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Prion genotypes of scrapie-infected Canadian sheep 1998-2008

Noel P. Harrington, Katherine I. O'Rourke, Yuqin Feng, Jasmine Rendulich, Cathleen DiFruscio,
Aru Balachandran

Abstract

This report describes the genetics of the prion protein gene (PRNP) at codons 136, 154, and 171 for sheep diagnosed with naturally
acquired classical scrapie in Canada between 1998 and 2008. Genotyping analysis was performed on 249 sheep with confirmed
classical scrapie infection representing 98 flocks from 6 provinces. A further case-control analysis of 3 of these flocks compared
the genotypes between infected sheep (1 = 72) and those of their healthy flockmates (1 = 1990). The incidence of classical scrapie
in the Canadian sheep population was highly associated with the ARQ haplotype (91.8%) and the ARQ/ARQ genotype (91.6%).
In addition, the ARQ haplotype was found at significantly higher frequency in scrapie-infected sheep when compared with their
healthy flockmates. Comparison with other published data suggests that the scrapie risk of PRNP genotypes differs between
Canada and countries where the VRQ allele is associated with the highest susceptibility to infection.

Réesume

Cet article décrit la génétique du gene de la protéine prion (PRNP) aux codons 136, 154, et 171 pour des moutons avec un diagnostic
de tremblante acquise naturellement au Canada entre 1998 et 2008. L'analyse génotypique a été effectuée sur 249 moutons avec un
diagnostic confirmé de tremblante classique représentant 98 troupeaux dans 6 provinces. Une analyse cas-témoin ultérieure de 3
de ces troupeaux a comparé les génotypes entre des moutons infectés (n = 72) et des congéneres en santé (n = 1990). L'incidence de
tremblante classique dans la population ovine canadienne était fortement associée avec I"haplotype ARQ (91,8 %) et le génotype ARQ/
ARQ (91,6 %). De plus, I'haplotype ARQ a été retrouvé a des fréquences significativement plus élevées chez les moutons infectés par
la tremblante comparativement a leurs congéneéres en santé. Une comparaison avec les autres données publiées suggére que le risque de
tremblante pour les génotypes PRNP differe entre le Canada et les pays ou I'alléle VRQ est associé avec la susceptibilité la plus élevée a
Uinfection.

(Traduit par Docteur Serge Messier)

Scrapie is a naturally occurring fatal neurodegenerative disease of
sheep and goats that belongs to the group of prion diseases known
as transmissible spongiform encephalopathies (TSEs), which also
includes bovine spongiform encephalopathy (BSE) of cattle and
chronic wasting disease (CWD) of elk and deer. These complex
diseases are characterized by long incubation periods, disturbances
in behavior and movement, degeneration of tissues of the central
nervous system (CNS), and accumulation of a disease-causing iso-
form of the host-encoded cellular prion protein (PrP). Clinical cases
of scrapie in small ruminants have been recorded for many decades
in many regions of the world; notable exceptions are Australia and
New Zealand. The first report of scrapie in Canada dates back to
1938, and scrapie was subsequently made a federally reportable dis-
ease with the establishment of control programs as early as 1945. The
disease, however, has proven to be notoriously difficult to control
and can persist within a flock by horizontal transmission between

flockmates and via vertical transmission from ewe to lamb (1).
Since 1984, there have been 167 flocks in 6 Canadian provinces with
confirmed cases of classical scrapie (2). Flocks infected with scrapie
may experience significant production losses, but scientific study of
the disease was limited until the 1990s when interest was triggered
by the BSE epidemic in British cattle and its connection to variant
Creutzfeld-Jakob disease (vC]JD) in humans. Although scrapie is
not transmissible to humans, the possibility that BSE may circulate
in small ruminant populations made the TSEs of sheep and goats a
food safety concern as well as an animal health issue (3).

