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Abstract
Intervertebral disc calcification and herniation commonly affects Dachshund where the predisposition is caused by an early
onset degenerative process resulting in disc calcification. A continuous spectrum of disc degeneration is seen within and
among dog breeds, suggesting a multifactorial etiology. The number of calcified discs at 2 years of age determined by
a radiographic evaluation is a good indicator of the severity of disc degeneration and thus serves as a measure for the risk of
developing intervertebral disc herniation. The aim of the study was to identify genetic variants associated with intervertebral
disc calcification in Dachshund through a genome-wide association (GWA) study. Based on thorough radiographic
examinations, 48 cases with !6 disc calcifications or surgically treated for disc herniation and 46 controls with 0–1 disc
calcifications were identified. GWA using the Illumina CanineHD BeadChip identified a locus on chromosome 12 from
36.8 to 38.6 Mb with 36 markers reaching genome-wide significance (Pgenome 5 0.00001–0.026). This study suggests that
a major locus on chromosome 12 harbors genetic variations affecting the development of intervertebral disc calcification in
Dachshund.
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Introduction
Herniation of the intervertebral disc is a significant problem
in dogs and a common cause of neurological dysfunction.
The disease most commonly affects the Dachshund
(Hansen 1952; Gage 1975; Priester 1976) where the relative
risk is 10–12 times higher compared with all other breeds
(Goggin et al. 1970; Priester 1976). The lifetime occurrence
in the Dachshund is estimated to 19% with males and
females equally affected (Ball et al. 1982). The intervertebral
discs lie between the vertebral bodies, linking them together.
They are complex structures consisting of 3 anatomical
regions; an outer fibrous ring, the annulus fibrosus, which
surrounds the gelatinous core, the nucleus pulposus, and the

cartilaginous endplates representing the cranial and caudal
boundaries of the intervertebral disc. In the Dachshund and
other hypochondroplastic breeds, the predisposition to
intervertebral disc herniation is caused by an early
degenerative process, which can result in disc calcification
related to severe degeneration (Hansen 1952). The
degeneration is preceded by early chondroid metaplasia
emerging from the perinuclear zone and affecting the
majority of the nucleus pulposus and perinuclear annulus
fibrosus with profound matrix changes occurring within the
first year of life (Hansen 1952; Ghosh et al. 1976).
Herniation rarely occurs in dogs without disc calcifications
while dogs with several calcifications are at particular high
risk (Stigen 1996; Lappalainen et al. 2001). The number of
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Materials and Methods
Animals and diagnostic procedures
This study was confined to Dachshunds registered in the
Danish Kennel Club. Inclusion criteria for sampling were
S82

