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1 Introduction 

Fertility of stallions is a complex multifactorial trait of high economic importance in 

horse breeding. Pregnancy and foaling rate per oestrus cycle (PRO, FRO) are the 

most common traits to measure stallion fertility besides semen characteristics. 

Previous studies have shown significant effects of the breeding year and season, 

breeding centre, age of mares, previous reproductive efficiency of the mares, type of 

covering (natural, artificial insemination), insemination management (number of 

coverings and time intervals between them) and type of sperm (fresh within 24 hours, 

fresh and shipped within 48 hours, frozen/thawed). Population genetic studies 

demonstrated the importance of additive gentic effects caused by the stallion, dam 

and embryo. 

In human and mice, there are many genes known to influence reproductive traits. 

Concerning horses, only few studies were perfomed to evaluate the role of proteins 

in the male reproductive tract for fertility. A genetic study on the CRISPs gene has 

shown a significant association of a CRISP3 polymorphism with PRO in Hanoverian 

stallions. The development of new genetic tools and the horse genome sequence 

should help analyzing genes suspected to be involved in stallion fertility. 

Furthermore, the detection of more than one million of single nucleotide 

polymorphisms in the horse genome sequence faciliates a more efficient search for 

associated genetic polymorphisms. 

The objective of the present study is to investigate a set of candidate genes with a 

potential influence on stallion fertility and to identify polymorphisms within these 

candidate genes with significant influence on fertility in Hanoverian warmblood 

stallions.  

In order to achieve this objective, we performed association analyses for 6 candidate 

genes using intragenic single nucleotide polymorphisms (SNPs) or flanking 

microsatellites. The candidate genes were selected because of their function in 

reproductive processes in human or other mammals. 

The contents of the present thesis are presented in single papers as allowed by § 

4(4) of the Rules of Graduation (Promotionsordnung) of the University of Veterinary 

Medicine of Hannover. Chapter 2 reviews the literature for equine fertility and for 36 

potential candidate genes. Association of candidate gene-associated markers were 

performed for six genes. We used in all analyses the pregnancy rate per oestrus 
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cycle (PRO) as target trait for stallion fertility. In chapter 3 an association analysis of 

the three candidate genes ACE, SP17 and FSHB with PRO of Hanoverian stallions 

using flanking microsatellites and intragenic single nucleotide polymorphisms (SNPs) 

is described. Chapter 4 contains an association analysis of SNPs and their 

haplotypes of the spermatogenesis associated 1 (SPATA1) gene with PRO in 

Hanoverian warmblood stallions. In chapter 5 and 6 the associations of the genes 

encoding inhibin beta A (INHBA) and the prolactin receptor (PRLR) with PRO of 

Hanoverian stallions are analyzed. Chapter 7 provides a general discussion and 

conclusions referring to the previous chapters. Chapter 8 is a concise English 

summary of this thesis, while chapter 9 is a detailed German summary which takes 

into consideration the overall research context. 
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2 Candidate gene markers for fertility in stallions 

2.1 Abstract 

Stallion and mare fertility are of high economic impact for horse industry. The 

discovery of molecular mechanisms will be triggered through the horse genome 

assembly and the development of novel tools for analyzing genetic complex traits. 

Recently, genetic markers in candidate genes such as CRISP3, SPATA1 and PRLR 

were shown to be associated with the pregnancy rate per oestrus in breeding 

stallions. The objective of the present work is to review autosomal, X- and Y -

chromosomal candidate genes for stallion fertility. Candidate genes for stallion fertility 

selected here were genes encoding hormones and their receptors of the 

hypothalamic-pituitary axis, proteins of the seminal plasma, proteins involved in 

sperm-egg binding and genes influencing sexual development as well as Y-specific 

genes. Herein, we report their chromosomal location, gene structure based on the 

horse genome assembly 2.1 and marker sets of these candidate genes useful for 

linkage and association analysis. The application of genetic markers will be 

discussed in respect to improvements in stallion fertility for breeding and 

management purposes. 

 

Keywords: stallion; fertility; candidate genes; horse genome assembly; single 

nucleotide polymorphisms; microsatellites 

2.2 Introduction 

Fertility of stallions is an economically important trait with a complex environmental 

and genetic background. Heritability estimates for stallion fertility vary in a wide range 

from 0.03 to 0.15 for foaling rate per breeding season (Dohms, 2002). Many studies 

aimed at improving the environmental and management effects. Significant 
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management effects on the pregnancy rate per oestrus were explained by the 

breeding year and season, breeding centre, age of mares, breeding history of mares, 

type of covering (natural, artificial insemination), covering management (number of 

coverings and time intervals between them) and type of sperm (fresh within 24 hours, 

fresh and shipped within 48 hours, frozen/thawed) (Hamann et al., 2005). Quality of 

sperm is influenced by frequency and intervals of semen collection. A continuous 

daily semen collection increased conception rates in contrast to semen collection in 

sporadic intervals (Sieme et al., 2004a). Reproduction status of mares has an impact 

for the outcome of artificial inseminations. Inseminations within the first oestrus after 

foaling (foal heat) were associated with lower fertility (Sieme et al., 2004b). The 

success of an artificial insemination is influenced by important factors like the dose of 

sperm, time, frequency and intervals of inseminations and the artificial insemination 

technique (Sieme et al., 2004b). Besides these management factors, genetic factors 

were subjects of recent studies. Hamann et al. (2007) reported a significant 

association of a CRISP3-associated single nucleotide polymorphism (SNP) with the 

stallions’ pregnancy rate per oestrus. We detected significant associations of single 

markers and haplotypes of the genes SP17, ACE and FSHB within half-sib families 

with the pregnancy rate per oestrus (LSM-PRO), the embryonic and paternal 

component of breeding values (BV) for each stallion in a previous study (Giesecke et 

al., 2008a). Furthermore, we found significant associations of a SPATA1-associated 

SNP and a PRLR-associated SNP with the LSM-PRO and the embryonic component 

of BVs (Giesecke et al., 2008b). Genetic markers may be useful in selection of future 

breeding stallions. Studies in man and mice revealed a large number of proteins 

being involved in the mechanisms of male reproduction and the cascade of 

fertilization. In stallions, reports on proteins with influence on fertility are still rare. 

Above all, the structure and function of equine seminal plasma proteins were 
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described in detail (Ekhlasi-Hundrieser et al., 2007). Genes encoding these proteins 

are also potential candidates for stallion fertility. We give an overview on 36 

candidate genes with potential importance in stallion fertility and discuss the 

development of genetic markers for stallion fertility based on the horse genome 

assembly EquCab2 (http://www.broad.mit.edu/ftp/pub/assemblies/mammals/horse/ 

Equus2/). The selection of candidate genes complies with previous studies in other 

mammals especially human and mice and few reports on horses fertility. As many 

genes are known influencing mammalian fertility, further candidate genes may 

become known in the future. 

2.3 Chromosomal anomalies, inborn defects and principles of 
spermatogenesis 

Reproductive mechanisms and fertilization include a cascade of many steps and 

failure in one step leads to an unsuccessful pregnancy. In the presence of a Y 

chromosome in the zygote, the undifferentiated gonads develop into testes. The key 

factor in initiating the male sexual development is the testis determining factor 

encoded by the SRY gene (sex determining region of the Y chromosome) on the Y 

chromosome. Abnormal sexual development of testes may result in intersexuality 

(Kuiper and Distl, 2007). Chromosomal abnormalities primarily found in stallions 

include sex chromosome mosaicism and sex-reversal syndromes. The XXY-

syndrome or klinefelter syndrome, the unbalanced 65,XXY karyotype and Y 

chromosome disomy are rarely observed. Sex reversal syndrome results from 

failures in differentiation of gonads during embryogenesis. Chromosomal sex does 

not agree with gonadal sex in sex reversals. Horses affected with the XY-sex 

reversal mare syndrome show undifferentiated gonads or in parts ovarian tissue and 

in most cases also a deletion of the SRY-gene (Bugno et al., 2003). Nearly all 64,XX 

sex reversals are SRY-negative. Equine XX-horses exhibit stallion-like behaviour, 
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testes without spermatogenesis, enlarged clitoris or small penis, some with ovarian 

tissue and other female organs (Constant et al., 1994; Milliken et al., 1995; Bannasch 

et al., 2007). The 64,XX sex-reversal condition is inherited as an autosomal 

recessive trait and in humans caused by defects in cortisol biosynthesis. In the 

absence of the SRY gene, SOX9 and FOXL2 may play a role in testis development. 

Mutations in the androgen receptor gene (AR) known in the human lead to testicular 

feminization (Krausz and Giachini, 2007). Horses affected by an AR-like syndrome 

show female extern genitals, high testosterone-concentration in plasma and a 64, XY 

karyotype with SRY and ZFY genes and annoy their owners because of stallion-like 

behaviour and infertility (Switonski et al., 2005, Howden, 2004). However, there are 

no reports on DNA mutations of the AR gene in the horse until now. Only a few cases 

of autosomal deletions and autosomal trisomy have been reported. Large 

chromosomal deletions or trisomies involving large chromosomes are assumed to 

cause early embryonic losses because these embryos are not viable. A stallion with 

a 64,XY, del (13) (qter) karyotype exhibited abnormal spermatozoa with poor motility 

(Halnan et al., 1982). Equine trisomy has been found for horse chromosomes 23, 26, 

27, 28, 30 and 31. These cases had multiple developmental defects and some of 

them were infertile (Lear and Bailey, 2008). 

A common developmental defect is cryptorchidism, leading mostly to infertility in 

animals. Different forms of cryptorchidism are distinguished such as inguinal, 

incomplete abdominal and complete abdominal cryptorchidism according to the 

localization of testes. Most cases of cryptorchidism are unilateral and rarely bilateral 

(Aurich, 2005). Genetic and non-genetic factors are supposed to influence the 

testicular descent. The two genes insulin-like factor 3 (INSL3) and its receptor 

leucine-rich repeat-containing G protein-coupled receptor 8 (LGR8) are supposed to 

encode important signalling molecules in the control of testicular descent from the 
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abdominal cavity into the scrotum in human and mice (Leeb et al., 2005). During 

embryonic development Leydig cells of the fetal testis produce insulin-like factor 3 

(INSL3) while its receptor leucine-rich repeat-containing G protein-coupled receptor 8 

(LGR8) is expressed by the gubernaculum. INSL3 is responsible for the process of 

the abdominal testicular descent in human (Agoulnik, 2007). Mutations in the INSL3 

and LGR8 genes leading to cryptorchidism were identified in the human (Canto et al., 

2003; Gorlov et al., 2002). Klonisch et al. (2003) demonstrated that INSL3 expression 

was up- and LGR8 expression was down-regulated in the cryptorchid testis of 

unilateral cryptorchid stallions. However, mutations affecting the INSL3 or the LGR8 

genes were not detected in cryptorchid stallions until now.  

The malformation monorchism where one testis is lacking is only rarely observed, 

particularly because the definite diagnosis is very difficult (Searle et al., 1999). Only 

Petrizzi et al. (2004) reported an Appaloosa stallion affected with monorchism. A 

further rare developmental defect is hypospadia where the urethral opening is 

dislocated from the tip of the glans penis. Bleul et al. (2007) found hypospadia in a 

Friesian stallion which showed a ventrocaudal deviation of the shaft of the penis and 

an incomplete glans penis. A rare case of aplasia of the ductus deferens was 

described by Estrada et al. (2003) in a three year old Quarter stallion. 

During spermatogenesis, round spermatids with origin in spermatogonia deriving 

from primordial germ cells are generated in the testis. This process is followed by the 

differentiation of spermatids into spermatozoa (spermiogenesis). Spermatogenesis 

and spermiogenesis are regulated by endocrine hormones. Immobile and infertile 

spermatozoa undergo the process of sperm maturation during the passage into and 

through the epididymis and achieve the ability for fertilization. The processes of 

sperm development and maturation underlie hormonal regulation by the 

hypothalamic-pituitary testicular axis. The genes encoding the gonadotropin 
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releasing hormone (GNRH) and its receptor (GNRHR) as well as the beta chains of 

the luteinizing hormone (LHB) and follicle stimulating hormone (FSHB) are potential 

candidate genes influencing stallion fertility. In addition, the genes encoding actins 

(ACTN, ACTB, ACTG) and inhibins (INHA, INHBA, INHBB) are candidates because 

these proteins regulate the hormonal functions of FSH and LH. Seminal plasma 

proteins are mostly synthesized in the epididymis and the accessory sex glands and 

thought to influence the sperm maturation in the stallion. They can be divided into 

three protein classes: fibronectin II type proteins, cysteine-rich secretory proteins 

(CRISP) and spermadhesins (Töpfer-Petersen et al., 2005). Genes encoding these 

proteins are promising candidates for a molecular genetic approach. After ejaculation 

and sperm movement into the female genital tract, species-specific sperm-egg-

binding including recognition, adhesion and fusion between sperm and egg cell go 

on. These processes are influenced by proteins localized on the external cover of 

spermatozoa and ovum. Genes encoding involved proteins are also potential 

candidates for stallion fertility. 

2.4 Development of testes and reproductive tract 

Androgen receptor (AR) 

The androgen receptor (AR) is a ligand-dependent transcription factor and belongs to 

the nuclear receptor family called steroidal receptor class one (Callewaert et al., 

2003). In stallions, the androgen receptor is localized in epididymal and prostate cells 

which are directly regulated by androgens (Hejmej et al., 2006). Parlevliet et al. 

(2006) detected AR in the principal cells of the caput, corpus and cauda epididymidis 

of stallions of different age. They concluded that AR and the main androgen 

testosterone are required for both epididymal development and function. Hejmej et al. 
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(2006) reported stronger immunostaining for ARs in a cryptorchid horse comparing to 

normal stallions. 

Mutations of the AR-gene in the human lead to testicular feminization like the 

androgen insensitivity syndrome (AIS). Male human affected with AIS show female 

development of external genitals and mammary gland. While internal female genitals 

are missing, they possess abdominal or inguinal located testes (Brinkmann et al., 

1995). In horses, there were also cases of AIS reported supposing to be caused by 

mutations of the AR (Crabbe et al., 1992, Switonski et al., 2005, Howden, 2004, 

Pailhoux et al., 1995). Several other aberrations affecting the AR gene are known in 

the human like non-sense mutations, point mutations and splice variants (Shah et al., 

2003, Krausz and Giachini, 2007). The length of a CAG repeat in exon 1 of the AR 

gene is discussed to be responsible for infertility in men (Shah et al., 2003). In vitro 

studies showed a significant association between a relatively long CAG repeat and 

impaired sperm production. Subsequent studies had contradictory results dependent 

on the ancestry of the analyzed population and environmental factors as the serum 

testosterone level (Krausz and Giachini, 2007). 

Estrogen 

The steroidal estrogens and their receptors are involved in epididymal development 

and epididymal function. The estrogen-receptors (ESR1 and ESR2) belong to the 

superfamily of nuclear receptors and are ligand-activated transcription factors. 

Parlevliet et al. (2006) detected an age-related increase of estradiol-17β in the 

epididymis of adult stallions in contrast to pre-pubertal animals. Estrogen receptors 

were also localized in the epididymis. While ESR2 is localized in the principal cells of 

the caput, corpus and cauda epididymis in stallions independent of age, ESR1 

localization is regional and age dependent. Estradiol is supposed to play a key role in 

the maturation of the stallion epididymis during the pubertal transition. Subject to the 
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respective receptor, estrogen has a regionalized and age-related regulatory effect on 

the stallion epididymis due to the different localization of ESR1 and ESR2 (Parlevliet 

et al., 2006). Association studies in humans showed several polymorphic sites of the 

two genes encoding ESR1 and ESR2 with influence on the sperm count and 

cryptorchidism (Krausz and Giachini, 2007). In stallions, testicular estrogens play 

also an important role for the regulation of reproduction. So, estrogens, mainly 

estradiol-17β, modulate the LH release from stallion pituitary cells (Roser, 1997). 

Stewart and Roser (1998) analyzed plasma and intratesticular concentrations of 

estradiol and estrogen conjugates observing an increase of them with increasing 

age. Infertile stallions showed significantly lower estradiol and estrogen conjugates 

plasma concentrations in this study. 

Relaxin 

A study in knockout mice showed relaxin plays a key role in the development of the 

male reproductive tract and the growth of the prostate (Samuel et al., 2003). Relaxin 

and the three non-allelic relaxin genes, RLN1, RLN2 and RLN3, belong to the insulin 

gene superfamily. RLN is expressed in human prostate and represents the main 

source of relaxin in the seminal plasma. It is thought that RLN plays a role in 

advancing sperm motility. A study in boars showed that a polymorphism located in 

the first exon of RLN causing an amino acid exchange is significantly associated with 

the semen volume (Lin et al., 2006b). Studies in boars showed that RLN levels in the 

seminal plasma were significantly correlated with sperm motility (Sasaki et al., 2001). 

2.5 Hormonal influences on male reproduction 

Reproductive mechanisms in mammals are subjected to endocrine regulation. Genes 

encoding hormones involved in regulation of testicular development, sexual maturity 

and activity are auspicious candidates for stallion fertility. The hypothalamic-pituitary 
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testicular axis with the endocrine effects of gonadotropins and steroids is well 

characterized in horses.  

Gonadotropin releasing hormone and gonadotropins 

The gonadotropin releasing hormone (GNRH) is spilled by the hypothalamus in 

pulsatile fashion. GNRH activates a G-protein coupled receptor (GNRHR) and 

causes the release of luteinizing hormone (LH; Leydig cell stimulating hormone) and 

follicle stimulating hormone (FSH; Sertoli cell stimulating hormone) by the anterior 

pituitary which affect on the testes, where testicular hormones like androgens and 

inhibin are produced. Defects in the GNRHR-gene cause hypogonadotropic 

hypogonadism in human (Bédécarrats and Kaiser, 2007). FSH is of essential 

importance for spermatogenesis during puberty, while spermatogenesis in adult 

mammals is mainly affected by testosterone. The release of testosterone and 

estrogens from the Leydig cells of the testis is stimulated by LH. FSH binds mostly to 

Sertoli cells and causes the release of inhibin, activin and androgen binding protein. 

Thereby, the testicular proteins and steroid hormones influence the release of 

GNRH, FSH and LH via feed back. 

Inhibin and activin 

In the stallion, FSH secretion is controlled by inhibin in conjunction with estrogen and 

testosterone (Roser, 1997). Stewart and Roser (1998) showed that the plasma and 

intratesticular concentrations of inhibin in stallions are affected by testicular 

maturation and fertility status. Activin and inhibin belong to the transforming growth 

factor β (TGFβ) superfamily similarly to the single-chain gonadal protein follistatin 

(FST) which acts as autocrine/paracrine factor to regulate activin or other members 

of the TGFβ superfamily (Welt et al., 2002). Basically produced in the testis, FST 

inhibits the secretion of FSH similar to the inhibins’ function and binds to activin 

neutralizing its biological activity and modulating the secretion of FSH (Lin et al., 
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2006a). Genes encoding alpha- and beta inhibins (INHA, INHBA, INHBB) as well as 

alpha-, beta- and gamma actins (ACTN, ACTB, ACTG) are relevant potential 

candidates for association analysis of fertility. Association analysis of single 

nucleotide polymorphisms and microsatellites in ACTN1, ACTN4 and ACTG2 with 

fertility and sperm quality parameters in boars showed significant associations for 

markers of ACTN1 with fertility (non return rate, number of piglets born alive) and 

ACTG2 with sperm quality traits (semen volume per ejaculate) (Wimmers et al., 

2005). Lin et al. (2006a) detected significant associations of inhibin beta A (INHBA)-

associated microsatellites with the sperm quality traits plasma droplets rate and 

abnormal sperm rate and of inhibin beta B (INHBB)-associated microsatellites with 

the sperm concentration. Inhibin alpha (INHA) had no significant effect on boar 

sperm quality traits in that study. 

Prolactin 

Testicular function is also influenced by prolactin (PRL; Bachelot and Binart, 2007). 

Prolactin is essential for accessory sex gland function and is involved with water and 

electrolyte balance in several mammals. Studies in PRL-knockout mice showed 

infertility in females. PRLR-knockout males were subfertile or infertile (Matzuk and 

Lamb, 2002). 

PRL is secreted rapidly in response to sexual stimulation of stallions (Thompson et 

al., 1996). The plasma concentrations of PRL are positively correlated with day 

length, so the PRL concentration is high in stallions during the breeding season 

(Gerlach and Aurich, 2000). PRL participates in the regulation of the activity of 

androgen-sensitive tissues regulating the expression of testicular LH receptors, 

activating of androgen synthesis and affecting spermatogenesis together with the 

growth hormone and LH. Aurich et al. (2002) detected in stallions during the non-

breeding season a significant PRL release in answer to treatment with the dopamine 
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antagonist sulpiride but no changement in PRL concentration after treatment with the 

opioid antagonist naloxone. Therefore, they concluded that PRL secretion is 

controlled by dopaminergic pathways. In sheep, PRLR is expressed by gonadotroph 

cells which are embedded within lactotroph clusters (Tortonese et al., 2001). A 

similar gonadotroph-lactotroph association has been identified in mares. Equine 

lactotrophs appearing in clusters are almost exclusively present in the pars distalis of 

the hypophysis where two forms of PRLR are present. The associations between 

gonadotroph and lactotroph cells in the equine hypophysis were similar between 

males and females. The incidence of lactotroph cells was significantly reduced by 

gonadectomy. Therefore, Tortonese et al. (2001) suggested that PRL is involved in 

mechanisms mediating the feedback of gonadal steroids on hypophysical 

gonadotropin secretion. 

2.6 Spermatogenesis 

The development of round spermatids in the testis from spermatogonia deriving from 

primordial germ cells is the process of spermatogenesis. The following differentiation 

of spermatids into spermatozoa is called spermiogenesis. Spermatogenesis and 

spermiogenesis are regulated by endocrine hormones.  

The spermatogenesis associated protein 1 (SPATA1) is supposed to be involved in 

spermatogenesis, but the detailed function is still unknown. A linkage study in mice 

localized two testis and one prostate weight-regulating quantitative trait loci (QTL), 

four sperm nucleus shape-controlling QTL and one sperm survival-influencing QTL. 

One QTL on murine chromosome 2 contained the positional and functional candidate 

gene SPATA1 displaying a strictly testis-specific expression profile (L’Hôte et al., 

2007). 



Candidate gene markers for stallion fertility 
 

17 

A study in ten infertile men presenting a normal somatic karyotype, spermatozoa with 

large heads, a variable number of tails and an increased chromosomal content 

showed a homozygous cytosine (C) deletion in exon 3 of the aurora kinase C gene 

(AURKC) leading to a frameshift and a stop codon. This deletion resulted in a 

premature termination of translation and to a translation product lacking the kinase 

domain. Only homozygous affected men were infertile supposing a dominant 

negative effect of the AURKC deletion (Dieterich et al., 2007). Due to this result, 

AURKC is a candidate for infertile stallions with abnormal spermatozoa. 

2.7 Sperm maturation 

After the processes of spermatogenesis and spermiogenesis while the spermatozoa 

are generated in the testis, they will be transported to the epididymis for final 

maturation. Seminal plasma proteins are mostly products from the epididymis and 

the accessory sex glands. They participate in the process of post-testicular sperm 

maturation, where the spermatozoon gets the ability for fertilization. Töpfer-Petersen 

et al. (2005) analyzed the seminal plasma proteins, departed into major and minor 

components. The most abundant proteins in the equine seminal plasma are SP-1 

and SP-2 (Ekhlasi-Hundrieser et al., 2004). They belong to the fibronectin type II 

modules containing proteins and are the equine homologous of the major bovine 

heparin-binding proteins (BSP) and the boar protein pB1 (Ekhlasi-Hundrieser et al., 

2007).  The seminal plasma proteins are characterized by their ability to bind heparin, 

which is a precondition for the capacitation process (Manjunath and Thérien, 2002). 

Brandon et al. (1999) found a significant correlation between the concentrations of 

four seminal plasma proteins with fertility in the stallion. Fertility was estimated as an 

individual breeding score for stallions dividing the number of conceptions per cycle by 

the number of breedings for each stallion for four successive breeding seasons. SP-1 
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was positively correlated and SP-2, SP-3 and SP-4 were negatively correlated with 

the breeding score. 

The epididymal sperm binding protein 1 (ELSPBP1) belongs to the small four 

fibronectin type II modules containing proteins, which are strongly involved in sperm 

maturation and capacitation (Ekhlasi-Hundrieser et al., 2007). Saalmann et al. (2001) 

showed that ELSPBP1 has its origin in the epididymal duct epithelium. The small 

fibronectin II module proteins are responsible for sperm binding by interacting with 

phosphorylcholin head group-bearing lipids. 

A further protein family belonging to the seminal plasma proteins are the equine 

cysteine-rich secretory proteins (CRISPs), wherefore three members are known 

(CRISP1, CRISP2 and CRISP3, Töpfer-Petersen et al., 2005). The CRISP1 gene, 

expressed in the epididymis, is supposed to bind to the sperm surface influencing the 

sperm-oocyte fusion. CRISP2 is mainly expressed in the testis, less in the epididymis 

and the seminal vesicles. It is thought to mediate interactions between Sertoli cells 

and spermatocytes. The CRISP3 gene belongs to the major seminal plasma proteins 

and is mainly expressed in the ampulla of the vas deferens (Leeb et al., 2005). A 

previous study showed a significant association of the CRISP3-associated single 

nucleotide polymorphism (SNP, AJ459965:c.+622G>A leading to the amino acid 

substitution E208K) with stallion fertility. The fertility parameter used was the mean 

pregnancy rate per oestrus cycle. For each stallion CRISP3-genotypes were 

available. Then the least square means of the pregnancy rate per oestrus cycle for 

the stallions’ CRISP3-genotypes were calculated employing linear and threshold 

models which simultaneously corrected for environmental and quantitative genetic 

effects. The mean pregnancy rate per oestrus cycle was on average 7% lower in 

CRISP3-heterozygous stallions in comparison to homozygous stallions (Hamann et 

al., 2007).  
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The angiotensin-converting enzyme gene (ACE) encodes firstly a somatic isozyme 

found in blood and several tissues including the epididymis and secondly a testis-

specific isozyme localized in developing spermatids and mature sperm (Hagaman et 

al., 1998). The angiotensin-converting enzyme catalyzes the conversion of 

angiotensin I into the physically active peptide angiotensin II, which acts as 

vasopressor and stimulates aldosterone, so it plays a key role in the renin-

angiotensin-system (Kondoh et al., 2005). Ball et al. (2003) found out that the activity 

of ACE in stallions’ sperm plasma membrane was significant higher than in the 

seminal plasma; there was also a significantly increased activity in postpubertal 

equine testis in comparison to prepubertal males. 

2.8 Fertilization 

Capacitation 

During the migration through the female genital tract, sperm acquires the ability to 

fertilize eggs. This process of capacitation is composed of many components. Signal 

transducting pathways that initiate the acrosome reaction are associated. Flagellar 

motility changes into hyperactivation. Other alterations in metabolism, membrane 

characteristics, the protein phosphorylation state, intracellular pH and calcium levels 

and the hyperpolarization of membrane potential are included (Evans and Florman, 

2002). 

Zona pellucida and sperm interaction 

Overcoming the cumulus oophorus, sperm contacts the zona pellucida which causes 

the acrosome reaction, a calcium-dependent exocytotic event. The acrosome 

reaction gives the sperm the ability to fuse with the egg cell. Acrosome-reacted 

sperm penetrates the zona pellucida and enters the perivitelline space.  
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The zona pellucida protein 3 (ZP3), localized on the zona pellucida of the egg cell, 

mediates the sperm-zona pellucida adhesion. The murine zona pellucida 3 receptor 

(SP56) is localized in the membrane vesicles of murine acrosome-intact sperm. 

SP56 is specifically associated with the murine zona pellucida protein 3 and 

influences the sperm-zona pellucida binding as important prerequisite assumption for 

the acrosome reaction (Cohen and Wassarman, 2001). In other mammals the 

receptor for ZP3 is still unknown. It seems that the glycolysated variability of ZP3 

mediates the species specifity of sperm binding (Miller et al., 2002). A possible 

candidate receptor for ZP3 is β1,4-galactosyltransferase (GT) which acts as receptor 

for specific glycoproteins. During mouse fertilization GT binds to ZP3 but not to other 

zona pellucida proteins. However, there are many other potential candidate receptors 

for ZP3 whose functions are still unclear. GT is suggested to be more important for 

signal transduction processes leading to the acrosome reaction than the initial ZP3 

binding (Miller et al., 2002).  

The sperm membrane protein zonadhesin (ZAN) binds to the zona pellucida of the 

ovum in several mammalian species in a species-specific way (Gasper and 

Swanson, 2006). It is localized to the perimeter of the acrosome of ejaculated 

spermatozoa and to the leading edge of acrosomal matrix overlying cells with 

disrupted acrosomal membranes. Bi et al. (2003) supposed ZAN mediating the 

specific adhesion to the zona pellucida during the initial stages of acrosomal 

exocytosis. In stallions ZAN is localized in the area of the future acrosomal content of 

round spermatids and in the luminal space of elongating spermatids and 

spermatozoa. There are also differences in the composition of the zonadhesin 

polypeptide identified between fertile and subfertile stallions (Bailey et al., 2006). 

A further candidate gene is lactadherin also called sperm-membrane associated 

protein P47 or milk fat globule-EGF factor 8 (MFGE8). Studies in knockout mice 
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showed that MFGE8 is necessary for sperm-egg adhesion because it binds 

selectively to the zona pellucida of unfertilized oocytes (Ensslin and Shur, 2003).  

An intra-acrosomal protein involved in the secondary binding between the 

spermatozoa and zona pellucida binding proteins is acrosin (ACR) (Howes and 

Jones, 2002). It plays a crucial role in sperm-egg binding retaining the acrosome-

reacted sperm on the surface of the zona pellucida supposing the zona pellucida 

penetration.  

The zona pellucida-binding protein (SP38) is also thought to participate in the 

secondary binding between the acrosome-reacted sperm and the zona pellucida 

(McLeskey et al., 1998). Mori et al. (2000) detected SP38 in porcine sperm binding 

selectively to the zona pellucida protein 2 in a calcium-dependent manner similar to 

proacrosin. 

A further factor supposed to influence the zona pellucida-sperm binding is the sperm 

autoantigenic protein (SP17) (Richardson et al., 1994). Subsequent studies showed 

that SP17 is not testis-specific unlike first suppositions. The protein is composed of 

three functional domains responsible for heparin and calmodulin binding and plays 

an important role in cell migration, cell adhesion and fertilization (Wen et al., 2001). 

Sperm-egg interaction 

Penetrating the zona pellucida sperm adheres to and fuses with the plasma 

membrane of the egg. The sperm surface protein fertilin beta (ADAM2), a member of 

the ADAM gene family, mediates the adhesion of the sperm on the egg membrane. 

The ADAMs are transmembrane proteins containing a disintegrin and 

metalloprotease domain with activity as protease and functions in cell adhesion. 

ADAM2 is supposed to be involved in sperm-egg binding by binding to an egg 

integrin (Primakoff and Myles, 2000). During spermatogenesis ADAM2 binds 

selectively to calmegin (CLGN), a chaperone localized in the testis-specific 
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endoplasmatic reticulum. Studies in knockout mice showed that ADAM2 as well as 

CLGN are both required for fertility. CLGN-knockout mice are sterile in a similar way 

as ADAM2-knockout mice; their sperm is not able to bind to the zona pellucida of the 

oocyte (Ikawa et al., 2001).  

Adhesion is followed by fusion of sperm and egg membrane causing egg activation 

as initial stage of embryonic development. A sperm-specific phospholipase C zeta 

(PLCz) is responsible for egg development in several mammals (Swann et al., 2006). 

