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1 Introduction 
 

Bilateral convergent strabismus with exophthalmus (BCSE), first described at the end 

of the 19th century, is a widespread hereditary defect known in many cattle 

populations. BCSE is manifested in sporadic cases or accumulated in familial 

settings. The age of onset is variable but falls predominantly in early adulthood. 

Affected animals show a bilateral symmetrical protrusion of the eyeball associated 

with an anterior-medial rotation of the eye. The permanent fixation of the eyeball in 

this position leads to a convergence of the normally divergent visual axis. The course 

of the disease is generally progressive. At an advanced stage obvious exophthalmus 

with epiphora appears and blindness may occur. 

The primary reason for investigating BCSE is its impact on the welfare of affected 

animals. Furthermore, their usefulness may be gravely decreased due to the visual 

disorientation. Due to the hereditary character of the disease, affected cattle should 

not be used for breeding, resulting in economic losses to the farmer. 

An autosomal dominant major gene was shown as responsible for BCSE in German 

Brown cattle. 

As it was shown in different mammalian species human and cattle are closely related 

on molecular genetic level and have many genes in common. Such conserved 

synteny during evolution is useful in comparative genomics. Homologies to human or 

non-human genes which have an influence on the expression of a disease might be 

good candidates for similar diseases in other species. Because of the high similarity 

in pathology and clinical features the genes POLG (polymerase gamma), SLC25A4 

(solute carrier family 25, member 4) and C10orf2 (chromosome 10 open reading 

frame 2) responsible for human progressive external ophthalmoplegia (PEO) were 

chosen as potential candidate genes for bovine BCSE. Therefore, the objective of 

this work was the chromosomal localisation of three candidate genes in cattle and 

the molecular genetic evaluation of whether the candidate regions are linked with the 

bovine disease pattern. 
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2 BCSE in cattle and molecular genetic methods for the 
detection of Quantitative Trait Loci 

2.1 Eye muscles and their nerve supply 

The motor apparatus of the eye consists of eight muscles: 

 

• Four straight muscles (inferior rectus, superior rectus, internal rectus and 

external rectus) are inserted around the optic foramen and the fissura 

orbitalis and directed towards the four cardinal points of the eyeball, 

where they are attached to the sclera. They move the eyeball in the four 

main directions. 

 

• The M. retractor bulbi originates around the optic foramen and is inserted 

in the sclerotic coat in a circular line behind the straight and oblique 

muscles. It acts as a powerful retractor of the eyeball. 

 

• The superior oblique muscle goes from the foramen ethmoideum, in a 

ventral bow around the eyeball, follows the internal osseous wall of the 

orbit and attaches to the temporal sclera. The inferior oblique muscle is 

inserted beneath the lacrimal fossa, penetrates under the eyeball and 

attaches to the temporal sclerotic coat of the eye. The function of these 

muscles is the rotation of the eyeball around the optical axis. The superior 

oblique muscle rotates inwards, while the inferior oblique muscle rotates 

outwards. 

 

• The M. levator palpebrae superioris is inserted near the optic foramen and 

is directed towards the rim of the orbit and placed above the superior 

rectus. Its function is to raise the upper lid. 
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The nerves of the eye muscles come from three different sources: The motoric 

innervation of the eye muscles is supplied by the oculomotor nerve (cranial nerve III) 

(inferior rectus, superior rectus, internal rectus and M. retractor bulbi), the trochlear 

nerve (cranial nerve IV) (superior oblique muscle), and the abducent nerve (cranial 

nerve VI) (external rectus and parts of M. retractor bulbi). 

2.2 Strabismus 

2.2.1 Definition and forms 

In human and veterinary medicine strabismus is the deviation of the eyeball from the 

optic axis proper for the respective species. A paralytic and a non-paralytic form can 

be distinguished. The non-paralytic form of strabismus is also called concomitant and 

is due to a functional disturbance of the apparatus of binocular vision. The 

divergence of the visual axis from its physiological position can be temporary or 

permanent. According to the direction of the pupil, three forms of deviation can be 

distinguished: 

 

• Deviation of the pupil in the vertical meridian (upwards or downwards) 

(hypertropia or hypotropia) 

• Deviation of the pupil in the horizontal meridian (towards the nasal or the 

temporal angels) (esotropia or exotropia) 

• Deviation of the pupil in the oblique meridian 

 

Strabismus can affect one or both eyes: 

 

• Strabismus monocularis 

• Strabismus binocularis 

• Strabismus alternans 

 



Review of Literature  6 

 

The symptoms of strabismus can be congenital or aquired and they appear in many 

different species. 

The potential causes for the aquired strabismus are: 

 

• Paralysis or motor dysfunction of the ocular muscles or of the 

oculomotorius, abducens or trochlearis nerve (Strabismus paralyticus) 

• Space-occupying lesions in the orbit (inflammations and neoplasia such 

as phlegmons or tumours) (Strabismus mechanicus) 

• Impairment of the nerves of the ocular muscles on account of neuritis, 

meningitis, meningo-encephalitis or compressing tumours 

• Metabolic diseases (tetania, hypocalcaemic paralysis, nervous form of 

acetonaemia) 

• Poisoning with an ester of phosphoric acid 

 

Exophthalmus, the excessive protrusion of the eyeball whereby the sclera fills 

between 25% and more than 75% of the palpebral opening, can be caused by 

retrobulbar space-occupying processes, serious systemic infections of the eye, 

impairment of the M. retractor bulbi (paralysis of the abducent nerve) or injury or 

straining of the suspension apparatus. Exophthalmus can appear on one or both 

sides and in different degrees of severity. 

 

2.2.2 Bilateral convergent strabismus with exophthalmus in cattle 

Bilateral convergent strabismus with exophthalmus (BCSE) is a widespread inherited 

anomaly in many cattle populations (Jersey, Shorthorn, German Brown cattle, 

Holstein, German Fleckvieh, Bulgarian grey cattle). Affected cattle show bilateral 

symmetrical protrusion of the eyeball associated with an anterior-medial rotation of 

the eye. The defect does not manifest prior to an age of 6 months, and the condition 

is generally progressive, although it may remain stationary for long periods. The 

syndrome can be classified in four different classes according to the severity of the 

symptoms, whereby from 25% to more than 75% of the temporal corner of the eye 
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can be filled with sclera. At an advanced stage an obvious exophthalmus with 

epiphora appears in affected cows and blindness may result. 

The disease was first described at the end of the 19th century by KOCH (1875). 

KOCH (1875) noticed the symptoms of strabismus in a cow of no further description. 

BARRIER (1885) became aware of a six-year-old cow of unknown breed with 

convergent strabismus and obvious exophthalmus. This cow showed first symptoms 

at the age of eight months and the clinical picture was progressive. 

ZSCHOKKE (1885) found a tumour in the orbita (angioma at the Foramen 

orbitorotundum) responsible for typical symptoms in a cow of no further description 

with obvious (90° rotated eyeballs) strabismus. 

RÖDER (1890) and GÖRIG (1898) suspected a hyperthyreoidism, Morbus Basedow, 

of being responsible for the observed Strabismus convergence with exophthalmus, 

because of the dilatation of the heart in connection with tachycardia (90 to 100 

cardiac beats /min) and the solid struma in their case. 

In further publications, DEXLER (1891), MÖLLER (1910) and JAKOB (1920) 

attributed BCSE to neurological or myological impairment, respectively. 

In the first systematic examinations from birth on, REGAN et al. (1944) noticed the 

clinical features of BCSE in animals of at least twelve months of age (in one case at 

six months) and noticed the progressive development of this hereditary defect in a 

Jersey herd in a Californian Experiment Station. On the basis of results of mating 

tests between members of this herd he was of the opinion that BCSE is conditioned 

by a single recessive autosomal gene. 

HOLMES and YOUNG (1957) describe an analogous clinical picture in Shorthorns. 

According to HOLMES and YOUNG (1957) the defect does not manifest itself until 

the heifers reach sexual maturity and sometimes not until after first calving. HOLMES 

and YOUNG (1957) were in agreement that BCSE is a progressive condition and 

that heredity may be involved, but they were in doubt about the significance of the 

pedigrees for a recessive inheritance. They suspected the involvement of 

environmental factors. 

MINTSCHEV (1965) reported on his investigation of 7 cattle from different breeds 

and ages affected with BCSE. He regarded BCSE as a partial paralysis of abducent 
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nerve due to infra-nuclear lesions and proposed further examinations of the nerve 

and its origin. 

Acting on the suggestion of MINTSCHEV (1965) SCHÜTZ-HÄNKE et al. (1979) 

determined that the clinical syndrome observed in 39 German Black-and-White cattle 

within the range of the Hannover Clinic for Cattle is - contrary to previous reports - 

congenital, progressive and corresponds fully to the descriptions in the literature on 

this defect in other cattle breeds. Pathomorphological examinations of the eyes, their 

muscles and the abducent nerve in four German Black-and-White cattle with the 

typical symptoms of BCSE indicate no differences in comparison to the findings in 

four non-affected control animals. Histological studies proved that the number of 

nerve cells in the motoric nucleus of the abducent nerve is significantly lower in 

affected than in unaffected cattle which apparently led to a relative insufficiency of 

the external rectus and retractor muscles. SCHÜTZ-HÄNKE et al. (1979) reported 

that BCSE is due to a congenital defect in the motoric nucleus of both muscles 

innervated by the abducent nerve (M. retractor bulbi and external rectus). 

POWER (1987) confirmed the progressive course of the disease in two affected Irish 

Friesian cows, two and three years old, with unknown coefficient of relationship. 

Because the transverse diameter of the bovine eye is greater than the axial diameter 

(SISSON, 1953) medial rotation of the eye in combination with an insufficiency of the 

retractor muscle will result in a marginal degree of an apparent protrusion of the 

eyeball. POWER (1987) tested the serum of both animals for the presence of 

antibodies for bovine leucosis with negative results. 

DISTL et al. (1991) used six pedigrees of the German Brown Swiss, including 107 

animals, to test for a single gene causing convergent strabismus with exophthalmus. 

The regressive logit models of the segregation analysis showed that a major gene 

model with additively acting genes best explained the relationship of affected animals 

in these pedigrees. Additionally, polygenic and environmental effects may also be 

important. 

Further examinations by DISTL (1993) gave evidence for a significant contribution of 

an autosomal dominant Mendelian transmission on BCSE. The segregation analysis 

showed that a one locus autosomal recessive gene model is not sufficient to explain 
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the segregation of BCSE, contrary to former speculations (HOLMES and YOUNG, 

1957; REGAN et al., 1944; SCHÜTZ-HÄNKE et al., 1979). 

GERST et al. (1997) estimated the incidence of BCSE at different stages of life and 

several cattle breeds in 310 affected cattle and determined after genetic analyses 

that the defective allele segregates predominantly within cow families and herds. The 

transmission of the defective allele from the paternal side could not be excluded in all 

cases, but this pathway appears to be of minor importance. A comparison of affected 

and non-affected German Brown cattle revealed a higher percentage of US Brown 

Swiss blood in affected cattle. GERST et al. (1997) examined some other 

parameters but they neither found an indication of an association nor linkage nor 

pleiotropic effects between milk production traits and the occurrence of BCSE within 

the families. 

In 115 herds of German Brown cattle VOGT and DISTL (2002) investigated 131 

descendants of an unproven bull in which BCSE was diagnosed after the test period 

at an Al station. The analysis of variance revealed that the bull significantly increased 

the risk for his daughters to become affected. The percentage of affected progeny of 

this sire (6.87%) significantly exceeded the average incidence of BCSE (0.94%), but 

further factors also seem to influence the expression of the disease, since much less 

than the expected frequency of 50% affected progeny exhibited BCSE. The model 

used for analysis of variance also included the effects of cow family and age. These 

factors significantly contributed to the observed frequency of BCSE in the herd itself 

and within herds. Due to the age dependent manifestation of the disease and the low 

average age of progeny of the unproven sire affected with BCSE, it may be expected 

that the frequency of the defect will increase when progeny become older. The 

transmission of BCSE from a sire to his progeny supports the autosomal mode of 

inheritance and contradicts a pure mitochondrial mode of genetic transmission. 