The ineffectiveness of conventional infectious disease control
measures against scrapie has prompted the adoption of innovative
strategies. Specific single nucleotide polymorphisms within the
protein-coding sequence of the prion gene (PRNP), and the resulting
amino acid changes, have been associated with scrapie susceptibility
and disease progression [reviewed in (4)]. The 3 most studied codons
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Table 1. Primer and probe sequences used in the dual fluorescent multiprobe allelic

discrimination assay

Primer/

Probe name Sequence (5" = 3’) Amino acid
Forward primer GCCTTGGTGGCTACATG

Reverse primer CTGTGATGTTGACACAGTCAT

A136-probe FAM-CTGCTCATGGCACTTCCCAG-BHQ1 Ala
V136-probe HEX-CTGCTCATGACACTTCCCAG-BHQ1 Val
R154-probe TexasRed-CCGTTACTATCGTGAAAACATGTAC-BHQ2 Arg
H154-probe Cy5-CCGTTACTATCATGAAAACATGTACC-BHQ2 His
R171-probe FAM-CCAGTGGATCGGTATAGTAACCA-BHQ2 Arg
H171-probe HEX-AGACCAGTGGATCATTATAGTAACCA-BHQ1 His
Q171-probe TexasRed-CCAGTGGATCAGTATAGTAACCAGA-BHQ2 Glu
K171-probe Cy5-CCAGTGGATCAATATAGTAACCAGA-BHQ2 Lys

Fluorescent labels and quenchers are in italics; polymorphisms are underlined.

associated with scrapie susceptibility in sheep are those encoding
amino acid residues at positions 136 (A/V), 154 (R/H), and 171
(Q/R/H/K) (where alternative amino acid alleles are indicated by
their single letter codes). Combinations of polymorphisms at these
codons give rise to 5 commonly seen PRNP codon haplotypes or
alleles: A, R . R,.; (ARR) and, continuing this notation, AHQ, ARH,
VRQ, and ARQ. These 5 alleles can be arranged to give 15 PRNP
diploid genotype combinations commonly found in sheep (such as,
ARR/ARR, VRQ/ARQ, ARH/AHQ).

The susceptibility of sheep to scrapie has been shown to differ
widely between genotypes, ranging from greatest resistance for the
ARR/ARR genotype to extreme susceptibility for the VRQ/VRQ
genotype (5). Such information has been used to assign genotypes to
different classes of susceptibility for the purpose of ease of interpre-
tation and facilitating the design of national genotype-based scrapie
control and eradication programs such as the National Scrapie Plan
(NSP) of Great Britain and equivalent plans in other countries.

The association between specific PRNP genotypes and susceptibil-
ity to classical scrapie has not previously been reported for Canadian
sheep. The objectives of this study were, first to describe the PRNP
gene polymorphisms at codons 136, 154, and 171 for sheep diag-
nosed with classical scrapie in Canada between 1998 and 2008, and
second, to conduct analysis of 3 fully genotyped scrapie-affected
flocks comparing the PRNP polymorphisms of the scrapie-affected
animals with those of their healthy flockmates.

A total of 284 sheep from 98 flocks confirmed as scrapie-infected
as part of the Canadian Food Inspection Agency (CFIA) national
scrapie surveillance and control program between 1998 and 2008
were examined. Case-control analysis involved the genotyping of
all sheep (healthy and scrapie-infected) from 3 of these flocks iden-
tified in 2008 from different geographical regions. Selective culling
was applied in the scrapie-affected flocks such that sheep carrying
susceptible genotypes were culled and tested for scrapie infection
while those with resistant or less susceptible PRNP genotypes were
kept alive. The number of scrapie-affected sheep genotyped was
72 (n = 4, 4, and 64 from flocks A, B, and C, respectively) and the
number of healthy flockmates genotyped was 1990 (1 = 74 549, and
1367 from flocks A, B, and C, respectively).

