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ABSTRACT

The objective of this study was to analyze associations
between ovine prion protein genotypes and production
traits in East Friesian milk sheep. Production traits
included the type traits scores for muscle mass, wool
quality, and type; the reproduction traits age at first
lambing, first lambing interval, second lambing inter-
val, and total number of lambs born; the milk perfor-
mance traits; milk, fat, and protein yields; fat and pro-
tein contents; and somatic cell scores. Prion protein
genotypes were available for 658 East Friesian milk
sheep. Linear animal models were used for the analysis
of the prion protein genotype effects. The scores of the
genotyped sheep for muscle mass, type, wool quality,
and fat yield were significantly superior to those of the
nongenotyped animals. An explanation for this might
be that breeders seek to minimize genotyping costs by
preselecting animals that do not meet the top breeding
requirements. No significant associations were found
between the prion protein genotypes and milk perfor-
mance, type, or reproduction traits.
(Key words: prion protein, scrapie, performance trait,
milk sheep)

Abbreviation key: PrP = prion protein.

INTRODUCTION

Research has shown that certain prion protein (PrP)
genotypes in sheep confer resistance to scrapie (Gold-
mann et al., 1991; Hunter et al., 1994). Polymorphisms
in the ovine PrP gene at codons 136, 154, and 171 deter-
mine the susceptibility of individual animals (Belt et
al., 1995; Hunter et al. 1996). Different studies have
shown that sheep homozygous for the ARR allele of the
PrP gene are resistant to natural and experimental oral
scrapie infections, whereas animals carrying the VRQ
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allele are at greatest risk (Heggebø et al., 2002, 2003).
In breeds such as East Friesian milk sheep in which
the VRQ allele is not present (Drögemüller et al., 2004),
ARQ-homozygous animals are highly susceptible to
scrapie infections (Hunter et al., 1997). Scrapie in sheep
can be controlled by breeding for the resistant ARR/
ARR genotype. European Union regulations require
each member state to introduce a breeding scheme to
select for resistance to transmissible spongiform en-
cephalopathies in each of its sheep breeds (Commission
Decision, 2003/100/EC). The breeding programs are
aimed to increase the frequency of the ARR allele and
reduce the prevalence of those alleles that have been
shown to contribute to susceptibility to transmissible
spongiform encephalopathies. Because of the low ARR
allele frequencies found in East Friesian milk sheep,
conditions for breeding toward scrapie resistance are
unfavorable in this breed. Two main issues arise in
such a situation. The first is whether the intensive use
of a low number of breeding rams carrying the desired
ARR allele will cause genetic drift, increased rates of
inbreeding, and reduced additive genetic variance in
future generations. The second is whether there are
negative associations of the ARR allele or ARR/ARR
genotype with production traits. An effective monitor-
ing of breed characteristics in East Friesian milk sheep
must be established to answer these questions. East
Friesian milk sheep are well known for their prolificacy
and milk production capacity. Parry (1983) suggested
that the meat quality of scrapie-susceptible animals
was far superior to that of scrapie-resistant animals.
However, a study performed in the United Kingdom
found no significant influence of the PrP alleles/geno-
types on a lean Growth Index score including scanning
weight and ultrasonic measurements of fat depth and
muscle depth in a Scottish Suffolk herd (Prokopová et
al., 2002), nor were any negatively significant associa-
tions quantifiable between meat performance traits and
ARR allele or ARR/ARR genotype in German meat
sheep breeds (De Vries et al., 2004a). The first study for
meat sheep breeds that showed significant associations
between the different PrP alleles or genotypes in sheep
was done by Brandsma et al. (2004). The results from
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Table 1. Total number of animals and number of genotyped animals and their PrP allele frequencies over
the birth years with records for the traits muscle mass, type, and wool quality.

