C>T

SI

FecG /FecG

p.Phe345Cys

Brazilian Santa Inês

Silva et al., (2011)

c.1111G>A

G7

p.Val371Met

Cambridge & Belclare

Hanrahan et al., (2004)

p.Ser395Phe

Cambridge & Belclare

Hanrahan et al., (2004)

p.Val401Val

Bagnolese

Albarella et al., (2015)

p.Ser427Arg

Thoka

Nicol et al., (2009)

p.Arg453His

Laticauda

Albarella et al., (2015)

c.1184C>T

E

G8/FecG

c.1203G>A
c.1279A>C
c.1358G>A

T

FecT

H

Sheep population in Sudan consists of about 39.6 million, representing 37.79% of the total Sudanese
livestock population, which is approximately 104 million head. In recent years there has been growing
interest in exporting desert-type Sudanese sheep to Arab countries (Ministry of Animal Resources, Fisheries
and Ranges (MARFR), 2013). Desert sheep is one of the most widely distributed types in Sudan,
representing about 65% of the total sheep population, and comprising seven regional ecotypes, namely
Gezira (Ashgar and Dubasi), Watish, Butana, Bija, Meidob, and North Riverine Wooled Sheep (Mukhtar,
1985; El Hag et al., 2001). Sulieman et al. (1990) found that Ashgar produced higher numbers of lambs per
ewe (1.30) than Dubasi (1.18) and Watish (1.17).
The aim of this work was to analyse GDF9 gene variability in the Sudanese desert sheep ecotypes
Ashgar, Dubasi and Watish, and to test identified variants for association with litter size.
Ewes from the three sheep ecotypes (Figure 1) from various regions of Sudan were selected for
sampling according to their history of litter size (River Nile and Khartoum states for Ashgar, Gazira state for
Dubasi and Sinar state for Watish). Any selected ewe must have had at least two lambing records. The
number of lambing records ranged from two to seven (on average 3.9 records).
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Figure 1 Sudanese desert sheep ecotypes analysed in this study: A) Ashgar; B) Dubasi; C Watish

Ewes were divided into two groups according to their average litter size. One group comprised ewes
of all three ecotypes that gave birth to single lambs in all recorded lambings (hence the average of litter size
was 1.0). The other group included ewes of all three ecotypes, which on average had more than a single
lamb (average litter size per ewe in this group ranged from 1.5 to 3.0; the average litter size of the whole
group was 2.1).
Blood samples (5 mL) were drawn from the jugular vein in EDTA vacutainer tubes. The genomic DNA
was extracted from white blood cells according to Montgomery & Sise (1990).
Sampling of sheep was approved by the Federal Ministry of Animal Resources, Fishery and Ranges of
North Sudan and in compliance with standard ethical norms.
To identify sequence variants in the second exon of GDF9, 28 samples were sequenced: 10 DNA
samples each from Ashgar and Dubasi and eight from Watish. For each ecotype, 50% of the samples were
selected from the single lamb group and the other 50% from the more than a single lamb group. To amplify
two overlapping fragments covering the complete exon 2 of GDF9, these pairs of primers were designed
using GenBank sequence AF078545.2 and the software Primer3 (Untergrasser et al., 2012): forward primer
5'-GGCTTGAGAATGTGGGGAGAA-3' and reverse primer 5'-GGGACGATCTTACACCCTCA-3' to amplify a
proximal fragment of 656 bp, and forward primer 5'-CACAAGTGCTCAGGCTTTTC-3' and reverse primer 5'CATGAGGAAGGCAGCTGTTA-3' to amplify an overlapping distal fragment of 749 bp. Polymerase chain
reaction (PCR) amplifications were carried out in a final volume of 50 µL, including 0.2 mM dNTPs, 1 mM
MgCl2, 20 pmol of each primer, 1.5 U Go Taq Flexi Polymerase in 1-fold Colourless GoTaq Flexi buffer
(Promega, Madison, Wis, USA) and 50 ng of DNA template. PCR reaction was run in a thermal cycler under
these conditions: initial denaturation at 95 °C for 90 sec, followed by 35–40 cycles consisting of denaturation
at 95 °C for 15 sec, annealing at 65 °C for 30 s, extension at 72 °C for 60 s, and a final extension at 72 °C for
5 min. Agarose gel electrophoresis and Nanodrop 2000 spectrophotometer (VWR International GmbH,
Erlangen, Germany) were used to check PCR products for size, quality and quantity. PCR products were
purified and then sequenced using Big Dye Terminator chemistry and the ABI 3130 Genetic Analyzer as
recommended by the manufacturer (Applied Biosystems, Foster City, Calif, USA) with PCR forward primer
(656-bp fragment) and reverse primer (749-bp fragment). Alignment and analysis of sequences from the
samples was done with the software ChromasPro version 1.33 (Technelysium Pty Ltd, Tewantin, Australia).
The SNP in exon 1 of GDF9 (c.260G>A) was genotyped in a total of 97 ewes with litter size records
(35 Ashgar, 29 Dubasi and 33 Watish) by PCR-restriction fragment length polymorphism (RFLP) analysis
using the HhaI restriction enzyme. Its cleavage site (GCGC) occurs only in the presence of the G allele. For
amplification of a 357-bp fragment containing the polymorphic position c.260G>A of GDF9 exon 1 and no
additional HhaI cleavage site, these primers that were designed with Primer3 software were used: forward
primer 5'-TGAGGCTGAGACTTGGTCCT-3' and reverse primer 5'-ATAAAGGAGTTGGCCCTGCT-3'. PCR
amplification was carried out in a final volume of 25 µL, including 0.2 mM dNTPs, 2 mM MgCl 2, 20 pmol/µL of
each primer, 1.0 U Go Taq Flexi Polymerase with 1 x Colourless Go Taq Flexi buffer (PROMEGA, Madison,
Wis, USA) and 50 ng DNA template in a thermal cycler under these conditions: initial denaturation at 95 °C
for 90 s, followed by 35 cycles consisting of denaturation at 96 °C for 15 s, annealing at 62 °C for 30 s,
extension at 72 °C for 60 s, and a final extension at 72 °C for 5 min. The resulting PCR product was
incubated with HhaI in 10 µL final volume as recommended by the manufacturer of the enzyme (New
England Biolabs GmbH, Frankfurt am Main, Germany). The resulting DNA fragments were separated on
agarose gel (2.5%) and visualized by staining with Midori green (Nippon Genetics Europe GmbH, Düren,
Germany). Restriction fragment length polymorphism (RFLP) patterns were verified by sequencing PCR
products with PCR forward primer as described before.
Genotype and allele frequencies were calculated for identified SNPs for all sheep and separately for
each ecotype, and for the two groups of ewes with single and with more than a single lamb, respectively.
Differences in genotype and allele frequencies between these two groups of divergent litter size were tested
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for significance with Fisher's exact test using the program IBM SPSS Statistics for Windows, Version 20.0.
Armonk, NY: IBM Corp.