Histological examinations of the eye muscles (internal rectus and external rectus) of 

affected cows showed the presence of “ragged red fibers”, and electron microscopy 

reveals subsarcolemmal accumulation, enlargement, and abnormal shape of the 

mitochondria partly with paracrystalline inclusions. This could be an indication that 

BCSE is caused by a defect of mitochondrial DNA (VOGT and DISTL, 2002). 
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2.3 Gene mapping 

Gene mapping is any method used to identify and measure the position of genes on 

chromosomes and their distance between them. Such knowledge makes it possible 

to establish gene maps. There are two different types of gene maps, genetic linkage 

and physical, according to the different methods applied to establish them. 

2.3.1 Genetic or linkage map 

Genetic maps are linear structures that reflect the sensitivity of genetic 

recombination; they are established by linkage analysis. Genetic maps do not 

provide an absolute location of loci but they describe the genetic distance of loci as a 

function of the frequency of crossing-over occurring during meiotic recombination, 

when a pair of homologous chromosomes exchanges their chromosomal contents. 

The further two loci are apart, the less likely they are to recombine together. The 

genetic distance is denoted in centiMorgan (cM) or in units of crossing over which 

corresponds to a 1% frequency of recombination. Two loci are one cM apart if they 

recombine in meiosis once every 100 opportunities. 

2.3.2 Physical map 

Physical maps are based on direct gene assignment to chromosomes mainly by 

analysis of somatic cell radiation hybrid panels, comparative mapping, by 

fluorescence in situ hybridisation, and sequencing of DNA. The coordinates of the 

physical gene maps are either chromosomes, chromosome regions, bands or base 

pairs. The distance between two loci is described as synteny information in the case 

of hybrid panels or is measured in the number of base pairs. Unlike genetic linkage 

maps, physical maps indicate the absolute location of the loci. The comparison 

between physical and genetic maps is not possible offhand, due to the fact that 

crossing-over does not occur completely at random in the genome. The physical 

distance (bp) between loci can be deduced from the genetic distance and 

contrariwise. One cM is equivalent to approximately 106 bp. Although these are 
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different methods which provide different information about the genome, they are 

complementary and equally important. 

2.3.3 Gene mapping in cattle 

Gene mapping in domestic animals, especially in farm animals, has gained 

increasing importance and become one of the most active disciplines in animal 

genetics. Due to their economic importance cattle and pigs are among the most 

intensely investigated species. The bovine gene map is the fourth best known, 

following those of man, mice and rats. The bovine genome comprises 29 autosomes 

and two sex chromosomes. Genetic maps in cattle have been published by FRIES et 

al. (1993), BARENDSE et al. (1994), BISCHOP et al. (1994), MA et al. (1996), 

BARENDSE et al. (1997) and KAPPES et al. (1997). 

The map published by KAPPES et al. (1997) (URL:http://sol.marc.usda.gov) 

comprises 1250 markers and incorporates 2990 cM. The average distance between 

the markers is 2,5 cM. An overview of maps available can be found in the Anubis 

Map Screen at the Roslin Institute (URL:http://www.ri.bbsrc.ac.uk/anubis/) where 

cytogenetic, genetic and physical maps can be compared. 

2.3.4 Comparative mapping 

The intention of comparative mapping is to constitute homologies in the genome 

between human beings and other mammalians. It is based on the observation that 

extensive genome regions, mainly coding sequences, are conserved between 

different species. Therefore single gene loci and their location on the chromosomes, 

as well as congregations of many genes have been conserved. Knowledge of 

genome regions that are very well conserved allows the use of mapping data in a 

well-known species to improve genome maps from a less well-known one. There is a 

considerable conservation of synteny between humans and other mammalians. 

Once a chromosomal location for a gene of interest is known in humans, it is usually 

possible to predict the likely location of the gene in other species. 

http://www.ri.bbsrc.ac.uk/anubis/
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In 1998 a comparative mapping between BTA19 and HSA17 was conducted by 

YANG et al. (1998), followed by the comparative mapping between BTA1 and 

HSA21 (Drögemüller et al., 2002c). 

 

The gene responsible for the BCSE-symptoms in cattle is still unknown, so we 

looked for similarities to a disease in a different, better investigated species to find 

potential candidate genes for the BCSE. 

2.3.5 Candidate gene approach 

A candidate gene is a gene which, due to its biological function, its possible 

biological function or its position on the gene map might be responsible for the 

phenotypical occurrence of a certain characteristic (BÖDDECKER and ZIEGLER, 

2000). Homologies to human or non-human genes which have an influence on the 

expression of a disease might be good candidates for similar diseases in other 

species. Candidate genes may also be suggested on the basis of a close functional 

relationship to a gene known to be involved in a similar disease. The genes could be 

related by encoding a receptor and its ligand, or other interacting components in the 

same metabolic or developmental pathway. A good candidate gene should have an 

expression pattern consistent with the disease phenotype and should at least be 

expressed at the time and in the place where the pathology is seen. 

 

Significant similarities to BCSE were found in the human disease progressive 

external ophthalmoplegia (PEO). This disease is caused by mutations in the genes 

POLG (VAN GOETHEM et al., 2001), SLC25A4 (LI et al., 1989) and C10orf2 

(SPELBRINK et al., 2001). These nuclear genes encode proteins required for the 

replication of the mitochondrial genome. The genes responsible for the human 

progressive external ophthalmoplegia (PEO) are potential candidate genes for 

bovine bilateral convergent strabismus with exophthalmus, because of the 

physiological role its products play in humans. 
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2.4 Progressive external ophthalmoplegia (PEO) 

PEO is a heritable human mitochondrial disorder characterised by the accumulation 

of multiple-point mutations and large deletions in mtDNA. PEO is considered to be 

the most frequent form of mitochondrial encephalomyopathies in man (DESCHAUER 

et al., 2001). 

Mitochondrial myopathies are rare hereditary diseases that affect the energy 

functions of the mitochondria. Their clinical manifestations are variable and 

sometimes multisystemic. PEO may show autosomal dominant (adPEO) or 

autosomal recessive (arPEO) patterns of inheritance. Maternal transmission 

associated with mitochondrial point mutations has also been proposed 

(DESCHAUER et al., 2001). 

Autosomal dominant and recessive forms of progressive external ophthalmoplegia 

(PEO) with multiple deletions of mitochondrial DNA belong to the subgroup of human 

mitochondrial disorders caused by mutations in nuclear genes (VAN GOETHEM et 

al., 2001). In these disorders, a primary nuclear gene defect causes secondary 

mtDNA loss or deletion formation, which leads to tissue dysfunction 

(SUOMALAINEN and KAUKONEN, 2001). Therefore, the diseases clinically 

resemble those caused by mtDNA mutations, but the defect has a Mendelian basis 

and most likely involves a nuclear gene encoding a protein that interacts with the 

mitochondrial genome. 

Ocular tissues with high energy consumption and dependence on oxidative energy 

production are often involved in mitochondrial diseases (MOJON, 2001). 

2.4.1 Autosomal dominant progressive external ophthalmoplegia (adPEO) 

Autosomal dominant progressive external ophthalmoplegia (adPEO) is a heritable 

mitochondrial disorder characterised by accumulation of multiple point mutations and 

large deletions in mtDNA in patients’ tissues (PONAMAREV et al., 2002). 

Major clinical findings of the disease include chronic progressive ptosis, myopathic 

features such as varying degrees of progressive muscle weakness, most severely 

affecting the external eye muscles, and limitations of eyeball movements. The 

disease onset is in early adulthood. Ataxia, dysphagia, sensorineural hypoacusia,



Review of Literature  14 

 

 neuropathy, tremor, cataract, and/or depression are present in some families 

(ZEVIANI et al., 1989 and 1990; SERVIDEI et al., 1991; SUOMALAIENEN et al., 

1992; MELBERG et al., 1996). In a Swedish family affected with dominant PEO, 

hypogonadism co-segregated with the disease (MELBERG et al., 1996). 

Typical morphological findings include ragged red fibers in the modified Gomori 

trichrome staining of muscle samples, subsarcolemmal accumulation, enlargement, 

and abnormal shape of the mitochondria partly with paracrystalline inclusions visible 

by electron microscopy. Biochemical analysis reveals moderate reduction of the 

activities of several complexes in the electron-transport chain (especially in 

respiratory-chain complexes I and IV) (BOHLEGA et al., 1996), lack of cytochrome 

oxidase c activity (LI et al., 1999), and mild generalised reduction of other 

mitochondrial enzymes requiring mitochondrial DNA-encoded subunits (SERVIDEI et 

al., 1991). 

Southern blot analysis and PCR amplification showed multiple mtDNA deletions in 

muscle of all affected members (ZEVIANI et al., 1990; SERVIDEI et al., 1991; 

SUOMALAIENEN et al., 1992 and 1997). The relative quantity of mutated mtDNA 

correlates to the severity of the clinical symptoms (SUOMALAIENEN et al., 1992).  

As mtDNA deletions did not occur in lymphocytes or fibroblasts, a tissue-specific 

distribution is suggested (SERVIDEI et al., 1991). 

Mutations in the mitochondrial proteins adenine nucleotide translocator 1 (ANT1), 

Twinkle, and polymerase gamma (POLG) have been found to cause autosomal 

dominant progressive external ophthalmoplegia with multiple deletions of DNA 

(HIRANO et al., 2001). POLG mutations have also been identified in families with 

arPEO, which underlines the crucial role of the mtDNA replication machinery for 

mtDNA maintenance (VAN GOETHEM et al., 2002).  

The disease locus was mapped to 10q23.31-q25.1 by linkage analysis (LI et al., 

1999). SUOMALAIENEN assigned the disease locus to 10q23.3-24.3 using FISH 

(SUOMALAIENEN et al., 1995). 

 



Review of Literature  15 

 

2.4.2 Autosomal recessive progressive external ophthalmoplegia (arPEO) 

In recessive PEO the phenotype is more heterogeneous and can be more severe. 

The patients with arPEO have multisystemic disorders. 

Muscle biopsy shows the presence of ragged red fibers, variable dysfunction of the 

respiratory chain, and many mtDNA deletions. The percentage of ragged-red fibers 

and cytochrome c oxidase-negative fibers tends to be higher in muscle from patients 

with adPEO than in that from the patients with arPEO, and patients with adPEO have 

a greater proportion of deleted mtDNA species in muscle than patients with arPEO 

(CARROZZO et al., 1998). The disorder is genetically heterogenous and linkage 

studies have identified two loci at 4q34-35 (KAUKONEN et al., 1999) and 10q23.3-

q24.3 (SUOMALAINEN et al., 1997). 

2.4.3 POLG (Polymerase gamma) 

POLG encodes the only DNA polymerase involved in replication of the mitochondrial 

genome (CLAYTON, 1982). POLG is a heterodimer composed of a 140-kD catalytic 

subunit (POLG1) and a smaller accessory subunit (POLG2). The predicted human 

DNA POLG polypeptide comprises 1239 amino acids, with a calculated molecular 

mass of 139.5 kDa (ROPP and COPELAND, 1996). All the proteins required for the 

replication of the mitochondrial genome are encoded by nuclear genes, including the 

gene for DNA POLG. The enzyme is present in both the nucleus and in the 

mitochondria (BERTAZZONI et al., 1977). 

Although mitochondria have their own double-stranded circular DNA genome, they 

require encoded proteins such as DNA polymerase gamma (POLG). Therefore, 

mutations in nuclear genes can also affect the mtDNA. 

By FISH, ZULLO et al.(1997) mapped the POLG gene to 15q24-q26, WALKER et al. 

(1997) mapped it to 15q25. LI et al. (1999) demonstrated linkage to D10S1267 with a 

maximum LOD score of 5.72. Analysis of meiotic recombinants limited the critical 

region to a 7-cM interval between D10S198 and D10S1795. 

