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Abstract 
Conformational traits define a horse’s shape and morphology, heavily influencing its functionality, sport performance, 
health, and appearance, making conformation a critical selection criterion in horse breeding. However, the genomic basis 
of conformational defects, specifically those affecting the hock, remains largely unexplored. This research aimed to iden
tify the genomic regions associated with hock defects using a large cohort of Pura Raza Espa~nola (PRE) horses. A total of 
58,930 horses were evaluated for hock angle, with 4,122 genotyped on high- or medium-density arrays. For this purpose, 
weighed single-step genomic REML analysis methodology was used with the hock evaluation assessed as a continuous 
variable (lateral view hock defect, LVHD, and rear-view hock defect, RVHD) and divided into two different opposite 
defects: closed and open and convergent and divergent, respectively (multinomial approach). Some deviation from the 
optimum hock angle was observed in 49,386 horses, of which 10.1% were evaluated as having a severe or very severe de
fect. The most prevalent hock defect in the PRE population evaluated was open hock (6.67% considered severe or very se
vere), while the least prevalent was closed hock (0.2%). The estimated heritability for the continuously evaluated traits 
was 0.18 for LVHD and 0.25 for RVHD, while the estimated heritability of the traits evaluated with a multinomial approach 
ranged from 0.25 to 0.42 for open and divergent defects, respectively. A genome-wide association study revealed eight ge
nomic regions associated with hock defects. In these, 17 genes related to musculoskeletal diseases, bone malformations, 
joint disorders, cartilage defects, or bone fragility were identified. These findings could support the development of selec
tive breeding strategies aimed at reducing conformational defects in the hock of the PRE and related breeds. 
Furthermore, they provide insight into the genetic and molecular mechanisms involved in the occurrence of conformation 
defects. However, further studies are needed to shed further light on these conformational defects in the equine species. 

Lay Summary 
Conformational traits are critical in horse breeding due to their impact on performance, health, and aesthetics. This study 
investigates the genomic underlying of equine conformation traits, focusing on hock defects in Pura Raza Espa~nola 
horses. For this purpose, a genome-wide association analysis was performed to identify genomic regions associated with 
hock defects. The findings could contribute to the development of selective breeding strategies aimed at enhancing horse 
welfare and functionality, as well as potentially reducing the prevalence of conformational defects. In addition, they ad
vance the understanding of genetic factors influencing the musculoskeletal health of horses.
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Introduction
Conformation is crucial, not only for the animal’s appearance 
and locomotor health but also for its functionality and perfor
mance in sport disciplines and fieldwork (Love et al 2006; Ducro 
et al 2009; J€onsson et al 2014; S�anchez-Guerrero et al 2017; 
Ripoll�es-Lobo et al 2023a). Conformational traits, namely exter
nal morphological traits, are routinely evaluated during the ba
sic breeding assessment, representing one of the main selection 
criteria in horse breeding (S�anchez et al 2013; Gmel et al 2018; 
Viklund and Eriksson 2018). In particular, the hock is a key joint 
in equine biomechanics, playing a crucial role in mobility, gait 
quality, endurance, performance, and ultimately in the animal’s 
predisposition to injuries (Welsh et al 2013; Hilla and Distl 2014). 
This highlights the importance of accurately examining the mus
culoskeletal characteristics in horse populations and their rela
tionship to functionality, a topic which is arousing increasing 
interest in most horse breeds (Sol�e et al 2013; Welsh et al 2013; 
Kristjansson et al 2016; Gmel et al 2022).

In general, limb diseases and conformation defects appear to be 
relatively common in horses and constitute one of the main heredi
tary disorders that weakens performance (Axelsson et al 2001; 
Love et al 2006; Stock and Distl 2006; Ripoll�es-Lobo et al 2023b; 
Ripoll�es-Lobo et al 2024; Van Cauter et al 2024), consequently af
fecting stud profitability. These defects are often caused by under
lying complex genetic factors, which may be breed-specific or 
common in certain types of horses (Gmel et al 2019; Ripoll�es-Lobo 
et al 2023a). In particular, defects in the hock can manifest in vari
ous forms, including angular deformities, alignment issues, and de
generative conditions. Not only are these conformational defects 
of aesthetic concern, but they also affect the animal’s quality of 
life, limit its athletic ability to perform in various equestrian disci
plines, and increase the risk of injury (Van Weeren and Crevier- 
Denoix 2006; Murray et al 2010).

In the case of the Pura Raza Espa~nola (PRE), a breed highly 
valued for its beauty, agility, and versatility where conformation 
and aesthetics are key elements, the presence of defects in the 
hock can have a considerable impact on the animal’s market 
value and its viability in competitions. The PRE horse is a native 
breed with a current census of 290,407 active horses in over 71 
different countries (MAPA 2025). This breed is managed by the 
Real Asociaci�on Nacional de Criadores de Caballos de Pura Raza 
Espa~nola (ANCCE), which oversees management of the stud
book (created in 1912), as well as the breeding program.