PLCz is supposed to initiate the increase of inositol triphosphate production causing 

intracellular Ca2+ oscillations in mammalian eggs. Gradil et al. (2006) detected that 

the concentration of PLCz was reduced in infertile stallions and suggested that the 

expression of PLCz could be used as indicator for infertility in stallions. 

2.9 Influence of equine Y chromosome on fertility 

The main proportion of genes involved in sex determination and consequent 

testicular development, spermatogenesis and other reproductive processes are 

supposed to be located on the equine Y chromosome (ECAY) regarding studies in 

human and mice (Cederroth et al., 2007, Wilhelm et al., 2007). A detailed physical 

map of ECAY is available and represents the most informative Y chromosome map 

among mammalian species beside the human and mouse maps (Raudsepp et al., 

2004). Raudsepp et al. (2007) used two complementary approaches for refinement 

and generating a linearly ordered physical map of ECAY. The current ECAY map 

spans ~10 Mb of the euchromatic region which includes the pseudoautosomal region 

(PAR) and the male specific region on the Y chromosome (MSY) (Chowdhary and 

Raudsepp, 2008). There were 30 ECAY associated-genes isolated by cDNA analysis 

using testis mRNA and mapped on the contig with the aim to create a physical and 

functional map of ECAY (Raudsepp et al., 2007). New approaches containing 
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expression profiles for ECAY-associated genes are considered to be successful 

evaluating the role of these genes in stallion fertility processes. So, Ing et al. (2004) 

compared gene expression in dissimilar differentiated testis of colts to evaluate their 

role in initiating spermatogenesis. They reported the genes encoding dysferlin (DYS) 

on ECA15, down-regulated in ovarian cancer 1 (DOC1) on ECA8 and golgi 

apparatus protein 1 (GLG1) on ECA3 were preferentially expressed in 

spermatogenesis inactive areas while outer dense fiber of sperm tails (ODF2) on 

ECA25 and phosphodiesterase 3B (PDE3B) on ECA7 were highly expressed in 

spermatogenesis active areas of three prepubertal colts. 

The sex determining region Y (SRY) gene is located on the Y chromosome. It 

determines the development of male gonads and differentiation of testis during 

embryogenesis through expressing a transcription factor (Meyers-Wallen, 1999). 

2.10 Candidate gene approach 

Candidate genes can be analyzed by identifying gene-associated markers. Single 

nucleotide polymorphisms (SNPs) and microsatellites (MS) are suitable markers for 

candidate gene approaches. Therefore, it is an important precondition to compare 

human and horse genome sequences to identify the gene sequence in the horse 

genome assembly using the BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and the 

BLAT program (http://genome.ucsc.edu/cgi-bin/hgBlat). A further possibility to check 

the sequence alignment of several mammalian species is the use of the Ensembl 

Genome Browser (http://www.ensembl.org/index.html). We compared similarity of 

published mRNA of 36 candidate genes between horse, human and mouse using 

EquCab2, human genome build 36.3 and mouse genome build 37.1 using the 

ClustalW2 program (http://www.ebi.ac.uk/Tools/clustalw2/) (Supplementary Table 1). 

The identity score between human and horse RNA was on average 78.7%, between 
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horse and mouse RNA 71.6%. The RNA of the genes encoding the seminal plasma 

proteins SP1 and SP2 were compared with Bos taurus 4.0 and Sus scrofa genomes, 

because this protein family could not be identified other than in ungulates. Since 

identity scores show high homology of most of the chosen candidate genes, results 

from studies in human and mice can be used as reference basis for horse gene 

analyses and those genes are potential candidate genes for horses’ fertility.  

Genetic traits can be analyzed using genomic markers like single nucleotide 

polymorphisms (SNP) or microsatellites (MS).  

The SNP-tables of the Broad institute (http://www.broad.mit.edu/mammals/horse/ 

snp) are useful for identification of intragenic SNP-markers. We identified intragenic 

SNP-markers as well as flanking and intragenic SNP-markers contained in the 

Equine SNP50 Genotyping Beadchip (Illumina, San Diego, CA, USA) for these 36 

selected candidate genes (Supplementary Table 1). There were on average 9.36 

intragenic SNPs per candidate gene with a range from zero to 46. Seven of the 

candidate genes featured no intragenic SNP. Eleven genes had intragenic Equine 

SNP50 Genotyping Beadchip-associated SNPs with a range from one to eleven 

SNPs per gene. The average distance of the candidate genes flanking SNPs on the 

Equine SNP50 Genotyping Beadchip to the candidate genes was on average 51,749 

bp with a range from 267 bp to 210,755 bp. For ACR there was no flanking SNP on 

the Equine SNP50 Genotyping Beadchip downstream of the genomic sequence 

available. 

New microsatellites can be developed in the genomic regions of the candidate genes 

and the surrounding regions (Supplementary Table 3). Therefore, we generated 

permutation sequences with all variations of di-, tri- and tetra-repeat motifs with a 

minimum of 15 repeats and a maximum of 30 repeats. Then, we aligned these 

sequences with the horse genome assembly (UCSC Genome Bioinformatics, version 



Candidate gene markers for stallion fertility 
 

25 

EquCab2, 2007) using the SSAHA2 package (Sequence Search and Alignment by 

Hashing Algorithm combined with the cross-match sequence alignment program 

developed by Phil Green at the University of Washington, version 1.0.1, The 

Wellcome Trust Sanger Institute, UK, 2007) and developed candidate genes-

associated microsatellites within a distance of one megabase at maximum. 

2.11 Conclusions 

Recent developments in horse genomics now provide novel possibilities and tools for 

mapping fertility traits in the horse and to unravel the causes of intersexuality and 

reproductive inborn defects. The Equine SNP50 Genotyping Beadchip and 

expression microarrays will greatly enhance new studies aiming at understanding 

horse reproductive physiology and pathology. We presented a large number of 

candidate gene-associated single nucleotide polymorphisms and microsatellites. 

These markers may be useful in studying the genetic influences of these candidate 

genes in linkage and association analyses. Furthermore we analyzed the number 

and distribution of SNPs available on the Equine SNP50 Genotyping Beadchip to 

give an idea on the power of this novel tool for analyzing fertility traits. At the 

moment, there were only few genetic studies on stallion fertility. Molecular genetic 

studies in CRISP genes were encouraging and with the novel tools available for 

genome wide association studies, our knowledge on genetic factors related with 

stallion fertility problems will advance. 
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Table 1 Hormones of the hypothalamic-pituitary testicular axis as candidates for stallions’ fertility with their gene ID, localization and 

position on the equine chromosome (ECA) and the size of the horse genomic sequence using EquCab2 

Position (bp) Size (bp) 
Candidate gene 

Gene ID 

(LOC) 
ECA 

Start End DNA RNA 

Number of 

exons 

Beta actin (ACTB) ENSECAG00000015935 13 2,463,585 2,465,463 1,879 1,098 6 

Gamma actin (ACTG) ENSECAG00000018600  11 1,628,565 1,630,637 2,073 
1,604 (isoform 1) 

654 (isoform 2) 

4 (isoform 1) 

4 (isoform 2) 

Alpha actinin 1 (ACTN1) ENSECAG00000019476 24 14,991,841 15,037,255 45,414 
2,819 (isoform 1) 

2,753 (isoform 2) 

22 (isoform 1) 

21 (isoform 2) 

Alpha actinin 4 (ACTN4) ENSECAG00000021777 10 9,692,742 9,718,476 25,735 2,241 24 

Estrogen receptor 1 (ESR1) ENSECAG00000022441 31 15,081,987 15,329,542 247,556 
3,717 (isoform 1) 

3,508 (isoform 2) 

8 

12 

Estrogen receptor 2 (ESR2) 
ENSECAG00000024947 

(fragment) 
24 11,029,301 11,082,098 52,798 1,744 8 

Follicle-stimulating hormone 

(FSHB) 
ENSECAG00000019116  7 96,163,676 96,165,734 2,059 502 2 

Follistatin (FST) ENSECAG00000017783 21 18,584,478 18,590,636 6,159 2,119 6 

Gonadotropin releasing 

hormone (GNRH) 
ENSECAG00000010664  2 54,131,556 54,134,868 3,313 308 3 
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Table 1 continued 

Position (bp) Size (bp) Candidate gene Gene ID 

(LOC) 
ECA 

Start End DNA RNA 

Number of 

exons 

Gonadotropin releasing 

hormone receptor (GNRHR) 
LOC100033874 3 67,130,453 67,151,298 20,888 1,114 4 

Alpha inhibin (INHA) ENSECAG00000015864  6 9,065,378 9,068,177 2,800 1,286 2 

Beta inhibin A (INHBA) ENSECAG00000022448 4 12,878,829 12,889,612 10,784 1,445 2 

Beta inhibin B (INHBB) ENSECAG00000014285  18 10,834,802 10,838,204 3,403 958 4 

Insulin-like 3 (INSL3) 
ENSECAG00000016450 

(fragment) 
21 2,646,466 2,647,154 689 300 2 

Luteinizing hormone (LHB) ENSECAG00000007548  10 18,963,376 18,964,111 736 510 2 

Leucine-rich repeat-containing 

G protein-coupled receptor 8 

(LGR8) 

ENSECAG00000014103  17 11,005,845 11,078,391 72,547 2,396 18 

Prolactin (PRL) ENSECAG00000000114  20 20,481,551 20,491,085 9,535 853 5 

Prolactin receptor (PRLR) ENSECAG00000009483 21 29,918,374 30,066,399 148,026 2,200 10 

Prorelaxin (RLN1) ENSECAG00000013020 23 26,699,707 26,704,126 4,420 801 2 

C
andidate gene m

arkers for stallion fertility 
 

35 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=100033874�


 

 

Table 2 Candidate genes involved in the development of genitals, sperm maturation and diverse steps of sperm-egg binding with their 

gene ID, localization and position on the equine chromosome (ECA) and the size of the horse genomic sequence using EquCab2 

Position (bp) Size (bp) Candidate gene 
Gene ID ECA

Start End DNA RNA 

Number of 

exons 

Development of genitals 

Androgen receptor (AR) ENSECAG00000010160 X 49,660,105 49,791,031 130,927 1,668 8 

Spermatogenesis 

Aurora kinase C (AURKC) ENSECAG00000021736 10 26,107,597 26,110,989 3,393 1,041 8 

Spermatogenesis associated 

1 (SPATA1) 
ENSECAG00000016351 5 79,186,712 79,222,754 36,043 1,458 13 

Sperm maturation 

Angiotensin converting 

enzyme (ACE) 
ENSECAG00000012910 11 15,829,612 15,849,932 20,321 4,002 29 

Cysteine-rich secretory 

protein 1 (CRISP1) 
ENSECAG00000011049 20 47,841,108 47,871,684 30,577 1,475 8 

Cysteine-rich secretory 

protein 2 (CRISP2) 
ENSECAG00000019933 20 47,693,002 47,710,192 17,191 1,384 10 

Cysteine-rich secretory 

protein 3 (CRISP3) 
ENSECAG00000006482 20 47,721,076 47,745,394 24,319 1,287 8 
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Table 2 continued 

Position (bp) Size (bp) Candidate gene 
Gene ID ECA

Start End DNA RNA 

Number of 

exons 

Epididymal sperm binding 

protein 1 (ELSPBP1) 
ENSECAG00000011903 10 18,131,502 18,146,238 14,737 630 5 

Seminal plasma protein 1 

(SP1) 
ENSECAG00000023349 10 14,324,494 14,328,531 4,038 639 6 

Seminal plasma protein 2 

(SPNEU/ SP2) 
ENSECAG00000024141 10 14,346,137 14,349,564 3,428 586 5 

Sperm-egg-binding 

Acrosin (ACR) ENSECAG00000013888 28 46,152,318 46,158,404 6,087 1,220 5 

Fertilin beta (ADAM2) ENSECAG00000000073 27 6,406,164 6,538,612 132,449
2,226 (isoform 1) 

2,202 (isoform 2) 

21 (isoform 1) 

20 (isoform 2) 

Calmegin (CLGN) ENSECAG00000017686 2 91,057,498 91,084,539 27,042 1,904 14 

Lactadherin (MFGE8) ENSECAG00000018875 1 94,313,226 94,323,091. 9,866 1,433 8 

Phospholipase C zeta 

(PLCz) 
ENSECAG00000011373 6 45,571,949 45,612,094 40,146 

2,088 (isoform 1) 

2,001 (isoform 2) 

13 (isoform 1) 

15 (isoform 2) 

Sperm autoantigenic 

protein 17 (SP17) 
ENSECAG00000020689 7 33,256,379 33,267,160 10,782 567 5 
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Table 2 continued 

Position (bp) Size (bp) Candidate gene 
Gene ID ECA 

Start End DNA RNA 

Number of 

exons 

Zona pellucida 

protein (SP38) 
ENSECAG00000016511 4 19,849,416 19,977,483 128,068 977 7 

Zonadhesin (ZAN) ENSECAG00000016429 13 8,732,910 8,760,977. 28,068 
6,720 (isoform 1) 

5,502 (isoform 2) 

48 (isoform 1) 

33 (isoform 2) 
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Supplementary Table 1 Comparison of the candidate gene mRNA structure 

between horse (EquCab2), human (human build 36.3) and mouse (build 37.1) using 

the ClustalW2 program (http://www.ebi.ac.uk/Tools/clustalw2/) 

Size of 

mRNA Candidate 

gene Horse 

(bp) 

Human 

(bp) 

Mouse 

(bp) 

Identity 

score (%) 

Horse - 

human 

Identity 

score (%) 

Horse - 

mouse 

ACE 4,002 
4,195 

4,863 

4,887 

3,112 

87 

40 

83 

56 

ACTB 1,098 1,828 1,265 94 90 

ACTG 1,604 1,919 1,661 88 69 

ACTN1 
2,819 

2,753 

3,436 

3,502 
3,556 

91; 93 

93; 93 

87 

89 

ACTN4 2,241 3,893 3,861 92 89 

ACR 1,220 1,372 1,503 81 76 

ADAM2 
2,226 

2,202 

2,640 

2,583 
2,551 

79; 77 

79; 77 

68 

69 

AR 1,668 4,338 3,998 91 86 

AURKC 1,041 1,249 1,159 82 63 

CLGN 1,904 2,703 2,292 92 82 

CRISP1 1,475 1,798 1,413 62 27 

CRISP2 1,384 1,383 1,418 82 66 

CRISP3 1,287 2,081 1,385 62 48 

ELSPBP1 630 1,052 - 83 - 

ESR1 
3,717 

3,508 

6,455 

6,119 

4,298 

1,309 

82; 74 

82; 74 

74; 76 

75; 67 

ESR2 1,744 
2,695 

1,914 

3,288 

3,342 

75 

75 

83 

83 

FSHB 502 1,920 1,592 86 81 

FST 2,119 1,279 2,337 78 89 

GNRH 308 1,758 411 89 82 

GNRHR 1,114 5,830 1,193 87 79 
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Supplementary Table 1 continued 

Size of 

mRNA Candidate 

gene Horse 

(bp) 

Human 

(bp) 

Mouse 

(bp) 

Identity 

score (%) 

Horse - 

human 

Identity 

score (%) 

Horse - 

mouse 

INHA 1,286 1,423 1,463 84 78 

INHBA 1,445 2,175 1,957 91 82 

INHBB 958 3,514 4,255 92 89 

INSL3 300 740 584 78 70 

LGR8 2,396 
2,808 

2,736 

2,539 

2,467 

91 

88 

78 

75 

LHB 510 523 509 78 67 

MFGE8 1,433 
1,937 

1,781 

2,113 

2,002 

64 

56 

75 

75 

PLCz 
2,088 

2,001 
2,075 2,182 

83 

86 

73 

74 

PRL 853 
1,354 

1,357 

872 

846 

86 

86 

70 

69 

PRLR 2,200 
3,143 

1,886 

2,264 

1,210 

84 

84 

76 

72 

RLN1 801 
1,068 

967 
697 

73 

72 
58 

SPATA1 1,458 1,497 1,920 85 81 

SP1 

 

 

639 

3301  

6332  

6233 

822 

68 

72 

64 

29 

SP2 586 

3301  

6332  

6233  

822 

66 

61 

65 

30 

SP17 567 935 558 85 75 

SP38 977 1,177 1,361 89 83 

ZAN 
6,720 

5,502 
8,713 16,158 

67 

73 

42 

52 
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1 BSPA1/A2 (cattle)  

2 BSPA3 (cattle) 

3 pB1 (pig) 
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Supplementary Table 2 Candidate genes for stallion fertility with their localization 

and the respective available intragenic single nucleotide polymorphisms (SNPs), the 

flanking and partially intragenic (assigned with *) SNPs employed in the Equine 

SNP50 Genotyping Beadchip (SNP-Chip) and their respective position 

Candidate 

gene 
ECA 

Gene 

Position 

(EquCab2) 

Intragenic SNP 

marker 

available at the 

Broad Institute 

Gene 

flankingand 

intragenic (*) 

SNPs of the 

SNP-Chip 

Position of 

SNP from 

SNP-Chip 

(EquCab2) 

ACE 11 15,829,612 

– 

15,849,932 

BIEC2-148453 

BIEC2-148454 

BIEC2-141191 

BIEC2-148456 

BIEC2-141181 

BIEC2-141191* 

BIEC2-141194 

15,782,075 

15,836,759 

15,870,307

ACTB 13 2,463,585 – 

2,465,463 

no intragenic 

SNP available 

BIEC2-203631 

BIEC2-203725 

2,392,733 

2,507,015 

ACTG 11 1,628,565, -

1,630,637 

BIEC2-133908 BIEC2-133903 

BIEC2-133908* 

BIEC2-133918 

1,621,255 

1,630,004 

1,667,105 

ACTN1 24 14,991,841 

– 

15,037,255 

BIEC2-667479 

to 

BIEC2-667486 

BIEC2-635124 

BIEC2-635091 

BIEC2-635124* 

BIEC2-635132 

14,924,057 

15,035,037 

15,067,621

ACTN4 10 9,692,742 – 

9,718,476 

BIEC2-103679 

to 

BIEC2-103685 

BIEC2-98815 

BIEC2-98846 

9,688,300 

9,778,201 

ACR 28 46,152,318 

– 

46,158,404 

no intragenic 

SNP available 

BIEC2-745554 46,147,177

ADAM2 27 6,406,164 – 

6,538,612 

BIEC2-736912 

to 

BIEC2-736928 

BIEC2-701572 

BIEC2-701551 

BIEC2-701572* 

BIEC2-701576 

 

6,323,780 

6,521,524 

6,539,738 
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Supplementary Table 2 continued 

Candidate 

gene 
ECA 

Gene 

Position 

(EquCab2) 

Intragenic SNP 

marker 

available at the 

Broad Institute 

Gene 

flankingand 

intragenic (*) 

SNPs of the 

SNP-Chip 

Position of 

SNP from 

SNP-Chip 

(EquCab2) 

AR X 49,660,105 

– 

49,791,031 

BIEC2-1184569 

to 

BIEC2-1184579 

BIEC2-1123883 

BIEC2-1123884 

BIEC2-1123889 

BIEC2-1123844 

BIEC2-

1123883* 

BIEC2-

1123884* 

BIEC2-

1123889* 

BIEC2-1123896 

 

49,471,266 

49,666,981 

49,667,150 

49,694,177 

49,791,371

AURKC 10 26,107,597 

- 

26,110,989 

no intragenic 

SNP available 

BIEC2-111403 

BIEC2-111438 

26,094,836 

26,215,698

CLGN 2 91,057,498 

– 

91,084,539 

BIEC2-523027 

to 

BIEC2-523035 

BIEC2-497576 

BIEC2-497611 

91,051,274 

91,097,601

CRISP1 20 47,841,108 

– 

47,871,684 

BIEC2-562980 

to 

BIEC2-562987 

BIEC2-535532 

BIEC2-535543 

47,840,841 

47,877,974

CRISP2 20 47,693,002 

– 

47,710,192 

BIEC2-562872 

to 

BIEC2-562876 

BIEC2-535403 

BIEC2-535458 

47,667,954 

47,730,629

CRISP3 20 47,721,076 

– 

47,745,394 

BIEC2-562890 

to 

BIEC2-562931 

BIEC2-535458 

BIEC2-535483 

BIEC2-535403 

BIEC2-535458* 

BIEC2-535483* 

BIEC2-535486 

47,667,954 

47,730,629 

47,734,596 

47,747,092
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Supplementary Table 2 continued 

Candidate 

gene 
ECA 

Gene 

Position 

(EquCab2) 

Intragenic SNP 

marker 

available at the 

Broad Institute 

Gene 

flankingand 

intragenic (*) 

SNPs of the 

SNP-Chip 

Position of 

SNP from 

SNP-Chip 

(EquCab2) 

ELSPBP1 10 18,131,502 

– 

18,146,238 

BIEC2-111696 

to 

BIEC2-111708 

BIEC2-106405 

BIEC2-106549 

18,035,828 

18,182,367

ESR1 31 15,081,987 

– 

15,329,542 

BIEC2-881243 

to 

BIEC2-881274 

BIEC2-837861 

BIEC2-837878 

BIEC2-837853 

BIEC2-837861* 

BIEC2-837878* 

BIEC2-837967 

15,075,730 

15,088,035 

15,286,970 

15,490,966

ESR2 24 11,029,301 

– 

11,082,098 

BIEC2-665025 BIEC2-632720 

BIEC2-632795 

10,925,735 

11,150,467

FSHB 7 96,163,676 

– 

96,165,734 

no intragenic 

SNP available 

BIEC2-1019082 

BIEC2-1019091 

96,158,459 

96,262,423

FST 21 18,584,478 

– 

18,590,636 

BIEC2-583177 

BIEC2-583178 

BIEC2-583179 

BIEC2-554750 

BIEC2-554823 

18,373,723 

18,595,234

GNRH 2 54,131,556 

- 

54,134,868 

no intragenic 

SNP available 

BIEC2-478521 

BIEC2-478547 

54,123,854 

54,188,208

GNRHR 3 67,130,453 

– 

67,151,298 

BIEC2-828896 

to 

BIEC2-828899 

BIEC2-788652 

BIEC2-788682 

67,045,788 

67,191,980

INHA 6 9,065,378 – 

9,068,177 

BIEC2-986801 BIEC2-938793 

BIEC2-938812 

8,991,955 

9,085,376 
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Supplementary Table 2 continued 

Candidate 

gene 
ECA 

Gene 

Position 

(EquCab2) 

Intragenic SNP 

marker 

available at the 

Broad Institute 

Gene 

flankingand 

intragenic (*) 

SNPs of the 

SNP-Chip 

Position of 

SNP from 

SNP-Chip 

(EquCab2) 

INHBA 4 12,878,829 

– 

12,889,612 

BIEC2-893058 

BIEC2-893059 

BIEC2-893062 

BIEC2-893063 

BIEC2-849203 

BIEC2-893065 

to 

BIEC2-893068 

BIEC2-849122 

BIEC2-849203* 

BIEC2-849239 

12,726,072 

12,885,846 

12,951,519

INHBB 18 10,834,802 

– 

10,838,204 

no intragenic 

SNP available 

BIEC2-400556 

BIEC2-400567 

10,812,787 

10,876,679

INSL3 21 2,646,466 – 

2,647,154 

no intragenic 

SNP available 

BIEC2-547406 

BIEC2-547445 

2,590,196 

2,768,320 

LGR8 17 11,005,845 

– 

11,078,391 

BIEC2-387112 

to 

BIEC2-387116 

BIEC2-368565 

BIEC2-368595 

10,954,627 

11,261,668

LHB 10 18,963,376 

– 

18,964,111 

no intragenic 

SNP available 

BIEC2-107062 

BIEC2-107108 

18,918,985 

19,072,751

MFGE8 1 94,313,226 

– 

94,323,091 

BIEC2-41404 

to 

BIEC2-41409 

BIEC2-39058 

BIEC2-39136 

94,312,123 

94,445,833

PLCz 6 45,571,949 

– 

45,612,094 

BIEC2-1001092 

to 

BIEC2-1001107 

BIEC2-952439 

BIEC2-952385 

BIEC2-952439* 

BIEC2-952458 

 

45,552,702 

45,586,821 

45,626,138
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Supplementary Table 2 continued 

Candidate 

gene 
ECA 

Gene 

Position 

(EquCab2) 

Intragenic SNP 

marker 

available at the 

Broad Institute 

Gene 

flankingand 

intragenic (*) 

SNPs of the 

SNP-Chip 

Position of 

SNP from 

SNP-Chip 

(EquCab2) 

PRL 20 20,481,551 

– 

20,491,085 

BIEC2-550778 

BIEC2-550779 

BIEC2-523968 

BIEC2-523977 

20,448,908 

20,494,488

PRLR 21 29,918,374 

– 

30,066,399 

BIEC2-589399 

to 

BIEC2-589443 

BIEC2-560816 

BIEC2-560817 

BIEC2-560823 

BIEC2-560830 

BIEC2-560839 

BIEC2-560841 

BIEC2-560852 

BIEC2-560854 

BIEC2-560857 

BIEC2-560858 

BIEC2-560860 

BIEC2-560788 

BIEC2-560816* 

BIEC2-560817* 

BIEC2-560823* 

BIEC2-560830* 

BIEC2-560839* 

BIEC2-560841* 

BIEC2-560852* 

BIEC2-560854* 

BIEC2-560857* 

BIEC2-560858* 

BIEC2-560860* 

BIEC2-560862 

29,785,036 

29,922,338 

29,926,927 

29,976,029 

29,982,306 

29,991,979 

29,992,153 

30,022,509 

30,022,801 

30,033,646 

30,033,717 

30,048,471 

30,068,106

RLN1 23 26,699,707 

– 

26,704,126 

BIEC2-653158 

BIEC2-653159 

BIEC2-621433 

BIEC2-621443 

26,649,099 

26,705,409

SPATA1 5 79,186,712 

– 

79,222,754 

BIEC2-968840 

to 

BIEC2-968878 

BIEC2-921413 

BIEC2-921509 

79,140,552 

79,290,169

SP1 10 14,324,494 

– 

14,328,531 

BIEC2-108279 BIEC2-103274 

BIEC2-103334 

14,323,619 

14,375,942
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Supplementary Table 2 continued 

Candidate 

gene 
ECA 

Gene 

Position 

(EquCab2) 

Intragenic SNP 

marker 

available at the 

Broad Institute 

Gene 

flankingand 

intragenic (*) 

SNPs of the 

SNP-Chip 

Position of 

SNP from 

SNP-Chip 

(EquCab2) 

SP2 10 14,346,137 

– 

14,349,564 

BIEC2-108298 

to 

BIEC2-108317 

BIEC2-103274 

BIEC2-103334 

14,323,619 

14,375,942

SP17 7 33,256,379 

– 

33,267,160 

BIEC2-1046665 

to 

BIEC2-1046670 

BIEC2-992327 

BIEC2-992373 

33,239,734 

33,305,275

SP38 4 19,849,416 

– 

19,977,483 

BIEC2-896170 

to 

BIEC2-896188 

BIEC2-852228 

BIEC2-852219 

BIEC2-852228* 

BIEC2-852263 

19,756,236 

19,852,411 

20,181,845

ZAN 13 8,732,910 – 

8,760,977 

BIEC2-218217 

to 

BIEC2-218222 

BIEC2-208822 

BIEC2-208834 

8,730,890 

8,793,797 
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Supplementary Table 3 Candidate genes for stallion fertility with their localization 

and flanking and accordingly intragenic (assigned with *) microsatellite markers with 

their respective position (bp) on EquCab2 

Published microsatellites 
Candidate 

gene 
ECA 

Gene 

Position 

(EquCab2) Name 
Start 

position 

ACE 11 15,829,612 

– 

15,849,932

ABGe171 

ABGe099 

ABGe172 

ABGe100 

14,947,979 

15,170,655 

16,043,880 

16,231,594 

ACTB 13 2,463,585 

– 

2,465,463 

ABGe173 

ABGe174 

ABGe175 

ABGe176 

ABGe177 

1,914,323 

2,313,897 

2,533,740 

3,058,495 

3,172,825 

ACTG 11 1,628,565 

– 

1,630,637 

ABGe178 

ABGe179 

ABGe180 

1,694,201 

2,375,153 

2,563,179 

ACTN1 24 14,991,841 

– 

15,037,255

ABGe181 

ABGe182 

ABGe183 

ABGe184 

14,200,051 

14,256,290 

14,651,549 

14,818,117 

ACTN4 10 9,692,742 

– 

9,718,476 

ABGe185 

ABGe186 

ABGe187 

ABGe188 

ABGe189 

ABGe190 

COR045 

ABGe191 

COR020 

ABGe192 

8,702,545 

8,890,145 

9,311,207 

9,501,360 

9,968,577 

9,982,494 

9,995,167 

9,995,217 

9,995,349 

10,472,429 
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Supplementary Table 3 continued 

Published microsatellites 
Candidate 

gene 
ECA 

Gene 

Position 

(EquCab2) Name 
Start 

position 

ACR 28 46,152,318 

– 

46,158,404

ABGe193 

ABGe194 

45,317,228 

45,529,251 

ADAM2 27 6,406,164 

– 

6,538,612 

ABGe195 

ABGe196 

ABGe197 

ABGe198 

ABGe199*

ABGe200 

ABGe201 

5,488,630 

5,660,424 

5,994,199 

6,382,995 

6,445,923* 

6,769,061 

7,276,891 

AR X 49,660,105 

– 

49,791,031

ABGe202 

ABGe203 

ABGe204 

ABGe205 

ABGe206 

48,691,596 

49,770,495* 

49,790,177* 

50,375,106 

50,698,935 

AURKC 10 26,107,597 

– 

26,110,989

ABGe207 

ABGe208 

ABGe209 

ABGe210 

ABGe211 

ABGe212 

25,569,759 

25,603,374 

25,945,732 

26,426,245 

26,525,634 

26,936,313 

CLGN 2 91,057,498 

– 

91,084,539

ABGe213 

ABGe214 

ABGe215 

ABGe216 

ABGe217 

ABGe218 

90,983,614 

91,124,236 

91,321,358 

91,511,110 

91,706,436 

91,922,850 
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Supplementary Table 3 continued 

Published microsatellites 
Candidate 

gene 
ECA 

Gene 

Position 

(EquCab2) Name 
Start 

position 

CRISP1 20 47,841,108 

– 

47,871,684

ABGe219 

ABGe220 

ABGe221 

ABGe222 

46,742,663 

46,838,809 

47,682,657 

48,153,786 

CRISP2 20 47,693,002 

– 

47,710,192

ABGe220 

ABGe221 

ABGe222 

46,838,809 

47,682,657 

48,153,786 

CRISP3 20 47,721,076 

– 

47,745,394

ABGe221 

ABGe222 

47,682,657 

48,153,786 

ELSPBP1 10 18,131,502 

– 

18,146,238

ABGe223 

ABGe224 

ABGe225 

ABGe226 

ABGe227 

ABGe228 

ABGe229 

ABGe230 

ABGe231 

17,672,966 

18,026,479 

18,123,553 

18,312,273 

18,450,075 

18,467,088 

18,693,808 

18,779,361 

18,969,163 

ESR1 31 15,081,987 

– 

15,329,542

ABGe234 

ABGe235 

ABGe236*

ABGe237*

ABGe238*

ABGe239*

ABGe240 

ABGe241 

14,223,589 

14,971,474 

15,167,794* 

15,188,692* 

15,267,256* 

15,298,465* 

15,464,511 

16,164,682 
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Supplementary Table 3 continued 

