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Abstract Recent attempts to discover genetic factors
affecting cattle resistance/susceptibility to bovine spongi-
form encephalopathy (BSE) have led to the identification
of two insertion/deletion (indel) polymorphisms, located
within the promoter and intron 1 of the prion protein gene
PRNP, showing a significant association with the occur-
rence of classical form of the disease. Because the effect of
the polymorphisms was studied only in few populations, in
this study we investigated whether previously described
association of PRNP indel polymorphisms with BSE sus-
ceptibility in cattle is also present in Polish cattle popula-
tion. We found a significant relation between the
investigated PRNP indel polymorphisms (23 and 12 bp
indels), and susceptibility of Polish Holstein-Friesian cattle
to classical BSE (P < 0.05). The deletion variants of both
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polymorphisms were related to increased susceptibility,
whereas insertion variants were protective against BSE.
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Introduction

Bovine spongiform encephalopathy (BSE) is a fatal,
transmissible, neurodegenerative disease caused by the
accumulation of partially protease-resistant, pathogenic
prion protein (PrP*¢) in the central nervous system. PrP5¢ is
formed in the process of abnormal folding of cellular prion
protein (PrP%) and the mechanism underlying this phe-
nomenon has been proposed by Stanley B. Prusiner [1].
The accumulation of the misfolded protein in brains of
infected cattle leads to the spongiosis, gliosis, and neuron
death without inflammatory lesions [2].

The secondary and tertiary structure of proteins depends
mainly on their amino acid sequences, which may be
affected by mutations in the corresponding genes. PrP€ is
encoded by autosomal PRNP gene, which is expressed in
most of the tissues [3]. A significant relationship between
nucleic acid variations in PRNP protein-coding sequence
and the occurrence of acquired or genetic prion diseases
have been found in humans [4] and sheep [5]. The situation
is different in cattle, in which polymorphisms identified
within the open reading frame (ORF) do not affect the BSE
susceptibility [6, 7]. Despite the large number of poly-
morphisms found in bovine PRNP locus [8], so far only
two insertion/deletion (indel) variations in the promoter
region (23 and 12 bp indel) have been associated with BSE
susceptibility [9-12]. By the modification of consensus
binding sites for transcription factors RP58 and Sp1, these
polymorphisms affect expression level of prion protein
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gene, [13] and thus are considered as variations modulating
the BSE incubation period.

Due to the restrictions in handling procedures for
infectious material, studies showing association of PRNP
indel polymorphism with BSE susceptibility in cattle are
still relatively sparse. Furthermore, in some subject breeds/
populations the effect of the indel polymorphisms on BSE
susceptibility has not been observed [12, 14]. This
encourages further studies on affected animals in order to
extend the previously published results and to verify
potential population-specific effect of the PRNP indel
polymorphisms.

In this study, we investigated the frequency of PRNP
indel polymorphisms in classical BSE-affected and in
clinically healthy Polish Holstein-Friesian cattle. BSE
cases were also characterized based on polymorphism of
PRNP open reading frame. Moreover, PRNP indel poly-
morphisms were characterized in different Polish cattle
breeds and the results were compared with worldwide
studies in different breeds.

Materials and methods

Samples obtained from 28 BSE-affected Polish black-and-
white Holstein-Friesian cattle (HO) were examined. The
studied BSE cases were diagnosed between 2002 and 2010
and represented the classical form of the disease.

Initially, the brain stem tissue of prion-infected cattle
was tested with rapid tests approved by European Com-
mission for monitoring purposes. Then, every positive
result was confirmed using either histopathology or
immunohistochemistry and immunoblotting techniques.

Genomic DNA was isolated from brain stem of BSE-
affected cattle and from the whole blood sample of randomly
selected clinically healthy cattle of following breeds: HO
(n = 651), Polish red-and-white Holstein-Friesian (RW;
n = 76), Polish red (RP; n = 104), and Simmental (SM;
n = 73). The isolation was performed with The Wizard®
Genomic DNA purification kit (Promega) or MasterPure
DNA purification kit (Epicentre Biotechnologies, USA). The
genotypic data for part of the HO group (n = 450) were
previously published by Czarnik et al. [15].