Total Genotyped Fraction of PrP allele frequencies
Year animals animals genotyped
of birth (no.) (no.) animals AHQ ARQ ARR

1992 52 2 0.04 0.25 0.50 0.25
1993 54 1 0.02 — 1.00 —
1994 72 3 0.04 0.17 0.83 —
1995 170 12 0.07 0.34 0.58 0.08
1996 337 21 0.06 0.26 0.71 0.03
1992–1996 685 39 0.06 0.27 0.68 0.05
1997 517 49 0.09 0.41 0.53 0.06
1998 546 62 0.11 0.36 0.56 0.08
1999 494 63 0.13 0.29 0.66 0.05
2000 549 104 0.19 0.40 0.54 0.06
2001 545 116 0.21 0.30 0.58 0.12
2002 527 164 0.31 0.36 0.47 0.17
2003 101 61 0.60 0.30 0.28 0.42
Total 3964 658 0.17 0.34 0.53 0.13

that study indicate that the current implementation of
the Dutch accelerated eradication program by selecting
ARR/ARR rams has a small positive effect for litter
size and a small negative effect for 135-d weight in the
analyzed Texel population. For milk sheep breeds, only
one study was done. The analysis of the relationships
between the different PrP alleles of rams and the milk
performance traits of their daughters in 2 French milk
sheep breeds revealed no significant associations (Baril-
let et al., 2002). No study for the PrP genotypes of dairy
ewes and their milk production traits has been done
until now.

The aim of this work was to assess whether there is an
association between the PrP genotype and production
traits used in selecting rams and ewes of East Friesian
milk sheep.

MATERIALS AND METHODS

The PrP alleles were determined in 658 animals born
in the years 1992 to 2003 by direct sequencing of PCR
products as previously described (Drögemüller et al.,
2001). The total number of 658 examined animals from
65 flocks includes almost all available breeding sheep
of Northern Germany, including the region of origin of
this breed. For this analysis, the 15 ARR homozygous
animals were excluded because of the low number (Ta-
ble 1). The sample included animals sampled by the
breeders and about 250 animals randomly sampled by
us. For these genotyped animals and all contemporary
companions, the herd-book data from the years 1992
to 2003 for 3949 East Friesian milk sheep from 140
flocks were provided by 3 German regional breeding
organizations. All flocks used natural service sires;
there was no artificial insemination. There is an ex-
change of rams and ewes between the 3 breeding re-
gions and flocks.
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Three datasets were edited for the analysis (Table
2). The original data set included information for rams
and ewes licensed for the herd-book in the years 1992
to 2002 with respect to scores for muscle mass, wool
quality, and type. Reproduction traits and monthly re-
corded milk performance traits were provided in sepa-
rate data sets.

Milk sheep in Germany are evaluated for muscle
mass, wool quality, and type at the day of licensing.
These traits were scored on a scale from 1 to 9, where
9 = best score and 1 = poorest score. For the analysis
of these traits, we developed a linear animal model that
included the day of licensing as a fixed effect. Test days
with <6 observations were extended to classes by includ-
ing the subsequent test days. The model used for ana-
lyzing these 3 traits (model 1) included the fixed effects
of PrP genotype, flock-year-season, test-day-class, sex,
birth rearing type, the covariate of age at licensing, and
the random additive genetic effect of the animal. The
birth year was divided into a main season (January to
March) and a secondary season (April to December).
Classes of flock-year-seasons with only one record were
excluded. We distinguished among 3 birth types: ani-
mals born as singles, twins, or triplets and quadruplets.
The model selected was

yijklmnr = µ+ PrPi + FYSj + TDk + Gl + GTm [1]
+ b An + ar + eijklmnr

where yijklmnr is the muscle mass, wool quality, or type
record of animal r with PrP genotype i, in herd-year-
season j, on test-day k, with sex l, with birth rearing
type m, at the age at licensing n, with additive genetic
effect r; µ is a model constant; PrPi is the effect of PrP
genotypes (i = 1 to 3); FYSj is the fixed effect of flock-
year-season (j = 1 to 416); TDk is the fixed effect of test
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day (k = 1 to 98); Gl is the fixed effect of sex (l = 1 to
2); GTm is the fixed effect of birth rearing type (m = 1
to 3); b is the linear regression coefficient; An is the age
at licensing; ar is the random additive genetic effect of
the animal (r = 1 to 7111); and eijklmnr is the residual
effect. The PrP-genotype effects were analyzed in 3 PrP
genotype classes. The first class included only the sheep
heterozygous for the ARR allele; the second class, the
genotyped sheep without the ARR allele; and the third
class, all sheep of unknown genotype.

