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Abbreviations and definitions      

 

A  adenine 

A.L.F.  automated laser fluorescence sequencer, Pharmacia 

APS  ammonium persulfate  

BIS  N,N´-methylenebisacrylamide  

bp  base pairs 

BSE  bovine spongiform encephalopathy 

C  cytosine 

CJD  Creutzfeld-Jacob disease 

DGGE  denaturing gradient gel electrophoresis 

DMSO  dimethyl sulfoxide 

DNA  desoxyribonucleic acid 

dNTPs  desoxynucleosidetriphosphate 

DTE  1,4- Dithioerythriol 

EDTA  ethylenediaminetetraacetic acid 

G  guanine 

gDNA  genomic DNA 

IPTG  isopropyl-β-D-thiogalacto-pyranoside  

kb  kilo base pairs 

LINE  long interspersed sequence repeats 

LTR  long terminal repeat 

MS  microsatellite 

NP40  Nonidet P40  

ORF  open reading frame 

PCR  polymerase chain reaction 

PRNP  prion protein gene 

PRNPD Doppel gene 

PrP  prion protein 

PrPc  normal cellular prion protein 

PrPsc  pathogenic, scrapie associated prion protein 

QTL  quantitative trait locus 

RFLP  restriction fragment length polymorphism 

RNA  ribonucleic acid 



RT  room temperature 

SDS  sodiumdodecylsulfate 

SINE  short interspersed sequence repeat 

Site  sequence stretch containing a microsatellite motif as analysed in this study 

SNP single nucleotide polymorphism 

TDT transmission desequilibrium test 

TEMED N,N,N´,N´-tetramethylethylenediamine  

Tris  tris(hydroxymethyl)aminomethane 

TSE  transmissible spongiform encephalopathy 

UTR  untranslated region 

X-Gal  5-brom-4-chlor-3-indolyl- β-D-galactopyranoside 



 



1  Introduction 

 

TSE (transmissible spongiform encephalopathy) describes a set of progressive 

neurodegenerative diseases that were observed in man, livestock and other animals. The name 

is derived from the typical sponge-like vacuolation of cerebral grey matter found in 

microscopic sections of the brains of terminally diseased individuals. The BSE (bovine 

spongiform encephalopathy) epidemic in Great Britain and the suggested transmission of the 

disease to man (COLLINGE et al., 1995; SCOTT et al., 1999; BODEMER and KAUP, 2002; 

HILL et al., 1997) has sharply increased interest in TSE diseases. Scrapie, a TSE disease in 

sheep, has been known for a long time but is not considered a health risk as has not been any 

evidence for natural transmission to other species. In contrast to other neurodegenerative 

diseases, such as Alzheimer, it is possible to experimentally transmit these diseases by 

inoculation of affected nervous tissue. 

 

PRUSINER (1982; 1991) proposed a novel type of infectious agent for this group of diseases, 

the proteinaceous infectious particle, short prion. This infectious prion protein has an amino 

acid sequence which is identical to a normal cell surface protein, but shows a different three 

dimensional conformation. They can be transmitted orally through infected tissues, for 

example discharged placenta or meat and bone meal, and transplacental infection or infection 

through milk (ANDREOLETTI et al., 2002) have been discussed.  

 

Four features are characteristic for the neuropathology of prion diseases: spongiform change, 

neural loss, reactive astrocytosis, and amyloid plaque formation (BOLTON et al., 1982). The 

localisation and extent of these lesions are specific for syndrome, strain and species (BESSEN 

et al., 1995). The amyloid plaques are caused by an accumulation of partially protease 

resistant PrPsc (pathogenic, “scrapie”-associated prion protein) (KITAMOTO et al., 1991). In 

scrapie affected sheep, PrPsc accumulation is also found in lymphoreticular tissues (for 

example HEGGEBO et al., 2000; GLATZEL and AGUZZI, 2000; DEARMOND et al., 

1993). Much effort has been invested to illuminate the role of the PRNP (prion protein gene) 

in TSE pathogenesis (for example DUBOIS et al., 2002) and to facilitate PRNP genotyping in 

order to breed for TSE resistance.  

 

This study is based on a previous experiment performed by GELDERMANN et al. (2002; 

2003) in which microsatellite sites were identified by software assisted screening of the 
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published ovine and bovine PRNP sequences. The sites were then amplified and tested for 

fragment length polymorphisms. The present study analyses the sequences of these 

microsatellite sites in the ovine and bovine PRNP in order to confirm their origin and their 

allelic character. 
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2 Literature review 

 

2.1  The role of prion protein in pathogenesis 

 

PrPC (normal, “cellular” prion protein) is a cell surface protein that is expressed in all organs, 

but the major expression sites are the neurons and astrocytes of the brain and the follicular 

dendritic cells of the lymphoreticular system. These tissues also show similar PrP-shedding 

and turnover rates (RAEBER et al., 1997; RACE et al., 1995; BROWN et al., 1999) and 

coincide with the sites of PrPSC-accumulation after TSE infection. Artificially increased PrPC 

expression enhances accumulation of PrPSC after infection, mainly in neural and lymphatic 

tissues (GLATZEL and AGUZZI, 2000). Its function is not clear, but studies suggest a role in 

cell signalling and adhesion (COLLINGE et al., 1994). 

 

PrPSC is discernible from normal PrPC in its three-dimensional conformation. The alpha-

helical structure between codons 104 and 122 is transformed into a β-sheet structure that 

renders it partially inert to protease K digestion. Accumulation of PrPSC in the brain 

eventually causes degeneration of tissue and induces the neurological symptoms typical of the 

disease (PRUSINER, 1998).  

 

PrPSC can induce a PrPC conformation switch into the pathological variant in vitro (BOSSERS 

et al., 1997). PRNP alleles that are associated with high scrapie susceptibility in naturally 

infected sheep modulate conformation switch more effectively in vitro than alleles associated 

with low scrapie. Interestingly, the conversion efficiency is best if the genotype of the PrPSC 

donor is identical with that of the recipient except for the His(171) (histidine at codon 171) 

variant, which shows a higher conversion efficiency when challenged with heterologous PrP 

variants (BOSSERS et al., 2000). This suggests that the host prion protein sequence may play 

an important role in pathogenesis. 

 

2.2  Structure and function of the bovine and ovine PRNP 

 

The PRNP is located on chromosome 13 in sheep and cattle (RYAN and WOMACK, 1993), 

in man on chromosome 20 (ROBAKIS et al., 1986), in mouse on chromosome 2 (SPARKES 

et al., 1986). About 16.8 and 20 kb downstream of the bovine and ovine PRNP respectively a 

gene belonging to the same family was identified and designated “Doppel” (PRND) 
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(COMINCINI et al., 2001). The gene is highly homologous in cattle and sheep and is 

expressed mainly in testicular tissues. The 178 amino acid PRND proteins of cattle and sheep 

are 95% homologous (TRANULIS et al., 2001). Overexpression of PRND has been 

associated with cerebral ataxia in transgenic mice (MOORE et al., 2001). 

 

The known mammalian PRNPs are highly conserved (LEE et al., 1998). In cattle and sheep 

the first two exons are small and are separated by a more than 10 000 bp long intron from the 

third large exon. The open reading frame (ORF) is located in exon 3. The intron-exon-

structure is also well conserved between species. Exons 1 and 2 are small in mouse, sheep and 

cattle, while exon 3 is large and contains about 96% of transcribed sequence and all of the 

ORF (HORIUCHI et al., 1997, 1998). Intron 2 is about twice as long as the rest of the gene, 

except in mouse where it is four times as long. High interspecies conservation is found in the 

coding region and the promoter region, which is indicative of functional significance, whereas 

the first exon and start of intron 1 are very poorly conserved. A bovine sequence of 78 056 bp 

that includes the PRNP region was sequenced by HILLS et al., 2001 (Accession No. 

AJ298878). An ovine PRNP sequence stretch of 31 412 bp was sequenced 1998 by LEE et al. 

(Accession No. U67922). 

 

All eukaryotic genomes contain repetitive elements (ZHU et al., 2000). One category of 

repetitive sequences are the so-called LINEs (long interspersed elements) LINEs share some 

features with retroviruses but lack long terminal repeats (LTR). They can be up to 6.5 kb long. 

SINE (short interspersed elements) differ from LINE in that they are shorter than 300 bp and 

derived from tRNA transcripts. In the homologous PRNP region sequenced for cattle and 

sheep (Accession No. AJ298878 and U67922), these elements make up 39 and 37% of the 

sequence, about 42% of which are found in intron 2. As most of the LINE and SINE are well 

conserved between cattle and sheep, it is likely that they were inserted prior to species 

differentiation. Only four such elements in sheep and three in cattle are not found in the other 

species. The ungulate third exons are considerably larger than those of man or mouse. LTR 

elements contain long terminal repeats. Their sequences are derived from retroviruses and 

may encode reverse transcriptase or other proteins. Most LTR elements in the PRNP are 

located in the 5´-flanking region and in intron 2. The insertion positions are largely identical 

in cattle and sheep and therefore probably originated before species differentiation. An ORF 

coding for a transposase is typical for DNA transposons. In sheep there are seven and in cattle 

there are six such elements. They are located mainly in the 5´- and 3´- flanking region of the 
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gene and one such transposon, the mariner relic makes up 37% of the 3´-UTR. The large 

mariner element found in ovine and bovine exon 3 is responsible for the the size difference in 

comparison to the exon 3 of other species (GELDERMANN et al., 2002). 

 

INOUE et al. (1997) provided an extensive description of the bovine PRNP with special 

regard for positions possibly involved in expression. According to the author, a GC-rich 

(78%) sequence is located –88 to –1 bp upstream of the bovine transcription start site. This 

region is highly homologous (89%) to the corresponding sheep region, but only little 

homologous (46% - 62%) to that of mouse, rat, hamster, and human. Four potential binding 

sites for SP1 were identified; three in the region of nucleotide positions –47 to –6 bp and a 

fourth one in intron 1 starting at position 297 bp. SP1 commonly binds to the promoters of 

housekeeping genes where it serves as strong activator. Promoter activity was found to be 

dependent on positions -88 to –30 bp and +123 to +891 bp (intron 1), but not for four other 

motifs and the AP2 binding site that is highly conserved between the species. Exon 3 also 

contains elements that affect expression (GOLDMANN et al., 1999). 

 

2.3  Polymorphisms in the bovine PRNP 

 

In the bovine PRNP ORF, variation in the number of repeats of the so-called octapeptide 

coding sequence have been described. The highest frequency was found for the six repeat 

allele. The five repeat allele is less frequent and the seven repeat allele less frequent still 

(GOLDMANN et al., 1991b; NEIBERGS et al., 1994; HUNTER et al., 1994(a); 

SCHLAEPFER et al., 1999; PREMZL et al., 2000; WALAWSKI et al., 2003). A silent 

mutation occurs at nucleotide position 66 154 bp (C>T) (GOLDMANN et al., 1991b) and 

another at position 65 917 bp (C>T) (HUMENY et al., 2002); the positions are given 

according to the AJ298878 sequence. HILLS et al. (2003) identified a third SNP (G>A) 

within the ORF at position 65 812 bp. 

 

Variants outside the ORF have also been identified. HUMENY et al. (2002) described three 

SNP positions located at nucleotide positions 49 345, 49 416 and 49 542 bp of AJ298878 and 

three single nucleotide insertions (at positions 49 536 bp, 49 563 bp and 49 566 bp) and a 

GGG-insertion at position 49 361 bp. HILLS et al. (2003) found additional 39 SNP sites, one 

insertion, two insertions with simultaneous deletions, two deletions, two variable 

mononucleotide repeat sites (60001 bp: A5 –A7 and 69684 bp: T4 - T5) and one position where 
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a 14 bp motif was repeated either two or three times. GELDERMANN et al. (2003) identified 

additional polymorphisms at eight microsatellite sites in the bovine PRNP (see Fig. 1). 

 

Figure 1: Positions of microsatellite sites in the PRNP region (GELDERMANN et al., 2002) 

Sites marked black indicate polymorphisms. Dotted line indicates unsequenced region. 
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2.4 Polymorphisms in the ovine PRNP 

 

In contrast to the situation in cattle, several mutations that result in amino acid changes are 

known for the ovine PRNP. The three most often analysed mutations lie in codons 136 

(GCC/alanine > GTC/valine), 154 (CGT/arginine > CAT/histidine) and 171 (CAG/glutamine 

> CGG/arginine > CAT/histidine) which define five common haplotypes (for example BELT 

et al., 1995). Additional nine polymorphic codons and two synonymous mutations have been 

identified so far and are listed in Table 1.  

 

Genotyping of ORF variants has been performed in many sheep breeds and countries, as can 

be seen in Table 2. Since the ORF haplotypes are now often used as selection criteria, the 

PRNP allele frequencies are subject to change. In Germany, sheep breeding organisations are 

aiming for eradication of the VRQ (valine at codon 136, arginine in codon 154, glutamine in 

codon 171) haplotype, which has been associated with scrapie susceptibility, and promoting 

the ARR (alanine-arginine-arginine) haplotype, which, conversely, has been associated with 

scrapie resistance. Therefore it is difficult to make any statements about current frequencies of 

ORF variants. It was found that the ARQ haplotype was predominant in all analysed 

populations and it is therefore considered the wild type haplotype. In Texel, all alleles defined 

for codons 136, 154 and 171 have been described, while in Suffolk the Val(136) variant 

seems to occur only at a very low frequency or not at all. In Merino the ARR variant is 

described, but occurred only at a low frequency.  

 

Different approaches are described for genotyping of the ovine PRNP. For ORF variants, 

RFLP analysis of an ORF PCR product is a method frequently applied. In 1991 HUNTER et 

al. analysed associations of EcoRI fragments with scrapie incubation time; in 1993, they 

introduced a BspHI RFLP for codons 136 and 154. Allelic variants were defined by RYAN et 

al. (1993) through BglII, EcoRI, HindIII, MspI and TaqI restriction fragments. Codon 151 was 

analysed by AvaII digestion by THORGEIRSDOTTIR et al. (1999). GOMBOJAV et al. 

(2003) and YUZBASIYAN-GURKAN et al. (1999) applied AvaII- and HaeIII- restriction for 

codon 127 and Sau3AI- restriction for analysis of codon 171. Other methods used include 

comparative sequencing (for example GOLDMANN et al., 1991a), denaturing gradient gel 

electrophoresis (DGGE) (BELT et al., 1995), allele specific amplification (HUNTER et al., 

1993 and LOCKLEY et al., 2000) and dot blot hybridisation (ISHIGURO et al., 1998). A 
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TaqMan assay analysis of codons 136, 154 and 171 is offered by the CVUA (Chemisches und 

Veterinäruntersuchungsamt) in Stuttgart.  

 

Table 1: Ovine PRNP ORF variants 

Codon Triplet Amino acid substitution References 

112 ATG 
ACG 

methionine 
threonine 

LAPLANCHE et al., 1993; IKEDA et al., 
1995; ISHIGURO et al., 1998; and others 

127 GGC 
GTC 
AGC 

glycine 
valine 
serine 

GOMBOJAV et al., 2003 

136 GCC 
GTC 

alanine 
valine 

BELT et al.,1995, and others 

137 ATG 
ACG 

methionine 
threonine 

BOSSERS et al., 1996, and others 

138 AGC 
AAC 

serine 
asparagin 

TRANULIS et al., 1999, and others 

141 CTT 
TTT 

leucine 
phenylalanine 

BOSSERS et al., 1996 

143 CAT 
CGT 

histidine 
arginine 

O´ROURKE et al., 2000 

151 CGT 
TGT 

arginine 
cysteine 

TRANULIS et al., 1999 

154 CGT 
CAT 

arginine 
histidine 

BELT et al.,1995, and others 

171 CAG 
CGG 

CAT 

AAG 

glutamine 
arginine 

histidine 

lysine 

GOLDMANN et al., 1990, and others 
 

CLOUSCARD et al., 1995 

GOMBOJAV et al., 2003 

176 AAC 
AAA 

lysine 
asparagine 

VACCARI et al., 2001 

189 CAG 
CTA 
CGA 

glutamine 
leucine 
arginine 

GOMBOJAV et al., 2003 

211 CGG 
CAG 

arginine 
glutamine 

BOSSERS et. al., 1996 

231 CGG 
AGG 

arginine 
arginine 

BELT et al., 1995, GOMBOJAV et al., 2003 

237 CTC 
CTG 

leucine 
leucine 

BELT et al., 1995, GOMBOJAV et al., 2003 
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Table 2: Investigations on allele frequencies for the PRNP ORF in sheep breeds 

Country  Sheep breeds References  

Australia Romney Marsh 
Merino 

BOSSERS et al., 1999  
HUNTER et al., 1998 

Austria  Tyrolean stone sheep, Carynthian sheep SIPOS et al., 2002 

France Romanov, Lacaune CLOUSCARD et al., 1995 

Germany  Texel, Merinolandschaf,  
Ostfriesisches Milchschaf, Suffolk, 
Weißköpfiges Fleischschaf,  
Schwarzkopfiges Fleischschaf 

DRÖGEMÜLLER et al., 2001 

Iceland Icelandic sheep THORGEIRSDOTTIR et al., 1999 

Ireland  Belclare, Galway, Wicklow Cheviot, 
Donegal Blackface Mountain, Mayo 
Blackface Mountain, Texel, Bleu du 
Maine, Rouge de l´ouest, Vendeen, 
Charollais 

Suffolk 

O´DOHERTY et al., 2001 
 
 
 
 

O´DOHERTY et al., 2000 

Italy Sarda VACCARI et al., 2001 

Japan Suffolk, Corriedale IKEDA et al., 1995 

Mongolia Tuv, Uvurkhangi, Yeroo, Orkhon, 
Khangai 

GOMBOJAV et al., 2003 

Netherlands;  Texel 
Flemish, Swifter 

BELT et al., 1995 
BOSSERS et al., 1996 

New Zealand Romney Marsh 
Poll Dorset 

BOSSERS et al., 1999  
HUNTER et al., 1998 

Norway Dala, Steigar, Rygia, Spel TRANULIS et al., 1999 

Slovakia improved Valachian breed TKACIKOVA et al., 2003 

U.K. Cheviot 
 
 

Bleu du Maine, Herdwick, Merino x 
Shetland, Poll Dorset, Scottish Halfbred,
Shetland, Soay, Suffolk, Swaledale 

Suffolk 

GOLDMANN et al., 1991a 
HUNTER et al., 1991  
HUNTER et al., 1996  

HUNTER et al., 1997 
 
 

HUNTER et al., 1997 

U.S.A. Suffolk YUZBASIYAN-GURKAN, 1999 

 

 

 

 

 17



Outside the ORF, HILLS et al. (2003) have identified 15 SNPs, one combined insertion and 

deletion, two deletions and one mononucleotide repeat variation (23 666 bp: A2 to A3; position 

is given according to AJ298878) within the ovine exon three. GELDERMANN et al. (2003) 

described polymorphisms at six microsatellite sites, two of which are putatively orthologous 

to bovine PRNP positions 19 808 to 19 817 bp and 25288 to 25307 bp (Accession number 

AJ298878), a region not previously sequenced in sheep (see Fig.1). 