Over the last decade, research in equine genomics has ad
vanced significantly, providing powerful tools to understand the 
inheritance of complex traits. The use of advanced genomic 
techniques, such as sequencing and genotyping, has revolution
ized our understanding of genetic variability in equine breeds, 
as well as heritable variation in complex traits (Farries et al 
2019). In particular, genome-wide association studies (GWAS) 
have enabled us to identify markers and genomic regions asso
ciated with phenotypic traits of interest. The number of GWAS 
studies focused on conformation traits has been increasing 
steadily (Frischknecht et al 2016; Sevane et al 2017; Gmel et al 
2019; Rosengren et al 2021; Gmel et al 2023; Laseca et al 2025), 
with traits such as body size and withers height being predomi
nant (Makvandi-Nejad et al 2012; Signer-Hasler et al 2012; 
Tetens et al 2013; Frischknecht et al 2015; Reich et al 2024). 

However, to date, there has been little research in the genomic 
study of conformational defects in limbs. The aim of this study 
was, therefore, to identify genomic regions associated with hock 
defects in PRE horses through whole-genome studies. The 
defects evaluated were studied as a continuous variable (lateral 
view hock defect [LVHD] and rear-view hock defect [RVHD]) and 
as independent multinomial variables (closed, open, conver
gent, and divergent).

Material and methods
Animals and description of traits
A total of 58,930 horses were evaluated for both lateral and rear 
views of the hock angle during the mandatory PRE morphologi
cal assessment, which takes place once in a horse’s life at an av
erage age of 4.8 yr before it is officially registered in the PRE 
studbook. The evaluations were conducted by 12 specially 
trained veterinary technicians, following the procedures out
lined by S�anchez-Guerrero et al (2016), using a linear morpho
logical classification system to assess the hock angle in both 
views (Ripoll�es-Lobo et al 2023a).

Regarding the lateral view, defects are defined as closed hock 
defect, when the horse’s leg forms a very closed angle with the 
shank, and open hock defect, when the horse’s leg forms a very 
open angle with the shank. In contrast, defects related to the direc
tion of the hock from the rear view are defined as convergent hock 
defects, when a horse’s hocks slant inward from the line of 
aplomb, or divergent hock defects, when they slant outward from 
the line of aplomb (Ripoll�es-Lobo et al 2023a) (Figure S1, see online 
supplementary material for a color version of this figure).

The traits were scored on a nine-level scale ranging from −4 
to 4, where 0 indicates the absence of any defect. According to 
the official ANCCE criteria (ANCCE 2025), any deviation from 0 is 
considered a conformational defect, with the severity increasing 
toward the extremes of the scale. To ensure clarity, the severity 
of these defects is categorized as follows: slight defects are rep
resented by levels −1 and −2 (closed/convergent) and level 1 
(open/divergent); severe defects correspond to level −3 (closed/ 
convergent) and level 2 (open/divergent); and very severe 
defects are indicated by level −4 (closed/convergent) and levels 
3 and 4 (open/divergent). This non-symmetric scale reflects the 
official scoring system used in the PRE studbook for assessing 
the basic aptitude of breeding horses.

Each hock angle trait was evaluated using two approaches. 
First, the traits were analyzed as a continuous variable on the 
observed scale, with scores ranging from −4 to 4 (nine levels), 
for both lateral view hock defect (LVHD) and rear-view hock de
fect (RVHD). Second, the hock deviations were modeled by sepa
rating the two defect types: LVHD was divided into closed and 
open deviations, while RVHD was divided into convergent and 
divergent deviations. Each of these four traits was treated as an 
independent multinomial variable on an underlying scale, allow
ing the severity of deviations in each specific direction to be cap
tured. Within this framework, scores were grouped into two 
ranges (−4 to 0 and 0 to 4) for each defect type, with 0 indicating 
the absence of deviation. Horses showing one type of defect 
were considered unaffected for the opposite deviation. 
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Together, these two approaches provided a comprehensive as
sessment of hock angle conformation, accounting for both the 
severity and direction of deviations.

Prevalences were calculated as the percentage of affected 
animals for each degree relative to the total population evalu
ated (58,930), including unaffected individuals.

Genotyping
The most representative horses from the population were selected 
for genotyping based on the low average relatedness between indi
viduals. These animals came from more than 600 different studs, 
avoiding direct relatives (eg siblings, parent–offspring) to reduce 
close relatedness. Although no strict numerical threshold was ap
plied, pedigree information was used to prioritize animals with 
lower average relatedness while also ensuring that the morpholog
ical variability of the PRE was represented. Consequently, the aver
age pedigree-based inbreeding and coancestry for this genotyped 
subset were 0.07 and 0.08, respectively.