Published microsatellites 
Candidate 

gene 
ECA 

Gene 

Position 

(EquCab2) Name 
Start 

position 

ESR2 24 11,029,301 

– 

11,082,098

ABGe242 

ABGe243 

ABGe244 

ABGe245*

ABGe246 

ABGe247 

10,167,201 

10,321,277 

10,586,304 

11,065,717* 

11,381,711 

11,513,967 

FSHB 7 96,163,676 

– 

96,165,734

ABGe248 

ABGe103 

ABGe249 

95,620,769 

95,946,583 

96,036,158 

FST 21 18,584,478 

– 

18,590,636

ABGe250 

ABGe168 

ABGe251 

ABGe252 

ABGe169 

ABGe253 

ABGe254 

ABGe255 

ABGe256 

ABGe257 

17,940,230 

18,004,489 

18,332,715 

18,641,944 

18,666,702 

18,749,167 

18,766,123 

18,986,220 

19,411,886 

19,486,775 

GNRH 2 54,131,556 

- 

54,134,868

ABGe258 

ABGe259 

ABGe260 

ABGe350 

53,737,500 

54,244,341 

54,439,974 

54,816,277 

GNRHR 3 67,130,453 

– 

67,151,298

ABGe262 

ABGe263 

ABGe264 

ABGe265 

66,150,350 

66,212,474 

66,572,584 

67,518,087 
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Supplementary Table 3 continued 

Published microsatellites 
Candidate 

gene 
ECA 

Gene 

Position 

(EquCab2) Name 
Start 

position 

INHA 6 9,065,378 

– 

9,068,177 

ABGe266 

ABGe267 

ABGe268 

ABGe269 

ABGe270 

8,149,832 

8,680,897 

9,181,421 

9,234,400 

9,289,458 

INHBA 4 12,878,829 

– 

12,889,612

TKY1432 

ABGe070 

ABGe272 

UMNe224 

ABGe273 

ABGe274 

ABGe275 

12,086,305 

12,587,050 

12,775,537 

13,129,455 

13,143,834 

13,346,175 

13,650,599 

INHBB 18 10,834,802 

– 

10,838,204

ABGe276 

ABGe277 

ABGe151 

ABGe279*

ABGe280 

9,940,176 

10,233,854 

10,775,386 

10,837,569* 

11,412,760 

INSL3 21 2,646,466 

– 

2,647,154 

SG16 

ABGe281 

ABGe282 

ABGe283 

ABGe284 

ABGe160 

ABGe161 

1,927,541 

2,090,140 

2,115,211 

2,507,848 

2,708,343 

2,996,057 

3,301,780 

LGR8 17 11,005,845 

– 

11,078,391

ABGe286 

ABGe287 

ABGe288 

ABGe289 

ABGe290 

10,062,511 

10,075,811 

10,437,136 

11,167,695 

11,211,087 
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Supplementary Table 3 continued 

Published microsatellites 
Candidate 

gene 
ECA 

Gene 

Position 

(EquCab2) Name 
Start 

position 

LGR8   ABGe291 

ABGe292 

11,856,257 

12,071,953 

LHB 10 18,963,376 

– 

18,964,111

ABGe224 

ABGe225 

ABGe226 

ABGe227 

ABGe228 

ABGe229 

ABGe230 

ABGe231 

ABGe232 

ABGe233 

18,026,479 

18,123,553 

18,312,273 

18,450,075 

18,467,088 

18,693,808 

18,779,361 

18,969,163 

19,334,988 

19,803,007 

MFGE8 1 94,313,226 

– 

94,323,091

ABGe293 

ABGe294 

ABGe295 

93,326,420 

94,752,903 

95,273,002 

PLCz 6 45,571,949 

– 

45,612,094

ABGe296 

ABGe297 

ABGe298 

ABGe299 

44,804,457 

45,103,579 

45,800,071 

46,304,885 

PRL 20 20,481,551 

– 

20,491,085

ABGe300 

ABGe301 

ABGe302 

19,956,928 

20,110,083 

20,293,696 

PRLR 21 29,918,374 

– 

30,066,399

ABGe303 

ABGe304 

ABGe305 

ABGe306*

ABGe307 

ABGe308 

ABGe309 

29,193,953 

29,229,390 

29,761,582 

29,979,327* 

30,196,742 

30,224,192 

30,311,360 
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Supplementary Table 3 continued 

Published microsatellites 
Candidate 

gene 
ECA 

Gene 

Position 

(EquCab2) Name 
Start 

position 

PRLR   ABGe310 30,911,734 

RLN1 23 26,699,707 

– 

26,704,126

ABGe311 

ABGe312 

ABGe313 

ABGe314 

ABGe315 

ABGe316 

ABGe317 

ABGe318 

ABGe319 

25,673,361 

26,151,876 

26,288,339 

26,296,906 

26,407,424 

26,475,680 

26,619,845 

27,409,594 

27,686,958 

SPATA1 5 79,186,712 

– 

79,222,754

ABGe320 

ASB10 

ABGe321 

ABGe010 

ABGe322 

ABGe323 

ABGe011 

ABGe325 

ABGe326 

ABGe327 

78,287,191 

78,287,844 

78,310,772 

78,759,630 

78,788,612 

79,619,297 

79,647,123 

79,817,896 

79,820,377 

80,082,963 

SP1 10 14,324,494 

– 

14,328,531

ABGe328 

HMS56 

ABGe329 

ABGe330 

14,458,915 

14,608,637 

14,664,291 

15,276,903 

SP2 10 14,346,137 

– 

14,349,564

ABGe328 

HMS56 

ABGe329 

ABGe330 

14,458,915 

14,608,637 

14,664,291 

15,276,903 
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Supplementary Table 3 continued 

Published microsatellites 
Candidate 

gene 
ECA 

Gene 

Position 

(EquCab2) Name 
Start 

position 

SP17 7 33,256,379 

– 

33,267,160

ABGe101 

ABGe331 

ABGe332 

ABGe102 

ABGe333 

32,374,527 

32,425,783 

33,728,852 

33,818,040 

34,075,153 

SP38 4 19,849,416 

– 

19,977,483

ABGe334 

ABGe335 

ABGe336 

ABGe337 

ABGe338 

ABGe339 

ABGe340 

UMNe063 

ABGe341 

ABGe074 

ABGe271 

ABGe278 

18,858,261 

18,936,935 

19,050,333 

19,094,732 

19,307,832 

19,332,450 

19,387,789 

19,565,375 

20,045,530 

20,093,810 

20,723,572 

20,907,710 

ZAN 13 8,732,910 

– 

8,760,977 

ABGe285 

ABGe324 

8,243,661 

8,707,722 
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3 Evaluation of ACE, SP17, and FSHB as candidates for stallion 
fertility in Hanoverian warmblood horses 

3.1 Abstract 

The research of fertility in human and other mammals strongly advances in the 

recent years, but the discovery of molecular mechanisms for fertility traits in horses is 

just in the beginning. We chose the angiotensin converting enzyme (ACE), the sperm 

autoantigenic protein 17 (SP17) and the follicle stimulating hormone (FSHB) as 

candidates for stallion fertility in order to analyze associations of intragenic single 

nucleotide polymorphisms (SNPs), flanking microsatellites and candidate-gene linked 

haplotypes with the pregnancy rate per oestrus (PRO) in 179 Hanoverian stallions. 

Fertility traits analyzed were the least square means of PRO for stallions (LSM) and 

the paternal and embryonic component of breeding values for PRO (BVs). We 

detected nine SNPs in ACE, eight SNPs in SP17 and four SNPs in FSHB. Each two 

flanking microsatellites were found for ACE and SP17 and one flanking microsatellite 

for FSHB. Three SP17-associated SNPs and the two flanking microsatellites showed 

significant association with the embryonic component of BVs and one SP17-

associated microsatellite was also significantly associated with the paternal 

component of BVs. Two ACE-associated SNPs were significantly associated with the 

embryonic component of BVs. Significantly associated haplotypes were shown for all 

three candidate genes and the tested fertility parameters. The final regression 

analysis model indicated that haplotypes of all three candidate genes significantly 

contributed to the paternal and embryonic fertility components of PRO. This is the 

first report on candidate gene association with the embryonic component of stallions’ 

BVs for pregnancy rate per oestrus. 
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3.2 Introduction 

We evaluated the genes encoding the angiotensin converting enzyme (ACE; 

ENSECAG00000012910) on equine chromosome (ECA) 11 at 15.8 Mb, the sperm 

autoantigenic protein 17 (SP17; ENSECAG00000020689) on ECA7 at 33.2 Mb and 

the beta-chain of the follicle stimulating hormone (FSHB; ENSECAG00000019116) 

on ECA7 at 96.1 Mb on horse genome assembly Equus caballus 2.0 as candidates 

for stallion fertility. The angiotensin-converting enzyme catalyzes the conversion of 

angiotensin I into the physically active peptide angiotensin II, which acts as 

vasopressor and stimulates aldosterone, so it plays a key role in the renin-

angiotensin-system (Kondoh et al. 2005). Studies in knockout mice indicated a 

crucial influence of ACE on male fertility (Hagaman et al. 1998, Ramaraj 1998). Ball 

et al. (2003) found out that the activity of ACE in stallions’ sperm plasma membrane 

was significantly higher than in the seminal plasma; there was also significantly 

increased activity in postpubertal equine testis respective to prepubertal males. The 

sperm autoantigenic protein (SP17) is supposed to influence the zona pellucida-

sperm binding (Richardson et al. 1994). Subsequent studies showed that SP17 is not 

testis-specific unlike first suppositions. The protein is composed of three functional 

domains responsible for heparin and calmodulin binding and plays an important role 

in cell migration, cell adhesion and fertilization (Wen et al. 2001). The follicle 

stimulating hormone belongs to the gonadotropins which are released by the anterior 

pituitary mediated through the gonadotropin releasing hormone. The follicle 

stimulating hormone (FSH) binds mostly to the Sertoli cells of the testes and causes 
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the release of inhibin, activin and androgen binding protein. Thereby, the testicular 

proteins and steroid hormones influence the release of FSH via feed back. FSH 

secretion is controlled by inhibin in conjunction with estrogen and testosterone 

(Roser 1997). FSH is of essential importance for spermatogenesis during puberty. 

We developed single nucleotide polymorphisms (SNPs) and microsatellites and 

performed an association analysis using the least square means (LSM) of pregnancy 

rate per oestrus (PRO) for stallions as well as their breeding values (BVs) for the 

embryonic and paternal component of the PRO. The polymorphisms were genotyped 

in 179 Hannoverian warmblood stallions. Insemination records from about 20,000 

Hanoverian warmblood mares were used to calculate LSMs for stallions and to 

predict the paternal and embryonic component of BVs for PRO. 

3.3 Material and methods 

Animals and phenotypic data 

We collected blood samples from 179 Hanoverian warmblood stallions which 

belonged to 16 paternal half-sib groups. Fertility data from the National State stud of 

Lower Saxony were available from the breeding seasons 1997 to 2005. There were 

19,897 mares and 246 stallions and a total of 96,114 oestrus cycles in which about 

199,000 artificial inseminations were performed. We calculated LSMs for stallions 

and predicted BVs for the paternal and embryonic component for each stallion 

included in this data set. The animal threshold model employed is described 

elsewhere (Hamann et al. 2007). Briefly, this model included the fixed effects of 

insemination centre, age of stallion, breeding season, period within breeding season, 

type of covering (natural, artificial insemination), the number of coverings within 

breeding season (covering number), time interval between coverings within an 

oestrus (insemination regime), breeding history of mares (previous breeding 
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achievements of mares), the permanent environmental effects of the mare and 

stallion and the random additive genetic effects of the stallion and the embryo. The 

analyses were performed using MTGSAM and Gibbs sampling (Van Tassel and Van 

Vleck 1995, Van Tassel et al. 1998) for estimation of random effects and variance 

components (Hamann et al. 2007). The mean of LSMs of PRO was 0.41 with a 

standard deviation (SD) of 0.16. The accuracy of BVs for the embryonic component 

and paternal component was on average 0.61 ± 0.18 and 0.42 ± 0.18. 

Stallions could be assigned to 16 paternal half-sib groups including 15 to 98 animals. 

The size was on average 49.9. Overall, the pedigrees contained 798 animals in order 

to connect the different related stallions for which records and genotypes were 

available. LSMs were calculated for 166 of these 179 stallions. The BVs were 

available for all 179 stallions (Supplemental Table 1). 

The calculation of the proportion of genes descending from thoroughbred, Trakehner, 

Holsteiner warmblood, Oldenburg, Westphalian, Arabian, and other warmblood 

breeds is described elsewhere (Hamann and Distl 2008).  

Mutation analysis and development of candidate gene-associated markers 

For the development of single nucleotide polymorphisms (SNPs), the human mRNA 

sequences of ACE, SP17, and FSHB were used as references to determine the 

equine sequence and the genomic location of the candidate genes using BLAST 

(http://www.ncbi.nlm.nih.gov/BLAST/) and BLAT (http://genome.ucsc.edu/cgi-

bin/hgBlat). Exon/intron boundaries were determined comparing human and horse 

sequences using Sequencher 4.7 (GeneCodes, Ann Arbor, MI, USA). In addition, we 

sequenced 12 exons of ACE, three exons of SP17 and two exons of FSHB as well as 

their flanking regions in order to develop intragenic SNPs. SNP-tables of the Broad 

institute (http://www.broad.mit.edu/mammals/horse/snp/) were used for search of all 
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candidate gene-associated SNPs. We developed 16 primer pairs for ACE, six for 

SP17 and three for FSHB for amplification of intragenic sequences with about 500 

bp. Primer pairs were designed using the Primer3 program 

(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) after masking repetitive 

elements using RepeatMasker (http://www.repeatmasker.org/).  

Genomic DNA was extracted from EDTA-blood samples using the QIAamp 96 DNA 

blood kit (Qiagen, Hilden, Germany). DNA polymorphisms within these 25 PCR-

products of ACE, SP17 and FSHB genes were identified in eight stallions exhibiting a 

large variation in BVs and LSMs. Two µl of DNA were used as template in the 

polymerase chain reaction (PCR) which was performed in 30 µl reaction volumes 

containing 100 µM dNTPs, 50 pmol of each primer, and 2 U Taq polymerase 

(Qbiogene, Heidelberg, Germany) in the reaction buffer. After 4 minutes initial 

denaturation at 94°C, 35 cycles of 45 seconds at 94°C, 60 seconds annealing 

temperature, and 80 seconds at 72°C were performed. The amplicons were cleaned 

using the Montage PCR96 Cleanup kit (Millipore Bedford, MA, USA) in accordance to 

the manufactures protocol followed by the sequencing reaction which contained 2 μl 

DNA, 2 μl of primer (5 pmol/μl), 1.5 μl ET mix, and 0.5 μl buffer (400 mM Tris, 40 mM 

MgCl2, pH 9.0). The following PCR program was used: 1.5 minutes at 94°C, 20 

seconds at 94°C, 15 seconds at 50°C, 30 seconds at 60°C, 35 cycles then 8°C for 10 

minutes. After cleaning the sequencing reaction using a Sephadex G50 filtration (GE 

Healthcare, Freiburg, Germany) according to the manufactures protocol the PCR 

products were directly sequenced using the DYEnamic ET Terminator kit (GE 

Healthcare, Freiburg, Germany) and a MegaBACE 1000 capillary sequencer (GE 

Healthcare). Polymorphic sites were identified using Sequencher 4.7 (GeneCodes). 
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Five new microsatellites (ABGe099–ABGe103) were developed in the flanking 

regions of ACE, SP17 and FSHB in a distance of one megabase at maximum. 

Therefore, permutation sequences with all variations of di-, tri- and tetra-repeat motifs 

were generated with a minimum of 15 repeats and a maximum of 30 repeats. These 

sequences were aligned with the horse genome assembly (UCSC Genome 

Bioinformatics, version EquCab2, 2007) using the SSAHA2 package (Sequence 

Search and Alignment by Hashing Algorythm combined with the cross-match 

sequence alignment program developed by Phil Green at the University of 

Washington, version 1.0.1, The Wellcome Trust Sanger Institute, UK, 2007). Flanking 

sequences of alignment results that obtained a maximum score per length (100% 

identity) were used for design of equine primer pairs as described above.  

Genotyping 

For genotyping of microsatellites the PCR was performed in 5 μl reactions containing 

0.6 µl 10x incubation buffer, 0.12 µl DMSO, 0.1 µl dNTPs, 0.025 µl of each primer, 

and 0.05 µl Taq polymerase with 2 µl of DNA. The following PCR-program was used: 

4 minutes initial denaturation at 94°C, followed by 35 cycles of 45 seconds at 94°C, 

60 seconds at optimum annealing temperature, and 80 seconds at 72°C, and 4°C for 

10 minutes using PTC 100™ or PTC 200™ thermocyclers (MJ Research, Watertown, 

MA, USA). The forward primers were end-labeled fluorescently with IRD-700 or IRD-

800. Primers were pooled in multiplex groups in accordance to their allele size and 

the fluorescence labelling. The amplicons were diluted with formamide loading buffer 

in ratio 1:10 and size-fractionated by gel electrophoresis on 6% polyacrylamid 

denaturing gels (Rotiphorese Gel40, Carl Roth, Karlsruhe) using an automated 

sequencer (LI-COR 4200/S-2, Lincoln, NE, USA). IRD700- and IRD800 fluorescently 
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labeled DNA ladder were used to determine allele sizes. Genotyping data were 

analyzed by visual examination. 

SNPs were genotyped in 179 stallions using restriction endonucleases or a capillary 

sequencer (MegaBACE 1000, GE Healthcare) or a 7300 Realtime PCR system 

(Custom TaqMan® SNP Genotyping Assays, Applied Biosystems, Darmstadt, 

Germany). For investigation of putative restriction fragment length polymorphisms 

(RFLPs) the NEBcutter V2.0 (http://tools.neb.com/NEBcutter2/index.php) was used. 

Restriction endonucleases are given in Supplemental Table 2 including the marker 

and the recognition site. The sequences for RFLPs were PCR-amplified as described 

above. For the RFLPs we used 20 µl reaction volumes containing 2 µl buffer, 

possible 0.2 µl bovine serum albumin (BSA) dependent on the used endonucleases 

and 1.5 U endonuclease with 15 µl of the amplicon. Genotypes were determined by 

gel electrophoresis using 1.5 or 2% agarose gels dependent on the expected allele 

sizes and evaluated by visual examination. The Custom TaqMan® SNP Genotyping 

Assays contained in 10 µl reactions 5.3 µl SensiMix DNA kit (Quantance, London, 

UK), 0.3 µl Custom TaqMan® SNP Genotyping Assays and 2 µl template DNA. The 

reaction was performed on 7300 Realtime PCR system: 10 minutes initial 

denaturation at 95°C, 40 cycles of 15 seconds at 92°C and 60 seconds at 60°C. 

Statistical analysis 

Mendelian inheritance and correctness of marker transmission in the pedigrees 

genotyped was confirmed using the Pedstats software (Wigginton and Abecasis 

2005).  

After calculating the observed heterozygosity (HET) and polymorphism information 

content (PIC) and testing the SNP and microsatellite markers for Hardy-Weinberg 

equilibrium and linkage disequilibrium using the ALLELE procedure of SAS/Genetics 



Evaluation of equine ACE, SP17 and FSHB with stallion fertility 
 

65 

software (Statistical Analysis System, version 9.1.3 SAS Institute, Cary, NC, USA, 

2008) association was evaluated using the GLM procedure of SAS and the 

HAPLOTYPE procedure of SAS/Genetics.  

The linear model for testing single markers for association included the fixed effects 

of paternal half-sib family and of the respective genotype within half-sib family as well 

as the proportion of genes of thoroughbreds and Hanoverian warmblood as linear 

covariates. Alleles of microsatellites were united into minor and major alleles to avoid 

overestimation of minor allelic effects. 

Yijklm = μ + FAMi + GT(FAM)ij + b1THk + b2HAl + eijklm 

where Yijklm is the fertility trait of the stallion (LSM per stallion, paternal component of 

BV, embryonic component of BV), FAM is the half-sib family (i = 1-16), GT is the 

respective genotype of the candidate gene-associated marker, b1, b2 are linear 

regression coefficients, TH is the proportion of thoroughbred genes, HA is the 

proportion of Hanoverian genes and eijklm represents the residual effects. In order to 

evaluate the variance explained by the genotypes of the candidate gene-associated 

markers, we employed a reference model omitting the fixed effect of the genotype.   

The probabilities to observe the different haplotypes were estimated using the 

HAPLOTYPE procedure of SAS/Genetics and these haplotype probabilities were 

used as independent variates in linear models for testing association with the 

different parameters for PRO. First, we tested models which included all haplotypes 

and then those haplotypes were subsequently removed which were not significant 

and did not significantly contribute to the variance explained through the model. The 

final model contained only those haplotypes of the three candidate genes which 

contributed significantly to the differences of the pregnancy rates among stallions. 

Yijklm = μ + Σ bi HAPi + FAMj + b1 THk + b2 HAl + eijklm 



Evaluation of equine ACE, SP17 and FSHB with stallion fertility 
 

66 

where Yijklm is the fertility trait (LSM or BV) of the stallion, bi are the respective linear 

regression coefficients for the respective probabilities for the haplotypes of SP17, 

ACE and FSHB (HAPi), b1,2 are linear regression coefficients for the proportion of 

genes from thoroughbreds (TH) and Hanoverian warmblood (HA), eijklm are the 

residual effects. 

3.4 Results 

Association analysis for single markers 

We detected nine SNPs in ACE, eight SNPs in SP17 and four SNPs in FSHB in eight 

Hanoverian stallions (Supplemental Figures 1-3). The mean PIC and HET were 0.32 

and 0.41 (Supplemental Table 3) and for microsatellites 0.68 and 0.72 in all 179 

Hanoverian stallions genotyped (Supplemental Table 4).  

Three SP17-associated SNPs (BIEC2-1046665, AAWR02021008:g.11574G>A, 

BIEC2-1046672) and the two flanking microsatellites (ABGe101, ABGe102) were 

significantly associated with the embryonic component of BVs (P = 0.0003 – 0.0275, 

Table 1). ABGe102 showed also a significant association with the paternal 

component of BVs (P = 0.0085). The variance explained by the candidate gene-

associated markers was on average 15.33% for the LSMs, 23.98% for the embryonic 

component and 13.75% for the paternal component of BVs. 

Testing ACE-associated markers for association, only one SNP 

(AAWR02012506:g.28042G>A) was significantly associated with the LSM of stallions 

(P = 0.0391), explaining on average 13.02% of the total variance. Analysis within 

half-sib families 4, 9 and 14 revealed two SNPs (AAWR02012506:g.28042G>A, 

AAWR02012506:g.26483G>A) significantly associated with the embryonic 

component of BVs (P = 0.0019 – 0.0239) and within half-sib families 7, 9, 11 and 14 

three SNPs (AAWR02012506:g.2115T>C, AAWR02012506:g.26483G>A, 
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AAWR02012506:g.27157C>T) and one microsatellite (ABGe099) were significantly 

associated with the paternal component of the BVs (P = 0.0003 – 0.0381, Table 2). 

These markers accounted for 23.0% and 6.87% of the total variance for the 

embryonic and paternal component of BVs. 

FSHB-associated markers did not reach significant thresholds for association. 

Analysis within half-sib family 4 and 14 revealed two SNPs (BIEC2-1019082, 

AAWR02018590g.81671A>G) significantly associated with the LSM of stallions (P = 

0.0455 – 0.0542, Table 3). These two SNPs accounted for 30.81% of the total 

variance for the LSM on average. 

Haplotype analysis 

We performed haplotype analyses across families using all the intragenic SNPs of 

SP17, ACE and FSHB. We identified 13 different haplotypes with a frequency of 

0.3% to 54.8% in SP17, eleven different haplotypes with a frequency from 0.2% to 

27.4% in ACE and six different haplotypes with a frequency of 1.4% to 48.5% in 

FSHB. 

The full model including all haplotypes of SP17 was significant for the LSMs (P = 

0.0102), the embryonic component of BVs (P = 0.0024) and the paternal component 

of BVs (P = 0.0001). We selected the four haplotypes with a frequency higher than 

1% for further analysis. The model with these four haplotypes was also significant for 

the LSMs (P = 0.0177) and the embryonic and paternal component of BVs (P = 

0.0002 and P = 0.0001, data not shown). The coefficient of determination decreased 

from 31.3% in the full model to 21.5% in the reduced model for the LSMs, from 

29.5% (full model) to 25.6% (reduced model) for the embryonic component and from 

42.6% (full model) to 39.7% (reduced model) for the paternal component of BVs. 

Performing the association analysis for all eleven haplotypes of ACE, the full model 

was significant for the LSMs (P = 0.0055) and the embryonic (P = 0.0001) and 
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paternal component (P = 0.0001) of BVs with coefficients of determination of 28.6%, 

30.5% and 44.5%. For further analysis, we retained the five haplotypes with 

frequencies above 8%. The model including these five haplotypes showed 

significance for the LSMs (P = 0.0056), the embryonic component (P = 0.0001) and 

the paternal component of BVs (P = 0.0001, data not shown). The reduced model 

accounted for 24.5%, 26.5% and 41.3% of the total variance for LSM, the embryonic 

and paternal component of BVs. 

Performing the association analysis for all six haplotypes of FSHB, the full model was 

significantly associated with the LSMs (P = 0.0182) and the embryonic (P = 0.0001) 

and paternal (P = 0.0001) component of BVs. The haplotypes accounted for 22.2%, 

27.8% and 41.1% of the total variance of the LSMs, embryonic component and 

paternal component of BVs. For further analysis we selected the three haplotypes 

with a frequency above 6% (A-T-A, G-C-G, G-T-G). The reduced model showed 

significant association with the LSMs (P = 0.0117) and the embryonic (P = 0.0001) 

and paternal (P = 0.0001) component of BVs (data not shown). The coefficients of 

determination of the reduced model were 21.5%, 27.1% and 40.3%. 

In order to test for the joint effects of the haplotypes of SP17, ACE and FSHB, we 

performed association analyses for the haplotypes of the three candidate genes in a 

joint model. Only these haplotypes were retained in the final models which were 

significant in the models employed separately for the candidate genes. Significant 

associations were shown for the partial effects of the haplotypes of ACE, SP17 and 

FSHB for the embryonic component of BVs (Table 4). For LSMs an ACE- and SP17-

haplotype were significant and for the paternal component, only a SP17-haplotype 

was significant. The final models accounted for 27.0%, 33.3% and 13.4% of the total 

variance of the LSMs, embryonic component and paternal component of BVs. 
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3.5 Discussion 

We could demonstrate significant associations of haplotypes for SP17, ACE and 

FSHB with the LSM of stallions for the PRO and the embryonic and paternal 

components of BVs. Several single markers of SP17 were significant for the 

embryonic component of BV, whereas single markers of ACE and FSHB were only 

significant in within half-sib family analyses. The models employed took into account 

stratification of our data set by sire lines and differing proportions genes from 

thoroughbred and Hanoverian warmblood. The effect of the half-sib family was 

significant in all analyses supposing a strong influence of sire lines. Omitting this 

effect would result in overestimation of SNP and haplotype effects because SNP 

alleles are unequally distributed among sire lines. The SNPs detected in SP17 and 

ACE were in introns or UTR and did not influence the coding sequence of these 

genes or the splice sites. One SNP detected in FSHB was localized in exon 2 but did 

not influence the coding sequence. The other FSHB-associated SNPs were localized 

upstream of the intragenic region and in the UTRs and did not influence the coding 

sequence of FSHB or the splice sites. Thus, our results indicate strong linkage 

disequilibrium for these intragenic markers with the differences in the PRO among 

stallions, the embryonic and paternal component of BVs. Further analyses are 

necessary to identify mutations in SP17, ACE and FSHB being responsible for 

differences in pregnancy rates per oestrus. Our approach appears useful to identify 

genes with possible causative mutations for fertility traits and may be worthwhile for 

selecting candidate genes for further molecular analysis. As intronic markers are 

frequently observed and detected, our approach appears efficient and cost-effective 

to identify associated candidate genes. 
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Table 1 Total variance explained (R2) by the model employed for single markers in the association analysis, F-values and error 

probabilities (P) for gene-associated markers of ACE, SP17 and FSHB for the least square means (LSM) for the pregnancy rate per 

oestrus of stallions and the embryonic (BV-embryonic) and paternal component of breeding values (BV-paternal).  

LSM BV-embryonic BV-paternal 
Gene/ marker 

Number 

of 

stallions R2 (%) F P R2 (%) F P R2 (%) F P 

ACE 

AAWR02012506:g.2115T>C 179 39.01 1.78 0.5264 34.73 1.78 0.5759 48.70 3.17 0.6218 

AAWR02012506:g.28042G>A 162 48.84 2.31 0.0391 50.67 2.91 0.7259 44.55 2.28 0.0717 

AAWR02012506:g.26483G>A 163 42.14 1.77 0.8243 36.78 1.66 0.6675 50.06 2.86 0.5641 

AAWR02012506:g.27157C>T 175 37.84 1.73 0.5695 33.90 1.72 0.7580 46.74 2.94 0.7278 

ABGe99 168 40.43 2.04 0.3417 26.97 1.30 0.9505 44.24 2.79 0.6074 

ABGe100 166 39.24 1.66 0.4976 34.85 1.62 0.3293 49.79 3.00 0.2741 

SP17 

AAWR02021008:g.16148G>A 

(BIEC2-1046672) 
175 45.91 1.99 0.1487 44.75 2.32 0.0275 52.48 3.17 0.3476 

AAWR02021008:g.11262G>C 

(BIEC2-1046665) 
147 40.54 1.35 0.5721 51.31 2.61 0.0123 53.18 2.81 0.8422 

AAWR02021008:g.11307C>T 

(BIEC2-1046666) 
148 42.04 1.40 0.4829 45.95 2.06 0.2054 54.49 2.90 0.7443 
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Table 1 continued 

LSM BV-embryonic BV-paternal Gene/ marker Number 

of 

stallions R2 (%) F P R2 (%) F P R2 (%) F P 

AAWR02021008:g.11552G>T 

(BIEC2-1046667) 
126 43.75 1.32 0.4594 49.77 2.11 0.2023 58.88 3.04 0.2904 

AAWR02021008:g.11574G>A 115 39.53 1.08 0.9541 59.17 2.90 0.0116 60.53 3.07 0.8144 

ABGe101 175 41.43 1.91 0.2651 46.88 2.96 0.0003 48.26 3.12 0.3945 

ABGe102 174 42.36 1.86 0.4618 41.96 2.33 0.0271 56.30 4.15 0.0085 

FSHB 

AAWR02018590:g.74476A>G 

(BIEC2-1019082) 
172 45.81 1.71 0.4892 35.22 1.35 0.9174 55.98 3.17 0.1574 

AAWR02018590:g.81671A>G 157 50.07 1.89 0.1137 41.98 1.68 0.4975 57.07 3.09 0.1038 

ABGe103 172 37.60 1.43 0.8500 40.61 1.97 0.1227 51.03 3.01 0.5049 
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Table 2 Total variance explained (R2) by the model employed for single markers of ACE in the association analysis within half-sib 

families, F-values and error probabilities (P) for gene-associated markers of ACE with the embryonic and paternal component of 

breeding values (BV). 

BV-embryonic BV-paternal Marker Number 

of 

stallions R2 F P R2 F P 

  Family 4, 9 and 14 Family 7, 9, 11 and 14 

AAWR02012506:g.2115T>C 34 0.5455 2.76 0.1162 0.8482 16.77 0.0381 
AAWR02012506:g.28042G>A 29 0.7148 5.29 0.0019 0.8200 12.15 0.4001 

AAWR02012506:g.26483G>A 30 0.6399 3.38 0.0239 0.8833 20.18 0.0126 
AAWR02012506:g.27157C>T 31 0.5825 2.79 0.1208 0.8339 15.97 0.0374 
ABGe99 29 0.4096 1.73 0.9227 0.8798 24.90 0.0003 
ABGe100 32 0.3777 1.48 0.6536 0.8064 13.25 0.1563 
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Table 3 Total variance explained (R2) by the model employed for single markers of 

FSHB in the association analysis within half-sib families 4 and 14, F-values and error 

probabilities (P) for gene-associated markers of FSHB with the least square means 

(LSM) of stallions for the pregnancy rate per oestrus. 

