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Background. Prion protein (PrP) alleles associated with scrapie susceptibility persist in many sheep populations even with
high frequencies despite centuries of selection against them. This suggests that scrapie susceptibility alleles have
a pleiotropic effect or are associated with fitness or other traits that have been subject to selection. Methodology/

Principal Findings. We genotyped all lambs in two scrapie-free Scottish Blackface sheep flocks for polymorphisms at
codons 136, 154 and 171 of the PrP gene. We tested potential associations of the PrP genotype with lamb viability at birth
and postnatal survival using a complementary log-log link function and a Weibull proportional hazard model, respectively.
Here we show there is an association between PrP genotype, as defined by polymorphisms at codons 154 ad 171, and
postnatal lamb survival in the absence of scrapie. Sheep carrying the wild-type ARQ allele have higher postnatal survival
rates than sheep carrying the more scrapie-resistant alleles (ARR or AHQ). Conclusion. The PrP genotypes associated with
higher susceptibility to scrapie are associated with improved postnatal survival in the absence of the disease. This
association helps to explain the existence, and in many instances the high frequency, of the ARQ allele in sheep
populations.
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INTRODUCTION
The polymorphisms at codons 136, 154 and 171 of the prion

protein (PrP) gene have been shown to be associated with

susceptibility to scrapie and to have a major effect on the survival

of infected animals [1,2]. Additionally, in scrapie-affected flocks,

animals with susceptible PrP genotypes have a higher incidence of

death from unknown causes than animals with resistant genotypes

[3,4]. Thus, the persistence of PrP alleles associated with scrapie

susceptibility suggests that the gene has a pleiotropic effect or is

linked to other genes on ovine chromosome 13 that affect fitness,

health or performance in the absence of scrapie. Examples of such

genes include interleukin 2 receptor alpha, a gene involved in

antibody production [5]; the gene coding for centromere protein

B, an antibody binding protein [6,7]; and the matrix metallopro-

teinase 9 gene [8] which may have a role in tumor invasion and

metastasis [9]. However, genetic-based scrapie eradication pro-

grams ignore the possibility of association of PrP gene with other

traits and rely on polymorphisms at three codons of the PrP gene

through selecting in favor of the alleles known to confer the highest

resistance (e.g. ARR) and against those associated with the highest

susceptibility (e.g. VRQ).

Several recently-published studies have reported no clear

associations of polymorphisms in the PrP gene with growth and

reproductive traits [10–15] but associations with survival have not

been investigated. Nevertheless, there is a view amongst many

sheep breeders in the UK that susceptible sheep outperform

resistant sheep [16] and that the wild-type allele (ARQ) [17] is

associated with superior survival under harsh environmental

conditions. This view is supported by the fact that a higher

frequency of this allele (ARQ) can be observed in hill sheep breeds,

mostly raised under harsher environments, compared to breeds

raised under less environmentally challenging conditions [18]. The

existence of the ARQ allele (known to be associated with high to

moderate susceptibility to scrapie) in all sheep breeds and its high

frequency in many hardy breeds, despite the fact that scrapie has

been present for over 250 years, suggests that this allele has

selective advantage for fitness [17].

MATERIALS AND METHODS
All lambs in two scrapie-free (i.e. no reported clinical cases of

scrapie) Scottish Blackface flocks of the Scottish Agricultural

College were genotyped. One of the flocks is located in the

Pentland Hills in Midlothian and the other flock is located in West

Perthshire, Scotland. The animals in the two flocks are genetically

connected through the use of 2 rams to inseminate 40 ewes in each

flock every year. The animals were managed in a similar way to

commercial hill sheep but were comprehensively recorded [19].

We considered polymorphisms at codons 136, 154 and 171 of the

PrP gene and found four PrP alleles (ARR, ARQ, AHQ and

VRQ). We obtained PrP genotypes for lambs born from 1999 to

2004 from blood samples taken around weaning age (120 days).