VAN GOETHEM et al. (2001) mapped a new locus for arPEO at 15q22-q26 in a 

Belgian pedigree and identified a heterozygous missense mutation (Y955C) in the 

polymerase motif B of the mtDNA polymerase g (POLG). They identified three other 
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missense mutations compatible with recessive PEO in two nuclear families. In 

humans POLG is mapped to the chromosomal localisation 15q24. 

2.4.4 C10orf2 (chromosome 10 open reading frame 2) 

In 12 different pedigrees of various ethnic origin, including those reported by 

SUOMALAINEN et al. (1995) and LI et al. (1999), SPELBRINK et al. (2001), 11 

different coding region mutations were identified in the C10orf2 gene co-segregating 

with autosomal dominant PEO. 

The C10orf2 gene, which encodes a protein similar to T7 GP4, is linked on 10q24 

(SPELBRINK et al., 2001): its gene product is involved in mammalian mitochondrial 

DNA maintenance. Twinkle (for T7 gp4-like protein with intramitochondrial nucleoid 

localization) is a mitochondrial protein with structural similarity to the phage T7 

primase/helicase (gene 4 protein) and other hexameric ring helicases (MORAES et 

al., 2001) and co-localises with the mitochondrial DNA. The protein’s name derives 

from the unusual localisation pattern reminiscent of twinkling stars. Mutations in the 

region of twinkle proposed to be involved in subunit interactions result in adPEO with 

multiple mtDNA deletions. 

There are 11 different coding-region mutations that co-segregate with the disorder in 

12 adPEO pedigrees of various ethnic origins. The mutations cluster in a region of 

the protein proposed to be involved in subunit interactions. The function of Twinkle is 

assumed to be critical for lifetime maintenance of human mtDNA integrity 

(SPELBRINK et al. ,2001). 

2.4.5 SLC25A4 (solute carrier family 25, member 4) 

synonym: ANT1 (adenine nucleotide translocator) 
The adenine nucleotide translocator proteins (ANT) are mitochondrial membrane 

proteins encoded by a small dispersed multigene family (ELLISON et al., 1996). 

These genes catalyse the exchange of ADP and ATP across the mitochondrial 

internal membrane (STEPIEN et al., 1992) and are involved in apoptotic 

mechanisms. 
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The dimer is a component of the mitochondrial permeability transition pores and 

forms a gate through which ADP is moved from the matrix into the cytoplasm. 

Because the ANT determines the rate of ADP/ATP flux between the mitochondrion 

and the cytosol, it is a logical candidate for the regulation of cellular dependence on 

oxidative energy metabolism. Three isoforms of ANT (ANT1, ANT2, ANT3), coded by 

differentially regulated nuclear genes, have been identified in human, as opposed to 

the two in the mouse (LEVY et al., 2000). 

The three forms are approximately 90% homologous at the amino acid level. The 

patterns of expression of these genes are similar in human, bovine and murine 

tissues (STEPIEN et al., 1992). ANT1 is expressed at high levels in skeletal muscle, 

heart and brain and is induced during myoblast differentiation (STEPIEN et al., 

1992). ANT2 is mainly expressed in kidney, spleen, lung, liver, fibroblasts and 

lymphozytes. ANT3 is not prominently expressed in any of the tissues tested 

(DOERNER et al., 1997). Mutational inactivation of the mouse ANT 1 gene resulted 

in myopathy, cardiomyopathy, and multiple mtDNA deletions in association with 

elevated reactive oxygen species production (WALLACE, 2002). 

The heart- and muscle-specific isoform (ANT1) has been localised by fluorescence in 

situ hybridisation to the long arm of chromosome 4q34-35 (FAN et al., 1992). The 

ANT1 locus was found to be closely linked to D4S139, D4S171, and the dominant 

skeletal muscle disease locus fascio-scapulo-humeral muscular dystrophy (FSHD) 

(WIJMENGA et al., 1993). 

In man ANT1 is located on the side of D4S139 that is opposite from FSDH 

(HARAGUCHI et al., 1993). COHEN and EATON (1979) mapped the nuclear ANT1 

locus 3.3 cM from the centromere-linked gene, leu1, on the same side of the 

centromere of chromosome VII as leu1 in Saccharomyces cervisiae. ANT1 has a 

role in mtDNA maintenance. The human heart-skeletal muscle ANT1 gene was 

isolated and sequenced by LI (LI et al., 1989); it spans 5.8 kilobases and contains 

four exons and three introns. The mRNA is 1.4 kb (LI et al., 1989). The 5´-non-

transcribed region contains typical CCAAT and TATA sequences, a 22-nucleotide 

pair inverted repeat and a 13- nucleotide pair sequence homologous to a similar 

region in the ATP synthase beta subunit gene (LI et al., 1989). 
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Because of their function in humans the three genes POLG, C10orf2, and SLC25A4 

are putative candidate genes for BCSE in cattle. Therefore, these genes should be 

further investigated for their role in bovine BCSE. 

2.5 Microsatellite markers 

Microsatellite markers are a special type of VNTR’s (variable number of tandem 

repeats), consisting of tandemly repeated sequences of many di- to hexanucleotide 

repeats. The most common microsatellites are the poly (CA) repeats. 

The higher the number of repeats of one microsatellite, the higher is its 

polymorphism. Because of the shortness of the tandem repeats genotyping can be 

performed with PCR amplification. Anonymous DNA-markers were used for analyses 

of Quantitative Trait Loci (QTL). These markers normally do not affect the observed 

characteristic, because they are located in the non-coding regions of the DNA. 

However, they can be linked to genes of interest and they can therefore be used for 

scanning significant cosegregation with the target trait. 

The genetic markers were used to mark and subsequently to reconstruct the 

inheritance of certain chromosomal sections to animals of the progeny by means of 

haplotypes of marker alleles. Thus, it is possible to investigate the association 

between the marked chromosomal sections and the disease. 

By linkage with candidate genes markers acquire an indirect effect on the observed 

characteristic. This effect depends on recombination rate, the additive and dominant 

gene effect and the linkage phase. Closely adjacent markers will not be separated 

from candidate genes by recombination. 

Recombination frequencies of more than 20% do not allow a reliable statement 

about a linkage between the marker and the candidate gene. Therefore, evidence of 

marker alleles alone is not significant for an association. 
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2.6 Linkage analysis 

Linkage analysis tests for co-segregation of genes, markers or chromosomal regions 

and a trait of interest. The objective is to determine whether two loci segregate 

independently in meiosis. The probability of independent segregation increases with 

the distance between two loci. Alleles of loci on different chromosomes segregate 

independently, as do alleles of loci on opposite ends of the same chromosome. 

When two loci are closely linked on the same chromosome, their alleles no longer 

segregate independently in meiosis but are co-inherited more then 50% of the time. 

If there is no recombination between them these loci are completely linked. In 

contrast to parametric linkage analysis where the mode of inheritance of the trait 

being investigated must be specified exactly, in non-parametric linkage analysis the 

mode of inheritance needs not to be defined. The linkage analysis has proven to be 

an efficient strategy to determine the localisation of genes underlying a variety of 

inherited phenotypes. 
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3 Comparative mapping of the POLG gene to cattle 

chromosome 21q17→→→→q22 by FISH and confirmation by RH 

mapping 
 

Introduction 
 

The DNA directed polymerase gamma gene (POLG), known to be located on human 

chromosome (HSA) 15q25 (WALKER et al., 1997), encodes the only DNA 

polymerase responsible for mitochondrial DNA (mtDNA) replication. Mutations in 

human POLG have been identified in affected families with progressive external 

ophthalmoplegia (PEO) characterized by accumulation of large-scale mitochondrial 

DNA deletions (OMIM 157640; VAN GOETHEM et al., 2001). This gene was 

identified as candidate gene for congenital bilateral convergent strabismus with 

exophthalmus (BCSE) in cattle (OMIA 000353; DISTL, 1993; DISTL and GERST, 

2000). This monogenic autosomal dominant inherited phenotype in cattle shows 

similarities to the heterogeneous dominant and recessive forms of PEO in man, e.g. 

eye muscle biopsies of affected humans and cattle demonstrated the presence of 

ragged red fibers and many mtDNA deletions (LI et al., 1999). Application of a 

comparative approach, using a human cDNA to screen a bovine BAC library 

revealed a POLG containing bovine BAC clone. To facilitate future linkage studies 

we report the physical mapping of the bovine POLG gene to cattle chromosome 

(BTA) 21q17→q22 by FISH and RH mapping. 

 

Materials and Methods 
 

Isolation and characterization of the bovine POLG clone 

To isolate the bovine POLG gene we screened a genomic BAC library (WARREN et 

al., 2000) constructed in pBACe3.6 with a radioactively labelled heterologous probe 

according to standard protocols. The probe consisted of the human cDNA 

IMAGp998N048415 clone provided by the Resource Center/Primary Database of the 

German Human Genome Project (http://www.rzpd.de/) and sequencing of the 1.5-kb 

http://www.rzpd.de/
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insert confirmed 100% identity to human POLG. This allowed the isolation of an 

approximately 180-kb bovine genomic DNA BAC clone (RCPI-42_64G3). BAC DNA 

was prepared from 100 ml overnight cultures using the Qiagen Midi plasmid kit 

according to the modified protocol for BACs (Qiagen, Hilden, Germany). BAC DNA 

termini were sequenced with the ThermoSequenase kit (Amersham Pharmacia, 

Freiburg, Germany) using a LI-COR 4200 automated sequencer. The BAC DNA was 

digested with SacI and separated by gel-electrophoresis on a single 0.8% agarose 

gel. The DNA from the gel was transferred to a nylon membrane, which was then 

hybridized positively with the insert of the appropriate human POLG IMAGE cDNA 

clone using the ECLTM direct labeling and detection kit (Amersham Biosciences, 

Freiburg, Germany). The BAC insert showed a positive hybridization signal. 

 

Chromosome preparation and fluorescence in situ hybridization (FISH) analysis 

Bovine metaphase spreads for FISH on GTG-banded chromosomes were prepared 

using phytohemagglutinin stimulated blood lymphozytes. Cells were harvested and 

slides prepared using standard cytogenetic techniques. Prior to FISH the 

chromosomes were GTG-banded and well-banded metaphase chromosomes were 

photographed using a highly sensitive CCD camera and IPLab 2.2.3 (Scanalytics, 

Inc.). Identification strictly followed the ISCNDB (2000) classification. The BAC clone 

containing the bovine POLG gene was labelled by nick translation using a Nick-

Translation-Mix (Boehringer Mannheim Corp.). Sonicated total bovine DNA and 

salmon sperm were used as competitor DNA in the FISH experiment. After 

hybridization overnight, signal detection was performed using a Digoxigenin-FITC 

Detection Kit (Quantum Appligene, Heidelberg, Germany). The chromosomes were 

counterstained with DAPI and embedded in propidium iodide/antifade. Previously 

GTG-banded metaphase spreads were re-examined after hybridization with a Zeiss 

Axioplan 2 microscope equipped for fluorescence. 

 

Probe name: RPCI-42_64G3 

Probe type: bovine genomic BAC clone 

Insert size: 180 kb 

Vector: pBACe 3.6 



Comparative mapping of the POLG gene  23 

 

Proof of authenticity: DNA sequencing 

Gene reference: WALKER et al. (1997) 

 

Radiation hybrid (RH) mapping 

For fine mapping, the bovine POLG BAC clone was localized on a bovine radiation 

hybrid panel (WILLIAMS et al., 2002). The Roslin/Cambridge bovine RH panel was 

purchased from Research Genetics (Huntsville, Ala., USA). Primers (F 5’-AAG ATA 

GTG GGG GCA AAA TGA C-3’; R 5’-TAA AGG AGA CAT CAA GTA G-3’) for PCR 

amplification of a 104-bp fragment were designed based on the SP6 terminus BAC 

clone sequence. Two independent PCR reactions were performed in a total of 25 µl 

using 25 ng of RH cell line DNA, 0.5 U of Qiagen Taq polymerase, and annealing at 

59°C. PCR products were separated on a 2% agarose gel. Scoring of PCR products 

was carried out independently by two investigators. The RHMAP3.0 package 

(LANGE et al., 1995) was used for a two-point analysis against approximately 1,200 

bovine markers typed previously on the panel. 