Genomic DNA was isolated from blood or hair samples using a 
DNeasy blood & tissue extraction kit (Qiagen). We used the 
Affymetrix Axiom Equine 670 K high-density SNP array 
(Thermofisher) to genotype 2,359 horses, and genotypes were ana
lyzed with the Axiom Analysis Suite 5.0 software following the 
“Best genotyping practices workflow” with the default parameters 
(dish quality control [QC] > 0.82 and call-rate [CR] > 0.95). And we 
used the medium density GGP Equine 70 K array V5 (Neogen) to ge
notype 1,763 horses. The genotypes were analyzed with a bioinfor
matics pipeline with GenomeStudio 2.0.5 software, and QC (CR >
0.95) was performed with PLINK v1.9 software (Purcell et al 2007). 
We then combined the data from both technologies. We retained 
only the SNPs common to both arrays to have the entire popula
tion genotyped with the same number of markers and performed 
QC of the combined data by applying the filters of CR > 0.95 and 
minor allele frequencies > 0.01 with PLINK v1.9 software. The final 
set of markers was 60,136 SNPs distributed over all 32 Equus cabal
lus (ECA) chromosomes.

Weighted single-step GREML analysis
In this study, we employed the single-step genomic restricted 
maximum likelihood (ssGREML) approach to analyze hock defect 
traits. To analyze LVHD, RVHD, closed, open, convergent and di
vergent hock traits, an univariate model was employed, follow
ing Laseca et al (2024): 

y ¼ Xbþ Zaþ e (1) 

where y is the vector of phenotypic observations for the corre
sponding trait; b is the vector of fixed effects, including sex 
(male and female), age assessment (young, 3.5 to <5 yr old; 
adult, ≥5 yr old), geographical area (Spain, rest of Europe, North 
America and Mexico, and South and Central America), stud size 
(<3 foals/yr; 3–9 foals/yr; >9 foals/yr), proportionality index 
(height at the withers*100/shoulder-ischial length; <98, 98–100, 
>100, and unknown), and inbreeding (calculated using the 
Endog 4.8 software (Guti�errez and Goyache 2005); <3.125%, 
3.125%–6.25%, 6.25%–12.5%, >12.5%). a is the vector of 

random additive genetic effects; e is the vector of random resid
uals; and X and Z are the incidence matrices of b and a, 
respectively.

It was assumed that a� Nð0; Hσ2
a) for all traits, e �

N 0; Iσ2
e

� �
for continuous LVHD and RVHD traits, and e � N 0; 1ð Þ

for multinomial closed, open, convergent and divergent defects 
traits, where σ2

a and σ2
e represent the additive genetic and resid

ual variances, respectively. The matrix H was constructed fol
lowing the approach of Aguilar et al (2010), which integrates the 
numerator relationship matrix (A) with the genomic relationship 
matrix (G). The inverse of H matrix is expressed as: 

H� 1 ¼ A� 1þ
0 0
0 G� 1 � A� 1

22

" #

where A represents the pedigree-based relationship matrix for 
all animals. The renumf90 software (blupf90 suite programs) 
retained 111,241 informative individuals from the complete PRE 
studbook pedigree (398,866 horses) to obtain the relationship 
matrix—specifically, those with phenotypic records (or geno
types) and all their known ancestors (up to 25 generations); A22 

denotes the pedigree-based relationship matrix for genotyped 
animals, while G represents the genomic relationship matrix for 
genotyped animals, constructed according to the method of 
VanRaden (2008) as follows: 

G ¼
ZZ0

Pn
i¼1 2pi 1 � pið Þ

where Z represents the centered matrix of SNP genotypes; n 
represents the total number of SNPs; and pi denotes the minor 
allele frequency of the i-th SNP.

Variance components and genomic estimated breeding values 
(GEBVs) for the hock defect traits were estimated following the 
approach described by Laseca et al (2025). The Bayesian infer
ence methodology was applied using the Gibbs sampling algo
rithm in the GIBBSF90+ software (Lourenco et al 2022). Chains of 
200,000 samples were used with a burn-in period of 40,000. One 
sample per 100 was saved to avoid high correlations between 
consecutive samples. To calculate posterior means and high 
posterior density intervals, and to check convergence with the 
Geweke test, a post-Gibbs analysis was performed using the 
POSTGIBBSf90 software (Tsuruta and Misztal 2006).

The model previously described (equation 1) was likewise 
employed for weighted single-step genomic REML (WssGREML); 
however, in this case, the G matrix was constructed using a dif
ferent approach. Estimates of SNP effects were derived by back- 
solving GEBVs from ssGREML, following the procedure outlined 
by Wang et al (2012): 

ba ¼ DZ
0

ðZDZ
0

Þ
� 1bug 

where ba represents the vector of SNP effects, D represents a di
agonal matrix of weights (equal to the identity matrix in the 
case of ssGREML), Z represents the centered matrix of SNP geno
types, and bug represents the vector of GEBVs for genotyped ani
mals only.
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The estimated SNP effects were subsequently employed to 
compute the individual variance of each SNP effect, as de
scribed by (Zhang et al 2010): 

σ2
u;i ¼ 2ba2

i pið1 � piÞ

where pi denotes the minor allele frequency of the i-th SNP. SNP 
effects and their corresponding variances were computed using the 
POSTGSF90 software (Aguilar et al 2010). The resulting vector of SNP 
effect variances was then incorporated as weights in the diagonal 
matrix D to construct the weighted genomic relationship matrix G 
(G�), following the procedure described by Wang et al (2012): 

G� ¼
ZDZ0

PN
i¼1 2pi 1 � pið Þ

GEBVs were re-estimated using the GIBBSF90+ software 
(Lourenco et al 2022), incorporating SNP-specific weights 
through the (G�) matrix within the H matrix. This procedure was 
implemented iteratively, with the weights updated at each itera
tion as outlined by Wang et al (2012).