 

2.5 Associations between bovine and ovine PRNP variants and TSE susceptibility 

 

PRNP genotyping studies of sheep from scrapie free countries (for example BOSSERS et al., 

1999; HUNTER et al., 1998) have shown similar allele frequencies as in scrapie affected 

countries, which leads to the conclusion that scrapie (and BSE) is an infectious and not a 

hereditary disease. The association of the PRNP variants with TSE is not surprising since the 

protein conformation switch is the main factor of disease development. Prnp knock-out mice 

have been shown to be resistant to scrapie (BUELER et al., 1993).  

 

Numerous studies comparing the frequencies of variants in the PRNP ORF between sheep 

affected by natural scrapie and healthy control groups have been performed, some of which 

are listed in Table 3. In some of these studies, the control group consisted of flockmates of the 

scrapie affected sheep that were very likely also exposed to the TSE agent, in other studies 

average populations of the same breed were used for comparison. As can be seen, V(136), 

R(154), Q(171) variants show a significant association with the scrapie affected groups, but 

are not exclusive for scrapie infection except in the experimentally infected sheep (Table 4). 

Suffolk sheep that have a low frequency of V(136) succumb to scrapie infection in similar 

rates as other breeds. Here scrapie susceptibility seems to be associated mainly with the 

Q(171) variant. This indicates that other factors influence scrapie predisposition, that these 

PRNP ORF variants are perhaps only closely associated markers, and that other functionally 

significant variants may lie in this chromosomal region. Even though, no healthy scrapie 

carriers have been identified so far among the proposedly resistant genotypes 

(THORGEIRSDOTTIR et al., 1999). Examples of experimental TSE infections are presented 

in Table 4, p 24. GOLDMANN et al. (1994) found that a long incubation period of scrapie 

isolate CH1641 is associated with the Q(171) variant, while for scrapie isolate SSBP/1 it is 

associated primarily with the V(136) variant. The way of inoculation affected the length of 
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incubation time, but not the association with the PRNP genotype. The findings suggest that 

genetic predisposition varies with different strains of scrapie. 

 

GOLDMANN et al. (1994) also performed an experimental infection of sheep with BSE 

isolate and found disease incubation periods to be associated with homozygosity of the 

Q(171) variant both after intracerebral and oral inoculation. FOSTER et al. (2001) found the 

same association. Naturally occurring BSE in sheep has not yet been identified (GROSCHUP 

et al., 2000; HILL et al., 1998). 

 

Comparatively few association studies have been performed for bovine PRNP and BSE. 

HUNTER et al. (1994) found no differences in frequencies of PRNP variants (HindIII 

restriction site and octapeptide repeats) between BSE affected and unaffected cattle. Only 

NEIBERGS et al. (1994) detected an association with a PRNP SSCP allele. 

 

Genome wide marker analyses, performed especially in the mouse model, are indicating 

additional chromosomal positions associated with TSE incidence and incubation period. 

Apart from the PRNP ORF (for example CARLSON et al., 1988) associations with scrapie 

have been mapped to the murine MHC complex on chromosome 17 (KINGSBURY et al., 

1983), and murine chromosomes 9 and 11, as well as to chromosome 12, regions outside the 

PRNP ORF on chromosome 2 and suggestive evidence of linkage to chromosomes 6 and 7 

(see Table 5). Prpl3, Lamr1, Hsp70, CYP19 and Hexa are discussed as potential candidate 

genes in these regions. QTL studies in mice identified associations with BSE on 

chromosomes 2, 4, 8, 11, 14 and 15 (see Table 6). This led to the further discussion of DPP4, 

IFN α and β, Scya17, Ly6A-Ly6B-complex and metallothioneins as candidate genes. As can 

be seen, these studies performed with inbred mouse strains cannot easily resolve the effects of 

mouse strain specific genetics. Therefore it is important to also study the situation in the target 

species. In a transmission disequilibrium test study of naturally occurring BSE cases in cattle 

and their healthy half-sibs, HERNÁNDEZ-SÁNCHEZ et al. (2002) found that marker alleles 

on chromosomes 5, 10 and 20 were linked to BSE incidence within a 0.01% confidence 

interval. The bovine chromosome 5 corresponds to portion of murine chromosomes 6 and 15, 

which were mentioned in the studies of LLOYD et al. (2001) and MANOLAKOU et al. 

(2001), and the bovine chromosome 10 corresponds to part of the murine chromosome 9, 

which is mentioned in the study of STEPHENSON et al. (2000). Further candidate genes 

remain to be tested. 
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Table 3: Allele frequencies [%] among scrapie affected and healthy sheep 

Reference BELT et al., 1996 BOSSERS et al., 1996 CLOUSCARD et al., 19952 

Breed Texel  Flemish and Swifter Lacaune Romanov 

Genotype1 Affected        Healthy Affected Healthy Affected Healthy Affected Healthy

VV RR QQ 9 0 50 0 0 0 27.6 0 

VA RR QQ 35 4 50 2.5 13.8 1.9 34.5 35.7 

VA   RR QH 44 2 0 0 0 0 0 0

0 0 0 0 

RR HH 0 7 0 0 0 0 0 0

0 0 0 0 

RH QH 0 2 0 0 0 0 0 0

HH QQ 0 0 0 0 0 0 0 0

0 0 0 0 

   

VA RH QQ 0 0 0 2.5 

VA RR QR 3 4 0 42.5 0 0 0 14.3 

AA RR QQ 9 11 0 10.0 75.8 20.9 38.0 14.3 

AA RR QH 0 0 0 0 10.4 1.9 0 0 

AA      

AA RH QQ 0 0 0 7.5 

AA      

AA RR RH 0 7 0 7.5 0 3.8 0 0 

AA RR RQ 0 24 0 5.0 0 46.7 0 35.7 

AA      

AA RH QR 0 2 0 7.5 

AA RR RR 0 17 0 15.0 0 24.8 0 0 

No. of animals 34 91 6 40.0 58.0 105.0 29.0 14.0 
1 PRNP genotype information for codons 136 141 171; V – valine, A – alanine, R – arginine, H – histidine, Q – glycine. 
2 Only PRNP codons 136 and 171 were analysed. Placement in table on the assumption that codon 141 displayed wildtype variant. 
 



Table 3: Allele frequencies [%] among scrapie affected and healthy sheep (continued 1) 

Reference IKEDA et al., 1995 O´DOHERTY et al., 2002 HUNTER et al., 1997  

Breed Suffolk  Crossbred Irish sheep Halfbred  Herdwick   

Genotype1 Affected        Healthy Affected Healthy Affected Healthy Affected Healthy

VV RR QQ 0 0 0 0.1 47 4 33 0 

VA RR QQ 0 0 35.1 2.7 41 4 67 3 

VA RR QH 0 0 1.8 0.6 0 0 0 0 

0 4 0 3 

0 0 0 0 

RR HH 0 0 0.9 0 0 0 0 0

0 0 0 0 

0 0 0 0 

0 9 0 6 

VA RH QQ 0 0 0 0.8 0 13 0 29 

VA RR QR 0 0 0.9 7.9 12 30 0 23 

AA RR QQ 86.6 61.9 42.3 13.8 

AA RR QH 0 2.3 18.9 2.6 

AA      

AA RH QQ 0 0 0 3.4 0 0 0 17 

AA RH QH 0 0 0 0.4 

AA RR RH 0 0 0 4.1 

AA RR RQ 6.7 18.6 0 37.8 0 17 0 0 

AA HH QQ 0 0 0 0.1 

AA RH QR 0 0 0 4.1 0 0 0 11 

AA RR RR 6.7 9.3 0 21.6 0 17 0 6 

No. of animals 15.0 43 154 2564 17 23 6 35 
1 PRNP genotype information for codons 136 141 171; V – valine, A – alanine, R – arginine, H – histidine, Q – glycine. 
2 Only PRNP codons 136 and 171 were analysed. Placement in table on the assumption that codon 141 displayed wildtype variant. 
 



Table 3: Allele frequencies [%] among scrapie affected and healthy sheep (continued 2) 

Reference HUNTER et al., 1997    

Breed Merino x Shetland Shetland  Bleu du Maine Swaledale  

Genotype1 Affected        Healthy Affected Healthy Affected Healthy Affected Healthy

VV RR QQ          0 0 32 0 36 9 37 4

VA RR QQ         

          

          

          

          

          

          

          

          

          

          

          

          

          

        

 100 9 68 24 64 18 63 15

VA RR QH 0 0 0 0 0 0 0 0

VA RH QQ 0 0 0 0 0 0 0 4

VA RR QR 0 0 0 8 0 35 0 15

AA RR QQ 0 62 0 21 0 3 0 35

AA RR QH 0 0 0 0 0 0 0 0

AA RR HH 0 0 0 0 0 0 0 0

AA RH QQ 0 0 0 8 0 0 0 8

AA RH QH 0 0 0 0 0 0 0 3

AA RR RH 0 0 0 0 0 0 0 3

AA RR RQ 0 0 0 32 0 29 0 10

AA HH QQ 0 0 0 0 0 0 0 3

AA RH QR 0 27 0 0 0 0 0 2

AA RR RR 0 0 0 8 0 6 0 6

No. of animals 3 45 22 38 11 34 24 48
1 PRNP genotype information for codons 136 141 171; V – valine, A – alanine, R – arginine, H – histidine, Q – glycine. 
2 Only PRNP codons 136 and 171 were analysed. Placement in table on the assumption that codon 141 displayed wildtype variant. 
 



Table 3: Allele frequencies [%] among scrapie affected and healthy sheep (continued 3) 

Reference HUNTER et al., 1997    

Breed          Suffolk VIC Suffolk Poll Dorset Soay

Genotype1 Affected Healthy  Affected no controls        Affected Healthy Affected Healthy

VV RR QQ          0 0 4 0 0 0 0 0

VA RR QQ          

          

          

          

         

          

          

          

          

          

          

          

          

          

        

0 0 8 0 50 0 0 0

VA RR QH 0 0 0 0 0 0 0 0

VA RH QQ 0 0 0 0 0 0 0 0

VA RR QR 0 0 4 0 0 19 0 0

AA RR QQ 100 14 84 0 50 13 100 92

AA RR QH 0 5 0 0 0 0 0 0

AA RR HH 0 0 0 0 0 0 0 0

AA RH QQ 0 0 0 0 0 6 0 0

AA RH QH 0 0 0 0 0 0 0 0

AA RR RH 0 0 0 0 0 0 0 0

AA RR RQ 0 38 0 0 0 31 0 4

AA HH QQ 0 0 0 0 0 0 0 0

AA RH QR 0 0 0 0 0 13 0 0

AA RR RR 0 43 0 0 0 19 0 4

No. of animals 5 21 25 0 4 16 1 25
1 PRNP genotype information for codons 136 141 171; V – valine, A – alanine, R – arginine, H – histidine, Q – glycine. 
2 Only PRNP codons 136 and 171 were analysed. Placement in table on the assumption that codon 141 displayed wildtype variant. 
 



Table 4: Allele frequencies among scrapie affected and healthy sheep after experimental infection with scrapie agent 

Reference O´ROURKE et al., 1997 GOLDMANN et al., 19942  HOUSTON et al., 2002 

Breed1 Suffolk (CH1641; oral) Cheviot (CH1641; ic. and sc.) (SSBP/1; ic. and sc.) Cheviot from NZ (SSBP/1; sc.) 

Genotype3 Affected        Healthy Affected Healthy Affected Healthy Affected Healthy

VV RR QQ          0 0 0 0 25.0 0 33.3 0

VA RR QQ          

          

          

          

          

          

          

          

          

         

          

          

         

        

0 0 0 0 30.6 0 33.3 0

VA RR QH 0 0 0 0 0 0 0 0

VA RH QQ 0 0 0 0 0 0 0 0

VA RR QR 0 0 0 0 44.4 0 33.3 0

AA RR QQ 100 30.0 100 5.6 0 16.2 0 35.7 

AA RR QH 0 0 0 0 0 0 0 0

AA RR HH 0 0 0 0 0 0 0 0

AA RH QQ 0 0 0 0 0 0 0 0

AA RH QH 0 0 0 0 0 0 0 0

AA RR RH 0 0 0 0 0 0 0 0

AA RR RQ 0 57.5 0 66.7 0 30.7 0 28.6

AA HH QQ 0 0 0 0 0 0 0 0

AA RH QR 0 0 0 0 0 0 0 0

AA RR RR 0 12.5 0 27.8 0 23.1 0 35.7

No. of animals 63 40 8 18 36 13 15 14
1 Name of scrapie strain and route of infection are givenin brackets; ic.- intracerebral infection; sc. subcutaneous infection; NZ-New Zealand. 
2 Only PRNP codons 136 and 171 were analysed. Placement in table on the assumption that codon 141 displayed wildtype variant. 
3 PRNP genotype information for codons 136 141 171; V – valine, A – alanine, R – arginine, H – histidine, Q – glycine. 



Table 5: Methods and results of genome wide scans for markers associated with scrapie succeptibility 

Reference LLOYD et al., 2001 STEPHENSON et al., 2000 

Species and 
strain 

CAST/Ei x NZW/OlaHSD mouse crosses (n=1009) 
(PRNP ORF identical) 

SJL/J x CAST/Ei mouse crosses (n=153) 
(PRNP ORF identical) 

Scrapie agent Mouse adapted scrapie isolate RML; intracerebral challenge Mouse adapted scrapie isolate; intracerebral challenge  

No. of analysed 
markers 

137 (Interval ≤ 27.3 cM) 153 (Interval ≤ 38,3 cM) 

Applied method QTL-analysis 
400 mice were genotyped for all sites 
Additional 600 mice were genotyped for regions lod>2 
All mice were genotyped for additional 20 sites in these regions 

QTL-analysis 
Only mice of extreme groups were genotyped (22 mice of short 
incubation group, 21 of long incubation group) 
142 additional mice were genotyped for significant regions 

Significant 
results1  
 

Chr.2   (m.l.s.=...8.20; e.v.   8.0%)  

Chr.11 (m.l.s.= 57.60; e.v. 49.4%)  

Chr.12 (m.l.s.=...6.88; e.v.   2.0%)  

Chr.9   (m.l.s.= 6.55; e.v. 13%) 

Chr.11 (m.l.s.= 5.90; e.v. 17%) 

1 m.l.s.: maximum lod score found on chromosome; e.v.- explained variance. 

 

 

 

 

 

 

 



Table 6: Methods and results of genome wide scans for markers associated with BSE succeptibility 

Reference LLOYD et al., 2002 MANULAKOU et al., 2001 HERNÀNDEZ-SÀNCHEZ et al., 2002 

Species and 
strain 

CAST/Ei x NZW/OlaHSD mouse crosses 
(n=124) 

C57BL/RIII backcross families  
(n=1200; PRNP ORF identical) 

358 BSE affected cattle, 172 unaffected 
half-sib offspring of 4 Holstein sires 

BSE agent Mouse passaged isolate; intracerebral  
challenge 

Primary isolate, intracerebral challenge Natural infection 

No. of analysed  
markers 

144  90 46  

Applied method QTL-analysis 
All mice genotyped for all sites 

QTL-analysis 
All mice genotyped for all sites 

Transmisssion Desequilibrium Test: 
Offspring with paternal genotype were  
excluded from analysis 

Significant 
results1 

Chr.2   (m.l.s.= 6.34; e.v. 29%) 

Chr.11 (m.l.s.= 4.77; e.v. 13% ) 

Chr.14 (m.l.s.= 2.79) 

Chr.2 (m.l.s.=~5.8: for C57BL backcross)

Chr.8 (m.l.s.=~5.0: for C57BL backcross)

Chr.4   (m.l.s.=~4.8; for RIII backcross) 

Chr.15 (m.l.s.=~3.8; for RIII backcross) 

BTA5(Log-LRint =0.91 ) 
(homologous to murine Chr.6 and Chr.15) 

BTA10 (Log-LRint =0.99) 
(homologous to murine Chr.9) 

BTA20 (Log-LRint =0.72) 
1 m.l.s.: maximum lod score found on chromosome; e.v. - explained variance; Log-LRint : log-likelihood ratio for interaction 

 

 

 

 

 



3. Material and Methods 

 

The flow chart in Figure 2 depicts the different steps of analysis applied for this study. 
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Figure 2: Steps of analysis 
 

 27



3.1  Material 

 

3.1.1  Animal resources and sample material 

 

As indicated in Table 7, genomic DNA (gDNA) was available of four animals each of eight 

cattle breeds from five different countries and three animals each of eleven sheep breeds from 

five different countries. 

 

PRNP genotype data for cattle and sheep were available from a previous experiment 

performed in the Department of Animal Breeding and Biotechnology, University of 

Hohenheim (Geldermann et al., 2003). Microsatellite sites were identified for the ovine and 

bovine PRNP. Primers were designed to amplify these sites and fragment lengths of the PCR 

products were analysed on an A.L.F. sequencer. Information on polymorphisms of the 

different sites is given in Table 8 (p.30). 