 

Results and discussion 
 

The bovine BAC clone RPCI-42_64G3 was retrieved from the BAC library using a 

heterologous human cDNA POLG probe. This BAC clone hybridized to cattle 

chromosome (BTA) 21q17→q22 (Fig. 1). 

 

Mapping data: 

Location: 21q17→q22< 

Number of cells examined: 30 

Number of cells with specific signals: 0 (4), 1 (3), 2 (10), 3 (4), 4 (9) chromatids per 

cell 

Most precise assignment: 21q17→q22 

Location of background signals (site with >2 signals): none observed 

To confirm the chromosome location of the bovine POLG gene the 

Roslin/Cambridge bovine RH panel was analyzed. The STS marker showed a 

retention frequency of 26.6%. Two-point analysis revealed close linkage of POLG to 
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BTA21 marker IDVGA45 at a distance of 9.3 cR (LOD score 16.6), and to the BTA21 

markers BM103 and ETH131 at larger distances of 30.6 cR (LOD score 10.2), and 

50.2 cR (LOD score 6.9), respectively. The RH results for the POLG BAC confirmed 

the results obtained by FISH. These three linked microsatellite markers were 

previously mapped on BTA21 by linkage mapping (http://sol.marc.usda.gov/). FISH 

mapping of an IDVGA45-containing cosmid clone on BTA21q15 anchored this 

linkage group on BTA21 (MEZZELANI et al., 1995). Here we report evidence for the 

assignment of POLG to BTA21q17→q22 concordant to previous Zoo-FISH studies 

(HAYES, 1995; SOLINAS-TOLDO et al., 1995; CHOWDHARY et al., 1996). 

Comparative RH mapping showed that the long arm of HSA 15 was shown to be 

homologous to a part of BTA10 and a part of BTA21 (BAND et al., 2000). The 

present assignment of the bovine POLG gene refines the assumed conservation of 

gene order between HSA 15q24→q26 and BTA21q. Therefore, the presented 

mapping of POLG provides the basis for future linkage studies that might clarify the 

role of POLG as a putative candidate gene for BCSE in cattle. 

 

 

 

 

Fig. 1: Chromosome assignment of the bovine POLG gene by FISH. (A) 

GTG-banding of the bovine metaphase spread. (B) Double signals indicated 

by arrows are visible on both chromosomes 21q. 

A B 
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4 Assignment of the bovine C10orf2 gene to bovine 

26q13→→→→q21 by fluorescence in situ hybridization and 

confirmation by radiation hybrid mapping 
 

Introduction 
 

Mutations in coding regions of the C10orf2 (chromosome 10 open reading frame 2) 

gene encoding the mitochondrial protein twinkle were shown to co-segregate in man 

with autosomal dominant progressive external ophthalmoplegia (adPEO) in several 

pedigrees of various ethnic origin (SPELBRINK et al., 2001). A specific feature of the 

disease is accumulation of multiple deletions of mtDNA in tissues, mostly in the 

brain, muscle and heart, which results in a lack of the respiratory chain proteins thus 

leading do defective energy production and muscle weakness, most severely in the 

ocular muscles (SOUMALAINEN et al., 1995). The human C10orf2 gene is located 

on HSA 10q24.31 (http://www.ensembl.org). The objective of this study was to map 

the C10orf2 gene by fluorescence in situ hybridization and radiation hybrid mapping 

in cattle. C10orf2 appears as an appropriate candidate gene for bilateral convergent 

strabismus with exophthalmus (BCSE) in cattle, because the phenotype of BCSE in 

cattle shows striking similarities to the heterogeneous dominant and recessive forms 

of PEO in man (DISTL, 1993). BCSE is similarly to adPEO characterized by a 

progressive symmetrical insufficient function of the eye muscles recti laterals and 

retractores. Furthermore, in German Brown cattle a monogenic, autosomal dominant 

inheritance proved to be most probable using complex segregation analysis (DISTL, 

1993). Due to the wide dissemination of BCSE in many cattle breeds, the late onset 

in life not earlier than by an age of 1-2 years and the high incidence of 0.9% of this 

inherited anomaly in German Brown cattle, the development of an effective genetic 

programme based on molecular genetic tests is strongly warranted. 
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Materials and Methods 
 

Isolation and characterization of the bovine C10orf2 clone 

For the isolation of the bovine BAC clones with the C10orf2 gene a genomic bovine 

BAC library (WARREN et al., 2000) constructed in pBACe3.6 was screened 

according to the RPCI protocols (http://www.chori.org/bacpac/) with a 32P-labeled 

insert of the IMAGE cDNA IMAGp998D139950 clone (Ressource Center/Primary 

Database of the German Human Genome Project; http://www.rzpd.de/) containing 

2.2 kb corresponding to the complete ORF of the human C10orf2 gene. A bovine 

genomic DNA BAC clone designed RPCI-42_291E8 of approximately 175 kb was 

isolated. BAC DNA was prepared from 100 ml overnight cultures using the Qiagen 

Midi plasmid kit according to the modified protocol for BACs (Qiagen, Hilden, 

Germany). BAC DNA termini were sequenced using the ThermoSequenase kit 

(Amersham Pharmacia, Freiburg, Germany) and a LI-COR 4200 automated 

sequencer. The isolated bovine BAC clone containing C10orf2 was digested with the 

restriction enzyme SacI separated on a 0.8% agarose gel. The DNA from the gel 

was transferred to a nylon membrane, which was then hybridized with the insert of 

the IMAGp998D139950 cDNA clone labeled using the ECLTM direct labeling and 

detection kit (Amersham Biosciences, Freiburg, Germany). The BAC insert showed a 

positive hybridization signal. 

 

Chromosome preparation 

Bovine metaphase spreads for FISH on GTG-banded chromosomes were prepared 

using phytohemagglutinin stimulated blood lymphozytes. Cells were harvested and 

slides prepared using standard cytogenetic techniques. Prior to fluorescence in situ 

hybridization the chromosomes were GTG-banded and well-banded spread 

metaphase chromosomes were photographed using a highly sensitive CCD camera 

and IPLab 2.2.3 (Scanalytics, Inc.). Identification of chromosomes followed strictly 

the Reading Conference classification (ISCNDB 2000). 

 

 

 

http://www.rzpd.de/) containing
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Fluorescence in situ hybridization (FISH) analysis 

The 175 kb bovine BAC clone containing the bovine C10orf2 gene was labeled with 

digoxigenin by nick translation using a Nick-Translation-Mix (Boehringer Mannheim, 

Mannheim, Germany). FISH on GTG-banded bovine chromosomes was performed 

using 750 ng of digoxigenin labelled BAC DNA, 1 µg sheared total bovine DNA and 

10 µg salmon sperm were used as competitors in this experiment. After hybridization 

over night, signal detection was performed using a Digoxigenin-FITC Detection Kit 

(Quantum Appligene, Heidelberg, Germany). The chromosomes were 

counterstained with DAPI and embedded in propidium iodide/antifade. 35 

metaphases that were previously photographed were re-examined after hybridization 

with a Zeiss Axioplan 2 microscope equipped for fluorescence. 

 

Probe name: RPCI-42_291E8 

Probe type: bovine genomic BAC clone 

Insert size: 175 kb 

Vector: pBACe 3.6 

Proof of authenticity: DNA sequencing 

Gene reference: SPELBRINK et al. (2001) 

 

Radiation hybrid (RH) mapping 

To confirm the cytogenetic localization of the bovine C10orf2 gene a bovine radiation 

hybrid panel was analysed. The Roslin/Cambridge bovine RH panel was purchased 

from Research Genetics (Huntsville, Ala., USA). The RH panel of 94 clones was 

created by exposing the bovine cell line to 3,000 rad of x-rays and fusion with non-

irradiated HPRT deficient hamster recipient cells (Wg3H). A pair of bovine primers 

(C10orf2_F 5’- TCC TCC CCT CCT TCC TCA C -3’; C10orf2_R 5’- TGA GGT GGG 

GGT GAA CTT G -3’) for PCR amplification of a 507-bp fragment of the C10orf2 

gene was designed based on the SP6 terminus BAC clone sequence. Two 

independent PCR reactions were performed in a total of 25 µl using 25 ng of RH cell 

line DNA, 0.5 U of Qiagen Taq polymerase, and annealing at 59°C. PCR products 

were separated on a 1% agarose gel. Scoring of PCR products was carried out 

independently by two investigators. The RHMAP3.0 package (LANGE et al., 1995) 
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was used for a two-point analysis against approximately 1,400 bovine microsatellite 

markers typed previously on the panel. 

 

Results and Discussion 
 

The bovine BAC clone RPCI-42_291E8 has been retrieved from the BAC library 

using a heterologous human cDNA C10orf2 probe. Sequencing of the SP6 BAC 

terminus (AJ440729) revealed a match of 83% identity over 313 bp (BLAST E-value 

< 10-36) to the 113 kb human genomic DNA chromosome 10q24.31 clone RP11-

179B2 (GenBank AL138762), which is located approximately 100 kb upstream to the 

annotated C10orf2 gene on HSA 10q24.31 (http://www.ensembl.org/). 

The chromosomal location of the bovine C10orf2 gene was determined by 

fluorescence in situ hybridization (FISH) of the BAC clone RPCI-42_291E8 to bovine 

metaphase chromosomes (Fig. 2). 

 

Mapping data: 

Location: 26q13→q21 

Number of cells examined: 35 

Number of cells with specific signals: 0 (1), 1 (1), 2 (10), 3 (10), 4 (13) chromatids per 

cell 

Most precise assignment: 26q13→q21 

Location of background signals (site with >2 signals): none observed 

 

To confirm the chromosome location of the bovine C10orf2 gene the 

Roslin/Cambridge bovine RH panel was analyzed. The STS marker used for RH 

mapping was designed from the SP6 BAC end sequence. Two-point analysis 

revealed close linkage of C10orf2 to the BTA 26 marker CSKB74 at a distance of 25 

cR (LOD score 8.5). This microsatellite marker has been physically mapped on BTA 

26q14 (BYRNE et al., 1997). The RH results for the bovine C10orf2 BAC confirmed 

the results obtained by FISH. This chromosomal assignment of C10orf2 to BTA 26 is 

in good agreement with known conservation of synteny between HSA 10q and BTA 

26 (BAND et al., 2000). 
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A B 

Fig. 2: Chromosomal assignment of the C10orf2 gene by FISH analysis. The 

digoxigenin labeled BAC clone RPCI-42_291E8 containing the C10orf2 gene was 

hybridized to GTG-banded metaphase chromosomes of a normal cow. The 

chromosomes were counterstained with DAPI and propidium iodide and 

subsequently identified by GTG-banding and DAPI staining. (A) GTG-banding of 

the bovine metaphase spread. (B) Double signals indicated by arrows are visible 

on both chromosomes 26q13 q21. 
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5 Fine mapping of the bovine solute carrier family 25, 

member 4 (SLC25A4) gene to BTA27q14→→→→q15 by 

fluorescence in situ hybridization and radiation hybrid 
mapping 

 

Introduction 
 

The solute carrier family 25, member 4 (SLC25A4) gene, known to be located on 

HSA4q35 (FAN et. al., 1992), encodes the ADP/ATP translocator, or adenine 

nucleotide translocator (ANT), a mitochondrial protein which determines the rate of 

ADP/ATP flux between the mitochondrion and the cytosol (LI et al., 1989). This gene 

is a candidate gene for congenital bilateral convergent strabismus with exophthalmus 

in cattle (OMIA 000353) (DISTL, 1993). This monogenic autosomal dominant 

inherited disease in cattle shows similarities to the heterogeneous dominant and 

recessive forms of progressive external ophthalmoplegia in man (OMIM 157640), 

e.g. skeletal muscle of affected humans and cattle showed ragged red fibers and 

multiple mtDNA deletions (KAUKONEN et al., 2000). Mutations in human SLC25A4 

have been identified in affected families with autosomal dominant progressive 

external ophthalmoplegia characterized by large-scale mitochondrial DNA deletions 

(KAUKONEN et al., 2000). 

