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I n t r o d u c t i o n
Scrapie is a member of the transmissible spongiform encephal-

opathies (TSEs) which include bovine spongiform encephalopathy 
(BSE) in cattle, chronic wasting disease (CWD) in cervids, and 
Creutzfeldt-Jacob (CJD) disease in humans. While the exact etiology 
of TSEs is still debated, the disease is associated with the presence 
of an abnormal isoform of a host-encoded protein called a prion (1). 
In many species, including sheep, polymorphisms in the prion 
gene are associated with susceptibility to the disease. Considerable 
data now exist on the genetics of susceptibility to scrapie (2). It 
is generally accepted that susceptibility or resistance to scrapie is 
modulated by allelic variants of the prion protein (PrP) gene (3). 
Over 40 polymorphisms have been reported so far for the PrP gene, 

although only those at codons 136, 154, and 171 appear to be closely 
linked to scrapie susceptibility. These later polymorphisms give rise 
to 5 alleles that vary by 1 amino acid from what is considered to 
be the original or wild type allele (ARQ): ARR, AHQ, ARH, VRQ, 
and ARQ (4). Polymorphisms at codon 136 (alanine A or valine V) 
and at codon 171 (glutamine Q, histidine H, or arginine R) clearly 
influence susceptibility of developing scrapie (5–7). The association 
between the polymorphism at codon 154 (arginine R or histidine H) 
and susceptibility to scrapie is still unclear since some data suggest 
that a histidine at codon 154 offers some protection in certain breeds 
of sheep (7) but not in others (8). The genotype AA136RR154RR171 is 
associated with the highest resistance to scrapie, whereas the geno-
type VV136RR154QQ171 is associated with the highest susceptibility 
to infection (7). In breeds where the V136R154Q171 allele is absent, 
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A b s t r a c t
The allele and genotype frequencies of the prion protein gene (PrP), known to have an impact on scrapie susceptibility, were 
determined by real-time PCR for 500 Quebec purebred rams. Molecular beacons were very efficient in discriminating the 5 alleles 
investigated. Polymorphisms at coding positions 136, 154, and 171 of the PrP gene were analyzed using 3 separate real-time 
PCR reactions and a total of 7 molecular beacons. A total of 4 different alleles (ARQ, ARR, AHR, and VRQ) were observed at 
different frequencies among the 7 breeds of sheep investigated. Results show that more than 50% of the rams in every breed 
carried at least one ARR allele, which is considered the most resistant to scrapie. The susceptibility ARQ allele was also present 
in every breed and together with the ARR allele, they were the most frequent alleles found in Quebec rams. The VRQ allele 
associated with the highest susceptibility to scrapie occurred in 5 of the 7 breeds, although at low frequencies. Overall, the 
results indicate that the frequencies of PrP alleles and genotypes in common breeds of sheep in Quebec make it feasible to 
reduce scrapie risk by selective breeding.

R é s u m é
Les fréquences alléliques et génotypiques du gène de la protéine prion (PrP), reconnu pour avoir un impact sur la susceptibilité envers la 
tremblante, ont été déterminées par PCR en temps réel pour 500 béliers pur-sang du Québec. Des balises moléculaires étaient très efficaces 
pour discriminer les 5 allèles étudiés. Le polymorphisme aux positions codantes 136, 154 et 171 du gène PrP a été analysé à l’aide de 3 analyses 
séparées de PCR en temps réel et un total de 7 balises moléculaires. Quatre allèles différents (ARQ, ARR, AHR et VRQ) ont été observés à 
des fréquences variables parmi les 7 races de moutons étudiées. Les résultats montrent que plus de 50 % des béliers dans chaque race sont 
porteurs d’au moins un allèle ARR, considéré comme étant le plus résistant à la tremblante. L’allèle de susceptibilité ARQ était également 
présent dans chaque race et avec l’allèle ARR ils étaient les allèles les plus fréquemment rencontrés chez les béliers du Québec. L’allèle VRQ 
associé avec la plus grande susceptibilité à la tremblante était rencontré chez 5 des 7 races, bien qu’à des fréquences peu élevées. De manière 
générale, les résultats indiquent que la fréquence des allèles PrP et des génotypes chez les races de mouton communes au Québec rendent 
possible une réduction du risque de tremblante en effectuant des accouplements sélectifs.
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homozygous AA136RR154QQ171 animals are the most susceptible. 
Based on this linkage, a classification scheme has been established 
in the UK under the National Scrapie Plan (9), with NSP type 1 
representing sheep that are genetically most resistant to scrapie and 
NSP type 5 representing those that are highly susceptible to scrapie 
and that should not be used for breeding. Several studies show that 
the distribution of scrapie genotypes varies widely according to 
breed or geographic origin.