Genotypes for lambs born from 2002 to 2004 that died before

weaning were obtained from ear tissue samples. Genotypes were

obtained utilizing proprietary SNP technology. All procedures

involving animals were in accordance with the guidelines of the

animal ethics committee at Scottish Agricultural College and were

carried out under the United Kingdom Home Office license,

following the regulations of the Animals Act 1986.
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We tested potential associations of the PrP genotype with four

lamb survival traits: viability at birth (VB), survival from 1 d to

14 d (S1-14), survival from 15 d to 120 d (S15-120) and survival

from 121 d to 180 d (S121-180). There were 3,955 records for VB,

3,743 records for S1-14, 3,673 records for S15-120 and 6,777

records for S121-180 (Table S1). Viability at birth was defined as

a binary trait and lambs were considered viable if they were born

alive and survived for 24 h after birth. The VB data were analyzed

using a complementary log-log link function with the statistical

software ASREML [20]. For the postnatal periods, the number of

days before death or until the end of the period (censored) were

recorded. Postnatal survival traits were analyzed using a Weibull

proportional hazard model with the Survival Kit [21]. The models

included the biologically-sensible fixed effects (sex, type of birth or

rearing, year of birth, age of dam and flock) when statistically

significant (P,0.05) as described elsewhere [22]. The models also

included random sire effect to account for polygenic effects.

The effect of the PrP genotype was estimated by including it as

a fixed factor in the model. We estimated associations between

survival and alleles of the PrP gene by classifying the PrP genotypes

in 5 different ways. In the first four analyses, animals were

classified according to the number of copies of each of the PrP

alleles they carried. For example, analysis I was based on the

number of copies of the ARR allele and there were three levels for

the PrP genotype (ARR homozygous, ARR heterozygous and

ARR non-carriers). For alleles AHQ and VRQ, only two levels were

used (excluding the homozygous genotypes) as their frequency was

either too small (AHQ/AHQ, 0.68) or zero (VRQ/VRQ). We based

the last PrP genotypic classification (analysis V) on the five most

common genotypes, namely, ARR/ARR, ARR/ARQ, ARR/

AHQ, ARQ/ARQ and ARQ/AHQ. The hazard ratios for

ARR/ARR, ARR/AHQ, ARQ/ARQ and ARQ/AHQ genotypes

were compared relative to ARR/ARQ genotype as it was found to

generally have the lowest hazard rate compared with the other

genotypes (see results section). Statistical tests were performed using

the Bonferroni-corrected likelihood-ratio test.

RESULTS

PrP allele and genotypic frequency
The population consisting of animals from the two flocks did not

significantly deviate from Hardy-Weinberg equilibrium and had

all expected combinations of PrP alleles except the VRQ/VRQ

genotype. The ARQ was the most frequent allele (60.1%) followed

by ARR (31.2%), AHQ (7.7%) and VRQ (1.0%) (Figure S1).

Association of PrP genotype and lamb survival
The PrP alleles showed no significant association with viability at

birth but influenced the hazard ratio (i.e. relative likelihood of

death) during all postnatal periods (Table 1). The largest effects of

the PrP alleles were associated with the presence or absence of

ARR and ARQ and, to a lesser extent, with the AHQ. These three

alleles arise from polymorphisms at two codons (154 and 171) of

the PrP gene. Generally, the presence of the ARQ allele was

associated with a lower hazard ratio while the presence of the

ARR allele or the AHQ allele was mostly associated with an

increased hazard ratio. Specifically, we found that the postnatal

hazard ratio was significantly influenced by the presence or the

absence of ARR and ARQ alleles for S1-14 and S121-180. During

these periods, the hazard ratio was more than two times higher for

ARR/ARR lambs than for ARR heterozygous lambs (Table 1).

