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ABSTRACT. Follicle-stimulating hormone (FSH), a glycoprotein 
secreted by the anterior pituitary, can regulate ovarian function through 
the FSH receptor (FSHR). To evaluate the effects of the FSHR gene 
on reproductive traits in pigs, polymorphisms in exon 10 of the FSHR 
gene were observed by polymerase chain reaction-single-strand 
conformation polymorphism, and 3 single nucleotide polymorphisms 
(C1491T, G1885A, and C1977T) in exon 10 of the porcine FSHR gene, 
and 3 genotypes (AA, AB, and BB) for C1491T and 2 haplotypes (D and 
E) for G1885A and C1977T were identified. Further analysis of single 
nucleotide polymorphism genotypes associated with reproductive traits 
including total number born (TNB) and number born alive (NBA) was 
carried out in 3 pig populations including Berkshire, Wannan Black 
(a Chinese indigenous pig breed), and BW pigs (two-way crossbred 
pigs produced from Berkshire ♂ and Wannan Black pig ♀). The results 
showed that the TNB and NBA of Wannan Black pigs with the AB 
genotype were significantly higher than in AA genotype sows (P < 0.01) 
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in multiparity sows and all parities. The TNB and NBA of Berkshire 
pigs with the DE genotype were significantly higher than the DD and 
EE genotype sows (P < 0.01) in gilts, sows and all parities. Overall, 
TNB and NBA from the 3 identified genotypes was DE > DD > EE. The 
results showed that polymorphisms in exon 10 of the FSHR gene had 
a significant effect on litter size traits of Wannan Black and Berkshire 
pigs. These results can be applied for marker-assisted selection in the 
2 swine breeds.

Key words: Follicle-stimulating hormone receptor; Polymorphism; 
Number born alive; Pig; Total number born 

INTRODUCTION

Porcine reproductive traits directly affect production and the economic efficiency of 
pig farms. Reproductive processes are mainly regulated by the endocrine system. Follicle-
stimulating hormone (FSH), a glycoprotein secreted by the anterior pituitary, can regulate 
ovarian function through the FSH receptor (FSHR) (Rannikki et al., 1995). cDNA open 
reading frames of human and most mammalian FSHR genes contain 10 exons and 9 introns, 
with exon 10 encoding transmembrane and intracellular domains (Marsters et al., 2003; 
Daelemans et al., 2004). Sequence analysis of exon 10 of FSHR has mainly focused on 
human samples (Achrekar et al., 2009a; Balkan et al., 2010; Rendina et al., 2010; Dolfin et al., 
2011; Grigorova et al., 2008, 2013). More than 700 single nucleotide polymorphisms (SNPs) 
have been identified in the human FSHR gene and are known to impact fertility (Sudo et al., 
2002; Daelemans et al., 2004; Jun et al., 2006; Vilodre et al., 2008; Achrekar et al., 2009b; 
Rodini et al., 2011; Mohiyiddeen et al., 2012). Based on these findings, it has been suggested 
that polymorphisms in the FSHR gene of livestock may also play a role in fertility. While 
few studies have examined FSHR gene polymorphisms in livestock, most polymorphisms 
identified have been found in the 5'-region of the gene (Chu et al., 2012; Zhang et al., 2004, 
2012; Yang et al., 2014). Kang et al. (2012) indicated that chicken FSHR gene polymorphisms 
influence the age at first egg. A study by Rahal et al. (2000) detected 2 SNPs (C1506T and 
T1593C) in exon 10 of the bovine FSHR gene. Marson et al. (2008) found no correlation 
between FSHR gene polymorphisms and precocious puberty in heifers, while a study by 
Sairam and Subbarayan (1997) identified a correlation between FSHR gene polymorphisms 
and the secretion of reproductive hormones in seasonally breeding mammals. Finally, studies 
by Jiang et al. (2002) revealed that polymorphisms in exon 10 of the porcine FSHR gene 
significantly affected the number of offspring. More extensive studies examining the effects 
of polymorphisms in the porcine FSHR gene have not been reported.

Wannan Black pigs, a Chinese native breed from Anhui Province, display high fertility. 
The Berkshire pig is a lean pig breed from American. In this study, we used polymerase 
chain reaction-single-strand conformation polymorphism (PCR-SSCP) methods to examine 
polymorphisms in exon 10 of the FSHR gene in Wannan Black pigs, BW pigs (2-way crossbred 
pigs produced from Berkshire ♂ and Wannan Black pig ♀), and Berkshire pigs. We studied 
the relationship between polymorphisms and the number of offspring in order to provide a 
reference for the breeding of local pig breeds as well as for the conservation and utilization of 
germplasm resources.
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MATERIAL AND METHODS

Sample sources and data collection

Ear tissue samples were collected from 3 varieties of sows from a total of 253 samples, 
of which 91 were obtained from Wannan Black pigs, 82 from BW pigs, and 80 from Berkshire 
pigs. Information collected on the 253 sows included birth parity, total number born (TNB), 
and number born alive (NBA). Ear tissue samples were placed in centrifuge tubes in 70% 
ethanol and cryopreserved at -20°C. Phenol-chloroform extraction was used to obtain DNA 
from ear tissues. The DNA was resuspended in Tris-EDTA buffer and UV spectrophotometry 
was used to determine the concentration and quality of DNA. The DNA was then diluted to 50 
ng/µL and cryopreserved at -20°C. 