Genome-wide association study
The GWAS was performed by identifying genomic regions of 
1 Mb that accounted for more than 1% of the phenotypic vari
ability for each trait. The proportion of genetic variance 
explained by the i-th set of SNPs within a 1 Mb window (i-th SNP 
window) was calculated as described by Wang et al (2012) as: 

VarðaiÞ

σ2
a

x 100% ¼

Var
Px

j¼1
Zjbuj

 !

σ2
a

x 100% 

where ai represents the additive genetic value of the i-th SNP 
window composed of consecutive SNPs; σ2

a denotes the additive 
genetic variance; Zj is the vector of gene content for the j-th SNP 
across all individuals; and buj corresponds to the effect of the j-th 
SNP within the i-th window.

The GWAS analysis was performed with the POSTGSF90 soft
ware (Aguilar et al 2010), with the 1 Mb overlapping windows op
tion. SNP sets with more than 1% explained additive genetic 
variance were selected. Manhattan plots were generated with 
R software.

Functional annotation
We performed functional analysis in significant genomic regions 
(those explaining more than 1% of additive genetic variance) to 
identify potential candidate genes related to hock defects. For 
this we used the Ensembl BioMart tool (Kinsella et al 2011) and 
the Equus caballus reference genome (EquCab3.0. [Beeson et al 
2019]). We reported the function of the candidate genes, as well 
as the metabolic pathways and biological processes involved, 
using the Database for Annotation Visualization and Integrated 
Discovery software (DAVID) (Sherman et al 2022), AmiGO 2 (Gene 
Ontology) software (Carbon et al 2009), and the literature avail
able in public databases.

Results
Prevalence and SNP-based heritability in 
hock angle defects
Hock angle defects were analyzed as four distinct traits using 
the two approaches previously described. Regarding the preva
lence, 26.02% of the horses (15,335) showed no deviation in the 
rear view (RVHD), defined as animals scoring 0 for both conver
gent and divergent defects. In the lateral view (LVHD), 56.52% 
(33,308) presented no deviation, being free of both closed and 
open hock defects. These “no deviation” percentages therefore 
represent aggregated categories, corresponding to animals scor
ing 0 for both opposing defects within the same view. For ani
mals affected by deviations, prevalence varied markedly by 
severity. Following the official PRE morphological scoring sys
tem, the original nine-level scale was grouped for descriptive 
purposes into three severity degrees: slight, severe, and very se
vere. Slight deviations were the most frequent, ranging from 
4.42% (divergent) to 65.98% (convergent). In contrast, defects 
categorized as severe or very severe (combined for analysis) 
showed much lower prevalences: 0.2% for closed hock, 6.67% 
for open hock, 1.98% for convergent hock, and 1.61% for diver
gent hock. Detailed frequencies by defect type and severity level 
are summarized in Table 1, while additional descriptive statistics 
for the total and genotyped populations are provided in Tables S1
and S2, respectively.

Estimates of variance components for hock angle defects 
evaluated from the lateral and rear views are presented in 
Table 2. Heritability (h2) estimates obtained using the threshold 
model ranged from low to moderate, from 0.25 for the open de
fect to 0.42 for the divergent defect, while those estimated un
der the linear model were 0.18 for LVHD and 0.25 for RVHD.

Identification of genomic regions 
associated with hock angle defects
Following the GWAS, genomic regions that explained an additive 
genetic variance of more than 1% were selected. Eight genomic 
regions associated with hock defects were identified on seven 
different chromosomes (ECA1, ECA4, ECA7, ECA10, ECA11, 
ECA17, and ECA19) (Figure 1 and Table 3). The LVHD trait was as
sociated with three regions, while the individually analyzed 
closed and open traits were associated with three and one 
regions, respectively. Interestingly, two regions on ECA17 were 
associated with LVHD and closed hock defect. Meanwhile, the 
RVHD trait was associated with two genomic regions, and the in
dividually studied convergent and divergent traits were associ
ated with one and three genomic regions, respectively. 
Interestingly, the ECA11 region (11:28,631,844-29,622,216) was 
associated with the LVHD and RVHD, as well as with the conver
gent and divergent traits studied individually.