Comparatively, ARQ heterozygous lambs showed two to three

times lower hazard ratio than ARQ non-carriers during the same

periods (S1-14 and S121-180). ARQ homozygous lambs were also

at a lower postnatal hazard rate than lambs without the ARQ

allele but the ratios were not statistically significant. The postnatal

hazard ratio was also significantly affected by the AHQ allele with

carriers at two times greater risk than non-carriers for the S15-120

period. The postnatal hazard ratios were not affected by the

presence or absence of the VRQ allele (Table 1).

To find the specific genotypes associated with lamb survival, we

compared the hazard ratios of ARR/ARR, ARR/AHQ, ARQ/

ARQ and ARQ/AHQ genotypes relative to ARR/ARQ geno-

type (analysis V). With this analysis, we found that the ARR/ARQ

genotype was associated with a lower hazard of postnatal mortality

than the ARR/ARR and ARR/AHQ genotypes. Specifically,

ARR/ARR genotype had a significantly (P,0.05) higher hazard

ratio than ARR/ARQ genotype during S1-14 and S121-180

periods. Similarly, lambs with the ARR/AHQ genotype had

significantly higher hazard ratio than those with the ARR/ARQ

genotype during S15-120 period (Figure 1).

Test of dominance effect of PrP genotypes and lamb

survival
Based on the estimates of hazard ratios involving the ARR and ARQ

alleles, we conducted a test to investigate possible dominance

interaction between these alleles. In a subset of the data with only

ARR/ARR, ARR/ARQ and ARQ/ARQ genotypes, we compared

the hazard rate of the heterozygous to the geometric mean of the two

homozygous genotypes. There was significant evidence of a complete

dominance effect between the ARR and ARQ alleles (Figure 2).

Homozygous lambs for the ARR and ARQ alleles were at about two

fold greater hazard rate than heterozygous lambs for the S1-14 and

S121-180 periods. However, we did not find significant evidence of

overdominance when the hazard rate associated with ARR/ARQ

genotype was compared with that of ARQ/ARQ (Figure 1).

Table 1. Hazard ratios (and s.e.) between different PrP
genotypes

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Ratio Survival perioda

S1-14 (Ratio) S15-120 (Ratio) S121-180 (Ratio)

Analysis Ib,c

ARR/ARR to ARR/xxx 2.67 (0.74)* 0.81 (0.25) 2.34 (0.58)*

ARR/ARR to xxx/xxx 2.94 (0.83)* 0.93 (0.30) 1.70 (0.41)

ARR/xxx to xxx/xxx 1.10 (0.28) 1.16 (0.25) 0.73 (0.14)

Analysis II

ARQ/ARQ to ARQ/xxx 1.24 (0.33) 0.72 (0.18) 1.29 (0.26)

ARQ/ARQ to xxx/xxx 0.44 (0.12) 0.46 (0.13) 0.62 (0.14)

ARQ/xxx to xxx/xxx 0.36 (0.09)* 0.64 (0.16) 0.48 (0.11)*

Analysis III

AHQ/xxx to xxx/xxx 0.82 (0.26) 2.64 (0.60)* 1.58 (0.34)

Analysis IV

VRQ/xxx to xxx/xxx 0.99 (0.44) 1.61 (0.62) 1.00 (1.00)

aS1-14: survival from 1 d to 14 d; S15-120: survival from 15 d to 120 d; S121-
180: survival from 121 d to 180 d.

bAnalysis I: genotypes were classified as ARR/ARR, ARR/xxx and xxx/xxx where
xxx is any allele other than ARR; Analysis II: genotypes were classified as ARQ/
ARQ, ARQ/xxx and xxx/xxx where xxx is any allele other than ARQ; Analysis III:
genotypes were classified as AHQ/xxx and xxx/xxx where xxx is any allele other
than AHQ; Analysis IV: genotypes were classified as VRQ/xxx and xxx/xxx
where xxx is any allele other than VRQ.

cRatios with ‘‘*’’ are significantly different from 1 (P,0.05) after adjustment for
multiple tests using Bonferroni correction.