Results and Discussion
Sequencing the complete exon 2 of the GDF9 gene in a total of 28 sheep of the Ashgar, Dubasi and
Watish ecotypes revealed four polymorphic positions: c.471C>T, c.477G>A, c.721G>A and c.978A>G. Minor
allele frequencies for T at position 471 and G at position 978 were very low over all sheep (0.05 and 0.02,
respectively). These two SNP were monomorphic in Dubasi (c.471C>T) and Dubasi and Watish (c.978A>G)
sheep, respectively. The two other SNPs in exon 2 were polymorphic in all three ecotypes. For the SNP
c.477A>G, the A allele was predominant in Ashgar (0.44), whereas the G allele was the predominant allele in
Dubasi and Watish (0.60 and 0.69, respectively). Genotype frequencies for all polymorphic exon 2 SNPs for
all sheep, for the different ecotypes and for ewes with a single lamb and for ewes with an average of more
than a single lamb are given in Table 2. No significant differences in allele or genotype frequencies between
the two groups differing in litter size were observed for any of these SNPs.

Table 2 Genotype frequencies of GDF9 exon 2 SNPs in Sudanese desert sheep, ecotypes, and in ewes with
single and more than single lambs
Genotypes of SNPs at positions
Sheep group

Sheep
(n)

c.471C>T

c.477G>A

c.721G>A

c.978A>G

CC

CT

TT

GG

AG

AA

GG

AG

AA

AA

AG

GG

Ashgar

10

0.80

0.20

0.00

0.10

0.60

0.30

0.70

0.20

0.10

0.90

0.10

0.00

Dubasi

10

1.00

0.00

0.00

0.40

0.40

0.20

0.80

0.10

0.10

1.00

0.00

0.00

Watish

8

0.88

0.12

0.00

0.50

0.38

0.12

0.88

0.12

0.00

1.00

0.00

0.00

All sheep

28

0.89

0.11

0.00

0.33

0.46

0.21

0.79

0.14

0.07

0.96

0.04

0.00

Single

15

0.93

0.07

0.00

0.33

0.40

0.27

0.80

0.13

0.07

1.00

0.00

0.00

More than single

13

0.85

0.15

0.00

0.31

0.54

0.15

0.77

0.15

0.08

0.92

0.08

0.00

Lambing type

Incubation of the 357-bp fragment containing the polymorphic position c.260G>A in GDF9 exon 1 with
HhaI restriction enzyme resulted in fragments of 222 and 135 bp for genotype GG and in fragments of 357,
222 and 135 bp for genotype AG (Figure 2).

