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Ágrip 

Bakgrunnur: Hefðbundin riða er smitandi taugahrörnunarsjúkdómur, sem leiðir alltaf til dauða og 

finnst í sauðfé og geitum. Sjúkdómurinn hefur verið til staðar í sauðfé á Íslandi í um 140 ár. Smitefni 

sjúkdómsins er príonprótein, sem hefur tekið á sig óeðlilega þrívíddarmynd og orðið smitandi (PrP
Sc

), 

en það umbreytir eðlilegu príonpróteini, PrP
C
, sem er tjáð af geninu Prnp, í PrP

Sc
. Smitnæmi PrP

Sc
 

verður fyrir áhrifum af arfgerðum Prnp, en þær sýna mismunandi næmni gagnvart hefðbundinni riðu. 

Þetta hefur leitt til þess að mörg lönd hafa nýtt ónæmu Prnp arfgerðina ARR/ARR til kynbóta. Þessi 

arfgerð hefur hinsvegar aldrei fundist á Íslandi. Árið 2005 tók gildi reglugerð þar sem aðildarríkjum 

Evrópusambandsins var gert að velja fyrir ónæmar arfgerðir við kynbætur. Það var ekki fyrr en 2008 

að Ísland, sem er ekki meðlimur í Evrópusambandinu, hafði fjarlægt alla hrúta sem báru VRQ 

genasamsætu Prnp úr sæðingarstöðvum landsins, en það er sú genasamsæta sem er mest næm fyrir 

hefðbundinni riðu. 

Markmið: Þessi rannsókn lagði mat á þau áhrif sem fjarlæging hrúta með VRQ genasamsætu úr 

sæðingarstöðvum hafði á dreifingu Prnp arfgerða í hjörðum þar sem hefðbundin riða greindist. Auk 

þess voru metin áhrif þess á dreifingu arfgerða vísisýna hjarðanna (e. index sample, þ.e. sýni sem 

greinast fyrst), sem sýndu einkenni hefðbundinnar riðu, og aldur vísisýnanna.  

Efni og aðferðir: Fyrrnefnd áhrif voru metin með því að bera saman arfgerðir fjár í hjörðum með 

hefðbundna riðu og arfgerðir vísisýna þeirra, frá árunum 2010-2019 (tilraunahópur, n = 1450 og 10, í 

þeirri röð) við 1998-2007 (viðmiðunarhópur, n = 1081 og 32, í þeirri röð). Til að ná fram 

arfgerðagreiningu sýnanna þá var framkvæmd DNA einangrun, PCR, skerðibútamelta og rafdráttur. 

Aldur vísisýnanna fékkst út frá eyrnamerkjum þeirra. Notast var við kíkvaðrat próf við samanburð Prnp 

arfgerða og Mann-Whitney próf við samanburð aldurs.  

Niðurstöður: Marktækur munur var til staðar á tíðni amínósýra í táknum 136 og 154 (p < 0,0001, 

fyrir báða) hjá hefðbundnum riðuhjörðum. Hins vegar kom þessi munur ekki fram hjá vísisýnum 

hjarðanna, engan mun var að finna hjá tákna 136 (p = 0,9784) og tákni 154 sýndi engan breytileika. 

Enginn munur var heldur á aldri vísisýnanna (p = 0,2808) milli tilraunahópsins (miðgildi: 36 mánuðir; 

bil: 24-48 mánuðir) og viðmiðunarhópsins (33 mán; 12-108 mán).  

Ályktanir: Niðurstöðurnar benda til þess að fjarlæging hrúta, sem bera VRQ genasamsætu, frá 

sæðingarstöðvunum hafi haft áhrif á erfðafræðilegan breytileika Prnp. Það er vegna þess að tíðni 

áhættu arfgerða, sem innihalda VRQ genasamsætu, hefur lækkað í hefðbundnum riðuhjörðum. Aftur á 

móti greindist þessi breyting ekki hjá vísisýnum hjarðanna, né varð breyting á aldri þeirra. Því leggjum 

við fram þá tilgátu að það hefur ekki liðið nógu langur tími til þess að áhrif þessarar aðgerðar séu 

komin fram að fullu. 
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Abstract 

Background: Classical scrapie is a contagious, fatal neurodegenerative disease that affects sheep 

and goats. It has been endemic in Icelandic sheep for about 140 years. The infectious agent is a prion, 

a pathological form (PrP
Sc

) of the cellular prion protein (PrP
C
), which is expressed by the Prnp gene. 

The infectivity of PrP
Sc 

is influenced by Prnp genotypes of the host, as they convey different 

resistance/susceptibility to classical scrapie. This knowledge led many countries to breed sheep with 

the resistant genotype ARR/ARR, but this genotype has never been found in Iceland. In 2005 it 

became mandatory for EU member states to select for resistance in their sheep breeding, under an 

EU regulation. Three years later Iceland, a non-member state, had removed all rams carrying a VRQ 

allele, which is most susceptible to classical scrapie, from the country’s breeding stations. 

Aims: This study assessed the effect of removing VRQ-allele-carrying rams from Icelandic sheep 

breeding stations on the distribution of Prnp genotypes in classical scrapie flocks and their clinical 

suspect index samples, as well as the age of the index samples. 

Materials and methods: The above-mentioned assessment was performed by comparing 

classical scrapie flocks, as well as their clinical suspect index samples, from the years 2010-2019 

(experimental group, n = 1450 and 10, respectively) to 1998-2007 (control group, n = 1081 and 32, 

respectively). The process for genotyping samples was DNA isolation, PCR, RFLP and 

electrophoresis. The age of the index cases was obtained from their ear tags. When comparing the 

distribution of Prnp genotypes between the groups, for both the flocks and the index samples, a Chi 

square test was used, and a Mann-Whitney test was used for age comparison. 

Results: A significant difference was detected in the frequency of the corresponding amino acids 

at codons 136 and 154 (p < 0.0001 for both) in the classical scrapie flocks. However, there was no 

difference when comparing codon 136, in the clinical suspect index samples, between the groups (p = 

0.9784), and no polymorphism was found at codon 154. There was no difference in the comparison of 

the age of index samples (p = 0.2808) between the experimental group (median: 36 months; range: 

24-48 months) and the control group (33 months; 12-108 months). 

Conclusion: The results imply that the removal of VRQ-allele-carrying rams from the breeding 

stations has brought about a change in the genetic variance of Prnp, as there has been a decrease in 

the frequency of the risk genotypes that contain VRQ alleles, in classical scrapie flocks. As there was 

no difference in the genetic variance of Prnp or age in the clinical suspect, classical scrapie index 

samples, we hypothesize that not enough time has passed for the full effect of this action to be 

noticeable. 
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1 Introduction 

1.1 Transmissible spongiform encephalopathies 

Transmissible spongiform encephalopathies (TSEs), or prion diseases, are a group of fatal 

neurodegenerative diseases that affect both humans and animals (Table 1) (as cited in Prusiner, 

1991). The name transmissible spongiform encephalopathy (TSE) stems from the appearance of a 

sponge-like brain pathology in the affected creature. The neuropathological changes of TSE are 

microscopic, and they are not exactly the same in all diseases (Summers et al., 1995; Vandevelde et 

al., 2012). The following neuropathological changes have been found in some or all TSEs: neuronal 

vacuolations and loss, astrogliosis and amyloid plaques. Symptoms of TSE, due to the 

neuropathological changes, can vary depending on the disease (Summers et al., 1995). However, all 

the diseases have a long incubation time (Sigurdsson, 1954b). In contrast to the long incubation time, 

after symptoms appear life expectancy decreases drastically and death occurs in a matter of several 

weeks to a few years, depending on the species and prion strain (National Institute of Neurological 

Disorders and Stroke, 2019; Sigurdsson, 1954b). 

Table 1: Known prion diseases (Babelhadj et al., 2018; as reviewed in Imran & Mahmood, 

2011a, 2011b). 

Human prion diseases Animal prion diseases 

Creutzfeldt-Jakob disease 
Bovine spongiform encephalopathy 

(familial, iatrogenic, sporadic, and variant) 

Fatal insomnia (familial and sporadic) Camel prion disease 

Gerstmann-Sträussler-Scheinker syndrome Chronic wasting disease 

Kuru Exotic ungulate spongiform encephalopathy 

Variably protease-sensitive prionopathy Feline spongiform encephalopathy 

 
Scrapie 

 
Transmissible mink encephalopathy 

 
Transmissible spongiform encephalopathy in 

non-human primates 

As mentioned above, TSEs are also called prion diseases. That name derives from the infectious 

agent, a modified, pathological prion protein (PrP
Sc

, where Sc stands for scrapie); prion stands for 

“proteinaceous infectious particles” (Prusiner, 1982). These diseases are caused by accumulation of 

PrP
Sc

 in the central nervous system (CNS), which is generally bilaterally symmetrical (Vandevelde et 

al., 2012). 