The reproduction traits age at first lambing, lambing
interval, and total number of lambs born are based on
lambing information of ewes from the breeding flocks.
The database included 7620 lambing records, with 2410
records of age at first lambing, 1740 records of the first-
lambing interval between the first and second litters,
1184 records of second-lambing interval between the
second and third lambings, and 4959 records of total
number of lambs born. We used a linear animal model
to analyze the reproduction traits. This model included
the year-season, the flock, and the PrP genotype as
fixed effects (model 2) and the random additive genetic
effect of the animal.

yijkr = µ + PrPi + YSj + Fk + ar + eijkr [2]

yijklqrs = µ + PrPi + YSj + Fk + LNl [3]
+ pq + ar + eijklqrs

where yijkr is the age at first lambing, first-lambing
interval, or second-lambing interval record of the ewe
r with PrP genotype i, in year-season j, in flock k, with
additive genetic effect r; µ is a model constant; YSj is
the fixed effect of year-season (j = 1 to 22); Fk is the
fixed effect of flock (k = 1 to 140); random additive
genetic effect of the ewe (r = 1 to 4790); and other effects
are as defined previously.

The model (model 3) selected for total number of born
lambs was extended by the fixed effect of class of litter
number and by the random permanent environmental
effect of the animal: yijklqrs is the total number born
lambs recorded of the ewe n with PrP genotype i, in
year-season j, in flock k, in litter number l, with random
permanent environmental effects q, with additive ge-
netic effect r; µ is a model constant; LNl is the fixed
effect of litter number (l = 1 to 6); pq is the random
permanent environmental effect of the animal (q = 1
to 2528); ar is the random additive genetic effect of
the animal (r = 1 to 4790); and other effects were as
defined previously.

Similar to birth year in model 1, lambing year was
divided into a main season (January to March) and a
secondary season (April to December). Because of the
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low number of observations, litter numbers >5 were
considered together in a single litter number class.

Records of 915 dairy ewes observed between 1992
and 2002 were used to analyze the association between
the PrP genotype and milk performance traits. These
records included 6749 test-day records for milk, fat, and
protein yields; fat and protein contents; and SCC of
1202 lactations. Test-day records were taken at 4-wk
intervals according to the official ICAR protocols for
method A4. Test-day SCC were transformed to the SCS
by logarithmic transformation: SCS = log2 ((SCC/105)
+ 3). For analysis of these traits, we used the linear
test-day model with fixed regression developed by Ha-
mann et al. (2004) and extended by the PrP genotype
effect:

yijklmnopqrs = µ + PrPi + Rj + Sk + Yl + Lm + TIn

+ fo(Rj) + b1DIMp + b2(DIMp)2 + b3logDIMp [4]
+ b4(logDIMp)2 + pq + ar + eijklmnopqrs

where yijklmnopqrs is the daily milk record for milk yield,
fat yield, protein yield, fat content, protein content, or
SCS record of animal r with PrP genotype i, in region
j, in lambing season k, in lambing year l, with lactation
number m, on test day interval n, in flock o, with DIM
p, with random permanent environmental effect q, with
additive genetic effect r; µ is a model constant; Rj is the
fixed effect of the region (j = 1 to 3); Sk is the fixed effect
of the lambing season (k = 1 to 5); Yl is the fixed effect
of the lambing year (l = 1 to 11); Lm is the fixed effect of
lactation number (m = 1 to 6); TIn is the fixed effect
of test day interval (n = 1 to 82); fo(Rj) is the random
effect of the flock within region (o = 1 to 246); DIMp is
DIM as covariate; b1 − b4 are regression coefficients; pq

is the random permanent environmental effect of the
animal (q = 1 to 915); ar is the random additive genetic
effect of the animal (r = 1 to 2298); and other effects
are as defined previously.