 
 
Table 7:  Breed and sample information 

 
a) Cattle 
 

Breed 1 Sample No. Origin of samples 

Buša 9, 10, 12, 13 Albania 

Holstein-Sbt (ger.) 48, 49, 50, 52 Germany 

Jersey 87, 88, 559, 536 Germany  

South Anatolian Red (engl.) TB78, TB79, TB104, TB105 Turkey 

Fleckvieh (ger.) 1048, 1049, 1050, 1051 Germany 

Nanyang (chin.) 56, 57, 58, 59 China 

Nguni 1, 2, 3, 4 Kenia 

Anatolian Black (engl.) TB16, TB28, TB43, TB50 Turkey 
1 Breed names are given according to the FAO information (http://dad.fao.org/en/Home.htm). 
Language origin of name is indicated in brackets. (ger.)-German, (engl.)-English, (chin.)-
Chinese.  
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b) Sheep 
 

Breed 1 Sample No. Origin of samples 

Awassi (engl.) TO81, TO136, TO107 Turkey 

Changluk 2 S6, S7, S8 India 

Dorper S97, S98, S99 Germany 

Hu (chin.) NS01, NS02, NS03 China 

Merinolandschaf (ger.) S14, S29, S31 Germany 

Ostfriesisches Milchschaf (ger.) S97, S98, S99 Germany 

Gotland-Schaf (ger.) S83, S84, S85 Germany 

Schwarzköpfiges Fleischschaf (ger.) S32, S33, S34 Germany  

Shkodra (alb.) S240, S241, S242 Albania 

Texel S101, S102, S103 Germany 

White Karaman (engl.) TO11, TO20, TO31 Turkey 
1 Breed names are given according to the FAO information (http://dad.fao.org/en/Home.htm). 
Language origin of name is indicated in brackets. (ger.)-German, (engl.)-English, (chin.)-
Chinese, (alb.)-Albanian. 
2 Breed is not listed in the FAO breed inventory. Samples were provided by. G. M. Wani, 
University of Srinagar, Kashmere, India. 
 
 
Table 8:  Information on polymorphisms 
 
a) Cattle 

 
Site Number of alleles (allelic fragment 

lengths in bp) 
Frequency of the 
predominant allele 

Observed degree of 
heterozygosity 

R03 2 (158, 160) 0.84 0.25 

R05 2 (128, 148) 0.92 0.09 

R11 4 (153, 156, 157, 163) 0.77 0.34 

R16 10 (156, 157, 158, 159, 162, 163, 
164, 165, 166, 167) 

0.22 0.47 

R18 6 (158, 167, 171, 172, 173, 174) 0.41 0.41 

R21 2 (134, 138) 0.97 0.06 

R24 2 (145, 151) 0.98 0.03 

R26 3 (148, 153, 158) 0.87 0.19 
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b) Sheep 
 
Site Number of alleles (allelic fragment 

lengths in bp) 
Frequency of the 
predominant allele 

Observed degree
of heterozygosity

S01 1 (136) 1 0 

S02 1 (157) 1 0 

S03 1 (163) 1 0 

S04 3 (139, 140, 146) 0.53 0.24 

S05 5 (128, 138, 142, 145, 148) 0.68 0.63 

S06 1 ( 156) 1 0 

S09 2 (132, 161) 0.97 0.06 

S11 5 (151, 153, 155, 157, 159) 0.65 0.52 

S15 3 (173, 179, 182) 0.73 0.33 

S18 4 (137, 138*, 139*, 142) 0.34 0.24 

S24 2 (144, 147) 0.52 0.36 

* Alleles are identical according to sequencing results.  

 

3.1.2  Chemicals and reagents 

 

Aldrich, Deisenhofen:  Alconox 

Appligene, Heidelberg: Proteinase K 

Biorad, München:   Acrylamide, N,N´-methylenebisacrylamide (BIS) 

Difco, Detroit, USA:   Bacto-agar, tryptone, yeast extract 

Eppendorf, Hamburg: Reaction tubes, Taq-DNA-polymerase with 10x KCl reaction 

buffer 

FMC Bioproducts, Rockland, 
Maryland, USA:   Agarose SeaKem® LE 

Kimberly-Clark, Koblenz: Kimwipes. 

MBI Fermentas, 
St.Leon-Roth: DNA-ladder (GeneRuler 100 bp DNA Ladder Plus). 

Merck, Darmstadt: Acetic acid, boric acid, chloroform, bromophenol blue, dextran 

blue, ethanol, ethylenediaminetetraacetic acid (EDTA), gelatine, 

hydrochloric acid, potassium bicarbonate, potassium chloride, 

saccharose, sodium chloride, tri-sodium citrate dihydrate, 

tris(hydroxymethyl)aminomethane (Tris). 

Peqlab, Erlangen:  Deoxynucleoside triphosphates (dNTP-Mix). 
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Pharmacia, Freiburg: Binding silane, GFX-PCR-Purification kit, Terazaki plates 

(MicroSample plate 60 wells), Thermo Sequenase Primer Cycle 

Sequencing kit with 7-deaza-dGTP. 

Roth, Karlsruhe: Ammonium persulfate (APS), isopropyl-β-D-thiogalacto-

pyranoside (IPTG), isopropanol, mercaptoethanol, phenol, urea, 

5-brom-4-chlor-3-indolyl- β-D-galactopyranoside (X-Gal). 

Sartorius, Göttingen: Cellulose nitrate filter SM 113 (0.45 µm pore size). 

Serva, Heidelberg: Ampicillin, ethidium bromide, Hydrolink Long Ranger Gel 

Solution, tetracycline. 

Sigma, Deisenhofen: 1,4- Dithioerythriol (DTE), formamide, formaldehyde, Nonidet 

P40 (NP40), N,N,N´,N´-tetramethylethylenediamine (TEMED), 

Triton X-100, Tween 20, sodium dodecyl sulfate (SDS). 

 

 

3.1.3  Buffers, solutions and media 

 

All buffers, solutions and media were prepared with demineralised and ultra-filtrated water 

and stored at 4  °C unless stated otherwise. 

 

3.1.3.1  Solutions for electrophoresis 

 

APS-stock solution:   10% (w/v), (-20 °C). 

Acrylamide-/Bis stock solution: 30% (w/v) Acrylamide-Bis (19:1), stored for up to one  

month.  

Binding silane stock solution: 40 ml ethanol (98%), 150 µl binding silane. 

Binding silane solution:  800 µl binding silane stock, 200 µl 10% acetic acid (v/v) 

Loading buffer (A.L.F.):  10% (w/v) mixed ion exchanger (30 min at RT) suspended in 

formamide for 30 min, then filtered and supplemented with 0.6 

% (w/v) dextran blue and 20 mM EDTA; pH 8.3; -20 °C. 

TBE buffer stock (10x):  1 M Tris/HCl, 830 mM boric acid, 1 mM EDTA, pH 8.2, RT. 

 

3.1.3.2  Staining solution 

 
Ethidiumbromide solution: 0.05% (w/v), stored in the dark. 
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3.1.3.3  Media and solutions for E. coli cultivation  

 

LB medium: 10 g tryptone, 5 g yeast extract, 5 g NaCl, 14 g agar, ad 1 l H2O, 

autoclaved. 

Ampicillin solution: 50 mg/ml ampicillin, -20 °C. 

IPTG solution: 0.2 M, stored at –20 °C. 

Tetracycline solution: 5 mg/ml tetracycline in ethanol, -20 °C. 

X-gal solution:  10% X-gal in dimethylformamide, -20 °C. 

 

 

3.1.4  Technical devices 

 

DNA-Sequencer:  A.L.F. DNA sequencer with Allele Links and Sequence 

Analyser software packages (Pharmacia, Freiburg). 

Electrophoresis chambers: DNA Sub-Cell (Bio-Rad, München). 

Thermocyclers: PTC-200 (MJ-Research, Watertown, USA); PTC 200 Gradient 

Cycler, (MJ-Research, Watertown). 

Photometer:   BioPhotometer (Eppendorf, Hamburg). 

Centrifuges:  J6 B (rotor JA-20) (Beckman, München); Biofuge 15 (rotor 

1386), (Heraeus Sepatech, Osterode). 

 

 

3.1.5  Vector DNA, bacteria, marker loci and primers 

 

Cloning was performed with the pT7Blue Perfectly Blunt Cloning kit from Novagen, 

Madison, USA. The used pT7Blue Blunt vector contains a (EcoRI) blunt cloning site and is 

designed to allow blue/white screening. NovaBlue Singles™ Competent Cells (E.coli) were 

used for the transformation procedure. 

 

Oligonucleotide primers were synthesised by Carl Roth, Karlsruhe. Sequence information for 

the vector specific primers R20, T7 and U19 was taken from the Novagen Perfectly Blunt 

Cloning Kit manual (Novagen, Madison, USA). Their positions on the vector are indicated in 

Fig. 3. The PRNP primers were designed in the Department of Animal Breeding and 
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Biotechnology (University of Hohenheim). Primer sequences and amplification are listed 

conditions in Table 9 (p. 34). 

 

R20

T7 U19

insert

pT7Blue  
Blunt Vector

 

 

 

 

 

 

 

 

Figure 3: Positions of primers R20, T7 and U19 on the pT7Blue Blunt vector 

 

 

3.2  Methods 

 

3.2.1  Polymerase chain reaction 

 

PCR was used to amplify specific DNA sequences either for fragment length analysis of 

microsatellite sites or to gain template DNA for cloning and sequencing. For optimisation, 

each primer pair was submitted to reactions with varying MgCl2 concentrations (3, 3.5, 4, 4.5, 

5 and 5.5 mM MgCl2) in combination with varying annealing temperatures. The PCR-

protocols for the different MgCl2 concentrations are given in Table 9, p. 35. The PCR 

programme Bo2 was run on a Gradient Cycler. Initially the reaction was heated to 94 °C for 4 

min and then a cycle of 94 °C for 10 s, 50 - 62 °C for 30 s and 72 °C for 30 s was repeated 32 

times (23 times for sited R26 and R18), followed by a final step of 72 °C for 4 min. Six 

samples of each MgCl2 concentration were tested at six different annealing temperatures (50 

°C, 53°C, 55 °C, 57 °C, 59 °C and 62 °C) within one cycle programme. The conditions 

leading to a specific PCR product of the expected length and sufficient quantity were chosen 

for future amplification reactions. If different test reactions showed similar results, conditions 

with the lowest MgCl2 concentration and highest annealing temperature were chosen for 

future amplification. The PCR products were stored at 4 °C. Primer sequences, their location 

on the PRNP gene, the microsatellite motifs and optimised PCR conditions are listed in 

Tables 10 and 11, p. 36 and 37. 
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Table 9:  PCR-protocols for different MgCl2-concentrations (5x 20 µl reaction volume) 

 

MgCl2-concentration 3.0 mM 3.5 mM 4.5 mM 5.0 mM 5.5 mM 

 Volumes [µl] 

H2O  77.5 75.5 71.5 69.5 67.5 

10x buffer (15 mM MgCl2) 10 10 10 10 10 

MgCl2 (25 mM)   6   8 12 14 16 

dNTP (20 mM)   0.2   0.2   0.2   0.2   0.2 

Primer DNA * 
(100 pmol each) 

  0.8   0.8   0.8   0.8   0.8 

Polymerase (5 U/µl)   0.5   0.5   0.5   0.5   0.5 

DNA (100 ng/µl)   1   1   1   1   1 
 

 

* Equal volumes of forward and reverse primer. The PCR protocol for sites R16 and R18 
applied 0.5 µl dATP, 0.5 µl dTTP, 0.2 µl dCTP and 0.2 µl dGTP, each reagent 100 mM.  
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Table 10:  Motifs, positions and primer sequences of analysed bovine microsatellite sites 

 
PCR 5 Site1 

 

Position 2 
(bp) Start/ 
End 

MS-MOTIF 3 Primer sequence 4 
TA 

( °C) 
MgCl2 

(mM) 

R03 7615/ 
7629 

(AGC)5 GTG TTC TTG CCT GGA GAG TC 
CCA CTG CTG TCT ATA CTC CTC A 

62  3.5 

R05 
 

25288/ 
25307 

(TTTGT)4 AAT CAG TGG GAT CAT AGA CTT TCA 
TCC ATC TAG CTT CCA AAC TAT TGA C 

55  3.5 

R11 
 

44507/ 
44530 

(CA)12 TAG ATA GTG TCA GAA TTG AGT TGA A 
AAT CTT TCT TAT CAC TGG TTA AAA T 

55  4.5 

R16 
 

50471/ 
50495 

(T)25 TTG ATT ATT AAA CAA CGA GAA GTC 
TTG TTA AGA ATC TGG AGA CGA 

62  3.0* 

R18 
 

54990/ 
55018 

(T)29 CAT TGT ACA TAC TAG CTG TTC CAT 
TTT CTA AGT AGT CAT ATT CCT TGC 

62  3.0* 

R21 
 

62703/ 
62717 

(TTCAG)3 TCC TCC TAT TCC TAG TCT GCT 
TGG GAG TTG GTG ATA GAC AG 

55  3.0 

R24 
 

68762/ 
68785 

(AAAACA)4 ATA ACT TTG ATG TTT GAG TTC CA 
GTA TCC ACT GTT CAT CAA AAT CT 

55  4.5 

R25 
 

68926/ 
68937 

(ACC)4 ATG GAA GAA ATT GTA GGG TGA G 
GCT GCT TTC AGT TGG TCT AAT 

62  4.5 

R26 
 

72474/ 

72498 
(ATCAG)5 AGA GGC TGT CTT TTC TCC ATT G 

CGG GAG TTG GTG TTG GAC 
62  3.0 

 

1 R: cattle; positions homologous in both species are indicated with the same number; 
Accession number of GenBank (AJ298876). 
2 Positions of repeats relative to the sequence of GenBank reference sequence. 
3 The microsatellite (MS) motifs indicate the consensus sequence. 
4 5’ to 3’, first line forward, second line reverse primer 

5 Annealing temperature and MgCl2 concentration in the PCR reaction mix. Further 
parameters of the PCR protocol see Table 9, p. 35 
* PCR protocol contains special dNTP composition (see Table 9, p35) and PCR was run with 
23 cycles.  
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Table 11:  Motifs, positions and primer sequences of analysed ovine microsatellite sites  
 

PCR 5 Site1 

 

Position 2 
(bp) Start/ 
End 

MS-MOTIF 3 Primer sequence 4 
TA 

( °C) 
MgCl2 

(mM) 

S01 
 

-/ 

- 

(CAGTT)4 AAT TAG AAC ACT TCC TAA CAC CA 
CAT GAG TTT GAG TAA GCT CTA GG 

62  3.0 

S02 
 

-/ 
- 

(TC)5 GGT TCA CAG ATC CAC AGT CT 
GTG GTA CAA GGT CTA GTG AGG T 

62  3.5 

S03 
 

-/ 
- 

(AGC)5 GTG TTC TTG CCT GGA GAG TC 
CCA CTG CTG TCT ATA CTC CTC A 

62  3.5 

S04 
 

-/ 
- 

(GA)5 TGT GGT GTT CTC ACA TCA TAA AAT C 
CAA GGA TTC ACA AGT AGT GGG TTA C 

62  3.5 

S05 
 

-/ 
- 

(TTTGT)4 AAT CAG TGG GAT CAT AGA CTT TCA 
TCC ATC TAG CTT CCA AAC TAT TGA C 

55  3.5 

S06 
 

-/ 
- 

(TCAGT)4 GGG AGA AAT AAG ACG GTA ACA GG 
TCG AAG AAC ATG AGT TTG AGT GA 

58  3.5 

S09 
 

-/ 
- 

(ACTGA)3 AGA GTT GAC CAT GAC TGA GC 
GCC AAA AAT GGA CTG ATG 

55  3.0 

S11 
 

590/ 
613 

(CA)12 TAG ATA GTG TCA GAA TTG AGT TGA A 
AAT CTT TCT TAT CAC TGG TTA AAA T 

55  4.5 

S14 
 

4651/ 
4662 

(ATC)4 TGC CTA ATA CTC ATT TCT AGC TG 
TGA TGA ATA TAT GAA TGT GGA TG 

50  5.5 

S15 
 

6627/ 
6641 

(GTT)5 GAT ATT TTC GCT GTC TCG ACT G 
GGA CTT CTC CTC GTT GTT TAA TAA TC 

55  4.5 

S18 
 

11277/ 
11291 

(T)15 CAT TGT ACA TAC TAG CTG TTC CAT 
TTT CTA AGT AGT CAT ATT CCT TGC 

55  3.5 

S24 
 

25422/ 

25433 
(CAA)4 ATA ACT TTG ATG TTT GAG TTC CA 

GTA TCC ACT GTT CAT CAA AAT CT 
55  3.5 

 
1 S: sheep; positions homologous in both species are indicated with the same number. 
Accession number of GenBank (U67922). 
2 Positions of repeats relative to the sequence of GenBank. -: Regions without GenBank 
sequence information in sheep. 
3 The microsatellite (MS) motifs indicate the consensus sequence. For the sites without 
GenBank sequence information in sheep (S01 to S06, S09) the bovine motifs are used. 
4 5’ to 3’, first line forward, second line reverse primer. 
5 Annealing temperature and MgCl2 concentration in the PCR reaction mix. Further 
parameters of the PCR protocol see Table 9, p. 35. 
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3.2.2  Agarose gel electrophoresis 

 

The PCR reactions were tested by horizontal agarose gel electrophoresis. A 2% gel was 

prepared by mixing 2 g agarose and 100 ml of 1 x TBE buffer and heating the mixture to 

boiling point in a microwave oven. When the solution was approximately 40 °C, 30 µl of 

ethidium bromide solution were added and the gel solution was poured into a gel chamber. A 

slot former was fixed at one end. The gel solution became solid within 10 min and was then 

placed in an electrophoresis chamber containing 1 x TBE buffer. 1 µl of non-denaturing stop 

buffer was added to 5 µl of PCR product and then the reaction mix was loaded into an 

insertion cavity (pocket). Three pockets per row were used for the length standard (100 bp 

DNA-ladder). Three different volumes (0.25 µl, 0.5 µl, 1 µl) of length standard were used to 

estimate the size and concentration of the PCR-products. The electrophoresis was run at 70 V 

for ca. 1½ h. 

 

When placed on a UV-screen, the ethidium bromide stained DNA fragments emitted 

fluorescent light and were visible as bands. The gels were photographed and the pictures 

saved as a pcx file. The amount of DNA was estimated by comparing the brightness of the 

fluorescent sample band to the brightness of the 500 bp standard fragment of known DNA-

concentration. 

 

 

3.2.3  Fragment length analysis 

 

Fragment length analysis was performed on an Automated Laser Fluorescence sequence 

analyser (A.L.F., Pharmacia, Freiburg). The fluorescent labelled DNA fragments travel in a 

vertical Hydrolink gel and emit a light signal when passing the laser beam that is directed in a 

stable position through the gel. 

 

A glass plate and the glass thermoplate were cleaned with Alconox detergent, water and 98% 

ethanol. To increase the stability of the pockets a thin layer of binding silane was spread along 

the upper edge of the glass plates prior to assembly. After placing the spacers and the light 

coupler along the markings on the glass plate, the two plates were fixed to each other with 

clamps. Hydrolink gels were prepared with 33.6 g urea, 8 ml of 50% Hydrolink solution and 

4.8 ml 10 x TBE filled up to a volume of 80 ml with water. The stirred solution was passed 
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through a cellulose nitrate filter with a pore size of 0.45 µm and then evacuated for 6 min. 