It has been demonstrated that TSEs can be transmitted to species other than the host species 

(Cutlip et al., 1994; Hamir et al., 2006; Hamir et al., 2003). For example, variant Creutzfeldt-Jakob 

disease (vCJD) is believed to be transmitted to humans by ingestion of bovine spongiform 

encephalopathy (BSE) infected cattle products, as studies have shown that BSE PrP
Sc

 causes vCJD 

(Bruce et al., 1997; Collinge et al., 1996; Hill et al., 1997). However, there seems to be a species 
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barrier involved when it comes to PrP
Sc

 transmission between species, as the incubation time 

decreases with subsequent passage within a species (as cited in Bruce et al., 1994). 

Since BSE-infected cattle products are thought to infect humans with vCJD, there is a concern that 

products from other TSE-infected food animal species, e.g. sheep, could also transmit PrP
Sc

 to 

humans. Especially if the sheep in question were to be infected with BSE, as scrapie is not believed to 

infect humans (Georgsson et al., 2008b). However, Cassard et al. (2014) reported that scrapie prions 

have a zoonotic potential, yet they do not consider sheep to be a threat for public health. No natural 

occurring sheep BSE cases have been detected, but studies such as Foster and Fraser (1993) have 

demonstrated that BSE can be transmitted to sheep (as cited in van Keulen et al., 2008); it can also 

be transmitted within a flock, both vertically and laterally (Jeffrey et al., 2015). Because of this 

possibility, BSE must be excluded when sheep are tested for scrapie (European Parliament and the 

Council of the European Union, 2001). 

1.2 Prion 

Vertebrates contain the gene Prnp, which expresses the prion protein (PrP
C
, where C stands for 

cellular) (Wopfner et al., 1999). PrP
C
 is a membrane-bound glycoprotein (Prusiner, 1982) that has 

well-conserved structural regions in mammals (Wopfner et al., 1999). It is rich in α-helices, while it has 

a minuscule amount of β-sheets (Pan et al., 1993). Prnp has been shown to be expressed in the CNS, 

lymphatic system and other organs e.g. placenta and lung (National Center for Biotechnology 

Information, 2020a, 2020b), and has been found on peripheral blood mononuclear cells and in 

platelets (Halliday et al., 2005). The role of PrP
C
 is still undetermined, although some theories have 

been presented, e.g. a role in memory and sleep, copper metabolism and maintenance of myelin (as 

reviewed in Wulf et al., 2017). 

The origin of PrP
Sc

 is not known. It was isolated in 1982 (Bolton et al.) and its amino acid sequence 

is identical to PrP
C 

(Stahl et al., 1993), but unlike PrP
C
, PrP

Sc
 contains more β-sheets than α-helices 

(Pan et al., 1993). The protein isolation strengthened the hypothesis that Prusiner (1982) had 

published earlier, i.e. that the scrapie infection agent is a protein. This had been suggested earlier by 

Griffith (1967), and other prior studies supported the hypothesis by demonstrating that methods that 

damage nucleic acid do not affect the scrapie agent, e.g. UV radiation (Alper et al., 1967) and formalin 

(Pattison, 1965). Furthermore, it was demonstrated that proteinase K (PK) does not digest PrP
Sc

 

(Bolton et al., 1982) and it is highly resistant to disinfection and sterilization. Therefore, when working 

with PrP
Sc

, everything that is disposable should be incinerated. For the disinfection of material and 

instruments that are to be re-used, the following is recommended: 1 M sodium hydroxide or 20,000 

ppm sodium hypochlorite (NaClO), and/or autoclave, at the right temperature for the advocated time 

(World Health Organization, 1999).  

As the “protein-only” hypothesis states that there is no nucleic acid in the infection agent, the way 

of replication was deemed to be different from what was known. The replication process is not 

completely understood. Two theoretical models have been put forward. Firstly, the “template-assisted 

conversion” model proposed by Prusiner (1991) describes PrP
Sc

 inducing the transformation of PrP
C
 

into PrP
Sc

 by way of misfolding PrP
C
, where a part of the α-helices are converted into β-sheets (Pan et 

al., 1993). This process leads to a chain reaction of PrP
Sc

 formation and accumulation (Figure 1 A) 
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(Prusiner, 1991). Studies indicate that there could be a cofactor, protein X, that facilitates the 

conversion of PrP
C
 (Kaneko et al., 1997; Telling et al., 1995). However, that protein has not been 

found, and it has been demonstrated that PrP
C
 can be converted by means of a protein misfolding 

cyclic amplification in the absence of other proteins (Wang et al., 2010). Secondly, Jarrett and 

Lansbury (1993) proposed the “nucleated-polymerization” model. This is based on an equilibrium 

between PrP
C
 and PrP

Sc
, where the process of PrP

Sc
 forming a nucleus is slow. The nucleus then in 

turn induces the conversion of PrP
C
, which in turn accumulates onto the nucleus that develops into a 

fibril. This fibril can then break into numerous nuclei, which starts a chain reaction (Figure 1 B). 

 

Figure 1: PrP
Sc

 replication models. A) The template-assisted conversion model: PrP
Sc

 joins 

PrP
C
 in a heterodimer, which leads to the misfolding of PrP

C
. This results in the formation 

of a PrP
Sc

, which in turn causes a chain reaction of PrP
Sc

 formation and accumulation. B) 

The nucleated-polymerization model: PrP
Sc

 nucleus forms very slowly, as PrP
C
 and PrP

Sc
 

are in equilibrium. Once formed, the nucleus causes swift conversion of PrP
C
 to PrP

Sc
, 

which accumulates onto the nucleus, which forms a fibril. The fibril can then break, 

resulting in many nuclei and hence a chain reaction of PrP
Sc

 formation and accumulation 

(adapted from Marín-Moreno et al., 2017) 

1.3 Scrapie 

One of the many TSEs is scrapie, which can affect both sheep and goats. In 1750, the book “Nützliche 

und auf die Erfahrung gegründete Einleitung zu der Land-Wirthschafft” by Johann George Leopoldt 

included a description of scrapie (Figure 2). This is said to be the first published information about 

scrapie (Schneider et al., 2008). The disease was described as contagious and fatal, and its 

symptoms were said to be pruritus, weight loss and weariness (as reviewed in Schneider et al., 2008). 
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Figure 2: First published description of scrapie. The original text can be seen above 

in German, and below it, an English translation (adapted from Schneider et al., 

2008). 

The recorded history of scrapie shows slow progress in understanding the disease. In 1898, 149 

years after the first published description, Besnoit and Morel demonstrated neuropathological changes 

in animals affected by scrapie, and although scrapie had been described as contagious, it was not 

until in 1936 that Cuillé and Chelle succeeded in transmitting scrapie to healthy sheep by using 

infected tissue of the CNS (as reviewed in Brown & Bradley, 1998). After the transmission 

demonstration there were many theories on what the infectious agent was, e.g. slow virus 

(Sigurdsson, 1954b), prion (Prusiner, 1982), virus, parasite and lipid (as reviewed in Schneider et al., 

2008). The prion theory has been regarded as having won, as its author, Stanley B. Prusiner, was 

awarded the Nobel Prize in 1997 “for his discovery of Prions - a new biological principle of infection.” 

(The Nobel Prize, n.d.). 

It was in 1998 that atypical scrapie (Nor98) was discovered in Norway (Benestad et al., 2003). 

Since that discovery, the disease formerly known as scrapie has been called classical scrapie. Thus, 

scrapie will henceforth signify both classical scrapie and Nor98 in this study. 

There are many aspects of classical scrapie that distinguish it from Nor98. The former often 

appears in fairly young sheep, two to five years old (European Food Safety Authority, 2005) and, as 

mentioned before, the symptoms of classical scrapie are pruritus, weight loss and weariness, as well 
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as loss of wool and balance, and ataxia (Konold & Phelan, 2014; Sigurdsson, 1954b). The 

accumulation of PrP
Sc

 is mainly in the medulla oblongata, namely the dorsal motor nucleus of the 

vagus nerve in the obex. There can also, however, be accumulation in the cerebellum, which may be 

to a lesser extent (European Food Safety Authority, 2005). Nor98, in contrast, is mainly diagnosed in 

older sheep (Benestad et al., 2003; European Food Safety Authority, 2005), which may show similar 

symptoms to classical scrapie, or none (as reviewed in Adams, 2018). The accumulation of PrP
Sc

 in 

Nor98 is in the cerebellum, and to a lesser extent in the obex, if any. As there may be no symptoms, 

Nor98 is often discovered when healthy slaughtered animals are screened for scrapie (as reviewed in 

Benestad et al., 2008; European Food Safety Authority, 2005). 

1.3.1 Transmission route 

Classical scrapie has been demonstrated to be transmissive, both vertically (Konold et al., 2013; 

Spiropoulos et al., 2014) and horizontally (Johnson et al., 2006; Konold et al., 2015; Tamgüney et al., 

2012; Terry et al., 2011). The transmission theory of an oral route is that the PrP
Sc

 is ingested and 

then imported into gut-associated lymphoid tissue, e.g. Peyer’s patches, from the digestive system. 

