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Abstract — Despite experimental evidence that scrapie is an infectious disease of sheep, variations of the occurrence
of the natural disease suggest an influence of host genetic factors. It has been established that the geneti
polymorphism of the prion protein (PrP) gene is correlated to the incidence of scrapie and to the survival time: five
polymorphisms have been described by variations at amino-acid codons 136, 154 and 171. In this paper we study th
effect on scrapie susceptibility of the pairing of the five allelic variants known to exist: we show that scrapie
susceptibility is given by the produce of the elementary allelic factors. This first well-documented evidence of a
multiplicative property of genetic risk factors could give hints on the underlying mechanisms of prion-induced
neurodegenerative diseas@&s.cite this article: M.-A. Dubois et al., C. R. Biologies 325 (2002) 565-570. © 2002
Académie des sciences / Editions scientifiques et médicales Elsevier SAS

multiplicative effects/ risk factors/ allelic variants / genetic susceptibility / prion disease

Résumé — Effets multiplicatifs des facteurs de risques génétiques de sensibilité a la tremblante du mou-

ton. Malgré I'évidence expérimentale d’'une origine infectieuse de la tremblante du mouton, I'existence d'une
variabilité importante de la forme naturelle de la maladie au sein des élevages suggere une influence des facteur
génétiques. Il a été établi que le polymorphisme du géne de la protéine prion (PrP) pouvait étre corrélé a l'incidence
de la tremblante ainsi qu’'a la durée de survie des individus infectés. Cinq formes alléliques déterminantes ont ainsi
été décrites a partir des variations des séquences d’acides aminés aux codons 136, 154 et 171. Dans cet article, nc
étudions I'effet de I'appariement des cing variants connus sur la sensibilité a la tremblante. Nous montrons que la
sensibilité d’'un individu donné a la tremblante est le produit des effets élémentaires de chacun de ses deux alléles
Cette propriété multiplicative des facteurs de risques alléliques de la maladie est une piste pour comprendre les
différentes cinétiques du processus dégénératif de cette maladie aRmimrtiter cet article: M.-A. Dubois et al.,

C. R. Biologies 325 (2002) 565-570. © 2002 Académie des sciences / Editions scientifiques et médicales Elsevier
SAS
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Version abrégée

La tremblante du mouton est une encéphalopathie
spongiforme transmissible, dont I’ agent infectieux n'a
pas été totalement caractérisé. L'infection se traduit par
une accumulation au niveau du cerveau d’ un isomorphe
de la protéine prion (PrP) codée par I'héte. Malgré
I’évidence expérimentale d'une origine infectieuse de
la maladie, I’ existence d'une variabilité importante de
la forme naturelle de la maladie au sein des élevages
suggére une influence des facteurs génétiques. Il a été
établi que le polymorphisme du gene de la PrP pouvait
étre corrélé al’incidence de latremblante ainsi qu'a la
durée de survie des individus infectés. Cing formes
alléliques déterminantes ont ainsi été décrites a partir
des variations des séquences d'acides aminés aux

codons 136, 154 et 171. Deux formes aléliques ont été
associées a une « résistance a la maadie », un a une
« hypersensibilité ala maladie» et deux a un impact
intermédiaire. L’ objectif de ce travail est de proposer
une méthode de calcul explicite du risque de trem-
blante. Nous étudions I’ effet de I appariement des cing
variants aléliques sur la sensibilité génétique a la
tremblante. Nous montrons que la sensibilité d'un
individu donné ala tremblante est le produit des effets
€élémentaires de chacun de ses deux alléles. Lesfacteurs
de risque associés aux Six catégories génétiques ren-
contrées sont les produits des facteurs de risgues
associés aux catégories alléliques correspondantes. Cette
propriété multiplicative desfacteurs derisquesaléliques
de la maladie constitue une piste pour comprendre les
différentes cinétiques du processus dégénératif des
maladies a prion.

1. Introduction

Scrapie is afatal neurodegenerative disease of sheep,
reported more than 200 years ago [1], which belongsto
the group of transmissible spongiform encephal opa-
thies, a'so known as prion diseases. Other members of
this group include bovine spongiform encephal opathy
(BSE) and Creutzfeldt—Jakob disease (CJD) in man.
Prion diseases are characterised by the accumulation of
an anomalous protease-resistant isoform of a natura
host-encoded protein (prion protein or PrP) in the brain
of affected animals and humans [2]. These diseases are
characterised by a long incubation period and a pro-
longed clinical phase. But there is still much to learn
about the epidemiology and the pathogenesis of the
natural prion diseases. The nature of the agent has not
been completely resolved: it is thought to be composed
largely, if not entirely, of these anomalous PrP mol-
ecules [3]. Severa polymorphisms in the gene encod-
ing this protein are known to be associated with the
incidence, the susceptibility, and the pathology of these
diseases in different species. Therefore, it can be said
that prion diseases result of infectious and/or inherited
disorders [4].