Before pouring the gel, 60 µl TEMED and 200 µl of 10% APS were added and the mixture 

was drawn up in a syringe and finally placed into the gel chamber. Then the comb was fixed 

and the gel solution allowed to polymerise for at least 60 min. The gel was then fitted into the 

A.L.F., and the thermoplate was heated to 50 °C. The buffer chambers were filled with 0.6 x 

TBE, the comb removed and the resulting pockets washed with buffer. 

 

The samples were prepared by mixing 1.5 µl PCR products with 3 µl of a stop buffer and 

internal length standard on a Terazaki plate. The length standards consisted of λ-DNA PCR-

products of known sizes (99 bp, 198 bp), chosen to define a position shorter and a position 

longer than the expected fragments. Four positions were reserved for external length standard 

that consisted of the internal standard fragments plus a 160 bp fragment (similar size as the 

alleles). The samples were then denatured for 2 min on a 90 °C thermoblock, subsequently 

cooled on ice, and loaded on the gel. 

 

The electrophoresis was started after adjustment of the laser beam and ran at 1500 V, 45 mA, 

and 34 W (values state the upper limit) for 180 min. The fragment lengths were computed 

using the „Allele Links“ programme (A.L.F. software package) with the help of the internal 

and external standards.  

 

 

3.2.4  Cloning 

 

For cloning, the steps described in the user manual of Novagen (Madison, USA) were used, 

but partly modified.  

 

3.2.4.1  Preparation of DNA fragments for cloning 

 

At least 100 µl of PCR-product were produced. 5 µl were analysed on an agarose gel to 

control the specificity and estimate the concentration of DNA. If the product showed a single 

band of the correct size and the concentration was ≥ 1 ng/µl, the left-over PCR-product was 

purified with the GFX PCR-purification kit. If the product showed extra bands, the left-over 

PCR-product was condensed either in a vacuum centrifuge for approximately 2 h or on a 

thermoblock for approximately 6 h. The end volume of about 10 µl was submitted to agarose 
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gel electrophoresis. The target band was cut out with a scalpel, and the DNA was extracted 

from the gel according to the gel extraction protocol. 

 

If the concentration acquired after purification was not sufficient, the purified PCR product 

was concentrated by ethanol precipitation. Two volumes of ice-cold 98% ethanol and 1/10 

volume of 3 mM sodium acetate were added to the sample and incubated at 0 °C for at least 

10 min. The sample was then centrifuged for 30 min at 8600 x g and the supernatant 

discarded. After air-drying for 2 h, 20 µl of TE buffer were added to the pellet and the sample 

was left to dissolve overnight at 37 °C. 

 

3.2.4.2  Ligation into plasmid 

 

0.05 pmol of PCR amplified DNA was used per ligation reaction according to the Perfectly 

Blunt Cloning Kits Manual (Novagen, Madison, USA). This amounts to 5.6 ng of 170 bp 

fragments. The extracted PCR-product was incubated in a 0.6 ml tube with 5 µl of End 

Conversion Mix and diluted with nuclease free water to a total volume of 10 µl. After gentle 

mixing, the sample was left to incubate for 15 min at RT. The reaction was inactivated by 

incubation at 75 °C for 5 min and then cooled on ice for 2 min. 1 µl of pT7 Blue Blunt Vector 

and 1 µl of T4 DNA ligase were added, the mixture stirred gently with a pipette tip and 

incubated for at least 2 h at RT.  

 

3.2.4.3  Transformation into E. coli 

 

Nova Blue Singles cells were thawed and gently flicked until suspension appeared opaque.    

1 µl of ligation reaction was added, gently stirred and the reaction tube placed on ice for 5 

min. The tube was then incubated for 30 s at 42 °C on a thermoblock and returned to ice for at 

least another 2 min. 400 µl of RT SOC medium were added to the cells and gently stirred 

until the suspension appeared opaque. The sample was then plated out on two agar plates, 

each previously treated with 40 µl of IPTG, 32 µl X-gal, 50 µl of tetracycline and 20 µl of 

Ampicillin solution. Cells were pipetted using cut-off pipette tips and spread using a heat 

sterilised glass spatula. The plates were incubated at 37 °C for 24 h. 
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3.2.4.4  Selection of recombinant clones 

 

After 24 h of incubation the agar plates were examined for transformed bacterial colonies. 

Colonies of white or light blue colour were picked using a pipette tip and transferred to a    

0.6 ml tube containing 50 µl of nuclease free water. The pipette tip was then touched to a 

fresh agar plate to grow a new colony as backup material. Ten to 20 colonies were picked for 

samples from heterozygous animals, six to 12 colonies were picked for samples from 

homozygous animals. 

 

The harvested bacteria material was suspended in water, vortexed thoroughly and heated to 99 

°C for 10 min to destroy the bacteria and DNA degrading enzymes. The mixture then was 

vortexed again and used as template in a reaction with the vector specific primers T7 (or R20) 

and U19. In the Cycle programme, the reaction was heated inititally to 95 °C for 5 min and 

then a cycle of 95 °C for 45 s, 58 °C for 45 s and 72 °C for 1 min was repeated 30 times 

followed by a final step of 72 °C for 15 min. The protocol of the reaction mixture is shown in 

Table 12. 

 

Table 12:  Clone-PCR-reaction mix 

 

Ingredient Volume [µl] 

H2O 10 

Buffer (15 mMol MgCl2) 2.5 

dNTPs (20 mMol) 0.25 

Primer T7/R20 (10 pmol) 1 

Primer U19 (10 pmol) 1 

Polymerase (5U/µl) 0.25 

Template 10 
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Five µl of PCR product were applied to a 2% agarose gel to verify the fragment length. The 

expected size was the original insert size plus 156 bp for the bordering vector sequences. 

More clones were picked if not at least two (homozygous samples) or four (heterozygous 

samples) PCR-products displayed the correct length. If insert sizes appeared correct, 1 µl of 

PCR-product was submitted to amplification with PRNP site specific primers and tested on 

the A.L.F. sequencer to identify the fragment length of the insert. Clones that led to a PCR 

fragment of the expected size of the allele were chosen for sequencing. Initially, some clones 

from homozygous PRNP sites were sequenced on the basis of the insert length at agarose gel 

analysis only, but later on the clones were always selected by PRNP site specific PCR 

products.  

 

In ten cases where only little template DNA was available for amplification of a cloned insert, 

nested PCR was used to gain a specific PCR-product. The R20/U19 PCR product served as 

template.  

 

3.2.5  Sequencing 

 

Sequencing was performed by the companies MGI or Biolux (Stuttgart). For verification of 

allelic information the sequencing was repeated on the A.L.F. DNA sequencer. 

 

3.2.5.1  Preparation of sequencing template 

 

After ≥ 100 µl of PCR product were produced, 10 µl were tested on an agarose gel to control 

the specificity and concentration of fragments. If the product showed a single band of the 

correct size and ≥ 10 ng DNA per µl, the left-over PCR product was purified with the PCR 

purification kit (Pharmacia, Freiburg). The elution volume amounted to about 30 µl. To 

achieve a higher concentration, the DNA was submitted to ethanol precipitation as described 

in chapter 3.2.4.1, p. 39. 
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3.2.5.2  Sequencing reaction 

 

For each reaction a 25 µl master mix was prepared containing 22 µl water, 2 µl of either T7 or 

U19 fluorescent labelled primer and 1 µl template DNA. The sample was vortexed and stored 

on ice. On ice four separate 0.2 ml cups were prepared with 3 µl of either ddATP-, ddCTP-, 

ddGTP-, or ddTTP-reagents each. 6 µl of master mix were added to each cup. The samples 

were placed in the preheated thermocycler and submitted to the sequencing programme listed 

in Table 13. Five µl of denaturing loading dye were added to each tube after the reaction and 

samples stored at –20 °C. 

 

 

Table 13:  Cycle profile of sequencing reaction 
 
Step 1  95 °C   0:45 min 

Step 2  72 °C   1:00 min 

Step 3  57 °C   0:45 min 

Step 4  go to Step1  repeat 42 x 

Step 5  4 °C   forever 

 

 

3.2.5.3  Sequencing gel 

 

Sequencing was performed on an Automated Laser Fluorescence sequence analyser (A.L.F., 

Pharmacia, Freiburg). The glass plates were prepared as described in chapter 3.2.3, p. 38. 

 

To prepare the gel mixture 25.2 g urea were dissolved in 26 ml water and 3.6 ml of 10 x TBE 

buffer. 15 ml of acrylamide solution were added. The solution was then treated as described 

previously in chapter3.2.3, p. 38.  

 

The samples were heated to 72 °C for 2 min and immediately placed on ice. Seven µl of each 

tube were loaded in one pocket of the gel. The electrophoresis was performed at 1500 V,      

45 mA, and 34 W (values state upper limit) for 360 min. The Sequence Analyser programme 

supplied with the A.L.F. software package evaluated the electrophoresis results and presented 

them as peak data with the appropriate nucleotides. 
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3.2.6  Sequence analysis 

 

A.L.F. Sequence Analyser: The A.L.F. Sequence Analyser software transformed the results 

of the electrophoresis into peak and sequence data. The peaks of each of the four ddNTP 

reactions were displayed in a different colour. By applying the “shift” function, minor gel 

effects were corrected automatically. By redefining the starting point of sequence reading in 

“peak data interpretation frame” was further optimised. Sequences were considered successful 

if peak data were unambiguous, both site specific primer sequences were found and the size 

was similar to that of the GenBank reference sequence. 

 

Chromas: Results of sequencing performed at MGI, Jena, or Biolux, Stuttgart, were supplied 

as electropherogram that could be viewed with Chromas software 

(http://www.technelysium.com.au/index.html). Data were exported into FASTA format for 

further analysis.  

 

Genedoc: Sequence alignment was performed with Genedoc software 

(http://www.psc.edu/biomed/genedoc/). Sequences were imported and compared to reference 

sequences. This programme also provided homology calculations using the BLOSUM 62 

matrix.  



4 Results 

 

In this study, bovine and ovine PRNP microsatellite sites described by GELDERMANN et al. 

(2001, 2002) were amplified, cloned and sequenced in order to analyse the nature of the 

polymorphisms and the origin of the sequences. 

 

4.1 Amplification of PRNP sites 

 

In 14 of the 19 investigated PRNP sites the PCR products each showed only one band of 

expected size. As shown in Table 14, the PCR products gained for five sites showed between 

three and six electrophoretic fractions. The estimated sizes of the fractions ranged from 140 to 

1200 bp. The fraction that showed the expected size was always the shortest one. The 

predominant fractions were the ones of the expected sizes, except for site R26, where the three 

shortest fractions all contained a similar amount of DNA, and site S03, where the longest fraction 

was predominant. The four PCR products of ovine sites were obtained using bovine primers of 

unknown homology to ovine sequences for sheep DNA samples. For these sites the expected 

sizes were calculated according to the bovine reference sequence. 

 

4.2 Insert sizes 

 

Five of the purified PCR products of different ovine PRNP sites were submitted directly to 

sequencing without cloning. All other sequences were obtained after cloning and analysis of 

clones. 

 

To choose clones for sequencing, the sizes of inserts ligated into the vector were analysed. At 

first the inserts were amplified with vector specific primers and the sizes of PCR products 

estimated by agarose gel electrophoresis (Tables 15 and 16). A proportion of the clones that 

showed expected fragment length were also submitted to a second test in which the previously 

generated PCR product was amplified with PRNP site specific primers and analysed by 

Hydrolink gel electrophoresis on the A.L.F sequencer. Three clones for ovine sites and five 

clones for bovine sites were sequenced directly after the agarose gel analysis. As can be seen in 

Tables 15 and 16 not all inserts were of the expected length. In cattle, 467 clones were analysed 

and 334 (71.5%) showed the expected insert lengths according to agarose gel electrophoresis. Of 

the 278 clones analysed further in cattle 139 (50%) showed expected size fragments on A.L.F. 
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analysis (+/- 1 bp). In sheep, 641 clones were analysed and 474 (73.9%) showed the expected 

insert lengths according to agarose gel electrophoresis. Of 418 clones in sheep that were further 

analysed by A.L.F. electrophoresis, 260 (62%) showed expected allele size fragments. 

 
Table 14:  Electrophoretic fractions from PCR products generated by use of PRNP site 

specific primers 
 

Site Molecule size (bp)1 Proportion 2 

S01 1200  ++ 

 900  + 

 550  + 

 400  + 

 140 * +++ 

S02 400  + 

 320  + 

 250  ++ 

 160 * +++ 

S03 500  +++ 

 300  + 

 170 * + 

S09 450  + 

 300  + 

 150 * +++ 

R26 600  + 

 550  + 

 500  + 

 300  ++ 

 250  ++ 

 180 * ++ 
 

1Molecule sizes of electrophoretic fractions were estimated using a 100 bp DNA-ladder.  

2Estimated proportion of the electrophoretic fraction obtained from the PCR product:  
  + < 10%;    ++ 10% - 50%;    +++ > 50%. 
*DNA of expected size. 
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Table 15: Results of bovine PRNP sites used for the selection of clones 
 
Site Animal 

No. 
Allelic 

fragment 
size1 (bp) 

No. of 
clones 
picked

No. of clones with insertion of expected  
size analysed by electrophoresis on  

agarose gel2           Hydrolink gel3 

No. of 
sequenced 

inserts4 

R03 3 160 20 18 10 4 2 

 87 158 10 6 - 1 

 559 158 13 8 - 1 

 TB104 158 4 1 
  160 10 6 6 1 1 

 TB43 158 6 1 
  160 30 19 15 7 2 

R05 3 128 6 4 4 3 2 

 87 148 6 6 6 5 2 

R11 12 153 4 1 
  157 45 28 20 5 1 

 41 156 6 5 - 2 

 TB28 157 3 1 
  163 27 16 10 1 1 
 TB78 157 1 0 
  163 20 8 8 2 2 
R16 559 156 5 2 
  163 30 22 22 3 2 
 TB16 157 26 23 23 7 2 

 58 159 3 2 
  167 27 12 12 2 2 
 1051 162 20 12 12 3 1 

 1048 162 6 3 3 1 1 

 TB105 163 6 6 6 1 1 

 2 165 6 4 4 1 1 

 88 166 6 3 - 1 
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Table 15 : Results of bovine PRNP sites used for the selection of clones (continued) 
 
Site Animal 

No. 
Allelic 

fragment 
size1 (bp) 

No. of 
clones 
picked

No. of clones with insertion of expected   
size analysed by electrophoresis on       
agarose gel2           Hydrolink gel3 

No. of 
sequenced 

inserts4 

R18 41 172 6 6 6 3 1

 57 167 6 2
  172 20 19 19 6 1

 56 158 2 1
  174 10 9 9 2 1

 TB105 171 6 2 2 2 1

 58 173 6 6 6 3 1

 88 174 6 5 5 3 1

TB16 138 6 4 - 1R21 

TB78 134 1 1
  138 10 8 8 2 2

R24 TB16 145 2 2
  151 10 9 9 4 3

R25 3 177 5 2
  191 12 9 9 1 1
R26 12 153 2 1
  158 25 22 20 11 1

 88 153 8 1
  158 20 17 15 2 1

 TB50 148 10 9 9 2 2
 

1 Allelic fragment sizes according to A.L.F. analysis. In case of heterozygous genotypes each 
allele is given in a separate line. 
 
2 PCR products of insert size plus vector sequence (156 bp) were expected, for details see p. 41. 
 
3 First column number of clones analysed; second column number of clones showing a PCR 
product of expected allelic length according to A.L.F. analysis. “-“: no analysis. 
 
4 Number of. sequences that contained both primer sequences and were of lengths similar to the 
GenBank reference sequence. 
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Table 16:  Ovine PRNP sites used for selection of clones 
 
Site Animal  

No. 

Allelic 
fragment 
size1 (bp) 

No. of 
clones 
picked

No. of clones with insertion of expected   
size analysed by electrophoresis on       
agarose gel2           Hydrolink gel3 

No. of 
inserts 

sequenced 

S01 TO31 136 30 25 25 5 3  

S02 S32 157 6 5 - 1  

 S102 157 20 16 16 11 2  

 TO11 159 6 2 2 2 1  

S03 S01 163 30 20 20 9 4  

 S101 163 20 9 9 3 1  

S04 S32 139 6 6 - 1  

 S33 140 10 9 9 8 2  

 S83 146 6 5 - 1  

 S101 139 5 1  
  146 10 8 8 2 2  
 TO20 139 3 0  
  140 6 4 4 0 1  
S05 S01 128 3 1  
  138 12 0  
  142 

20 15 15
2 0  

 S14 138 13 1  
  142 30 28 20 5 1  
 S34 138 10 1  
  142 30 22 20 5 0  
 S85 128 4 0  
  138 9 1  
  142 

30 26 20
6 1  

 TO20 128 1 1  
  138 30 25 25 15 0  

S06 S31 156 10 9 9 6 2  

 TO31 156 10 7 7 4 1  
S09 S240 132 7 2  
  161 35 22 22 5 2  
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Table 16:  Ovine PRNP sites used for selection of clones (continued) 
 
Site Animal 

No. 
Allelic 

fragment 
size1 (bp) 

No. of 
clones 
picked

No. of clones with insertion of expected   
size analysed by electrophoresis on       
agarose gel2           Hydrolink gel3 

No. of 
inserts 

sequenced 
S11 NS02 153 4 2  

  155 40 30 30 7 2  
 S6 151 6 5 5 3 2  
 S97 153 4 0  
  159 20 15 10 2 1  
 S99 159 10 5 5 2 1  
 S101 153 4 1  
  157 16 12 10 2 1  
 TO31 151 5 2  
  155 10 8 8 1 2  

S15 S6 182   1 * 

 S103 182 20 10 10 9 1  
 TO20 173 4 3  
  182 20 16 10 2 0  
 TO31 182 9 6 6 3 1  
 TO107 173 8 2  
  179 30 25 20 6 2  

S18 S8 140 14 10 10 3 1  

 S31 137 6 5 5 2 1  

 S97 139   1 * 

 S99 139 26 24 18 12 2  

 S240 140   1 * 
 S241 138 6 2  
  139 37 23 23 4 2  
 TO11 137   1 * 

S24 S33 144 12 5 5 3 1  

 S83 144   1 * 

 S102 147 6 3 3 3 1  

 311 147 14 9 9 6 1  
1 Allelic fragment sizes according to A.L.F. analysis. In case of heterozygous genotypes each 
allele is given in a separate line. 
 