To explore the potential functions of genomic regions, their 
location in the genome was investigated. Sixty-nine genes were 
found in the eight genomic regions associated with hock 
defects, as shown in Table 3. Of these, 19 genes were related to 
different functions and pathways involved in musculoskeletal 
diseases, cartilage defects, bone malformations, bone and joint 
fragility, and others.
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Discussion
Genetic predisposition to certain conformation defects in the 
limbs and particularly in the hock represents a challenge to 
breeders and owners, as it affects both the welfare and 

performance of the horse. In the PRE horse breeding program, 
one of the main selection criteria is the improvement of confor
mation and traits related to sporting performance (S�anchez et al 
2013; S�anchez-Guerrero et al 2016; S�anchez-Guerrero et al 
2017). Although many parameters are involved in selecting an 

Figure 1 Results of the genome-wide association study for hock conformation defects in genotyped PRE horses. Manhattan plot of the additive 
genetic variance (y axis) explained by each SNP, calculated using a 1 Mb sliding window, for the analyzed trait. A) Lateral view hock defect. B) Closed 
hock defect. C) Open hock defect. D) Rear view hock defect. E) Convergent hock defect. F) Divergent hock defect. The red lines indicate the genome- 
wide significance threshold with an explained variance equal to 1%.

Table 2 Genetic parameters and heritability for hock angle defect traits in the Pura Raza Espa~nola population evaluated.

Lateral view Rear view

Closed Open LVHD Convergent Divergent RVHD

σ2
a (SD) 0.38 (0.023)1 0.21 (0.013)1 0.14 (0.007) 0.12 (0.006)1 0.73 (0.054)1 0.20 (0.007)

σ2
e (SD) 0.81 (0.047)1 0.66 (0.039)1 0.66 (0.006) 0.25 (0.030)1 1.02 (0.055)1 0.60 (0.006)

σ2
P (SD) 1.19 (0.052)1 0.87 (0.042)1 0.79 (0.005) 0.37 (0.029)1 1.76 (0.065)1 0.81 (0.005)

h2(SD) 0.32 (0.019)1 0.25 (0.016)1 0.18 (0.008) 0.32 (0.023)1 0.42 (0.024)1 0.25 (0.009)

σ2
a: additive genetic variance; σ2

e: residual variance; σ2
P: phenotypic variance.

1Underlying scale.
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animal for high sporting performance, one of the key factors is 
the absence of any defect or malformation of the limbs. In the 
present study, phenotypic data were combined with genomic 
data in a wssGREML to perform a genome-wide association 
analysis to identify molecular markers and genomic regions as
sociated with hock defects and to predict genomic predisposi
tion to such defects.

Evaluation of hock defects
The evaluation of hock defects in 58,930 PRE horses revealed 
that, when the evaluation views were considered as global 
traits, deviations in the rear view were more prevalent than 
those in the lateral view when analyzed as continuous variables, 
regardless of the direction of the defect. When specific defect 
directions were examined, convergent hock was the most com
mon defect in the population, primarily due to a high incidence 
of slight deviations. However, when focusing specifically on 
high-severity levels (severe and very severe), open hock defects 
showed the highest prevalence (6.67%), while closed hock was 
the least frequent (0.2%). For slight deviations, convergent 
hocks were the most observed, whereas divergent deviations 
were the least frequent. These results agreed with those previ
ously reported by Ripoll�es-Lobo et al (2023a), where the defect 
with the highest prevalence in the PRE population studied was 
the convergent defect. Comparing the prevalence of hock 

defects in PRE with other breeds revealed distinct, breed- 
specific patterns. In Swedish Warmblood (SWB) riding horses, 
J€onsson et al (2014) reported prevalences of 2.6% for large hock 
angle (analogous to open hock), 8.7% for small hock angle (anal
ogous to closed hock), 9.9% for wide hocks (analogous to diver
gent), and 1.5% for narrow hocks (analogous to convergent). 
Although differences in scoring systems and severity thresholds 
between studies must be considered, these prevalences showed 
a marked contrast with the PRE population, particularly when 
focusing on severe and very severe defects. While the SWB 
showed a higher prevalence of closed hocks (8.7% vs. 0.2% in 
PRE) and divergent hocks (9.9% vs. 1.61% in PRE), the PRE popu
lation exhibited a higher frequency of severe and very severe 
open hock defects (6.67% vs. 2.6% in SWB) and convergent hock 
defects (1.98% vs. 1.5% in SWB). These differences suggest that 
selection pressures or genetic backgrounds influence hock mor
phology differently in each breed, leading to opposed preva
lence patterns for these structural deviations. In jumping 
Thoroughbred horses, the prevalence was 16% for straight 
hocks (Mostafa et al 2019), which is similar to our prevalences 
for closed and open slight deviation. A population of Pura Raza 
Menorqu�ın (a Spanish horse breed) studied showed a higher fre
quency for closed hock (62.53%), open (30.61%), and divergent 
(41.90%) defects than the PRE, except for the convergent hock 
defect, where the frequency was lower (38.83%) (Ripoll�es-Lobo 
et al 2024). These differences between the prevalence of the two 

Table 3 Genomic regions associated with hock defects in Pura Raza Espa~nola population accounting for a percentage of variance above 1%.