Nutrition and management conditions for pigs were consistent between the 3 groups. 
Hybridization, production, and epidemic prevention of the groups were conducted in strict 
accordance with the production standards of the pig-breeding farm. Experiments were per-
formed according to the Regulations for the Administration of Affairs Concerning Experimen-
tal Animals (Ministry of Science and Technology, China; revised June 2004) and approved by 
the Ethics Committee of Anhui Agricultural University, Anhui, China, under permission No. 
AHAU20140215.

PCR-SSCP

PCR was performed in a volume of 25 µL and included 8 µL 2X Power Taq PCR 
MasterMix, 2 µL template DNA, 1 µL of each 2 µM upstream and downstream primers, and 
13 µL sterile distilled water. The PCR amplification program included an initial denaturation 
step at 94°C for 5 min, denaturation at 94°C for 1 min, annealing at 55.5°-60.4°C for 30 s, 
and extension at 72°C for 30 s for a total of 31 cycles, followed by extension at 72°C for 10 
min and holding at 4°C. Primers were designed according to the literature (Wu and Wang, 
2012) and were synthesized by Shanghai Biological Engineering Technology Services Co., 
Ltd. (Shanghai, China). Primer sequences are shown in Table 1.

Primer Sequences Position in NM_214386 (bp) Annealing temperature (°C) Product length (bp)

FP1 F: 5'-atgtgatttgctcccctgag-3'	 1064 55.8 174
 R: 5'-taaggaaccgagggactgtg-3'	 1237  
FP2 F: 5'-catggggcatgatattctcag-3'	 1113 56.9 243
 R: 5'-gctccagtttgccagtcaat-3'	 1355  
FP3 F: 5'-caataccacaactatgccattga-3'	 1318 55.5 243
 R: 5'-gatgccaaagatgggaaaga-3'	 1560  
FP4 F: 5'-tctttcccatctttggcatc-3'	 1541 56.9 243
 R: 5'-ggaagtccgtgaagatgagc-3'	 1783  
FP5 F: 5'-tatggccatgctcatcttca-3'	 1755 60.4 248
 R: 5'-tcctataagtctgggcttgcat-3'	 2002  
FP6 F: 5'-gctaagcaagtttggctgct-3'	 1956 56.9 164
 R: 5'-tctgggctaaacggcttaaa-3'	 2119  

F is the upstream primer; R is the downstream primer.

Table 1. Sequences of primers for the FSHR gene in pigs.
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SSCP analysis was performed using 2.5 µL PCR product in 7.5 µL loading buffer (9 
mL deionized formamide, 1 mL 10X Tris-borate-EDTA buffer, 0.025% bromophenol blue, 
and 0.025% xylene cyanide). Samples were mixed and denatured at 98°C for 10 min, then 
placed in an ice bath for 10 min. Samples were then run on a 10% polyacrylamide gel pre-run 
at 300 V for 20 min, followed by electrophoresis at 120 V for 12 h. The gel was silver-stained 
and images were obtained. Sequencing was performed by the Beijing Genomics Institute (Bei-
jing, China).

Statistical analysis

The SPSS17.0 statistical analysis software (SPSS, Inc., Chicago, IL, USA) was used 
to calculate gene (haplotype) and genotype frequencies, as well as to perform a significance 
test of the difference between gene (haplotype) and genotype frequency (c2 independence 
test), gene heterozygosity, and the effective number of alleles (Weaver and Wuensch, 2013). 
The SHEsis analysis software was used to calculate the parameters of linkage disequilibrium 
(Shi and He, 2005). In this test, the general linear model procedure of the SPSS17.0 statistical 
analysis software was used for correlation analysis between FSHR gene polymorphisms and 
TNB and NBA. The least significant difference method was used for multiple comparisons, 
and the corresponding TNB and NBA of different genotypes are reported as the least squares 
means ± standard error. The linear model was as follows: 

Yijkl = m+ ai + bj + ck + dl + eijkl

where Yijkl is the observed value of traits; µ is the overall mean; ai is the year and seasonal ef-
fect; bj is the genotype effect; ck is the effect of birth parity; dl is the breed effect; and eijkl are 
random-residual effects.