How it travels through the intestinal epithelium is unknown: suggested ways are through microfold 

cells (Heppner et al., 2001), enterocytes (Jeffrey et al., 2006; Kujala et al., 2011), and possibly by the 

sampling of mononuclear phagocytes (MP) (Rescigno et al., 2001). However, a study has shown that 

depletion of microfold cells blocks neuroinvasion of PrP
Sc

 (Donaldson et al., 2012) and there have 

been no reports on whether PrP
Sc

 is sampled by MP through the intestinal epithelium. Regardless of 

how PrP
Sc

 passes the intestinal epithelium, it is transported by MP to the gut-associated lymphoid 

tissue and other secondary lymphoid organs (Raymond et al., 2007), where it replicates and 

accumulates (Andréoletti et al., 2000; Glaysher & Mabbott, 2007). From the secondary lymphoid 

organs, PrP
Sc

 enters the nervous system through sympathetic and parasympathetic nerves, and 

travels to the CNS and starts to accumulate (McBride et al., 2001). This is not the only way PrP
Sc

 can 

enter the CNS, as it has been demonstrated in mice that PrP
Sc

 can cross the blood-brain barrier and 

be taken up by both brain and cerebrospinal fluid (Banks et al., 2004). However, as the route through 

the blood-brain barrier does not affect the incubation time of the disease, it indicates that it does not 

contribute to the initial spread of PrP
Sc

 within the CNS (Keller et al., 2018). 

One of the reasons why Nor98 has not been deemed an infectious disease is because Nor98 PrP
Sc

 

is not normally found in lymph nodes (Benestad et al., 2003; Nentwig et al., 2007), which suggests 

that the PrP
Sc

 does not travel the same route as classical scrapie PrP
Sc

 to the CNS. Furthermore, 

Nor98 cases do not accumulate within flocks as classical scrapie cases do (Fediaevsky et al., 2010). 

Nor98 is therefore thought to be a sporadic neurodegenerative disease (Benestad et al., 2003; 

Fediaevsky et al., 2010). However, some studies indicate that Nor98 can pass between sheep, as this 

has been done experimentally by intracerebral (Simmons et al., 2007) and oral routes (Simmons et al., 

2011). 

1.4 Surveillance and screening for scrapie 

Scrapie surveillance can be either active or passive. The latter requires farmers to know the symptoms 

of scrapie and to report any suspicion of scrapie, i.e. sheep that display scrapie-like symptoms (clinical 
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suspects). Active surveillance, on the other hand, entails testing healthy sheep slaughtered for human 

consumption (healthy slaughter), and sheep that have died of natural causes or disease on a farm, or 

have been killed on a farm for reasons other than human consumption (fallen stock) (European Food 

Safety Authority, 2014). Passive surveillance is thought to underestimate the number of scrapie cases, 

e.g. as demonstrated in the UK by an anonymous survey, only 13% of the participating farmers who 

thought they had scrapie cases, reported them (Hoinville et al., 2000). It is possible that in passive 

surveillance Nor98 cases would go unnoticed, as well as classical scrapie cases, as infected sheep 

that carry a resistant genotype could be slaughtered before they start to show any symptoms. In 

Iceland there is both active and passive surveillance, however, the former started in 1978, while the 

latter has been in place since before 1978 (European Food Safety Authority, 2014).  

Testing for scrapie is usually done post-mortem as the methods used to identify the diseases are 

performed on brain samples. Because PrP
Sc

 accumulates in the medulla oblongata and/or cerebellum, 

these are the brain tissues that are used for testing for scrapie (Animal & Plant Health Agency, 2019). 

The retropharyngeal lymphoid nodes and/or other lymphoid tissue can also be tested (Andréoletti et 

al., 2000; van Keulen et al., 1996).  

Three different methods can be used to test for scrapie: a histopathological examination of brain 

tissue, an enzyme-linked immunosorbent assay (ELISA) and a Western blot (WB) (World Organisation 

for Animal Health, 2019). In 2004 rapid testing started in Iceland using ELISA for screening and WB as 

a confirmation test. Before 2004, samples were screened using histopathological examination 

(European Food Safety Authority, 2014).  

Before ELISA and WB are performed, samples must undergo cell lysis and treatment with PK, 

which removes PrP
C
, to isolate PrP

Sc
, if it is present in the sample, as the antibodies (Abs) used in 

those tests do not distinguish between the two forms of the prion protein (PrP) (World Organisation for 

Animal Health, 2019).  

1.4.1 Histopathological examination 

In a histopathological examination for scrapie, the medulla oblongata and cerebellum are examined for 

neuropathological changes and presence of PrP
Sc

. This is achieved by different staining methods of 

the tissues, i.e. hematoxylin and eosin (H&E) and immunohistochemistry. Before the tissue samples 

can be stained, they need to be fixed (Carson & Cappellano, 2015a) and then embedded in paraffin 

blocks (Carson & Cappellano, 2015e), which allows them to be cut into paper-thin sample slices 

(Carson & Cappellano, 2015c).  

H&E is used to visualize the cell structure, which reveals any neuropathological changes. 

Hematoxylin stains nucleic acids, while eosin stains proteins, which makes the nucleus appear blue 

and the background pink (Carson & Cappellano, 2015d). A classical scrapie sample stained with H&E, 

depending on the progress of the disease, should show neuronal vacuolations in the nervous tissue 

(Figure 3 A).  

Immunohistochemical staining utilizes Abs and enzyme labels, such as horseradish peroxidase, for 

the detection and staining of an analyte such as PrP
Sc

. The area that contains the analyte stains 

brown due to a chemical reaction caused by the enzyme. The sample is often counterstained by 

hematoxylin (Carson & Cappellano, 2015b). In a classical scrapie sample, immunohistochemical 
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staining would show the presentation of PrP
Sc

 by the appearance of brown stains in the medulla 

oblongata (Figure 3 B) and possibly in the cerebellum. 

 

Figure 3: Hematoxylin and eosin, and immunohistochemical staining of a classical scrapie sample. A) 

A medulla oblongata sample stained with hematoxylin and eosin. Arrows point towards neuronal 

vacuolations. The scale bar indicates 100 µm. B) An immunohistochemically stained medulla 

oblongata sample. Brown stains indicate location of PrP
Sc

 deposits. The scale bar indicates 100 µm 

(unpublished figures acquired and adapted from Ólöf Guðrún Sigurðardóttir, May 13, 2020). 

1.4.2 Enzyme-linked immunosorbent assay 

An ELISA is a common tool used for rapid testing. In the case of rapid screening of scrapie, a direct 

sandwich ELISA can be used (Bio-Rad, 2015a, 2015b). This ELISA version uses an antibody (Ab) 

coated well to bind PrP
Sc

, if it is present in a sample. The PrP
Sc

 will then be bound by an enzyme-

labelled Ab and the enzyme will cleave added substrate, leading to a color change of the solution in 

the wells which is discernible to the human eye and can be measured by a spectrophotometer (Figure 

4) (Yolken, 1980). This analysis does not distinguish between PrP
Sc

 of different prion diseases.  

 

Figure 4: Direct sandwich ELISA. A) Antibody (Ab) coated well wall. B) Addition of an analyte, which is 

followed by a washing step to remove everything that did not bind to the Ab. C) Enzyme-labelled Ab 

added to the well and binding to the analyte, followed by a washing step to remove everything that 
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was not bound. D) Substrate added to the well and cleaved by the enzyme, leading to a color change 

(adapted from Rockland Immunochemicals Inc., n.d.). 

1.4.3 Western blot 

WB is a technique whereby proteins are electrophoresed through a polyacrylamide gel and transferred 

onto a nitrocellulose sheet (blot), where they can then be detected by immunological procedures 

(Towbin et al., 1979). It acts as a confirmatory test for scrapie, as well as to differentiate between 

classical scrapie and Nor98 (Bio-Rad, 2018), and to exclude BSE in sheep (Animal & Plant Health 

Agency, 2019). The test can differentiate between the scrapie diseases because of different PrP
Sc

 

band patterns. Classical scrapie contains three bands in its WB profile, while Nor98 has five bands 

(Figure 5) (Arsac et al., 2007). 

 

Figure 5: Western blot (WB) profile of atypical (Nor98) and classical scrapie. A) WB profile of Nor98 

(lane 2) consists of five protein bands that span 11.4 (±0.9) – 30.9 (±0.6) kDa. B) WB profile of 

classical scrapie (lane 3) consists of 3 protein bands that span 19.0 (±0.4) – 27.2 (±0.7) kDa. In lane 1 

of both A) and B) there is a molecular weight standard (adapted from Arsac et al., 2007). 

The WB profile of BSE infected sheep consists of three protein bands, which are of similar size to 

those of classical scrapie (Baron et al., 2000). In order to differentiate between classical scrapie and 

BSE in sheep two identical gels are run simultaneously but using different Abs in the following 

immunological procedure, i.e. one using an Ab that binds nonspecific PrP, while the other uses an Ab 

that binds specifically to the PrP of scrapie and not BSE. This is called a hybrid technique. However, 

there can be some Ab binding to the BSE PrP
Sc

, but in that case it is much reduced (Animal & Plant 

Health Agency, 2019; Stack et al., 2002). Therefore, there should be a difference between classical 

scrapie and BSE in sheep when the results of the immunostained blots are compared.  