LSM 
Marker 

Number 

of 

stallions R2 F P 

AAWR02018590:g.74476A>G 

(BIEC2-1019082) 
13 0.6608 2.73 0.0542 

AAWR02018590:g.81671A>G 13 0.8065 4.17 0.0455 
ABGe103 14 0.4298 1.21 0.2775 

 



 

 

Table 4 Association analysis simultaneously for haplotypes of ACE, SP17 and FSHB, haplotypes and their frequencies, effects of 

haplotypes on LSMs and BVs with their standard errors (in brackets) per 100% change of haplotype frequency, their error probabilities 

(P), t-, F-values and variance explained (R2) for single haplotypes and the total model for the LSM of stallions for the pregnancy rate 

per oestrus, the embryonic and paternal components of breeding values (BVs). 

Trait Gene Haplotype 

Haplotype 

frequency 

(%) 

Effect of haplotype P t/F 
R2 

(%) 

LSM ACE T-T-G-A-C 8.6 10.8 (4.9) 0.0114 4.78 2.61 
 SP17 G-C-T-A-G 54.8 4.7 (2.7) 0.0866 2.98 1.62 
 SP17 G-T-T-A-G 0.34 61.7 (22.8) 0.0077 7.31 3.99 

 Total model    0.0005 2.75 26.97 
BV-embryonic ACE T-C-G-A-C 8.0 -20.5 (7.8) 0.0090 6.98 2.93 
 SP17 G-T-G-A-A 0.33 120.0 (36.2) 0.0012 10.96 4.60 
 FSHB A-T-A 48.5 -14.2 (5.7) 0.0141 6.16 2.58 
 FSHB G-T-G 39.2 -15.7 (5.8) 0.0076 7.31 3.04 

 Total model    0.0001 4.18 33.30 
BV-paternal ACE T-C-A-G-C 27.4 4.8 (3.5) 0.1733 1.87 0.94 
 SP17 C-T-T-G-A 0.82 -32.0 (14.2) 0.0248 5.12 2.57 
 FSHB G-C-G 6.4 6.5 (4.1) 0.1115 2.56 1.28 

 Total model    0.0001 5.35 13.39 
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Supplemental Table 1 Half-sib groups analyzed, their size, number of genotyped 

stallions and mean LSMs of the pregnancy rate per oestrus, mean embryonic and 

paternal component of the breeding values, mean proportions of thoroughbred and 

Hanoverian genes for the genotyped stallions. 

Breeding values Proportion of  

Half-

sib 

group 

Total 

family 

size 

Number of 

stallions 

genotyped 

LSM of 

the 

pregnancy 

rate per 

oestrus 

(%) 

embryonic 

component

(x10-2) 

paternal 

component

(x10-2) 

thoroughbred 

genes 

(%) 

Hanoverian 

genes 

(%) 

1 63 13 40.2 -5.08 2.28 7.69 76.92 

2 19 6 45.7 -2.42 8.74 0 99.93 

3 98 20 37.2 3.35 -1.67 0.38 9.98 

4 37 13 46.3 3.53 1.87 2.14 46.15 

5 65 9 55.6 14.47 -0.57 11.11 77.6 

6 47 9 54.9 12.36 3.71 0 88.8 

7 31 9 45.5 7.29 5.75 0 33.3 

8 80 15 43.6 -8.04 8.9 0 86.7 

9 56 12 37.7 20.21 -14.59 25.0 41.7 

10 33 7 47.2 21.57 2.29 0 14.3 

11 70 20 46.9 1.12 5.18 0 85.0 

12 15 5 50.3 30.95 -2.76 0 60.0 

13 17 5 41.0 6.72 -0.36 2.5 15.0 

14 29 9 50.9 7.27 7.25 0 66.7 

15 66 21 42.4 7.48 -2.27 0 95.2 

16 72 7 43.6 10.99 -3.48 100 0 

Total 798 180 45.6 8.24 1.27 9.3 56.1 
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Supplemental Table 2 Single nucleotide polymorphisms in the candidate genes 

ACE, SP17 and FSHB, their sites for restriction endonucleases and the resulting 

fragment sizes. 

Fragment sizes 

Gene Polymorphism 
Restriction 

endonuclease 

Recognition 

site 
Allele A 

(bp) 

Allele B 

(bp) 

 

ACE 

 

 

g.2115T>C 

 

Nla III 

 

CATG 

 

30/185/ 

336 

 

30/491 

 

ACE 

 

 

g.28221C>T 

 

 

Hinf I 

 

CTNAG 

 

211/340 

 

78/211/ 

262 

 

ACE 

 

 

g.28042G>A 

 

Psp OM I 

 

CCCGGG 

 

82/469 

 

551 

 

ACE 

 

 

g.26483G>A 

 

Hinc II 

 

CARYTG 

 

700 

 

330/370 

 

SP17 

 

 

g.16148G>A 

 

Apo I 

 

RAATTY 

 

597 

 

148/449 

 

FSHB 

 

 

g.74476A>G 

 

 

Hha I 

 

GCGC 

 

337/164 

 

99/164/ 

238 
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Supplemental Table 3 Single nucleotide polymorphisms within the equine ACE, 

SP17 and FSHB genes, their polymorphism information content (PIC) and 

heterozygosity (HET), their corresponding primer pairs, annealing temperatures (Ta) 

and product sizes. Nomenclature of SNP markers from the Broad institute is given in 

brackets. 

Gene SNP PIC HET Forward/ reverse primer  

(5’ – 3’) 

Ta 

(°C) 

Product 

size 

(bp) 

g.2115T>C 0.33 0.48 AGAGGGAAGGCTTCTGCTTC 

TGTCCTGCCCTTACAGAACC 

62 521 

g.28221C>T 

(BIEC2-141191) 

g.28042G>A 

0.14 

 

0.32 

0.15 

 

0.39 

AGAAACACAGACCCCAGGAG 

CGCATCTGTGTAAGCCTCAG 

62 551 

g.26483G>A 0.37 0.55 CACCCTCACCAGTAACAGAG 

TTGTTCCAGGCTTTCTGTGTC 

62 700 

ACE 

AAWR02012506 

g.27157C>T 0.31 0.41 TCCTTGAACTCCTGCTCCTC 

TGATCTTCCATCCCAAGCTC 

61 501 

g.16148G>A 

(BIEC2-1046672) 

0.36 0.47 AAGGACCATTTTTCAGGGATG 

ATTCCCTCAGGAAGCAACAG 

60 597 SP17 

AAWR02021008 

g.11262G>C 

(BIEC2-1046665) 

g.11307C>T 

(BIEC2-1046666) 

g.11552G>T 

(BIEC2-1046667) 

g.11574G>A 

0.36 

 

0.36 

 

0.36 

 

0.36 

0.46 

 

0.46 

 

0.43 

 

0.46 

GTGCACATGGAAATTTGTCG 

CTTAGCTCCCCATTCTGCTG 

60 592 

g.74476A>G 

(BIEC2-1019082) 

0.37 0.49 GGAGACCAGACCACGGAAG 

TTTACTGGCTTGAAGCACCTC 

62 501 FSHB 

AAWR02018590 

g.81355T>C 

g.81671A>G 

0.15 

0.37 

0.11 

0.52 

CGTTCATGAGACCACGTTTG 

AGAGGTCAGCAGGGTCTCC 

61 507 
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Supplemental Table 4 Newly developed microsatellites within the flanking regions of 

ACE, SP17 and FSHB, their primer pairs, number of alleles, allele size, annealing 

temperature (Ta) and their polymorphism information content (PIC) and observed 

heterozygosity (HET) values. 

Gene Microsatellite 

 

Forward/ reverse primer 

(5’ – 3’) 

Alleles 

(n) 

Allele size 

(bp) 

Ta 

(°C) 

PIC HET 

ACE ABGe099 TTCCTTCTGATTGCACCACTC 

ATTGTGGGTGACTCCCTCTG 

11 164 - 194 62 0.78 0.83 

ACE ABGe100 AACATCTCTCCCCAGTCCATC 

AAGGGGTCCTTGAAGTCCTG 

11 217 - 247 63 0.61 0.69 

SP17 ABGe101 GAAAAATGCTGAATGCTTTGTG 

TTGATTTGCCTGTGATTCTCTC 

8 92 - 108 62 0.76 0.79 

SP17 ABGe102 AGGAAGCACGATCTGGTCTG 

AAGGATGCCCTGAGGAAGTC 

8 204 - 226 62 0.74 0.79 

FSHB ABGe103 ATCCTTTCCTGCCCATCC 

GGCTGGAAATAGGAGAAATGG 

4 231 - 241 60 0.50 0.52 

 

 



 

 

Supplemental Figure 1 Gene structure of equine ACE (ENSECAG00000012910) and SNPs observed. Lines below present our PCR-

products. Black rectangles indicate exons and the numbers below the rectangles the number of the respective exon. Numbers above 

show the size of exon and intron regions in base pairs (bp). 
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Supplemental Figure 2 Gene structure of equine SP17 (ENSECAG00000020689) and SNPs observed. Lines below present our 

PCR-products. Black rectangles indicate exons and the numbers below the rectangles the number of the respective exon. Numbers 

above show the size of exon and intron regions in base pairs. 
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Supplemental Figure 3 Gene structure of equine FSHB (ENSECAG00000019116) and SNPs observed. Lines below present our 

PCR-products. Black rectangles indicate exons and the numbers below the rectangles the number of the respective exon. Numbers 

above show the size of exon and intron regions in base pairs (bp).   
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4 Evaluation of SPATA1-associated markers for stallion fertility 

4.1 Summary 

Stallion fertility is an economically important trait because the use of artificial 

insemination is increasing in the horse industry and superior sires are used more 

intensely. Molecular genetic markers may be useful as early indicators for a stallion’s 

fertility and genetic improvement programs. The testis-specific SPATA1 protein is 

involved in shaping the sperm head during spermatogenesis. Thus, the 

spermatogenesis associated 1 (SPATA1) gene was chosen as candidate for stallion 

fertility and we analyzed intragenic single nucleotide polymorphisms (SNPs) as 

genetic markers for the least square means of the pregnancy rate per oestrus of 

stallions and breeding values (BV) for the paternal and embryonic component of the 

pregnancy rate per oestrus. We sequenced the cDNA of SPATA1 to verify the 

annotated mRNA sequence. One SPATA1-associated intronic SNP (BIEC2-968854) 

showed a significant association with the embryonic component of BVs of stallions 

for the pregnancy rate per oestrus. The embryonic component of BVs was positively 

associated with homozygous C/C stallions. Both, the additive and dominance effects 

were significant with values of -5.8% (P = 0.01) and -6.4% (P = 0.02) for the 

embryonic component of BVs. For the same SNP, a suggestive association was 

found for the least square means of the pregnancy rate per oestrus of stallions. 

Heterozygous stallions had higher pregnancy rates per oestrus than homozygous 

stallions. The dominance effect was 4.1% with a nominal p-value of 0.02. The SNP 

BIEC2-968854 can change a SP1 binding site and thus, we assume that gene 

regulation may be influenced through this intronic mutation. This is the first report on 

SPATA1 as associated with the pregnancy rate per oestrus for stallions. 
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4.2 Introduction 

During spermatogenesis, round spermatids deriving from spermatogonia develop in 

the testis. This process is followed by the spermiogenesis while the spermatids 

develop into spermatozoa. Spermatogenesis and spermiogenesis are mostly 

regulated by endocrine hormones. The spermatogenesis associated 1 (SPATA1) 

protein is also supposed to be involved in spermatogenesis. However, though the 

detailed function of SPATA1 is still unknown it is considered to be a functional and 

positional candidate gene for murine male fertility. SPATA1 displays a strictly testis-

specific protein expression profile and is a strong candidate for influencing the shape 

of the sperm head during spermatogenesis (L’Hôte et al. 2007). Sequence analysis 

of the SPATA1 protein revealed a SMC (structural maintenance of chromosomes) 

domain. Proteins featuring this domain are known to be involved in chromosome 

condensation, sister-chromatid cohesion, DNA repair and recombination, gene 

dosage compensation, with functions in somatic and meiotic cells (Hirano 2002, 

Jessberger 2002). For this reason we selected SPATA1 for analyzing its influence on 

stallion fertility. The objective of this analysis was to develop intragenic single 

nucleotide polymorphisms (SNPs) for the spermatogenesis associated 1 (SPATA1) 

gene and then to test informative SNPs for significant associations with the least 

square means (LSM) of the pregnancy rate per ooestrus and breeding values (BVs) 

of the paternal and embryonic component of the pregnancy rate per oestrus of 

stallions. 
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4.3 Material and methods 

Animals and phenotypic data 

Blood samples were collected from 179 Hanoverian warmblood stallions. Fertility 

data included the breeding seasons 1997 to 2005 of the National State stud of Lower 

Saxony. There were 19,897 mares and 246 stallions and a total of about 199,000 

artificial insemination records, which define a total of 96,114 oestrus cycles. We 

analyzed the pregnancy rate per oestrus. The trait values were encoded 1 when the 

artificial inseminations (AI) were successful in an oestrus cycle otherwise the trait 

value was 0. The success rate of AIs was verified through the reports of the breeders 

on the pregnancy of the mare and/or a foaling and/or an abortion. All oestrus periods 

with consecutive AIs in the same breeding season were treated as unsuccessful. In 

addition, oestrus periods reported by the breeder as unsuccessful (missing 

pregnancy of the mare) were also encoded with a trait value 0. We calculated least 

square means (LSM) of the pregnancy rate per oestrus for stallions and we predicted 

breeding values (BVs) for the paternal and embryonic component for each stallion. 

The animal threshold model for prediction of BVs included the fixed environmental 

effects of insemination centre, age of stallion, breeding season, period within 

breeding season, the number of coverings within breeding season (covering 

number), time interval between coverings within an oestrus (insemination regime), 

breeding history of mares (previous breeding achievement of mares), the random 

permanent environmental effects of the mare and stallion and the random additive 

genetic effects of the stallion and the embryo. The analyses were performed using 

MTGSAM and Gibbs sampling (Van Tassel and Van Vleck 1995, Van Tassel et al. 

1998) for estimation of random effects and variance components (Hamann et al. 

2007). Calculation of LSMs for the pregnancy rate per oestrus was based on the 
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fixed environmental effects and a fixed effect of the stallion. Thus, the LSMs are 

reflecting the mean pregnancy rate per oestrus per stallion corrected for 

environmental effects. The detailed model employed is described elsewhere 

(Hamann et al. 2007). The LSM was on average 44.8% with a standard deviation 

(SD) of 16.4% and a range between 11.8 to 76.9%. The range of the BVs for the 

embryonic component was between -0.544 and 0.527 and for the paternal 

component between -0.296 and 0.221 (Supplementary Table 1). The accuracy of 

BVs for the embryonic component and paternal component was on average 0.61 ± 

0.18 and 0.42 ± 0.18. 

Stallions were assigned to 16 paternal half-sib groups with an average size of 49.9 

animals (15 – 98). Overall, the pedigrees contained 798 animals in order to connect 

related animals with records and genotypes. Pregnancy rate per oestrus was known 

from 166 of these stallions. The BVs of the pregnancy rate per oestrus were available 

for all stallions genotyped (Supplementary Table 2). 

Mutation analysis and development of SPATA1-associated markers 

Equine SPATA1 is annotated on equine chromosome (ECA) 5 at 79.1 Mb on the 

antisense strand according to the horse genome assembly EquCab 2.0 

(http://www.ncbi.nlm.nih.gov/projects/mapview/map_search.cgi?taxid=9796). For the 

development of single nucleotide polymorphisms (SNPs), the human mRNA 

sequence of SPATA1 was used as reference to determine the equine sequence and 

its genomic location using BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) and BLAT 

(http://genome.ucsc.edu/cgi-bin/hgBlat). Exon/intron boundaries were determined 

comparing human and horse sequences using Sequencher 4.7 (GeneCodes, Ann 

Arbor, MI, USA). Obtained sequences were aligned with the horse genome assembly 

EquCab2.0 and results were compared to the annotated equine SPATA1-sequence 
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on NCBI (GeneID: 100064787) and Ensembl (ENSECAG00000016351, 

http://www.ensembl.org/Equus_caballus/index.html). In addition, we compared the 

published mRNA and translated peptide sequences of horse, human and mouse 

SPATA1 using the CLUSTALW2 multiple alignment program 

(http://www.ebi.ac.uk/Tools/es/cgi-bin/clustalw2/). 

In order to verify the annotated exonic sequence and to search for mutations that 

affect the splice sites we also sequenced the equine SPATA1 cDNA using testis 

tissue derived from eight Hanoverian warmblood stallions. Testis tissue was 

conserved in RNAlater solution (Macherey-Nagel, Düren, Germany) and transcribed 

in cDNA using QIAzol™ Lysis Reagent (Qiagen, Hilden, Germany) according to the 

manufacture’s protocol. We developed four exonic primer pairs for amplification and 

sequencing the cDNA sequence including all twelve exons. Furthermore, we 

sequenced 11 exons of SPATA1 as well as their flanking regions in order to develop 

intragenic SNPs on genomic DNA. Moreover, SNP-tables of the Broad institute 

(http://www.broad.mit.edu/mammals/horse/snp/) were searched for all SPATA1-

associated SNPs. We developed 15 primer pairs for amplification of intragenic or 

gene flanking sequences with a size of about 500 bp.Development of primer pairs 

was done using the Primer3 program (http://frodo.wi.mit.edu/cgi-

bin/primer3/primer3_www.cgi) after masking repetitive elements using RepeatMasker 

(http://www.repeatmasker.org/). 

Genomic DNA was extracted from EDTA-blood samples using the QIAamp 96 DNA 

blood kit (Qiagen, Hilden, Germany). DNA polymorphisms within the 15 PCR-

products were identified in eight stallions exhibiting a large variation in LSMs and 

BVs. 
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All PCRs were performed using two µl of DNA as template in 30 µl reaction volumes 

which contained 100 µM dNTPs, 50 pmol of each primer, and 2 U Taq polymerase 

(Qbiogene, Heidelberg, Germany) in the reaction buffer. After 4 minutes initial 

denaturation at 94°C, 35 cycles of 45 seconds at 94°C, 60 seconds annealing 

temperature, and 80 seconds at 72°C were performed. The amplicons were cleaned 

using the Montage PCR96 Cleanup kit (Millipore Bedford, MA, USA) in accordance to 

the manufactures protocol following by the sequencing reaction which contained 2 μl 

DNA, 2 μl of primer (5 pmol/μl), 1.5 μl ET mix, and 0.5 μl buffer (400 mM Tris, 40 mM 

MgCl2, pH 9.0). The following PCR program was used: 1.5 minutes at 94°C, 20 

seconds at 94°C, 15 seconds at 50°C, 30 seconds at 60°C, 35 cycles then 8°C for 10 

minutes. After cleaning the sequencing reaction using a Sephadex G50 filtration (GE 

Healthcare, Freiburg, Germany) according to the manufactures protocol the 

sequencing products were directly sequenced using the DYEnamic ET Terminator kit 

(GE Healthcare, Freiburg, Germany) and a MegaBACE 1000 capillary sequencer 

(GE Healthcare). We used the Sequencher 4.7 software (GeneCodes) to compare 

cDNA sequences with the cDNA sequences annotated in the databases NCBI and 

Ensembl. 

Genotyping 

SNPs were genotyped in 179 stallions using restriction endonucleases or a 7300 

Realtime PCR system (Custom TaqMan® SNP Genotyping Assays, Applied 

Biosystems, Darmstadt, Germany). For investigation of putative restriction fragment 

length polymorphisms (RFLPs) the NEBcutter V2.0 (http://tools.neb.com/ 

NEBcutter2/index.php) was used. Restriction endonucleases are given in 

Supplementary Table 3 including the marker and the recognition site. The sequences 

for RFLPs were PCR-amplified as described above. For the RFLPs we used 20 µl 

reaction volumes containing 2 µl buffer, 0.2 µl bovine serum albumin (BSA) 
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dependent on the used endonucleases and 1.5 U endonuclease with 15 µl of the 

amplicon. Genotypes were determined by gel electrophoresis using 1.5 or 2.5% 

agarose gels dependent on the expected allele sizes and evaluated by visual 

examination. The Custom TaqMan® SNP Genotyping Assays contained in 10 µl 

reactions 5.3 µl SensiMix DNA kit (Quantance, London, UK), 0.3 µl Custom 

TaqMan® SNP Genotyping Assays and 2 µl template DNA. The reaction was 

performed on 7300 Realtime PCR system: 10 minutes initial denaturation at 95°C, 40 

cycles of 15 seconds at 92°C and 60 seconds at 60°C. 

Statistical analysis 

Fertility traits were analyzed for their distribution in the available stallions’ population 

using the procedure UNIVARIATE of SAS software (Statistical Analysis System, 

version 9.2, SAS Institute, Cary, NC, USA, 2008).  

Mendelian inheritance and correctness of marker transmission in the pedigrees 

genotyped was confirmed using the Pedstats software (Wigginton and Abecasis 

2005). 

After calculating the observed heterozygosity (HET) and polymorphism information 

content (PIC) and testing the SNP markers for Hardy-Weinberg equilibrium and 

linkage disequilibrium using the ALLELE procedure of SAS/Genetics (Statistical 

Analysis System, version 9.2) association was evaluated using the procedure GLM of 

SAS. 

We employed a linear model for association tests of single markers and this model 

took into account possible stratification effects of the data by sire lines and differing 

composition of founder breeds. Sire lines and founder breed proportions were 

included in the analyses due to their significant effects and the varying proportions of 

genes from original Hanoverian and thoroughbred horses. This linear model included 

the fixed effects of paternal half-sib family and of the respective genotype and the 
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proportion of genes of thoroughbreds and Hanoverian warmblood as linear 

covariates: 

Yijklm = μ + FAMi + GTj + b1THk + b2HAl + eijklm 

where Yijklm is the fertility trait of the stallion (pregnancy rate per oestrus as least 

square mean per stallion, paternal component of BV, embryonic component of BV), 

FAMi is the paternal half-sib family (i = 1-16), GTj is the respective genotype of the 

candidate gene-associated marker, b1, b2 are linear regression coefficients, THk is 

the proportion of thoroughbred genes, HAl is the proportion of Hanoverian genes and 

eijklm represents the residual effects. The calculation of the proportion of genes 

descending from thoroughbred and Hanoverian warmblood horses is described 

elsewhere (Hamann and Distl 2008). In order to evaluate the variance explained by 

genotypes of SPATA1-associated markers, we employed a reference model where 

the fixed effect of the genotype was omitted. Additive effects were estimated as the 

half difference between the least square means of the trait values for two 

homozygous genotypes. The dominance effects were calculated as the deviation of 

the least square mean of the heterozygous from the average of the two homozygous 

genotypes. Significance was tested using t-tests in the SAS procedure GLM. In 

addition, an extended model was used for testing whether the genetic effects were of 

similar size in the different paternal half-sib groups. We analyzed additive and 

dominance effects for interactions between families whereby an interaction term 

genotype by family was included in the model. Multiple testing was considered using 

a Bonferroni correction with Pcorr = 1-(1-Pnominal)n, where n = 4 for the number of SNPs 

investigated. 

4.4 Results 

Structural analysis of SPATA1 
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Equine SPATA1 (GeneID: 100064787) contains 12 exons, which are also present in 

the orthologous human SPATA1. The equine SPATA1 Ensembl annotation contains 

one additional exon (exon 3 according to Ensembl). This exon 3 contains only four 

base pairs. Using the annotated mRNA sequence of SPATA1 

(ENSECAT00000017259), we found an identity of 85% to the human mRNA 

(ENST00000263717) and of 81% to the murine (ENSMUST00000029839) mRNA of 

SPATA1. The translated equine SPATA1 protein (ENSECAP00000014006) 

sequence displayed 78% similarity to the human (ENSP00000263717) and 64% 

similarity to mouse (ENSMUSP00000029839) SPATA1 protein. Sequence analysis 

of cDNA of equine SPATA1 (Accession no. FJ172296) in eight Hanoverian stallions 

verified that exon 3 of equine SPATA1 annotated in Ensembl was not present. In this 

respect, the equine SPATA1 sequence deposited in NCBI was identical with our 

results of the cDNA analysis. Some differences in the cDNA sequence at the start of 

exon 6 were found between the annotation of Ensembl and NCBI. Our results for 

exon 6 were identical with the annotation of Ensembl. Thus, we assume that 24 bp 

are missing at the start of exon 6 in the cDNA sequence published by NCBI 

(Supplementary Figure 1). 

SNP detection 

We found 39 intragenic SNPs for SPATA1 in the SNP-tables of the Broad institute. 

All these SNPs were in intronic regions except for BIEC2-968877 and BIEC2-968878 

which were located in the untranslated region (UTR) of exon 1. We tested nine of 

these SNPs in eight Hanoverian stallions. Four of them were polymorphic (BIEC2-

968879 upstream of SPATA1, BIEC2-968877 in UTR of exon 1, BIEC2-968854 in 

intron 6 and BIEC2-968853 in intron 7). Because the SNPs BIEC2-968883 upstream 

of SPATA1, BIEC2-968878 in UTR of exon 1, BIEC2-968867 in intron 2, BIEC2-

968864 in intron 5 and BIEC2-968840 in intron 11 were not found in eight 
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Hanoverian stallions, we supposed that these mutations may be interbreed 

polymorphisms. For the SNPs BIEC2-968867 and BIEC2-968864, all eight stallions 

were homozygous G and A respectively in comparison to the reference sequence (A 

and G respectively). After genotyping the SNP BIEC2-968878 in 113 stallions we 

found all stallions homozygous C/C in comparison to the reference sequence (T). In 

addition, we detected four novel intragenic SNPs in intronic regions in eight 

Hanoverian stallions (Supplementary Figure 1). Together with the four polymorphic 

SNPs from the SNP-tables of the Broad institute we found a total of eight SNPs of 

which seven were intragenic. Six of these intragenic SNPs were located in introns 

and did not affect the splice sites of the exons. The SNP (BIEC2-968877) in the UTR 

of exon 1 did not influence the coding sequence. In intron 1 we found a transition in 

eight Hanoverian stallions compared to the reference sequence 

(AAWR02017454.g:139324C>T).  

The exonic sequences of SPATA1 were monomorphic in the tested stallions and 

identical with the reference sequence of the horse genome assembly EquCab 2.0.  

Due to their allelic distribution in eight stallions, four of the detected intragenic SNPs 

(g.107808T>C, BIEC2-968854, BIEC2-968853, BIEC2-968877) were genotyped in 

179 stallions. The mean PIC and HET were 0.25 and 0.31 (Supplementary Table 4). 

The four markers g.107808T>C, BIEC2-968854, BIEC2-968853, BIEC2-968877 were 

in Hardy-Weinberg equilibrium and low linkage disequilibrium (r2 = 0.04-0.59). The 

SNP BIEC2-968853 showed r2-values between 0.04 and 0.11 to the other SNPs. The 

highest correlation of 0.59 was found among the SNPs g.107808T>C and BIEC2-

968854. 

Association analysis for single markers 

We could only use the four informative SNP markers for further analysis. Out of these 

four SNPs, the SNP (BIEC2-968854) was significantly associated with the LSM of 
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stallion for the pregnancy rate per oestrus (P = 0.0485, P = 0.180 after Bonferroni 

correction for multiple testing, Table 1) and the embryonic component of BVs (P = 

0.0089, P = 0.0351 after Bonferroni correction for multiple testing). After accounting 

for the interaction between the SNP genotypes of BIEC2-968854 and the paternal 

half-sib groups using the extended model, we could also find a significant association 

with the embryonic component of the pregnancy rate per oestrus for stallions (P = 

0.0025, P = 0.01 after Bonferroni correction for multiple testing). Haplotype analysis 

confirmed the significant contribution of the SNP BIEC2-968854 to the embryonic 

component of the pregnancy rate per oestrus. The reason for this was that only those 

haplotypes were significant which included the SNP BIEC2-968854 and these 

significant haplotypes differed only by the two alleles of this SNP. For the paternal 

component of BVs we could not find SNPs with a significant association. 

The dominance effect of the heterozygous genotype (T/C) was 4.05 ± 1.69% (P = 

0.0181, P = 0.036 after Bonferroni correction for two tests) for the LSMs, -0.064 ± 

0.027 (P = 0.0181, P = 0.036 after Bonferroni correction for two tests) for the 

embryonic component and 0.011 ± 0.012 for the paternal component of BVs for all 

stallions (Table 2). The variance explained by the SPATA1-associated SNP BIEC2-

968854 was 3.3% for the LSM, 4.4% for the embryonic component and 0.5% for the 

paternal component of BVs. Minor allele frequency for BIEC2-968854 was on 

average 40.73% (Supplementary Table 2). The minor allele frequencies were 

inversed in half-sib families 6, 9, 14 and 15. Six families had all three possible 

genotypes for the SNP BIEC2-968854. The mean frequency of heterozygous 

stallions analyzed in these six families was 41.3% with a minimum of 23.08% and a 

maximum of 50.0%. 

We tested the additive and dominance effects of BIEC2-968854 for heterogeneity 

among half-sib families using an extended model where the genotype by half-sib 
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family effect was included in addition to the other effects. Here, we included only 

those six families where all three genotypes were present. The genotype by half-sib 

family interaction was only significant for the embryonic component of BVs (P = 

0.0017). 

The mean additive effect was -0.099 ± 0.031 (P = 0.0025, P = 0.005 after Bonferroni 

correction for two tests) and the mean dominance effect -0.106 ± 0.045 (P = 0.022, P 

= 0.044 after Bonferroni correction for two tests) for the embryonic component of BVs 

including only these six families (Table 3). 

4.5 Discussion 

We found a significant association for an intragenic SNP (BIEC2-968854) of SPATA1 

with the embryonic component of BVs and a suggestive association with the LSM for 

the pregnancy rate per oestrus of stallions. The SNP markers employed for the 

present association analysis were highly polymorphic, scattered over the candidate 

gene and not strongly correlated with each other and thus, this marker set was well 

suited for this analysis. This does also mean that in the case of a significant 

association of one SNP, the other SNPs are not necessarily significantly associated 

with the trait analysed. In our analysis, the significantly associated SNP BIEC2-

968854 was not strongly correlated with the other three SNPs and thus, we did not 

expect significant associations for the other three SNPs due to linkage disequilibrium 

with the SNP BIEC2-968854. The effect of the half-sib family was significant in all 

analyses supposing a strong influence of the family structure on fertility traits 

analyzed here. Stallions being heterozygous for BIEC2-968854 showed a 4% higher 

pregnancy rate per oestrus in comparison to stallions being homozygous. The 

dominance effect for the paternal component of BVs corresponds to this result but 

did not reach the significant threshold. Stallions being homozygous for the minor 
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allele C showed an about 12 % higher embryonic component of BVs. While the 

paternal component of BVs considered only the paternal contribution to the 

pregnancy rate per oestrus, the embryonic component of BVs included both parental 

contributions and their specific interaction defined through the embryonic component. 

Thus, differences in the association analysis between the embryonic and paternal 

component of BVs display differences in the genetic components influencing 

fertilization and embryonic survival. Slight negative correlations between the paternal 

and embryonic component of BVs support our findings in the marker analysis. We 

assume that there exist further polymorphisms in other genes influencing the fertility 

traits of stallions. Thus, the SPATA1 SNP BIEC2-968854 explains only a part of the 

variation of the pregnancy rate per oestrus of stallions. Our results also demonstrate 

that the mutation identified was not equally distributed over the different sire lines and 

only those sire families where this SNP is segregating can contribute to the variation 

explainedby this SNP. 