Figure 2 Determination of GDF9 genotypes at position c.260G>A by RFLP analysis
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M = DNA size marker pUC19 DNA/MspI (Thermo Fisher Scientific, Waltham, USA); 1–4 = PCR products
digested with HhaI (1, 2, 4 = genotype GG, 3 = genotype AG); 5 = negative control; 6 = undigested PCR
product
For any sample, only a single 357-bp fragment (as expected for genotype AA) was observed after
digestion with HhaI.
Allele and genotype frequencies calculated for the c.260G>A variant are given in Table 3. The
frequency of the A allele was 0.10 among all genotyped sheep. In Ashgar, it was higher than in Dubasi and
Watish (0.19 compared with 0.03 and 0.06, respectively), but similar to these breeds, no sheep with the AA
genotype was identified among the Ashgar sheep. Comparison of allele and genotype frequencies between
ewes with a single lamb and with more lambs (see Table 3) revealed no significant differences.

Table 3 Allele and genotype frequencies of GDF9 exon 1 SNP c.260G>A in Sudanese desert sheep
ecotypes, and in ewes with single/more than single lambs
SNP c.260G>A
Sheep group

Sheep
(n)

Allele frequency

Genotype frequency

A

G

GG

AG

AA

Ashgar

35

0.19

0.81

0.63

0.37

0.00

Dubasi

29

0.03

0.97

0.93

0.07

0.00

Watish

33

0.06

0.94

0.88

0.12

0.00

All sheep

97

0.10

0.90

0.80

0.20

0.00

Single

54

0.11

0.89

0.78

0.22

0.00

More than single

43

0.08

0.92

0.84

0.16

0.00

Lambing type

In this study, five known GDF9 variants (c.471C>T, c.477G>A, c.721G>A and c.978A>G in exon 2,
and c.260G>A in exon 1) were found to be polymorphic in at least one of the three Sudanese desert sheep
ecotypes Ashgar, Dubasi and Watish. Only the SNP c.721G>A causes an amino acid substitution
(p.Glu241Lys), which owing to the change of an acidic group with a basic group is a non-conservative one.
However, as for all of the identified SNPs, this variant is located proximal to the furin protease cleavage site.
Therefore, it was not unexpected that no significant association could be observed between the identified
variants in exon 2 of GDF9 and litter size in Sudanese desert sheep ecotypes. Although the number of 28
sheep is very low for association testing, the authors refrained from genotyping the four polymorphic SNPs in
exon 2 of GDF9 in a higher number of sheep because literature relating these variants to ovulation rate could
not be found.
Also for the SNP c.260G>A in exon 1 of GDF9, no significant association was found with litter size in
the sampled sheep. However, a higher frequency of the minor A allele was observed in Ashgar compared
with Dubasi and Watish. From the 36 Ashgar sheep that were genotyped, 21 had single lambs and 15 had
more than a single lamb on average. Because Ashgar sheep were observed to have a higher litter size than
Dubasi and Watish (Sulieman et al., 1990), it may be interesting to genotype more Ashgar sheep for this
SNP and to test for association with litter size within this breed. Results from Barzegari et al. (2010) indicate
a possible effect of this SNP on ovulation rate/litter size. However, these results are based on very few
sheep and should be taken with great care.
In addition to GDF9, the presence of other known major genes influencing ovulation rate could be
tested for the desert sheep ecotypes analysed in this study. On the other hand, because these sheep do not
show extraordinarily high litter sizes (compared with certain other breeds), the chance to identify such major
gene variants seems to be low. By genotyping BMPR1B, BMP15 and GDF9 variants in five Tunisian sheep
breeds (Barbarine, Queue Fine de L’Ouest, Noire de Thibar, Sicilo-Sarde and D’man) with litter sizes ranging
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from 1.14 (Queue Fine de L’Ouest) to 2.72 (D’man), Vacca et al. (2010) found an absence of all known
ovulation-influencing alleles in these breeds. However, other breeds and genes are still open for research. A
major gene variant that increases litter size in such a native African breed could be introduced in desert
sheep ecotypes by classical intercrossing and backcrossing, and carriers of such a variant could then be
identified and selected easily by genetic testing. Increased numbers of lambs have the potential to improve
the livelihood and social status of the nomads. Of course, natural feed resources are limited in this region.
However, it is more favourable to raise a larger number of lambs only once a year in the rain period than a
lower number twice a year.

Conclusion
In summary, the authors concluded that five positions in GDF9 were found to be polymorphic in at
least one of the Sudanese desert sheep ecotypes Ashgar, Dubasi and Watish. Except for the exon 1 variant
c.260G>A, which had a higher frequency of the A allele in the more prolific Ashgar sheep compared with the
less prolific Dubasi and Watish sheep, significant associations of these GDF9 variants with litter size were
not observed. This suggests that the GDF9 variants that influence ovulation are absent in these Sudanese
sheep ecotypes, and therefore cannot be used to increase litter size within this population of sheep.
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