1.5 Genetics 

Although classical scrapie is contagious, the Prnp genotype of an affected sheep is considered 

influential in the infectivity of PrP
Sc

. In fact, there are certain residues in the sheep PrP that have been 

associated with the infectivity. These are residues 136 (alanine (A)/valine (V)), 154 (histidine 

(H)/arginine (R)) and 171 (H/R/glutamine (Q)), and it has been shown that Prnp genotypes for the 

corresponding codons have different resistance/susceptibility to classical scrapie (Table 2) (State 

Veterinary Service, 2006). With this information in mind, many countries have used the very low 

susceptibility genotype ARR/ARR for breeding (Dawson et al., 1998).  
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Table 2: Resistance/susceptibility of a genotype to classical 

scrapie according to the National Scrapie Plan for Great Britain 

(adapted from State Veterinary Service, 2006). 

Genotype 

Degree of 

resistance/susceptibility 

to classical scrapie 

ARR/ARR Most resistant 

ARR/AHQ, ARR/ARH, ARR/ARQ Resistant 

AHQ/AHQ, AHQ/ARH, AHQ/ARQ, 

ARH/ARH, ARH/ARQ, ARQ/ARQ 
Little resistance 

ARR/VRQ Susceptible 

AHQ/VRQ, ARH/VRQ, ARQ/VRQ, 

VRQ/VRQ 
Highly susceptible 

The alleles are defined by the amino acids corresponding to codons 

136, 154 and 171, respectively. A = alanine; R = arginine; H = 

histidine; V = valine; Q = glutamine.  

Although genotypes have been classified according to their susceptibility to classical scrapie, 

studies have shown that there are differences between breeds (Hunter, 1997) and countries (Baylis et 

al, 2004).  

In addition to susceptibility to classical scrapie, it has been demonstrated that the genotypes also 

influence the incubation period. Houston et al. (2015) reported that in sheep breeds from the UK and 

New Zealand the incubation period increased as genotypes became more resistant. 

The action of removing susceptible genotypes from sheep flocks and, in turn, producing genetically 

homogeneous flocks has raised concerns. Firstly, that the removal of susceptible genotypes will not 

eradicate classical scrapie but instead increase the incidence of silent cases (European Commission, 

1999), as the incubation period increases with less susceptible genotypes (Houston et al., 2015). 

Hence it is possible that a classical scrapie case could go unnoticed, as an infected sheep could be 

slaughtered before it showed any symptoms. If this is indeed true, then the continuation of active 

surveillance would be of great importance. Secondly, the effect of making flocks genetically 

homogeneous could influence important traits e.g. wool quality, milk production and fertility. However, 

studies have demonstrated that there is no evidence that Prnp genotypes impact production or 

reproduction traits (as reviewed in Sweeney & Hanrahan, 2008). 

1.5.1 Genetic analysis 

Many different methods can be used when genotyping. Among those methods are sequencing, 

quantitative polymerase chain reaction (qPCR), and restriction fragment length polymorphism (RFLP) 

analysis. For all these methods, DNA must be isolated from a sample before they can be applied. 

Sequencing reveals the complete nucleotide sequence of a DNA sample (Sanger et al., 1977), while 
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Figure 6: Icelandic sheep, Ovis brachyura 

borealis Pall (Sauðfjársetur á Ströndum, 2008). 

qPCR and RFLP can report whether a certain nucleotide is present at a specific place in the DNA. 

qPCR uses fluorescent probes which indicate whether the nucleotide is present (Heid et al., 1996), 

while RFLP achieves this by using a restriction enzyme that recognizes a specific nucleotide 

sequence and cuts the DNA at that restriction site. If there has been a base-change within that target 

sequence, the restriction enzyme will not recognize the site and the DNA is not cut. These fragments 

can then be visualized by electrophoresing the sample (as reviewed in Nathans & Smith, 1975). 

1.6 Icelandic sheep 

Originally, sheep were brought to Iceland with the first settlers, who originated from Norway, Ireland, 

and the islands north of Scotland, during the period 874-930 AD (as reviewed in Adalsteinsson, 1981). 

It is believed that along with sheep, they brought the custom of earmarking, which identifies sheep 

belonging to each farm. Today there are two different ways to mark sheep, both mandatory under 

Icelandic regulations. Firstly, lambs are marked with an earmark, a specific mark that is cut in one or 

both ears of the sheep (Hansen, 2016). This marking is mentioned in Grágás (as reviewed in 

Björnsson, 2007), an Icelandic law code believed to have been written in the middle of the 12
th
 century 

(Gunnlaugsson, 2018). Secondly, sheep are marked with an ear tag, which includes a farm number 

and an individual sheep number. The sheep number consists of four digits: the first represents the last 

number of the sheep’s birth year and the other three digits represent the number the animal has within 

its flock (Reglugerð um merkingar búfjár nr. 916/2012). 

In 1948 laws were passed in Iceland that 

banned the import of livestock. This was done 

because importation of livestock had introduced 

many diseases to Iceland. Among the imported 

diseases that affected sheep were sheep scab, 

actinobacillosis, paratuberculosis, maedi-visna and 

scrapie (Gíslason, 1962). All these diseases led to 

the culling of many sheep, e.g. the first time sheep 

scab came to Iceland, all the sheep in the south, 

west and north of Iceland were slaughtered, leaving 

the sheep from the east of Iceland to repopulate the whole sheep population of Iceland (as cited in 

Erfðanefnd landbúnaðarins, 2019). Because of this extreme action, among others, some diseases 

have been eradicated, as well as the imported sheep breeds (as cited in Erfðanefnd landbúnaðarins, 

2019; Sigurdsson, 1954a). Therefore, the Icelandic sheep are considered to consist of one breed, i.e. 

Ovis brachyura borealis Pall (Figure 6) (Thoroddsen, 1919).  

In 1980 there were more than 800,000 sheep in Iceland. Their numbers have drastically declined 

over the years, to 411,563 in 2019 (Figure 7) (Hagstofa Íslands, n.d.). While sheep are culled because 

of classical scrapie, the decrease has largely been intentional, as the policy has been that the 

production of lamb for human consumption should not exceed the demand of the Icelandic buyers’ 

market (Byggðastofnun, 1992). Because of this policy the number of sheep farms has also fallen in 

Iceland, but farmers have over the years been paid compensation for reducing their sheep flock or 
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giving up sheep farming altogether (Byggðastofnun, 1992; "Nýr sauðfjársamningur fer í almenna 

atkvæðagreiðslu meðal bænda", 2000; Reglugerð um stuðning við sauðfjárrækt nr. 1253/2019). 

There are two sheep breeding stations in Iceland, one in the South district and the other in the 

West district. Each station has on average 20-25 rams, from which they sell semen all over the 

country. This is done to maintain diversity within flocks, as well as to breed good sheep qualities, e.g. 

with respect to meat, wool, and fertility (Anton Torfi Bergsson, personal communication, January 29, 

2020).  

 

 

Figure 7: Total number of sheep in Iceland 1980-2019 (Hagstofa Íslands, n.d.). 

1.6.1 Classical scrapie in Iceland 

It was the importation of an Oxford Down ram in 1878, from Denmark, that is believed to have 

introduced scrapie to Iceland. The first cases of scrapie appeared in the Northwest of Iceland; the 

affected sheep were believed to be descendants of the imported ram. Scrapie became endemic in that 

district and it was not until in 1953 that cases were confirmed outside that area (Pálsson, 1979). From 

then on scrapie gradually appeared in all parts of Iceland (Sigurdarson, 1991). However, there are a 

few areas in Iceland that have always remained scrapie-free, e.g. Snæfellsnes, Strandir and Öræfi 

(quarantine areas 3, 5, and 19 respectively, see Figure 9) (Þorgeirsdóttir & Pálsdóttir, 1999b). 

From 1953, scrapie spread throughout Iceland and reached its peak in 1986, when farms in two 

thirds of the country experienced the disease. As a result, the eradication program against scrapie 

was intensified (see chapter 1.7), which resulted in a decrease of scrapie cases (European Food 

Safety Authority, 2014). In the last 15 years classical scrapie cases have ranged from 0-4 cases per 

year (Matvælastofnun, 2019). 

Recrudescence of classical scrapie has been rather frequent in Iceland (Georgsson et al., 2008a; 

Georgsson et al., 2006). During the period 1998-2019, the recrudescence was 40% nationally, 

although only four districts had cases: Northwest, Northeast, East and South (Figure 8) 

(Matvælastofnun, n.d.-a, n.d.-b). Farmers on farms affected by classical scrapie are allowed to restock 

with sheep from scrapie-free areas a few years after their sheep flock has been culled (Sigurdarson, 
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1991). These recrudescent cases indicate that the PrP
Sc

 may persist in the environment of affected 

farms, despite disinfection procedures (Georgsson et al., 2006). 

 

Figure 8: Total classical scrapie cases and recrudescence in Iceland 1998-2019. 

During this period there were 45 classical scrapie cases. No cases occurred in the 

West and Southwest districts, while in the other districts numbers varied. The 

recrudescence ranged from 18% to 67% depending on the district (figure adapted 

from Matvælastofnun, 2020b; data adapted from Matvælastofnun, n.d.-a, n.d.-b). 

1.6.2 Genetics 

After a classical scrapie case has been detected and verified in Iceland, the index sample and its 

flock, or a part of it, are Prnp genotyped. An index sample is a positive scrapie sample that leads to 

the detection of scrapie on a farm. It can be one sample or more, as many sheep can be suspected of 

scrapie at a farm at the same time and tested at the same time.  