Scrapieisaninfectiousdisease[5] of sheep, but varia-
tions of the occurrence of the natural disease suggest an
influence of host genetic factors|[6]. In this specific case,
it was first proposed that this variation was mediated by
a gene called SIP (Scrapie Incubation Period), present-
ing two allelic forms sA (for ‘short’) and pA (for ‘pro-
longed’) [7]. Later molecular genetic studies confirmed
that SIP was the gene encoding PrP, and identified sev-
eral variant alleles correlated to the incidence of scrapie
in sheep and to the surviva time [8]. Five polymor-
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phisms are described by variations at codons 136, 154
and 171: ARQ (which is the probable candidate as the
ancestral alele), ARR, AHQ, ARH (rarely observed),
VRQ (thefirst letter corresponds to the 136th codon, the
second to the 154th codon, the third to the 171th codon,
and A =danine, H=histidine, Q = glutamine,
R = arginine, and V = valine) [9-15]. Genotypes result
from the homozygous or heterozygous pairing of aleles
inherited from ram and ewe (for example VRQ/VRQ).
This pairing allows from three to 15 PrP genotype vari-
ants: from three genotypes for a two-alleles breed
(Hampshire Down flock) to 15 genotypes for a five-
alleles breed (Texel flock). It has been established that
the PrP genotype contributes to the determination of the
survival times of scrapie-affected sheep [16]. The godl
of this study is to propose a way to compute explicitly
the risk of scrapie as a function of the elementary risks
associated with each allelic variant.

2. PrP allelic variants and their
association with natural scrapie

Combined detection of the polymorphisms at codon
136, 154 and 171 suggests that VRQ and ARR are
antagonist in determining disease susceptibility: VRQ
is associated with a high incidence of natural scrapie
and ARR is associated with a low incidence of natura
scrapie. Data obtained by screening both scrapie-
affected sheep and control sheep of Manech Téte
Rousse breed in France (Table 1) show that the VRQ
alelic variant is present in 32.29% of all scrapie cases
and in only 3.50% of control sheep. This alele is
associated with a high incidence of disease with a y?
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Table 1. Occurrences of alelic variants in scrapie-affected sheep and in control sheep.

Allélic variant Scr apie* % Scrapie Control* % Control Ve p
R ARR 0 0.00 88 30.77 38.38 5.8x107°
AHQ 0 0.00 4 1.40 — —
S ARQ 95 98.96 274 95.80 2.18 0.14
ARH — — — — — —
H VRQ 31 32.29 10 3.50 62.20 3.1x107%°
Number of sheep 96 100.00 286 100.00

* Sheep collected through the French department ‘ Pyrénées-Atlantiques’ in 1995 among Manech Téte Rousse (MTR) flocks. Affected sheep (n = 96) are
MTR histo + ewes, collected from different flocks, and aged between 2 and 5 yr. Age-matched control sheep (n = 286) arethe MTR rams from the Artificial

Insemination Centre flock (INRA, unpublished, 1998).

ratio of 62.20 (p = 3.1x107*°). The ARR allelic variant
is present in 30.77% of control sheep, but in 0% of
scrapie cases. it is associated with a low incidence of
disease with a y? ratio of 38.38 (p =5.8x107"°). The
AHQ variant, which generally has a very low occur-
rence in sheep breeds, can be tentatively associated
with a low incidence of disease similar to that of the
ARR variant (presently available data are insufficient to
suggest a different incidence value). The ARQ variant
does not show association with disease incidence
(x*=2.18, p=0.14), neither does the ARH variant
(which is rarely distinguished from the ARQ variant).
Therefore, the five aleles can be classified into three
alelic groups:

R =resistant = ARR or AHQ

S = susceptible = ARQ or ARH

H = hypersusceptible = VRQ

Following this classification, appurtenance to the S
class (the ARQ and ARH alleles) has no effect on the
disease incidence; appurtenance to the R class (the
ARR and AHQ alleles) has a negative effect on the
disease incidence; appurtenance to the H class (the
VRQ alele) has a positive effect on the disease
incidence.