PRNP indel polymorphisms were analyzed using PCR
method. Separate alleles were recognized based on the length
of the amplified DNA fragments after electrophoresis in 2%
agarose gel. PCR products from randomly selected samples
from homozygous animals were sequenced to confirm accu-
racy of genotyping. The whole PRNP ORF was amplified
using HotStarTaq polymerase (Qiagen). All used PCR prim-
ers, PCR mixtures, amplification thermal conditions as well as
lengths of the amplicons are shown in Supplementary
Tables 1, 2, and 3 (online resources).
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ORFs of the PRNP gene as well as regions spanning
indel sites of PRNP gene in chosen animals were
sequenced bidirectionally using BigDye Terminator v3.1
cycle sequencing kit and 3130xl Genetic Analyzer
(Applied Biosystems). Prior to sequencing, PCR products
were purified with ExoSAP-IT enzymatic mixture (USB
Corporation). Subsequently, the sequencing reaction prod-
ucts were cleaned up using BigDye XTerminator purifi-
cation kit (Applied Biosystems).

Frequencies of haplotypes were estimated using EM
(expectation—maximization) algorithm implemented in
Arlequin v3.11 [17]. Only haplotypes occurring with fre-
quencies higher than 1% were used for further analysis.

Differences in the distribution of separate markers
between studied groups were tested using Fisher’s exact
test in contingency tables and two-sided P-values were
calculated.

Results and discussion

In previous studies, a significant association of two indel
polymorphisms in promoter (23 bp indel) and intron 1
(12 bp indel) of PRNP gene with BSE susceptibility was
found in German, British, and Swiss cattle of different
breeds, and in general the deletion gene variants of both
polymorphisms were overrepresented in affected animals
as compared to controls [9-12]. The functional relevance
of the polymorphisms was first described by Sander et al.
[13]. The proposed model was based on the fact that
deletions at both polymorphic sites remove/interfere with
consensus binding sites for transcription factors RP58 and
Spl, and thus may affect the PRNP expression level. In
studies carried out on cattle and cultured cells, promoter
variants with deletions (especially at locus of 23 bp indel
polymorphism) were related to higher expression levels of
PRNP when compared with insertion gene variants [13, 18,
19]. Higher expression level of the prion gene was asso-
ciated with reduced transmissible spongiform encephalop-
athy (TSE) incubation period in experimentally infected
mice [20]. However, in a few studied Polish classical BSE
cases PRNP expression level did not differ significantly
from that observed in control cattle [21].

In this study we compared allele frequencies of PRNP indel
polymorphisms in Polish BSE cases and the randomly selec-
ted population of clinically healthy cattle of the same breed.
Results of this analysis showed a significantly higher fre-
quency of deletion alleles of 23 and 12 bp indel polymor-
phisms in diseased than in control animals (P = 0.0242 and
P = 0.0024, respectively). Genotype distribution of 23 bp
indel polymorphism did not differ significantly between the
groups; however, increased frequency of 23 bp del/del
genotype was observed in BSE-affected cattle. Genotypic
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distribution of 12 bp indel polymorphism differed signifi-
cantly between the diseased and healthy animals
(P = 0.0066), with approximately two times higher fre-
quency of 12 del/del genotype in BSE-affected animals
(Table 1). A similar association of both polymorphisms with
disease occurrence was observed in other studies [9-12].

Haplotypes spanning both polymorphic sites were
established using EM algorithm, which allowed for the
estimation of the combined effect of both polymorphisms.
In the groups studied, four haplotypes occurring with fre-
quency higher than 1% were identified (Table 2). The most
common haplotype was spanning both deletions, haplotype
23del-12del. The rare haplotype 23ins-12del was observed
only in a group of healthy animals (HO). Distribution of
haplotypes differed significantly between diseased and
healthy animals (P = 0.0111), and in general the deletion
haplotype (23del-12del) was overrepresented in BSE-
affected animals, while insertion haplotype (23ins-12ins)
was more common in healthy animals. Similar results were
reported by Juling et al. [11] and Haase et al. [12].

Our study identified a possible association of both
studied PRNP promoter indel polymorphisms with sus-
ceptibility to BSE in Polish Holsteins. The low number of
BSE cases studied here could lead to a false conclusion;
however, the fact that our results are fully consistent with
previously published data, makes these results sufficiently
probable.

To further confirm the obtained results we performed a
meta-data analysis with previously published study of Juling
etal. [11] performed on German Holstein cattle (Table 3). We
found that alleles and genotypes distribution did not differ
significantly between German and Polish healthy cattle nei-
ther between German and Polish BSE-affected -cattle.

