
Philosophiae Doctor (PhD)
Thesis 2024:02

Dina Turid Ulstein Jørgensen

Genetic studies of distichiasis 
in the Staffordshirebull terriers 
and cataract in Norwegian 
buhunds

Genetiske studier av distichiasis hos 
Staffordshire bull terrier og katarakt hos 
Norsk buhund 

Philosophiae D
octor (PhD

), Thesis 2024:02
D

ina Turid U
lstein Jørgensen

Norwegian University of Life Sciences 
Faculty of Veterinary Medicine
Department of Preclinical Sciences and Pathology





�

�

Genetic studies of distichiasis in the Staffordshire 
bull terriers and cataract in Norwegian buhunds 

 
Genetiske studier av distichiasis hos Staffordshire bull terrier og 

katarakt hos Norsk buhund 

 
Philosophiae Doctor (PhD) Thesis 

 
Dina Turid Ulstein Jørgensen 

 
Norwegian University of Life Sciences 

Faculty of Veterinary Medicine 
Department of Preclinical Sciences and Pathology 

 
 

Ås 2023 
 
 

 
 

 
Thesis number 2024:02 

ISSN 1894-6402 
ISBN 978-82-575--2113-4 

 



�

���

�  



�

����

Supervisors  

Main supervisor�
������	�
����
����������
������
������������
�����������
���������
����
������������
�����������������
����������
��
��������
��
� ���������	��������
���
!"##�$���������
�

Co-supervisor�
%�
��&����'������
% ���
���&���(����)����
%
*+ ���
�!"��
,-..�&���
�

� �



�

� �

�



�

 �

Acknowledgements 

/�������
�����)������������������������
����������������
������

(�������
�����������
���������
����
����������������������������
�

�
� ���������	��������
������0���1�����
�2�
�����3,!4��
��&���1���3,3#5�

��
�
������������������
���������������
� ���������������5�

6���
��������
)�������� �����������	�
�����
��%�
�7&����'�����������

�� �
����������
�8����������
�����
������
��������)
���������
��

�9������5�:�����������
)�������������������������������
 ����1����
�����
��


����������
�����
���������������5���

6���
��������
)����������������������������
������
���������)�
��������

�����������5�6���
�������������������������������������%���
��&����
��	� �

���������1����������
������������������������
��1�������������������
��

��1����������5�/��
)����0*+�
���������)
��������1����
���5�/��;���
��

���
)��������������
�������)��������
�����������������
����������
��*����
��

������5�/��;�������������1��
������� ���
�������� ������
���
�������

���������
�
����
����5�:� ��������������
)�����������������������1��
��

����������
��������� �5��

�������������6���
��������
)��������
����������������������
�����������(�

����
��������������
���1���)��
���
����
����
 ������
5�:�����������
)�

����������� ���/�
*�������������������
�
��������
����������������1����

��������

��5��

/������*����������
���1�����1����������������������)���������
�1������

1��������15�/�����
���1����
������������������
�0���
�����1��
��

����������%��
�;�����
�
��
������
�(������ ��1��
��������5�6<��������������

��������������
���������
���1�������������������=�(�:������5���

/��
)��������6������������������9�����
��������������
�����
��������

���������
����0���
��
���*�
�������
������*���1��
��������������
�5�

>��������������������������������������*���
���������
���1�����1��5�

/��
)������	��������)����
�����������������
������������������
����������



�

 ��

������������
��1���� �
���
���������������
��&��������� �
�����
������

1���)��
��1��
������*�������������5�/��
)���������������
�����
��������)�
��

����������)��������
���6����������������)5�	���1���
���������������������
)�

������������������
����
���������������
��������������5�>������������

������������������
����� ��1��
����1��5�

�



�

 ���

Table of Contents 

Supervisors ............................................................................................................... iii�

Acknowledgements .................................................................................................. v�

1� Abbreviations and definitions .................................................................. 1�

2� List of papers .................................................................................................. 3�

3� Abstract ............................................................................................................. 5�

4� Norsk sammendrag ...................................................................................... 7�

5� Synopsis ............................................................................................................ 9�
.5!� 6
���������
�5555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555�4�

.5!5!� :������������������� ��55555555555555555555555555555555555555555555555555555555555555555555555�4�

.5!53� /��������
���������
���������555555555555555555555555555555555555555555555555555555�!,�

.5!5#� /�����
�
����
����555555555555555555555555555555555555555555555555555555555555555555555555555555�!!�

.5!5"� ��
������������������5555555555555555555555555555555555555555555555555555555555555555555555555555�!"�

.5!5.� ?��
������ ����
������
��������1��������������5555555555555555555�!.�

.5!5-� 6��
���������
������
���
�� ����
����������������

���
������5555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555�!@�
.5!5A� ��
��������������
��
��1�����
�� �����555555555555555555555555555555555�#,�
.5!5@� /�������555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555�#3�

.53� :���555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555�"#�

.5#� ����������
���������55555555555555555555555555555555555555555555555555555555555555555555555555555555555555555�""�
.5#5!� ���������55555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555�""�
.5#53� �������5555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555�".�

.5"� �����������������555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555�.,�

.5.� (�����
�555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555�."�

.5-� ��������������� ��55555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555�-"�

.5A� B�
�����
�5555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555555�-@�

6� References .................................................................................................... 70�

7� Papers I - III .................................................................................................. 83�
�





�

!�

1 Abbreviations and definitions 

:�B�� � � :�����
����������� ��

0	���� � � 0�����
�����
1��������������
�

B�:�� � � �������
������
�
������������7�B�
������������

B6� � � � B�
����
����
��� ���

(��:�� � � (�����
����:

������
�

��� � � � '�������������

%B�&�� � � %������
�B����������������
����&���������������

�B/:�� � � ��
���7�����B�����9�/�����:
�������������

�1�� � � � ����1�����

�0	���� � � ��
�����1�����
�����
1��������������
�

GV�� � � � ��
����� ����
���

�'��� � � ��
������������
���������9�

�>:��� � � ��
���7�������������
������

H2�� � � � 0����7�
��������1������

h2�� � � � ������7�
��������1�������

C/��� � � C���7������������(�:��8��
��
��

;1�� � � � ;���1����

	(�� � � � 	�
)�������8����1������

	(:;�� � � 	�
)����(��8����1�����:�*�����;�
�������������

�0��� � � ����1���

�B�B�� � � ����� �����
���
���B�����

�	�:�� � � ��9�����
����������1������������
��
�����

�;;�� � � ��������
�;�

���B��1��

&�6:�� � � &
��
����
�����
��
������
����
��
�����

�B:�� � � ���
�����������
�
���
�����

��'�� � � ������
�����)�D����E�



�

3�

��B�� � � ��� �����
����������B��������

��;�� � � �� �����
��
�)��F��)�����)��

�':�� � � ������� ������
������������

?/	�� � � ?��
������ �������������

'%�	�� � � '�����������9�������)��������

'&B���� ��� � '���� ����������
������������������� ��

�%� � � � ���
�����%�����

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

VA�� � � � �����
����
����������� ����
������������

VE�� � � � �����
����
������
 ���
��
���

VG� � � � ��
����� ����
���

Vp�� � � � /��������
������� ����
����

>���� � � >�������
�����8��
��
��



�

#�

2 List of papers 

Paper I 
Heritability estimates of distichiasis in Staffordshire bull terriers 
using pedigrees and genome-wide SNP data 
(�
��2+���
�
����������
��%�
�7&����'�������������	�
����

Acta Vet Scand. 2022 Nov 21;64(1):30. 
�

Paper II 
Genomic analysis and prediction of genomic values for 
distichiasis in Staffordshire bull terriers 
(�
��2+���
�
��%�
�7&����'�������/��������������
��������

	�
����

Canine Med Genet. 2023 Jul 24;10(1):9 
�

Paper III 
A genome-wide study identifies a region on CFA37 associated 
with cataract in the Norwegian buhund 
(�
��2+���
�
��%�
�7&����'�������%��
�;�����
�
������
�(�����

������	�
����

Manuscript 
�

� �



�

"�

�



�

.�

3 Abstract 

/��������������������������������
��������������
���������1������

��������
�1���
���
���������������1�����������5�

/������������������������
��������������������������
��������������

1�����������5�(���������������
�����
��������1
�������������������

�
����������������������������������5�/�����������������������
������

���������
��
������
�����������
��5��� �
������
��������������
����
�

������
�����1������������������1���� ������1�����������������
�����
5�/���

��
�����
��������� ���������
��
�����1����������1��
��1�� ����
� ������

�����������������������
����������������������
��������5�

������6��9���
��������� ���
����
��������1��������������������
�

�������������1�������������
�������5�>��������������9���
����
�������
��

��������������"!AA����5�& ��������������������
�����
���
�����

�9���
����
�����
�����������)�������5�>���
 ���������������������������

����
�
����� ������������1�������
���������������5�>�����
������
�����
��

�������
����
�������)����1��
������
��������������������
���������

�9���
����
����������������������
�����������9���
����
������������

���������������5�/���� ��������� ���
�����������������
�����������

����
��#G��������������� ���
����
�������������������9��������!4G5�

0�����
��������
��
��������
����������������������
�����1����
������
���

����
����
����� ������
����
�������5�/����������������1����������������
�

�����1�����
���������������9���
����
�������������
�������������5�0��

��
��1�������������������
����
��������)�����������������������������

������1��������
���������,5#A����,5"@������������
���������������������

�������������1��5�>��������)
���������������������1�������������������

������
��������� ���
�����������������
��������������1��������������������

�
�����������������������������������������5�



�

-�

������66������1������
�������������
���������������������
�����

���)��������1���������������������
�������
���������
���
���������
�

1�����
���
��������)����
�����������5�>�����
����������������
�����

��
����������
��
�����������!��!@��#3���
��#"5�������������������


��������� ����������������
5�:������
����������9��������������1���������

��
��������
��������)����
���������������������������������)�����������������

�� �����
������������������5�0����
��������
��������)���������������
)�

����1�����
���
�������)�����������������
��� ��5�C��� �������������������


�����������
������
��
��
�� �������� ��5���������������������
�1��������)��

��������
���1�����
�� �����������
�����������������������������5�

/��������������������666���������
�����������������������������������
��

��������
�1���
������������� �����
��
����������������D��BE5�/�����������

�����������
���������������
5�:���
���������������9���
���1���
����������

���������1����B5�

6
�������666���
��������)��������1����������������������
�������������

������)������
���������
�1�����
���B��
���������
��������)��5�>��

���
��������������
��
�����������#A���������������������������5�/���

�����
���
���
���������
�.,���
����
�����
���� ����
��������� ��

��� ����������������������
����
�����
��
�������������5�>��

�8��
�������������������
���
����1�����������
����
�������
����
����

�8��
��
���1����������
�����
���
�������� ���������
5�/�����������
�����


���)
��
�������
���������
�����������������
������8��
��
�����

���������5�>�������
�����8��
��
�������������������
����
��������
�

�������������
�������)� ����
���������
�1����������������1�����
���
��

������������ ���������
��������5�

�



�

A�

4 Norsk sammendrag 

(�

��� ��
���
��
������������������ �
������+���)�����
�����

��
�����
�����)�1���
������������������1�����������5���

(������+��������)��
����� ��
���
��
�����
�����+���)�����
�����������

����������������1�����������5�(�������������
��)������������ �)���

����������+���H���

�
��������
�� ����
�������+�� ����
�5�(������������

+���H��
��)�
��+�������������*�
����)������H����
��

�
5������������������

�
�+)������)��������
)�������
���������
�������������H�����
��� �����

1�)���

5�	�����
���������� �� �
���������
�����
������H���������
���))��

�
���������������

�)���)������������������������5�

(�
��+��������))���
�����H�����)����
������ ������
�� ��������������

�������������1�������������������5���������������+����
�
���������

����� ��������"!AA���
���5������

���� �����
�� ���
��
����))�

�*�

���+����
�+���
���+)���� ���H�����)�����������+�� ����
�1����� ����

������������������������
5�����
���+)��������

�����������
���+)���
����

�
��))�����������������
��5������
���
���
���)�
�����)*������*�
�
������
�

����� ���������������
�����������
��
�����)�
�1����
���+)�����

 ��������������
��
�������H�1����
���+)����� �)
����
�����������

����������H�5�����)����
�� �������������� ����
�� �����
���#G����
�

����)����
���� �)
����
���� ����H��������!4G5�0������H�������

�
��

)�
)�������� ����������������������))��������
����
�
����� �����
������

 ����
�5�:� �����1����
�
��
��1����������1������H���
��������

+����
�
����������������������H�5�����H�1����
���� ������
�1��)��� ��1H���

����� ���������������������
���)�����)+����������)���������5�

:� ������
��H��������,�#A�7�,�"@��
�������
�������������������+��

�� �������5�������

��)�

)���
�1+������ F�����������������������H�

������������)����
�� ���������������������������1�����������
�� ���+)��

1��)�� ���
�������
�����������+���H����� �5��

:���))���66�����
���
���)�����*�
���������� ������1��)����
���)��

���)+����*� 
������������� ����������
���������H���

���
�����
��
��



�

@�

���������
���)�����)+����������������5�������
������������������
�����

���� �
�����
���)�������
����H�)�������!��!@��#3����#"5���������������

�H���������H� ������������������
�
�5�6���������H� ���H����������
�����H�

1��)���������
���)�����)+��
�����������������
�����H��������� �������

�

�
����������������������
���
�� ����� �)�������������+���H���������))�5�����

1��)�� ������
���)�����)+��
��)�

�� ����
�������
��
��1������H�

��
���)����)���H����
� H5��H��
�� ��7
� H� �����������
���))��
+��)�����


�)����
�������
�)�
�1��)���H�������H�����������*�
������ � �������

���� ��
��)���1����
������������ ���5����

(�
���������))���
������))���666������
������
�������������)�����)��DI��H�

�F�JE������� �
��������)����
���������)�1���
�5�(�

���)�����
�

���)������� �����
��
�)��F��)�����)��D��;E�������1���
�)�����)�5�

����
���
��
������������
��
����)*��
�
�������
�
5���)�����
�

����)������������������� �����
�� �������
���+)���1���
���5��

6�����))���666����� ��1��)����
���)�����)+��������������� ����������
���������

H���

���
�����*�
��������)�����)�����1���
����������
���)��

���)+��
�5������
���
������
��H�)�������#A������������������

1���
�)�����)�5�&��H�����

�������������

�.,���
�����
)��� ������

�)���������
�������������������� ���H� F�����������������
�
���

����
���
��������
�����������1��
���

�����

�)��5���������) �
���������

� �������
�
�������
����) �
���
�����
�H����
���������
�����*�
�

�����������
��
�������)�����
5�(�����������
����������
��
�)*�
��

����
��
��������;�����) �
���
��
�1������+��5���������) �
���
��� �

�����
�
��H��*+�������H���

���
�����*�
������������
��
������

�)�����
�������)�
�1��)������*�������������� ���1����������

����H��
���� ������H��� �)����
���
���5���

�



�

4�

5 Synopsis 

5.1 Introduction 

5.1.1 A historical perspective 
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5.1.2 The dog in the humane society 
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5.1.3 The canine genome 
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Special features of the canine genome 
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Figure 1. Illustration of the two first bottlenecks in the history of the dog. The 
illustration is reused from Ostrander et al. (2019) with permission under the 
Creative Commons licence.  
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5.1.5 Quantitative genetics and heritability estimates 
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5.1.6 Identification of genes and variants associated with 
phenotypes 
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Genome-wide Association Studies   
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Figure 2. The diagram displays the human chromosomes 8, 9, 10. The coloured 
dots represent associations with p-values less than 5x10-8. Different trait 
categories are coloured differently and displayed on the right side of the figure. 
The diagram with the summary statistics was downloaded from the NHGRI-
EBI GWAS Catalog (Sollis et al., 2023) on 28/06/2023, available from 
https://www.ebi.ac.uk/gwas/diagram. With permission to use under the 
general EMBL-EBI terms (https://www.ebi.ac.uk/about/terms-of-use). 
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Figure 3. The figure illustrates how the effect size and allele frequency affect 
the identification of causal variants. The figure is a modified version of 
Manolio et al. (2009) with permission from Springer Nature. The original 
figure of Manolio et al. was based on the figure of McCarthy et al. (2008) with 
permission from Nature Reviews Genetics. 
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Low-pass whole genome sequencing and imputation 
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Global expression analysis 
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5.1.7 Genomic prediction and breeding values 
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Genomic selection 
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5.1.8 The eye 
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Genetics of eye disorders in dogs 
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The anatomy of the eye 
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Figure 4. A sagittal view of the eye, the illustration is created in Biorender.com 
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Embryology of the eye   
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Ocular disorders 
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Distichiasis 
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Figure 55 Distichiasis in a dog, the red arrows point at the aberrant eye hairs in 
the upper and lower eyelid. By Joel Mills - with permission to use under the 
Creative Commons licence CC BY-SA 4.0, 
https://commons.wikimedia.org/w/index.php?curid=3438089 
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Pulverulent nuclear cataracts 
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Pulverulent nuclear cataracts in the Norwegian Buhund 
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Figure 6. Each facet shows a different stage of PNC. A frontal view photograph 
is on top and a blueprint of the lens changes (frontal and transversal views) at 
the bottom. a) minimal changes in a two-year-old dog, b) mild changes in an 
eleven-year-old dog, c) moderate lenticular changes in a ten-year-old dog, d) 
pronounced changes in a ten-year-old dog. The picture is from the article by 
Kristiansen et al., with permission to reuse from John Wiley and Sons. 
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5.3 Materials and Methods 
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5.4 Summary of papers 
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Paper I: Heritability estimates of distichiasis in Staffordshire bull 
terriers using pedigrees and genome-wide SNP data 
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Table 1. Genomic-based heritability estimates of distichiasis in 
Staffordshire bull terriers.  

Model GRM  Number 
of dogs 

Heritability 
estimates 
observed scale 
(h2gO) 

Heritability 
estimate 
transformed 
scale (h2gT)  

Full siblings with 
equal affection 
status excluded 

�B/:�� "4@� ,53A.D�%�,5,@3E� ,5#-@�D�%�,5!,4E�

Full siblings with 
equal affection 
status excluded 

	(:;�� "4@� ,53@!�D�%�,5,@#E� ,5#A.D�%�,5!!3E�

All dogs included �B/:�� ."@� ,5#".�D�%�,5,A@E� ,5"-!�D�%�,5!,"E�

All dogs included 	(:;�� ."@� ,5#.A�D�%�,5,A4E� ,5"A-�D�%�,5!,-E�

The heritability estimates are estimated for the different models, including and 
excluding full siblings. Two different genomic relationship matrices (GRM) 
were used, calculated in GCTA and LDAK.  SE is Standard Error. The table is a 
modified version of table 2 in paper I,�Heritability estimates of distichiasis in 
Staffordshire bull terriers using pedigrees and genome-wide SNP data. 
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Paper II: Genomic analysis and prediction of genomic values for 
distichiasis in Staffordshire bull terriers 
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Paper III: A genome-wide study identifies a region on CFA37 associated 
with cataract in the Norwegian buhund 
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5.5 Discussion 
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5.6 Future prospectives 
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Future applications of the results in dog breeding 
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5.7 Conclusions 
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Heritability estimates of distichiasis 
in Staffordshire bull terriers using pedigrees 
and genome-wide SNP data
Dina Joergensen1*  , Per Madsen2, Ernst-Otto Ropstad3 and Frode Lingaas1 

Abstract 

Background: Distichiasis is the most frequently recorded eye disorder in the Norwegian Staffordshire bull ter-
rier (SBT). The condition is often mild but can, in severe cases, lead to pain and blindness. The current study’s main 
purpose was to estimate the heritability based on pedigree information as well as single nucleotide polymorphisms 
(SNPs) to evaluate whether it is realistic to reduce the frequency by systematic breeding. The majority of the dogs had 
only one examination as a young puppy. To evaluate whether this early screening gave a reliable representation of the 
disease burden in the population, we compared the diagnosis in puppies and adult dogs.

Results: Our material consisted of data from 4177 dogs with an overall prevalence of distichiasis of 8.38% (CI 
7.56–9.26). The prevalence in puppies examined around eight weeks of age was significantly lower than in dogs 
examined after 52 weeks (2.87%, CI 2.29–3.54 versus 18.72%, CI 16.71–20.87). The heritability was estimated in dogs 
examined after 52 weeks. We used both pedigree (1391 dogs) and genotype (498 dogs) information for the estimates. 
The pedigree-based heritability was ~ 0.22 (on the underlying scale ~ 0.48), while the genomic-based heritability (on 
the underlying scale) was ~ 0.47, and ~ 0.37 when excluding close relatives with equal affection status.

Conclusions: Screening for distichiasis in puppies before eight weeks of age is not sufficient to give an accurate esti-
mate of the prevalence, and an additional examination after one year is recommended. The heritability of distichiasis 
is medium to high, showing that it should be possible to reduce the prevalence by selective breeding.

Keywords: Aberrant eyelash, Canine, Genomic heritability, Ocular disorder, SNP-based heritability
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Background
Distichiasis is a condition of the eyelid with displaced 
eyelashes [1]. The aberrant hairs arise from ectopic hair 
follicles close to the meibomian glands in the eyelid and 
mostly emerge from the duct openings of the meibomian 
glands on the margin of the eyelid as single or multiple 
hairs [2, 3]. The disorder is common in dogs but has 
also been reported in cats [4], ferrets [5], and horses [6]. 

It is seen in both purebred and mixed-breed dogs [1, 2, 
7]. The prevalence varies strongly between breeds, with 
49.3% in English cocker spaniels [8], 11.4% in Tibetan ter-
riers [9], and 27.9% in Elos [10]. Distichiasis is the most 
frequently diagnosed ocular disorder in the Norwegian 
Staffordshire bull terrier (SBT) population [11].

Distichiasis occurs in puppies as young as six weeks of 
age [12]. The majority of dogs diagnosed with distichiasis 
are only mildly affected, with subtle or no apparent clini-
cal signs except for aberrant eye hair. Common clinical 
signs are conjunctivitis, irritation and rubbing of the eye, 
increased blinking, and lacrimation. In severe cases, the 
abnormal hair growth can lead to corneal lesions such 
as ulceration and keratitis [1, 12, 13]. There are several 
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different treatment methods, but recurrence and com-
plications are associated with all procedures [3, 13–15]. 
Therefore, a reduction of the incidence by selective 
breeding would be advantageous.

Heritabilities (h2) for distichiasis have been reported 
for: the Tibetan terrier (h2 = 0.043, 849 dogs) [9], Elo 
(h2 = 0.238 ± 0.122, 234 dogs) [10], English cocker span-
iels (h2 = 0.22 and 0.51, 799 dogs) [8], and Havanaise 
(h2 = 0.276 linear model and h2 = 0.720 Bayesian thresh-
old model, 1156 dogs) [16].

The main purpose of the present study was to estimate 
the additive heritability (h2) and the prevalence of disti-
chiasis in the SBTs in Norway and to explore whether it 
is realistic to reduce the incidence of distichiasis by selec-
tive breeding. In addition, we were interested in investi-
gating the possibility of using genomic data to estimate 
the heritability of distichiasis in dogs. So far, the herita-
bility of distichiasis has been estimated by using pedigree 
information only, and to the best of our knowledge, this 
is the first study to include genomic data in heritability 
estimates of an ocular disorder in dogs.

Methods
The study was based on official data from eye examina-
tion records registered by the Norwegian Kennel Club 
(NKK). ECVO-certified veterinarians performed the 
examinations using a bio-microscopical examination of 
the adnexal structures of the eye. The results were stored 
and are publicly available in "Dogweb",—a pedigree data-
base maintained by the NKK (www. dogweb. no).

The primary dataset contained records from 2005 until 
May 2021 and comprised a total of 4752 eye examina-
tions recorded in 4177 SBTs. 499 (10.5%) dogs had more 
than one eye examination (the cumulative numbers were: 
1 dog = 5 examinations, 11 dogs = 4 examinations, 64 

dogs = 3 examinations, and 499 dogs = 2 examinations). 
All dogs, both uni- and bilaterally affected, were counted 
once. The proportion of female dogs examined was 2196 
(53%) and male dogs 1981 (47%). The age of the examined 
dogs ranged from 4.5 weeks to twelve years. 2894 (69%) 
of the dogs were examined before 58 days (~ 8 weeks).

At present, a positive distichiasis diagnosis recorded in 
the NKK will persist, regardless of the findings on later 
examinations. The affected dogs are graded as mildly or 
severely affected; earlier, the grade moderately affected 
was also included. We have treated the phenotype as a 
binary trait (affected/unaffected) due to missing categori-
sation in about 16% of the affected dogs, low numbers of 
the more severely affected dogs and previous practice in 
heritability estimates of distichiasis [8, 9, 16].

Descriptive statistics
The descriptive statistics calculating the prevalence and 
the effect of age and sex were performed using base R, 
the R package tidyverse, and epiR [17–19]. P values below 
0.05 were considered statistically significant with a 95% 
confidence interval (CI).