3. Pairing allelic variants to obtain
genotypes

A genotype is obtained by pairing two alleles chosen
among five possible variants; athree-class allelic model
alows us to define six genotypic groups:

— G1 genotypes result from two alleles both belonging
to the R class (corresponding to the ARR/ARR,
ARR/AHQ and AHQ/AHQ genotypes);

— G2 genotypes result from two aleles belonging to
the R and S classes respectively (corresponding to the
ARR/ARQ, ARR/ARH, AHQ/ARQ and AHQ/ARH
genotypes);

— G3 genotypes result from two aleles belonging to
the R and H classes respectively (corresponding to the
ARR/VRQ and AHQ/VRQ genotypes);

— G4 genotypes result from two alleles both belonging
to the S class (corresponding to the ARQ/ARQ,
ARQ/ARH and ARH/ARH genotypes);
— G5 genotypes result from two alleles belonging to
the S and H classes respectively (corresponding to the
ARQ/VRQ and ARH/VRQ genotypes);
— G6 genotypes result from two alleles both belonging
to the H class (corresponding to the VRQ/VRQ geno-
type).

Table 2 showsthe frequencies of genotypesin scrapie-
affected sheep and in control sheep.

For each one of the genotypic groups Gi that are
represented both in the scrapie-affected and in the
control groups, we compute an observed genetic risk
R(Gi)4s &s the ratio of the proportion of this group in
control sheep, by the proportion of this group in
scrapie-affected sheep. It isremarkable, in Table 3, that
genotypes of the G4 group are found in the scrapie-
affected group at the same frequency as in the control
group (67.71%, 64.69%): the observed genetic risk,
R(G4)ps is 1.05= 1. The same calculation for the G5
group gives an observed genetic risk R(G5)y.s Of
9.93 = 10. Because there is no scrapie-affected sheep
belonging to the G2 genotypic group, the observed
genetic risk R(G2),,,s is 0, which, given the size of the
control group, can be estimated as< 2x107 (con-
versely, as there is no G6 sheep present in the control
group, the genetic risk R(G6) cannot be estimated).

Table 2. Frequencies of genotypes in scrapie-affected sheep and
in control sheep.

Genotype Scrapie Control
ARR/ARR 0 11
ARR/ARQ 0 76
ARQ/AHQ 0 4
ARR/VRQ 0 1
ARQ/ARQ 65 185
ARQ/NVVRQ 30 9
VRQ/VRQ 1 0
Total 96 286
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Table 3. Frequencies of G2, G4, G5 genotypic groups in scrapie-affected sheep and in control sheep. G2 = {ARR or AHQ}/{ARQ or
ARH}, G4 ={ARQ or ARH}/{ARQ or ARH}, G5=VRQ/{ARQ or ARH}.

Genotypes Scrapie* % Scrapie Control* % Control R(Gi)gps ** R(Gi)***
G2 0 0.00 80 27.97 0.00 < 2x1072
G4 65 67.71 185 64.69 1.05 =1
G5 30 31.25 9 3.15 9.93 =10
G6 1 1.04 0 0

Number of sheep 9% 100.00 286 100.00

* Sheep collected throughout the ‘ Pyrénées-Atlantiques’ in 1995 in Manech Téte Rousse (MTR) breeds (INRA, unpublished, 1998).
** Ratio of the proportion of a given genotypic group in control sheep to the proportion of the same group in scrapie-affected sheep.

*** Approximate values.

4. Calculation of genetic scrapie
susceptibility

From the data above, it istempting to speculate about
the quantitative effect of pairing PrP alelic variants on
scrapie susceptibility. Let us suppose that the risk factor
R(Gi) associated with the genotype Gi (G1 to G6) is
the produce of elementary factors r; and ry, with the
indices j and k chosen among the three allelic suscep-
tibility classes R, S, H defined above. Data from
Table 3 allow us to calculate the values of the elemen-
tary risk factors rg, r, and rg: the value R(g,) for the
susceptible-susceptible genotypic group G4 suggests
that rg = 1. Hence, the relative risk factor associated to
the hypersusceptible—susceptible genotypic group G5

suggests that r, = 10. In the same way, the relative risk
factor associated with the resistant—susceptible geno-
typic group G2 suggests that r; = 2x1072. For the other
genotypic groups, the calculated relative genetic risk
assuming a multiplicative effect is consistent with the
published data[17, 18]. These studies compare the PrP
genotypes at codon 136, 154, and 171 of natura
scrapie-affected sheep with those of control sheep of
the same age range from the same flock. Table4
presents all the data collected from the different moni-
tored flocks: Texel, Halfbred, Herdwick, Merino, Shet-
land, Suffolk, Poll Dorset, Soay, Manech Téte Rousse.