RESULTS

Genotyping and sequencing results

Polymorphic loci were only detected by 2 pairs of primers (FP3 and FP5) within all 6 
pairs of primers. Three genotypes AA, AB, and BB with primer FP3 and 5 genotypes (CC, DC, 
DD, DE, and EE) with primer FP5 were identified. Sequencing results indicated that a T→C 
mutation at the 1491-bp locus of exon 10, a G→A mutation at the 1885-bp locus, and a C→T 
mutation at the 1977-bp locus (Figure 1).

Linkage disequilibrium analysis and haplotype construction

Two polymorphic loci identified using primer FP5 in Berkshire pigs were analyzed 
for linkage disequilibrium and haplotype construction. The results showed that 2 polymorphic 
loci were in strong linkage disequilibrium (P < 0.01); theoretically, 2 polymorphic loci should 
have 4 haplotypes, including GT, GC, AT, and AC, but only 2 haplotypes showing statistical 
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significance were identified; GC (haplotype D) and TA (haplotype E). No polymorphisms 
were detected using primer FP5 in Wannan Black pigs and BW pigs. GT was designated as 
haplotype C type.

Figure 1. A. Sequence comparison of genotypes AA, AB, and BB based on sequencing using primer FP3. B. 
Sequence comparison of 3 haplotypes identified based on sequencing using primer FP5.

Genetic polymorphism of the FSHR gene in different breeds of pigs 

Gene frequency (haplotype frequency), genotype frequency, significant difference test 
between gene frequency (haplotype) and genotype frequency (c2 independence test), polymor-
phic information content, gene heterozygosity, and effective number of alleles at the FP3 and 
FP5 loci in 3 pig breeds were calculated after polymorphism genotyping using PCR-SSCP 
analysis (Table 2). Based on statistical analysis, the most advantageous allele at the FP3 locus 
in Wannan Black pigs was A, and the frequency of allele A was 0.9231. The most advanta-
geous allele at locus FP3 of BW pigs was B, and the frequency of gene B was 0.5732. The 
relative haplotype frequency at the FP5 locus of Berkshire pigs was D>E, and the frequency 
of haplotype D was 0.9000. Based on the c2 test, the genotype frequency at the FP3 locus in 
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Wannan Black pigs was in Hardy-Weinberg equilibrium (c2 = 0.6319, P = 0.729). The geno-
type frequency at the FP5 locus in Berkshire pigs was also in Hardy-Weinberg equilibrium (c2 

= 0.0934, P = 0.999), showing that the genotype frequencies at the FP3 locus in Wannan Black 
pigs and the FP5 locus in Berkshire pigs were affected by selection, mutation, migration, or 
other factors.

Position   Wannan Black  BW pigs Berkshire

FP3 Gene frequency  A 0.9231    0.4268  0.0000 
  B 0.0769    0.5732  1.0000 
 Genotype frequency (N) AA         0.8462 (77) 0 (0) 0 (0)
  AB         0.1538 (14)          0.8537 (70) 0 (0)
  BB 0 (0)           0.1463 (12) 1 (80)
 c2 value  0.6319  45.4731  0.0000 
 P value  0.7290  <0.0010 1.0000 
FP5 Haplotype frequency C 1.0000    0.5000  0.0000 
  D 0.0000    0.5000  0.9000 
  E 0.0000    0.0000  0.1000 
 Genotype frequency CC 1 (91) 0 (0) 0 (0)
  DC 0 (0) 1 (82) 0 (0)
  DD 0 (0) 0 (0)       0.825 (66)
  DE 0 (0) 0 (0)     0.15 (12)
  EE 0 (0) 0 (0)     0.025 (2)
 c2 value  0.0000    0.0000  0.0934 
 P value  1.0000    1.0000  0.9990

Table 2. Gene frequency, genotype frequency, and polymorphic sites in the FP3 and FP5 loci of the FSHR gene.

Relationship between FSHR gene polymorphisms and litter size in different breeds 
of pigs

The relationship between polymorphisms at the FP3 and FP5 loci and the number 
born of the 3 varieties of pigs was analyzed (Table 3). At the FP3 locus, in Wannan Black 
gilts, the TNB from pigs with the AB genotype was 1.11-fold greater than in pigs with the AA 
genotype (P < 0.05). The NBA in pigs of the AB genotype was 0.84-fold greater than in the 
AA genotype (P > 0.05). In Wannan Black pigs, the TNB and NBA from genotype AB pigs in 
multiparity and all parities were significantly higher in pigs with the AA genotype (P < 0.01).

At the FP3 locus, in primiparity, multiparity, and all parities from BW pigs, there was 
no significant difference in TNB and NBA between genotypes AB and AA (P > 0.05).