Our results indicate strong linkage disequilibrium for an intragenic SPATA1 marker, 

but this marker does not change the coding sequence. This associated SNP (BIEC2-

968854) is located in an intron but outside of the splice sites. In order to determine 

the syntenic human intron for the equine intron 6, we compared each two adjacent 

exons of both species. Equine intron 6 showed an identity of 81% (BLAST E-value 

3e-80) to the corresponding human intron 7. This high value is also due to the very 

similar length of both intronic sequences (horse: 742 bp; human: 735 bp). When 

comparing the part of the intronic sequence obtained from our analysis of eight 

Hanoverian stallions with the corresponding human intronic sequence using BLAST 

an identity of 79% was found what affirmed that the region adjacent to the SNP 

BIEC2-968854 is highly conserved between the two species.  
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Genomic sequence analysis of exons 1-11 and cDNA sequencing of SPATA1 did not 

reveal polymorphisms in Hanoverian stallions, whereas 39 intragenic SNPs were 

detected through horse genome sequencing. Out of these 39 SNPs, 37 were in 

introns and two in UTRs. We were able to identify four SNPs which were polymorphic 

in Hanoverian stallions after testing nine SNPs. Thus, we may assume that mutations 

in the coding sequence of SPATA1 may not be very frequent in the Hanoverian 

population in contrast to non-coding mutations. The non-coding mutations seem to 

occur frequently in Hanoverian horses and also in other horse breeds. 

We tested the mutation site of BIEC2-968854 (g.121684T>C) in intron 6 for 

transcription factor binding sites using AliBaba, version 2.1, software 

(http://www.gene-regulation.com/pub/programs/alibaba2/index.html). The g.121684 

T>C mutation changed a SP1 binding site. The sequence with the allele C had a SP1 

binding site whereas in the sequence with the allele T this SP1 binding site was 

removed. Thus, this intronic mutation of the SNP BIEC2-968854 may have an effect 

on transcription factor binding. So, we assume that this SNP may be involved in gene 

regulation via recruitment of a transcription factor. Further follow-up analyses are 

necessary to verify this possible regulatory effect of this intronic SPATA1 mutation 

associated with differences in pregnancy rates per oestrus. A critical role of intronic 

sequences in the activin-dependent regulation of the follistatin gene was recently 

demonstrated employing transient transfection experiments and expression analysis 

(Blount et al. 2008). A Smad-binding element (SBE1) could be identified in intron 1 

showing enhancer-like activity in mediating activin effects for follistatin transcription 

levels. 

Our approach may be useful to identify genes with possible causative mutations for 

fertility traits and may be worthwhile for selecting candidate genes for further 

molecular analysis. As intronic markers are frequently observed and detected, our 
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approach appears efficient and cost-effective to identify associated candidate genes. 

A previous study on mutation detection in CRISP genes used only exonic 

polymorphisms for association analyses with stallion fertility (Hamann et al. 2007) 

and thus, mutation screening was much more laborious. 

In conclusion, our findings suggest that an intronic SPATA1 mutation confers an 

improved fertility of stallions via the embryonic component. These results need 

confirmation in a large sample of horses and re-sequencing of SPATA1 in stallions 

which significantly contribute to the differences in the pregnancy rate per oestrus. In 

addition, sperm characteristics should also be analyzed for association with this 

intronic polymorphisms in SPATA1. 
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Table 1 Total variance explained by the model employed (R2) in the association 

analysis, F-values and error probabilities (P) for gene-associated markers of SPATA1 

for the least square means of stallions for the pregnancy rate per oestrus (LSM) and 

the embryonic (BV-embryonic) and paternal component of breeding values (BV-

paternal). 

SNP 

Number 

of 

stallions 

R2 F P 

LSM   

AAWR02017454:g.107808T>C 152 0.30 <0.01 0.9623 

AAWR02017454:g.121684T>C 

(BIEC2-968854) 

150 0.31 3.10 0.0485 

AAWR02017454:g.120910C>T 

(BIEC2-968853) 

145 0.27 0.18 0.8342 

AAWR02017454:g.139597T>C 

(BIEC2-968877) 

90 0.42 0.81 0.4505 

BV-embryonic   

AAWR02017454:g.107808T>C 179 0.24 0.25 0.6193 

AAWR02017454:g.121684T>C 

(BIEC2-968854) 

178 0.29 4.86 0.0089 

AAWR02017454:g.120910C>T 

(BIEC2-968853) 

171 0.28 1.61 0.2042 

AAWR02017454:g.139597T>C 

(BIEC2-968877) 

113 0.28 1.07 0.3479 

BV-paternal   

AAWR02017454:g.107808T>C 179 0.41 0.01 0.9416 

AAWR02017454:g.121684T>C 

(BIEC2-968854) 

178 0.40 0.68 0.5087 

AAWR02017454:g.120910C>T 

(BIEC2-968853) 

171 0.41 0.04 0.9633 

AAWR02017454:g.139597T>C 

(BIEC2-968877) 

113 0.46 0.20 0.8216 
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Table 2 Genotypic, additive and dominance effects with their standard errors (SE) of 

the BIEC2-968854 SNP for the fertility parameters least square means of the 

pregnancy rate per oestrus for each stallion (LSM), embryonic (BV-embryonic) and 

paternal (BV-paternal) component of breeding values. 

Genotype/Genotype 

effects 

LSM 

± SE 

BV-embryonic 

(x10-2) 

± SE 

BV-paternal 

(x10-2) 

± SE 

T/T 44.19 ± 1.42 6.57 ± 2.34 0.62 ± 1.05 

T/C 48.07 ± 1.19 5.95 ± 1.93 2.15 ± 0.86 
C/C 43.85 ± 2.16 18.15 ± 3.52 1.49 ± 1.58 

Dominance effects 4.05 ± 1.69 -6.42 ± 2.69 1.09 ± 1.20 

Additive effects 0.17 ± 1.37 -5.79 ± 2.22 -0.44 ± 0.99 



 

 

Table 3 Minor allele (MAF) and genotype frequencies, dominance and additive effects with their errors (SE) and probability values of 

the SNP BIEC2-968854 for the six half-sib families with all three genotypes for the fertility parameters least square means of the 

pregnancy rate per oestrus for each stallion (LSM), embryonic (BV-embryonic) and paternal (BV-paternal) component of breeding 

values. 

Dominance effects Additive effects 
Genotype 

frequencies LSM 
BV-embryonic 

(x 10-2) 

BV-paternal 

(x 10-2) 
LSM 

BV-embryonic 

(x 10-2) 

BV-paternal 

(x 10-2) 
Half-sib 

family 

MAF (%, 

allele C) 

T/T T/C C/C 
Mean 

(SE) 
P 

Mean 

(SE) 
P 

Mean 

(SE) 
P 

Mean 

(SE) 
P 

Mean 

(SE) 
P 

Mean 

(SE) 
P 

1 26.92 61.5 23.1 15.4 2.05 

(6.26) 

0.7436 2.38 

(10.92) 

0.8279 -3.76 

(5.19) 

0.4705 0.28 

(3.55) 

0.9364 -20.53 

(6.18) 

0.0011 -2.05 

(2.94) 

0.4855 

3 35.00 40 50 10 7.76 

(5.10) 

0.1311 -25.00 

(7.86) 

0.0018 7.51 

(3.74) 

0.0465 4.90 

(3.88) 

0.2097 -19.92 

(6.19) 

0.0016 8.17 

(2.94) 

0.0062 

5 38.89 44.4 33.3 22.2 5.46 

(7.41) 

0.4624 7.33 

(11.26) 

0.5163 3.17 

(5.35) 

0.5546 5.94 

(3.95) 

0.1351 12.94 

(6.83) 

0.0602 1.99 

(3.25) 

0.5417 

8 36.67 40 46.7 13.3 7.65 

(6.10) 

0.2059 -21.71 

(8.68) 

0.0136 5.95 

(4.13) 

0.1513 -5.08 

(4.79) 

0.2904 -15.53 

(6.33) 

0.0153 -0.37 

(3.01) 

0.9020 

9 59.09 18.2 45.5 36.4 3.29 

(9.43) 

0.7278 -5.81 

(11.08) 

0.6008 -0.94 

(5.27) 

0.8592 -1.77 

(4.05) 

0.6633 -11.59 

(6.72) 

0.0870 -2.44 

(3.20) 

0.4472 

10 35.71 42.9 42.9 14.3 1.04 

(7.28) 

0.8871 -4.11 

(12.71) 

0.7470 -1.02 

(6.04) 

0.8659 -4.53 

(5.12) 

0.3775 11.54 

(8.95) 

0.1994 0.11 

(4.25) 

0.9794 

E
valuation of equine S

P
A

TA
1 w

ith stallion fertility 
 

105 



 

 

Supplementary Figure 1 Gene structure of equine SPATA1 (ENSECAG00000016351) and SNPs observed in eight Hanoverian 

stallions. SPATA1 is annotated on the anti-sense strand. Lines below present our PCR-products. Black rectangles indicate exons and 

the number below the rectangles the number of the respective exons. Numbers above show the size of exonic and intronic regions in 

base pairs (bp). Start and end positions of equine SPATA1 on horse genome assembly 2.0 are given at exon 1 and exon 13.  
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Supplementary Table 1 Quantiles of the fertility traits least square means of the 

pregnancy rate per oestrus for each stallion (LSM), embryonic component (BV-

embryonic) and paternal component (BV-paternal) of breeding values of the stallions 

genotyped for BIEC2-968854 (n = 178). 

Estimates for fertility traits 

Quantiles (%) 
LSM 

BV-embryonic 

(x 10-2) 

BV-paternal 

(x 10-2) 

95 61.8 39.01 16.10 

90 54.9 30.62 12.0 

75 50.0 17.53 6.99 

50 45.4 3.85 1.65 

25 38.3 -4.21 -3.30 

10 31.5 -16.31 -10.06 

5 28.5 -24.65 -13.65 



 

 

Supplementary Table 2 Half-sib groups analyzed, their size, number of genotyped stallions for BIEC2-968854 and the mean LSMs of 

the pregnancy rate per oestrus, mean embryonic and paternal component of the breeding value, mean proportions of thoroughbred 

and Hanoverian genes for the genotyped stallions and the minor allele frequency (MAF) for the SNP-marker BIEC2-968854. 

Breeding values Proportion of  
MAF for Allele 

C (%) 
Half-

sib 

group 

Total 

family 

size 

Number of 

stallions 

genotyped 

for  

BIEC2-

968854 

LSM of the 

pregnancy 

rate per 

oestrus (%) 

embryonic 

component 

(x10-2) 

paternal 

component 

(x10-2) 

thoroughbred 

genes 

(%) 

Hanoverian 

genes 

(%) 

BIEC2-968854 

1 63 13 40.2 -5.08 2.28 7.69 76.9 26.92 

2 19 6 45.7 -2.42 8.74 0 99.9 33.33 

3 98 20 37.2 3.35 -1.67 0.38 9.98 35.00 

4 37 13 46.3 3.53 1.87 2.14 46.2 23.08 

5 65 9 55.6 14.47 -0.57 11.11 77.6 38.89 

6 47 8 56.3 11.81 3.52 0 87.4 81.25 
7 31 9 45.5 7.29 5.75 0 33.3 22.22 

8 80 15 43.6 -8.04 8.9 0 86.7 36.67 

9 56 11 38.2 20.98 -14.18 27.3 45.4 59.09 
10 33 7 47.2 21.57 2.29 0 14.3 35.71 

11 70 20 46.9 1.12 5.18 0 85.0 27.50 
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Supplementary Table 2 continued 

Breeding values Proportion of  
MAF for Allele 

C (%) 

Half-

sib 

group 
Total 

family 

size 

Number of 

stallions 

genotyped 

for  

BIEC2-

968854 

LSM of the 

pregnancy 

rate per 

oestrus (%) 

embryonic 

component 

(x10-2) 

paternal 

component 

(x10-2) 

thoroughbred 

genes 

(%) 

Hanoverian 

genes 

(%) 

BIEC2-968854 

12 15 5 50.3 30.95 -2.76 0 60.0 30.00 

13 17 5 41.0 6.72 -0.36 2.5 15.0 20.00 

14 29 9 50.9 7.27 7.25 0 66.7 77.78 
15 66 21 42.4 7.48 -2.27 0 95.2 64.29 
16 72 7 43.6 10.99 -3.48 100 0 28.57 

Total 798 178 44.8 6.15 1.29 7.0 59.9 40.73 
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Supplementary Table 3 Two single nucleotide polymorphisms (SNPs) of SPATA1, 

genotyped by restriction endonucleases and their sites for restriction endonucleases 

and the resulting fragment sizes. 

Fragment sizes  

Polymorphism 

Restriction 

endonuclease

Recognition 

site Allele A 

(bp) 

Allele B 

(bp) 

g.107808T>C Hpy188I TCNGA 578 252/326 

g. 121684T>C 

(BIEC2-968854) 
RsaI CATG 

80/177/ 

266 
80/444 

 

 

Supplementary Table 4 Single nucleotide polymorphisms within the equine SPATA1 

gene, their polymorphism information content (PIC) and heterozygosity (HET), their 

corresponding primer pairs, annealing temperatures (Ta) and product sizes. 

Nomenclature of SNP markers from the Broad institute is given in brackets. 

SNP PIC HET Forward/ reverse primer  

(5’ – 3’) 

Ta 

(°C) 

Product 

size 

(bp) 

g.121684T>C 

(BIEC2-968854) 

0.37 0.49 GGTTGCCCCTAATGACAAAAG 

ACTTTGGAAATTGTTGCCTTG 

60 523 

g.120910C>T 

(BIEC2-968853) 

0.22 0.26 CTTGGGTTTTGAAGCAAAGG 

ATGCTTGGGTTTCACATTGG 

58 599 

g.107808T>C 0.14 0.17 ACTCCATGCATCTGGGAGAG 

TTGCTCATGCAACTTGAAGC 

59 578 

g.139596T>C 

(BIEC2-968877) 

0.27 0.32 ACGGCTGGGGTACTTAGAGG 

CGTCACTGCAATTACCAACC 

62 514 
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5 INHBA-associated markers as candidates for stallion fertility 

5.1 Contents 

The inhibin beta A (INHBA) gene was chosen as candidate gene for stallion fertility 

and analyzed for intragenic markers to find associations with pregnancy rate per 

oestrus. Intragenic single nucleotide polymorphisms (SNPs) were developed in 

order to perform an association and haplotype analysis using the least square 

means of the pregnancy rate per oestrus (LSMs) for stallions as well as breeding 

values (BVs) for the embryonic and paternal component of the pregnancy rate per 

oestrus. The polymorphisms were genotyped in 161 Hanoverian warmblood 

stallions. Insemination records from approximately 20,000 Hanoverian warmblood 

mares were used to calculate LSMs for stallions and to predict the paternal and 

embryonic component of BVs for the pegnancy rate per oestrus. We demonstrated 

significant associations of single markers and haplotypes with the LSM and the 

embryonic and paternal component of BVs for the pregnancy rate per oestrus. 

This is the first report on INHBA as an associated candidate gene with the LSM of 

stallions and the paternal and embryonic component of BVs for the pregnancy rate 

per oestrus. 

5.2 Introduction 

Fertility of stallions is of increasing importance in the horse industry. Even if poor 

semen quality is a good indicator for subfertility, there is still a large variation in per 

season and per cycle pregnancy rate among stallions with sufficient semen 

quality. For this reason, considerable efforts have been made in identifying 

markers that can predict a stallion’s fertility. Genetic markers associated with 

stallion fertility may be useful in sire selection and breeding management. 

Recently, a non-synonymous E208K polymorphism in the CRISP3 gene was 
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detected which was associated with stallion fertility. Stallions heterozygous for this 

genetic polymorphism had a 7% lower per cycle pregnancy rate than stallions 

homozygous for this mutation. CRISP proteins represent the major equine fraction 

of seminal plasma proteins. The CRISP proteins are involved in sperm-oocyte 

fusion and in innate host defense functions (Töpfer-Petersen et al. 2005). Further 

good candidate genes for stallion fertility are hormones and their receptors 

because they modulate limiting steps in many reproductive pathways. Many 

reproductive mechanisms underlie hormonal regulation by the hypothalamic-

pituitary testicular axis. Therefore, the inhibin beta A (INHBA) gene was chosen as 

a candidate for stallion fertility. Inhibin is formed as a heterodimer of an inhibin 

beta A subunit and alpha subunit to form a pituitary FSH secretion inhibitor. In 

addition, the inhibin beta A subunit is also involved to form activin A and activin 

AB, both of which stimulate pituitary FSH secretion. Activin A is a homodimer 

inhibin beta A subunit, and when the inhibin beta A subunit joins with the inhibin 

beta B subunit, the heterodimer activin AB is formed. Inhibin and activin are 

produced mainly by the Sertoli cells of the testis and even to a lower extent in 

Leydig and germ cells. Inhibins regulate testicular development through their 

impact on secretion of follicle stimulating hormone (FSH) in conjunction with 

estrogen and testosterone (Roser 1997). FSH is synthesized in the anterior 

pituitary and its release is activated by the gonatropin releasing hormone. 

Furthermore, inhibin and activin influence Leydig cell steroidogenesis (Lin et al. 

1989) and spermatogenesis (Hakovirta et al. 1993). Activin inhibits 

steroidogenesis in the Leydig cells and stimulates follistatin (FST) and inhibin from 

Sertoli cells (de Kretser et al. 2004).  A reduction in the level of activin signalling is 

required for differentiation of spermatogonia (Itman et al 2006). Inhibin as well as 

activin and FST belong to the transforming growth factor β (TGFβ) superfamily 
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(Welt et al. 2002). Inhibin antagonizes the actions of activin on FSH secretion and 

FSH-ß expression and by modulating gonadotrope sensitivity to gonadotropin 

releasing hormone receptors (Bilezikjian et al. 2006). Mainly produced in the testis, 

FST inhibits the secretion of pituitary FSH similar to the inhibins’ function and 

binds to activin neutralizing its biological activity and modulating the secretion of 

pituitary FSH (Lin et al. 2006). In men, the plasma levels of circulating inhibin B 

are used as marker for spermatogenesis and male fertility (Kumanov et al. 2006). 

In a study investigating boar fertility, Lin et al. (2006) detected a significant 

association of inhibin beta A (INHBA) associated microsatellites with the sperm 

quality traits plasma droplets rate and abnormal sperm rate. Data from mice 

lacking the inhba gene (inhba-/- mice which die at birth) showed in comparison to 

wild-type mice the number of germ cells present approximately doubled (Loveland 

et al. 2005). Body weight and testis weight did not differ in inhba-/- mice. These 

findings indicated that activin may act to limit germ cell proliferation in the fetal 

testis. The impact of activin A on postnatal testis development is distinct from that 

in the fetal period. Both Sertoli and germ cells were decreased in the same 

proportions in mice, with inhba replacing inhbb (Loveland et al. 2005). Thus, the 

authors hypothesized that the reduction of the number of terminally differentiated 

Sertoli cells will lead to survival of a reduced number of germ cells. Activin has not 

been identified in the testis of stallions (Roser 2008). Stewart and Roser (1998) 

showed that the plasma and intratesticular concentrations of inhibin are affected 

by testicular maturation and fertility status. The largest increase of inhibin was 

observed between the 2-5 year old group and colts less than 1 year of age. In 

older stallions a slight rise of inhibin continued. In infertile stallions, plasma and 

intra-testicular concentrations of inhibin were significantly lower than in fertile 

stallions, and intra-testicular levels of inhibin tended to be lower in subfertile 
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stallions. Roser (2008) concluded that the intra-testicular concentration of inhibin 

may be a good marker for the early detection of fertility problems in young 

stallions. In order to measure intra-testicular inhibin concentrations, it is necessary 

to collect biopsy samples from equine testes. Clarifying the genetic background of 

differences in the intra-testicular concentrations can avoid this invasive procedure. 

For that reason we selected INHBA for evaluating its influence on stallion fertility in 

Hanoverian warmblood. 

First, we developed intragenic single nucleotide polymorphisms (SNPs) as genetic 

markers to be used in association analyses for stallion fertility. The population of 

Hanoverian stallions proved useful for this study because a large number of 

stallions are employed in artificial insemination (AI) and there are more than 

10,000 mares each year inseminated in this population. Based on these 

inseminations records we were able to calculate the pregnancy rate per oestrus for 

each stallion as a measure for fertility at insemination. The aim of this study was to 

evaluate INHBA-associated SNPs for their association with the pregnancy rate per 

oestrus of Hanoverian stallions. Traits analysed were the least square means 

(LSM) and breeding values (BVs) for the paternal and embryonic component of 

the pregnancy rate per oestrus of stallions. 

5.3 Material and methods 

Animals and phenotypic data 

Fertility data from the National State stud Celle in Lower Saxony were available 

from the breeding seasons 1997 to 2005. There were 19,897 mares and 246 

stallions and a total of approximately 199,000 artificial insemination records, which 

define a total of 96,114 oestrus cycles. Based on these fertility data we analyzed 

the pregnancy rate per oestrus (PRO). The trait values were encoded 1 when the 

artificial inseminations (AI) were successful in an oestrus, otherwise the trait value 
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was 0. The success rate of AIs was verified through the reports of the breeders on 

the successful pregnancy of the mare and/or a foaling and/or an abortion. All 

oestrus periods with consecutive AIs within the physiological ranges of the 

duration of an oestrus cycle in the same breeding season were treated as 

unsuccessful. In addition, oestrus periods reported by the breeder as unsuccessful 

(missing pregnancy of the mare) were also encoded with a trait value 0. We 

estimated least square means (LSM) of the pregnancy rate per oestrus for 

stallions and predicted BVs for the paternal and embryonic component of the 

pregnancy rate per oestrus for each stallion. The animal threshold model for 

prediction of BVs included the fixed environmental effects of insemination centre, 

age of stallion, breeding season, period within breeding season, the number of 

coverings within breeding season (covering number), time interval between 

coverings within a oestrus (insemination regime), breeding history of mares 

(previous breeding achievement of mares), the random permanent environmental 

effects of the mare and stallion and the random additive genetic effects of the 

stallion and the embryo. The analyses were performed using MTGSAM (Multiple 

Traits Gibbs Sampler for Animal Models) and Gibbs sampling (Van Tassel and 

Van Vleck 1995, Van Tassel et al. 1998) for estimation of random effects and 

variance components (Hamann et al. 2007). The model for estimation of LSMs for 

PRO included the above mentioned fixed environmental effects and a fixed effect 

of the stallion. Thus, the LSMs are reflecting the mean PRO per stallion corrected 

for environmental effects. The detailed model employed is described elsewhere 

(Hamann et al. 2007). The LSMs were on average 41.5 with a standard deviation 

(SD) of 16.4.  

Out of these 246 stallions for which BVs were predicted, we collected blood 

samples from 161 Hanoverian warmblood stallions. These stallions could be 
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assigned to 16 paternal half-sib groups including 49.9 animals on average with a 

range from 15 to 98 animals. Overall, the pedigrees contained 798 animals in 

order to connect related animals for which records and genotypes were available. 

Pregnancy rates per oestrus were known from 135 of these stallions. The BVs of 

the pregnancy rate per oestrus were available for all 161 stallions genotyped 

(Table 1). 

The calculation of the proportion of genes from thoroughbred and Hanoverian 

warmblood horses is described elsewhere (Hamann and Distl 2008). 

Mutation analysis and development of INHBA-associated SNPs 

For the development of single nucleotide polymorphisms (SNPs), the human 

mRNA sequence of INHBA was used as reference to determine the equine 

sequence and the genomic location using BLAST 

(http://www.ncbi.nlm.nih.gov/BLAST/) and BLAT (http://genome.ucsc.edu/cgi-

bin/hgBlat). Exon/intron boundaries were determined comparing human and horse 

sequences using Sequencher 4.7 (GeneCodes, Ann Arbor, MI, USA). Obtained 

sequences were aligned with the horse genome assembly EquCab2 and results 

were compared to the annotated equine INHBA-sequence on NCBI 

(LOC100034076, http://www.ncbi.nlm.nih.gov) and Ensembl (ENSECAG 

00000022448, http://www.ensembl.org/Equus_caballus/index.html). 

Using the SNP-tables of the Broad institute (http://www.broad.mit.edu/mammals/ 

horse/snp/), we could identify three SNPs contained in the INHBA gene of the 

horse reference sequence. We developed three primer pairs for amplification of 

these SNP flanking sequences each with approximately 500 bp (base pairs). 

Primer pairs were designed using the Primer3 program (http://frodo.wi.mit.edu/cgi-
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bin/primer3/primer3_www.cgi) after masking repetitive elements using 

RepeatMasker (http://www.repeatmasker.org/). 

Genomic DNA was extracted from EDTA-blood samples using the QIAamp 96 

DNA blood kit (Qiagen, Hilden, Germany). DNA polymorphisms within these 3 

PCR-products were identified in eight stallions exhibiting a large variation in LSMs 

and BVs. Two µl of DNA were used as template in the polymerase chain reaction 

(PCR) which was performed in 30 µl reaction volumes containing 100 µM dNTPs 

(deoxynucleotide triphosphate), 50 pmol of each primer, and 2 U Taq polymerase 

(Qbiogene, Heidelberg, Germany) in the reaction buffer. After 4 minutes initial 

denaturation at 94°C, 35 cycles of 45 seconds at 94°C, 60 seconds annealing 

temperature, and 80 seconds at 72°C were performed. The amplicons were 

cleaned using the Montage PCR96 Cleanup kit (Millipore Bedford, MA, USA) in 

accordance to the manufacturer’s protocol followed by the sequencing reaction 

which contained 2 μl DNA, 2 μl of primer (5 pmol/μl), 1.5 μl ET mix, and 0.5 μl 

buffer (400 mM Tris, 40 mM MgCl2, pH 9.0). The following PCR program was 

used: 1.5 minutes at 94°C, 20 seconds at 94°C, 15 seconds at 50°C, 30 seconds 

at 60°C, 35 cycles then 8°C for 10 minutes. After cleaning the sequencing reaction 

using a Sephadex G50 filtration (GE Healthcare, Freiburg, Germany) according to 

the manufacturer’s protocol the sequencing products were directly sequenced 

using the DYEnamic ET Terminator kit (GE Healthcare) and a MegaBACE 1000 

capillary sequencer (GE Healthcare). Polymorphic sites were identified using 

Sequencher 4.7 (GeneCodes). 



INHBA-associated markers for stallion fertility 
 

119 

Statistical analysis 

Mendelian inheritance and correctness of marker transmission in the pedigrees 

genotyped was confirmed using the Pedstats software (Wigginton and Abecasis 

2005). 

After calculating the observed heterozygosity (HET) and polymorphism information 

content (PIC) and testing the SNP markers for Hardy-Weinberg equilibrium and 

linkage disequilibrium using the ALLELE procedure of SAS/Genetics software 

(Statistical Analysis System, version 9.2, SAS Institute, Cary, NC, USA, 2008) 

association was evaluated using the GLM procedure of SAS and the HAPLOTYPE 

procedure of SAS/Genetics.  

The full linear model for testing single markers for association included the fixed 

effects of the respective genotype within half-sib family as well as the proportion of 

genes of thoroughbreds and Hanoverian warmblood as linear covariates. 

Yijklm = μ + GT(FAM)ij + b1THk + b2 HAl + eijklm 

where Yijklm is the fertility trait of the stallion (pregnancy rate per oestrus as least 

square mean per stallion, paternal component of BV or embryonic component of 

BV), FAM is the half-sib family (i = 1-16), GT is the respective genotype of the 

candidate gene-associated marker, b1, b2 are linear regression coefficients, TH is 

the proportion of thoroughbred genes, HA is the proportion of Hanoverian genes 

and eijklm represents the residual effects. 

The probabilities to observe the different haplotypes were estimated using the 

HAPLOTYPE procedure of SAS/Genetics and these haplotype probabilities were 

used as independent variates in linear models for testing association with the 

different parameters for pregnancy rate per oestrus. These models included all 

haplotypes and then these haplotypes were consecutively removed which were 
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not significant. The final model contained only those haplotypes from the 

candidate gene INHBA which contributed significantly to the differences of the 

pregnancy rates among stallions. 

Yij = μ + Σ bi HAPi + eij 

where Yij is the fertility trait of the stallion, bi are the respective linear regression 

coefficients, HAPi are the respective probabilities for the haplotypes of INHBA and 

eij are the residual effects. 

5.4 Results 

Association analysis for single markers 

We detected six SNPs in INHBA of which four SNPs were identical with the SNP-

tables of the Broad institute and two SNPs were novel (Supplementary Figure 1). 

Five of them (INHBA_SNP_1 to INHBA_SNP_5: g.47743C>T, g.47718T>G, 

g.47617C>G, g.44933A>G and g.44899G>T) were genotyped in 161 stallions. The 

mean PIC and HET were 0.28 and 0.26 (Supplementary Table 1). Three of the 

SNPs (INHBA_SNP_1 to INHBA_SNP_3) were not in Hardy Weinberg equilibrium 

in the across family analysis. Excluding those families with only one genotype and 

testing Hardy Weinberg equilibrium (HWE) within families, all markers were in 

HWE.  

The INHBA-associated SNP marker INHBA_SNP_3 showed significant 

association with the LSM (P = 0.0133), three SNPs (INHBA_SNP_1 to 

INHBA_SNP_3) were significantly associated with the embryonic component of 

BVs (P = 0.0005 – 0.0073) and all five SNPs (INHBA_SNP_1 to INHBA_SNP_5) 

were significantly associated (P < 0.0001 for INHBA_SNP_1 to INHBA_SNP_3, P 

= 0.0124 for INHBA_SNP_4, P = 0.0170 for INHBA_SNP_5) with the paternal 

component of BVs (Table 2). The variance explained by the genotypes of these 
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SNPs was 8.9% (LSM), 6.3 to 14.6% (embryonic component of BVs) and 6.0 to 

8.6% (paternal component of BVs). 

For further analysis, we looked at the genotype and allele frequencies of the 16 

families. In a second analysis, we chose only those families possessing at least 

both alleles and two of three possible genotypes of the respective SNPs (Table 3). 

Then we could show a significant association of the INHBA_SNP_3 with the LSM 

(P = 0.0288). All tested SNPs were significantly associated with the embryonic 

component of BVs (P = 0.0018 – 0.0141) and the paternal component of BVs (P < 

0.0001 – 0.0308). The variance explained by the genotypes of these SNPs was 

10.6% (LSM), 10.7 to 33.0% (embryonic component of BVs) and 9.6 to 21.1% 

(paternal component of BVs). 

Haplotype analysis 

The haplotype analysis including the five previous analyzed SNP markers 

revealed ten different haplotypes of which three had frequencies between 10% 

and 52%. All the other haplotypes had frequencies below or equal 1.5%. In the full 

model where all ten haplotypes were included, one haplotype (T-G-G-G-T 

including INHBA_SNP_1 to INHBA_SNP_5: g.47743C>T, g.47718T>G, 

g.47617C>G, g.44933A>G and g.44899G>T) was significantly associated with the 

LSM (P = 0.0308) and the paternal component of BVs (P = 0.0023) and four 

haplotypes were significantly associated with the embryonic component of BVs (P 

= 0.0091 – 0.0040). Reduction of the model to those haplotypes that contributed 

significantly to the association with fertility traits, led to models with only one to 

three haplotypes. In these final models, two haplotypes were significantly 

associated with the LSMs, three haplotypes with the embryonic component and 

one haplotype with the paternal component of BVs (P = 0.0021 – 0.0522). The 
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total variance explained by these haplotypes was between 1.6% and 5.2% (Table 

4). 

5.5 Discussion 

Our study demonstrated significant associations of single markers and haplotypes 

for INHBA with the LSM of stallions for the pregnancy rate per oestrus and the 

embryonic and paternal components of BVs. All single markers in within half-sib 

family analyses were significantly associated with the embryonic and paternal 

component of BVs indicating a strong familial effect. The models employed took 

into account stratification of our data set by sire lines and differing proportions of 

genes from thoroughbred and Hanoverian warmblood. The effect of the half-sib 

family was significant in all analyses supposing a strong influence. Omitting this 

effect would result in overestimation of SNP and haplotype effects because SNP 

alleles are unequally distributed among sire lines. The SNPs detected in INHBA 

were in intronic regions and did not influence the coding sequence of INHBA or the 

splice sites.  