The random additive genetic effect of the animal was
included in all models to explain the residual quantita-
tive genetic variation in addition to the PrP genotype
effect and to take into account a possible genetic trend
in the traits investigated. Genetic parameters were es-
timated by univariate analysis of all described perfor-
mance traits using VCE4 (Groenevald, 1998). Linear
contrasts between 2 PrP genotype classes and the non-
genotyped animals were calculated for each perfor-
mance trait using the program PEST, version 3.1
(Groeneveld, 1993). Additionally, we estimated the
ARR allele substitution effects for all traits; however,
the models used here included a linear regression on the
number of ARR alleles present in each animal instead of
the PrP genotype effect. For the analysis of the ARR
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Table 2. Number of animals used in the different data sets and distribution of East Friesian milk sheep
by the PrP genotype.

Data set 1
for muscle Data set 3
mass, type, Data set 2 for for milk
and wool reproduction performance

Class PrP genotype quality traits traits

ARR/ARR 15 6 2
1 ARR/xxx1 144 60 33
2 xxx1/xxx1 499 371 225
3 Not genotyped 3306 2097 657

Total2 3949 2528 915

1xxx = AHQ, ARQ alleles.
2Total = without ARR homozygous animals.

allele substitution effects, we excluded the nongeno-
typed and the ARR homozygous animals.

RESULTS AND DISCUSSION

The favorable ARR allele occurred at a low frequency
of 13% in the total data set and of 7% in the sample
randomly collected by us in East Friesian milk sheep.
The most prevalent PrP alleles were the ARQ allele
and the AHQ allele. The VRQ or ARH allele has not
yet been found in East Friesian milk sheep. The ARR
heterozygous animals were almost all related to each
other. This already reveals the problems of breeding
toward scrapie resistance in a breed with a low ARR
allele frequency. Although exceptions are mentioned in
the European Union legislations, the breeders are try-
ing to reach the status of ‘scrapie resistant’ as far as
possible because of marketing aspects, despite the fact
that negative effects may exist or high inbreeding rates
and a bottleneck effect are to be expected. There are
significant concerns about losing the breed’s character-
istics. Further studies to develop the optimal breeding
scheme toward scrapie resistance are needed to keep
theses negative effects as small as possible. Possible
solutions include using only ARR heterozygous rams
until the ARR allele frequency reaches a certain value.

Table 3 shows the means and their standard devia-
tions, additive genetic variances, heritabilities, and
their standard errors of the traits analyzed. The esti-
mated heritabilities of the traits muscle mass, type,
and wool quality were in the ranges reported by Stier
et al. (1988) and by Savas et al. (2001) for German meat
sheep breeds, and in the range reported by De Vries et
al. (2004b,c) for German milk, meat, and land sheep
breeds.

Age at first lambing and at first- and second-lambing
intervals showed high standard deviations, which is in
agreement with the results of Savas et al. (2000) and
De Vries et al. (2004b,c). High means for total number
born lambs reflect the high reproduction rate of this
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breed. Moderately large age at first lambing heritability
estimates have also been found for meat sheep breeds
(Savas et al., 2000) and for land sheep breeds (De Vries
et al., 2004c). The low heritability for total number born
lambs was similar to the findings of other studies (Ligda
et al., 2000; Matika et al., 2003; Hamann et al., 2004).
Heritability estimates for the milk performance traits
were low to moderate and in agreement with Hamann
et al. (2004). Except for the SCS for milk performance
traits, higher heritability estimates have been reported
for French Lacaune dairy sheep by Barrillet and Boich-
ard (1987) and by Rupp et al. (2002) and for Spanish
Churra milk sheep by El-Saied et al. (1998). Hamann
et al. (2004) supposed that these low to moderate herita-
bilities of the East Friesian sheep breed in Germany
could be an effect of test day records or small paternal
half-sib groups, or because the flocks were small and
artificial insemination was not used as a standard rou-
tine for reproduction. In general, the estimated herita-
bilities were in the expected ranges, except for milk
performance traits.

