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Abstract: Despite moderate heritability estimates for 

canine hip dysplasia (CHD), limited success has been 

obtained from current phenotypic selection schemes against 

this disorder. In this genomic analysis, two genome-wide 

QTLs affecting canine hip dysplasia (CHD) or its related 

traits were detected, and genomic evaluation (GBLUP) was 

implemented for a large dataset of Labrador Retrievers. The 

markers showing genome-wide significance explain a 

moderate amount of the genetic variance but the additional 

detection of several chromosome-wide QTLs suggests a 

genetic architecture based on many genes with small or 

moderate effect, consistent with the wide distribution of 

genetic variances explained by individual chromosomes. 

Genomic selection delivered a predictive accuracy of 0.4 

for the breeding value of transformed hip score. The impact 

of these findings should be considered when designing 

future selection programs against the disease. 
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Introduction 
 

Canine hip dysplasia (CHD) is a malformation of the 

coxo-femoral joint that leads to degeneration of the hip 

joint. The disorder has a high prevalence (25-40%, 

depending on the study) in UK Labrador Retrievers 

(Coopman et al. (2008)) and can only be ameliorated by 

surgery and/or pain relief. 

The phenotypic measure of the propensity for the 

disease (hip score, HS) is based on a radiographic analysis 

of the pelvic area. The UK scheme (Willis (1997)) is run by 

the British Veterinary Association (BVA)/Kennel Club 

(KC), where scanned animals must be older than one year 

old to assume skeletal maturity, and the HS is the sum of 

nine traits measured on categorical scales on both hips. 

Three of these traits: Norberg Angle (NA), Subluxation 

(SUB) and Cranial Acetabular Edge (CrAE), are measures 

of joint laxity while the other six are related to secondary 

osteoarthritis and detrimental age effects (Lewis et al. 

(2010b)). 

The success of current breeding programmes against the 

disease has been limited (Malm et al. (2008)), and previous 

studies, usually focused on NA or HS, have shown 

inconsistent results for QTL position, with no evidence of a 

single causative locus (Todhunter et al. (2005); Marschall 

and Distl (2007); Zhu et al. (2012)).  

The purpose of this study was to identify QTL for HS 

and the three components associated with laxity in Labrador 

Retrievers using high density markers and a large dataset, in 

order to further understanding of the genetic basis of CHD 

and to explore the potential for genomic selection against 

this disorder. 
 

Materials and Methods 
 

Animals and phenotypes: 1500 Labrador Retrievers born 

between 2002 and 2008 were evaluated for hip dysplasia 

according to the UK scoring method. Buccal DNA swabs 

were provided by the owners together with details of body 

measurements, exercise levels, lifestyle, activity and 

concurrent health problems. 

SNP Genotyping and quality control: Animals were 

genotyped using the canine Illumina high density beadchip 

containing 173,662 SNPs.  

A final sample size of 1179 animals between 1 and 5 

years old was used after removing samples with low call 

rate (< 90%), age-related bias and gender mismatches. A 

total of 106,282 SNPs were used in the analysis after 

applying filtering criteria (call rate > 98%, GTS > 0.6, ABR 

mean > 0.3, MAF > 0.01 and deviation from HW 

equilibrium using a threshold of 4.48x10
-7

).  

Association analysis: Association analyses were performed 

for total hip score (HS), log-transformed total hip score 

(THS) (Lewis et al. (2010a)) and for the main three 

components on both hip sides (left, right and total): Norberg 

angle (NA), Subluxation (SUB) and Cranial Acetabular 

Edge (CrAE), using a linear mixed model: 
 

            
 

where y is the a vector of phenotypes, W is a matrix of 

covariates with the   vector of effects, the vector x of 

marker genotypes, the   regression of the phenotype on the 

marker genotypes, the vector u of random genetic effects 

and the vector   of errors; u was distributed MVN(0,VGG) 

where G is the genomic relationship matrix and   was 

distributed MVN(0,VEI). Gender was included as a fixed 

factor, and age at scoring and time spent exercising per day 

were included as quantitative covariates fitted as linear and 

quadratic deviations from the mean. Analyses were 

conducted using GEMMA (Zhou and Stephens (2012)), and 

also corrected for the inflation factor to further account for 

population stratification, cryptic relatedness and genotyping 

errors (Amin et al. (2007)). Bonferroni thresholds were 

based on the total number of SNPs across the genome 

(genome-wide significance) or per chromosome 

(chromosome-wide significance).  

Chromosomal variances: Chromosome genetic variances 

were computed through REML analysis using ACTA (Gray 

et al. (2012)), analyzing each chromosome separately with a 

complementary G matrix describing the rest of the genome. 