We tested the mutation sites of the five SNPs in intron 1 of INHBA for changes in 

the transcription factor binding sites using AliBaba, version 2.1, software 

(http://www.gene-regulation.com/pub/programs/alibaba2/index.html). The SNP 

g.47743C>T (INHBA_SNP_1) changed two transcription factor binding sites. The 

allele C provided binding sites for MEB-1 and GLO. In presence of the allele T, 

these two binding sites could not be detected. The g.47718T>G (INHBA_SNP_2) 

polymorphism had an influence on the presence of an ATA-1 binding site. 

Presence of this binding site was noted only when the allele T of this SNP was 

observed. The SNP g.47617C>G (INHBA_SNP_3) changed a c/EBPa1p binding 

site. This binding site was only present in the sequence with the allele C. The SNP 

g.44933A>G (INHBA_SNP_4) changed a HNF-1 binding site. The sequence with 
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the allele A had this binding site whereas in the sequence with the allele G this 

HNF-1 binding site was removed. The SNP g.44899G>T (INHBA_SNP_5) 

changed two transcription factor binding sites, for Sp1 and NF-kappaB. The G 

allele in this SNP provided these binding sites whereas these binding sites were 

not present in the sequence with the T allele. 

Collectively, all five intronic mutations have an effect on transcription factor binding 

sites. Thus, our results indicate changes in the transcription levels of INHBA due 

to polymorphic sites of several transcription factors. So, we assume that these 

SNPs may be involved in gene regulation via recruitment of transcription factors. 

Therefore, our data may support that these intronic SNPs may be directly related 

to equine male fertility. On the other hand, strong linkage disequilibrium can also 

cause significant associations between these SNPs and stallion fertility. Clearly, 

further analyses are required confirming this association in different horse 

populations and assessing functional effects of these intronic mutations associated 

with differences in pregnancy rates per oestrus. In addition, cDNA sequence 

analyses should be performed to search for mutations in the coding sequence of 

INHBA and their possible genotype-phenotype associations with pregnancy rates 

per oestrus of stallions. 

Haplotype analyses corroborated the findings for single markers. For LSM and the 

paternal component of the pregnancy rate per oestrus, the associated haplotypes 

had significant positive effects. For the embryonic component of the BVs, positive 

and negative effects of haplotypes were identified. These findings suggest that the 

INHBA-associated effects may be of particular interest for improving fertility at 

insemination rather than preventing negative effects. In agreement with our 

results, haplotype analysis proved useful for detection of associated 

polymorphisms in the CRISP3 gene. For three polymorphisms a fertility-associated 
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haplotype could be demonstrated in Hanoverian stallions. A missense mutation 

leading to an amino acid exchange (E208K) had the largest effect on the 

pregnancy rate per cycle. However, there was only one stallion with very low mean 

per cycle pregnancy rate which mainly contributed to this significant association, 

whereas the haplotype-trait association could be based on a larger number of 

stallions (Hamann et al. 2007). These findings may indicate that possibly further 

intronic mutations in the CRISP3 gene may contribute to this association. 

The effects of the INHBA gene may be assumed to act mainly via inhibin in the 

stallions because activin was not yet identified in the testis of stallions (Roser 

2008). The effects of polymorphisms in the INHBA gene may influence the 

development of Sertoli cells and Leydig cells and possibly have an effect on the 

number of germ cells and spermatogenesis (Bilezikjian et al. 2006, de Kretser et 

al. 2004, Itman et al. 2006, Loveland et al. 2005). Thus, semen production and 

quality may be affected in stallions as demonstrated in pigs (Lin et al. 2006). 

Further studies regarding semen quality and histological examinations of testes 

are necessary to validate this hypothesis. 

Our approach appears useful to identify genes with possible causative mutations 

for fertility traits and may be worthwhile for selecting candidate genes for further 

molecular analysis and further clinical and pathological studies. As intronic 

markers are frequently observed and detected, our approach appears efficient and 

cost-effective to identify associated candidate genes. 
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Supplementary Table 1. Single nucleotide polymorphisms within the equine 

INHBA gene, their polymorphism information content (PIC) and heterozygosity 

(HET), their corresponding primer pairs, annealing temperatures (Ta) and product 

sizes. Nomenclature of SNP markers from the Broad institute is given in brackets. 

SNP PIC HET 
Forward/ reverse primer  

(5’ – 3’) 

Ta 

(°C) 

Product 

size 

(bp) 

g.47743C>T 

g.47718T>G 

g.47617C>G 

(BIEC2-893068) 

0.22 

0.26 

0.21 

0.15 

0.08 

0.16 

CCATCCAAAGTTTTTATTGTTGG 

AATGGCTCCACGTCTACAGC 

62 507 

g.44933A>G 

(BIEC2-893065) 

g.44899G>T 

(BIEC2-849203) 

0.35 

 

0.35 

0.47 

 

0.46 

TTCCCAAACAGGCGTCTAAG 

TCACATTTCTCCACGCTCTG 

60 510 
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Table 1. Half-sib groups analyzed for BIEC2-893068, their size, number of 

stallions genotyped and the means of the least square means (LSM) of the 

pregnancy rate per oestrus, the embryonic and paternal component of the 

breeding value for the pregnancy rate per oestrus, proportion of thoroughbred and 

Hanoverian genes. 

Breeding values Proportion of 

Half-

sib 

group 

Total 

family 

size 

Number of 

stallions 

genotyped 

for 

BIEC2-

893068 

LSM of 

pregnancy 

rate per 

oestrus (%)

Embryonic 

component 

(x10-2) 

Paternal 

component 

(x10-2) 

thoroughbred 

genes 

(%) 

Hanoverian 

genes 

(%) 

1 63 13 40.2 -5.1 2.3 7.7 15.4 

2 19 5 44.1 -1.6 9.5 0 99.9 

3 98 18 37.5 4.1 -0.9 0.4 11.1 

4 37 10 43.4 3.4 0.07 2.8 30.0 

5 65 9 55.6 14.5 -0.6 11.1 77.6 

6 47 7 57.7 8.8 3.5 0 85.6 

7 31 7 45.1 9.6 7.0 0 42.9 

8 80 13 43.8 -8.1 9.1 0 92.3 

9 56 10 38.5 20.9 -15.4 20.0 40.0 

10 33 7 47.2 21.6 2.3 0 14.3 

11 70 17 47.2 1.4 4.9 0 88.2 

12 15 5 50.3 31.0 -2.8 0 60.0 

13 17 5 41.0 6.7 -0.4 2.5 15.0 

14 29 9 50.9 7.3 7.3 0 66.7 

15 66 20 42.3 6.8 -2.4 0 94.9 

16 72 6 44.9 10.0 -1.0 100 0 

Total 798 161 44.8 6.3 1.2 6.5 60.1 

 

 



 

 

Table 2. Total variance explained by the model employed in the association analysis (R2), F-value and error probability (P) for gene-

associated markers of INHBA for the least square means of stallions for the pregnancy rate per oestrus (LSM) and the embryonic (BV-

embryonic) and paternal component of breeding values (BV-paternal). 

LSM BV-embryonic BV-paternal 
SNP 

Number 

of 

stallions R2 F P R2 F P R2 F P 

INHBA_SNP_1 

AAWR02031753:g.47743C>T 
137 0.38 1.51 0.0734 0.43 2.28 0.0011 0.49 2.69 <0.0001 

INHBA_SNP_2 

AAWR02031753:g.47718T>G 
140 0.37 1.45 0.0924 0.44 2.37 0.0005 0.51 2.99 <0.0001 

INHBA_SNP_3 

AAWR02031753:g.47617C>G 

(BIEC2-893068) 

161 0.36 1.84 0.0133 0.33 1.91 0.0073 0.45 3.15 <0.0001 

INHBA_SNP_4 

AAWR02031753:g.44933A>G 

(BIEC2-893065) 

90 0.51 1.00 0.4924 0.52 1.58 0.0675 0.62 1.98 0.0124 

INHBA_SNP_5 

AAWR02031753:g.44899G>T 

(BIEC2-849203) 

90 0.51 0.99 0.5122 0.52 1.55 0.0756 0.62 1.91 0.0170 
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Table 3. Total variance explained by the model employed in the association analysis (R2), F-value and error probability (P) for gene-

associated markers of INHBA for the least square means of stallions for the pregnancy rate per oestrus (LSM) and the embryonic (BV-

embryonic) and paternal component of breeding values (BV-paternal) for those families showing two or all three genotypes of the 

respective SNP. 

LSM BV-embryonic BV-paternal SNP Number 

of 

stallions R2 F P R2 F P R2 F P 

INHBA_SNP_1 

AAWR02031753:g.47743C>T 
102 41.0 1.41 0.1338 51.6 2.30 0.0028 55.7 2.79 0.0003 

INHBA_SNP_2 

AAWR02031753:g.47718T>G 
105 40.5 1.35 0.1656 51.9 2.35 0.0018 58.8 3.18 <0.0001 

INHBA_SNP_3 

AAWR02031753:g.47617C>G 

(BIEC2-893068) 

131 37.1 1.77 0.0288 38.6 1.96 0.0085 49.3 3.21 <0.0001 

INHBA_SNP_4 

AAWR02031753:g.44933A>G 

(BIEC2-893065) 

84 52.56 1.05 0.4389 58.8 2.08 0.0103 62.8 1.88 0.0229 

INHBA_SNP_5 

AAWR02031753:g.44899G>T 

(BIEC2-849203) 

86 53.0 1.01 0.4871 59.1 1.98 0.0141 62.9 1.79 0.0308 
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Table 4. Association analysis for haplotypes of INHBA, haplotypes and their frequencies, effects of haplotypes on LSMs and BVs with 

their standard errors (in brackets) per 100% change of haplotype frequency, their error probabilities (P), F-values and variance 

explained (R2) for single haplotypes and the reduced model for the LSM of stallions for the pregnancy rate per oestrus, the embryonic 

and paternal components of breeding values (BVs). This model considered only haplotypes being significant in the previous analysis. 

Haplotypes include the SNPs in the following order: g.47743C>T, g.47718T>G, g.47617C>G, g.44933A>G and g.44899G>T. 

 

Trait Haplotype 

Haplotype 

frequency 

(%) 

Effect of haplotype 

on trait values  
P F R2 (%) 

LSM C-T-C-A-G 10.84 11.6 (5.2) 0.0268 4.97 2.02 
 T-G-G-G-T 32.24 12.1 (4.3) 0.0058 7.76 3.16 

BV-embryonic C-T-C-A-G 10.84 14.0 (5.6) 0.0123 6.31 1.22 
 T-G-G-G-T 32.24 11.4 (3.7) 0.0023 9.40 1.81 
 T-T-G-G-T 1.53 -50.3 (18.8) 0.0077 7.16 1.38 

BV-paternal T-G-G-G-T 32.24 4.6 (1.6) 0.0041 8.33 1.64 
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Supplementary Figure 1 Gene structure of equine INHBA (ENSECAG00000022448) and SNPs observed. Lines below present the 

location of our intragenic PCR-products. Black rectangles indicate exons and the numbers below the rectangles the number of the 

respective exon. Numbers above show the size of exons and intronic regions in base pairs (bp). The position of the equine INHBA 

gene on the horse genome assembly is given in bp for the first bp in exon 1 and the last bp in exon 2. 
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6 Evaluation of prolactin receptor (PRLR) as candidate gene for 
male fertility in Hanoverian warmblood horses 

6.1 Abstract 

For the purpose of analyzing associations of gene-associated single nucleotide 

polymorphisms (SNPs) with fertility in stallions we chose the prolactin receptor gene 

(PRLR) as potential candidate because of its influence on testicular and accessory 

sex gland function. We analyzed the least square means (LSM) of the pregnancy 

rate per oestrus (PRO) for stallions and the embryonic and paternal component of 

breeding values (BVs) as fertility traits in 162 Hanoverian warmblood stallions. Three 

intragenic SNPs were detected in PRLR. Two SNPs (BIEC2-589441, BIEC2-560860) 

showed significant associations using single marker and haplotype analysis with the 

embryonic and paternal component of BVs and one SNP (BIEC2-560860) was also 

significantly associated with the LSMs of PRO. This is the first report on an 

association of PRLR-associated genetic markers with fertility traits in stallions. 

Keywords 

Stallion, fertility, SNP, association, prolactin receptor 

6.2 Introduction 

We selected the prolactin receptor (PRLR) gene on equine chromosome (ECA) 21 at 

29.9 Mb on horse EquCab2.0 as candidate gene for stallion fertility and analyzed 

single nucleotide polymorphisms (SNPs) for the least square means (LSM) of the 

pregnancy rate per oestrus (PRO) of stallions and breeding values (BVs) for the 

paternal and embryonic component of PRO. 

Testicular function is influenced by prolactin (PRL) amongst other hormones 

(Bachelot and Binart, 2007). PRL is essential for accessory sex gland function and is 

involved in water and electrolyte balance in several mammals. Studies in knockout 
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mice revealed contradictory results in male fertility (Bachelot and Binart, 2007). PRL 

effects on the prolactin receptor (PRLR), which belongs to the type I cytokine 

receptor family and contains two fibronectin type III domains. Defects in PRLR avoid 

physiologically PRL effects. 

PRL is rapidly secreted in response to sexual stimulation of stallions (Thompson et 

al., 1996). The plasma concentrations of PRL are positively correlated with 

daylength, so high plasma levels of PRL can be observed in stallions during the 

breeding season (Gerlach and Aurich, 2000). PRL participates in the regulation of the 

activity of androgen-sensitive tissues regulating the expression of testicular 

luteinizing hormone (LH) receptors, activity of androgen synthesis and affect on 

spermatogenesis together with the growth hormone and LH. Aurich et al. (2002) 

found in stallions during the non-breeding season a significant PRL release in answer 

to treatment with the dopamine antagonist sulpiride but no changes in PRL plasma 

concentrations after treatment with the opioid antagonist naloxone. Therefore, they 

concluded that PRL secretion is controlled by dopaminergic pathways.  

In sheep, PRLR is expressed by gonadotroph cells of the pituitary gland which are 

embedded within lactotroph clusters (Tortonese et al., 2001). A similar gonadotroph-

lactotroph formation has been identified in mares. Equine lactotrophs appearing in 

clusters are almost exclusively present in the pars distalis of the pituitary gland. The 

formations of gonadotroph and lactotroph cells in the equine pituitary gland were 

similar between males and females. The incidence of lactotroph cells was 

significantly reduced by gonadectomy. Therefore, Tortonese et al. (2001) suggested 

that PRL and subsequently its receptor PRLR are involved in mechanisms mediating 

the feedback of gonadal steroids on pituitary gonadotropin secretion. 

We developed single nucleotide polymorphisms (SNPs) and performed an 

association analysis using the least square means (LSM) of pregnancy rate per 
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oestrus (PRO) for stallions as well as breeding values (BVs) for the embryonic and 

paternal component of PRO. The polymorphisms were genotyped in 162 Hanoverian 

warmblood stallions. Insemination records from about 20,000 Hanoverian warmblood 

mares were used to calculate LSMs for stallions and to predict the paternal and 

embryonic component of BVs. 

6.3 Material and methods 

Animals and phenotypic data 

We collected EDTA-blood samples from 162 Hanoverian warmblood stallions which 

belonged to 16 paternal half-sib groups. Fertility data included the breeding seasons 

1997 to 2005 of the National State stud of Lower Saxony. There were 19,897 mares 

and 246 stallions and a total of about 199,000 artificial insemination records, which 

define a total of 96,114 oestrus cycles. We analyzed the pregnancy rate per oestrus. 

The trait values were encoded 1 when the artificial inseminations (AI) were 

successful in an oestrus, otherwise the trait value was 0. The success rate of AIs was 

verified through the reports of the breeders on the successful pregnancy of the mare 

and/or a foaling and/or an abortion. All oestrus periods with consecutive AIs within 

the physiological ranges of the duration of an oestrus cycle in the same breeding 

season were treated as unsuccessful. In addition, oestrus periods reported by the 

breeder as unsuccessful (missing pregnancy of the mare) were also encoded with a 

trait value 0. We calculated least square means (LSM) of the pregnancy rate per 

oestrus (PRO) for stallions and we predicted breeding values (BVs) for the paternal 

and embryonic component for each stallion. LSMs for PRO were estimated in a 

model including fixed environmental effects and a fixed effect of the stallion. Thus, 

the LSMs are reflecting the mean PRO per stallion corrected for environmental 

effects. The animal threshold model included the fixed effects of insemination centre, 
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age of stallion, breeding season, period within breeding season, type of covering 

(natural, artificial insemination), the number of coverings within breeding season 

(covering number), time interval between coverings within a oestrus (insemination 

regime), breeding history of mares (previous breeding achievement of mares), the 

permanent environmental effects of the mare and stallion and the random additive 

genetic effects of the stallion and the embryo. The same fixed effects as in the animal 

threshold model were used to estimate LSMs for stallions. The analyses were 

performed using MTGSAM and Gibbs sampling (Van Tassel and Van Vleck 1995, 

Van Tassel et al. 1998) for estimation of random effects and variance components 

(Hamann et al. 2007). The detailed model employed is described elsewhere 

(Hamann et al. 2007). 

The mean LSM of the PRO was 0.45 with a standard deviation (SD) of 0.10. The 

mean accuracy of BVs for the embryonic and paternal component was 0.69 ± 0.14 

and 0.50 ± 0.17. 

Stallions could be assigned to 16 paternal half-sib groups with a average size of 49.9 

animals (15 – 98). Overall, the pedigrees contained 798 animals in order to connect 

related animals with records and genotypes. Pregnancy rate per oestrus was known 

from 137 of these stallions. The BVs of the pregnancy rate per oestrus were available 

for all stallions genotyped (Supplementary Table 1). 

The calculation of the proportion of genes descending from thoroughbred and 

Hanoverian warmblood races is described elsewhere (Hamann and Distl, 2008).  

Mutation analysis and development of PRLR-associated markers 

For the development of single nucleotide polymorphisms (SNPs), the human mRNA 

sequence of PRLR was used as reference to determine the equine sequence and the 

relative genomic location using BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) and 
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BLAT (http://genome.ucsc.edu/cgi-bin/hgBlat). Exon/intron boundaries were 

determined comparing human and horse sequences using Sequencher 4.7 

(GeneCodes, Ann Arbor, MI, USA). In addition, we compared the BLAST results with 

the annotated equine gene sequence in EquCab2.0 using ENSEMBL 

(http://www.ensembl.org/Equus_caballus/index.html). 

SNP-tables of the Broad institute (http://www.broad.mit.edu/mammals/horse/snp/) 

were used for search of all PRLR-associated SNPs. We developed three primer pairs 

for amplification of intragenic sequences of PRLR with a length of about 500 bp 

which contained SNPs according to the SNP-tables of the Broad. Primer pairs were 

designed using the Primer3 program (http://frodo.wi.mit.edu/cgi-

bin/primer3/primer3_www.cgi) after masking repetitive elements using RepeatMasker 

(http://www.repeatmasker.org/). 

Genomic DNA was extracted from EDTA-blood samples using the QIAamp 96 DNA 

blood kit (Qiagen, Hilden, Germany). DNA polymorphisms within these three PCR-

products were identified in eight stallions exhibiting a large variation in LSMs and 

BVs. Two µl of DNA were used as template in the polymerase chain reaction (PCR) 

which was performed in 30 µl reaction volumes containing 100 µM dNTPs, 50 pmol 

of each primer, and 2 U Taq polymerase (Qbiogene, Heidelberg, Germany) in the 

reaction buffer. After 4 minutes initial denaturation at 94°C, 35 cycles of 45 seconds 

at 94°C, 60 seconds annealing temperature, and 80 seconds at 72°C were 

performed. The amplicons were cleaned using the Montage PCR96 Cleanup kit 

(Millipore Bedford, MA, USA) in accordance to the manufactures protocol following 

by the sequencing reaction which contained 2 μl DNA, 2 μl of primer (5 pmol/μl), 1.5 

μl ET mix, and 0.5 μl buffer (400 mM Tris, 40 mM MgCl2, pH 9.0). The following PCR 

program was used: 1.5 minutes at 94°C, 20 seconds at 94°C, 15 seconds at 50°C, 
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30 seconds at 60°C, 35 cycles then 8°C for 10 minutes. After cleaning the 

sequencing reaction using a Sephadex G50 filtration (GE Healthcare, Freiburg, 

Germany) according to the manufactures protocol the sequencing products were 

directly sequenced using the DYEnamic ET Terminator kit (GE Healthcare, Freiburg, 

Germany) and a MegaBACE 1000 capillary sequencer (GE Healthcare). Polymorphic 

sites were identified using Sequencher 4.7 (GeneCodes, Ann Arbor, MI, USA). 

In order to verify the annotated sequence data and to search mutations affecting the 

splice sites, the equine PRLR cDNA was sequenced using testicular tissues of eight 

Hanoverian warmblood stallions. Testicular tissues were conserved in RNAlater 

solution (Qiagen, Hilden, Germany) and transcribed in cDNA using QIAzol™ Lysis 

Reagent (Qiagen, Hilden, Germany) according to the manufactures protocol. Six 

exon-overlapping primer pairs were designed with an average length of 500 bp using 

the on Ensembl annotated RNA-sequence of PRLR. The cDNA sequences were 

PCR amplified and sequenced as described above for genomic DNA. Sequence data 

were examined by visual inspection using Sequencher 4.7 (GeneCodes). 

 

Statistical analysis 

Mendelian inheritance and correctness of marker transmission in the pedigrees 

genotyped was confirmed using the Pedstats software (Wigginton and Abecasis 

2005).  

After calculating the observed heterozygosity (HET) and polymorphism information 

content (PIC) and testing the SNP markers for Hardy-Weinberg equilibrium and 

linkage disequilibrium using the ALLELE procedure of SAS/Genetics software 

(Statistical Analysis System, version 9.2 SAS Institute, Cary, NC, USA, 2008) 
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association was evaluated using the GLM procedure of SAS and the HAPLOTYPE 

procedure of SAS/Genetics.  

The linear model for testing single markers for association included the fixed effects 

of paternal half-sib family and of the respective genotype as well as the respective 

genotype within half-sib family as well as the proportion of genes of thoroughbreds 

and Hanoverian warmblood as linear covariates.  

Yijkl = μ + GT(FAM)i + b1THj + b2HAk + eijkl 

where Yijkl is the fertility trait of the stallion (pregnancy rate per oestrus as least 

square mean per stallion, paternal component of BV, embryonic component of BV), 

FAM is the half-sib family (i = 1-16), GT is the respective genotype of the candidate 

gene-associated marker, b1, b2 are linear regression coefficients, TH is proportion of 

thoroughbred genes, HA is proportion of Hanoverian genes and eijkl represents the 

residual effects.  

The probabilities to observe the different haplotypes were estimated using the 

HAPLOTYPE procedure of SAS/Genetics and these haplotype probabilities were 

used as independent variates in linear models for testing association with the 

different parameters for pregnancy rate per oestrus. These models included all 

haplotypes and then these haplotypes were consecutively removed which were not 

significant. The final model contained only these haplotypes which contributed 

significantly to the differences of the pregnancy rates among stallions. 

Yij = μ + Σ bi HAPi + eij 

where Yij is the fertility trait of the stallion, bi are the respective linear regression 

coefficients, HAPi are the respective probabilities for the haplotypes of PRLR, and eij 

are the residual effects. 
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6.4 Results 

Association analysis for single markers 

We detected three intragenic SNPs in intron 2 and 9 of PRLR (Supplementary Figure 

1). The mean PIC and HET were 0.37 and 0.49 in all 162 Hannoverian stallions 

genotyped (Supplementary Table 2). Performing the ALLELE procedure two (BIEC2-

589441 and BIEC2-560860) of the three analyzed markers were in Hardy-Weinberg 

equilibrium and strong linkage equilibrium. Four SNPs (BIEC2-589408, BIEC2-

589409, BIEC2-589410 and BIEC2-560830) of the Broad SNP-tables were not found 

in the eight tested stallions. Two SNPs (BIEC2-589441 and BIEC2-560860) showed 

significant associations of the genotype within half-sib family with the embryonic 

component of BVs (P = 0.0259 and P = 0.0263) and the paternal component of BVs 

(P ≤ 0.0001, Table 1). One SNP (BIEC2-560860) was also significantly associated 

with the LSM of PRO (P = 0.0203). The variance explained by the model employed 

was on average 40.3% for the LSMs, 36.8% for the embryonic component and 

51.4% for the paternal component of BVs. Genotype and allele frequencies per 

family are given in table 2. The major (minor) allele for BIEC2-589441 was A (G) and 

for BIEC2-560860 T (G). There were 5 families for BIEC2-589441 and 6 families for 

BIEC2-560860 where three genotypes were not found. For BIEC2-589441 there 

were 6 families with inverted allele frequencies and two families where each with 

major and minor alleles appeared 50%. For BIEC2-560860 there were 3 families with 

inverted major and minor alleles and in two families alleles each with 50% incidence. 

In addition, we performed the association analysis for the families with ordinary and 

inverted allele frequencies. For the SNP BIEC2-589441 we found a significant 

association with the paternal component of BVs in the 6 families with inverted allele 

frequencies (P = 0.0034). The SNP BIEC2-560860 showed significant association 

with the embryonic and paternal component of BVs for the eleven families with 
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ordinary allele frequencies (P = 0.0007 – 0.0053) and with the paternal component of 

BVs with three families with inverted allele frequencies (P = 0.0173).  

 

Haplotype analysis 

We performed the haplotype analysis for the two SNPs being significant in the 

association analysis (BIEC2-589441 and BIEC2-560860). The four different 

haplotypes had frequencies from 0.79% to 42.33%. Two haplotypes were 

significantly associated with the LSM (P < 0.01) in all three models tested. Each one 

haplotype showed a significant association with the paternal component of BVs (P < 

0.01) the embryonic component of BVs (P = 0.01, Table 3). The variance explained 

by these two haplotypes reached values of 5.7% for the LSM, 2.1% for the embryonic 

component and 1.7% for the paternal component of BVs in the reduced model 

(model 3). 

 

Sequence analysis 

The comparison of our cDNA sequence and the on Ensembl annotated cDNA 

sequence (ENSECAT00000010056) revealed a complete sequence analogy. 

Differences were found in comparison to the on NCBI annotated sequence 

(LOC100053793) which seems to be incomplete. We were not able to evidence 

polymorphisms in the coding region of PRLR in the eight tested stallions. 

 

6.5 Discussion 

We demonstrated significant associations of single markers for PRLR with the 

embryonic and paternal component of BVs and of haplotypes with the LSMs of 

stallions and the embryonic and paternal component of BVs. The model employed 
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took into account stratification of our data caused by sire lines and differing 

proportions genes from thoroughbred and Hanoverian warmblood. The effect of the 

half-sib family was significant in all analyses supposing a strong influence of sire 

lines. Omitting this effect would result in overestimation of SNP and haplotype effects 

because SNP alleles are unequally distributed among sire lines. As the analyzed 

SNPs were intronically located, an influence on the coding region could be excluded. 

Splice sites were also not changed by the SNPs associated. 

Our results indicate linkage disequilibrium for the analyzed markers with the 

differences of the PRO among stallions, the embryonic and paternal component of 

BVs. However, further analyses containing the identification of intragenic markers 

being responsible for differences in PRO among stallions are necessary. According 

to the SNP-tables of the Broad institute there are overall 46 intragenic SNPs in 

PRLR. As our own study showed, those SNPs can not always be found in horses 

within a breed. Our approach appears useful to identify genes with possible 

causative mutations for fertility traits in order to analyze the complex genetic basis of 

fertility. 
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Supplementary Table 1 Half-sib groups analyzed for SNP marker BIEC2-560860, 

their size, number of genotyped stallions and the LSMs of the pregnancy rate per 

oestrus, the embryonic and paternal component of the breeding values, proportion of 

thoroughbred genes and proportion of Hanoverian genes related to the genotyped 

stallions. 

Breeding values Proportion of  

Half-

sib 

group 

Total 

Size 

Number of 

stallions 

genotyped 

LSM of 

the 

pregnancy 

rate per 

oestrus 

(%) 

embryonic 

component

(x10-2) 

paternal 

component

(x10-2) 

thoroughbred 

genes 

(%) 

Hanoverian 

genes 

(%) 

1 63 12 40.6 -7.55 3.87 8.33 75.0 

2 19 6 45.7 -2.42 8.74 0 99.9 

3 98 19 37.2 3.24 -1.60 0.40 10.5 

4 37 13 46.3 3.53 1.87 2.14 46.15 

5 65 7 56.4 18.58 -1.80 0 85.5 

6 47 8 54.9 12.49 5.53 0 87.4 

7 31 8 44.9 8.11 6.23 0 37.5 

8 80 12 45.2 -11.54 10.13 0 83.3 

9 56 8 39.0 16.16 -13.33 12.5 50.0 

10 33 6 48.5 18.95 2.70 0 16.7 

11 70 18 47.5 1.95 5.11 0 83.3 

12 15 5 50.3 30.95 -2.76 0 60.0 

13 17 5 41.0 6.72 -0.36 2.5 15.0 

14 29 9 50.9 7.27 7.25 0 66.7 

15 66 19 42.3 7.99 -2.38 0 99.9 

16 72 7 43.6 10.99 -3.48 100 0 

Total 798 162 45.3 5.67 1.76 5.9 60.3 
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Supplementary Table 2 Single nucleotide polymorphisms (SNPs) within the equine 

PRLR gene, their polymorphism information content (PIC) and heterozygosity (HET), 

their corresponding primer pairs, annealing temperatures (Ta) and product sizes. 

Nomenclature of SNP markers from the Broad institute is given in brackets. For the 

SNP BIEC2-589443 calculation of PIC and HET values was not done. 

SNP PIC HET Forward/ reverse primer  

(5’ – 3’) 

Ta 

(°C) 

Product 

size 

(bp) 

g.199568G>A 

(BIEC2-589441) 

g.199607T>G 

(BIEC2-560860) 

0.37 

 

0.36 

0.50 

 

0.48 

TCTTGTCCTTTGGGAATTGG 

TCTCCCCAGATGGGAAATC 

58 425 

g.215766G>C 

(BIEC2-589443) 

  TCTCCAGCTCGAAATCCAAC 

CCACCACCTTCTAGGGTCTG 

62 541 
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Table 1 Total variance explained by the model employed for single markers in the 

association analysis, F-values and error probabilities (P) for gene-associated 

markers of PRLR for the least square means (LSM) for the pregnancy rate per 

oestrus of stallions and the embryonic (BV-embryonic) and paternal component of 

breeding values (BV-paternal). 

SNP 

Number 

of 

stallions 

R2 F P 

LSM   

AAWR02016516:g.199568G>A 

(BIEC2-589441) 

136 0.39 1.35 0.1203 

AAWR02016516:g.199607T>G 

(BIEC2-560860) 

137 0.42 1.70 0.0203 

BV-embryonic   

AAWR02016516:g.199568G>A 

(BIEC2-589441) 

161 0.37 1.61 0.0259 

AAWR02016516:g.199607T>G 

(BIEC2-560860) 

162 0.36 1.61 0.0263 

BV-paternal   

AAWR02016516:g.199568G>A 

(BIEC2-589441) 

161 0.49 2.44 <0.0001

AAWR02016516:g.199607T>G 

(BIEC2-560860) 

162 0.53 3.01 <0.0001
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Table 2 Genotype and allele frequencies of BIEC2-589441 and BIEC2-560860 in 

stallions genotyped departed into half-sib groups. 

