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1 List of articles 
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2 Introduction 

2.1 Prion diseases 
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2.1.1 Pathogenic conversion and species barriers 
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2.1.2 CWD: Chronic wasting disease 
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2.1.2.1 Epidemiology and risk factors 
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2.1.2.2 Livestock prion diseases and CWD – zoonotic potential 
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2.2 PRNP: the prion protein gene 
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2.2.1 PRNP structure in cervids 
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2.2.2 PrPC: the prion protein, the structure in cervids 
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2.2.3 Describing PRNP variation 
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2.3.1.2 White-tailed deer 

0����C�����
�
���� ������ ����������������������%��� ���������%����7���� ���� �����������

��
������5�����	�+�� ������(9������ ��
������5���������%��7�����������
������5���

�
����������	�	������� ����+C\������CG
%�8>��������CG
%�):��+
'��+
8�3-���
�������	�

89'F��-���
�������	�89':��=�����������	�8989�� 1���
����� ��	�89896� ����� $�����'?�����

���
����
� �������
��5567� 3������ ����+��-�� ���4�������� .�� G��
��,������CG
%�)''8� ���

����CG
%�))�� ����CG
%�)?�� ����CG
%�):�� +
'6� ��
� ''� ���� ���
����
� ��� ����
��

C6+85567�3������ ����=��1�����"��0��t��\������CG
%�8>������CG
%�8:������CG
%�)(')��

+
86	�#�������������� ��5567���
�C6+85567�����������<��������%��������������$��
�

��
������
�$����C�����
�
��������������������%������������������7���%�
�3���� ������	�

89'?��-���
�������	�89':��=�����������	�8989��1���
�������	�89896	�

�������������������%����� �������������������������������=0���������
�$����C�����
�


�������5567��������������$��������$���������������C6+85567	�,������������7�������

������%�
�����������C����������������3.������������	�899?������ ������	�899:��-���
�����

��	�89'F������ ������	�89'?��-���
�������	�89':��=�����������	�8989��1���
�������	�89896	�

G����������%���������	�	�CK%85567�3������ ����==,=��===��!�����������+_������C

G
%�)F������CG
%�)>6�3���� ������	�899:��-���
�������	�89'F������ ������	�89'?��-���
��

�����	�89':��1���
�������	�89896���
�556W�3������ �������������_�+���_88?�6�3.�������

�����	�899?�������������	�899:������ ������	�89'?��=�����������	�8989��1���
�������	�89896�

��������� ��������
�3��	�'d6	�����
����������������������� �������$����C�����
�
�����

�

�
'8�&�2�������� ���+
(��������
�7 �=������������	�8989�
')�&�2�������� ���+
)��������
�7 �=������������	�8989�



�

8E�

=0�� ������ ����� � ��%��%��5567M5567� ��
� ���� ���5�������� ��� ������ ����� ���� ����

������� ���������������C����������������3��	�:9d6�3.������������	�899?��-���
�������	�

89'F��1���
�������	�89896��������������
�$����C�����
�
����3��	�F9C>9d6�3�����������	�

899:������ ������	�89'?������ ������	�89'E6	�

4%�
����� ������� ��� 5567M5567� ����������� ���� ���2� ��� =0�� ���������� �������
� ���

����� ���5567MC6+85567�3�����������	�899:6��$��������������2����=0���������������

������������ � ��
���
� ���� ����� ����� ����� ���� ���� ���� ��� ������ ���� ��� � ���

CK%85567�� C6+85567�� BB6J85567� ��
� 556W�� �D����� ���� 5567M556W� 3�������
� ���

E?�M88?�6��������
����5567M5567�3�������
����E?�������� ��6�3���� ������	�89'E6	�

G���������������
�������� ���=��	�	�C6+85567�3-���
�������	�89'F��-���
�������	�89':��

=�����������	�89896���
������� ���!��	�	�CK%85567�3-���
�������	�89':6����������������� �

���������
� $���� �� ��
���
� ��2������
� ��� 7����� �������
� $���� =0��� �� ��������

������������ � ����� ���������
� ��� �������� $���� ����� ���� ����� � 7���
� ��� ����

���7������������������$����������31���
�������	�89896	������%�����#"�����������
����

��5���������������������������8:F+c=�3���EF���6���
�8:?�c+�3�� E?���6���������
�

���7��@��������%�B���������=0���$�������������%�� �����������2��������CK%85567���
�

C6+85567�3���� ������	�899:6	�,���������������7��$�����������������������CK%85567����

C6+85567���
�����
���
�=0�����2������������
�7 ���$����������������������
�������

�����������	�

,��� ��������� ��� CK%85567� ��� C6+85567� ������������ � ����������� $���� �D���
�
�

����7�����������
��3.������������	�89''�����%��������	�89'>6	�,��������7��������
����

�����%��������������� ������������
��� �������� � � �����
����������������������=0��

������3.������������	�899?�����%��������	�89'>��G����������	�89'E6��$����������������

�����
���������%��������
�=0��
�%���������3���%��������	�89'>6	������%����
����

�����
���������
����������#�����+����������$������=0���������
������������� ����

CK%85567��C6+85567���
�BB6J85567�$�����
�������
���������������� �������������������


��������������������� ����� ����5567����������������
������������3���� ������	�89'E6	�

1�� ���� ����� ���
 �� �� �������� ����
� $��� �7���%�
� $���� 556W�� 7��� ����� $��� ����

������������ � �����������	� +����������� ����� 
���� ��
������� CK%85567� ��
� C6+85567� ���

�$��
���
���
���������7���� ����=0��$������2�� �������������
������BB6J85567���
�

556W	�

2.3.1.3 Elk 
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2.5 CWD in Europe, 2016 to 2020* 
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4 Summary of articles 

4.1 Host epidemiology of CWD in a novel geographical 
setting: from demography to PRNP genetics 

4.1.1 Article I: The demographic pattern of infection with chronic 

wasting disease in reindeer at an early epidemic stage 
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4.1.2 Article II: Chronic wasting disease associated with prion protein 

gene (PRNP) variation in Norwegian wild reindeer (Rangifer 

tarandus) 
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4.2 The spatial trends of PRNP variability in a 

geographically novel CWD setting 

4.2.1 Article III: Variation in the prion protein gene (PRNP) sequence 

of wild deer in Great Britain and mainland Europe 
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4.2.2 Article IV: Chronic wasting disease in Norway - a survey of prion 

protein gene variation among cervids 
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5 Material and methodological 

considerations 

5.1 Biological material 
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5.2 Study populations 
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5.3 DNA analysis 

+����#+����� �������#��$��������������$����7���
�����=
�����������������
��������

��5����������������� 	�,������������5������������
�
�':���������������������3��������

16� ��
� ���� ��
���� ��5������ ��� ��������� ����� 3��������� 11C1"6	� ,���� ������� ���
� ���

��������
�%�������������������5��������2��$������ ������5�������	�1���������������

���������������� �����#+��D����������
������������	�1��� ������5���������������������

��2���������
��������������� �����	�,����D�����������
�����������������������������


 �� ��7���� ������� ��� ��7���
� �������� 3��������������� ���� ���6� ��� ��� ��7���
�


�
��D ��������
���3�����%��������������������������6	�- ��������� ������������������

�����D�����������
��������%�����������������������
�7 ���A����
���������7�����������

������
 �� ��7��� ��� ���������	�,����D�������� ���
����� $���������
�7 � ���������A�����

+�����
� -��� ������ )F99D&� �������� +��� A��� 3

1�H�=
b9'EF>(6	� ,��� ���� A���

���%���������������������������� �����
�������
����$�����$������� A�
�7 ���������A�
�

����$���H������������3

1�H�=
b9'(8E96�%�������F	9������������������������� ����

�����������1���
���5������3

1�H�=
b99'?9(6�%�������)	9����������%������������������

���������11C1"	�



�

(>�

5.3.1 DNA fragment analysis: microsatellites 
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5.3.2 DNA sequencing: gene variant calling 
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5.3.2.1 Variant calling: SNV vs SNV complex: the PRNP allele 
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5.4 Statistical analyses 

5.4.1 Hardy-Weinberg equilibrium 
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5.4.2 Genetic relatedness 
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5.4.3 Case-control genetic association 
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5.4.4 Other associations 
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6 General discussion 

6.1 Non-genetic and genetic factors associated with CWD 
in Norwegian cervids 
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6.2 PRNP variation in cervids from Norway 
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6.4 Are less susceptible PRNP alleles the best choice? 
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8 Future perspectives 
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The demographic pattern of infection with chronic wasting disease
in reindeer at an early epidemic stage
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Abstract. Infection patterns linked to age and sex are crucial to predict the population dynamic effects of
diseases in long-lived species. How such demographic patterns of infection arise is often multifactorial,
although the cause is commonly seen as a combination of immune status as well as variation in pathogen
exposure. Prion diseases are particularly interesting, as they do not trigger an adaptive immune response;
hence, differences in pathogen exposure linked to behavior could be the prime determinant of the pattern
of infection. In cervids, the fatal prion disease, chronic wasting disease (CWD), is spreading geographically,
with economic and cultural consequences in affected areas in North America, and all infected individuals
eventually die from disease-associated sequelae if they live long enough. Understanding the causes of the
demographic pattern of infection with CWD is therefore urgent but is limited by the fact that reported data
primarily come from related deer species in North America. The recent (detected 2016) emergence of CWD
among wild alpine reindeer (Rangifer tarandus) in Norway with a different social organization, that is, no
home range behavior and no matrilineal female groups, offers an opportunity to advance our understand-
ing of how behavior influences the infection patterns. Testing of 1081 males and 1278 females detected 19
animals positive for abnormal prion protein in brain and/or lymphatic tissues. No calves and only one
male yearling were infected, with the remaining positives being adults (representing 1.5% of adult males
and 0.5% of adult females). We found a strong sex-biased infection pattern in reindeer (with infection 2.7
times more likely in adult males), which is similar to the results reported in mule deer and white-tailed
deer. The hazard of being detected as positive increased with age in males. There was no close genetic
relatedness among positive animals. The results were consistent with the within-group contact of males
being a possible major route of transmission. We discuss the demographic pattern of infection with CWD
in view of the lack of stable home range behavior and other key behavioral traits of reindeer relevant to
understanding pathogen exposure in general.

Key words: direct contact; disease ecology; environmental reservoirs; pathogen exposure; population dynamics;
prions; social organization; transmission.
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INTRODUCTION

Parasites and pathogens are usually unevenly
distributed among individuals in a population.
Physiological and behavioral differences are
expected to be major drivers of the skewed
appearance of many diseases (Guerra-Silveira
and Abad-Franch 2013). Differential investment
in and development of parts of the immune sys-
tem can create age- and sex-specific patterns of
infection. A common pattern among mammals
is higher infection levels in males compared to
females (Schalk and Forbes 1997, C�ordoba-
Aguilar and Mungu�ıa-Steyer 2013, Metcalf and
Graham 2018) and in the young and senescent
compared to prime-aged individuals (Hayward
et al. 2011, Abolins et al. 2018, Benton et al.
2018). However, there are many exceptions to
these main demographic infection patterns
(Vicente et al. 2007, Smyth and Drea 2016,
Sparks et al. 2018). Differences in behavior and
contact rates affect the likelihood of pathogen
exposure, and such variability differs pre-
dictably between sexes and age classes (Smyth
and Drea 2016, Silk et al. 2018). It is therefore
often difficult to unravel the relative role of
variation in immune defenses and pathogen
exposure in the demographic patterns of disease
infection.

Prion diseases are a particularly interesting
group of diseases in this context, as prions do not
trigger an adaptive immune response (Prusiner
1998). Chronic wasting disease (CWD) is a fatal
neurodegenerative prion disease affecting cer-
vids (Williams and Young 1992). Hence, the
demographic pattern of CWD can shed light on
the role of pathogen exposure as a basis upon
which to understand demographic infection pat-
terns of wildlife diseases in general. Chronic
wasting disease was first observed in captive
mule deer (Odocoileus hemionus) in the late 1960s
in Colorado, USA. Chronic wasting disease has
since spread to 26 states in the United States and
reached three provinces of Canada. All individu-
als infected with CWD eventually die from the
disease if they live long enough. The CWD epi-
demic has come to the point of causing popula-
tion declines in white-tailed deer (Odocoileus
virginianus; Edmunds et al. 2016) and mule deer
(DeVivo et al. 2017) in some well-studied

endemic areas. Understanding its demographic
pattern of infection is crucial to understanding
the population dynamic impact of CWD (Pota-
pov et al. 2012, Samuel and Storm 2016). Further,
the demographic pattern of infection can shed
light on the mode of transmission (Potapov et al.
2013) and hence provide keys to mitigation.
There is a strong age-specific pattern of CWD

infection (Samuel and Storm 2016). Calves are
rarely found infected, and yearlings have less
than half the chance of infection relative to that
of adults (Miller and Conner 2005, Heisey et al.
2010, Samuel and Storm 2016). Chronic wasting
disease has an incubation period of 1.5–2.5 yr in
mule deer (Fox et al. 2006) and 2–5 yr in elk
(Cervus canadensis), depending on the prion pro-
tein gene (PRNP) polymorphism (Moore et al.
2018). The lower infection prevalence in young
animals probably results from the shorter time at
risk of exposure combined with the lag between
the time of prion infection and detection by stan-
dard diagnostic tests (Viljugrein et al. 2019). In
both mule deer (Miller and Conner 2005) and
white-tailed deer (Heisey et al. 2010), the preva-
lence of CWD was 2–3 times higher in males
compared to females. Most likely, the sex effect is
mainly driven by differences in pathogen expo-
sure (Potapov et al. 2015) and, therefore, strongly
depends on the social organization or behavior
of a given species. However, our understanding
of how the sex-specific infection pattern arises is
limited by the fact that the data come from two
closely related species, mule deer and white-
tailed deer, while the most detailed demographic
CWD infection studies of elk do not include
males (Sargeant et al. 2011, Monello et al. 2014).
In 2016, the first natural cases of CWD in rein-

deer (Rangifer tarandus) and in Europe were
reported (Benestad et al. 2016). The different social
organizations of reindeer compared to other cer-
vids offer a unique opportunity to learn more
about the factors causing the demographic infec-
tion pattern of CWD and the general role of patho-
gen exposure. The lack of both matrilineal
grouping and stable home range behavior in rein-
deer can shed light on the possible transmission
routes and infection pattern. The population was
surveyed for CWD during annual hunts in 2016
and 2017 and during population eradication that
finished in April 2018 (Mysterud and Rolandsen
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2018). We herein report the sex and age distribu-
tion of the reindeer positive for the abnormal
prion protein (PrPSc) relative to the demographic
composition of the population, and we estimate
the genetic relatedness of positive individuals rel-
ative to the rest of the population. We test
whether there is a sex bias in infection probability,
as seen in mule deer and white-tailed deer, and
whether infection probability increase with age
among adults. If mother–offspring is the main
route of transmission, we predict many infected
individuals of 1.5–2.5 yr old, a time similar to the
anticipated incubation period, and closer genetic
similarity among the positives than expected
from random in the population. Mule deer and
white-tailed deer form matrilineal groups, result-
ing in higher infection levels among closely related
females. In contrast, reindeer do not form similar
matrilineal groups and relatedness is unlikely to
increase horizontal contact rates required for prion
transmission. We hence predict no stronger genetic
relatedness among positive reindeer females than
for a random sample of the population.

MATERIALS AND METHODS

The study area
The data derive from the Nordfjella wild rein-

deer management area in the counties Sogn &
Fjordane and Buskerud, Norway (between
60°370–61°020N and 07°140–8°590E). The Nordf-
jella area comprises a northern territory (zone 1)
of approximately 2000 km2 and a southern terri-
tory (zone 2) of approximately 1000 km2, parted
mainly due to a road (FV50 Hol-Aurland).
Chronic wasting disease has only been detected
in zone 1. The Nordfjella Mountains have a steep
and rugged terrain. Most of the area is in the
mid- and high-alpine zones above 1500 m a.s.l.,
with peaks extending to 1900 m a.s.l. This moun-
tain range has a harsh and volatile climate due to
the high elevation and it being situated on a cli-
matic divide with a strong coastal influence in
the west (wetter and warmer) and more of an
inland climate in the east (drier and colder). The
tree line is at approximately 800–1000 m a.s.l.
The reindeer are alpine but occasionally use the
surrounding birch (Betula spp.) forest, in particu-
lar during spring and early summer. During
summer, over 60,000 domestic sheep (Ovis aries)
graze in the area (VKM et al. 2018). Red deer

(Cervus elaphus), roe deer (Capreolus capreolus),
and moose (Alces alces) use the surrounding for-
ests and, occasionally, the alpine habitat.

Reindeer data: sampling
In total, 2424 reindeer were tested for CWD in

the Nordfjella reindeer management area, zone
1, in the period of March 2016–May 2018
(Appendix S1: Table S1). We excluded animals
with unknown sex (n = 94) and/or unknown age
class (n = 68) leaving 2365 reindeer (1085 males
and 1280 females) for analysis (Table 1). The data
originate from (1) hunting in 2016 (20 August–30
September), (2) extended hunting in 2017 (10
August–30 October), (3) culling (7 November
2017–1 May 2018) performed by marksmen, and
(4) fallen stock from the index case in March 2016
to the last animal removal in May 2018
(Appendix S1: Table S1). Tissue samples for
CWD testing were brain, as the medulla oblongata,
and lymph nodes, which were mainly retropha-
ryngeal (RLN), but in a few instances, mandibu-
lar lymph nodes or tonsil tissue was used.
Hunters provided reindeer heads to be sampled
by trained veterinarians, or in cases of culling,
sampling was performed by the marksmen. Per-
sonnel sampling the tissues also provided jaws
with teeth for age determination.