We observed significant differences between the
sheep selected for PrP genotyping and the nongeno-
typed sheep in muscle mass, wool quality, type, and fat
yield (Table 4). In general, the nongenotyped animals
showed significantly lower performances than geno-
typed ones over all birth years and within groups of
birth years. An explanation for this observation might
be that breeders seek to minimize genotyping costs by
preselecting animals that do not meet the top breeding
requirements. Moreover, Table 3 shows the contrasts
estimated between the 2 genotype classes of the geno-
typed sheep for every trait examined. There were no
significant differences between the different genotypes,
which indicates that animals carrying the ARR allele
had no significantly higher or lower performances than
non-ARR carriers. The same results were obtained for
the ARR allele substitution effects, as there were no
significant linear regressions on the ARR allele for any
performance trait regarded here (Table 5). Thus, we
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Table 3. Means and SD, additive genetic variances (σ2
a), and heritabilities (h2) and SE for performance

traits in East Friesian milk sheep.

Trait Mean (SD) σ2
a h2 (SE)

Muscle mass (1 to 9) 7.1 (0.6) 0.056 0.185 (0.024)
Type (1 to 9) 6.8 (0.7) 0.035 0.095 (0.021)
Wool quality (1 to 9) 7.0 (0.6) 0.035 0.131 (0.024)

Age at first lambing, d 386.2 (32.1) 299.1 0.366 (0.030)
First-lambing interval, d 359.0 (65.9) 974.1 0.287 (0.025)
Second-lambing interval, d 366.3 (55.5) 231.1 0.077 (0.042)
Total lambs born, no. 2.1 (0.7) 0.037 0.083 (0.010)

Milk yield, kg 2.52 (1.28) 0.093 0.101 (0.014)
Fat content, % 5.66 (1.5) 0.168 0.087 (0.014)
Fat yield, g 136.9 (75.7) 525.8 0.120 (0.015)
Protein content, % 4.98 (1.0) 0.071 0.117 (0.016)
Protein yield, g 120.7 (59.4) 231.6 0.094 (0.014)
SCS 4.43 (2.3) 0.616 0.115 (0.025)

were able to show that there was no association between
the ARR allele and milk performance, type, or reproduc-
tion traits in milk sheep breeds. Our investigation dif-
fers from that of Barillet et al. (2002), who used only PrP
genotyping results of rams and no genotyping results of
ewes. They found that the milk performance of daugh-
ters of rams carrying the favorable ARR allele was simi-
lar to that of daughters of rams carrying other PrP
alleles. Therefore, the results of the French study do
agree with ours. However, one must view with caution
the missing association between the ARR allele and
milk performance in French dairy sheep, because no

Table 4. Test for significant differences (∆) between the performance traits and the PrP genotype classes
in East Friesian milk sheep.

ARR/xxx1 to xxx1/xxx1 xxx1/xxx1 to NG2 ARR/xxx1 to NG2

Trait ∆ (SE) P3 ∆ (SE) P3 ∆ (SE) P3

Muscle mass (1 to 9) −0.07 (0.06) NS 0.20 (0.03) *** 0.13 (0.06) *
Type (1 to 9) −0.02 (0.07) NS 0.23 (0.04) *** 0.21 (0.07) **
Wool quality (1 to 9) −0.05 (0.06) NS 0.07 (0.03) * 0.02 (0.06) NS

Age at first lambing, d −1.96 (4.45) NS 3.06 (4.49) NS 1.09 (2.23) NS
First-lambing interval, d 2.35 (10.8) NS 1.16 (10.8) NS −1.19 (4.99) NS
Second-lambing interval, d −2.77 (12.0) NS −6.39 (12.1) NS −3.62 (5.55) NS