based on radiographic examinations of intervertebral disc
calcifications. The dogs were radiographed at age 24–42
month in right lateral recumbency and at least 5 lateral
projections of each dog were performed covering the
vertebral column from the second cervical vertebra to the
third sacral bone. Every set of radiographs was evaluated
technically and radiologically by the same radiologist to give
the lowest possible test variation. The number of calcified
discs (numeric score of 0–26) and location of the calcified
disc were recorded according to the position in the cervical
(C1-T1), thoracic (T1-L1), and lumbar regions (L1-S1) (Jensen
and Ersbøll 2000). A breeding value was calculated on the
basis of the radiographic examinations using a best linear
unbiased prediction (BLUP) model (Henderson 1984)
assuming a heritability of 0.5 and including age at radiology,
sex, hair-variant, and year of evaluation as fixed effects
(Kevin Byskov KB, personal communication). Information
regarding hair variety (wire-haired, long-haired, and smoothhaired), size (standard, miniature, and rabbit), sex, age, and
pedigree records was obtained from the Danish Kennel
Club registry.
GWA mapping
Cases and controls for GWA studies were selected on the
basis of stringent clinical criteria and pedigree information.
Disease status was scored based on standard protocol for
radiographic examinations. To ensure as distinct phenotypic
classification as possible only dogs with either !6 disc
calcifications or dogs that have undergone surgical treatment
for disc herniation were classified as cases and dogs with "1
disc calcification were classified as controls. The distribution
of disc calcifications among cases and controls is outlined in
Table 1. In cases, the number of disc calcification varied
from 6 to 15 with an average of 8.7. In addition, the study
included 3 cases of long or smooth hair operated for disc
herniation where the number of disc calcifications was not
determined. In the control group, a total of 41 dogs had no
disc calcifications while 5 dogs had one disc calcification.
The breeding value for dogs classified as cases were on
average 75 (from 51 to 92, standard deviation [SD] ± 8.9)
and for dogs classified as controls on average 117 (110–127,
SD ± 4.5).
Ethylenediaminetetraacetic acid–stabilized blood samples were collected with the owners consent by licensed
veterinarians. Genomic DNA from 48 cases and 46 controls
was isolated using standard methods (Miller et al. 1988).
Genotyping was performed at Centre National de Génotypage, Every Cedex, France with the Illumina CanineHD
BeadChip containing more than 170 000 markers placed on
the CanFam2.0 reference sequence. Dogs were unrelated at
parental level with few exceptions.
GWA was performed using PLINK (Purcell et al. 2007)
and all markers were subject to strict quality control; only
SNPs with a minor allele frequency .5%, a call rate of
.90%, and in Hardy–Weinberg equilibrium in controls
(P 5 0.05) were included in subsequent analysis. All samples
had less than 10% missing genotype calls. The threshold for
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calcified discs at 2 years of age determined by a radiographic
evaluation is a good indicator of the severe degeneration and
is significantly correlated to the risk of developing intervertebral disc herniation (Jensen et al. 2008). A continuous spectrum of disc degeneration is seen within and
among breeds suggesting a multifactorial etiology involving
the cumulative effects of several genes and environmental
factors (Ball et al. 1982). Severe disc degeneration with
calcification has previously been shown highly heritable in
Dachshund with heritability estimates of 0.47–0.87 (Jensen
and Christensen 2000). The high heritability suggests
that selection based on disc calcifications could induce
a high response and change in population mean without
changing the characteristic features of the breed (Jensen
et al. 2008).
Disc herniation has long been a major health issue in the
Danish Dachshund Club (DDC) and a breeding program
has been initiated in order to decrease the occurrence of
clinical disc herniation in the Dachshund population. The
program is based on a radiographic examination of all dogs
at 24–42 month of age where the number of calcified discs
is determined. Since 2008, DDC has recommended that
Dachshunds with !5 calcified discs were excluded from
breeding. This screening prior to breeding has ensured
a cohort of clinically well-characterized Dachshund allowing
collection of samples for genetic studies. As a new initiative
by the DDC a breeding value (see Materials and Methods)
of the individual dog is calculated based on available
information from all informative animals in a given pedigree
and only dogs with a breeding value of above 100 (average
in the breed) are recommended for breeding.
The extensive linkage disequilibrium and long haplotype
blocks that characterizes the single dog breeds make the dog
an excellent model to study complex diseases through
the use of genome-wide association (GWA) studies. Due to
the genetic homogeneity within dog breeds, fewer markers
are required to identify disease association than compared
with humans. This, in combination with the spontaneous
occurrence of specific diseases in different breeds, indicating
an enrichment of few genetic factors and the need for fewer
samples, provide the dog with some advantages in studying
genetic diseases (Sutter et al. 2004; Lindblad-Toh et al.
2005). The use of high density SNP arrays have already
shown its strength in disease mapping in dogs and has
opened doors toward a greater understanding of the genetic
architecture of several complex diseases (Wood et al. 2009;
Wilbe et al. 2010).
This study was performed within the LUPA project
(http://www.eurolupa.org/) and it was aimed at identifying
genetic variants associated with intervertebral disc calcification in Dachshunds via a GWA study.

Mogensen et al. # GWAS of Disc Calcification in Dachshund
Table 1 Distribution of intervertebral disc calcifications
among cases and controls
Long
haired

27
1
28

10
3
13

6
7
7
3
2

Smooth
haired

4
1
5

1

1
4
2
1
1
1

1
3

2
12

1

4
2
1
1
33

Distribution of cases and controls according to hair-variant (wire-haired,
long-haired, and smooth-haired) and individual scoring of disc calcifications
determined by radiographic examinations (0 or 1 for controls and 6 to 15 or
operated for herniation for cases).

genome-wide significance was set by a permutation test
using 100 000 permutations. Multidimensional scaling
(MDS) analysis with 4 dimensions to be extracted was
carried out using PLINK (Purcell et al. 2007) and used to
assess population stratification.