Testing for CWD
All brain and lymph node samples were sent to

the Norwegian Veterinary Institute in Oslo for
CWD testing. The primary test was an ELISA
(TeSeE ELISA SAP; Bio-Rad, Hercules, California,
USA) for the detection of PrPSc, hereafter desig-
nated prions. A positive or inconclusive result
was confirmed by Western blot testing (TeSeE
Western Blot, Bio-Rad). The analytical test sensi-
tivity of the ELISA was evaluated by Hibler et al.
(2003) to be 92.5% (81.8–97.9) for the obex (part of
the brainstem) and 98.8% (93.5–99.97) for the
RLN compared to immunohistochemistry of the
same tissues. The analytical tests have close to
perfect specificity (European Food Safety Author-
ity [EFSA] 2005). Due to economic and logistical
constraints, samples of RLN and brain tissue
from the same individual were pooled in primary
testing, slightly lowering the test sensitivity for
RLN. More profound variation in the diagnostic
sensitivity is due to individual variation in the
stage of infection (Viljugrein et al. 2019).
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Determination of the age
The standard procedure for aging reindeer in

population surveillance programs at the Norwe-
gian Institute for Nature Research is to separate
calves and yearlings from older reindeer by tooth
eruption patterns, while counting of cementum
annuli in stained tooth sections is used to age
older reindeer (Hamlin et al. 2000). In cases of
uncertain counts of cementum annuli, a qualita-
tive judgment of the mandible including the den-
tition pattern and wear is also used as a guide to
ascertain the most likely correct age (Solberg et al.
2017). For the hunter harvest, half of the mandible
was available. For the marksmen culling, only the
incisive part was extracted and not the whole
mandible. This may have made the separation of
yearlings from older reindeer less accurate, but
we do not expect any systematic over- or underes-
timation of age. We also note that the index case
was aged based on tooth eruption and wear (as
we did not receive the incisors from this reindeer)
to be above 2.5 yr, probably 3–4 yr old (Benestad
et al. 2016), and was thus concluded as 3 yr old in
Table 1 and in the analysis. Age data were lacking
from individuals found dead or injured
(Appendix S1: Table S1).

Microsatellite marker analysis
Genomic DNAwas isolated from brain samples

from 19 cases and 41 controls using the DNeasy

Blood and Tissue Kit (Qiagen, Oslo, Norway) as
indicated by the manufacturer’s protocol. Samples
were analyzed for 18 microsatellite loci:
NVHRT01, NVHRT03, NVHRT16, NVHRT31,
NVHRT48, NVHRT66, NVHRT73, BM4513,
BM6506, Oheq, DeerC89*, RT 1, RT 7, RT 9, RT 27,
RT 30, OarFCB193, and MAF46 (Appendix S1:
Table S2). The microsatellites were amplified in six-
multiplex PCR using fluorescent-labeled forward
primers (Appendix S1: Table S2). Each PCR con-
tained 1.0 lL of genomic DNA as a template, 1 lL
of dNTPs mix (4 9 2.5 mmol/L, VWR), 3 pmol of
forward and reverse primers, 1.0 lL of Key Buffer
(15 mmol/L MgCl2, VWR), 0.05 lL of Taq DNA
polymerase (5 U/lL, VWR), and purified water to
a 10 lL volume. PCR conditions were set as an ini-
tial denaturation at 95°C for 2 min; then 26 amplifi-
cation cycles at 95°C for 30 s, 55°C for 30 s, and
72°C for 45 s; and finally, extension at 72°C for
10 min. The multiplex PCR products were pooled
into three panels and run individually in a 3500xL
Genetic Analyzer (Applied Biosystems, Schwerte,
Germany). The fragment peaks were scored with
GeneMapper version 5.0 (Applied Biosystems).
GenAlEx 6.5 (Peakall and Smouse 2012) and

Arlequin v3.5 (Excoffier and Lischer 2010) were
used to estimate genetic variation within and
between cases and controls. The related package
in R (Pew et al. 2015) was used to calculate the
pairwise genetic relatedness between individuals

Table 1. An overview of reindeer with known sex and age tested for CWD, by the presence of PrPSc, during the
epidemic outbreak in the Nordfjella reindeer management area, zone 1, in Norway, 2016–18.

Source Sex

Age

Unknown Sum0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Hunt 2016 Males 40 13 16 19 13 15 3 5 3 1 1 21 150
Females 36 20 35 20 15 6 9 8 7 6 4 1 2 1 3 173

Hunt 2017 Males 67 36 73 41 25 25 18 19 9 1 5 2 3 324
Females 45 19 39 35 32 20 11 21 10 5 9 1 4 2 1 1 2 257

Marksmen
2017–18

Males 133 100 68 74 46 20 17 9 9 3 2 71 552
Females 157 122 94 88 67 45 36 28 18 23 6 6 2 2 1 1 143 839

Fallen stock
2016–18

Males 1 1 1 3 1 48 55
Females 3 1 5 9

Sum Males 241 150 157 135 87 61 38 33 21 4 7 3 1 143 1081
Females 238 164 168 144 114 71 56 57 35 34 19 8 8 5 2 2 153 1278

PrPSc positives Males 1 2 3 2 2 1 1 1 13
Females 3 3 6

Notes: In 2016, animals were not marked with zone and there may be included up to 35 hunted animals in 2016 from Nordf-
jella reindeer management area, zone 2. Note that exact age will differ depending on time of harvest. There were excluded 100
animals due to missing information on sex and/or age class, see Appendix S1: Table S1. For 87 of 479 calves (age 0) and 33 of
270 yearlings (age 1), the age class had been determined by the hunter and not been confirmed by official age determination.
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by Lynch and Ritland’s (LR) method (Lynch and
Ritland 1999). We tested whether individuals
within cases and controls were more related than
was randomly expected by permuting individu-
als between groups in 1000 iterations.

Statistical analysis
We used logistic regression to test for age- and

sex-specific patterns of CWD infection in R vs.
3.5.1 (R Development Core Team 2018), using
only data with known sex and age information
(Table 1). Due to the low number of cases and
slow epidemic development of CWD, we pooled
data across years and included only adults
(≥2 yr). We used the Akaike information criterion
(AIC) to compare models.

We also ran a Cox regression (proportional-
hazards regression) to estimate age- and sex-
specific patterns of CWD infection. Cox regression
is the most widely used method for modeling the
relationship of covariates to a survival outcome
(Therneau and Grambsch 2000). An advantage of
the Cox model over ordinary regression models is
that the inference procedures can easily handle
right-censored responses, that is, cases in which
individuals are removed from the study popula-
tion before the event is observed. The coefficients
in a Cox regression relate to hazard—a positive
coefficient indicates a worse prognosis (shorter
time to the event), and a negative coefficient indi-
cates a protective effect of the variable with which
it is associated, which, in our case, is the hazard of
becoming infected. The hazard ratio associated
with a predictor variable (multiplicative change in
risk) is given by the exponent of its coefficient. We
set the starting point of the observation period to
the first month after the index case was reported
(April 2016), as all animals in the population that
were found dead or hunted were tested for PrPSc

after the index case. The index case was therefore
not included in the Cox regression. The study
ended when the whole population was termi-
nated and the last fallen stock from avalanches
was tested (14 May 2018). Through the recruit-
ment of calves, new animals were included in the
study population during the time of study. In the
Cox regression, we only included tested animals
with known ages older than calves (Table 1). The
potential covariates included were sex, age class
(calves vs. yearlings or adults at the start of the
study), and/or age (in years). Age class or age was

included as the value the individual had at the
time of inclusion in the study. In this analysis, we
were assuming a calving date of 15 May for
changing from one age/age class to another
(Reimers 2002). To check for consistency, we
repeated the analysis on the extended data set
including 341 tested animals with known age
classes but missing information on exact age.
When age information was lacking for adults
tested in 2017 or from the marksmen culling in
2017–2018, age classes at the time of inclusion in
the study were imputed based on the category
corresponding to the mean age of adults tested in
2017 or in the marksmen culling in 2017–2018.
Apparent (observed) prevalence is the propor-

tion of animals from a representative sample of
the population that are positive with the diagnos-
tic method used (see Testing for CWD). Infected
cases were modeled according to the hypergeo-
metric distribution to obtain credibility intervals
for the apparent prevalence. Population sizes
were set to the total numbers hunted or found
dead from the start of the hunting season in 2017
to the end of the marksmen culling. For this per-
iod, all adults, except 20–30 males and females,
were registered tested at the Norwegian Veteri-
nary Institute. Animals with unknown age class
were distributed according to the population
proportion of animals with known age classes.
With perfect test specificity, true prevalence
equals apparent prevalence divided by test sensi-
tivity. We used a Bayesian framework to estimate
the true (informed) prevalence from the apparent
prevalence, taking into account the modeled
diagnostic test sensitivity being dependent on
stage of infection (Viljugrein et al. 2019). By sim-
ulating infected individuals of each age class
with a random stage of infection, the modeled
test sensitivity becomes a stochastic distribution
and is dependent on assumed development of
infection, the length of the incubation period (set
as 2 yr), and tissue sampling regime (for details
see Viljugrein et al. 2019). The stochastic distribu-
tion of the test sensitivity was accounted for by
running our model in jags with r-package R2jags.

RESULTS

Demographic infection pattern
A total of 19 animals with PrPSc out of 2359

tested reindeer were detected from 2016 to 2018
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(Table 1; Appendix S1: Table S1). No calves and
only one male yearling were found to be
infected. The Bayesian apparent prevalence was
1.6% (95% credibility interval [CI] 1.4%, 1.8%) in
adult males and 0.5% (95% CI 0.5%, 0.7%) in
adult females in the last period from 10 August
2017 to 1 May 2018. The true prevalence that
accounts for imperfect detectability with the
given test regime was estimated as 1.8% (95% CI
1.5, 2.6) in adult males and 0.6% (95% CI 0.5%,
0.9%) in adult females. There was a strong male
bias among infected reindeer, with 68.4% (13)
being males and 31.6% (6) being females despite
testing more females overall. Infection was
detected among adult males of up to 8 yr of age
(3.0% of males ≥5 yr old infected), whereas there
was no positive among females 5 yr or older
(Table 1). Among adults of known age
(n = 1270), the logistic regression model con-
firmed that males were 2.7 (95% CI 1.0, 7.2) times
more likely to test positive for PrPSc than were
females (Z = 1.96, P = 0.05). The best-fit model
only included sex and had a weight of evidence
superior to the sex+age and age*sex models
(Table 2).

The Cox proportional-hazards model con-
firmed effects of the sex and age categories on
the hazard of being tested positive (Fig. 1A,
Table 3, n = 1583). The hazard rate was

approximately five times higher for males com-
pared to females. The hazard rate of testing
PrPSc-positive was higher for individuals who
were already adults in the spring of 2016 com-
pared to that of individuals maturing into the
adult age class later in the study period. This
may reflect that some adults were infected
already at the onset of the observation period.
The main results were robust upon extending the
analysis to known age class (n = 1879). The
model selection supported the inclusion of an
age category term (Table 2). Models with ages in
years or with an interaction term for sex and age
in years resulted in less parsimonious models

Table 2. Model selection with Akaike's information cri-
terion (AIC) using logistic regression and Cox
regression models to determine the age- and
sex-specific pattern of CWD infection in reindeer
from the Nordfjella reindeer area, zone 1, Norway,
2016–18.

Model parameters AIC ΔAIC

Logistic regression model
Sex 188.85 0
Sex + age cat 190.78 1.93
Sex + age cat +sex:age cat 190.91 2.06

Cox proportional-hazards model
Sex 225.30 7.01
Sex + age cat 218.29 0
Sex + age in years 221.89 3.60
Sex + age in years + sex:age 222.41 4.12
Age in years + (age in years)2 217.69 �0.60

Males only
Age in years 138.81 0
Age cat 141.10 2.29

Note: Age cat is age category (calf, yearling, and adult).

Fig. 1. The hazard of being tested PrPSc-positive of
(A) male and female reindeer and (B) males of increas-
ing ages from the Nordfjella population, zone 1, Nor-
way, based on Cox regression models. The hazard was
(A) higher in males than in females and (B) increased
with age for males.
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(Table 2). A model including age2 was competi-
tive (ΔAIC = �0.60) but was only driven by the
infected young females and did not fit the data
for males. In a model on the male subset of the
population, the hazard of testing PrPSc-positive
over time increased with age (Fig. 1B, Table 3).

Genetic relatedness
The mean number of alleles was 6.4 (SE = 0.40)

among the PrPSc-positive (n = 19) and 7.0
(SE = 0.51) among the PrPSc-negative (n = 41)
reindeer. The mean observed heterozygosity was
0.722 (SE = 0.037) and 0.741 (SE = 0.025) for the
two groups, respectively, while the mean expected
heterozygosity was 0.741 (SE = 0.023) and 0.756
(SE = 0.018). There was no difference in genetic
variation between the samples of positives and
negatives (FST = 0.000, P = 0.65). The variation in
relatedness estimators was similar for the cases
(n = 171, mean = �0.022, SE = 0.007) and controls
(n = 820, mean = �0.018, SE = 0.003). The mean
relatedness within the groups was not higher than
expected for the cases (P < 0.959) or for the con-
trols (P < 0.667). The two positives with the closest
genetic relatedness (0.388) differed in two
microsatellite loci. These loci did not share alleles
and were heterozygous in both animals, which
suggests that these individuals could not have a
parent–offspring relationship.

DISCUSSION

The emergence of CWD in reindeer, which
have a social organization contrasting from that
of mule deer, white-tailed deer, and elk, offers an
opportunity to learn more about how behavioral
differences in pathogen exposure affect infection
patterns. We found a 2.7-time higher infection
rate in adult males compared to adult female

reindeer, which is similar to the results reported
in most mule deer and white-tailed deer popula-
tions (Miller and Conner 2005, Heisey et al. 2010,
Rees et al. 2012, Samuel and Storm 2016). The
current observations were consistent with fre-
quent transmission in male–male groups at this
expected early epidemic stage.

Demographic patterns of infection
Prion diseases, by the absence of an adaptive

immune response, represent a rare case of how
the demographic pattern of infection can arise
from differences in pathogen exposure. For
CWD, absent or low infection prevalence in
calves and markedly lower infection prevalence
in yearlings compared to adults have been docu-
mented for mule deer (Miller and Conner 2005),
white-tailed deer (Heisey et al. 2010, Samuel and
Storm 2016), and elk (Robinson et al. 2012, Mon-
ello et al. 2014, 2017). Our results in reindeer sup-
port this main pattern of prevalence across age
classes. Prions are not detectable in early infection
stages. The pattern of infection across age classes
likely arises due to differences in the prion expo-
sure period since birth and the long incubation
period of the infection before it can be detected.
Prevalence levels often continue to increase mod-
erately with age in the adult stage, in particular,
for males (Samuel and Storm 2016). A decline in
infection among the oldest males was reported in
both white-tailed deer and mule deer in Saskatch-
ewan, Canada (Rees et al. 2012). We found an
increasing hazard of becoming PrPSc infected
with age in adult reindeer males (Fig. 1B).
All six PrPSc-positive females were 3–4 yr of

age; however, females 5 yr and older comprised
41.0% of the adult (≥2 yr) females in the popula-
tion. This clustering of infection in young adult
females may be a random event, as the age and

Table 3. Parameter estimates from the best Cox regression model of the hazard of being tested PrPSc-positive
among reindeer from the Nordfjella reindeer area, zone 1, Norway, 2016–18.

Parameter Coef. SE (coef) exp(coef) Lower 0.95 Upper 0.95 Z P

All
Sex (male vs. female) 1.611 0.535 5.01 1.75 14.3 3.01 0.002
Yearlings vs. calves 1.571 0.871 4.81 0.87 26.5 1.80 0.071
Adults vs. calves 2.185 0.791 8.89 1.89 41.9 2.76 0.006

Males only
Age in years 0.310 0.104 1.36 1.11 1.67 2.98 0.003

Note: The age parameter refers to the age class or age at the start of the study.
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sex interaction was not significant. Nevertheless,
since the infected reindeer females were all 3–
4 yr old, they were not old enough to be mothers
of most PrPSc positives. Any such mother–off-
spring relations were denied by the confirmed
lack of close genetic relatedness among the cases.
We cannot exclude the possibility that older
infected females died before sampling, but the
low relatedness, together with the age distribu-
tion of all positives, suggests that mother–off-
spring contacts were not the main mode of
transmission. Mother–offspring (vertical) trans-
mission of CWD has been experimentally proven
in muntjac (Muntiacus reevesi; Nalls et al. 2013),
but horizontal transmission is regarded as the
main mode of transmission among North Ameri-
can deer under natural conditions (Miller and
Williams 2003). The PrPSc-positive prevalence of
1.5% in males and 0.5% in females indicates an
early epidemic stage, and the demographic pat-
tern of infection is consistent with mainly hori-
zontal transmission of CWD.

Infection pattern and mode of transmission
Understanding transmission routes is critical

for disease management, but establishing this
information for CWD has proven difficult due to
both direct transmission from animal to animal
by contact with saliva, urine, or feces (Mathiason
et al. 2006) and indirect transmission through
environmental contamination (Miller et al. 2004).
Direct contact is assumed as the main transmis-
sion route in the early epidemic stages of CWD
and likely plays a near-constant role following
behavior, throughout an epidemic, while envi-
ronmental contamination becomes more impor-
tant and increases transmission rates in later
epidemic stages (Almberg et al. 2011). Female
reindeer live in much larger groups than do
males during the seasons in which they are sexu-
ally segregated. In the affected Nordfjella rein-
deer population in Norway, female groups were
often in the range of 100–200, while male groups
rarely exceeded 20–40 individuals. Hence, the
broad levels of sociality and group sizes were
poor predictors of the demographic infection pat-
tern, suggesting that environmental contamina-
tion was not the primary mode of transmission,
as expected in an early epidemic stage.