The source of tissue for DNA extraction was either whole blood
(200 pL) collected into EDTA-vacutainer tubes (Becton Dickinson,
Oakville, Ontario), frozen archived brain tissue (30 mg), or archival
paraffin-embedded formalin-fixed brain tissue (two 5-pm thick sec-
tions). High molecular weight genomic DNA was extracted using
the appropriate tissue kit (MagNa Pure DNA Isolation Kit I for
blood and MagNa Pure DNA Isolation Kit II for brain and paraffin-
embedded tissue; Roche Applied Sciences, Laval, Quebec) following
the manufacturer’s instructions. Real-time polymerase chain reaction
(qPCR) amplification of a 180 base pair (bp) DNA fragment from
the PRNP gene exon 3 (GenBank accession number M31313) that
included codons 136, 154, and 171 was performed as described by
Van Poucke et al (6) with minor modifications as described below.
Allelic variants at each codon were identified with 1 of 8 allele-
specific dual-labelled probes (Integrated DNA Technologies,
Coralville, Iowa, USA) and are listed in Table I. Two independent
real-time PCR reactions were employed: one for codons 136 and 154
and one for codon 171. In PCR 1, the 4 allelic variants of codons 136
(A/V) and 154 (R/H) were determined whereas PCR 2 determined
the 4 allelic variants of codon 171 (R/H/Q/K). Both PCRs of the
assay were performed in the iCycler iQ5 Real-time PCR Detection
System (Bio-Rad) using 96-well PCR plates (Bio-Rad) in a total vol-
ume of 15 wL containing iQ Supermix (50 mM KCl, 20 mM Tris-HCl1
pH 8.4,0.8 mM dNTPs, 0.375 U iTaqg DNA polymerase, 3 mM MgCl,
and stabilizers; Bio-Rad), 400 nM of each primer and probe, and
genomic DNA (150-200 ng). Each sample was tested in duplicate,
and appropriate negative controls and positive controls from animals
of known genotype were included in each run (kindly provided by
Michael Heaton, United States Department of Agriculture). The ther-
mocycling protocol involved an initial denaturation at 95°C for 5 min
followed by 40 cycles of denaturation for 20 s at 95°C and annealing-
elongation for 40 s at 62°C. Fluorescence was measured for each cycle
at the end of the annealing step and data was analyzed to assign
allele reactivity using iQ5 Optical System Software (Bio-Rad).

The association between scrapie status and haplotype for the
case-control study was analyzed statistically using the chi-squared
test for independence or the Fisher’s exact test (MedCalc Software
Version 8.1.0.0, Mariakerke, Belgium).
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Table Il. The PRNP haplotype and genotype frequencies of 249
sheep confirmed as scrapie-infected in Canada between 1998
and 2008

Table Ill. Haplotype and genotype frequency (%) of healthy and
scrapie-infected animals from 3 scrapie-affected flocks
genotyped in 2008

Number %
Haplotypes
ARR 3 0.6
AHQ 2 0.4
ARQ 457 91.8
ARH 13 2.6
VRQ 23 4.6
Genotypes
ARQ/AHQ 1 0.4
ARQ/ARQ 228 91.6
VRQ/ARR 3 1.2
VRQ/AHQ 1 0.4
VRQ/ARQ 13 5.2
VRQ/VRQ 3 1.2

Sheep confirmed as scrapie-infected were between 2 and 8 years of
age from 98 flocks located in 6 provinces (Quebec, n = 63; Manitoba,
n = 15; Ontario, n = 9; Saskatchewan, n = 9; Alberta, n = 1; and
New Brunswick, n = 1). The majority of scrapie-affected sheep
(n = 216) were crossbreds. The remainder consisted of purebreds
including Suffolk (1 = 14), Romanov (n = 8), Rideau Arcott (1 = 2),
Hampshire (n = 1), and sheep (1 = 43) for which breed informa-
tion was unavailable. Depending on tissue availability, DNA was
extracted either from blood, archival frozen brain tissue, or archival
paraffin-embedded formalin fixed brain tissue. The DNA of 35 ani-
mals was of insufficient quantity or quality for subsequent genotype
analysis. The PRNP allelic frequencies of the remaining 249 Canadian
scrapie-positive sheep are summarized in Table II. All 5 possible
PRNP allelic variants associated with susceptibility or resistance
to scrapie were detected: ARR, ARQ, ARH, AHQ, and VRQ. The
scrapie-infected sheep, however, showed low genotype variability,
with only 6 of the 15 commonly reported PRNP genotypes (ARQ/
ARQ, ARQ/AHQ, VRQ/ARR, VRQ/AHQ, VRQ/ARQ, and VRQ/
VRQ). Of the scrapie-infected sheep, the ARQ variant was the
dominant allele with a haplotypic frequency of 91.8% and, similarly,
ARQ/ARQ was the dominant genotype representing 91.6% of cases.
Genotypes containing the ARR-resistant haplotype and either ARR,
AHQ, ARQ, or ARH were not present in any scrapie-infected sheep.
In particular, the ARR/ARQ genotype, which is one of the most
common sheep genotypes in Canada (7), did not have any reported
cases of classical scrapie in this study. The exception with respect
to the ARR allele was the genotype VRQ/ARR which was observed
in 3 (1.2%) scrapie-infected sheep. Notably, the reportedly high
susceptibility genotype, VRQ/VRQ, was present in only 3 (1.2%)
of Canadian scrapie-infected sheep. Due to the small number of
purebred scrapie-infected sheep, and in some cases insufficient breed
data, associations between breed, genotype, and scrapie susceptibil-
ity could not be examined in this study.