Analysis performed with combined groups of Polish and
German cattle (BSE combined vs. healthy combined) showed
that the distribution of alleles, but not genotypes at locus of
23 bp indel polymorphism, differed significantly between
diseased and healthy animals (P < 0.01). At the locus of
12 bp indel polymorphism, both allelic and genotypic distri-
bution differed highly significantly between healthy and dis-
eased animals (P < 0.01) (Table 3).

In the previous studies, no clear association between
PRNP ORF polymorphism and BSE susceptibility in cattle
has been found [6, 7]. Only one H-type atypical BSE case
in the USA was found to be caused by nonsynonymous
mutation E211 K [22]. In Polish classical BSE cases in
PRNP ORF only three previously described polymor-
phisms were found: two silent SNPs in codons 78 (234
G — A) and 192 (576 C — T) and one 24 bp indel (one
octapeptide repeat indel) (Table 4) [6-8]. Frequencies of
alleles of both observed SNPs were similar to the previ-
ously published data for healthy Holstein cattle [23, 24].
The 24 bp indel was found in one BSE case in heterozy-
gous state (5/6 repeats) (Table 4). Since no clear associa-
tion between 24 bp indel polymorphism and BSE
susceptibility in cattle has been found in larger studies
[6, 7, 10], we did not undertake further investigation, even
though we found, that in a previous study on healthy Polish
black-and-white cattle the frequency of the 5/6 genotype
was clearly higher (0.180) [25] than in BSE-affected ani-
mals studied (0.037).

Frequencies of PRNP promoter indel polymorphisms
(23 and 12 bp indel) were also compared between the
subject cattle groups of different breeds (HO, RW, RP, and
SIM). To avoid excessive analysis, only frequencies of
haplotypes are shown in Table 5. Of all the breeds

Table 1 Comparison of alleles and genotypes frequencies of PRNP promoter (23 bp indel), and intron 1 (12 bp indel) polymorphisms between

BSE-affected and healthy animals of the HO breed

Group N Genotype frequency P value Allele frequency P value
Ins/Ins Ins/Del Del/Del Ins Del
23 bp indel BSE (HO) 28 0.036 0.393 0.571 0.0912 0.232 0.768 0.0242
Healthy (HO) 651 0.134 0.494 0.372 0.381 0.619
12 bp indel BSE (HO) 28 0.036 0.464 0.500 0.0066 0.268 0.732 0.0024
Healthy (HO) 651 0.216 0.518 0.266 0.475 0.525

Table 2 Comparison of frequencies of haplotypes spanning 23 and 12 bp indel polymorphisms between BSE-affected and healthy animals of

the HO breed

Group N Haplotype frequency P value
23del-12del 23ins-12ins 23del-12ins 23ins-12del

BSE (HO) 28 0.732 0.232 0.036 - 0.0111

Healthy (HO) 651 0.507 0.363 0.112 0.018
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Table 3 Comparison of alleles and genotypes frequencies between Polish and German (Juling et al. [11]) healthy and BSE-affected Holstein

cattle
N Ins/Ins Ins/Del Del/Del P value N Ins Del P value
23 bp indel German Holstein BSE 127 0.079 0.465 0.457 0.5162° 127 0.311 0.689 0.3311°
Polish Holstein BSE 28 0.036 0.393 0.571 28 0.232 0.768
Combined BSE* 155 0.071 0.451 0.477 0.1137* 155 0.293 0.706 0.0029*
Healthy German Holstein 313 0.147 0.473 0.380 0.7636" 335 0.382 0.618 0.5539°
Healthy Polish Holstein 651 0.134 0.494 0.372 651 0.381 0.619
Combined control* 964 0.138 0.488 0.374 986 0.381 0.619
12 bp indel German Holstein BSE 125 0.144 0.456 0.400 0.2892° 125 0.372 0.628 0.1665°
Polish Holstein BSE 28 0.036 0.464 0.500 28 0.268 0.732
Combined BSE* 153 0.124 0.457 0.418 0.0004* 153 0.350 0.650 6.0E-5*
Healthy German Holstein 309 0.220 0.498 0.282 0.8326" 357 0.468 0.532 0.7443°
Healthy Polish Holstein 651 0.216 0.518 0.266 651 0.475 0.525
Combined control* 960 0.218 0.511 0.271 1008 0.473 0.527
* The group comprises Polish and German cattle
* P value for comparisons between combined groups of diseased and healthy animals (combined BSE vs. combined control)
° P value for comparisons between German and Polish cattle groups
Table 4 Frequencies of the observed polymorphisms in ORF of PRNP gene in BSE-affected animals
N* 24 bp indel 234G - A 576 C > T
Codon 78 CAG — CAA Codon 192 AC — AAT
Genotype Allele Genotype* Allele* Genotype Allele
5/5 56 6/6 5 6 A/A A/G G/G A G C/C C/IT /T C T
BSE 27 - 0.037 0963 0.019 0981 0.039 0423 0538 0250 0.750 0926 0.074 - 0.963  0.037