At the FP5 locus, in primiparity and all parities from Berkshire pigs, TNB and NBA 
from DE and DD genotypes were significantly higher than EE genotype (P < 0.01). The over-
all trend of TNB and NBA for all 3 genotypes at the FP5 locus was DE > DD > EE.

DISCUSSION

Genetic polymorphisms of FSHR 

Numerous studies have examined polymorphisms in exon 10 in the human FSHR 
gene, including C1043G (Pro348Arg), G1255A (Ala419Thr), A1556C (Pro519Thr), C1717T 
(Arg573Cys), C1723T (Ala575Val), A919G (Thr307Ala), and A2039G (Asn680Ser) (Livshyts 
et al., 2009; Achrekar et al., 2010). Previous studies regarding FSHR polymorphisms in 
animals have mainly focused on the 5'-untranslated region and exon 1. 
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Four SNPs (T26A, A61C, T70A, and G130C) in the 5'-regulatory region of the cap-
rine FSHR gene in different breeds of goats were detected by Guo et al. (2013). A polymor-
phism in the 200-bp indel of the promoter region in chicken FSHR was discovered by Kang 
et al. (2012), and 2 SNPs (C1506T and T1593C) in exon 10 in the bovine FSHR gene were 
reported by Rahal et al. (2000). However, only one report examined a polymorphism in exon 
10 in the porcine FSHR gene. Wu and Wang (2012) detected 2 SNPs (C1166T and T1491C) in 
exon 10 of the FSHR gene in Xiaomeishan pigs, and the C→T mutation at the 1166-bp locus 
resulted in an amino acid change from threonine to isoleucine (Thr377Ile).

This is the first study to examine polymorphisms in exon 10 of the FSHR gene in Wan-
nan Black, Berkshire, and BW pigs. The results showed that 3 SNPs (C1491T, G1885A, and 
C1977T) were detected, which did not result in amino acid changes at these positions, indicat-
ing that the nonsense mutation rate in the genome was much higher than the sense mutation 
rate (Jiang et al., 2002). In this study, only 1 SNP (C1491T) was detected in Wannan Black 
pigs, but 2 SNPs (G1885A and C1977T) were detected in Berkshire pigs, which were in close 
linkage disequilibrium. This could be because fewer samples of Wannan Black pigs were used 
in this study, and whether other mutations exist remains to be examined in much larger sample 
sizes. The chi-square test showed that the C1491T locus was in Hardy-Weinberg equilibrium 
in Wannan Black pigs, indicating that this locus was not affected by selection, mutation, or 
genetic drift (Pang et al., 2006). In contrast, the C1491T locus was in Hardy-Weinberg dis-
equilibrium in BW pigs, indicating that there may be directional selection and mating in the 
breeding process of these pigs.

Effect of FSHR polymorphisms on animal reproductive traits

Many studies have indicated that the FSHR gene plays important roles in human 
hormone secretion, menstrual cycle, ovarian development, and other reproductive processes 
(Sairam and Subbarayan, 1997; Marson et al., 2008; Achrekar et al., 2009a; Balkan et al., 
2010; Rendina et al., 2010; Dolfin et al., 2011; Kang et al., 2012; Grigorova et al., 2008, 
2013). However, the relationship between FSHR polymorphisms and reproductive traits in 
swine has not been thoroughly examined. Wu and Wang (2012) found that the C1166T locus 
in exon 10 of FSHR can be used as a molecular marker for TNB and NBA in Chinese Xiao-
meishan pigs, and sows with the AA genotype produced 1.95-fold more TNB and 1.66-fold 
more NBA than sows with the BB genotype at this locus (Wu and Wang, 2012). Rahal et al. 
(2000) detected 2 SNPs (C1506T and T1593C) in exon 10 of the bovine FSHR gene, and Lei 
et al. (2004) found that the C1506T locus could be used as a molecular marker for the twin-
ning trait in Qinchuan cattle (see also Lei et al., 2004). Tan et al. (2008) identified a C→T 
mutation in exon 10 of the FSHR gene in Haimen goats, and the T allele showed a significant 
positive correlation with litter size. In the current study, the AB genotype in Wannan Black 
sows produced more TNB and NBA than AA genotype sows at the C1491T locus after the 
second parity and across all parities, respectively (P < 0.01). DE haplotype Berkshire sows 
produced more TNB and NBA than either the DD or EE haplotype sows at the G1885A and 
C1977T locus in the first parity and in all parities (P < 0.01). Therefore, our results suggest 
that the T allele of C1491T can be used as a molecular marker for litter size in Wannan black 
pigs, and the DE haplotype combination (linked loci GCTA) can be used as a molecular 
marker for litter size in Berkshire pigs.
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