Table 4 shows, for each genotypic group, the observed
relative genetic risk and the calculated relative genetic
risk. Sheep distributions according to genotypes are

Table 4. Relative risks and frequencies of genotype in scrapie-affected and control sheep.

Genotypes Scrapie* % Scrapie Control* % Control R(Gi)opet** R(Gi)og***  2** p**

G, ARR ARR 0 0.00 72 12.41 0.00 4x10™* 258  <0.00001
AHQ AHQ

G, ARR ARQ 0 0.00 155 26.72 0.00 2x1072 629  <0.00001
AHQ ARH

G, ARR | {VRQ} 3 1.60 40 6.90 0.23 0.2 755  0.006
AHQ

G4 ARQ ARQ 76 40.43 282 48.62 0.83 1 383 005
ARH ARH

Gs ARQ | {VRQ} 88 46.81 30 517 9.05 10 1893 <0.00001
ARH

Ge [VRQ}  {VRQ} 21 11.17 1 0.17 64.79 107 617  <0.00001

Total 188 100.00 580 100.00 3029  <0.00001

* Data grouped from control studies presented here and published. Sheep into different flocks: Texel (affected: 34, control: 91), Halfbred (affected: 17,
control: 23), Herdwick (affected: 6, control: 35), Merino x Shetland (affected: 3, control: 45), Shetland (affected: 22, control: 38), Suffolk (affected: 5,
control: 21), Poll Dorset (affected: 4, control: 16), Soay (affected: 1, control: 25), Manech Téte Rousse (affected: 96, control: 286).

** Calculated by comparing a given genotype with other possible genotypes in the scrapie-affected group and control group.

*** R(Gi)gps IS the ratio between the frequencies of the Gi genotype in scrapie-affected group and control group, and R(Gi)., is calculated as the product

of the genetic risk associated with each allelic variant class.
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significantly different in the scrapie-affected population
and in the control population (y*=302.8913,
p = 2.3935x107°%). Most of the scrapie cases are in the
G5 group, and the frequency of G5 animalsin affected
population (46.81%) is about ten times higher in this
population than in the control population (5.17%):
R(G5) s = 9.05. The calculated relative risk has agood
predictive value (rsry = 10). Many scrapie cases are
also in the G4 group, and the frequency of G4 animals
in the affected population (40.43%) is approximately
the same in the control population (48.62%). The
genetic risk R(G4) s €quals 0.83. Again, the calculated
relative risk hasagood predictivevalue (rsrg=1). The
frequency of G6 animals in the affected population
(11.17%) is nearly a hundred times higher than in the
control population (0.17%): R(G6),.s = 64.79. This is
in accordance with the calculated value of the relative
risk (ry ry = 10°). The relative frequency of G2 and G3
sheep in affected population (0 and 1.60%), compared
with the same frequencies in the control population
(26.72 and 6.90%), are in accordance with the calcu-
lated values (rg rs=2x102 and rg r, = 0.2). Finaly,
in the most resistant genotypic group, G1, no case of
scrapie have been found in sheep neither in Europe nor
in the USA. Only one affected Suffolk sheep with the
genotype ARR/ARR has been reported in Japan [19].
Our multiplicative cal culation method takesinto account
a risk of four affected G1 sheep for ten thousand
healthy sheep (rr =rg rg = 4x10™). It is to be noted
that in arecent case-control study involving 18 British
flocks of various breeds, Hoek and al. [20] obtained
very similar results: the risks associated with different
genotypes, compared to the risk associated with the
ARQ/ARQ ancestral genotype gave odds-ratios similar
to our R(Gi).y vaues: 0.23 for the AHQ/VRQ geno-
type and 0.51 for the ARR/VRQ genotype (G3 group),
15.9 for the ARH/VRQ genotype and 14.6 for the
ARQ/VRQ genotype (G5 group), 0.04 for the
ARR/ARQ genotype (G2 group), and finally 65.0 for
the VRQ/VRQ genotype (G6 group).