BIEC2-589441 BIEC2-560860 
Half-

sib 

family 

Genotype 

frequencies 

(%) 

Allele 

frequencies 

(%) 

Genotype 

frequencies 

(%) 

Allele 

frequencies 

(%) 

 GG GA AA G A TT TG GG T G 

1 16.7 41.7 41.7 37.5 62.5 25.0 50.0 25.0 50.0 50.0 

2 16.7 66.7 16.7 50.0 50.0 16.7 83.3 0 58.3 41.7 

3 5.3 42.1 52.6 26.3 73.7 63.2 31.6 5.3 79.9 21.1 

4 7.7 69.2 23.1 42.3 57.7 30.8 61.5 7.7 61.5 38.5 

5 0 42.9 57.1 21.4 78.6 14.3 57.1 28.6 42.9 57.1 

6 25.0 75.0 0 62.5 37.5 75.0 25.0 0 87.5 12.5 

7 12.5 62.5 25.0 43.8 56.3 37.5 50.0 12.5 62.5 37.5 

8 27.3 54.6 18.2 54.6 45.4 50.0 41.7 8.3 70.8 29.2 

9 37.5 50.0 12.5 62.5 37.5 50.0 37.5 12.5 68.8 31.2 

10 33.3 66.7 0 66.7 33.3 33.3 66.7 0 66.7 33.3 

11 16.7 55.6 27.8 44.4 55.6 16.7 55.6 17.8 44.4 55.6 

12 100.0 0 0 100.0 0 100.0 0 0 100.0 0 

13 20.0 60.0 20.0 50.0 50.0 40.0 60.0 0 70.0 30.0 

14 0 11.1 88.9 5.6 94.4 11.1 55.6 33.3 38.9 61.1 

15 10.5 47.4 42.1 34.2 65.8 26.3 47.4 26.3 50.0 50.0 

16 28.6 57.1 14.3 57.1 42.9 57.1 42.9 0 78.6 21.4 

Total 18.0 50.3 31.7 43.2 56.8 38.3 47.5 14.2 62.0 38.0 



 

 

Table 3 Association analysis for haplotypes of PRLR, haplotypes, frequencies, effects of haplotypes, and probabilities for the LSM of 

stallions for the pregnancy rate per oestrus, the embryonic and paternal components of breeding values (BVs) using varied linear 

models. The first model (1) is the full model including all four appeared haplotypes, the second (2) and third (3) models are reduced 

models omitting the haplotypes with low frequency and without significant effects. 

LSM BV-embryonic BV-paternal 
Statistical 

model 
Haplotype 

Haplotype 

Frequency 

(%) P 
Effect of 

haplotype 
P 

Effect of 

haplotype 
P 

Effect of 

haplotype 

1 A-G 37.17 0.0069 9.1 (3.3) 0.1221 4.7 (3.0) 0.0067 3.6 (1.3) 
 A-T 19.71 0.3133 4.6 (4.6) 0.5979 -2.2 (4.2) 0.9905 -0.02 (1.8) 
 G-G 0.79 0.1820 30.6 (22.9) 0.7153 9.1 (24.9) 0.3117 10.9 (10.8) 
 G-T 42.33 0.0064 8.6 (3.1) 0.0095 7.5 (2.9) 0.4915 0.9 (1.2) 

2 A-G 37.17 0.0082 8.9 (3.3) 0.1233 4.7 (3.0) 0.0071 3.5 (1.3) 
 A-T 19.71 0.3491 4.3 (4.6) 0.5882 -2.7 (4.2) 0.9612 -0.09 (1.8) 
 G-T 42.33 0.0046 8.9 (3.1) 0.0080 7.6 (2.9) 0.4213 1.0 (1.2) 

3 A-G 37.17 0.0094 8.7 (3.3) 0.1286 4.6 (3.0) 0.0070 3.5 (1.3) 
 G-T 42.33 0.0049 8.8 (3.1) 0.0090 7.5 (2.9) 0.4215 1.0 (1.2) 
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Supplementary Figure 1 Gene structure of equine PRLR (ENSECAG00000009483) and SNPs observed. Lines below present our 

PCR-products. Black rectangles indicate exons and the numbers below the rectangles the number of the respective exon. Numbers 

above show the size of exon and intron regions in base pairs (bp). 
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7 General discussion 

 

An association study for the identification of genes responsible for fertility was 

performed in Hanoverian warmblood stallions using intragenic single nucleotide 

polymorphisms (SNPs) and flanking microsatellites. We found a larger number of 

SNPs being associated with the fertility traits indicating several genes are 

responsible for the development of fertility. The polymorphisms analyzed can be 

considered as valuable genetic markers and predictors for stallion fertility. Further 

studies are necessary to detect functional causative mutations in these genes. The 

approach employed was very useful to screen a large set of candidate genes for their 

possible influence on stallion fertility in order to select the most promising genes for 

detailed genetic evaluations including complete re-sequencing in a sample of 

stallions using genomic and copy DNA as well as expression analyses. 

We used the pregnancy rate per oestrus for each stallion as fertility trait like Hamann 

et al. (2007) did in a previous study on the influence of the equine CRISP genes on 

fertility. Therefore, we estimated the least square means (LSM) of the pregnancy rate 

per oestrus cycle for stallions (PRO) and the breeding values (BVs) for the embryonic 

and paternal component of the pregnancy rate per oestrus where the embryonic 

component considered both the paternal and maternal descent while the paternal 

component considered only the paternal component. Fertility is a multifactorial 

genetic trait which is also influenced by environmental factors. Thus, we corrected 

the least square means and breeding values of the pregnancy rate per oestrus for all 

relevant environmental effects. 

For the association analyses we considered the sire-family structure and the genetic 

admixture caused by interbreeding different breeds in the Hanoverian horse 

population. The effect of the paternal half-sib family was significant in most analyses. 

So, the tested effects and covariates in the association model employed conform to 

the familial structure and the proportion of different genes deriving from thoroughbred 

or other horse breeds in the Hanoverian population (Hamann and Distl, 2008). 

Omitting the familial effect would result in misclassification of SNP and haplotype 

effects because alleles are unequally distributed among sire lines. 

In humans and mice, over 200 genes are known influencing fertility within different 

steps of the reproductive cascade (Leeb et al., 2005). Therefore, we used genes for 
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our candidate gene approach for which an influence on fertility was known in stallions 

and also other mammals. For most of the selected genes, we were able to detect 

significant associated polymorphisms. We do not expect that the mutations detected 

are causative for the differences in the pregnancy rate per oestrus. However, due to 

linkage disequilibrium with a nearby causative mutation these markers indicate a 

strong influence of the analyzed genes on male fertility. 

We chose 28 candidate genes for mutation analysis. In twelve of those genes we did 

not detect a sufficient number of intragenic and informative polymorphisms. In seven 

genes the detected single nucleotide polymorphisms were not significantly 

associated with the tested fertility traits. For three genes we could not determine the 

equine genomic sequence. So our study referred to those six candidate genes for 

fertility traits exhibiting a large number of intragenic polymorhisms which were 

significantly associated with the tested fertility parameters. 

A SNP within the spermatogenesis associated 1 gene (SPATA1) was significantly 

associated with the LSM and the embryonic component of breeding values. Since 

only few is known about this gene, our study is the first report on association with 

fertility traits. However, L’Hôte et al. (2007) identified SPATA1 as candidate gene for 

murine male fertility. Our results approve SPATA1 as candidate gene for fertility in 

the stallion supposing an influence on fertility in several mammals. In addition to the 

association analysis, we performed a cDNA sequence analysis. The results we 

achieved show differences between our own sequences and the annotated cDNA 

sequences both Ensembl and NCBI. The annotated sequences on NCBI and 

Ensembl were generated and predicted using automated computational analysis 

based on different algorithms. 

Studies in knockout mice indicated a crucial influence of the angiotensin-converting 

enzyme (ACE) on male fertility (Hagaman et al., 1998; Ramaraj, 1998). In stallions, 

there were significant differences of the protein activity between the sperm plasma 

membrane and the seminal plasma (Ball et al., 2003). In addition, the activity of ACE 

was significantly higher in postpubertal equine testis respective to prepubertal males. 

We perfomed the first study on the genetic background and we found a significant 

association of one intragenic marker with the LSM of the pregnancy rate per oestrus. 

Analysis within half-sib families showed also significant associations of intragenic 

markers with the embryonic and paternal component of BVs. Our results indicate an 

influence of ACE on stallion fertility. 
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The sperm autoatigenic protein 17 (SP17) was selected as candidate gene 

supposingly influencing the binding between the zona pellucida of the egg cell and 

the sperm (Richardson et al., 1994). The detected intragenic SNPs and flanking 

microsatellites were significantly associated with the embryonic component of BVs. 

This is an indication of a strong influence of SP17 on stallion fertility. The protein is 

composed of three functional domains responsible for heparin and calmodulin 

binding with affects on fertilization (Wen et al., 2001). 

The follicle stimulating hormone (FSH) belongs to the gonadotropins which are 

released by the anterior pituitary mediated through the gonadotropin releasing 

hormone. It binds mostly to the Sertoli cells of the testis and causes the release of 

inhibin, activin and androgen binding protein (Roser, 1997). We analyzed the gene 

encoding the beta-chain of the follicle stimulating hormone (FSHB) for association 

with stallion fertility. We detected significantly associated SNPs in within half-sib 

family analyses supposing a strong familial influence. 

Additionaly to the association analysis of single markers, we performed haplotye 

analyses jointly for ACE, SP17 and FSHB. We detected significant associations of 

haplotypes with all tested fertility parameters. This fact confirms the hypothesis that 

several genes are responsible for the development of fertility traits but the detailed 

interaction is still unclear. 

In line with the hypothalamic-pituitary-testicular axis inhibin is produced by the Sertoli 

cells of the testis mediated through FSH. Inhibin controls the secretion of FSH via 

feedback in a negative way. We selected the gene encoding the beta A chain of 

inhibin (INHBA) as candidate gene for stallions fertility. We detected significant 

associations of one SNP with the LSM, of three SNPs with the embryonic component 

of BVs and of all tested SNPs with the paternal component of BVs. In addition, 

haplotye analyses showed significant associations with all three fertility parameters. 

Our results confirmed an association study in boars where INHBA was significantly 

associated with sperm quality traits (Lin et al., 2006). Roser (2008) indicated the 

intra-testicular concentration of inhibin may be a good marker for the early detection 

of fertility problems in young stallions. However, in order to measure intra-testicular 

inhibin concentrations, it is necessary to draw biopsy samples from equine testes. 

Our results are the first step into the development of a genetic test based on INHBA-

associated markers. A genetic test has benefits respective to intra-testicular 

measurements. A testis biopsy has to be considered as surgical invasion with risks 
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for the individual. In addition, a genetic test can be performed at an earlier time than 

the biopsy. 

Testicular function underlies the influence of prolactin (PRL) amongst other 

hormones (Bachelot and Binart, 2007). We selected the gene encoding the prolactin 

receptor (PRLR) as candidate for stallion fertility. PRL and subsequently its receptor 

PRLR are supposed to be involved in mechanisms mediating the feedback of 

gonadal steroids on pituitary gonadotropin secretion (Tortonese et al., 2001). We 

detected significant associations of single markers with the LSM and the embryonic 

and paternal component of BVs. In addition, we also demonstrated significant 

associations of haplotypes with all three tested fertility parameters. Sequence 

analysis of the equine cDNA revealed complete analogy to the on Ensembl 

annotated cDNA sequence. However, we found differences to the on NCBI 

annotated cDNA sequence which seems to be incomplete. 

The results of the cDNA sequence analyses of SPATA1 and PRLR show that the 

second assembly of the horse genome still contains mistakes. In addition, there are 

differences between the published sequences of Ensembl and NCBI. 

A wide proportion of genes involved in the process of reproduction are supposed to 

be located on the equine Y chromosome (ECY) regarding studies in humans and 

mice (Cederroth et al., 2007, Wilhelm et al., 2007). A detailed physical map and the 

sequence of ECY are underway. Recently, a part of ECY was published (Raudsepp 

and Chowdhary, 2008). However, Y-chromosomal sequences or gene sequences 

located on ECY are not yet available but are expected in the near future. The current 

map of ECY spans ~10 Mb of the euchromatic region which includes the 

pseudoautosomal region and the male specific region on ECY (Chowdhary and 

Raudsepp, 2008). 

Beside the candidate gene approach, a whole genome association analysis (GWA) 

using SNPs with a dense coverage of the whole genome is a useful method to 

identify genomic regions harbouring genes responsible for stallion fertility. Since 

2008, a commercial SNP microarray based on the second assembly of the horse 

genome and containing ~57,000 SNPs is available. This array offers the opportunity 

to genotype very fast a large number of SNPs capturing a large variation of the horse 

genome. Whole genome association analyses give information about associated 

regions and help to identify further candidate genes. 
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Earlier studies on the genetic background of male fertility were mostly performed in 

mice. Regarding the cascade of reproduction it is difficult to analyze the molecular 

genetic background of fertility because a lot of genes are involved. So our analyses 

are a first step into clarifying genetic influences on stallion fertility. Detection of 

significantly associated SNPs with fertility causes the discovering of causal mutations 

by sequencing the whole genomic DNA or cDNA of the associated genes in a 

representative sample of horses with wide differences in their PRO. 
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8 Summary 

 

Katrin Giesecke (2008) 

 

Molecular genetic analsis of fertility traits in Hanoverian warmblood stallions 
 

The objective of this study was to identify genes with influence on stallion fertility in 

Hanoverian warmblood. 

We used the least square means and breeding values for the embryonic and paternal 

component of the pregnancy rate per oestrus for each stallion as fertility trait. For the 

estimation of the pregnancy rate per oestrus we used fertility data from the National 

state stud of Lower Saxony which were collected during the breeding seasons 1997 

to 2005. These data included 199,000 artificial inseminations of 19,897 mares and 

246 stallions and 96,114 oestrus cycles. In the case of an successful artificial 

insemination the trait value was encoded 1, otherwise the trait value was 0. For the 

prediction of breeding values we used an animal threshold model including the fixed 

environmental effects of insemination centre, age of stallion, breeding season, 

insemination month within breeding season, the number of inseminations within 

breeding season (covering number), time interval between coverings within an 

oestrus (insemination regime), breeding history of mares (previous breeding 

achievement of mares), the random permanent environmental effects of the mare 

and stallion and the random additive genetic effects of the stallion and the embryo.  

In order to detect genes responsible for fertility we searched previous reports for 

genes involved in the cascade of reproduction in horses and other mammals as well, 

notably in human and mice. We selected 36 genes as potential candidates, for which 

an influence on fertility function was known. 

For six of these candidate genes we perfomed an association analysis in Hanoverian 

warmblood stallions. First, we used the human mRNA sequences to determine the 

equine gene sequences, their location in the horse genome and the exon/intron 

boundaries. Then we sequenced intron-spanning regions of these genes which were 

considered to contain SNPs according to the SNP-tables of the Broad institute. In 

addition, we sequenced parts of the coding regions of three genes (ACE, SP17, 

SPATA1) and the whole coding region of one gene (FSHB) and searched these 
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sequences for mutations. Detected mutations were tested for association with the 

fertility traits. For two of the seven genes (SPATA1, PRLR) we also performed cDNA-

analyses using testis tissue of eight stallions in order to verify the annotated mRNA 

sequences and to find mutations with influence on the protein function. 

For three candidate genes, we also used five flanking microsatellites within a 

distance of at most one megabase (Mb) to the gene and tested them for association 

with the fertility traits. 

We performed single marker and haplotype analysis for the candidate genes. We 

found significantly associated SNPs in ACE, SPATA1 and INHBA using the least 

square means of the pregnancy rate per oestrus (LSM). Significantly associated 

SNPs were detected in SP17, SPATA1 and INHBA for the embryonic component of 

breeding values (BV-embryonic) and with the paternal component of breeding values 

(BV-paternal) significantly associated SNPs were shown in INHBA. Within sire 

families we found also significantly associated SNPs in ACE for the BV-embryonic 

and BV-paternal and in FSHB for the LSM. The haplotype analysis jointly for SP17, 

ACE and FSHB showed significantly assciated haplotypes with the LSM, the BV-

embryonic and of SP17 also with the BV-paternal. INHBA-associated haplotypes 

were significant associated with all tested fertility traits. 

Our approach seems to be useful to identify significant associated genes with fertility 

in Hanoverian warmblood stallions. Significant associations should be approved by 

mutation analysis of the coding sequences of associated genes to detect causal 

mutations. In order to achieve this goal, testis tissues of a representative sample of 

stallions with wide differences in their PRO should be collected.  
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9 Erweiterte Zusammenfassung 

 

Molekulargenetische Analyse von Kandidatengenen für die 
Fruchtbarkeit von Hengsten 
 

Katrin Giesecke 

 

Einleitung 
 

Die Fruchtbarkeit von Hengsten besitzt einen hohen wirtschaftlichen Stellenwert in 

der heutigen Pferdezucht. Die individuelle Hengstfertilität wird anhand von Motilität 

und Morphologie der Spermien im Ejakulat beurteilt. Für statistische Analysen 

verwendet man die Trächtigkeits- oder Abfohlrate pro Rosse und Hengst, anhand 

derer auch Zuchtwerte für Fruchtbarkeit geschätzt werden können. 

Frühere Studien befassten sich vor allem mit den umweltbedingten Einflüssen auf die 

Fruchtbarkeit von Hengsten. So haben die Deckstelle, das Zuchtjahr und die 

Zuchtsaison (Bedeckungsmonat) einen signifikanten Einfluss auf die 

Trächtigkeitsrate pro Rosse. Neben dem Alter der Stuten und ihrer bisherigen 

Zuchtleistung hat auch die Art der Bedeckung (Natursprung, künstliche Besamung) 

einen signifikanten Einfluss auf Hengstfruchtbarkeit. Besamungen innerhalb der 

Fohlenrosse zeigen geringeren Befruchtungserfolg als Belegungen in nachfolgenden 

Rossen. Bei der künstlichen Besamung spielen das Bedeckungsmanagement 

(Anzahl der Bedeckungen sowie der Abstand zwischen ihnen) und die Art des 

verwendeten Spermas (Frischsperma <24 Stunden, transportiertes Frischsperma 

<48 Stunden, Tiefgefriersperma) eine entscheidende Rolle. Die Spermienqualität 

wird durch die Häufigkeit der Samenentnahme und den Abstand zwischen den 

Samenentnahmen beeinflusst. Bei einer täglichen Samenentnahme sind die 

Konzeptionsraten signifikant höher als bei unregelmäßig und sporadisch 

stattfindenden Samenentnahmen. Die Anzahl an vorwärtsbeweglichen Spermien pro 

Samenportion, der Zeitpunkt der Belegung, die Häufigkeit und die Abstände 

zwischen den einzelnen Besamungen sowie die technische Durchführung der 

künstlichen Befruchtung beeinflussen den Besamungserfolg maßgeblich. 
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Neben diesen umweltbedingten Einflüssen spielen auch genetische Grundlagen eine 

entscheidende Rolle bei der Reproduktion. Man geht davon aus, dass Fruchtbarkeit 

ein multifaktorielles Merkmal ist, dessen Ausprägung verschiedene Gene zugrunde 

liegen. Die genauen genetischen Veränderungen, die Sub- oder Infertilität bei 

Hengsten bedingen, sind zurzeit noch nicht bekannt.  

Beim Menschen und bei Mäusen konnte bereits für viele Gene eine Beeinflussung 

der Fruchtbarkeit nachgewiesen werden. Auch beim Hengst konnte ein signifikanter 

Einfluss des CRISP3-Gens auf die Fruchtbarkeit nachgewiesen werden. Ziel dieser 

Dissertation ist es, funktionelle Kandidatengene zu identifizieren und 

molekulargenetisch ihren möglichen Einfluss auf Fruchtbarkeit zu untersuchen.  

Die genetische Beeinflussung der Fruchtbarkeit beginnt bereits während der 

Embryonalentwicklung. Neben dem Vorhandensein zweier Geschlechts-

chromosomen sind weitere Gene an der Ausprägung des phänotypischen 

Geschlechts beteiligt. Ein großer Teil dieser Gene ist beim Hengst  vermutlich auf 

dem Y-Chromosom lokalisiert. Aber auch X-chromosomal und autosomal lokalisierte 

Gene beeinflussen die Ausprägung der männlichen Geschlechtsorgane und den 

Abstieg der Hoden während der Fetalphase. Beim adulten Hengst unterliegen 

Spermato- und Spermiogenese dem Einfluss endokriner Hormone, die zum größten 

Teil der hypothalamo-hypophysären testikulären Achse angehören. Beim Hengst 

werden in Nebenhoden und akzessorischen Geschlechtsdrüsen 

Seminalplasmaproteine gebildet, die einen Einfluss auf Spermienreifung und –

motilität besitzen. Während der Befruchtung unterliegen die Prozesse der spezies-

spezifischen Spermien-Eizellbindung dem Einfluss von auf der externen Hülle von 

Spermium und Eizelle lokalisierten Proteinen. Entsprechend für diese Proteine 

kodierende Gene beeinflussen die Mechanismen der Erkennung von Spermium und 

Eizelle, der Adhäsion und Fusion beider Zellen. 

Bei Menschen und Mäusen liegt ein Teil der die männliche Fruchtbarkeit 

beeinflussenden Gene auf dem Y-Chromosom. Dies wird auch beim Hengst 

vermutet. Allerdings wurde zur Entschlüsselung des Pferdegenoms eine Stute 

verwendet, so dass zurzeit noch keine equinen Sequenzen Y-chromosomalen 

Ursprungs für Mutationsanalysen zur Verfügung stehen. Eine physikalische Karte 

eines Teils des equinen Y-Chromosoms ist bereits verfügbar. 

Mit Hilfe Kandidatengen-assoziierter Marker ist es möglich, einen DNA-Test zu 

entwickeln, der die Fruchtbarkeitsleistung eines Hengstes bereits vor seinem 
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möglichen Deckeinsatz angibt und somit im Rahmen der Hengstselektion genutzt 

werden könnte. 

Die im Rahmen dieser Arbeit ausgewählten Kandidatengene beeinflussen die 

Reproduktionskaskade auf verschiedenen Ebenen. Der Androgenrezeptor (AR) 

beeinflusst die Ausprägung des Geschlechts bereits während der 

Embryonalentwicklung. Relaxin (RLN) soll neben der Entwicklung des männlichen 

Geschlechtstrakts auch das Wachstum der Prostata und die Spermienmotilität 

beeinflussen. Die hormonelle Grundlage reproduktiver Mechanismen bildet die 

Hypothalamus-Hypophysen-Hoden Achse. Wir wählten den Gonadotropin Releasing 

Hormon Rezeptor (GNRHR), die beta-Ketten der Gonadotropine 

follikelstimulierendes Hormon (FSHB) und luteinisierendes Hormon (LHB) sowie 

Aktine (ACTN, ACTB, ACTG) und Inhibine (INHA, INBB, INHBA) als Kandidatengene 

aus. Daneben untersuchten wir auch Follistatin (FST), das als parakriner/ autokriner 

Faktor angesehen wird. Neben den Hormonen der Hypothalamus-Hypophysen-

Hoden Achse wählten wir auch Prolaktin (PRL) und den entsprechenden Rezeptor 

PRLR als Kandidatengene aus.  

Die Prozesse der Spermatogenese und Spermienreifung unterliegen dem Einfluß 

zahlreicher Proteine. Wir wählten das Spermatogenese assoziierte Protein 1 

(SPATA1), das epididymale spermienbindende Protein 1 (ELSPBP1) und das 

Angiotensin-konvertierende Enzym (ACE) als Kandidaten für unsere Studie aus. Im 

Rahmen der Befruchtung kommt es zu einer Reihe von aufeinander aufbauenden 

Ereignissen. Wir wählten den Rezeptor für das zona pellucida Protein 3 (SP56), das 

Spermien-Membranprotein Zonadhesin (ZAN), das Spermien-Membran-assoziierte 

Protein Laktadherin (MFGE8), das zona pellucida bindende Protein Akrosin (ACR), 

das zona pellucida bindende Protein 38 (SP38), das zona pellucida bindende 

Spermien autoantigene Protein 17 (SP17), das auf der Spermienoberfläche 

lokalisierte Fertilin beta (ADAM2) und das mit diesem während der Spermatogenese 

interagierende Calmegin (CLGN) sowie die spermienspezifische Phospholipase C 

zeta (PLCz) als Kandidatengene aus. Die folgende Übersichtstabelle zeigt die sechs 

Gene, für die signifikante Assoziationen mit den untersuchten 

Fruchtbarkeitsparametern gefunden werden konnten. 
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Übersichtstabelle über untersuchte Kandidatengene, der jeweils verwendeten 

Anzahl an Hengsten und der Vorgehensweise der Untersuchung. 

Gen Anzahl verwendeter 

Hengste 

Vorgehensweise bei der Untersuchung 

ACE 179 Mutationsanalyse mittels SNPs und 

Mikrosatelliten, Haplotypenanalyse 

FSHB 172 Mutationsanalyse mittels SNPs und 

Mikrosatelliten, Haplotypenanalyse 

SP17 175 Mutationsanalyse mittels SNPs und 

Mikrosatelliten, Haplotypenanalyse 

SPATA1 179 Mutationsanalyse, cDNA-Analyse 

INHBA 161 Mutationsanalyse mittels SNPs, Haplotypen 

analyse 

PRLR 162 Mutationsanalyse mittels SNPs, Haplotypen 

analyse, cDNA-Analyse 

 

Material und Methoden 
 

Familienmaterial und phänotypische Daten 

 

Die phänotypischen Daten wurden vom Niedersächsischen Landgestüt in Celle zur 

Verfügung gestellt. Sie stammen aus den Zuchtjahren 1997 bis 2005 und beinhalten 

Angaben zu 199.000 künstlichen Besamungen von 246 Hengsten bei 19.897 Stuten 

in 96.114 Rossen. Anhand dieser Daten wurde die Trächtigkeitsrate pro Rosse und 

Hengst ermittelt. Bei Trächtigkeit innerhalb einer Rosse wurde der Merkmalswert mit 

1 belegt, ansonsten mit 0. Der Besamungserfolg wurde durch Angaben der Züchter 

über Abfohlung, bzw. Abort oder Resorption der Frucht verifiziert.  

Anhand der Trächtigkeitsrate pro Rosse wurden kleinste-Quadrat Schätzwerte (least 

square means, LSM) sowie paternale und embryonale Zuchtwerte für jeden Hengst 

geschätzt. Für die Zuchtwertschätzung wurde ein Tiermodell mit einem 

Schwellenwertansatz verwendet, das die fixen Umwelteffekte der Deckstelle, des 

Alters der Hengste, der Zuchtsaison und der Zuchtperiode innerhalb der 

Zuchtsaison, die Anzahl der Bedeckungen und der Abstand zwischen den 

Bedeckungen innerhalb einer Rosse, die bisherige Zuchtleistung der Stuten und die 
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zufälligen permanenten Umwelteffekte der Stute und des Hengstes sowie den 

zufälligen additiv-genetischen Effekt des Hengstes und des Embryos enthielt. Die 

Varianzkomponentenschätzung wurde mit MTGSAM und Gibbs sampling (Van 

Tassel und Van Vleck, 1995; Van Tassel et al., 1998) durchgeführt. Bei der 

Berechnung der LSM der Trächtigkeitsrate pro Rosse wurden die fixen 

Umwelteffekte und der fixe Effekt des Hengstes berücksichtigt, so dass diese 

Schätzwerte die auf Umwelteffekte korrigierte Trächtigkeitsrate der Hengste pro 

Rosse darstellen.  

Für die Mutationsanalyse wurden EDTA-Blutproben von 295 Hannoveraner 

Hengsten entnommen. Die Hengste wurden in 16 väterliche Halbgeschwisterfamilien 

mit einer durchschnittlichen Größe von 49,9 Tieren (15 – 98 Tiere pro Familie) 

eingeteilt.  

 

Primerdesign, Mutations- und Sequenzanalysen 

Für die Suche nach Gen-assoziierten Mutationen wurden die humanen mRNA-

Sequenzen der Kandidatengene als Referenzen verwendet. Mit Hilfe der Programme 

BLAST (Basic Local Alignment Search Tool/ http://blast.ncbi.nlm.nih.gov/Blast.cgi) 

und BLAT (http://genome.ucsc.edu/cgi-bin/hgBlat) wurden die equinen Sequenzen 

der Gene sowie ihre Lokalisationen im Pferdegenom ermittelt. Die daraus 

resultierenden Sequenzen wurden mit den bei NCBI (http://www.ncbi.njm.nih.gov) 

und Ensembl (http://www.ensembl.org/Equus_caballus/index.html) annotierten 

Gensequenzen verglichen. Als Grundlage für die Suche nach 

Einzelbasenaustauschen (single nucleotide polymorphisms, SNPs) wurden die SNP-

Tabellen des Broad Instituts (http://www.broad.mit.edu/mammals/horse/snp/) 

verwendet. Die verwendeten Primer wurden mit Hilfe des Programms Primer3 

(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) nach Markierung repetitiver 

Bereiche mit dem Programm Repeatmasker (http://www.repeatmasker.org/) 

entwickelt. Die Auswertung der Sequenzdaten erfolgte mit dem Programm 

Sequencher 4.7 (GeneCodes, Ann Arbor, MI, USA).  

 

Assoziationsanalysen 

Für die jeweils gefundenen Polymorphismen wurden Assoziationsanalysen mit Hilfe 

von SAS und SAS/Genetics (Statistical Analysis System, Version 9.2, SAS Institute, 

Cary, NC, USA, 2008) durchgeführt. Die Analyse der Werte der 
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Fruchtbarkeitsmerkmale sowie ihre Verteilung innerhalb der untersuchten 

Hengstpopulation wurde mit Hilfe der Prozedur UNIVARIATE durchgeführt. Die 

Genotypisierungsdaten wurden unter zu Hilfenahme der PEDSTATS Software 

(Wigginton und Abecasis, 2005) auf Mendel’sche Vererbung und Korrektheit der 

Marker analysiert. Die Prozedur ALLELE von SAS/Genetics wurde für die 

Berechnung von Allel- und Genotypfrequenzen, die Schätzung von Heterozygotie 

(Het) und Polymorphismen Informationsgehalts (PIC) sowie für das Testen auf 

Vorliegen des Hardy-Weinberg-Gleichgewichts und des Kopplungsungleichgewichts 

verwendet. Die Haplotypenkonstruktion erfolgte mittels der Prozedur HAPLOTYPE 

von SAS. Die Evaluierung der einzelnen Haplotypen erfolgte über multiple 

Varianzanalysen. Anschließend wurden die Genotypen und Haplotypen der 

Einzelbasenaustausche (single nucleotide polymorphisms, SNPs) und Mikrosatelliten 

auf Assoziation mit den LSM und den embryonalen und paternalen Zuchtwerten der 

Trächtigkeitsrate pro Rosse mit der Prozedur GLM von SAS getestet. 

Das Modell zur Assoziationsanalyse einzelner Marker enthielt den entsprechenden 

Genotyp und die väterliche Halbgeschwisterfamilie als fixe Effekte, den Anteil an vom 

Vollblut und Hannoveraner stammenden Genen als lineare Kovariable. 

Yijklm = µ + FAMi + GTj + b1THk + b2HAl + eijklm 

Yijklm = Merkmal 

µ = Modellkonstante 

FAMi = väterliche Halbgeschwisterfamilie 

GTj = jeweiliger Genotyp 

b1, b2 = lineare Regressionskoffeizienten 

THk = Vollblut-Genanteil 

HAl = Hannoveraner-Genanteil 

eijklm = zufälliger Rest 

 

Evaluierung von Kandidatengenen für die Fruchtbarkeit von 
Warmbluthengsten 
 

Angiotensin converting enzyme (ACE) 

Studien an Knockout-Mäusen ergaben neben der Wirkung im Renin-Angiotensin-

System einen signifikanten Einfluss von ACE auf männliche Fertilität. 

Untersuchungen der Proteinaktivität bei Hengsten ergaben, dass die Aktivität von 
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ACE in der Spermien-Plasmamembran signifikant höher war als im Seminalplasma. 

Des Weiteren war die Aktivität in postpubertalen Hoden deutlich erhöht gegenüber 

prepubertalen Hoden. 