2 PCR products of insert size plus vector sequence (156 bp) were expected, for details see p. 41. 
 
3 First column number of clones analysed; second column number of clones showing a PCR 
product of expected allelic length according to A.L.F. analysis. “-“: no analysis. 
 n  
4 Number of. sequences that contained both primer sequences and were of lengths similar to the 
GenBank reference sequence. * Result of direct sequencing. 
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For the sites R11, R16, R21, S01, S03 and S18 less than 40% of A.L.F. analysed clones 

harboured inserts of the expected fragment lengths (33%, 29%, 38%, 20%, 24%, 33% 

respectively). 

 

4.3 Sequence results 

 

Sequencing results for all sites are displayed in Figures 6 to 22 in the appendix. As shown in 

Tables 17 and 18, nine polymorphic PRNP sites in cattle and four polymorphic PRNP sites in 

sheep were sequenced and compared with GenBank sequence information. In addition, seven 

ovine sites were sequenced for which no ovine sequence information was available. These 

sequences are displayed in Table 19. Four of the ovine sites were monomorphic and three 

polymorphic. Six of the 19 analysed PRNP sites were polymorphic in both species, while six 

sites showed polymorphisms in one species only. These included three bovine sites with two 

variants each, one bovine site with three, one ovine site with four and another bovine site with 

more than seven variants. No homologous polymorphic microsatellite motif existed in sheep for 

the sites R16, R21, R25 and R26 and vice-versa in cattle for site S15.  

 

The sequence results displayed in Tables 17, 18 and 19 are compared to GenBank sequence 

information. In most cases the variants were verified by at least two identical sequences derived 

from different clones. The unconfirmed variant R05 B is identical to the GenBank sequence. The 

second sequence obtained for variant R21 A contained one SNP (compare Tables 16 and 19). For 

site R16 the large number of variants made confirmation of all alleles impractical. In sheep the 

second sequences for variants A and B of site S09 also contained one SNP (compare Tables 19 

and 21). Furthermore two variants were not confirmed at site S05. 

 

 

 

 

 

 

 

 

 
 



Table 17:  Sequences of bovine sites 
 
Site Fragment sizes (bp) Microsatellite sequence 

 
Variant1,2 

A.L.F.3 Sequence4 
Differences in 5´flanking region5 

 
Differences in 3´flanking region5 

R03       R - 160 (AGC)3CGC(AGC)
 

 
 

A(6)
 

   

    
   

      

       

  

158 160 (AGC)3CGC(AGC)   
 

Ins(-24bp):CA; SNP(-39bp)A>G;
  

B(2) 160 162  (AGC)
(-60bp)G>A;(-4bp)A>G 

3CAC(AGC)

R05 R - 148 (TTTGT)2(T)5(TTTGT)
 

 
 

A(2)
  

       
  

      

     

 

SNP(-35bp):G>A,
  

128 129
Del(-30bp to -15bp) 
 

 

(TTCT)(T)5(TTTGT) SNP(+23bp):C>T
    

B(1) 148 148 (TTTGT)2(T)5(TTTGT)

R11 R - 158 (CA)12  
 

 
 

A(2)
 

   

      
    

       
    

       
    

       

       

  

153 154 (CA)10
  

B(2)
 

157 158 (CA)12
  

C(2)
 

159 160 (CA)13
  

D(2) 163 164 (CA)15

R16 R - 166 (T)19CC(T)4
 

 
 

A(2)
 

  

      
   

       
   

       
   

      
   

       
   

     
   

     

 

Del(-2bp)
 

  

158 158 (T)13CC(T)4 Del(+29bp)
  

B(2)
 

158 159 Del(-2bp)
 

(T)14CC(T)4 Del(+29bp)
  

C(1)
 

160 160 Del(-2bp)
 

(T)15CC(T)4 Del(+29bp)
 

  

D(2)
 

164 165 Del(-2bp)
 

(T)19CC(T)4
  

E(2)
 

165 166 Del(-2bp)
 

(T)20CC(T)4
  

F(1)
 

167 167 Del(-2bp)
 

(T)5G(T)11CC(T)4C(T)4 Del(+29bp) 
  

G(2) 167 168 Del(-2bp) (T)5G(T)13CC(T)4C(T)4 Del(+29bp) 
Footnotes see p. 53.



Table 17:  Sequences of bovine sites (continued) 
 
Site Fragment sizes (bp) Differences in 5´flanking region5  Microsatellite sequence

 
Variant1,2

A.L.F.3 Sequence4  
Differences in 3´flanking region5 

R18     R - 173 (T)5(CTTT)2(T)16  
 

 
 

A(2)
 

  

      
   

       
   

     
    

     
    

       
   

    

 

SNP(-27bp):A>G
 

  

167 168 (T)5(CTTT)3(T)7 SNP(+5bp)A>G
  

B(2)
 

168 169 SNP(-27bp):A>G
 

 
(T)5(CTTT)3(T)8 SNP(+5bp)A>G

 
  

C(2)
 

171 172 (T)5(CTTT)2(T)15
  

D(2)
 

172 173 (T)5(CTTT)2(T)16  
  

E(2)
 

174 175 (T)5(CTTT)3(T)14
   

R21 R 136  (TTCAG)3  
 

 
 

A(1)
 

   

   
    

    

    

  

134 136  (TTCAG)3  
  

B(2) 138 140  (TTCAG)3 Ins(+2bp):GCTC; SNP(+24bp):T>G, 
SNP(+27bp): T>C 

R24 R 153  (A)6(AAAACA)3  
 

 
 

A(2)
 

   

   
    

    

       

  

145 147  (AAAACA)3  
  

B(2) 151 153  (A)6AAACCA(AAAACA)2  

R26 R 160 (ATCAG)5
 

 
 

A(2)
 

   

      
    

       
    

       

  

148 150 (ATCAG)3 SNP(+2bp)A>G
  

B(1)
 

153 155 (ATCAG)4 SNP(+2bp)A>G
  

C(2) 158 160 (ATCAG)5 SNP(+2bp)A>G
 

 

Footnotes see p. 53. 



Footnotes to Table 17: 
 
1 No. of sequences by which a variant is verified is indicated in brackets. 
 
2 R – bovine reference sequence from GenBank (Acc. No.: AJ298878). A-G indicate the allelic 
sequences ranked according to lengths. 
 
3 Fragment sizes in bp as analysed on A.L.F. DNA-sequencer. 
 
4 Number of nucleotides in bp according to sequencing results. 
5 Differences are given in comparison to GenBank reference sequence. Distance of variant to the 
microsatellite motif is indicated in brackets. (-x) indicates a position upstream of the 
microsatellite, (+x) indicates a position downstream of the microsatellite. SNP- single nucleotide 
polymorphism; nucleotide in the reference sequence is noted before „>“, nucleotide in the 
sequence result is noted after „>“ sign. Del- deletion of nucleotides found in the sequence result, 
Ins- insertion upstream of nucleotides found in the sequence result. 
 
 

4.3.1 Sequences of bovine PRNP sites 

 

Sequence results are displayed in Table 17. Most sites were polymorphic both within and outside 

of the microsatellite motif. Polymorphisms at three sites (R11, R24, R26) were restricted to the 

microsatellite motif. The length polymorphism at R03 is derived from a (CA)-insertion outside 

of the microsatellite motif while the microsatellite motif is well preserved except for one SNP. 

Site R21 contains polymorphisms outside the microsatellite motif only (a 4 bp insertion and two 

SNPs). The lowest homology to the reference sequence (only 73%) was found in the R25 variant 

B. Here neither the flanking region nor the microsatellite sequence is conserved. The most 

common interallelic SNP found in all analysed bovine sites was A>G/G>A, which was found 

seven times. Any other SNP variant occurred only once. 

 

All sequenced variants at sites R16 and R26 are different from the GenBank sequence. A 1 bp 

deletion, for example, was found in all R16 sequences. The three sequences identified at site R26 

contain an identical A>G SNP that does not occur in the reference sequence. The microsatellite 

motif of variant R24 B shows a different variant than the reference sequence, even though the 

lengths are identical.  

 

For sites displaying the microsatellite motifs (T)x  (sites R16 and R18) or (CA)x (R11) the highest 

numbers of variants were identified. The R11 variants varied only in numbers of CA repeats, 

whereas at site R16 some variants showed an additional deletion outside the microsatellite motif. 

The variants identified at site R18 carried either two or three CTTT repetitions in addition to the 

variable poly-T motif.  
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4.3.2 Sequences of ovine PRNP sites for which database sequence information was 

available 

 

The sequencing results are listed in Table 18. The primers for most sites were positioned in 

regions conserved in sheep and cattle, but defined to exactly match the bovine sequence 

information. Only the primers for site S15 were designed on hand of ovine sequence information. 

The amplification of both bovine and ovine gDNA with these primers was successful.  

 

The polymorphisms in the ovine PRNP sites are restricted to the microsatellite sequence except 

for one SNP found in the flanking region at site S24. Allelic variants at site S11, repeat motif 

(CA)x, and site S18, repeat motif (T)x, only show repeat number variations. Sites S15 and S24 

contain composite microsatellites and combinations of repeat variations of both motifs were 

found. As can be seen in variants A and B at site S15, such combinations resulted in different 

sequences of the same length. In the same way, variant C at site S15 and variant B at site S24 are 

of the same length as the GenBank reference sequence but display different motif variations.  

 

4.3.3 Sequences of ovine PRNP sites for which no database sequence information was 

available 

 

78 056 bp of the bovine PRNP, but only 31 412 bp of the ovine PRNP are available in the 

GenBank database. To access the unsequenced 5´region of the ovine PRNP, primers designed for 

the homologous bovine PRNP sites were applied in PCR with ovine gDNA template. Primers for 

seven bovine sites produced amplification results in sheep. The sequencing results are displayed 

in Table 19. The differences between variants of one site are highlighted in black. 

 

Sites S01, S02, S03 and S06 were monomorphic. Analysis of the S04 and S09 amplification 

products with the A.L.F. sequencer revealed two fragments of appropriate lengths. 

 

The microsatellite motif is completely conserved in two sites (S03, S04). At three sites the motifs 

contain only minor differences in comparison with the bovine reference sequence (S01: two 

instead of three repeats; S02: one SNP; S06: one extra repeat and one SNP).  
 



Table 18: Sequences of ovine sites for which database sequence information was available 
 
Site Fragment sizes (bp) Microsatellite sequence 

 
Variant1,2 

A.L.F.3 Sequence4 
Differences in 5´flanking region5 

 
Differences in 3´flanking region5 

S11       R - 160 (CA)12
 

 
 

A(2)
 

  

      
   

       
   

       
   

       
   

       

       

   

151 152 (CA)8
   

B(2)
 

153 154 (CA)9
   

C(2)
 

155 156 (CA)10
   

D(2)
 

157 158 (CA)11
   

E(2) 159 160 (CA)12

S15 R - 179 (T)11(GTT)4TT
 

 
 

A(2)
 

  

      
   

       
   

       
   

       

       

   

173 173 (T)11(GTT)2TT
   

B(2)
 

173 173 (T)8(GTT)3TT
   

C(2)
 

179 179 (T)8(GTT)5TT
   

D(2) 182 182 (T)11(GTT)5TT

S18 R 141 (T)15
 

 
 

A(2)
 

  

      
   

       
   

       
   

       

       

   

137 139 (T)13
   

B(2)
 

138 140 (T)14
   

C(2)
 

139 140 (T)14
   

D(2) 140 141 (T)15

S24 R 149 (CAA)4(A)7
 

 
 

A(2)
 

  

   
   

    
   

    

   

144 146  (CAA)3(A)7  
   

B(2)
 

147 149  (CAA)5(A)4 SNP(+8bp)C>T; 
   

C6(2) 151 153 SNP(-13bp)A>G; Ins(-9bp)TTAAG (CAA)5(A)4 SNP(+46bp)T>A 
 

 

 

Footnotes see p.58. 



Table 19: Sequences of ovine sites for which no database information was available 
 
Site Fragment sizes (bp) Microsatellite sequence 

 
Variant1,2 

A.L.F.3 Sequence4 
Differences in 5´flanking 
region5  

Differences in 3´flanking region 5 

S01       R - 138 (CAGTT)3CAGAT
  

A(2) 
  

  
   

  133      91%  (CAGTT)2CAGAT Del(+1,+2,+3bp); SNP(+14bp)G>A;
(+16/17/18bp)ATC>CCT; (+51bp)C>T; 
(+75bp)C>T 

S02       R - 162 (TC)2CC(TC)2
  

A(2) 
 

       

  

SNP(-4bp)G>A 
  

 157 159      92% (TC)2CC(TC)CC Del(+49, +82, +83bp); SNP(+60bp)G>A; 
(+67bp)G>T; (+69/70bp)GG>CA; 
(+77bp)C>T 

S03 R - 160 (AGC)5

 A(2)  161      94% SNP(-61bp)G>A; (-40bp)A>G;   
(-5bp)A>G; Ins(-27bp)CA; 

(AGC)5  SNP(+3bp)A>G

S04     R - 147 (GA)5  
       

 A(5) 139 141     86%  (GA)5 Ins(+73bp)G; Del(+25-+31bp); 
SNP(+24bp)G>A; (+41bp)C>T; 
(+43bp)C>A; (+74bp)G>T 

       

 B(2) 146 148      93%  (GA)5 Ins(+73bp)C; SNP(+24bp)G>A; 
(+43bp)C>A; (+59)G>A; (+74bp)G>T;  

 
Footnotes see p. 58. 



Table 19: Sequences of ovine sites for which no database information was available (continued) 
 
Site Fragment sizes (bp) Microsatellite sequence 

 
Variant1,2 

A.L.F.3 Sequence4 
Differences in 5´flanking 
region5  

Differences in 3´flanking region 5 

S05       R - 148 (TTTGT)2(T)5(TTTGT)
  

A(2) 
 

  
 

 

  

Del(-30 to –15bp);  
  

 128 129     79% 
SNP(-35bp)G>A 
 

TTC(T)9GT SNP(+23bp)C>T
   

138     74% 
  

 B(3) 138 SNP(-42bp)T>G; (-20bp)T>C; 
(-16bp)C>T; (-7bp)T>C; 
(-3bp)A>C 

TTGGACTGGT SNP(+2bp)T>G; (+6/+7bp)CA>GG; 
(+11/+12bp)TG>CA; (+22bp)A>G 

 
C(1) 142 142     73% Ins(-15bp)TGTT;               

SNP(-42bp)T>G; (-20bp)T>C;  
(-16bp)C>T; (-7bp)T>C 

TTGGACTGGT 

  

  

       

SNP(+2bp)T>G; (+6/+7bp)CA>GG; 
(+11/+12bp)TG>CA 

     

 D(1) 145 145     91% SNP(-20/-19bp)TT>CC;  
(-9bp)G>A; (-7bp)T>C 

(T)15GC

S06 R - 155 (TCAGT)5CAC(TCAGT)
   

  
  

SNP(-6bp)G>A 
  

 A(2)  158     87% (TCAGT)6CGC(TCAGT) Del(+14,+15bp); SNP(+18bp)G>A;
(+37,+38bp)TG>CA; (+59bp)G>T; 
(+68bp)A>G 

S09       R - 133 (ATCGA)3

 A(1)  133     94% SNP(-1bp)G>A (ATCGA)3  SNP(+1bp)T>A; (+32bp)C>G;
(+51bp)A>G; 

 B(1)  162     51% SNP(-1bp)G>T (ATCGA)2GGAGATGA 29 SNPs, 25 bp single nucleotide insertions; 
for sequence see appendix  

 

 

Footnotes see p. 58. 
 



Footnotes to Table 18: 
 

1 No. of sequences by which a variant is verified is indicated in brackets. 
2 R – ovine reference sequence from GenBank (Acc. No.: U67922). A-E indicate the allelic 

sequences ranked according to lengths. 
3 Fragment sizes in bp as analysed on A.L.F. DNA-sequencer. 
4 Number of nucleotides in bp according to sequencing results. 
5 Differences are given in comparison to ovine GenBank reference sequence. Distance of variant 
to the microsatellite motif is indicated in brackets. (-x) indicates a position upstream of the 
microsatellite, (+x) indicates a position downstream of the microsatellite. SNP- single nucleotide 
polymorphism; nucleotide in the reference sequence is noted before „>“, nucleotide in the 
sequence result is noted after „>“ sign. Del- deletion of nucleotides found in the sequence result, 
Ins- insertion upstream of nucleotides found in the sequence result. 
6 Sequence was identified in the diploma thesis of H. He, performed at the Department of 
Animal Breeding and Biotechnology , University of Hohenheim 
 
 

 

Footnotes to Table 19: 
 
1 No. of sequences by which a variant is verified is indicated in brackets. 
2 R – bovine reference sequence from GenBank (Acc. No.: AJ298878). A-D indicate the allelic 
sequences ranked according to lengths. 
3 Fragment sizes in bp as analysed on A.L.F. DNA-sequencer. 
4 Number of nucleotides in bp according to sequencing results; homologies of sequencing results 
to reference sequence excluding primer sites are given in %. For details on calculation see p. 39. 
5 Differences are given in comparison to GenBank reference sequence. Distance of variant to the 
microsatellite motif is indicated in brackets. (-x) indicates a position upstream of the 
microsatellite, (+x) indicates a position downstream of the microsatellite. Positions indicated. 
NP- single nucleotide polymorphism; nucleotide in the reference sequence is noted before „>“, 
nucleotide in sequence result is noted after „>“ sign. Del- deletion of nucleotides noted in the 
sequence result, Ins- insertion upstream of nucleotides found in the sequence result.  
X -Differences between ovine variants of one site. 
 
 

 

Variants S05 B, S05 C and S09 B display low homologies to the reference sequence (74%. 73% 

and 51% respectively). Based on their homologies, the four variants sequenced for site S05 can 

be divided into two groups (compare Table19). The variants B and C show high homologies with 

each other (93%) and less homologies to variants A and D (homologies of variants C and A: 

72%) and to the bovine reference sequence (homology of variant B and reference sequence: 
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74%). Variants B and C do not contain the microsatellite motif specific for R05 and differ from 

each other only by a 4 bp insertion/deletion. The other two variants (S05 A and S05 D) show 

greater homologies to the bovine reference sequence. At site S09, variant A displayed 94% 

homology to the bovine reference sequence, whereas variant B showed considerable differences 

to both the bovine reference sequence (51% homology) and variant S09 A. 