 

Material and Methods 
 

Isolation and characterization of the bovine SLC25A4 clone 
BAC clones were isolated from a bovine BAC library (WARREN et al., 2000) by 

screening with a radioactively labelled heterologous probe following standard 

protocols (http://www.chori.org/bacpac/). The probe consisted of the human cDNA 

IMAGp998I2110157 clone provided by the Resource Center/Primary Database of the 

German Human Genome Project (http://www.rzpd.de/) and sequencing of the 1.3 kb 

insert confirmed 100% identity to the complete human SLC25A4 mRNA 

http://www.rzpd.de/
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(XM_003631). BAC DNA was prepared from 100 ml overnight cultures using the 

Qiagen Midi plasmid kit according to the modified protocol for BACs (Qiagen, Hilden, 

Germany). The BAC DNA was digested with SacI and separated by gel-

electrophoresis on a single 0.8% agarose gel. The DNA from the gel was transferred 

to a nylon membrane, which was then hybridized positively with the insert of the 

appropriate human SLC25A4 IMAGE cDNA clone using the ECLTM direct labeling 

and detection kit (Amersham Biosciences, Freiburg, Germany). One bovine BAC 

clone containing the SLC25A4 gene was identified and designated RPCI42_551I8. 

 

Chromosome preparation 

Bovine metaphase spreads for fluorescence in situ hybridization (FISH) on GTG-

banded chromosomes were prepared using phytohemagglutinin stimulated blood 

lymphozytes from a normal bull. Cells were harvested and slides prepared using 

standard cytogenetic techniques. Prior to FISH the chromosomes were GTG-banded 

and well-banded spread metaphase chromosomes were photographed using a 

highly sensitive CCD camera and IPLab 2.2.3 (Scanalytics, Inc.). 

 
Fluorescence in situ hybridization (FISH) 

The BAC clone, RPCI42_551I8, with a 190 kb insert containing the bovine SLC25A4 

gene was labelled with digoxigenin by nick translation, using a Nick-Translation-Mix 

(Boehringer Mannheim Corp., Mannheim, Germany). FISH on GTG-banded cattle 

chromosomes was performed using 750 ng of digoxigenin labelled BAC DNA. 1 µg 

sheared total bovine DNA and 10 µg salmon sperm DNA were used as competitors 

in this experiment. After hybridization overnight, signal detection was performed 

using a Digoxigenin-FITC Detection Kit (Quantum Appligene, Heidelberg, Germany). 

The chromosomes were counterstained with DAPI and slides were mounted in 

propidium iodide/antifade. Metaphases that were previously photographed were 

reexamined after hybridization with a Zeiss Axioplan 2 microscope equipped for 

fluorescence. 
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Radiation hybrid (RH) mapping 

The 3,000 rad Roslin/Cambridge bovine RH panel (WILLIAMS et al., 2000) was 

purchased from Research Genetics (Huntsville, Ala., USA). The 94 DNAs of the RH 

panel were subjected to PCR amplification. A 678 bp fragment was amplified using 

the PCR primers RPCI42_551I8_SP6F (5’- TAA GAA GCT ACA CAC AGC CTA C-

3’) and RPCI42_551I8_SP6R (5’-ATC AGA AAC TGT CTG CTC AGA C-3’) 

designed from the SP6 sequence (EMBL Acc. AJ440789) of the SLC25A4 

containing BAC clone. Two independent PCR reactions were performed in a total of 

25 µl using 25 ng of RH cell line DNA, 0.5 U of Qiagen Taq polymerase, and 

annealing at 59°C. The PCR products were analyzed by agarose gel electrophoresis 

and ethidium bromide staining. Positive signals were scored and the RHMAP3.0 

package (LANGE et al., 1995) was used for a two-point analysis against 

approximately 1200 bovine markers typed previously on the panel 

(http://www.ri.bbsrc.ac.uk/radhyb). 

 

Results and Discussion 
 
The chromosomal location of the bovine SLC25A4 gene on BTA27q14-q15 was 

determined by FISH of the BAC clone RPCI42_551I8 to metaphase chromosomes 

(Fig. 3). This localization was confirmed by analyzing a bovine radiation hybrid panel. 

The retention frequency of the PCR primers used was 22%. Two-point analysis 

revealed close linkage of SLC25A4 to microsatellite markers BMS2650 (STONE et 

al., 1997), and BM1856 (BISHOP et al., 1994) at distances of 13.7, and 25 cR, 

respectively. The corresponding LOD scores were 14.03, and 10.88, respectively. 

This result is in concordance with the FISH assignment of the bovine SLC25A4 gene 

to BTA27q14-q15. Mapping of bovine BAC clone containing the SLC25A4 gene to 

BTA27q14-q15 is consistent with comparative mapping information in human. The 

human SLC25A4 gene was assigned to HSA4q35. This chromosome shares 

conserved regions with BTA27. 
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Fig. 3: Chromosome assignment of the bovine SLC25A4 gene by FISH. (A) GTG-

banding of the bovine metaphase spread. (B) Detection of double signals indicated 

by arrows are visible on both chromosomes 27q. 
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6 Linkage analysis between bilateral convergent 
strabismus with exophthalmus in German Brown cattle 
and microsatellite markers on bovine chromosomes 21, 
26 and 27 

 
Abstract 
 

Congenital bilateral convergent strabismus with exophthalmus (BCSE) has been 

reported in many cattle populations. In German Brown cattle BCSE is supposed to 

be caused by a dominant single major gene. Affected animals show a bilateral 

symmetrical protrusion of the eyeball associated with an anterior-medial rotation of 

the eye. According to the high similarity of pathology and clinical features of BCSE 

with progressive external ophthalmoplegia (PEO) in man, three genes (POLG, 

SLC25A4, C10orf2), responsible for the human PEO, have been identified as 

potential candidate genes for BCSE in German Brown cattle. Using the bovine 

mapping results for these three genes we performed a linkage analysis with 27 

microsatellite markers from BTA21, BTA26 and BTA27. Additional 8 gene-

associated microsatellites were developed and these markers were included into the 

genome scan covering BTA21, 26 and 27 to clarify a potential role of these 

candidate genes for the bovine BCSE phenotype. Our results clearly showed that 

none of the microsatellite markers used was significantly linked to BCSE in German 

Brown cattle. 

 

Introduction 
 

The bilateral convergent strabismus with exophthalmus (BCSE) is a widely spread 

inherited defect manifesting in sporadic cases or accumulated in familial settings 

(OMIA 000353). In randomly sampled herds the average incidence of BCSE in 

German Brown cattle was 0.94% (GERST et al., 1997). The age of onset is variable 

but predominantly in the early adulthood. Affected animals show a convergence of 
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the optic axis and a restricted motility of the eyeballs. The course of the disease is 

generally progressive and at an advanced stage blindness may occur. BCSE was 

shown in German Black and White cattle to be due to a congenital defect in the 

motoric nuclei of the abducent nerve which innervates the M. retractor bulbi and M. 

external rectus (SCHÜTZ-HÄNKE et al., 1979). Complex segregation analyses of 

pedigrees of German Brown cattle segregating for BSCE revealed an autosomal 

dominant major gene as the most probable mode of inheritance (DISTL, 1993). 

The BCSE phenotype in cattle shows striking similarities to the genetically 

heterogenous dominant and recessive forms of progressive external 

ophthalmoplegia (PEO) in man. PEO is caused by mutations in three different 

nuclear genes, POLG, C10orf2 and SLC25A4 (VAN GOETHEM et al., 2001; 

SPELBRINK et al., 2001; LI et al., 1989). In cattle the POLG gene maps close to 

IDVGA45 on BTA21 (DRÖGEMÜLLER et al., 2002a), C10orf 2 is localised near 

BM1314 on BTA26 (KUIPER et al., 2002) and SLC25A4 is assigned near BMS2650 

on BTA27 (DRÖGEMÜLLER et al., 2002b). After physical mapping of these three 

candidate genes on the bovine genome we performed a non-parametric linkage 

analysis using microsatellite markers covering BTA21, BTA26, BTA27 equidistantly 

in BCSE segregating families. Additionally, microsatellite markers could be 

developed for the bovine BAC clones harbouring the three candidate genes, POLG, 

C10orf2 and SLC25A4 and these markers were subsequently included in the linkage 

analysis. 

 

Material and methods 
 
Pedigree material 

For the linkage analysis we collected blood or semen samples from 154 animals 

belonging to 36 families segregating for BCSE. In total, these families included 405 

individuals, whereby 83.7% of these animals were examined for BCSE. The 

prevalence of BCSE recorded in our pedigree material was 29.2%. The average 

family size was 11.25 individuals, spanning from 5 to 32 individuals and covering 2 to 

8 generations. The average degree of relationship within the families was 17.5%, 

ranging from 6.3% to 25%. 
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Genomic DNA from blood and semen samples was extracted by using Nucleon 

BACC2-Kit (Amersham Pharmacia Biotech, Freiburg, Germany). 

 

Marker development and genotyping 

Microsatellite markers were developed for each of three different bovine BAC clones 

containing parts of the three candidate genes, POLG, C10orf2 and SLC25A4. DNA 

was isolated for each of the three different bovine BAC clones and then digested 

with different restriction enzymes. The resulting fragments were separated on 0.8% 

agarose gels and subcloned into the polylinker of pGEM-4Z (Promega, Mannheim, 

Germany). Recombinant plasmid DNA was end sequenced with the 

ThermoSequenase sequencing kit (Amersham Pharmacia Biotech, Freiburg, 

Germany) on a LI-COR 4200L-2 automated sequencer. Sequence data were 

analysed with Sequencher 4.0.5 (Gene Codes, Ann Arbor, MI, USA). A search for 

microsatellite markers was performed using the Repeat Masker searching tool for 

repetitive elements (http://repeatmasker.genome.washington.edu/). Repeat flanking 

single copy sequences were used to design primer pairs for the microsatellite 

amplification using the program Gene Fisher (http://bibiserv.techjak.uni-bielefeld.de). 

The microsatellites from BTA21, 26 and 27 were chosen from the linkage map 

generated by U.S. Meat Animal Research Center (MARC) within the United States 

Department of Agriculture (USDA) (http://www.marc.usda.gov/genome/genome. 

html). The markers were selected with pair-wise distances between 10 and 20 cM 

and distributed over all three chromosomes. 10 microsatellites (BM8115, BMS1117, 

AGLA233, BP33, BM103, IDVGA45, UWCA4, DIK064, TGLA122, BMS743) were 

chosen from BTA21, 8 microsatellites (BMS651, BMS907, BM1314, BMS332, 

HAUT27, BM188, BM6041, BM804) from BTA26 and 9 microsatellites (BM3507, 

BMS1001, BMS2650, BMS641, RM209, INRAMTT183, BMS689, CSSM036, 

INRA027) were selected from BTA27 (Fig. 4). The average distance between these 

markers was 8.21 cM, spanning from 0.7 to 18.6 cM. 