The data was unbalanced, with a large group of dogs 
examined around eight weeks of age and several dogs 
with multiple examinations. Therefore, the data were 
stratified into three age groups: D1: dogs with a single 
standing examination between 0 and 58  days, D2: dogs 
examined between 59 and 364 days, and D3: dogs exam-
ined after 365 days (Table 1). There was missing informa-
tion on the age at the examination in twelve dogs (one 
affected), and these were excluded from further analy-
sis. Other age groups were assessed by splitting the dogs 
into six different age classes, 0–1, 1–2, 2–3, 3–4, 4–5 
and > 5 years. The oldest age groups (dogs > 5 years) were 
merged due to small numbers of observations in this age 

Table 1 Age distribution and the prevalence of distichiasis in the different age groups

The distribution of the examined dogs in the different age groups: All dogs < 0.16 years, D1, D2 and D3. The prevalence of distichiasis is given in the four age groups, 
including the standard error and the 95% confidence interval of the prevalence. The last column shows the odds of being affected with distichiasis in the different age 
groups

Age group Age (weeks) Number of dogs Number of dogs 
affected with 
distichiasis

Prevalence of 
distichiasis 
in %

Standard error Confidence 
interval 
(95%)

Odds

All Young exam-
ined ≤ 0.16 year

 ≤ 8.3 2894 83 2.87 0.003 2.29–3.54 0.03

D1 Young only 
examined 
once ≤ 0.16 year

 ≤ 8.3 2508 76 3.03 0.003 2.39–3.78 0.03

D2 Last examination 
between
 > 0.16 < 1 year

8.3–52 263 12 4.56 0.013 2.38 -7.83 0.05

D3 All dogs examined 
after one year

 ≥ 52 1394 261 18.72 0.01 16.71—20.87 0.23
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span. There was no significant difference in distichiasis 
status between any age groups above one year, and they 
were joined into one class, D3.

The effect of age and sex between the two groups D1 
and D3 were estimated using logistic regression, includ-
ing distichiasis as a response variable and the age groups 
and sex as the explanatory variables. We also com-
pared the diagnosis in dogs with multiple examinations, 
once before 58  days and at least one examination after 
364 days using the McNemar’s test.

The effect of age at examination within the age groups 
D2 and D3 was estimated using logistic regression, 
including distichiasis as a response variable and age 
as the explanatory variable. Only one observation per 
dog was used. In dogs with multiple examinations, we 
used the age at the last presentation in unaffected and 
the age at first positive diagnosis in affected dogs. In 
case of inconsistency in the distichiasis status between 
two examinations, the more severe diagnosis was kept, 
affected individuals were considered once affected, 
always affected.

Estimates of pedigree-based heritability
The pedigree-based heritability (h2

ped) estimating addi-
tive effects was conducted on 1391 dogs in age group D3. 
The youngest (D1) and the middle age group (D2) were 
excluded from further analysis due to the low prevalence 
in D1 and the low number of observations in D2.

The h2
ped was estimated in the age group D3 using an 

average information restricted maximum likelihood 
approach (REML), analysed in the DMU package [20]. 
Afterwards, the heritability was converted to a theoreti-
cal underlying continuous scale (h2

pedT) [21]. The model 
used was Y = μ + a + e. Where Y = distichiasis status, 
μ = the mean term (fixed effect), a = the additive genetic 
effect (random effect), and e = the residual error (random 
effect).

Genomic heritability
The biological material was based on samples from a 
biobank established in collaboration between The Nor-
wegian University of Life Sciences and the NKK. DNA 
was extracted using E.Z.N.A Blood DNA Mini Kit from 
Omega. The quality of the DNA was measured using 
Epoch from BioTek. A total of 681 dogs were genotyped 
(118 dogs with Illumina 170k CanineHD Bead chip and 
629 dogs with Illumina 220k CanineHD Bead chip). All 
material was gathered in agreement with all relevant eth-
ical guidelines and with the owners’ written consent.

Quality control
Plink 1.9 and R were used for data management and qual-
ity control (QC) [17, 22, 23]. We performed a QC on 

each dataset before merging. Dogs with more than 5% 
missingness, a heterozygosity rate above three standard 
deviations from the mean, sex mismatches and dupli-
cates were removed. Markers with a call rate below 95% 
and a minor allele frequency of ≤ 0.04 were removed. 
After QC, 611 dogs and 129,217 markers from the 220k 
and 92 dogs and 101,806 markers remained in the 170k 
dataset. After merging the two datasets, only markers 
in common between the two datasets were kept (93,973 
markers), and a post-merge QC was performed with the 
same parameters as pre-merge QC, removing 37 markers 
with a minor allele frequency below 0.04 and 20 dupli-
cated individuals. Multidimensional scaling plots were 
conducted to inspect potential differences (batch effects) 
between the two datasets (170k and 220k). Only dogs in 
D3 were kept for further analyses to make the genomic 
heritability estimates comparable to the pedigree-based 
estimates, excluding 133 individuals. The final dataset 
consisted of 93,936 markers and 548 dogs, where 228 
were affected, and 320 were unaffected.

Genomic heritability estimates
The genomic heritability (h2

g) was estimated using a 
genomic restricted maximum likelihood (GREML) 
model in Genome-wide Complex Trait Analysis software 
(GCTA). Using the model: Y = μ + g + e, where Y = disti-
chiasis status, μ = the mean term, g = the genetic effect 
based on the genomic relationship matrixes (GRM), and 
e = the residual. The variance estimates explained on the 
observed scale are transformed by GCTA to a modi-
fied version of the underlying scale adjusting for sample 
ascertainment caused by an increased number of cases in 
the sample compared to the actual population [21, 24].

As there is little knowledge about the genetic architec-
ture of distichiasis, two GRMs were used. The first was 
calculated in GCTA, where the GRM is calculated from 
autosomal single nucleotide polymorphisms (SNP), and 
the SNPs are assumed to contribute an equal amount to 
the trait [24]. Due to the high level of linkage disequilib-
rium (LD) in dogs [25], we calculated an alternative GRM 
in Linkage Disequilibrium Adjusted Kinship software 
(LDAK). In LDAK, SNPs are weighted depending on the 
degree of LD in the region. SNPs in regions with high 
levels of LD receive a lower weight than SNPs in regions 
with a lower LD level, thus avoiding underestimating 
causal variants in areas with low levels of LD and overes-
timating variants in areas with high levels of LD [26].

To look at potential biases introduced by closely related 
individuals, we ran one analysis including all individu-
als and one analysis where siblings with equal affection 
status were removed (50 dogs). In sibling pairs with both 
affected and unaffected siblings, one of each was kept (36 
sibling pairs), leaving 207 affected and 291 unaffected 
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individuals. The disease prevalence was set to 0.187 
according to the prevalence among dogs examined after 
one year of age.

Results
Prevalence and grading
The proportion of dogs diagnosed with distichiasis each 
year ranged from 2.89% (2009) to 13.5% (2016) (Fig.  1). 
The total number of dogs diagnosed with distichiasis was 
350, giving an overall prevalence of 8.38% (CI 7.56–9.26). 
The majority, 256 (73.14%) of the affected dogs, were 
marked as mildly affected, 31 (8.86%) dogs as moderate 
and, seven (2%) dogs severely affected, 56 (16%) dogs had 
no grading marked on the examination scheme.

Effect of age and distribution
The age distribution is displayed in Table 1 and Fig. 2. 
The prevalence of distichiasis was significantly higher 
in D3 (18.72%) compared with D1 (3.03%). Thus, there 
is a significantly increased risk of being diagnosed 
with distichiasis in D3 compared to D1 (P =  < 2e−16, 
CI 1.71–2.24). Comparing 370 dogs examined both 
before 53  days and after one year of age gave a sig-
nificantly increased risk of being diagnosed with dis-
tichiasis at the second examination, after one year of 
age (62 affected dogs) compared with the first exami-
nation (6 affected dogs) (P = 9.41e−15). There was a 

significantly increased risk of distichiasis with increas-
ing age within D2 (P = 3.89e−05, CI 2.17–5.98), but 
not in D3 (P = 0.9, CI − 0.10 to 0.08).

Re-examination
The diagnostic consistency among the 499 dogs with 
multiple examinations was investigated. The diagnosis 
changed in 82 (16.43%) of the re-examined dogs. Three 
dogs were first diagnosed with distichiasis, then diag-
nosed as free, while 79 dogs were first classified as unaf-
fected and then as affected on a later examination. Most 
of these dogs (n = 63; 12.62%) were younger than eight 
weeks at the first examination, while only 11 dogs (2.2%) 
were older than one year at the initial assessment. In 
most cases, the grading is consistent, only two out of 350 
affected dogs changed from mild to moderate, and one 
dog changed from moderately to mildly affected.

Sex
The number of female cases was 220, and male cases were 
130 (Fig. 3). There was a greater number of female dogs 
(877) examined after one year of age than males (517). 
Female dogs were also more frequently re-examined 
than male dogs; 301 females had a second examination 
as opposed to only 198 males. The proportion of affected 
dogs in the two sexes was approximately the same in the 
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three age groups. The logistic regression model showed 
no significant effect of sex when correcting for age 
(P = 0.14, CI − 0.43 to 0.06).

Estimates of heritability
The additive heritability estimate using pedigree data 
(age group D3, linear model) was on the observed scale 
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h2
pedO ~ 0.22, SE 0.05, and after transforming to the 

underlying scale, h2
pedT ~ 0.48, SE 0.11. The genomic her-

itability estimates using the different GRMs and the two 
different models, including all dogs and excluding sib-
lings of equal affection status, are represented in Table 2. 
The average estimated genomic heritability in age group 
D3 was on the underlying scale h2

gT ~ 0.47 SE 0.10, and 
after removing siblings, h2

gT ~ 0.37 SE 0.11.

Discussion
The current study showed a high prevalence of distichia-
sis in the Norwegian SBT population. Most cases were 
only mildly affected. More than 50% of the dogs in this 
study were examined at around eight weeks of age as part 
of a screening for inherited eye disorders. This screen-
ing captures inherited eye diseases such as distichiasis 
and persistent hyperplastic tunica vasculosa lentis/per-
sistent hyperplastic primary vitreous (PHTVL/PHPV). 
Our study indicates that this early screening has a limited 
predictive value for a distichiasis diagnosis in grown-up 
dogs, and the probability of being diagnosed with disti-
chiasis is significantly higher after one year compared 
with young puppies. After one year of age, there is no 
clear relationship between increased age and a positive 
diagnosis. However, the data about dogs older than five 
years is sparse.

Due to the low prevalence and limited predictive value 
in the youngest age groups, the pedigree-based herit-
ability estimates were based on dogs examined after 
52 weeks. We based our estimates on a linear model, as 
Bellamy et  al. showed a good agreement between herit-
ability estimates from the Bayesian threshold model and 
heritability from linear models converted to the underly-
ing scale [16]. The estimated heritability of h2

pedO =  ~ 0.22 
and h2

pedT ~ 0.48 on the underlying scale agrees with 
other studies of dogs [8, 10], even if there is some vari-
ation between breeds. While Ketteritzsch estimated a 
lower heritability in Tibetan terriers [9], our estimated 

pedigree-based heritability is slightly lower than in the 
study of Bellamy et al. [16].

The genomic-based heritability was estimated to be 
h2

gT ~ 0.47, and after removing siblings with equal affec-
tion status h2

gT ~ 0.37 on the underlying scale. There were 
only minor variations between the methods. Using the 
GRM calculated in LDAK gave a slightly higher h2

gLDAK 
value than the h2

gGCTA  using the GRM calculated in 
GCTA. The genomic heritability estimates have a rela-
tively large standard error, and a larger sample size could 
reduce the standard error. The genomic-based heritabil-
ity is estimated on a subset of the dogs used in the pedi-
gree bases estimates, and the estimates are on the same 
level as the pedigree-based heritability when siblings with 
equal affection status are included. This is interesting 
as genomic heritability estimates tend to underestimate 
the heritability compared to traditional methods using 
pedigree data [27, 28]. A possible bias in our genomic 
heritability estimates is the degree of relationship in the 
data. In humans, genomic heritability estimates usually 
only include unrelated individuals [24, 27]. Within a dog 
breed, the average relationship is usually much higher 
than in humans. Removing unrelated individuals would 
lead to a low sample size and decreased power. Includ-
ing close relatives can bias the results upwards due to a 
shared environment, but epistasis and dominance might 
also have an effect [29–31]. We removed sibling pairs 
with the same affected state to account for some biases 
introduced by close relationships. Including all siblings 
in the calculation increased the estimates by around 10%. 
In livestock, it is not uncommon to combine pedigree 
and genomic data in a single-step analysis to give a more 
accurate heritability estimate without having the cost of 
genotyping the whole breeding stocks [32]. The single-
step method is an attractive method as long as there is 
no genomic selection of the trait [33]. Including pedigree 
information in addition to the genomic data has been 
shown to improve the precision of heritability estimates 
in dairy cattle [34].

Table 2 The genomic heritability estimates including all models in age group D3

The heritability estimates for the different models with and without full siblings, using two different genomic relationship matrices (GRM) calculated in GCTA and 
LDAK. h2

gO is the genetic heritability estimate on the observed linear scale, and h2
gT is the genetic heritability estimate on the transformed underlying scale

GRM Model Heritability estimates 
observed scale (h2gO)

Standard error Heritability estimate 
transformed scale (h2gT)

Standard error

GCTA All dogs included 0.345 0.078 0.461 0.104

LDAK All dogs included 0.357 0.079 0.476 0.106

GCTA Full siblings with equal 
affection status excluded

0.275 0.082 0.368 0.109

LDAK Full siblings with equal 
affection status excluded

0.281 0.083 0.375 0.112
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The material for the pedigree-based estimates consisted 
of 1391 dogs, a relatively low proportion of the total pop-
ulation. There is no data about the population size, but in 
the last years, there have been approximately 1000 newly 
registered SBTs per year in Norway [35]. With an overall 
low number of dogs examined after one year of age, we 
cannot be certain that our data are representative of the 
whole population. We assume that most dogs intended 
for breeding undergo at least one eye examination as an 
adult. Thus, we believe our results are valid for the breed-
ing population, the genetic basis for the next generation. 
We have no reason to think that breeding dogs are more 
prone to develop distichiasis than other family dogs. As 
most of the affected dogs are only mildly affected with no 
clinical signs, distichiasis would not commonly be a rea-
son for an eye examination.