Since 1995, when Prnp genotyping started in Iceland, the following amino acids have been 

identified: A and V at codon 136, R and H at codon 154, and Q at codon 171. Additionally, 

polymorphisms were identified at codons 137, 138 and 151, but their relevance is unclear 

(Thorgeirsdottir et al., 1999).  
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The Prnp genotypes of the Icelandic sheep are not very diverse. In fact, when considering codons 

136, 154 and 171, six different genotypes have been found: VRQ/VRQ, VRQ/ARQ, VRQ/AHQ, 

ARQ/ARQ, ARQ/AHQ and AHQ/AHQ (Þorgeirsdóttir & Pálsdóttir, 1999a). The lack of diversity derives 

from the lack of polymorphism at codon 171, which might be explained by the geographical isolation of 

Iceland, the ban on livestock imports and culling over the years in hopes of eradicating diseases, e.g. 

maedi-visna and scrapie. 

Similarly to other countries and their breeds, the Icelandic sheep is most susceptible to classical 

scrapie if it carries the VRQ/VRQ genotype, followed by any genotype containing a VRQ allele. While 

AHQ/AHQ shows little resistance to classical scrapie, ARQ/ARQ is thought to be a neutral genotype, 

neither susceptible nor resistant (Sauðfjársæðingastöðvarnar á Suður- og Vesturlandi, 2019). When 

genotypes were compared between scrapie-affected areas and scrapie-free areas of Iceland, no 

difference in Prnp genotypes was observed (Þorgeirsdóttir & Pálsdóttir, 1999a). This has also been 

demonstrated in New Zealand and Australia (Hunter & Cairns, 1998). 

1.7 Prevention and control of classical scrapie in Iceland 

The first regulation on scrapie was issued in 1957, aiming to stop the spread of the disease. Among its 

provisions were the following: Firstly, farmers were required to notify their municipality if sheep showed 

scrapie symptoms. The sheep would then be examined, and confirmation of the disease would rely 

upon the symptoms, as no tests were available at that time. Secondly, any sheep transfer or trade 

from scrapie-affected farms was banned. Thirdly, a committee on sheep diseases could authorize 

culling on farms with severe scrapie cases (Pálsson, 1978).  

Before 1957, the battle against scrapie benefitted from two measures that were carried out in the 

eradication action against maedi-visna. Firstly, in the late 1930s, in the hope of stopping the spread of 

maedi-visna, Iceland was divided into numerous quarantine areas by fences and natural barriers 

(Figure 9) (Matvælastofnun, 2020a; as cited by Pálsson,1979). This brought a stop to sheep trade 

between districts and thus prevented movement of sheep from the Northwest, where scrapie was 

endemic. Secondly, in 1944-1954 sheep within whole quarantine areas were culled if maedi-visna was 

identified there. Farmers could then later restock with lambs from quarantine areas that were free of 

both maedi-visna and scrapie (Pálsson, 1979). 

The regulation from 1957 was made more stringent in 1978 (Georgsson, 2004), with a ban on 

using fallen stock and slaughter waste (meat and bone meal) in feed from scrapie-affected districts 

and a ban on import of similar feed (Matvælastofnun, 2019). Provisions were once again intensified in 

1986 (Georgsson, 2004; Matvælastofnun, 2019). Currently, when classical scrapie is confirmed the 

whole flock is culled immediately, as well as any sheep that originated from the affected farm or had 

stayed there overnight, at a minimum. Every surface that can be cleaned must be washed and 

disinfected with NaClO and iodine or burned, and then sealed, e.g. with paint. Because of PrP
Sc

 

resistance to inactivation and persistent infectivity, objects that cannot be disinfected must be 

destroyed, e.g. hay must be destroyed, and soil must be replaced. The farms must then remain 

without sheep for two years, after which they can be repopulated with lambs from scrapie-free 

quarantine areas (Matvælastofnun, 2019). A quarantine area, where a classical scrapie case is 
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discovered at a farm, is considered to be infected for 20 years after the diagnosis (Reglugerð um 

útrýmingu á riðuveiki og bætur vegna niðurskurðar nr. 651/2001).  

 

 

Figure 9: Livestock quarantine areas in Iceland over the years. A) 

Quarantine areas in 1990 (Sigurdarson, 1991). B) Quarantine areas in 2020 

(adapted from Matvælastofnun, 2020a). The quarantine areas are separated 

by fences and natural barriers, e.g. rivers. Through the years the quarantine 

areas have been reduced in numbers. This is because areas have merged, 

often due to failed upkeep of the fences.  
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The latest action in prevention of scrapie in Iceland was to remove rams from breeding stations that 

carried a VRQ allele. This action arose from an EU regulation, 2003/100/EC, that stated: 

By 1 January 2004, on the basis of the outcome of the survey provided for in Decision 

2002/1003/EC, each Member State shall introduce a breeding programme to select for resistance 

to TSEs in each of its sheep breeds which are native, or which form a significant population in its 

territory. (European Commission, 2003, article 2) 

This was mandatory for member states from April 1, 2005 (European Commission, 2003). In Iceland, a 

non-member state, a council of specialists in sheep breeding agreed that susceptible genotypes 

should be eradicated, and therefore breeding stations should not hold rams carrying a VRQ allele. 

Hence no new rams carrying a VRQ allele were accepted into the stations in 2004 and thereafter 

(Sauðfjársæðingastöðvarnar á Suður- og Vesturlandi, 2005). However, rams that had been used in 

2003 were still available in the stations (Sauðfjársæðingastöðvarnar á Suður- og Vesturlandi, 2003, 

2004, 2005, 2006, 2007); this was because they carried other qualities that were desirable for sheep 

breeding (Anton Torfi Bergsson, personal communication, January 29, 2020). It was not until 2008 that 

both stations were free of rams carrying a VRQ allele (Figure 10) (Sauðfjársæðingastöðvarnar á 

Suður- og Vesturlandi, 2008).  

Not all farmers buy sperm from the breeding stations, many use their own rams for breeding or 

even borrow rams from neighbors within their quarantine area, if it is scrapie-free (Sigrún Bjarnadóttir, 

personal communication, August 12, 2020). Farmers can have their rams genotyped; but this is not 

mandatory. During the period 2014-2019 the percentage of farms using this service, including farms 

that had rams that the Icelandic Agricultural Advisory Centre had tested, peaked in 2018 at 8.3%. 

Otherwise it ranged from 2.5 to 5.0% (Sigrún Bjarnadóttir, personal communication, June 10, 2020; 

Eyþór Einarsson, personal communication, February 12, 2020). According to Eyþór Einarsson, a 

consultant at the Icelandic Agricultural Advisory Center, very few winter-fed rams are genotyped, 1% 

at most (personal communication, February 12, 2020). 

1.8 Importance of study 

Icelanders have always been hopeful in their battle of eradicating classical scrapie. In 1991, 

Sigurdarson maintained “...we will manage to eradicate scrapie in 10-20 years from now.” 

(Sigurdarson, 1991, p. 242). Although classical scrapie has not been eradicated, cases have 

decreased drastically since the late 1980s (Matvælastofnun, 2019).  

Classical scrapie flocks, or representatives of the flocks, have been genotyped in Iceland since 

1995. However, while Icelandic breeding stations have been VRQ-allele-free since 2008, the effect of 

this measure has not been researched. This study will therefore provide useful information regarding 

how Iceland fares in removing susceptible genotypes to classical scrapie and increasing the frequency 

of less susceptible genotypes. 
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Figure 10: Available genotypes in the Icelandic sheep breeding stations. A depicts the 

southern breeding station, while B depicts the western station. The green line, in both A 

and B, indicates the changeover point from rams carrying a VRQ allele being allowed at 

the breeding stations (2007 and earlier), to their prohibition (2008 and later). Genotypes 

were not expressed in the Hrútaskrá (ram directory) from the southern breeding station in 

1997. Little resistance = AHQ/AHQ, AHQ/ARQ; Neutral = ARQ/ARQ; Susceptible = 

VRQ/VRQ, ARQ/VRQ, AHQ/VRQ; Unknown = rams that did not have a registered 

genotype in the annual ram directory (Sauðfjársæðingastöð Norðurlands, 1998; 

Sauðfjársæðingastöð Suðurlands, 1998; Sauðfjársæðingastöð Vesturlands, 1997; 

Sauðfjársæðingastöðvarnar á Suður- og Vesturlandi, 1999, 2000, 2001, 2002, 2003, 2004, 

2005, 2006, 2007, 2008, 2009, 2010, 2011, 2012, 2013, 2014, 2015, 2016, 2017, 2018, 

2019). 
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2 Aims 

In sheep, susceptibility to classical scrapie and the disease incubation period are in an inverse 

relationship, depending on the Prnp genotype, namely codons 136, 154 and 171. After a regulation 

from the EU concerning a breeding program to select for resistance to TSEs (European Commission, 

2003), Iceland followed suit. Since 2008, there have been no VRQ-allele-carrying rams in the Icelandic 

breeding stations. 