 

To compare frequencies of interspecies variations, the most similar fragments of the ovine 

polymorphic positions were considered. Then, in comparison to the bovine reference sequence, 

the most frequent SNP variant found is G>A (11 times; A>G occurred twice) followed by T>C 

(5 times; C>T occurred four times), 8 nucleotides were deleted, and only a single nucleotide 

inserted. Differences are distributed throughout the sequenced stretches; no preference to 

proximity of microsatellite or to the primer sequences was observed. 

 

4.3.4 Comparison of homologous sites which displayed variants in both species 

 

The homologous sites R05/S05, R11/S11, R18/S18 and R24/S24 are polymorphic in both species. 

All were amplified with primers based on bovine sequence information. 

 

The comparison of S05 to the bovine reference sequence is described in the previous chapter. 

Two of the four S05 variants, B and C, show high homology with each other, but low 

homologies with the other two S05 variants and the bovine reference sequence. The other two 

variants display far fewer differences to the reference sequence. The bovine variant R05 A is 

identical to S05 A, as can be seen in Figure 4a, and differs from the reference sequence by a 13 

bp deletion, a variation in the microsatellite sequence and two SNPs. The variants R05 B and S05 

D differ from each other by their microsatellite motif and five SNPs.  

 

The ovine S11 reference sequence was 2 bp longer than the bovine R11 reference sequence. 

Though both contain the same number of (CA) repeats, the sheep sequence carries an AA 

insertion flanking the microsatellite sequence upstream (Figure 4b). Within both species the 

alleles differ only in the number of microsatellite repeats. The four repeat variations sequenced 

in cattle ranged from (CA)10 to (CA)15, the five ovine variations from (CA)8 to (CA)12.  
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Variants at site R18 contained a poly-T stretch interspersed with two to three C nucleotides. Size 

variation of the sequences derived from variants within the microsatellite motif only (Figure 4c). 

Two variants contained two identical A>G SNPs. The A>G SNP observed downstream of the 

repeat motif is found in all variants at site S18. S18 contained a perfect poly T stretch and three 

variants were verified by sequencing. Two apparent variants of 138 bp and 139 bp lengths 

according to A.L.F. sequencer analysis proved to be identical in sequence. Just as in site R18, 

size differences were caused by microsatellite variations only. 

 

At sites R24/S24 two variants were identified in both species. The longer ones were of identical 

size as the reference sequences, but displayed a different variation in the microsatellite motif. 

Size differences were based on variants in the microsatellite motif. A third variant for site S24 

has been identified (Figure 4d). In several animals this variant occurred in combination with both 

other variants. This variant C* displays a 5 bp insertion upstream of the microsatellite motif, that 

is identical to the bovine sequence. The T>A SNP found 3´wards of the microsatellite is also 

identical to the bovine sequence. 

 

 

 

 

Figure 4: Comparison of sequence variants 
 

 

R05 A: AGGGACTTGTTATCTATGCTGTTACTGTGTACCGTCACTTAGGTTCCAAAC: 51 
S05 D: AGGGACTTGTTATCTATGCTGTTACTGTGTACCGTCACTTAGATTCCAAAC: 51 
R05 B: AGGGACTTGTTATCTATACTGT-------------CACTTAGGTTCCAAAC: 38 
S05 A: AGGGACTTGTTATCTATACTGT-------------CACTTAGGTTCCAAAC: 38 
 
R05 A: TTTGTTTTGTTTTTTTTTGTATTCACAAATTGCCTAGCCTCACTAGGA: 99 
S05 D: TTT--TTT-TTTTTTTTTGCATTCACAAAGTGCCTAGCCTCACTAGGA: 96 
R05 B: ------TTGTTTTTTTTTGTATTCACAAATTGCCTAGCTTCACTAGGA: 80 
S05 A: ------TTGTTTTTTTTTGTATTCACAAATTGCCTAGCTTCACTAGGA: 80 
 
Figure 4a): Sites R05 and S05 
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R11 A: TTGTAGGACTTGCAATAATGTTGGAAAATTGCTCGTGGCAGGGAAACCACCA: 53 
S11 C: TTGTAGGACATGCAGTAATGTTGGAAAATTGCTGGTGGCAGGGAAACCACCA: 53 
R11 B: TTGTAGGACTTGCAATAATGTTGGAAAATTGCTCGTGGCAGGGAAACCACCA: 53 
S11 E: TTGTAGGACATGCAGTAATGTTGGAAAATTGCTGGTGGCAGGGAAACCACCA: 53 
 
R11 A: CCACTCCTAGA--CACACACACACACACACACA----TTGGGTTTGAGTGTT: 99 
S11 C: CCACTCCTACAAACACACACACACACACACACA----TTGGGTTTGAGTGTT: 101 
R11 B: CCACTCCTAGA--CACACACACACACACACACACACATTGGGTTTGAGTGTT: 103 
S11 E: CCACTCCTACAAACACACACACACACACACACACACATTGGGTTTGAGTGTT: 105 
 
R11 A: AGAATCATTTTA: 111 
S11 C: AGAATCATTTTA: 113 
R11 B: AGAATCATTTTA: 115 
S11 E: AGAATCATTTTA: 117 
 
Figure 4b): Sites R11 and S11 
 
 
 
 
R18 C: AAATATTTATTTAATTTAAATATTTATTTAATTGAATGAATTCAATATCAGTTTT 54 
R18 A: AAATATTTATTTAATTTAAATATTTATTTAATTGAATGAATTCAATATCAGTTTT 54 
S18 D: -ACTAGCTGTCCCA--TAAAAATTTATTTAAT-GATTGAATTCAATGTCAGTTTT 50 
 
R18 C: TATAATTGAATAGAAAAGTAATCCCTCCCACACAGATTTTTCTTTCTTTTTTTTT108 
R18 A: TATAATTGAGTAGAAAAGTAATCCCTCCCACACAGATTTTTCTTTCTTTCTTTTT108 
S18 D: TATAATTGGATAGAAAAGCAATCCCTCCCACACAGATTTTT---------TTTTT 95 
 
R18 C: TTTTTTTTTATGAAGC 124 
R18 A: TTTTTTT--ATGAGGC 122 
S18 D: TTTTTTA--ATGAGGC 104 
 
Figure 4c): Sites R18 and S18 

 
 
 
S24  : CATAAG-----CAAAAAAACAACAACAACAAAAAAAAACACAACCTTGACCATAT 50 
S24 A: CATAAG-----CAAAAAAACAACAACAACAAAAAAAAATACAACCTTGACCATAT 50 
S24 B: CATAAG-----CAAAAAAACAACAACAACAACAAAAAACACAACCTTGACCATAT 50 
S24 C: CGTAAGTTAAGCAAAAAAACAACAACAACAACAAAAAACACAACCTTGACCATAT 55 
R24 B: CATAAATTAAGCAAAAAAAAACCAAAAACAAAAA--CACACAACCTTGACCATAT 53 
R24 A: CATAAATTAAGCAAAA------CAAAAACAAAAA--CACACAACCTTGACCATAT 47 
 
S24  : TTGCGCATGCAGTTCTCTACTGAAATGATTGAAAACACTT-GTTTTTAAAAACAG104 
S24 A: TTGCGCATGCAGTTCTCTACTGAAATGATTGAAAACACTT-GTTTTTAAAAACAG104 
S24 B: TTGCGCATGCAGTTCTCTACTGAAATGATTGAAAACACTT-GTTTTTAAAAACAG104 
S24 C: TTGCGCATGCAGTTCTCTACTGAAATGATTGAAAACACTT-GTTTTTAAAAACAG109 
R24 B: TTGCATATGCAGTTCTCTACTGAAATGAATGAAAACACTTTGTTTTTAAAAACAG108 
R24 A: TTGCATATGCAGTTCTCTACTGAAATGAATGAAAACACTTTGTTTTTAAAAACAG102 
 
Figure 4d): Sites R24 and S24 
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4.3.1 Sequence results that were not verified 

 

Twenty-one sequencing results were technically successful, but showed unexpected deviations 

from the reference sequences and were not confirmed by a second sequence. These are listed in 

Tables 20 and 21. 

 

Four sequences derived from clones of bovine sites and nine sequences derived from clones of 

ovine sites display minor differences of one SNP in comparison to the verified sequences (for 

example variant R03 X1, Table 19, and variant S02 X1, Table 20). Another bovine sequence 

contains two SNPs (variant R11 X2, Table 19). In three ovine sites, the number of repeats in the 

microsatellite sequences did not match other results (variants S05 X2, S11 X1 and S15 X1, Table 

20). The other six sequences showed considerable differences such as multiple SNPs, multiple 

bp insertions and in one case a multiple bp deletions. 

 

 

 

 

Footnotes to Table 20 and 21: 
 
1 R – bovine reference sequence (Acc. No. AJ298878), R* ovine reference sequence (Acc. No. 
U67922) from GenBank. X1 – X3 describe the analysed alleles. 
 
2 Fragment sizes in bp as analysed on A.L.F. DNA-sequencer. 
 
3 Number of nucleotides in (bp) according to sequencing results. 
 
4 Differences derived by comparing sequencing results to database reference sequence. Distance 
of variant to the microsatellite motif is indicated in brackets. (-x) indicates a position upstream of 
the microsatellite, (+x) indicates a position downstream of the microsatellite.  
 

SNP- single nucleotide polymorphism; nucleotide in the reference sequence is noted before „>“, 
nucleotide in sequence result is noted after „>“ sign. Del- deletion of nucleotides found in the 
sequence result, Ins- insertion upstream of nucleotides found in the sequence result. 
„“ – positions that differ from verified variants. 
 

 

 



Table 20: Bovine sequences that were not verified  
 
Site Fragment sizes (bp) Microsatellite sequence 

 
Variant1 

A.L.F.2 Sequence3 
Differences in 5´flanking region4 

 
Differences in 3´flanking region4 

R03       R - 160 (AGC)3CGC(AGC)
       

    X1 - 160 SNP(-48bp)G>T (AGC)3CGC(AGC)  
       

      X2 160 163 Ins(-24bp):CA;
SNP (-60bp)G>A; (-46bp)A>G;  
(-39bp)A>G; (-7bp)A>C;  
(-4bp)A>G 

(AGC)3CATTAGA 18 SNPs  

R11     R - 158 (CA)12  
 

 
 

X1
  

   
   

157 158 SNP(-28bp)C>G (CA)12  
   

    
    

X2 163 164 SNP(-29bp)G>A; (CA)5CG(CA)9  

     R21 R 136 (TTCAG)3  
 

 
    

    
   

    

  

A 134 136 (TTCAG)3  
 

X1
   

138 140 SNP(-10bp)A>G (TTCAG)3 Ins(+2bp):GCTC; SNP(+24bp):T>G, 
SNP(+27bp): T>C 

R24     R 153 (A)6(AAAACA)3  
     

     
  

X1 145 147 (AAAACA)3 SNP(+61bp)T>G 
 

 

 

Footnotes see p. 62. 
 



Table 21: Ovine sequences that were not verified  
 

Fragment sizes (bp) Microsatellite sequence Site Variant1,2 
A.L.F.3 Sequence4 

Differences in 5´flanking 
region5  

Differences in 3´flanking region5 

S02       R - 162 (TC)2CC(TC)2
 

 
 

X1
  

   
 

SNP(-4bp)G>A
  

157 159 (TC)2CC(TC)CC Del(+49, +82, +83bp); 
SNP(+12bp)T>A; (+60bp)G>A; 
(+67bp)G>T; (+69/70bp)GG>CA; 
(+77bp)C>T 

S03       R 160 (AGC)5
       

    X1 160  (AGC)5  
       

    X2 161 SNP(-47bp)A>G; 
(-43bp)G>C;(-30bp)C>T;  
(-7bp)G>T; Ins(-27bp)CA; 

(AGC)5 SNP(+15bp)T>C 

S04     R -- 147 (GA)5  
 

 
 

X1
   

    
  

146 148 (GA)5 Ins(+73bp)C; SNP(+24bp)G>A; 
(+43bp)C>A; (+53bp)T>C; (+59)G>A; 
(+74bp)G>T;  

S05       R 148 (TTTGT)2(T)5(TTTGT)
 

 
 

X1
  

    
 

Ins(-15bp)TGTT; SNP
(-42bp)T>G; (-20bp)T>C;  
(-16bp)C>T; (-7bp)T>C 

  

142 142 TTGGACCGGT SNP(+2bp)T>G; (+6/+7bp)CA>GG;
(+11/+12bp)TG>CA 

 

       

     X2 145 144 SNP(-20/-19bp)TT>CC;
(-9bp)G>A; (-7bp)T>C 

(T)14GC  

 
Footnotes see p. 62. 
 
 



Table 21: Ovine sequences that were not verified (continued) 
 
Site Fragment sizes (bp) Microsatellite sequence Differences in 3´flanking region 

1 
Variant2 

A.L.F.3 Sequence4 
Differences in 5´flanking 
region5  5 

S09       R 133 (ACTGA)3
       

       X1 133 SNP(-1bp)G>A (ACTGA)3 SNP(+1bp)T>A; (+32bp)C>G;
(+49bp)G>A; (+51bp)A>G 

       

     X2 162 SNP(-1bp)G>C (ACTGA)(GCTGA)AGGAG
ATGA 

29 SNPs, 25bp single nucleotide 
insertions 

S11       R* - 160 (CA)12
 

 
    

    
  

X1 152 (CA)8  
   

    
    

X2 153 154 SNP(-48bp)A>G (CA)9  
   

    
    

X3 157 158 SNP(-29bp)G>A (CA)11  

      S15 R* - 179 (T)11(GTT)4TT
 

 
   

   
   

X1 173 173  (T)10(GTT)2TT  
   

    
    

X2 173 173 SNP(-50bp)G>A 
 

(T)8(GTT)3TT  
   

     
   

X3 179 179 (T)5CTT(GTT)5TT  
 
Footnotes see p. 62. 
 



5 Discussion 

 

5.1 Selection of animals 

 

The objective of this study was to analyse the microsatellite sites in the PRNP that were 

identified previously by GELDERMANN et al. (2003). In order to detect a maximal number 

of allelic variants with a given effort individuals of genetically diverse breeds were selected 

for analysis. Phylogenetic analyses (for example GOLDSTEIN et al., 1995, LAVAL et al., 

2000) have shown that DNA variations between populations increase in accordance with the 

genetic distance. If only cattle breeds from Germany (Holstein Sbt, Jersey and Fleckvieh) had 

been included in the study, polymorphisms would have been identified for only four of the 

eight microsatellite sites. In sheep seven additional variants at five sites were detected by 

including non-European sheep breeds. Therefore it has been possible to demonstrate a higher 

number of variants in the ovine as well as the bovine PRNP by analysing genetically diverse 

breeds  

 

5.2 Identification of allelic variants by comparative sequencing 

 

Polymorphic sites can be characterised exactly by sequencing. Comparative sequencing has 

often been applied as a tool for phylogenetic analysis and analysis of differences between 

species (for example PÉPIN et al., 1995, ZHU et al., 2000). Already WAGNER et al. (1994) 

and SCHILD et al. (1994,1996) analysed 5´flanking sequences of milk protein genes in 

diverse cattle breeds and detected 1 SNP per 0.1 to 0.3 kb of gDNA. An extensive sequence 

analysis was also performed by ORTÍ et al. (1997), who used autochthonous populations of 

horseshoe crabs for his assessment of length variation at a microsatellite locus and sequenced 

34 alleles within a 579 bp stretch though only six repeat variations of the microsatellite motif 

occurred. In the present study new polymorphisms at several microsatellite sites within and 

flanking the PRNP demonstrate the variability of a single gene. Fourteen of the 19 analysed 

sites showed length polymorphisms. The sequence data revealed that some length 

polymorphisms are caused by repeat number variations of the microsatellite motif and some 

by insertions and deletions in the flanking sequences of the microsatellite motif (sites R03, 

R05, R16, S04, S05). Sometimes the microsatellite motif is not perfectly conserved (sites R24, 

S15, S24) or SNPs are found in the flanking sequences (sites R03, R05, R18, R21, R24, S04, 

S05, S24). A number of these variations could not be discriminated by fragment length 
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analysis. The results confirm that comparative sequencing is necessary for the detailed 

documentation of allelic DNA variants. 

 

Error rates have been described as a problem in the analysis of cloned PCR products. For 

example PALUMBI et al. (1994) observed error rates of 1 to 2 substitutions in 1000 bp by 

sequencing different clones generated from the same allele. This is conclusive with the overall 

error rate found in this study, though error rates also seemed site specific. Some authors have 

proposed sequencing one variant of each individual only once, but in a number of individuals 

and ignore SNPs that occur in only one individual (for example PALUMBI et al., 1994; 

VOGLER and DESALLE, 1994), while other suggested that several clones per individual 

should be sequenced to verify one sequence (for example BERNARDI et al., 1993). The 

present study aimed to find at least two identical sequences derived from different clones for 

each allele. Exceptions were made for site R16 to limit the workload of analysing every allele. 

Variants R05 B and R21 A are identical to the reference sequence and were therefore 

sequenced only once. The sequence of variant R26 B is also identical to the reference 

sequence but displays a different number of repeats of the microsatellite motif and was also 

sequenced only once. 

 

The results have shown that it is advisable to select samples for cloning from individuals that 

are heterozygous for the analysed length polymorphism at the specific site. Then, if more than 

one sequence variant is found for one fragment length, this indicates that only one variant is 

derived from the allele and all others must have a different origin.  

 

5.3 Preparation of PCR products 

 

Heterologous application of primers: Primers designed for one species have often been 

used to amplify homologous DNA regions in closely related species (for example VAIMAN 

et al., 1996; SLATE et al., 1998). Primer annealing may take place in spite of minor 

differences in the primer recognition sites, though occasionally adaptation of PCR protocol is 

necessary (GLENN et al., 1996). In this study the primers were defined to match a bovine 

sequence with high homologies to the ovine sequence, except for site S15, where no 

homologous microsatellite motif existed in the bovine PRNP. Heterologous amplification with 

sheep DNA was successful and produced sufficient PCR product. Among the four ovine 

PRNP sites with available sequence information, the ovine primer annealing sequences 
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showed homologies between 100% (S11) and 83% (primer F at site S18) to the bovine 

Genbank sequence. The amplification efficiencies were sufficient for all sites. Of the nine 

primer pairs defined for bovine PRNP sites 5´wards of the available homologous ovine 

sequence data, seven produced amplification results with ovine gDNA. PCR products of sites 

S04, S05 and S06 each displayed a single fraction after agarose gel electrophoresis, whereas 

the PCR products for sites S01, S02, S03 and S09 displayed three to five fractions per site. 