A largely unresolved issue in the CWD litera-
ture is the cause of the approximately 2–3 times

higher infection prevalence in adult males than
in females. This pattern was reported for white-
tailed deer in Wisconsin (Heisey et al. 2010, Jen-
nelle et al. 2014, Samuel and Storm 2016) and Illi-
nois (Samuel and Storm 2016), for mule deer in
Colorado (Miller and Conner 2005, Miller et al.
2008, Wolfe et al. 2018) and Wyoming (DeVivo
et al. 2017), and for mule deer and white-tailed
deer pooled in Saskatchewan, Canada (Rees
et al. 2012). Female white-tailed and mule deer
form matrilineal groups with stable home
ranges, with minimum overlap with other matri-
lineal groups. There was a higher prevalence of
CWD among genetically related females in the
matrilineal social groups of both white-tailed
deer (Grear et al. 2010) and mule deer (Culling-
ham et al. 2011) compared to unrelated females.
The higher prevalence in adult males could be
explained by males visiting many groups of
females, increasing the overall likelihood of visit-
ing an infected group (Grear et al. 2010). Rein-
deer are an interesting contrast, as they do not
form matrilineal groups, nor do they use stable
home ranges. Rather, their space use is character-
ized as being nomadic in large groups of related
and nonrelated individuals. Hence, the strong
sex bias in infection that also occurred in reindeer
with this different spatial organization suggests
that direct contact rates may be sufficiently fre-
quent to yield a sex bias in CWD infection. The
strongest associations in mule deer were among
males pre-rut and between males and females
during rut (Mej�ıa-Salazar et al. 2017). Direct con-
tact in the form required for pathogen transfer is
most likely during male–male combat and
female–male courtship (Potapov et al. 2013).
Interestingly, though the data published to

date are limited, there appeared to be no sex bias
in CWD infection in elk (Sargeant et al. 2011,
Monello et al. 2014). The reasons for this are
uncertain; however, one possible explanation is
that environmental transmission may play a
more important role in locations where sexual
segregation is rather low and densities are high,
such as winter ranges where elk may rut and
spend the majority of the year (R. Monello, per-
sonal communication). Another main exception
was white-tailed deer in Wyoming, with 28% of
males and 42% of females being positive for
CWD (Edmunds et al. 2016), suggestive that
more environmental transmission in late
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epidemic stages may erode the sex-specific infec-
tion in some areas.

Implications of the demographic infection pattern
Male-biased infections have several important

implications. In polygynous species, males are
not limiting for population growth unless sex
ratios become extremely skewed (Mysterud et al.
2002). Any causes of mortality affecting adult
females, however, are likely to have a strong
impact on population growth (Gaillard et al.
1998). Therefore, the demographic patterns of
parasites and disease may influence their impact
on population dynamics (Miller et al. 2007). For
CWD, the dynamic impact will be most strongly
linked to the lowered survival of adult females.
Infected females reproduce at close to normal
rates until the late disease stages (Dulberger
et al. 2010, Blanchong et al. 2012); hence, the
effect of CWD on reproduction is expected to
have a weaker impact on population dynamics.
On the downside, males have a wider space use,
and the male-biased infection may increase the
chances of geographic spread. The harvesting of
males can lead to more stable population dynam-
ics under the threat of CWD (Jennelle et al.
2014), increase disease detection, and limit the
risk of geographic spread (Lang and Blanchong
2012). This insight can guide the harvest manage-
ment of adjacent populations with uncertain dis-
ease status in Norway and elsewhere.
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ABSTRACT
The emergence of CWD in Europe in 2016 and the first natural infection in wild reindeer warranted
disease management. This led to the testing of 2424 hunted or culled reindeer during 2016–2018, from
the infected subpopulation in the Nordfjella mountain range in Southern Norway. To identify any
association between PRNP variation and CWD susceptibility, we characterized the open reading frame of
the PRNP gene in 19 CWD positive reindeer and in 101 age category- and sex-matched CWD negative
controls. Seven variant positions were identified: 6 single nucleotide variants (SNVs) and a 24 base pair
(bp) deletion located between nucleotide position 238 and 272, encoding four instead of five octapep-
tide repeats. With a single exception, all variant positions but one were predicted to be non-
synonymous. The synonymous SNV and the deletion are novel in reindeer. Various combinations of
the non-synonymous variant positions resulted in the identification of five PRNP alleles (A-E) that
structured into 14 genotypes. We identified an increased CWD risk in reindeer carrying two copies of
the most common allele, A, coding for serine in position 225 (Ser225) and in those carrying allele
A together with the 24 bp deletion.
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Introduction

Chronic wasting disease (CWD) is a transmissible
spongiform encephalopathy (TSE) affecting ruminants
of the Cervidae family [1], like Creutzfeldt-Jakob dis-
ease (CJD) in humans, bovine spongiform encephalo-
pathy (BSE) in cattle, and scrapie in small ruminants.
CWD expanded its geographic distribution and possi-
bly its prion strain diversity with the emergence in
Eurasian reindeer (Rangifer tarandus) [2] and moose
[3] in Norway in 2016. Previously, this disease had been
confined to North America and the Republic of Korea,
reported for the first time in Colorado, USA in 1967.
Among affected wild cervids in North America are
mule deer (Odocoileus hemionus), white-tailed deer
(Odocoileus virginianus), elk (Cervus elaphus nelsoni)
and moose (Alces alces) [1]. Intriguingly, CWD has
been identified in North American Rangifer only
recently and in a captive reindeer [4], despite the
potential overlap in cervid habitats. There is a single
report of CWD detection in wild-red deer (Cervus
elaphus) in Europe [5], even though former reports in
captive herds [6,7].

CWD is caused by the conversion of the host-
encoded cellular prion protein (PrPC) into an abnormal
isoform (PrPSc, also called prions) [8–10] of which
accumulation eventually causes fatal neurodegenera-
tion. Natural transmission and horizontal spread of
prions occur in classical scrapie in sheep and CWD.
Prions shed to the environment remain infectious for
considerable periods [11–13].

Variation in PRNP (the gene encoding PrPC), parti-
cularly within the open reading frame (ORF), is asso-
ciated with the occurrence of prion disease and may
affect prion strain characteristics [14]. Disease suscept-
ibility and progression linked to PRNP variation has
been reported in elk [15,16], mule deer [17] and white-
tailed deer [18,19]. As reported [20–22] 20 known
amino acid variant positions within the ORF of PRNP
are known in cervids including elk, red deer, sika deer
(Cervus nippon), fallow deer (Dama dama), white-tailed
deer, mule deer, moose, Chinese water deer
(Hydropotes inermis) and caribou (Rangifer tarandus).

Experiments have shown that reindeer can contract
CWD after either inoculation with PrPSc from white-
tailed deer or elk, or by co-housing with infected
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reindeer. In addition, these experiments demonstrated
that PRNP genotype probably affects disease suscept-
ibility and progression [23,24].

The cases of CWD discussed here represent the first
known naturally PrPSc infected reindeer; and all were
detected in the Nordfjella mountain area, which is 1 of
23 wild reindeer management areas in Norway (Figure 1).
Human infrastructures and reindeer migratory patterns
divide Nordfjella into two zones (1 and 2), and the out-
break was limited to zone 1. As a result of the health,
economic and biodiversity concerns related to possible
spread of CWD from this area [25], the Norwegian gov-
ernment initiated measures to eradicate or at least halt

further dispersion of the disease [26], i.e. eradication of
the entire subpopulation of reindeer in Nordfjella zone 1
between 2016 and 2018 [27].

We here characterize the coding region of PRNP in
120 reindeer, including all 19 CWD cases and 101
controls matched for sex and age categories. The mate-
rial was analysed for any association between genetic
variation and the occurrence of PrPSc. This is the first
report of PRNP genetic modulation of CWD risk
within a reindeer population experiencing an outbreak
of the disease. Data presented herein, will be relevant
for disease management and allow crude estimation of
disease susceptibility at a population-level.

Figure 1. Localization of Nordfjella zones 1, 2 and other wild reindeer management areas in Southern Norway. All cases were
detected in zone 1 and sampled in 2016–2018.
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Results

PRNP variation in the study population

Sequencing of the ORF of PRNP (771 bp) revealed seven
variant positions: six single nucleotide variants (SNVs)
at positions 4, 6, 385, 505, 526 and 674; and a 24 bp
deletion. With the exception of a synonymous substitu-
tion at position 6, all variant positions encoded amino
acid changes. All variant positions were in Hardy–
Weinberg Equilibrium (HWE) (P-value = 0.603–1.000).
The deletion (249_272del) was located between nucleo-
tide positions 238 and 272 and involved an octapeptide
repeat element. Carriers of this deletion tested negative
(no PCR product) for the presence of the PRNP pseudo-
gene (PRNPψ), confirming the presence of the deletion
within the functional PRNP. The SNV at position 6 and
the 24 bp deletion have not been previously reported,
other alleles were identical to published Rangifer taran-
dus sequences [21,28]. The sequence data were sub-
mitted to GenBank under the following accession
numbers: MN784959 (Rangifer tarandus tarandus with
6G>A); MN784960 (Rangifer tarandus tarandus with
6G>A; 674C>A); MN784961 (Rangifer tarandus taran-
dus with 4G>A; 6G>A; 385G>A; 505G>A); MN784958
(Rangifer tarandus tarandus with 249_272del).

The non-synonymous variant sites served as markers to
infer PRNP alleles encoding unique PrP in the study popu-
lation. Pairwise analysis of linkage disequilibrium (LD)
between 4G>A, 385G>A and 505G>A (D’ = 0.999; r2 =
0.999; P-value = <0.0001, Supplementary Figure 1), indi-
cated that these positions are genetically linked. LDanalyses
for SNV at 674 with all other markers gave significantly
high D’ and low r2 values suggesting that all are linked to
674C. The PRNP alleles (Table 1) were named according to
amino acid substitution and codon number relative to
reference sequence AAZ81474.1, i.e. allele A (Ser225),
B (Tyr225), C (deletion), D (Asp176) and E (Met2.Ser129.
Met169). Alleles A (Ser225) and B (Tyr225) represented the
most common alleleswithin the study population (Table 1).

The five PRNP alleles (A-E) combined into 14 dif-
ferent genotypes of which A/B (27.5%) and A/A
(20.8%) were the most common. Animals homozygous
for allele C (deletion) were not observed. Other PRNP
genotypes were observed at frequencies equal to or
below 10%. Detailed descriptions of the variant posi-
tions and alleles are given in Supplementary Table 1
and Supplementary Table 2.

Cloning and sequencing of the PRNP coding
sequence of three heterozygous animals with genotypes
A/C and A/E confirmed the identity of the allele
sequences separately.

Expression and Western blot of reindeer PrP

Human neuroblastoma (SH-SY5Y) cells expressing
reindeer PRNP allele C (deletion; rePrPdel) and allele
A (Ser225; rePrPwt) produced similar amounts of PrPC

with a similar glycosylation pattern (Figure 2), indicat-
ing that PrPC trafficking and post-translational modifi-
cation with the attachment of N-glycans appears
unaffected by the 24 bp deletion.

PRNP variation in cases and control-groups

The genotype frequencies within the controls were in
HWE (P-value = 1.000). Only four genotypes were
identified among cases, whereas all 14 were represented
in the controls (Figure 3). Alleles A (Ser225),
B (Tyr225) and C (deletion) were identified in both
groups, whereas alleles D (Asp176) and E (Met2.Ser129.
Met169) were only detected in controls (Figure 4).
PRNP allele and genotype frequencies were statistically
different between cases and controls (Fisher’s exact test:
P = 3.59e-05 and 0.01, respectively).

Allele A (Ser225) was the most prevalent in both
groups, with a frequency of 73.7% in cases and 41.1% in
controls. Similarly, allele C (deletion) was also more pre-
valent (13.2%) in infected than in non-infected (4.5%). In

Table 1. PRNP coding sequence alleles and frequencies in Norwegian wild reindeer from Nordfjella zone 1. The allele represents the
DNA arrangement within the PRNP coding sequence, constructed by phasing non-synonymous variant positions identified in the
study population. Variant positions are given at the nucleotide and protein level. Listed positions are characteristic nucleotides and
codons for each PRNP allele, otherwise identical to reference sequence DQ154293.1 (nucleotide) and AAZ81474.1 (protein).
Abbreviations: PRNP = prion protein gene; n = number of alleles in the study population.

PRNP open reading frame variant positions

Nucleotide
Protein

4G>A
Val2Met

249_272del
Trp84_Gly91del

385G>A
Gly129Ser

505G>A
Val169Met

526A>G
Asn176Asp

674C>A
Ser225Tyr

Study population
n = 240

Allele nomenclature
A Val Trp84_Gly91 Gly Val Asn Ser 111 (46.3%)
B - - - - - Tyr 73 (30.4%)
C - Trp84_Gly91del - - - - 23 (9.6%)
D - - - - Asp - 19 (7.9%)
E Met - Ser Met - - 14 (5.8%)
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contrast, allele B (Tyr225) was more frequent in controls
(33.7%) compared to cases (13.2%) (Figure 4). Of the
common genotypes, A/A at 52.6% was the most prevalent
among cases, contrasting with 14.9% in controls amongst
which the A/B genotype was the most frequent (28.7%)
(Figure 3).

Of the PRNP genotypes found exclusively in controls
(Figure 3), B/B was the most frequent and served as the
baseline genotype for the regression analysis. Firth
logistic regression analysis suggested an increase in
CWD risk on the shift from B/B to either A/A or A/C
(Supplementary Table 3). Given the significance of
genotypes A/A and A/C as predictors of CWD, we
performed a similar regression analysis to test the effect
of copy number of these alleles and CWD status. The
model revealed that carrying two copies of allele
A (Ser225) and/or allele C (deletion) is a risk factor
for CWD, significantly increasing the odds ratio (O.R.)
(O.R: 42.39; 95% C.I. = 5.12–5534.03) (Table 2).

Discussion

This is the first study to analyse PRNP coding variation
among cases and controls in a population of wild rein-
deer sampled during an outbreak of CWD. Our data
show that of the five alleles detected (A-E), A (Ser225)
and C (deletion) were overrepresented among the cases

and that all affected reindeer carried allele A, allele C or
both. Allele C differs only from allele A in the octapep-
tide deletion. By comparing the expression of alleles
A (rePrPwt) and C (rePrPdel) in transfected cells, we
showed as expected, that loss of a single octarepeat does
not affect translation of PRNP mRNA or further post-
translational protein modification with the attachment
of N-glycans. Both alleles A (Ser225) and C (deletion)
were overrepresented among the cases when compared
to the controls, almost twice and treble, respectively.
Given their overrepresentation in the CWD-affected
reindeer, we combined the two alleles when performing
the Firth logistic regression analysis, which returned
a high odds ratio, indicating an increased CWD risk.

The allele B (Tyr225) carrying the Ser225Tyr sub-
stitution was more frequent among controls compared
to cases. An analogous substitution (Ser225Phe) in wild
mule deer results in a longer CWD incubation time in
heterozygotes [29]. This clinical onset likely relates to
the structural effect Ser225Phe has on PrP, that is
proposed delay of PrPC-to-PrPSc conversion [30],
a feature observed in vitro for Ser225Tyr [31].

Alleles D (Asp176) and E (Met2.Ser129.Met169)
were not detected among cases but constituted 20.8%
of all alleles identified in controls. In sheep, a similar
substitution at codon 176 (Asn176Lys) is considered
protective against classical scrapie challenge [32,33].
Likewise, reindeer carrying a single copy of the allele
E (Met2.Ser129.Met169) did not develop CWD [23]
after oral challenge. In Moore et al., reindeer carrying
allele E had longer survival-times following intracranial
exposure [24]. In the same experiment, a reindeer with
a genotype carrier of E, found dead without showing
clinical signs ~13 months post-intracranial inoculation,
had no histopathological lesions or PrPSc deposition at
post-mortem examination.

The different distribution of the alleles by CWD
status is in accordance with in vivo and in vitro data
comparing the allele A (Ser225) with other reindeer
PRNP alleles. The index case reported by Benestad,
Mitchell [2] was of genotype A/A, i.e. an amino acid
sequence identical to that found in reindeer susceptible
to CWD by oral exposure [23]. Our allele A (Ser225)
corresponds to isolate QGAQ of Haley, Rielinger [31]
in a Real-Time Quaking-Induced Conversion assay. In
that study, the amplification abilities of isolate QGAQ
across alleles QGAQ, 225Y (similar to allele B) and
SSM (similar to allele E) showed that 225Y and SSM
had significant lower amplification rates than QGAQ.
These observations are consistent with a scenario in
which alleles B (Tyr225) and E (Met2.Ser129.Met169)
are less likely to form the initial PrPSc than allele
A (Ser225).

Figure 2. Western blot analysis of PrPC transiently expressed in
human neuroblastoma SH-SY5Y cells. Samples were untreated
(-) or deglycosylated by PNGase-F treated (+) SH-SY5Y cells,
untransfected (SH-SY) and transfected clones with ovine PRNP
(ovPrP), reindeer PRNP with 24 bp deletion (rePrPdel) and wild
type reindeer PRNP (rePrPwt). Deglycosylated bands from
rePrPdel and rePrPwt differ with 1 kDa as expected. The mem-
brane was probed with anti-PrP mab P4.
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Our data support the notion that PRNP genetic
variation modulates CWD susceptibility rather than
conferring complete resistance. This is in agreement
with experimental observations of reindeer-developing
CWD after intracranial inoculation regardless of PRNP
genotype [24].

The 3D structure of the C-terminal globular domain of
PrP is well conserved in phylogenetically distant organ-
isms and consists of three α-helices of which α2-helix (α2)
and α3-helix (α3) are linked by a stabilizing disulphide
bond. Moreover, a short anti-parallel β-sheet (β1 and β2
strands) is present, with a loop-structure connecting β2
and the α2 [34]. Interestingly, the structure of the β2-α2
loop, encompassing residues 165–175 (codons 168–178 in
reindeer PRNP), has been shown to be important for
interspecies transmission of prion disease in mice models
[35] and the rigidity of the β2-α2 loop, common to cervids
[36], at least partly explains the efficient transmission of
CWD between cervid species [37]. Recent data suggest
that long-range stabilizing interactions between the β2-α2
loop and α3 affect prion propagation [38,39]. For
instance, 3D simulations have shown that Ser225Phe,

results in a rearrangement allowing a stabilizing hydrogen
bond to be established between the β2-α2 loop and α3 that
could explain the reduced susceptibility associated with
this substitution [30]. A similar effect could be caused by
Ser225Tyr in reindeer allele B (Ser225), which could
explain the rarity of this allele among the CWD cases.

The identity of the alleles was verified by direct DNA
sequencing following cloning and by their occurrence
in homozygous animals. With the exception of the
novel synonymous substitution (6G>A) and the dele-
tion (249_272del), all PRNP alleles were identical to
published Rangifer tarandus sequences [21,28]. These
observations collectively confirm the PRNP allele iden-
tities as described in our study population.