The main model was: 
 

               
 

where y is the vector of phenotypes, W, X and Z are design 

matrices for fixed and random effects,   is the vector of 

fixed effects,    is the complementary genomic additive 

effect,    is the additive effect for that chromosome and   

is the vector of normally distributed residual effects. 

Genomic prediction: Genomic prediction was addressed 

by the use of Genomic Best Linear Unbiased Prediction 

(GBLUP) analyses performed in ACTA for HS, THS and 

the total score of the three main components, using the 



adjusted phenotypes corrected for the fixed effects and 

covariates as described for the association analysis and 

assessing accuracies using a 5-fold cross-validation scheme 

(Quilez et al. (2012)). The average correlation between the 

genomic estimated breeding value (gEBV) and the adjusted 

phenotype was estimated for each of the validation groups. 
 

Results 
 

General observations across traits: Although few 

genome-wide QTLs were detected (Table 1), several QTLs 

were detected using a chromosome-wide approach, and the 

proportion of total genetic variance (VG) explained by each 

chromosome revealed a polygenic architecture for all traits, 

with several chromosomes accounting from 0% to 6% of 

the genetic variance and a few chromosomes explained 

more variation (15-23% of the genetic variance).  

In general, estimates of residual variance (VE) from 

genomic models resulted in higher values than their 

pedigree estimates (Table 2), with the exception of CrAE 

traits, for which the genomic estimates were slightly lower 

but not significantly different. This indicates that the SNP 

chip did not capture all the genetic variance associated with 

hip dysplasia traits. This resulted in lower heritability 

estimates from the genomic analysis for most traits.  

Hip score (HS) and Transformed hip score (THS): No 

genome-wide QTLs were detected for these traits (Table 1), 

although the chromosome-wide analysis revealed several 

significant SNPs in both cases. 

While Chr 9 and 11 together explained 42% of the total 

genetic variance for HS, a similar proportion for THS was 

explained by the top four chromosomes. 

Norberg angle (NA): A significant genome-wide QTL for 

the right hip was found on Chr 21 (Table 1), and several 

chromosome-wide QTLs were detected for the right hip (10 

chromosomes), left hip (five) and total score (five). 

With Chr 11 and 21 explaining the highest proportions 

of VG for the right hip (21.7% and 16.9%), the top four 

chromosomes explained 57% of the total genetic variance. 

However, the genetic variance for the left hip was more 

dispersed, so that the top six chromosomes explained only 

50% of its total genetic variance. Similarly, the top six 

chromosomes explained 58% of the total genetic variance 

for the total score. 

Subluxation (SUB): Similar to HS, no significant genome-

wide QTLs were detected for SUB traits (Table 1), although 

chromosome-wide analyses again revealed significant 

QTLs for the right hip (five chromosomes), left hip (three) 

and total score (four). 

For the right hip, the top four chromosomes explained 

50% of the total genetic variance whereas for the left hip, 

the same proportion was explained by the six top 

chromosomes.  As for NA, the pattern of explained genetic 

variance for the total score was in between those for the left 

and right hips (the top five chromosomes explained 50%).  

Cranial Acetabular Edge (CrAE): Genome-wide QTLs 

(Table 1) were detected on Chr 1 for right and left hip , and 

several chromosome-wide QTLs were detected for right hip 

(two chromosomes), left hip (three) and total score (two). 

While for the right hip, the top six chromosomes 

explained 47% of the total genetic variance, for the left hip 

Chr 1 alone explained 22.6% of the total variance (the top 

four chromosomes explained 44%). Again, the pattern of 

explained genetic variance for the total score was in 

between those for the left and right hips (49.5% of the total 

genetic variance was explained by the top four 

chromosomes). 

Genomic prediction: Sample heritabilities, average 

correlations between the gEBV and the adjusted phenotype 

and predictive abilities (average correlation divided by the 

square root of the heritability) are shown in Table 3. 

Sample heritabilities were generally lower than previous 

estimates (Lewis et al. (2010a); Lewis et al. (2010b)), with 

the exception of HS and NA total. 
 

Discussion and Conclusion 
 

The present study used a large number of samples 

genotyped for high density markers to identify two genome-

wide QTLs affecting canine hip dysplasia (CHD) and its 

related traits. QTLs were also detected as significant at the 

chromosome-wide level, and may also indicate genomic 

regions related to hip dysplasia. Considering that the 

GWAS method detection is based on a single association 

test per SNP, true associated loci may escape detection by 

single SNP analyses if the allelic effects are small. 