There are several challenges related to the diagnostics 
of distichiasis, which might lead to a false-negative diag-
nosis, including patient cooperation, the experience of 
the veterinarians [9], and the lifecycle of the eyelash, with 
shedding and regrowth. Also, single hairs not detect-
able at the time of examination may appear later. Gómez 
found that previously undetected hair could emerge by 
manipulating the eyelid during surgery [3]. Also, Lawson 
noted that it is not uncommon that more delicate hair 
and those just starting to appear are not observed at the 
initial examination [1]. At last, there is the possibility that 
the owner intentionally removes the distichiae.

The overall prevalence of distichiasis seems persis-
tent over the years. A reduction of the frequency could 
be expected by following the breeding advice stated by 
The Norwegian Terrier Club (NTC) and ECVO: exclud-
ing severely affected dogs from breeding and only breed 
mildly affected dogs with unaffected dogs [36, 37]. The 
number of newly registered SBTs has increased 19 folds 
in Norway over the last 20 years [35]. The rapid growth in 
the popularity of the SBT might have led to high pressure 
on the breeding stock and less stringent selection against 
unfavourable traits like distichiasis, thus maintaining the 
high prevalence of the condition. According to the NTC’s 
breeding strategy, distichiasis is not considered a main 
concern, but breeders are encouraged to exercise pru-
dence [36]. Distichiasis usually has few clinical implica-
tions and might not be the main focus of the breeders. 
Among the 350 affected dogs, NKK has registered 68 
affected dogs used in breeding, where most of these dogs 
were only mildly affected (52), and no breeding dogs were 
severely affected [11].

The present information about the medium to high 
heritability of distichiasis shows that it is possible to 
reduce the prevalence of the disease by selective breed-
ing. We recommend excluding all severely affected 
dogs, and careful consideration must be given when 

breeding mildly affected dogs. In a future breeding 
strategy, further restrictions than those implemented 
by NKK and NTC at present can be evaluated after 
carefully considering the clinical impact of distichia-
sis and the presence of other important traits under 
selection.

Conclusions
We found a significant increase in the disease prevalence 
from eight weeks to one year of age, showing that screen-
ing young puppies around eight weeks is insufficient to 
give an accurate "lifetime" diagnosis and might underes-
timate the prevalence of distichiasis in the breed. Esti-
mates of heritability based on pedigree data and genomic 
SNP data indicate that the heritability of distichiasis is 
moderate to high. This shows that it can be possible to 
reduce the prevalence by weighting the trait when select-
ing parents for breeding. Interestingly, the genome-based 
heritability estimates are on the same level as the pedi-
gree-based heritability estimates, even though the sample 
size is small, and the standard errors are relatively high.
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Genomic analysis and prediction of genomic 
values for distichiasis in Staffordshire bull 
terriers
Dina Jørgensen1*  , Ernst-Otto Ropstad2, Theodorus Meuwissen3 and Frode Lingaas1 

Abstract 

Background Distichiasis is a condition characterized by aberrant hairs along the eyelid margins. The symptoms 
are usually mild but can lead to ulcerations and lesions of the cornea in severe cases. It is the most frequently noted 
ocular disorder in Norwegian Staffordshire bull terriers (SBT), with a prevalence above 18% in the adult popula-
tion. A complex inheritance is assumed, but there is sparse knowledge about the genetic background of distichia-
sis in dogs. We have performed a genome-wide association study of distichiasis in SBT and used genomic data 
in an attempt to predict genomic values for the disorder.

Results We identified four genetic regions on CFA1, CFA18, CFA32 and CFA34 using a mixed linear model association 
analysis and a Bayesian mixed model analysis. Genomic values were predicted using GBLUP and a Bayesian approach, 
BayesR. The genomic prediction showed that the 1/4 of dogs with predicted values most likely to acquire distichiasis 
had a 3.9 -4.0 times higher risk of developing distichiasis compared to the quarter (1/4) of dogs least likely to acquire 
the disease. There was no significant difference between the two methods used.

Conclusion Four genomic regions associated with distichiasis were discovered in the association analysis, suggesting 
that distichiasis in SBT is a complex trait involving numerous loci. The four associated regions need to be confirmed 
in an independent sample. We also used all 95 K SNPs for genomic prediction and showed that genomic prediction 
can be a helpful tool in selective breeding schemes at breed level aiming at reducing the prevalence of distichiasis 
in SBTs in the future, even if the predictive value of single dogs may be low.

Keywords Canine, Genomic prediction, Distichiasis, GWAS, Staffordshire bull terrier

Plain English Summary 

Distichiasis is a condition where abnormal hairs grow along the margin of the eyelids. It’s common in Staffordshire 
bull terriers and can cause eye problems of variable severity. The abnormal eye hairs can be found during an eye 
inspection performed by a veterinarian.

We performed a genome-wide association analysis and identified four genomic areas associated with the condition. 
But more genes may be involved in causing the disease.

We have used genomic data to predict genomic values. Genomic values can be used to predict the total load of dis-
ease-associated alleles. Genomic prediction would therefore be helpful at the breed level, similar to pedigree-based 
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breeding values, to reduce the prevalence of dogs with distichiasis, even if the low accuracy to predict phenotypes 
in individual dogs may be a challenge. More research is needed to confirm these findings and see if genomic predic-
tion could be a helpful tool within dog breeding in the future.

Background
Distichiasis is a condition with abnormal growth of eye 
hairs along the margins of the eyelid. The aberrant hairs 
arise from ectopic hair follicles near the meibomian 
glands and emerge through the excretory duct opening 
of the sebaceous glands [1, 2]. In most cases, the symp-
toms caused by distichiasis are mild. Eye irritation with 
increased lacrimation and conjunctivitis can be seen. In 
severe cases, the aberrant eye hair can lead to lesions of 
the cornea with ulcerations and keratitis [3].

Distichiasis is common in dogs [3, 4] and the most fre-
quently noted ocular disorder in Staffordshire bull terri-
ers (SBT) in Norway [5]. In a previous study, we found a 
prevalence of 18.72% among Norwegian SBTs examined 
after one year of age, and the heritability was estimated 
to be moderate to high [6]. The same level of heritabil-
ity has been seen in the dog breeds; havanais [7], elo [8] 
and cocker spaniels [9]. A simple Mendelian inheritance 
was excluded in a segregation analysis in elos, however, 
the exact mode of inheritance was not defined [10]. A 
complex mode of inheritance involving multiple genes is 
assumed. Thus far, little is known about the genetic back-
ground of distichiasis in dogs.

Distichiasis is less common in other species than the 
dog but has been described in cats [11], ferrets [12], cat-
tle [13, 14], and horses [15]. In Friesian horses, Hisey 
et  al. found a 16  kb deletion in an intergenic region on 
equine chromosome 13 associated with distichiasis, and 
a dominant inheritance with incomplete penetrance is 
assumed [15]. In cattle, distichiasis has been associated 
with the autosomal dominant Polled locus on the bovine 
chromosome 1 [14]. In humans, distichiasis has been 
associated with an autosomal dominant mutation in the 
region of the FOXC2 gene, both alone and as a part of a 
syndrome with lymphedema [16–18]. Other rare condi-
tions in humans seen in combination with distichiasis 
are facial dermal dysplasia caused by a frameshift muta-
tion in TWIST2 [19] and Blepharocheilodontic syndrome 
linked to mutations in CTNND1 and CDH1 encoding 
proteins in the cadherin–catenin complex [20]. So far, no 
genes or genetic regions have been found to be associated 
with distichiasis in dogs.

We were interested in using distichiasis as a model for 
canine genomic prediction, by estimating the joint effect 
of all genomic markers to predict a phenotype. Genomic 
predictions have had great success in livestock breeding 
[21]. Until now, genomic predictions have received little 

attention in dog breeding. There have been a few stud-
ies using genomic SNP data to predict disorders such as 
canine hip dysplasia [22, 23], cranial cruciate ligament 
rupture [24], and kidney disease [25]. Thorsrud et  all. 
compared genomic best linear unbiased prediction 
(GBLUP) with four different machine learning tech-
niques to predict distichiasis, mandibular distocclusion 
and acral lick dermatitis in a guide dog population con-
sisting of German shepards, golden retrievers, Labrador 
retrievers, and Labrador and golden retriever mixes [26].

In the present study, we aim to investigate the genetic 
background of distichiasis in SBTs through a genome-
wide association analysis (GWAS). We have compared 
two approaches for genomic prediction: GBLUP and 
BayesR and have used the results to investigate the 
potential value of using genomic data to predict genomic 
values for the disorder in SBTs.

Results
Genome-wide association study
The association study was based on 731 SBTs (407 con-
trols and 324 cases), and 94,697 autosomal markers. Four 
genomic regions were identified using a mixed linear 
model-based association analysis (MLMA) in Genome-
wide Complex Trait Analysis (GCTA) [27], located on 
CFA1, CFA18, CFA32 and CFA34 (Fig.  1, Table  1). The 
same genomic regions on CFA1, CFA18 and CFA34 
obtained an absolute effect size above 0.005 in BayesR. 
However, the SNP on CFA32 received a lower signal in 
the Bayesian model (Fig.  2, the posterior probability is 
displayed in Supplementary Fig. 1). The total load of the 
top four risk alleles in cases and controls is presented in 
Fig.  3. There is a significant difference in the total risk 
allele load between cases and controls (p < 2.0 ×  10–16). 
On average, affected dogs carry 4.3 risk alleles and unaf-
fected 3.3. risk alleles.

The SNP on CFA1, BICF2P714726 attains the strong-
est effect size in BayesR. It is situated in an intergenic 
region, flanked by the genes GAS1 ~ 260 kb downstream 
and TUT7 ~ 210  kb upstream for the SNP (haploblock 
structure within the region is displayed in Supplementary 
Fig. 2).

The top SNP on CFA18, BICF2P1386405, is also situ-
ated in an intergenic region, the closest gene is LRRC4C 
123 kb upstream, and the next gene, API5 is situated ~ 1.2 
MP downstream. The top SNP lies in a haploblock with 
five other SNPs spanning a distance of 134  kb. All six 
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Fig. 1 Mixed linear model association analysis. A: A Manhattan plot displaying the MLMA performed in GCTA. The association analysis was based 
on 94,697 SNP markers and 731 dogs (324 cases and 407 controls). The significance level (blue line) was set to 1.24 ×  10–05 using Bonferroni 
correction to adjust for multiple testing considering the LD, haploblock structure and number of independent SNPs after pruning the data. 
A second significance level (red line) was set to 5.28 ×  10–07, using Bonferroni correction to adjust for all markers in the data. B: A quantile–quantile 
(q-q) plot showing the expected p value against the observed p-values of the MLMA

Table 1 The top four associated SNPs

The four top SNPs identified in the association analysis in the MLMA in GCTA, and with the effect size from BayesR. The base pair position is given in can.fam4 
reference genome. The association study was based on 731 phenotyped SBTs (407 controls and 324 cases), and 94,697 autosomal SNP markers

Chr SNP BP position Risk allele /
Protective 
allele

Risk allele 
frequency 
affected

Risk allele 
frequency 
unaffected

OR 95% CI P-value (MLMA) Absolute effect 
size (BayesR)

1 BICF2P714726 73,777,342 G /A 0.94 0.85 2.66 1.84—3.85 1.90 ×  10–06 0.017

18 BICF2P1386405 27,949,474 T/C 0.34 0.20 2.03 1.60—2.57 9.42 ×  10–06 0.007

32 BICF2G630590287 17,605,832 T/C 0.33 0.21 1.84 1.46—2.33 1.21 ×  10–05 0.003

34 BICF2S232639 14,960,862 G/A 0.54 0.38 1.92 1.55—2.36 6.77 ×  10–06 0.010
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Fig. 2 A Manhattan plot of the absolute SNP effect estimated in BayesR over the 38 autosomal chromosomes. The analysis was based on 97,185 
SNP markers and 731 dogs (324 cases and 407 controls)

Fig. 3 The total load of the risk alleles in the four loci identified in the MLMA performed in GCTA, including 324 cases and 407 controls
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SNPs within the haploblock lie in the same intergenic 
region (Supplementary Fig. 3).

BICF2G630590287 on CFA32 obtained the lowest sig-
nals in the MLMA and was less distinct in BayesR. The 
top SNP is situated in an intron of the EMCN gene (Sup-
plementary Fig. 4).

The SNP on CFA34, BICF2S232639, reached the sec-
ond highest signal and is situated in an intron in the 
TPK1 gene, and lies within a haploblock with nine 
adjacent SNPs spanning a distance of 850  kb (Supple-
mentary Fig.  5). Other genes within the haploblock are 
SOX2 65 kb (upstream) and DNJAC (583 kb), and FXR1 
(582 kb) (both downstream).