Although the large majority of Canadian scrapie cases were of the
ARQ/ARQ genotype, fully quantifying the link between genotype
and the risk of scrapie is difficult because it requires knowledge of
the genotypes of the sheep that develop scrapie and those that do

Healthy Scrapie-infected
Number % Number %
Haplotypes
ARR 1320 33.2 0 0
AHQ 44 1.1 0 0
ARQ 2475 62.2 71 99.3
ARH 40 0.3 0 0
VRQ 129 3.2 1 0.7
Genotypes

ARR/ARR 220 111 0 0
ARR/AHQ 12 0.6 0 0
ARR/ARH 3 0.2 0 0
ARR/ARQ 823 41.4 0 0
AHQ/AHQ 1 0.1 0 0
ARH/AHQ 1 0.1 0 0
AHQ/ARQ 28 1.4 0 0
ARH/ARH 0 0 0 0
ARH/ARQ 9 0.5 0 0
ARQ/ARQ 765 38.4 71 98.6
VRQ/ARR 42 2.1 0 0
VRQ/AHQ 1 0.1 0 0
VRQ/ARH 0 0 0 0
VRQ/ARQ 84 4.2 1 1.4
VRQ/VRQ 1 0.1 0 0

not. To that end, the genotypes of infected sheep were compared
with their healthy flockmates for 3 recently identified and fully
genotyped scrapie-affected flocks. Sheep from these flocks had all
5 possible PRNP allelic variants and 13 of the 15 common PRNP
genotypes (Table III). The allele frequencies present in the 3 flocks
ranged between 51.4% to 73.1% for the ARQ allele, 26.9% to 41.0%
for the ARR allele, and 0% to 3.5% for the VRQ, AHQ, ARH, and
ARQ alleles. The most frequent genotypes present in the case-control
sheep were ARQ/ARR (39.9%) and ARQ/ARQ (40.5%).

In addition to the index cases, several additional scrapie cases
were identified amongst culled sheep. Overall, 72 of 2062 sheep
form the 3 case-control flocks tested positive for classical scrapie.
A comparison of the specific genotypes of healthy and scrapie-
infected sheep shows that 11 genotypes occurred exclusively in the
healthy sheep whereas only 2 genotypes were associated with both
healthy and scrapie-infected sheep. The frequency of the ARQ/ARQ
genotype in scrapie-infected animals (98.6%) was higher than in the
healthy sheep (38.4%). Based on statistical analysis of these data of
each flock using the x? test, we concluded that there was a signifi-
cant association between the ARQ haplotype and scrapie incidence
(P < 0.001). In contrast, there was no significant association between
the VRQ haplotype and scrapie incidence.

The potential for PRNP genotyping as a means to control classical
scrapie emerged in the 1990s when case-control studies demon-
strated a clear linkage between disease risk and PRNP genotype in
several breeds of sheep in Britain. The ARR allele was associated
with the highest level of protection in all breeds that carry it, and
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seems to have a dominant influence so that heterozygotes as well as
homozygotes are at low risk if exposed to the scrapie agent. On this
basis, scrapie control and elimination strategies have been adopted,
to a greater or lesser extent, by several European countries and in
North America. This is the first report to describe the PRNP gene
polymorphisms of scrapie-infected sheep in Canada. The susceptibil-
ity associated with the ARQ allele was eliminated in the presence
of the ARR allele and, indeed, ARR/ARR and ARR/ARQ were the
only numerically significant genotypes of Canadian sheep for which
no scrapie cases were reported. These findings support, therefore,
the notion that a breeding strategy that produces a national flock
encoding the ARR allele at high frequency will be largely resistant
to the classical scrapie stain currently circulating in Canada.