This indicates that these four bovine primer pairs show homologies to several ovine DNA 

regions. Since the homology between the ovine and bovine PRNP is high, the PCR fraction of 

similar length as the bovine PRNP site was chosen for further examination. This was always 

the shortest one. Still it is advisable in such cases to define new primers as soon as sequence 

information is available. 

 

Optimisation of PCR protocol: PCR protocols were optimised to produce specific 

amplificates of adequate concentration, which is necessary to achieve high cloning efficiency 

and precision. Identical PCR conditions were used in the homologous bovine and ovine PRNP 

sites, except for sites R18/S18, where a protocol with a special nucleotide composition used 

for bovine gDNA, and for sites R24/S24, where a higher MgCl2 concentration was necessary 

for cattle than for sheep DNA. By raising the annealing temperature in a PCR reaction, 

mismatch primer annealing and unspecific amplification is reduced. High MgCl2 

concentrations were used to increase amplification efficiency. These high concentrations, 

though, may also lead to unspecific amplification. Attempts to optimise the PCR protocols for 

sites S01, S02, S03 and S09 by lowering the MgCl2 concentrations were not successful. 

 

Preparation of template DNA from multifraction PCR product: The major fractions of 

the PCR products for the sites S01, S02, S09 and R26 were of the sizes expected according to 

the bovine GenBank reference sequences. Only in the amplificate for site S03 the three 

shortest fractions contained a similar amount of DNA. In order to obtain a clone of the target 

sequence the fractions of the PCR products were separated by agarose electrophoresis, the 

desired band prepared from the gel and used for the ligation reaction. After these steps most 

of the resulting insertions showed deviations in comparison with the GenBank reference 

sequence. This may be a result of degradation of the DNA through exposure to UV light, or a 

failure to eliminate totally the ethidium bromide used for staining. Ethidium bromide 

intercalates into double strand DNA and thereby increases erroneous replication by 

polymerase and causes additional mutations. To avoid this problem, the multiple fragment 
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PCR products were directly submitted to cloning. It was observed that the target sequences, 

which were also the shortest, were preferably ligated into a vector. According to this protocol 

sequences with expected homologies to published sequence information were retrieved. 

 

5.4 Analysis of the cloned insertions of PRNP sites 

 

Cloning is a method to separate molecules of a PCR product. If sequenced directly, PCR 

products containing multiple fractions lead to doubtful sequencing results. Even PCR 

products displaying no length polymorphisms may contain allelic variants that may not be 

clearly identified during direct sequencing. However, direct sequencing of PCR-products has 

the advantage that polymerase errors are usually not encountered in the sequence 

 

5.4.1 Cloning and choice of clones for sequencing 

 

The samples submitted to cloning led to the desired number of positive light blue and white 

colonies. The insert sizes of the positive colonies of all samples were analysed by insert 

specific PCR and agarose gel analysis. Inserts of unexpected lengths were not analysed 

further. The inserts showing the expected lengths were submitted to site specific PCR and 

fragment length analysis by Hydrolink gel electrophoresis was performed for all heterozygous 

samples and most homozygous samples. These PCR products were expected to display a 

single fraction of the same length (+/-1 bp to account for gel effects) as a fraction 

demonstrated in the original PCR product of gDNA. This, however, was not always the case. 

The following divergences occurred: No PCR product was visible, the PCR product contained 

multiple fractions or the PCR product showed the wrong length. 

 

No visible insert PCR products: This may occur if not enough template DNA is supplied for 

the reaction product. This is possible because the colonies showed different growth rates and 

colony material may have remained in the pipette tip during transfer to the test tube, but a 

standard amount of bacteria suspension was used as template for PCR. In principle. lack of 

PCR product may also be the result of too much template DNA. In such cases not enough 

primers can hybridise pairwise on a sufficient number of template DNA molecules. Yet in this 

study the evaluation of the gels revealed the presence of surplus primers and primer dimers in 

the form of an extra peak of 20-40 bp length. A third explanation may be that the insert DNA 
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did not contain the site specific primer sequences. Inserts may be broken or consist 

completely of non target sequences. 

 

Insert PCR products containing two fragments: Initially most of analysed colonies of 

heterozygous samples displayed two alleles. This indicated that more than one vector had 

been transferred into one host cell. Two separate colonies growing very close together may 

also lead to a heterozygous PCR product. For only few of these samples both alleles could be 

identified separately by picking additional colonies, so cloning was repeated with an adjusted 

protocol. This time only 1 µl of ligation reaction mix instead of 4 µl as previously was used 

for transforming an aliquot of cells and heterozygous colonies could be reduced to less than 

5%. In all samples more colonies carried the shorter allele than the larger allele. This suggests 

either that shorter fragments ligate easier into the vector, or that already in the original PCR 

product the shorter allele was preferably amplified. Cases of preferential amplification of one 

allele have been observed before, for example by WALSH et al. (1992). These possibilities 

could be tested by producing a mix of a known ratio of copy numbers for the different alleles 

and repeating the cloning procedure. For most sites preferential PCR amplification of the 

shorter allele was deduced from the peak area data of the alleles in heterozygous samples 

gained in the prior genotyping study. 

 

Insert PCR products showed the wrong length: Such PCR products may indicate the 

ligation of non target sequences that were possibly the result of mispriming events. This was 

found in the case of agarose gel electrophoresis results for sites S01, S02, S03, S09 and R26. It 

is possible that mispriming occurred at other sites also, but in very small amounts that were 

not detected earlier. Nonetheless these fragments may ligate into a vector. Fragmented target 

sequences may have ligated with each other prior to insertion into the vector. 

 

5.4.2 Alternatives to cloning and sequencing 

 

Up to now cloning is the most common method to allow comparative sequencing of single 

alleles. Other approaches have been described as well, such as SSCP assisted separation of 

fractions and pyrosequencing. 
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SSCP: An alternative approach, that allows separation of alleles without cloning is SSCP 

(single strand conformation polymorphism). In a SSCP, electrophoresis of a denatured PCR 

product is performed on a non-denaturing acrylamide gel. Each single strand takes on a 

unique three dimensional conformation and this influences its migration velocity during 

electrophoresis. Two bands are expected from a homozygous PCR product and four bands 

from a heterozygous PCR product. By isolating each band separately from the gel these could 

then be used as template for a single strand sequencing reaction. Application and evaluation 

of using SSCP for separating alleles prior to sequencing was demonstrated for example by 

ORTÍ et al. (1997). Other researchers have found that separation of alleles by SSCP is often 

incomplete and that cloning is more efficient (for example GRIESINGER, 1997). 

 

Pyrosequencing: This technique is used for analysing single and multiple SNPs and 

sequencing short complex sites without prior separation of alleles (RONAGHI, 2001). Each 

nucleotide is added in a separate step and causes light emission in accordance with the 

number of nucleotides added to the synthesised strand. If the nucleotide added corresponds to 

one variant in a heterozygous position, the peak gained is smaller than the peak in a 

corresponding homozygous position. The drawbacks are that only fragments of up to 40 bp 

can be analysed and results of mononucleotides exceeding 4 bp become unreliable. 

 

5.4.3 Production of template for sequencing 

 

In this study at first only one clone was analysed for each allele and a second clone was 

analysed for confirmation at a later point of time. Sufficient PCR product was obtained 

without problem directly after the clone was picked. But in only few cases PCR amplification 

of colony bacteria suspension in water lead to adequate results after more than four weeks. 

The most likely explanation is that the bacterial suspensions were contaminated with DNA 

degrading enzymes. Neither was it possible to obtain PCR product from remaining live 

colony material. This indicates that the host bacteria did not replicate the cloned vector 

continually. Diminished nutrients in the agar and degradation of the antibiotics may have 

caused the bacteria to grow without replicating the plasmid DNA. These difficulties greatly 

delayed the progress of the experimental work. In later experiments care was taken to limit 

the time span between cloning and production of template DNA for sequencing and the 

problem was solved. 
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Tables 17-19 on pages 54, 58, 59 and 60 show that the fragment sizes measured by the A.L.F. 

sequencer analysis differed by up to 2 bp from the sizes of the sequencing results. Except for 

site S18 these differences remained constant within a single site. The fragment sizes were 

calculated on hand of internal and external standards of a known number of bp. It can be 

concluded that these differences are the result of three dimensional conformations of the PCR 

products which resisted the denaturing agents and heat application of the electrophoresis 

protocol. 

 

5.5 Sequence analysis 

 

5.5.1 Sequence artefacts 

 

Sequence comparisons were performed when both primer sites were found in the forward and 

reverse sequencing products of a clone. In some cases the detected sequence contained 

singular differences to the other sequences derived for the same variant. Such sequences were 

discarded if they could not be verified by a sequence from a different clone. PALUMBI et al. 

(1994), for example, estimated an error rate of 1 - 2 transition substitutions / 1000 bp by 

sequencing multiple clones and comparing individual sequences derived from the same allele. 

SPEKSNIDER et al. (2001) described that 14% of the clones of closely related 16S RNA 

genes (1180 bp insertions) carried artefacts while in a different experiment only 2% of clones 

showed such differences. The overall error rate found in the present study was 1.34 transitions 

substitutions per 1000 bp, which is in the range also found by PALUMBI et al. (1994). Error 

rates in the present study also seemed to be site specific. 

 

Sequence artefacts are known to be results of different mechanisms, especially polymerase 

errors, mispriming, repair of heteroduplex formation, three dimensional folding or unpurified 

primers. These observations can be discussed as follows. 

 

Polymerase errors: Part of the deviations found in sequenced clones may be the result of 

amplification errors by the Taq polymerase used for PCR of gDNA. Polymerase error rates 

depend on the specific enzyme and have been estimated for Taq to be as high as 2.1 x 10-4 

errors/bp (KEOHAVANG and THILLY, 1989; Roche Diagnostics information). The 

frequency of errors found in the present study was higher. Such errors can be reduced by 

using proof reading polymerases such as Pwo (3.2 x 10-5 errors/bp; Roche Diagnostics 
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information) or Pfu (1.6 x 10-6 errors/bp; LUNDBERG et al., 1991). The MgCl2 concentration 

also has an effect on the polymerase error rate. It influences the activity of Taq polymerase 

and the flexibility of DNA strands and can increase amplification efficiency. But in 

concentrations used in this study MgCl2 can also lead to unspecific amplification and may 

have increased the frequency of errors. 

 

Mispriming: Some PCR products probably consisted of amplificates of non target sequences 

that display a high homology to the target sequence in its primer annealing sites (mispriming). 

These can often be discerned on hand of fragment sizes. In S01, S02, S03, S09, and R26, by-

products occurred even after adjustment of PCR conditions. This is not surprising for the 

ovine sites because the primers were designed on hand of bovine sequence information and 

mismatches are likely. In general, however, the major band was of the size expected 

according to the bovine database sequence information in all positions except S03. Two 

approaches (isolation of band from agarose gel; cloning of total PCR product) were tried in 

order to obtain a clone of the target sequence for these positions and have been described in 

chapter 5.3, p. 67.  

 

Repair of heteroduplex formation: Heteroduplexes appear when two sequences anneal in 

spite of mismatches. Polymerases may then introduce nucleotides in order to repair the 

mismatches, as described for example by QIU et al. (2000) and THOMSEN et al. (2001). In 

most PCR reactions heterozygous template DNA was used and may have led to heteroduplex 

formation, which could account for some of the artefacts. Cloned heteroduplex molecules 

may also be subjected to E. coli DNA repair mechanisms, resulting in hybrid plasmid 

insertions and may also have produced alterations to the original sequence (SPEKSNIDER et 

al., 2001). 

 

Three dimensional folding: DNA may show three dimensional structures, such as hairpin 

conformation, during any of the experimental steps. Polymerases may not be able to amplify 

the nucleotides contained in such a hairpin and cause a sequence deletion. To illustrate this 

possibility, some sequences were submitted to MFOLD analysis. MFOLD software 

(http://bioweb.pasteur.fr/seqanal/interfaces/mfold-simple.html) finds possible low-energy 

three dimensional folding structures of DNA at a specific temperature. For the sequence of the 

site R18, for example, the program found four possible three dimensional conformations for a 

temperature of 55 °C in which the reverse primer annealing site as well as the poly-T stretch 
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of the microsatellite motif were involved in hairpin structures. This may explain the numerous 

fragmented primer positions found in sequences of site R18. Hairpin structures are also 

possible at other sites, for example the CA- repeat at sites R11/S11 (Figure 5). This may 

explain why a high number of non-genomic variants is found for sites containing a CA-repeat 

microsatellite motif. In the tested examples though, the enthalpy of MFOLD results were not 

consistently associated with the occurrence of artefacts. 

 

CA-repeat 

forward primer 

reverse primer 

 

Figure 5: MFOLD calculation for site R11 at 55°C 

 

Unpurified primers: Primer artefacts may be present when the oligonucleotides are not 

purified by HPLC (high performance liquid chromatography). Since during primer synthesis 

about 1% errors occur per step, for a 20 bp oligonucleotide 19% of synthesised fragments 

may display artefacts (www.annovis.com). In this study though, primer site sequence artefacts 

were found to be locus specific and exceeded the 19% synthesis errors.  
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5.5.2 Non allelic sequences identified in amplificates of PRNP sites 

 

Variants sequenced for the ovine sites S05 and S09 differ significantly from the bovine 

reference sequence. For both these sites no ovine reference sequence has been published 

previously. 

 

Fragment length analysis of site S05 revealed the presence of more than two fragments of the 

expected sizes in some amplificates. None of the PCR products were homozygous. Variant B 

occurred in all but one animal, variant C was the second most frequent fragment. Variants A 

and D only occurred in combination with at least one of the variants B and C and were less 

frequent. Considering the sequencing results this suggests that variant B and C may be the 

result of mispriming events. Still a BLAST search indicates the PRNP R05 site as sequence of 

highest homology in the databases and does not help to clarify the origin of these two 

variants. The sequencing results also indicate the common origin of variants B and C. They 

display an identical sequence in the microsatellite stretch and have most SNPs in common. 

The homologies to the bovine reference sequence are relatively low (variant B: 74% and 

variant C: 73%). Variant D on the other hand has a homology of 91% to the bovine reference 

sequence and variant A is identical with the variant A of site R05 found in this study. Variants 

A and D can therefore be considered alleles of the site S05 and site S05 as being homologous 

to site R05.  

 

Two variants were observed for site S09, one with high homology (variant A: 94%) and one 

with low homology (variant B: 51%) to the bovine reference sequence. It is unlikely that such 

differences occur between the related species sheep and cattle. It is more likely that a different 

position in the ovine genome shows sufficient homology to the primer annealing sequences to 

produce an amplificate. Variant B is therefore considered to be a non allelic sequence, which 

could not be matched to any other ovine (or bovine) GenBank sequence either. In order to 

allow a specific analysis of the site, the S09 variant A sequence should be used to design new 

ovine primers. 
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5.5.3 Allelic diversity 

 

Allelic diversity identified in this study was caused by insertions, deletions, substitutions and 

microsatellite repeat variations. Table 22 summarises the allelic diversity found in this study. 

Most analysed variants show a distinct sequence, except at site S18, where sequences of 138 

and 139 bp length, according to A.L.F. sequencer analysis, appeared identical. 

 

Table 22: Sequence criteria of allelic variants  

a) Bovine PRNP microsatellite sites  

Site R031 R051 R11 R161 R181 R21 R241 R26 
Length of MS 
motif [bp] 3 5 2 1 1 5 6 5 

Minimal No./ 
Maximal No. 
of repeats 

5/ 
5 

2/ 
4 

10/ 
15 

19/ 
30 

24/ 
31 

3/ 
3 

3/ 
4 

3/ 
5 

No. of alleles 2 2 4 10* 5 2 2 3 

GC- 
Content 
[%]3 

48.8 34.5 32.5 30.7 20.2 41.9 23.9 36.1 

 

b) Ovine PRNP microsatellite sites  

Site S04 S051 S11 S15 2 S18 S24 2 
Length of MS 
motif [bp] 2 5 2 1+3 1 3+1 

Minimal No./ 
Maximal No. 
of repeats 

5/ 
5 

2/ 
2 

8/ 
12 

8+2/ 
11+5 

13/ 
15 

3+4/ 
5+7 

No. of alleles 2 2 5 4 4 2 

GC- 
Content 
[%]3 

39.8 42.9 32.5 46.9 29.8 28.2 

1 Microsatellite motif is imperfect. 
2 Composite microsatellite motif, each motif is described separately for the traits length of MS 

motif and maximal number of repeats and the figures joined by a +. 
3 GC content is calculated from the beginning of the site specific forward primer to the end of 

the site specific reverse primer, under exclusion of the microsatellite sequence. 
* Seven alleles were sequenced. 
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Microsatellite mutation rates range from 10-6–10-2 per generation and microsatellite site 

(SCHLÖTTERER et al., 2000) and are clearly higher than base substitution rates. In the 

PRNP region the microsatellite sequences play a major role in the creation of polymorphisms. 

Except at sites R21 and S04, all microsatellite sequences were found to be polymorphic. 

Among others LEE et al. (1999) concluded that mutation rates in tetranucleotide repeats were 

lower than in dinucleotide repeats. CHAKRABORTY et al. (1997) also found that the non-

disease causing microsatellites have a mutation rate inversely related to their motif size. This 

is consistent with the findings of this present study. For the PRNP sites that show dinucleotide 

repeat unit polymorphisms, R11 and S11, more alleles were identified than for sites containing 

larger repeat units. It is interesting to note that three other of the four dinucleotide repeat 

motifs (R02/S02, R04/S04, R27/S27) were monomorphic both in cattle and sheep. Yet only 

one of six trinucleotide motifs and two of nine pentanucleotide motifs in the bovine PRNP 

were polymorphic. In sheep two out of nine trinucleotide motifs and one of eight 

pentanucleotide motifs were polymorphic. 