In this study we wanted to assess the effect that removal of VRQ-allele-carrying rams from the 

breeding stations has had on the genetic variance of Prnp. Therefore, we put forward three 

hypotheses. We hypothesized that after rams with a VRQ allele were removed from the breeding 

stations, under an Icelandic policy based on an EU regulation:  

1. The frequency of the risk-associated amino acid, valine, at codon 136, has 

decreased and the frequency of a protection-associated amino acid, histidine, at 

codon 154, has increased in classical scrapie flocks.  

2. The frequency of the risk-associated amino acid, valine, at codon 136 has decreased 

in clinical suspect, classical scrapie index samples.  

3. Clinical suspect, classical scrapie index samples are older when diagnosed. 

In order to test the hypotheses, we compared the frequency of different genotypes at codons 136 

and 154, and the age of samples from the time when rams with VRQ allele were removed from 

Icelandic breeding stations, to samples when rams with VRQ allele were allowed at the stations.  

Codon 171 was not analyzed in this study, as no polymorphism at this codon has been found in 

Iceland. 
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3 Material and methods 

3.1 Samples 

In this study, samples collected from classical scrapie sheep flocks from 1998-2019 were used. The 

sheep were the Icelandic short-tailed breed, Ovis brachyura borealis Pall. They were divided into two 

groups, before and after the point when rams with a VRQ allele were removed from the breeding 

stations. The groups were separated by the period between 2007, that is the last year a breeding 

station had a ram with a VRQ allele, and 2010, the occurrence of the first classical scrapie case where 

the index sample was definitely not an offspring of a ram with a VRQ allele from a breeding station. 

Therefore, each group represents 10 years, allowing for a two-year interval between the groups. The 

group comprising samples from 1998-2007 (control group) consisted mainly of blood samples and 

some brain tissue samples, while the group comprising samples from 2010-2019 (experimental group) 

consisted solely of brain tissue samples. 

3.1.1 Sheep age 

The age of the sheep was determined by the sheep number on the ear tag. As mentioned before, that 

number consists of four digits, of which the first represents the last number of the sheep’s birth year. 

The age of most cases was reported by subtracting the last number of the sheep’s birth year from the 

year the animal had tested positive for classical scrapie. However, in a few cases the recorded age 

was more detailed, as it was expressed as a year and a half. 

3.2 Genetic analysis 

3.2.1 DNA isolation 

Different methods have been used over the years to isolate DNA. In 2004, after ELISA was used for 

rapid scrapie screening, DNA was isolated from the same brain tissue used for the ELISA, using the 

Puregene Core Kit A (Qiagen). Before that time, most DNA isolations were performed on blood 

samples using the Puregene DNA isolation kit (Gentra Systems Inc.). On the rare occasions that DNA 

was isolated from tissue, the same method was used as for blood, starting from the cell lysis solution 

step. If the Puregene method for blood samples did not yield sufficient DNA, a phenol method was 

used. All three methods go through similar steps, with the exception of a PK digestion in the Puregene 

method for blood samples: cell lysis, PK digestion, wash, DNA precipitation and DNA resuspension. 

3.2.1.1 DNA isolation from tissue 

When isolating DNA from brain material, 5-10 mg of an uncontaminated tissue sample was obtained 

and transferred into a sterile 1.5 ml Eppendorf tube, which contained 300 µl of cell lysis solution 

(Qiagen). The sample was then ground with a pellet pestle grinder (Kontes Glass Company). Then it 

was incubated on ice, before and after 1.5 µl PK (20 mg/ml) (Qiagen) was added to the sample. The 

sample was next inverted 20 times before being incubated overnight at 55°C in a Robbins Scientific® 
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1000 hybridization incubator. The next day 1.5 µl Rnase A solution (Qiagen) was added to the sample, 

inverted 25 times, and then incubated at 37°C (Multi-Blok® Heater from Lab-Line) for 15-60 minutes. 

When the sample reached room temperature, 100 µl of protein precipitation solution (Qiagen) was 

added, vortexed (Reax Top from Heidolph) vigorously for 20 seconds, and could be incubated for up 

to 30 minutes on ice. The sample was then centrifuged (Eppendorf centrifuge 5804R) at 15,000 

relative centrifugal force (rcf) for three minutes. If the pellet was not firm, the sample was incubated on 

ice for five minutes and the centrifuge step repeated. After the sample had been centrifuged, the 

supernatant was transferred into another sterile 1.5 ml Eppendorf tube containing 300 µl isopropanol 

(Merck). The sample was then inverted 50 times and centrifuged for two minutes at 15,000 rcf. Next 

the supernatant was discarded, and the open tube inverted on a paper towel to catch residue 

supernatant that had not been discarded. Then 300 µl 70% ethanol (J.T. Baker) was added to the 

sample and it was inverted several times. Next it was centrifuged at 15,000 rcf for two minutes and 

then the ethanol discarded. The tube, with the pellet, was then inverted, open, on a paper towel and 

incubated for 15 minutes at room temperature. After that, 50 µl DNA hydration solution (Qiagen) was 

added to the sample and incubated at room temperature overnight. The sample was then stored at -

20°C until further use. 

3.2.1.2 DNA isolation from blood 

The blood sample was inverted several times and then incubated on ice. Next, 300 µl of blood was 

transferred to a sterile 1.5 ml Eppendorf tube containing 900 µl red blood cell lysis solution (Gentra 

Systems Inc.). The tube was then inverted to mix the sample and incubated at room temperature for 

five minutes, inverted again and incubated again for another five minutes. The sample was then 

centrifuged (Eppendorf centrifuge 5804R) for 20 seconds at the highest speed. The supernatant was 

discarded, leaving 10-20 µl of supernatant along with a pellet of white blood cells. The pellet was then 

vortexed (Reax Top from Heidolph) vigorously and 300 µl cell lysis solution (Gentra Systems Inc.) 

added to the tube. The sample was then pipetted repeatedly to lyse the cells. If the cells were still 

clumped together, the sample could be incubated at 37°C (Multi-Blok® Heater from Lab-Line) or room 

temperature until it was transparent. The remainder of this method is identical to the Puregene tissue 

method, from the addition of Rnase A solution (see chapter 3.2.1.1). 

In the few cases where this method was used on tissue, a small sample was taken from the tissue 

and transferred into a sterile 1.5 ml Eppendorf tube. Then 300 µl cell lysis solution was added to the 

tube and the sample was pipetted repeatedly to lyse the cells. The next step was then the addition of 

Rnase A (see chapter 3.2.1.1). 

3.2.1.3 Phenol method for DNA isolation from blood 

The following procedure is modified from Sambrook et al. (1989). Two ml of 

ethylenediaminetetraacetic acid (EDTA) blood were transferred into a sterile 15 ml polypropylene tube 

and incubated on ice. Then 6 ml lysis buffer (see Table 3) was added to the sample. It was next 

centrifuged (Beckman GS-6R centrifuge) for 10 minutes, at 2,000 rcf and 4°C. The supernatant was 

discarded, and the lysis step repeated with 5 ml, unless there was a possibility that the pellet could be 

lost. Then the following solutions were added to the sample and incubated with rocking overnight at 
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56°C (Robbins Scientific® 1000 hybridization incubator); 3 ml sodium chloride (NaCl)-EDTA-Tris 

(SET) buffer (see Table 3), 0.3 ml 10% sodium dodecyl sulfate (ICN), 50 µl PK (20 mg/ml) (Sigma). 

Next the sample was washed by adding 2 ml phenol (Merck) and 2 ml chloroform:isoamyl alcohol 

(24:1) (Merck) to the sample and it was inverted several times. It was then centrifuged for 10 minutes, 

at 2,000 rcf with low brake and at room temperature. The aqueous phase was transferred to another 

tube with a pipette and the washing step repeated. It was then washed with 4 ml chloroform and the 

aqueous phase collected into another tube. Next 400 µl 4 M NaCl (Merck) and 10 ml ethanol (J.T. 

Baker) were added to the sample and inverted gently until the DNA became visible. It was then 

centrifuged for 20-30 minutes at 3,600 rcf or greater, and 4°C. The supernatant was discarded, and 

the pellet dissolved with 300 µl Tris-EDTA (TE) buffer (see Table 3). The sample was then transferred 

into a sterile 1.5 ml Eppendorf tube and the DNA precipitated by adding 30 µl 4 M NaCl and 750 µl 

ethanol. Next the sample was centrifuged (Eppendorf centrifuge 5430) at the highest speed for 15 

minutes, and the supernatant discarded. The pellet was washed with 70% ethanol and then 

centrifuged for five minutes. The supernatant was discarded, and the tube was then inverted, open, on 

a paper towel and incubated for 15 minutes at room temperature. Next the DNA was resuspended 

with 300 µl TE and incubated overnight at room temperature. It was then stored at -20°C until further 

use. 

Table 3: Recipes for lysis, SET and TE buffers. 

Lysis buffer SET buffer pH 8.0 TE buffer pH 8.0 

0,32 M Sucrose (Sigma) 5 mM EDTA (Sigma) 10 mM Tris (ICN) 

10 mM Tris-HCl, pH 7.5 (Sigma) 50 mM Tris-HCl (Sigma) 1 mM EDTA (Sigma) 

5 mM MgCl2 (Merck) 150 mM NaCl (Honeywell)   

1% Triton-X-100 (Sigma)     

EDTA = ethylenediaminetetraacetic acid; HCl = hydrogen chloride; MgCl2 = magnesium 

chloride; NaCl = sodium chloride; SET = NaCl-EDTA-Tris; TE = Tris-EDTA. 