Several techniques have been used by different laboratories to 
genotype the PrP gene. These include polymerase chain reaction 
restriction fragment length polymorphisms (PCR-RFLP), PCR fol-
lowed by dot blot hybridization, sequencing and real-time PCR 
using Taqman technology. The novel method used in this study 
utilizes molecular beacons. This technique was selected because it 
offers very high specificity and high throughput capacity. Due to 
their hairpin structure, molecular beacons are uniquely suited for 
the detection of single nucleotide polymorphisms (SNPs) because 
they are much more specific in their target recognition than linear 
probes (10,11). Moreover, since molecular beacons can possess dif-
ferent fluorophores, multiple targets can be detected in the same 
reaction tube (multiplex).

Scrapie is widespread and is found in most parts of the world. 
Diagnosed in Canada for the first time in 1938, it was made a report-
able disease in 1945, and a control program was put in place. Since 
1984, over 140 infected and exposed flocks have been depopulated, 
mostly in Quebec. The control program has evolved since 1945 and 
genotyping is now part of the different strategies offered to the 
owner of an infected flock (12). There are over 180 000 reproductive 
ewes in Quebec flocks, about 10 000 to 12 000 of which are purebred; 
there are approximately 3500 purebred rams. Most of the flocks are 
commercial flocks in which mainly crossbred or hybrid females are 
used with registered or nonregistered purebred rams; lambs are sold 
to the meat market. Rams are either terminal (meat) or maternal/
prolific type breeds.

The aim of this study was to investigate prion gene polymor-
phisms at 3 codons of interest in common breeds of sheep in 
Quebec to provide information about their susceptibility to scrapie 
and about the genetic potential within each breed to reduce this 
susceptibility.

M a t e r i a l s  a n d  m e t h o d s

Sheep
A total of 500 purebred rams from 49 flocks were selected for this 

study (Table I). Rams were chosen because they are thought to repre-
sent the PrP genotypes found within each of their respective breeds. 
The rams were from the most common paternal (Suffolk, Hampshire, 
and Canadian Arcott), maternal (Dorset and Polypay) and prolific 
breeds (Rideau Arcott and Romanov) in Quebec. All flocks had to 
be participating in the Quebec genetic Scheme (GenOvis). The sam-
pling size for each breed reflected the different proportion of these 
breeds in GenOvis (2000–2002). In 2003, when the study took place, 
there were over 1100 rams and ram lambs available in 67 GenOvis 
participating flocks. Moreover, considering that maternal and 
prolific breeds have a larger incidence on the whole reproductive 

population (breeding ewes), it was decided to have these breeds 
overrepresented.

DNA samples
All analyses were performed at TransBIOtech in Lévis, Québec. 

For each sheep, 5 mL of blood was collected by jugular venipuncture 
into an EDTA-vacutainer and kept cold until deoxyribonucleic acid 
(DNA) extraction. Genomic DNA was extracted from white blood 
cells in 200 mL of whole blood using the DNA blood kit (Qiagen, 
Mississauga, Ontario) following the manufacturer’s instructions.

Genotyping
All primers and beacons were synthesized and purified by high 

performance liquid chromatography (HPLC) at Integrated DNA 
Technologies (IDT), Coralville, Iowa, USA. Three independent real-
time PCR reactions were developed, 1 for each of the 3 codons of 
interest. Each reaction was optimized and validated with DNA from 
animals of known genotypes (ARQ/ARQ, ARQ/VRQ, VRQ/VRQ, 
AHQ/ARQ, AHQ/AHQ, ARR/ARQ, ARR/ARR, ARH/ARQ, 
ARH/ARR, ARH/ARH). For each reaction, the conditions were 
as follows: in a final volume of 25 mL, containing 100  mM of 
each nucleotide, 400 mM of each primer, 200 mM of each bea-
con, 3 mM MgCl2, 100 mM Tris-HCl (pH 8.3), 50 mM KCl and 
0.5U Platinum Taq (Invitrogen, Burlington, Ontario), 50–100 ng 
of genomic DNA (determined at 260 nM in a spectrophotometer) 
was subjected to PCR amplification in an M 3 3000p instrument 
(Stratagene, La Jolla, California). Each sample was tested in dupli-
cate, and appropriate controls from animals whose genotypes were 
determined by automated sequencing were included in each run. 
Furthermore, 142 animals had their genotype determined in a blind 
fashion by TransBioTech Lévis, Quebec and a French accredited 
laboratory (Labogena, 78352 Jouy-en-Josas, France). All results were 
fully congruent.