Comparison of our data with former studies in
Rangifer spp. show that Gln226 is found constitutively
within the genus. Different residues at codon 226
appear to influence the selection and propagation of
CWD strains as observed in transgenic [40] and gene-
targeted [39] mice bioassays. Mice Gln226 (GtQ226+/+)
and Glu226 (GtE226+/+) respond differently to chal-
lenge with the same CWD prion inocula, and the

Figure 3. Comparison of PRNP genotype frequencies in cases (n = 19) and controls (n = 101). The relative frequencies between cases
and controls were statistically different (P < 0.05, Fisher’s exact test). The plot background in white indicates genotypes found in
both groups, and in grey, genotypes only found in controls. The B/B genotype was the most frequent genotype exclusive to controls
and selected as the baseline for Firth logistic regression with CWD as an outcome and PRNP genotype as a predictor.
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derived prions appear to have distinct conformational
properties. Hypothetically, this could denote that dis-
eased deer (Gln226) and elk (Glu226) propagate prions
with different strain properties [39]. As appearing in
reindeer, Gln226 could select strains that more likely
resemble properties of CWD prions in diseased deer
(Gln226) rather than in diseased elk (Glu226), which
can be important for the risk of interspecies CWD
transmission. Demographic factors such as dispersal
and population structure impact PRNP variation [41].
While the substitutions Ser138Asn (413G>A)
[23,28,42] and Asn146 = (438C>T) [28,42] are observed
in North American Rangifer, but not in the Nordfjella
population, the constitutive Ser138 and substitutions at

codons 176 and 225 are in accordance with PRNP
variation previously identified in Norwegian reindeer
[21] and absent in North America. The variation pat-
terns in PRNP from Rangifer spp. as described in dif-
ferent geographic locations encourages further study of
their relationship with CWD susceptibility.

The detrimental effects of CWD are progressively
being unveiled in North America [43] which implies
that the establishment of endemic CWD in Europe
could be devastating over time. Further, the culled
Nordfjella subpopulation constituted approximately
10% of the remaining wild European tundra reindeer
population. Efforts to repopulate Nordfjella zone 1,
therefore, have been politically warranted. Any

Figure 4. Comparison of PRNP alleles’ relative frequency by CWD status in wild reindeer from Nordfjella zone 1, Norway. The relative
allele frequencies between CWD cases (n= 19) and controls (n = 101) were statistically different (P < 0.05, Fisher’s exact test). The
plot background in white frames genotypes found in cases and controls and in grey, genotypes only found in controls.

Table 2. Analysis of association between numbers of carried copies of either allele A (Ser225) or allele C (deletion) and CWD risk in
wild reindeer from Nordfjella zone 1. Regression coefficients and associated statistics from Firth logistic regression. Asterisk indicates
a significant value. Abbreviations: S.E. = standard error; C.I. = confidence interval.
Predictor Regression coefficient S.E. 95% C.I. P-value Odds ratio

Constant −4.04 1.452 −8.89 −2.08 <0.001 -
No copies Baseline
Single copy of allele A or C 1.75 1.52 −0.48 6.64 0.144 5.75
Two copies of allele A or C 3.75 1.494 1.63 8.62 <0.001* 42.39
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restocking has to rely on a strategy that is realistic when
it comes to preventing reinfection [25].

The description of PRNP variation in a naturally
infected reindeer population, here presented in associa-
tion with CWD risk, provides insight into the most
susceptible PRNP genotypes. The current knowledge
does not support genetic resistance towards CWD in
cervids. However, knowledge of modulated risk could
act as a management tool in both wild and semi-
domesticated populations.

Materials and methods

Source population

The Nordfjella wild reindeer management area is
located in central Southern Norway (Figure 1). It is
divided into zones 1 and 2, which are approximately
2000 km2 and 1000 km2 respectively. The two areas are
separated primarily by a road, and the presence of
tourist cabins and hiking trails also leads to low con-
nectivity between these subpopulations. The initial
CWD cases recorded in 2016 were confined to zone 1;
thus, the entire subpopulation was culled in a process
completed by April 2018 [44].

During 2016–2018, 2424 reindeer were removed from
Nordfjella zone 1, which represented our source popula-
tion. All culled animals were examined for CWD at the
Norwegian Veterinary Institute (NVI), which is the
national TSE reference laboratory and a World
Organization for Animal Health (OIE) CWD reference
laboratory. The medulla oblongata and retropharyngeal
lymph node tissues were tested as a pooled sample for
initial screening for the presence of PrPSc [45]. Pooled
samples testing ELISA positive (TeSeE ® SAP ELISA, Bio-
Rad) were then re-tested using individual tissues and
further verified by Western blot (TeSeE ® Western, Bio-
Rad). Any reindeer found PrPSc positive in at least one
tissue (brain or lymph node) was classified as a case.
Subsequently, all samples were stored frozen (−20⁰C).

Study population

A matched case–control study was performed to iden-
tify associations between PRNP genotypes and CWD
risk. The study design included a minimum of four
controls (PrPSc negative) per case (PrPSc positive) with
a match on age category and sex. The rationale being
the low prevalence of CWD, and that age and sex could
act as confounding variables in the genetic association
analysis.

For all cases and controls, the sex and the age cate-
gories were based on autopsy (cases) or information
from the hunters (controls). The study population
included all CWD cases with matched controls in the
source population.

We analysed PRNP variation in a total of 120 wild
reindeer: 19 cases and 101 controls. The cases were
sampled between March 2016 and April 2018. The
controls were randomly selected from a selection pool
consisting of stored samples from Nordfjella zone 1
collected between March 2016 and October 2017. The
matching on age category and sex for cases and con-
trols was close to equal (Table 3).

PRNP sequencing

Genomic DNA was extracted from brain tissues with
DNeasy® Blood and Tissue kit (Qiagen, Oslo, Norway).
The ORF of PRNP was amplified using PCR primers
Ce19_F (5ʹ-ATTTTGCAGATAAGTCATC-3ʹ) and
Ce778_R (5ʹ-AGAAGATAATGAAAACAGGAAG-3ʹ)
designed by O’Rourke, Spraker [46]. The PCR reaction
contained 2 μl genomic DNA as template, 2 μl dNTPs
mix (4 x 2.5 mM) (WVR, Radnor, PA, USA), 0.6μl
forward and reverse primers (10 pmol) (Eurofins geno-
mics, Luxembourg, Luxembourg), 2 μl Key Buffer
(15 mM MgCl2) (VWR, Radnor, PA, USA), 0.1 μl Taq
DNA polymerase (5 U/μl) (VWR Radnor, PA, USA) and
purified water to a final reaction volume of 20 μl. The
PCR amplification started with an initial cycle at 95°C
for 2 min, followed by 36 cycles at 95°C for 30 s, 51°C for
30 s and 72°C for 45 s, then a final cycle at 72°C for
10 min.

PCR products were visualized in a 1.5% agarose gel
and purified by illustra™ ExoProStar™ 1-Step (GE
Healthcare, Uppsala, Sweden). The sequencing reaction
was performed using the initial PCR primers and
a BigDye™ Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Foster City, CA, USA) according
to the manufacturer recommendations. Finally,
sequence data for both strands were generated using
a 3500xL Genetic Analyser (Applied Biosystems, Foster
City, CA, USA).

Table 3. Distribution of sex and age category in wild reindeer
from Nordfjella zone 1, Norway by CWD status (cases and
controls) is presented as absolute and relative frequencies.
Young = 15–22 months old < adult.
Sex Age category Cases (n= 19) Controls (n = 101)

Male Young 1 (5.3%) 2 (2.0%)
Adult 12 (63.2%) 68 (67.3%)

Female Young 0 (0.0%) 3 (3.0%)
Adult 6 (31.6%) 28 (27.7%)
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Some samples required an additional PCR sequencing
reaction for optimal visualization of the initial sequence in
the ORF. For this purpose, we used primer set Ce19_F
and Prp-157_R (5ʹ-ACTTCCCTGTCCCGGGTAT-3ʹ, in-
house). A group of samples were additionally tested for
the presence of the PRNP pseudogene (PRNPψ), with
primers 369/224 [46] with visualization of the PCR pro-
duct on a 1.5% agarose gel utilizing PCR parameters as
given above.

Sequences were aligned with SeqScape v3.0 (Applied
Biosystems) and edited in MEGA7 version 7.0.26 [47].
The Human Genome Variation Society nomenclature
guidelines (version 15.11) were used to describe the
sequence variants [48] and the nomenclature was
checked with Mutalyzer 2.0.28 [49]. The description
of PRNP variant positions and alleles is based on refer-
ence sequences DQ154293.1 for nucleotides and
AAZ81474.1 for amino acids. Sequences were treated
as unphased genotypes to infer two alleles per indivi-
dual by a conservative best-fit approach, which consid-
ered the minimum possible number of alleles together
with pairwise Linkage disequilibrium (LD) analysis
between variant positions.

Cloning

PRNP coding sequences were amplified (standard condi-
tions) from the genomic DNA of three heterozygous
animals with PCR primers modified to introduce EcoRI
and NotI restriction sites at the ends of the amplicon
(Ce19m_F: 5ʹ-AGTCGAATTCATTTTGCAGATAAGT
CATC-3ʹ and Ce778m_R: 5ʹ-TGACGCGGCCGCAGA
AGATAATGAAAACAGGAAG-3ʹ). The amplicons
were then cloned into the pCI-neo Mammalian
Expression Vector (Promega, Madison, WI, USA) using
standard cloning techniques. Selected clones were
sequenced as described above to independently confirm
each allele.

Cell culture and transfection

The human neuroblastoma cell line SH-SY5Y (RRID:
CVCL_0019) (Sigma-Aldrich, St. Louis, MO, USA) was
cultured as previously described [50].

Plasmid constructs encoding either allele A (Ser225)
(SH-SY5Y rePrPwt) or allele C (deletion) (SH-SY5Y
rePrPdel) were transiently transfected into the SH-SY5Y
cells using jetPRIME® (Polyplus-transfection® SA, Illkirch,
France) following the manufacturer’s protocol.

Western blot

Cells were lysed with homogenizing buffer (Tris HCl 50
uM, NaCl 150 mM, EDTA 1mM, DOC 0.25%, NP40 1%)

supplemented with cOmplete™ protease inhibitor cocktail
(Roche, Basel, Switzerland). The protein concentration
was determined with the Protein Assay kit I (Bio-Rad,
Hercules, CA, USA). For each sample, 20 μg protein was
deglycosylated with PNGase-F (New England BioLabs
Inc) in accordance with the manufacturer’s guidelines,
and 20 μg protein were analysed untreated. The samples
were denatured using sodium dodecyl sulphate (SDS)
loading buffer (Invitrogen) and Sample Reducing Agent
(Thermo Fisher Scientific) before separation by polyacry-
lamide gel electrophoresis (PAGE) on a 12% Criterion™
XT Bis-Tris gel (Bio-Rad). Proteins were transferred to
a polyvinylidene difluoride (PVDF) membrane (GE
Healthcare, Chicago, IL, USA) and the membrane
blocked with 5% non-fat dried milk in TBS – Tween.
The membrane was then incubated with primary anti-
body (P4 mouse anti PrPC; Ridascreen Biopharm AG,
Darmstadt, Germany) 1:1000, and secondary antibody
(anti-mouse IgG conjugated to alkaline phosphatase;
Invitrogen) 1:1000. Detection with EFC™ substrate (GE
Healthcare) was performed on a Typhoon 9200 imager
(Amersham Biosciences, Sunnyvale, CA, USA).

Statistical analysis

The statistical analyses were executed using R version
3.5.2 [51] and RStudio version 1.1.456 [52] using genet-
ics and logistf packages. Results were plotted using dplyr
and ggplot2 packages.

Categorical variables were summarized into absolute
(counts) and relative (percentages) frequencies for cases
and controls. Contingency tables were analysed by
Fisher’s exact test (or Chi-square test if suitable).
Tests were two-sided and a P-values <0.05 were inter-
preted as significant.

HWE fitness was tested in the control group for
genotypes at each variant position within the PRNP
sequence; a P-value <0.05 was interpreted as
a departure from HWE. Linkage disequilibrium
between variant position pairs was measured by D’
and r2. After interpretation of the PRNP alleles, phased
genotypes of the PRNP sequence were evaluated for
HWE fitness in the controls. PRNP allele and genotype
associations with CWD status were tested by Fisher’s
exact test.

The Firth method reduces small-sample bias in the
logistic model due to the small number of cases. Thus,
Firth logistic regression was used to investigate the rela-
tionship between CWDoutcome and PRNP genotype. The
CWD risk was assessed in terms of the odds ratio, which
resulted from the exponentiation of the regression
coefficients.
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Supplementary table 1. Variant positions in PRNP coding sequence from wild reindeer 

from Nordfjella zone 1. Variant descriptions are in accordance to the HGVS 

nomenclature definition, using the three-letter amino acid symbol. DNA and protein 

level descriptions are reported in comparison to reference sequences DQ154293.1 

(nucleotide) and AAZ81474.1 (protein). Frequency analysis is based on variance at the 

nucleotide level. 

Abbreviations: PRNP= prion protein gene; HGVS = Human Genome Variant Society; 

DNA = deoxyribonucleic acid. 

DNA variation Predicted protein variation Minor Allele Frequency 
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6G>A Val2= 0.02 

249_272del Trp84_Gly91del 0.06 

385G>A Gly129Ser 0.08 

505G>A Val169Met 0.08 

526A>G Asn176Asp 0.10 

674C>A Ser225Tyr 0.30 
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Supplementary table 3. Analysis of association between PRNP genotypes and CWD 

risk in wild reindeer from Nordfjella zone 1 culled between March 2016 and April 

2018. Regression coefficients and associated statistics from Firth logistic regression. 

B/B genotype served as the baseline for being the most frequent genotype restricted to 

the controls. Asterisk indicates a significant value. 

Abbreviations: PRNP = prion protein gene; CWD = chronic wasting disease; S.E. = 

standard error; C.I. = confidence interval. 

Predictor 
Regression 

coefficient 
S.E. 95% CI P-value 

Odds 

ratio 

Constant -3.219 1.501 -8.072 -1.193 0 - 

B/B Baseline      

A/A 2.829 1.555 0.613 7.722 0.008* 16.94 

A/B 1.339 1.587 -1.015 6.253 0.308 3.81 

A/C 3.219 1.659 0.715 8.182 0.009* 25.00 

A/D 0.083 2.128 -5.175 5.342 0.967 1.09 

A/E 0.274 2.143 -4.988 5.537 0.893 1.32 

B/C 2.372 1.856 -0.764 7.449 0.137 10.71 

B/D 0.654 2.183 -4.62 5.929 0.752 1.92 

B/E 0.654 2.183 -4.62 5.929 0.752 1.92 

D/C 2.12 2.754 -3.266 7.543 0.354 8.33 

D/D 1.609 2.419 -3.72 6.952 0.463 5.00 



 

 

Predictor 
Regression 

coefficient 
S.E. 95% CI P-value 

Odds 

ratio 

D/E 2.12 2.754 -3.266 7.543 0.354 8.33 

E/C 2.12 2.754 -3.266 7.543 0.354 8.33 

E/E 2.12 2.754 -3.266 7.543 0.354 8.33 

  



 

 

 

Supplementary figure 1. Pairwise LD analysis between non-synonymous variant 

positions (nucleotide) in PRNP coding sequence. Each frame summarizes LD between 

marker 1 and marker 2 measured by D’, R^2 and P-value (order shown in the lower left 

frame). Color-shading based on P-value where red indicates a high significance. 

Abbreviations: LD = linkage disequilibrium; PRNP = prion protein gene; D’ = scaled 

disequilibrium statistic; R^2 = mean squared correlation coefficient 
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Variation in the prion protein gene 
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and mainland Europe
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Abstract 

Susceptibility to prion diseases is largely determined by the sequence of the prion protein gene (PRNP), which 
encodes the prion protein (PrP). The recent emergence of chronic wasting disease (CWD) in Europe has highlighted 
the need to investigate PRNP gene diversity in European deer species, to better predict their susceptibility to CWD. 
Here we report a large genetic survey of six British deer species, including red (Cervus elaphus), sika (Cervus nippon), 
roe (Capreolus capreolus), fallow (Dama dama), muntjac (Muntiacus reevesii), and Chinese water deer (Hydropotes iner-
mis), which establishes PRNP haplotype and genotype frequencies. Two smaller data sets from red deer in Norway and 
the Czech Republic are also included for comparison. Overall red deer show the most PRNP variation, with non-synon-
ymous/coding polymorphisms at codons 98, 168, 226 and 247, which vary markedly in frequency between different 
regions. Polymorphisms P168S and I247L were only found in Scottish and Czech populations, respectively. T98A was 
found in all populations except Norway and the south of England. Significant regional differences in genotype fre-
quencies were observed within both British and European red deer populations. Other deer species showed less vari-
ation, particularly roe and fallow deer, in which identical PRNP gene sequences were found in all individuals analysed. 
Based on comparison with PRNP sequences of North American cervids affected by CWD and limited experimental 
challenge data, these results suggest that a high proportion of wild deer in Great Britain may be susceptible to CWD.

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creat iveco mmons .org/
publi cdoma in/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Introduction
Chronic wasting disease (CWD) is a prion disease of cer-
vid species that is widespread in North America and has 
recently emerged in Europe. It belongs to a family of dis-
eases termed transmissible spongiform encephalopathies 
(TSEs), which cause progressive and invariably fatal neu-
rodegenerative disorders in humans and animals. CWD 
was first described in the 1960s as a wasting syndrome of 
captive mule deer (Odocoileus hemionus hemionus) and 
black-tailed deer (Odocoileus hemionus columbianus) in 
Colorado wildlife facilities [1]. It has since been identified 

in North America in wapiti (elk, Cervus canadensis) 
white-tailed deer (Odocoileus virginianus), moose (Alces 
alces) and a single captive red deer (Cervus elaphus) 
[2, 3]. It is currently the only animal prion disease rec-
ognised in both captive and wild populations, and effi-
cient transmission has led to spread of the disease across 
North America. At the time of writing, CWD is present 
in at least 25 US states and three Canadian provinces [4], 
as well in South Korea, introduced via importation of 
infected wapiti [5].