* Because polymorphism 234 G — A occurs within inserted/deleted sequence of PRNP ORF (Humeny et al. 2002), allele and genotype

frequencies were calculated for only 26 BSE cases

# Due to poor quality of DNA, for one BSE case no acceptable sequencing result could be obtained

Table 5 Comparison of frequencies of haplotypes spanning 23 and 12 bp indel polymorphisms between different Polish cattle breeds

Group N Haplotype frequency P value

23del-12del 23ins-12ins 23del-12ins 23ins-12del 1 2 3 4
1 HO 651 0.507 0.363 0.112 0.018 x - - -
2 RW 76 0.487 0.401 0.112 - 0.3637 x - -
3 SM 73 0.575 0.301 0.123 - 0.1506 0.1949 x -
4 RP 104 0.346 0.486 0.168 - 0.0000 0.0235 0.0000 X

analyzed, the highest frequency of the haplotype 23del-
12del was found in the Simmental breed (0.575), and the
lowest in the Polish red breed (0.346). The haplotype dis-
tribution differed significantly only between the Polish red
breed and the remaining breeds (P < 0.05). These differ-
ences resulted mainly from lower frequency of 23del-12del
haplotype in the Polish red breed and simultaneously
higher frequency of potentially BSE-protective haplotype
23ins-12ins.
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Establishing the allele frequency of the BSE-associated
PRNP polymorphisms in different breeds of cattle was the
subject of many studies. Such analysis allows comparison
of individual breeds and identification of breeds which are
genetically susceptible/resistant to BSE. In Figs. 1 and 2
we combine the results of most studies to date showing
frequencies of deletion alleles and deletion genotypes of
both BSE-associated PRNP indel polymorphism in differ-
ent cattle breeds and populations. Breeds were ranked
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Fig. 1 Deletion allele and deletion genotype frequency of PRNP
23 bp indel polymorphisms in different cattle breeds and populations.
References are given in brackets. For the Braunvieh breed the authors

did not provide genotype frequency. *Group spans cattle of Swiss
Schwarzfleck and Swiss Simmental x Red Holstein breeds, [W] - this
study
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Fig. 2 Deletion allele and deletion genotype frequency of PRNP
12 bp indel polymorphisms in different cattle breeds and populations.
References are given in brackets. For the Braunvieh breed the authors

based on growing deletion allele frequency; however, del/del
genotype frequency has been shown to partially visualize
genotype distribution within the breeds. The results allowed
for general evaluation of which populations may potentially
be most susceptible to BSE and showed that the Polish cattle
breeds are characterized by relatively low or medium fre-
quency of BSE-associated deletion alleles. Nevertheless, a
comparatively high frequency of the predisposing alleles was

did not provide genotype frequency. *Group spans cattle of Swiss
Schwarzfleck and Swiss Simmental x Red Holstein breeds, [W] - this
study

found in the Simmental breed which is of importance as the
breed is abundant in Poland. This comparison also showed
that the deletion allele frequency seems to be lower in native or
primitive breeds than in modern, highly selected cattle breeds.

In summary, the association analysis performed in this
study indicated a significant relationship between the
investigated PRNP indel polymorphisms and susceptibility
of Polish Holstein-Friesian cattle to classical BSE
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(P < 0.05). In the population studied the deletion variants
of both polymorphisms were related to increased BSE
susceptibility, whereas insertion variants were recognized
as protective. This suggests that both polymorphisms can
be considered as potential susceptibility markers in the
Polish HO breed.

In PRNP OREF in Polish classical BSE cases no novel,
potentially pathogenic mutations have been found and the
observed variations have occurred with low frequency,
which is similar to the findings of previous studies per-
formed with healthy Holstein cattle [23, 24].
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