All microsatellites were amplified via PCR. PCR reactions were carried out in a 15 µl 

reaction mixture containing 2 µl genomic DNA (10 ng/µl), 5.9 µl H2O, 1.5 µl 10x 

buffer, 3.0 µl Q-Solution (Qiagen, Hilden, Germany),1.0 µl of each primer (10 µM), 

0.4 µl d’NTP’s (100µM) and 0.2 µl Taq Polymerase (5 U/µl) (Q-Biogen, Heidelberg, 

http://bibiserv.techjak.uni-bielefeld.de/
http://www.marc.usda.gov/genome/genome.html
http://www.marc.usda.gov/genome/genome.html
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Germany). One of each pair of primers was end-labeled with fluorescent IRD 700. All 

markers were amplified under the same PCR conditions: incubation at 94°C for 4 

min to activate the enzyme, followed by 35 cycles for 30s at 94°C, 60s annealing 

temperature, and a final extension at 72°C for 30s, ending with 10 min at 4°C. After 

addition of formamide loading buffer for dilution the amplified fragments were 

electrophoresed on 6% denaturing polyacrylamid gel with a LI-COR 4200L 

automated sequencer and scored by visual examination. 

 

Linkage analysis 

In multipoint non-parametric linkage analysis the proportion of alleles which affected 

individuals share identical by descent (IBD) at the considered marker loci were 

estimated irrespective of the mode of inheritance of the phenotype (KONG and COX, 

1997; WHITTEMORE and HALPERN, 1994 ; KRUGLYAK et a., 1996). We tested 35 

microsatellite markers for co-segregation with the phenotype of BCSE. The 

pedigrees for the linkage analysis included 154 animals belonging to 36 families 

segregating for BCSE. The Whittemore and Halpern NPL all and pairs statistics were 

employed to test for allele sharing among affected pedigree members. Also the Kong 

and Cox LOD scores were calculated. The statistical analysis was performed using 

the MERLIN Software Package (http://www.sph.umich.edu/csg/abecasis/ Merlin) 

(ABECASIS et al., 2002). 

 
Results and discussion 
 

Marker development and genotyping 

We were able to identify 8 new microsatellite markers in the three bovine BAC clones 

containing the three candidate genes. The localisation of the newly developed 

microsatellite markers is assigned in Figure 4. The RH-mapping results of the 

candidate gene associated markers showed close linkage to microsatellites already 

localized on the linkage map (DRÖGEMÜLLER et al., 2002a and 2002b; KUIPER et 

al., 2002). Out of these 8 markers 5 consist of dinucleotide repetitions and two were 

trinucleotide repeats. SLC25A4_MS3 was composed of both (Tab. 1). In our 

pedigree material 5 markers were polymorphic. The POLG_MS2 marker was highly 

http://www.sph.umich.edu/csg/abecasis/Merlin
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informative with a PIC value of 0.76. The C10orf2_MS2 marker showed a PIC value 

of 0.53. Three of the gene-associated microsatellites (C10orf2_MS4, 

SLC25A4_MS1, SLC25A4_MS3) proved to be monomorphic, and so were non-

informative for linkage analysis. The other microsatellites (POLG_MS1, POLG_MS3, 

SLC25A4_MS2) showed a very low degree of polymorphism and heterozygosity 

(PIC: 0.03-0.23). 

The marker set used for scanning the bovine chromosomes BTA21, BTA26 and 

BTA27 is presented in Table 2. The markers chosen have a mean number of 6 

alleles. In general, we have observed a lower number of alleles in our study in 

comparison to the published data, but in 16 markers (59.26%) the observed 

heterozygosity is equal or even higher than in literature (MARC/USDA-gene map). 

The low allelic diversity, yet relatively high heterozygosity is not surprising because it 

has been shown that during inbreeding the allele numbers are usually reduced faster 

than the heterozygosity (NEI et al., 1975). The marker set used showed an average 

PIC value of 54%, so our marker set is highly informative and suitable for linkage 

studies. 

 

Linkage analysis 

Mapping efforts were focused on three different chromosomes each containing a 

candidate gene for BCSE in cattle. Besides the chromosomal regions of the three 

candidate genes, all three chromosomes were scanned for linkage with BCSE using 

27 equidistantly spread microsatellite markers. The maximum LOD scores that could 

be achieved per chromosome in our pedigrees varied between 11.06 and 15.27. The 

LOD score computed did not exceed a value of 0.2. The p-values ranged between 

0.2 and 0.8. The linkage analysis of each single family did not reveal heterogeneity. 

Within the examined 36 families there was no significant linkage between any of the 

investigated markers and the phenotype of BCSE. The linkage analysis indicated 

that the BCSE locus is neither localised in the candidate gene regions nor on the 

chromosomes BTA21, BTA26 and BTA27. Therefore, we can exclude the candidate 

genes POLG on BTA21, C10orf2 on BTA26 and SLC25A4 on BTA27 as being 

responsible for BCSE. Further genome scans should be performed for the remaining 

bovine genome in order to detect the major gene that proved to be responsible for 
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the BCSE in German Brown cattle. Therefore complex segregation analysis have to 

be performed. 



Linkage analysis for BCSE on BTA 21, 26 and 27 43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi
g.

4:
 S

el
ec

te
d 

m
ar

ke
rs

 o
n 

BT
A 

21
, B

TA
26

 a
nd

 B
TA

27
 (U

SD
A 

lin
ka

ge
 m

ap
). 

Th
e 

ca
nd

id
at

e 
ge

ne
 m

ar
ke

rs
 (b

ol
d)

 a
re

 a
ss

ig
ne

d 
on

 th
e 

le
ft 

ha
nd

 s
id

e 
by

 a
 v

er
tic

al
 li

ne
. T

he
 c

lo
se

ly
 li

nk
ed

 
m

ar
ke

rs
 o

n 
th

e 
ge

ne
tic

 m
ap

 a
re

 u
nd

er
lin

ed
. 



Linkage analysis for BCSE on BTA 21, 26 and 27 44 

 

 

R
ev

er
se

 P
rim

er
 S

eq
ue

nc
e

TT
C

AG
G

C
AT

C
TT

AG
TG

AG
G

TA
G

AT
AT

TG
G

C
AG

TG
G

C
AT

G
AT

C

G
TC

AC
C

TA
AG

AA
C

C
C

AC
TG

TG

TC
TG

C
TC

AT
G

C
AC

TG
TA

AC
TT

G

C
TG

G
G

TG
AT

TT
TG

AG
AT

C
AT

G
G

TT
AT

TT
C

C
G

G
AT

G
G

AC
AC

AC

C
AT

G
C

AT
TG

G
AG

AA
G

G
AA

AT
G

G

TC
TC

TG
G

G
TT

TG
TG

C
TT

AA
C

TC

Fo
rw

ar
d 

Pr
im

er
 S

eq
ue

nc
e

C
C

TC
AG

AA
G

G
AA

AT
G

G
C

AA
C

C

C
TG

AA
G

TG
TG

AC
AG

C
TT

TT
G

G

TG
AC

TC
C

G
G

TT
TC

TT
TC

TT
C

TG
G

G
AA

G
G

TG
AG

AG
TT

C
TT

G
G

AT
TT

G
G

C
C

TG
TC

C
C

AG
AG

AG

TA
G

C
TA

G
AG

TT
C

C
C

TT
AC

AG

G
C

AT
TT

C
TC

C
TG

C
TG

AA
AC

TT
C

G
G

AC
AC

G
AC

TG
AA

G
C

AA
C

An
ne

al
. 

Te
m

p.
 (°

C
)

59 57 56 59 56 55 58 59

PI
C

0.
23

0.
73

0.
05

0.
43 0 0

0.
03 0

H
et

0.
25

0.
76

0.
05

0.
53 0 0

0.
03 0

Al
le

le
-

nu
m

be
r

3 7 2 3 1 1 2 1

Al
le

le
 S

iz
e 

(b
p)

16
1-

16
7

18
1-

19
9

92
-9

6

11
3-

11
7

16
2

13
2

17
1

17
1

R
ep

ea
t

(G
C

A)
6

(A
T)

6,
 (A

T)
5,

(G
T)

9,
(A

T)
4

(A
C

)8

(C
A)

9

(C
A)

10

(G
T)

7

(T
G

C
)7

(G
C

A)
5,

(A
T)

4,
(A

T)
6,

(A
C

)5

BT
A

21 21 21 26 26 27 27 27

M
ar

ke
r

PO
LG

_M
S1

PO
LG

_M
S2

PO
LG

_M
S3

C
10

or
f2

_M
S2

C
10

or
f2

_M
S4

SL
C

25
A4

_M
S1

SL
C

25
A4

_M
S2

SL
C

25
A4

_M
S3



Linkage analysis for BCSE on BTA 21, 26 and 27 45 

 

Tab.2: Features of the used marker-set. 
 
Features Mean Minimum Maximum Std Deviation 
Allele number 6 1 11 2.96 
Het 0.58 0 0.84 0.26 
PIC 0.54 0 0.82 0.25 
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7 General Conclusions 
 
The hereditary character of bilateral convergent strabismus with exophthalmus 

(BCSE) has previously been shown, while the molecular basis of this eye defect 

remained unclear. An autosomal dominant single gene, possibly in addition to a 

defect of the mitochondrial DNA or environmental factors, provides a plausible 

explanation for the pedigrees investigated here. It is therefore necessary to perform 

further investigations to identify the gene responsible for this bovine eye defect. 

A genome-wide scan including all autosomes may assist in identifying the 

chromosomal regions harbouring genes which influence this phenotype. The use of 

about 150 microsatellite markers, equidistantly spread over all 29 bovine 

chromosomes, should allow the detection of markers linked with BCSE. 

Because of the age dependence of the manifestation of this defect, only affected 

animals are recommended to be used in marker studies. 

With respect to animal welfare and health, it is of significant importance to be able to 

identify the potential carriers of BCSE. The first step towards the development of a 

DNA based mutation test requires the mapping of the disease locus. The candidate 

genes for PEO in man had to be excluded as responsible for BCSE.  

Due to the conservative behaviour of the linkage tests based on allele sharing 

between relatives it is more difficult to find genome-wide significant linkage of 

markers with BCSE. Therefore, the families available now should be also extended 

in further studies. The large half sib family of one affected sire may be the most 

important resource for this purpose.
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8 Summary 
 

Gabi Hauke 
Candidate gene analysis for the bilateral convergent strabismus with 

exophthalmus in German Brown cattle 
 

The objective of this work was the molecular genetic evaluation of whether the 

candidate regions of the three human genes POLG (polymerase gamma), SLC25A4 

(solute carrier family 25, member 4) and C10orf2 (chromosome 10 open reading 

frame 2) were linked with bilateral convergent strabismus with exophthalmus (BCSE) 

in German Brown cattle. Therefore, we determined the cytogenetic locations of these 

candidate genes in cattle by fluorescence in situ hybridization and confirmed these 

results with radiation hybrid mapping using the Roslin/Cambrige bovine RH panel. In 

this study POLG was assigned to BTA21q17-q22, C10orf2 to BTA26q13-q21 and 

SLC25A4 to BTA27q14-q15. Using these mapping results we performed a non-

parametric linkage analysis with 27 linked markers from the MARC/USDA gene-map 

equidistantly spread over the three bovine chromosomes BTA21, BTA26 and BTA27. 

Additionally, we developed 8 gene-associated microsatellite markers out of the gene 

harbouring bovine BAC clones and included them into linkage analysis. The total 

marker set consisted of 35 microsatellite markers with a mean pair-wise distance of 

8.21 cM, a mean number of 6 alleles and an average polymorphism information 

content value of 54%. We used this marker set for the analysis of 154 German 

Brown cattle from 36 families segregating for BCSE. We were not able to show 

significant linkage between any of the microsatellites used and the disease 

phenotype. Therefore, we exclude BTA21, BTA26 and BTA27 harbouring 

responsible genes for BCSE. 
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9 Erweiterte Zusammenfassung 
 

Gabi Hauke 

Kandidatengenanalyse des bilateralen Strabismus convergens mit  
Exophthalmus (BCSE) beim Deutschen Braunvieh 

 

Einleitung 

Bilaterales konvergierendes Schielen in Verbindung mit Hervortreten der Augäpfel 

aus der Orbita ist eine weit verbreitete Erbkrankheit, welche seit Ende des 

neunzehnten Jahrhunderts in vielen Rinderrassen beschrieben wurde. Die Fixierung 

der Augäpfel in dieser Position führt zu einer Konvergenz der beim Rind 

normalerweise leicht divergierenden Sehachse. Das Krankheitsbild manifestiert sich 

meist erst im frühen Erwachsenenalter und verläuft in der Regel progressiv. 