5. Biological discussion
of the framework

In the outbreaks of natural scrapie described here, the
primary risk factor associated with the occurrence of
the disease is unambiguously the PrP genotype. Recent

analysis of the human PrP gene in cases of sporadic and
familial Creutzfeldt—Jakob disease (CJD) and Gerst-
mann-Straussler syndrome have revealed a number of
mutant alleles of this gene that appear to control the
incidence of these diseases [21]. Similar association of
a normal alele with disease onset has been proposed
for Huntington disease [22]. But scrapie cannot be
entirely genetic in origin, as proposed by Parry [23]:
this disease is also transmissible. Experimental chal-
lenges of sheep of different genotypes, with different
scrapie isolates, are consistent with these observations
of natural outbreaks [12]. {ARR, AHQ}/VRQ are
antagonist: thefirst is associated with low (rg = 2x102)
and the second with high (r,, = 10) disease susceptibil-
ity. This fact suggests that the relative dominance of
these alelic variants account for all scrapie sources
(‘strains’). Only one reversed association between the
SSBP/1 isolates and the BSE isolates is described by
Goldmann et al. [9] for sheep heterozygous at both
codon 136 and 171 (VQ/AR), but this inversion has
been obtained in avery specific intracerebral challenge.

Differentiating a genetic origin and a genetic suscep-
tibility in a contaminated environment (infectious dose)
is very difficult. It is not clearly decidable whether
resistant sheep cannot become infected, or whether the
incubation period in these sheepisso long inrelation to
sheep life expectancy that clinica signs are never
observed. In the first case, a resistant sheep might be
able to limit multiplication of the infectious agent, and
totolerate alow level of scrapieinfection. In the second
case, resistant genotype sheep might act as carriers:
without the appearance of the disease, a resistant sheep
could act as a source of infection of more susceptible
sheep. Unable to limit multiplication and spread of
scrapie infection, susceptible sheep become more
quickly ill [24]. Hunter [25] says that it is possible that
the rate-limiting step is neuro-invasion without which
infection, from peripheral tissues, could not spread to
the brain to cause illness and death. In this context, the
multiplicative effect should be linked to a serial process
determining firstly the multiplication and secondly the
neuro-invasion of the infectious agent. Additional data
will help refining the risk factors associated with each
alele, and will probably alow a clearer understanding
of the processes controlled by the genotypic factors.
This evidence of a multiplicative effect of scrapie
genetic susceptibility isvery likely to exist also in other
neurodegenerative diseases.

Acknowledgements. This work is supported by the ‘ Comité francais d’ experts Prions & ESST, ACCS5, projet Etude de la transmission de la tremblante'.

569



M.-A. Dubois et al. / C. R. Biologies 325 (2002) 565-570

References

[1] J. Girard, La névralgie lombaire des bétes a laine, Recueil Medecine
Veterinaire, 1830, pp. 26-65.

[2] S.B. Prusiner, M. Torchia, et a., Molecular biology and genetics of
prions: implications for sheep scrapie, ‘mad’ cows and the BSE epidemic,
Cornell Veterinarian 81 (2) (1991) 85-102.

[3] SB. Prusiner, M. Fizi, et a., Immunologic and molecular biologic
studies of prion proteins in bovine spongiform encephal opathy, J. Infect. Dis.
167 (1993) 602-613.

[4] S.B. Prusiner, Prions, Proc. Natl Acad. Sci. USA 95 (23) (1998)
13363-13383.

[5] J. Cuillé, P. Chelle, La maladie dite tremblante du mouton est-elle
inoculable ? C. R. Acad. Sci. Paris 203 (1936) 1552—1554.

[6] W.S. Gordon, Transmission of scrapie and evidence of spread of
infection in sheep at pasture, Scrapie seminar, January 1964, Washington,
D.C., Agricultural Research Service (ARS), United States Departement of
Agriculture (USDA), 1966, pp. 53-67.

[7] A.G. Dickinson, V.M.H. Meikle, et al., Identification of a gene which
controls the incubation period of some strains of scrapie agent in mice, Comp.
Pathol. 78 (1968) 293-299.

[8] N. Hunter, JD. Foster, et al., Linkage of the gene for the scrapie-
associated fibril protein (PrP) to the Sip gene in Cheviot sheep, Vet. Rec. 124
(1989) 364-366.