Member States of the European Union (EU) and Nor-
way were believed to be free of CWD based on a sur-
vey conducted between 2006 and 2009 on 3274 farmed 
and 10 049 wild deer [6], with the vast majority being 
red deer (10 110). However, the first European case of 
CWD, and the first natural case in a reindeer (Rangifer 
tarandus) was identified in Norway in March 2016 [7]. 
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Subsequent culling of the affected reindeer population 
resulted in detection of another 18 infected animals, 
and increased surveillance in Scandinavia has identified 
further “atypical” cases in three moose and a single red 
deer in separated locations in Norway, and individual 
moose in Finland and Sweden. Although the origins 
of CWD in Scandinavia are uncertain, the wide geo-
graphic distribution of cases raises concern that disease 
may have been present and undetected for some time 
[8–11].

The development of prion diseases is associated with 
misfolding of the prion protein  (PrPC) into a protease-
resistant form  (PrPSc). The sequence of the open read-
ing frame (ORF) of the gene encoding the prion protein 
(PRNP) is strongly associated with susceptibility to prion 
diseases. This association has been exploited in breeding 
programmes such as the National Scrapie Plan in the UK, 
which selectively bred for disease resistant PRNP geno-
types to reduce the incidence of classical scrapie in sheep 
[12, 13]. Cervid PRNP genetics have been widely studied 
in North America, where both natural and experimental 
infection of deer species has allowed for the identifica-
tion of PRNP polymorphisms that are associated with 
reduced incidence of disease and/or slower disease pro-
gression. The first identified was M132L in wapiti, which 
encodes a methionine to leucine change at codon 132. 
Genotype surveys of CWD affected deer populations 
have produced conflicting evidence regarding the asso-
ciation of codon 132 variation with incidence of disease 
[14, 15], but CWD challenges of deer [16, 17] and trans-
genic mice [18] suggest that the 132L variant reduces 
susceptibility to infection. Other important PRNP poly-
morphisms associated with CWD susceptibility include 
S225F in mule deer, [19–22], Q95H, G96S and A116G in 
white-tailed deer [23–28]. Although many of these PRNP 
polymorphisms have been associated with reduced sus-
ceptibility to CWD, none of them appear to confer com-
plete resistance.

Experimental transmissions of CWD provide some evi-
dence of susceptibility in deer species found in Europe. 
CWD has been transmitted orally to red deer [29], rein-
deer [30] and Reeves’ muntjac deer [31, 32]. Fallow deer 
have been infected via intracerebral inoculation [33], but 
failed to become infected when co-grazed with infected 
mule deer [34]. However, due to small sample sizes in all 
these studies, it is difficult to draw associations between 
susceptibility to experimental CWD infection and host 
PRNP genotype. It is also not known if the PRNP geno-
types of the experimental animals used in these North 
American studies are representative of the genetics of 
native wild European deer populations.

The extent of PRNP sequence variation in European 
deer species has not previously been studied in detail, 

and this genetic information will be critically important 
in estimating potential susceptibility of these popula-
tions to emerging CWD and informing risk assessment 
and control/surveillance strategies. Novel PRNP variants 
(not seen in North American cervids) that show evidence 
of association with reduced susceptibility or resistance 
to CWD have the potential to be used in breeding pro-
grammes for captive and farmed deer. The primary aims 
of this study were (i) to perform a comprehensive survey 
of the protein-coding sequence of the PRNP gene in the 
six major free-ranging or wild species of deer found in 
Great Britain (GB) and (ii) to compare the PRNP geno-
type distributions in British and European populations of 
red deer, as red deer are one of the most numerous wild 
species in both GB and mainland Europe, and are also 
an economically important game species due to revenue 
generated via hunting, tourism and venison production 
[35].

Materials and methods
Samples from British deer species
A total of 1003 samples collected from wild deer in GB 
(England, Scotland and Wales) were analysed. Archived 
DNA samples were provided by JP, SPE and SLS for red 
deer, sika deer, and red/sika hybrids, and by KB for roe 
deer. The procedures for sample collection and genomic 
DNA preparation for these archives have been described 
previously [36–38]. Additional samples were collected 
by stalkers in the British Deer Society to give represen-
tation of geographical areas and species not covered by 
the existing archives. These included samples collected 
during routine culling, and samples collected from culled 
deer at a meat processing facility. Samples consisted of 
small sections of ear tips, which were preserved in 20% 
DMSO/saturated NaCl solution during transportation/
storage [39] For each sample, further information includ-
ing the sex, estimated age, and postcode/grid coordinates 
of the location of the animal, were recorded. The distri-
bution of sampling sites for each deer species are shown 
in Figure 1.

In total, samples from 480 red deer were analysed, 
of which 388 were from the archived collection, and 
92 samples were collected by BDS deer stalkers. Sam-
ples from 83 sika deer were analysed, 73 samples were 
archived DNA, and 10 stalker collected samples from 
the South of England. All samples collected by members 
of the BDS were identified by animal phenotype only, 
whereas archived DNA samples of red and sika deer were 
selected both on phenotypical appearance and micro-
satellite genotyping data [38, 40], whereby a Q value of 
Q = 1 indicated a pure red deer, Q = 0 indicated a pure 
sika deer. Nine sika-red hybrids were also included in this 
study and were classified as having 0.091 ≤ Q ≤ 0.772.
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For analysis red deer populations were separated into 
the following regions: Southern England (mainly Exmoor 
National Park) (n = 78), Northern England (Lake District) 
(n = 32), Southern Scotland (n = 23), Argyll (n = 47), Cen-
tral Highlands (n = 142), Northern Highlands (n = 114) 
and Hebrides (n = 44) (Figure 1).

A total of 297 samples from roe deer were analysed, 
171 from a DNA archive [37], and 126 collected by BDS 
deer stalkers. Samples from 66 fallow deer and 41 munt-
jac deer were collected by BDS deer stalkers. A total of 
27 Chinese Water deer samples were analysed, 3 from a 
DNA archive [41] and 24 supplied by BDS deer stalkers.

Samples from other European red deer
Genotype analysis was also performed on 50 wild red 
deer collected from six counties in Norway, and 66 
archived DNA samples from wild red deer (n = 46) and 
wild sika (n = 20) collected in five regions of the Czech 
Republic [42, 43]. In central Europe, 2 distinct lineages of 
red deer are present. Of the 46 Czech red deer, 24 were of 
Western lineage, and 22 of Eastern lineage.

Extraction and purification of genomic DNA
Genomic DNA was extracted from small sections of 
ear-tip tissue, digested with proteinase K (PK) at 37  °C 
overnight, followed by standard phenol/chloroform puri-
fication, ethanol precipitation and re-suspension in 1XTE 
buffer, as described previously [44]. Norwegian samples 
were prepared from brain tissue using  DNeasy® Blood & 
Tissue Kit (Qiagen, Oslo, Norway) according to manufac-
turer’s instructions.

PRNP gene amplification and sequencing: British 
and Czech samples
The ORF of cervid PRNP (771 bp) was amplified by PCR 
using AmpliTaq Gold 360 master mix (Thermo Fisher 
Scientific) and primer pairs − 143d (ATG GAA TGT GAA 
GAA CAT TTA TGA CCTA) or − 213d (AGG TCA ACT 
TTG TCC TTG GAG GAG ) with + 139u (TAA GCG CCA 
AGG GTA TTA GCAT) or AR2 (GCA AGA AAT GAG 
ACA CCA CCAC) for British and Czech red, roe and sika 
deer, − 213d and AR3 (ACC ACT ACA GGG CTG CAG 
GTA) for fallow and Chinese water deer, and − 213d and 

Figure 1 Maps to show the sampling locations of deer samples from Great Britain. Each point represents one sampling location with ≤ 28 
animals sampled. A Red deer (red circles), B roe deer (green circles), C sika (yellow squares) and fallow (blue circles), D muntjac (orange circles) and 
Chinese water deer (dark blue squares), or both muntjac and Chinese water deer (pink triangles). E Red deer samples in Scotland separated into 
regions: South Scotland (1), Argyll (2), Central Scotland (3), North Highlands (4) and Hebrides (5)
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AR2 (GCA AGA AAT GAG ACA CCA CCAC) for muntjac 
deer. PCR conditions were 95  °C for 5  min followed by 
40 cycles of 95  °C for 30 s, 61  °C for 30 s and 72  °C for 
1 min, and a final 72 °C for 10 min. PCR fragments were 
sequenced by sanger sequencing using primer + 70u 
(GCT GCA GGT AGA TAC TCC CTC) and  BigDye® rea-
gents (Life Technologies, Paisley, UK) as recommended 
by the manufacturer. Sequence data were analysed using 
Chromas and DNAStar Lasergene version 14.

PRNP gene amplification and sequencing: Norwegian 
samples
The ORF was amplified using PCR primers Ce19_F (ATT 
TTG CAG ATA AGT CAT C) and Ce 778_R (AGA AGA 
TAA TGA AAA CAG GAAG) [14]. PCR conditions were 
95  °C for 2 min, followed by 36 cycles at 95  °C for 30 s, 
51 °C for 30 s and 72 °C for 45 s, then a final cycle at 72 °C 
for 10 min. PCR fragments were directly sequenced using 
Ce19_F and Ce 778_R and  BigDye® reagents (Life Tech-
nologies, Paisley, UK) as recommended by the manufac-
turer. Sequence data were analysed using Seqscape v3.0 
software, Sequence Scanner v2.0 (Applied Biosystems) 
and MEGA7 version 7.0.26 [45].

Statistical analysis
The Chi square test was used to compare haplotype fre-
quencies between different regions and countries.

Accession numbers
Sequences were deposited in Genbank with the follow-
ing accession numbers: Capreolus capreolus MK103016; 
Dama dama MK103017; Cervus nippon MK103018, 
MK103019; Muntiacus reeveesi MK103020–MK103023; 
Hydropotes inermis MK103024–MK103026; Cervus ela-
phus with 247L MK103027.

Results
The ORF encoded by exon 3 of the PRNP gene is highly 
conserved among cervid species, and non-synonymous 
polymorphisms identified in individual species are usu-
ally reported as variations from a consensus sequence 
[25]. Following this convention, the amino acid substi-
tutions resulting from PRNP sequence polymorphisms 
identified in the deer species examined in our survey are 
summarized in Table 1.

British red deer
Four single nucleotide polymorphisms (SNPs) were iden-
tified in 480 British red deer samples: a synonymous 
SNP at codon 136 (t/c, nucleotide position 408), and 
three non-synonymous polymorphisms at codons 98 

(a/g, nucleotide position 292), 168 (c/t, nucleotide posi-
tion 502) and 226 (g/c, nucleotide position 676) giving 
rise to amino acid changes threonine to alanine (T98A), 
proline to serine (P168S) and glutamine to glutamic acid 
(Q226E), respectively. Linkage was found between posi-
tions 408 and 676 (codons 136 and 226), such that the 
haplotypes were either 408t-676c or 408c-676g. The 
SNPs resulting in substitutions at positions 98 and 168 
occurred exclusively on a Q226 background and the 
following four haplotypes were inferred:  T98-P168-E226 
(TPE),  T98-P168-Q226 (TPQ),  A98-P168-Q226 (APQ) and 
 A98-S168-Q226 (ASQ).

Norwegian and Czech red deer
Only the TPE and TPQ haplotypes were identified in 
Norwegian red deer. The synonymous codon 136 poly-
morphism was observed in the same haplotype linkage 
as described above. Czech red deer had TPE, TPQ and 
APQ haplotypes, as well as a novel non-synonymous 
SNP at codon 247 (a/c nucleotide position 739) leading 
to a conservative isoleucine to leucine substitution which 
occurred in linkage with APQ (APQ-L247).

British sika, Czech sika and sika-red deer hybrids
Scottish pure sika (n = 73), Czech sika (n = 20), English sika 
(n = 8/10) were all homozygous for the TPQ haplotype. 
Both British and Czech sika had a synonymous polymor-
phism at codon 133 (g/c, position 399) at frequencies of 
0.08% and 0.1% respectively. Of the nine genetically deter-
mined sika-red hybrids from Argyll (0.091 ≤ Q ≤ 0.772) 
three were homozygous TPQ/TPQ, four were heterozy-
gous TPE/TPQ, and two were heterozygous for the APQ 
haplotype (APQ/TPQ and APQ/TPE). The two animals 
heterozygous for the APQ haplotype were characterised 
as red deer-like (Q = 0.71, 0.74), as were two of four TPE/
TPQ heterozygotes (Q = 0.77, 0.62). Of the 10 English ani-
mals identified as sika by phenotype only, two were TPE/
TPQ heterozygous and were therefore possibly sika-like 
hybrids.

Roe and fallow deer
The PRNP ORF of British roe deer (n = 297) all encoded 
the haplotype described above as TPQ. Roe deer were 
monomorphic in PRNP sequence, with no variation in 
nucleotide sequence in any of the animals analysed. Like-
wise, fallow deer (n = 66) showed no variation in PRNP 
sequence and encoded the TPE haplotype with an addi-
tional amino acid substitution of asparagine for serine at 
codon 138 (TPE-N138).
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Muntjac and Chinese water deer
The PRNP ORF of all 41 muntjac deer analysed encoded 
serine at position 98, allowing their PRNP haplotype to 
be described as  S98P168Q226 (SPQ). In addition, syn-
onymous polymorphisms were identified at nucleotide 
positions 15 (c/t), 126 (g/a) and 606 (c/t) at varying fre-
quencies. The PRNP coding region of 27 Chinese water 
deer revealed two amino acid sequence polymorphisms; 
a serine to asparagine substitution at codon 100 (g/a, 
nucleotide position 299) and a 24 bp deletion of the octa-
peptide repeat (ccccatggaggtggctggggtcag) which corre-
sponds to the in-frame loss of the amino acid sequence 
PHGGGWGQ. In most species, a glycine-rich peptide 
sequence (octapeptide repeat) is present in five consec-
utive copies in the N terminal region of wild type  PrPC, 
whilst Chinese water deer had a four octapeptide repeat 
haplotype. From the genotypes it was inferred that the 
deletion was linked to 100S (100S-Δ71–78). The haplo-
type frequencies were 0.21 for 100S, 0.25 for 100SΔ71–78, 
and 0.54 for 100 N. Seven animals were heterozygous for 
100SΔ71–78, whilst three were homozygous  S100Δ71–78/
S100Δ71–78. The most common genotype in this sampling 
was  N100/N100 (0.35).

Red deer genotype and haplotype frequencies 
and distributions
Red deer showed the greatest variation in PRNP sequence 
amongst the six deer species surveyed, with four 

haplotypes identified in the British population. Regional 
variation was evident within Great Britain in the distri-
bution and frequency of the four PRNP haplotypes and 
resulting genotypes (Tables  2 and 3). For the TPQ and 
TPE haplotypes, frequencies in different regions of Scot-
land and England ranged from 0.11 to 0.62 and 0.31 to 
0.88 respectively. The difference was most striking in 
Southern England, which had a very high frequency 
(0.88) of the TPE haplotype, whereas in Northern Eng-
land, the TPQ haplotype was predominant (0.67). The 
APQ and ASQ haplotypes were found almost exclusively 
in Scottish red deer, with only one heterozygous TPE/
APQ individual identified in Northern England. The fre-
quencies of APQ and ASQ haplotypes showed regional 
variation within Scotland, with the highest frequencies 
seen in the Central Highlands, Argyll and Southern Scot-
land (Table  3). When compared using the Chi squared 
test, the Central Highlands, Lowlands and Argyll were 
significantly different in haplotype frequency when com-
pared to the Northern Highlands and Hebrides (P < 0.05), 
as were the overall haplotype frequencies of England and 
Scotland (P < 0.05).

The haplotype frequencies in GB were also compared 
by Chi squared test with those in red deer from Norway 
and the Czech Republic, as well as previously published 
surveys of Scotland, Italy and Spain [46, 47] (Table  4). 
The number of samples was too low to assess the extent 
of regional variation within Norway and the Czech 

Table 1 Amino acid variation within the ORF of cervid PRNP in the surveyed deer species 

PRNP codon number

98 100 138 168 226 247

Consensus sequence T S S P Q I

 Red Cervus elaphus

   TPQ – – – – – –

   TPE – – – – E –

   APQ A – – – – –

   APQ-L247 A – – – – L

   ASQ A – – S – –

 Roe Capreolus capreolus

   TPQ – – – – – –

 Sika Cervus nippon

  TPQ – – – – – –

 Fallow Dama dama

   TPE-N138 – – N – E –

 Muntjac Muntiacus reevesii

   SPQ S – – – – –

 Chinese water deer

  Hydropotes intermis

   TPQ – – – – – –

   TPQ-N100 – N – – – –
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Republic. In Norway, where only the TPQ and TPE hap-
lotypes were identified, haplotype frequencies were very 
similar to those found in Southern England, i.e. 0.89 for 
TPE and 0.11 for TPQ. In the Czech Republic, frequen-
cies of the TPQ and TPE haplotypes were approximately 
equal (0.35 and 0.44, respectively), while the APQ and 
APQ-L247 haplotypes were present at frequencies of 0.16 
and 0.05, respectively. The APQ-L147 haplotype was only 
seen in the Czech red deer belonging to the Western lin-
eage (n = 24) [43]. The haplotype frequencies presented 
in Table  4 were compared across countries, and whilst 
most differences between countries were statistically sig-
nificant (P < 0.05), those in Spain and the Czech Republic 
were not.

Discussion
This study represents the largest survey to date of PRNP 
genetic variation in the wild (free-ranging) deer popula-
tion of any European country and is the first to include 
free-ranging muntjac and Chinese water deer. The analy-
sis included over 1003 animals from six different species 
of deer present in Britain, as well as red deer and sika 

deer from mainland Europe. Ten haplotypes were identi-
fied, five of which were present in red deer. The majority 
of polymorphisms identified in the ORF (exon 3) of the 
PRNP gene have been reported previously [32, 46–49], 
apart from the I247L polymorphism in red deer from 
the Czech Republic, and the octapeptide repeat deletion 
in Chinese water deer. Deletion of the third glycine-rich 
octapeptide repeat is not an uncommon variation, hav-
ing previously been described in chamois [47], lions [50], 
and some primates [51]. This is the first time a functional 
octapeptide deletion variant has been described in deer.