Hochgradige Fälle können zur Erblindung und damit zu Problemen bei der Haltung 

dieser Tiere führen. BCSE tritt in sporadischen Fällen, oder familiär gehäuft auf. Auf 

Grund der Erblichkeit der Erkrankung sollten betroffene Rinder nicht zur Zucht 

herangezogen werden, woraus wirtschaftliche Verluste für den Landwirt resultieren. 

Mittels komplexer Segregationsanalysen konnte ein autosomal dominantes 

Hauptgen als wahrscheinlichste Ursache des BCSE nachgewiesen werden (DISTL 

1993). Das verursachende Gen ist bislang unbekannt. Auf Grund der starken 

Ähnlichkeit des BCSE mit der progressiven externen Ophthalmoplegie des 

Menschen (PEO), wurden die für die PEO verantwortlichen Gene Polymerase 

gamma (POLG), Chromosome 10 open reading frame 2 (C10orf2) und Solute carrier 

family 25, member 4 (SLC25A4) als Kandidatengene für den BCSE beim Rind 

ausgewählt. Das Ziel dieser Arbeit war es eine mögliche Kopplung dieser drei 

Kandidatengene mit dem BCSE beim Deutschen Braunvieh mittels flankierender 

Mikrosatelliten zu überprüfen. Dafür wurden die Lokalisierung der drei 

Kandidatengene zunächst mit Hilfe der Fluoreszenz in situ Hybridisierung (FISH) 

zytogenetisch bestimmt und durch die Ergebnisse einer RH-Kartierung mit dem 

Roslin/Cambridge bovine RH panel bestätigt. Basierend auf diesen 

Kartierungsergebnissen konnten gleichmäßig über die entsprechenden 

Kandidatengen-tragenden Chromosomen verteilte Mikrosatelliten aus der 

MARC/USDA Genkarte ausgewählt werden. Nach Subklonierung und 
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Sequenzierung der bovinen BAC-Klone wurden weitere Kandidatengen-flankierende 

Marker entwickelt. Das gesamte Markerset wurde für eine nicht-parametrische 

Kopplungsanalyse verwendet. 

 

Molekulargenetische Kartierung der Kandidatengene 

Für die Isolierung der Kandidatengen-tragenden bovinen BAC-Klone wurde die 

genomische Rinder-BAC-Bank mittels orthologer 32P-radioaktiv markierter humaner 

IMAGE-cDNA-Klone entsprechend der RPCI-Standardprotokolle durchmustert. Die 

humanen IMAGE-Klone wurden vom RZPD (http://www.rzpd.de) bezogen und 

beinhalteten die cDNA der entsprechenden Kandidatengene. Positive bovine BAC-

Klone wurden ausgewählt und deren DNA mit Hilfe des Qiagen Midi plasmid Kits 

entsprechend dem modifizierten Protokoll für BACs (Qiagen, Hilden) isoliert. Die 

BAC-DNA-Enden wurden mit Hilfe des ThermoSequenase-Kits (Amersham 

Pharmacia, Freiburg) auf dem automatischen Sequenziergerät LI-COR 4200L 

sequenziert. Um die Übereinstimmung der BAC-DNA mit dem humanen IMAGE-Klon 

zu überprüfen, wurde eine ECL-Hybridisierung mit Hilfe des ECLTM direkt labeling 

and detection Kit (Amersham Biosciences, Freiburg) durchgeführt. Zu diesem Zweck 

wurde die BAC-DNA mittels des Restriktionsenzyms SacI verdaut und die Probe auf 

einem 0,8% Agarosegels elektrophoretisch aufgetrennt und für die Hybridisierung 

auf eine Nylonmembran übertragen. 

 

Zytogenetische Kartierung mittels Fluoreszenz in situ Hybridisierung 

Für die Fluoreszenz in situ Hybridisierung auf GTG-gebänderten Chromosomen 

wurden bovine Metaphasenchromosomen Phytohämagglutinin stimulierter 

Blutlymphozyten eines gesunden Bullen genutzt. Die Präparation der Metaphasen 

erfolgte nach zytogenetischen Standardtechniken. Vor der Hybridisierung wurden die 

GTG-gebänderten Chromosomen digital photographiert. Die Identifikation der 

Chromosomen erfolgte entsprechend der ISCNDB (2000). 

Die DNA der BAC-Klone wurden digoxigenin-markiert und auf den GTG-gebänderten 

Rinderchromosomen hybridisiert. Als Kompetitor, zum Binden repetitiver Sequenzen, 

wurde gescherte genomische Rinder DNA und Lachssperma-DNA eingesetzt. Die 

Signale der über Nacht hybridisierten Proben wurden mit dem Digoxigenin-FITC 

http://www.rzpd.de/


Zusammenfassung  53 

 

Detection Kit detektiert. Die Chromosomen wurden mit DAPI und Propidiumiodid 

gegengefärbt, um das Auffinden der Metaphasen zu erleichtern und mit Antifade 

eingedeckt, um ein schnelles Ausbleichen der Präparate zu verhindern. Mittels eines 

Fluoreszenzmikroskops wurden die zuvor photographierten Metaphasen wieder 

aufgesucht und auf Signale überprüft. 

 

RH-Kartierung 

Zur Bestätigung der zytogenetischen Ergebnisse wurde das Roslin/Cambridge 

bovine RH-panel der Research Genetics (Huntsville, Ala.,USA), verwendet. Für 

jedes Kandidatengen wurde ein positiver BAC-Klon ausgewählt und ein Primerpaar 

aus den BAC-Endsequenzen entwickelt. Zwei unabhängige PCR-Reaktionen wurden 

durchgeführt. Die PCR-Produktauftrennung erfolgte auf einem 2% Agarosegel. Die 

PCR-Produkte wurden mittels UV-Licht sichtbar gemacht und von zwei Untersuchern 

unabhängig von einander ausgewertet. Mit Hilfe der entsprechenden Software 

(RHMAP3.0 package) erfolgte eine Zwei-Punkt-Analyse gegen etwa 1200 vorher auf 

diesem Panel typisierte bovine Mikrosatelliten. 

 

Ergebnisse und Diskussion 

Das bovine POLG-Gen wurde auf dem Rinderchromosom BTA21q17-q22, das 

C10orf2-Gen auf BTA26q13-q21 und das SLC25A4-Gen auf BTA27q14-q15 über 

FISH kartiert. Diese Lokalisierung konnte durch die RH-Ergebnisse bestätigt werden. 

Das POLG-Gen zeigte in der Zwei-Punkt-Analyse eine enge Kopplung zu dem 

Marker IDVGA45 auf BTA21. Das C10orf2-Gen konnte in unmittelbarer Nähe des 

Mikrosatelliten BM1314 auf BTA26 und das SLC25A4-Gen zu BMS2650 auf BTA27 

kartiert werden. Die Kartierungsergebnisse stimmen auf allen drei Chromosomen mit 

der bekannten Syntäniebeziehung zwischen HSA15 mit Teilen von BTA21, HSA10 

mit BTA26 und HSA4q mit Teilen von BTA27 überein und sind daher als sehr sicher 

zu beurteilen. 

 

Nicht-parametrische Kopplungsanalyse mittels Mikrosatelliten 

Familienmaterial 
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Für die nicht-parametrische Kopplungsanalyse standen 154 Rinder der Rasse 

Deutsches Braunvieh aus 36 für BCSE segregierenden Familien zur Verfügung. 

Insgesamt umfaßten die Familien 405 Tiere, von denen 83.7% phänotypisch auf 

BCSE untersucht wurden. Die Prävalenz der Erkrankung innerhalb dieses 

Familienmaterials betrug 29.2%. Die durchschnittliche Familiengröße lag bei 11.25 

Tieren, der durchschnittliche Verwandtschaftskoeffizient betrug 17.5%. Die DNA-

Isolierung aus dem Blut bzw. Sperma dieser Tiere erfolgte mit dem Nucleon-BACC2-

Kit (Amersham Pharmacia Biotech, Freiburg). 

 

Markerentwicklung, Genotypisierung und Auswertung 

Aus den bovinen BAC-Klonen, die jeweils ein Kandidatengen enthielten, wurden 

Mikrosatelliten Marker entwickelt. Dazu wurde die DNA der verschiedenen BAC-

Klone isoliert, mittels Restriktionsverdau in Fragmente zerlegt, und diese dann auf 

einem 0.8%igen Agarosegel getrennt. Die Fragmente wurden für die Vermehrung in 

das Plasmid pGEM-4Z subkloniert. Rekombinante Plasmid DNA wurde mit dem 

ThermoSequenase sequencing Kit (Amersham Pharmacia Biotech, Freiburg) auf 

dem automatischen Sequenziergerät LI-COR 4200L aufgetrennt. Die Sequenzdaten 

wurden mit dem Sequencher 4.0.5 (Gene Codes, Ann Arbor, MI, USA) analysiert. 

Die Suche nach Mikrosatelliten erfolgte mit dem Repeat Masker 

(http://repeatmasker.genome.washington.edu/). Insgesamt konnten acht gen-

assozierte Mikrosatelliten in den jeweiligen BAC-Klonen gefunden werden. Aus den 

flankierenden Sequenzen wurden Mikrosatellitenprimer mittels des Gene Fisher 

Programms (http://bibiserv.techjak.uni-bielefeld.de) entwickelt. 

Für die chromosomenweite Suche nach weiteren gekoppelten Markern wurden 27 

gleichmäßig über die Chromosomen BTA21, BTA26 und BTA27 verteilte 

Mikrosatelliten aus der etablierten Genkarte der MARC/USDA 

(http://www.marc.usda.gov/genome/genome.html) für die Studie ausgewählt. Die 

verwendeten Marker hatten einen durchschnittlichen Abstand von 8,21 cM. Alle 35 

Mikrosatelliten wurden unter identischen PCR-Bedingungen (Inkubation bei 94°C für 

4 Minuten, 35 Zyklen für 30s bei 94°C, 60s Annealing-Temperatur, 30s bei 72°C und 

10 Minuten bei 4°C) amplifiziert und nach Verdünnung mit Formamid-Ladepuffer 

elektrophoretisch auf einem LI-COR 4200L aufgetrennt. In der nicht-parametrischen 

http://repeatmasker.genome.washington.edu/
http://bibiserv.techjak.uni-bielefeld.de/
http://www.marc.usda.gov/genome/genome
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Kopplungsanalyse wurden 35 Mikrosatelliten auf Kosegregation mit dem BCSE-

Phänotyp untersucht. Die statistische Auswertung erfolgte mit der MERLIN Software 

Package (http://www.sph.umich.edu/csg/ abercasis/Merlin). 

 

Ergebnisse und Diskussion 

Das in dieser Studie verwendete Markerset bestand aus 35, über die Chromosomen 

BTA21, BTA26 und BTA27 verteilten Mikrosatelliten. Die Marker besaßen eine 

durchschnittliche Anzahl von 6 Allelen und einen durchschnittlichen PIC-Wert von 

54%. Mit Hilfe dieses Markersets war es nicht möglich eine signifikante Kopplung 

zwischen einem der untersuchten Mikrosatelliten und dem Phänotyp der Krankheit 

nachzuweisen. Daher können die untersuchten Kandidatengenregionen und die 

Chromosomen BTA21, BTA26 und BTA27 als Träger des für BCSE verantwortlichen 

Gens ausgeschlossen werden. 