Trait Chr Genomic region, bp v.e., % Candidate genes

Closed 1 108,052,754–109,046,228 1.36 TJP11; ENTREP2; APBA2; 
MCEE1; MPHOSPH10; FAN1

RVHD 4 17,659,691–18,611,981 1.02 TNS31; PKD1L1; HUS1; SUN3; 
UPP1; ABCA131

Divergent 7 50,454,631–51,447,236 1.13 ACP51; CNN11; ELOF1; 
ECSIT1; ZNF653; ELAVL3; 
PRKCSH; RGL3; EPOR1; 
SWSAP1; PLPPR2; CCDC159; 
TMEM205; RAB3D; TSPAN16; 
DOCK61; ANGPTL8; KANK21; 
SPC241; LDLR; SMARCA4; 
YIPF2; CARM1; TMED1; DNM2; 
QTRT1; ILF31; SLC44A21; 
ATG4D; CDKN2D; KRI1; 
S1PR5; KEAP1; PDE4A1; 
CDC37; TYK2

Open 10 40,539,712–41,516,383 1.42 HTR1E1; CGA; ZNF292; GJB7; 
SMIM8; CFAP206; RARS2; 
SLC35A1; ORC3; AKIRIN2

LVHD, RVHD, 
Convergent, Divergent

11 28,631,844–29,622,216 1.10, 2.12, 1.39, 1.81 KIF2B

LVHD, Closed 17 34,742,911–35,601,778 1.41, 1.19 DIAPH31; TDRD3
LVHD, Closed 17 43,976,369–44,884,257 1.36, 1.23
Divergent 19 57,663,111–58,661,402 1.02 LNP1; TOMM70; NIT2; 

TBC1D23; TMEM30C; CMSS1; 
FILIP1L; COL8A11

Chr: chromosome; v.e.: variance explained.
1Genes related to biological processes associated with hock conformation defects.
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breeds are due to the way the animals with defects are grouped 
into different categories. In the Pura Raza Menorqu�ın horse, 
these prevalence values might also reflect selection pressures 
for specific movements required in the Doma Menorquina, al
though the impact of the data grouping methods must be con
sidered (Ripoll�es-Lobo et al 2024). It should be noted that the 
high prevalences in the PRE are due to slight defects (−1 and −2 
for closed/convergent and 1 for open/divergent hock defect), 
which indicates that the breeding program is trying to reduce 
the prevalence of these defects in the population.

In general, our estimated h2 on the observed scale were 
within the same range as most conformation traits described on 
a linear scale (Gmel et al 2019; Folla et al 2020; Gmel et al 2023). 
However, the h2 estimated on the underlying scale (multinomial 
variable) were higher than those of the linear scale, ranging 
from 0.25 to 0.42 for open and divergent, respectively. This un
derlying scaled h2 is usually higher than the observed h2 since it 
is a function of the prevalence of the population evaluated for 
each defect. The magnitude of the evaluated traits suggests that 
selecting against hock defects could effectively reduce these 
defects in the PRE population.

However, comparing the h2 of different conformational traits 
between breeds is a complex task, and the scale on which the 
variables are measured, the different levels scored, as well as 
whether opposing defects are separated as independent varia
bles must all be considered. In addition, it is necessary to take 
into account whether the models that evaluate the variables are 
linear or multinomial, as the estimates with multinomial varia
bles are higher, as well as whether the models for estimating h2 

use genomics or not, and if so, whether they use weighting. 
Most traits are judged based on the optimum breeding values or 
evaluated on a specific linear scale within each breed (Rustin 
et al 2009; S�anchez et al 2013; Duensing et al 2014; Gmel et al 
2018). Finally, the different methodologies used should be taken 
into account: visual assessment, physical examination, static 
conformation analysis, dynamic movement assessment, gait 
analysis, image diagnosis, and even computer-assisted model
ing (Ripoll�es-Lobo et al 2024). This results in the comparisons of 
the evaluated traits differing significantly depending on the 
breed and the method/model of trait evaluation. A recent study 
by Ripoll�es-Lobo et al (2023a), using the REML methodology, 
reported estimated h2 values for hock defects in the PRE that 
were very similar to ours, both on the linear and underlying 
scales. Remarkably, the h2 in our study were estimated, includ
ing genomics, in evaluation models using an (ssGBLUP) with 
weighting on SNPs of significance in the H-matrix estimation 
(wssGBLUP). The ssGBLUP approach assumes the same prior 
weight for all SNP markers (Legarra et al 2014), but some studies 
have proved that giving different weights for each SNP can im
prove the accuracy of prediction (Tiezzi and Maltecca 2015; 
Zhang et al 2016).