 

According to WANG et al. (1994) and SCHUG et al. (1998) the majority of microsatellites 

found in many species have dinucleotide motifs. The analysis of database sequence 

information performed by GELDERMANN et al. (2003) revealed that four of the 24 repeat 

motifs found in the bovine PRNP were dinucleotide repeats, with numbers of repeats ranging 

between three and twelve. But six motifs were trinucleotide repeats and nine were 

pentanucleotide repeats. Of the 16 sites identified in the ovine PRNP sequence information 

two were dinucleotide repeats, eight were trinucleotide repeats and four were pentanucleotide 

repeats. The present study demonstrates seven additional microsatellite sites, two with a 

dinucleotide repeat motif, one with a trinucleotide motif and four with a pentanucleotide 

motif. As the data presented in Table 22 shows, dinucleotide motifs are not in majority in the 

PRNP. The main reason for the discrepancy between these findings and the findings of 

WANG et al. (1994) and SCHUG et al. (1998) may be that the method in the present study 

allows the identification of microsatellite sites with a low number of repeats and most of the 

observed microsatellite sequences contain only four or five repeat units.  

 

As can be deduced from Table 22, p. 76, in this study the maximal numbers of repeats found 

are positively correlated to the degree of variability. This supports findings by CRAWFORD 

et al. (1997).  
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GLENN et al. (1996) observed a negative correlation between allelic diversity and GC 

content of the flanking sequence. Table 22, page 76, compares the GC content of the flanking 

sequences of sites analysed in this study. The results indicate that the association suggested by 

GLENN et al. (1996) is not a rule. For sites with a GC content less than 30% two to five 

alleles were identified, and for sites with a GC content of more than 40% two to four alleles 

were identified in this study.  

 

At two sites all sequenced variants displayed a common deviation from the reference 

sequence. At site R16, all seven sequenced alleles carried a deletion 2 bp upstream of the 

microsatellite motif. At site R26, the three sequenced alleles carried an A>G SNP 2 bp 

downstream of the microsatellite motif in comparison to the reference sequence. This suggests 

that the reference sequences are rare alleles.  

 

Apart from microsatellite motif variations, this study also revealed several SNPs, insertions 

and deletions in the flanking regions. The length polymorphisms at sites R21 and S04 are 

based solely on insertions/deletions of nucleotides in the flanking sequences. Insertions and 

deletions were also found at four other positions, where length polymorphisms result from a 

combination with microsatellite motif variations. Altogether six of the 14 polymorphic sites 

contained SNPs. BROHEEDE et al. (1999), for example, found that the substitution rates at 

the first nucleotide positions flanking the repeats were markedly higher than in sequences 

further away. Moreover, the substitution rates in the very end of microsatellite sequences were 

also higher than in the middle of the repeat regions. This instability close to the boundary of 

microsatellite motifs may be the result of inefficient mismatch repair mechanisms. In the 

PRNP sites analysed for this study an affinity of mutations to the proximity of microsatellite 

motifs could not be confirmed, neither when comparing alleles of one locus in the same 

species containing SNPs nor in interspecies comparisons. 

 

5.6 Interspecies comparison 

 

Related species show DNA sequence homologies and primers designed for one species can 

often be used successfully in more than one species (for example VAIMAN et al., 1996; 

SLATE et al., 1998). The homology of the bovine and ovine PRNP has been described by 

GELDERMANN et al. (2002). In the present study altogether ten homologous microsatellite 

sites were compared. Four of these were polymorphic in both species (R05/S05, R11/S11, 
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R18/S18, R24/S24), one was polymorphic only in cattle (R03) and one was polymorphic only 

in sheep (S04). Three additional polymorphic microsatellite sites were identified which were 

either not polymorphic in the other species (R21) or did not contain an equivalent 

microsatellite motif in the other species (R16, S15).  

 

The sequence data for the bovine PRNP (Accession No. AJ298878) compasses 78 056 bp 

while only 31 412 bp have been sequenced for the ovine PRNP (Accession No. U67922). The 

ovine sequence corresponds to the region from 43 920 bp to 75 554 bp of the bovine PRNP. 

Nine primer pairs were used to amplify potentially polymorphic microsatellite sites upstream 

of 43 999 bp, two of which were found to be polymorphic in cattle (R03, R05). All nine 

primer pairs were also tested for amplification of sheep gDNA; seven of these produced 

amplificates and two of the seven were polymorphic (S04, S05). All seven ovine sites were 

sequenced to verify the origin of the sequences. Homologies to bovine sequence data ranged 

between 87% and 94% and a BLAST search also confirmed that the corresponding bovine 

sites showed the highest homologies.  

 

CRAWFORD et al. (1997) found that approximately one third of 472 polymorphic 

microsatellite sites from either cattle or sheep were polymorphic in both species. They also 

noticed that larger fragment sizes in sheep corresponded to larger numbers of alleles in sheep 

than in cattle. Within the PRNP more than half of the polymorphic sites analysed in this study 

showed variants in both species. Moreover, the fragment sizes amplified for the microsatellite 

sites were generally larger in cattle than in sheep, but this was not linked to higher diversity. 

 

In a phylogenetic approach identical sequence stretches are traced to a common ancestor; in 

bovine/ovine sequence comparison this means that species-specific sequences developed after 

species differentiation. Therefore the polymorphic microsatellite sites that occur only in one 

species (S15, R16, R21, R26) were with high certainty acquired after species differentiation. 

whereas the sequences of sites R05/S05 imply that two alleles may have been present before 

species differentiation. Even though the variants A of both species are identical they show 

only 77 and 75% homology to variants R05 A and S05 D. The variants R05 B and S05 D on 

the other hand show higher homology with each other. The variant R05 B is identical with the 

database sequence which was analysed in the context of the complete PRNP. Among the 

small contig of cattle analysed in this study, though variant R05 B showed an allelic 

frequency of 0.92, one animal was also found to be homozygous for variant R05 A. 
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5.7 Possible functional significance of variants 

 

The function of microsatellite sites still is the subject of conflicting hypotheses. There are 

indications of their role in chromatin organisation, in DNA replication, recombination, 

mismatch repair system activity, cell cycle regulation, regulation of gene activity, as reviewed 

in LI et al. (2002). Functional effects of microsatellite sites have also been described to play a 

role in virus hybridisation (QUEEN et al., 1981; LEVINSON and GUTMAN, 1987). Most of 

these functions are based on the ability of microsatellite sequences to form stable three 

dimensional structures. These may serve as recognition structures for different functional 

proteins or influence the access of such proteins to other recognition sites. According to BIET 

et al. (1999) this is especially true for dinucleotide repeats, which display a strong tendency to 

form Z-DNA structures. He considers them preferential sites for recombination because of 

their affinity for recombination enzymes. 

 

A high GC content was observed in the region from about 600 bp upstream of PRNP exon 1 

to about 1400 bp downstream of PRNP exon 1. DNA stretches of high GC content may 

indicate permanently active promotor regions and are common for housekeeping genes. 

TEMPLETON et al. (2000) described recombinational and mutational hotspots in the CpG 

rich sites of the human lipoprotein lipase gene This study identified three polymorphic 

microsatellite sites within and in proximity of this area: the dinucleotide repeat site R11/S11, 

the trinucleotide repeat locus S15 and the mononucleotide repeat site R16, which display 

four/five, five and ten alleles respectively and mark the PRNP region of highest variability 

analysed in this study. The polymorphisms at these sites may influence PRNP expression and 

individuals carrying different haplotypes may display different PRNP transcription intensity, 

which may in turn affect PrPSC accumulation and thereby TSE susceptibility.  

 

As documented in the results, the frequency of microsatellites in the bovine and ovine PRNP 

is high. A variety of studies have shown that mono- and dinucleotide repeats are hotspots for 

frameshift mutations caused by slipped-strand mispairing (LEVINSON and GUTMAN, 

1987). Therefore these motifs are found to be especially prone to mutation, a process also 

associated with the development of some tumors (JOHANNDOTTIER et al., 2000). Since 

slipped-strand mispairing is a ubiquitous force in evolution the PRNP may be subject to 

frequent changes at these sites. The frequency of microsatellites could also play a role if 

infectious RNA or DNA molecules are involved in TSE pathogenesis. As QUEEN et al. 
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(1981) and LEVINSON and GUTMAN (1987) described, repeat structures serve as 

hybridisation sites for viral DNA/RNA in the process of viral integration, so this may also be 

the case for non viral RNA/DNA particles.  

 

5.8 Conclusions 

 

The analysis of new microsatellite sites in the ovine and bovine PRNPs performed in this 

study leads to the following conclusions: 

 

Application of software assisted screening of gDNA sequences for microsatellite sites: 

Based on software assisted screening of gDNA sequences microsatellite sites were identified 

in the ovine and bovine PRNP region. The sites showing allelism after fragment length 

analysis were further analysed in this study and proved to be applicable as markers. These 

markers are easy to analyse and may allow within-gene mapping of gene effects. This strategy 

will be of general interest for the analysis of candidate genes. 

 

Application of heterologous primers: The orthologous application of bovine primers for 

PRNP sites led to the identification of seven ovine sites located upstream of the previously 

published ovine PRNP region. This indicates that the sequence flanking the published ovine 

PRNP region shows a similar degree of homology to the bovine sequence as to the published 

PRNP sequence stretch.  

 

Analysis of allelism by cloning and sequencing: Cloning as method for separating alleles in 

preparation for sequencing has proved a successful method. Fragment length analysis of the 

insertions prior to sequencing seems to be important, as does the sequencing of several clones 

for each variant. Comparative sequencing was essential to identify the origin of the amplified 

fragments and helped determine the non-PRNP origin of variants found in amplificates for 

sites S05 and S09. New primers should be designed for these sites and for the sites that 

displayed additional fractions of unexpected sizes, so that specific genotyping can be 

performed. 
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Use of the new microsatellite sites for marker assisted selection against TSE: The 

polymorphic sites demonstrated in this study are suitable for the analysis of associations with 

TSE diseases such as scrapie or BSE. For example, sheep or cattle may be chosen according 

to their genotypes for an experimental infection with BSE or scrapie or allele frequencies of 

diseased and healthy animals can be compared. On hand of incubation time, symptoms and 

PrPSC accumulation pattern associations with haplotypes may be detected. Such a project is 

currently in progress with promising preliminary results. As HE (2002) demonstrated for sites 

S11, S15 and S24, new haplotypes in addition to the known ORF variants that are currently 

used to define scrapie risk class can be defined. Therefore comparison of allele frequencies of 

the new sites in TSE affected animals and healthy control groups will offer additional 

information.  

 

Detection of alleles by analysing samples from diverse breeds: The use of a highly divers 

sample pool enabled the identification of numerous alleles. However, an obvious limitation of 

this approach is that some of the alleles were not found in common European breeds. In these 

breeds only four bovine sites are polymorphic and five of the ovine sites show a low degree of 

polymorphism.  

 

Analysis of additional candidate genes: Though scrapie incubation time in mice has been 

directly linked to the PRNP (CARLSON et al., 1988) and numerous field studies have found 

associations of scrapie susceptibility with the PRNP ORF genotype, one must also consider 

that in mice QTLs for BSE and scrapie incubation time have been identified for other 

chromosomal locations as well (see p. 19) (STEPHENSON et al., 2001; LLOYD et al., 2001 

and 2002, MANULAKOU et al., 2001, HERNÁNDEZ-SÁNCHEZ et al., 2002). Therefore 

other candidate genes should be analysed as well, perhaps with the approach described in this 

study. 
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6. Summary  
 
 
Analysis of new variants in the bovine and ovine PRNP 
 
by Julia Eckert 
 
 

It is of great interest to clarify the role of the PRNP plays in TSE pathogenesis. Especially for 

sheep, an association of ovine PRNP variants with scrapie susceptibility has been attested, and 

variants at three ORF positions are proposed to show the highest effect. However, they do not 

explain all the observed variability, and it is necessary to identify additional markers in the 

PRNP in order to fine map the effects. The bovine PRNP is still being analysed for similar 

associations. By creating a dense set of readily accessible markers in the PRNP region, future 

association studies, as well as genotyping and breeding for TSE resistance will be facilitated. 

GELDERMANN et al. (2003) identified microsatellite sites in the bovine and ovine PRNP 

region on hand of software assisted screening of published sequences. In the present study 

these sites were amplified, cloned, sequenced and analysed. 

 

Eight polymorphic bovine microsatellite sites and four polymorphic ovine microsatellite sites 

for which sequence information was available at the Genbank database were subjected to 

analysis. In addition seven other ovine sites upstream of the Genbank database sequence were 

amplified using primers defined for bovine PRNP sites, three of which displayed 

polymorphisms after fragment length analysis on the A.L.F. sequencer. PCR was performed 

for individuals of eight cattle breeds and eleven sheep breeds to identify as many 

polymorphisms as possible. Two to eight different samples were cloned for the bovine sites 

and led to the identification of altogether 28 different sequences. For the eleven ovine sites 

one to seven samples per site were cloned and also led to the identification of 28 different 

sequences. All sequences gained for bovine polymorphic PRNP microsatellite loci could be 

attributed to the respective PRNP sequences. In sheep for four of the six polymorphic 

microsatellite sites all variants were attributed to the respective published sequences as well, 

while the origin of some variants found for sites S05 and S09 could not be identified. Though 

repeat variation of the microsatellite motif was the main cause of length polymorphisms, 

insertions and deletions were involved at eight sites. At seven of the polymorphic sites SNPs 

were also found and in one bovine and one ovine site alleles were identified that differed in 

sequences, but showed the same fragment length. 
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The results of this study show the merit of software assisted screening of DNA sequences for 

the identification of polymorphic microsatellite sites. Through the application of heterologous 

primers it was also possible to access previously unsequenced areas of the ovine PRNP 

region. The sequence origin and the nature of the polymorphisms was successfully analysed 

by cloning and sequencing, and most sites can now be used for the fine mapping of the bovine 

and ovine PRNP region in genotyping studies.  
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7. Zusammenfassung 

 

Analyse neuer Varianten im bovinen und ovinen PRNP 

 

von Julia Eckert 

 

 

Es ist von großem Interesse die Rolle des PRNP in der TSE-Pathogenese zu klären. Beim 

Schaf wurde bereits eine Assoziation oviner PRNP-Varianten mit Scrapieanfälligkeit 

nachgewiesen, wobei den Varianten dreier ORF-Positionen ein besonders großer Einfluss 

zugeschrieben wird. Dennoch können sie nicht die gesamte Variabilität erklären und es ergibt 

sich die Notwendigkeit zusätzliche Marker im PRNP zu identifizieren um eine Feinkartierung 

vornehmen zu können. Das bovinen PRNP wird noch immer auf ähnliche Assoziationen 

untersucht. Die Schaffung eines dichten, leicht zugänglichen Markersets in der PRNP-Region 

kann zukünftige Assoziationsstudien, sowie die Genotypisierung und die Zucht auf TSE-

Resistenz erleichtern. GELDERMANN et al. (2003) konnten Mikrosatellitenpositionen in der 

PRNP-Region von Rind und Schaf durch Software-gestützte Analyse bereits veröffentlichter 

Sequenzen identifizieren. In der vorliegenden Arbeit wurden diese Positionen amplifiziert, 

kloniert, sequenziert und analysiert.  

 

Acht polymorphe bovine und vier polymorphe ovine Mikrosatellitenpositionen, für die 

Datenbankeinträge in Genbank existierten, wurden in die Untersuchung einbezogen. 

Zusätzlich wurden sieben weitere ovine Positionen amplifiziert, die stromaufwärts der 

veröffentlichten Sequenz liegen, unter Verwendung von Primern, die für heterologe 

Positionen im Rindergenom definiert worden waren. Drei davon zeigten bei 

Fragmentlängenanalyse mittels eines A.L.F.-Sequenzierers ebenfalls Polymorphismen. DNA-

Proben von Individuen aus acht Rinderrassen und elf Schafrassen wurden untersucht um 

möglichst viele Polymorphismen darstellen zu können. Zwei bis acht Proben wurden für jede 

bovine Position kloniert und 28 verschiedene Sequenzen identifiziert. Für die ovinen 

Positionen wurden zwischen einer und sieben Proben kloniert und ebenfalls 28 verschiedene 

Sequenzen dargestellt. Alle Sequenzen der bovinen PRNP-Mikrosatellitenpositionen konnten 

den entsprechenden veröffentlichen PRNP-Sequenzen zugeordnet werden. Beim Schaf 

konnten alle Sequenzen von vier polymorphen Positionen ebenfalls den Datenbankeinträgen 

zugeordnet werden. Die Herkunft einiger Varianten der ovinen Positionen S05 und S09 jedoch 
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konnte nicht entgültig geklärt werden. Hauptursache der Fragmentlängenpolymorphismen 

waren Repeatvarianten des Mikrosatellitenmotivs. Bei acht Positionen spielten zusätzlich 

Insertionen und/oder Deletionen eine Rolle. Sieben der polymorphen Positionen enthielten 

außerdem SNPs. An je einer bovinen und einer ovinen Position traten Varianten auf, die 

anhand der Sequenzen, aber nicht anhand des Fragmentlängenpolymorphismus unterschieden 

werden konnten. 

 

Die Ergebnisse dieser Arbeit belegen die Möglichkeit mit Hilfe Software-gestützter 

Sequenzanalyse polymorphe Mikrosatellitenpositionen zu identifizieren. Durch die 

Anwendung heterologer Primer konnten zuvor nicht sequenzierte Bereiche nahe des ovinen 

PRNP der Analyse zugänglich gemacht werden. Die Identität der dargestellten Sequenzen und 

das Wesen der Polymorphismen konnte mit der hier verwendeten Methode erfolgreich 

nachgewiesen werden. Der Großteil der untersuchten Positionen kann nun zur Feinkartierung 

von Geneffekten in den bovinen und ovinen PRNP-Bereichen zum Einsatz kommen.  
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9.     Appendix

Figure 6: Sequence alignment of microsatellite site R03

Figure 7: Sequence alignment of microsatellite site R05
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Figure 8: Sequence alignment of microsatellite site R11

Figure 9: Sequence alignment of microsatellite site R16
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Figure 10: Sequence alignment of microsatellite site R18

Figure 11: Sequence alignment of microsatellite site R24
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Figure 12: Sequence alignment of microsatellite site R25

Figure 13: Sequence alignment of microsatellite site R26

Figure 14: Sequence alignment of microsatellite site S01

101



Figure 14: Sequence alignment of microsatellite site S02

Figure 15: Sequence alignement of microsatellite site S03

Figure 16: Sequence alignment of microsatellite site S04
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Figure 17: Sequence alignment of microsatellite site S05

Figure 18: Sequence alignment of microsatellite site S06
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Figure 20: Sequence alignment of microsatllite site S11
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Figure 19: Sequence alignment of microsatellite site S09



Figure 21: Sequence alignment of microsatellite site S15
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Figure 22: Sequence alignment of microsatellite site S18

Figure 23: Sequence alignment of microsatellite site S24
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