Population structure and relationships
Visual inspection of the principal components analysis 
(PCA) plots showed no general stratification. PCA plots 
including country of origin, genotyping arrays and cases 
and controls, are included in Supplementary Figs. 6 and 
7. According to the registration number, the genotyped 
dogs are mainly Norwegian, followed by dogs from Swe-
den, reflecting the true population. The mean heterozy-
gosity rate among the dogs in the dataset was 0.35. To 
assess some of the family structures in the dataset, 79 
dogs that had an equal affection status as another sib-
ling were excluded from an additional analysis (Sup-
plementary Fig. 8). The SNP on CFA1 and CFA18 had a 
reduced significance compared with the analysis, includ-
ing all dogs, while the SNPs on CFA32 and CFA34 had 
slightly higher significance. The top SNPs in the regions 
remained constant. The minor allele frequency of the 
four top SNPs between the two arrays was found to be at 
a similar level (Supplementary Table 1).

Prediction of genomic values
Genomic values of the dogs were predicted using GBLUP 
in GCTA and BayesR when their phenotypes were 
masked in the six-fold cross-validation design. The two 
methods were compared by calculating the area under 
the curve (AUC) from a receiver operating characteris-
tic curve (ROC curve). There was no significant differ-
ence (P = 0.984) in the AUC between the two methods. 
The AUC was 0.655 (CI 0.612–0.699) in GBLUP (Sup-
plementary Fig. 9) and 0.651 (CI 0.607–0.695) in BayesR 
(Supplementary Fig.  10). Both methods gave a signifi-
cant difference between the predicted genetic value 
(GV) in cases and control P = 4.12 ×  10–10 in GBLUP 
and P = 3.56 ×  10–08 using BayesR. Comparing the odds 
of the 25% of dogs with the highest GV estimate (most 
likely to develop distichiasis), with the 25% of dogs with 
a GV least likely to develop the disease, the odds ratio 
was 4.02 (95% CI 2.48–6.63) in GBLUP and 3.86 (95% CI 

2.31- 6.55) in BayesR. No covariates had any effect on the 
performance of the models (Supplementary Table 2).

Discussion
We have identified four potential candidate regions on 
CFA1, 18, 32 and 34 associated with distichiasis. The four 
risk alleles represent four novel genomic regions associ-
ated with distichiasis. CTNND1, seen in connection with 
"Blepharocheilodontic syndrome" with distichiasis in 
humans [20], is situated on CFA18 but more than 10 MB 
upstream from the top SNP on CFA18. The genetic 
mechanisms for developing distichiasis in humans, 
bovines and Friesian horses appear different from those 
in SBTs since none of the identified loci in these species 
overlaps with the loci identified in this study. The diver-
sity of genes and genetic regions associated with disti-
chiasis implies a significant genetic heterogeneity, where 
multiple loci lead to similar phenotypes.

There are several genes of interest within the associated 
genomic regions. GAS1, located around 260  kb down-
stream of the top SNP on CFA1, is involved in growth 
suppression, apoptosis and embryonal development [28]. 
SOX2 is located 65 kb away from the top SNP on CFA34. 
SOX2 is a transcription factor involved in regulating 
embryonic development [29]. On CFA18, API5 is the 
closest gene to the top SNP. API5 is an apoptosis inhibi-
tor [30].

A GWAS intends to detect markers in LD with the 
causal variant. The LD within a single dog breed can be 
extensive and span regions of several megabases [31, 
32]. This makes it challenging to pinpoint the actual 
causal variant. Adding related dog breeds could break up 
stretches of LD and might help identify causal variants.

We have set the significance level at 1.24 ×  10–05, 
according to the number of independent SNPs after 
pruning the data, and after considering the LD structure 
and haploblock sizes. This is the same levels as suggested 
by Karlsson et  al. based on the average size of 1  MB of 
independent haploblocks in a 2.4  GB dog genome [33], 
and the significase level sugested by Hayward et al. within 
breeds [34]. This significance level is, however, less strin-
gent than a Bonferroni correction based on the number 
of all 94,697 markers in the dataset, which assumes all 
these markers are independent. When using a Bonferroni 
correction, none of the four genomic regions reaches 
significance.

The dataset contained genotyped dogs from two Illu-
mina arrays, only the SNPs shared between the two 
arrays were used. Potential batch effects were assessed 
during the quality control. Including batch effect as a 
covariate did not have any effect on the genomic pre-
diction. There is a high level of relationship between the 
dogs in the dataset. The GRM included in the mixed 
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linear model account for part of this relationship. How-
ever, keeping siblings from the same litter may introduce 
some bias due to shared environment in early life and 
maternal effects. To account for such effects, we ran one 
analysis after removing siblings of equal affection status; 
however, the same four top SNPs remained.

In our study, the four genomic regions disclosed con-
tribute only with a moderate effect on the phenotype. 
The top SNP on CAF32 obtained the lowest significance 
among the top SNPs in the MLMA and received low sig-
nals in BayesR. At the top SNP on CFA1, the minor allele 
(A) is protective, and carrying the major risk allele, G, 
gave 2.66 increased odds of developing distichiasis. In the 
other three SNPs, the minor allele is the risk allele and 
carrying one of the risk alleles gives a twofold increased 
risk of developing distichiasis. The chance of developing 
distichiasis increased with the number of risk alleles.

In a previous study conducted on the same SBT popu-
lation, we found that most SBTs was only mildly affected 
by distichiasis [6]. Additionally, it has been observed that 
single distichia may be difficult to observe [2, 35]. As a 
result, some false negative controls are expected. How-
ever, the previously estimated heritability from a subset 
of the same SBT population using both SNP data and 
pedigree data was between ~ 0.37 and ~ 0.48 [6]. These 
estimates are consistent with other findings in the litera-
ture, which indicates that any recording errors are not so 
substantial that they reduce the genetic versus error vari-
ance ratio.

According to the registration in The Norwegian Ken-
nel Club (NKK), the prevalence of distichiasis in the 
SBTs has persisted over the last twenty years [5]. Marker-
assisted DNA- testing could help identify dogs with an 
increased risk of carrying disease alleles and identify the 
best dogs for breeding. The use of DNA-based risk tests 
for complex traits is challenging due to multiple casual 
loci with varying effect sizes. Additionally, the predictive 
value may differ between distinct populations due to dif-
ferences in LD between the markers and the causal loci.

In complex traits where the effect size of most risk 
alleles is small and therefore not captured by the asso-
ciation analysis, genomic prediction, including the 
combined effect of all SNP markers across the whole 
genome, can be used to predict phenotypes [36]. Since 
breeding populations in dogs are often small compared 
to humans and livestock, and there are few examples 
of genomic prediction in dogs, our intention was to 
compare the two methods, BayesR and GBLUP, to pre-
dict genomic values for distichiasis in SBTs. BayesR 
has been shown to give more accurate predictions in 
human disease traits with loci of large effects com-
pared with traditional mixed models [37]. The two 
approaches, GBLUP and BayesR, performed similarly 

within our dataset, which may be because our dataset 
was too small to accurately distinguish non-causal loci 
from causal loci with moderate to small effects.

There was a significant difference between the GV 
predicted from all 95  K SNPs between the cases and 
controls. Comparing the 25% of dogs most likely to 
acquire distichiasis with the 25% of dogs with the "best" 
GV (least likely to develop the disease) gave four times 
increased risk of developing distichiasis in the first 
group. The predictive accuracy for the individual dog 
was low and can, therefore, not be used to predict the 
phenotype in individual dogs. However, using the GVs 
at the breed level in the same manner as traditional 
pedigree-based breeding values, it should be possible to 
reduce the prevalence of distichiasis in the SBT popula-
tion. Even if, on average, there would be an improve-
ment in the population, the number of dogs with a 
"false" prediction may represent a challenge for the 
communication with the breeders.

Prediction of complex traits using genomic data typi-
cally requires large training datasets and testing in inde-
pendent data sets [38–40], which may be challenging in 
small dog breeds. Edwards et al. [41] demonstrated that 
combining genomic predictions from two dog popula-
tions from different countries, even within the same 
breed, can reduce the prediction accuracy. This may be 
due to differences in LD between the two populations, 
different genes being important for the disease in the 
populations and recording differences. There is, there-
fore, a great need to evaluate the benefit of genomic 
selection in dog populations, and how to combine data 
across populations.

The material includes only dogs with a phenotype and 
represents only a subset of the overall SBT population. 
However, because most dogs used for breeding under-
goes an eye examination, we believe the material is repre-
sentative of the breeding population.

The use of imported SBTs in breeding is extensive in 
Norway, and more than half of the litters are from combi-
nations where at least one parent is registered in another 
country. This can increase the genetic variation within 
the population and reduce the accuracy of genomic 
prediction.

Thorsrud et  al. reported a higher AUC (0.94 with 
GBLUP) in their genomic prediction of distichiasis com-
pared to our AUC of 0.66 with GPLUP. The divergent 
results between the SBT and guide dog populations 
emphasize that the results from genomic predictions of 
one disease trait may not be easily transferable between 
different breeds or populations and depend on the herit-
ability and genetic complexity of the disease, number of 
disease cases and controls, and population structure and 
effective population size.
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Conclusion
Our study indicates that distichiasis in SBT is a complex 
trait with multiple genetic loci involved. We have identi-
fied four potential genomic regions on CFA1, 18, 32 and 
34. Further studies must be conducted to validate the 
findings.

The genomic prediction, estimated from the joint 
effect of all 94,697 SNP, has the potential to aid in selec-
tive breeding, to reduce the prevalence of distichiasis in 
the SBTs but has a low predictive value for phenotypes 
in individual dogs. The genomic prediction of distichiasis 
must be validated in each other target population.

Material and methods
A subset of SBTs with an official eye examination record 
registered by NKK between 2005 and April 2022 were 
included. Eye examinations were performed by veteri-
narians certified by the European College of Veterinary 
Ophthalmologists (ECVO). The eye examination records 
are available in "dogweb", an open database established 
by NKK (www. dogweb. no). The dogs were classified as 
affected or unaffected according to the diagnosis on the 
eye examination records. In our study, dogs with a posi-
tive distichiasis diagnosis were regarded as affected (case) 
regardless of examination age and a later negative exami-
nation. Dogs were considered unaffected (controls) when 
diagnosed as negative for distichiasis after one year of 
age. This is consistent with the findings from a previous 
study where we found that a negative distichiasis status in 
puppies did not give a reliable picture of the distichiasis 
status in the adult dog [6].

Samples were collected from a biobank established in 
collaboration between the Norwegian University of Life 
Sciences (NMBU) and the NKK. DNA from EDTA blood 
was extracted using E.Z.N.A. Blood DNA Mini Kit from 
Omega, following the manufacturer’s description. The 
DNA quality was measured with Epoch from BioTek. 
Seven hundred and thirty-four samples were genotyped 
on the Illumina 220  K CanineHD Bead chip (Neogen 
Genomics, USA), and 118 samples from a previous study 
were genotyped on the Illumina 170  K CanineHD bead 
chip. Only the 170  K markers shared between the two 
datasets were kept in the joint analysis.

Quality control
Quality control was performed in Plink 1.9 [42, 43] 
and in R, using base R and the R package Tidyverse 
[44, 45]. At the individual level, we removed samples 
with a genotyping rate below 95% and a heterozygo-
sity rate above three standard deviations from the 
mean. We controlled for sex mismatch to identify 

potential sample mix-ups and removed duplicates. At 
the marker level, we eliminated markers with a call 
rate below 98%, a minor allele frequency below 0.05, 
and deviation from Hardy–Weinberg equilibrium at a 
level of -1.0 ×  10–6 in controls and -1.0 ×  10–10 in cases, 
using the Fisher exact test incorporated in Plink. Dogs 
with a missing phenotype were removed. To assess 
potential batch effects of the two arrays 170  K and 
220  K, a PCA plot was constructed. In addition, the 
SNP markers were regressed on the two batch (170 K 
and 220 K) to assess differences in the allele frequency 
in the two batches. After quality control, the material 
consisted of 97,185 markers and 731 dogs, where 407 
were controls and 324 cases, 442 female (206 cases) 
and 289 males (118 cases); Seventy-six dogs (16 cases) 
were genotyped on the 170 k array, and 655 dogs (308 
cases) were genotyped on the 220 k array. Mean age of 
last eye examination in the controls was 2.7 years and 
1.9 years in the cases.

Population structure and LD
There is no data on the current population size of SBT 
in Norway. According to NKK there is around 1000 
new registrations of SBTs every year. Between 2005 
and April 2022, NKK had registered 1481 imported 
dogs from 30 different countries, the majority imported 
from Sweden (52,65%), followed by the United King-
dom (10.05%). Among 2339 litters registered during 
the same time period, 1493 (61.52%) litters were of 
mattings with at least one parent from another coun-
try. Population structure attributable to country of 
origin (according to pedigree number), was assessed 
using principal components analysis conducted in 
Plink. Plots were constructed in R using the R package 
ggplot2 [46]. In addition, population structure due to 
stratification between cases and controls was assessed.