doi:10.1371/journal.pone.0001236.t001..
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DISCUSSION
Lamb survival traits are complex traits with several, possibly

interacting, factors affecting them. The models used to analyze the

data accounted for both random genetic and fixed environmental

effects. The estimate of the genetic variance was significant for all

traits along with fixed effects such as sex, age of dam, type of birth

or rearing, year of birth and flock [22]. The size and structure of

the dataset allows us to confidently partition variation in each

survival trait into environmental, PrP and non-PrP polygenic

genetic effects, minimizing the chance of spurious effects or failure

to detect a real effect. Because of the significant effects of both

flock and PrP genotype, we tested if survival was differently

affected in different flocks by PrP genotype. There was no evidence

of genotype by environment interaction as the differences in the

hazard rate were not significantly different between the two flocks

(P.0.05).

Lamb survival is of critical economic and welfare importance to

sheep enterprises, where an average of 10% and up to 40% of the

total lamb crop can be lost during the neonatal period under

temperate climates such as that in the UK [23,24]. The increased

hazard of mortality for some PrP genotypes can be quantified by

comparing the rate of mortality for different genotypes when

defining mortality within periods as a binary trait. When doing so,

the estimated lamb loss from 1 d to 180 d due to higher postnatal

mortality for the ARR/ARR genotype compared with the ARR/

ARQ genotype was 2.20% (Table S2). This figure was obtained as

the sum of the difference in the mortality rate over the considered

periods after accounting for the fact that animals that died in the

first period (S1-120) should be excluded from the calculation of

mortality rate in the later period (S121-180). In other words, out of

1000 lambs born alive, about 22 more lambs are expected to die if

they are of the ARR/ARR genotype than if they are of the ARR/

ARQ genotype. Based on this, the average effect of gene

substitution (ARR with ARQ) in the population studied is

a reduction in the mortality rate of 0.34%. However, the VRQ

allele showed no significant association with lamb survival which is

notable: the allele with the biggest impact on scrapie susceptibility

has no effect on survival under scrapie-free conditions. This result

should be interpreted with caution due to the low frequency of the

VRQ allele and therefore the VRQ carriers (67 to 136 depending

on the trait).

There are no results in the literature on the possible effects of

the PrP gene on lamb survival in scrapie-free flocks. However,

several studies have been published recently investigating associa-

tions of the PrP gene with performance traits in sheep. Most of the

lamb and ewe performance traits studied were found to be not

affected by PrP genotype. However, in a previous study of Scottish

Blackface lambs we found a significant association of the ARQ

Figure 1. Hazard Ratios of PrP Genotypes. Comparison of hazard ratios
and their s.e. for lambs with different PrP genotypes during three
postnatal periods. S1-14: survival from 1 d to 14 d; S15-120: survival from
15 d to 120 d; S121-180: survival from 121 d to 180 d. Genotypes ARR/
ARR, ARR/AHQ, ARQ/ARQ and ARQ/AHQ were compared relative to ARR/
ARQ genotype. Hazard ratios with ‘‘*’’ are significantly different from 1
(P,0.05) after adjustment for multiple tests using Bonferroni correction.
doi:10.1371/journal.pone.0001236.g001

Figure 2. Test of Dominance between ARR and ARQ Alleles. The ratios
are for testing dominance interaction between ARR and ARQ alleles by
comparing the hazard ratios between the geometric mean of the
homozygous genotypes (ARR/ARR and ARQ/ARQ) relative to the ARR/
ARQ genotype during three postnatal periods. S1-14: survival from 1 d
to 14 d; S15-120: survival from 15 d to 120 d; S121-180: survival from
121 d to 180 d. Periods with ‘‘*’’ indicate significant (P,0.05)
dominance effect.
doi:10.1371/journal.pone.0001236.g002
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allele with birth weight [15]. In order to investigate whether the

differences in survival we found between different PrP genotypes

are explainable by differences in birth weight we fitted birth weight

as a covariate in the survival model. We found that birth weight

has a high significant effect (P,0.001) on all survival traits except

in the later period (S121-180). However, adjusting survival traits

for birth weight did not result in major differences in the results of

association of PrP genotypes with postnatal lamb survival (Figure

S2). Therefore, the variation of body weight at birth does not

explain the observed associations between survival and PrP

genotypes.