Although such programs have demonstrated that large-scale,
industry-wide selection of PRNP genotype is feasible, they raise
important issues including possible unintended impacts on per-
formance traits, inbreeding, and genetic diversity in commercial
populations. Although little or no consistent associations have been
found between scrapie genotypes and the above traits (8), selection
for genotypes resistant to classical scrapie may result in greater
susceptibility to other scrapie strains. In particular, genotypes with
increased resistance to classical scrapie, including ARR/ARR, have
been found to be susceptible to the recently identified atypical strain
(originally termed Nor98) of scrapie (9). The potential for unin-
tended selection of a new strain of scrapie should caution regulatory
authorities against any PRNP selection strategy that takes a sheep
population towards homogeneity.

The findings of this study are significant in light of what was
known regarding the VRQ allele and the nature of the scrapie
agent(s) circulating in Canada. Generally classified as a high-risk fac-
tor for scrapie infection, the presence of healthy homozygote VRQ/
VRQ sheep of old age in scrapie-affected sheep flocks is rare. It has
been assumed that scrapie agent(s) that exist in Canada originated
in the UK. However, although the Canadian and UK national sheep
flocks have similar allelic frequencies for the 5 major alleles includ-
ing VRQ (7,10), the PRNP genotype profile of scrapie-infected sheep
contrasts sharply between the 2 nations. In the UK approximately
64% of the scrapie-infected sheep are of the VRQ/VRQ genotype,
whereas only 1.2% of scrapie-infected Canadian sheep of this study
were of this genotype. Conversely, most of the scrapie-infected sheep
in Canada were of the ARQ/ARQ genotype (92%), whereas only
8% of scrapie-infected UK sheep are of this genotype. One possible
explanation for such contrasting results is the possibility that the
Canadian scrapie-affected flocks consisted of so-called non-VRQ
breeds (with no or only occasional VRQ carriers). This hypothesis
is inconsistent, however, with the frequency of the VRQ haplotype
present in the general Canadian sheep population (~7%) (7) from
which the scrapie-infected sheep originated and given that the
majority of Canadian scrapie-affected flocks consisted of crossbred
animals. In addition, 129 (3.2%) sheep that were part of the case-
control analysis of this report carried the VRQ allele which is con-
sistent with the allele frequency reported for other countries with
VRQ breeds.

Alternatively, this difference in genotype frequency of scrapie-
infected animals between Canada and the UK may be due to the
circulation of a different strain(s) of scrapie agent. Transmissible

spongiform encephalopathic agents responsible for classical scrapie
in small ruminants represent a mosaic of infectious agent harboring
distinct biological properties. This is exemplified by experimental
studies in which VRQ/VRQ and ARQ/ARQ sheep have been found
to be differentially susceptible to 2 sources of scrapie (11). This is also
consistent with scrapie outbreaks in other countries (for example,
Germany, Spain, Greece) where ARQ/ARQ sheep have demon-
strated a similar risk to VRQ carriers or have even been reported as
the dominant genotype associated with scrapie in VRQ-encoding
breeds (12-14). Indeed, up to 20 different scrapie strains have been
identified on the basis of their characteristics in molecular assays
and transmission to rodent models (15), some of which were found
to attack genotypes differently. Transmission studies to characterize
and compare Canadian scrapie strains are in progress.

In Canada, PRNP genotyping is currently applied as part of a
national strategy that is compulsory for sheep flocks in which classi-
cal scrapie has been confirmed. The plan involves whole flock geno-
typing and the subsequent selective cull of highest risk genotypes.
The removal of infected or diseased animals from the national flock
produces a consequent reduction of environmental contamination
and reduction of the risk of transmission within and between hold-
ings. Similar policies in other countries have demonstrated reduc-
tions in the risk of further disease transmission from infected prem-
ises (16). The findings of this study support compulsory eradication
measures based upon information from codons 136, 154, and 171, as
opposed to only codon 171 (QQ) as applied by some jurisdictions.
This allows for more economical culling of the highest risk subgroup
in Canadian flocks thereby sparing other subgroups that are not at
significant risk for scrapie infection. The variability of the sheep
PRNP gene, however, is greater than that of these standard 3 codons.
Recent studies have demonstrated high frequency variants of the
ARQ allele with a potentially protective effect to classical scrapie
(such as, T;;,ARQ) (17). Future studies will examine whether such
additional polymorphisms can be generalized to Canadian sheep so
as to more fully predict their susceptibility to TSE.
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