Red deer showed the greatest variation in PRNP 
sequence, with four haplotypes identified in Great Brit-
ain, designated TPQ, TPE, APQ and ASQ. The TPQ, 
TPE and APQ haplotypes have been previously reported 
in surveys of Italian, Scottish (as haplotypes 1, 8 and 10) 
[46] and Spanish red deer [47]. The ASQ haplotype was 
not identified in Italy and Spain, and only reported previ-
ously in a single Scottish red deer [46]. Non-synonymous 
polymorphisms previously identified in Italian red deer 
at codons 59 (G59S) and 208 (M208I) in single indi-
viduals [46, 52], as well as low frequency synonymous 

Table 2 Genotype frequencies of PRNP polymorphisms in British red deer populations 

S: Southern England, N: Northern England, SS: Southern Scotland, A: Argyll, CH: Central Highlands, NH: Northern Highlands, H: Hebrides.

Percentage frequencies are given with animal numbers in brackets.

98 168 226 England Scotland

 Total S N  Total SS A CH NH H

TT PP EE 58 (64) 78 (61) 9 (3) 29 (107) 31 (7) 28 (13) 13 (19) 41 (47) 48 (21)

TT PP QE 26 (28) 19 (15) 41 (13) 28 (102) 22 (5) 15 (7) 28 (39) 34 (39) 27 (12)

TT PP QQ 15 (17) 3 (2) 47 (15) 10 (36) 9 (2) 8 (4) 11 (15) 10 (11) 9 (4)

TA PP QE 1 (1) – 3 (1) 14 (52) 26 (6) 19 (9) 16 (23) 9 (10) 9 (4)

TA PP QQ – – – 8 (31) 4 (1) 13 (6) 11 (16) 5 (6) 5 (2)

AA PP QQ – – – 3 (13) – 11 (5) 4 (6) 1 (1) 2 (1)

TA PS QE – – – 4 (14) 4 (1) 4 (2) 8 (11) – –

TA PS QQ – – – 2 (8) 4 (1) 2 (1) 4 (6) – –

AA PS QQ – – – 2 (7) – – 5 (7) – –

AA SS QQ – – – – – – – – –

100 (110) 100 (78) 100 (32) 100 (370) 100 (23) 100 (47) 100 (142) 100 (114) 100 (44)

Table 3 Haplotype frequencies of PRNP polymorphisms in British red deer populations 

Haplotype Southern 
England

Northern 
England

Southern 
Scotland

Argyll Central 
Highlands

Northern 
Highlands

Hebrides GB average

TPE 0.88 0.31 0.57 0.47 0.39 0.63 0.66 0.56

TPQ 0.12 0.67 0.24 0.23 0.32 0.29 0.25 0.29

APQ 0 0.02 0.15 0.27 0.20 0.08 0.09 0.12

ASQ 0 0 0.04 0.03 0.09 0 0 0.03

Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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polymorphisms at codons 15, 21, 59, 78 and 79 [46] were 
not present in our surveyed populations.

Taking our results together with previously published 
surveys, the total number of European red deer analysed 
for PRNP sequence variation stands at 1108 individuals. 
In every region or country surveyed, TPQ and TPE hap-
lotypes were present at the highest frequencies (Tables 3 
and 4). In comparison to other European red deer popu-
lations, there was a high frequency of the TPE haplotype 
in South England (predominantly the Exmoor National 
Park) and in Norway, which is possibly due to historical 
population declines of red deer with refugial populations 
in these areas [53]. The APQ haplotype was absent from 
both Southern England and Norway but was found at 
similar frequencies in Scottish (0.16), Czech (0.16), Span-
ish (0.21) and Italian (0.10) red deer [46, 47]. In our study, 
it was evident that the frequency of the APQ haplotype 
showed marked variation between different Scottish 
regions (Table  3). This may explain why our frequency 
of the APQ haplotype was higher (0.16) than the previ-
ous Scottish survey (0.05); in the previous study, samples 
were collected from the Isle of Rum and an unspecified 
location on mainland Scotland, which may not have coin-
cided with regions where we identified the highest APQ 
haplotype frequencies. The ASQ and APQ-L247 hap-
lotypes were present at frequencies of 0.04 and 0.05 in 
Scottish and Czech red deer populations respectively and 
may be unique to these populations. Our results empha-
size that there are large regional variations in PRNP gen-
otype frequencies in British red deer populations, and 
similar variation in genotype frequencies between the red 
deer populations surveyed in European countries to date. 
Regional variations in the genetics of Scottish red deer 
populations have been previously reported, in part due 
to natural barriers [36] and in part due to introductions 
of non-native red deer into Scotland from England and 
further afield [54].

In contrast to red deer, our roe deer samples showed 
no variation in their PRNP sequence. Whilst the 

number of analysed animals across studies stands now 
at 541, only one synonymous change at codon 24 has 
previously been reported in two individuals [48]. Con-
sidering that roe deer are now the most widespread 
species in the UK, it is possible that this lack of diver-
sity may be due to a population bottleneck follow-
ing the near-extinction of British roe deer prior to the 
1800  s [37]. However, a similar lack of PRNP diversity 
was also evident in European roe deer populations 
from Italy [46], Scandinavia [48] and Spain [47]. Simi-
larly, we found little evidence of sequence variation in 
sika, fallow and muntjac deer, with the result that each 
of these species is predicted to express a single spe-
cific variant of the PrP protein. However, with a rela-
tively small number of animals analysed (103, 92 and 41 
respectively), less frequent polymorphisms may still be 
found in larger surveys. The PRNP sequence we identi-
fied in British fallow deer (described here as TPE-N138), 
was identical to previously published sequences from 
Scandinavia [48] and Spain [47], as well as fallow deer 
previously used in experimental challenge experiments 
[34, 55]. Our data support the conclusion that the  N138 
change is fixed in the fallow deer sequence and not 
polymorphic. The three haplotypes identified in 27 wild 
Chinese water deer is more than might be expected 
considering that the UK population was established rel-
atively recently from small numbers of escapees from 
captive collections.

Comparison of the PRNP genotypes in European 
deer with those in North American cervid species with 
European data can be used to help predict their poten-
tial susceptibility to CWD, although confirmation of 
these predictions under natural or experimental chal-
lenge is essential. The TPQ haplotype, which we identi-
fied at high frequencies in British red (0.29), Roe (1.0), 
Sika (1.0) and Chinese Water deer (0.21), is identical to 
PRNP sequences found in North American cervids that 
are highly susceptible to CWD. Our analysis, and pub-
lished data to date for European deer species, has not 

Table 4 Comparison of haplotype frequencies across European red deer populations 

a A single animal was identified with the APQ genotype.
b The  L247 polymorphism was present on an APQ background at a frequency of 0.05.

TPE TPQ APQ ASQ Total animals References

England 0.71 0.28 0a 0 110

Scotland 0.52 0.29 0.16 0.04 370

Scotland 0.69 0.27 0.05 0 132 [46]

Norway 0.89 0.11 0 0 50

Czech 0.35 0.44 0.21b 0 46

Spain 0.36 0.43 0.21 0 209 [47]

Italy 0.28 0.62 0.10 0 191 [46]
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identified any PRNP polymorphisms that are associated 
with reduced CWD susceptibility in North American 
cervids, e.g. M132L, G96S [25]. This suggests that a rela-
tively high proportion of free-ranging/wild deer in Brit-
ain and Europe may be susceptible to CWD, or at least to 
the predominant strains of CWD in North America.

The association of non-synonymous PRNP polymor-
phisms found only in British/European deer with sus-
ceptibility to CWD has yet to be determined. Amino acid 
substitutions at codon 98 are found in red (T98A) and 
muntjac (T98S) deer, and nearby codons 95 and 96 play 
a role in CWD susceptibility in white-tailed deer [24]. 
However, muntjac deer with identical PRNP sequences 
can be experimentally infected with North American 
CWD isolates [31] and recently camels, which encode 
alanine at the equivalent position, were reported to 
develop natural prion disease [56].

The substitution of serine for proline at codon 168 
in red deer is of particular interest, as this position is 
located in the β2-α2 loop of the prion protein, an area 
critical for protein structure and stability [57]. The 
murine prion protein with a serine substitution at the 
equivalent residue showed no difference to wildtype in 
efficiency of conversion to  PrPSc in an in vitro cell-free 
conversion assay [57]. However, in sheep the substitu-
tion of leucine for proline at codon 168 was associated 
with very prolonged incubation periods for experimen-
tal BSE infection [58], and a reduction of cell-free con-
version efficiencies [59]. The ASQ haplotype seen in red 
deer has not been tested in vitro or by prion challenge, 
so any potential association with prion disease is still 
unresolved.

The novel PRNP haplotype TPQ-L247 identified in 
Czech red deer may be less likely to influence suscep-
tibility as it represents a conservative amino acid sub-
stitution within the C-terminal signal peptide which is 
cleaved from the mature prion protein [60], however it 
is possible that it may have unknown effects that influ-
ence pathogenesis.

In North America codon 226 encodes either E (e.g. 
wapiti) or Q (e.g. mule deer and white-tailed deer), 
whereas in European red deer both variants are pre-
sent and heterozygous animals are common. Codon 
226 is in the third α-helix of  PrPC, a part of the pro-
tein involved in pathogenic processes during prion dis-
ease. Nearby polymorphisms include S225F, which is 
associated with reduced CWD susceptibility in mule 
deer [20], and Q222K, which is strongly associated 
with prion disease resistance in goats [61, 62]. Studies 
in transgenic mice expressing cervid PrP with Q226 or 
E226 suggest that variation at 226 may contribute to 
differences in disease progression and susceptibility to 
certain prion strains [63, 64]. Following experimental 

oral transmission of CWD to four deer of  EE226,  QQ226 
and EQ 226 genotypes, all animals became infected [65]. 
The small sample size of this study does not allow a def-
inite conclusion regarding the association of codon 226 
with CWD susceptibility, or the effect of heterozygosity 
at this position.

The TPQ-N100 haplotype identified in Chinese water 
deer has not been reported in any other cervid but  N100 
is common to other mammalian prion proteins includ-
ing bank vole, a species highly susceptible to CWD chal-
lenges [66]. The fact that fallow deer failed to become 
infected with CWD when exposed to infected mule 
deer for up to 7  years suggests that the substitution of 
asparagine at codon 138 may be associated with relative 
resistance to infection, but it is possible that other spe-
cies-specific genetic factors also play a role [34].

In summary, this study has provided an analysis of 
PRNP sequence variation in the six major deer species 
found in the wild in Great Britain and adds to our knowl-
edge of PRNP variation in European deer species in gen-
eral. Based on a comparison of the sequences with those 
found in North American cervids affected by CWD, it 
appears likely that a large proportion of the British deer 
population would be susceptible to CWD. The effect of 
specific PRNP haplotypes only found in European spe-
cies, such as ASQ in Scottish red deer, on CWD suscepti-
bility are still to be determined.
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Summary 

Susceptibility of cervids to Chronic Wasting Disease (CWD), a prion disease, can be modulated by 

variations in the prion protein gene (PRNP), encoding the cellular prion protein (PrPC). In prion 

diseases, PrPC is conformationally converted to pathogenic conformers (PrPSc), aggregates of which 

comprise infectious prions. CWD has recently been observed in its contagious form in Norwegian 

reindeer (Rangifer tarandus) and in novel, potentially sporadic forms, here called “atypical CWD”, in 

moose (Alces alces) and red deer (Cervus elaphus). To estimate relative susceptibility of different 

Norwegian cervid species to CWD, their non-synonymous PRNP variants were analyzed. In reindeer, 

seven PRNP alleles were observed and in red deer and moose two alleles were present, whereas roe 

deer (Capreolus capreolus) PRNP was monomorphic. One “archetypal” PRNP allele associated with 

susceptibility was common to all four cervid species. The distribution of PRNP alleles differed between 

wild and semi-domesticated reindeer, with alleles associated with a high susceptibility occurring, on 

average, above 55% in wild reindeer and below 20% in semi-domesticated reindeer. This difference 

may reflect the diverse origins of the populations and/or selection processes during domestication and 

breeding. Overall, PRNP genetic data indicate considerable susceptibility to CWD among Norwegian 

cervids and suggest that PRNP homozygosity may be a risk factor for the atypical CWD observed in 

moose. The CWD isolates found in the Norwegian cervid species differ from those previously found in 

Canada and USA, indicating that CWD in Norway is unlikely to be a recent introduction from North 

America. Our study provides an overview of the PRNP genetics in populations exposed to these 

emerging strains that will provide a basis for understanding these strains’ dynamics in relation to PRNP 

variability. 
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Introduction 

Chronic wasting disease (CWD, MONDO_0002680) is an incurable prion disease of cervids (Williams 

& Young, 1980). Like other prion diseases, CWD is caused by misfolding of the neuroprotective 

cellular prion protein (PrPC) to a pathogenic conformer, (PrPSc), aggregates of which constitute 

transmissible prions (Bolton, McKinley, & Prusiner, 1982; Prusiner, 1998; Prusiner et al., 1990; Stahl 

& Prusiner, 1991). Since its discovery in the early 1960s, CWD has spread relentlessly in North America 

affecting various members of the family Cervidae; in addition, there have been reports of CWD in the 

Republic of Korea, Norway, Sweden, and Finland (Rivera, Brandt, Novakofski, & Mateus-Pinilla, 

2019). The disease can be transmitted horizontally directly between animals or indirectly, via prion-

contaminated environments (Gough & Maddison, 2010; Nicholas J. Haley et al., 2011). The prolonged 

survival of prions in the environment, along with the lack of treatment or prophylaxis, mean that control 

and eradication are very challenging (Uehlinger, Johnston, Bollinger, & Waldner, 2016). CWD 

management has proven difficult, especially once the disease is established. It can thus have a long-

term negative impact on the population sustainability (DeVivo et al., 2017; Edmunds et al., 2016). Like 

classical scrapie in sheep and goats, which is also a contagious prion disease, susceptibility of cervids 

to CWD is influenced by variations in the host prion protein gene (PRNP) encoding PrPC (Goldmann, 

2008; S. J. Robinson, Samuel, O'Rourke, & Johnson, 2012). Amino acid substitutions at codons 225 

and 226 in the cervid PrPC primary structure have been shown to cause structural arrangements that 

could preclude PrPC to PrPSc conversion (Bian et al., 2019), thus modulating CWD susceptibility. 

Among commonly studied cervids, those with the higher CWD prevalence are mule deer (Odocoileus 

hemionus), white-tailed deer (Odocoileus virginianus), and elk (wapiti; Cervus elaphus nelsoni) (Rivera 

et al., 2019). These species share a consensus primary structure of PrPC, differing only at codon 226 

with either glutamine (Q; mule and white-tailed deer) or glutamate (E; elk) (Bian et al., 2019). These 

two PrPC amino acid sequences (226Q, 226E) are also predominant in many other cervid species, 

including reindeer, moose, red deer, roe deer, and some species of Neotropical deer (Falcão et al., 2017; 

A. L. Robinson et al., 2019; S. J. Robinson, Samuel, O'Rourke, et al., 2012; Wik et al., 2012). Additional 

PRNP variants arise from non-synonymous substitutions on the backbone of 226Q and 226E (Martin, 



 

 

Gallet, Rocha, & Petit, 2009) and these variants have been shown to vary geographically (Arifin et al., 

2020; Miller & Walter, 2019). Possible factors driving these distribution patterns may include adaptive 

processes and demographic features (Miller & Walter, 2019). In cervid species with reported natural 

CWD infections, the number of variant codons ranges from one in elk, two in moose and mule deer, 

three in red deer, four in white-tailed deer, and six in reindeer/caribou (Güere et al., 2020; S. J. 

Robinson, Samuel, O'Rourke, et al., 2012; Wik et al., 2012). Substitutions in a single variant site can 

significantly influence CWD susceptibility. The substitutions Met132Leu in elk (S. J. Moore et al., 

2018; White, Spraker, Reynolds, & O'Rourke, 2010) and Gly96Ser in white-tailed deer (Nicholas J. 

Haley et al., 2019) are, for example, associated with a lower risk and slower progression of CWD. In 

CWD-affected populations, 226Q and 226E are consistently overrepresented among cases, despite the 

coexistence of additional PRNP variants, such as those encoding substitutions (Güere et al., 2020; 

Nicholas J. Haley et al., 2019; Jewell, Conner, Wolfe, Miller, & Williams, 2005; White et al., 2010). 

This suggests that 226Q and 226E increase susceptibility to CWD. 

Disease progression and manifestation are also influenced by the strain of prion (Bessen & Marsh, 1994; 

Bruce, 1993; Collinge, 2010; Collinge & Clarke, 2007). At least two CWD strains have been identified 

in North America (Duque Velásquez et al., 2015; J. Moore et al., 2020; Raymond et al., 2007). CWD 

isolates from Norwegian reindeer and moose are not only different from each other, but also differ from 

the North American strains (Nonno et al., 2020; Pirisinu et al., 2018; Wadsworth et al., 2021). Thus, 

the occurrence of CWD in Europe, identified in 2016, did not reflect a simple territorial expansion of 

North American CWD prions, but the emergence of new variants of the agent (prion strains). Moreover, 

the moose strain found in Fennoscandia might represent a sporadic form of CWD, affecting only old 

animals, with PrPSc in the brain but not in lymphoid tissues, and being potentially less contagious 

(Pirisinu et al., 2018; Ågren et al., 2021). This disease modality is reminiscent of that of Nor98/atypical 

scrapie (Benestad et al., 2003) and atypical forms of bovine spongiform encephalopathy in cattle 

(Biacabe, Laplanche, Ryder, & Baron, 2004; Casalone et al., 2004; Dudas & Czub, 2017). However, 

these forms in cattle are not considered contagious. In addition, a single case of CWD was diagnosed 

in a 16-year-old Norwegian red deer in 2017, again with unusual features such as the peculiar 



 

 

distribution pattern of PrPSc (Vikøren et al., 2019). The recent observation of a further Norwegian CWD 

case in reindeer, outside the initial outbreak area (ProMED-mail, 2020), indicates that CWD can be 

present at very low levels, escaping rigorous surveillance, and posing a potential threat to cervid 

populations throughout Europe. 