Recently, Reich et al (2024) reported SNP-based h2 of 0.11 for 
the hock angulation trait (similar to LVHD in our study) and 0.04 
for the hock-back view (similar to RVHD) in German Warmblood 
horses. In our case, the h2 for these two traits in the PRE (LVHD 
and RVHD) were 0.18 and 0.25, respectively. This remarkable dif
ference in the h2 of the RVHD could be due to the high preva
lence of RVHD in the PRE population and the methodology 
developed to estimate the h2, since the h2 reported by Reich 

et al (2024) were estimated exclusively with genotyped animals 
and ours were not. In the Franches-Montagnes and Lipizzan 
horses, the genomic h2 of the hock was 0.25 (Gmel et al 2019), a 
value equal to that estimated for the open hock and RVHD in the 
PRE using the wssGBLUP approach.

On the other hand, when comparing our results to breeds 
whose h2 were not estimated with wssGBLUP approach, distinct 
patterns are observed. In the Swedish Warmblood riding horse, 
the h2 for the open hock trait (0.28; large hock angle) was similar 
to that observed in the PRE (0.25). However, for other traits, the 
h2 values were higher in the PRE, such as divergent hocks (0.42 
in PRE vs. 0.29 for wide hocks in SWB), while the h2 for closed 
hocks was higher in the SWB (0.48; small hock angle) than in the 
PRE (0.32) (J€onsson et al 2014). In the case of the Pura Raza 
Menorquin horse, the estimated h2 were lower (0.16 [open], 0.12 
[closed], 0.24 [convergent], and 0.18 [divergent]) (Ripoll�es-Lobo 
et al 2024) than those estimated in the PRE population, probably 
due to the methodology used with genomics and the underlying 
scale of the h2, which are higher than the real ones.

Genomic association with hock defects
The GWAS revealed eight significant genome-wide association 
regions on seven different chromosomes for hock defects in PRE 
horses, with these regions accounting for a large proportion of 
the additive genetic variance. Interestingly, the significant re
gion on ECA11 (11: 28,631,844–29,622,216), which was associ
ated with two individually assessed traits (convergent and 
divergent) and linearly assessed traits (LVHD and RVHD), was 
the region with the highest explained variance. This seems to 
point to this region as a possible hotspot for hock defects. 
However, we did not identify any genes associated with muscu
loskeletal defects and malformations. In addition, on ECA17, we 
identified two significant regions that were associated with 
LVHD and closed defects. Notably, this suggests that there are 
regions in the genome that are significant for the defect 
assessed both as a multinomial variable and as a continuous 
variable. Likewise, there are genomic regions that are significant 
exclusively when linear scales have been used for defect assess
ment (LVHD and RVHD). This appears to indicate that there are 
common genes in hock defects that influence both the defect 
evaluated as a continuous variable and the specific defect 
treated as a multinomial variable, while, conversely, there are 
genes that are specific to a certain defect.

Notably, two of the identified regions have been previously 
reported as significant in other GWAS. For example, regions on 
ECA10 (40,539,712–41,516,383) and ECA19 (57,663,111– 
58,661,402) were previously associated with knee defects in the 
PRE breed (Laseca et al 2025). These findings suggest that 
certain genomic regions may serve as hotspots for joint angle 
conformation traits, offering promising targets for future selec
tion strategies.

In six of the eight significant regions, 17 genes were prioritized 
for discussion based on a functional criterion, as they are involved 
in pathways relevant to musculoskeletal diseases, cartilage and lig
ament defects, bone malformations, and joint fragility. These find
ings align with the polygenic nature of conformational defects. 
While other genes were identified, their currently known biological 
functions do not show a direct link to the traits studied; 
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nonetheless, the full list of genes located within these regions is 
provided in Table 3 and Supplementary Material.

To date, to our knowledge, there have been few genomic 
studies analyzing molecular markers and genomic regions re
lated to morphological defects of the hock in horses (Gmel et al 
2019; Reich et al 2024). Therefore, we studied homologies of 
genes related to limb defects in other species such as humans, 
mice, and cattle, in addition to horses.

Interestingly, we identified several genes associated with os
teoarthritis (OA), a degenerative joint disorder characterized by 
alterations in subchondral bone and articular cartilage 
(Coutinho de Almeida et al 2023). Although clinical OA status 
and OA prevalence were not directly evaluated in this study, the 
presence of these genes is highly relevant since hock conforma
tion defects are well-known predisposing factors for joint insta
bility, abnormal mechanical loading, and subsequent joint 
degeneration. These genes were located on ECA1 (TJP1), ECA7 
(ILF3 and SLC44A2), and ECA19 (COL8A1). The TJP1 (tight junction 
protein 1) gene (Zhang et al 2024) and the COL8A1 (collagen type 
VIII alpha 1 chain) gene (Fang et al 2019) were identified as po
tential biomarkers for OA. Additionally, a GWAS study in OA 
patients revealed that the SLC44A2 (solute carrier family 44 mem
ber 2) gene was differentially expressed in subchondral bone 
and cartilage, while the ILF3 (interleukin enhancer binding factor 3) 
gene was expressed in articular cartilage (Coutinho de Almeida 
et al 2023). In equines, chronic joint stress caused by poor hock an
gulation often leads to the development of bone spavin (hock OA). 
Therefore, the identification of OA-related genes in our significant 
regions suggests that the genetic basis for hock conformation is in
trinsically linked to the structural integrity and long-term health of 
the joint tissues.