Results
Complete concordance between breeding value and number
of disc calcifications were observed in our cohort. All dogs

Figure 1. MDS plot of cases (gray symbols) and controls (black symbols) plotted for the first 2 dimensions. Each dot represents
a specific dog. MDS findings indicate 3 distinct subclusters; smooth-haired subcluster (12 of 17 are cases), long-haired subcluster
(13 of 16 are controls), wire-haired subcluster (33 of 61 are cases).
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Controls
Number of disc calcifications
0
1
Total
Cases
Number of disc calcifications
6
7
8
9
10
11
12
13
14
15
Operated for disc herniation
Total

Wire
haired

with !6 disc calcifications had an index below 100 and all
dogs with 0 or 1 disc calcification had an index above 100.
Looking at individual number of disc calcifications rather
than breeding value allowed us to include 7 dogs for which
breeding value was missing. Therefore, the GWA studies
presented here were performed based on the individual
scoring of disc calcifications.
To assess our sample for presence of stratification, we
used MDS and produced a scatter plot for the first 2
dimensions as shown in Figure 1. Samples are represented
by affection status and hair-variant and the MDS plot
illustrates formation of 3 subclusters. The clustering pattern
reveals the 3 hair-variants existing in the Dachshund
population. The subcluster with smooth-haired dogs was
predominantly cases (12/17), the subcluster with longhaired dogs was predominantly controls (13/16), whereas
the subcluster with wire-haired dogs had an almost even mix
(33/61 was cases). To control for confounding from the
existing population structure, we performed the genomewide scan in both the full sample material and separately in
the wire-haired dogs.
To detect genetic variants affecting the development of
canine intervertebral disc calcification, we used the GWA
approach. In the full study sample, the genotyping success
rate was .98% and .109 000 SNPs passed quality check.
By analyzing 48 cases and 46 controls, we identified 2 loci
on CFA12 reaching genome-wide significance after correcting raw P values for multiple hypothesis testing by
permutation (see Figure 2A). The strongest association
(Pgenome 5 0.00011) was detected within a region spanning
from approximately 36.5–38.6 Mb. The second peak is
a more narrow peak from 45.6 to 46 Mb where 3 SNPs in
high linkage disequilibrium reach genome-wide significance
(Pgenome 5 0.00636). Additionally, we identified a weaker
signal on CFA3 with a single marker reaching genome-wide
significance (Pgenome 5 0.028). The GWA study in wirehaired dogs included 33 cases and 28 controls. The strongest
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Figure 2. Manhatten plot showing P values corrected for multiple testing by 100 000 permutations (–log10(Pgenome values)) on
the y axis and the physical position of the markers sorted by chromosomal position on the x axis. (A) GWA of 48 cases and 46
controls showed a highly genome-wide significant association on CFA12 as well as a lower peak on CFA3. (B) Results of GWA
analysis in wire-haired dogs (33 cases vs. 28 controls). One strongly associated region where found on CFA12. (C) Detailed view of
the disease-associated region on CFA12. Position on CFA12 in megabases (Mb) is given on the x axis. P values on the y axis are
from the GWA study in wire-haired dogs.

association was detected on CFA12 from 36.8 to 38.6 Mb
and within this locus 36 markers reached genome-wide
significance with P values in the range 0.00001–0.026
(Figure 2B). A close up on the CFA12 peak is shown in
Figure 2C. Twenty-nine wire-haired cases are homozygous
across all 36 markers. The most significant haplotype block
within this region consists of 4 markers in a 35 kb region on
CFA12 between 37 099 752 and 37 134 630 bp. The
haplotype block distribution is outlined in Table 2. A second
S84

smaller peak is present at 41.5–43.1 Mb with the most
strongly associated marker having a Pgenome of 0.0076.
Because the CFA3 peak did not appear in the GWA study
of the wire-haired dogs and because the strongest
association was found in the 36–39 Mb region on
CFA12, we intent to concentrate our initial studies on this
particular region. The disease-associated region contains
a total of 15 annotated protein-coding genes according to
the corresponding human region; FAM135A, C6orf57,

Mogensen et al. # GWAS of Disc Calcification in Dachshund
Table 2 Distribution of the disease-associated haplotype (D)
and the alternative haplotype (d) among cases and controls

Cases
Controls

Total number

dd

Dd

DD

33
28

0
5

1
18

32
5

The haplotype block consists of 4 markers in a 35 kb region on CFA12
between 37 099 752 and 37 134 630 bp.

A1EAA2_CANFA, B3GA2_CANFA, OGFRL1, RIMS1,
KCNQ5, DDX43, C6orf221, OOEP_CANFA, C6orf150,
MTO1, Q866G8_CANFA, SLC17A5, and CD109.

Discussion
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