To predict the susceptibility of Norwegian cervid populations that are potentially exposed to these novel 

CWD strains, a survey of PRNP genetic variation was performed in the four endemic cervid species in 

Norway (reindeer, red deer, moose, and roe deer). These species are differently distributed and managed 

within Norway, with red deer, moose, and roe deer largely managed as wild animals (some red deer are 

farmed). These cervid species are almost continuously distributed across most of Norway, although red 

deer and roe deer are uncommon in some areas and are scarce in North Norway (Linnell et al., 2020). 

In contrast, reindeer are managed both as wild and semi-domesticated, each having different 

management units. Whereas wild reindeer are partially isolated in 24 different mountainous areas in 

South-central Norway (Kvie, Heggenes, Bårdsen, & Røed, 2019), semi-domestic reindeer are herded 

under several reindeer husbandry districts and concession areas in north (majority) and central Norway 

(Næss and Bårdsen (2015) and https://www.fylkesmannen.no/en/portal/Agriculture-and-

food/Reindeer-husbandry/). Mapping PRNP variations among Norwegian reindeer, red deer, moose, 

and roe deer may identify subpopulations that are more susceptible to CWD. Here, we aimed to describe 

PRNP variability among Norwegian cervid species and evaluate whether the genetic structure of these 

populations might affect the distribution of PRNP variants. In addition, we wanted to explore factors 

that may explain differences in PRNP variation between subpopulations.  



 

 

Materials and methods 

Study population 

The study included 653 animals (reindeer, red deer, moose, and roe deer) sampled in the locations 

illustrated in Figure 1. Reindeer originated from 12 subpopulations (Figure 1A, Table 1) 

encompassing seven wild reindeer areas (Kvie et al., 2019): Rondane (1:w), Snøhetta (2:w), Sølnkletten 

(3:w), Hardangervidda (4:w), Nordfjella (5:w), Setesdal-Austhei (6:w) and Forollhogna (7:w); and five 

reindeer husbandry locations Filefjell Reinlag (8:d), (9:d), Færen (10:d), Beahcegealli (11:d) and 

Nordkinnhalvøya/Vestertana (12:d). For the other species, the sampling sites corresponded to 40 

municipalities for red deer (Figure 1B), 47 for moose (Figure 1C), and 30 for roe deer (Figure 1D). 

Further details on the sampling distribution can be found in Supplementary table 1. 

Samples of most reindeer, together with all those from red deer, moose, and roe deer, were brain tissue 

collected through the CWD-surveillance program during the hunting seasons 2016 to 2018 (including 

some animals killed in traffic) (Våge et al., 2020). These were examined for CWD at the Norwegian 

Veterinary Institute as described by Güere et al. (2020). To increase representation of wild reindeer, the 

dataset included PRNP sequencing data from 50 animals that had tested CWD PrPSc negative and that 

were randomly selected from a previous case-control study in Nordfjella (Güere et al., 2020). Similarly, 

additional DNA samples obtained in 2005-2006 from wild reindeer in Sølnkletten and Snøhetta (Knut 

H Røed et al., 2008) and in 2012-2013 from Hardangervidda and Setesdal-Austhei (Kvie et al., 2019; 

Kvie, Heggenes, & Røed, 2016) were also used. All samples were regarded as CWD PrPSc negative. 

In addition, we analyzed CWD cases (PrPSc positive) that had been diagnosed up until March 2021 with 

unreported PRNP genotypes. These included a wild reindeer shot in September 2020 in Hardangervidda 

area (Figure 1A), and five moose with death date between 2018 and 2020 in the municipalities of 

Flesberg, Selbu, Sigdal, Steinkjer and Bamble (Figure 1C). 

PRNP sequencing 

For samples gathered from 2016 and onwards, including the CWD cases in reindeer and moose, 

genomic DNA was isolated using DNeasy® Blood & Tissue Kit (Qiagen, Oslo, Norway) according to 



 

 

the manufacturer’s instructions. DNA was available for samples from prior to 2016 and that had been 

similarly extracted (Kvie et al., 2019; Kvie et al., 2016); DNA from samples from 2005-2006 had been 

extracted according to a standard chloroform: phenol procedure (Knut H Røed et al., 2008). The DNA 

served as the template for amplification and sequencing of the open reading frame of PRNP with PCR 

primers Ce19_F and Ce778_ R (O’Rourke et al., 1999), following the PRNP sequencing methodology 

specified by Güere et al. (2020) to optimize their visualization range. 

The sequencing data were aligned and edited using SeqScape v3.0 software (Applied Biosystems) and 

MEGA7 version 7.0.26 (Kumar, Stecher, & Tamura, 2016) respectively. The variant positions and 

alleles are described at the nucleotide- and protein level based on reference sequences: DQ154293.1 

and AAZ81474.1 for reindeer, KT845862.1 and AMP43861.1 for red deer, MH230115.1 and 

AZB50215.1 for moose, and MK103016.1 and QAU19526.1 for roe deer. Data on variant positions in 

PRNP (including linkage disequilibrium analyses and PRNP allele descriptions as either DNA or 

protein variants) are found in Supplementary: table 2 – 3; figure 1. 

Data and statistical analyses 

The data and statistical analyses were processed using R version 4.0.3 (R Core Team, 2018). The 

tidyverse (Wickham et al., 2019) and plyr (Wickham, 2011) packages served as the basis for data 

handling and plotting. 

The sequences were interpreted as unphased genotypes from which two alleles per individual were 

inferred. The aligned DNA sequences were handled using the Biostrings package to select the variant 

positions for each species. The nucleotide symbol in the variant position was transformed into the 

correspondent nucleotide pair (e.g., Y into thymine and cytosine), before the allele and genotype 

frequencies were determined using the genetics package. Those variant positions encoding a non-

synonymous change were selected to infer the PRNP variants. In species with two or more non-

synonymous variant sites (reindeer and red deer), such positions further underwent pairwise analysis of 

linkage disequilibrium (LD), available in the genetics package, considering the minimum number of 



 

 

alleles as in Güere et al. (2020). After inferring the PRNP alleles in each species, the allele and genotype 

frequencies were calculated using the genetics package. 

We tested phased genotypes for HWE (Hardy-Weinberg Equilibrium) using Fisher’s exact test in the 

genetics package. For the HWE test of reindeer genotypes, we used the Markov chain Monte Carlo 

(MCMC) algorithm (1700 iterations, 100 batches of size 170) (Guo & Thompson, 1992) available in 

the gap package. Differences in PRNP variants between groups were analyzed using Fisher’s exact test 

(two-sided), with Bonferroni correction for multiple comparisons if applied. The null-hypothesis was 

rejected at an α-level of 0.050. Under Bonferroni correction, the α-level was divided by the number of 

comparisons to determine significance. 

For red deer and moose samples, we performed a spatial analysis of the PRNP genotypes, where the 

geographic coordinates (X= longitude, Y = latitude) of the centroid of the municipality of origin (under 

projection arguments: “+proj=longlat +ellps=WGS84”) were used as continuous predictors. We applied 

a multinomial logistic regression modelling approach, using the multinom function in the nnet package 

(Venables and Ripley (2002); see also Fox (2002) for description of the analyses) to estimate the 

probabilities for the various PRNP genotypes occurring in the sampling area. The response variable 

represents the PRNP genotype as a categorical variable, choosing those genotypes similar to A/A in 

reindeer (i.e., 226Q/226Q in red deer and 109K/109K in moose) as the baseline in the corresponding 

analyses for each species. The rationale for choosing the baseline category was the higher CWD risk 

associated with this genotype. Additional categories in the response variable included 226E/226Q and 

226E/226E in red deer and 109K/109Q and 109Q/109Q in moose. 

Complementary plotting packages served to generate the sequence logos: ggseqlogo; and to construct 

the sampling and spatial interpolation maps: geojsonio, rgdal, ggsn and maptools. 

  



 

 

Results 

The study population consisted of 365 reindeer, 105 red deer, 137 moose, and 46 roe deer that had been 

sampled across Norway (Figure 1). As well as some variation at the PRNP nucleotide level, occurring 

as synonymous substitutions, there was variation at the nucleotide level affecting the PRNP amino acid 

sequences in reindeer, red deer, and moose. Roe deer PRNP, however, was monomorphic. The PRNP 

variants were analyzed and reported as alleles with unique amino acid sequences (Figure 2). 

Seven PRNP alleles were observed in reindeer, among which five were termed: A, B (p.Ser225Tyr), C 

(p.Trp84_Gly91del), D (p.Asn176Asp), and E (p.Val2Met;Gly129Ser;Val169Met), as reported by 

Güere et al. (2020), and two novel alleles named F (p.Lys207Met) and G (p.Arg211Gln). The allele G 

was observed in only one animal (heterozygote D/G) and this animal was excluded from further analysis 

(n=364). Two PRNP alleles were found in red deer, 226Q and 226E (p.Ala136=;Gln226Glu), and in 

moose, 109K and 109Q (p. Lys109Gln). The four cervid species encoded a PRNP allele with an 

identical amino acid sequence, represented by the allele A in reindeer, 226Q in red deer, 109K in moose, 

and the fixed allele in roe deer (Figure 2), despite synonymous single nucleotide variants (SNVs) 

between them. The proportion of this PRNP allele differed between species, ranging from fixation in 

roe deer to 0.11 in red deer (Figure 3). Among the CWD cases recorded during 2018-2021 (March), 

the PRNP genotypes were A/D in the only reindeer, 109K/109K and 109Q/109Q in two and three moose 

respectively. These genotypes are plotted together with those found in the previous cases reported by 

Güere et al. (2020) and Pirisinu et al. (2018) in Figure 4. 

Novel sequences have been submitted to the DDBJ/EMBL/GenBank databases under accession 

numbers MW557843 (Rangifer tarandus tarandus with 620A>T, predicted A/F genotype), MW557844 

(Rangifer tarandus tarandus with 620A>T; 674 C>A, predicted B/F genotype) and MW557845 

(Rangifer tarandus tarandus with 526A>G; 632G>A, predicted D/G genotype). 

In reindeer, the six alleles identified in more than one animal (A-F, Figure 2) paired into 15 genotypes. 

The most abundant genotypes were A/A (0.198), A/B (0.184), and B/B (0.179) while other genotypes 

were detected at proportions <0.10. No animals homozygous for the alleles C or F were detected. PRNP 



 

 

genotypes’ frequencies departed from HWE (P<.001) in the overall population but attained HWE when 

sorted into the 12 sampling sites. 

Comparing the PRNP allele distribution among the 12 reindeer subpopulations (Table 1) revealed a 

clear pattern of low or no significant differentiation between most wild subpopulations. The exception 

were Nordfjella (5:w) and Forollhogna (7:w), which respectively differed from either one or three other 

wild subpopulations (wild vs. wild, Figure 5A). Similarly, low or no genetic differentiation 

characterized the sample sets of five semi-domestic herds, except for Filefjell (8:d), which differed from 

the Beahcegealli herd (11:d) (semi-domestic vs semi-domestic, Figure 5A). On the contrary, the 

pairwise comparisons between wild and semi-domestic subpopulations showed significant differences 

from one another. When pooled as wild and semi-domestic, the PRNP allele distribution differences 

were highly significant (P<.001; Figure 5B). The allele A was the most prevalent in all wild 

subpopulations, except Forollhogna (7:w) where B was the dominating allele. Allele B dominated in 

semi-domestic herds with the exception of Filefjell (8:d), which had more of the allele A (Table 1). In 

addition, the alleles D and E appear at higher frequencies among semi-domestic reindeer (Figure 5B). 

For both red deer and moose the two PRNP alleles combined into three genotypes that were in HWE 

(respectively P>.347 and .15, Fisher’s exact test). PRNP variant 226E was clearly the most common 

allele in the overall red deer population (0.89), while the 109K was the dominating allele in moose 

(0.774; Figure 3). For both species, the predicted probabilities of observing the PRNP genotypes based 

on the multinomial model gave evidence of spatial trends (Supplementary: table 4 – 5; figure 2). 

Whereas, the common PRNP allele among Norwegian cervids in red deer (226Q) appears to be mostly 

distributed in the western range (i.e. between Storfjorden and Sognefjorden; Figure 1B), this allele for 

moose (109K) was mostly distributed in the northernmost and southernmost areas (i.e. north of 

Ofotfjorden and south of Trondheimsfjorden; Figure 1C). The estimated distribution in red deer and 

moose of either PRNP genotypes are given in Supplementary data. 



 

 

Discussion 

Among Norwegian cervids, reindeer have the highest number of non-synonymous variant positions in 

PRNP, with seven PRNP alleles, whereas red deer and moose both have two alleles, and roe deer was 

found to be monomorphic. Despite species differences in PRNP genetic variability and geographical 

distribution, all species had one PRNP allele encoding a consensus amino acid sequence. The spatial 

PRNP variation revealed a distinct difference between wild and semi-domestic reindeer, and red deer 

and moose were characterized by spatial trends, with increased frequency of the consensus PRNP allele 

in certain regions of these species’ distribution. 

The difference in PRNP variation between Norwegian wild and semi-domestic reindeer is congruent 

with studies of genetic structure and variation based on neutral genetic markers (Kvie et al., 2019; Knut 

H. Røed, Bjørklund, & Olsen, 2018; Knut H Røed et al., 2008). For instance, the wild Forollhogna 

reindeer (7:w), which is assumed to be domestic in origin (Nyaas, 2016), has PRNP variation similar to 

semi-domestic reindeer (Figure 5A). In contrast, reindeer of the semi-domestic Filefjell herd (8:d) show 

certain features of PRNP variation similar to those in wild reindeer. This may be the result of occasional 

contact (Strand et al., 2011) and subsequent introgression from the neighboring wild Nordfjella 

subpopulation (5:w; Figure 1A). The wild subpopulations 1:w-3:w are parts of the wild Rondane-Dovre 

population and are considered to have a wild ancestry primarily, with little introgression from semi-

domestic reindeer (Kvie et al., 2019; Knut H. Røed et al., 2014). The almost total absence of alleles D 

and E from these subpopulations might suggest that these alleles are mostly associated with semi-

domestic reindeer. However, this interpretation should be considered with caution, given that our study 

design did not considered the possible effects of distinctive ancestry in PRNP variability. 

The higher frequencies of 226Q in red deer located between fjords in western Norway, and that of 109K 

in moose from areas north of Ofotfjorden and south of Trondheimsfjorden, are coincident with areas 

with a distinctive genetic signature when using neutral genetic markers (Haanes, Røed, Flagstad, & 

Rosef, 2010; Haanes, Røed, Solberg, Herfindal, & Sæther, 2011). Overall, the PRNP variation aligns 

well with the general genetic structure for the Norwegian cervid species, similar to reports from other 



 

 

studies of PRNP variation in Cervidae (Arifin et al., 2020; Cheng, Musiani, Cavedon, & Gilch, 2017; 

Lang & Blanchong, 2012; Miller & Walter, 2019). 

However, different adaptive processes associated with diverging selection affecting PRNP variation in 

Norwegian cervids should also be considered. PRNP variation may influence learning abilities, and 

long-term and visuospatial memory (Houlihan et al., 2009; Papassotiropoulos et al., 2005), consistent 

with proposed physiological roles for PrPC in animal behavior and stress adaptation (Nico et al., 2005). 

Furthermore, it is possible that certain PRNP variants are functionally associated with traits that are 

desirable in semi-domestic reindeer, such as reduced fright responses (Reimers, Røed, & Colman, 

2012), and thus have been selected for during domestication. On the other hand, in other cervids exposed 

to CWD there are indications of increased selection for less-susceptible PRNP alleles (Monello et al., 

2017; S. J. Robinson, Samuel, Johnson, Adams, & McKenzie, 2012). The alleles B and E, common in 

semi-domestic reindeer, have been suggested to be associated with reduced CWD susceptibility (Güere 

et al., 2020; N. J. Haley et al., 2017; Mitchell et al., 2012). The substitution Ser225Tyr in allele B of 

reindeer resembles the protective Ser225Phe in mule deer (Jewell et al., 2005). Phenylalanine and 

tyrosine are structurally similar, with a characteristic aromatic ring and may have similar stabilizing 

effects on the long-range interaction between the C-terminal portion of α-helix-3 and the β2- α2 loop in 

PrPC (Angers et al., 2014) likely delaying its PrPSc conversion (N. J. Haley et al., 2017). The higher 

frequencies of alleles B and E could reflect an adaptative response to an unknown CWD outbreak among 

semi-domestic reindeer or their ancestors. However, this controversial hypothesis needs stronger 

evidence regarding reduced susceptibility of these alleles to CWD. Of relevance to this theory is 

Met129Val in human PRNP that is associated with a reduced risk to certain prion diseases e.g. variant 

Creutzfeldt-Jakob (vCJD) and Kuru, and shows geographic stratification globally, which indicates that 

various factors might affect PRNP variability (Soldevila et al., 2006). Further investigations, for 

instance in behavioral physiology, may assist in clarifying the mechanisms underlying the large 

differences in PRNP allele distribution between wild and semi-domesticated reindeer. 

Analysis of the Norwegian CWD prion isolates from wild reindeer and moose have shown these to 

differ from each other (Pirisinu et al., 2018) and from those found in North America (Nonno et al., 



 

 

2020). The disease observed in European moose may therefore represent a novel and sporadic form of 

CWD. Altogether, the eight CWD cases in Norwegian moose reported until March 2021 were 

homozygous for either allele 109K (n=6) or 109Q (n=2) (Figure 4), and the single case in red deer was 

homozygous for allele 226E (Pirisinu et al., 2018; Vikøren et al., 2019). Although the numbers are 

small, these potentially sporadic cases are all PRNP homozygotes and this resembles the trend observed 

in sporadic Creutzfeldt-Jakob (sCJD) in humans where homozygosity at codon 129, i.e. either to 

methionine or valine, is considered a predisposing factor (Palmer, Dryden, Hughes, & Collinge, 1991). 

A proposed mechanism to explain this effect considers that a homologous PrPSc interaction may 

facilitate the process of amyloid formation (Hizume et al., 2009). It is not clear, however, whether such 

a process is relevant regarding the potentially sporadic CWD cases observed in Fennoscandia. 