The identification of genes associated with bone tissue cells is 
highly relevant, as the morphological development and angula
tion of the hock joint (high-load joint) depend on the balance of 
bone modeling and remodeling processes. We identified genes 
involved in the regulation of osteoclasts (primary mediators of 
bone resorption) and osteoblasts (responsible for synthesizing 
the bone matrix), such as the TNS3 (tensin 3) gene on ECA4 and 
the PDE4A (phosphodiesterase 4A), ECSIT (ECSIT signaling inte
grator), CNN1 (calponin 1), and EPOR (erythropoietin receptor) 
genes on ECA7. For instance, TNS3 is a known regulator of bone 
resorption Touaitahuata et al (2016) while the PDE4A gene is dif
ferentially expressed in bone affected by OA (Hopwood et al 
2007) and in osteoblastic cells (Nomura-Furuwatari et al 2008), 
as is the ECSIT gene, which is expressed in osteoblasts, osteo
cytes, and osteoclasts (Lin et al 2022). In addition, Su et al 
(2013) showed that the overexpression of CNN1 in osteoblasts 
significantly reduced bone mass by inhibiting osteoblast migra
tion and proliferation, promoting osteoclastogenesis. Finally, 
the EPOR gene is essential in osteoprogenitors for regulating os
teoblast function and osteoblast-mediated osteoclastogenesis 
(Rauner et al 2021). Variations in these cellular activities during 
the growth of the tarsal bones can alter their final structure and 
joint alignment, directly contributing to the conformational 
defects observed in this study.

Interestingly, genes on ECA7 (SPC24; SPC24 component of 
NDC80 kinetochore complex) and ECA17 (DIAPH3; diaphanous- 
related formin 3) were identified as potential therapeutic targets 
for osteosarcoma (Li et al 2020; Zhang et al 2021).

Similarly, various genes (MCEE, ABCA13, ACP5, DOCK6, KANK2, 
HTR1E) were identified in connection with musculoskeletal dis
eases, joint disorders, and limb abnormalities. The MCEE (meth
ylmalonyl-CoA epimerase) gene, located on ECA1, is associated 
with joint disorders and was proposed as a potential diagnostic 
biomarker in rheumatoid arthritis, a common autoimmune dis
ease affecting the synovial membrane of joints, leading to per
sistent inflammation, joint deterioration, and loss of function 
(Guo et al 2023). The ABCA13 (ATP binding cassette subfamily A 
member 13) gene, located on ECA4, has been associated with os
teogenesis imperfecta in male Holstein calves, also known as 
brittle bone disease, which causes bone fragility, deformities, 
and joint laxity (Zhang et al 2020). As for the ACP5 (acid phospha
tase 5, tartrate-resistant) gene, located on ECA7, it is known to 
cause a recessive skeletal dysplasia (Hong et al 2018). Another 
gene located on ECA7, DOCK6 (dedicator of cytokinesis 6), is 
linked to a rare hereditary disorder in humans characterized by 
a combination of congenital limb abnormalities and associated 
skeletal malformations, particularly in hands and feet (Alzahem 
et al 2020). Interestingly, the KANK2 (KN motif and ankyrin repeat 
domains 2) gene, also located on ECA7, has been associated 
with the risk of degenerative suspensory ligament desmitis in 
various horse breeds (Momen et al 2022), causing scarring and 
rupture of suspensory ligament fibers in multiple limbs. Finally, 
the HTR1E (5-hydroxytryptamine receptor 1E) gene, located on 
ECA10, was associated with osteoporosis risk by performing a 
GWAS for musculoskeletal traits (Karasik et al 2012).

Conclusion
This study has revealed several genomic regions associated with 
hock conformation defects in the PRE horse. In addition, it has 
been shown that there are significant regions for several defects, 
as well as significant regions exclusive to one type of defect. 
These findings suggest that there are common molecular mech
anisms involved in hock defects in general and specific molecu
lar mechanisms for certain types of defects. In addition, the 
weighted single-step GREML showed that the hock defects stud
ied have moderate h2 and warrant inclusion in the selection pro
cess. If used as selection criteria in the PRE breeding program, 
they could therefore contribute to the eradication of the main 
limb conformation defects that reduce the animal’s economic 
value by reducing its beauty, hindering the animal’s sporting de
velopment or even making animals unsuitable for sport and 
causing significant economic losses in studs. These findings not 
only provide information on genomic variation and candidate 
genes involved in the genetic and molecular mechanisms in
volved in the development of limb conformation defects but 
also facilitate the selection of individuals with better conforma
tion. The integration of genomics is crucial for developing breed
ing programs that will decrease the incidence of hock defects, 
promote performance in the PRE and improve the quality of 
horses in the future by applying more precise selection strate
gies in PRE breeding. However, further genomic studies are 
needed to understand these conformational defects better in 
the equine species.
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