In scrapie-affected flocks, survival of animals without clinical

scrapie has been found to be significantly less for animals with the

susceptible PrP genotypes than for animals with the resistant ones

[25]. The higher mortality rate for animals with the susceptible

genotypes could be attributed to preclinical scrapie or to possible

deleterious effects of some PrP alleles in the presence of scrapie in

the flock. However, the elevated risk of mortality for some PrP

genotypes found in our study could not be related to preclinical

scrapie, as the flocks are known to be scrapie free. Also, the lambs

with known resistant genotypes (ARR/ARR and ARR/AHQ)

were at higher risk of postnatal mortality than other more scrapie-

susceptible genotypes (eg ARQ/ARQ) and the survival periods

considered were at young ages (not more than 6 months).

Likewise, we did not find evidence of mortality due to undiagnosed

scrapie cases in the two flocks, as there were no differences in the

number of observed and expected ARR/VRQ animals (from

allele frequency). In other words, if there had been a scrapie

outbreak, the frequency of the most susceptible allele (VRQ)

would have become too low to account for the observed frequency

of the resistant ARR/VRQ genotype (scrapie signature) [2].

Therefore, the equilibrium between the expected and observed

numbers for ARR/VRQ genotype indicates that there has not

been a scrapie outbreak in the flocks studied.

Studies on the physiological role of the PrP gene (mostly in

knockout mice) have found that the gene may be necessary for

normal functioning of several nervous system processes, circadian

rhythm, survival of some nervous cells and may be related to

oxidative stress and post-hypoxia neuronal responses [26–29]. A

malfunction in some of these vital processes might have

contributed to the higher risk of lamb mortality observed for

some PrP genotypes.

Our results strongly suggest a higher viability of the animals

with the scrapie susceptible ARQ allele in the absence of scrapie.

This allele is considered as the wild (ancestral) allele as all other

alleles are only different from it by a single nucleotide substitution

and it is present in all sheep breeds with noticeably high frequency

in some genetically isolated breeds such as Soay and Icelandic

sheep [17]. The selective superiority of the ARQ allele in the

absence of scrapie helps to explain its persistence in sheep

populations. Our results support the findings that PrP gene is

under balancing selection as determined using molecular evolution

techniques comparing the ratios of synonymous (amino acid non-

changing) and nonsynonymous polymorphisms [30]. A similar

phenomenon is known for Plasmodium falciparum malaria in that

susceptibility to infection is controlled by the host genotype and

susceptibility alleles have selective superiority in the absence of

infection.

The selective advantage of animals with the ARQ allele in the

absence of scrapie is not offset by its association with higher

susceptibility to scrapie during disease outbreaks. We compared

the selective forces of ARR/ARR, ARR/ARQ and ARQ/ARQ

genotypes due to scrapie mortality and lifetime breeding success in

the presence of scrapie [25,31], and found it to be too small to

balance the selective advantage of the ARQ allele on postnatal

survival in the absence of scrapie which can result in much faster

changes of the ARQ frequency in the opposite direction. The PrP

allelic and genotypic frequencies in the studied flocks were in

general agreement with those estimated in the UK Scottish

Blackface population [18]. These results prove that the overall

ARQ allele frequency is not going to decrease and leads to

considering scrapie as an endemic disease that is not going to

disappear due to natural selection through genetic-based scrapie

susceptibility alone. The selective advantage of the ARQ allele on

postnatal survival compared to ARR may also hinder the current

scrapie eradication programs relying on selective breeding based

on PrP genotyping.