Wir verwendeten die annotierte ACE-Sequenz (ENSECAG00000012910) als 

Referenz zur Entwicklung von 16 Primer Paaren, die 12 Exons überspannten. 

Außerdem entwickelten wir zwei neue ACE-flankierenden Mikrosatelliten (ABGe099, 

ABGe100). Neben der Assoziationsanalyse einzelner Marker führten wir eine 

Haplotypenanalyse durch. 

Wir entdeckten neun SNPs in den ACE-assoziierten Sequenzen. Bei der 

Assoziationsanalyse war ein SNP (AAWR02012506:g.28042G>A) signifikant mit dem 

LSM assoziiert (P = 0.0391). Die Assoziationsanalyse innerhalb bestimmter 

Halbgeschwisterfamilien ergab signifikante Assoziationen mehrerer SNPs sowie 

eines Mikrosatelliten mit den embryonalen und paternalen Zuchtwerten der 

Trächtigkeitsrate pro Rosse. Im Rahmen der Haplotypenanalyse kamen 11 

Haplotypen in der getesteten Population vor, die in der Assoziationsanalyse 

signifikant mit allen drei Fruchtbarkeitsparametern assoziiert waren. 

Die detektierten SNPs waren in Introns lokalisiert und hatten keinen Einfluss auf die 

kodierende Sequenz. Unsere Ergebnisse zeigen einen signifikanten Einfluss von 

ACE auf die Hengstfruchtbarkeit, allerdings sind weitere Untersuchungen sowie die 

Suche nach weiteren intragenischen Polymorphismen nötig, um kausale Mutationen 

aufzudecken.  

 

Sperm autoantigenic protein 17 (SP17) 

Wir wählten das SP17 Gen (sperm autoantigenic protein 17, SP17) als 

Kandidatengen für Hengstfruchtbarkeit aufgrund seines vermuteten Einflusses auf 

die Spermien-Eizell-Bindung. SP17 besteht aus drei funktionellen Domänen, die für 

die Bindung von Heparin und Calmodulin verantwortlich sind und dadurch einen 

Einfluss auf die Befruchtung besitzen.  

Wir entwickelten 6 intragenische Primerpaare entsprechend der Referenzsequenz 

ENSECAG00000020689, womit drei Exons und die jeweils flankierenden Bereiche 

abgedeckt waren. Des weiteren entwickelten wir zwei flankierende Mikrosatelliten 

(ABGe101 und ABGe102) im Abstand von maximal einer Megabase. 

Wir entdeckten 8 SNPs in nicht-kodierenden Bereichen von SP17, von denen wir 5 

für die Assoziations- und die nachfolgende Haplotypenanalyse verwendeten. Wir 
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fanden signifikante Assoziationen einzelner SNPs und Mikrosatelliten mit dem 

embryonalen und paternalen Zuchtwert. Durch die Haplotypenanalyse konnten wir 

13 verschiedene Haplotypen nachweisen, die signifikant mit den LSM sowie den 

embryonalen und paternalen Zuchtwerten assoziiert waren. Diese Ergebnisse zeigen 

eine ursächliche Beteiligung von SP17 an der Ausprägung der untersuchten 

Fruchtbarkeitsmerkmale. Dennoch ist es notwendig, weitere ursächlich 

verantwortliche Mutationen in kodierenden Bereichen mit signifikantem Einfluss auf 

Fruchtbarkeit in SP17 zu finden.  

 

Follicle stimulating hormone, beta subunit (FSHB) 

Alle Mechanismen der Reproduktion unterliegen hormonellen Einflüssen, die 

maßgeblich durch die Gonadotropin-Hypophysen-Hoden-Achse bestimmt werden. 

Das aus dem Hypophysenvorderlappen freigesetzte Follikelstimulierende Hormon 

(FSH) zählt zu den Gonadotropinen, deren Freisetzung durch das aus dem 

Hypothalamus stammende Gonadotropin-Releasing Hormon stimuliert wird. 

Wirkungsort von FSH sind die Sertoli-Zellen im Hoden, in denen es an der Bildung 

von Inhibin, Aktivin und Androgen-bindendem Protein beteiligt ist. Während der 

Pubertät hat FSH einen entscheidenden Einfluss auf die Spermatogenese. Aufgrund 

seiner Beteiligung and der Reproduktionskaskade wählten wir das für die beta-

Untereinheit von FSH kodierende Gen als vielversprechenden Kandidaten für 

Hengstfruchtbarkeit aus. 

Für die Suche nach SNPs entwickelten wir 3 Primerpaare, die die beiden Exons von 

FSHB und einen Bereich proximal von FSHB abdecken. Außerdem entwickelten wir 

einen neuen stromaufwärts von FSHB lokalisierten Mikrosatelliten (ABGe103). Es 

konnte kein weiterer flankierender und informativer Mikrosatellit stromabwärts von 

FSHB in entsprechemdem Abstand von maximal einer Megabase gefunden werden. 

Wir entdeckten insgesamt 4 SNPs, von denen 3 intragenisch und einer 

stromaufwärts von FSHB lokalisiert waren. Für die Assoziationsanalyse wählten wir 

zwei der SNPs und einen Mikrosatelliten aus. Signifikante Assoziation konnte nur 

innerhalb Halbgeschwisterfamilien mit den LSM nachgewiesen werden. Für die 

Haplotypenanalyse wählten wir drei SNPs, aus denen sich 6 verschiedene 

Haplotypen ergaben. Die Untersuchung der Haplotypen auf eine Assoziation ergab 

signifikante Assoziationen mit den LSM sowie den embryonalen und paternalen 

Zuchtwerten.  
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Obwohl bei der Assoziationsanalyse einzelner Marker nur signifikante Assoziationen 

innerhalb der Familien festgestellt werden konnten, kann ein Einfluss von FSHB auf 

Hengstfruchtbarkeit nicht ausgeschlossen werden. Auch die Haplotypenanalyse 

deutet auf eine Beeinflussung durch FSHB auf die Trächtigkeitsrate pro Rosse hin. 

Allerdings sind die von uns getesteten Polymorphismen nicht als ursächlich für die 

Unterschiede in der Trächtigkeitsrate pro Rosse anzusehen. Daher sind weitere 

Untersuchungen zur Aufklärung des Einflusses von FSHB auf die Fruchtbarkeit von 

Warmbluthengsten notwendig.  

 

Spermatogenesis associated 1 (SPATA1) 

L’Hôte et al. (2007) identifizierten in einer genom-weiten Analyse bei Mäusen 

SPATA1 als positionelles und funktionelles Kandidatengen für murine Fruchtbarkeit. 

Bei Mäusen wird SPATA1 nur in den Hoden exprimiert. Die genaue Funktion dieses 

Proteins ist noch immer unbekannt. Man vermutet eine Beteiligung an Prozessen im 

Zusammenhang mit der Ausformung des Spermienkopfes während der 

Spermatogenese. Daher wählten wir SPATA1 als Kandidatengen aus und 

untersuchten den Einfluss auf Fruchtbarkeit bei Hengsten. 

Unter Verwendung der annotierten genomischen SPATA1-Sequenz 

(LOC100064787, ENSECAG00000016351) wurden 15 Primerpaare, die 11 Exons 

und flankierende Bereiche abdecken, entwickelt. Zur Überprüfung der annotierten 

Sequenzen und zur Suche nach alternativen Splice-Varianten wurde eine cDNA-

Analyse anhand von RNA aus Hodengewebe 8 verschiedener Hengste durchgeführt. 

Mit Hilfe des CLUSTALW2 Alignment Programms (http://www.ebi.ac.uk/Tools/es/cgi-

bin/clustalw2/) wurden die annotierten mRNA- und translatierten Proteinsequenzen 

von humanem, murinem und equinem SPATA1 verglichen. 

Wir testeten neun SPATA1-assoziierte SNPs aus den SNP-Tabellen des Broad 

Instituts bei acht Hengsten. Vier dieser SNPs waren polymorph (BIEC2-968879 

stromaufwärts von SPATA1, BIEC2-968877 im untranslatierten Bereich (UTR) von 

Exon 1, BIEC2-968854 im Intron 6 und BIEC2-968878 im Intron 7). Fünf SNPs 

(BIEC2-968883 stromaufwärts von SPATA1, BIEC2-968878 im UTR von Exon 1, 

BIEC2-968867 im Intron 2, BIEC2-968864 im Intron 5 und BIEC2-968840 im Intron 

11) waren bei den acht getesteten Hengsten monomorph. Bei zwei dieser SNPs 

(BIEC2-968867 und BIEC2-968864) waren alle acht Hengste homozygot G bzw. A 

im Vergleich zur annotierten Referenzsequenz, die an diesen Stellen ein A bzw. G 
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aufwies. Beim SNP BIEC2-968878 waren 113 Hengste homozygot C im Vergleich 

zur annotierten Referenzsequenz, die an dieser Stelle ein T aufwies. Dagegen 

entdeckten wir in den von uns sequenzierten Genbereichen vier neue in Introns 

lokalisierte SNPs. 

Wir verwendeten vier SNPs (g.107808T>C, BIEC2-968854, BIEC2-968853 und 

BIEC2-968877) für die Assoziationsanalyse bei 179 Hengsten. Der SNP BIEC2-

968854 war signifikant mit den LSM und den embryonalen Zuchtwerten der 

Trächtigkeitsrate pro Rosse assoziiert. Der Dominanzeffekt des heterozygoten 

Genotyps lag bei 4,05 ±1,69 für die LSM, -6,42 ±2,69 für die embryonale 

Komponente und 1,09 ±1,20 für die paternale Komponente der Zuchtwerte. In sechs 

Halbgeschwisterfamilien, die alle drei Genotypen aufwiesen, war der Genotyp 

innerhalb der Halbgeschwisterfamilie signifikant mit den embryonalen Zuchtwerten 

assoziiert. 

Die cDNA-Analyse ergab Differenzen zu den bei NCBI und Ensembl annotierten 

Sequenzen. Ein bei Ensembl zusätzlich annotiertes aus vier Basenpaaren 

bestehendes Exon 3 konnte bei unserer Analyse nicht verifiziert werden. Am 

Übergang von Exon 2 zu Exon 3 zeigte unsere Sequenz Homologie zu der bei NCBI 

annotierten Sequenz. Dagegen fehlen bei der NCBI-Sequenz die ersten 24 Basen 

von Exon 6. An dieser Stelle stimmte unsere Sequenz mit der bei Ensembl 

annotierten Sequenz überein.  

Wir konnten eine signifikante Assoziation des SNPs BIEC2-968854 mit den LSM und 

dem embryonalen Zuchtwert nachweisen. Die getesteten Marker waren nicht stark 

miteinander korreliert. Daher war eine signifikante Assoziation der anderen 

getesteten SNPs nicht notwendigerweise zu erwarten. In allen Analysen war der 

Effekt der Halbgeschwisterfamilie signifikant, was einen starken Einfluss auf die 

Hengstfertilität zeigt. 

Mit Hilfe des Programms AliBaba Version 2.1 (http://www.gene-

regulation.com/pub/programs/alibaba2/index.html) wurde im Bereich des SNPs 

BIEC2-968854 eine Bindungsstelle für den SP1 Transkriptionsfaktor identifiziert. Die 

Sequenz mit dem C Allel hat die SP1 Bindungsstelle, bei der Sequenz mit T Allel 

fehlt die SP1 Bindungsstelle. Somit ist BIEC2-968854 durch die Beeinflussung des 

Transkriptionsfaktors möglicherweise an der Genregulierung beteiligt. Unsere 

Ergebnisse zeigen, dass eine im Intron lokalisierte Mutation im SPATA1 Gen zu 



Erweiterte Zusammenfassung 
 

176 

einer verbesserten Hengstfruchtbarkeit führt. Dieses Ergebnis sollte an einer 

größeren Gruppe an Tieren überprüft werden. 

 

Inhibin beta A (INHBA) 

Inhibin besteht aus den beiden Untereinheiten Inhibin beta A und Inhibin alpha. Die 

Inhibin beta A Untereinheit ist ausserdem an der Bildung von Aktivin A und Aktivin 

AB beteiligt. Das in den Sertoli-Zellen der Hoden produzierte Inhibin reguliert die 

Sekretion von FSH und somit die testikuläre Entwicklung. Beim Menschen verwendet 

man bereits das im Plasma zirkulierende Inhibin B als Marker für Spermatogenese 

und männliche Fruchtbarkeit. Wir wählten das für die Alpha-Untereinheit von Inhibin 

B kodierende Gen INHBA als Kandidatengen für Hengstfruchtbarkeit aus in 

Anlehnung an eine Studie, die eine signifikante Beeinflussung von INHBA-

assoziierten Mikrosatelliten mit Spermienqualitäts-parametern beim Eber ergab. 

Beim Hengst ist die Konzentration von Inhibin im Plasma und intratestikulär abhängig 

vom Alter und Reproduktionsstatus der Tiere. Sub- und infertile Hengste zeigen 

sowohl intratestikulär als auch im Blutplasma einen deutlich niedrigeren Gehalt an 

Inhibin als fertile Hengste. 

Wir entwickelten drei intragenische Primerpaare für die SNP-Detektion. 
In den von uns sequenzierten Bereichen entdeckten wir 6 SNPs, von denen 4 

identisch mit den SNPs aus den Tabellen des Broad Instituts und 2 neu waren. Für 

die nachfolgenden Analysen verwendeteten wir 5 SNPs. Wir fanden signifikante 

Assoziationen mit den embryonalen und paternalen Zuchtwerten. In einer weiteren 

Berechnung verwendeten wir nur die Familien, die alle Allele und Genotypen 

aufwiesen, um familiär-bedingte Effekte möglichst zu minimieren. Dabei waren alle 5 

getesteten SNPs signifikant mit den beiden Zuchtwerten assoziiert.  

Von den 10 Haplotypen waren 2 Haplotypen mit den LSM, 3 Haplotypen mit dem 

embryonalen und 1 Haplotyp mit dem paternalen Zuchtwert signifikant assoziiert. 

Unsere Analysen zeigten einen starken familiären Effekt, den wir mit Hilfe der 

Assoziationsanalysen innerhalb bestimmter Familien minimieren konnten. Die von 

uns untersuchten Polymorphismen befanden sich im nicht-kodierenden Bereich von 

INHBA. Allerdings konnten wir mit Hilfe des Programms AliBaba Version 2.1 

Veränderungen an Bindungsstellen von Transkriptionsfaktoren durch die getesteten 

SNPs identifizieren. Der SNP g.47743C>T veränderte die Bindungsstellen der beiden 

Transkriptionsfaktoren MEB-1 und GLO. Der SNP g.47718T>G beeinflusst die ATA-1 
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Bindungsstelle, während g.47617C>G die Bindungsstelle von c/EBPalp verändert. 

Der SNP g.44933A>G beeinflusst eine HNF-1 Bindungsstelle und der SNP g.44899 

verändert die Bindungsstellen der beiden Transkriptionsfaktoren Sp1 und NF-

kappaB. Alle getesteten Mutationen beeinflussen Bindungsstellen von 

Transkriptionsfaktoren und sind somit möglicherweise an der Genregulierung 

beteiligt. Zusätzliche Untersuchungen an weiteren Hengstpopulationen sind 

notwendig, um den Effekt der detektierten Mutationen auf die Trächtigkeitsrate pro 

Rosse zu verifizieren. Mutationen im INHBA Gen besitzen möglicherweise einen 

Einfluss auf die Sertoli Zellen und könnten somit die Spermatogenese beeinflussen. 

Daher sollte in weiteren Studien der Einfluss von INHBA auf die Samenqualität 

untersucht werden. 

 

Prolactin receptor (PRLR) 

Prolaktin ist an der Ausprägung der testikulären Funktion beteiligt. Im Rahmen der 

hypophysären Gonadotropin-Sekretion, sind Prolaktin und folglich der Prolaktin 

Rezeptor an den Rückkopplungs-Mechanismen der gonadalen Steroide beteiligt. 

Studien an PRLR-knockout Mäusen ergaben sub- und infertile männliche Tiere. 

Daher wählten wir PRLR als vielversprechenden Kandidaten für diese Arbeit aus. Wir 

entwickelten 3 intragenische Primerpaare für die Mutationsanalyse. Außerdem wurde 

zur Überprüfung der annotierten Sequenz und zur Suche nach alternativen Splice-

Varianten eine cDNA-Analyse anhand von RNA aus Hodengewebe 8 verschiedener 

Hengste durchgeführt. 

Wir entdeckten drei intragenische SNPs in Intron 2 und 9, die identisch zu den SNP-

Tabellen des Broad Instituts waren. Vier SNPs der SNP-Tabellen des Broad Instituts 

wurden bei acht Hengsten nicht gefunden. Bei der intrafamiliären 

Assoziationsanalyse war der SNP BIEC2-560860 signifikant mit dem LSM sowie mit 

dem embryonalen und paternalen Zuchtwert assoziiert, während der SNP BIEC2-

589441 signifikant mit beiden Zuchtwerten assoziiert war. Bei der Haplotypenanalyse 

konnten vier Haplotypen gebildet werden, von denen zwei signifikant mit dem LSM 

assoziiert waren. Außerdem war jeweils einer dieser beiden Haplotypen signifikant 

mit dem embryonalen bzw. paternalen Zuchtwert assoziiert. 

Die cDNA-Analyse ergab komplette Homologie zur bei Ensembl annotierten cDNA-

Sequenz. Die bei NCBI annotierte Sequenz scheint dagegen unvollständig zu sein. 

Es wurden keine Polymorphismen im kodierenden Bereich von PRLR gefunden. 
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Wir konnten einen signifikanten Einfluß von PRLR auf Hengstfruchtbarkeit 

nachweisen. Allerdings konnten keine Mutationen mit Einfluß auf die kodierende 

Sequenz identifiziert werden. Zur weiteren Aufklärung sind zusätzliche 

Untersuchungen wie z.B. Expressionsanalysen notwendig. 

 

Schlussfolgerungen 
Von den insgesamt 28 ausgewählten Kandidatengenen, konnte für 6 Gene eine 

ausreichende Anzahl an Polymorphismen zur Assoziationsanalyse identifiziert 

werden. Wir konnten für diese 6 Gene signifikante Assoziationen mit drei 

verschiedenen Fruchtbarkeitsparametern bei Hannoveraner Hengsten nachweisen. 

Für 19 Gene konnte keine ausreichende Anzahl an intragenischen SNPs gefunden 

werden. Für drei der ausgewählten Gene konnte die equine genomische Sequenz 

nicht bestimmt werden. 

Von zwei signifikant assoziierten Genen wurde die gesamte kodierende Sequenz 

untersucht, allerdings konnten keine Mutationen im kodierenden Bereich gefunden 

werden. 

Die SPATA1- und INHBA-assoziierten Marker sind zwar jeweils im nicht-kodierenden 

Bereich lokalisiert, zeigen allerdings durch Veränderung von Bindungsstellen von 

Transkriptionsfaktoren möglicherweise einen Einfluss auf die Genregulierung und 

können somit ursächlich für Unterschiede in der Hengstfruchbarkeit sein. 

Unsere Ergebnisse zeigen, dass mehrere Gene an der Ausprägung von 

Fruchtbarkeitsmerkmalen beteiligt sind. Die Aufklärung dieser Gene durch 

Einzelgenanalysen ist jedoch langwierig. Weitere molekulargenetische Analysen 

auch auf Grundlage genomweiter Untersuchungen sind notwendig, um den 

genetischen Einfluß auf Fruchtbarkeit festzustellen. 

Um INHBA, ACE, SP17 und FSHB als ursächlich für Unterschiede in der 

Trächtigkeitsrate pro Rosse anzusehen, sollte die kodierende Sequenz dieser Gene 

sequenziert und Mutationen darin gesucht werden. Dafür ist es notwendig bei einer 

repräsentativen Anzahl von Hengsten, deren Trächtigkeitsrate pro Rosse eine weite 

Spanne aufweist, Hodengewebe zu entnehmen und molekulargenetisch zu 

untersuchen. 
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10 Appendix 

 
Table 1. PCR primers, their product sizes in base pairs (bp) and annealing 

temperatures (Ta) for he amplification of the cDNA sequences of equine SPATA1 and 

PRLR genes. 

 

Gene Primer pairs Ta (°C) 
Product size 

(bp) 

ACCAGAAGTGAGTGGAATGC 
TTCATCAGCCTCAGCAACAC 

60 575 

GCTTCCTATAATGGATC 
CCTGGAGAAAGAGCAGGAA 

61 459 

CAGGATCATTGGAAGATTCAG 
CTGGCTTCAAGTTGCATGA 

60 466 

SPATA1 

AGTTACAGCATCATTGGAAGAA
CAGCTTTCAATGTGCGTAAATC

61 281 

CTGGATTTTACCGGCTGTTC 
TGTAGTCCGGACATTCATGG 

60 448 

AAAGGAAACATTCACCTGCTG 
GTGAGCCAACCGGATCTTAC 

61 375 

TCACGATAAATGCCACGAAC 
CACTGCCCAGACCATAATC 

58 468 

TGAAAGATAGCACCGTGTGG 
GATTCTCCGGCTTCTCAATG 

60 462 

TCGGAAAAGTGTGAGGAACC 
AGCCATGCTCTGTCTTGGTC 

61 407 

PRLR 

GTGCATCAGCCACTTTGTTG 
GAGGCGAGGTCTATCTGAG 

60 448 
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Laboratory paraphernalia 

 
Equipment 
Thermocycler 

PTC-100™ Programmable Thermal Controller (MJ Research, Watertown, USA) 

PTC-100™ Peltier Thermal Cycler (MJ Research, Watertown, USA) 

PTC-200™ Peltier Thermal Cycler (MJ Research, Watertown, USA) 

Biometra TProfessional Thermocycler (Biometra, Göttingen) 

 

Automated sequencers 

LI-COR Gene Read IR 4200 DNA Analyzer (LI-COR, Inc., Lincoln, NE, USA) 

MegaBACE1000 (Amersham Biosciences, Freiburg) 

7300 Real Time PCR System (Applied Biosystems, Darmstadt) 

 

Centrifuges 

Sigma centrifuge 4-15 (Sigma Laborzentrifugen GmbH, Osterode) 

Desk-centrifuge 5415D (Eppendorf, Hamburg) 

Biofuge stratos (Heraeus, Osterode) 

Megafuge 1.OR (Heraeus, Osterode) 

Speed Vac® Plus (Savant Instruments, Farmingdale, NY, USA) 

 

Agarose gel electrophoresis and pulsed field gel electrophoresis 

Electrophoresis chambers  OWL Separation Systems, Portsmouth, NH, USA 

     Biometra, Göttingen 

     BioRad, München 

Generators    2301 Macrodrive 1 (LKB, Bromma, Sweden) 

     Power Pac 3,000 (BioRad, München) 

Gel documentation system BioDocAnalyze 312 nm, Göttingen 

 

Pipettes 

Multipette® plus (Eppendorf AG, Hamburg) 

Pipetus®-akku (Hirschmann® Laborgeräte GmbH & Co.KG, Eberstadt) 

Pipetman® (P2, P10, P20, P100, P200, P1000) (Gilson Medical Electronics S.A., 

Viliers-le-bel, France) 
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Pipettor, Mulit 12 Channel (0.1 – 10 μl) (Micronic® systems, Lelystad, Netherlands) 

Impact® Pipettor 12-Channel (0.5 – 10 μl) (Matrix Technologies Corporation, 

Cheshire UK) 

Impact® Pipettor 12-Channel (25 – 200 μl) (Matrix Technologies Corporation, 

Cheshire UK) 

HAMILTON 8-Channel syringe (Hamilton Bonaduz AG, Bonaduz, Switzerland) 

 

Others 

Milli-Q® biocel water purification system (Millipore GmbH, Eschborn) 

Incubator VT 5042 (Heraeus, Osterode) 

UV-Illuminator 312 nm (Bachhofer, Reutlingen) 

IKA® MTS 2/4 digital (IKA®-Werke GmbH & Co.KG, Staufen) 

Certomat® R (B.Braun Melsungen AG, Melsungen) 

Certomat® H (B.Braun Melsungen AG, Melsungen) 

 

Kits 
Isolation of DNA 

QIAmp 96 DNA Blood Kit (QIAGEN, Hilden) 

NucleoSpin Kit 96 Blood Quick Pure Kit (Macherey-Nagel, Düren) 

 

DNA purification 

Montage PCR96 Cleanup Kit (Millipore GmbH, Eschborn) 

MinElute® 96 UF Plate (QIAGEN, Hilden) 

AutoSeq™ 96 Plate (GE Healthcare, Freiburg) 

 

Preservation of RNA 

RNAlater Solution (Macherey-Nagel, Düren, Germany) 

 

Isolation of RNA 

QIAzol™ Lysis Reagent (Qiagen, Hilden) 

 

Sequencing 

DYEnamic-ET-Terminator Cycle Sequencing Kit (GE Healthcare, Freiburg) 
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Genotyping 

TaqMan® SNP genotyping assay (Applied Biosystems, Darmstadt) 

SensiMix DNA Kit (Quantance Ltd, London, Great Britain) 

 

Size standards 
100 bp Ladder (New England Biolabs, Schwalbach Taunus) 

1 kb Ladder (New England Biolabs, Schwalbach Taunus) 

IRDye™ 700 or 800 (LI-COR, Inc., Lincoln, NE, USA) 

 

Primers 
Primers were produced by MWG-Biotech AG, Ebersberg, Germany and biomers.net 

GmbH, Ulm, Germany. 

 

Reagents and buffers 
APS solution (10%) 

1 g APS 

10 ml H2O 

 

Bromophenol blue solution 

0.5 g bromophenol blue 

10 ml 0.5 M EDTA solution 

H2O ad 50 ml 

 

dNTP solution 

100 μl dATP [100 mM] 

100 μl dCTP [100 mM] 

100 μl dGTP [100 mM] 

100 μl dTTP [100 mM] 

1600 μl H2O 

The concentration of each dNTP in the ready-to-use solution is 5 mM. 

 

Gel solution (6%) 

12.75 ml Urea/TBE solution (6%) 

2.25 ml Rotiphorese® Gel 40 (38% acrylamide and 2% bisacrylamide) 
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95 μl APS solution (10%) 

9.5 μl TEMED 

 

Loading buffer for agarose gels 

EDTA, pH 8 100 mM 

Ficoll 400 20% (w/v) 

Bromophenol blue 0.25% (w/v) 

Xylencyanol 0.25% (w/v) 

 

Loading buffer for gel electrophoresis 

2 ml bromophenol blue solution 

20 ml formamide 

 

TBE-buffer (1x) 

100 ml TBE-buffer (10x) 

900 ml H2O 

 

TBE-buffer (10x) 

108 g Tris [121.14 M] 

55 g boric acid [61.83 M] 

7.44 g EDTA [372.24 M] 

H2O ad 1000 ml 

pH 8.0 

 

Urea/TBE solution (6%) 

425 g urea [60.06 M] 

250 ml H2O 

100 ml TBE-buffer (10x) 

solubilise in a water bath at 65°C 

H2O ad 850 ml 

 

Chemicals 
Agarose (Invitrogen, Paisley, UK) 

Ammonium persulfate (APS) ≥ 98% (Sigma-Aldrich Chemie GmbH, Taufkirchen) 
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Boric acid ≥ 99.8%, p.a. (Carl Roth GmbH & Co, Karlsruhe) 

Bromophenol blue (Merck KgaA, Darmstadt) 

dATP, dCTP, dGTP, dTTP > 98% (Carl Roth GmbH & Co, Karlsruhe) 

DMSO ≥ 99.5%, p.a. (Carl Roth GmbH & Co, Karlsruhe) 

dNTP-Mix (Qbiogene GmbH, Heidelberg) 

EDTA ≥ 99%, p.a. (Carl Roth GmbH & Co, Karlsruhe) 

Enhancer solution P 5x (peqlab Biotechnologie GmbH, Erlangen) 

Ethidium bromide (Carl Roth GmbH & Co, Karlsruhe) 

Formamide ≥ 99.5%, p.a. (Carl Roth GmbH & Co, Karlsruhe) 

Natriumdihydrogenphosphat (Biochrom AG, Berlin) 

Paraffin (Merck KgaA, Darmstadt) 

Rotiphorese® Gel 40 (Carl Roth GmbH & Co, Karlsruhe) 

Sephadex™ G-50 Superfine (Amersham Biosciences, Freiburg) 

TEMED 99%, p.a. (Carl Roth GmbH & Co, Karlsruhe) 

Tris PUFFERAN® ≥ 99.9%, p.a. (Carl Roth GmbH & Co, Karlsruhe) 

Urea ≥ 99.5%, p.a. (Carl Roth GmbH & Co, Karlsruhe) 

Water was taken from the water purification system Milli-Q® 

 

Enzymes 
Taq-DNA-Polymerase 5 U/μl (Qbiogene GmbH, Heidelberg) 

Incubation Mix (10x) T.Pol with MgCl2 [1.5 mM] (Qbiogene, Heidelberg) 

The enzymes Nla III, Hinf I, PspOM I, Hinc II, Apo I, Hha I, Hpy188 I and Rsa I  (New 

England Biolabs, Frankfurt/Main) were used with the adequate 10x enzyme buffer. 

 

Consumables 
Adhesive PCR Film (ABgene, Hamburg) 

Adhesive PCR Film (nerbe plus GmbH, Winsen/Luhe) 

Combitips® plus (Eppendorf, Hamburg) 

MicroAmp™ Optical 96-well reaction plate (Applied Biosystems, Darmstadt) 

MicroAmp™ Optical Adhesive Film Kit (Applied Biosystems, Darmstadt) 

PCR-plate PP, nature, 96x0.2 ml, skirted, RNase-, DNA- und pyrogenfree (nerbe 

plus GmbH, Winsen/Luhe) 

Pipette tips 0.1 – 10 μl (7600) (Matrix Technologies Corporation, Lowell, USA) 
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Pipette tips 0.1 – 10 μl (K138.1), 0.1 – 10 μl (A407.1), 5 – 200 μl (Carl Roth GmbH & 

Co, Karlsruhe) 

Reaction tubes 1.5 ml and 2.0 ml (nerbe plus GmbH, Winsen/Luhe) 

Reaction tubes 10 ml and 50 ml (Falcon) (Renner, Darmstadt) 

Thermo-fast 96 well plate, skirted (ABgene, Hamburg) 

Software 
BLASTN, trace archive http://www.ncbi.nlm.nih.gov 

 

BLAT Search Genome http://genome.ucsc.edu/cgi-bin/hgBlat 

 

ClustalW2 multiple  

alignment program 

http://www.ebi.ac.uk/Tools/clustalw2/ 

ENSEMBL Genome 

browser 

http://www.ensembl.org/index.html 

LALIGN multiple 

alignment program 

http://www.ch.embnet.org/software/LALIGN_form.html 

MERLIN 1.0.1 package http://www.sph.umich.edu/csg/abecasis/Merlin 

Order of TaqMan® SNP 

genotyping assay 

https://products.appliedbiosystems.com 

Order of primers MWG Biotech-AG, Ebersberg 

(http://www.eurofinsdna.com/de/home.html) 

biomers.net GmbH, Ulm 

(order@biomers.net) 

PED5.0 Dr. H. Plendl et al. (2005) Institute for Human Genetics, 

Kiel, Germany 

Primer3 v. 0.4.0 http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi 

RepeatMasker 3.2.5 http://www.repeatmasker.org/ 

SAS/Genetics, version 

9.2 

Statistical Analysis System, SAS Institute, Cary, NC, USA 

Select and order of 

enzymes 

http://tools.neb.com/NEBcutter2/index.php 

http://www.neb.com/nebecomm/products/categories.asp 

Sequencher 4.7 GeneCodes, Ann Arbor, MI, USA 

SUN Ultra Enterprise 

450 

Sun microsystems GmbH, Kirchheim-Heimstetten 
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SUN FIRE V490 Sun microsystems GmbH, Kirchheim-Heimstetten 
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