The dataset contained 72 families with offspring, 
and both parents genotyped with an equal number of 
affected and unaffected offspring. The total number of 
genotyped full siblings was 220, distributed on 96 dif-
ferent litters. A GWAS excluding 79 dogs with an equal 
affection status as another litter mate was conducted.

Linkage disequilibrium (LD) and haploblock size 
were estimated using Plink 1.9 [42, 43] and R [44]. Hap-
loblock sizes were estimated using the –blocks func-
tion. Plink uses the haploblock definition suggested by 
Gabriel et al. [47]. To identify markers in pairwise LD, 
and to estimate the number of independent SNP mark-
ers, we used the LD pruning function in Plink: indep-
pairwise with the options; window size: 50, step size: 5 
and  r2: 0.2. The mean heterozygosity rate was estimated 
in Plink using the –het function.
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Association analysis
The association analysis was performed in BayesR 
(v01/04/2021) [37]. BayesR fit all markers simultaneously, 
and there are indications that the Bayesian model has a 
higher power to detect true associations and SNP effect 
than traditional linear models. In addition, BayesR gives 
information about the genetic architecture of the trait. 
BayesR uses the model:

where y = a vector of the phenotypes, μ is the general 
mean term, X is a matrix of the genotypes, and a a vec-
tor of SNP effects, and e is a vector of residual errors 
[37]. BayesR uses a prior of four predefined classes of 
SNP effects, with the normal distributions N(0, 0 ∗ σ 2

g  ), 
N (0, 0.0001 ∗ σ 2

g ) , N (0, 0.001 ∗ σ 2
g ) and N (0, 0.01 ∗ σ 2

g) . 
The variance of the SNP effect ( σ 2

g  ) is defined by the data, 
using a Gibbs sampler to draw samples. Our analysis was 
run with 100.000 iterations and 50.000 burn-in steps.

In addition, a traditional mixed linear model-based 
association analysis (MLMA) was run in Genome-wide 
Complex Trait Analysis (GCTA) version 1.93.2 [27, 48]. 
A relationship matrix (GRM) is used to control for popu-
lation structure and relationships.

where y = a vector of the phenotype, α is the general 
mean term, β the fixed additive genetic effect of the 
SNP considered in the analysis, X = genotype of the 
SNP coded as 0, 1 and 2 for homozygous, heterozygous 
and opposite homozygous, respectively, g is the ran-
dom effect of background genes assumed distributed 
as g ~ N(0,GRM), and e is the residual error. We have 
used two significance levels, one using Bonferroni cor-
rection according to number of all SNPs in the dataset 
(0.05/94697 = 5.28 ×  10–07). Bonferroni correction based 
on all SNP markers is often considered over-conservative 
because SNPs are in LD and not independent. Therefore, 
we calculated a second significance level in accordance 
with the number of independent SNPs after pruning the 
data (0.05/4032 = 1.24 ×  10–05). Manhattan plots were 
made in R with the qqman package [49].

The genomic position on the arrays was given in Can-
Fam3.1 [50]. To convert the genomic positions from Can-
Fam3.1 to GSD_1.0 /canFam4 reference genome [51], we 
used the Liftover tool developed by the University of Cal-
ifornia Santa Cruz Genomes [52]. All genomic positions 
refer to GSD_1.0 /canFam4.

Candidate regions
A t-test in R was used to assess if there was a signifi-
cant difference in the mean risk allele load between 
cases and controls [44]. Haploblocks within the four 

y = 1nμ + Xa + e

y = α + βX + g + e

candidate regions were analyzed and visualized using 
Haploview [53].

Prediction
Two approaches were used to predict the dogs’ genetic 
value (GV) based on whole genome SNP markers. 
Genomic best linear unbiased prediction (GBLUP) 
calculated in GCTA [27] and a Bayesian hierarchi-
cal model, BayesR [37, 54]. GBLUP in GCTA assume a 
normal distribution of the SNP effect and is based on a 
mixed linear model:

where y is a vector of the phenotypes, α the mean term, 
g is the genetic value and ε the residual error. The values 
of g and e were estimated from the formulas: g = VgAV−1y 
and ê = VeV−1y, where A is the GRM, Vg the genetic vari-
ance and Ve residual variance and V = A*Vg + I*Ve is the 
variance matrix of the records y [27, 48]. The predic-
tion in BayesR is based on the same mixed models as 
described in the association analysis. The same mixture 
of four normal distributions of SNP effects was applied 
for the prediction. For the prediction, 20.000 burn-in 
steps and 50.000 iterations were used. Full siblings were 
removed from the dataset prior to the prediction. The 
dataset consisted of 94,697 markers across the 38 auto-
somal chromosomes and 607 dogs, including 248 cases 
and 359 controls. A sixfold cross-validation was used. To 
assess the two methods’ ability to discriminate between 
cases and controls, we used the R package pROC [55] to 
compute the AUC from the ROC curves, with sensitivity 
on the y-axis and specificity on the x-axis. Different mod-
els were tested in GBLUP, GCTA; the base model with no 
covariables, and models including the covariables: sex, 
examination age, batch effect, ten first PCA and country 
of origin. None of the tested covariables improved the 
model. Therefore, in the final estimates, the base model 
with no covariates was used. Delong’s test in pROC was 
used to detect a significant difference between the two 
approaches, BayesR and GBLUP in GCTA.

We compared the odds of developing distichiasis in 
the 25% of dogs with GV predicted to be most likely 
to develop the disease, with the odds of developing 
distichiasis of the 25% of dogs with GV least likely to 
acquire distichiasis.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
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Supplementary Figure 1. The posterior inclusion probabilities of the SNP in the fourth mixture class 
(N(0,0.01*σ_(g))^2) from the analysis conducted in BayesR. 

 



 

 

Supplementary Figure 2. Haploblock from the candidate region on chr 1. shows the top SNP, 
BICF2P714726 situated between two haploblocks. The numbers in the squares show the level of LD, 
based on the D prime (D’). The colour shadings are based on the Lod score and D’ estimated between 
two SNPs. A D' < 1 and LOD < 2 gives a white colour, D' < 1 and LOD ≥ 2 gives shades of pink. D' = 1 
and LOD < 2 give blue colour. D' = 1 and LOD ≥ 2 give dark bright red colour. 
(https://www.broadinstitute.org/haploview/ld-display). On the top of the figure is a picture of the 
corresponding genomic region from UCSCs genome browser (https://genome.ucsc.edu), with the 
position from canFam4 reference genome. 

 

 

 

 

 

 



 

Supplementary Figure 3. Haploblocks in the candidate region on chr 18, the top SNP BICF2P1386405 
is situated in the second haploblock with five other SNPs. The numbers in the squares show the level 
of LD, based on the D prime (D’). The colour shadings are based on the Lod score and D’ estimated 
between two SNPs. A D' < 1 and LOD < 2 gives a white colour, D' < 1 and LOD ≥ 2 gives shades of pink. 
D' = 1 and LOD < 2 give blue colour. D' = 1 and LOD ≥ 2 give dark bright red colour. 
(https://www.broadinstitute.org/haploview/ld-display). On the top of the figure is a picture of the 
corresponding genomic region from UCSCs genome browser (https://genome.ucsc.edu), with the 
position from canFam4 reference genome. 

 



 

Supplementary Figure 4. Haploblocks chr 32, the top SNP BICF2G630590287 lays between 
haploblock 2 and 3. The numbers in the squares show the level of LD, based on the D prime (D’). The 
color shadings are based on the Lod score and D’ estimated between two SNPs. A D' < 1 and LOD < 2 
gives a white colour, D' < 1 and LOD ≥ 2 gives shades of pink. D' = 1 and LOD < 2 give blue colour. D' = 
1 and LOD ≥ 2 give dark bright red colour. (https://www.broadinstitute.org/haploview/ld-display). 
On the top of the figure is a picture of the corresponding genomic region from UCSCs genome 
browser (https://genome.ucsc.edu), with the position from canFam4 reference genome. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Supplementary Figure 5. Haploblocks chr 34, the top SNP BICF2S232639 is situated in the middle of 
haploblock 4 with nine other SNPs. The numbers in the squares show the level of LD, based on the D 
prime (D’). The colour shadings are based on the Lod score and D’ estimated between two SNPs. A D' 
< 1 and LOD < 2 gives a white colour, D' < 1 and LOD ≥ 2 gives shades of pink. D' = 1 and LOD < 2 give 
blue colour. D' = 1 and LOD ≥ 2 give dark bright red colour. 
(https://www.broadinstitute.org/haploview/ld-display). On the top of the figure is a picture of the 
corresponding genomic region from UCSCs genome browser (https://genome.ucsc.edu), with the 
positions from canFam4 reference genome. 

 

 



  

Supplementary Figure 6. PCA plot, including the country of origin. Other countries are countries with 
less than five genotyped dogs. This includes dogs from Finland, Germany, Greece, Poland, Malta, 
Austria, and Hungary.  

 

 

 

 



 

Supplementary Figure 7. A PCA plot showing the distribution of affected and unaffected dogs in the 
two arrays, 170K and 220K. 

 

 

 

 



 

Supplementary Figure 8. A Manhattan plot where 79 siblings with an equal affection status as full 
siblings are removed. Includes 652 dogs, 377 are controls, and 275 are cases. The significance level 
(represented by the blue line) is set to 1.24 x 10-05 using a Bonferroni correction to account for 
multiple testing using the number of independent markers (4030), a second significance level of 5.28 
x 10-07 (represented by the red line) is the Bonferroni correction based on all markers 94697. 

 

 

 

Supplementary Table 1. Minor allele frequency (MAF) of the four top SNPs on the two arrays. 

CHR SNP MAF 170K Array  MAF 220K Array 
1 BICF2P714726 0.12  0.11 
18 BICF2P1386405 0.20 0.27 
32 BICF2G630590287 0.24 0.26 
34 BICF2S232639 0.43 0.45 

 The 170K array includes 76 dogs (16 cases and 60 controls), and the 220K array includes 655 dogs 
(308 cases and 347 controls). 



 

 

 

 

 

 

 

 

 

Supplementary Table 2. 6-fold cross validation in GBLUP including covariables 

Covariable AUC  Confidence 
interval 

Sex 0.66  0.61-0.70 
Batch 0.65 0.61-0.69 
Country of origin 0.66 0.61-0.70 
Age 0.65 0.60-0.69 
PCA 0.64 0.60-0.69 

The area under the curve (AUC) calculated from the receiver operating characteristic curve (ROC 
curve) from all estimated genetic values in the GBLUP. Batch indicates the 170K and 220K array, 
country of origin according to the registration number, and age is the examination age. PCA includes 
the first teen first principal components analysis (PCA). 

 

Supplementary Figure 9. A ROC curve calculated 
from the estimated GV using GBLUP. 

Supplementary Figure 10. A ROC curve calculated 
from the estimated GV using BayesR. 
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Abstract 31 
Pulverulent nuclear cataract (PNC) is a common ocular disorder observed in about 50% of 32 
the Norwegian buhund population. We have used a genome-wide association study to 33 
investigate the association between PNC and genomic markers in Norwegian buhunds. The 34 
material consists of 160 genotyped buhunds with eye examination data, including 121 35 
affected dogs and 39 unaffected dogs (negative examination after the age of seven). We 36 
identified an associated genomic region on chromosome 37. The genomic region spans 37 
approximately six megabases (CAF37:11422235-17384184) with more than 50 annotated 38 
genes, including five candidate genes (CRYGA, CRYGB, CRYGC, CRYGD, and PIKFYVE) that 39 
have previously been associated with PNC in humans. We conducted Sanger sequencing on 40 
four out of the five candidate genes. However, no causal variant was identified. By selecting 41 
five of the most significant SNPs in the region and comparing the risk allele load in cases and 42 
control, dogs with more than 5 risk alleles was significantly more likekly to get a PNC 43 
diagnosis (OR=8,25. 955 CL 3.73-19.47) 44 

Our findings provide a valuable foundation for further research on the genetic background 45 
of PNC in Norwegian buhunds. The SNP markers within the identified genomic region hold 46 
promise for future marker-assisted selection strategies to reduce the incidence of PNC 47 
within this breed. Additional sequencing of the associated region may point out a causative 48 
variant. 49 