3.2.2 Polymerase chain reaction 

Polymerase chain reaction (PCR) amplification of Prnp was performed in a 20.1 µl reaction volume, 

using standard PCR tube strips, containing 1.2 µl genomic DNA, 12.8 µl distilled and deionized water 

(ddH2O), 2 µl Thermo pol buffer (10x) (New England BioLabs Inc.), 2 µl deoxynucleoside 

triphosphates (2 mM) (New England BioLabs Inc.), 1 µl primer (20 µM); p8(+) (5’ 

CAGGTTAACGATGGTGAAAAGCCACATAGG 3’) and p143(-) (5’ CTGGGATTCTCTCTGGTACTG 

3’) (TAG Copenhagen A/S) and 0.1 µl Taq polymerase (2U/µl) (New England BioLabs Inc.). 

The amplification reactions were performed in a 2720 Thermal Cycler or a Veriti 96 Well Thermal 

Cycler, both from Applied Biosystems. The reaction consisted of the following steps; one minute at 

95°C, 30 cycles of one minute at 94°C, 1.5 minute at 58°C and 1.5 minute at 72°C, and ending with an 

extension incubation for 7 minutes at 72°C. This reaction results in a 678 base pair product. 
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3.2.3 Restriction fragment length polymorphism analysis 

RFLP analysis of Prnp was performed in a 20 µl reaction volume, using either 500 µl Eppendorf tubes 

or standard PCR tube strips, containing 15 µl Prnp PCR product, 1 µl ddH20, 2 µl 10x BspHI buffer 

(New England BioLabs Inc.), 1 µl pUC19 (1/10) (New England BioLabs Inc.) and 1 µl BspHI (New 

England BioLabs Inc.). The reaction took place in an Economy incubator size 2 (Gallenkamp), where 

the samples were incubated at 37°C overnight. 

BspHI is a restriction enzyme that cuts DNA at 5‘...T↓CATGA...3‘ and, depending on a sample 

genotype, the Prnp PCR product can be cut into fragments of different lengths (Table 4). The plasmid 

in the reaction sample, pUC19, has three sites that BspHI recognizes and cuts. When the fragments 

are visualized, along with a BspHI cut Prnp PCR product, it acts as a control and validates an uncut 

Prnp PCR product as the genotype A/A, R/R instead of a failed RFPL. 

Table 4: All restriction fragment length polymorphism possibilities of a BspHI cut Prnp 

PCR product. 

Genotype DNA fragments (base pairs)  

136 154 678 462 408 270 216 54 

A/A R/R + - - - - - 

A/V R/R + - + + - - 

V/V R/R - - + + - - 

A/A R/H + + - - + - 

A/A H/H - + - - + - 

A/V H/R - + + + + - 

A/V R/H + - + - + + 

V/V R/H - - + + + + 

A/V H/H - + + - + + 

+ = present; - = not present. A = alanine; H = histidine; R = arginine. 

3.2.4 Agarose electrophoresis 

Both the PCR and RFLP products were electrophoresed on agarose gels, to display their DNA band 

pattern. Failed PCR reactions were repeated, while successful reactions were RFLP analyzed and 

genotyped. 

The agarose gels were produced by melting agarose (Sigma) in a 0.5x Tris-Borate-EDTA buffer 

(TBE) (see Table 5 for a stock solution). After the solution cooled down to about 50°C, two drops of 

ethidium bromide (1 µg/ml) (Sigma) were added to it for each 50 ml of solution. It was then poured into 

a gel tray with well combs. When solidified, the gel was placed in a gel box containing 0.5x TBE, and 

the combs removed. Samples, containing restriction stop buffer (10x RSB) (see Table 5), and 2 log 

ladder (New England BioLabs Inc.) were then loaded onto the gel, and it was run using PowerPac 300 

(BioRad Laboratories Inc.). After a run, to visualize the DNA bands, a photo was taken of the gel using 

the InGenius (Syngene) gel documentation system, which was then visualized with the computer 

program GeneSnap (Syngene). 
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Table 5: Recipes for 10x restriction stop buffer and 5x Tris-Borate-EDTA buffer. 

10x Restriction stop buffer 5x Tris-Borate-EDTA buffer 

2.5 ml Glycerol (Merck) 53 g Tris base (ICN) 

0.15 ml 0.5 M EDTA (Titriplex III) pH 8.0 

(Merck) 
27.5 g Boric acid (Merck) 

1.25 ml 1% Bromophenol blue (Sigma) 
20 ml 0.5 M EDTA (Titriplex III) pH 8.0 

(Merck) 

1.1 ml ddH2O Topped up to one liter with ddH2O 

ddH2O = distilled and deionized water; EDTA = ethylenediaminetetraacetic acid 

When electrophoresing Prnp PCR products, a 1% agarose gel was used. Five microliters of a Prnp 

PCR product were mixed with 1.5 µl 10x RSB before being loaded onto a gel, along with 1.5 µl ladder. 

The electrophoresis was run at 60-75 V for 30 minutes. However, when electrophoresing RFLP 

products (20 µl), a 1.5% agarose gel was used and 3 µl of 10x RSB added to a sample, which was 

then loaded onto the gel, along with 2 µl ladder. The electrophoresis was then run at either 70-75 V for 

60-65 minutes or 100 V for 45-50 minutes. 

3.3 Software and Data processing 

The genotype results were filed and organized in Microsoft Excel (Microsoft co.); they were stored in 

two different files, where results for 1998-2004 were in one file and results for 2005-2019 were in 

another. All the results were combined in one Excel file, where they were processed and basic 

calculations such as sample counting, calculation of means and medians, were performed. Other 

statistics were obtained using GraphPad Prism 8.1.1 (GraphPad software Inc.). Statistical analyses 

were performed by using a Chi square test, a non-parametric test, and a two-tailed Mann-Whitney test, 

a non-parametric t-test. The level of significance was set at 0.05 in both tests.  

3.4 Permits 

No permits were needed in order to perform this study. 
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4 Results 

During 1998-2019, 45 classical scrapie cases occurred and index samples totaled 71. However, not all 

those cases led to genotyping of the associated flock, or only a portion of the flock was tested. It was 

determined that flocks would be included in this study if the flock, detected by a clinical suspect, fallen 

stock or healthy slaughter index sample, comprised more than 10 tested sheep and contained the 

index sheep. When testing for index samples, healthy slaughter and fallen stock samples were 

excluded, as they do not show classical scrapie symptoms. Furthermore, cases that were excluded 

from the flock data were used if the index sheep was genotyped. 

After all the exclusions, the control group contained more cases of classical scrapie and more 

index samples than the experimental group. It had, however, fewer flock samples (Table 6). 

Table 6: Distribution of samples and classical scrapie cases. 

Group 
Number of flock samples 

(classical scrapie cases) 

Number of clinical suspect 

index samples (classical 

scrapie cases) 

1998-2007 1081 (24) 32 (22) 

2010-2019 1450 (9) 10 (6) 

Total 2531 (33) 42 (28) 

 

4.1 Distribution of Prnp genotypes in classical scrapie sheep flocks 

The distribution of Prnp genotypes at codons 136 and 154 in classical scrapie flocks was compared, 

separately, between the control group and the experimental group. The experimental group showed a 

difference in Prnp genotype distribution compared to the control group at codon 136 (p < 0.0001) and 

154 (p < 0.0001). It had lower frequencies of the genotypes V/A and V/V at codon 136, and higher 

frequency of the R/H genotype at codon 154 (Table 7).  

Table 7: Frequency of different genotypes at codons 136 and 154 in Prnp in classical scrapie 

sheep flocks. 

Codon Genotype 1998-2007 (%) 2010-2019 (%) Χ
2
 (df) p 

136 

A/A 817 (75.58) 1258 (86.76) 

62.94 (2) <0.0001 V/A 241 (22.29) 189 (13.03) 

V/V 23 (2.13) 3 (0.21) 

      

154 

R/R 976 (90.29) 1228 (84.69) 

36.59 (2) <0.0001 R/H 85 (7.86) 214 (14.76) 

H/H 20 (1.85) 8 (0.55) 
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4.2 Distribution of Prnp genotypes in clinical suspect, classical scrapie 

index samples 

The distribution of Prnp genotypes at codons 136 and 154 in clinical suspect, classical scrapie index 

samples, was compared, separately, between the control group and the experimental group. There 

was no difference in Prnp genotype distribution between the groups at codon 136 (p = 0.9784) and at 

codon 154 there was no polymorphism (Table 8).  

Table 8: Frequency of different genotypes at codons 136 and 154 in Prnp in clinical suspect, 

classical scrapie index samples. 

Codon Genotype 1998-2007 (%) 2010-2019 (%) Χ
2
 (df) p 

136 

A/A 14 (43.750) 4 (40.0) 

0.04375 (2) 0.9784 V/A 15 (46.875) 5 (50.0) 

V/V 3 (9.375) 1 (10.0) 

  
   

    

154 

R/R 32 (100.0) 10 (100.0) 

    R/H 0 (0.0) 0 (0.0) 

H/H 0 (0.0) 0 (0.0) 

 

4.3 Age of clinical suspect, classical scrapie index samples 

The age of clinical suspect, classical scrapie index samples, was compared between the control group 

and the experimental group. The groups had similar medians (33 and 36 months, respectively) and 

means (34 and 36 months, respectively), while the span of the control group was greater than that of 

the experimental group (Table 9). No difference was observed in the age comparison between the 

groups (p = 0.2808) (Figure 11). 