 

Schlußfolgerungen 

Mit dieser Studie konnten sowohl die Kandidatengenregionen der Gene POLG, 

C10orf2 und SLC25A4 als auch die Chromosomen BTA21, BTA26 und BTA27 als 

Träger des für den BCSE beim Braunvieh verantwortlichen Gens ausgeschlossen 

werden. Eine weiterführende, genomweite, alle bovinen Autosomen umfassende 

Untersuchung könnte die Identifizierung der mit dem BCSE-Phänotyp gekoppelten 

Chromosomenregion ermöglichen. Dafür sollten etwa 150 Mikrosatelliten, 

gleichmäßig über die verbleibenden 26 Rinderchromosomen verteilt, ausgewählt 

werden. Auf Grund der altersabhängigen Manifestation des BCSE ist die alleinige 

Verwendung betroffener Tiere in der Markerstudie anzuraten, um falsch-negative 

Phänotypen von der Analyse auszuschließen. 

Ein sicherer Ausschluß der Defektträger von der Zucht ist unbedingt notwendig, um 

eine weitere Verbreitung des BCSE, mit seinen gesundheitlichen Einschränkungen 

für die Tiere und finanzielle Einbußen für die Landwirte, zu verhindern. Die 

Kartierung des Genortes für BCSE kann dann als ein erster Schritt zur Entwicklung 

eines Mutationstests für Zuchttiere gesehen werden. 

http://www.sph.umich.edu/csg/abercasis/


  56 

 

Die Kapitel 3, 4 und 5 der vorliegenden Arbeit wurden unter folgendem Titel in den 

unten aufgeführten Zeitschriften veröffentlicht: 

 

DRÖGEMÜLLER, C., KUIPER, H., HAUKE, G., WILLIAMS, J. L. und O. DISTL 

(2002a): Comparative mapping of the POLG gene to cattle chromosome 21q17-q22 

by FISH and confirmation by RH mapping. Cytogenet. Genome Res. 97, 276-278 

 

KUIPER, H., HAUKE, G., WILLIAMS, J. L. und O. DISTL(2002): Assignment of the 

bovine C10orf2 gene to 26q13-q21 by fluorescence in situ hybridization and 

conformation by radiation hybrid mapping. Cytogenet. Genome Res. 97, 276-278 

 

DRÖGEMÜLLER, C., KUIPER, H., HAUKE, G., WILLIAMS, J. L. und O. DISTL 

(2002b): Fine mapping of the bovine solute carrier family 25, member 4 (SLC25A4) 

gene to BTA27q14-q15 by fluorescence in situ hybridization and radiation hybrid 

mapping. Anim. Genet. 33, 318-320 

 

Mein Anteil an diesen Veröffentlichungen war die Herstellung der für die Floureszenz 

in situ Hybridisierung benötigte BAC-DNA-Sonden. Das beinhaltete die Auswahl der 

Kandidatengen-tragenden BAC-Klone durch radioaktive Hybridisierung aus der 

genomischen Rinder-BAC-Bank mit Hilfe der heterologen humanen IMAGE Klone, 

die DNA-Isolierung, die enzymatische Spaltung der BAC-DNA mittels 

Restriktionsverdau und die ECL-Hybridisierung zur Überprüfung der 

Übereinstimmung der ausgewählten Sonde mit dem Inhalt der humanen Klone. 

Des weiteren habe ich die zytogenetischen Ergebnisse mit Hilfe des 

Roslin/Cambridge bovine RH-Panel überprüft. Dazu wurden Primerpaare aus den 

BAC-Endsequenzen entwickelt, PCR-Reaktionen durchgeführt und ihre Produkte 

elektrophoretisch aufgetrennt und ausgewertet.  

Die Fluoreszenz in situ Hybridisierung wurde von Dr. H. Kuiper vom Institut für 

Tierzucht und Vererbungsforschung der Tierärztlichen Hochschule Hannover 

durchgeführt. Die Auswertung der RH-Ergebnisse erfolgte durch Dr. J. Williams vom 

Roslin Institute in Edinburgh. 
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11 Appendix 

11.1 BAC-Libraries and RH-Panel 

The gene-bank-screening was carried out on the RPCI-42 Male Bovine BAC Library 

(Warren et al., 2000). The RH-mapping results from the Roslin/Cambridge Bovine 

Radiation Hybrid Panel (WILLIAMS et al., 2000) from Research Genetics, Huntsville, 

AK, USA (URL:http://www.resgen.com). 

11.2 Clones 

All required clones have been ordered at the Resource Center/Primary Database 

(RZPD) (http://www.rzpd.de). 

11.3 Consumables supplies 

11.3.1 Chemicals 

The degree of purity of all chemicals used was at least in pro analysis quality. The 

standard chemicals have been ordered from Merck, Darmstadt and Sigma, 

Deisenhofen. Aberrant from this sources: 

 

Agarose    GIBCO BRL Life Technologies, 

    Eggenstein 

Ampicillin    Serva, Heidelberg 

Chloramphenicol   Serva, Heidelberg 

EDTA    Carl ROTH GmBH & Co., Karlsruhe 

Ethyl alcohol   CG-Chemikalien, Hannover 

http://www.resgen.com)/
http://www.rzpd.de/
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X-Gal    Serva, Heidelberg 

TEMED    Carl ROTH GmBH & Co., Karlsruhe 

11.3.2 Enzymes 

The restriction enzymes Eco RI and Sac I and Hind III have been used with the 10x 

enzyme-buffer as provided or recommended by the manufacturer (New England 

Biolabs, Schwalbach Taunus). 

For the PCR the Taq–DNA–Polymerase (QIAGEN, Hilden) was used with the 

corresponding 10x buffer and without 1,5 mM MgCl. 

11.3.3 Kits 

Qiagen Plasmid Kits   QIAGEN, Hilden 

QIAamp 96 DNA Blood Kit  QIAGEN, Hilden 

Nucleon BACC2 Kit   Amersham Biosciences, Freiburg 

ThermoSequenase Kit  Amersham Biosciences, Freiburg 

11.3.4 Labelling and detection system Kits 

ECL TM direct labelling and  Amersham Biosciences, Freiburg 

detection system Kit    

Nick Translation Mix   Boehringer, Mannheim 

Digoxigenin-FITC Detection Kit  Quantum Appligene, Heidelberg 

11.3.5 Primer and dNTP’s 

 

The primers used have been produced by MWG-AG BIOTECH, Ebersberg. 

 

dATP, dCTP, dGTP, dTTP  Amersham Biosciences, Freiburg 
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11.3.6 Reagents and buffers 

 

The solutions mentioned below were diluted with Aqua bidest. All solutions were 

autoclaved (1,2 bar, 121 °C, 20 min) respectively sterile filtrated. The pH-values were 

adjusted with HCl or NaOH at room temperature. 

 

Size Standards: 

100 bp Ladder  New England Biolabs, Schwalbach Taunus 

 

1 kb Ladder  New England Biolabs, Schwalbach Taunus 

 

LI-COR Size Standard IRD 700  MWG BIOTECH-AG, Ebersberg 

 

TBE-buffer (10 x)  Tris-Borate  0,9 M 

   Boric acid   0,9 M 

   EDTA   0,025 M 

   pH 8,3 

 

TE-buffer (10 x)  Tris/HCL   10 mM 

   EDTA   1 mM 

   pH 8,0 

 

40% Polyacrylamide- Acrylamide   38% (w/v) 

solution (Serva)  N,N’-Methylen-Bisacrylamide 2% (w/v) 

 

6% PAA- Solution  40% Acrylamide/Bisacrylamide 15% (v/v) 

   Urea   7 M 

   10 x TBE   100 ml 

   ad 100 ml with H2O 

 

10 x loading buffer for  EDTA, pH 8  100 mM 

agarose gels  Ficoll 400   20% (w/v) 
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   bromophenol blue  0,25% (w/v) 

   Xylencyanol  0,25% (w/v) 

 

Formamide, deionised Formamide  100 ml 

   Ion exchanger AG®501-X85  5 g 

   stir for 1h, filtrate twice, 

   store at –20°C. 

 

Formamide loading buffer for  bromophenol blue  0,06 % (w/v) 

PAA-gels   Xylencyanol  0,06 % (w/v) 

   EDTA   6 mM 

   in deionised formamide, 

   store at –20°C. 

 

Buffer P1   Tris-HCl, pH 8,0  50mM 

   EDTA   10 mM 

   RNAse A   100µg/ml 

   store at 4°C. 

 

Buffer P2   NaOH   200 mM 

   1% SDS 

 

Buffer P3   3 M KOAc, pH 5,5 
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11.4 Equipment and incidentals 

Centrifuge: 

Desk-centrifuge 5415C   Eppendorf, Hamburg 

Sigma centrifuge 4-15   Sigma Laborzentrifugen GmbH, 

     Osterode 

Biofuge stratos    Heraeus, Osterode 

Centrifuge Centrikon H 401   Kontron, Gosheim 

Megafuge 1.OR    Heraeus, Osterode 

 

Electrophoresis gel tanks:    Hoefer, Serva, Heidelberg 

     Biometra, Göttingen 

     BioRad, München 

 

Generator: 

2301 Macrodrive 1    Pharmacia Biotech, Freiburg 

Power Pac 3000    BioRad, München 

 

Gel-documentation-system: 

BioDocAnalyze 312nm   Biometra, Göttingen 

 

Thermocycler for Mikrotiterplates: 

PTC-100TM, 96V, MJ Research   BIOzym, Hess. Oldendorf 

PTC-200TM, 2x48V, MJ Research  BIOzym, Hess. Oldendorf 

 

Microscope: 

Zeiss Axioplan 2    Carl Zeiss, Jena 

 

Automated sequencer: 

LICOR IR2 4200 L-2/S-2   MWG-BIOTECH AG, 

     Ebersberg 
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Digital camera: 

SenSys Digital CCD Camera system, 

Kodak KAF 1400, 1 MHz, 

1317x1035 Pixel, 6.8x 6.8 µm pixel size  Fa. Photometrics, München 

 

Syringes: 

Matrix Impact® Multi-8-Channel Syringe  Integra Biosciences, Fernwald 

Multipette® plus    Eppendorf, Hamburg 

Hamiltion Multi-Channel Gel Loading Syringe Hamilton Co., Nevada, USA 

Eppendorf Reference 0.1-2.5 µl  Eppendorf, Hamburg 

Eppendorf   2-10 µl  Eppendorf, Hamburg 

Eppendorf   10-100 µl  Eppendorf, Hamburg  

Eppendorf Reference 100-1000 µl Eppendorf, Hamburg 

 

Miscellaneous: 

Incubator VT 5042    Heraeus, Osterode 

UV-Illuminator (312 nm)    Bachhofer, Reutlingen 

Centomat® H Desk-Shaker   B. Braun Melsungen AG, 

     Melsungen 

11.5 Disposables 

Reaction tubes, 1.5 und 2 ml Eppendorf  Landgraf, Langenhagen 

Reaction tubes 10 und 50 ml (Falcon)  Renner, Darmstadt 

Micros, test tubes in 96er Rack, with lid  QIAGEN, Hilden 

PCR-V- column plate Mikrotiterplates, with lid BIOzym, Hess. Oldendorf 

PCR-test tubes, 0.5 ml, with lid   Landgraf, Langenhagen 
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11.5.1 Software 

BASE IMAGER 4.10   MWG Biotech-AG, Ebersberg 

GENEHUNTER   KRUGLYAK et al. (1996) 

Gene Profiler 3.55   Scanalytics Inc., MWG Biotech, 

    Ebersberg 

Squencher 4.0.5   GeneCodes, Ann Arbor, MI, USA 

GeneFisher   (URL:http://www.bibiserv.techjak.uni-

    bielefeld.de)  

MERLIN Software Package  (URL:http://www.sph.umich.edu/csg/ 

    abecasis/Merlin) 

IP Lab 2.2.3.   Scanalytics, Inc., Farifax, VA,USA 

RHMAP 3.0 package   LANGE et al. (1995) 

Repeat Masker    (URL:http://www.repeatmasker. 

    genome.washington.edu/) 

 

http://www.sph.umich.edu/csg/
http://www.repeatmasker/
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