SUPPORTING INFORMATION

Table S1

Found at: doi:10.1371/journal.pone.0001236.s001 (0.03 MB

DOC)

Table S2

Found at: doi:10.1371/journal.pone.0001236.s002 (0.03 MB

DOC)

Figure S1

Found at: doi:10.1371/journal.pone.0001236.s003 (0.03 MB

DOC)

Figure S2

Found at: doi:10.1371/journal.pone.0001236.s004 (0.03 MB

DOC)

ACKNOWLEDGMENTS
We thank S. Bishop, W.G. Hill, J. McCormack and G. Simm for helpful

discussions and for reviewing this manuscript, A. McLaren, M. Steel, and

N. Lambe for collecting the data, MLC (UK), ST (UK) and RBST (UK)

for in-kind contribution.

Author Contributions

Conceived and designed the experiments: JC BV. Performed the

experiments: RS SB BV. Analyzed the data: RS SB. Wrote the paper: RS.

REFERENCES
1. Hunter N, Foster JD, Goldmann W, Stear MJ, Hope J, et al. (1996) Natural

scrapie in a closed flock of Cheviot sheep occurs only in specific PrP genotypes.

Arch Virol 141: 809–824.

2. Baylis M, Goldmann W, Houston F, Cairns D, Chong A, et al. (2002) Scrapie

epidemic in a fully PrP-genotyped sheep flock. Journal of General Virology 83:

2907–2914.

3. Clark AM, Dawson M, Scott AC (1994) Scrapie-associated fibrils in found dead

sheep. Vet Rec 134: 650–651.

4. McLean AR, Hoek A, Hoinville LJ, Gravenor MB (1999) Scrapie transmission

in Britain: a recipe for a mathematical model. P Roy Soc B-Biol Sci 266:

2531–2538.

5. Matthew P, Maddox JF (1994) A polymorphic dinucleotide repeat microsatellite

detected in the ovine interleukin-2 receptor-alpha (IL2RA, CD25) gene. Anim

Genet 25: 200–200.

6. Crawford AM, Dodds KG, Ede AJ, Pierson CA, Montgomery GW, et al. (1995)

An autosomal genetic-linkage map of the sheep genome. Genetics 140: 703–724.

7. Burkin DJ, Jones C, Burkin HR, McGrew JA, Broad TE (1996) Sheep CENPB

and CENPC genes show a high level of sequence similarity and conserved

synteny with their human homologs. Cytogen Cell Genet 74: 86–89.

8. Maddox JF (2001) Mapping the matrix metalloproteinase 9 (MMP-9) gene and

the BL1071 microsatellite to ovine chromosome 13 (OAR13). Anim Genet 32:

329–331.

Scrapie Resistance & Survival

PLoS ONE | www.plosone.org 4 November 2007 | Issue 11 | e1236



9. Leeman MF, Curran S, Murray GI (2002) The structure, regulation, and

function of human matrix metalloproteinase-13. Crit Rev Biochem Mol 37:
149–166.

10. De Vries F, Borchers N, Hamann H, Drogemuller C, Reinecke S, et al. (2004)

Associations between the prion protein genotype and performance traits of meat
breeds of sheep. Vet Rec 155: 140–143.

11. Brandsma JH, Janss LLG, Visscher AH (2005) Association between PrP
genotypes and performance traits in an experimental Dutch Texel herd. Livest

Prod Sci 95: 89–94.

12. Vitezica ZG, Moreno CR, Bouix J, Barillet F, Perret G, et al. (2005) A study on
associations between PrP genotypes and meat traits in French sheep breeds.

Anim Sci 81: 325–330.
13. Isler BJ, Freking BA, Thallman RM, Heaton MP, Leymaster KA (2006)

Evaluation of associations between prion haplotypes and growth, carcass, and
meat quality traits in a Dorset x Romanov sheep population. J Anim Sci 84:

783–788.