 50 

Keywords  51 
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 53 

Background 54 
The crystal lens is a transparent, highly organized avascular tissue that refracts light onto the 55 
retina. Cataract is defined as any opacity that disrupts the transparency of the lens (Liu et 56 
al., 2017). Cataracts are one of the main reasons for blindness in humans in middle and low-57 
income countries (WHO; Flaxman et al., 2017). The pathogenesis of cataract is often 58 
complex and involve both environmental and genetic factors (Shiels and Hejtmancik, 2019). 59 
In humans hereditary congenital and juvenile cateracts are often Mendelian, and the most 60 
common mode of inheritance is autosomal dominant, but autosomal recessive and X-linked 61 
inheritance and complex is also seen (Hejtmancik, 2008). At least 116 genes in humans have 62 
been shown to be associated with cataracts, including genes encoding membrane proteins, 63 
cytoskeletal proteins, crystalline and transcription factors (https://cat-map.wustl.edu/) 64 
(Shiels et al., 2010; Berry et al., 2020a). For pulverulent nuclear cataract (PNC), at least ten 65 
different genes have been shown to be associated with the disorder in humans (Shiels et al., 66 
2010): GJA3 (Ding et al., 2011), GJA8 (Arora et al., 2008; Yan et al., 2008), MIP (Wang et al., 67 
2010), MAF (Jamieson et al., 2002), LIM2 (Berry et al., 2020b), CRYBB1 (Meyer et al., 2009), 68 
CRYBA1 (Bateman et al., 2000; Lu et al., 2007), CRYGC and CRYGD (Kumar et al., 2011), and 69 
PIKFYVE (Mei et al., 2022). 70 



In dogs, cataracts are one of the most common intraocular disorders and the most common 71 
cause of blindness (Gelatt et al., 2013). Cataracts in dogs are presumed to be hereditary 72 
unless associated with known trauma, intoxication, ocular inflammation, specific metabolic 73 
disorders, nutritional deficiencies or age (ACVO, 2020; ECVO, 2021). The mode of 74 
inheritance has only been documented in a small number of dog breeds, and autosomal 75 
recessive inherence is believed to be the most common (Gelatt et al., 2013). 76 

Two genes have so far been shown to be associated with cataracts in dogs. Mellers et al. 77 
found an association between heat-shock transcription factor 4 (HSF4) and primary 78 
cataracts in Staffordshire bull terriers, early-onset cataracts in Boston terriers, Australian 79 
shepherds, and French bulldogs. (Mellersh et al., 2006; Mellersh et al., 2007; Mellersh et al., 80 
2009). Later, a frameshift deletion in the FYCO1 gene was found to be associated with 81 
juvenile cataracts in Wirehaired Pointing Griffon dogs (Rudd Garces et al., 2022). In 82 
Australian shepherds, a locus on chromosome 13 was found to be associated with cataracts 83 
(Ricketts et al., 2015). Recently, Bellamy and Lingaas (2023) found two loci on CFA20 and 84 
CFA21 associated with posterior polar cataracts in the dog breed Havanese.  85 

PNC was first described in Norwegian buhunds by Bjerkås and Haaland (1995). Among 102 86 
examined buhunds, they found 52 dogs affected by PNC. The first signs were observed in 87 
puppies at around six weeks of age as small opacities adjacent to the posterior suture line. 88 
With increasing age, the opacities progressed to involve the complete foetal nucleus. The 89 
changes were, in most cases, bilateral with equally affected lenses. Through studies of the 90 
pedigrees, an autosomal dominant inherence was suggested (Bjerkås and Haaland, 1995). In 91 
2009, the "Buhund project" was initiated to look at the current prevalence of different 92 
cataracts in the breed and find associated mutations (Kristiansen et al., 2017). The project 93 
aimed to develop genetic tests to both control the occurrence of cataracts and maintain 94 
good general health status in the dogs. Kristiansen et al. found that the prevalence of PNC 95 
had not changed since 1995. They found a high age of onset of PNC in many dogs, where 96 
several dogs found unaffected at a young age later developed PNC. Another key finding was 97 
a high prevalence of other kinds of cataracts, where cortical cataracts and posterior polar 98 
cataracts were the most common types. The prevalence of these other forms of cataracts, 99 
some of which have greater impact on vision than PNC, appeared to have increased since 100 
the initial investigation in 1995. With the persistently high prevalence of PNC and the fact 101 
that not all potential cases are detected before dogs are used in breeding, a genetic test or 102 
marker-assisted selection would be helpful to reduce the prevalence of PNC in the 103 
Norwegian buhund population.  104 

PNC is not common in other breeds of dogs but has also been observed in a few other dog 105 
breeds, such as the flat-coated retrievers and the German shepherds (NKK, 2023). In 106 
Leonberger, a non-progressive posterior nuclear cataract similar to PNC in buhund is 107 
registered (Heinrich et al., 2006).   108 

This study aimed to identify genomic regions and potential genetic variants associated with 109 
PNC in buhund through a genome-wide association study (GWAS).  110 

 111 



Materials and methods 112 
Samples were selected from the Biobank of The Veterinary faculty at the Norwegian 113 
University of Life Sciences (NMBU), collected as part of clinical examinations and from dog 114 
shows in Norway, Sweden, and Denmark and through direct recruitment. The material has 115 
been collected with the owner's consent and in agreement with ethical guidelines.  116 

All dogs included in the study were examined by veterinarians certified by the European 117 
College of Veterinary Ophthalmologists (ECVO). The records of diagnostic data have been 118 
collected and maintained through the Buhund project since 2009 as a joint initiative 119 
between a private clinic (Hønefoss Dyrehospital), the Norwegian Buhund club, and the 120 
NMBU, and partly through an openly available database, "dogweb", maintained by the 121 
Norwegian kennel club (NKK). Included dogs were classified as PNC positive (cases) or 122 
negative (controls). Since PNC may have a high age of onset (Kristiansen et al., 2017), only 123 
PNC-negative dogs with an eye examination after the age of seven were included as 124 
controls. Dogs with posterior polar cataracts or cortical cataracts were accepted in the 125 
control group, as Kristiansen et al. found no correlation between PNC and the two other 126 
forms of cataracts (Kristiansen et al., 2017).  127 

The material consists of EDTA blood and buccal swabs (Performagene™, DNA Genotek Inc). 128 
The DNA from EDTA blood was isolated using the "E.Z.N.A.® Blood DNA Mini Kit" (Omega), 129 
while DNA from buccal swabs was isolated as recommended by the manufacturer. The DNA 130 
was stored at -20 until prepared for further analysis. The DNA quality was assessed with 131 
Epoch from BioTek. Two hundred and three samples were genotyped using the Illumina 132 
170k CanineHD Bead chip, and 83 samples using the Illumina 220k CanineHD Bead chip.  133 

Quality control  134 
Plink 1.9 and R were used for data management and quality control (Chang et al., 2015; R 135 
Core Team, 2021; Purcell S., 2023). Only common markers between the two datasets (170K 136 
and 220K) were kept for analysis. Samples with a genotyping rate below 97% were 137 
eliminated. Individuals with a heterozygosity rate above three standard deviations from the 138 
mean were removed. Potential sex mismatch was controlled to identify potential sample 139 
mix-ups. Dogs with an uncertain PNC status and duplicates were also taken out. At the 140 
marker level, we eliminated markers with a call rate below 96% (n=7579 markers), markers 141 
with a minor allele frequency of 0.05 (n=64288), and markers that deviated from Hardy-142 
Weinberg equilibrium at a level of -1e-6 were removed. The final dataset consisted of 143 
100662 markers and 160 dogs, where 39 were controls and 121 dogs with confirmed PNC. 144 
There were 77 males (61 cases) and 83 females (60 cases). Plots including the two first 145 
principal components analysis (PCA) were generated to visualize the distribution among 146 
cases and controls in each dataset, to identify potential clusters of dogs from Norway, 147 
Sweden, and Denmark, and one PCA plot to look at any potential batch effect between the 148 
170k and 220k datasets. PCA, batch and country were also included as covariates in the 149 
initial association analysis.  150 

Genome-wide association study 151 
The association analysis was performed using Genome-wide Complex Trait Analysis 152 
software (GCTA) with a mixed linear model-based association (MLMA) analysis, including a 153 



genetic relationship matrix (GRM) as a random effect to control for close relationships and 154 
population structure (Yang et al., 2011). We applied the leaving-one-chromosome-out 155 
option (LOCO) to avoid overcorrection of the candidate SNPs. Bonferroni correction was 156 
used to correct for multiple testing, dividing 0.05 by the number of tested SNPs (98179), 157 
resulting in a significance level of 5.09 x 10-07. Plots were generated in R using the 158 
manhattanly packages (Bhatnagar, 2021). The LocusZoom-like plots were based on the 159 
script by Major et al. (Major, 2021) performed in R. The odds ratio and MAF of top 160 
associated SNP markers were calculated in Plink control (Chang et al., 2015; Purcell S., 161 
2023). The total risk allele load was calculated and plotted in R using base R (R Core Team, 162 
2021) and tidyverse (Wickham et al., 2019; R Core Team, 2021).  163 

Sequencing of candidate genes in the associated region 164 
Exons of the four gamma crystalline candidate genes, CRYGA, CRYGB, CRYGC, and CRYGD, 165 
were sequenced using Sanger sequencing. Primers (Table 1 supplementary material) were 166 
constructed in Primer3Plus (Untergasser et al., 2007) based on the gene annotation of NCBI 167 
RefSeq (O'Leary et al., 2016) and Can.Fam4 (Wang et al., 2021) using the genome browser of 168 
the University of California Santa Cruz (UCSC), http://genome.ucsc.edu (Kent et al., 2002; 169 
USCS, 2023). The PCR products were sequenced with Sanger sequencing and read with the 170 
3500xL Genetic Analyzer from Applied Biosystems, Life Technologies, Thermo Fisher 171 
Scientific. The sequencing results were analyzed using SequencherTM 5.1., Gene Codes 172 
Corporations. For the initial assessment of the candidate genes, four unaffected dogs and 173 
four affected dogs were sequenced. In sequences with observed variations, the number of 174 
sequenced dogs was increased to 29 (14 affected cases and 15 unaffected dogs). The odds 175 
ratio was calculated in R using base R (R Core Team, 2021) and Tidyverse (Wickham et al., 176 
2019). 177 

 178 

Results  179 
Association study 180 
The association analysis revealed a significant region on chromosome 37 associated with 181 
PNC (Figures 1 and 2). The associated region contains eighteen SNPs that reached a 182 
significance level of 5.09 x10-07, and the significant region spans approximately 6 Megabases 183 
(Mb), Table 1. The region includes more than 50 characterized genes, including five genes; 184 
CRYGA, CRYGB, CRYGC, CRYGD, and PIKFYVE, that have previously been associated with PNC 185 
and other forms of cataracts in humans.  186 

Five SNPs (BICF2S230689, BICF2P165614, BICF2P194369, BICF2P375607, TIGRP2P419549) 187 
were selected to assess the distribution and overall risk load among cases and controls. The 188 
total risk load of the selected SNPs is displayed in Figure 3. On average, counting the total 189 
number of risk alleles in these five selected loci showed that unaffected dogs carry 2.08 risk 190 
alleles and affected dogs 5.68 risk alleles. Carrying five or more risk alleles gave an increased 191 
risk of developing PNC, with an odds ratio of 8.25 (95% CI 3.73 - 19.47). 192 

 193 

  194 



Table 1. The 18 significant SNPs identifieid in the MLMA 195 

 Table 1. The 18 significant SNPs. The Effect size with standard error (SE) and P- values is estimated using MLMA in GCTA. 196 
Minor allele frequency (MAF) for affected and unaffected, and odds ratio (OR) was calculated in Plink. Genes are identified 197 
using the UCSC Genome Browser with the UU_Cfam_GSD_1.0/canFam4 reference sequence. For the gene annotation, we 198 
used NCBI Canis lupus familiaris Annotation Release 106 (2021-01-11). 199 

 200 

SSNP  PPosition  
ccanFam4  

MMinor 
aallele/  
MMajor 
aallele  

MMAF 
aaffected   

MMAF   
uunaffected  

EEffect 
ssize 
((SE)  

P  OR  
 

Gene  

BICF2S230689 Chr37:11422235 A/G 0.380 0.731 -0.280 
(0.050) 

2.62897e-
08 

0.226 
 

Non-coding 

BICF2P165614 Chr37:13780001 T/C 0.554 0.180 0.260 
(0.050) 

3.88697e-
08 

5.672 PARD3B intron 

TIGRP2P419024 Chr37:13954500 A/C 0.554 0.180 0.260 
(0.047) 

3.88697e-
08 

5.672 PARD3B intron 

BICF2P194369 Chr37:12443448 C/T 0.554 0.192 0.266 
(0.049) 

5.27288e-
08 

5.211 Non-coding 

BICF2P375607 Chr37:14467850 A/G 0.566 0.205 0.258 
(0.048) 

6.6893e-
08 

5.056 INO80D.1 intron 

TIGRP2P419549 Chr37:15685620 T/C 0.546 0.192 0.251 
(0.047) 

1.05566e-
07 

5.04 Non-coding 

BICF2S23522154 Chr37:11675873 A/G 0.380 0.705 -0.268 
(0.051) 

1.31716e-
07 

0.257 
 

CARF intron 

BICF2P1176294 Chr37:11714638 A/C 0.380 0.705 -0.268 
(0.051) 

1.31716e-
07 

0.257 CARF intron 

TIGRP2P418550 Chr37:11717376 C/T 0.380 0.705 -0.268 
(0.051) 

1.31716e-
07 

0.257 CARF intron 

BICF2P728550 Chr37:11668061 A/G 0.386 0.705 -0.268 
(0.051) 