Additional analyses were therefore applied to further 

investigate the relationship between the phenotypes and the 

genetic variance explained by individual chromosomes 

(Uemoto et al. (2013)). 

Chromosomes 1 and 21 revealed consistent GWAS 

peaks and significant SNPs, explaining considerable 

variation. On Chromosome 1, a previous study of German 

Shepherds reported a QTL for CHD status in the same 

region identified in the current study (~100-110 Mb) 

(Marschall and Distl (2007)).  

Chromosome 21 showed significant SNPs in two 

regions: one genome-wide significant region (~40-50 Mb) 

and another chromosome-wide significant region (~20-30 

Mb). Previous studies have shown the existence of a QTL 

related with right hip NA in the first region in a Labrador-

Greyhound cross-breed pedigree (Zhu et al. (2012)) and 

close to it for CHD status in German Shepherds (Marschall 

and Distl (2007)). No previous QTLs have been detected 

near the second region. 

A polygenic pattern was observed, with a diffuse 

distribution of the genetic variance in the chromosomal 

analysis (Figure 1). Most of the chromosomes explained 

less than 6% of the genetic variance but a few explained 

15%-23%. The complex nature of the disease is consistent 

with a polygenic genetic architecture, as bone formation is 

controlled by many factors that form cooperative networks 

of signaling pathways to allow differentiation of bone-

synthesizing cells (osteoblasts) (Javed et al. (2010)). 

Estimates of genetic (VG) and residual variance (VE) 

were compared for the genomic and pedigree approaches. 

Our results confirmed that genomic residual variances were 

generally higher than those estimated for a pedigree-based 

approach, resulting in lower heritabilities.  This was as 

expected as genomic methods are not expected to capture 

all the genetic variance (Uemoto et al. (2013)). 

Although predictive abilities for the GBLUP were lower 

than expected (e.g. we estimated ~0.6 for THS according to 

the formula derived by Daetwyler et al. (2010)), these 



differences were probably due to the low sample 

heritabilities of the traits and, in the case of HS, to its 

inadequate scale of measure when compared with the 

normalised THS (Lewis et al. (2010a)). However, under 

genomic selection, an increase in the size of the reference 

population is expected across generations, which should 

ultimately result in higher accuracies. 

In summary, two genome-wide significant QTLs 

associated with hip score or its components were detected 

in a Labrador Retriever population on Chromosomes 1 and 

21, and genomic evaluation will be effective in predicting 

breeding values. Overall, these results support a polygenic 

architecture concordant with the complex nature of the 

disease. 
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Table 1: Genome-wide significant SNPs for CHD  

Chr SNP Trait
1
 Beta

2
  P-value 

1 1 CrAE l 0.52 3.4E-07 

1 2 CrAE t 0.94 3.2E-07 

1 3 CrAE l 0.52 3.3E-07 

1 4 CrAE t 0.94 3.2E-07 

1 5 CrAE l 0.53 1.9E-07 

1 6 CrAE t 0.97 2.2E-07 
     

21 7 NA r 0.40 3.1E-07 
 l = left, r = right and t = total (sum of right and left).  Standard errors of 

Beta  in a range of 0.08-0.18. 

 

Table 2: Estimates of residual variances (VE) and 

heritabilities (h
2
) for pedigree and genomic approaches 

Trait Pedigree Genomic 

VE h
2
 VE h

2
 

HS 51.12 0.59 93.57 0.23 

THS   0.29 0.27   0.29 0.25 

NA r   1.41 0.29   1.97 0.15 

NA l   1.01 0.52   1.43 0.36 

NA t   3.65 0.44   4.73 0.27 

SUB r   0.77 0.28   0.84 0.21 

SUB l   0.78 0.23   0.90 0.18 

SUB t   1.95 0.36   2.19 0.28 

CrAE r   0.32 0.19   0.32 0.20 

CrAE l   0.41 0.06   0.40 0.11 

CrAE t   1.23 0.15   1.18 0.18 
l = left, r = right and t = total (sum of right and left). Standard errors for VE 

between 0.02-15.08 and for h2 between 0.05-0.13  

 

Figure 1: Genetic variance (VG) explained by each 

chromosome for HS and THS 

 
 

Table 3: Estimates of sample heritabilities (h
2
), 

correlations between the gEBV and the adjusted 

phenotypes (r) and predictive accuracy (rA,Ahat) for a 

GBLUP approach 

Trait h
2
  r rA,Ahat 

HS 0.59 0.15 0.19 

THS 0.28 0.21 0.40 

NA t 0.44 0.21 0.32 

SUB t 0.36 0.26 0.44 

CrAE t 0.15 0.12 0.32 
t = total (sum of right and left) 
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