14. Man WYN, Brotherstone S, Merrell BG, Murray WA, Villanueva B (2006)
Associations of PrP genotypes with live weight and slaughter traits in an

experimental flock of Swaledale sheep in Great Britain. Anim Sci 82: 607–614.
15. Sawalha RM, Brotherstone S, Man WYN, Conington J, Bunger L, et al. (2007)

Associations of polymorphisms of the ovine prion protein gene with growth,

carcass, and computerized tomography traits in Scottish Blackface lambs. J Anim
Sci 85: 632–640.

16. Nicholls N, Kruuk L, Woolhouse M, Stevenson E, Gravenor M, et al. (2006)
Investigation of farmer regard for scrapie-susceptible sheep. Vet Rec 158:

732–734.
17. Woolhouse MEJ, Coen P, Matthews L, Foster JD, Elsen JM, et al. (2001) A

centuries-long epidemic of scrapie in British sheep? Trends Microbiol 9: 67–70.

18. Eglin RD, Warner R, Gubbins S, Sivam SK, Dawson M (2005) Frequencies of
PrP genotypes in 38 breeds of sheep sampled in the National Scrapie Plan for

Great Britain. Vet Rec 156: 433–437.
19. Conington J, Bishop SC, Waterhouse A, Simm G (1998) A comparison of

growth and carcass traits in Scottish Blackface lambs sired by genetically lean or

fat rams. Anim Sci 67: 299–309.

20. Gilmour AR, Gogel BJ, Cullis BR, Welham SJ, Thompson R (2002) ASReml

User Guide Release 1.0. Hemel Hempstead: VSN Int. Ltd.

21. Ducrocq V, Solkner J (1998) The Survival Kit-V3.0 a package for large analyses

of survival data; Armidale, Australia. pp 447–448.

22. Sawalha RM, Conington J, Brotherstone S, Villanueva B (2007) Analyses of

lamb survival of Scottish Blackface sheep. Animal 1: 151–157.

23. Eales FA, Small J, Gilmour JS (1983) Neonatal Mortality of Lambs and its

Causes. In: Haresign W, ed. Sheep Production. London: Butterworths. pp

289–298.

24. Binns SH, Cox IJ, Rizvi S, Green LE (2002) Risk factors for lamb mortality on

UK sheep farms. Prev Vet Med 52: 287–303.

25. Chase-Topping ME, Kruuk LEB, Lajous D, Touzeau S, Matthews L, et al.

(2005) Genotype-level variation in lifetime breeding success, litter size and

survival of sheep in scrapie-affected flocks. J Gen Virol 86: 1229–1238.

26. Katamine S, Nishida N, Sugimoto T, Noda T, Sakaguchi S, et al. (1998)

Impaired motor coordination in mice lacking prion protein. Cell Mol Neurobiol

18: 731–742.

27. Cagampang FRA, Whatley SA, Mitchell AL, Powell JF, Campbell IC, et al.

(1999) Circadian regulation of prion protein messenger RNA in the rat

forebrain: A widespread and synchronous rhythm. Neuroscience 91: 1201–1204.

28. Nishida N, Tremblay P, Sugimoto T, Shigematsu K, Shirabe S, et al. (1999) A

mouse prion protein transgene rescues mice deficient for the prion protein gene

from Purkinje cell degeneration and demyelination. Lab Invest 79: 689–697.

29. McLennan NF, Brennan PM, McNeill A, Davies I, Fotheringham A, et al.

(2004) Prion protein accumulation and neuroprotection in hypoxic brain

damage. Am J Pathol 165: 227–235.

30. Slate J (2005) Molecular evolution of the sheep prion protein gene. P Roy Soc B-

Biol Sci 272: 2371–2377.

31. Baylis M, Chihota C, Stevenson E, Goldmann W, Smith A, et al. (2004) Risk of

scrapie in British sheep of different prion protein genotype. J Gen Virol 85:

2735–2740.

Scrapie Resistance & Survival

PLoS ONE | www.plosone.org 5 November 2007 | Issue 11 | e1236