Codon 136
The thermocycling protocol was: 2 min at 94°C followed 

by 40  cycles at 94°C for 15 s, 62°C for 45 s, and 72°C for 30 s. 
Fluorescence was measured at each cycle at the end of the anneal-
ing step. The nucleotide sequences of each beacon and primer are 
as follows: Beacon 136A: 59 FAM - TCG GGC TGG GAA GTG CCA 
TGA GCA GGC GCC CGA - BHQ1 39, Beacon 136V: 59 - HEX AGC 
GAT TGG GAA GTG TCA TGA GCA GGA TCG CT - BHQ2 39,  

Table I. Number of rams sampled from each breed

Breed	 Number of flocks	 Number of rams
Canadian Arcott (CD)	 5	 28
Suffolk (SU)	 13	 84
Hampshire (HA)	 5	 40
Dorset (DP)	 22	 142
Polypay (PO)	 7	 97
Rideau Arcott (RI)	 9	 52
Romanov (RV)	 6	 57

Totals	 67	 500
Note: There was more than one breed on some farms.
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sens-primer: - 59 - ATG AAG CAT GTG GCA GGA GC - 39, anti sens 
primer: - 59 - ACG GTC CTC ATA GTC ATT GCC - 39.

Codon 154
The thermocycling protocol was: 2 min at 94°C followed 

by 40  cycles at 94°C for 15 s, 60°C for 45 s, and 72°C for 30 s. 
Fluorescence was measured at each cycle at the end of the anneal-
ing step. The nucleotide sequences of each beacon and primer are 
as follows: beacon 154H: 59 HEX - CGC GAG ACC GTT ACT ATC 
ATG AAA ACA TGT CGC G - BHQ2 39, beacon 154R: 59 FAM - CGC 
GAA CCG TTA CTA TCG TGA AAA CAT GTC GCG - BHQ 1 39, 
sens primer: 59 - ATG AAG CAT GTG GCA GGA GC - 39, anti-sens 
primer: 59 - CTG ATC CAC TGG TCT GTA GTA CAC - 39.

Codon 171
The thermocycling protocol was: 2 min at 94°C followed 

by 40  cycles at 94°C for 15 s, 59°C for 45 s, and 72°C for 30 s. 
Fluorescence was measured at each cycle at the end of the anneal-
ing step. The nucleotide sequences of each beacon and primer are 
as follows: beacon 171Q: 59 - FAM CGC GAT CCA GTG GAT CAG 
TAT AGT AAC CAT CGC G - BHQ1 39, beacon 171R: 59 - HEX CGC 
GAT CCA GTG GAT CCG TAT AGT AAC CAT CGC G - BHQ2 39, 
beacon171H: 59 - CY5 CGC GAT CCA GTG GAT CAT TAT AGT AAC 
CAT CGC G - BHQ2 39, sens primer: 59 - CGT GAA AAC ATG TAC 
CGT TAC CCC - 39, and antisens primer: 59 - GGT GAC TGT GTG 
TTG CTT GAC TG - 39.

R e s u l t s
All molecular beacons were very efficient in discriminating the 

single base mismatches responsible for the allelic differences under 
study. An example of the results obtained with codon 136 molecular 
beacons is shown in Figures 1a and 1b. The beacons only fluoresced 
and gave a strong signal in the presence of their perfectly complemen-
tary target making allele scoring unambiguous. In the absence of their 
perfectly complementary target, the probes remained dark and no or 
very weak signals were detected (samples 2/2 Figures 1a and 1b).

The PrP allelic frequencies of the 500 sampled rams are summa-
rized for each breed in Table II. Four of the 5 PrP alleles associated 
with susceptibility or resistance to scrapie were found: ARR, ARQ, 
AHQ, and VRQ — no ARH. Codon 171 was polymorphic (R/Q) 
in every breed but no histidine (H) was found meaning that every 
breed sampled has access to the ARR allele associated with the 
greatest resistance to scrapie. Codon 154 was also found to be poly-
morphic (R/H) in 4 of the breeds (Rideau Arcott, Polypay, Dorset, 
and Canadian Arcott) but with a very low proportion of the AHQ 
allele (, 2%). The remaining 3 breeds had only arginine (R) and 
no H at position 154. At codon 136, all breeds but 2 (Rideau Arcott 
and Polypay, which had no VRQ allele) were polymorphic (V/A) 
although the frequency of the VRQ allele (associated with the highest 
susceptibility to scrapie) was always very low.