Table 9: Statistics of the clinical suspect, classical scrapie index samples. 

  
1998-2007 

[median, (mean; range)] 

2010-2019  

[median, (mean; range)] 

Age (months) 33 (34; 12-108) 36 (36; 24-48) 
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Figure 11: Distribution of the age of clinical suspect, classical 

scrapie index samples. Median is shown as a red bar. 1998-

2007 = control group; 2010-2019 = experimental group; MW = 

Mann-Whitney test. 
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5 Discussion 

The aim of this study was to determine the effect that removing rams with a VRQ allele from breeding 

stations has had on distribution of Prnp genotypes in both classical scrapie sheep flocks and clinical 

suspect index samples, and the age of clinical suspect, classical scrapie index samples. 

In short, our study shows that the distribution of Prnp genotypes has changed, as the frequency of 

V at codon 136 has decreased and that of the heterozygous R-H genotype at codon 154 has 

increased in classical scrapie sheep flocks. However, this decreased V frequency does not appear in 

clinical suspect, classical scrapie index samples, nor is there any difference in their age. This could be 

because not enough time has passed in order for a change in genotype distribution to affect clinical 

suspect index samples. Furthermore, the absence of age difference could be due to differing 

incubation times between Prnp genotypes, and there is no known analysis that can determine when 

an animal was infected and/or how long scrapie has progressed in an animal. 

5.1 Distribution of Prnp genotypes in classical scrapie sheep flocks 

We found a significant difference in the frequency of genotypes at codons 136 and 154 of Prnp when 

comparing scrapie flocks from 2010-2019 to scrapie flocks from 1998-2007. In codon 136, the 

frequency of valine decreased, in both homozygous and heterozygous genotypes, while in codon 154 

the frequency of arginine-histidine has increased. Together, these results indicate that there has been 

a decrease in the risk allele and an increase of a genotype of little resistance, as was expected.  

Roden et al. (2006) assessed the breeding program prescribed by the EU, i.e. not using VRQ-

allele-carrying rams for breeding, using a mathematical model. Their results suggested that there 

would be a slow decrease in VRQ allele frequency over a 20-year period.  

According to Fjárvís, the databank of the Farmers’ Association of Iceland, roughly 8% of ewes are 

impregnated with sperm from the breeding stations each year. However, these numbers represent 

only 30-40% of Icelandic farmers (Eyþór Einarsson, personal communication, February 12, 2020). 

Despite this low percentage of impregnated ewes, it is thought that up to 60% of winter-fed rams and 

15% of winter-fed ewe lambs are descendants of rams from breeding stations (Erfðanefnd 

landbúnaðarins, 2019), which indicates that the effect of removing rams carrying a VRQ allele from the 

breeding station should result in a lower frequency of VRQ, which our study demonstrates. This is in 

accordance with Nodelijk et al. (2011), who reported that it is important for farms to replace ewes with 

offspring of resistant rams for genetic improvement to take place. 

A decrease in VRQ genotypes, both homozygous and heterozygous, has been reported by other 

countries, e.g. Slovenia, an EU member state. Zabavnik et al. (2018) reported a decrease in the 

frequency of the ARQ/VRQ genotype over a ten-year period, 2006-2015, from 3.5% to 1.8%, while 

VRQ/VRQ was consistently less than 0.5%. However, increased ARR genotypes are more often 

reported than decreased VRQ genotypes. The European Food Safety Authority reported in 2014 that 

the Netherlands and Cyprus, among other countries, had increased the frequency of ARR alleles in 

their sheep population. ARR alleles had risen from 38% and 40%, to 70% and 99% respectively, and 
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the homozygous ARR genotype had risen from 17% and 16%, to 52% and 76% respectively 

(European Food Safety Authority, 2014). 

The increase in the ARQ/AHQ genotype in Icelandic classical scrapie flocks implies that farmers 

are using AHQ-allele-carrying rams more frequently for breeding. However, rams with genotypes of 

little resistance are a minority at the breeding stations, which could suggest that ewes are inseminated 

by ARQ/ARQ carrying rams more often. 

5.2 Distribution of Prnp genotypes in clinical suspect, classical scrapie 

index samples 

We found no difference in the distribution of the genotypes at codons 136 and 154 of Prnp when 

comparing clinical suspect, classical scrapie index samples from 2010-2019 to index samples from 

1998-2007. This was not expected, since we had assumed that these results would correspond to the 

flock results: decreased frequency of the risk allele.  

Initially there had been concerns regarding whether the quantity of index samples was enough to 

show significant difference, as the control group contained 32 samples, while the experimental group 

comprised 10 samples. However, as there was no difference in codon 136 and no polymorphism at 

codon 154, that concern was replaced with another. Has enough time passed for the effect of 

removing VRQ-allele-carrying rams from breeding stations to appear in clinical suspect index 

samples? In regard to replacement rate, Sacchi et al. (2018, p. 11) reported that “In general, a 

moderate rate in males and a high rate in females reduce the time, increase the response to selection, 

…”. Since only 15% of ewe lambs which are descendants of breeding stations rams are winter-fed, the 

replacement rate of ewes in Iceland is 15%. This could suggest that a longer period of time is 

necessary for the effect of removing VRQ rams from breeding stations to present itself in the clinical 

suspect, classical scrapie index samples. Another possibility is a shift in numbers of identified classical 

scrapie cases, from clinical suspects to healthy slaughter because of the change in Prnp genotype in 

classical scrapie herds.  

5.3 Age of clinical suspect, classical scrapie index samples 

We found no difference in age when comparing clinical suspect, classical scrapie index samples from 

2010-2019 to index samples from 1998-2007. Since we had expected a difference in Prnp genotype 

distribution in the index samples, we had expected to see a difference in age also. That is because it 

has been shown that the incubation period increases as genotypes become less susceptible (Houston 

et al., 2015). However, it is possible that age is not a suitable variable to study regarding comparison 

of natural classical scrapie cases, as the sheep do not necessarily become infected at the same age.  

5.4 Strengths and limitations of the study 

The difference in number of scrapie flocks between the groups, 1998-2007 and 2010-2019, is great, 

24 and 9 respectively. Even with this discrepancy, the number of sheep in the two groups is similar. 

That is because during 1998-2007, often only a small part of the flock was sampled. These sheep 



  

39 

were often similar to the index sample of the flock, e.g. in age, resulting in a sampling that was not 

random and could therefore influence the study. We are limited to using these samples, as they are 

the only samples from that time that meet our definition of a classical scrapie flock. 

Another limitation of this study is that there is a possibility that not enough time has passed for the 

full effect of removing rams carrying a VRQ allele from the breeding stations to have emerged.  

Apart from the farm where classical scrapie was detected in 2010, it is not known whether the 

farms used rams from the breeding stations, a neighbor’s or their own, for breeding. While at most 

only 1% of winter-fed rams are genotyped, up to 60% of winter-fed rams are descendants of rams 

from breeding stations. The effect breeding stations have on PRNP genotypes is, therefore, more 

extensive than solely the usage of their rams for breeding. 

5.5 Suggested continuation of the study 

In continuation of this study, ideally more time should pass until this research question is revisited. 

How long that time should be is hard to determine, as more classical scrapie cases would be needed, 

but it cannot be assumed that within a certain number of years enough cases will have taken place, as 

in some years no cases are detected. 

It would be interesting to ask farmers to answer surveys regarding whether they buy semen from 

the breeding stations, use their own rams or a neighbor’s for breeding. In the case of using their own 

rams, they would have to answer whether the rams are genotyped or not. Also, what genotype the 

rams have and whether they are used for breeding elsewhere. This could give a better estimate on 

how large a proportion of farmers use rams with neutral or little resistant genotypes for breeding. 
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6 Conclusion 

There has been a decrease in the frequency of the risk genotypes containing VRQ alleles in classical 

scrapie flocks, after rams carrying a VRQ allele were removed from the Icelandic breeding stations. 

Meanwhile, the frequency of the neutral genotype and ARQ/AHQ has increased. However, no 

difference was identified in clinical suspect, classical scrapie index samples, nor was there any 

difference in age of those cases. 

We conclude that it appears that the action of removing VRQ-allele-carrying rams from the 

breeding stations has had an impact on the genetic variance of classical scrapie flocks. However, as 

this is not apparent in index samples, it is conceivable that not enough time has passed for this action 

to influence these samples. Hence, we suggest that this study should be repeated after some period 

of time. 

Despite the positive results of this research, there is still room to improve on Prnp genetic variance, 

e.g. increase the frequency of AHQ allele in sheep flocks. To achieve that, farmers should be informed 

of the advantage of AHQ alleles against scrapie, advised to genotype their winter-fed rams, and 

replace ewes with offspring of genotyped rams. Finally, the breeding stations should increase their 

number of breeding rams carrying an AHQ allele.  
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