1.63881e-
07 

0.262 CARF intron 

TIGRP2P419482 Chr37:15510457 A/G 0.554 0.218 0.251 
(0.048) 

1.75735e-
07 

4.452 Uncharacterized: 
LOC102156884 
intron 

BICF2P1198058 Chr37:15515730 T/C 0.554 0.218 0.251 
(0.048) 

1.75735e-
07 

4.452 Uncharacterized: 
LOC102156884 
intron 

BICF2S23158338 Chr37:15881973 A/G 0.554 0.218 0.251 
(0.048) 

1.75735e-
07 

4.452 Uncharacterized: 
LOC102157126 
intron 

BICF2P811332 Chr37:17260018 G/A 0.517 0.167 0.240 
(0.046) 

1.93071e-
07 

5.342 MAP2 intron 
intron 

BICF2S23211477 Chr37:17370039 T/C 0.512 0.167 0.241 
(0.046) 

2.17082e-
07 

5.254 MAP2 intron 

BICF2S2294485 Chr37:17384184 C/T 0.512 0.167 0.241 
(0.046) 

2.17082e-
07 

5.254 MAP2 intron 

BICF2S2337543 Chr37:15530660 A/G 0.417 0.756 -0.246 
(0.048) 

3.18347e-
07 

0.231 Uncharacterized: 
LOC102156884 - 
intron / 
LOC111094350 -
exon 

BICF2P1254082 Chr37:17024702 C/T 0.554 0.205 0.236 
(0.047) 

4.25577e-
07 

4.808 Non-coding 



Sequencing of candidate genes 201 
Sequencing of exons in the four crystalline genes did not reveal any causal variants. 202 
However, we identified one SNP in exon two of CRYGD, located at position CAF37:16289129 203 
(CanFam4.0). The SNP is a previously known missense variant (ATG->CTG / M->L). An 204 
analysis of the protein sequence in PolyPhen-2 v2.2.3r406 (Adzhubei et al., 2010) predicted 205 
that the effect of this mutation was benign. 206 

Our analysis of Sanger sequences from 29 dogs (15 controls and 14 cases) showed, however, 207 
a higher frequency of the A-allele in the controls compared to cases where most dogs had 208 
the C-allele. It appears that the minor allele A is associated with a lower risk for PNC when 209 
compared to the C allele, and even if the distance to the top SNP is several Megabases, 210 
there is an increased risk of developing PNC associated with the C allele (Odds ratio of 6.17 211 
(95% CI 1.40- 38.88)).  212 

Population structure 213 
We did not identify any population structure among the dogs in the different batches (170K 214 
and 220K). The cases and controls were evenly distributed on the PCA plots (see 215 
Supplementary Figures 1 and 2). A small group of dogs from Denmark clustered in one 216 
corner (5-6 cases and one control). However, by including countries and the teen first PCA 217 
as a covariate in the GWAS, the associated region on CAF37 remained stable, indicating a 218 
low effect of any population structure.  219 

 220 

Discussion 221 
We have identified a significant region on CFA37 with 18 SNPs associated with PNC in the 222 
Norwegian buhund. The region includes five relevant candidate genes, CRYGA, CRYGB, 223 
CRYGC, CRYGD, and PIKFYVE previously associated with PNC.  The five candidate genes are 224 
4-5 Mb apart from the top SNP (Figure 1). However, most of the significant SNPs in the 225 
associated region have p-values at a similar level as the top SNP.   226 

Crystallins are important lens proteins and belong to the soluble proteins in the eye. 227 
Crystallins constitute about 85-90% of the lens protein content, depending on the species 228 
(Maggs et al., 2018). Crystallins can be classified into two superfamilies: α-crystallins and βϒ 229 
-crystallins (Slingsby et al., 2013). βϒ-crystallins, known primarily as structural proteins, 230 
exhibit high expression levels in the lens but are also found in other parts of the body, such 231 
as the brain (Slingsby et al., 2013). Mutations in crystallin genes tend to result in nuclear or 232 
lamellar lens opacities (Shiels et al., 2010).  233 

Sanger sequencing was initially performed on the exons of the four crystalline genes but did 234 
not reveal any causal variants. However, one SNP was identified in CRYGD's second exon, 235 
showing a difference in allele frequency between cases and controls. This variant is already 236 
known and predicted to be benign. It appears likely that the difference is due to a distinct 237 
linkage between this variant and a potential causal variant, as observed in the GWAS. 238 
Although no causal variants were found among the sequenced candidate genes, we cannot 239 
exclude the possibility of a causal variant existing in non-coding or regulatory regions of the 240 
candidate genes. 241 



Another candidate gene is PIKFYVE (not yet sequenced). This gene encodes the enzyme 242 
FYVE finger phosphoinositide kinase. The FYVE finger phosphoinositide kinase 243 
phosphorylates phosphatidylinositol (PtdIns). PtdIns serve multiple functions and participate 244 
in signal transduction, regulating membrane traffic, modulating membrane permeability, 245 
and influencing cytoskeletal functions (Di Paolo and De Camilli, 2006; Burke et al., 2023). A 246 
mutation in PIKFYVE has been found to be associated with congenital nuclear pulverulent 247 
cataracts in humans and early-onset cataracts in zebrafish (Mei et al., 2022).  248 

The two genes closest to the top SNP are BMPR2 and FAM117B.1. As far as we know, 249 
neither of these two genes has been previously associated with cataracts. BMPR2 belongs to 250 
the bone morphogenetic protein (BMP) receptor family. The BMP receptor family are 251 
transmembrane serine/threonine kinases and serves as a ligand of the TGF-beta 252 
superfamily, binding TGF-beta receptors to activate SMAD family transcription factors (Chen 253 
et al., 2004). They play a crucial role in regulating gene expression and are involved in the 254 
embryological development of the heart, neurons and cartilage (Chen et al., 2004). In 255 
addition, it has been shown that TGFβ receptors play a part in lens fibre differentiation in 256 
mice (de Iongh et al., 2001). Notably, other members of the BMP family, such as BMP4, have 257 
been associated with cataracts in humans (Vidya et al., 2018). 258 

The associated region also contains several uncharacterized protein-coding genes as well as 259 
different forms of non-coding RNA-loci. 260 

PIKFYVE and BMPR2 were not included in the candidate gene study. However, we have 261 
initiated whole-genome sequencing of selected cases and controls, which will cover non-262 
coding areas and relevant genes within the associated region, including PIKFYVE and 263 
BMPR2, and enable variant calling (work in progress). 264 

Even without an identified casual variant, the significant SNPs and haplotypes in the 265 
associated region have the potential to be used in marker-assisted selection. In dogs, 266 
considering the presumed high effect size of variants in the identified region, this may be a 267 
more realistic alternative to introduce and follow up than using genomic prediction based 268 
on a high number of SNPs covering the whole genome. Both GWAS and Sanger sequencing 269 
have identified SNP markers associated with an increased risk of PNC, and risk estimates of 270 
single SNPs have shown an odds ratio of 4-6 (done in the same material). The odds ratio of 271 
the SNP identified in CRYGD exon two has a slightly higher odds ratio than the top SNP; this 272 
could be due to the random selection of dogs, as the candidate gene sequencing is based on 273 
a subsample of the dogs in the GWAS.  274 

We have examined the cumulative effect of five selected risk alleles in cases and controls. 275 
An increase in the number of risk alleles was associated with an elevated risk of PNC. The 276 
five SNPs are among the top six most significant SNPs and have a distance of about 1 Mb 277 
between each SNPs. This covers an area of about 4 Mb in the significant region. The 278 
distance between the SNPs corresponds well with the estimated mean haploblock size in 279 
the canine genome of 1 Mb (Karlsson et al., 2013). The potential utility of these markers in 280 
marker-assisted selection is intriguing. However, it is essential to validate these markers 281 
using an independent dataset.  282 



One unaffected dog stands out for carrying a significant number of risk alleles. Interestingly, 283 
this dog produced an affected offspring when paired with an unaffected male. In the study 284 
of pedigrees available in the NKKs database, we have found a couple of other examples 285 
where the combinations of two unaffected parents (examined after the age of seven) have 286 
produced affected offspring. This may indicate an incomplete dominance of the trait. 287 

Kristiansen et al. pointed out that there are differences in the lenticular changes observed 288 
among affected dogs (Kristiansen et al., 2017). Some dogs show subtle alterations visible 289 
only at an advanced age, while others exhibit noticeable changes from puppyhood, 290 
progressing to more advanced alterations involving the entire lens nucleus. Several factors 291 
may contribute to the varying degrees of the disease in dogs. The more severe 292 
manifestations could result from homozygosity for the variant, the influence of 293 
environmental factors, or the presence of other mutations in a different locus causing 294 
similar disorders. Additionally, it is possible that PNC is influenced by several loci. However, 295 
the association analysis revealed no additional significant genomic regions, indicating that if 296 
there are any other additional variants, they likely have a smaller effect size and may not be 297 
detectable with our current sample size. At the present time, there is no consistent grading 298 
system for PNC. Introducing a grading system could also be helpful in gaining more insight 299 
into the disease.  300 

A limitation of the study is an overrepresentation of affected dogs (121 affected relative to 301 
39 unaffected) in the data material. This disparity arises because most dogs are examined as 302 
part of the breed's breeding scheme at a young age and prior to breeding, and generally, a 303 
lower number of dogs are examined after the age of seven. Additionally, the high 304 
prevalence of the disease in the study population has made it challenging to obtain an equal 305 
number of cases and controls.  306 

 307 
Conclusion 308 
We have identified a significant associated region on CFA37 spanning from 11422235-309 
17384184. The region contains several significant SNPs and five relevant candidate genes: 310 
CRYGA, CRYGB, CRYGC, CRYGD, and PIKFYVE. A causal variant has not been identified in the 311 
region, which may partly be due to the challenge associated with the classification of 312 
(genetic) healthy controls in a situation with dominant inheritance with reduced penetrance 313 
and late time of onset. The identified SNPs and haplotypes in the region have however the 314 
potential to be valuable in marker-assisted selection to contribute to a lower prevalence of 315 
PNC. Further sequencing of the region should be performed to reveal a potential causal 316 
variant.  317 

 318 

319 
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Figures 455 
 456 

 457 
Figure 1A. A Manhattan plot showing the results of the MLMA in GCTA with the autosomal chromosomes on the X-axis and 458 
the -log p-value on the Y-axis.  Chromosome 37 is marked blue. The red line indicates the significance level using a 459 
Bonferroni correction at 5.09 x10-07 according to the number of SNP markers in the dataset. 460 

 461 

Figure 1B. A quantile-quantile plot (QQ-plot) showing the expected p-value plotted against the observed p-value. The p-462 
values were estimated in GCTA.  463 



    464 
Figure 2. A LocusZoom similar plot is displaying the significant region on CFA37. The top SNP BICF2S230689 is labelled 465 
purple, each datapoint represents one SNP, and the colour of the points indicates the level of linkage disequilibrium (r2) 466 
between the top SNP and the respective variant, according to the legend on the top right corner. r2 is calculated in Plink. In 467 
the lower window, three of the genes in the associated region are included.  468 

 469 

 470 
Figure 3. The total load of risk alleles in cases and controls distributed over five significant loci (BICF2S230689, 471 
BICF2P165614, BICF2P194369, BICF2P375607, TIGRP2P419549). 472 



SSupplementary material Paper III 
  



 
 

Supplementary Table 1. Primers used in the candidate gene study of the four crystalline genes on CFAF37. 

Gene Exon Forward Reverse 

CRYGA 1 ccaaccccatctcagcag� tgaagtagggctgcagg�g 

CRYGA 2 catataccggctgccacact tcccgagtggaaacaaaggg 
CRYGA 3 gaggacatgtatccggcagg cagggtcaggtatg�gcca 
CRYGB 1 �actcaccgaaatgggccc gc�tcgtgtccaaagagcc 
CRYGB 2 atgggaaaggtaagtgcggg agcaagcaccacagag�ca 
CRYGB 3 �ctctctgcctctccagca aggc�taaaagaatgctggca 

CRYGB 3 ggggcaggctc�taacact gcaggactccatagtgccag 
CRYGC 1 gcagacagcctctggaatca tgaagtagggctgcagg�g 
CRYGC 2 gggcccc��gtg�g�c ccaaagcccactctaccctg 
CRYGC 3 tccatacacggcacacacag caacc�taccggggagcat 
CRYGC 3 cgtgcctcaacctaccaagt gacaggccacctcctc�tc 

CRYGD 1 agtgcagcacgtaaaaggga tactggtggccctggtag� 
CRYGD 2 cc��gtgtgg�cctgcc cc�tgc�ctg�tggggc 
CRYGD 3 aggtactgaatctcgagc�tga accaatgccaggaacacact 
CRYGD 3 tcatgc�tgc�tccccct atggctcggtgg�gaacat 

 

 

  



 

 

Supplementary Figure 1. Distribu�on of cases and controls in the two baches with 170K and 220K SNP markers. 

 

 

 

Supplementary Figure 2. Distribu�on of cases and controls and the dogs from different countries.  
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