In all breeds, the dominant alleles were ARQ and ARR and the 
less frequent were AHQ and VRQ, but there was considerable 
variation among breeds. In all breeds, the frequency of the ARQ 
allele exceeded 30% and it reached 66.7% in Romanov. For the most 
resistant ARR allele, all breeds showed a relative frequency of . 25% 
and it reached or exceeded 50% for Canadian Arcott, Dorset, Suffolk, 
and Polypay. The VRQ allele, which is associated with the highest 
susceptibility to scrapie, was found at low frequencies (between 1.2% 
and 7.1%) in Suffolk, Hampshire, Romanov, Dorset, and Canadian 
Arcott. The AHQ allele was found in very low proportion (, 2%) in 
Canadian Arcott, Dorset, Polypay, and Rideau Arcott.

Figure 1a. Amplification plots obtained with dual labelled molecular beacon 
A136 (FAM) for PrP codon 136 genotyping. Results are shown for an AA136 
homozygote (1/1), a VA136 heterozygote (1/2), a VV136 homozygote 
(2/2) and a no template control (NTC).

1/1

1/2

2/2

NTC

Figure 1b. Amplification plots obtained with dual labelled molecular beacon 
V136 (HEX) for PrP codon 136 genotyping. Results are shown for a VV136 
homozygote (1/1), a VA136 heterozygote (1/2), an AA136 homozygote 
(2/2) and a no template control (NTC).
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Table II. Percentage frequencies of prion protein alleles (PrP) 
in 7 breeds of sheep in Quebec (n = 1000 alleles 2 500 rams)

Breed	 CD	 DP	 HA	 PO	 RI	 RV	 SU
ARR	 60.7	 52.5	 36.25	 52.6	 45.2	 28.9	 49.4
AHQ	 1.8	 0.7	 0	 0.5	 1.9	 0	 0
ARQ	 30.4	 40.8	 62.5	 46.5	 52.9	 66.7	 49.4
VRQ	 7.1	 6.0	 1.25	 0	 0	 4.4	 1.2
CD — Canadian Arcott; DP — Dorset; HA — Hampshire; PO — 
Polypay; RI — Rideau Arcott; RV — Romanov; SU — Suffolk.
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The PrP genotypes frequencies for the 7 breeds are shown in 
Table III. Eight different genotypes were identified in the sampled 
rams: ARR/ARR, ARR/ARQ, ARR/AHQ, ARQ/ARQ, ARQ/AHQ, 
ARR/VRQ, ARQ/VRQ, and VRQ/VRQ. Canadian Arcott, Dorset, 
and Polypay breeds had the highest percentage of the NSP type 1 
genotype (ARR/ARR) (39%, 29%, and 27%, respectively), whereas 
the Romanov breed had the lowest percentage (7%) of the most 
resistant rams. Of note is that for all breeds, . 50% of the rams tested 
were of NSP type 1 (ARR/ARR) or 2 (ARR/ARQ and ARR/AHQ) 
which are all considered to confer resistance to scrapie. In most 
breeds, the cumulative frequencies of these 3 genotypes were over 
70%. The most susceptible genotypes (VRQ/VRQ, VRQ/ARQ), 
which correspond to NSP type 5, were found in small proportions 
in Romanov (7.0%), Dorset (4.9%), Canadian Arcott (3.6%), and 
Suffolk (1.2%).

D i s c u s s i o n
Although their design is challenging, molecular beacons can be 

very efficient in distinguishing between single base pair mismatch 
allelic variants (Figures 1a and 1b). The fact that 142 samples from 
this study gave identical results in our laboratory and the French 
laboratory Labogena, supports this finding. The assays are simple, 
rapid, and amenable to multiplexing and automation which make 
them ideally suited for routine diagnosis. Moreover, since the 
amplification, hybridization, and analysis are all performed simul-
taneously in a closed tube, the risk of cross-contamination is greatly 
reduced.

The first objective of this study was to estimate the frequencies 
of PrP alleles and genotypes among the major sheep breeds in 
Quebec. One other goal was to give breeders an indication of the 
genetic potential within each breed or flock in breeding animals 
with low genetic susceptibility to scrapie. This study represents 
a starting point for breeders interested in a breeding process that 
includes the selection of ARR/ARR animals and the elimination of 
VRQ-carrying animals.