Total born lambs, no. −0.05 (0.08) NS 0.01 (0.08) NS 0.06 (0.04) NS

Milk yield, kg 0.03 (0.09) NS 0.07 (0.05) NS 0.10 (0.09) NS
Fat content, % −0.06 (0.12) NS 0.06 (0.06) NS −0.00 (0.12) NS
Fat yield, g 1.95 (5.92) NS 7.30 (2.94) ** 9.25 (5.99) NS
Protein content, % −0.06 (0.06) NS −0.04 (0.03) NS −0.09 (0.07) NS
Protein yield, g 1.61 (4.76) NS 2.44 (2.37) NS 4.05 (4.81) NS

SCS 0.29 (0.27) NS −0.10 (0.14) NS 0.18 (0.27) NS

1xxx = AHQ, ARQ alleles.
2NG = Not genotyped.
3Bonferroni correction lowers the 5% error probabilities to 0.017.
*P ≤ 0.05.
**P ≤ 0.01.
***P ≤ 0.001.
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genotypes were observed for the ewes with milk records.
On the other hand, the population size of the East
Friesian milk sheep and the genetic relationship be-
tween breeding flocks in our study is much lower than
that for other breeds, such as the French Lacaune or
Spanish breeds, nor have significant associations been
shown between the different PrP alleles or between
genotypes and performance traits in other studies ana-
lyzing data from meat sheep breeds (Prokopová et al.,
2002; De Vries et al., 2004a). As in many other studies,
we were not able to find any evidence of an unfavorable
association between the ARR allele and milk perfor-
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Table 5. ARR allele substitution effects (b) and their standard errors
on performance traits in East Friesian milk sheep.

ARR to xxx1

Trait b (SE) P

Muscle mass (1 to 9) −0.03 (0.08) NS
Type (1 to 9) 0.15 (0.09) NS
Wool quality (1 to 9) −0.04 (0.08) NS

Age at first lambing, d −4.58 (3.57) NS
First-lambing interval, d 4.99 (9.12) NS
Second-lambing interval, d 1.71 (10.4) NS
Total born lambs, no. −0.002 (0.05) NS

Milk yield, kg 0.08 (0.10) NS
Fat content, % 0.18 (0.13) NS
Fat yield, g 9.25 (6.43) NS
Protein content, % −0.04 (0.07) NS
Protein yield, g 3.25 (5.12) NS
SCS 0.12 (0.29) NS

1xxx = AHQ, ARQ alleles.

mance, type, or reproduction traits in different sheep
breeds. With this study, a first analysis for possible
associations between PrP genotyped dairy ewes and
milk production, as well as reproduction traits and PrP
genotyped rams and ewes and type traits, wool quality,
and muscle mass in East Friesian milk sheep was done,
but further studies are needed.

We were not able to include ARR/ARR homozygous
milk sheep in our study because of the low numbers of
these animals. Therefore, no conclusions are possible
on the genotypic effects of animals homozygous for the
ARR allele. Moreover, many other traits and breeds
have not yet been examined, and associations to other
traits or in other breeds are to be expected. Associations
between the ARR allele and other traits are possible
through linked or pleiotropic effects or through nonran-
dom sampling of animals. No linkage disequilibrium
is known to exist between a PrP allele and a certain
quantitative trait locus for any performance trait on
chromosome 13. Nor is there any evidence of pleiotropic
effects or associations caused by the accumulation of
many small gene effects from gene loci randomly dis-
tributed over the chromosomes. Nevertheless, a breed-
ing program for resistance to scrapie should take into
consideration relationship coefficients, inbreeding rates
within populations, and possible negative side effects
caused by the necessity of intensively using the low
numbers of breeding animals homozygous for ARR for
upgrading a breed.

CONCLUSIONS

The data analyzed so far provided no evidence of any
unfavorable association between the ARR allele and
milk performance, type, or reproduction traits in East
Friesian milk sheep.
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