[9] W. Goldmann, N. Hunter, et al., Different forms of the bovine PrP gene
have five or six copies of a short, G-C-rich element within protein-coding
exon, J. Gen. Virol. 72 (1991) 201-204.

[10] JL. Laplanche, J. Chételain, et al., PrP Polymorphisms associated
with natural scrapie discovered by denaturing gradient gel electrophoresis,
Genomics 15 (1993) 30-37.

[11] A.H. Maciulis, H. Wang, S. Goldmann, W. Hope, W.C. Foote,
Polymorphism of a scrapie-associated fibril protein (PrP) gene and their
association with susceptibility to experimentally induced scrapie in Cheviot
sheep in the United States, Am. J. Vet. Res. 53 (1992) 1957-1960.

[12] W. Goldmann, N. Hunter, et a., PrP genotype and agent effects in
scrapie: change in alelic interaction with different isolates of agent in sheep,
a natural host of scrapie, J. Gen. Virol. 75 (1994) 989-995.

[13] D.Westaway, V. Zuliani, et a., Homozygosity for prion protein alleles
encoding glutamine-171 renders sheep susceptible to natural scrapie, Genes
Dev. 8 (1994) 959-969.

570

[14] C. Clouscard, P. Beaudry, et al., Different allelic effects of the codons
136 and 171 of the prion protein gene in sheep with natural scrapie, J. Gen.
Virol. 76 (1995) 2097-2101.

[15] A. Bossers, B.E.C. Schreuder, et al., PrP genotype contributes to
determining survival times of sheep with natural scrapie, J. Gen. Virol. 77
(10) (1996) 2669-2673.

[16] JM. Elsen, Y. Amigues, et al., Genetic susceptibility and transmission
factors in scrapie: detailed analysis of an epidemic in a closed flock of
Romanov, Arch. Virol. 144 (1999) 431-445.

[17] PB.G.M. Bédlt, JH. Muilheman, et a., Identification of five allelic
variants of the sheep PrP gene and their association with natural scrapie,
J. Gen. Virol. 75 (1995) 509-517.

[18] N. Hunter, W. Goldmann, et a., Natural scrapie and PrP genotype:
case-control studies in British sheep, Vet. Rec. 141 (1997) 137-140.

[19] T. Ikeda, M. Horiuchi, M. Ishiguro, Y. Muramatsu, G.D. Kai-Uwe,
M. Shinagawa, Amino acid polymorphisms of PrP with reference to onset of
Scrapie in Suffolk and Corriedale sheep in Japan, J. Gen. Virol. 76 (1995)
2577-2581.

[20] A. Hoek, A.H. Murray, M. Dawson, P. Keyes, T. Martin, L.J. Hoin-
ville, PrP genotype and susceptibility to scrapie, Proc. 9th Symposium of the
International Society for Veterinary Epidemiology and Economics, 6-11
August 2000, Breckenridge, Colorado, USA, 2000, pp. 3.

[21] P. Brown, The phenotypic expression of different mutations in
transmissible human spongiform encephalopathy, Rev. Neurol.-France 148
(5) (1992) 317-327.

[22] L.A. Farrer, L. Cupples, P Wiater, PM. Gonnealy, JF. Gusdlla,
R.H. Myers, The normal Huntington disease (HD) allele, or a closely linked
gene, influences age at onset of HD, Am. J. Hum. Genet. 53 (1993) 125-130.

[23] H.B. Parry, Scrapie: a transmissible and hereditary disease of sheep,
Heredity 17 (1962) 75-105.

[24] M.-A. Dubois, P. Sabatier, B. Durand, D. Caavas, C. Ducrot, K.
Chalvet-Monfray, To analyse the different genetic and environmental control
options, and explore the expected course of a natural outbreak, we have
developed modelling approaches of the transmission dynamics of scrapie (1)
within a sheep flock and (2) in a sheep breeding region, namely Pyrénées
Atlantiques in France, Ecol. Model. (submitted).

[25] N. Hunter, J.D. Foster, et al., Natural scrapie in a closed flock of

Cheviot sheep occurs only in specific PrP genotypes, Arch. Virol. 141 (1996)
809-824.



	Multiplicative genetic effects in scrapie disease susceptibility
	Version abrégée
	Introduction
	PrP allelic variants and their association with natural scrapie
	Pairing allelic variants to obtain genotypes
	Calculation of genetic scrapie susceptibility
	Biological discussion of the framework
	Acknowledgmements
	References