The ARR allele, which plays an important role in scrapie resis-
tance, was found in each breed and more than 50% of the rams 
in every studied breed carried at least 1 copy of this allele (NSP 
type 1 and 2). The breeds with the highest proportion of ARR/ARR 
rams were the Canadian Arcott with 39.3%, Dorset with 28.9%, and 

Polypay with 26.8%. The high percentage of resistant rams in some 
breeds probably reflects the fact that some breeders in Quebec have 
been selecting for scrapie resistant rams for several years. Another 
explanation for this high percentage of ARR/ARR rams observed in 
some breeds might be the founder effect. This might be the case for 
the Canadian Arcott where, to our knowledge, no selection based on 
scrapie genotypes had been done prior to our study. In this particular 
breed, the relatively small size of the sample might also cause a bias 
(few source flocks and less genetic variability).

Such high frequency of the ARR allele is common in many coun-
tries and in different breeds (12–15). The ARH allele was not found in 
any of the animals tested in this study, which is not unexpected since 
the ARH allele is usually found in a small proportion of animals of 
very few breeds like the Texel and Suffolk (16–18).

VRQ-carrying animals are considered to be the most susceptible 
to scrapie. In the present study, the VRQ allele was found in 5 of the 
7 breeds but at low frequency similar to what has been found in other 
sheep breeds around the world (12–15). With a proportion of 14.3% 
and 7.0% of VRQ-carrying rams respectively, the Canadian Arcott 
and the Romanov breeds had the highest frequency of highly sus-
ceptible animals. It is interesting to note that although the Canadian 
Arcott had the highest proportion (14.3%) of very susceptible VRQ-
carrying animals, it also had the highest proportion (39.3%) of the 
most resistant rams (ARR/ARR).

In non-VRQ breeds, animals with the ARQ/ARQ genotype are 
considered to be the most susceptible to scrapie. In this regard, 
Romanov and Hampshire rams must be considered at risk with 
a proportion of 42% and 40% of ARQ/ARQ animals, respectively. 
The proportion of ARQ homozygous rams in the other breeds was 
between 10% and 20%.

Among the rams studied here, the Romanov and the Hampshire 
appeared to be the most susceptible to natural scrapie with 49.1% 
and 42.5% of rams being of susceptible genotypes respectively 
(NSP type 4 and 5). The Canadian Arcott rams also appeared to be at 
great risk with 14.3% of VRQ-carrying rams, but the high proportion 
of ARR-carrying rams in this breed (71.4%) makes it possible to rap-
idly diminish or eliminate the VRQ allele by selective breeding.

The results reported here can serve as a starting point for Quebec 
breeders in developing breeding strategies to increase overall resis-
tance to the common strains of scrapie. Breeding towards scrapie 
resistance is clearly possible for the 7 breeds included in this study. 

Table III. Percentage frequencies of prion protein (PrP) genotypes in 7 
Quebec sheep breeds (n = 500 rams)

	 All
GENOTYPES	 breeds	 CD	 SU	 HA	 DP	 PO	 RI	 RV
ARR/ARR	 21.8	 39.3	 19.1	 12.5	 28.9	 26.8	 11.5	 7.0
ARR/AHQ	 0.2	 0	 0	 0	 0	 0	 1.9	 0
ARR/ARQ	 48.8	 32.1	 59.5	 45.0	 40.9	 51.6	 65.4	 43.9
ARR/VRQ	 2.8	 10.7	 1.2	 2.5	 6.3	 0	 0	 0
AHQ/ARQ	 1.0	 3.6	 0	 0	 1.4	 1.0	 1.9	 0
ARQ/ARQ	 22.8	 10.7	 19.1	 40.0	 17.6	 20.6	 19.2	 42.1
ARQ/VRQ	 2.2	 3.6	 1.2	 0	 4.2	 0	 0	 5.3
VRQ/VRQ	 0.4	 0	 0	 0	 0.7	 0	 0	 1.8
CD — Canadian Arcott; DP — Dorset; HA — Hampshire; PO — Polypay;  
RI — Rideau Arcott; RV — Romanov; SU — Suffolk.
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However, it will certainly take more time in some breeds where less 
homozygous ARR rams are available. In these breeds, ARR heterozy-
gous rams will have to be used for the first few generations. To 
ensure that no production trait is lost as the frequency of ARR allele 
is increased in the population, it is important to keep in mind that 
improving scrapie resistance should not be the sole, neither the first, 
selection criterion. So far, little or no association has been found 
between scrapie genotypes and important reproduction or produc-
tion traits such as weight gain, ovulation rate, or litter size (19–21).

When selecting toward genetic resistance to natural scrapie, one 
must also consider the occurrence of atypical scrapie, such as the 
Nor98 isolate, in usually resistant sheep (22,23). Even though these 
rare isolates have not yet been found in Canada, they confirm the 
fact that ARR/ARR resistance is relative and not absolute and that 
the selection process must continuously adjust to new scientific 
findings.
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