Intriguingly, significant strain variability has been observed between moose CWD cases that have the 

same PRNP genotype (Nonno et al., 2020). This calls for further investigation of these emergent CWD 

strains and their transmission properties. Thus, CWD has emerged in Europe and is apparently evolving 

dynamically, with several novel strains and disease phenotypes, demonstrating the unpredictable nature 

of prion diseases. Our study provides information on PRNP variability in different species of cervids in 

Norway, giving an overview of local subpopulations with various levels of susceptibility to CWD 

conferred by their PRNP genotype. Finally, our data provides a basis against which future changes in 

PRNP variability in Norwegian cervids can be tracked and will assist in our understanding of the 

relationship between PRNP variation and the selection dynamics of CWD.  
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Table 1. Alleles’ frequencies of PRNP coding sequence in 12 subpopulations of Norwegian reindeer 

(n=364). The allele nomenclature corresponds to Figure 2. 

Subpopulation Code† n‡ Alleles proportion§ 

   A B C D E F 

Rondane 1:w 16 0.562 0.281 - 0.094 - 0.062 

Snøhetta 2:w 22 0.773 0.182 0.045 - - - 

Sølnkletten 3:w 29 0.638 0.224 0.017 - - 0.121 

Hardangervidda 4:w 47 0.691 0.149 0.021 0.085 0.053 - 

Nordfjella 5:w 60 0.408 0.325 0.067 0.108 0.092 - 

Setesdal-Austhei 6:w 8 0.375 0.375 - 0.062 0.188 - 

Forollhogna 7:w 29 0.31 0.483 - 0.052 0.155 - 

Filefjell Reinlag 8:d 29 0.397 0.362 0.017 0.086 0.138 - 

Riast/Hylling 9:d 55 0.136 0.591 - 0.118 0.155 - 

Færen 10:d 15 0.067 0.7 - 0.133 0.1 - 

Beahcegealli 11:d 30 0.067 0.317 - 0.267 0.35 - 

Nordkinnhalvøya/ 

Vestertana 

12:d 24 0.083 0.396 - 0.229 0.292 - 

† Wild (:w) or semi-domestic (:d) 

‡ Number of animals 

§ Relative frequency of PRNP alleles for each subpopulation  
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Figure 1. Geographic distribution of sampling sites. For reindeer (A), these are represented as zones 

corresponding either to wild (brown palette; 1:w-7:w) or semi-domestic (red palette; 8:d-12:d) 

subpopulations, which nomenclature corresponds to Table 1. For red deer (B), moose (C) and roe deer 

(D), the sampling sites are represented as icons coincident with the midpoint of a sampled municipality. 

The horizontal lines indicate the latitudinal divisions of the Norwegian moose population previously 

described by Haanes et al. (2011). The allele nomenclature corresponds to Figure 2. The probability of 

observing 226Q/226Q in red deer (B) and 109K/109K in moose (C), which are similar to genotype A/A 

in reindeer -increased Chronic Wasting Disease (CWD) risk), are plotted as prediction maps based on 

multinomial logistic regression modelling. The color bars have been adjusted to better display the range 

of predicted probabilities for each genotype. Areas (reindeer) and municipalities (* in red deer and 

moose) with overall CWD cases up to 31.03.2021 are labeled. The population size estimates for red 

deer, moose, and roe deer correspond to 2015 and are based on analyses used in Speed, Austrheim, 

Kolstad, and Solberg (2019) (personal communication, Erling Solberg). 

 

Figure 2. Amino acid sequence alignment of the prion protein gene (PRNP) alleles in Norwegian 

cervids. Variant positions in reindeer (Rangifer tarandus), red deer (Cervus elaphus) and moose (Alces 

alces) but not in roe deer (Capreolus capreolus) are zoomed in and either numbered on top for amino 

acid substitutions. The octapeptide deletion is pointed out with a horizontal line. An additional variant 

position (* on top) was identified in one reindeer allele with Arg211Gln compared with the reference 

sequence. The 256 amino acids from the PRNP coding sequence are displayed using a one-letter amino 

acid code. Alleles identical to the reference sequence (AAZ81474.1 for reindeer, AMP43861.1 for red 

deer, AZB50215.1 for moose and QAU19526.1 for roe deer) head the list for each species. There is a 

consensus stop codon at position 257 across all species (not displayed). 

 



 

 

Figure 3. Relative frequency of PRNP alleles (2n) in the Norwegian reindeer (Rangifer tarandus; 

n=364), red deer (Cervus elaphus; n=105), moose (Alces alces; n=137) and roe deer (Capreolus 

capreolus; n=46). The allele nomenclature corresponds to Figure 2. In yellow, the common PRNP 

allele shared among the four species. 

 

Figure 4. Relative frequency of PRNP genotypes among CWD cases identified in Norwegian reindeer 

(Rangifer tarandus; n=20) and moose (Alces alces; n=8). The allele nomenclature corresponds to 

Figure 2. Based on the copy number of the common PRNP allele, the PRNP genotypes are colored 

yellow (two copies), dark yellow (one copy) and grey (no copies). 

 

Figure 5. (A) P-values from pairwise comparisons of PRNP alleles’ frequencies among 12 

subpopulations of Norwegian reindeer. The significance levels are based on Fisher’s exact test followed 

by Bonferroni correction colored dark gray when significant (P-value ≤0.05/66). The subpopulations 

nomenclature corresponds to Table 1. (B) Relative frequency of PRNP alleles (2n) in the Norwegian 

wild and semi-domestic reindeer. The allele nomenclature corresponds to Figure 2. In yellow, the 

common PRNP allele shared among reindeer, red deer, moose, and roe deer. 
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Figure 1. Geographic distribution of sampling sites. For reindeer (A), these are represented as zones corresponding either to 

wild (brown palette; 1:w-7:w) or semi-domestic (red palette; 8:d-12:d) subpopulations, which nomenclature corresponds to 

Table 1. For red deer (B), moose (C) and roe deer (D), the sampling sites are represented as icons coincident with the midpoint 

of a sampled municipality. The horizontal lines indicate the latitudinal divisions of the Norwegian moose population previously 

described by Haanes et al. (2011). The allele nomenclature corresponds to Figure 2. The probability of observing 226Q/226Q 

in red deer (B) and 109K/109K in moose (C), which are similar to genotype A/A in reindeer -increased Chronic Wasting 

Disease (CWD) risk), are plotted as prediction maps based on multinomial logistic regression modelling. The color bars have 

been adjusted to better display the range of predicted probabilities for each genotype. Areas (reindeer) and municipalities (* 

in red deer and moose) with overall CWD cases up to 31.03.2021 are labeled. The population size estimates for red deer, 

moose, and roe deer correspond to 2015 and are based on analyses used in Speed, Austrheim, Kolstad, and Solberg (2019) 

(personal communication, Erling Solberg).
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Figure 3. Relative frequency of PRNP alleles (2n) in the Norwegian reindeer (Rangifer tarandus; n=364), red deer (Cervus 

elaphus; n=105), moose (Alces alces; n=137) and roe deer (Capreolus capreolus; n=46). The allele nomenclature 

corresponds to Figure 2. In yellow, the common PRNP allele shared among the four species. 

  



 

 

 

Figure 4. Relative frequency of PRNP genotypes among CWD cases identified in Norwegian reindeer (Rangifer tarandus; 

n=20) and moose (Alces alces; n=8). The allele nomenclature corresponds to Figure 2. Based on the copy number of the 

common PRNP allele, the PRNP genotypes are colored yellow (two copies), dark yellow (one copy) and grey (no copies). 



 

 

 

Figure 5. (A) P-values from pairwise comparisons of PRNP alleles’ frequencies among 12 subpopulations of Norwegian 

reindeer. The significance levels are based on Fisher’s exact test followed by Bonferroni correction colored dark gray when 

significant (P-value �0.05/66). The subpopulations nomenclature corresponds to Table 1. (B) Relative frequency of PRNP 

alleles (2n) in the Norwegian wild and semi-domestic reindeer. The allele nomenclature corresponds to Figure 2. In yellow, 

the common PRNP allele shared among reindeer, red deer, moose, and roe deer. 
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Supplementary table 1. Sample sizes (n) from red deer, moose and roe deer per municipality and sorted by 
counties. The data are consistent with Norway’s administrative division valid until January 2020. 

Municipalities (n)   

County Red deer (105) Moose (137) Roe deer (46) 

Akershus Aurskog-Høland (1) Eidsvoll (1) Asker (2), Aurskog-Høland 

(1), Bærum (1), Eidsvoll (2), 

Gjerdrum (1), Sørum (1), 

Vestby (2), Ås (1) 

Buskerud Hemsedal (3), Hol (4), 

Kongsberg (1), Ål (1) 

Flå (2), Gol (1), Hemsedal 

(1), Ål (1) 

Hol (1), Hurum (1), Lier (2) 

Hedmark Nord-Odal (1), Rendalen (1), 

Stor-Elvdal (1) 

Elverum (2), Engerdal (3), Os 

(1), Rendalen (2), Ringsaker 

(1), Stor-Elvdal (3), Tolga (1), 

Trysil (2), Åsnes (6) 

Løten (2), Nord-Odal (1), 

Ringsaker (1), Tynset (2), 

Åsnes (1) 

Hordaland Kvinnherad (2), Voss (14) - - 

Møre og 

Romsdal 

Stranda (1) - - 

Oppland Nord-Fron (4), Søndre Land 

(1), Vang (1), Vestre Slidre 

(1), Øyer (4) 

Lesja (1), Nord-Aurdal (2), 

Nord-Fron (1), Ringebu (2), 

Sel (2), Søndre Land (9), 

Øyer (1) 

- 

Rogaland Karmøy (3), Vindafjord (1) - Karmøy (4) 

Sogn og 

Fjordane 

Aurland (1), Flora (4), Førde 

(2), Gloppen (7), Gulen (2), 

Hornindal (1), Jølster (2), 

Luster (3), Lærdal (2), Stryn 

(2), Vågsøy (1), Årdal (5) 

- - 

Trøndelag Hemne (11), Levanger (1), 

Melhus (3), Midtre Gauldal 

(1), Namdalseid (1), Namsos 

(4), Snillfjord (3), Stjørdal (1) 

Flatanger (2), Grong (1), 

Klæbu (1), Namdalseid (1), 

Namsos (1), Namsskogan 

(1), Overhalla (6), Selbu (7), 

Snåase - Snåsa (5), Steinkjer 

(15), Trondheim (6), Tydal 

(4) 

Hemne (1), Indre Fosen (1), 

Rennebu (1), Stjørdal (4), 

Tydal (2) 

Vest-Agder Songdalen (2) 
 

Kvinesdal (2), Mandal (2) 

Østfold Våler (1) Sarpsborg (1) Halden (1), Moss (1), 

Sarpsborg (1), Våler (1) 

Aust-Agder - Birkenes (1), Froland (1), 

Åmli (1) 

Lillesand (2) 

Nordland - Bodø (1), Fauske (1), 

Hattfjelldal (3), Rana (2), 

Vefsn (5) 

- 

Troms – 

Romsa 

- Dyrøy (4), Lenvik (10), 

Målselv (2), Sørreisa (1), 

Tromsø (9) 

- 

Oslo - 
 

Oslo (1) 
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All four studied species showed variation in PRNP coding sequence at the nucleotide level 

with most variation occurred among reindeer with nine variant positions, followed by red deer 

with two; whereas both moose and roe deer only showed one (Supplementary table 2). 

The variation consisted of single nucleotide variants (SNVs) encoding both synonymous and 

non-synonymous substitutions together with an octapeptide repeat deletion limited to 

reindeer. Novel non-synonymous SNVs included 620A>T and 632G>A in reindeer 

(Leu207Met and Arg211Gln) linked to 674C (Supplementary figure 1). As previously 

reported in red deer, SNV position 408 is genetically linked to position 676 (D’ = 0.999, R2 = 

0.998, P<0.001) indicating 408T linkage with 676C and 408C with 676G.  



 

 

Supplementary table 2. Variant positions in PRNP coding sequence from 365 reindeer, 105 red deer, 137 
moose and 46 roe deer from Norway. Variant descriptions are in accordance to the HGVS nomenclature 
definition, using the three-letter amino acid symbol. DNA and predicted protein variation are described based on 
the correspondent reference sequences for each species. Minor allele frequencies were calculated at the 
nucleotide level. 

Abbreviations: PRNP=prion protein gene; HGVS=Human Genome Variant Society; DNA=deoxyribonucleic acid 

DNA variation Predicted protein variation Minor Allele Frequency 

Reindeer 

 

 

DQ154293.1 AAZ81474.1  

4G>A Val2Met 0.125 

6G>A Val2= 0.022 

249_272del Trp84_Gly91del 0.019 

385G>A Gly129Ser 0.125 

505G>A Val169Met 0.125 

526A>G Asn176Asp 0.107 

620A>T Lys207Met 0.012 

632G>A Arg211Gln 0.001 

674C>A Ser225Tyr 0.359 

Red deer 

 

 

KT845862.1 AMP43861.1  

408T>C Ala136= 0.890 

676C>G Gln226Glu 0.890 

Moose 

 

 

MH230115.1 AZB50215.1  

325A>C Lys109Gln 0.226 

Roe deer 

 

 

MK103016.1 QAU19526.1  

72C>T Cys24= 0.261 



 

 

 

Supplementary figure 1. Pairwise Linkage Disequilibrium (LD) analysis between variant positions (nucleotide) in 
PRNP coding sequence from reindeer. Each frame summarizes LD between marker 1 and marker 2 measured 
by D’, R^2 and P-value (order shown in the lower left frame). Color-shading based on P-value where red 
indicates a high significance. 

Abbreviations: LD = linkage disequilibrium; PRNP = prion protein gene; D’ = scaled disequilibrium statistic; R^2 = 
mean squared correlation coefficient 
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The predicted probabilities of observing either PRNP genotype from the multinomial model in 

red deer (Supplementary table 4) and moose (Supplementary table 5) are plotted as an 

effect of longitude (X) and latitude (Y) (red deer: Figure 1B, Supplementary figure 2A and 

2B; moose: Figure 1C, Supplementary figure 2C and 2D). The baseline genotypes were 

226Q/226Q in red deer and 109K/109K in moose. 
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The significantly positive estimates for longitude (X) and latitude (Y) indicate a tendency to 

observe 226E/226Q rather than 226Q/226Q as both X and Y independently increased 

(Supplementary table 4). The same positive tendency applies for 226E/226E compared to 

226Q/226Q as longitude (X) increases, but as we move northwards (increase of Y) there 

was a negative trend for 226E/226E over 226Q/226Q. As X and Y negatively interacted, 

their effects were weakened at increasing observed values for each other. 

�����


The estimates for both longitude (X) and latitude (Y) were significantly positive, which 

indicate a trend for either 109K/109Q or 109Q/109Q over 109K/109K as we move to the east 

(increase of X) or to the north (increase of Y; Supplementary table 5). Nonetheless, there 

was a negative interaction between X and Y, meaning there the positive effect of X was 

weakened as the observed value for Y increased and vice-versa.



 

 

Supplementary table 4. Estimates from the multinomial regression model of PRNP genotype in Norwegian red 
deer with X, Y, and their interaction as predictors. Genotype 226Q/226Q was the baseline category. 

Parameter Estimate S.E. Z P 95% CI 

226E/226Q       

Intercept -18.715 0.090 -208.906 <0.001 -18.891 -18.540 

X 13.562 0.821 16.524 <0.001 11.954 15.171 

Y 0.203 0.060 3.377 0.001 0.085 0.321 

X × Y -0.199 0.016 -12.314 <0.001 -0.231 -0.168 

226E/226E       

Intercept 34.246 0.090 379.636 <0.001 34.069 34.423 

X 8.050 0.826 9.744 <0.001 6.431 9.669 

Y -0.661 0.059 -11.192 <0.001 -0.776 -0.545 

X × Y -0.107 0.016 -6.851 <0.001 -0.137 -0.076 

 

Supplementary table 5. Estimates from the multinomial regression model of PRNP genotype in Norwegian 
moose with X, Y, and their interaction as predictors. Genotype 109K/109K was the baseline category. 

Parameter Estimate S.E. Z P 95% CI 

109K/109Q       

Intercept -45.371 0.059 -765.369 <0.001 -45.487 -45.255 

X 2.767 0.815 3.394 0.001 1.169 4.365 

Y 0.709 0.037 19.008 <0.001 0.636 0.782 

X × Y -0.044 0.010 -4.367 <0.001 -0.063 -0.024 

109Q/109Q       

Intercept -95.385 0.004 -24825.532 <0.001 -95.392 -95.377 

X 4.479 0.052 86.144 <0.001 4.377 4.581 

Y 1.503 0.025 61.319 <0.001 1.455 1.551 

X × Y -0.073 0.002 -38.201 <0.001 -0.077 -0.069 

  



 

 

 

Supplementary figure 2. Spatial interpolation of genotypes distinct from 226Q/226Q in red deer and 109K/109K 
in moose. Prediction maps for genotypes 226E/Q (A) and 226E/E (B) in red deer, and 109K/109Q (C) and 
109Q/Q (D) in moose are based in multinomial logistic regression method. The color bars have been adjusted to 
better display the range of predicted probabilities for each genotype. The horizontal lines indicate the latitudinal 
divisions of the Norwegian moose population previously described by Haanes et al. (2011). The sampling sites 
are respectively represented as triangles for red deer and circles for moose coincident with the centroid of 
sampled municipalities. 



 

 

Haanes, H., Røed, K. H., Solberg, E. J., Herfindal, I., & Sæther, B.-E. (2011). Genetic 
discontinuities in a continuously distributed and highly mobile ungulate, the Norwegian 
moose. Conservation Genetics, 12(5), 1131. doi:https://doi.org/10.1007/s10592-011-
0214-0 



  



Errata list:   

Page Line Change from Change to 

v 16 Maria Nöremark Antti Väinö 
Oksanen 

Maria Nöremark, Antti Väinö 
Oksanen, 

6 24 “” slow virus” “slow virus” 

7 6 (Basler et al. 1986)(Basler et al 
1986) 

(Basler et al. 1986) 

54  Table 4. PRNP genotype (protein 
level) in Norwegian cervids. 

Table 4. PRNP genotype (protein 
level) in CWD- affected Norwegian 
cervids. 

57 13 allele E allele E 

57 13 allele E allele E 
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